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Abstract
Ischemic stroke, caused by a lack of blood supply in brain tissues, is the third leading cause of human death and
disability worldwide, and usually results in sensory and motor dysfunction, cognitive impairment, and in severe
cases, even death. Autophagy is a highly conserved lysosome-dependent process in which eukaryotic cells removal
misfolded proteins and damaged organelles in cytoplasm, which is critical for energy metabolism, organelle renewal,
and maintenance of intracellular homeostasis. Increasing evidence suggests that autophagy plays important roles
in pathophysiological mechanisms under ischemic conditions. However, there are still controversies about whether
autophagy plays a neuroprotective or damaging role after ischemia. G-protein-coupled receptors (GPCRs), one of the
largest protein receptor superfamilies in mammals, play crucial roles in various physiological and pathological processes. Statistics show that GPCRs are the targets of about one-fifth of drugs known in the world, predicting potential
values as targets for drug research. Studies have demonstrated that nutritional deprivation can directly or indirectly
activate GPCRs, mediating a series of downstream biological processes, including autophagy. It can be concluded
that there are interactions between autophagy and GPCRs signaling pathway, which provides research evidence for
regulating GPCRs-mediated autophagy. This review aims to systematically discuss the underlying mechanism and
dual roles of autophagy in cerebral ischemia, and describe the GPCRs-mediated autophagy, hoping to probe promising therapeutic targets for ischemic stroke through in-depth exploration of the GPCRs-mediated autophagy signaling
pathway.
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Introduction
Ischemic stroke is a devastating condition caused by a
lack of blood supply to the brain, usually resulting in sensory and motor dysfunction, cognitive impairment, and
in severe cases, even death [1, 2]. About 795,000 of new
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or recurrent strokes occur every year, which is the third
leading cause of human death and disability worldwide
that endangers the health of middle-aged and elderly
people [1]. Identification of novel therapeutic targets is
a critical unmet need of the field. Autophagy is a highly
conserved lysosome-dependent degradation system in
eukaryotes that promptly responds to energy supply and
insufficient nutrients [3–5]. Autophagy can facilitate the
clearance of aggregated proteins and damaged organelles
under stress conditions [3, 4, 6, 7]. A consensus has yet
to be reached on the effects of autophagy in ischemic
stroke, which has arisen widespread interest in clarifying
the dual roles of autophagy after ischemic stroke.
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G-protein-coupled receptors (GPCRs), one of the
largest protein receptor superfamilies in mammals,
play critical roles in many physiological and pathological processes [8, 9]. Nutritional deprivation can
activate GPCRs directly or indirectly and mediate a
series of downstream biological processes, including autophagy [8–10]. Several recent studies show
that GPCRs play important roles in the induction and
regulation of autophagy after ischemic stroke [11–13].
Since GPCRs are currently the most widely used drug
targets, GRCRs-mediated autophagy signaling pathway
in ischemic stroke may have potential neuropharmacological value. Therefore, this review will systematically
discuss the dual roles of autophagy in cerebral ischemia
and elaborate the GPCRs-mediated autophagy signaling pathway, hoping to find new treatment strategies
for cerebral ischemia.

Autophagy
The main physiological functions of autophagy include
catabolism, removal of damaged or senescent cellular components, maintenance of genome stability, and
immune regulation [4, 14], which improve cell adaptation
ability to a certain extent through removing misfolding
proteins, damaged organelles, and invasive microorganisms [3, 4, 15].
Classification

Generally, autophagy can be divided into three types
according to the way by which cytoplasmic substrates
are transported to lysosome for degradation, including macro-autophagy, microautophagy, and chaperonemediated autophagy (CMA) [4, 5, 16]. Microautophagy
directly engulfs the target cargo into lysosome for lysosomal degradation through invagination or protuberance
of the lysosomal membrane [17, 18]. CMA is extremely
selective in facilitating lysosomal degradation of the
KFERQ motif-containing proteins which can bind to the
heat shock 70 kDa protein 8 (HSPA8/HSC70) chaperone
[3, 19]. Macroautophagy mainly sequestrates the targeted
cytoplasmic components in double-membrane vacuoles
named autophagosomes, and then fuse with lysosomes
to form autolysosomes to achieve the orderly lysosomal
degradation [19, 20]. A large number of existing studies
in mammalians have shown that macroautophagy plays
an important regulatory role in a variety of physiological
and pathological conditions, such as immunity [21, 22],
cancer [23], aging [24], atherosclerosis [25, 26], neurodegenerative diseases [27], cerebrovascular diseases [28,
29]. Since macroautophagy is the most widely studied
and the most concerned form of autophagy, we will then
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primarily focus on macroautophagy which is henceforth
referred as “autophagy”.
Selective autophagy

Initially, researchers reported that autophagy randomly sequestered the cytoplasmic components into
autophagosomes, indicating that autophagy might be a
non-selective process to a large extent [30]. Research on
selective autophagy mechanisms has expanded rapidly
over the last decade, and growing evidence suggests that
many forms of selective autophagy exist [31, 32]. Under
physiological or pathological conditions, damaged or
excessively accumulated organelles, including mitochondria, peroxisomes [33, 34], lipid droplets [35], ribosomes
and endoplasmic reticulum (ER) [36], can be specifically
separated into autophagosomes through mechanisms
mediated by a collection of specific autophagy-related
molecules, which are separately named mitophagy, pexophagy, xenophagy, ribophagy and reticulophagy [31, 37].
Mitochondria are the most important organelles for
energy metabolism and redox reactions [38]. Mitophagy
can induce the removal of damaged or senescent mitochondria to maintain the function of mitochondria,
which is extremely important for energy metabolism and
cell homeostasis [39]. Recent studies have shown that
mitophagy is involved in pathological mechanisms of
many diseases, mainly including cerebral ischemic diseases, neurodegenerative diseases, cardiovascular diseases, malignant tumor, inflammation and autoimmune
diseases [40–42].
Autophagic mechanisms

Since autophagy-related genes and proteins were identified and named as ATGand Atg respectively in yeast [43],
almost 30 ATG genes have been gradually confirmed
[44]. Studies in higher eukaryotes have identified many
Atg homologs [44]. The core machinery of autophagy
mainly includes formation of the pre-autophagosomal
structures (PAS) or phagophores, elongation and closure
of the PAS membrane to form autophagosomes, autolysosomes formation and finally degradation of proteins and
organelles [45].
Autophagy initiation is regulated by the ULK1-Atg13FIP200 complex [46]. When nutrients are sufficient, the
ratio of adenosine 5ʹ-monophosphate (AMP) to ATP
decreases, which can induce mammalian target of rapamycin (mTOR) to inhibit unc-51-like kinase 1 (ULK1)
and Atg13 [46]. Adenosine monophosphate-dependent
protein kinase (AMPK) is the main positive regulator of
autophagy. Nutrient deficiency or hypoxia increases the
ratio of AMP to ATP, which induces AMPK to activate
ULK1 [47].
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Formation of PAS membrane is mediated by the
PtdIns3K complex (PIK3C3/VPS34-beclin-1-Atg14)
[48]. It enriches phosphatidylinositol 3-phosphate (IP3)
at the initiation site to recruit regulatory proteins, such
as Atg9, which expands the isolation membrane by collecting lipids. This stage is regulated by Akt (protein
kinase B), AMPK, or ULK1. Phosphorylation of beclin-1 by Akt inhibits autophagy, while AMPK or ULK1
promotes the formation of the PtdIns3K complex [49,
50].
Elongation of the PAS membrane is regulated by
Atg12–Atg5–Atg16L1 and LC3/Atg8-PE (microtubule-associated protein light chain 3-phosphatidylethanolamine) ubiquitin-like binding systems [51]. The
800-kDa Atg12–Atg5–Atg16L1 tetramers are located
on the PAS membrane and participate in membrane
elongation [45]. When the PAS membrane is closed, the
Atg12–Atg5–Atg16L1 complex detaches and returns
to cytoplasm [52]. LC3/Atg8-PE ubiquitin-like binding
complex is another conjugated complex that attaches to
the PAS membrane [53, 54]. The PAS membranes continuously extend and finally closed to form autophagosomes, meanwhile capturing misfolded proteins or
damaged organelles into autophagosomes randomly
or selectively. As lysosomes are usually located in the
perinuclear region, autophagosomes are transported to
lysosomes along microtubules.
Autolysosomes formation by fusion of autophagosomes
and lysosomes constitutes the last stage. Subsequently,
lysosomal enzymes effectively degrade the wrapped contents and release small molecules such as amino acids
back to cytoplasm for catabolism.
Autophagic flux

The dynamic process in which cargos are randomly or
selectively captured by autophagosomes, transported and
finally degraded in autolysosomes, is called autophagic
flux. LC3-II and p62/SQSTM1, two important autophagy
markers, are commonly used to analyze the integrity of
autophagic flux. Increased LC3-II expression is usually
due to an increase in autophagosomes or hindered degradation [55]. If the expression of LC3-II increases after
lysosomal inhibitors treatment, it usually indicates that
autophagic flux is intact. p62/SQSTM1 can promote the
ubiquitination and subsequent degradation of targeted
cargo molecules, increased p62/SQSTM1 expression
may predict destruction of autophagic flux [56]. In addition, increased lysosomal enzyme activity (cathepsin D,
acid phosphatase, and b-Nacetyl hexosaminidase) may
also represent enhanced autophagic flux [57]. An intact
autophagic flux is very important for cellular homeostasis, especially terminally differentiated and non-dividing
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cells [58]. Impaired autophagic flux can lead to excessive
accumulation of autophagosomes, leakage of lysosomes,
and even cell death [59].

Autophagy and ischemic stroke
Ischemic stroke is mainly caused by cerebral blood flow
blockage caused by cerebrovascular thrombosis, embolism or other reasons, leading to abnormal energy metabolism, sodium and chlorine influx, potassium efflux, cell
membrane depolarization and cell edema. Subsequently,
a series of damage cascades (calcium overload, excitatory amino acid toxicity, free radical generation, oxidative
stress, inflammation and apoptosis) could trigger irreversible brain damage and result in a positive feedback
loop that ultimately cause severe damage to neurons,
glial cells, endothelial cells and their interconnections. In
recent years, more and more studies have confirmed the
important role of autophagy in the pathophysiological
mechanisms after ischemic stroke.
Underlying mechanisms of autophagy initiation
in ischemic stroke

Mounting studies gradually unveiled the mechanism of
autophagy initiation after ischemic stroke (Fig. 1).
HIF‑1a

Hypoxia inducible factor 1a (HIF-1a) is one of the key
transcription factors activated by hypoxic stress, which
can induce transcription of a variety of hypoxia-responsive genes, such as vascular endothelial growth factor,
erythropoietin, glucose transporter 1, glycolytic enzymes
[60, 61]. Bcl-2/adenovirus e1b-interacting protein 3
(BNIP3), an important target gene of HIF-1a, can activate autophagy by competing with beclin-1 to bind with
Bcl-2, which mediates the dissociation of Bcl-2 and beclin-1 [62, 63]. BNIP3 can also inhibit Rheb, which then
inhibits mTOR activity and activates autophagy [64].
HIF-1a can activate autophagy by up-regulating p53 after
ischemic stroke [61]. It has been proved that hyperbaric
oxygen could improve cerebral ischemic stroke injury
possibly via inhibiting HIF-1 and subsequently inhibiting
autophagy in rats MCAO model [65].
AMPK, mTOR

mTOR and AMPK are key molecules that responds to
stress, which coordinate with each other and play crucial roles in autophagy initiation [62]. In case of sufficient energy supply, AMPK activity is inhibited, while
mTORC1 phosphorylates ULK1 at Ser757, which inhibits
ULK1 activation. Under insufficient energy supply conditions after ischemia, mTORC1 activity is inhibited, while
AMPK phosphorylates ULK1 at Ser317 and Ser777,
which triggers autophagy initiation [66]. Pretreatment

Hou et al. Molecular Brain

(2022) 15:14

Page 4 of 20

Fig. 1 Core mechanisms of autophagy initiation in ischemic stroke. Energy failure could activate AMPK and inhibit mTORC1, which subsequently
phosphorylates ULK1 and leads to ULK1 activation. Hypoxia promotes the production and release of HIF-1, which promotes the expression of BNIP3
that can mediate the dissociation of beclin-1 and Bcl-2. ULK1 activation and beclin-1 release can promote the formation of the PtdIns3K complexes
and the ULK1-Atg13-FIP200 complexes that are both essential for autophagy initiation. NF-κB can also mediate autophagy initiation through p53
signaling pathway. Excessive excitotoxity prevents the fusion of autophagosomes and lysosomes, thereby inhibiting autophagic flux

with metformin (AMPK activator) can enhance
autophagy by activating AMPK activity, resulting in
reduced infarct volume, decreased nerve cell apoptosis,
and improved neurological [67] deficits. Studies have
shown that cerebral ischemic preconditioning can exert
a neuroprotective effect by regulating AMPK to activate
autophagy [68]. Since AMPK is the main energy regulator, studies on AMPK-dependent autophagy may reveal
new treatment strategies based on improving energy
metabolism [69, 70]. Activation of the α7 nicotinic acetylcholine receptor, a subtype of nicotinic acetylcholine
receptors, could enhance autophagy partly through the
AMPK–mTOR–p70S6K signaling pathway in neurons,
rescuing neurons from OGD/R injury [71].
NF‑kB

Nuclear factor-kappa B (NF-κB) encodes a variety of proinflammatory and pro-apoptotic proteins, which could

exert key regulatory functions in inflammation and apoptosis [72]. Under ischemic conditions, IκappaB kinase
(IKK) is activated and phosphorylates IκBa, then NF-κB
is released and translocated into nucleus to mediate
autophagy [73]. Knockout of NF-κB p50 subunit in mice
can promote autophagy via inhibiting mTOR pathway
after cerebral ischemia [74]. In addition, research results
indicate that cathepsin B-dependent autophagy plays a
key role in NF-κB activation [75].
Autophagic flux disruption

Autophagic flux disruption is an important reason for
the abnormal accumulation of Atg proteins, such as LC3
and beclin-1 [76]. In neonatal rats with hypoxic-ischemic
brain injury, the enhancement of autophagic flux can
mediate neuronal apoptosis and autophagic cell death
[77]. Studies have confirmed that ischemia-induced
excitatory amino acid toxicity can disrupt autophagic flux
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in hippocampal neuronal cells, and enhancing autophagy
can protect cells from excitotoxic death [78]. However,
the lack of comprehensive studies on autophagic flux
under various conditions limits our perception. Interestingly, recent research suggests a new role of autophagy,
which is to reintegrate autophagosomes and mediate the
extracellular secretion of unconditionally secreted proteins [37].
Dual roles of autophagy in ischemic stroke

At present, many studies have confirmed autophagy activation after ischemic injury, promoting the clearance and
reuse of cytoplasmic constituents. Regrettably, the results
are controversial on whether autophagy exerts neuroprotective effects or exacerbates cerebral ischemia injury.
Neurons

