AUTOPHAGY, ENDOPLASMIC
RETICULUM STRESS AND THE
UNFOLDED PROTEIN RESPONSE
IN INTRACEREBRAL HEMORRHAGE

Abstract

Intracerebral hemorrhage (ICH) is a subtype of stroke that is followed by primary and secondary brain injury.
As a result of the injury, cell metabolism is disrupted and a series of stress responses are activated, such as
endoplasmic reticulum (ER) stress and the unfolded protein response (UPR), leading to the re-establishment
of cell homeostasis or cell death. As an important mechanism of cell homeostasis, autophagy has been widely
studied, and the associations between autophagy, ER stress, and the UPR have also been demonstrated. Whether
these mechanisms are beneficial or detrimental remains a matter of controversy, but there is no doubt as to
their vital functions. An understanding of the mechanisms of injury and recovery after ICH is crucial to develop
therapeutic strategies. In this review, we summarize the related studies and highlight the roles of autophagy,
ER stress, and the UPR in disease, especially in ICH. We also provide an overview of therapeutic approaches that
target autophagy, and we discuss the prospects for modulating autophagy, ER stress, and UPR mechanisms in

ICH therapy.
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Introduction

Autophagy plays an important role in cell
[1-31.
essential

metabolism and disease pathology
This
for cell survival, facilitating the breakdown

intracellular mechanism is
and eventual recycling of macromolecules
during cellular adaptation to environmental
changes. The endoplasmic reticulum (ER) is an
organelle wherein proteins are synthesized,
matured, and secreted. When a cell experiences
stress conditions, such as starvation, redox
imbalance, altered protein glycosylation, or
protein folding defects, the normal functioning
of the ER in protein synthesis is disrupted, and
the ER switches to a stress state. As misfolded
proteins accumulate, the unfolded protein
response (UPR) is initiated to counter these
stress effects [4,5]. The eventual outcome of
ER stress determines whether a cell survives
or undergoes programmed cell death [6]. The
significantrole of the ER stress-associated UPRin
disease has been well studied [7-9]. It has been
widely reported that autophagy is associated
with several neurologic diseases, such as

Alzheimer’s disease (AD) [10,11], Parkinson’s
disease (PD) [12], amyotrophic lateral sclerosis
(ALS) [2], subarachnoid hemorrhage and ICH
[13,14]. As a subtype of stroke, intracerebral
hemorrhage (ICH) is often associated with
high mortality and morbidity [15], as well as
with poor clinical outcomes. 20% of patients
are functionally independent at 6 months after
experiencing ICH [16], and survivors often
suffer from serious neurologic impairments
[17]. With the growing understanding of brain
injury mechanisms after ICH, preventing brain
injury and promoting neuronal survival have
emerged as therapeutic goals. In this review,
we provide an overview of the associations
between autophagy, ER stress, and the UPR,
as well as their roles in disease pathology,
especially in ICH, and we highlight potential
treatment strategies.

The mechanism of autophagy

In mammalian cells, there are three
predominant  subtypes of autophagy:
macroautophagy, = microautophagy,  and
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chaperone-mediated autophagy (CMA). The
term macroautophagy refers primarily to
common autophagy. During macroautophagy,
a double-membrane sequestering
compartment is formed as phagophore and
matures into an autophagosome. Following
delivery to the vacuole or lysosome, the cargo
is degraded and the resulting macromolecules
are released back into the cytosol for reuse
[18]. In microautophagy, the membrane of
the lysosome invaginated and differentiates
into an autophagic tube to enclose or engulf
the cytosol directly. However, misfolded or
unfolded proteins and other cytoplasmic
material can also be imported by CMA directly
into lysosomes, where they continue to be
digested with the help of HSPA8/HSC70
(heat shock 70-kDa protein 8) [19]. Protein
substrates containing a “KFERQ"-like motif
are recognized by the constitutive heat shock
cognate 70 (HSC70) chaperone and delivered
to the lysosomes upon binding to lysosome-
(LAMP)2A
receptors on the lysosomal membrane [20].

associated membrane protein

Another subtype of autophagy is noncanonical




autophagy [21], in which phagocytes kill or
digest extracellular pathogens directly.

