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Abstract

Stroke constitutes the second leading cause of death and a major cause of disability worldwide.
Stroke is normally classified as either ischemic or hemorrhagic stroke (HS) although 87% of cases
belong to ischemic nature. Approximately 700,000 individuals suffer an ischemic stroke (IS) in the
US each year. Recent evidence has denoted a rather pivotal role for defective macroautophagy/
autophagy in the pathogenesis of IS. Cellular response to stroke includes autophagy as an adaptive
mechanism that alleviates cellular stresses by removing long-lived or damaged organelles, protein
aggregates, and surplus cellular components via the autophagosome-lysosomal degradation
process. In this context, autophagy functions as an essential cellular process to maintain cellular
homeostasis and organismal survival. However, unchecked or excessive induction of autophagy
has been perceived to be detrimental and its contribution to neuronal cell death remains largely
unknown. In this review, we will summarize the role of autophagy in IS, and discuss potential
strategies, particularly, employment of natural compounds for IS treatment through manipulation
of autophagy.
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1. Introduction - an overview of autophagy machinery in neuronal cells

Macroautophagy typically referred to as “autophagy”, is a cellular mechanism to sequester
damaged/aged organelles, superfluous proteins, and cellular components (Klionsky, et al.,
2021; Mizushima & Levine, 2020; Y. Yang & Klionsky, 2020; Yingmei Zhang, Sowers, &
Ren, 2018). In this process, cargos are enwrapped by a transient double-membrane structure
termed a phagophore, which then expands and matures into a double-membrane
autophagosome. The formed autophagosome subsequently fuses with a lysosome, leading to
the breakdown of cargo contents and recycling of building blocks of autophagic substrates
(Ajoolabady, Aghanejad, et al., 2020; A. Ajoolabady, et al., 2021; Klionsky, et al., 2021;
Levine & Kroemer, 2019; S. Wang & Ren, 2018). Neurons are particularly vulnerable to
various intrinsic and extrinsic insults including exposure to metabolic derangement,
ischemia/reperfusion (I/R), energy crisis, neurotoxins, neurodegeneration, physical trauma,
and inflammation (A. Ajoolabady, et al., 2021; L. Galluzzi, Bravo-San Pedro, Blomgren, &
Kroemer, 2016). Under these stressful conditions, autophagy is thought to be activated to
various degrees by stress to secure survivability of neuronal cells and the overall wellbeing
of central nervous system through maintenance of neuronal homeostasis, clearance of
protein aggregates and damaged mitochondria, preservation of energy balance via recycling
of amino acids, fatty acids, and glucose, as well as alleviation of endoplasmic reticulum
(ER) stress (Peker & Gozuacik, 2020; Ren, Bi, Sowers, Hetz, & Zhang, 2021). To this end,
mild to moderate induction of autophagy may act as a pro-survival mechanism in neuronal
cells, a process often being referred to as “adaptive/mild/cytoprotective autophagy”.
However, increases in autophagy are not always favorable for neuronal health (Lorenzo
Galluzzi, et al., 2012; R. Shi, et al., 2012). Excessive rises in autophagic activity might lead
to cytosolic accumulation of autophagosomes and enhanced degradation of essential cellular
components (Lorenzo Galluzzi, et al., 2012; Ren & Taegtmeyer, 2015; R. Shi, et al., 2012).
While the concept of autophagic cell death (ACD) as a maladaptive feature of autophagy has
been supported multiple studies, although this concept is still debatable (Button, Luo, &
Rubinsztein, 2015). To test whether excessive induction of autophagy is indeed a causative
factor for cell death, interpretations must be rooted from manipulating autophagy to the
normal physiological state (maintaining baseline autophagy) rather than the null state
(complete depletion of autophagy) (Berry & Baehrecke, 2007). Unfortunately, many
conclusions and reports for autophagy are essentially based on inhibiting autophagy
completely (null state) rather than maintaining autophagy at the baseline level (physiological
state). In another word, excessive induction of autophagy might be a salvage effort to restore
cellular homeostasis under lethal stresses, which might take part in cell death execution
rather than direct induction of cell death, in a fashion similar to the role of ATP in apoptosis
(albeit not directly inducing apoptosis) (S. Shen, Kepp, & Kroemer, 2012). Thus, in
mammalian cells, multiple mechanisms may contribute to cell death upon excessive
autophagy, and dependency on the cellular context, although duration and extent of
autophagy necessary for cell death induction remain largely elusive (A. Ajoolabady, et al.,
2021; Das, Shravage, & Baehrecke, 2012). Therefore, unrestrained induction of autophagy
(or unchecked autophagy) may function as a pro-death mechanism and is referred to as
“maladaptive/excessive/unchecked autophagy” (Bar-Yosef, Damri, & Agam, 2019).
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Both adaptive and maladaptive autophagy are regulated by a hierarchy of proteins; namely,
the autophagy-related (ATG) protein family. To date, over 30 mammalian ATG proteins have
been identified, which regulate different steps of the autophagy pathway encompassing the
formation and nucleation of autophagosomes, as well as the organization of autolysosomes
(Fig. 1) (Yingmei Zhang, et al., 2018). mTORC1 is a master regulator of autophagy that
inhibits autophagy initiation via phosphorylation of ULK1 (Ajoolabady, Aghanejad, et al.,
2020). Depending on the nature of stress, various molecules and regulators form a complex
network of signaling pathways that regulate autophagy. For instance, in the setting of IS,
cerebral hypoperfusion causes nutrient deprivation, oxidative stress, and ER stress, all of
which trigger multiple signaling cascades leading to autophagy induction in neurons (Fig 1,
2, 3) (Jiaojiao Pang, et al., 2016; Ren, Sowers, & Zhang, 2018; Tan, Gong, Dong, Pei, &
Ren, 2019; Yingmei Zhang, et al., 2018).

Of note, numerous studies have indicated the role of autophagy in the pathogenesis and
treatment of cardiovascular, metabolic, neurodegenerative, and infectious diseases (A.
Ajoolabady, et al., 2021; Deretic, Saitoh, & Akira, 2013; J.-G. Li, Chu, & Pratico, 2018; J.
Pang, et al., 2019; Ren & Zhang, 2018; S. Wang & Ren, 2018; S. Wang, et al., 2020). In the
setting of cardiac ischemia, autophagy protects myocardium and cardiomyocytes from
ischemia-induced damage and apoptosis (Gustafsson & Gottlieb, 2009). In addition,
induction of basal autophagy is a cytoprotective mechanism to attenuate the onset and
progression of neurodegeneration in mouse models of Parkinson’s, Huntington’s, and
Alzheimer’s diseases (Nixon, 2013; S. Wang, et al., 2020). Despite technological and
biological advances in cerebrovascular research, tPA is approved by FDA and remains a
major treatment option for IS (Fukuta, et al., 2017). Yet, many IS patients are at high risk of
serious cerebral damage due to narrowed therapeutic window, reperfusion damage, and
rehemorrhagic complications (Rostami, et al., 2019; Wei, Wang, & Miao, 2012). Thus,
exploring autophagy in neural tissues in the face of ischemia challenge should provide novel
neuroprotective information for both prevention and treatment of stroke.

IS often triggers maladaptive autophagy. Therefore, post-ischemic period is accompanied by
maladaptive autophagy. In this regard, pre-ischemic administration of melatonin inhibited
ER stress-induced excessive (maladaptive) autophagy (Fig. 2), leading to alleviation of acute
neural injury following IS challenge (Feng, et al., 2017). This finding suggests the utility of
pre-ischemic interventions in combating post-ischemic maladaptive autophagy and neural
damage, and also consolidates the maladaptive nature of autophagy in the post-ischemic
period. Besides, DNM1L-dependent mitophagy (selective autophagy of mitochondria) was
activated in an MCAO rat model and OGD PC12 cells during early ischemia phase and
assisted removal of damaged mitochondria (Fig. 1). In this context, adaptive autophagy may
also occur at the early stage of ischemia (Zuo, et al., 2014).

However, limb remote ischemic preconditioning 30 minutes after ischemia induced AKT1-
mediated BCL2/BECNL1 disruption (Fig. 1) and consequently adaptive autophagy,
contributing to alleviation of mitochondrial damage in IS. Therefore, limb remote ischemic
preconditioning is an effective remedy to activate adaptive autophagy in the face of IS (Qi, et
al., 2015). Also, in MCAO rats, DEX postconditioning alleviated memory dysfunction and
boosted learning via amelioration of inflammation and maladaptive autophagy through
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inhibition of MAPK8/INK1 (Fig. 1) (Y. Zhu, et al., 2019). Thus, DEX postconditioning
plays an essential role in IS treatment and maladaptive autophagy cessation. Besides,
cerebral ischemia postconditioning also suppresses maladaptive autophagy and HMGB1
secretion (a mediator of injury) in cellular OGD (8h) and reperfusion (24h) models,
indicating the protective role of ischemic postconditioning in IS treatment (J. Wang, Han,
Sun, & Feng, 2016).

Furthermore, subjecting Sprague-Dawley rats to ischemic preconditioning was shown to turn
on AMPK (Fig. 1), adaptive autophagy and consequently reduced infarct volume, apoptosis,
neurological deficits, and cerebral ischemia. This study indicates that ischemic
preconditioning renders neuroprotection through induction of adaptive autophagy (T. Jiang,
et al., 2015). Cortical spreading depression preconditioning, which mimics peri-infarct
depolarization, significantly suppressed apoptosis, attenuated neurological deficits, and
infarct size via activation of AMPK-mediated adaptive autophagy in cortical penumbra in rat
models (P. Shen, et al., 2017). Therefore, cortical spreading depression preconditioning and
adaptive autophagy induction may be potential strategies to jack up ischemic tolerance of the
brain. Indeed, preconditioning and postconditioning interventions have shown promises as
new neuroprotective measures. In this regard, examination of ischemic preconditioning also
revealed the upregulation of TSC1 (Fig. 1) in hippocampal CA1 neurons, which protected
these neurons against ischemia both /n vitroand in vivo. TSC1-rendered neuroprotection
was attributed to induction of “productive autophagy” (i.e., effective completion of
autophagic flux) through a mTORC1-dependent inhibitory mechanism (Fig. 1) (Papadakis,
et al., 2013; Rajanikant & Sugunan, 2013). Therefore, maintaining productive autophagy,
which can be achieved by ischemic preconditioning, is of paramount importance for neural
survival. Here in this review, we will try to decipher the Janus faces of autophagy (adaptive
or maladaptive) in neurons in 1S and summarize potential therapeutic strategies for IS via
autophagy manipulation.

2. An overview of pathophysiology in stroke

Ischemia in the central nervous system leads to pronounced glucose and oxygen deficiency
and disturbance of ionic gradients in neural cells. In consequence, depolarized neurons
experience intense glutamate efflux and CaZ* influx, which trigger cell death mechanisms
including necrosis and apoptosis (Fang, Wu, & Ren, 2006; Lipton, 1999; A. Sun & Ren,
2013; H. Xu, Zhang, & Ren, 2019). Thus, it is proposed that excitotoxicity is one of the
underlying mechanisms of ischemia-mediated neuronal damage. Although the role of Ca?*
in excitotoxicity is still enigmatic, intracellular accumulation of Ca2* induces mitochondrial
damage, production of ROS and activation of proteases and phospholipases, leading to the
fate of cell death (Bano & Nicotera, 2007). In addition, Wang and coworkers reported that
NMDARs play a vital role in cell death or survival fate upon ischemia. Furthermore, they
found that neuronal gap junctions are vital for excitotoxicity, mediated by NMDARs,
denoting the importance of gap junctions in IS-induced neuronal cell death (Y. Wang, et al.,
2010). Therefore, therapeutic intervention of excitotoxicity should potentiate the recovery of
stroke insult.

Pharmacol Ther. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ajoolabady et al.

Page 6

Mitochondrial dysfunction upon ischemia challenge induces generation of free radicals and
exacerbates oxidative stress (Steinberg, et al., 2014). Among various culprit factors
triggering mitochondrial ROS production, NOX5 is known to evoke accumulation of ROS
during ischemia (Moskowitz, Lo, & ladecola, 2010). Meanwhile, suppression of TRPM7 in
hippocampal CA1 neurons was reported to potentiate neuronal resistance to ischemia. Such
neuroprotection is believed to related to TRPM7-induced Ca?* accumulation in the cytosol
and subsequently activation of maladaptive machineries (H.-S. Sun, et al., 2009). Therefore,
implementing novel strategies to scavenge ROS and free radicals may alleviate ischemia-
induced damages in the brain.

