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Abstract: Stroke is ranked as the second leading cause of death worldwide and a major
cause of long-term disability. A potential therapeutic target that could offer favorable
outcomes in stroke is the mammalian target of rapamycin (mTOR) pathway. mTOR

is a serine/threonine kinase that composes two protein complexes, mTOR complex 1
(mMTORC1) and mTOR complex 2 (mTORC2), and is regulated by other proteins such as
the tuberous sclerosis complex. Through a significant number of signaling pathways,

the mTOR pathway can modulate the processes of post-ischemic inflammation and
autophagy, both of which play an integral part in the pathophysiological cascade of stroke.
Promoting or inhibiting such processes under ischemic conditions can lead to apoptosis
or instead sustained viability of neurons. The purpose of this review is to examine the
pathophysiological role of mTOR in acute ischemic stroke, while highlighting promising
neuroprotective agents such as hamartin for therapeutic modulation of this pathway. The
therapeutic potential of mTOR is also discussed, with emphasis on implicated molecules
and pathway steps that warrant further elucidation in order for their neuroprotective
properties to be efficiently tested in future clinical trials.
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Introduction

Ischemic stroke is a severely debilitating and
life-threatening neurological disorder charac-
terized by disturbed cerebral blood supply that
results into cerebral hypoperfusion and — ulti-
mately — neuronal cell death. Worldwide it is
ranked as the second leading cause of death and
a major cause of long-term disability.!»2 Stroke
is categorized in two main types, ischemic and
hemorrhagic.> Because of the wide variety of
acute ischemic stroke (AIS) causes, several
classification schemes have been proposed
based on the underlying etiology, including the
TOAST (Trial of Org 10172 in Acute Stroke
Treatment) classification system, that distin-
guishes between five different AIS types:
cardioembolic, thromboembolic, lacunar, cryp-
togenic, and AIS due to other causes.*

The mainstay treatment for ischemic stroke
consists today of intravenous thrombolysis and
endovascular thrombectomy, both aiming at
recanalization of the occluded vessel and rep-
erfusion of the ischemic cerebral tissue.>% The
secondary purpose of acute stroke treatments
is to mobilize any agents which can alleviate
the damage which has already been inflicted
upon the nervous tissue. Despite tremendous
advances in the field of stroke therapies, time
to reperfusion remains the main limiting factor.
With this in mind, neuroprotective agents that
will attenuate neuronal damage until vessel reca-
nalization may be achieved while also preventing
a potential reperfusion injury have recently come
into the focus of stroke research. An attractive
target for such agents seems to be the mammalian
target of rapamycin (mTOR) pathway, which is
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involved in both autophagy-related apoptosis and
inflammation, processes of equally great impor-
tance in stroke pathophysiology.

Stroke pathophysiology and the role of
autophagy and inflammation

To gain insight into the pathophysiological impor-
tance of the mTOR pathway in stroke, the com-
plex pathophysiological processes implicated in
cerebral ischemia must first be elucidated.

The chain of events leading to neuronal cell death
in ischemic stroke starts with a decrease in cerebral
blood flow within a certain area of the brain. This
propagates a cascade of cellular and molecular
events, known as the ischemic cascade.” During the
initial stages of ischemia, glucose- and oxygen-
deprived neurons are forced into anaerobic metab-
olism. This, being an inherently less efficient energy
production mode, results into a significant decrease
in adenosine triphosphate (ATP) production, while
at the same time, triggers release of lactic acid as a
byproduct.® Subsequently, ATP-dependent ion
transport pumps fail, causing the cell membranes
to become depolarized and leading to a large influx
of Ca*2. Intracellular Ca*? levels are further
increased through the release of glutamate, an
excitatory neurotransmitter that binds to and opens
Ca*2-permeable N-methyl-D-aspartate receptors.®
The result of these cascades is activation of lytic
enzymes and formation of free radicals.® In this
context, of great importance is the role of calpain, a
calcium-activated cytosolic protease which cleaves
a number of different cytoplasmic and nuclear sub-
strates.10 Cells affected by ischemia eventually lose
their structural integrity with their membranes
becoming permeable to all sorts of ions and toxic
chemicals and their organelles rendered inopera-
tive. The end result of ischemia is activation of
apoptosis and cellular death. Of note, autophagy
and inflammation are mechanisms with a promi-
nent role throughout this process. Triggered ini-
tially as processes for clearance of necrotic cells and
toxic debris, they soon become somewhat of a ‘lia-
bility’ propagating brain injury.

Autophagy is a lysosome-mediated process that
aims to remove, when activated, misfolded or
aggregated cytosolic contents such as those
encountered in stroke-affected cells.!»12 Three
types of autophagy are described in the literature,
microautophagy, chaperone-mediated autophagy

and macroautophagy.!> Macroautophagy utilizes
double membrane vacuoles called phagophores to
transport degraded cytoplasmic material to lys-
osomes in a five-step process.!3 First, phagophores
engulf their target molecules in a process known as
enucleation. Subsequently, this turns them into
autophagosomes, organelles that will ultimately
merge with lysosomes creating autolysosomes.!4
Autophagosomes have been identified in the hip-
pocampus and also in the penumbra of stroke test
animals and their importance in stroke pathophysi-
ology has been well-documented.!> In particular,
the formation of autophagosomes is induced by
upregulation of microtubule-associated protein 1
light chain (LC3)-II (Figure 1).Two different forms
of LC3 exist (Figure 1). The cytosolic type of LC3
(LC3-I) is conjugated to phosphatidylethanola-
mine and forms LC3-phosphatidylethanolamine
conjugate (LLC3-II), which is responsible for the
development of autophagosomal membranel!®
(Figure 1). In turn, within autolysosomes, enucle-
ated macromolecules are eliminated through enzy-
matic cleavage. In the next phases which follow,
elongation and expansion of the phagophore take
place. Finally, through the transport of proteins to
the lysosome the maturation of phagosome is
achieved.!”:18This whole process is regulated through
sophisticated signaling pathways, namely those of
mTOR and adenosine-monophosphate activated
protein kinase (AMPK)!%20 (Figure 1). mTOR
inhibits autophagy by phosphorylating Unc-51-like
kinase (ULK)?! (Figure 1). AMPK on the other
hand promotes autophagy by suppressing mTOR
while also directly activating ULK to induce it.2?
It should be noted that ischemia propagates auto-
phagy through AMPK activation?23:2¢ (Figure 1).

Inflammation also plays an important role in
stroke, involving a multitude of molecular path-
ways and different types of inflammatory cells that
are mobilized in the process.?> Following an
ischemic event in the cerebral parenchyma, there is
increased expression of matrix metalloproteases
(MMPs), such as MMP-2 and MMP-9, which
lead to blood-brain barrier breakdown.26 In addi-
tion, necrotic cells release molecules termed dam-
age-associated molecular patterns (DAMPs),
which mobilize the innate immune responses.
Among the DAMPs which are released in the
ischemic area, the high-mobility group protein 1
(HMGBI) is of special interest.2” HMGBI1 recruits
microglial cells via membrane receptors called toll-
like receptors (TLRs).2” Microglial activation is
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Figure 1. Regulation of the autophagic process.