Neurons, non-dividing and terminally differentiated
cells, are extremely sensitive to ischemia and hypoxia and
elimination of misfolding proteins and damaged organelles mediated by autophagy is extremely important to
maintain cellular homeostasis. Autophagosomes formed
in terminal regions of dendrites and axons must be transported and fuse with lysosomes distributed in perinuclear cytoplasm. Therefore, damage to dendrites and
axons may cause failure in autophagosomes transportation and interrupted autophagic flux [79]. Under physiological circumstances, neuronal autophagy is maintained
at a relatively low basal level, which are anti-apoptotic
[58]. However, the exact role of neuronal autophagy after
ischemic stroke is complicated and contradictory, and a
consensus has not been fully reached.
Numerous studies have shown that neuronal autophagy
after ischemic stroke is one of the important mechanisms of cerebral ischemia injury and closely related
to neuronal death. For instance, the administration of
autophagy inhibitor 3-methyladenine (3-MA) reduced
apoptosis of PC12 cells exposed to serum deprivation,
indicating that autophagy can cause neuronal damage
or even death in vitro [80]. 3-MA administration also
inhibits neuronal death in SH-SY5Y cells and primary
cultivated neurons exposed to oxygen glucose deprivation (OGD). Intracerebroventricular injection of 3-MA
4 h after ischemia can significantly inhibit neuronal
autophagy and reduce infarct volume in rats exposed to
transient focal cerebral ischemia [70]. Down-regulation
of beclin-1 or Atg7 with small interfering RNA (siRNA)
can inhibit neuronal autophagy and reduce excitotoxicity
in rats [55]. In rats MCAO model, intracerebroventricular injection of 3-MA and bafilomycin A1 (BFA-1) can
significantly reduce cerebral infarction volume and cerebral edema, and improve motor function [81]. The neuroprotective effects of 3-MA and BFA-1 may be through
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inhibiting the up-regulation of LC3-II and cathepsin
B induced by ischemia, which can partially reverse the
down-regulation of Bcl-2 [81–83]. Koike et al. reported
that knockout ATG7 gene could inhibit ischemia-induced
apoptosis activation and neuronal death [84]. Selectively knockout neuronal ATG7 gene in mice can inhibit
hypoxia-induced neuronal autophagy in multiple brain
regions, and significantly reduce infarct volume [85].
In addition, studies have shown that in middle cerebral
artery occlusion (MCAO) models, the neuroprotection
induced by miRNA-30a down-regulation [86], physical
exercise [87], electroacupuncture treatment [88, 89], and
GSK-3b inhibitor [90] may be related to the enhancement
of autophagy activity.
Nevertheless, contrasting evidence exists regarding the
effects of autophagy in ischemic stroke. Administration
of 3-MA 30 min before cerebral ischemia can up-regulate the expression of cleaved caspase-3 and aggravate
neuronal cell death in ischemic penumbra area [91].
Nicotinamide phosphoribosyltransferase can promote
neuronal survival through inducing autophagy via regulating TSC2–mTOR–S6K1 signaling pathway in a SIRT1dependent manner during cerebral ischemia [92]. The
administration of 3-MA and wortmannin (Akt inhibitor)
can down-regulate the expression of beclin-1 and switch
the mode of cell death from apoptosis to necrosis, suggesting that neuronal autophagy after ischemic injury
seems to play an important neuroprotective role [93].
Rapamycin, a specific inhibitor of mTOR, can promote
autophagy by increasing the expression of beclin-1 and
LC3-II, which attenuates neuronal necrosis in a neonatal
hypoxia-ischemia model [7, 93]. A few studies have also
confirmed the neuroprotective effects of rapamycin [94,
95]. In OGD and MCAO model, 3-MA administration or
ATG7 silencing can significantly increase the release of
cytochrome c and promote neuronal apoptosis [6]. Interestingly, studies have shown that there are gender differences in ischemia-induced autophagy [96]. In female
mice brain tissue, there is a high basal level of autophagy
and caspase activity after hypoxic-ischemic injury [96].
Furthermore, inhibition of autophagy can play different roles in a gender-dependent manner after ischemia.
Inhibiting autophagy can reduce cerebral infarction
volume in male mice and ovariectomized female mice,
while increase cerebral infarction volume in female mice
and ovariectomized female mice treated with estrogen
replacement therapy [97].
Astrocytes

Astrocytes play vital roles in maintaining normal
structures and functions of neurovascular units,
including glutamate clearance, ion and pH homeostasis, synapse remodeling, neuroendocrine signaling,
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immunity/inflammation, neurotrophic factor production, vasoconstriction/vasodilation, blood brain barrier
(BBB) function and neurogenesis [82, 98, 99]. Research
has confirmed increased autophagosomes and autolysosomes and up-expression of beclin-1, LC3-II, cathepsin B and LAMP2 in focal cerebral ischemia model and
astrocyte hypoxia model, which provided evidence for
enhanced astrocyte autophagy [100, 101].
Mounting evidence has demonstrated the bidirectional
functions of astrocyte autophagy after ischemia [102]. In
OGD-treated astrocytes, autophagy exerts neuroprotective effects in an AMPK-dependent manner, while AMPK
inhibition can significantly reduce the expression of
autophagy-related proteins and eliminate the neuroprotective effects [103]. Up-regulation of p62/SQSTM1and
LC3-II can be seen in astrocytes exposed to hypoxia,
while 3-MA administration aggravates astrocytes injury
and even death [104]. Impaired autophagosomes maturation, autophagic flux and autolysosome function can
lead to astrocytes cell death under hypoxia condition
[105, 106]. In rat astrocytes, rapamycin can reduce neurotoxicity of MeHg by activating autophagy [107]. Nevertheless, there are also studies confirming that astrocyte
autophagy can aggravate ischemia damage [100].
Microglia

Microglia are important resident immune cells in central nervous system (CNS), microglia activation is an
important pathological mechanism in CNS inflammatory response [108–110]. In-depth study of microglia
autophagy will provide a reasonable basis for inflammatory intervention of cerebral ischemia.
The findings show that microglial autophagy plays an
important pro-inflammatory role in cytokines production
and neuroinflammatory response after ischemic stroke
[111, 112]. Hypoxia/ischemia could lead to excessive
activation of autophagy in microglia, which exacerbated
neuroinflammatory damage [75]. Hypoxia could induce
autophagy relying on up-regulated HIF-1 expression
in microglia, and eventually lead to death of microglia
[113]. 3-MA administration could inhibit inflammatory
response in microglia, reduce brain edema and improve
neurological deficits in focal cerebral ischemia model
[113, 114]. Catechin could prevent microglia apoptosis induced by hypoxia/reperfusion-evoked autophagy
through up-regulating Akt and mTOR phosphorylation
[115]. Xia et al. reported that autophagic flux blockade
regulated microglia phenotype through activating NF-κB
and inhibiting CREB [116]. Intracerebroventricular injection of protein tyrosine phosphatase 1B (PTP1B) inhibitor could alleviate deleterious microglial activation and
neuronal injury after ischemic stroke by modulating the
ER stress-autophagy axis via PERK signaling in microglia
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[117]. Other studies have also confirmed that microglia
autophagy can play important roles in promoting neuroinflammation after cerebral ischemia [118].
Nevertheless, there are still results showing that microglia autophagy has anti-inflammatory and anti-apoptotic
effects. Activation of microglia autophagy induced by
rapamycin could reduce the expression of inducible nitric
oxide synthase (iNOS) and interleukin (IL)-6 stimulated
by lipopolysaccharide [119]. Microglial PGC-1α could
promote microglia autophagy and suppress neuroinflammation by reducing NLRP3 activation after ischemic
stroke [120]. In photothrombotic model, significantly
up-regulation of PARP14 (poly (ADP-ribose) polymerase family, member 14) in peri-infarct regions suppressed
microglia autophagy via inhibiting the transcription of
lysophosphatidic acid receptor 5 gene [121].
Oligodendrocytes

Oligodendrocytes maintain the integrity of neuronal
axons and neuron functions, and are main targets of
white matter damage in various CNS diseases [122]. Oligodendrocyte autophagy was closely related to demyelination in neurodegenerative diseases and spinal cord
injury [123]. In Long-Evans Shaker rats with mutations in
myelin basic protein (MBP), autophagy proteins expression were increased, resulting in loss of oligodendrocyte
and severe demyelination [124]. Growing evidence highlights that white matter damage such as loss of oligodendrocytes and demyelination are important pathological
mechanism after cerebral ischemia [125]. However, there
are few studies concerning oligodendrocyte autophagy
after cerebral ischemia, and further exploration is
needed.
BMVECs

Destructed integrity and increased permeability of
blood–brain barrier (BBB) are common pathological features of cerebrovascular diseases, leading to cerebral edema [126]. Brain microvascular endothelial cells
(BMVECs) are connected by tight junctions to form a
highly selective barrier and play vital roles in maintaining the structure and function of BBB [127]. Several
research results indicate that BMVECs autophagy plays a
neuroprotective role in ischemic stroke. Administration
of rapamycin and lithium carbonate enhanced autophagy
and significantly reduced BMVECs apoptosis, while
3-MA treatment had the opposite effect, which verified
the neuroprotective effect of BMVECs autophagy on BBB
integrity during I/R injury [126]. Inhibiting autophagy
with chloroquine enhanced the permeability of BBB and
aggravated brain edema after cerebral ischemia in diabetic rats [128]. Rapamycin could induce autophagy in
BMVECs and promote cell survival after OGD insults

Hou et al. Molecular Brain

(2022) 15:14

[129]. However, other research results showed that
enhanced autophagy activity contributed to BMVECs
injury following hypoxic insults [130]. It was confirmed
that selenium could attenuate ischemia/reperfusion
injury‑induced BBB injury by PI3K/AKT/mTOR pathway‑mediated autophagy inhibition under hyperglycemia conditions [131]. In-depth exploration of BMVECs
autophagy may provide potential therapy strategies for
BBB neuroprotection after ischemic stroke.
Based on the current research results, it can be inferred
that the complexity and heterogeneity of experimental animal species/age/sex, cell/animal models, different brain regions/cell types, intensity and duration
of hypoxia/ischemia may cause differences in results.
Autophagy is a double-edged sword in terms of cellular adaptive system, and its dual roles may show flexible
adaptive ability. How to pursue advantages and avoid disadvantages to induce effective neuroprotection is the new
research direction.
Temporal dynamics of autophagy in ischemic stroke

Activation of autophagy by rapamycin in ischemic preconditioning and before ischemia protects neurons
from death [132, 133]. However, increased autophagy
after ischemia exerts different effects [45]. In an in vitro
ischemia model, inhibiting autophagy 24 h prior to
reperfusion markedly increases neuronal death, while
autophagy inhibition significantly protects neurons from
death 48–72 h after reperfusion [134]. Some reports
showed that activation of autophagy protects neurons
from death [94], whereas others indicate that it increases
neuronal death or abolishes the neuroprotective effects
of ischemic postconditioning [135]. These observations
indicate that the extent and time window of autophagy
would affect the efficacy of autophagy intervention in
ischemic stroke. Thus, a comprehensive comparison of
autophagy at different time points is necessary before
being used as a therapeutic target for post-ischemic
neuroprotection.
Numerous studies have shown that autophagy is activated in the penumbra following ischemic stroke [136].
Autophagy was increased in the penumbra 1 h after
MCAO, of LC3-II levels steadily increased 2–5 h following ischemic stroke, reaching a maximum at 5 h [137].
During this stage, infarct volume and the severity of the
neurological deficit increased slowly, suggesting that activation of autophagy might have a neuroprotective function. At 12–72 h post MCAO, LC3-II levels in penumbra
rapidly decreased, suggesting that neuronal autophagy
was reduced 12–72 h after ischemic stroke [137]. Interestingly, the LC3-II/cleaved caspase-3 ratio in penumbra
was reduced to a very low level 24 h after MCAO, showing that the shift from autophagy to apoptosis occurs
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24 h following ischemic stroke [137]. In addition, administration of 3-MA can up-regulate cleaved caspase-3
expression and promote apoptosis of astrocytes 1–4 h
post OGD; however, astrocytes autophagy is significantly
down-regulated within 8–24 h after OGD, suggesting
that astrocytes autophagy also exerts neuroprotective
effects or detrimental effects in a time-dependent manner [138].
Crosstalk between autophagy and other pathological
processes

After ischemic stroke, autophagy and a variety of other
cell biological processes interact with each other to form
a complex pathophysiological mechanism network,
which together regulate the death or survival of nerve
cells.
ROS

ROS is closely related to neuroinflammation after cerebral ischemia, including oxygen anions, hydrogen
peroxide and free radicals [139–141]. Excessive ROS
accumulation can induce autophagy mainly by regulating transcription of autophagy-related genes after cerebral ischemia [142]. ROS can increase the expression of
p53 and HIF-1, which activate promoters of autophagyrelated genes [143, 144]. ROS can promote the expression
of p62/SQSTM1 via transcription factor NF-E2-related
factor 2 (NRF2) binding to a specific motif located in the
p62/SQSTM1 promoter [145]. In addition, accumulated
ROS can induce the transcription of protein kinase-like
ER kinase (PERK), thereby promoting the transcription of autophagy-related genes [146]. It was confirmed
that autophagosomes formation increased in neonatal
hypoxia ischemic brain, whereas pharmacologic inhibition of NADPH oxidase counteracted autophagy-induced
neuroprotection [147].
Ischemic-induced autophagy could modulate ROS generation to resist oxidative stress damage [148]. Inhibiting
autophagy with 3-MA can aggravate OGD-induced ROS
accumulation and promote apoptosis of brain endothelial cells [126]. In addition, Sirtuin3 can reduce neuronal
oxidative stress damage by inducing autophagy, exerting a neuroprotective effect [149]. Overall, these results
prove that ischemia-induced ROS accumulation can activate autophagy, which can in turn exert anti-oxidative
response to remove excessively accumulated ROS.
Mitochondrial dysfunction

After cerebral ischemic stroke, mitochondrial dysfunction can significantly impede ATP synthesis and lead
to increased concentration of intracellular C
 a2+ [150],
which further aggravates mitochondrial damage and initiates mitophagy. Remote ischemic post-conditioning
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can up-regulate the expression of Parkin and promote
mitophagy, thereby significantly inhibiting oxidative
stress in rats MCAO models [151]. Administration of
rapamycin can improve mitochondrial dysfunction and
reduce cerebral infarction volume in rats MCAO models
[95, 152]. There are other studies confirming the neuroprotective effect of mitophagy in ischemic stroke [153,
154].
ER stress

Ischemia-induced ER stress is triggered by increased
Ca2+ concentration in ER and accumulation of misfolded
proteins, which is closely related to autophagy activation [155, 156]. 3-MA can aggravate ER stress and promote the expression of pro-apoptotic proteins caspase-3
and caspase-12, which attenuates the neuroprotective
effect of cerebral ischemic preconditioning [157]. Salubrinal, the ER stress inhibitor, inhibits autophagy activity
and neuroprotection induced by brain ischemic preconditioning [158]. Melatonin treatment before ischemia
inhibits ER stress-induced autophagy and attenuates
acute neuronal injury after ischemic stroke via inositolrequiring enzyme 1α (IRE1α) and PERK signaling pathway [159]. However, other studies report that neither
enhancement of autophagy nor suppression of ER stress
exerts neuroprotection in neurons under ischemic stroke
condition [160].
Neuroinflammation

Autophagy plays important roles in modulating the
excessive inflammatory response [161]. It has been confirmed that ischemia can induce mitochondrial depolarization and release of ROS and mitochondrial DNA,
which resulted in the formation of inflammasomes [162].
Autophagy can directly isolate inflammasomes through
the autophagy-lysosome pathway or clear depolarized
mitochondria through mitophagy, thereby inhibiting the
synthesis of inflammasomes and reducing inflammation
damage [163].

