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There is increasing evidence indicating that autophagy may be a new target in the treatment of ischemic stroke.
Moderate autophagy can clear damaged organelles, thereby protecting cells against various injuries. However,
long-term excessive autophagy brings redundant degradation of cell contents, leading to cell death and even-
tually serious damage to tissues and organs. A number of different animal models of ischemic brain injury shows
that autophagy is activated and involved in the regulation of neuronal death during ischemic brain injury. This
article summarizes the role of autophagy, its underlying regulators and mechanisms in ischemic neuronal injury.

We briefly introduce the relationship between apoptosis and autophagy and give a summary of research methods

and modulators of autophagy.

1. Introduction

Autophagy is a process in which a cell fuses with its own substance
surrounded by a lysosome and a bilayer membrane, thereby degrading
the cell's own substance. Autophagy process is crucial in pathogenesis,
progression and treatment of many diseases [1]. However, its role in
these diseases remains controversial. In the central nervous system
(CNS), it has been reported that mice lacking autophagy-related genes 5
or 7 (Atg5 or Atg7) exhibit motor dysfunction and accumulation of
neuronal inclusion bodies [2,3], indicating that reduced autophagy
affects motor functions. However, studies on the effects of autophagy
on spinal cord ischemia-reperfusion injury (SCIR) are inconsistent.
Some studies showed that the activation of autophagy can reduce nerve
damage, while others reported that the inhibition of autophagy can

provide protection to neurons [4,5]. In the cardiovascular system, au-
tophagy is considered to have a dual role in ischemia-reperfusion (I/R)
injury. Autophagy has played a protective role in improving energy
metabolism and maintaining cell homeostasis during I/R [6]. However,
the study found that the use of autophagy inhibitors 3-methyladenine
(3-MA) and LY294002 can reduce the death of cardiomyocytes in glu-
cose-free culture, suggesting that autophagy can lead to cell death [7].

Stroke is an acute cerebrovascular disease mainly manifested by the
damage of brain tissue caused by cerebrovascular lesion and relevant
neurological deficits. It is reported that stroke is the primary cause of
disability and affects approximately 795,000 people annually [8]. Is-
chemic stroke is considered as one of the major fatal diseases in the
world with high incidence, mortality, disability and recurrence rates. At
present, clinical treatment strategies for acute ischemic stroke,
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thrombolytic [9] and thrombectomy therapy are limited by their
narrow therapeutic window [10]. Neuronal damage and death in in-
farct areas are the direct consequence of acute cerebral ischemia [11].
Previous studies showed that both autophagy and apoptosis of neurons
are activated during stroke, suggesting that there may be a common
pathway of autophagy and apoptosis, and its conversion and regulation
determine the fate of neurons [12], with the underlying mechanisms
not yet clear. In this review, we will introduce in detail the concept of
autophagy, its relationship with apoptosis in neuronal death during
cerebral ischemia, and potential research methods and modulators
targeting neuronal autophagy after cerebral ischemia.

2. Autophagy

In some cases, autophagy could be involved in cell death but in most
cases autophagy is a normal and important process of degradation, a
process where cellular components are engulfed by autophagosome and
fuse with lysosome for degradation [13,14]. Autophagosomes are ve-
sicular structures surrounded by a bilayer membrane in cells. The main
site of autophagosome biosynthesis in neurons is the axon terminals.
Proper basal autophagy can be transported retrogradely to the cell body
by autophagosomes, and fuse with lysosomes to become mature au-
tophagosomes during transportation, which plays an important role in
maintaining axis homeostasis [15].

Inadequate autophagy or transport in axons may lead to the accu-
mulation of proteins, organelles, and abnormal membrane structures in
axons, causing pathological changes. Pathological conditions may in-
duce autophagy, local biosynthesis of autophagosomes increases and
axons accumulate, resulting in cell death [16]. Autophagy is a highly
conserved degradation pathway of cells under the control of Atg to
maintain cell survival, differentiation, growth, and stability [17,18].

2.1. Neuronal autophagy

Since neurons are the most sensitive cells in ischemic injury, neu-
ronal autophagy can be observed early in an ischemic stroke. Neuronal
autophagy is increased in neonatal cerebral hypoxia-ischemia (HI)
[19]. In the 1990s, Nitatori et al. discovered membrane-bound vacuoles
containing an unordered intracellular component in CA1 neurons after
an ischemic injury [20]. The same group found that autophagy occurs
before cells undergo typical nuclear contraction in the early stages of
apoptosis when they observed morphological features of PC12 neuronal
cells after serum deprivation in vitro. In addition, cortical neurons in
the ischemic region show multiple cytoplasmic vacuoles in ischemic
brain tissue, and many follow-up studies have confirmed this phe-
nomenon [21] (Fig. 1). Neuronal autophagy can be divided into basal
inducible autophagy in different states.