ER organelle stores a vast quantity of intracellular Ca* and mediates protein folding in ER
lumen and protein synthesis on ER membrane (Ren, et al., 2021; Roussel, et al., 2013).
However, ischemia induces onset of ER stress (Fig. 2) to disturb these physiological
processes, resulting in the accumulation of misfolded proteins. Extensive or maladaptive ER
stress activates ER stress-responding proteins including EIF2AK3/PERK, ERN1/IREla,
and ATF6, leading to cell death (probably due to excessive autophagy or apoptosis) and
neural injury (Sano & Reed, 2013). Here in this review, we aim to delineate the role of
excessive/maladaptive autophagy in the execution of cell death and neural injury ensuing IS.

3. Autophagy in IS

As mentioned above, autophagy process serves as a double-edged sword that can heal or
deteriorate injured neurons upon ischemia insult. Excessive or persistent activation of
autophagy is detrimental to neurons, by way of activation of cell death mechanisms.
Although a number of researchers believe that maladaptive autophagy does not necessarily
execute cell death via massive degradation of cellular components. Rather, excessive
autophagy can contribute to the execution of other cell death mechanisms such as apoptosis
(Button, et al., 2015). Thus, in this section, we will attempt to compare maladaptive versus
adaptive autophagy machineries under ischemia and the association between maladaptive
autophagy and apoptosis. Furthermore, we briefly explain the fine-tune of autophagy in
different regions of the brain and the impact of age and gender in various forms of cell
deaths upon maladaptive autophagy.

3.1. Maladaptive autophagy

Maladaptive autophagy (excessive autophagy induction) has been widely reported in the
current literatures with regards to the role of autophagy in IS. Disruption of BBB contributes
to neurological impairment upon IS, which demonstrates the importance of BBB integrity
for IS alleviation (Changjun Yang, Hawkins, Doré, & Candelario-Jalil, 2019). OCLN is a
65-kDa integral protein that plays an important role in intracellular tight junctions
stabilization and thereby integrity of BBB (Cummins, 2012). In this regard, findings from /n
vivoand in vitro 1S models suggested that disruption of BBB integrity is partly driven by
maladaptive autophagy, which is expected to promote OCLN sequestration via
autophagosomes, and subsequently degradation of OCLN, resulting in elevated permeability
for toxic substances in BBB. Thus, maladaptive autophagy is an important venue of 1S-
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associated BBB damage, and a promising target to increase BBB integrity and neuronal
survival in IS (K.-A. Kim, et al., 2020).

In murine and /n vitro models of IS, SNHG3, a long non-coding RNA, is upregulated,
resulting in downregulation of M/R485, leading to upregulation of ATG7 and BECN1,
enhanced formation of MAP1LC3B/LC3B, and ultimately boosted autophagy, which would
trigger neuronal cell apoptosis (Cao, Pan, Zhang, Guo, & Huang, 2020). Despite the pitfall
of employing 3-MA for the evaluation of the contribution of autophagy to cell death, data
from other studies have indicated that ATG7 might be relevant to apoptotic cell death in
neurons and other mammalian cells. For instance, chloroquine (CQ) and bafilomycin Al
(Baf Al) treatment of neural precursor cells may induce lysosome dysfunction and
subsequently accumulation of autophagosomes, which prompt TP53/p53 phosphorylation,
CASP3 activation, and apoptotic cell death (Walls, et al., 2010). Meanwhile, ATG7
knockdown was shown to significantly inhibit apoptotic cell death, suggesting the ATG7-
dependency of neuronal apoptosis upon autophagosome accumulation. However, ATG7
knockdown did not affect starvation-induced autophagosome accumulation and cell death
(Walls, et al., 2010). Another piece of evidence for possible involvement of ATG7 in
apoptotic cell death was from acute kidney injury models where ATG7 was found to mediate
renal cell apoptosis through interacting/activating PRKCD upon a vancomycin-induced
accumulation of autophagosomes and thus acute kidney injury /n vivo and in vitro (X. Xu, et
al., 2019).

More evidence has suggested that upregulation of FKBPS5 serves as a potential contributor
for maladaptive autophagy upon IS through disruption of AKT1-FOXO3 complex and
hyper-activation of FOXO3 (S. Yu, Yu, Bu, He, & Feng, 2020). FKBP5 was considered to
interact with AKT1 and thus block its phosphorylation/activation. In consequence,
deactivated AKT1 would not be able to phosphorylate/inactivate FOXO3, leaving FOXO3
active to upregulate autophagy-associated genes (Fig. 1) (Boonying, et al., 2019; S. Yu, et
al., 2020). Furthermore, MTMR14 is a phosphoinositide 3-phosphatase and its deficiency
mediated Ca2* leakage from the ER due to the accumulation of MTMR14 substrates
including PtdIns(3,5)P, and PtdIns(3,4)P, in muscle cells (J. Shen, et al., 2009). Pan and
coworkers reported downregulation of MTMRZ14 in an /n vitro model of cerebral I/R injury,
resulting in abundant formation of LC3B, and expression of BECN1, and PTEN, ultimately
provoking excessive induction of autophagy and neuronal cell death. These authors also
showed that MTMR14 protected against cerebral I/R injury by interacting with PTEN to
dampen its expression (Pan, Liu, Wang, Wen, & Wang, 2020). However, exactly how
MTMR14 modulates PTEN expression is not entirely clear. Given that PTEN is also a
phosphoinositide 3-phosphatase (Matsuoka & Ueda, 2018), it might be speculated that
MTMR14 and its products might allosterically modulate PTEN activation (Campbell, Liu, &
Ross, 2003). Data of this study also revealed that excessive autophagy may contribute to
neuronal cell death, based on beneficial response of autophagy inhibition using 3-MA.
Nonetheless, neuronal cell death might be explained by other means such as apoptosis
considering the upregulation of PTEN and BECNL1. In this regard, PTEN was reported to
downregulate/deactivate the PI3BK/PIK3C3-AKT1 signaling cascade (Weng, Brown, & Eng,
2001) that not only culminates in autophagy but also provokes apoptosis (H. Yu, et al.,
2020). Besides, PTEN-induced apoptotic signals would activate caspases which can cleave
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the upregulated BECN1 molecules, leading to cleaved BECN1-mediated apoptosis (R.
Kang, Zeh, Lotze, & Tang, 2011). Taken together, when excessive autophagy and apoptosis
coexist under cerebral I/R conditions, neuronal cell death might be the ultimate fate from a
complex interplay between autophagy and apoptosis, although further verification is still
warranted. This complex interplay of cell death was also observed in neonatal hypoxia-
ischemia (H/I), accompanied by excessive autophagy and autophagosome/autolysosome
accumulation, resulting in apoptotic cell death in cortical neurons. ATG7 silencing (a gold-
standard for autophagy ablation) and 3-MA treatment substantially attenuated CASP3
activation, indicating excessive autophagy-triggered apoptosis in cortical neurons under H/I
condition. By contrast, cell death was noted in hippocampal neurons independent of
apoptosis and likely through ACD (Ginet, Puyal, Clarke, & Truttmann, 2009). Moreover,
murine neonatal cerebral H/I dramatically boosted autophagy and autophagosome
formation, resulting in both CASP3-dependent and - independent hippocampal neuronal cell
death. ATG?7 deficiency in mice inhibited H/I-induced hippocampal neuronal cell death,
revealing a role for excessive autophagy in both apoptotic and non-apoptotic cell deaths.
Also, H/l induced excessive autophagy and exclusively CASP3-independent cell death in
neonatal mice (Koike, et al., 2008). Therefore, one can hypothesize that excessive autophagy
predisposes to apoptosis through yet undefined mechanisms. Furthermore, the influence of
age and gender on different forms of cell death in the face of ischemic injury must be taken
into consideration, as apoptotic mechanisms are more noticeable in neonatal murine brains,
necrosis and oxidative stress are alike at all ages, and excessive autophagy is apparently
more pronounced in adult mouse brains. Besides, AIFM1 translocation is more prominent in
fetal male brains, whereas CASP3 activation is more accentuated in female brains (C Zhu, et
al., 2005; Changlian Zhu, et al., 2006).

In PC12 cells, cortical neurons and murine 1S models, ischemia was shown to facilitate
excessive autophagy through upregulation of MYH9/NMMHC-1IA, which, by interacting
with F-actin, promotes trafficking of ATG9A, a core autophagy protein involved in lipid
transfer to the expanding phagophore (G. Wang, et al., 2020). Using 3-MA, data from this
study suggested that excessive autophagy culminated in ACD, although inhibiting the
interaction between MYH9 and F-actin or blocking F-actin polymerization suppressed
excessive autophagy and thus mitigated 1S-induced neurological defects in mice (G. Wang,
et al., 2020). Adverse effects of inhibiting F-actin polymerization to block excessive
autophagy should be investigated. Moreover, enhanced ATG9A trafficking might trigger
other yet unknown signals, contributing to the ultimate cell death independent of excessive
autophagy. Future work should try to reveal how increased ATGO9A trafficking affects
transport of other molecules, particularly ATG proteins, on cytoskeleton scaffolds, which
might lead to perturbation of cellular trafficking and initiation of death pathways.

IS also induced overexpression of RTN4 and RTN4 receptors, which mediate unchecked
autophagy via enhanced expression of LC3A, BECN1, and SQSTM1/p62, and reduced
expression of RHOA and ROCK1, leading to secondary neuronal damage in murine
ipsilateral thalamus (W. Xu, et al., 2020). However, further studies are required to determine
the exact nature of cell death and possible involvement of autophagy (W. Xu, et al., 2020).
Examination of NOD1 in cerebral I/R injury in rat cortical neurons revealed upregulation of
NODL1 and inhibition of its ubiquitination, which triggered irreversible ER stress and
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consequently excessive autophagy and apoptosis (X. Ma, et al., 2020). Therefore, it is
conceivable that IS induces excessive autophagy and apoptosis through mediating
irreversible (likely “maladaptive”) ER stress. Moreover, IS may contribute to neuronal death
via heme-induced irreversible ER stress. Irreversible ER stress was also found to induce
excessive autophagy which contributed to apoptotic cell death through a mechanism likely
dependent on BECN1 and ATG5. These findings have offered compelling evidence that
excessive autophagy induces cell death through apoptosis rather than ACD (Z. Yang, et al.,
2020). Of note, irreversible ER stress also directly triggers apoptosis without engagement of
autophagy signaling (Deniaud, et al., 2008).

Luo and coworkers demonstrated maladaptive autophagy induction in a murine MCAQ
model as well as in an /n vitro OGD IS model. Their data showed that MEG3 blocks the
inhibitory effect of M/R378 (microRNA 378) on GRB2, resulting in GRB2 upregulation,
attenuated phosphorylation of the AKT1-mTORC1 signaling axis, BECN1 activation,
accumulation of autophagosomes, and ultimately neuronal cell death (Luo, et al., 2020).
Moreover, such excessive autophagy culminated in ACD as evidenced by the fact that 3-MA
offered amelioration in neuronal cell death through autophagy ablation.

Although 3-MA is widely utilized for autophagy inhibition, results based on this compound
should be evaluated and interpreted with caution (Y.-T. Wu, et al., 2010). 3-MA, LY 294002,
and wortmannin are PI3K inhibitors, which block Class | and 111 PI3K, leading to both
activation and suppression of autophagy respectively (Kong & Yamori, 2008). This is
because Class | PI3K mediates AKT1-mTORC1 axis activation and autophagy suppression,
whereas Class 111 PI3K induces autophagy through forming complexes with ATG proteins
(Itakura, Kishi, Inoue, & Mizushima, 2008).

Therefore, another interpretation for GRB2-mediated neuronal cell death could be that
excessive autophagy was accompanied by apoptosis, which derived neuronal cell death.
GRB2-mediated inactivation of AKT1, which triggers apoptosis and accelerates autophagy
through mTORC1 inactivation, resulting in a maladaptive accumulation of autophagosomes
and pro-apoptotic signals (Chung, et al., 2019; Song, et al., 2016). It is also important to
examine the possible bi-directional regulation between excessive autophagy and apoptosis,
from their initiation until cell death induction using real-time monitoring, in order to find
novel crosstalk molecules or common pathways that link these two processes.