G‑protein‑coupled receptors
Classification, function and composition

GPCRs are one of the largest protein receptor superfamilies in mammals [164, 165]. Known as seven-fold
helix transmembrane protein receptors, GPCRs share
the commonality of an N-terminal, seven-fold transmembrane α-helix, C-terminal, three extracellular rings,
and three intracellular rings [165–167]. Approximately
1200 genes in the human genome encode GPCRs, and
more than 800 GPCRs have been identified based on the
results of sequencing analysis [168]. Human GPCRs are
divided into five major families, including adhesive frizzled/taste 2, rhodopsin (class A), secretin, glutamate and
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orphan receptors [167–169]. About 15% of GPCRs have
not yet found endogenous ligands, which are designated
as orphan receptors [169].
GPCRs recognize various extracellular signals, including neurotransmitters, peptides, hormones, biotin, glycoproteins, lipids, nucleotides, ions, proteases, light,
odorants, pheromones, eicosanoids and organic compounds [165, 167, 170], which subsequently activate
intracellular heterotrimeric guanosine monophosphate
binding proteins. Activated G-proteins regulate second
messengers to transmit extracellular signals to intracellular effector molecules [170].
Membrane receptor-coupled G-proteins mainly
include heterotrimeric G-proteins and small G-proteins.
The G-proteins discussed in this review refer to heterotrimeric G-proteins that are related to signal transduction. The α, β and γ subunits together compose the
heterotrimeric G-proteins. β and γ subunits are closely
bound in a non-covalent Gβγ dimer. Gα subunits are
inactive when binding to Gβγ dimers. Gα subunits contain guanine nucleotides binding regions, which have
GTPase activity. Reversible binding with GTP and GDP
affords G-proteins the ability to act as molecular switches
in signal transduction cascade.
Transmembrane transduction mechanisms

The general transmembrane transduction process is
divided into the following steps. Under physiological
conditions, G-proteins exist as heterotrimers, Gα subunit
binds strongly to GDP, and Gβγ dimer binds loosely to
Gα subunit and GDP. Upon exposure to extracellular signals, GPCRs are activated and induce structural changes
in Gα subunits, which possess GTPase activity and lead
to the exchange of GDP to GTP. The binding of GTP with
Gα subunit could result in separation of Gα subunit and
Gβγ dimer. Gα subunits are activated and act on downstream effectors to generate intracellular signals.
Until now, four different Gα proteins have been identified, including Gαq/11, Gα12/13, Gαs and Gαi/o. Among
them, Gαs and Gαi/o coordinately regulate the biological
activity of adenylate cyclase (AC). Gαs can activate AC
activity, while Gαi/o inhibits AC activity. AC can promote the production of 3′5′-cyclic adenosine monophosphate (cAMP), which mediates cAMP-dependent protein
kinase to phosphorylate serine or threonine residues of
many intracellular proteins. Gαq/11 activates phospholipase C (PLC), which converts phosphatidylinositol 4
and 5-bisphosphate (PIP2) to diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3). Gα12/13 targets guanine
nucleotide exchange factor to regulate the Ras homolog
gene family (Rho), which is involved in cytoskeleton
regulation.
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After the dissociation of Gα subunit and Gβγ dimer,
the receptor is internalized and turned into the closed
state again. GTP can be hydrolyzed and Gα subunit
recombined with Gβγ dimer in the presence of magnesium ions, which inactivates G-proteins.

GPCRs‑mediated autophagy
Increasing evidence suggest that nutritional deprivation can directly or indirectly activate GPCRs to
mediate a series of downstream biological processes,
including autophagy [11–13, 76, 170]. Recent studies have shown that GPCRs can also be degraded in an
autophagy-dependent manner [171, 172]. The two-way
regulatory mechanism between GPCRs and autophagy
jointly participate in cellular biological processes and
maintaining biological functions.
Activation of GPCRs‑mediated autophagy
Direct activation of GPCRs by nutritional deprivation

Certain types of GPCRs, mainly including amino acidsensing GPCRs and fatty acid-sensing GPCRs, can be
activated by directly sensing the levels of nutrients [10,
173].
Amino acid‑sensing GPCRs

Such amino acid-responsive GPCRs mainly include
Ca2+-sensing receptor (CaSR), GABA receptors, sweet
taste receptor type 1 member 1 and 3 (T1R1/T1R3),
GPRC6A, metabotropic glutamate receptors and several orphan receptors, most of which belong to the
GPCR class C [173, 174]. T1R1/T1R3 have different
affinities for 20 amino acids and are direct sensors of
amino acid metabolism. Among them, l-glutamate
level is the most sensitive signal stimulus. T1R1/T1R3
can activate mTOR protein complex 1 (mTORC1) after
sensing the fluctuation of amino acid level, and regulate protein synthesis, autophagy and other biological
processes [173, 175–177]. T1R3 silencing can greatly
reduce the activity of mTORC1 under nutrient deprivation conditions, indicating that mTORC1 activation
depends on the activation of T1R1/T1R3 by amino acid
signals [177].
Fatty acid‑sensing GPCRs

Such amino acid-responsive GPCRs mainly include
long chain fatty acid receptors GPR120 and GPR40,
short-chain fatty acid receptors GPR41 and GPR43,
and several orphan receptors [170]. However, there is
no evidence that fatty acid-sensing GPCRs are directly
involved in the regulation of autophagy, but it can be
speculated that they may be anticipated in the process of autophagy in view of their function in detecting
nutrients under nutrient deprivation conditions [178].
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Indirect activation of GPCRs by nutritional deprivation

The fluctuation of nutrients can also indirectly activate GPCRs by promoting the secretion of neurotransmitters and hormones, and then regulate autophagy
and other biological processes, mainly including
β-adrenergic GPCRs and muscarinic GPCRs [170].
β‑adrenergic GPCRs

When blood glucose level decreases, hypothalamic neurons sense the fluctuations in glucose levels and act on
the adrenal glands to promote the secretion of adrenaline. Adrenaline can activate β-adrenergic GPCRs, which
enhance autophagic flux by promoting the fusion of
autophagosomes and lysosomes to induce lipolysis of triglycerides [179]. Inhibition of β1 adrenergic signaling via
anti-β1 adrenergic receptor autoantibodies can inhibit
autophagy and cause cardiac damage in rats, which can
be reversed by mTOR inhibitor rapamycin [180]. In addition, the β2-adrenergic specific agonist salbutamol can
increase the autophagy flux in cardiac fibroblasts [181].
Muscarinic GPCRs

Amino acid deprivation can increase the activation of
muscarinic acetylcholine Gαq-coupled GPCRs, which
promotes MAPK signal transduction in pharyngeal muscles and leads to increased food intake [182]. Amino acid
deprivation can cause muscarinic activation, and worms
lacking G-protein β subunit would die due to excessive autophagy in pharyngeal muscles [183]. In addition, hypoxia and reoxygenation treatment can induce
autophagy in H9C2 cells, and acetylcholine treatment
can activate muscarinic receptors to promote autophagy
and ultimately increase the survival of H9C2 cells [184].
Other GPCRs

GLP-1 analogs can enhance autophagic flux and inhibit
hepatic steatosis [185]. Intraventricular injection of liraglutide, a GLP-1R agonist, can increase the level of lipidmodified LC3-II and improve heart function in mice,
suggesting that the activation of GLP-1R can promote
autophagy to exert cardioprotective effects [186]. Hyperglycemia promotes the clearance of damaged mitochondria in pancreatic β cells by inducing autophagy, thereby
attenuating oxidative stress injury [187, 188]. Hyperglycemia can also activate P2Y purinergic receptors through
increased production of ADP [189]. In HepG2 cells, ADP
can induce autophagy by activating P2Y13 receptor [190].
GPCRs‑mediated autophagy signaling pathway

Nutrient receptors are activated and modulate different
Gα subunits to initiate various downstream signaling
mechanisms to mediate autophagy (Fig. 2).
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Fig. 2 Core mechanisms of GPCRs-mediated autophagy signaling pathway. The blue oval frames represent different GPCRs subfamilies, and the
core machinery of autophagy is in the yellow dashed frame. The blue arrows represent promotion, and the red arrows represent inhibition. It can be
seen from the diagram that different GPCRs subfamilies regulate autophagy through multiple pathways, forming a complex regulatory network

mTOR

The activation of mTORC1 is one of the important
mechanisms of autophagy induction. More and more
research results indicate that Gαq-coupled GPCRs
(such as endothelin ET-B receptor and muscarinic
M3 receptor) and Gαs-coupled GPCRs can activate
mTORC1; while, Gαi-coupled GPCRs have not yet been
observed to be involved in the activation of mTORC1
[177, 191, 192]. Gαs-coupled GPCRs increase cAMP to
activate protein kinase A (PKA) and PKA phosphorylates the mTORC1 component Raptor on Ser 791, leading to decreased mTORC1 activity [11]. Bennett and
colleagues reported that the activation of mTORC1
can be inhibited by the Gαi subunit inhibitor pertussis

toxin, suggesting that Gαi-coupled GPCRs can also activate mTORC1 [193]. Recent studies have shown that
increased Gβγ subunits can interact with the carboxyl
terminal of mTOR to mediate mTORC1 activation in
yeast and HEK-293 cells [194]. It can be speculated that
it is depend on the types of cells, physiological functions, and types of stress stimuli that determine which
types of G-protein subunits can activate mTORC1. The
activation of G protein-coupled receptor 30 (GPR30,
an estrogen membrane receptor) mainly regulates the
PI3K–AKT–mTOR signaling pathway to inhibit excessive autophagy induced by glutamate and protect neurons from excitotoxicity [195]. The lysosomal GPR137B
can interact with Rag GTPases to regulate mTORC1
in the absence of amino acids; however, autophagy is
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abnormal and lysosomes are damaged when GPR137B
is knocked out, indicating that GPR137B can control
the location and activity of mTORC1 and maintain lysosome morphology [196].
cAMP

cAMP, an important second messenger, is involved in
regulating many signaling pathways in cells. Studies have
confirmed that the activation of Gαs-coupled GPCRs
can increase intracellular cAMP and regulate a variety
of cytological processes, including autophagy [197, 198].
In adipocyte-derived mesenchymal stem cells, prostaglandin E2 (PGE2) can activate Gαs-coupled EP2 and
EP4 receptors to mediate the increase in cAMP production, which increases autophagic flux mainly by activating ERK1/2 [199]. In neuronal cells, cAMP can activate
the guanine nucleotide exchange factor Epac, which
activates Rap2B, and then Rap2B further activates PLCε,
which thereby increases the level of IP3 and ultimately
inhibit autophagy [200, 201]. It can be seen that there are
differences in the effects of cAMP on autophagy in different cells, and further studies are needed to clarify the
underlying mechanisms of the cell type-specific opposing
effects.
PLCβ, IP3, and Ca2+

When amino acids are sufficient, it may activate
mTORC1 in a PLCβ-dependent manner by activating
the Gαq-coupled GPCRs to inhibit autophagy [193]. Subsequently, PLCβ cleaves PIP2 to produce IP3 and DAG,
and then IP3 can regulate and inhibit autophagy in an
mTORC1-independent manner [193]. Using antagonists
to inhibit or gene manipulation to silence IP3R will trigger autophagy [202–204]. The result of coimmunoprecipitation between Beclin-1 and IP3R shows that after
activation, IP3R can form an IP3R–Bcl-2–NAF-1 complex with anti-apoptotic protein Bcl-2 and nutritionally
deficient autophagy factor 1 (NAF-1), thereby isolating beclin-1 inhibits autophagy, which indicates that the
inhibitory effects of IP3R and Bcl-2 on autophagy are
mechanically linked [203, 205–207]. IP3 can also activate IP3R located on the ER membrane to induce the
release of 
Ca2+ from the ER. Increased intracellular
2+
Ca
can activate 
Ca2+-dependent cysteine protease
and mTORC1 to reduce autophagy [200, 204]. However,
other studies have shown that increased cytoplasmic
Ca2+ induced autophagy through activating AMPK via
calcium/calmodulin-dependent protein kinase β. In addition, the increased Ca2+ can also mediate the activation
of autophagy through protein kinase C theta or ERK1/2
[208]. Further research is needed to determine the mechanism underlying opposite effects of increased cytoplasmic Ca2+ on autophagy in different cell types.
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Gαi

Current research results have confirmed that Gαi subunits, especially Gαi3, are involved in autophagy regulation. Gαi3 guanine nucleotide dissociation inhibitor and
Gαi3 GTPase activator protein AGS3 (G protein signal
transduction activator) are two important negative regulators of Gαi3, their activation can inhibit Gαi3 activity
and induce autophagy [209–211]. In HT-29 cells, Gαi3
involved in the regulation of autophagy is essential for
the transportation and metabolism of N-linked glycoproteins and sphingolipids [211–213]. This Gαi3-dependent
autophagy regulation process mainly involves the binding
of Gαi3 to the VPS15 regulatory subunit of the class III
PI3 kinase VPS34 [214]. Studies have shown that stimulating starved hepatocytes with insulin can cause Gαi3
to transfer from autophagosomes to the plasma membrane and inhibit starvation-induced autophagy [215].
In Gαi3−/− mice, the negative regulatory effect of insulin
on autophagy disappears, indicating that the transformation of Gαi3 cytoplasmic localization may be involved
in the regulation of autophagy [210]. Similarly, after
phenylalanine treats hungry cells, Gαi3 is transferred
from autophagosomes to diffuse cytoplasmic distribution, and at the same time, autophagy activity decreases
[216]. These data indicate that Gαi3 can sensitively sense
changes in hormones and nutrients and then regulate
autophagy, but the exact mechanism of action has not yet
been elucidated. It is speculated that Gαi3-GTP usually
inhibits autophagy, and binding of Gαi3-GDP can promote autophagy.
Class IA PI3‑kinase

Studies have shown that class IA PI3-kinase p110β is
activated by directly binding to the released Gβγ subunit
after GPCRs activation [217]. In the absence of growth
factors, p110β can bind to Ras-related protein in brain
5 (Rab5) to mediate autophagy [218, 219]. It should be
noted that the binding regions of Gβγ and Rab5 subunits on p110β are located closely, which means that their
interactions may be mutually exclusive. GPCRs may also
negatively regulate the p110α isoform of the class IA
PI3-kinases and block its growth-promoting and antiautophagic signals, for example, Gαq and Gα16 subunits
can inhibit p110α and attenuate autophagy activity [220–
222]. This indicates that the different subunits released by
the dissociation of heterotrimers after GPCRs activation
may have opposite effects on PI3 kinase signaling and
autophagy: the Gβγ subunit activates p110β to enhance
autophagy, whereas the Gα subunit inhibits p110α to
inhibit autophagy.
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MAPKs signaling

MAPKs signaling is one of the key pathways for GPCRs
to regulate autophagy, in which ERK, p38 MAPK and
JNK signaling pathways all play important roles. ERK2
activation can induce Gαi3-dependent autophagy [223].
ERK signaling regulates the expression of autophagyrelated genes by mediating the phosphorylation of
growth factors and nutrient-dependent transcription
factor TFEB to prevent its nuclear localization [224].
Under starvation conditions, ERK1/2 activity is reduced,
and TFEB phosphorylation is enhanced to promote its
nuclear localization, thereby enhancing the transcription of autophagy-related genes and lysosomal biogenesis genes, which ultimately promoting autophagy
[225]. Studies have shown that ERK1/2 pathway proteins and autophagy-related proteins co-localize outside
the nucleus and autophagosomes cavity, which provides
direct evidence for the involvement of MAPK pathway
in regulating autophagy [226]. In primary astrocytes,
excessive glutamate stimulation can inhibit p38 MAPK
pathway, which reduce the autophagy and promote cell
proliferation [12]. When treated with the GPR30 agonist G1, autophagy can be restored to the basic level by
regulating p38 MAPK pathway, suggesting that activation of GPR30 can induce autophagy via regulating p38
MAPK pathway in astrocytes [12]. The activation of pHsensing receptor GPR68 can induce ER stress through the
phospho-inositol required 1α/c-Jun N-terminal kinase
(IRE1α/JNK) pathway in the intestinal epithelial cells,
indicating that the pH-sensing receptor GPR68 downstream IRE1α/JNK pathway are potential treatment targets to improve inflammatory bowel disease [227]. The
complex mechanism crosstalk between MAPK signaling
pathway and autophagy is worthy of further exploration.
AMPK