2.1.1. Neuronal basal autophagy

In neurons, basal autophagy is thought to have a role of “house-
keeper” [22]. It is generally believed that the level of neuronal autop-
hagy and autophagosome biosynthesis rate are low under normal
condition [15] which may be related to its ability to use both glucose
and ketone bodies for energy supply [23]. Glycogen is little in the brain,
almost all of which is stored in astrocytes. Under the condition of low
blood glucose, glycogen in adjacent astrocytes can be degraded into
lactic acid, ketone bodies and glucose, released through gap junctions
to neighboring neurons. Then neurons use glucose, lactic acid or ketone
bodies to supply energy in a short period of time. Astrocytes also secrete
growth factors (GF) and neuropeptides that also contribute to neuronal
protection [24]. Many existing data indicate that the basal autophagy
have protective effects on neurons. Basal autophagy prevents the ac-
cumulation of damaged organelles and the accumulation of abnormal
proteins, thereby maintaining the axon's homeostasis and effectively
eliminating dead cells. However, with the progress of autophagy, when
neurons receive more stimulation, the control of autophagy is relieved,
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causing the conversion of basic autophagy to inducible autophagy [15].

2.1.2. Neuronal inducible autophagy

Compared with basal autophagy, the degree of inducible autophagy
is significantly stronger and it is a protective response of cells to ex-
ternal stimuli. Activation of autophagy in the CNS is not only associated
with cerebral I/R but also with nutritional deficiencies, neurotoxins,
excitotoxic stimuli, closed craniocerebral trauma, and neuropathic
pathways [15,25,26]. Current data indicate that autophagy is con-
trolled by multiple regulators and its activation depends on nutrient
availability, such as insulin, amino acids and adenosine monophosphate
activated protein kinase (AMPK), which act through mammalian target
of rapamycin (mTOR) [27]. It is generally believed that mTOR is in-
volved in the negative regulation of autophagy, involving the regula-
tion of cell survival, differentiation, transcription, translation, protein
degradation, actin cytoskeleton organization, which has multi-
functional biological properties. However, the negative regulation
mechanism of mTOR on autophagy is still not clear [28].Current find-
ings suggest that inhibition of neuronal basal autophagy prior to is-
chemic injury can worsen subsequent ischemic injury [66,84]. Con-
versely, after the onset of ischemic injury, autophagy in neurons has
been activated, at which point inhibition of autophagy level provides
neuroprotection, whereas excessive activation of autophagy levels
worsens the injury.

3. The role of autophagy during cerebral ischemia

Current evidence suggests that autophagy plays a dual role in the
determination of neuronal fate after cerebral ischemic injury [30]. On
the one hand, the activation of autophagy pathways is inhibited by 3-
methyladenine (3-MA) and wortmannin (WM), which promotes neu-
ronal apoptosis and necrosis, and increases the infarct volume and
neurological deficit caused by ischemia and hypoxia in neonatal rats.
Conversely, the use of rapamycin to activate the autophagy pathway
before ischemia and hypoxia can increase phosphorylation of protein
kinase B(Akt) and cAMP response element binding protein (CREB),
which in turn significantly reduces neuronal death and brain injury
[31]. A variety of neuroprotective strategies have been demonstrated to
be associated with increased autophagy in neurons, such as endogenous
neuroprotective mechanism induced by ischemic preconditioning and
hypoxia preconditioning [32,33] and the neuroprotection activated by
neuroprotective drugs [34,35]. On the other hand, in vitro and in vivo
studies have also shown that excessive cell autophagy also leads to
neuronal death (autophagic cell death) [36,37]. Inhibition of autop-
hagy and mitochondrial autophagy is also implicated in neuroprotec-
tion triggered by some exercise training [38,39], ischemic post-
conditioning [40] and neuroprotective drugs [41,42]. Therefore, the
role of autophagy in cerebral ischemia may be determined by the time
of its action or the degree of activation/inhibition.

More in-depth mechanism research is still needed about autophagy
pathway and it has great potential to be a new therapeutic target for
stroke. There are two contradictory views about the potential impact of
autophagy on ischemic neurons based on existing experimental data as
follows.