Of note, there is a controversy between finding from Luo and colleagues and data of others
in terms of the role of GRB2 on AKT activation. A number of studies have indicated that
GRB2 upregulation activates PI3K, which, in turn, phosphorylates/activates AKT1 in
mammalian cells (tumor cells) (ljaz, et al., 2017; Yuan, et al., 2020). Thus, GRB2-mediated
activation of AKT1 can lead to phosphorylation mTORCL1 and consequently suppression of
autophagy (Fig. 1). However, report from Luo and associates showed that GRB2
upregulation induced excessive autophagy via attenuation of AKT and mTORC1
phosphorylation. In this context, more evidence is needed to discern this controversy noted
between tumor cells and neurons under ischemia challenge.
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In N2a cells and rat IS models, upregulation of M/R202-5p dramatically downregulated
EIF4E, leading to decreased levels of LC3B and autophagosomes, and activation of the
AKT1-GSK-3p axis which blocks apoptosis (B. Li, Huang, Meng, Yu, & Yang, 2020).
However, IS evoked downregulation of MIR202-5p, upregulation of EIF4E, and suppression
of the AKT1-GSK-3p axis, which provoked excessive autophagy and apoptosis (B. Li, et al.,
2020). Suppression of AKT1-GSK-3 axis mediates GSK-3p activation that leads to
initiation of autophagy via TSC1-mediated inhibition of mMTORC1 (Guo, Liu, Cai, & Le,
2018). Additionally, GSK-3p activation triggers apoptosis via BCL2 inhibition (C. Zhang, et
al., 2016). Thus, in this context, the AKT1- GSK-3p axis is a critical junction between
autophagy and apoptosis. Although these studies failed to examine autophagy-dependency
on IS-induced neurological deficits, the neuroprotective role of M/R202-5p might likely be
attributed to suppression of excessive autophagy or apoptosis or a combination of both.
Moreover, data of this study have shown that downregulation of M/R202-5p triggered
EIF4AE upregulation, which, in turn, attenuated phosphorylation of AKT1 and GSK-3p.
Nonetheless, a controversy exists for the role of EIF4E in AKT1 activation. For instance,
EIF4E mediated activation/phosphorylation of AKT1 via upregulation of Nibrin in
fibroblasts (Culjkovic, et al., 2008). Also, EIFAE upregulated downstream effectors of
AKT1, prompting amplification of AKT1 signaling (Culjkovic, et al., 2008). Therefore,
more studies are warranted to shed more light on EIF4E-mediated regulation of AKT1 and
GSK-3p in the context of IS. Taken together, IS can result in maladaptive autophagy through
multiple pathways including GRB2-AKT1-mTORC1, MIR202-5p-EIFAE-AKT1- GSK-3B,
SNHG3-MIR485ATG7, RTN4-RTN4R, and MTMR14-PTEN signaling axis, all of which
might predispose neurons to the fate of cell death.

3.2. Adaptive autophagy

Adaptive or cytoprotective autophagy also plays a cardinal role in the pathophysiology and
management of IS. Timely removal of long-lived, superfluous proteins and damaged
organelles by adaptive autophagy plays an essential role to attenuate 1S-associated cerebral
injury (L. Galluzzi, et al., 2016). Growing evidence suggests that dysfunction of adaptive
autophagy contributes to neuronal apoptosis and necrosis in cerebral ischemia (Rao, et al.,
2020). Blocking autophagy using ATG7 knockdown reinforced cerebral I/R injury-induced
brain damage, cytochrome c release, and apoptosis both /n vitro and in vivo (X. Zhang, et
al., 2013). Besides, knockdown of PRKN, a protein involved in mitophagy, exacerbated I/R-
induced neuronal cell death, indicating the cytoprotective nature of mild to moderate
autophagy in neuronal cells under I/R (X. Zhang, et al., 2013). Wang and colleagues
reported that autophagic degradation of GJAl/connexin-43 is mediated by SRC, PRKC/
PKC, PINK1, OPTN, and CALCOCO2/NDP52, which averts apoptosis, supporting an
adaptive role of autophagy in cerebral I/R. These researchers utilized rapamycin to confirm
that specific autophagic degradation of GJA1 hindered apoptosis, although it is noteworthy
that rapamycin is a poor choice to simulate specific autophagic degradation (X. Wang, et al.,
2020). Also, increased M/R187-3p levels have been found in IS, resulting in the attenuation
of BSCL2 protein and adaptive autophagy impairment in PC12 cells (Z. Ren, et al., 2020).
In rat IS models, BSCL2 protein suppression is one of the possible mechanisms through
which IS impairs adaptive autophagy (Z. Ren, et al., 2020). Report from an /n vivo model of
cerebral I/R injury revealed a mechanism for induction of adaptive autophagy in response to
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neuronal cell injury. Zhang and coworkers demonstrated that activation of CLCN3/CIC-3
leads to enhanced interaction and complex formation between BECN1 and PIK3C3/VPS34
which culminates in adaptive autophagy (B. Zhang, Deng, Zhou, & Fang, 2020). Finally,
STX17 is upregulated in response to cerebral I/R injury, which facilitates the fusion between
lysosomes and autophagosomes, leading to induction of adaptive autophagy and alleviation
of ER stress (L. Chen, et al., 2020). Overall, adaptive autophagy tends to reverse undesired
and deleterious effects evoked by IS although excessive or persistent induction of autophagy
might lead to maladaptive effects of autophagy in neuronal cells.

3.3. Autophagy in focal cerebral ischemia (FCI)

The characteristics of autophagy appears to vary in distinct regions of brain lesions. For
example, BECN1 was dramatically upregulated in the penumbra region 6 hours after
ischemia in a rat model of FCI. Also, CASP3 upregulation was reported in BECN1-
overexpressing cells, suggesting possible activation of apoptosis during excessive autophagy
in the penumbra region (Rami, Langhagen, & Steiger, 2008). Ischemic postconditioning also
initiated neuroprotection in the MCAQO rat model of FCI through suppression of maladaptive
autophagy (L. Gao, et al., 2012). Enhanced formation of autophagosomes, upregulation of
LC3A, BECNL1, and LAMP2, were noted in rat models of FCI and cultured primary
astrocytes, which ultimately led to astrocyte injury and cell death. This study further denoted
the maladaptive nature of autophagy during FCI, and thereby, inhibiting autophagy can
confer neuroprotection (Qin, et al., 2010). Moreover, BECN1 and LC3A were upregulated
after reperfusion under hyperbaric oxygen (HBO) preconditioning or ischemia in a MCAO-
induced Sprague-Dawley rat model of transient FCI, to confer neuroprotection. Nonetheless,
autophagy upregulation was more accentuated under HBO preconditioning (Yan, et al.,
2011). Therefore, HBO preconditioning enhances adaptive autophagy in transient FCI,
suggesting that adaptive or maladaptive nature of autophagy might be determined by
transient versus prolonged FCI (Yan, et al., 2011). Hence, different parts of ischemic brain
lesions or different phases of ischemia should be dissected with regards to autophagy
targeting maneuvers.

3.4. Autophagy in global cerebral ischemia (GCI)

Autophagy might follow a different pattern upon GCI. In the context of GCI, function and
level of mMTORC1 were attenuated in CA1 neurons of the hippocampus, resulting in the
upregulation of autophagy. This study reported for the first time that GCI induces autophagic
degradation of mTORCL1 to rescue hippocampal neurons against cell death (Hwang, et al.,
2017). Besides, transient GCI induced maladaptive autophagy, which subsequently triggered
apoptosis in hippocampal CA1 in an animal model of transient GCI. However, FGF2
upregulation attenuated GCl-induced apoptosis and autophagy, through inhibition of
mitochondrial translocation of TP53 and mTORC1, respectively (D. Sun, et al., 2018).
However, maintenance of adaptive autophagy is also deemed neuroprotective for GCI, as
OPRD1-elicited neuroprotection was attributed to induction of autophagy via the AMPK/
mTOR1/ULK1 pathway (Fig. 1) 3 days after ischemia (Lai, et al., 2020). Also, intermittent
hypoxia preconditioning exacerbated neuronal damage upon GCI challenge via activation of
excessive autophagy through mTORCL inhibition in the hippocampus of Wistar rats (Y.-N.
Zhao, et al., 2017). Thus, inhibition of maladaptive autophagy in the face of GCI should be
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considered a novel promising therapeutic approach. Furthermore, loss of mitochondrial
membrane potential (MMP), mitochondrial swelling, maladaptive autophagy, necroptosis,
and apoptosis were all reported upon GCI insult (Fakharnia, Khodagholi, Dargahi, &
Ahmadiani, 2017). Therefore, it can be inferred that GCI induces excessive autophagy,
which might contribute to cell death mechanisms including necroptosis and apoptosis.
Overall, upon GCl, inhibition of maladaptive autophagy, while maintenance of basic
autophagy seems to be the most preferred intervention, though, such approach remains
rather challenging.

3.5. Autophagy in the ischemic penumbra and ischemic core

Examination of autophagy in the penumbra and core regions has offered new perspectives
with regards to therapeutics of IS. For example, autophagy was upregulated 12—-24 hours
following the onset of ischemia, as manifested by elevated levels of BECN1 and LC3A in
penumbra regions and ischemic core, in a murine model of FCI with NFKB1 knockout (W.-
L. Li, et al., 2013). Mechanistically, the decline of the AKT1/mTORC1 axis contributed to
autophagy upregulation, which was deemed maladaptive for its contribution to vascular and
neuronal cell injury. Thus, NFKB1 knockout might play a role in cell death induced by
excessive autophagy in the barrel cortex (W.-L. Li, et al., 2013). In a MCAQ rat model of
non-transient IS, LC3A and CASP3 were upregulated in the penumbra 5 hours following
onset of ischemia prior to declination. It is believed that upregulation of LC3A and CASP3
contributed to the increment of cerebral infarction and neurological deficit (Deng, He, Yang,
& Zhang, 2016). Thus, this study implies an obligatory role for maladaptive autophagy in
apoptotic cell death in penumbra as an aftermath of ischemia. Moreover, in FCI induced by
MCAO, pinocembrin (flavanone) treatment protected the penumbra area against I/R injury,
the effect of which was attributed to adaptive autophagy and inhibition of apoptosis (Zhao,
Zhang, Li, Wu, & Du, 2014). Therefore, inhibition of excessive/maladaptive autophagy and
activation of adaptive autophagy jointly confer optimal neuroprotection against I/S in
penumbra and core areas of the brain.

3.6. Autophagy in ischemic microglial and endothelial cells

Reminiscent of neurons, microglial and endothelial cells are heavily impacted by changes in
autophagic flux in ischemia. Exosomes containing M/R-30d-5p obtained from adipose-
derived stem cells (ADSC) exhibited neuroprotection against acute IS through suppression
of autophagy and enhanced polarization of M2 microglia/macrophage in primary microglia
subjected to OGD and a murine model of acute IS. Suppression of autophagy attenuated
inflammatory response, cerebral infarction, and polarization of microglia to M1 (M. Jiang, et
al., 2018), indicating the maladaptive autophagy nature of IS in microglial cells. Similarly,
DEX postconditioning blocked maladaptive autophagy in microglia and hippocampal
neurons following hypoxic-ischemic brain damage in neonatal rats (H. Xue, et al., 2021).
Besides, scrutiny of tissue samples from ischemic penumbra revealed appearance of
maladaptive autophagy following IS onset to evoke microglial inflammation through
downregulation of CX3CL1 (a cytokine) in the MCAO rat model (H.-Y. He, Ren, Guo, &
Deng, 2019). Moreover, autophagy facilitated microglial inflammatory damage and cerebral
edema via downregulation of CX3CL1 in tissues obtained from ischemic penumbra in a rat
model of MCAO (H.-Y. He, et al., 2019). Therefore, autophagy activation contributes to
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microglial injury in response to IS. Similarly, autophagy activation in microglial cells
exacerbated edema formation, infarction size, inflammation, and ultimately, neurological
deficits upon FCI triggered by permanent MCAO (Z. Yang, Zhong, Zhong, Xian, & Yuan,
2015). These findings further suggested maladaptive nature of autophagy in FCI in
microglial cells. The neuroprotective effect of minocycline (an antibiotic) against IS has
been reported recently. Subjecting HUVECs to OGD/R showed that a small dosage of
minocycline upregulated autophagy and elicited neuroprotection (Dong, Xiao, Cheng, Ye, &
Zheng, 2016). This finding implies that minocycline can be used as a therapeutic agent to
induce adaptive autophagy in brain endothelial cells in the face of IS. Besides, in BMECs
subjected to OGD/R, MALAT1 (a long noncoding RNA) conferred neuroprotection,
courtesy of adaptive autophagy activation. Mechanistically, MALAT1 downregulated
MIR-26b, and thereby, upregulated ULK?2 and autophagy (Z. Li, Li, & Tang, 2017). Also, as
mentioned above, maladaptive autophagy contributed to the disruption of BBB integrity and
increased BBB permeability for toxic substances in brain endothelial cells (K.-A. Kim, et
al., 2020). Therefore, IS triggers maladaptive autophagy in brain endothelial cells. To this
end, it is rational to engage strategies to inhibit maladaptive autophagy in these cells.