The activation of autophagy can be detected
by transmission electron microscopy (TEM)
during the development of phagophores
(isolation membranes) and autophagosomes.
Themorphologic process of autophagyis shown
in Figure 1. Based on our current knowledge, it
appears that the formation of autophagosomes
is requlated by a suite of proteins encoded by
autophagy-related genes (ATGs). These genes,
which are highly evolutionarily conserved,
were originally discovered in yeast and
have been systematically studied [22]. The
initiation of autophagy could be induced by
the dissociation of Beclin 1 (the mammalian
ortholog of yeast autophagy-related gene 6,
ATG6) from its inhibitors [23]. The extension
of the isolation membrane is regulated by
an ubiquitin-like conjugating system that
converts LC3 (microtubule-associated protein
1 light chain 3, the mammalian homolog of
yeast ATG8 ) from its free (LC3-) to its lipidated,
membrane bound (LC3-Il) form [24]. The ULK1
(Serine/Threonine-Protein Kinase, also known
as Unc-51 Like Autophagy Activating Kinase 1)
complex [25] is also required during membrane
initiation. The activation of the ULK complex
is regulated by mTORC1 (mammalian target
of rapamycin complex 1) and AMPK (AMP-
activated protein kinase). The mTORC1 kinase
complex consists of five subunits [26]: mTOR
(mammalian target of rapamycin), RAPTOR
of mTOR),
mLST8 (mammalian lethal with SEC13 protein),
DEPTOR (DEP domain-containing mTOR-
interacting protein), and PRAS40 (40-kDa
Pro-rich AKT substrate). mTOR is a central cell-
growth regulator that integrates growth factors

(regulatory-associated  protein

and nutrient signals. AMPK is a key energy
sensor and regulates cellular metabolism to
maintain energy homeostasis. Under nutrient
sufficiency conditions, high mTOR activity
prevents ULK1 activation by phosphorylating
ULK1 Ser757 and disrupting ULK1 and AMPK
interaction[27]. Conversely, under starvation or
toxin accumulation, down-regulated mTORC1
leads to the activation of the ULK complex,
resulting in the induction of autophagy [28].
AMPK also promotes autophagy by the direct
activation of ULK1 through phosphorylation of
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Figure 1. Morphological process of autophagy. When a cell is experiencing starvation, the aggregation of un-
folded proteins, a pathogen infection, or the accretion of any other cytotoxic factor, autophagy is initiated. (a) A
flat bi-layer liposomal membrane known as the isolation membrane or phagophore forms in the cytosol. (b) As
the membrane elongates, the phagophore seals itself to form an autophagosome that envelops the proteins,
organelles, and other cytosolic material to be eliminated. The maturation of the autophagosome is coordinated
with the endocytic system. (c) The mature autophagosome also fuses with the endosomal-lysosomal system, and
lysosomal proteases are delivered to convert the autophagosome to an autolysosome. (d) The autolysosome di-
gests the sequestered cytoplasmic material into amino acids and other molecules, which are reused after being

transported across the membrane to the cytosol.

Ser317 and Ser777 underglucose starvation[27].
During the process of autophagy induction, a
mammalian-specific scaffold protein named
AMBRA1
Regulated Autophagy) is phosphorylated by

(activating Molecule in Beclin-1-

ULK1 and translocates to the ER, where it can
prime autophagosome formation[29]. These
activations are also associated with the Beclin
1 complex (the autophagy-specific class llI
phosphoinositide-3-kinase complex, ClIl PI3K)
[30] and the ULK complex [31].

ULK
(phosphoinositide-3-kinase)

PI3K
complex

Some complex and
phosphorylated proteins usually contribute
to the closure of the isolation membrane
and the nucleation of the autophagosome;
examples of these proteins are Ptdins (3)
(phosphorylatidylinositol-3-phosphate)
[32]
phosphoinositol-3-phosphate  phosphatase,
also known as MTMR14) [33]. During the
maturation of an autophagosome, LC3-Il binds

and Jumpy (a myotubularin-related

to the membrane and aids the expansion,
making LC3 family protein a useful marker for

identifying autophagosomes [34]. In contrast,
the ATG proteins dissociate from the membrane
before maturation, with the exception of ATG9,
which participates in vesicles and lipid delivery
and is involved in the entire process [35,36].
In response to starvation, phosphorylation of
mATG9 by ULK1 promotes the interactions
between mATG9 and the adaptor protein
complex, leading to redistribution of mATG9
from the plasma membrane and juxta-nuclear
region to the peripheral pool for autophagy
initiation [36]. The origin and mechanism
of autophagosome formation are not fully
understood; however, the origin of the isolation
membrane is considered to be associated with
several cellular organelles, especially the ER,
mitochondria, and Golgi apparatus [37].