Atg3

autophagosome

In the autophagic process, mammalian target of rapamycin complex 1 (mTORC1) and adenosine-monophosphate activated
protein kinase (AMPK] have an opposing effect. By phosphorylating the Unc-51-like kinase (ULK) complex, AMPK promotes
autophagy whereas mTORC1 blocks it. ULK complex is the first step for the initiation of autophagy and an integral part for
the development of preautophagosome. The next step for membrane nucleation is the mobilization the transmembrane
complex, beclin-1. Autophagy-related genes 4,7,3 (Atg4, Atg7, Atg3) are responsible for the conversion of light chain 3
(LC3) into LC3-Il which is important for the development of autophagosome. The double blue structure represents the

cell membrane. Black arrows correspond to blocking of activity and red ones correspond to induction. ‘P’ corresponds to

phosphorylation.

elicited mainly by TLR2 and TLR4 but also by
Advanced Glycosylation End Products (RAGE).28
The end-result is release of cytokines, such as tumor
necrosis factor (TNF), interleukin (IL)-183, IL-6,
and I1.-8.27:2% TLRs also mediate the discharge
of reactive oxygen species (ROS) through
Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) by interacting with
nuclear factor-kB (NF-xB).3° Besides microglia,
astrocytes also play a crucial role in ischemia, often
worsening brain injury, again through cytokines.31-32
In turn, cytokine release in the ischemic core leads
to leukocytic infiltration, with neutrophils being the
main cells attracted in the affected region. This
chain of events is mediated by expression of
endothelial adhesion molecules by neutrophils
which are attracted by a peptide called endothelin-1
that controls endothelial homeostasis.?? Neutrophilic
infiltration correlates with stroke severity and the
extent of infarct.3435 In this sense, molecular path-
ways that participate in the regulation of stroke-
related inflammatory processes, including that of
mTOR may play a key role in stroke outcomes.

The mTOR pathway

mTOR is a serine/threonine kinase, member of
the phosphatidylinositol 3-kinase-related kinase
family of protein kinases and a key regulator of cell
growth. As already mentioned, mTOR modulates
both autophagy and inflammation, playing an
integral role in stroke pathophysiological pro-
cesses.3%:37 It is the core component of two sepa-
rate protein complexes, mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2).36
mTORCI1 consists of mTOR, regulatory-associ-
ated protein of TOR (RAPTOR), proline-rich
AKT1 substrate of 40 kDa and mammalian lethal
with SEC13 protein 8 (mLL.ST8).38:3° On the other
hand, mTORC2 consists of mTOR, mLSTS8,
RICTOR (rapamycin-insensitive companion of
mTOR), mSIN1 (mammalian stress-activated
protein kinase-interacting protein) and protein
observed with rictor-1.39-4! Dishevelled, EGL-10,
and pleckstrin (DEP) domain-containing mTOR-
interacting protein has been recently discovered as
a negative regulator of both mTORCI1 and
mTORC2.42
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mTORCI1 and mTORC2 are located in different
subcellular compartments and serve several dis-
tinct functions. mMTORCI is found at the lysoso-
mal surface where it controls protein synthesis and
cellular growth in response to nutrients.3® Its
activity is regulated by various molecules (such as
insulin, rapamycin, growth factors, neurotrans-
mitters, and certain amino acids) as well as
mechanical stimuli and oxidative stress.43%>
mTORC2, on the other hand, has been shown to
regulate the actin cellular cytoskeleton and also to
control cell metabolism, proliferation, and sur-
vival via phosphorylation of the protein kinases A,
G, and C (AGC) family of kinases (namely, the
serine/threonine protein kinase Akt/PKB).46 In the
human brain, mTOR is expressed in both glial
cells and neurons. Specifically, mTORCI1 plays a
critical role in the development and differentiation
of glia, especially microglia from oligodendro-
cytes. It is also responsible for lipid production in
oligodendrocytes and Schwann cells and therefore
essential for muyelin synthesis.4” %% Moreover,
mTOR plays a significant role in physiological
functions of brain cells like memory, learning,
plasticity, and sociability>°-33 (Table 1).

Dysregulation of mTOR function can lead to the
development of neurodegenerative diseases, which
are characterized by the aggregation of proteins.>*
Such is Parkinson’s disease, which is characterized
by reduced dopamine in the striatum caused by
abnormal aggregates of a-synuclein, which are
named Lewy Bodies. It has been shown that the
accumulation of misfolded a-synuclein is provoked

Table 1. Physiological functions of mTORC.

by distorted autophagy through an mTOR-
dependent pathway.5> Huntington’s disease is an
another neurodegenerative autosomal dominant
disorder characterized by abnormal accumulation
of a protein named huntingtin. It has been demon-
strated that huntingtin induces the pathogenesis of
this disease by promoting mTORCI1 action.?® In
addition, mMTORCI is implicated in the pathogen-
esis of Alzheimer’s disease (AD), the most com-
mon cause of dementia, which is characterized by
abnormal aggregation of amyloid-beta peptides
and hyperphosphorylated tau that create amyloid-
plaques and neurofibrillary tangles.’” In animal
models of AD and Huntington disease, the appli-
cation of an mTORCI inhibitor (rapamycin)
reduced the toxic aggregates of proteins by pro-
moting the processes of autophagy.5%57 Finally,
another genetic disorder with dysregulation of
mTORCI1 activity is tuberous sclerosis complex
(TSC). This is an autosomal dominant disorder
and the majority of patients (85%) with this dis-
ease harbor mutations in TSC1 or TSC2 genes.58:59
As a multisystemic disorder TSC is characterized
by the creation of hamartomas in various organs
such as central nervous system (CNS), eyes, kid-
neys, skin, respiratory and circulatory systems.5%60
The most commonly affected system in TSC is
CNS. In brain magnetic resonance imaging, ana-
tomical deformities can be identified such as cere-
bral cortical tubers, subependymal nodules, and
subependymal giant cell astrocytomas. These
anomalies contribute to neurological symptoms
such as epilepsy, autism and mental retardation,
which are highly prevalent among TSC patients.

Physiological functions of mTORC

Memory/learning

Activation of mTORC1 in dendrites has been shown to increase sensitivity of the

postsynaptic membrane to neurotransmitters>0

Sociability
Plasticity

branching®
Brain myelination

Metabolic
homeostasis

Improved social skills have been shown in a mouse model of autism by application of
mTORC inhibitor (rapamycin)®2

mTORC has been suggested to promote neuronal axon development and dendritic

mTORC is implicated in lipid production in oligodendrocytes and Schwann cells47-4

Regulation of growth factors, amino acids, and mechanical stimuli are closely
regulated by the mTOR complexes*?

mTORC promotes cell growth: mTORC1 coordinates lipid synthesis, protein turnover
and glucose metabolism, mTORC2 controls cytoskeletal organization3

mTORC, mammalian target of rapamycin complex.
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Besides neurodegenerative diseases, mTOR holds
a crucial role in neuronal ischemia. In stroke,
there is recruitment of various inflammatory cells
(e.g. microglia, astrocytes) in the brain, which can
have anti-inflammatory or proinflammatory
actions.%! Besides inflammation, autophagy is
also implicated in stroke.%2 The common patho-
physiological denominator between these two
processes is the mTOR kinase.

mTOR and stroke

In this section, the role of the mTOR kinase in
stroke through distinct processes of inflammation
and autophagy will be discussed.

mTOR and inflammation

As already noted, mMTOR-dependent regulation of
the inflammatory process in stroke is particularly
complex. In order for us to comprehend it, we
need to elucidate the role of all implicated inflam-
matory cells. In general, mTOR, via its excitatory
or inhibitory effects, is the main determinant of
the outcome of post-stroke inflammation.61-63