3. 7. Thevulnerability of autophagy associated genes to a high mutation rate

Many of genes displayed in Fig. 1 such as PINK1, AMPK, CALM, HIF1A, and FOXOsare
turned on in response to IS challenge and are prone to mutations. For instance, homozygous
nonsense mutation (Trp 437—X) in PINK1 gene contributed to mitochondrial respiratory
defect in fibroblasts and early onset of parkinsonism (Piccoli, et al., 2008). In myocardial
ischemia, mutation (Thr 400—Asn) in the PRKAGZ gene, which encodes y2 subunit of
AMPK, resulted in increased infarct size and apoptosis in a murine I/R model (Banerjee, et
al., 2007). Besides, a mutation (phe 90— 1leu) in the CALMI gene contributed to sudden
arrhythmic death via modulation of Ca2* release from sarcoplasmic reticulum (Kryshtal, et
al., 2014), which, in turn, modulates autophagy (Law, et al., 2010). Moreover, Cerychova
and coworkers showed that haploinsufficiency in H/F1A gene (H/IF1A*/) increased the
probability of developing cardiac dysfunction in offspring whose mothers afflicted
gestational diabetes. Thus, HIF1A is a pivotal factor in the programming of fetal
cardiovascular system while a global decline of HIF1A level (haploinsufficiency in H/F1A
gene) can drastically disturb fetal cardiovascular system (Cerychova, et al., 2018).
Furthermore, FOXO mutations were demonstrated to modulate lifespan in Drosophila
(Yamamoto & Tatar, 2011). Although these studies have not been performed per sein 1S
models or neuron cells, it can be postulated that these genes are prone to various mutations.
Therefore, genetic mutations might underlie autophagy defect or overactivation upon IS.
Table. 3 summarized vascular impairment/stroke/hypoxia, phenotype, and animal models
associated with the relevant gene mutations in 1S.

4. Therapeutic manipulation of autophagy in the management of IS

According to the aforementioned studies, therapeutic manipulation of autophagy appears to
be a possible approach in the management of 1S. To-date, many potentially relevant
therapies have been explored for IS management. Fibrinolytic therapy, also known as
thrombolysis, refers to lysis of blood clots formed in blood vessels using tPA or other
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therapeutic measures, to achieve early reperfusion of ischemic brain tissues (Demchuk,
Felburg, & Alexandrov, 1999). Intravenous thrombolysis is an approved treatment for acute
IS within a 3-hour time window following stroke attack (D. Zhang, et al., 2014). However,
blood pressure variability 24 hours after thrombolysis may negatively impact long-term
outcomes and reperfusion in patients (Liu, Chen, Yan, Zhang, & Lou, 2015). Thrombectomy
is also a therapeutic intervention aimed to remove a blood clot in blood vessels, commonly
employed in brain arteries too (Saver, et al., 2015). It is well perceived that thrombus
composition has an impact on the efficacy of thrombolysis and thrombectomy procedures in
acute IS, with clots rich in fibrin exhibiting enhanced recanalization maneuvers (the number
of times that recanalization can take place) and unfavorable outcomes compared to clots rich
in red blood cells (Jolugbo & Ariéns, 2021). In sum, thrombectomy and intravenous
thrombolysis are potential recanalization therapies. Nonetheless, time-window dependency
and heterogeneity of thrombus are considered main limitations for these therapies. The
aforementioned examples have highlighted the importance of maintaining adaptive
autophagy, and retardation of maladaptive autophagy in therapeutic approaches against 1S-
associated complications. Given that IS induces maladaptive autophagy, targeted inhibition
on autophagy after IS and in the prehospital setting should render neuroprotection prior to
definitive therapy for in-patient settings. Therefore, combinatory interventions including (A)
maintaining adaptive autophagy prior to IS, (B) inhibiting maladaptive autophagy following
IS in prehospital setting (Fig. 4), and (C) using proper treatments such as thrombectomy and
intravenous thrombolysis within hospital may render overall benefit and neuroprotection
against IS. The following section briefly summarizes potential strategies to maintain
adaptive autophagy while suppressing excessive or maladaptive autophagy.

4.1. Potential regulators of maladaptive autophagy

Potential regulators of maladaptive autophagy refer to certain molecules that can suppress
excessive induction of autophagy. For instance, the neuroprotective potential of
neuroprotectin D1 (a derivative of the polyunsaturated fatty acid docosahexaenoic acid) was
demonstrated in an /n vitro model of cerebral I/R injury, the effect of which was attributed to
suppression of oxidative stress and maladaptive autophagy via enhanced expression of the
E3 ubiquitin-protein ligase RNF146, and activation of WNT-CTNNB1. RNF146
downregulation potentiates maladaptive autophagy, denoting the therapeutic potential of
targeting RNF146 in promoting neuronal resistance against maladaptive autophagy in IS (Q.
Mu, et al., 2020). In a rat model of IS, long non-coding RNAs (IncRNAs) were found to
drive cerebral protection for ischemic postconditioning through retarding excessive
autophagy (Jie, et al., 2020). Moreover, TIGAR resists maladaptive autophagy thus resulting
in reduced infarct volume and improved neurological deficit (D.-M. Zhang, et al., 2019).
Overall, novel regulators of maladaptive autophagy could be considered for drug
development of pharmaceutical or natural compounds in the therapeutic interventions
against IS.

Table. 1 summarizes recently identified candidate therapeutic agents with the potential to

suppress maladaptive autophagy evoked by IS. Among these enlisted compounds, DEX is
capable of rendering neuroprotection after IS through inhibition of neuronal maladaptive

autophagy. In the cultured OGD model and MCAO mouse model, DEX upregulated
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CCND1, SQSTM1, and HIF1A, and downregulated LC3A and BECNL1, leading to
suppression of unchecked excessive autophagy and apoptosis (C. Luo, et al., 2017).
Moreover, DEX protected the brain in developing rats via downregulation of DNM1L and
BAX, and promotion of autophagic flux. DNM1L and BAX downregulation intensified
mitochondrial integrity and suppressed apoptosis, respectively (Shan, Sun, Yang, Shang, &
Liu, 2018). In a murine model of traumatic brain injury, DEX also inhibited NLRP3 and
CASP1 while suppressing maladaptive autophagy through modulation of circLrp1b (a
circular RNA)/ MIR27a-3p/DRAM2 pathway (H. Li, et al., 2020). Mechanistically, in
traumatic brain injury, circLrp1binterrupted M/R27a-3p, and thereby, increased levels of
DRAM?2 (Fig. 1), which triggered excessive/maladaptive autophagy (H. Li, et al., 2020).
Overall, DEX is a potential compound perceived to maintain adaptive autophagy and hinder
excessive autophagy induction following IS.

Propofol (PPF) is another compound capable of preventing neuronal injury in murine
cerebral cortical neurons following exposure to OGD/re-oxygenation (B. Sun, et al., 2018).
PPF-induced neuroprotection was attributed to suppression of maladaptive autophagy via
inhibition of the Ca?*/CAMKK2/AMPK axis (Fig. 1) (B. Sun, et al., 2018). In addition, PPF
treatment inhibited cerebral I/R-induced upregulation of LC3A, TP53, DRAM, BECN1, and
BBC3 in hippocampus, suggesting the benefit of PPF in protecting neurons against
maladaptive autophagy and apoptosis following cerebral I/R injury (Cui, et al., 2013). In
murine hippocampal neurons, PPF also inhibited TNF-triggered excessive autophagy via
blockade of intracellular Ca?* accumulation (Fig. 1) and CALM2 activation (Y. Li, He, Lv,
Chen, & Chen, 2020). Collectively, PPF has exhibited some promising translational
applicability following the incidence of IS.

Puerarin, extracted from Radix puerariae (a traditional Chinese herb), suppressed cerebral
I/R-induced excessive autophagy via modulating the AMPK/mTORC1/ULK1 axis (Fig. 1)
in a rat model of IS (J.-F. Wang, et al., 2018). Meanwhile, puerarin alleviated cerebral infarct
size, edema, and neurological deficiency through attenuation of hyperactivated autophagy in
neurons but not astrocytes in infarct penumbra in a rat MCAQO model (Hongyun, Tao,
Pengyue, Ligiang, & Yihao, 2017). These data favor that puerarin exhibits neuroprotection
against IS via regulation of maladaptive/excessive autophagy, indicating its translational
potential for IS management.

Sevoflurane is an FDA-approved anesthesia drug, and protects neurons against hypoxic-
ischemia by blocking hyperactivated autophagy through the PTEN/AKT1/mTORC1
modulating EZH2 activation (Fig. 1) (H. Xue, et al., 2019). Besides, sevoflurane
postconditioning alleviated brain injury in a rat model of neonatal hypoxic-ischemia through
MAPKZ1/ERK signaling (Shuo Wang, Xue, Xu, Niu, & Zhao, 2019). Although the precise
underlying mechanism remains unclear, it is believed that MAPK1 inhibits the TSC
complex, which activates RHEB and mTORC1, leading to autophagy inhibition (Meng,
Frank, & Jewell, 2018). Overall, sevoflurane postconditioning may alleviate maladaptive
autophagy in the realm of IS.

Icariside 11 (ICS II) was shown to protect neurons against maladaptive autophagy in MCAQO
rat and OGD maodels through suppression of excessive autophagy and downregulation of
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LC3A, BECNL1, ATG5, and ATG7 (J. Gao, et al., 2019). Indeed, ICS Il suppressed
maladaptive autophagy through deactivation of the PRKG1/GSK-3p axis, which turned on
mTORC1 (Fig. 1) to suppress autophagy (J. Gao, et al., 2019).

Table. 2 also summarizes various compounds with promises for the maintenance of adaptive
autophagy in the context of IS. Among these compounds, anthocyanin (a potential
antioxidant) improved the survival of human glial cells upon OGD through maintaining
adaptive autophagy (Y. K. Kim, et al., 2012). Moreover, ezetimibe (a lipidemia therapeutic
compound) reduced neuronal apoptosis and brain infarct size, as well as improved
neurological function via activation of AMPK-dependent adaptive autophagy (Fig. 1) in a rat
model of MCAO (J. Yu, et al., 2018). This finding revealed merits behind ezetimibe for
further exploration in the management of IS. Similarly, metformin (a drug used for the
treatment of diabetes) improved movement disability and psychological disorders evoked by
global cerebral ischemia through activation of AMPK-dependent autophagy, indicating the
possible translational capacity of metformin for IS alleviation (Sarkaki, et al., 2015).

Rapamycin is widely examined in the context of IS, with capacity to overtly augment the
neurological score and attenuate lesion size in embolic MCAO rat models (K. M. Buckley, et
al., 2014). Besides, both pre- and post-administration of rapamycin in the setting of MCAO
model activated autophagy through mTORCL1 inhibition, and downregulated CASP3 and
CASP9 in the ischemic penumbra, leading to attenuated neurological dysfunction and infarct
size in MCAO rat models (M. Wu, et al., 2018). Moreover, in HT22 murine hippocampal
neurons, rapamycin ameliorated OGD-induced injury via activation of autophagy (K.
Buckley, 2015). Likewise, resveratrol alleviated cerebral I/R injury and reduced brain fluid
content and infarct size via inhibition of NLRP3 through SIRT1-dependent regulation of
autophagy (Fig. 1) (Q. He, et al., 2017). To this end, rapamycin and resveratrol may possess
promising translational applicability to maintain adaptive autophagy in IS challenge. Of
note, using nanomedicine and drug delivery strategies can also move therapeutics forward
(Alizadeh, Zarebkohan, Salehi, Ajjoolabady, & Rahmati-Yamchi, 2019; Hashemi, et al.,
2020; Khiavi, et al., 2020).