3.1. Autophagy plays a protective role in ischemia-induced neuronal death

After focal cerebral ischemia, Beclin-1 in brain tissue is over-
expressed, and 3-MA can significantly reduce Beclin-1 expression and
transfer cell death patterns from apoptosis to necrosis. Beclin-1 is a key
regulator of the autophagic initiation phase and its expression is sig-
nificantly up-regulated after cerebral ischemia, and consistent with the
time course of neuronal autophagy [43]. Beclin-1 induces the formation
of autophagosomes and initiates autophagy by accumulating key au-
tophagy proteins on the precursor structures of autophagosomes, in-
cluding Beclinl, Vps34, and Vpsl5 complexes [38]. On the contrary,
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Fig. 1. The complete autophagy cycle is a highly regulated multi-step process, which can be divided into four stages: (1) Under the regulation of autophagy initiation
signal, phagocytic vacuole in the cytoplasm is formed. (2) The phagocytic vacuole is continuously extended to form a cup-shaped bilayer membrane structure, which
encapsulates the part of the cytoplasm that needs to be degraded, and finally becomes a closed “O”-shaped bilayer membrane structure autophagosome. (3) The
formed autophagosome reaches the lysosome through the intracellular transport system and fuses with the lysosome. (4) The membrane of the autophagosome and
its encapsulated cytosolic components are degraded by lysosomal enzymes while the useful substances are transported to the cytosol for reuse [23,29].

rapamycin can induce autophagy, upregulate the expression of Beclin-1
to reduce cell death and reduce the degree of brain tissue damage [44].
Carloni et al. used a neonatal mouse model of hypoxic-ischemic brain
damage. After administration of rapamycin [45], it was found that the
expression of Beclin-1 was significantly up-regulated, and the death of
hippocampus and cortical neurons was significantly reduced. For pa-
tients with large-area cerebral infarction or transient ischemic attack
(TIA), drugs with appropriate up-regulation of autophagy may have
some neuroprotective effects [46].

Autophagy inhibitors 3-MA and wortmannin inhibited autophagy
and reduced neuronal damage in rats 24 h after OGD(oxygen-glucose
deprivation) [12]. Conversely, in models of brain injury induced by I/R
in neonatal rats. The use of Rapamycin (mTOR specific inhibitor) in-
duces autophagy, leading to increased expression of Beclin-1 in the
cerebral cortex and hippocampus, which can reduce necrotizing cell
death and brain injury [45]. Zhou et al. reported that Oxymatrine
treatment alleviated histological injury in I/R rats, inhibiting apoptosis,
promoting autophagy and accompanied by upregulated expression of
silent mating type information regulation 2 homolog-1 (SIRT1) proteins
[47]. Autophagic activation may also be associated with neuroprotec-
tion of ischemic preconditioning (IPC), as the previous brief exposure to
the ischemic site increased neuronal tolerance to ischemia and reduced
neuronal damage in cerebral cortex [48]. In addition, autophagy plays a
protective role in cerebral I/R injury of brain microvascular endothelial
cells, and increasing autophagy helps maintain the integrity of the
blood-brain barrier [49]. Zhang et al. reported the neuroprotective
function of Atorvastatin (ATV) depended on autophagic activity to di-
minish ER stress-related cell apoptosis in rats with the middle cerebral
artery model (MCAO) and suggested that compounds that inhibit au-
tophagic activity might reduce the neuroprotective effect of ATV after
brain ischemia [50-52].

3.2. Excessive autophagy activation exacerbates neuronal death

Adhami et al. observed rapid massive degeneration of axons 24 h
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after ischemia/hypoxia in cerebral cortical neurons [51]. It has also
been found that AMPK-mediated autophagy can expand the ischemic
volume and aggravate the pathological changes [53,54]. In contrast, in
Atg7-deficient (Atg!°¥/1°% nestin-cre) mouse neurons, the loss of hip-
pocampal pyramidal cells was observed after ischemia stroke. Drug-
inhibited autophagy also reduced neuronal damage caused by focal
cerebral ischemia in rats. Intraventricular infusion of the autophagy
inhibitor 3-MA after a permanent MCAO in rats has a significant re-
duction in infarct volume [55]. Recent studies have shown that in-
hibition of autophagy with 3-MA in rats with severe global cerebral
ischemia can prevent the occurrence of programmed necrosis in hip-
pocampal CAl neurons, indicating that autophagy has a damaging ef-
fect in cerebral ischemia [56]. Wang et al. Suggested intermedin has a
similar effect as 3-MA, can reduce pathological neuronal injury and
protect the brain against cerebral ischemia injury in rats by attenuating
the effects of autophagy [57].