Microglia. Microglial cells, activated through
DAMPs, play a central role in the early stages of
stroke-related inflammation acquiring either a
proinflammatory (M1) or anti-inflammatory
(M2) phenotype.®! M1-type microglia cells pro-
mote inflammation via IL-1 and TNF-a, whereas
M2-type cells block it through IL-10 and TGf-3
(with the latter exerting their role via stabilization
of the blood-brain barrier).%1:6465> mTORCI1 has
been shown to influence differentiation of microg-
lia into an M1 or M2 phenotype.%® Applying
mTORCI inhibitors in the acute phase of stroke,
such as sirolimus or everolimus, diminished pro-
inflammatory cytokines and promoted an anti-
inflammatory M2 phenotype of microglia in
experimental animal stroke models.%® In addition,
significant reduction of the infarct area and
improvement in the behavioral tests of the experi-
mental animals were noted.% Recent studies have
also shown that administration of sestrin-2, a
stress sensor protein, may elicit similar responses
in experimental stroke models. In particular,
administration of sestrin-2 induced microglial
shift to an M2 phenotype and attenuated the isch-
emic brain injury by downregulating the mTOR
pathway.®” These findings align with experimental
evidence that shows that the mTOR/STAT3
pathway is responsible for the regulation

of proinflammatory cytokine production and
induction of autophagy in microglia.®® In accor-
dance with the previous data, administration of
6-Gingerol, a natural compound isolated from
ginger rhizomes, to rhodent stroke models has
been shown to ameliorate microglia-induced neu-
roinflammation and cerebral injury by downregu-
lating the Akt/mTOR/STAT pathway.% Analogous
results were noted in the mTOR/STAT 3 pathway
by knockdown of the protein plexin-A2, which is
responsible for regulating neuronal axonal guid-
ance. Plexin-A2 knockdown facilitated M2
microglial polarization and increased functional
recovery after ischemic stroke in experimental
animal models.”®

Astrocytes and mTORC. Astrocytes are key modu-
lators of immune responses in stroke. They may
promote inflammation and tissue damage or con-
trarily, suppress inflammatory reaction acquiring a
neuroprotective role.®! The latter is achieved
through reduction of glutamate dependent exci-
totoxicity as well as post-ischemic neurotoxic
ROS.71-5> mTOR seems to play a central role in
all these events. Previous research in rat stroke
models has shown that increased activation of
astrocytic mTOR via the PI3K/Akt pathway
increases production of vascular endothelial
growth factor (VEGF) and brain-derived neuro-
trophic factor, thereby promoting angiogenesis
and neuroprotection in acute cerebral ischemia.”®
On the other hand, studies in primary astrocytic
cultures under oxygen—glucose deprivation indi-
cate that decreased activity of mTORCI1 pro-
motes autophagy and reduces proinflammatory
cytokines through decreased production of TNF-a
and downregulation of the TSC pathway.”’-78

Oligodendrocytes and mTORC. Oligodendrocytes
are neuroglia cells that produce myelin in neuro-
nal axons. They originate from oligodendrocyte
precursor cells (OPCs) and express certain anti-
gens such as ganglioside GD3 and platelet-derived
growth factor alpha receptor subunit.” The pro-
cedure of myelination is very complex and mTOR
has been reported to play a crucial role in it. This
notion is supported by various iz vivo experiments
which have unraveled the function of mTORCI1
and mTORC2 in myelin generation. For example,
reduced myelination was observed in raptor-
knockout mice, when mTORCI1 action was
diminished.8%-84 Under ischemic conditions in the
acute phase of stroke, there is evidence of OPCs
mobilization in the penumbra and reduction of

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 16

their number in the ischemic core. This phenom-
enon is closely related to the PI3K/Akt/mTOR
pathway.8> Previous research has also demon-
strated that inflammatory cascades induced by
microglial activation may impair oligodendro-
cytes/OPCs, while the production of VEGF-C
promotes oligodendrocytes/OPCs mobilization.86
Oligodendrocytes interact also with lymphocytes
and especially T- regulatory cells (T-regs), which
produce IL-6 and induce OPC differentiation
after the early stage of ischemic stroke.87 After the
ischemic event, the interaction between oligoden-
drocytes and endothelial cells has a pivotal role
for the process of myelination in the ischemic
area.’® In a mouse model of extended cerebral
hypoperfusion, Endothelial Progenitor Cell Sec-
retome promoted neovascularization, increased
the production of myelin and the number of
mature oligodendrocytes in the damaged area.
This was evident by the increase of p-AKT and
p-mTOR which regulated the differentiation of
OPCs in the recovery phase of ischemic stroke.
Therefore, this effect of oligodendrocyte augmen-
tation was potentiated by the PI3K/Akt/mTOR
pathway.8°

Endothelial cells and mTORC. The barrier between
blood vessels and brain parenchyma consists of
astrocytic endfeet processes, endothelial cells,
pericytes, and neurons.®® Endothelial cells are
located at the internal surface of the brain capil-
lary and are a key regulator of inflammatory pro-
cesses, as they mediate the penetration of
inflammatory cells from the periphery to the CNS.
In ischemic stroke, there is reduced blood flow in
endothelial cells and altered substance exchange
in the blood-brain barrier leading those cells to a
proinflammatory phenotype.®! In recent litera-
ture, there is evidence that mTOR-dependent
autophagy can secure endothelial cell function
post-stroke.®2 In an AD mouse model, application
of rapamycin, an mTOR inhibitor, restored cere-
bral blood flow and reduced amyloid B-protein
deposition in cerebral blood vessels.?2 This mech-
anism was associated with endothelium-depen-
dent vasodilation via nitric oxide production and
eNOS (endothelial nitric oxide synthase) phos-
phorylation.®? In another study, in stroke animal
models, rapamycin was shown to enhance collat-
eral perfusion in normotensive Wistar rats and
spontaneously hypertensive rats, which were sub-
jected to cerebral ischemia by middle cerebral
artery occlusion.?? In these animals, rapamycin
improved collateral perfusion by enhancing

eNOS activation in isolated and pressurized lep-
tomeningeal anastomoses. In addition, rapamy-
cin enhanced cerebral blood flow during
reperfusion (i.e. immediately after stroke), result-
ing in significant reduction of the infarct volume
and improved stroke outcome. In view of these
findings, rapamycin is thought to comprise an
attractive therapeutic agent in AIS, both improv-
ing the collateral flow and reperfusion outcomes
(i.e. following thrombolysis or thrombectomy).%3
In another study, induction of autophagy in brain
endovascular endothelial cells through an
mTOR-dependent pathway promoted stabiliza-
tion of blood-brain barrier integrity after oxygen
glucose deprivation/reperfusion induction.%*

mTOR and autophagy

As already mentioned, mTORCI is located at
the cytoplasmic surface of lysosomes, the exact
same organelles responsible for autophagic deg-
radation. When activated, mTORCI1 inhibits
autophagy through two main mechanisms. First
and foremost, it directly and rapidly blocks
autophagosome formation at its very early stages
through ULK phosphorylation®>° (Figure 1). In
addition, and this time via phosphorylation of
transcription-factor-EB protein family members,
it downregulates lysosomal proteins, ultimately
restricting lysosomal biogenesis and function.®?
Of note, mTORCI1 is blocked by AMPK, the
second key player in autophagy modulation.
AMPK promotes autophagy through phospho-
rylation of RAPTOR (and thus inhibition of
mTORCI1) but also through direct activation of
ULK?232¢ (Figure 1).