4.2. MicroRNAs governing both adaptive and maladaptive autophagy

MicroRNAs (miRNAs) are well known to modulate differentiation, metabolism, apoptosis,
and cell proliferation through regulating levels of target genes (Henninger & Mayasi, 2019).
As mentioned above, IS triggers changes in the level of miRNAs, leading to alteration in
selective genes vital for autophagy (X. Chen, et al., 2019). In an attempt to unravel the
neuroprotective role of remote ischemic preconditioning (RIPC), RIPC was found to
promote upregulation of M/R144, which further upregulates and downregulates AKT1 and
PTEN, respectively. AKT1 upregulation and PTEN downregulation may account for
suppression of autophagy and apoptosis, suggesting a role for inhibition of apoptosis,
excessive autophagy, or both, in the neuroprotection of M/R144 (Zhong, et al., 2020). In
contrast, a non-coding RNA, MIR30D-5p, negatively regulated BECN1 levels, resulting in
dampened adaptive autophagy and neuronal death in hypoxic-ischemic rats (F. Zhao, et al.,
2017). Likewise, MIR497was shown to inhibit adaptive autophagy induction, whereas
suppression of M/R497 enhanced neuronal autophagy and ameliorated IS-induced injury in
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murine models (X. Chen, et al., 2019). These findings denote the therapeutic potential of
several miRNASs as both positive and negative regulators for adaptive and maladaptive
autophagy in IS.

Ample evidence has uncovered regulation of miRNAs by various organismal and cellular
stress. On the other side of the coin, both up- and down-regulation of miRNAs can activate
ample stress responses in mammalian cells (Akkoc & Gozuacik, 2020). Recent focus on
autophagy regulation by way of miRNAs has denoted an emerging field in the molecular
biology aspect of autophagy. Human body contains nearly 2000 miRNAs and 30000 genes
that produce proteins. These miRNAs regulate almost 60% of these 30000 genes (Friedman,
Farh, Burge, & Bartel, 2009). Moreover, a growing body of evidence has indicated that more
than one miRNA (several miRNAS) concurrently regulate the expression of genes encoding
proteins involved in autophagy or encoding autophagy regulators such as AKT1, AMPK,
and mTOR (H. Zhu, et al., 2009). In other words, several miRNAs can target one given
autophagy gene, and therefore, creating a rather diverse responses in autophagy. Hence,
miRNAs may serve as potential tools for the regulation of adaptive and maladaptive
autophagy. To overcome these apparent disadvantages, novel approaches should focus on
manipulating the entire network of miRNAs rather than a single miRNA to ensure optimized
or specific regulation of autophagy under ischemia. Successful development of these novel
approaches should enable us to apply miRNAs as new clinical tools for the management of
IS.

4. 3. Role of stem cells in the regulation of adaptive and maladaptive autophagy

Transplantation of BMSCs was explored in recent years as a potential therapeutic avenue in
IS. Findings from murine models of IS have revealed that BMSCs transplantation attenuated
maladaptive autophagy while promoting UPS in IS (Tadokoro, et al., 2020b). Following IS
insult, sEV secreted by human-induced pluripotent stem cells-derived mesenchymal stem
cells (iPSC-iMSC) were reported to shrink cerebral infarct volume, increase angiogenesis,
and mitigate neurological impairments through undermining maladaptive autophagy in a
STAT3-dependent manner /n vitroand in vivo. This finding revealed the therapeutic
potential of iPSC-iMSC-secreted SEV against cerebral ischemia (Xia, et al., 2020). Given
that SEV contains both RNA and protein molecules, further experiments are desired to
unravel how these molecules interact to modulate STAT3 signaling and autophagy. In
particular, emphasis should be focus on possible autophagy-dependency of sSEV-induced
neuroprotection using loss-of-function experimental approaches for autophagy (such as A7G
genes knockdown rather than using 3-MA) (Xia, et al., 2020).

Co-culturing ADMSCs in an /n vitromodel of IS also yielded neuroprotective effects by
way of SEV. It was revealed that SEV-residing M/R25-3p attenuated maladaptive autophagy
via interacting with TP53 resulting in blockade of the TP53-BNIP3 signaling cascade in
both /n vitroand in vivo settings of IS, suggesting that M/R25-3p is a key factor in the anti-
autophagic property of ADMSCs-produced sEV (Kuang, et al., 2020). Moreover, astrocyte-
secreted exosomes inhibit maladaptive autophagy by transferring M/R190B to suppress
autophagy in HT22 cells under OGD conditions (Pei, Li, Zhu, & Zhou, 2020). Additionally,
cerebral I/R injury-induced activation of the NLRP3 inflammasome underlies pyroptosis-
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mediated neuronal cell death, which is negatively controlled by mild induction of autophagy.
BMSCs-secreted exosomes, which trigger adaptive autophagy through AMPK and suppress
inflammation, lead to inhibition of pyroptosis in cerebral I/R injury (Zeng, et al., 2020). In
this context, stem cells hold the promise as a therapeutic avenue to induce adaptive
autophagy and suppress maladaptive autophagy in neuronal cells upon IS challenge.

One of the limitations associated with BMSC transplantation is that it regulates autophagy
and UPS within 30 minutes following IS challenge. To this end, the effect of the
transplantation might decline after 30 minutes (Tadokoro, et al., 2020a). More importantly,
iMSC-secreted SEV not only suppresses maladaptive autophagy, but also remarkably
enhances blood vessel formation (angiogenesis) (Xia, et al., 2020). Ample clinical and
experimental evidence has consolidated a close correlation among angiogenesis,
neurovascular remodeling, remyelination, and lessened neural injury, resulting in
improvement of functional recovery ensuing IS (Brumm & Carmichael, 2012; Krupinski,
Kaluza, Kumar, Kumar, & Wang, 1994). However, extensive preparation of MSCs is not
readily available with the current techniques, while donors-obtained MSCs are usually
insufficient. Moreover, multiple factors (e.g., age and health status for donors) might also
affect the differentiation and growth potential of these cells, which greatly hinder their
therapeutic and clinical efficacies (Hu, et al., 2015). Besides, MSC-sEV-mediated
suppression of autophagy relies heavily on substances secreted by these MSC-sEV vesicles,
mainly, miRNAs. Thus, as mentioned above, application of miRNAs for autophagy
regulation should represent an emerging field, which would require further explorations to
pave the way for optimal clinical application of MSC-derived SEV.

4. 4. Electroacupuncture (EA) as a potential solution for maladaptive autophagy

Over the past years, exploration for the impact of EA on permanent pathological insults such
as inflammation, neuropathy, and cancer has grown dramatically. EA, particularly, in the
frequency range of 2-10 Hz, activates various chemicals such as the pain relief opioids
attenuate proinflammatory cytokines, norepinephrine, and serotonin (R. Zhang, Lao, Ren, &
Berman, 2014). In addition to pharmacotherapy, EA may also benefit neurological deficits in
IS patients following brain I/R injury through suppression of CASP3, ATG7, and LC3B/A,
as well as elevated PI3K expression and phosphorylation of mMTORC1, AKT1, LAMP1, and
SQSTMI, resulting in concerted attenuation of apoptosis and maladaptive autophagy (M.-
M. Wang, et al., 2020). Besides, EA averts maladaptive autophagy via potentiating the
WNT-GSK-3 signaling cascade, resulting in GSK-3p inhibition in conjunction with
mMTORC1 activation (Chengyu Chen, et al., 2020). In a rat model of cerebral I/R injury, EA
was associated with improved neuronal survival, reduced infarct size, and improved
dendritic spine density via activation of a SIRT1-FOXO1 axis, resulting in autophagy
inhibition, implying that potentiating SIRT1-mediated inhibition of autophagy might lessen
unrestrained induction of autophagy (Mei, et al., 2020). Moreover, EA was shown to inhibit
maladaptive autophagy under central post-stroke pain (CPSP) in hippocampus through a
PTGS2-CTNNB1-dependent manner (L. Zheng, et al., 2020). EA treatment offers
neuroprotection, the effect of which is attributed to the inhibition of ER stress-induced
maladaptive autophagy and apoptosis in cerebral I/R injury (X. Sun, H. Liu, et al., 2020).
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How EA protects from neuronal damage in stroke, beyond simply a correlation with
autophagy pathways, remains largely elusive.

Taken together, EA alleviates neurological injuries and symptoms, as well as attenuates
cerebral infarction size in rat models (Xing, Wang, Feng, Dong, & Zhang, 2018). EA
pretreatment downregulates apoptotic genes and blocks apoptosis in ischemic penumbra (X.
Xue, et al., 2014). Also, EA preconditioning is capable of alleviating I1S-mediated cerebral
impairment through autophagy suppression (Z. Wu, Zou, Zou, Zhou, & Cui, 2015).
However, some evidence indicated that the neuroprotective function of EA preconditioning
was attributed to autophagy upregulation (Z.-Q. Wu, Cui, Zhu, & Zou, 2016). These
controversies can be explained by different time points of EA implementation or different
stages of pathology prior to application of EA. Therefore, the difference in the timing of
intervention and pathological stage of stroke may impact the clinical efficacy of EA as a tool
for autophagy regulation, suggesting the necessity of optimized treatment modality (timing
of intervention and disease stage) for proper application of EA in clinics.

4.5. Physical exercise and caloric restriction on the maintenance of adaptive autophagy

Besides genetic, environmental factors including diet, physical exercise, and age can
potentially influence predisposition, prevention, and recovery of IS (X. Gao, Yang, &
ZhiPing, 2006). Exploration of the implication of total antioxidant capacity in the
predisposition to HS and IS revealed that antioxidants contributed to the alleviation of IS but
had no effect on HS in a cohort study, while high-dose of vitamin E uptake potentiated the
risk of HS (Del Rio, et al., 2011). These findings suggest that diets rich in antioxidants
should help to rescue or prevent cerebral ischemia in vulnerable individuals. Besides, a
Mediterranean-style diet, which includes olive oil, fish, whole grains, vegetables, and fruits,
was demonstrated to lower IS incidence and vascular events, and improve cardiovascular
health in the northern Manhattan cohort study (Gardener, et al., 2011). Based on this
observation, the Mediterranean-style diet may hinder the outbreak of IS among populations.
Moreover, enhanced uptake of flavanone subclass (like citrus fruit) attenuated the risk of
incidence in a study that included 69622 women and followed up for 14 years (Cassidy, et
al., 2012). Also, scrutiny of the impact of magnesium-rich diet on IS revealed that low serum
level of magnesium enhanced IS risk through its effect on diabetes mellitus and hypertension
among white and black participants, suggesting a fundamental role of magnesium-rich diet
in the prevention of 1S (Ohira, et al., 2009). Moreover, seven cohort studies substantiated
that overconsumption of red meat, particularly, processed meat enhanced the risk of
developing IS (Cuili Yang, et al., 2016). Furthermore, another cohort study revealed a
positive correlation between whole milk intake and intracerebral hemorrhage risk, as well as
between subarachnoid hemorrhage and yogurt usage (Larsson, et al., 2009). Interestingly,
Morgenstern and team observed a remarkable correlation between sum of fast-food
restaurants and stroke incidence in the neighborhoods in a community-based investigation
(Morgenstern, et al., 2009). Therefore, abstaining from overconsumption of fast foods, red
meat, and certain dairy products can substantially decrease the risk of stroke. Taken together,
dietary attitudes or desire can determine how much an individual is at risk of 1S and also
prognosis for recovery after the stroke attack.
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Age is another risk factor that can influence IS incidence or recovery among populations.
Elderly individuals are at more risk of IS and usually suffer severe post-stroke effects (R.-L.
Chen, Balami, Esiri, Chen, & Buchan, 2010). In a group of 2219 stroke patients in a cohort
study, the association between recovery and age was analyzed and results indicated that
young patients (<55 years of age) exhibited maximum improvement and faster functional
recovery compared to older populations (>55 years of age). Nonetheless, age should not be
considered as a limiting factor in rehabilitation among stroke patients (Kugler, Altenhdner,
Lochner, & Ferbert, 2003). Also, in another independent cohort study, neurological defects
and disabilities observed in stroke patients six months after stroke attack were more
prominent in elderly individuals, particularly, in elder women (with adjusted stroke
subtypes) (Kelly-Hayes, et al., 2003). Examining the correlation between age and functional
recovery in stroke patients during the post-ischemic period (3 months after stroke attack)
revealed that age would inversely predict the outcome independent of gender, thrombolysis,
and severity/etiology of stroke attack (Knoflach, et al., 2012).