Pathways associated with ER
stress and the UPR

The hypothesis that misfolded or unfolded
proteins and the UPR might be the primary
promoters of cells surviving ER stress was
first proposed in the 1980s [38] and led to




the investigation of the influence of ER stress
and the UPR on cell survival [39,40]. The UPR
consists of three main signaling systems that
are initiated by prototypical ER-localized
stress sensors: PERK (protein kinase RNA-like
endoplasmic reticulum kinase), IRE1 (inositol-
requiring enzyme 1), and ATF6 (activating
transcription factor 6). These three sensors are
all associated with Grp78 (glucose-regulated
protein 78 kDa, a key ER chaperone that is also
known as BiP), which controls their activation
through a binding/release  mechanism.
Ordinarily, the activation of PERK, IRE1, and
ATF6 is prevented by the binding of Grp78.
However, when a cell is experiencing stress
conditions, with misfolded or unfolded proteins
accumulating in its ER, Grp78 switches its
binding site to the hydrophobic domains and
releases the sensors [41], thereby promoting
the oligomerization and transphorylation of
IRE1 and PERK [42] and revealing an ER export
motif in ATF6 [43](as shown in Figure 2).

The PERK pathway
Under stress conditions, the protein kinase
domain on PERK is activated, promoting
its oligomerization and trans-auto-
phosphorylation [44]. Phosphorylation of the
a-subunit of EIF2 (eukaryotic initiation factor
2) subsequently inhibits EIF23 (a guanine
nucleotide factor),

exchange resulting

in translation attenuation and reducing
the excess of newly synthesized protein.
Alternatively, phosphorylated EIF2 increases
the translation of ATF4 (activating transcription
factor 4) and induces the expression of ER-
stress target genes to support the recovery
of translation. A study in murine cells[45]
found that the PERK-EIF2a signaling pathway
was also involved in polyQ72-induced ATG12
upregulation and LC3 conversion, suggesting
the pro-survival role that PERK-EIF2a pathway
plays study [46]

revealed that, in addition to reducing the

in autophagy. Another

protein overload in the ER, the inhibition of
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translation by PERK-EIF2a phosphorylation also
increased the levels of p53 (transformation-
related protein 53) through a PERK-dependent
ribosomal-Hdm2 (human homolog of mouse
double minute 2, also known as E3 ubiquitin-
protein ligase MDM2) interaction, leading
to cell cycle inhibition. Interestingly, the
PERK-EIF2a pathway can also increase the
expression of a protein phosphatase gene
named GADD34 (DNA damage-inducible
gene 34) and dephosphorylate EIF2 to restore
global protein synthesis, which might be a
feedback mechanism to maintain translation
coordination [47].

The IRE1 pathway

AsanER-residenttransmembranekinase/RNase,
IRET monitors the status of protein folding
inside the ER in a similar manner to the PERK/
EIF2a pathway. Grp78 dissociation initiates IRE1
dimerization and phosphorylation, inducing
the splicing of XBP1 (X-box binding protein 1)

Figure 2. UPR-associated pathways. UPR pathways play important roles in cell survival under stress conditions. IRE1, PERK, and ATF6 are three associated sensors that are
normally inhibited by the binding of Grp78. However, under stress conditions, Grp78 dissociates from the sensors, thereby promoting the oligomerization and transphory-
lation of IRE1 and PERK, as well as the transportation of an ER export motif in ATF6a. The PERK downstream factor EIF2 attenuates translation or inhibits the cell cycle in
order to maintain the coordination of protein synthesis and also enhances the translation of the ATF4 gene to support the recovery of translation. IRE1 dimerization and
phosphorylation induced XBP1 mRNA splicing, resulting in the production of sXBP1. As a transcription factor, sXBP1 up regulates the expression of ER functional genes to
promote the recovery of ER function. After its dissociation from Grp78, ATF6 undergoes trans-Golgi migration and releases a cytosolic fragment to activate the transcription