Moreover, mTOR restricts autophagy as part of
mTORC2. Activation of mMTORC2 leads to phos-
phorylation and activation of Akt and other mem-
bers of the AGC kinase family®® (Figure 2). This
in turn results into downregulation of autophagy
and lysosome-related proteins, mainly through
regulation of FoxO transcription factors.%®

Stroke has been shown to propagate autophagy
through AMPK activation!? (Figure 1). Never-
theless, whether this is beneficial or not for neu-
rons is not clear. In PC12 cell line cells (derived
from a transplantable rat pheochromocytoma),
application of 3-methyladenine (3-MA), a well-
known autophagy inhibitor, reduces cell apoptosis
under ischemic conditions.!%0 Along the same
line of evidence, inhibition of autophagy either
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PI3K
p70SK
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Figure 2. Modulation of tuberous sclerosis complex through the mTORC pathway.

The phosphoinositide3-kinase (PI3)/Akt pathway modulates mammalian target of rapamycin complex 1 (mTORC1) activity.
P13 regulates activity of Akt by its phosphorylation. The precondition for the complete activation of Akt is its phosphorylation
by mTORC2, which is activated by PI3K. Mobilization of Akt blocks the tuberous sclerosis complex (TSC) and activates

the GTPase Rheb, enabling the activation of mTORC1. The adenosine-monophosphate activated protein kinase (AMPK)
pathway that is activated under deprivation of nutrients inhibits mTORC1 activation by phosphorylating Raptor of mTORC1.
This kinase also promotes activation of TSC2 by phosphorylating it and blocks the splitting of TSC1/TSC2 complex. Finally,
mTORC1 phosphorylates p70SK and induces protein synthesis. The double-blue structure represents the cell membrane.
Black arrows correspond to blocking of activity and red ones correspond to induction. ‘P’ corresponds to phosphorylation.

pharmacologically or by lentiviral vector deliver-
ing, accomplished reduction of infarct volume in
stroke rat models. This was achieved by intraven-
tricular 3-MA administration or by silencing
autophagy promoters, Beclinl and autophagy-
related gene 7 (Atg7), via transferring short hair-
pin RNAs (shRNAs).101 By contrast, other
studies show that 3-MA and wortmannin (again
an autophagy inhibitor) modulate rat ischemic
neurons to transit from apoptosis to the necrotic
phase.102 Also, treatment of neuronal cells from
neonatal rats with rapamycin under hypoxic con-
ditions results into increased expression of the
autophagy markers Beclin-1 and LC3-II along
with reduced neuronal death.192 Furthermore,
hamartin, the protein end-product of TSCI,
seems to increase in ischemic CA3 neurons (CA
refers to Cornu Ammonis hippocampal areas),
mediating neuronal survival via the pathway of
autophagy. CA3 which is part of hippocampal
structure is particularly resistant to ischemia. In

order to identify the mechanisms responsible for
this phenomenon, a proteomic analysis of this
hippocampal region was performed in stroke rat
models. It was found that hamartin was among
the main proteins which are expressed following
ischemia. This protein induced autophagy by
blocking the mTORCI1 pathway.!>

Targeting the mTOR pathway in stroke

The mTOR pathway has been introduced as
potentially providing neuroprotection under
ischemic conditions in stroke.!°3 In neuronal and
microglial cell cultures exposed to oxygen/glucose
deprivation conditions, inhibition of mTOR sign-
aling results in neuronal cell death.%%:19¢ Moreover,
experiments in fresh water invertebrates exposed
to sodium hyposulfite revealed that metformin-
induced mTOR upregulation acts protecting
neurons from hypoxia.l%> Melatonin in stroke
rodent models reduces infarct volume through
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mTOR and p70 S6 kinase activation (and thus
Akt inhibition), while remote ischemic precondi-
tioning in hippocampal cells increases phospho-
rylated mTOR and reduces apoptotic rate.®
Finally, ithas been demonstrated that Phosphatase
and Tensin Homolog Deleted On Chromosome
10 suppression reduces cerebral infarct in middle
cerebral artery occlusion through mTOR phos-
phorylation and activation.1 However, not all
published results support this neuroprotective
role of mTOR. For example, in a recent publica-
tion involving transient forebrain ischemia in rats,
mTOR inhibition with rapamycin resulted into
apoptosis reduction and reduced ischemia-
induced damage.!07

This discrepancy of mTOR inhibition and acti-
vation effects on stroke outcomes was high-
lighted in a recent systematic review and
meta-analysis.1%® In this meta-analysis, 17 origi-
nal studies were included, which evaluated the
effect of rapamycin in animal stroke models. It
was noted that even though rapamycin was neu-
roprotective in animal stroke models, the extent
of its efficacy was influenced by the administered
dose. This was attributed to the fact that rapa-
mycin at high doses could be deleterious due to
uncontrollable autophagy, whereas at low doses
could be protective to neurons.!® Another
explanation for these discordant effects could be
the suppression of mMTORC2 due to higher dose
or prolonged rapamycin treatment.1%® Moreover,
alternative hypotheses have also been put forth,
suggesting that the therapeutic manipulation of
the mTOR pathway in stroke may be time-
dependent (i.e. with mTOR inhibition generally
considered beneficial in the acute phase of
stroke, but its mobilization is potentially detri-
mental in the recovery phase of stroke when
myelination and angiogenesis is required).%%-8°

TSC complex and stroke

Of certain interest is the close relation of the
mTOR pathway with hamartin-tuberin complex
under hypoxic conditions.!?® Hamartin connects
with tuberin, which is the transcriptional product
of TSC2 gene and creates a protein complex (the
TSC1-TSC2 complex)!1? (Figure 2). Hamartin
and tuberin are responsible for various cellular
functions such as steroid hormone modulation,
cell cycle regulation, and vesicular transport.
Hamartin is essential for the stabilization of
tuberin, since it inhibits its degradation. When

the cell is subjected to ischemic conditions, there
is activation of Rheb (Ras homolog enriched in
brain) which is a guanosine triphosphate (GTDP)-
binding protein (Figure 2). Through this mech-
anism, there is blocking of mTORCI1 by the
TSC complex. This procedure leads to adjust-
ment of p70S6 K (ribosomal protein S6 kinase),
4E-BP1 (eukaryotic translation initiation factor
4E-binding protein 1), and eEF2 K (eukaryotic
elongation factor 2 kinase), which are all essential
for cell maturation and protein production!!!
(Figure 2). Moreover, the formation of the TSC
complex is modulated by the cyclin-dependent
kinase 1 (CDK1), while AKT modulates its dis-
persion by phosphorylating hamartin.