Physical exercise also exhibits some rehabilitative potentials. Nonetheless, it is imperative to
know when to engage regular exercise following stroke attack. In an MCAOQ rat model, 30
minutes of Rota-Rod exercise 6 hours after the reperfusion exacerbated apoptotic cell death,
as manifested by upregulation of BAX and CASP3. However, 30 minutes of exercise 24
hours or 3 days after reperfusion did not elicit such effect, indicating that early physical
exercise should not be practiced as it may exacerbate stroke outcomes (F. Li, et al., 2017).
Resistance exercise for 12 weeks (each week for three times) improved state and trait
anxiety in stroke patients one year after the stroke in a pilot study (Aidar, et al., 2012).
Besides, physical exercise remarkably attenuated infarct volume augmented neural function,
reduced neural apoptosis, and increased the number of neural progenitor cells through
activation of IGF1/AKT1 signaling cascade following IS insult (H.-Q. Zheng, et al., 2014).
Moreover, Sprague-Dawley rats undergoing exercise before MCAQ, retrieved more
functional cells in the infarct arena, had superior angiogenesis and exhibited better motor
performance after MCAO compared with the non-exercising rats (H. Zhang, Lee,
Borlongan, & Tajiri, 2019). These data convincingly support the notion that lack of physical
exercise enhances the incidence of IS in all populations. Overall, these observations imply
that maintenance of an active lifestyle and moderate physical exercise should help to prevent
IS or alleviate post-stroke injuries.

Of note, in an ARIC (atherosclerosis risk in communities) study, diabetes mellitus was
deemed a strong risk factor for IS (Folsom, et al., 1999). Also, insulin resistance, increased
levels of fasting insulin, and larger waist-to-hip ratio greatly escalated IS risk (Folsom, et al.,
1999). In another ARIC study, elevated levels of factor XI were correlated with enhanced
risk of IS. Therefore, individuals with elevated levels of factor X1 are at a much higher risk
for IS (Suri, Yamagishi, Aleksic, Hannan, & Folsom, 2010). Exploration of the correlation
among intake of vegetables, fruits, refined-grain, and whole-grain, and coronary artery
disease (CAD), total mortality, and IS in an ARIC cohort study exhibited a tie between
consumption of these foods and CAD but not IS, raising the controversy for food
consumption and prevalence of IS (Steffen, et al., 2003). In sum, various environmental
factors can contribute to IS, and atherosclerosis, which is associated with dietary attitudes

Pharmacol Ther. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ajoolabady et al.

Page 21

and lifestyle, is a potential contributor to IS. In the following sections, we aim to discuss the
correlation between environmental factors and autophagy in IS.

Physical exercise and caloric restriction are two essential components for a healthy lifestyle.
Physical exercise is referred to as regular, scheduled, and well-balanced physical activity
that maintains normal brain physiology and health (Andreotti, et al., 2020; Haili Tian, Chen,
& Ren, 2019; N. N. Wu, et al., 2019). Ample evidence suggests that mild physical exercise
promotes autophagy and prevents maladaptive autophagy (Fig. 3) (H. Tian, et al., 2020).
Mild exercise also activated autophagy and mitophagy, leading to the prevention of
neurodegeneration in substantia nigra in aged murine models (Almeida, et al., 2018). It was
revealed that physical exercise triggers AMPK activation, to inhibit mMTORCL1 and activate
autophagy. Activated AMPK also triggered FOXOs to upregulate ATG proteins and LC3B
(Fig. 1) (Batatinha, Diniz, de Souza Teixeira, Kriiger, & Rosa-Neto, 2019; Schwalm, et al.,
2015).

Moreover, treadmill exercise suppressed maladaptive autophagy, impeded translocation and
binding of HMGB1 to BECNL, reduced apoptosis and infarct size, and improved IS
recovery, indicating an essential role of treadmill exercise in ameliorating neurological
deficits in IS (G. Pan, et al., 2020). In addition, treadmill exercise following IS overtly
inhibited maladaptive autophagy and autophagy-mediated SQSTM1 degradation, thus,
ameliorating cerebral infarction (L. Zhang, et al., 2014). The late Beth Levine’s group also
showed that treadmill exercise triggered adaptive autophagy in cerebral cortex, which
boosted neurological cognitive function in adult rats (C. He, Sumpter, & Levine, 2012).
These data have suggested that treadmill exercise induces adaptive autophagy while
suppressing maladaptive autophagy. Moreover, 12 weeks of treadmill exercise, induced
adaptive autophagy via increased phosphorylation/inactivation of GSK-3p, leading to
reduced hyperphosphorylation of MAPT in the cerebral cortex, and thereby, attenuation of
cognitive decline in rat models (E.-B. Kang & Cho, 2015). Furthermore, endurance exercise
triggered autophagy, boosted anabolic state, and enhanced mitochondrial turnover via
mitophagy induction in a manner dependent upon AMPK and MAPKS activation (Fig. 1) in
murine brain cortex (Kwon, Jang, & Lee, 2021). Moreover, endurance exercise upregulated
autophagy-associated genes such as BECN1, LC3A, and SQSTM1, and enhanced
neurogenesis via AKT1/mTORC1/RPS6KBL1 axis in the hippocampus, suggesting that both
autophagy and neurogenesis are activated by endurance exercise (Jang, 2020). Besides,
ultraendurance exercise (long-distance running) upregulated BNIP3 (Fig. 1) and enhanced
autophagic flux in human muscles, favoring the benefit of endurance exercises on
cytoprotective autophagic flux (Jamart, et al., 2012). Acute exercise also instigated
autophagy in cardiac and skeletal tissues through a mechanism dependent upon BCL2/
BECNL1 dissociation (Fig. 1) (C. He, Bassik, et al., 2012). Luo and co-workers found that
freestyle swimming exercise (10 weeks [5 days per week, each day for 30 minutes])
promotes autophagy and lysosomal degradation in the hippocampus, leading to improved
cognitive function in rats (L. Luo, et al., 2017). Also, running exercise, particularly,
prolonged exercise (5 days per week for 8 weeks, wheel running 18 rpm for 1 hour)
promoted autophagy through TFEB (transcription factor EB ) activation, leading to
upregulation of autophagy and lysosomal genes in the brain cortex, which improved its
functions (J. Huang, et al., 2019).
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Caloric restriction, or reduced caloric uptake without malnutrition, protects against cerebral
ischemia by inducing adaptive autophagy. Jeong and associates explored the effects of two-
week intermittent fasting after cerebral ischemia in a rat IS model and noted that intermittent
fasting lessens cerebral edema, infarct size, neuronal apoptosis, and autophagosome
accumulation to ameliorate defective adaptive autophagy (Jeong, et al., 2016). Caloric
restriction enhances ghrelin in the plasma and NPY in the hypothalamus, to impose
neuroprotection via autophagy activation in murine cortical neurons. Besides, NPY and
ghrelin exhibit synergistic effects (Ferreira-Marques, et al., 2016). Similarly, short-term
fasting overtly triggers adaptive autophagy in Purkinje cells and cortical neurons (Alirezaei,
et al., 2010). Fisetin is also a caloric restriction mimetic, which is reported to upregulate
autophagic genes such as BECN1, ATG3, and SIRT1, and attenuates inflammation in aged
brain models (Singh, Singh, Garg, & Rizvi, 2018). Overall, physical exercise and caloric
restriction are strategies to maintain mild autophagy. Nonetheless, further studies are
warranted to determine optimal intensity and duration of physical exercise, the extent of
caloric restriction, and limitations of generalizing from animal studies to human for the most
appropriate autophagy management (Fig. 3, 4).

5. Challenges of targeting autophagy in the management of IS

Although studies to delineate and classify types of dysfunctions in adaptive autophagy of
neuronal cells upon IS are missing, it can be assumed that autophagy dysfunctions might
occur at different stages of autophagy such as initiation, elongation, and maturation, or in
pre-autophagic signaling pathways (Mizushima & Levine, 2020; Yingmei Zhang, et al.,
2018; Y. Zhang, Whaley-Connell, Sowers, & Ren, 2018). Given the supposed complexity of
autophagy deficits, activating autophagy via manipulating a certain molecule or cell
signaling pathway such as inhibition of mMTORC1 might not fully and properly reinvigorate
adaptive autophagy in ischemia. To this end, in an effort to maintain efficient management of
IS by manipulating autophagy (either during or after stroke attack), future studies might
reveal various defects of autophagy in its sequential stages or upstream signaling pathways.
In line with this, we offer “holistic targeting” intervention which in our terminology refers to
developing therapeutics or pharmaceutical agents which specifically target/modulate a wide
spectrum of autophagy regulators/defects to reinvigorate adaptive autophagy in neuronal
cells. Developing agents that combat defective autophagy in various diseases including IS
requires novel technologies and collaboration of scientists in almost all fields.

We also propose that mammalian cells might possess the “intrinsic autophagy repairing
systems” to reinitiate autophagy once it becomes defective. In other words, mammalian cells
might maintain an intrinsic capacity to counteract autophagy defects or induce autophagy
via alternative pathways, via hitherto unidentified mechanisms or processes. Scientific proof
for this scenario is that master regulators of autophagy such as AMPK are subjected to many
other regulations (Lee & Kim, 2010). For instance, intracellular Ca?*, CAMKK2, CALM
(Fig. 1), PRKACA, STK11, and SESN1 are among essential AMPK regulators (K. Wu, et
al., 2016). We believe that neuron cells can reinitiate autophagy by controlling these
regulators. However, further investigations are warranted to demonstrate such mechanisms in
neuron cells. Thus, deciphering these mechanisms; then, potentiating neuronal cells to
engage these mechanisms in the aftermath of IS, might be a new era in therapeutic
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manipulation of autophagy. Regarding the complexity of autophagy during starvation (Walls,
et al., 2010), the starvation-induced autophagy might unveil or disclose possible “intrinsic
autophagy repairing systems” in neuronal cells under ischemia.

Considering crosstalk between autophagy and apoptosis (Fig. 5), a number of studies have
shown adaptive autophagy induction while circumventing apoptosis. For instance, under
nutrient deprivation, the STK11-AMPK signaling cascade was activated leading to
phosphorylation and stabilization of CDKN1B at Thr 198 which then potentiated
mammalian cells to suppress apoptosis to combat metabolic crisis through autophagy
induction (Liang, et al., 2007). Therefore, the STK11-AMPK-CDKN1B pathway is a
potential link between autophagy induction and apoptosis inhibition. As mentioned above,
inhibition of AKT1 triggers both autophagy and apoptosis, and AKT1 activation blocks both
autophagy and apoptosis. In this regard, under nutrient deprivation, SPHK1 was
overexpressed which accounted for S1P production and subsequent induction of autophagy
through mTORCL inhibition, independent of AKT1, and any apparent participation of
BECNL. Silencing of ATG7 and SK1 resulted in autophagy ablation during starvation and
induced apoptotic cell death (Lavieu, et al., 2006). Taken together, future studies might teach
us how to induce adaptive autophagy from pathways that circumvent apoptosis.

As aforementioned, excessive autophagy is characterized by accumulated autophagosomes.
Although accumulated autophagosomes may result in massive degradation of cellular
components and ACD onset, the underlying causes of autophagosome accumulation and
their role in cell death induction require further scrutiny. From the cellular perspective, the
number of autophagosomes exceeds that of lysosomes in the realm of unchecked autophagy
(Malicdan, Noguchi, Nonaka, Saftig, & Nishino, 2008), leading to the accumulation of
autophagosomes. However, this might not be the only explanation for autophagosome
accumulation for maladaptive autophagy. The below questions are also needed to be
answered in future studies:

. Is excessive or persistent induction the only mode of maladaptivity in
autophagy? Which processes or mechanisms might constitute maladaptive
autophagy?

. What non-canonical pathways might trigger autophagy from pathways that are

detrimental to the survival of mammalian/neuronal cells?

. Does affinity of interactions between BECN1 and ATG proteins or pre-apoptotic
proteins (such as caspases) determine to what degree BECN1 molecules are
cleaved and thereby contribute to apoptosis? Or are there other factors that affect
the fate of upregulated BECN1 molecules?