Nutritional deprivation, especially an increase in AMP/
ATP ratio, can activate AMPK which is an important
autophagy regulatory pathway [19, 66]. On the one
hand, AMPK can induce autophagy in an indirect way
by reducing the activity of mTORC1. On the other hand,
AMPK can directly activate specific autophagy regulatory proteins to activate autophagy [66]. Numerous
receptors coupled to Gαq/11, Gαs, and Gαi activate AMPK
[228]. Further work is needed to determine the relationship between GPCRs-induced AMPK activation and
autophagy regulation.
Other signaling molecules

Ligand-dependent activation of GPR119, which is mainly
coupled to Gαs signaling, stimulates the secretion of insulin and the expression of GLP-1 in the intestine to reduce
blood glucose levels [229]. In breast cancer cells, GPR119
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agonists reduce mitochondrial oxidative phosphorylation
and stimulate glycolysis, leading to excessive production
of lactate that can inhibit the formation of autophagosomes [230]. Frontotemporal lobar degeneration (FTLD),
second in prevalence only to Alzheimer’s disease as the
cause of nonvascular dementia, displays an accumulation of hyperphosphorylated tau within inclusion bodies
of neurons in the cortex and temporal lobes. Monomeric
β-arrestin2 binds to GPCRs and regulates GPCRs desensitization and internalization in healthy neurons; however, in FTLD, β-arrestin2 dissociates from GPCRs, and
increased oligomeric β-arrestin2 impairs tau clearance
and promotes tau aggregation by impeding the autophagy
cargo carrier p62/SQSTM1 [231]. Hence, β-arrestin2
oligomer-to-monomer transition may function as a
regulatable molecular switch to toggle p62-mediated
autophagy. In mammalian cells, Atg14L/Barkor, Vps34,
the catalytic subunit of the class III PI3K, Beclin 1 and
p150 can combine together to form the PtdIns3K complexes which are of significant importance in the membrane isolation when the autophagosomes formation
initiates [232]. Zinc finger and BTB domain containing
16 (ZBTB16), also named as Zfp145 or promyelocytic
leukemia zinc finger, can mediate the binding of Cullin 3 (CUL3) to form CUL3-ZBTB16 complexes [233].
CUL3-ZBTB16 complexes can mediate the proteasomal
degradation of Atg14L to regulate autophagy, which is
controlled by GPCRs ligands through glycogen synthase
kinase-3β phosphorylation [234]. Chemotactic GPCRs,
including the C-X-C chemokine receptor CXCR4 and
the urotensin 2 receptor UTS2R, can prevent the formation of pre-autophagosomal and induce a marked reduction in the autophagosomes formation via the activation
of calpains in both U87 glioblastoma and HEK-293 cells,
which favors the formation of adhesion complexes to the
extracellular matrix and promotes chemotactic migration
[235].
Autophagy‑mediated GPCRs regulation

After activation induced by specific ligands, the internalized GPCRs mainly experience two different fates, which
result in different outcomes on cellular signal transduction [236]. Internalized GPCRs can be sorted and recycled, which leads to rapid signal re-sensitization. In
addition, internalized GPCRs can also be transported
and sequestered to the lysosomes for degradation, which
leads to permanent signal transduction termination
[236]. The most extensively studied mechanism involved
in endocytic GPCRs being transported and segregated
to lysosomes is the endosome sorting complex transport
mechanism (ESCRT), which requires endocytosed multivesicular bodies to participate in the delivery of targeted
ubiquitinated GPCRs to lysosomes [237]. GPCR-related
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sorting protein 1 (GASP1) and GASP2 are involved in
the lysosomal degradation of certain GPCRs through
an ESCRT-independent mechanism [238]. Such GPCRs
include delta opioid receptor, dopamine D2 receptor,
β-adrenergic acyclic mutant receptor, cannabinoid 1
receptor and bradykinin 1 receptor [238]. Beclin-2, similar to beclin-1, can interact with class III PI3K complexes
and Bcl-2, and play a role in the lysosomal degradation
pathway, thereby participating in autophagy regulation
[172]. Studies have shown that the lysosomal degradation of a small number of GPCRs depends on the interaction between beclin-2 and GASP1 [171]. Mutations at
key loci of beclin-2 can block its binding with GASP1,
which results in hindrance of the lysosomal degradation of GPCRs, suggesting that the interaction between
beclin-2 and GASP1 is necessary for GPCRs degradation [171]. Upon food deprivation, hepatic G proteincoupled receptor kinase 2 (GRK2, a Ser/Thr kinase that
classically known for its role in regulation of GPCRs via
β-arrestin-dependent desensitization and the uncoupling
of G proteins) levels decrease abruptly in an autophagydependent manner in primary hepatocytes and in mice
models, promoting glycogenolysis and gluconeogenesis
and thus enhancing glucagon-mediated metabolic cascades [239].

GPCRs‑mediated autophagy in ischemic stroke
At present, researchers generally believe that autophagy
provides adaptive neuroprotection against cerebral
ischemia and maintain homeostasis of the brain tissue
after ischemic stroke. GPCRs are the most fruitful type
of receptors in drug research, and their importance has
been widely recognized in the academic and pharmaceutical fields. As mentioned above, GPCRs-mediated
autophagy and the mechanisms of autophagy activation
after ischemic stroke overlap substantially. The roles
and mechanisms of GPCRs-mediated autophagy after
ischemic stroke remain unclear. Therefore, research on
GPCRs-mediated autophagy and the clinical relevance of
their interplay in the pathogenesis of ischemic stroke are
of considerable significance.
GPR37 is mainly expressed in multiple brain regions
including striatum and hippocampus, especially in
mature oligodendrocytes [13, 240, 241]. After ischemic
stroke, the down-regulation of GPR37 can induce
autophagy via inhibiting the mTOR signaling pathway
[13]. In addition, the down-regulation of GPR37 can
promote microglia activation and transformation to M1
phenotype, and disrupt the glial scars formation in cortex around the infarct core, thereby aggravating cell damage [13]. The above research results indicate that GPR37
is a potential target for regulating inflammatory response
and neuroplasticity after ischemic stroke.
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GPCRs are negatively regulated by a class of GTPases
termed regulator of G-protein signaling (RGS) [242].
RGS5, a potent negative regulator of Gαq and Gαi, structurally consists of a conserved RGS domain that binds
to the corresponding Gα subunit and dephosphorylates the active GTP-bound Gα subunit via the GTPasestimulating activity of the RGS domain [243, 244]. RGS5
stabilizes and maintains BBB integrity after focal cerebral
ischemia via the inhibition of Gαq and its coupled receptors, mGluRs and NMDARs, resulting in attenuation of
ROCK and MLCK signaling pathways, which affect actin
cytoskeletal reorganization, endothelial tight junctions,
cell permeability, and stroke severity [244, 245]. Indeed,
RGS5 maintains brain endothelial cell function in focal
cerebral ischemia. Several studies on GPCRs-mediated
autophagy signaling pathway in ischemic stroke have
been reported, and this pathway has demonstrated positive prospects as a novel mechanism for treating ischemic
stroke. A comprehensive understanding of GPCRs-mediated autophagy signaling pathway in ischemic stroke will
provide novel directions in the search for therapeutic
drugs for ischemic stroke.

Conclusions and clinical perspectives
in neuropharmacology
At present, the dual roles and underlying mechanisms
of autophagy in ischemic stroke have attracted more
and more attention. After ischemic stroke, autophagy
plays dual roles in a time-dependent and cell-specific
manner, therefore, comprehensive consideration of
activating or inhibiting autophagy to achieve neuroprotection, while avoiding the harmful effects is the direction of future research. In addition, due to the extensive
roles of autophagy in many cellular functions, inhibition or inappropriate activation of autophagy may not be
ideal. There are interactions between the mechanism of
autophagy and the signal pathway of GPCRs, which provides research evidence for regulating GPCRs-mediated
autophagy to exert neuroprotection after ischemia. Further studies on the GPCRs-mediated autophagy signaling pathways after ischemic stroke are warranted. GPCRs
are excellent drug targets, accounting for nearly one-fifth
of all commercially marketed drugs that act by binding to GPCRs. The development of new drugs or the use
of existing drugs to target specific GPCRs that regulate
autophagy after ischemic stroke may have significant
therapeutically potential in the treatment of ischemic
stroke.
Abbreviations
GPCRs: G-protein-coupled receptors; CMA: Chaperone-mediated
autophagy; HSPA8/HSC70: Heat shock 70 kDa protein 8; LAMP2A: Lysosomeassociated membrane protein 2A; Atg: Autophagy-related proteins; PAS:

Hou et al. Molecular Brain

(2022) 15:14

Pre-autophagosomal structures; AMP: Adenosine 5ʹ-monophosphate;
mTOR: Mammalian target of rapamycin; ULK1: Unc-51-like kinase 1; AMPK:
Adenosine monophosphate-dependent protein kinase; LC3: Microtubuleassociated protein light chain 3; HIF-1: Hypoxia inducible factor 1; BNIP3: Bcl-2/
adenovirus e1b-interacting protein 3; α7nAChR: α7 Nicotinic acetylcholine
receptor; NF-κB: Nuclear factor-kappa B; IKK: IκappaB kinase; PI3K: Phosphoinositide 3-kinase; 3-MA: 3-Methyladenine; BMVECs: Brain microvascular
endothelial cells; OGD: Oxygen glucose deprivation; siRNA: Small interfering
RNA; BFA: Bafilomycin A1; MCAO: Middle cerebral artery occlusion; PDE1-B:
Phosphodiesterase enzyme 1-B; PTP1B: Protein tyrosine phosphatase 1B;
PARP14: Poly (ADP-ribose) polymerase family, member 14; iNOS: Inducible
nitric oxide synthase; IL: Interleukin; PGC-1α: Peroxisome proliferator-activated
receptor γ coactivator-1α; NLRP3: NOD-like receptor thermal protein domain
associated protein 3; a-syn: A-synuclein; BBB: Blood–brain barrier; BMVECs:
Brain microvascular endothelial cells; ER: Endoplasmic reticulum; NRF2: NFE2-related factor 2; PERK: Protein kinase-like ER kinase; IRE1α: Inositol-requiring
enzyme 1α; Camp: Cyclic adenosine monophosphate; PLC: Phospholipase C;
PIP2: Phosphatidylinositol 4,5-bisphosphate; DAG: Diacylglycerol; IP3: Inositol
1,4,5-triphosphate; Rho: Ras homolog gene family; GRKs: GPCR kinases; CaSR:
Ca2+-sensing receptor; T1R1/T1R3: Sweet taste receptor type 1 member 1 and
3; mTORC1: MTOR protein complex 1; MGL: Metabotropic glutamate receptors; PUFA: ω-6 Polyunsaturated fatty acids; GLP-1: Glucagon-like peptide 1;
GPB-2: G protein b subunit; GLP-1R: Gs-coupled receptor; PKA: Protein kinase
A; PGE2: Prostaglandin E2; NAF-1: Nutritionally deficient autophagy factor 1;
AGS3: GTPase activator protein; Rab5: Ras-related protein in brain 5; MAPK:
Mitogen-activated protein kinase; IRE1α/JNK: Phospho-inositol required 1α/cJun N-terminal kinase; FTLD: Frontotemporal lobar degeneration; ZBTB16: Zinc
finger and BTB domain containing 16; CUL3: Cullin 3; ESCRT: Endosome sorting complex transport mechanism; GASP: GPCR-related sorting protein; GRK2:
G protein-coupled receptor kinase 2; RGS: Regulator of G-protein signaling.

Page 14 of 20

2.
3.
4.
5.
6.

7.

8.
9.
10.
11.
12.

Acknowledgements
Not applicable.
Authors’ contributions
Designing, WH and YH; Writing—original draft, WH and YH; Drawing, LS and
YZ; Writing—review and editing, LS and XZ. Both authors contributed equally:
WH and YH. All authors read and approved the final manuscript.
Funding
The work of the authors was supported by the National Science Foundation of
China, Grant No.81873812.
Availability of data and materials
Not applicable.

13.

14.
15.
16.
17.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Received: 1 September 2021 Accepted: 20 January 2022

18.
19.
20.
21.
22.

23.
References
1. Virani S, Alonso A, Benjamin E, Bittencourt M, Callaway C, Carson A,
Chamberlain A, Chang A, Cheng S, Delling F, Djousse L, Elkind M,
Ferguson J, Fornage M, Khan S, Kissela B, Knutson K, Kwan T, Lackland D,
Lewis T, Lichtman J, Longenecker C, Loop M, Lutsey P, Martin S, Matsushita K, Moran A, Mussolino M, Perak A, Rosamond W, Roth G, Sampson
U, Satou G, Schroeder E, Shah S, Shay C, Spartano N, Stokes A, Tirschwell
D, VanWagner L, Tsao C. Heart disease and stroke statistics-2020

24.
25.