The hippocampus proper is a hippocampal struc-
ture that consists of the four segments CA1, CA2,
CA3, CA4. It has been proved that CA3 cells are
particularly resistant to ischemic insult whereas
CA1 cells exhibit a relative sensitivity to such con-
ditions.112-115 This heterogeneity attracted scientific
attention and proteomic analysis was performed in
this structure under hypoxic conditions. These
investigations established that hamartin is upregu-
lated in CA3 cells under hypoxic conditions while
in CAl cells its expression remained unaffected.
Particularly in CA1 neurons, which remained unal-
tered by ischemia, there was increased expression
of this protein only when these cells were exposed
to ischemic preconditioning.116

Neuroprotection can be accomplished by hamar-
tin through the modulation of the autophagic pro-
cess.1> As noted above, autophagy is a homeostatic
mechanism vital for cellular demands. The cell
can utilize autophagy for the degradation of mac-
romolecules in order to support its energy
demands.!!” Global ischemia in CA1 neurons of
hippocampus promotes production of membra-
nous structures called autophagosomes due to
diminished autophagy. Autophagosomes play a
vital role in the process of macroautophagy.l18
However, modulation of autophagy through the
application of rapamycin (an mTOR inhibitor)
elicited neuroprotective effects on neurons. In a
previous study, a TSC1 shRNA viral vector was
utilized in order to suppress the expression of
hamartin 7z vivo and in vitro. In this way, neurons
became more sensitive to ischemic conditions and
entered apoptosis. In this study, the researchers
also showed that by increasing the expression of
hamartin by a lentiviral vector in hippocampal
neurons, they increased their resistance to oxygen
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glucose deprivation conditions. This was possible
by inducing the autophagic process by blocking
the mTORCI1 pathway. Also i vivo, the rats that
were stereotactically injected with the TSCI1
shRNA viral vector exhibited increased locomo-
tor activity post-ischemia.!5119

As already noted, hamartin may be a promising
therapeutic agent in various diseases including
stroke. Since its neuroprotective potency was
proven in i vivo studies in hippocampal neurons,
its potential effect in different neuronal cells that
are responsible for major disabilities in humans
such as cells of the primary motor cortex still
remains to be established. Apart from neuronal
cells, the effect of hamartin on inflammatory cells
also remains to be ascertained. In 2020, another
group of researchers demonstrated that increased
expression of TSC2 in astrocytic cultures under
oxygen/glucose deprivation conditions, resulted
into increased autophagy by reducing the phos-
phorylation of mTOR. This was possible via the
application of dexmedetomidine (a sedative
agent), which reduced apoptosis in the astrocytic
culture.” Therefore, the effect of hamartin in dif-
ferent cell types such as glial cells should be thor-
oughly investigated in the future.

Although such therapies are still not clinically
available, ongoing research is expected to soon
shed light onto the therapeutic potential of
novel molecules including exosomes for protein
modulation such as hamartin.!?° Exosomes are
extracellular vesicles, which are secreted by all
cells and contain microRNAs.!?! By producing
engineered exosomes, these would be able to
cross the blood—brain barrier, due to their small
size, and mediate intracerebral production of
hamartin.

Conclusion

The last two decades have witnessed an increase
in the incidence of stroke by 70%.122 It is esti-
mated that stroke prevalence and incidence
among people <70years old have increased by
22% and 15%, respectively.123-125 Clearly, our
main goal when treating stroke is to restore cere-
bral blood flow to the ischemic area, reducing the
damage inflicted upon neurons due to oxygen
deprivation. This is achieved by acute recanaliza-
tion therapies, either by intravenous thrombolysis
with recombinant tissue-type plasminogen activa-
tor or by endovascular thrombectomy. The latter

is today the mainstay treatment for stroke based
on the results of a number of clinical trials that
have been published since 2015 (e.g. MR
CLEAN, EXTEND-IA, SWIFT PRIME) prov-
ing its efficacy and safety.!26-131 Nevertheless,
recanalization therapies cannot guarantee a good
functional outcome, with time-to-therapy being
the main limiting factor.!3! The development of
neuroprotective agents, which can be imple-
mented as add-on treatments to delay neural
death until vessel recanalization may be achieved,
are hence of paramount importance. Such an
attempt was the ESCAPE-NAI1 trial (Efficacy
and safety of nerinetide for the treatment of AIS),
which was a multicenter, double-blind, rand-
omized, placebo-controlled, phase III trial to test
a neuroprotective agent (nerinetide) in the acute
phase of stroke.!32 Even though the results of this
trial were negative, the era of neuroprotective
agents in stroke is still at its dawn.

A promising target for neuroprotective interven-
tions is the mTOR pathway, the common
underlying pathway regulating ischemia-related
inflammation and autophagy. Promoting or
inhibiting such processes under ischemic condi-
tions can lead to apoptosis or instead sustained
viability of neurons. Therefore, the utilization of
agents that can regulate inflammatory and
autophagy cascades in the brain aims to attenu-
ate neuronal apoptosis and increase neuronal
survival in stroke.

To conclude, future research is direly needed to
assess the full neuroprotective and therapeutic
potential of the mTORC pathway in ischemic
stroke. The key notion of this approach lies in the
mobilization of this pathway via neuroprotective
agents such as hamartin that allow ‘calibrated’
interactions with the mTORC pathway, rather
than simplified approaches that attempt initiation
or suppression of this pathway as a whole. In the
latter case, as complex cascades are induced at
neuronal level, the completion or contrarily the
premature termination of these processes is hard
to ascertain. Thus, when modulating the mTORC
pathway, i vivo cautious interpretation of experi-
mental findings is warranted in order to avoid
erroneous inferences. For example, the role of
mTORC may be deemed crucial under the prem-
ise that the pathway initiation was completed,
when in reality, it could be the premature termi-
nation of these processes, which led to neuronal
apoptosis under ischemic conditions.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 16

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Author contributions

Konstantinos Melanis: Conceptualization;
Investigation; Project administration; Resources;
Software; Supervision; Validation; Visualization;
Writing — original draft; Writing — review &
editing.

Maria-Ioanna Stefanou: Conceptualization;
Investigation; Project administration; Resources;
Software; Supervision; Validation; Visualization;
Writing — original draft; Writing — review &
editing.

Konstantinos M. Themistoklis: Conceptuali-
zation; Investigation; Supervision; Writing —
review & editing.

Themistoklis Papasilekas: Conceptualization;
Investigation; Project administration; Resources;
Software; Supervision; Validation; Visualization;
Writing — original draft; Writing — review &
editing.

Acknowledgements
The authors thank Konstantinos Vekrellis for his
valuable comments and support.

Funding

The authors received no financial support for the
research, authorship, and/or publication of this
article.

Competing interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Availability of data and materials
Not applicable.

ORCID iDs
Konstantinos Melanis
0002-3224-3053

https://orcid.org/0000-

Maria-Ioanna Stefanou “* https://orcid.org/0000-
0002-2305-6627

10.

11.

12.

13.

References
1.

Schnabel RB, Haeusler KG, Healey JS, ez al.
Searching for atrial fibrillation poststroke: a
white paper of the AF-SCREEN international
collaboration. Circulation 2019; 140: 1834—-1850.

Campbell BCV and Khatri P. Stroke. Lancet
2020; 396: 129-142.

Mozaffarian D, Benjamin EJ, Go AS, ez al. Heart
disease and stroke statistics-2016 update a report
from the American Heart Association. Circulation
20165 133: ¢38-e360.

Adams HP Jr, Bendixen BH, Kappelle L], ez al.
Classification of subtype of acute ischemic stroke
definitions for use in a multicenter clinical trial.
Stroke 1993; 24: 35-41.

. Wardlaw JM, Murray V, Berge E, er al.

Recombinant tissue plasminogen activator for
acute ischaemic stroke: an updated systematic
review and meta-analysis. Lancer 20123 379:
2364-2372.

Balami JS, Sutherland BA, Edmunds LD,

et al. A systematic review and meta-analysis of
randomized controlled trials of endovascular
thrombectomy compared with best medical
treatment for acute ischemic stroke. Int ¥ Stroke
2015; 10: 1168-1178.

Koh SH and Park HH. Neurogenesis in stroke
recovery. Transl Stroke Res 2017; 8: 3—13.

Collingridge GL, Isaac JTR and Yu TW.
Receptor trafficking and synaptic plasticity. Nat
Rewv Neurosci 2004; 5: 952-962.