If I/R injury cannot be promptly corrected, ischemia cells in an
“autophagic stress state” will result in activation of a large number of
lysosomes, eventually leading to cell death [58]. The neurotoxic effect
of autophagy is also reflected by excessive self-feeding of the necessary
intracellular components, or interaction with the apoptotic pathway
[55]. Koike et al. found that Atg7 knockout neonatal mice had almost
no neurological deficits after I/R injury [59]. Zheng et al. used a ri-
bonucleic acid RNA interference technique to down-regulate the ex-
pression of Beclin-1 in a rat model of cerebral ischemia to reduce infarct
volume and improve symptoms of neurological deficits [60]. Xing et al.
used a BECN1 knockout mouse to obtain similar conclusions [50].

The role of autophagy activation after ischemic stroke remains
controversial. Autophagy observed in dying cells at different stages of
ischemic injury is responsible for cell death, or as a cell endogenous
neuroprotection process? The reaction needs more experiments and
research to confirm.
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4. Interplay between neuronal autophagy and apoptosis in the
ischemic penumbra after stroke

The clinical manifestations of ischemic strokes are cerebral tissue
ischemia, hypoxia, edema, brain metabolism disorders and neurological
deficit resulting from cerebral blood flow supply disorders [61]. Ex-
isting studies have shown that a few minutes of cerebral ischemia can
trigger a series of cascade reactions, such as nutrient and energy de-
pletion, release of toxic amino acids, and reactive oxygen species (ROS)
[62], leading to irreversible necrotic death of neurons in the ischemic
core region [63,64]. However, there is an ischemic penumbra in the
peripheral region around the ischemic core region due to collateral
circulation and other reasons, the neurons in this region are affected by
ischemia to varying degrees, thereby presenting different fates aside
from autophagy—necrosis, apoptosis, pyroptosis (a form of in-
flammatory programmed cell death [65]), among which the relation-
ship between apoptosis and autophagy has drawn the biggest interest in
researchers.

4.1. Autophagy and apoptosis after cerebral ischemia

Although autophagy and apoptosis are two different responses of
cells to environmental stress and energy depletion, existing research
results suggest that stroke induces autophagy and apoptosis in the pe-
numbra area at the same time, and two pathways coexist in the same
cell. Significant up-regulation of apoptosis and autophagy can be de-
tected within hours of cerebral hypoxia-ischemia [66]. After 6 to 24 h
after cerebral ischemia in rats, elevated caspase-3/Beclinl double-la-
beled positive cells were observed [67]. Previous studies have also
shown that permanent ischemia in rats induced both neuronal apop-
tosis and autophagy. In addition, after 6 h of ischemia and hypoxia, a
large amount of autophagosome was detected in the cytoplasm of
partially dead neurons [38]. Rami et al. also observed that when the
neurons in ischemic penumbra show strong autophagy but do not ex-
hibit apoptosis by means of TUNEL. These neurons show a certain de-
gree of nuclear condensation [68]. This phenomenon suggests that the
autophagic pathway may be earlier than the apoptotic pathway, it is
even possible that autophagy triggered apoptosis. These phenomena all
indicated that stroke also activates neuronal apoptosis and autophagy
pathways in the ischemic penumbra [69], which play a distinct role in
determining the fate of damaged neurons: apoptosis represents death,
whereas autophagy may indicate possible survival [41].

4.2. Mechanisms of the relationship between autophagy and apoptosis after
cerebral ischemia

Although it is now clear that there are common regulatory pathways
for autophagy and apoptosis, we still lack in-depth studies of the me-
chanisms for the conversion and regulation of autophagy or apoptosis
in injured neurons after stroke. Beclin-1 interacts with the important
anti-apoptotic protein Bcl2 through its unique BH3 pattern to form the
Bcl2-Beclin-1 complex, which blocks the autophagic effects [39,70].
Pattingre et al. demonstrated that cells were more likely to undergo
apoptosis by knocking out Beclin-1 or over expressing Bcl2 when nu-
trient was depleted [71]. Therefore, stabilization of this complex in-
hibits autophagy and promotes apoptosis, and cells enter the apoptotic
pathway while dissociation of the complex promotes autophagy and
inhibits apoptosis, leading cells into the autophagy pathway [38].