of UPR target genes.
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mRNA [48], which is also activated by cytosolic
kinase/endoribonuclease (RNase) domains
[49]. Spliced XBP1 (sXBP1) mRNA is translated
to a transcription factor that up-regulates the
target genes via the ERSE (ER stress response
element) promoter. sXBP1 is also involved in
several aspects of ER function and physiology,
such as protein folding, quality control, and
the ERAD (ER-associated degeneration) system
[50]. RNase substrate activation of IRE1a is
restricted by its oligomerization status. Under
conditions of chronic ER stress, the over-
oligomerized IRETa expands its substrates to
include many ER-localized mRNAs, resulting
in RIDD (regulated IRE1-dependent decay of
mRNA) or apoptosis, whereas lower levels of
oligomerization will block RIDD and maintain
XBP1 splicing [48] to reduce cell degeneration.

The ATF6 pathway

As one of the stress response related
transmembrane transcription factors, ATF6
has two isoforms in mammalian cells, ATF6a
and ATF6p [51]. ATF6a and ATF6( are cleaved
during the ER stress response. The resulting
N-ATF6a and N-ATF6[ have conserved DNA-
binding domains and divergent transcriptional
activation domains. N-ATF6(3 potentially acts
as an endogenous transcriptional repressor
of N-ATF6a. N-ATF6a and N-ATF6( translocate
to the nucleus, bind to specific regulatory
elements, and influence expression of ER stress
response genes (e.g.GRP78) that contribute to
resolving the ER stress response. Accordingly,
cell viability are enhanced [52]. When a cell
is under stress, ATF6 undergoes trans-Golgi
migration instead of binding to the ER as usual,
and an N-terminal DNA-binding transcription
factor domain is released, catalyzed by two
Golgi-resident enzymes named S1P and S2P
proteases [44].In addition to Grp78 dissociation,
which is similar to that which occurs in PERK
and IRE1 activation, the redox state of ATF6
is also involved in ER stress sensing and ATF6
[53]. the ATF6a
cytosolic domain translocates to the nucleus

activation Subsequently,
and promotes adaptation processes, e.g., by
activating the transcription of UPR target
genes and AKT (also known as protein kinase
B or PKB), resulting in negative regulation
of mTORC1 and ULK1 activities [54]. A study

conducted in ATF6a and ATF6f knockout mice
showed that the maintenance of ER chaperones
in mammalian cells depends on the function
of ATF6, rather than that of IRE1 (as in worm
and fly cells) [55]. However, the regulation of
the ATF6 signal is highly dynamic and initially
depends on the experimental system used,
especially on the intensity of the stress induced
by the different pharmacologic stressors [56].
Several regulators have been suggested to be
involved in mediating ATF6, including WFS1
(Wolfram syndrome 1) [57] and PDIA5 (protein
disulfide isomerase A5) [58], which have been
implicated, respectively, in the degradation and
activation of ATF6.

The activation of PERK, IRE1, and ATF6
produces several cytoprotective effects, such
as reduced translation, enhanced ER protein-
folding capacity, and clearance of misfolded
ER proteins. UPR stress sensors are associated
with many transcription factors and mediate
the establishment of transcriptional patterns,
indicating the functional role of the UPR in
proteostasis.

Crosstalk between autophagy,
ER stress, and the UPR

The associations between autophagy, ER
stress, and the UPR have been demonstrated
by several studies. As an essential organelle in
which protein is processed and synthesized,
the ER monitors protein folding, unpredicted
errors and off-pathway intermediations
during protein quality control. Under severe
conditions, an overload of toxic polypeptides
can challenge the capacity of the chaperone
system, resulting in ER stress. The activation
of the UPR promotes the refolding of non-
native polypeptides or their elimination via
ERAD and ER stress-activated autophagy [59].
It was initially thought that ER stress initiates
autophagy only when aggregated proteins
become excessive enough to overwhelm the
canonical  ubiquitin-proteasome-dependent
ERAD. However, current findings suggest that
ERAD-mediated proteins that are partially
processed are also targets of autophagy.
These encompass all other unfolded proteins
[60]. ER stress-induced deactivation of mTOR

contributes to the downregulation of AKT/

TSC/mTOR pathway and promotes ER stress-
induced autophagy [61]. Following stress
conditions or nutrient deprivation, mTORC1
is quickly dissociated from the ULK1 complex.
The decreased mMTORC1 activity leads to
of ULK1, ULK2,