Szabd MR, Pipicz M, Csont T, et al. Modulatory
effect of myokines on reactive oxygen species

in ischemia/reperfusion. Int ¥ Mol Sci 2020; 21:
1-26.

Curcio M, Salazar IL, Mele M, ez al. Calpains
and neuronal damage in the ischemic brain:

the swiss knife in synaptic injury. Prog Neurobiol
2016; 143: 1-35.

He C and Klionsky DJ. Regulation mechanisms
and signaling pathways of autophagy. Annu Rev
Gener 2009; 43: 67-93.

Nitatori T, Sato N, Waguri S, ez al. Delayed
neuronal death in the CA1 pyramidal cell layer
of the gerbil hippocampus following transient
ischemia is apoptosis. ¥ Neurosci 1995; 15:
1001-1011.

Parzych KR and Klionsky DJ. An overview
of autophagy: morphology, mechanism, and
regulation. Antioxid Redox Signal 2014; 20:
460-473.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0002-3224-3053
https://orcid.org/0000-0002-3224-3053
https://orcid.org/0000-0002-2305-6627
https://orcid.org/0000-0002-2305-6627

K Melanis, M-I Stefanou et al.

14. Geng J and Klionsky DJ. The Atg8 and
Atgl2 ubiquitin-like conjugation systems in
macroautophagy. EMBO Rep 2008; 9: 859-864.

15. Papadakis M, Hadley G, Xilouri M, et al. Tscl
(hamartin) confers neuroprotection against
ischemia by inducing autophagy. Nat Med 2013;
19: 351-357.

16. Kabeya Y, Mizushima N, Ueno T, ez al. Erratum:
LC3, a mammalian homolog of yeast Apg8p,
is localized in autophagosome membranes after
processing [EMBO ¥ 2000; 19: 5720-5728].
EMBO ¥2003; 22: 4577.

17. Wang P, Shao BZ, Deng Z, et al. Autophagy in
ischemic stroke. Prog Neurobiol 2018; 163—164:
98-117.

18. Weis SN, Toniazzo AP, Ander BP, et al.
Autophagy in the brain of neonates following
hypoxia-ischemia shows sex- and region-specific
effects. Neuroscience 2014; 256: 201-209.

19. Ghavami S, Shojaei S, Yeganeh B, ez al.
Autophagy and apoptosis dysfunction in
neurodegenerative disorders. Prog Neurobiol 2014;
112: 24-49.

20. Marifio G, Niso-Santano M, Baehrecke
EH, er al. Self-consumption: the interplay of
autophagy and apoptosis. Nat Rev Mol Cell Biol
2014; 15: 81-94.

21. Hardie DG. Why starving cells eat themselves.
Science 20115 331: 410-411.

22. Egan DF, Shackelford DB, Mihaylova MM, ez al.
Phosphorylation of ULK1 (hATG1) by AMP-
activated protein kinase connects energy sensing
to mitophagy. Science 2011; 331: 456—461.

23. Weisova P, Davila D, Tuffy LP, ez al. Role of
5’-adenosine monophosphate-activated protein
kinase in cell survival and death responses
in neurons. Antioxid Redox Signal 2011; 14:
1863-1876.

24. Garcia D and Shaw R]J. AMPK: mechanisms
of cellular energy sensing and restoration of
metabolic balance. Mol Cell 2017; 66: 789-800.

25. Jayaraj RL, Azimullah S, Beiram R, ez al.
Neuroinflammation: friend and foe for ischemic
stroke. ¥ Neuroinflammation 2019; 16: 142.

26. Kurzepa J, Kurzepa J, Golab P, et al. The
significance of matrix metalloproteinase
(MMP)-2 and MMP-9 in the ischemic stroke.
Int ¥ Neurosci 2014; 124: 707-716.

27. Chen GY and Nuifiez G. Sterile inflammation:
sensing and reacting to damage. Nar Rev Immunol
2010; 10: 826-837.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Park JS, Svetkauskaite D, He Q, ez al.
Involvement of toll-like receptors 2 and 4 in
cellular activation by high mobility group box 1
protein. ¥ Biol Chem 2004; 279: 7370-7377.

Moro MA, Cardenas A, Hurtado O, et al. Role
of nitric oxide after brain ischaemia. Cell Calcium
2004; 36: 265-275.

Chong ZZ, Shang YC, Wang S, et al. Shedding
new light on neurodegenerative diseases through
the mammalian target of rapamycin. Prog
Neurobiol 20125 99: 128-148.

LiM,LiZ,Yao Y, et al. Astrocyte-derived
interleukin-15 exacerbates ischemic brain injury
via propagation of cellular immunity. Proc Natl
Acad Sci US A 2017; 114: E396-E405.

Stichel CC and Muiller HW. The CNS lesion
scar: new vistas on an old regeneration barrier.
Cell Tissue Res 1998; 294: 1-9.

Jickling GC, Liu D, Ander BP, ez al. Targeting
neutrophils in ischemic stroke: translational
insights from experimental studies. ¥ Cereb Blood
Flow Merab 2015; 35: 888-901.

Buck BH, Liebeskind DS, Saver JL, er al. Early
neutrophilia is associated with volume of ischemic
tissue in acute stroke. Stroke 2008; 39: 355-360.

Kim J, Song TJ, Park JH, er al. Different
prognostic value of white blood cell subtypes
in patients with acute cerebral infarction.
Atherosclerosis 20125 222: 464-467.

Martens S. A division of labor in mTORC1
signaling and autophagy. Sci Signal 2018; 11: 1-3.

Kalra P, Khan H, Kaur A, er al. Mechanistic
insight on autophagy modulated molecular
pathways in cerebral ischemic injury : from
preclinical to clinical perspective. Neurochem Res
2022; 47: 825-843.

Yip CK, Murata K, Walz T, ez al. Structure
of the human mTOR Complex I and its
implications for rapamycin inhibition. Mol Cell
2010; 38: 768-774.

Switon K, Kotulska K, Janusz-Kaminska A, ez al.
Molecular neurobiology of mTOR. Neuroscience
2017; 341: 112-153.

Sarbassov DD, Ali SM, Sengupta S, ez al.
Prolonged rapamycin treatment inhibits
mTORC2 assembly and Akt/PKB. Mol Cell 2006;
22:159-168.

Chen CH and Sarbassov DD. The mTOR
(mammalian target of rapamycin) kinase
maintains integrity of mTOR complex 2. ¥ Biol
Chem 2011; 286: 40386-40394.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Caron A, Baraboi ED, Laplante M, et al. DEP
domain-containing mTOR-interacting protein
in the rat brain: distribution of expression and
potential implication. ¥ Comp Neurol 20153 523:
93-107.

Bond P. Regulation of mMTORCI1 by growth
factors, energy status, amino acids and
mechanical stimuli at a glance. ¥ Int Soc Sports
Nurr 20165 13: 8.

Fang Y, Zhan Y, Xie Y, et al. Integration of
glucose and cardiolipin anabolism confers
radiation resistance of HCC. Hepatology 2022;
75: 1386-1401.

Kim DH, Sarbassov DD, Ali SM, er al. mMTOR
interacts with raptor to form a nutrient-
sensitive complex that signals to the cell growth
machinery. Cell 2002; 110: 163-175.

Scaiola A, Mangia F, Imseng S, ez al. The 3.2-A
resolution structure of human mTORC2. Sci Adv
2020; 6: eabcl1251.