The c-Jun N-terminal kinase (JNK) is a key neuronal death-mod-
ulating kinase. However, JNK may also be associated with neuropro-
tection [46]. Using MCAO, Murata revealed a novel role for JNK, which
suppresses the JNK pathway in the acute phase to reduce neurological
deficits and cerebral infarct volume, whereas inhibition of the JNK
pathway after 7 days shows the opposite effect. An important target of
JNK is the phosphorylation of multiple sites of interaction between Bcl2
and Beclin-1 (Ser87, Ser70, Thr69), which ultimately leads to the
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dissociation of the Bcl2-Beclin-1 complex and promotes the entry of
autophagy into the cell [72]. Mutation of these phosphorylation sites of
Bcl2 or knockdown of JNK1 can block autophagy. Moderately phos-
phorylated Bcl2 inhibits apoptosis, whereas hyperphosphorylation
causes the promotion of apoptosis [73]. Therefore, JNK1-mediated Bcl2
phosphorylation may be responsible for the regulation of the stability of
the Bcl2-Beclin-1 complex, which determines the important regulation
and conversion factors for neuronal autophagy or apoptotic after cer-
ebral ischemia.

In summary, the neurons are confronted with both two fates after
cerebral ischemia, fatal apoptotic and possibly surviving autophagy.
Proper promotion of autophagy by inhibiting apoptosis can rescue da-
maged neurons within the penumbra.

5. Autophagy-inducing factors and signaling pathways in cerebral
ischemia

5.1. Inducing factors of autophagy during cerebral ischemia

Ischemia and hypoxia in brain are strong stimulating factors for
inducing autophagy in neurons, which is achieved in a number of ways.
Adhami et al. [51] and Koike et al. [59] used neonatal and adult rat
respectively to found that a large number of autophagosomes were
formed in brain tissue within a short period of time after ischemia-
anoxia induction accompanied by a rapid increase in the level of type II
microtubule-associated protein 1 light chain 3 (LC3-II). The supply of
insulin and amino acids is reduced when the brain tissue is hypoxic, and
their activation effect on the main inhibitor of autophagy, mammalian
target of rapamycin complex 1(mTORC1), is diminished; At the same
time, the energy supply is reduced, increasing the ratio of adenosine
monophosphate (AMP) and adenosine triphosphate (ATP), activating
AMPK, which induces an enhancement in autophagy. Secondly,
ischemia and hypoxia in brain tissue can directly induce endoplasmic
reticulum stress (ERS), to produce a large number of unfolded proteins
and enhance autophagy through protein kinase R (PKR)-like en-
doplasmic reticulum kinase (PERK)/ eukaryotic initiation factor 2a
(elF2a) [74] and inositol-requiring enzyme-1 (IRE1)/tumor necrosis
factor receptor associated factor 2 (TRAF2)/JNK [75] pathways. In-
creased intracellular Ca>* concentration can also be involved in ERS-
induced autophagy through the calcium/calmodulin-dependent protein
kinase kinase (CaMKK)/AMPK/mTORC1 pathway. Finally, cerebral
ischemia and hypoxia lead to mitochondrial dysfunction, producing
excess ROS, leading to DNA damage, lipid peroxidation, and increased
or ruptured lysosomal membrane permeability [76], inducing autop-
hagy activation. In addition, H,O, can activate the expression of Atg4,
leading to the transformation of LC3 and promoting the formation of
autophagosomes [62].

Glutamate-induced excitotoxicity is mediated by activation of N-
methyl-D-aspartic acid receptors (NMDA), which plays a key role in
many aspects of ischemic brain injury. NMDA agonists induce activa-
tion of autophagy in striatal damaged neurons. Excitotoxicity-mediated
autophagy activation may be involved in the JNK signaling pathway,
one of the most important pathways in the NMDA receptor-mediated
signaling pathway. In cerebral ischemia, JNK has become a recognized
target of neuroprotection [46]. The pathways involving above factors
affecting post-stroke autophagy will be discussed in the following sec-
tion.

5.2. The major regulatory pathways of autophagy in cerebral ischemic
injury

5.2.1. Mammalian target of rapamycin (mTOR) pathway

The mTOR is a 289 kDa serine/threonine protein kinase involved in
the regulation of transcription, cytoskeletal assembly, cell growth and
survival by binding to different accessory molecules. Chong et al. [77]
showed that PISK/Akt/mTOR signaling pathway is involved in the
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regulation of acute neuronal injury during cerebral ischemia. PI3K ac-
tivates Akt through phosphorylation and inhibits tuberous sclerosis
complex 1/2 (TSC1/2) activation. Inactivation of TSC1/2 activates Ras
homolog enriched in brain (Rheb), after which mTOR is activated and
autophagy is inhibited by activated mTOR.

