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Abstract: Autophagy is a strictly regulated process that degrades and recycles long-lived or mis-
folded proteins and damaged organelles for the maintenance of energy and function homeostasis of
cells. Insufficient oxygen and glucose supply caused by cerebral ischemia lead to a higher ratio of
AMP/ATP, which will activate the AMPK pathway to initiate the process of autophagy. Accumu-
lating evidence shows that autophagy participates in the pathogenesis of ischemic stroke as a dou-
ble-edged sword. However, the exact role of autophagy in the pathogenesis of ischemic stroke is
controversial and yet to be elucidated. In this review, the autophagy pathway, both in physiological
conditions and in ischemic stroke, is expounded. The focus was also on discussing the double-
edged sword effect of autophagy in brain ischemia and its underlying mechanisms. In addition, po-
tential therapeutic strategies for ischemic stroke targeting autophagy pathway were also reviewed.
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1. INTRODUCTION
Stroke is assumed to be the leading cause of death and

disability globally [1-3]. It hits 15 million people globally an-
nually, with 5 million deaths and another 5 million left per-
manently  disabled,  causing  a  heavy  economic  burden  on
family  and  society  [4].  Stroke  is  a  neurological  disease
caused by insufficient cerebral circulation because of infarc-
tion  or  hemorrhage  of  cerebral  vessels.  According  to  the
pathological changes of cerebral vessels, a stroke could be
an ischemic stroke (IS) or a hemorrhagic stroke (intracere-
bral hemorrhage and subarachnoid hemorrhage) [3].

IS  is  initiated  by  the  infarction  of  cerebral  vessels  be-
cause of thromboembolism and thrombus formation. Cere-
bral vessel occlusion leads to insufficient oxygen and glu-
cose supply for brain parenchyma, causing cascade respons-
es,  including blood-brain  barrier  dysfunction [5],  neuroin-
flammation [6], oxidative stress [7], etc. Such responses are
biological defense mechanisms under IS, yet can be deleteri-
ous  to  brain  parenchyma  when  activated  intensively  and
continuously.

Autophagy  is  a  natural,  regulated  process  which  helps
cells to eliminate unnecessary or dysfunctional components,
including long-lived proteins, insoluble proteins, and even
whole organelles [8, 9]. Autophagy is composed of microau-
tophagy, macroautophagy, and chaperone-mediated autopha-
gy (CMA) according to the way of cargo delivery to the lyso-
somes.  Microautophagy  is  a  non-selective  lysosomal
degradative  process  that  engulfs  cytoplasmic  constituents
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via  the  invagination  of  the  lysosomal  membrane  [10,  11].
Through engulfment of long-lived and membrane proteins,
microautophagy exerts the functions of maintaining organel-
lar size, membrane homeostasis, and cell survival under ni-
trogen restriction [11]. Macroautophagy is the most preva-
lent form of autophagy that forms a double-membrane com-
partment known as phagophore enfolding the cargo, which
then matures into an autophagosome [12, 13]. The combina-
tion  of  autophagosome  and  lysosome  generates  autolyso-
some,  in  which the cargo is  degraded and the degradation
products are released into the cytoplasm for reuse [12, 14,
15]. CMA is the only selective lysosomal degradative pro-
cess, which targets the substrates by heat shock cognate 70
(HSC70)  selective  binding  [13,  16].  Proteins  bound  by
chaperone then are delivered to the lysosomes, and the trans-
portation into lysosomes is mediated by the specific recogni-
tion and combination of the lysosome-associated membrane
protein  type  2a  (LAMP2a)  receptor  and  the  chaper-
one-bound proteins [13, 17]. Through the three mechanisms
mentioned  above,  autophagy  is  the  main  regulatory
catabolic  process  to  degrade long-lived proteins  and dam-
aged organelles in eukaryotic cells [18].