Bermudez-Silva FJ, Romero-Zerbo SY,
Haissaguerre M, ez al. The cannabinoid CB1
receptor and mTORCI1 signalling pathways
interact to modulate glucose homeostasis in mice.
Dis Model Mech 20165 9: 51-61.

Chen S, Der Wu CL, Hwang WC, er al. More
insight into BDNF against neurodegeneration:
anti-apoptosis, anti-oxidation, and suppression of
autophagy. Int ¥ Mol Sci 2017; 18: 1-12.

Figlia G, Gerber D and Suter U. Myelination and
mTOR. Glia 2018; 66: 693-707.

Ye H and De S. Crosstalk between the mTOR
and Nrf2/ARE signalin. ¥ Int Soc Burn Inj 2017,
43: 909-932.

Bockaert J and Marin P. mTOR in brain
physiology and pathologies. Physiol Rev 2015; 95:
1157-1187.

Burket JA, Benson AD, Tang AH, ez al.
Rapamycin improves sociability in the BTBR
T +Itpr3tf/] mouse model of autism spectrum
disorders. Brain Res Bull 2014; 100: 70-75.

Jaworski J and Sheng M. The growing role of
mTOR in neuronal development and plasticity.
Mol Neurobiol 20065 34: 205-219.

Perluigi M, Di Domenico F and Butterfield DA.
mTOR signaling in aging and neurodegeneration:
at the crossroad between metabolism dysfunction
and impairment of autophagy. Neurobiol Dis
2015; 84: 39-49.

Lan A, ping Chen J, Zhao Y, et al. mTOR
signaling in Parkinson’s disease. Neuromolecular
Med 20175 19: 1-10.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Pryor WM, Biagioli M, Shahani N, ez al.
Huntingtin promotes mTORCI signaling in the
pathogenesis of Huntington’s disease. Sci Signal
20145 7: ral03.

Spilman P, Podlutskaya N, Hart M], er al.
Inhibition of mTOR by rapamycin abolishes
cognitive deficits and reduces amyloid-f3 levels
in a mouse model of Alzheimer’s disease. PLoS
ONE 20105 5: €9979.

Slegtenhorst M, Van Hoogt R, De Hermans C,
et al. Identification of the tuberous sclerosis gene
TSC1 on chromosome 9q34. Science 1997; 277:
805-808.

Curatolo P, Bombardieri R and Jozwiak S.
Tuberous sclerosis. Lancet 2008; 372: 657—668.

Rosser T, Panigrahy A and McClintock W.

The diverse clinical manifestations of tuberous
sclerosis complex: a review. Semin Pediatr Neurol
2006; 13: 27-36.

Hernandez IH, Villa-Gonzalez M, Martin G,
et al. Glial cells as therapeutic approaches in brain
ischemia-reperfusion injury. Cells 2021; 10: 1-26.

Wang X, Fang Y, Huang Q, ez al. An updated
review of autophagy in ischemic stroke : from
mechanisms to therapies. Exp Neurol 2021; 340:
113684.

Xu S, Lu ], Shao A, er al. Glial cells : role of
the immune response in ischemic stroke. Front
Immunol 2020; 11: 294-216.

Shapouri-Moghaddam A, Mohammadian

S, Vazini H, er al. Macrophage plasticity,
polarization, and function in health and disease.
F Cell Physiol 2018; 233: 6425-6440.

Martinez FO and Gordon S. The M1 and M2
paradigm of macrophage activation: time for
reassessment. F1000Prime Rep 2014; 6: 13—13.

Li D, Wang C, Yao Y, et al. mTORCI1 pathway
disruption ameliorates brain inflammation
following stroke via a shift in microglia phenotype
from M1 type to M2 type. FASEB ¥ 2016; 30:
3388-3399.

He T, Li W, Song Y, ez al. Sestrin2 regulates
microglia polarization through mTOR-mediated
autophagic flux to attenuate inflammation during
experimental brain ischemia. ¥ Neuromnflammation
2020; 17: 1-13.

Wang H, Liu Q and Zhang X. Clg/tumor
necrosis factor-related protein-1 attenuates
microglia autophagy and inflammatory response
by regulating the Akt/mTOR pathway. Life Sci
2020; 256: 117992.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

K Melanis, M-I Stefanou et al.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

Liu Y, Deng SJ, Zhang Z, et al. 6-gingerol
attenuates microglia-mediated neuroinflammation
and ischemic brain injuries through Akt-mTOR-
STAT?3 signaling pathway. Eur ¥ Pharmacol 2020,
883: 173294.

Li S, Hua X, Zheng M, er al. PLXNA2
knockdown promotes M2 microglia polarization
through mTOR/STAT3 signaling to improve
functional recovery in rats after cerebral ischemia/
reperfusion injury. Exp Neurol 2021; 346: 113854.

Gubern C, Camoés S, Hurtado O, et al.
Characterization of Gef2/Lrrfipl in experimental
cerebral ischemia and its role as a modulator of
Akt, mTOR and B-catenin signaling pathways.
Neuroscience 2014; 268: 48—65.

Huang WY, Jiang C, Ye HB, ez al. miR-124
upregulates astrocytic glutamate transporter-1
via the Akt and mTOR signaling pathway post
ischemic stroke. Brain Res Bull 2019; 149:
231-239.

JiYF, Zhou L, Xie Y], et al. Upregulation of
glutamate transporter GLT-1 by mTOR-Akt-
NF-kB cascade in astrocytic oxygen-glucose
deprivation. Glia 2013; 61: 1959-1975.

Allaman I, Bélanger M and Magistretti PJ.
Astrocyte-neuron metabolic relationships: for better
and for worse. Trends Neurosci 2011; 34: 76-87.

Peng L, Zhao Y, Li Y, et al. Effect of DJ-1 on
the neuroprotection of astrocytes subjected to
cerebral ischemia/reperfusion injury. ¥ Mol Med
2019; 97: 189-199.

Zhang Q, Chen ZW, Zhao YH, ez al. Bone
marrow stromal cells combined with sodium
ferulate and n-butylidenephthalide promote the
effect of therapeutic angiogenesis via advancing
astrocyte-derived trophic factors after ischemic
stroke. Cell Transplant 2017; 26: 229-242.

Li CY, Li X, Liu SF, ez al. Inhibition of mTOR
pathway restrains astrocyte proliferation,
migration and production of inflammatory
mediators after oxygen-glucose deprivation and
reoxygenation. Neurochem Int 2015; 83-84: 9—18.

Zhu C, Zhou Q, Luo C, et al. Dexmedetomidine
protects against oxygen—glucose deprivation-
induced injury through inducing astrocytes
autophagy via TSC2/mTOR pathway.
Neuromolecular Med 2020; 22: 210-217.

Montani L. Lipids in regulating oligodendrocyte
structure and function. Semin Cell Dev Biol 2021;
112: 114-122.

Bercury KK, Dai JX, Sachs HH, ez al.
Conditional ablation of raptor or rictor
has differential impact on oligodendrocyte

81.

82.

85.

86.

87.

88.

89.

90.

91.

92.

differentiation and CNS myelination. ¥ Neurosci
2014; 34: 4466-4480.

Takei N and Nawa H. mTOR signaling and its
roles in normal and abnormal brain development.
Front Mol Neurosci 20145 7: 28.

Figlia G, Norrme C, Hall MN, ez al. mTORCI1
controls PNS myelination along the mTORCI1-
RXR g -SREBP-lipid biosynthesis axis in
Schwann cells article mTORCI1 controls

PNS myelination along the mTORC1-RXR g
-SREBP-lipid biosynthesis axis in Schwann cells.
Cell Rep 2014; 9: 646-660.