The mTOR pathway is the primary pathway by which mammals
regulate starvation-induced autophagy. Many signals, such as energy
status, different forms of stress, growth factors, amino acids, glucose,
can regulate its activities [78]. mTOR activity is reduced to activate
autophagy during energy shortage, growth factor deficiency or the in-
hibition effect of rapamycin [79]. mTOR signaling pathway was acti-
vated in ischemic penumbra after cerebral ischemia-reperfusion injury
in rats. mTOR inhibitor rapamycin significantly decreased the mTOR
activation and infarct volume and subsequently improved neurological
function. These results may relate to inhibition of neuron apoptosis and
activation of autophagy [80].

5.2.2. Phosphatidylinositol 3-kinases (PI3K) pathway

Phosphatidylinositol 3-kinases (PI3K) is composed of I, II and III.
Beclin-1 is a component of component III, which plays a vital role in the
initial stage of autophagy, and interacts with other components in the
PI3K signaling pathway to initiates autophagy during cerebral ischemia
[81,82]. Netrin-1 ameliorated BBB impairment secondary to ischemic
stroke by promoting tight junction function and endothelial survival.
PI3K-mediated autophagy activation depending on UNC5H2 receptor
could be an underlying mechanism [83].

The PI3K pathway is the main cascade signaling pathway that
controls mTORC1. Different types of PI3K activation have different
regulatory effects on autophagy: when cell surface receptors bind to
growth factors (GF) or insulin, they activate type I PI3K, increasing
their product phosphatidylinositol(3,4,5)-trisphosphate(PIP3).
Autophagy is inhibited by activating the Akt-mTORC1 pathway [84].
Conversely, when type III PI3K is activated, its product PI3P activates
autophagy. Therefore, type III PI3K inhibitors such as 3-MA, WM, can
down-regulate autophagy levels [78]. In addition to the mTOR and
PI3K pathways, studies have found that the p53 pathway inhibits au-
tophagy under normal conditions while acting as an inducer of autop-
hagy in conditions of nutrient deficiency or stress [23].

5.2.3. Peroxisome proliferators-activated receptors (PPAR-y)

As a member of the nuclear hormone receptor superfamily, per-
oxisome proliferator-activated receptor-y(PPAR-y) is a ligand-activated
transcription factor. PPAR-y activation antagonizes Beclin-1 mediated
autophagy by up-regulating the expression of B-cell lymphoma-2
(Bcl2)/B-cell lymphoma extra large (BCL-XL) [85]. Bcl2 phosphoryla-
tion activates autophagy and reduces mitochondrial damage [86]. In
addition, binding of Bcl2 to Beclin-1 can inhibit autophagy, while hy-
poxia-inducible factor 1o (HIF-1a) competes with Beclin-1 for binding
to Bcl2, thereby releasing Beclin-1 and promoting autophagy [87].

5.2.4. Adenosine 5’-monophosphate (AMP) -Activated Protein Kinase
(AMPK)

AMPK is a serine/threonine protein kinase consisting of three sub-
units: a catalytic subunit, f and y regulatory subunits [88]. Current
studies suggest that a catalytic subunit contains a threonine phos-
phorylation site that activates AMPK when phosphorylated, and that
activation of AMPK inhibits mTOR activity to induce autophagy [54].
Accumulating evidence indicates that the AMPK-mTOR signaling
pathway regulates the activation of the autophagy pathway through the
coordinated phosphorylation of Unc-51 like autophagy activating ki-
nase (ULK1) [89].

5.2.5. Nuclear factor kappa B (NF-xB)

Nuclear factor kappa B (NF-kB), a transcription factor that regulates
the expression of multiple genes [90]. Li et al. reported that NF-kB1
(p50) knockdown inhibits mTOR activity and enhances autophagy
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during cerebral ischemia [91]. The NF-kB-dependent p53 signaling
pathway is also associated with autophagy and apoptosis following
cerebral ischemia/reperfusion [92]. MAPK is an upstream regulator of
mTORCI, and MAPK-mTOR signaling pathway can also induce autop-
hagy during cerebral I/R [93].