Autophagy also exerts a neuroprotective effect in IS by
controlling neural survival and death through variable mech-
anisms [19]. Many efforts have been made to understand the
pathogenesis of IS since the first identification hemorrhagic
and IS [20]. However, it remains obscure and unthorough,
and thrombolytic therapy is the only drug treatment recom-
mended  by  the  American  Heart  Association/American
Stroke  Association,  which  includes  only  two  drugs  (alte-
plase and tenecteplase) with a limitation of short therapeutic
time window [21, 22]. Accumulating evidence has support-
ed that autophagy plays a crucial role in IS. Therefore, under-
standing the role of autophagy in the pathogenesis of IS can
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Fig. (1). Schematic illustration of the autophagy pathway. Autophagy is strictly controlled through multiple pathways. Autophagy inducer,
such as nutrient absence or rapamycin, activates the ULK1 complex through phosphorylating ULK1, which leads to the activation of PI3K
III complex. Activated PI3K III complex produces phosphatidylinositol 3-phosphate by VPS34. Phosphatidylinositol 3-phosphate then re-
cruits DFCP1 to accelerate the process of vesicle nucleation. ATG12 is conjugated to ATG7, ATG10, and ATG5 in order, forming the AT-
G12-ATG5 conjugate with the help of ATG7 and ATG10. Combined with ATG16L, the ATG12-ATG5-ATG16L conjugate is formed. Medi-
ated by ATG4, Pro-LC3 is converted to LC3, which is conjugated to PE by ATG3, ATG7, and ATG12-ATG5-ATG16L conjugate, forming
LC3-PE conjugate. Both ATG12-ATG5-ATG16L conjugate and LC3-PE conjugate participate in the elongation of autophagosomes. After
elongation, autophagosomes are fused with lysosomes forming autolysosomes, which is mediated by SNARE syntaxin 17, PLEKHM1, and
Atg14. Cargos in autolysosomes are digested by lysosomal enzymes. Nutrients generated by digestion act as activators and inhibitors for
mTOR and AMP-activated protein kinase (AMPK), respectively, which lead to the inactivation of ULK1 complex and termination of au-
tophagy. Abbreviation: mTOR, mammalian target of rapamycin; ULK1, Unc-51-like kinase 1; ATG, autophagy related proteins; FIP, focal
adhesion kinase family interacting protein; VPS, vacuolar protein sorting; PI3P, phosphatidylinositol-3-phosphate. (A higher resolution /
colour version of this figure is available in the electronic copy of the article).

provide a new perspective in the research and contribute to
the development of new treatment in the clinic. Multiple re-
searches have demonstrated that drugs aimed at autophagy
have therapeutic potential in IS. For example, a mitochon-
drial  fusion  protein,  mitofusin  2,  which  is  capable  of  en-
hancing the formation of autophagosomes and facilitate the
fusion  of  autophagosomes  and  lysosomes,  is  suggested  to
alleviate  ischemia-reperfusion  induced  damage  [23].  Ha-
martin, a product of the tuberous sclerosis complex 1 gene,
is demonstrated to confer neuroprotection against IS via in-
duction of autophagy [24]. Melatonin, an endogenous hor-
mone, is suggested to be neuroprotective against IS by in-
hibiting endoplasmic reticulum stress-dependent autophagy
via PERK and IRE1 signaling pathways [25]. In this study, a
comprehensive  overview  of  the  role  of  autophagy  in  the
pathogenesis  of  IS  is  provided,  and an attempt  is  made to
shed new light on the design of new strategies against IS.

2.  AUTOPHAGY  PATHWAY  UNDER  A  NORMAL
PHYSIOLOGICAL SITUATION

The autophagy pathway is strictly controlled by variable
regulatory constituents. Currently, the autophagy pathway is
divided into four steps, including initiation, vesicle nuclea-
tion,  vesicle  elongation,  fusion  and  degradation  (Fig.  1)
[26]. Through these processes, autophagy accomplishes the
metabolic and renewal needs of cells, degrading and recy-
cling the long-lived or misfolded proteins and damaged or-
ganelles.

2.1. Initiation of Autophagy
Autophagy is initiated by autophagy inducers (nutrients

absence, rapamycin, etc.), which dephosphorylate the mam-
malian target of rapamycin (mTOR) mTORC1 and cause the
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disassociation of mTORC1 and the serine–threonine protein
kinase, Unc-51-like kinase 1 (ULK1) [18]. The ULK1 com-
plex comprises of ULK1, the autophagy-related proteins 13
(ATG13), ATG101, and focal adhesion kinase family inter-
acting protein (FIP200) [19, 27-29]. Following the separa-
tion from mTOR, ULK1 then undergoes autophosphoryla-
tion and activates ATG13 and FIP200 through phosphoryla-
tion, thus initiating autophagy [18].