update: a report from the American Heart Association. Circulation.
2020;141(9):e139–596.
Donnan G, Davis S. Stroke: expanded indications for stroke thrombolysis—what next? Nat Rev Neurol. 2012;8(9):482–3.
Nakatogawa H. Mechanisms governing autophagosome biogenesis.
Nat Rev Mol Cell Biol. 2020;21(8):439–58.
Kawabata T, Yoshimori T. Autophagosome biogenesis and human
health. Cell Discov. 2020;6:33.
Melia T, Lystad A, Simonsen A. Autophagosome biogenesis: from membrane growth to closure. J Cell Biol. 2020;219(6):e202002085.
Zhang X, Yan H, Yuan Y, Gao J, Shen Z, Cheng Y, Shen Y, Wang R, Wang
X, Hu W, Wang G, Chen Z. Cerebral ischemia-reperfusion-induced
autophagy protects against neuronal injury by mitochondrial clearance. Autophagy. 2013;9(9):1321–33.
Carloni S, Girelli S, Scopa C, Buonocore G, Longini M, Balduini W. Activation of autophagy and Akt/CREB signaling play an equivalent role in
the neuroprotective effect of rapamycin in neonatal hypoxia-ischemia.
Autophagy. 2010;6(3):366–77.
Yuan H, Xiong Y, Guan K. Nutrient sensing, metabolism, and cell growth
control. Mol Cell. 2013;49(3):379–87.
Xue C, Hsueh Y, Heitman J. Magnificent seven: roles of G proteincoupled receptors in extracellular sensing in fungi. FEMS Microbiol Rev.
2008;32(6):1010–32.
Blad C, Tang C, Offermanns S. G protein-coupled receptors for
energy metabolites as new therapeutic targets. Nat Rev Drug Discov.
2012;11(8):603–19.
Jewell J, Fu V, Hong A, Yu F, Meng D, Melick C, Wang H, Lam W, Yuan H,
Taylor S, Guan K. GPCR signaling inhibits mTORC1 via PKA phosphorylation of Raptor. Elife. 2019;8:e43038.
Wang X, Yue J, Hu L, Tian Z, Zhang K, Yang L, Zhang H, Guo Y, Feng B,
Liu H, Wu Y, Zhao M, Liu S. Activation of G protein-coupled receptor 30 protects neurons by regulating autophagy in astrocytes. Glia.
2020;68(1):27–43.
McCrary M, Jiang M, Giddens M, Zhang J, Owino S, Wei Z, Zhong W, Gu
X, Xin H, Hall R, Wei L, Yu S. viaProtective effects of GPR37 regulation of
inflammation and multiple cell death pathways after ischemic stroke in
mice. FASEB J. 2019;33(10):10680–91.
Galluzzi L, Bravo-San Pedro J, Levine B, Green D, Kroemer G. Pharmacological modulation of autophagy: therapeutic potential and persisting
obstacles. Nat Rev Drug Discov. 2017;16(7):487–511.
Rubinsztein D, Codogno P, Levine B. Autophagy modulation as a
potential therapeutic target for diverse diseases. Nat Rev Drug Discov.
2012;11(9):709–30.
Li W, Yang Q, Mao Z. Chaperone-mediated autophagy: machinery, regulation and biological consequences. Cell Mol Life Sci. 2011;68(5):749–63.
Sahu R, Kaushik S, Clement C, Cannizzo E, Scharf B, Follenzi A, Potolicchio I, Nieves E, Cuervo A, Santambrogio L. Microautophagy of cytosolic
proteins by late endosomes. Dev Cell. 2011;20(1):131–9.
Santambrogio L, Cuervo A. Chasing the elusive mammalian microautophagy. Autophagy. 2011;7(6):652–4.
Dikic I, Elazar Z. Mechanism and medical implications of mammalian
autophagy. Nat Rev Mol Cell Biol. 2018;19(6):349–64.
Mizushima N, Klionsky D. Protein turnover via autophagy: implications
for metabolism. Annu Rev Nutr. 2007;27:19–40.
Chen Y, Meng J, Xu Q, Long T, Bi F, Chang C, Liu W. Rapamycin improves
the neuroprotection effect of inhibition of NLRP3 inflammasome
activation after TBI. Brain Res. 2019;1710:163–72.
Chen M, Yi L, Jin X, Liang X, Zhou Y, Zhang T, Xie Q, Zhou X, Chang H,
Fu Y, Zhu J, Zhang Q, Mi M. Resveratrol attenuates vascular endothelial
inflammation by inducing autophagy through the cAMP signaling
pathway. Autophagy. 2013;9(12):2033–45.
Carleton G, Lum J. Autophagy metabolically suppresses CD8 T cell
antitumor immunity. Autophagy. 2019;15(9):1648–9.
Ren J, Zhang Y. Targeting autophagy in aging and aging-related cardiovascular diseases. Trends Pharmacol Sci. 2018;39(12):1064–76.
Clement M, Raffort J, Lareyre F, Tsiantoulas D, Newland S, Lu Y, Masters L,
Harrison J, Saveljeva S, Ma M, Ozsvar-Kozma M, Lam B, Yeo G, Binder C,
Kaser A, Mallat Z. Impaired Autophagy in CD11b dendritic cells expands
CD4 regulatory T cells and limits atherosclerosis in mice. Circ Res.
2019;125(11):1019–34.

Hou et al. Molecular Brain

(2022) 15:14

26. Osonoi Y, Mita T, Azuma K, Nakajima K, Masuyama A, Goto H, Nishida
Y, Miyatsuka T, Fujitani Y, Koike M, Mitsumata M, Watada H. Defective
autophagy in vascular smooth muscle cells enhances cell death and
atherosclerosis. Autophagy. 2018;14(11):1991–2006.
27. Moloudizargari M, Asghari M, Ghobadi E, Fallah M, Rasouli S, Abdollahi
M. Autophagy, its mechanisms and regulation: implications in neurodegenerative diseases. Ageing Res Rev. 2017;40:64–74.
28. Han B, Zhang Y, Zhang Y, Bai Y, Chen X, Huang R, Wu F, Leng S, Chao J,
Zhang J, Hu G, Yao H. Novel insight into circular RNA HECTD1 in astrocyte activation via autophagy by targeting MIR142-TIPARP: implications
for cerebral ischemic stroke. Autophagy. 2018;14(7):1164–84.
29. Sun D, Wang W, Wang X, Wang Y, Xu X, Ping F, Du Y, Jiang W, Cui D. bFGF
plays a neuroprotective role by suppressing excessive autophagy and
apoptosis after transient global cerebral ischemia in rats. Cell Death Dis.
2018;9(2):172.
30. Klionsky D. Autophagy: from phenomenology to molecular understanding in less than a decade. Nat Rev Mol Cell Biol. 2007;8(11):931–7.
31. Narendra D, Kane L, Hauser D, Fearnley I, Youle R. p62/SQSTM1
is required for Parkin-induced mitochondrial clustering but
not mitophagy; VDAC1 is dispensable for both. Autophagy.
2010;6(8):1090–106.
32. Xu Z, Yang L, Xu S, Zhang Z, Cao Y. The receptor proteins: pivotal roles in
selective autophagy. Acta Biochim Biophys Sin. 2015;47(8):571–80.
33. Kim J, Lee H, Chung T. Plant cell remodeling by autophagy: switching
peroxisomes for green life. Autophagy. 2014;10(4):702–3.
34. Till A, Lakhani R, Burnett S, Subramani S. Pexophagy: the selective
degradation of peroxisomes. Int J Cell Biol. 2012;2012:512721.
35. Singh R, Cuervo A. Lipophagy: connecting autophagy and lipid
metabolism. Int J Cell Biol. 2012;2012:282041.
36. Cebollero E, Reggiori F, Kraft C. Reticulophagy and ribophagy:
regulated degradation of protein production factories. Int J Cell Biol.
2012;2012:182834.
37. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues.
Cell. 2011;147(4):728–41.
38. Palikaras K, Lionaki E, Tavernarakis N. Coordination of mitophagy
and mitochondrial biogenesis during ageing in C. elegans. Nature.
2015;521(7553):525–8.
39. Kang R, Zeng L, Xie Y, Yan Z, Zhou B, Cao L, Klionsky D, Tracey K, Li J,
Wang H, Billiar T, Jiang J, Tang D. A novel PINK1- and PARK2-dependent
protective neuroimmune pathway in lethal sepsis. Autophagy.
2016;12(12):2374–85.
40. Mannam P, Rauniyar N, Lam T, Luo R, Lee P, Srivastava A. MKK3 influences mitophagy and is involved in cigarette smoke-induced inflammation. Free Radic Biol Med. 2016;101:102–15.
41. McWilliams T, Ganley I. Life in lights: tracking mitochondrial delivery to
lysosomes in vivo. Autophagy. 2016;12(12):2506–7.
42. Zou P, Liu L, Zheng L, Payne K, Manjili M, Idowu M, Zhang J, Schmelz E,
Cheng Z. Coordinated upregulation of mitochondrial biogenesis and
autophagy in breast cancer cells: the role of dynamin related protein-1
and implication for breast cancer treatment. Oxid Med Cell Longev.
2016;2016:4085727.
43. Klionsky D, Cregg J, Dunn W, Emr S, Sakai Y, Sandoval I, Sibirny A, Subramani S, Thumm M, Veenhuis M, Ohsumi Y. A unified nomenclature for
yeast autophagy-related genes. Dev Cell. 2003;5(4):539–45.
44. Parzych K, Klionsky D. An overview of autophagy: morphology, mechanism, and regulation. Antioxid Redox Signal. 2014;20(3):460–73.
45. Ravikumar B, Sarkar S, Davies J, Futter M, Garcia-Arencibia M, GreenThompson Z, Jimenez-Sanchez M, Korolchuk V, Lichtenberg M, Luo
S, Massey D, Menzies F, Moreau K, Narayanan U, Renna M, Siddiqi
F, Underwood B, Winslow A, Rubinsztein D. Regulation of mammalian autophagy in physiology and pathophysiology. Physiol Rev.
2010;90(4):1383–435.
46. Xie Y, Kang R, Sun X, Zhong M, Huang J, Klionsky D, Tang D. Posttranslational modification of autophagy-related proteins in macroautophagy.
Autophagy. 2015;11(1):28–45.
47. Decuypere J, Parys J, Bultynck G. Regulation of the autophagic bcl-2/
beclin 1 interaction. Cells. 2012;1(3):284–312.
48. Burda P, Padilla S, Sarkar S, Emr S. Retromer function in endosometo-Golgi retrograde transport is regulated by the yeast Vps34 PtdIns
3-kinase. J Cell Sci. 2002;115:3889–900.

Page 15 of 20

49. Konishi A, Arakawa S, Yue Z, Shimizu S. Involvement of Beclin 1 in
engulfment of apoptotic cells. J Biol Chem. 2012;287(17):13919–29.
50. Funderburk S, Wang Q, Yue Z. The Beclin 1-VPS34 complex—
at the crossroads of autophagy and beyond. Trends Cell Biol.
2010;20(6):355–62.
51. Nakatogawa H. Two ubiquitin-like conjugation systems that mediate membrane formation during autophagy. Essays Biochem.
2013;55:39–50.
52. Liang C, Lee J, Inn K, Gack M, Li Q, Roberts E, Vergne I, Deretic V, Feng
P, Akazawa C, Jung J. Beclin1-binding UVRAG targets the class C Vps
complex to coordinate autophagosome maturation and endocytic
trafficking. Nat Cell Biol. 2008;10(7):776–87.
53. Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh T, Kurotori N,
Maejima I, Shirahama-Noda K, Ichimura T, Isobe T, Akira S, Noda T,
Yoshimori T. Two Beclin 1-binding proteins, Atg14L and Rubicon,
reciprocally regulate autophagy at different stages. Nat Cell Biol.
2009;11(4):385–96.
54. Zhong Y, Wang Q, Li X, Yan Y, Backer J, Chait B, Heintz N, Yue Z.
Distinct regulation of autophagic activity by Atg14L and Rubicon
associated with Beclin 1-phosphatidylinositol-3-kinase complex. Nat
Cell Biol. 2009;11(4):468–76.
55. Ginet V, Spiehlmann A, Rummel C, Rudinskiy N, Grishchuk Y, LuthiCarter R, Clarke P, Truttmann A, Puyal J. Involvement of autophagy in
hypoxic-excitotoxic neuronal death. Autophagy. 2014;10(5):846–60.
56. Song C, Guo J, Liu Y, Tang B. Autophagy and its comprehensive
impact on ALS. Int J Neurosci. 2012;122(12):695–703.
57. Esteban-Martínez L, Boya P. Autophagic flux determination in vivo
and ex vivo. Methods (San Diego, Calif ). 2015;75:79–86.
58. Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, Ueno T,
Koike M, Uchiyama Y, Kominami E, Tanaka K. Loss of autophagy in the
central nervous system causes neurodegeneration in mice. Nature.
2006;441(7095):880–4.
59. Li H, Huang S, Wang S, Zhao J, Su L, Zhao B, Zhang Y, Zhang S, Miao J.
Targeting annexin A7 by a small molecule suppressed the activity of
phosphatidylcholine-specific phospholipase C in vascular endothelial cells and inhibited atherosclerosis in apolipoprotein E−/− mice.
Cell Death Dis. 2013;4:e806.
60. Althaus J, Bernaudin M, Petit E, Toutain J, Touzani O, Rami A.
Expression of the gene encoding the pro-apoptotic BNIP3 protein
and stimulation of hypoxia-inducible factor-1alpha (HIF-1alpha)
protein following focal cerebral ischemia in rats. Neurochem Int.
2006;48(8):687–95.
61. Xin X, Pan J, Wang X, Ma J, Ding J, Yang G, Chen S. 2-methoxyestradiol
attenuates autophagy activation after global ischemia. Can J Neurol Sci.
2011;38(4):631–8.
62. Glick D, Barth S, Macleod K. Autophagy: cellular and molecular mechanisms. J Pathol. 2010;221(1):3–12.
63. He C, Klionsky D. Regulation mechanisms and signaling pathways of
autophagy. Annu Rev Genet. 2009;43:67–93.
64. Zhang J, Ney P. Mechanisms and biology of B-cell leukemia/lymphoma
2/adenovirus E1B interacting protein 3 and Nip-like protein X. Antioxid
Redox Signal. 2011;14(10):1959–69.
65. Wang C, Niu F, Ren N, Wang X, Zhong H, Zhu J, Li B. Hyperbaric oxygen
improves cerebral ischemia/reperfusion injury in rats probably via
inhibition of autophagy triggered by the downregulation of hypoxiainducing factor-1 alpha. Biomed Res Int. 2021;2021:6615685.
66. Kim J, Kundu M, Viollet B, Guan K. AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol.
2011;13(2):132–41.
67. Jiang T, Yu J, Zhu X, Wang H, Tan M, Cao L, Zhang Q, Gao L, Shi J, Zhang
Y, Tan L. Acute metformin preconditioning confers neuroprotection
against focal cerebral ischaemia by pre-activation of AMPK-dependent
autophagy. Br J Pharmacol. 2014;171(13):3146–57.
68. Jiang T, Yu J, Zhu X, Zhang Q, Tan M, Cao L, Wang H, Shi J, Gao L, Qin H,
Zhang Y, Tan L. Ischemic preconditioning provides neuroprotection by
induction of AMP-activated protein kinase-dependent autophagy in a
rat model of ischemic stroke. Mol Neurobiol. 2015;51(1):220–9.
69. Guo Z, Cao G, Yang H, Zhou H, Li L, Cao Z, Yu B, Kou J. A combination of
four active compounds alleviates cerebral ischemia-reperfusion injury
in correlation with inhibition of autophagy and modulation of AMPK/
mTOR and JNK pathways. J Neurosci Res. 2014;92(10):1295–306.