mAtg13, initiating autophagosome formation

dephosphorylation and
[62,63]. One link between autophagy and the
UPR is the PERK/EIF2a pathway. This pathway
is essential for autophagy induction after ER
stress. Specifically required proteins during this
process are the downstream ATF4 and CHOP (C/
EBP homologous protein, a transcription factor
induced by ATF4), which regulate several ATG
genes [64]. It has been proven that autophagy
acts as a cellular defense mechanism against
polyQ72-induced ER-stress-mediated cell death.
The PERK/elF2a phosphorylation is involved
in the polyQ72-induced LC3 conversion and
autophagy induction [45]. Another associated
pathway is the IRE1 pathway. It is proposed
that the ATG16L1 (autophagy-related 16-like
1) gene inhibits IRE1a activity and that the
escalation of autophagy reduces ER stress—
induced inflammation, as well as cell death
[65]. The IRE1-JNK (c-Jun N-terminal kinase)
pathway is also demonstrated to be involved
in activating the autophagy system [66]. TRAF2
(tumor necrosis factor receptor-associated
factor 2)-dependent activation of IRE1 and
JNK stimulated Bcl-2 (B-cell lymphoma 2)
phosphorylation and Beclin 1 dissociation,
as well as the activation of the PI3K complex,
resulting in the activation of autophagy [67].

The interconnections between ER stress and
autophagy have recently been reviewed [68],
and a series of ER stress-regulated autophagy
adaptors, such as mTORC1, AMPK (AMP-
activated protein kinase), Beclin 1, and the ATG
genes, have been highlighted to demonstrate
the associations between ER stress (UPR)
pathways and autophagy.

Intracerebral Hemorrhage

ICH is a subtype of stroke and often associated
with high mortality and morbidity. The
most common cause of spontaneous ICH is
hypertension; other risk factors include amyloid
malformation,

angiopathy,  arteriovenous

intracranial aneurysm, angioma, neoplasm,




coagulopathy, vasculitis, and the use of
anticoagulants [69]. The pathology of ICH is very
complex and several cell signaling pathways
are involved in the neuron loss process.
Brain injuries that occur after hemorrhage
can be classified as primary or secondary
injuries. Primary injuries usually occur within
minutes to hours of the initial bleeding as a
result of the mechanical effects and physical
disruption caused by the hemorrhage. The
mass effect of a hematoma usually results
in the compression of some brain regions,
increased intracranial pressure, and changes in
blood flow. The usual strategies for alleviating
the primary injury include surgically removing
the hematoma [70], preventing the mass effect
[71], and ameliorating the perihematomal
blood flow [72]. Secondary injuries arise from
the physiologic responses to hematoma and
(PHE) [73,74]. The
resulting accumulations of blood components,

perihematomal edema
overproduced iron complexes, dysfunctional
organelles, and other cytokines can disrupt
normal protein folding leading to activation
of UPR/ER stress, which plays a critical role
in the ICH brain injury and contributes to
[75]. These
injuries eventually lead to the irreversible

neuropathological responses
disruption of brain parenchyma and massive
cell death. However, some protective responses
and mechanisms are also activated in an effort
to overcome the effects of the injury or to
remove the cellular debris in order to restore
cell homeostasis, such as autophagy, ER stress,
and the UPR. The processes leading to neuronal
death or survival represent a critical phase after
brain injury and determine the subsequent
neurological deficits and quality of life of the
patient.

Autophagy in ICH and other
diseases

Autophagy has been implicated in the
pathophysiology of many neurological
disorders [76,77], such as PD [12], AD [10], ALS
and other neurodegenerative disorders [78,79].
The involvement of autophagy in ALS has been
recently confirmed by whole-exome gene
sequencing of a large cohort of ALS patients

and controls [2]. The activation of autophagy

is also involved in several brain injury
associated disorders. Previous studies [80-82]
provided evidences that autophagy pathways
were initiated after cerebral ischemia, and
functional impairment of autophagy resulted
in the accumulation of protein aggregates,
damaged organelles, and ultimately neuronal
death. A recent study [83] on traumatic brain
injury (TBI) examined the levels of autophagy
and autophagic flux at different time points
following TBI, confirming the accumulation
of LC3 and autophagosomes in the ipsilateral
cortex and hippocampus within hours of
brain injury. The results also indicated that
autophagic clearance was impaired as a result
of lysosomal dysfunction and correlated with
neuronal cell death. With similar mechanisms,
brain injury usually occurs immediately after
ICH, resulting in cellular stress or neuron death.
Autophagy pathway activation was detected
in neurons after experimentally induced ICH
[84], and subarachnoid hemorrhage [85] in rat
models.
Although