2.2. Vesicle Nucleation
The  class  III  phosphatidylinositol  3-kinase  (PI3K  III)

complex,  including  Beclin-1,  vacuolar  protein  sorting  34
(VPS34), VPS15, and ATG14L, is responsible for vesicle nu-
cleation [19, 30]. After the initiation of autophagy, the PI3K
III  complex  is  recruited  to  the  location  of  autophagosome
formation by the activated ULK1 complex [31]. The ULK1
kinase targets and activates the PI3K III complex by phos-
phorylating Beclin-1 [32], which facilitates VPS34 to pro-

duce phosphatidylinositol 3-phophate [33-37]. Phosphatidyli-
nositol  3-phosphate  then  recruits  the  DFCP1 to  accelerate
the process of vesicle nucleation [37].

2.3. Vesicle Elongation
The vesicle elongation is mediated by two ubiquitin-like

conjugates, ATG12-ATG5-ATG16L and ATG8 (LC3)-phos-
phatidylethanolamine  (PE)  [38].  ATG12  is  conjugated  to
ATG7,  ATG10,  and  ATG5  in  order,  forming  the  AT-
G12-ATG5 conjugate  with  the  help  of  ATG7 and ATG10
[39,  40].  Integrated  with  ATG16-like  (ATG16L),  the  AT-
G12-ATG5 conjugate becomes the ATG12-ATG5-ATG16L
conjugate,  which  promotes  cargo  recruitment  and  vesicle
elongation [41]. The conversion of Pro-LC3 to LC3 is medi-
ated by ATG4. LC3 then conjugates with PE with the help
of  ATG3,  ATG7,  and  ATG12-ATG5-ATG16L  conjugate,
forming LC3-PE conjugate that is responsible for the elonga-
tion of autophagosomes [42, 43].

Fig. (2). Regulation of autophagy pathway in ischemic stroke. Brain ischemia leads to diminished oxygen and glucose supply to the brain,
causing multiple metabolic changes. Exposed in nutrient-depleted condition, the ratio of AMP/ATP in brain cells becomes higher, which is a
major stimulus for AMPK activation.  Activated AMPK initiates autophagy through a direct  and indirect  pathway. In a direct  pathway,
AMPK activates the ULK1 complex by phosphorylating ULK1 at several serine residues, while in indirect pathway, AMPK activates it by in-
hibiting mTORC1. In IS, accumulated misfolded proteins disrupt the balance between the ubiquitin-proteasome and autophagy-lysosome
pathway. Increased BAG3 and HDAC6 initiate the conversion of ubiquitin-proteasome pathway to autophagy-lysosome pathway. A study
shows that knockdown DRAM1 inactivates the autophagy pathway through blocking the fusion of autophagosome and lysosome, indicating
the role of DRAM1 in the autophagy pathway. Abbreviation: mTOR, mammalian target of rapamycin; AMPK, 5’-Adenosine monophos-
phate-activated protein kinase; ULK1 Unc-51-like kinase 1; ATG, autophagy related proteins; FIP, focal adhesion kinase family interacting
protein; DRAM1, DNA damage-regulated autophagy modulator protein 1. (A higher resolution / colour version of this figure is available in
the electronic copy of the article).
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Table 1. In vivo and In vitro Role of Autophagy in the Pathogenesis of Ischemic Stroke.

Animals Model Phenotypes Role of Autophagy
in Ischemic Stroke References

Adult male Wistar rats 4VO Hamartin induced autophagy Protective [24]
Adult male SD rats tMCAO Melatonin inhibited autophagy Harmful [25]

- pMCAO Metformin induced autophagy Protective [52]
- 4VO Rapamycin induced autophagy Protective [58]

- pMCAO
and OGD/R* 3-MA or Wort inhibited autophagy Harmful [59]

- pMCAO and tMCAO Carnosine inhibited autophagy Harmful [60]
- pMCAO Compound C inhibited autophagy Protective [61]
- pMCAO 3-MA inhibited autophagy Harmful [62]
- dMCAO 3-MA or Becn1-shRNA inhibited autophagy Harmful [63]

- pMCAO 3-MA or bafliomycin A1 inhibited
autophagy Harmful [64]

- tMCAO and OGD/R* Eugenol induced autophagy Protective [65]
Adult SD rats tMCAO Homocysteine induced autophagy Harmful [66]