Hou et al. Molecular Brain

(2022) 15:14

70. Puyal J, Vaslin A, Mottier V, Clarke P. Postischemic treatment of
neonatal cerebral ischemia should target autophagy. Ann Neurol.
2009;66(3):378–89.
71. Xu Z, Zhang J, Kong N, Zhang G, Ke P, Han T, Su D, Liu C. Autophagy is
involved in neuroprotective effect of Alpha7 nicotinic acetylcholine
receptor on ischemic stroke. Front Pharmacol. 2021;12:676589.
72. Gasparini C, Feldmann M. NF-κB as a target for modulating inflammatory responses. Curr Pharm Des. 2012;18(35):5735–45.
73. Jiang Y, Zhu J, Wu L, Xu G, Dai J, Liu X. Tetracycline inhibits local inflammation induced by cerebral ischemia via modulating autophagy. PLoS
ONE. 2012;7(11):e48672.
74. Li W, Yu S, Chen D, Yu S, Jiang Y, Genetta T, Wei L. The regulatory role of
NF-κB in autophagy-like cell death after focal cerebral ischemia in mice.
Neuroscience. 2013;244:16–30.
75. Ni J, Wu Z, Peterts C, Yamamoto K, Qing H, Nakanishi H. The critical
role of proteolytic relay through cathepsins B and E in the phenotypic
change of microglia/macrophage. J Neurosci. 2015;35(36):12488–501.
76. Liu C, Gao Y, Barrett J, Hu B. Autophagy and protein aggregation after
brain ischemia. J Neurochem. 2010;115(1):68–78.
77. Ginet V, Puyal J, Clarke P, Truttmann A. Enhancement of autophagic flux
after neonatal cerebral hypoxia-ischemia and its region-specific relationship to apoptotic mechanisms. Am J Pathol. 2009;175(5):1962–74.
78. Kulbe J, Mulcahy Levy J, Coultrap S, Thorburn A, Bayer K. Excitotoxic
glutamate insults block autophagic flux in hippocampal neurons. Brain
Res. 2014;1542:12–9.
79. Komatsu M, Ueno T, Waguri S, Uchiyama Y, Kominami E, Tanaka K.
Constitutive autophagy: vital role in clearance of unfavorable proteins
in neurons. Cell Death Differ. 2007;14(5):887–94.
80. Uchiyama Y. Autophagic cell death and its execution by lysosomal
cathepsins. Arch Histol Cytol. 2001;64(3):233–46.
81. Wen Y, Sheng R, Zhang L, Han R, Zhang X, Zhang X, Han F, Fukunaga
K, Qin Z. Neuronal injury in rat model of permanent focal cerebral
ischemia is associated with activation of autophagic and lysosomal
pathways. Autophagy. 2008;4(6):762–9.
82. Jiang W, Huang B, Han Y, Deng L, Wu L. Sodium hydrosulfide attenuates
cerebral ischemia/reperfusion injury by suppressing overactivated
autophagy in rats. FEBS Open Bio. 2017;7(11):1686–95.
83. Cui D, Wang L, Jiang W, Qi A, Zhou Q, Zhang X. Propofol prevents
cerebral ischemia-triggered autophagy activation and cell death in the
rat hippocampus through the NF-κB/p53 signaling pathway. Neuroscience. 2013;246:117–32.
84. Koike M, Shibata M, Tadakoshi M, Gotoh K, Komatsu M, Waguri S, Kawahara N, Kuida K, Nagata S, Kominami E, Tanaka K, Uchiyama Y. Inhibition
of autophagy prevents hippocampal pyramidal neuron death after
hypoxic-ischemic injury. Am J Pathol. 2008;172(2):454–69.
85. Xie C, Ginet V, Sun Y, Koike M, Zhou K, Li T, Li H, Li Q, Wang X, Uchiyama
Y, Truttmann A, Kroemer G, Puyal J, Blomgren K, Zhu C. Neuroprotection by selective neuronal deletion of Atg7 in neonatal brain injury.
Autophagy. 2016;12(2):410–23.
86. Wang P, Liang J, Li Y, Li J, Yang X, Zhang X, Han S, Li S, Li J. Down-regulation of miRNA-30a alleviates cerebral ischemic injury through enhancing beclin 1-mediated autophagy. Neurochem Res. 2014;39(7):1279–91.
87. Zhang L, Hu X, Luo J, Li L, Chen X, Huang R, Pei Z. Physical exercise
improves functional recovery through mitigation of autophagy, attenuation of apoptosis and enhancement of neurogenesis after MCAO in
rats. BMC Neurosci. 2013;14:46.
88. Xu S, Lv H, Li W, Hong H, Peng Y, Zhu B. Electroacupuncture alleviates
cerebral ischemia/reperfusion injury in rats by histone H4 lysine 16
acetylation-mediated autophagy. Front Psychiatry. 2020;11:576539.
89. Wang H, Liu F, Li R, Wan M, Li J, Shi J, Wu M, Chen J, Sun W, Feng H, Zhao
W, Huang J, Liu R, Hao W, Feng X. Electroacupuncture improves learning and memory functions in a rat cerebral ischemia/reperfusion injury
model through PI3K/Akt signaling pathway activation. Neural Regen
Res. 2021;16(6):1011–6.
90. Zhou X, Zhou J, Li X, Guo C, Fang T, Chen Z. GSK-3β inhibitors suppressed neuroinflammation in rat cortex by activating
autophagy in ischemic brain injury. Biochem Biophys Res Commun.
2011;411(2):271–5.
91. Wang P, Xu T, Wei K, Guan Y, Wang X, Xu H, Su D, Pei G, Miao C.
ARRB1/β-arrestin-1 mediates neuroprotection through coordination

Page 16 of 20

92.
93.
94.

95.

96.

97.
98.
99.
100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

of BECN1-dependent autophagy in cerebral ischemia. Autophagy.
2014;10(9):1535–48.
Wang P, Guan Y, Du H, Zhai Q, Su D, Miao C. Induction of autophagy
contributes to the neuroprotection of nicotinamide phosphoribosyltransferase in cerebral ischemia. Autophagy. 2012;8(1):77–87.
Carloni S, Buonocore G, Balduini W. Protective role of autophagy
in neonatal hypoxia-ischemia induced brain injury. Neurobiol Dis.
2008;32(3):329–39.
Buckley K, Hess D, Sazonova I, Periyasamy-Thandavan S, Barrett J,
Kirks R, Grace H, Kondrikova G, Johnson M, Hess D, Schoenlein P,
Hoda M, Hill W. Rapamycin up-regulation of autophagy reduces
infarct size and improves outcomes in both permanent MCAL, and
embolic MCAO, murine models of stroke. Exp Transl Stroke Med.
2014;6:8.
Li Q, Zhang T, Wang J, Zhang Z, Zhai Y, Yang G, Sun X. Rapamycin
attenuates mitochondrial dysfunction via activation of mitophagy
in experimental ischemic stroke. Biochem Biophys Res Commun.
2014;444(2):182–8.
Weis S, Toniazzo A, Ander B, Zhan X, Careaga M, Ashwood P, Wyse
A, Netto C, Sharp F. Autophagy in the brain of neonates following
hypoxia-ischemia shows sex- and region-specific effects. Neuroscience. 2014;256:201–9.
Patrizz A, Moruno-Manchon J, O’Keefe L, Doran S, Patel A, Venna V,
Tsvetkov A, Li J, McCullough L. Sex-specific differences in autophagic
responses to experimental ischemic stroke. Cells. 2021;10(7):1825.
Barreto G. Targeting astrocytes in brain injuries: a translational
research approach. Prog Neurobiol. 2016;144:1–4.
Chowen J, Argente-Arizón P, Freire-Regatillo A, Frago L, Horvath T,
Argente J. The role of astrocytes in the hypothalamic response and
adaptation to metabolic signals. Prog Neurobiol. 2016;144:68–87.
Qin A, Liu C, Qin Y, Hong L, Xu M, Yang L, Liu J, Qin Z, Zhang H.
Autophagy was activated in injured astrocytes and mildly decreased
cell survival following glucose and oxygen deprivation and focal
cerebral ischemia. Autophagy. 2010;6(6):738–53.
Zhang T, Liu X, Li Q, Wang J, Jia W, Sun X. Exacerbation of
ischemia-induced amyloid-beta generation by diabetes is associated with autophagy activation in mice brain. Neurosci Lett.
2010;479(3):215–20.
Liu Z, Chopp M. Astrocytes, therapeutic targets for neuroprotection and
neurorestoration in ischemic stroke. Prog Neurobiol. 2016;144:103–20.
Gabryel B, Kost A, Kasprowska D, Liber S, Machnik G, Wiaderkiewicz R,
Łabuzek K. AMP-activated protein kinase is involved in induction of
protective autophagy in astrocytes exposed to oxygen-glucose deprivation. Cell Biol Int. 2014;38(10):1086–97.
Tanabe F, Yone K, Kawabata N, Sakakima H, Matsuda F, Ishidou Y, Maeda
S, Abematsu M, Komiya S, Setoguchi T. Accumulation of p62 in degenerated spinal cord under chronic mechanical compression: functional
analysis of p62 and autophagy in hypoxic neuronal cells. Autophagy.
2011;7(12):1462–71.
Janda E, Lascala A, Carresi C, Parafati M, Aprigliano S, Russo V, Savoia
C, Ziviani E, Musolino V, Morani F, Isidoro C, Mollace V. Parkinsonian
toxin-induced oxidative stress inhibits basal autophagy in astrocytes
via NQO2/quinone oxidoreductase 2: implications for neuroprotection.
Autophagy. 2015;11(7):1063–80.
Huenchuguala S, Muñoz P, Zavala P, Villa M, Cuevas C, Ahumada U,
Graumann R, Nore B, Couve E, Mannervik B, Paris I, Segura-Aguilar J.
Glutathione transferase mu 2 protects glioblastoma cells against aminochrome toxicity by preventing autophagy and lysosome dysfunction. Autophagy. 2014;10(4):618–30.
Yuntao F, Chenjia G, Panpan Z, Wenjun Z, Suhua W, Guangwei X,
Haifeng S, Jian L, Wanxin P, Yun F, Cai J, Aschner M, Rongzhu L. Role
of autophagy in methylmercury-induced neurotoxicity in rat primary
astrocytes. Arch Toxicol. 2016;90(2):333–45.
He Y, Ma X, Li D, Hao J. Thiamet G mediates neuroprotection in
experimental stroke by modulating microglia/macrophage polarization and inhibiting NF-κB p65 signaling. J Cereb Blood Flow Metab.
2017;37(8):2938–51.
Jin W, Shi S, Li Z, Li M, Wood K, Gonzales R, Liu Q. Depletion of microglia
exacerbates postischemic inflammation and brain injury. J Cereb Blood
Flow Metab. 2017;37(6):2224–36.

Hou et al. Molecular Brain

(2022) 15:14

110. Xiong X, Liu L, Yang Q. Functions and mechanisms of microglia/macrophages in neuroinflammation and neurogenesis after stroke. Prog
Neurobiol. 2016;142:23–44.
111. Yang Y, Gao K, Hu Z, Li W, Davies H, Ling S, Rudd J, Fang M. Autophagy
upregulation and apoptosis downregulation in DAHP and triptolide
treated cerebral ischemia. Mediat Inflamm. 2015;2015:120198.
112. Yang T, Li D, Liu F, Qi L, Yan G, Wang M. Regulation on Beclin-1 expression by mTOR in CoCl2-induced HT22 cell ischemia-reperfusion injury.
Brain Res. 2015;1614:60–6.
113. Yang Z, Zhao T, Zou Y, Zhang J, Feng H. Hypoxia Induces autophagic
cell death through hypoxia-inducible factor 1α in microglia. PLoS ONE.
2014;9(5):e96509.
114. Yang Z, Zhong L, Zhong S, Xian R, Yuan B. Hypoxia induces microglia
autophagy and neural inflammation injury in focal cerebral ischemia
model. Exp Mol Pathol. 2015;98(2):219–24.
115. Chen C, Wu C, Yang T, Chang Y, Sheu M, Liu S. Green tea catechin
prevents hypoxia/reperfusion-evoked oxidative stress-regulated
autophagy-activated apoptosis and cell death in microglial cells. J Agric
Food Chem. 2016;64(20):4078–85.
116. Xia C, Zhang S, Chu S, Wang Z, Song X, Zuo W, Gao Y, Yang P, Chen N.
Autophagic flux regulates microglial phenotype according to the time
of oxygen-glucose deprivation/reperfusion. Int Immunopharmacol.
2016;39:140–8.
117. Zhu Y, Yu J, Gong J, Shen J, Ye D, Cheng D, Xie Z, Zeng J, Xu K, Shen
J, Zhou H, Weng Y, Pan J, Zhan R. PTP1B inhibitor alleviates deleterious microglial activation and neuronal injury after ischemic stroke by
modulating the ER stress-autophagy axis via PERK signaling in microglia. Aging. 2021;13(3):3405–27.
118. Zang J, Wu Y, Su X, Zhang T, Tang X, Ma D, Li Y, Liu Y, Weng Z, Liu X,
Tsang C, Xu A, Lu D. Inhibition of PDE1-B by vinpocetine regulates
microglial exosomes and polarization through enhancing autophagic
flux for neuroprotection against ischemic stroke. Front Cell Dev Biol.
2020;8:616590.
119. Han H, Kim T, Son H, Park W, Han P. Activation of autophagy pathway
suppresses the expression of iNOS, IL6 and cell death of LPS-stimulated
microglia cells. Biomol Ther. 2013;21(1):21–8.
120. Han B, Jiang W, Cui P, Zheng K, Dang C, Wang J, Li H, Chen L, Zhang R,
Wang Q, Ju Z, Hao J. Microglial PGC-1α protects against ischemic brain
injury by suppressing neuroinflammation. Genome Med. 2021;13(1):47.
121. Tang Y, Liu J, Wang Y, Yang L, Han B, Zhang Y, Bai Y, Shen L, Li M, Jiang
T, Ye Q, Yu X, Huang R, Zhang Z, Xu Y, Yao H. PARP14 inhibits microglial
activation via LPAR5 to promote post-stroke functional recovery.
Autophagy. 2021;17(10):2905–22.
122. Baltan S. Age-specific localization of NMDA receptors on oligodendrocytes dictates axon function recovery after ischemia. Neuropharmacology. 2016;110:626–32.
123. Kanno H, Ozawa H, Sekiguchi A, Itoi E. The role of autophagy in spinal
cord injury. Autophagy. 2009;5(3):390–2.
124. Smith C, Mayer J, Duncan I. Autophagy promotes oligodendrocyte
survival and function following dysmyelination in a long-lived myelin
mutant. J Neurosci. 2013;33(18):8088–100.
125. Marques S, van Bruggen D, Vanichkina D, Floriddia E, Munguba H,
Väremo L, Giacomello S, Falcão A, Meijer M, Björklund Å, Hjerling-Leffler
J, Taft R, Castelo-Branco G. Transcriptional convergence of oligodendrocyte lineage progenitors during development. Dev Cell. 2018;46(4):504517.e7.
126. Li H, Gao A, Feng D, Wang Y, Zhang L, Cui Y, Li B, Wang Z, Chen G. Evaluation of the protective potential of brain microvascular endothelial cell
autophagy on blood-brain barrier integrity during experimental cerebral ischemia-reperfusion injury. Transl Stroke Res. 2014;5(5):618–26.
127. Liu Y, Grumbles R, Thomas C. Electrical stimulation of transplanted
motoneurons improves motor unit formation. J Neurophysiol.
2014;112(3):660–70.
128. Fang L, Li X, Zhong Y, Yu J, Yu L, Dai H, Yan M. Autophagy protects
human brain microvascular endothelial cells against methylglyoxalinduced injuries, reproducible in a cerebral ischemic model in diabetic
rats. J Neurochem. 2015;135(2):431–40.
129. Urbanek T, Kuczmik W, Basta-Kaim A, Gabryel B. Rapamycin induces of
protective autophagy in vascular endothelial cells exposed to oxygenglucose deprivation. Brain Res. 2014;1553:1–11.