autophagy to limit brain injury or facilitate

therapeutic  targeting  of

recovery after ICH still requires further
exploration, several studies have highlighted
the roles and mechanisms of autophagy in ICH
(Figure 3). For instance, autophagic vacuoles
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have been detected by electron microscopy
in several ICH studies, and astrocytes are
demonstrated as the most autophagic brain
cells after ICH [3,84,86,87]. Another notable
consequence of ICH is inflammation, which
correlates with activation of resident microglia
as well as migration of neutrophils into brain
[88,89].
increases intracranial pressure and decreases

Moreover, the initial hemorrhage

blood flow, leading to perihematomal
ischemia and hypoxia. Mediated by HIF-1a
(hypoxia-inducible factor 1a), hypoxia-induced
autophagy promotes microglia cell death
after ICH [90]. The mTOR pathway integrates
diverse environmental signals to regulate
autophagy, and mTOR upregulation attenuates
microglial autophagy and inflammation after
ICH [91]. Neutrophil extracellular traps (NETs)
are extracellular chromatin structures that
trap and degrade microbes [92]. It is reported
that neutrophil depletion reduces blood-brain
barrier breakdown and inflammation after ICH,
and autophagy and superoxide production
also occur following intracellular chromatin de-
condensation and NET formation [93]. These
results indicate that inflammation-associated
autophagy is involved in ICH-induced brain
injury. Thrombin, a serine protease, is produced
immediately after ICH to induce hemostasis.

Inflammation H mTOR pathway Ii

A Ischemia and hypoxia

i

Microglia and

Neutrophils
Thrombin
Intracerebral Autophagy,
Hematoma R
Hemorrhage Lysis HI Lysosome H Cathepsin l—\ ER stress,
(ICH) and the UPR
Free iron TRE1-JNK
Pathway
7 Glutamate Neurotoxicity
Ca** /|“I EROla

Figure 3. Autophagy, ER Stress, and the UPR related ICH events and components. Several events arising after ICH
and the components releasing after ICH are associated with Autophagy, ER Stress and the UPR, such as Inflam-
mation and perihematomal ischemia and hypoxia after ICH, and thrombin, free iron and glutamate released after

ICH
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Researchers find that ICH-induced autophagic
activation is associated with thrombin.
Inhibition of autophagy aggravates thrombin-
induced cell death after ICH [87]. Lysosome is an
essential organelle for execution of autophagy
activity. Lysosomal enzymes are required for
degradation of the contents in autophagic
vacuoles [94]. As a hydrolytic enzyme in
lysosomes, cathepsin D acts as an autophagic
mediator and the inhibition of cathepsin
D prevents the formation of autophagic
vacuoles [95]. Following ICH, cathepsin D is
induced in neurons and astrocytes within 1
day, reaches peak levels after 1 week, and
remains up-regulated for at least 4 weeks
[84], suggesting elevated lysosomal activity
and enhanced autophagy activation after
ICH. In summary, multiple layers of evidence
have linked autophagy and ICH-associated
events (Figure 3), highlighting the crucial role
autophagy in ICH pathology.

Following primary brain injuries,
secondary injuries often occur through many
parallel pathological pathways, such as the
cytotoxicity of blood, hypermetabolism, and
excitotoxity. Meanwhile, the disturbances in
cell homeostasis and the accumulations of
misfolded/unfolded proteins gradually prolong
ER stress, leading to sustained ER dysfunction
and autophagy (Figure 2 and Figure 3). Iron
is an important promoter of ICH-induced
autophagic cell death and also contributes to
ICH-induced brain injury [96]. As a component
from plasma and hemoglobin after erythrocyte
lysis, the overloaded free irons can cause free
radical formation and brain damage [69]. JNK
pathway activation may influence cell survival
via transcriptional and post-translational
regulation of proteins [97]. The fusion of irons
trigger JNK pathway activation, and conversely
the application of iron chelates reduce free iron
levels and attenuates activation of JNK [98].
With the accumulation of free iron, ER stress
is triggered, and autophagosome formation
IRET-JNK signaling