Adult male C57BL/6 J
mice tMCAO and OGD/R* IL-17A induced autophagy Harmful [67]

- pMCAO Silibinin inhibited autophagy Harmful [68]
- pMCAO N-acetylserotonin inhibited autophagy Harmful [69]
- tMCAO and OGD/R* Schizandrin inhibited autophagy Harmful [70]

Adult male C57BL/6 mice tMCAO circHECTD1 knockdown inhibited autophagy Harmful [71]
- tMCAO 3-MA inhibited autophagy Harmful [72]
- OGD/R* Rapamycin induced autophagy Protective [73]

GPR30-/- mice tMCAO GPR30 knockout inhibited autophagy Protective [74]

IL-21-/- mice tMCAO IL-21 knockout inhibited autophagy Harmful [75]

GPR37-/- mice tMCAO GPR37 knockout induced autophagy Harmful [76]

TIGAR-/- mice and TI-
GAR-transgenic mice tMCAO and OGD/R* TIGAR knockout induced autophagy and TIGAR

transgene inhibited autophagy Harmful [77]

Male arrb1−/− and arrb2−/−

mice tMCAO ARRB1 knockout inhibited autophagy Protective [78]

ATF6 knock-in mice tMCAO ATF6 knock-in induced autophagy Protective [79]
Irgm1-/- mice pMCAO IRGM1 knockout inhibited autophagy Protective [80]

Neonatal Wistar rats ischemia-hypoxia Lithium inhibited autophagy Harmful [81]
Abbreviations: SD, Sprague Dawley; 4VOs, 4 vessels occlusion; tMCAO/pMCAO/dMCAO, transient/permanent/distal middle cerebral artery occlusion;
OGD/R, oxygen glucose deprivation/reperfusion; * means in vitro.

2.4. Fusion and Degradation
Autophagy  receptor  or  adaptor  proteins,  including

SNARE syntaxin 17 [44], PLEKHM1 [45], and Atg14 [46],
mediate  the  fusion  of  autophagosomes  and  lysosomes  for
the formation of autolysosomes where target proteins or or-
ganelles are digested by lysosomal enzymes. Through such a
process,  substances  like  amino  acids,  lipids,  and  nucleo-
sides, are produced for reuse by the cells [22]. Recently, it
was  discovered that  some proteins  (e.g.  autophagy related
proteins  14)  are  required  not  only  for  the  initiation  of  au-
tophagy but also for the fusion of autophagosomes with lyso-
somes [46].

2.5. Termination of Autophagy
Nutrients generated by autolysosomes act as activators

for mTOR [38, 47, 48], leading to the inactivation of ULK1
complex and the termination of autophagy. Moreover, reacti-

vated mTOR leads to the regeneration of lysosomes by gen-
erating proto-lysosomal tubules and vesicles, which are ex-
truded from autolysosomes [38, 47, 48].

Except  for  mTOR reactivation,  autophagy can achieve
self-inhibition regardless of stress conditions. Such a mech-
anism is  mediated  by  CULLINs,  the  E3  ubiquitin  ligases,
which participate in the degradation of autophagy proteins
[48]. Through the ubiquitin-proteasome pathway, CULLINs
mediate  the  degradation  of  members  of  ULK  and  VSP34
complex and lead to autophagy termination eventually [48].