. How to define an appropriate threshold beyond which autophagy would be
irreversible? Do mathematical models for quantifying active ATG levels (the
number of active ATG molecules that participate in autophagy) work?
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6. Concluding remarks

Accumulating evidence has convincingly noted presence of both adaptive and maladaptive
autophagy following IS challenge, resulting in either alleviation or exacerbation,
respectively, of brain injury. Given that much of the supporting evidence is originated from
animal studies, human confirmation is needed to corroborate the experimental findings. As
aforementioned, the main strategy for the management of maladaptive or unchecked
autophagy is to employ compounds that suppress autophagy genes or signaling components
responsible for autophagy induction. However, this strategy has failed to fully suppress
maladaptive autophagy in the face of IS, indicating the complexity of managing maladaptive
autophagy. That is because maladaptive autophagy does not necessarily occur via excessive
activation of a certain autophagy regulator such as AMPK, but rather might be the result of
excessive activation of multiple molecules and pathways involved in autophagy. Thus,
developing multipotential agents to impose desired effects on autophagy might allow for
entirely new therapeutic interventions in IS management.
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List of abbreviations in alphabetical order:

ADMSCs (adipose-derived MSCs)

AKT1 (AKT serine/threonine kinase 1)

AIFM1 (apoptosis inducing factor mitochondria associated 1)
AMPK (5’ adenosine monophosphate-activated protein kinase)
ATF6 (activating transcription factor 6)

ATG3 (autophagy related 3)

ATG5 (autophagy related 5)

ATG7 (autophagy related 7)

ATG9A (autophagy related 9A)

BAD (BCL2 associated agonist of cell death)

BBB (blood-brain barrier)

BBC3 (BCL2 binding component 3)
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BAX

BCL2

BECN1

BMECs

BMSCs

BNIP3

BSCL2

CALCOCO2/NDP52

CALM1
CALM?2
CASP1
CASP3
CASP9
CCND1
cGMP
CLCN3/CIC-3
CDKN1B
CTNNBL1
CX3CL1

DEX

DNM1L
DRAM2
EIFAE
EIF2AK3/PERK
ERN1/IREla

EZH2

FGF2

FKBP5
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(BCL2 associated X, apoptosis regulator)

(BCL2 apoptosis regulator)

(beclin 1)

(brain microvascular endothelial cells)

(bone marrow stromal cells)

(BCL2 interacting protein 3)

(BSCL2 lipid droplet biogenesis associated, seipin)
(calcium binding and coiled-coiled domain 2)
(Calmodulin 1)

(calmodulin 2)

(caspase 1)

(caspase 3)

(caspase 9)

(cyclin D1)

(cyclic guanosine monophosphate)

(chloride voltage-gated channel 3)

(cyclin dependent kinase inhibitor 1B)

(catenin beta 1)

(C-X3-C motif chemokine ligand 1)
(dexmedetomidine)

(dynamin 1 like)

(DNA damage regulated autophagy modulator 2)
(eukaryotic translation initiation factor 4E)
(eukaryotic translation initiation factor 2 alpha kinase 3)
(endoplasmic reticulum to nucleus signaling 1)

(enhancer of zeste 2 polycomb repressive complex 2
subunit)

(fibroblast growth factor 2)

(FKBP prolyl isomerase 5)
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FOXO03
GJA1/connexin-43
GSK-3p/GSK3B
GRB2
HIF1A/HIF1a,
HMGB1
HUMSCs
HUVECs

IGF1

KDR

LAMP1

LAMP2

LPS

3-MA

MALAT1
MAPK1
MAPKS8/INK1
MAP1LC3B/LC3B
MAPT

MCAO

MEG3

MMP

MTMR14

mTORC1

MYHY/NMMHC-IIA

NFKB1/NF-xB
NFKBIA/kBa
NLRP3

NMDARs
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(forkhead box O3)

(gap junction protein alpha 1)

(glycogen synthase kinase 3 beta)

(growth factor receptor bound protein 2)

hypoxia inducible factor 1 subunit alpha

(high mobility group box 1)

(human umbilical mesenchymal stem cells)

(human umbilical vein endothelial cells)

(insulin like growth factor 1)

(kinase insert domain receptor)

(lysosomal associated membrane protein 1)
(lysosomal associated membrane protein 2)
(lipopolysaccharide)

(3-methyladenine)

(metastasis associated lung adenocarcinoma transcript 1)
(mitogen-activated protein kinase 1)
(mitogen-activated protein kinase 8)

(microtubule associated protein 1 light chain 3 beta)
(microtubule associated protein tau)

(middle cerebral artery occlusion)

(maternally expressed 3)

(mitochondrial membrane potential)

(myotubularin related protein 14)

(mechanistic target of rapamycin kinase complex 1)
(myosin heavy chain 9)

(nuclear factor kappa B subunit 1)

(NFKB inhibitor alpha)

(NLR Family Pyrin Domain Containing 3)

(N-methyl-d-aspartate receptors)
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NOD1
NOX5
OCLN
NPY
OGD
OPRD1
OPTN
PDESA
PI3K
PIK3C3/VPS34
PINK1

PRKAG2

PRKCD
PRKC/PKC
PRKG1

PKG
PPP1R12A
PRKACA
PRKN
PTGS2
PtdIns(3,5)P,
PtdIns(3,4)P»
PTEN

RHEB
RHOA
RNF146
RPS6KB1

ROCK1
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(nucleotide binding oligomerization domain containing 1)
(NADPH oxidase 5)

(occludin)

(neuropeptide Y)

(oxygen-glucose deprivation)

(opioid receptor delta 1)

(optineurin)

(phosphodiesterase 5A)

(phosphatidylinositol 3-kinase catalytic subunit type 3)
(phosphatidylinositol 3-kinase catalytic subunit type 3)
(PTEN induced kinase 1)

(protein kinase AMP-activated non-catalytic subunit
gamma 2)

(protein kinase C delta)

(protein kinase C)

(protein kinase cGMP-dependent 1)

(protein kinase G)

(protein phosphatase 1 regulatory subunit 12A)
(protein kinase cAMP-activated catalytic subunit alpha)
(parkin RBR E3 ubiquitin protein ligase)
(prostaglandin-endoperoxide synthase 2)
(phosphatidylinositol 3,5-bisphosphate)
(phosphatidylinositol 3,4-bisphosphate)
(phosphatase and tensin homolog)

(Ras homolog, mTORC1 binding)

(ras homolog family member A)

(ring finger protein 146)

(ribosomal protein S6 kinase B1)

(Rho associated coiled-coil containing protein kinase 1)
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ROS
RTN4
S1P

SEV
SESN1
SIRT1
SNHG3
SPHK1
SQSTM1/p62
SRC
STAT1
STAT3
STK11
STX17
TIGAR
TNF
TP53/p53
tPA

TRPM7

TSC1
TSC2
ULK1
ULK?2
UPS
VEGFA/C

WNT

(reactive oxygen species)

(reticulon 4)

(sphingosine 1-phosphate)

(small extracellular vesicles)

(Sestrin 1)

(sirtuin 1)

(small nucleolar RNA host gene 3)

(sphingosine kinase 1)

(sequestosome 1)

(SRC proto-oncogene, non-receptor tyrosine kinase)
(signal transducer and activator of transcription 1)
(signal transducer and activator of transcription 3)
(serine/threonine kinase 11)

(syntaxin 17)

(TP53 induced glycolysis regulatory phosphatase)
(tumor necrosis factor)

(tumor protein p53)

(tissue plasminogen activator)

(transient receptor potential cation channel subfamily M

member 7)

(TSC complex subunit 1)

(TSC complex subunit 2)

(unc-51 like autophagy activating kinase 1)
(unc-51 like autophagy activating kinase 2)
(ubiquitin-proteasome system)

(vascular endothelial growth factor A/C)

(Wnt family member)
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Fig. 1.

IS perturbs autophagy homeostasis through distinct mechanisms. IS provokes deprivation of
oxygen and nutrient as a result of interrupted blood flow. Loss of glucose and amino acids
overtly promotes accumulation of AMP, Ca2*, and ROS in the cytosol of neurons.
Overproduction of AMP turns on the master regulator of autophagy, AMPK, which
facilitates upregulation of ATG proteins, inhibition of mMTORCL1, and activation of ULK1.
Elevated levels of Ca2* also activate AMPK and depolarize mitochondrial membrane, which
would in turn evoke mitophagy and ROS production. In response to ROS generation, AMPK
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and transcriptional factors are activated to further promote ATG proteins and mitophagy
receptors. Ultimately, activated ATG proteins pave the way for the initiation of autophagy to
foster the clearance of long-lived or damaged organelles, and superfluous proteins through
the autophagosomal-lysosomal fusion. ULK1-ATG13-ATG101-RB1CC1/FIP200 form the
autophagy initiation complex, BECN1-NRBF2-ATG14-PIK3R4/VPS15-PIK3C3/VPS34
form the class 111 phosphatidylinositol 3-kinase complex, which aids the initiation complex
in the formation of phagophores, and the ATG12-ATG5-ATG16L1 complex mediates
lipidation of LC3A and formation of autophagosomes around damaged organelles or certain
cargos. Excessive induction of autophagy results in cell death (ACD/autosis), whereas
normal/mild induction improves neuronal survival in IS (Ajoolabady, Aghanejad, et al.,
2020; Ghislat & Knecht, 2015; Mrakovcic & Fréhlich, 2018; J. Ren, et al., 2020; Simon,
Friis, Tait, & Ryan, 2017).

Abbreviations: CAMKK2 (calcium/calmodulin dependent protein kinase kinase 2), DAPK
(death associated protein kinase), Ub (ubiquitin), FUNDC1 (FUN14 domain containing 1),
RPTOR/raptor (regulatory associated protein of mMTOR complex 1), JUN/C-Jun (Jun proto-
oncogene, AP-1 transcription factor subunit), GABARAPL1 (GABA type A receptor
associated protein like 1), DRAM (DNA damage regulated autophagy modulator), DDIT4
(DNA damage inducible transcript 4), RB1CC1/FIP200 (RB1 inducible coiled-coil 1),
NRBF2 (nuclear receptor binding factor 2), PIK3R4/VPS15 (phosphoinositide-3-kinase
regulatory subunit 4), UVRAG (UV radiation resistance associated gene), PE
(phosphatidylethanolamine).
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IS induces ER stress, which triggers autophagy through three major ER stress sensors. IS-
induced ER stress mediates EIF2AK3 dimerization and activation. EIF2AK3
phosphorylates/activates EIF2A/elF2a., which induces reticulophagy (selective autophagy of
the ER) via selective translation of ATG12 leading to alleviation of ER stress. EIF2AK3
primarily induces adaptive autophagy via activation of ATF4 and NFE2L2/Nrf-2 proteins,
which translocate to the nucleus and induce autophagy via distinct machineries. AMPK
activation, upregulation of BECN1 and A7G genes, and mTORC1 inhibition are the main
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mechanisms of ATF4-mediated autophagy. NFE2L2/Nrf-2 also induces autophagy through
upregulation of autophagy-associated proteins. Upon ER stress insult, ERN1 also undergoes
autophosphorylation and homodimerization. Activated ERN1 induces activation of MAPK8
which translocates to the nucleus and induces autophagy via the upregulation of BECN1 and
ATG genes. The endoribonuclease domain of ERN1 cleaves XBPZ mRNA, which produces
XBP1s that translocates to the nucleus and induces autophagy through upregulation of
BECN1 and A7G genes. The third branch of UPR, ATF®6, also translocates to the Golgi and
gets cleaved by MBTPS1/S1P and MBTPS2/S2P, which produces activated ATF6 which
translocates to the nucleus, triggers adaptive responses, and upregulates DAPK, to evoke
autophagy. Autophagy initially acts as an adaptive response element that relieves ER stress.
However, severe ER stress induces maladaptive autophagy, leading to neuronal cell death
(Amir Ajoolabady, et al., 2021; Fusakio, et al., 2016; Jurkin, et al., 2014; Papaioannou, et
al., 2018; Radanovic, et al., 2020; Urra, et al., 2018; D. Wang, et al., 2018; Yucel, et al.,
2019)