pathway [66]. These results indicate that

is also increased via
JNK pathway is involved in iron triggered ER
stress and autophagy activation. Glutamate-
induced neuron toxicity is an ideal model for
studying neurological diseases. The increased
glutamate level in perihematomal is a major

metabolic effect of hemorrhage [99,100]. The
stimulated glutamate signaling contributes
to neuronal excitation and increases
intracellular concentrations of calcium and
sodium ions, leading to the hyper-perfusion
and hyper-metabolism after ICH. The activity
of autophagy can be enhanced during the
process of glutamate-induced neurotoxicity,
and excessive glutamate further results in
ER dysfunction and initiates ER stress [101].
The disruption of Ca?* homeostasis also plays
an important role in neuronal function and
survival after ICH [102]. ER is the major storage
for cellular Ca?*, energy failure after ICH releases
intracellular Ca?* and disrupts ER-associated
Ca? channels, leading to Ca?* loss in ER and ER-
associated Ca%*-ATPase activation. Meanwhile,
the failure of ERO1a (ER oxidoreductin-1 alpha)
disrupts protein disulfide bond formation
and decreases protein folding, resulting
in accumulation of unfolded proteins and
activation of the UPR under ER stress [94].
COL4 (collagen, type IV) A1 and COL4A2 are
the most abundant type IV collagens that
are basement membrane proteins [103].
It is recently reported that COL4A1 and its
mutations are associated with cerebrovascular
disease pathology, including ICH [13,14]. The
COL4A2 mutations that perturb collagen
biosynthesis can increase the risk of sporadic
ICH in humans [104]. Additionally, Mutations
on COL4A1 and COL4A2 often lead to their
intracellular accumulation, enhancing their
cytotoxic effects. A recent study identified a
dominant COL4A mutation in the collagen
domain of COL4A2 which caused ER stress
and UPR activation in primary fibroblasts from
a hemorrhagic stroke patient, and COL4A
mutant was shown to be degraded via the
proteasome[105]. The COL4A1 and COL4A2
mutation-associated cellular pathophysiology
continually triggers ER stress and the UPR,
leading to irreversible cell death. These results
indicate the potential role of COL4A mutation
in ER stress and ICH pathology.

Numerous hypotheses have been proposed
regarding the role of autophagy in other
diseases. The results of studies employing
autophagyinducers,autophagy inhibitors,and
ATG7 knockout mice indicated that autophagy
may play a role in metabolic diseases, such

as obesity and diabetes, and even in the
neuroendocrine system [106-109]. Autophagy
is also involved in both innate and adaptive
immunity, which is attributable to autophagy
protein-dependent or -independent functions
[110]. With
signaling molecules, the upregulation of

regard to innate immune
autophagy enhanced immune signaling, as
well as pathogen degradation and antigen
presentation [111]; however, in the adaptive
immune response, autophagy primarily
affected the regulation of the inflammatory
in addition to

transcriptional response,

negatively regulating inflammasome
activation [112]. The role of autophagy in
cancer has been well studied [113,114], but
the effect of autophagy on cancer is largely
unknown. While most evidences support a
role of autophagy in sustaining cell survival,
cell death

cellular consumption has been attributed

resulting from progressive
to unrestrained autophagy [114]. The loss
of the pro-survival function of autophagy
promotes tumorigenesis. For instance, ATG5
is required for maintaining T-cell survival and
proliferation. Mice with the ATG5 deletion
ATG7  knockout
prone to develop liver adenomas, and this

and liver-specific were
predisposition was attenuated by the deletion
of p62 (an autophagy adaptor protein) [115].
Autophagy is also required for the survival of
tumor cells to metabolic stress. In cancer cells,
metabolic stress robustly induces autophagy,
which is sustained when apoptosis is blocked.
It is reported that autophagy may function in
tumor suppression by mitigating metabolic
stress. In concert with apoptosis, autophagy
can also suppress tumor by preventing
necrosis-induced cell death [116]. Meanwhile,
in some preclinical studies, inhibition of pro-
survival autophagy was shown to kill tumor
cells and trigger apoptosis [116-118]. Several
oncosuppressor proteins and oncoproteins,
PTEN
homolog), TSC1 (tuberous sclerosis 1), and

such as (phosphatase and tensin
RAS (a family of proteins involved in cellular
signal transduction), have also been reported
to stimulate or obstruct autophagy flow
through mTORC1 restraint or ULK1 activation
[119,120]. These results highlight the complex
interactions between autophagy and cancer.