3. AUTOPHAGY PATHWAY IN ISCHEMIC STROKE
Occlusion of cerebral arterial circulation leads to dimin-

ished oxygen and glucose supply to the brain, causing vari-
ous  subsequent  metabolic  changes.  Following  infarction,
cells  in  the  brain  are  exposed  to  nutrient-depleted  condi-
tions, manifesting higher ratio of AMP/ATP, which is a ma-
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jor stimulus for AMPK activation [49]. Activated AMPK ini-
tiates the autophagy pathway by activating the ULK1 kinase
complex through direct and indirect pathways (Fig. 2) [50].
In a direct pathway, AMPK activates the ULK1 kinase com-
plex  by  phosphorylating  ULK1  at  several  serine  residues,
while in an indirect pathway, AMPK activates it by inhibit-
ing mTORC1 [50]. Several studies suggest that the activa-
tion of AMPK mediates the autophagy-related neuroprotec-
tion [51-53]. In addition, the number of misfolded proteins
surges in IS, which overloads the ubiquitin-proteasome path-
way and disrupts the balance between the ubiquitin-protea-
some  and  autophagy  pathway  [9].  Increased  BAG3  and
HDAC6 initiate  the  conversion  from the  ubiquitin-protea-
some pathway to the autophagy pathway [54], which leads
to  the  initiation  of  the  autophagy  pathway  in  IS  (Fig.  2).
There is a study demonstrating that the autophagy pathway
is activated by the expression of DNA damage-regulated au-
tophagy modulator protein 1 (DRAM1), which is expressed
in IS [55]. And knockdown of DRAM1 inactivates the au-
tophagy pathway through blocking the fusion of autophago-
some and lysosome and intensifies the cell death in IS [55].
In conclusion, autophagy inducers (such as nutrient depriva-
tion and misfolded proteins accumulation) initiate autopha-
gy through various mechanisms.

4. ROLES OF AUTOPHAGY IN THE PATHOGENE-
SIS OF ISCHEMIC STROKE

Accumulating data have indicated that autophagy is in-
volved in the pathogenesis of IS, and regulating the activity
of  autophagy  can  change  the  outcomes  of  IS.  However,
whether autophagy is beneficial or detrimental for the survi-
val of neuronal cells in IS is controversial, and currently, it
is thought of as a double-edge sword [56, 57]. After search-
ing in PubMed and other resources, most of the current in
vivo and in vitro studies are listed in Table 1.

4.1. Detrimental Role of Autophagy in Ischemic Stroke
Studies, including in vivo and in vitro findings, suggest

that  autophagy may exhibit  a  detrimental  influence on the
outcome of IS.  Autophagy inhibitors,  3-methyladenine (3-
MA) or  wortmannin  (Wort),  reduced infarction volume in
rats of middle cerebral artery occlusion (MCAO) model [59,
62-64, 72]. Atg5 is an indispensable component in the vesi-
cle elongation process of autophagy and showed a neuropro-
tective  effect  of  astrocytes.  Atg5 gene  knockout  mice  had
less cortical injury [59]. TP53-induced glycolysis and apop-
tosis regulator (TIGAR), a regulator of the autophagy path-
way, was shown to ameliorate cerebral ischemia/reperfusion
(I/R)-induced neuronal injury [77]. In TIGAR-/- mice, I/R-in-
duced injury is partly prevented by 3-MA, an autophagy in-
hibitor [77]. While in TIGAR+/+ mice, the neuroprotective ef-
fect  of  TIGAR was partly abolished by rapamycin,  an au-
tophagy activator [77]. IL-21 contributed to the neuronal in-
jury after  IS and IL-21 promoted autophagy expression in
neuronal  cells  after  hypoxia/ischemia,  suggesting  that  au-
tophagy  might  exert  harmful  impact  on  IS  [75].  GPR37
knockout mice showed increased infarction and autophagic

cell  death  compared  with  wild-type  mice  after  IS,  which
suggested that autophagy participates in the pathogenesis of
IS  and  its  effect  is  detrimental  [76].  Moreover,  multiple
agents,  including  carnosine  [60],  melatonin  [25],  lithium
[81], schizandrin [70], silibinin [68], homocysteine [66], ba-
filomycin [64], N-acetylserotonin [69], were reported to ei-
ther exert neuroprotection by inhibition of autophagy or ag-
gravate ischemic brain damage by its’ activation.

4.2. Beneficial Role of Autophagy in Ischemic Stroke
Many studies also suggested that autophagy may have a

neuroprotective effect on IS. In a 4 vessel occlusion (4VO)
model  of  mice,  administration  of  autophagy  activator  ra-
pamycin  showed  less  infarction  volume,  neuronal  injury,
and motor deficits [58]. Such a result was also found in an in
vitro oxygen glucose deprivation/reperfusion (OGD/R) mod-
el [73]. Metformin, a famous first-line diabetes drug, initi-
ates autophagy by activating AMPK, thus exerting a protec-
tive role in IS [52]. IRGM1 knockout mice were reported to
have more severe brain damage in IS and lower level of au-
tophagy activity than wild type mice [80]. Other genetically
engineered  models  of  mice,  such  as  ATF6  knock-in  mice
[79],  ARRB1  knockout  mice  [78],  and  GPR30  knockout
mice [74], also demonstrated that autophagy has a protective
role  in  IS.  Various  agents,  including  hamartin  [24],  com-
pound C [61], and eugenol [65], were reported to be either
neuroprotective by activation or deleterious by inhibition of
autophagy.