Page 17 of 20

130. Engelhardt S, Huang S, Patkar S, Gassmann M, Ogunshola O. Differential
responses of blood-brain barrier associated cells to hypoxia and
ischemia: a comparative study. Fluids Barriers CNS. 2015;12:4.
131. Yang B, Li Y, Ma Y, Zhang X, Yang L, Shen X, Zhang J, Jing L. Selenium
attenuates ischemia/reperfusion injury-induced damage to the blood–
brain barrier in hyperglycemia through PI3K/AKT/mTOR pathwaymediated autophagy inhibition. Int J Mol Med. 2021;48(3):178.
132. Sheng R, Zhang L, Han R, Liu X, Gao B, Qin Z. Autophagy activation
is associated with neuroprotection in a rat model of focal cerebral
ischemic preconditioning. Autophagy. 2010;6(4):482–94.
133. Yan W, Zhang H, Bai X, Lu Y, Dong H, Xiong L. Autophagy activation is involved in neuroprotection induced by hyperbaric oxygen
preconditioning against focal cerebral ischemia in rats. Brain Res.
2011;1402:109–21.
134. Shi R, Weng J, Zhao L, Li X, Gao T, Kong J. Excessive autophagy
contributes to neuron death in cerebral ischemia. CNS Neurosci Ther.
2012;18(3):250–60.
135. Gao L, Jiang T, Guo J, Liu Y, Cui G, Gu L, Su L, Zhang Y. Inhibition
of autophagy contributes to ischemic postconditioning-induced
neuroprotection against focal cerebral ischemia in rats. PLoS ONE.
2012;7(9):e46092.
136. Lo E. A new penumbra: transitioning from injury into repair after stroke.
Nat Med. 2008;14(5):497–500.
137. Deng Y, He H, Yang L, Zhang P. Dynamic changes in neuronal
autophagy and apoptosis in the ischemic penumbra following permanent ischemic stroke. Neural Regen Res. 2016;11(7):1108–14.
138. Kasprowska D, Machnik G, Kost A, Gabryel B. Time-dependent changes
in apoptosis upon autophagy inhibition in astrocytes exposed to oxygen and glucose deprivation. Cell Mol Neurobiol. 2017;37(2):223–34.
139. Gómez-Gaete C, Retamal M, Chávez C, Bustos P, Godoy R, Torres-Vergara
P. Development, characterization and in vitro evaluation of biodegradable rhein-loaded microparticles for treatment of osteoarthritis. Eur J
Pharm Sci. 2017;96:390–7.
140. Zhang L, Huang S, Ma X, Zhang W, Wang D, Jin S, Zhang Y, Li Y, Li X.
Angiotensin(1–7) attenuated Angiotensin II-induced hepatocyte EMT
by inhibiting NOX-derived H2O2-activated NLRP3 inflammasome/
IL-1β/Smad circuit. Free Radic Biol Med. 2016;97:531–43.
141. Scherz-Shouval R, Elazar Z. Regulation of autophagy by ROS: physiology
and pathology. Trends Biochem Sci. 2011;36(1):30–8.
142. Li L, Chen J, Sun S, Zhao J, Dong X, Wang J. Effects of estradiol on
autophagy and Nrf-2/ARE signals after cerebral ischemia. Cell Physiol
Biochem. 2017;41(5):2027–36.
143. Cheung E, Ludwig R, Vousden K. Mitochondrial localization of TIGAR
under hypoxia stimulates HK2 and lowers ROS and cell death. Proc Natl
Acad Sci USA. 2012;109(50):20491–6.
144. Mahalingaiah P, Singh K. Chronic oxidative stress increases growth
and tumorigenic potential of MCF-7 breast cancer cells. PLoS ONE.
2014;9(1):e87371.
145. Puissant A, Fenouille N, Auberger P. When autophagy meets cancer
through p62/SQSTM1. Am J Cancer Res. 2012;2(4):397–413.
146. Kim H, Joe Y, Kim S, Park S, Park J, Chen Y, Kim J, Ryu J, Cho G, Surh Y,
Ryter S, Kim U, Chung H. Carbon monoxide protects against hepatic
steatosis in mice by inducing sestrin-2 via the PERK-eIF2α-ATF4 pathway. Free Radic Biol Med. 2017;110:81–91.
147. Lu Q, Harris V, Kumar S, Mansour H, Black S. Autophagy in neonatal
hypoxia ischemic brain is associated with oxidative stress. Redox Biol.
2015;6:516–23.
148. Kim Y, Yoon H, Lee Y, Youn D, Ha T, Kim H, Lee J. Anthocyanin extracts
from black soybean (Glycine max L.) protect human glial cells against
oxygen-glucose deprivation by promoting autophagy. Biomol Ther.
2012;20(1):68–74.
149. Dai S, Chen T, Li X, Yue K, Luo P, Yang L, Zhu J, Wang Y, Fei Z, Jiang
X. Sirt3 confers protection against neuronal ischemia by inducing
autophagy: involvement of the AMPK–mTOR pathway. Free Radic Biol
Med. 2017;108:345–53.
150. Ham P, Raju R. Mitochondrial function in hypoxic ischemic injury and
influence of aging. Prog Neurobiol. 2017;157:92–116.
151. Zhang X, Yuan Y, Jiang L, Zhang J, Gao J, Shen Z, Zheng Y, Deng T, Yan
H, Li W, Hou W, Lu J, Shen Y, Dai H, Hu W, Zhang Z, Chen Z. Endoplasmic
reticulum stress induced by tunicamycin and thapsigargin protects

Hou et al. Molecular Brain

152.
153.

154.

155.
156.
157.
158.

159.

160.

161.
162.
163.
164.
165.
166.
167.
168.

169.
170.
171.

172.
173.

(2022) 15:14

against transient ischemic brain injury: involvement of PARK2-dependent mitophagy. Autophagy. 2014;10(10):1801–13.
Di Y, He Y, Zhao T, Huang X, Wu K, Liu S, Zhao Y, Fan M, Wu L, Zhu L.
Methylene blue reduces acute cerebral ischemic injury via the induction of mitophagy. Mol Med (Cambridge, Mass). 2015;21:420–9.
Shen Z, Zheng Y, Wu J, Chen Y, Wu X, Zhou Y, Yuan Y, Lu S, Jiang L, Qin
Z, Chen Z, Hu W, Zhang X. PARK2-dependent mitophagy induced by
acidic postconditioning protects against focal cerebral ischemia and
extends the reperfusion window. Autophagy. 2017;13(3):473–85.
Yuan Y, Zheng Y, Zhang X, Chen Y, Wu X, Wu J, Shen Z, Jiang L, Wang L,
Yang W, Luo J, Qin Z, Hu W, Chen Z. BNIP3L/NIX-mediated mitophagy
protects against ischemic brain injury independent of PARK2.
Autophagy. 2017;13(10):1754–66.
Garcia-Huerta P, Troncoso-Escudero P, Jerez C, Hetz C, Vidal R. The intersection between growth factors, autophagy and ER stress: a new target
to treat neurodegenerative diseases? Brain Res. 2016;1649:173–80.
Yin Y, Sun G, Li E, Kiselyov K, Sun D. ER stress and impaired autophagy
flux in neuronal degeneration and brain injury. Ageing Res Rev.
2017;34:3–14.
Sheng R, Liu X, Zhang L, Gao B, Han R, Wu Y, Zhang X, Qin Z. Autophagy
regulates endoplasmic reticulum stress in ischemic preconditioning.
Autophagy. 2012;8(3):310–25.
Gao B, Zhang X, Han R, Zhang T, Chen C, Qin Z, Sheng R. The endoplasmic reticulum stress inhibitor salubrinal inhibits the activation of
autophagy and neuroprotection induced by brain ischemic preconditioning. Acta Pharmacol Sin. 2013;34(5):657–66.
Feng D, Wang B, Wang L, Abraham N, Tao K, Huang L, Shi W, Dong
Y, Qu Y. Pre-ischemia melatonin treatment alleviated acute neuronal
injury after ischemic stroke by inhibiting endoplasmic reticulum
stress-dependent autophagy via PERK and IRE1 signalings. J Pineal Res.
2017;62(3):e12395.
Hadley G, Neuhaus A, Couch Y, Beard D, Adriaanse B, Vekrellis K, DeLuca
G, Papadakis M, Sutherland B, Buchan A. The role of the endoplasmic
reticulum stress response following cerebral ischemia. Int J Stroke.
2018;13(4):379–90.
Netea-Maier R, Plantinga T, van de Veerdonk F, Smit J, Netea M. Modulation of inflammation by autophagy: consequences for human disease.
Autophagy. 2016;12(2):245–60.
van der Burgh R, Boes M. Mitochondria in autoinflammation: cause,
mediator or bystander? Trends Endocrinol Metab. 2015;26(5):263–71.
Rodgers M, Bowman J, Liang Q, Jung J. Regulation where
autophagy intersects the inflammasome. Antioxid Redox Signal.
2014;20(3):495–506.
Tian H, Fürstenberg A, Huber T. Labeling and single-molecule methods to monitor G protein-coupled receptor dynamics. Chem Rev.
2017;117(1):186–245.
Munk C, Mutt E, Isberg V, Nikolajsen L, Bibbe J, Flock T, Hanson M,
Stevens R, Deupi X, Gloriam D. An online resource for GPCR structure
determination and analysis. Nat Methods. 2019;16(2):151–62.
Stevens R, Cherezov V, Katritch V, Abagyan R, Kuhn P, Rosen H, Wüthrich
K. The GPCR Network: a large-scale collaboration to determine human
GPCR structure and function. Nat Rev Drug Discov. 2013;12(1):25–34.
Rosenbaum D, Rasmussen S, Kobilka B. The structure and function of
G-protein-coupled receptors. Nature. 2009;459(7245):356–63.
Fredriksson R, Lagerström M, Lundin L, Schiöth H. The G-proteincoupled receptors in the human genome form five main families. Phylogenetic analysis, paralogon groups, and fingerprints. Mol Pharmacol.
2003;63(6):1256–72.
Thal D, Glukhova A, Sexton P, Christopoulos A. Structural insights into
G-protein-coupled receptor allostery. Nature. 2018;559(7712):45–53.
Weis W, Kobilka B. The molecular basis of G protein-coupled receptor
activation. Annu Rev Biochem. 2018;87:897–919.
He C, Wei Y, Sun K, Li B, Dong X, Zou Z, Liu Y, Kinch L, Khan S, Sinha S,
Xavier R, Grishin N, Xiao G, Eskelinen E, Scherer P, Whistler J, Levine B.
Beclin 2 functions in autophagy, degradation of G protein-coupled
receptors, and metabolism. Cell. 2013;154(5):1085–99.
Galluzzi L, Kroemer G. Common and divergent functions of Beclin 1 and
Beclin 2. Cell Res. 2013;23(12):1341–2.
Wauson E, Lorente-Rodríguez A, Cobb M. Minireview: Nutrient sensing by G protein-coupled receptors. Mol Endocrinol (Baltimore, Md).
2013;27(8):1188–97.

Page 18 of 20

174. Wellendorph P, Johansen L, Bräuner-Osborne H. Molecular pharmacology of promiscuous seven transmembrane receptors sensing organic
nutrients. Mol Pharmacol. 2009;76(3):453–65.
175. Nelson G, Chandrashekar J, Hoon M, Feng L, Zhao G, Ryba N, Zuker C.
An amino-acid taste receptor. Nature. 2002;416(6877):199–202.
176. Foster S, Roura E, Thomas W. Extrasensory perception: odorant
and taste receptors beyond the nose and mouth. Pharmacol Ther.
2014;142(1):41–61.
177. Wauson E, Zaganjor E, Lee A, Guerra M, Ghosh A, Bookout A, Chambers
C, Jivan A, McGlynn K, Hutchison M, Deberardinis R, Cobb M. The G
protein-coupled taste receptor T1R1/T1R3 regulates mTORC1 and
autophagy. Mol Cell. 2012;47(6):851–62.
178. Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T,
Yengo L, Kimura I, Leloire A, Liu N, Iida K, Choquet H, Besnard P, Lecoeur
C, Vivequin S, Ayukawa K, Takeuchi M, Ozawa K, Tauber M, Maffeis C,
Morandi A, Buzzetti R, Elliott P, Pouta A, Jarvelin M, Körner A, Kiess W,
Pigeyre M, Caiazzo R, Van Hul W, Van Gaal L, Horber F, Balkau B, LévyMarchal C, Rouskas K, Kouvatsi A, Hebebrand J, Hinney A, Scherag A,
Pattou F, Meyre D, Koshimizu T, Wolowczuk I, Tsujimoto G, Froguel P.
Dysfunction of lipid sensor GPR120 leads to obesity in both mouse and
human. Nature. 2012;483(7389):350–4.
179. Lizaso A, Tan K, Lee Y. β-adrenergic receptor-stimulated lipolysis requires
the RAB7-mediated autolysosomal lipid degradation. Autophagy.
2013;9(8):1228–43.
180. Wang L, Lu K, Hao H, Li X, Wang J, Wang K, Wang J, Yan Z, Zhang S, Du Y,
Liu H. Decreased autophagy in rat heart induced by anti-β1-adrenergic
receptor autoantibodies contributes to the decline in mitochondrial
membrane potential. PLoS ONE. 2013;8(11):e81296.
181. Aránguiz-Urroz P, Canales J, Copaja M, Troncoso R, Vicencio J, Carrillo C,
Lara H, Lavandero S, Díaz-Araya G. Beta(2)-adrenergic receptor regulates
cardiac fibroblast autophagy and collagen degradation. Biochem
Biophys Acta. 2011;1812(1):23–31.
182. You Y, Kim J, Cobb M, Avery L. Starvation activates MAP kinase through
the muscarinic acetylcholine pathway in Caenorhabditis elegans pharynx. Cell Metab. 2006;3(4):237–45.
183. Kang C, You Y, Avery L. Dual roles of autophagy in the survival of Caenorhabditis elegans during starvation. Genes Dev. 2007;21(17):2161–71.
184. Zhao M, Sun L, Yu X, Miao Y, Liu J, Wang H, Ren J, Zang W. Acetylcholine mediates AMPK-dependent autophagic cytoprotection in H9c2
cells during hypoxia/reoxygenation injury. Cell Physiol Biochem.
2013;32(3):601–13.
185. Sharma S, Mells J, Fu P, Saxena N, Anania F. GLP-1 analogs reduce
hepatocyte steatosis and improve survival by enhancing the unfolded
protein response and promoting macroautophagy. PLoS ONE.
2011;6(9):e25269.
186. Noyan-Ashraf M, Shikatani E, Schuiki I, Mukovozov I, Wu J, Li R, Volchuk
A, Robinson L, Billia F, Drucker D, Husain M. A glucagon-like peptide-1
analog reverses the molecular pathology and cardiac dysfunction of a
mouse model of obesity. Circulation. 2013;127(1):74–85.
187. Han D, Yang B, Olson L, Greenstein A, Baek S, Claycombe K, Goudreau
J, Yu S, Kim E. Activation of autophagy through modulation of 5’-AMPactivated protein kinase protects pancreatic beta-cells from high
glucose. Biochem J. 2010;425(3):541–51.
188. Jung H, Chung K, Won Kim J, Kim J, Komatsu M, Tanaka K, Nguyen Y,
Kang T, Yoon K, Kim J, Jeong Y, Han M, Lee M, Kim K, Shin J, Lee M. Loss
of autophagy diminishes pancreatic beta cell mass and function with
resultant hyperglycemia. Cell Metab. 2008;8(4):318–24.
189. Costa G, Pereira T, Neto A, Cristóvão A, Ambrósio A, Santos P. High glucose changes extracellular adenosine triphosphate levels in rat retinal
cultures. J Neurosci Res. 2009;87(6):1375–80.
190. Chatterjee C, Sparks D. Extracellular nucleotides inhibit insulin receptor
signaling, stimulate autophagy and control lipoprotein secretion. PLoS
ONE. 2012;7(5):e36916.
191. Tang X, Wang L, Proud C, Downes C. Muscarinic receptor-mediated
activation of p70 S6 kinase 1 (S6K1) in 1321N1 astrocytoma cells: permissive role of phosphoinositide 3-kinase. Biochem J. 2003;374:137–43.
192. Michel G, Matthes H, Hachet-Haas M, El Baghdadi K, de Mey J, Pepperkok R, Simpson J, Galzi J, Lecat S. Plasma membrane translocation of
REDD1 governed by GPCRs contributes to mTORC1 activation. J Cell Sci.
2014;127:773–87.