Autophagy-associated potential
therapy strategies in ICH

Investigation of the autophagy mechanism is
crucial for understanding the development

of disease and exploring therapeutic

strategies. Some  reported  autophagy-

targeting approaches highlight the potential
of autophagy modulation as a therapeutic

strategy. For medical purposes, several
categories of inducers and inhibitors of
autophagy have been identified[121],

characterized by their functional pathways,
such as mTOR complex 1 targeting AMPK
activity, the phosphatidylinositol signaling
pathway, the cyclic AMP-associated pathway,
and unforeseen autophagy-blocking effects.
Other reasons for considering autophagy
modulation as a possible treatment are its
influence on the immune response [122,123]
and its association with apoptosis and
necroptosis [124,125].

Strategies to modulate the autophagy
mechanism for disease treatment have
been widely evaluated [113,126,127]. For
now, whether inducing autophagy and ER
stress after brain injury or inhibiting these
under

processes protects neurons is still

debating. However several encouraging
progressions have been made in targeting
autophagy in ICH. A rat model study [128]
proved that autophagy activation induced
by ischemic preconditioning may ameliorate
brain damage by constraining excessive ER
stress, whereas inhibiting autophagy with the
inhibitor 3-MA (3-methyladenine) may result
in excessive ER stress and the aggravation
of ischemic neuronal damage. The results of
another study in a rat middle cerebral artery
occlusion (MCAO) model[129] suggested that
ganglioside (GM1) inhibited autophagy and
protected neurons after an experimentally
this
function could be abolished by Tat-Beclin 1, a

induced stroke. However, biological

recently identified autophagy-inducing agent
[130]. Researchers investigating ICH [131,132]
have proposed that autophagy contributes to
microglial activation and that the inhibition
of autophagy partly reduces brain damage
after ICH. The effect of age was also evaluated
in a rat model of ICH [86], with more severe
autophagy and neurologic deficits being seen
in aged rats after ICH than in younger animals.
A sex-specific study[3] in a rat model of ICH
demonstrated that the suppression of ferrous
citrate-induced autophagy contributes to the
less severe brain injury caused by iron overload
in female rats as compared to that in male rats.
It was recently demonstrated in rat models that
many secondary injuries caused by ICH could be
substantially reduced by injecting the animals
with minocycline and that the medicinal effect
of minocycline was exerted through both anti-
autophagy and anti-apoptosis pathways [133].
Clonidine and rilmenidine have also been
reported to be pharmacologically protective
against neurologic disease through their
positive effect on autophagy induction [134].
Although there is still controversy as to whether
the mechanisms of autophagy, ER stress, and
the UPR are beneficial or detrimental to injured
neurons after ICH, the above results highlight
the applications and therapeutic potential
of autophagy pathway modulators for the
treatment of ICH.

Conclusions

For many years, there has been increasing
interest in the function of autophagy in
[77,135]
cerebral ischemic injury[128,136,137]; however,

neurodegenerative  disease and
ICH, despite having similar pathology and
a more severe outcome, has attracted less
attention. A comprehensive understanding of
the roles played by autophagy in ICH and the

appropriate implementation of autophagy
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in ICH therapy are essential. Nevertheless,
there remain several challenges to exploring
therapeutic  applications of autophagy.
For instance, although there is confidence
in the potential benefits of therapeutic
applications of autophagy in light of recent
studies, further investigations are needed to
determine whether autophagy upregulation
or downregulation is the best approach,
as well as to determine the appropriate
time for such an intervention. Meanwhile,
a better understanding of the autophagy
mechanism in ICH pathophysiology and a
means of determining which of the competing
hypotheses is correct are both desirable. The
integration of multi-omics studies, such as
proteomics, genomics, and epigenetics, is also
highly recommended. Furthermore, there are
well-developed large-scale analysis methods
and technologies that could be applied to the
treatment-targeting study [129,136,138-141].
Finally, the prominent roles of autophagy and
the ER stress—associated UPR in cell survival,
as revealed in recent studies, have highlighted
a new prospect for researchers investigating

potential ICH therapies.
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