Many studies did not take sex as a variable when analyz-
ing the experimental outcomes of IS research. However, ac-
cumulating data shows that sex differences play an impor-
tant  role  in  the  regulation  of  the  autophagy  pathway  and
may lead to the different outcomes between males and fe-
males [82-84]. There are several mechanisms through which
sex differences occur in IS and the most widely accepted are
gonadal  hormones  and  chromosomal  makeup  hypotheses.
Gonadal hormones, including androgens and estrogens, mod-
ulate the autophagic pathway via their receptors, androgen
receptor (AR), estrogen receptor 1 (ESR1), and estrogen re-
ceptor 2 (ESR2). Increasing evidence indicates that AR, to-
gether with ESR1 and ESR2, is involved in the translational
modulation of many autophagy related genes which act  in
the  processes  of  vesicle  nucleation  and  elongation  in  hu-
mans [82]. By binding to introns of target genes, AR regu-
lates the transcription of ULK2, ATG3, ATG5, BCL2, AM-
BRA1 (autophagy,  and beclin  1  regulator  1),  and PIK3C3
(phosphatidylinositol 3-kinase catalytic subunit type 3) [82].
There are 19 autophagy genes regulated by ESR1, including
ULK2,  ATG5,  LC3B (light  chain  3  beta),  PIK3C3  (phos-
phatidylinositol  3-kinase  catalytic  subunit  type  3),  and
SQSTM1, and 12 autophagy genes regulated by ESR2, in-
cluding ULK2, ATG7, ATG13, UVRAG (UV radiation re-
sistance associated), and AMBRA1 (autophagy and beclin 1
regulator  1)  [82].  In  addition,  accumulating  data  indicate
that many genes located on the X chromosome participate in
autophagic pathway or regulate its’ activity, including AT-
P6AP2 (ATPase H+ transporting accessory protein 2)  and
LAMP2  (lysosomal  associated  membrane  protein  2)  [82].
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Such genes located on the X chromosome may explain the
sex  differences  between  menopausal  female  and  age-
matched male morbidity, fatality rate, and disabling rate in
IS.

Recent studies showed that autophagy also participates
in the regulation of microglia activation in neuroinflammato-
ry diseases. Shibutani et al. and Deretic et al. found that au-
tophagy suppresses the activation of inflammasomes in mi-
croglia through the proteolytic elimination of its adaptor pro-
tein ASC or its substrate pro-IL-1β, as well as clearance of
damaged mitochondria by mitophagy [22, 85-87]. Accord-
ingly, autophagy is proved to participate in the regulation of
microglial inflammation in a rodent model of brain ischemia
[22,  88-90].  However,  whether  autophagy promotes or  in-
hibits  inflammatory  response  after  IS  is  controversial  and
yet to be elucidated. Apart from the inhibition of inflamma-
some activation, autophagy can also modulate the phenotyp-
ic transformation of microglia via the nuclear factor-κB path-
way, which is conducive for the recovery of neural tissue af-
ter ischemia [22].