Hou et al. Molecular Brain

(2022) 15:14

193. Mercan F, Lee H, Kolli S, Bennett A. Novel role for SHP-2 in nutrient-responsive control of S6 kinase 1 signaling. Mol Cell Biol.
2013;33(2):293–306.
194. Robles-Molina E, Dionisio-Vicuña M, Guzmán-Hernández M, Reyes-Cruz
G, Vázquez-Prado J. Gβγ interacts with mTOR and promotes its activation. Biochem Biophys Res Commun. 2014;444(2):218–23.
195. Yue J, Wang X, Feng B, Hu L, Yang L, Lu L, Zhang K, Wang Y, Liu S. Activation of G-protein-coupled receptor 30 protects neurons against excitotoxicity through inhibiting excessive autophagy induced by glutamate.
ACS Chem Neurosci. 2019;10(10):4227–36.
196. Gan L, Seki A, Shen K, Iyer H, Han K, Hayer A, Wollman R, Ge X, Lin J,
Dey G, Talbot W, Meyer T. The lysosomal GPCR-like protein GPR137B
regulates Rag and mTORC1 localization and activity. Nat Cell Biol.
2019;21(5):614–26.
197. Kraakman L, Lemaire K, Ma P, Teunissen A, Donaton M, Van Dijck P, Winderickx J, de Winde J, Thevelein J. A Saccharomyces cerevisiae G-protein
coupled receptor, Gpr1, is specifically required for glucose activation
of the cAMP pathway during the transition to growth on glucose. Mol
Microbiol. 1999;32(5):1002–12.
198. Wicher D, Schäfer R, Bauernfeind R, Stensmyr M, Heller R, Heinemann S, Hansson B. Drosophila odorant receptors are both ligandgated and cyclic-nucleotide-activated cation channels. Nature.
2008;452(7190):1007–11.
199. Ugland H, Naderi S, Brech A, Collas P, Blomhoff H. cAMP induces
autophagy via a novel pathway involving ERK, cyclin E and Beclin 1.
Autophagy. 2011;7(10):1199–211.
200. Williams A, Sarkar S, Cuddon P, Ttofi E, Saiki S, Siddiqi F, Jahreiss L,
Fleming A, Pask D, Goldsmith P, O’Kane C, Floto R, Rubinsztein D. Novel
targets for Huntington’s disease in an mTOR-independent autophagy
pathway. Nat Chem Biol. 2008;4(5):295–305.
201. Cherra S, Kulich S, Uechi G, Balasubramani M, Mountzouris J, Day B, Chu
C. Regulation of the autophagy protein LC3 by phosphorylation. J Cell
Biol. 2010;190(4):533–9.
202. Sarkar S, Floto R, Berger Z, Imarisio S, Cordenier A, Pasco M, Cook
L, Rubinsztein D. Lithium induces autophagy by inhibiting inositol
monophosphatase. J Cell Biol. 2005;170(7):1101–11.
203. Vicencio J, Ortiz C, Criollo A, Jones A, Kepp O, Galluzzi L, Joza N, Vitale I,
Morselli E, Tailler M, Castedo M, Maiuri M, Molgó J, Szabadkai G, Lavandero S, Kroemer G. The inositol 1,4,5-trisphosphate receptor regulates
autophagy through its interaction with Beclin 1. Cell Death Differ.
2009;16(7):1006–17.
204. Khan M, Joseph S. Role of inositol trisphosphate receptors in autophagy
in DT40 cells. J Biol Chem. 2010;285(22):16912–20.
205. Criollo A, Maiuri M, Tasdemir E, Vitale I, Fiebig A, Andrews D, Molgó J,
Díaz J, Lavandero S, Harper F, Pierron G, di Stefano D, Rizzuto R, Szabadkai G, Kroemer G. Regulation of autophagy by the inositol trisphosphate receptor. Cell Death Differ. 2007;14(5):1029–39.
206. Wong A, Grubb D, Cooley N, Luo J, Woodcock E. Regulation of
autophagy in cardiomyocytes by Ins(1,4,5)P(3) and IP(3)-receptors. J
Mol Cell Cardiol. 2013;54:19–24.
207. Chang N, Nguyen M, Germain M, Shore G. Antagonism of Beclin
1-dependent autophagy by BCL-2 at the endoplasmic reticulum
requires NAF-1. EMBO J. 2010;29(3):606–18.
208. East D, Campanella M. Ca2+ in quality control: an unresolved riddle
critical to autophagy and mitophagy. Autophagy. 2013;9(11):1710–9.
209. Pattingre S, De Vries L, Bauvy C, Chantret I, Cluzeaud F, Ogier-Denis E,
Vandewalle A, Codogno P. The G-protein regulator AGS3 controls an
early event during macroautophagy in human intestinal HT-29 cells. J
Biol Chem. 2003;278(23):20995–1002.
210. Petiot A, Ogier-Denis E, Bauvy C, Cluzeaud F, Vandewalle A, Codogno P.
Subcellular localization of the Galphai3 protein and G alpha interacting
protein, two proteins involved in the control of macroautophagy in
human colon cancer HT-29 cells. Biochemical J. 1999;337:289–95.
211. Ogier-Denis E, Bauvy C, Houri J, Codogno P. Evidence for a dual control
of macroautophagic sequestration and intracellular trafficking of
N-linked glycoproteins by the trimeric G(i3) protein in HT-29 cells.
Biochem Biophys Res Commun. 1997;235(1):166–70.
212. Ghidoni R, Houri J, Giuliani A, Ogier-Denis E, Parolari E, Botti S, Bauvy C,
Codogno P. The metabolism of sphingo(glyco)lipids is correlated with
the differentiation-dependent autophagic pathway in HT-29 cells. Eur J
Biochem. 1996;237(2):454–9.

Page 19 of 20

213. Houri J, Ogier-Denis E, De Stefanis D, Bauvy C, Baccino F, Isidoro C,
Codogno P. Differentiation-dependent autophagy controls the fate
of newly synthesized N-linked glycoproteins in the colon adenocarcinoma HT-29 cell line. Biochem J. 1995;309:521–7.
214. Slessareva J, Routt S, Temple B, Bankaitis V, Dohlman H. Activation of the
phosphatidylinositol 3-kinase Vps34 by a G protein alpha subunit at the
endosome. Cell. 2006;126(1):191–203.
215. Kim J, Park J, Kim M, Ha J, Jang Y, Shin D, Son J. The Tnfaip8-PE complex
is a novel upstream effector in the anti-autophagic action of insulin. Sci
Rep. 2017;7(1):6248.
216. Gohla A, Klement K, Piekorz R, Pexa K, vom Dahl S, Spicher K, Dreval V,
Häussinger D, Birnbaumer L, Nürnberg B. An obligatory requirement for
the heterotrimeric G protein Gi3 in the antiautophagic action of insulin
in the liver. Proc Natl Acad Sci USA. 2007;104(8):3003–8.
217. Dbouk H, Vadas O, Shymanets A, Burke J, Salamon R, Khalil B, Barrett M,
Waldo G, Surve C, Hsueh C, Perisic O, Harteneck C, Shepherd P, Harden
T, Smrcka A, Taussig R, Bresnick A, Nürnberg B, Williams R, Backer J.
G protein-coupled receptor-mediated activation of p110β by Gβγ
is required for cellular transformation and invasiveness. Sci Signal.
2012;5(253):ra89.
218. Dou Z, Chattopadhyay M, Pan J, Guerriero J, Jiang Y, Ballou L, Yue Z, Lin
R, Zong W. The class IA phosphatidylinositol 3-kinase p110-beta subunit
is a positive regulator of autophagy. J Cell Biol. 2010;191(4):827–43.
219. Dou Z, Pan J, Dbouk H, Ballou L, DeLeon J, Fan Y, Chen J, Liang Z, Li
G, Backer J, Lin R, Zong W. Class IA PI3K p110β subunit promotes
autophagy through Rab5 small GTPase in response to growth factor
limitation. Mol Cell. 2013;50(1):29–42.
220. Taboubi S, Garrouste F, Parat F, Pommier G, Faure E, Monferran S,
Kovacic H, Lehmann M. Gq-coupled purinergic receptors inhibit insulinlike growth factor-I/phosphoinositide 3-kinase pathway-dependent
keratinocyte migration. Mol Biol Cell. 2010;21(6):946–55.
221. Taboubi S, Milanini J, Delamarre E, Parat F, Garrouste F, Pommier G,
Takasaki J, Hubaud J, Kovacic H, Lehmann M. G alpha(q/11)-coupled
P2Y2 nucleotide receptor inhibits human keratinocyte spreading and
migration. FASEB J. 2007;21(14):4047–58.
222. Yeung W, Wong Y. Galpha16 interacts with Class IA phosphatidylinositol
3-kinases and inhibits Akt signaling. Cell Signal. 2010;22(9):1379–87.
223. Ogier-Denis E, Pattingre S, El Benna J, Codogno P. Erk1/2-dependent
phosphorylation of Galpha-interacting protein stimulates its GTPase
accelerating activity and autophagy in human colon cancer cells. J Biol
Chem. 2000;275(50):39090–5.
224. Kim S, Kim G, Han D, Lee M, Kim I, Kim B, Kim K, Song Y, Yoo J, Wang
H, Bae S, Lee Y, Lee B, Kang E, Cha B, Lee M. Ezetimibe ameliorates
steatohepatitis via AMP activated protein kinase-TFEB-mediated activation of autophagy and NLRP3 inflammasome inhibition. Autophagy.
2017;13(10):1767–81.
225. Settembre C, Di Malta C, Polito V, Garcia Arencibia M, Vetrini F, Erdin S,
Erdin S, Huynh T, Medina D, Colella P, Sardiello M, Rubinsztein D, Ballabio
A. TFEB links autophagy to lysosomal biogenesis. Science (New York,
NY). 2011;332(6036):1429–33.
226. Martinez-Lopez N, Athonvarangkul D, Mishall P, Sahu S, Singh R.
Autophagy proteins regulate ERK phosphorylation. Nat Commun.
2013;4:2799.
227. Maeyashiki C, Melhem H, Hering L, Baebler K, Cosin-Roger J, Schefer
F, Weder B, Hausmann M, Scharl M, Rogler G, de Vallière C, Ruiz P.
Activation of pH-sensing receptor OGR1 (GPR68) induces ER stress via
the IRE1α/JNK pathway in an intestinal epithelial cell model. Sci Rep.
2020;10(1):1438.
228. Hutchinson D, Summers R, Bengtsson T. Regulation of AMP-activated
protein kinase activity by G-protein coupled receptors: potential
utility in treatment of diabetes and heart disease. Pharmacol Ther.
2008;119(3):291–310.
229. Lauffer L, Iakoubov R, Brubaker P. GPR119 is essential for oleoylethanolamide-induced glucagon-like peptide-1 secretion from the intestinal
enteroendocrine L-cell. Diabetes. 2009;58(5):1058–66.
230. Im J, Kang K, Kim S, Kim Y, An Y, Park S, Jeong B, Choi S, Lee J, Kang K.
GPR119 agonist enhances gefitinib responsiveness through lactatemediated inhibition of autophagy. J Exp Clin Cancer Res. 2018;37(1):295.
231. Woo J, Liu T, Fang C, Castaño M, Kee T, Yrigoin K, Yan Y, Cazzaro S, Matlack J, Wang X, Zhao X, Kang D, Liggett S. β-Arrestin2 oligomers impair

Hou et al. Molecular Brain

232.
233.
234.

235.

236.
237.
238.

239.

240.
241.
242.

243.
244.

245.

(2022) 15:14

Page 20 of 20

the clearance of pathological tau and increase tau aggregates. Proc
Natl Acad Sci USA. 2020;117(9):5006–15.
Obara K, Ohsumi Y. Atg14: a key player in orchestrating autophagy. Int J
Cell Biol. 2011;2011:713435.
Mathew R, Seiler M, Scanlon S, Mao A, Constantinides M, Bertozzi-Villa
C, Singer J, Bendelac A. BTB-ZF factors recruit the E3 ligase cullin 3 to
regulate lymphoid effector programs. Nature. 2012;491(7425):618–21.
Zhang T, Dong K, Liang W, Xu D, Xia H, Geng J, Najafov A, Liu M, Li Y, Han
X, Xiao J, Jin Z, Peng T, Gao Y, Cai Y, Qi C, Zhang Q, Sun A, Lipinski M, Zhu
H, Xiong Y, Pandolfi P, Li H, Yu Q, Yuan J. G-protein-coupled receptors
regulate autophagy by ZBTB16-mediated ubiquitination and proteasomal degradation of Atg14L. Elife. 2015;4:e06734.
Coly P, Perzo N, Le Joncour V, Lecointre C, Schouft M, Desrues L, Tonon
M, Wurtz O, Gandolfo P, Castel H, Morin F. Chemotactic G proteincoupled receptors control cell migration by repressing autophagosome
biogenesis. Autophagy. 2016;12(12):2344–62.
Hanyaloglu A, von Zastrow M. Regulation of GPCRs by endocytic membrane trafficking and its potential implications. Annu Rev Pharmacol
Toxicol. 2008;48:537–68.
Hurley J, Emr S. The ESCRT complexes: structure and mechanism of
a membrane-trafficking network. Annu Rev Biophys Biomol Struct.
2006;35:277–98.
Moser E, Kargl J, Whistler J, Waldhoer M, Tschische P. G protein-coupled
receptor-associated sorting protein 1 regulates the postendocytic sorting of seven-transmembrane-spanning G protein-coupled receptors.
Pharmacology. 2010;86(1):22–9.
Cruces-Sande M, Arcones A, Vila-Bedmar R, Val-Blasco A, Sharabi K,
Díaz-Rodríguez D, Puigserver P, Mayor F, Murga C. Autophagy mediates
hepatic GRK2 degradation to facilitate glucagon-induced metabolic
adaptation to fasting. FASEB J. 2020;34(1):399–409.
Marazziti D, Di Pietro C, Golini E, Mandillo S, Matteoni R, Tocchini-Valentini G. Macroautophagy of the GPR37 orphan receptor and Parkinson
disease-associated neurodegeneration. Autophagy. 2009;5(5):741–2.
Marazziti D, Di Pietro C, Golini E, Mandillo S, Matteoni R, Tocchini-Valentini G. Induction of macroautophagy by overexpression of the Parkinson’s disease-associated GPR37 receptor. FASEB J. 2009;23(6):1978–87.
Luessen D, Sun H, McGinnis M, McCool B, Chen R. Chronic intermittent ethanol exposure selectively alters the expression of Gα
subunit isoforms and RGS subtypes in rat prefrontal cortex. Brain Res.
2017;1672:106–12.
Ladds G, Goddard A, Hill C, Thornton S, Davey J. Differential effects
of RGS proteins on G alpha(q) and G alpha(11) activity. Cell Signal.
2007;19(1):103–13.
Roth M, Gaceb A, Enström A, Padel T, Genové G, Özen I, Paul G. Regulator of G-protein signaling 5 regulates the shift from perivascular to
parenchymal pericytes in the chronic phase after stroke. FASEB J.
2019;33(8):8990–8.
Özen I, Roth M, Barbariga M, Gaceb A, Deierborg T, Genové G, Paul G.
Loss of regulator of G-protein signaling 5 leads to neurovascular protection in stroke. Stroke. 2018;49(9):2182–90.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