Abbreviations: HSPA5/Bip (heat shock protein family A (Hsp70) member 5), MAP2KY2
(mitogen-activated protein Kinase kinase ¥2), RRAS (RAS related), RAF1 (Raf-1 proto-
oncogen, serine/threonine kinase), EIF2A/elF2a (eukaryotic translation initiation factor
2A), TRAF2 (TNF receptor associated factor 2), MAP3KS5 (mitogen-activated protein kinase
kinase kinase 5), RPS6KA3 (ribosomal protein S6 kinase A3), XBP1 (X-box binding
protein 1), MBTPSY: (membrane bound transcription factor peptidase, site ¥2), MAPK3/
ERK1 (mitogen-activated protein kinase 3), XBP1s (spliced X-box binding protein 1), ATF4
(activating transcription factor 4), DDIT3/CHOP (DNA damage inducible transcript 3),
SESN2 (sestrin 2), AMP (adenosine monophosphate).
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Caloric restriction and physical exercise maintain adaptive autophagy. Carbohydrate
restriction induces mild generation of ROS in the cytosol, which activates the MAPK1/
ERK2-MAPK3/ERK1 pathways leading to the upregulation of BECNL1. Besides, IKK
activation mediates activation of potential autophagy regulators and elements such as
AMPK, BECNL1, and MAPKS. The PI3K-AKT1-NFE2L2/Nrf-2 pathway also leads to
nuclear translocation of NFE2L2/Nrf-2 and autophagy activation. Both carbohydrate and
amino acid restriction culminate in accelerated AMP levels in the cytosol and subsequent
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AMPK activation. Reduced GlIn uptake blocks Golgi-mediated mTORC1 activation and
ATP-mediated formation of mMTORC1 components. Leu restriction mediates SH3BP4
activation and LARS/LRS and GATOR? inhibition all of which culminates in autophagy
induction via suppression of the RRAG GTPases-mTORC1 cascade. Similarly, Arg
restriction also places a stop codon on GATORZ2, which results in GATOR1 activation and
subsequent blockade of RRAG GTPases and mTORC1, and, thus, autophagy activation.
Physical exercise also mediates autophagy activation via reduced cytosolic AMP level,
activation of the PI3BK-AKT1-NFE2L2/Nrf-2 pathway, and mild ROS generation.
Abbreviations: IKK (inhibitor of nuclear factor-kappa B kinase subunit beta), GIn
(Glutamine), Leu (leucine), Arg (arginine), SH3BP4 (SH3 domain-binding protein 4),
LARS/LRS (leucyl-tRNA synthetase), STK11/LKBL1 (serine/threonine kinase 11), FOS/C-
Fos (Fos proto-oncogene, transcription factor subunit), CDKN1B/p27/Kipl (cyclin
dependent kinase inhibitor 1B), TTT (Tel2-Ttil-Tti2) complex, RUVBL1 (RuvB like AAA
ATPase 1), CASTORL1 (cytosolic arginine sensor for mTORCL1 subunit 1), RRAG (Ras
related GTPI binding), MLST8 (mTOR associated protein, LST8 homolog), ARF1 (ADP
ribosylation factor 1), MAPK14/p38 (mitogen-activated protein kinase 14), CAPN (calpains
protein family), GATOR2 (GTPase activating proteins toward Rags subcomplex 2),
GATOR1 (Gap Activity Toward Rags 1), NFE2L2/Nrf-2 (nuclear factor, erythroid 2 like 2),
PPARGC1A/PGC1-a (PPARG coactivator 1 alpha), GF (growth factor), IGFR (insulin like
growth factor 1 receptor).
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Fig. 4.
Strategies for manipulation of autophagy in IS management. Depicted natural compounds

have the potential to induce adaptive autophagy or block maladaptive autophagy via
manipulation of autophagy elements. Certain natural autophagy inducers have been reported
to mildly turn on several autophagy regulators, leading to adaptive autophagy and alleviation
of IS. Physical exercise and caloric restriction are the most suitable, conventional and
applicable measures to maintain adaptive autophagy and alleviate 1S.(Ajoolabady;,
Aslkhodapasandhokmabad, Aghanejad, Zhang, & Ren, 2020)
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Abbreviations: SIRT3 (sirtuin 3), RAB7 (RAB7, member RAS oncogene family), VDAC1
(voltage dependent anion channel 1).
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Crosstalk between autophagy and apoptosis in IS
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Abbreviations: FADD (Fas associated via death domain), CASP8 (caspase 8), BID (BH3
interacting domain death agonist), MTTP (microsomal triglyceride transfer protein), CASP9
(caspase 9), APAF1 (apoptotic peptidase activating factor), GRIN (glutamate ionotropic
receptor NMDA type subunits), GRIA (glutamate ionotropic receptor AMPA type subunits),

CASP7 (caspase 7), CASP2 (caspase 2), CASP10 (caspase 10).
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Therapeutic compounds suppressing maladaptive autophagy in IS
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Compounds Name/Source Therapeutic Effects/Mechanisms Ref
CK Ginsenoside monomer Suppresses maladaptive autophagy and apoptosis via (Q. Huang, et al.,
compound K (an intestinal regulating the formation of autophagosomes and inhibiting 2020)
derivative of ginseng) the AMPK-mTORC1 axis, elicits neuroprotection against
cerebral I/R injury, attenuates ROS and Ca?* overload in the
mitochondria

DEX Anxiety-reducing Substantially attenuates brain injury via inhibition of (C. Luo, etal.,

pharmaceutical agent maladaptive autophagy upon IS 2017)

Dichloromethane

Extracted from Piper longum
L. and Piper nigrum L.

Suppresses maladaptive autophagy via activation of AKT1/
mTORC1 and elicits neuroprotection

(Yiwei Zhang, et
al., 2020)

HBO Hyperbaric oxygen therapy Promotes learning and memory, attenuates inflammation and (Chunxia Chen, et
cytosolic Ca2* overload, and blocks maladaptive autophagy al., 2020)
via activation of mTORC1 and reduction of ATG5 and LC3B
upon cerebral I/R injury
Icariside 11 Icariin 1l/Baohuoside | Attenuates maladaptive autophagy in rat IS model via direct (J. Gao, et al., 2020)
interaction/inhibition of PDE5, which enhances cGMP level
and PRKG1/PKG activation, leading to GSK-3p inactivation
and autophagy inhibition
MXYF Mu-Xiang-You-Fang (Chinese | Alleviates IS, boosts cell viability and mitochondrial integrity, (H.-x. Ma, et al.,
herbal compound) and inhibits maladaptive autophagy via downregulation of 2020)
ULK1, AMPK, BECN1, and LC3A and upregulation of
MTORC1 in PC12 cells
PPF Diprivan Significantly diminishes SNCA/a-synuclein aggregation, (Y. Wang, et al.,
potentiates mMTORC1-RPS6K/S6K signaling cascade, and 2020)
suppresses maladaptive autophagy in murine IS models
Puerarin A traditional Chinese herb Alleviates cerebral dysfunction via inhibiting the expression (J.-F. Wang, et al.,

of AMPK and ULK1 thus, blocking maladaptive autophagy 2018)
Sevoflurane A methyl isopropyl ether Retards memory loss and reduces infarct volume, apoptosis, (C. X. Shi, et al.,
and maladaptive autophagy via BECN1, LC3B/A, BAD, and 2020)

CASP3 downregulation and BCL2 upregulation in murine
cerebral I/R injury. Also inhibits NFKB1 phosphorylation and
NFKBIA/kBa activation

SIGMARL1 agonist

SIGMARL1 agonist

Inhibits maladaptive autophagy and apoptosis in pericytes

(Yuan Zhang, et al.,

derived from Fallopia
multiflora

thereby, improves their survivability and IS recovery 2020)
STS Sodium tanshinone 11A Elicits remarkable neuroprotection against IS via (L. Wang, et al.,
sulfonate downregulation of autophagy elements including SIRT6, 2020)
BECNL1, and LC3B. Inhibits inflammation
TSG Tetrahydroxystilbene glucoside Alleviates neurobehavioral deficits and reduces infarct (F. Yu, et al., 2019)

volume via maladaptive autophagy inhibition in the murine IS
model
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Table 2.

Therapeutic compounds with the potential to induce adaptive autophagy in 1S
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Compounds

Name/Source

Therapeutic Effects/Mechanisms

Ref

Anthocyanin

Found in black rice,
blueberry, and raspberry

Considerably boosts autophagy, prevents oxidative stress
damage, attenuates inflammation, and blocks apoptosis in SH-
SY5Y cells IS model

(Cai, et al., 2020)

Astragaloside

A pentacyclic triterpenoid

Activates autophagy and attenuates neuronal apoptosis in HT22

(Y. Zhang, et al., 2019)

CASP1

v cells IS model
BCP B-caryophyllene Upregulates BECN1, LC3B, and BCL2 and increases (Rao, et al., 2020)
autophagosomes, downregulates SQSTML1, resulting in the
alleviation of neurological deficit and infarct volume via
adaptive autophagy activation
DEX Anxiety-reducing Induces adaptive autophagy via TSC2-mTOR signaling cascade (Chen Zhu, Zhou, Luo,
pharmaceutical agent in OGD-induced IS in astrocytes & Chen, 2020)
Eugenol Derived from Acorus Reduces neurological deficits and infarct volume by restraining (X. Sun, D. Wang, et al.,
gramineus apoptosis and restoring adaptive autophagy via manipulating the 2020)
AMPK-mTORC1-RPS6K pathway both in HT22 cells and
animal 1S models
Ezetimibe A compound used for the Lessens infarct volume and neurobehavioral deficiency prevents (J. Yu, etal., 2018)
treatment of high blood apoptosis and activates autophagy in the rat IS model
cholesterol
Geniposide Found in medicinal herbs Reinvigorates adaptive autophagy, suppresses NLRP3 (Fu, et al., 2020)
inflammasome in BV-2 microglial model of cerebral I/R injury
GK Ginkogolide K Induces autophagy and enhances the proliferation and migration (Ying Zhang & Miao,
of astrocytes upon IS 2018)
GRb1 Ginsenoside Rb1 Enhances adaptive autophagy upon cerebral I/R injury thus, (Lu, etal., 2011)
alleviates cerebral damage
Metformin Glucophage Lessens IS risk via activating autophagy in an AMPK-dependent (T. Jiang, et al., 2014)
manner
NAMPT nicotinamide Promotes cell survival via maintaining adaptive autophagy (P. Wang, et al., 2012)
phosphoribosyl
transferase
Progesterone A female hormone Reduces the production and activation of HMGB1 and NLRP3 (Espinosa-Garcia, et al.,
inflammasome, respectively, and activates adaptive autophagy in 2020)
microglia and animal 1S models
Rapamycin A natural compound Induces autophagy via mTORCL1 inhibition, resulting in (M. Wu, et al., 2018)
attenuated infarct volume, alleviated neurologic deficiency, and
boosted mitochondrial functions
Resveratrol A natural polyphenol Attenuates infarct volume via activating AMPK-mediated (Pineda-Ramirez, et al.,
autophagy/mitophagy leading to the removal of superoxide 2020)
anion and prevention of cytosolic Ca*2 overload and
mitochondrial failure in the rat IS model
Triptolide Found in thunder god vine | Induces adaptive autophagy and suppresses apoptosis following (Y. Yang, et al., 2015)
ischemia
VX-765 A selective inhibitor of Activated adaptive autophagy via the AMPK pathway, thus (Z. Sun, et al., 2020)

ameliorated inflammation and apoptosis in ameliorated IS-
induced in murine transplanted HUMSCs
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Table 3.

Vascular impairment/stroke associated with the relevant target gene mutation
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Human stroke equivalent

Relevant genes

Vascular impairment

Refs

A neonatal rat model of
brain hypoxic/ischemia

HIF1A and its target gene VEGFA
upregulate at 8 hours of reperfusion and
decline at 24 hours

After mild I/R, VEGFA may be a
potential target to confer
neuroprotection and vascular survival

(D. Mu, et al., 2003)

MCAO rat models

Early ischemic cascade induces
upregulation of VEGFand KDR in the
cortex

Downregulation of VEGFand KDR
reduces vascular impairment under
hypoxia

(Ma, Lovekamp-Swan,
Bekele, Dohi, &
Schreihofer, 2013)

A rat model of
photothrombotic ring stroke

Upregulation of VEGFA and VEGFC
and their receptors

Promote early angiogenesis after the
stroke

(Gu, Brannstrém, Jiang,
Bergh, & Wester, 2001)

Neonatal rodent MCAO
models

Upregulation of H/F1A and its
downstream signaling after a hypoxic
insult

Enhance angiogenesis, neurogenesis,
neuronal survival, and endothelial cell
proliferation after the stroke

(Shimotake, Derugin,
Wendland, Vexler, &
Ferriero, 2010)
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