Although the exact role of autophagy in the pathogenesis
of IS is ambiguous and inconsistent, it is unanimously be-
lieved that moderate activation of autophagy is neuroprotec-
tive, while excessive autophagy activation is harmful [22].
The inconsistent results of these studies may be due to sever-
al reasons. First, the time of activation or inhibition of au-
tophagy was different among these studies. As a self-protec-
tive mechanism, activation of autophagy at the early stage of
IS is neuroprotective via degrading misfolded proteins and
damaged  organelles  to  maintain  the  intracellular  environ-
ment [91]. Interestingly, several studies suggested that au-
tophagy participates in the ischemic preconditioning-induc-
ing neuroprotection [61, 92-94]. In these studies, activation
(Sphingosine kinase 2 [92] and conventional protein kinase
C γ [93]) or inhibition (compound C [61] and 3-MA [94]) of
autophagy, enhanced or diminished the neuroprotective ef-
fects of the ischemic preconditioning. Therefore, activation
of autophagy at the early stage of IS or before IS is neuropro-
tective. However, if the ischemic stress continues for a long
time, continuously activated autophagy will cause damage.
Second, the extent of autophagy activation varied among th-
ese studies due to the different models and modulators. As
mentioned before, moderate autophagy activation is protec-
tive, while excessive autophagy activation is deleterious in
IS. Last but not the least, the agents used in some studies are
not  specific  to  autophagy.  For  example,  3-MA  is  widely
used as an inhibitor for autophagy in various studies. Howev-
er,  3-MA is  not  specific  for  targeting the  autophagy path-
way. 3-MA acts as an autophagy inhibitor [95] through in-
hibiting PI3K pathway, which participates in other biologi-
cal processes, including necrosis and apoptosis [96, 97], be-
sides autophagy activation [98, 99]. Rapamycin, an autopha-
gy activator, initiates autophagy via inhibiting mTOR activi-
ty.  But  the  mTOR  signaling  pathway  is  also  suggested  to
have immunosuppressive and antiproliferative impacts [100,
101]. Therefore, it is hard to tell which signaling pathway,
caused by these agents, actually influences the outcome of
IS.  To  solve  these  problems,  standardized  protocols  of  IS

models and more specific agents for autophagy need future
studies.

5.  POTENTIAL  THERAPEUTIC  STRATEGIES  FOR
ISCHEMIC  STROKE  TARGETING  AUTOPHAGY
PATHWAY

Multiple potential therapeutic agents for IS targets the au-
tophagy pathway (Table 2). These agents modulate different
processes  of  autophagy  to  exert  a  neuroprotective  effect
through variable signaling pathways. The first category is tar-
geting the initiation of autophagy. Rapamycin, an autophagy
activator, initiates autophagy by inhibiting mTORC1 to dis-
inhibit the ULK1 complex, which is the key component of
autophagy initiation [102]. It has been reported that the ad-
ministration  of  rapamycin  in  rodent  models  of  focal  is-
chemia can diminish infarct volume and augment behavior
outcomes [103]. Interestingly, it was found that lower doses
of rapamycin were associated with better and improved out-
comes,  which is  potentially due to an optimal level  of au-
tophagy activation. Hamartin, a protein encoded by the tuber-
ous sclerosis complex 1 gene (TSC1), has been reported to
exert neuroprotection through the mechanism, which is simi-
lar to rapamycin [24]. Metformin, the first-line medicine for
type 2 diabetes treatment [104, 105], activates AMPK to ini-
tiate autophagy. It is suggested that metformin precondition-
ing is beneficial for the outcomes of cerebral ischemia [52].
Other agents targeting autophagy initiation include fingoli-
mod [106], N-acetyl-serotonin [69], minocycline [107], and
carnosine [60]. The second category is targeting vesicle nu-
cleation of autophagy. Melatonin, an endogenous hormone,
is demonstrated to alleviate neuronal injury after IS by im-
peding the expression of Beclin-1 [25, 108], which is critical
for vesicle nucleation of autophagy. Interestingly, N-acetyl-
serotonin, a precursor of melatonin, is reported to be neuro-
protective  similar  to  melatonin  but  with  different  mech-
anisms [69]. N-acetyl-serotonin exerts its effects through in-
hibiting the initiation of autophagy while melatonin plays its
roles through suppressing the vesicle nucleation of autopha-
gy  [25,  69,  108].  Bexarotene,  an  FDA-approved  agent,  is
suggested to have neuroprotective potential in stroke [109].
By suppressing the degradation of the autophagosome, a dou-
ble-membrane vesicle  enfolding substrates  needs degrada-
tion,  bexarotene acts on vesicle elongation to promote au-
tophagy [109]. 3-MA, a classic autophagy inhibitor, inhibits
ischemia-induced LC3 expression to repress vesicle elonga-
tion, thus diminishes autophagy-induced injury in IS [64].

Although agents targeting the autophagy pathway have
therapeutic  potential  for  IS,  there  are  possible  side  effects
that need to be considered. Long term administration of ra-
pamycin,  which  activates  autophagy  pathway  through  in-
hibiting mTORC1, may also inhibit mTORC2 and cause im-
munosuppression and glucose intolerance [110]. Metformin
initiates  autophagy via  activating AMPK. However,  many
patients can not tolerate adequate amounts of metformin be-
cause of its associated gastrointestinal adverse events, includ-
ing diarrhea, nausea, flatulence, indigestion, vomiting, and
abdominal discomfort [111]. As the first-line medicine for
type 2 diabetes treatment [104], metformin may cause hypo-
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Table 2. Potential Therapeutic Agents for Ischemic Stroke Targeting Autophagy Pathway.