4.2.6 Hypoxia-Inducible Factor 1 (HIF-1).

Hypoxia-inducible factor 1 (HIF-1) is composed of a constitutively
expressed HIF-1f subunit and an inducible expressed HIF-1a subunit,
which responds to hypoxia-activated key transcription during cerebral
ischemia [94]. Since ubiquitination is inhibited under hypoxic condi-
tions, HIF-1a forms a dimer with HIF-1f, activating several down-
stream genes of hypoxia, such as vascular endothelial growth factor
(VEGF), erythropoietin (EPO), Glucose transporter 1 (GLUT1) and
glycolytic enzymes [95]. Bcl2 and adenovirus E1B 19kDa interacting
protein 3 (BNIP3) have a Bcl2 homology domain 3 (BH3), a subfamily
of the Bcl2 family and an important target gene for HIF-1a [96]. BNIP3
competes with Beclin-1 for binding to Bcl2, in which situation Beclin-1
is released to trigger autophagy. BNIP3 also inhibits the upstream ac-
tivator Rheb of mTOR and ultimately activates autophagy by inhibiting
mTOR activity. However, the relative role of these factors still needs to
be demonstrated in vivo [97]. HIF-1a also plays an important role in
autophagy activation after ischemia by up-regulating another target
gene, tumor protein p53 [95].

In summary, autophagy involved signal pathways during cerebral
ischemic injury are summarized in Fig. 2.

6. Autophagy research methods after ischemic stroke
6.1. Common experimental indicators

Autophagy participates in several important pathophysiological
processes of the body, and its positioning, qualitative and even quan-
titative detection can further deepen the understanding of the occur-
rence and development of some diseases. At present, the commonly
used detection indicators in the basic research of autophagy after is-
chemic stroke are as follows: Autophagosomes, Microtubule associated
protein 1 light chain 3(LC3), Cathepsin, Beclin-1, Lysosome Associated
Membrane Protein (LAMP) and P62 protein.

The commonly used biomarkers for monitoring autophagy are not
actually suitable for monitoring autophagic flux (autophagosome de-
gradants and lysosomal inclusions). As a result, the results of many
studies have been questioned because they are limited to monitoring
only static markers. In addition to monitoring the degradation of au-
tophagosomes, the degree of lipidation of LC3 before and after the use
of lysosomal inhibitors such as BafAl can also be compared. In addi-
tion, it is now possible to monitor the strength of autophagic flow in
real time and in vivo by constructing a double-labeled fluorescent LC3
vector, which is crucial for the clinical monitoring of autophagy reg-
ulators [98].

Despite the challenges of the development of autophagy regulators,
as technology and cognition escalate, we will see more selective au-
tophagy modulators for clinical treatment.

6.2. Challenges in developing modulators of autophagy

Despite the huge potential of autophagy as a target, no drugs have
been developed specifically for autophagy regulation. The obstacles to
autophagy modulators development in clinical applications are mainly
the lack of specific and accurate bioassays. Main modulators of autop-
hagy available to date and their limitations are in Tables 1, 2.

Currently, many drugs lack specificity during the process of acti-
vating or inhibiting autophagy. For example, 3-MA and wortmannin are
non-selective PI3K inhibitors Similarly, although rapamycin selectively
inhibits mTORC1. Meanwhile, in addition to affecting autophagy, cer-
tain drugs also inhibit cell growth and proliferation. Chloroquine and
HCQ [109] not only block the autophagy function of lysosomes, but
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also degrade endosomes and inhibit vesicular transport. Besides, many
autophagy modulators are not selectively targeted to a single cell type.
Therefore, autophagy regulators may play a completely opposite role
(activation/inhibition) in different cell types when we assess drug ef-
fects. In conclusion, adequate understanding of autophagy regulation
on different cell types will help researchers develop more specific reg-
ulators.

7. Summary and outlook

In neurons, autophagy is of vital importance for the regulation of
homeostasis and protein functions. Under normal conditions, autop-
hagy is maintained at a relatively low level, and under pathophysio-
logical conditions (such as cerebral ischemic injury), autophagy is ac-
tivated. Whether autophagy activation is a manifestation of endogenous
neuroprotective mechanisms, or just the opposite is still controversial.
There is growing evidence supporting autophagy as a double-edged
sword. With the deepening of research, the mechanism of autophagy in
ischemic stroke will gradually become clear, which is of great sig-
nificance for clinical treatment of ischemic brain injury. However, the
complexity and heterogeneity of the experimental environment,
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Fig. 2. Signaling pathway involved in au-
tophagy during cerebral ischemia/hypoxia
injury. (HIF-1a: hypoxia inducible factor 1,
BNIP3: Bcl2 and adenovirus E1B 19kDa
interacting protein 3, Beclin-1: mammalian
ortholog of the yeast autophagy-related
gene 6 (Atg6), P53: tumor protein p53,
PPAR-y: peroxisome proliferator-activated
receptor y, BCL2: B lymphoma associated
protein 2, BCL-XL: B lymphoma extra large
protein, AMP: adenosine-5-monopho-
sphate, AMPK: AMP-activated protein ki-
nase, PI3K: phosphoinositide 3-kinase, Akt:
protease B, NF-xB: nuclear factor kB, ROS:
reactive oxygen free radicals, ER:
Endoplasmic reticulum, mTOR: mammalian
target of rapamycin).