Agents Targeting Autophagy Pathway Pharmacological Effects References
Hamartin Initiation of autophagy Inhibition of mTORC1 to disinhibit ULK1 complex [24]

Metformin Initiation of autophagy Activating ULK1 complex by activating AMPK [52]
Carnosine Initiation of autophagy Reversing the inhibited phosphorylated levels of mTOR by ischemia [60]

3-MA Vesicle nucleation Inhibition of ischemia-induced LC3 expression [64]
N-acetyl-serotonin Initiation of autophagy Reducing the activation of autophagy [69]

Rapamycin Initiation of autophagy Inhibition of mTORC1 to disinhibit ULK1 complex [102]
Fingolimod Initiation of autophagy Activating mTOR/p70S6K pathway to suppress autophagy [106]
Minocycline Initiation of autophagy Reducing the activation of autophagy [107]
Melatonin Vesicle nucleation Impeding the expression of Beclin-1 [108]
Bexarotene Vesicle elongation Inhibition of autophagosome degradation [109]

glycemia when administrated with a high dosage in a short
period. Therefore, finding an optimal agent dosage is neces-
sary for maximizing the neuroprotective effect while mini-
mizing the possible side effects.

6. CONCLUSION AND FUTURE PERSPECTIVES
Autophagy is  a  strictly  controlled multi-stages  process

and has been suggested to be involved in multiple diseases,
including stroke [19, 57], rheumatology [112], cancer [113,
114], neurodegenerative disease [115, 116], cardiovascular
disease  [117,  118],  and  so  on.  As  an  evolutionarily
conserved process, autophagy maintains cellular homeosta-
sis by eliminating misfolded proteins and injured organelles
[38].  Canonical  autophagy  pathway  comprises  initiation,
vesicle nucleation, vesicle elongation, fusion and degrada-
tion [38, 119]. While during IS, diminished oxygen and glu-
cose supply leads to the accumulation of AMP, which acti-
vates AMPK, thus initiating autophagy [49, 50]. In addition,
the accumulation of misfolded proteins during IS causes up-
regulated  BAG3  and  HDAC6,  leading  to  the  conversion
from the ubiquitin-proteasome pathway to the autophagy-ly-
sosome  pathway  [9,  54].  The  research  community  has
reached  a  consensus  that  autophagy  is  responsible  for  the
maintenance of cerebral homeostasis during IS [19]; howev-
er, it is still ambiguous about the exact role of autophagy in
the pathogenesis of IS. On one hand, some research suggest-
ed that autophagy is detrimental to the outcomes of cerebral
ischemia  [25,  60,  67].  On  the  other  hand,  some  studies
showed a neuroprotective effect of autophagy during IS [24,
52, 58]. Whether autophagy is a friend or a foe in IS is hard
to tell. But it is unanimously believed that moderate activa-
tion  of  autophagy  is  neuroprotective,  while  excessive  au-
tophagy activation is harmful [22]. The incongruous results
of these studies may be due to different IS models and agent
administration,  which  lead  to  different  time  and  extent  of
modulation of autophagy.

Currently,  the  only  medication  that  the  FDA  has  ap-
proved  for  IS  is  limited  to  thrombolytic  treatment  [57],
whose clinical application value is not promising due to its
short therapeutic window and risk for intracerebral hemor-
rhage.  Therefore,  studies  focused  on  potential  therapeutic

strategies for IS are urgently needed. Many researchers have
found potential therapeutic strategies for IS, targeting the au-
tophagy pathway [24, 52, 102]. But many agents targeting
autophagy are not specific and even genetically engineered
models of autophagy genes have limitations since autopha-
gy-related genes also exert autophagy-independent functions
[96, 99, 119]. Hence, more specific agents or genetic tools
and unified disease models are needed to decipher the role
of  autophagy  in  the  pathogenesis  of  IS  in  future  studies.
With a more comprehensive and profound understanding of
the role of autophagy in the pathogenesis of IS, novel thera-
peutic strategies for IS are on their way.
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