including cell/animal models; animal strains and age; differences in the
intensity of ischemia and duration of cerebral ischemia may lead to
distinctions in experimental results. Well-regulated autophagy can react
quickly to overcome various stresses and thereby enhance cell viability,
while prolongation and excessive autophagy caused by ischemia are
fatal.

In addition, several tool drugs such as 3-MA and rapamycin are
widely used to evaluate the effect of autophagy inhibition on ischemic
neuronal damage. The conclusions based on these studies are uncertain
due to the low specificity of pharmacological agents that affect cell
growth and secretion. It should be noted that the application of genetic
techniques, such as gene knockout of autophagy genes, is also limited
because many autophagy genes also regulate biological functions un-
related to autophagy. Therefore, a variety of methods including phar-
macology and genetic manipulation should be considered to arrive at
valid conclusions. Moreover, the role of neuroprotective factors se-
creted by brain and peripheral organs in autophagy in ischemic brain
injury remains to be further studied. The development of highly specific
autophagy manipulation reagents and better animal models of diseases
may help researchers better understand the exact role of autophagy in
disease progression.

Table 1
Activators of autophagy available to date and their limitations.
Target Activators Mechanism ~ Status Limitation References
AMPK Hydrogen sulfide Activation ~ Experimental agent Potentially toxic for [99]
the respiratory tract
Metformin Activation ~ Approved for treatment of Inhibition of respiratory complex I [100]
type 2 diabetes
Simvastatin Activation  Approved for treatment of Potentially mitochondriotoxic [101]
obesity
mTORC1 Rapamycin Inhibition Approved for use in Excessive immunosuppressive effects [28,102]
coronary stents
Temsirolimus Inhibition Approved for cancer Excessive immunosuppressive effects [103]
therapy
BECN1 BECN1-derived peptide Activation  Preclinical development Potential immunogenicity [104]
ROS Antimycobacterial antibiotics Increase Approved for treatment of mycobacterial Potentially interferes with many ROS sensitive [62]
infections processes
MAPK IFNy Activation  Clinical trials mainly for cancer immunotherapy = Unclear [105]
Inositol Lithium Reduction  Approved for treatment of bipolar disorders Inhibits various neuronal functions [106]
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Table 2
Inhibitions of autophagy available to date and their limitations.
Target Inhibitors Mechanism  Status Limitation References
VPS34 3-MA Inhibition Experimental agent Inhibits various class III PI3Ks [71
Wortmannin Inhibition Experimental agent Inhibits various class III PI3Ks [32]
ULK1 MRT68921 Inhibition In preclinical development Nonselective [107]
ATG4B NSC185058 Inhibition In preclinical development Unclear [108]
Lysosomal HCQ/Chloroquine Inhibition Extensively used as antimalarial agent Inhibitor of lysosomal functions [109]
Lys05 Inhibition Preclinical development Unclear [110]
Mitophagy Mdivi-1 Inhibition Preclinical development Inhibitor of mitochondrial fragmentation [111]
ROS Edavarone Scavenger  Experimental agent Potentially interferes with many ROS sensitive [112]
processes
AMPK Compound C(dorsomorphin) Inhibition AMPK inhibition Potentially interferes with AMPK dependent [113]
processes
Na®/K*-ATPase Cardiac glycosides Inhibition Extensively used for treatment of cardiac Narrow therapeutic window [114]

disorders

3-MA:3-methyladenine;AMPK:AMP-activated protein kinase;ATG4B: autophagy-related 4B cysteine peptidase; BECN1 gene: Beclin-1 is a protein that in humans is
encoded by the BECN1 gene.;HCQ:hydroxychloroquine;IFNy, interferon-y; MAPK, mitogen-activated protein kinase; mTORC: mechanistic target of rapamycin
complex; NA:Not applicable; PI3K, phosphoinositide 3-kinase; ROS: reactive oxygen species; ULK: UNC-51-like autophagy activating kinase.
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