. Lebrun-Julien F, Bachmann L, Norrmén C, ez al.

Balanced mTORCI1 activity in oligodendrocytes
is required for accurate CNS myelination. ¥
Neurosci 2014; 34: 8432-8448.

. Zou ], Zhou L, Du XX, er al. Rhebl is required

for mMTORCI1 and myelination in postnatal brain
development. Dev Cell 2011; 20: 97-108.

Wang Y, Chen F, Wang P, ez al. Study on myelin
injury of AD mice treated with Shenzhiling

oral liquid in the PI3K/Akt—-mTOR pathway.
Int § Immunopathol Pharmacol 20205 34:
2058738420923907.

Choi EH, Xu Y, Medynets M, ez al. Activated

T cells induce proliferation of oligodendrocyte
progenitor cells via release of vascular endothelial
cell growth factor-A. Glia 2018; 66: 2503-2513.

Zarriello S, Neal EG, Kaneko Y, et al.
T-regulatory cells confer increased myelination
and stem cell activity after stroke-induced white
matter injury. ¥ Clin Med 2019; 8: 1-11.

Hypoperfusion C, Maki T, Morancho A, er al.
Original contribution repair in a mouse model of
prolonged. Int ¥ Exp Pathol 2020; 101: 21-37.

Wang X, Wang Y, Wang L, er al. Oligogenesis in
the ‘oligovascular unit’ involves PI3K /

AKT / mTOR signaling in hypoxic-ischemic
neonatal mice. Brain Res Bull 2020; 155: 81-91.

McConnell HL, Kersch CN, Woltjer RL, ez al.
The translational significance of the neurovascular
unit. ¥ Biol Chem 2017; 292: 762-770.

Shuvaev VV and Muzykantov VR. Targeted
modulation of reactive oxygen species in the
vascular endothelium. ¥ Control Release 2011;
153: 56-63.

Lin AL, Zheng W, Halloran JJ, er al. Chronic
rapamycin restores brain vascular integrity and
function through NO synthase activation and
improves memory in symptomatic mice modeling
Alzheimer’s disease. F Cereb Blood Flow Metab
2013; 33: 1412-1421.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in

Neurological Disorders

Volume 16

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Beard DJ, Li Z, Schneider AM, et al.
Rapamycin induces an eNOS dependent
increase in brain collateral perfusion in Wistar
and spontaneously hypertensive rats. Stroke
2021; 51: 2834-2843.

Li H, Gao A, Feng D, et al. Evaluation of the
protective potential of brain microvascular
endothelial cell autophagy on blood-brain
barrier integrity during experimental cerebral
ischemia-reperfusion injury. Transl Stroke Res
2014; 5: 618-626.

Xiang H, Zhang J, Lin C, et al. Targeting
autophagy-related protein kinases for potential
therapeutic purpose. Acta Pharm Sin B 2020;
10: 569-581.

Efeyan A, Zoncu R and Sabatini DM. Amino
acids and mTORCI1: from lysosomes to disease
mTOR in growth control. Trends Mol Med
2013; 18: 524-533.

Deleyto-Seldas N and Efeyan A. The mTOR-
autophagy axis and the control of metabolism.
Front Cell Dev Biol 20215 9: 655731-655739.

Ballesteros-Alvarez J and Andersen JK.
mTORC2: the other mTOR in autophagy
regulation. Aging Cell 2021; 20: e13431.

Chong ZZ, Li F and Maiese K. The pro-survival
pathways of mTOR and protein kinase B

target glycogen synthase kinase-3[3 and nuclear
factor-kB to foster endogenous microglial cell
protection. Int § Mol Med 2007; 19: 263-272.

Uchiyama Y. Autophagic cell death and its
execution by lysosomal cathepsins. Arch Histol
Cytol 2001; 64: 233-246.

Ginet V, Spiehlmann A, Rummel C, er al.
Involvement of autophagy in hypoxic-
excitotoxic neuronal death. Autophagy 2014; 10:
846-860.

Carloni S, Buonocore G and Balduini W.
Protective role of autophagy in neonatal
hypoxia-ischemia induced brain injury.
Neurobiol Dis 2008; 32: 329-339.

Chen H, Qu Y, Tang B, er al. Role of
mammalian target of rapamycin in hypoxic or
ischemic brain injury: potential neuroprotection
and limitations. Rev Neurosci 2012; 23: 279-287.

Chong ZZ, Shang YC, Zhang L, ez al.
Mammalian target of rapamycin: hitting the
bull’s-eye for neurological disorders. Oxid Med
Cell Longev 2010; 3: 374-391.

Sheng B, Liu J and Li GH. Metformin
preconditioning protects Daphnia pulex from
lethal hypoxic insult involving AMPK, HIF

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

and mTOR signaling. Comp Biochem Physiol B
Biochem Mol Biol 20125 163: 51-58.

Shi GD, OuYang YP, Shi JG, ez al. PTEN
deletion prevents ischemic brain injury by
activating the mTOR signaling pathway.
Biochem Biophys Res Commun 2011; 404:
941-945.

Yang X, Hei C, Liu P, ez al. Inhibition of
mTOR pathway by rapamycin reduces brain
damage in rats subjected to transient forebrain
ischemia. Inr ¥ Biol Sci 2015; 11: 1424-1435.

Beard DJ, Hadley G, Thurley N, ez al. The
effect of rapamycin treatment on cerebral
ischemia: a systematic review and meta-analysis
of animal model studies. Int ¥ Stroke 2019; 14:
137-145.

Brugarolas J, Lei K, Hurley RL, er al.
Regulation of mTOR function in response

to hypoxia by REDDI1 and the TSC1/TSC2
tumor suppressor complex. Genes Dev 2004; 18:
2893-2904.

van Slegtenhorst M, Nellist M, Nagelkerken B,
et al. Interaction between hamartin and tuberin,
the TSC1 and TSC2 gene products. Hum Mol

Genet 1998; 7: 1053-1057.

Browne GJ and Proud CG. A novel mTOR-
regulated phosphorylation site in elongation
factor 2 kinase modulates the activity of the
kinase and its binding to calmodulin. Mol Cell
Biol 2004; 24: 2986-2997.

Chen J, Zhu RL, Nakayama M, et al.
Expression of the apoptosis-effector gene, Bax,
is up-regulated in vulnerable hippocampal CA1l
neurons following global ischemia. ¥ Neurochem
1996; 67: 64-71.

Ouyang YB, Voloboueva LA, Xu L], ez al.
Selective dysfunction of hippocampal CA1l
astrocytes contributes to delayed neuronal
damage after transient forebrain ischemia. ¥
Neurosci 2007; 27: 4253-4260.

Yang J, Huang C, Yang ], ez al. Statins
attenuate high mobility group box-1 protein
induced vascular endothelial activation: AAA
key role for TLR4/N«F-B signaling pathway.
Mol Cell Biochem 2010; 345: 189-195.

Sun HS, Jackson MF, Martin L], ez al.
Suppression of hippocampal TRPM7 protein
prevents delayed neuronal death in brain
ischemia. Nat Neurosci 2009; 12: 1300-1307.

Hadley G, De Luca GC, Papadakis M, et al.
Endogenous neuroprotection: hamartin
modulates an austere approach to staying alive
in a recession. Intr ¥ Stroke 2013; 8: 449-450.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

K Melanis, M-I Stefanou et al.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Rabinowitz JD and White E. Autophagy and
metabolism. Science 2010; 330: 1344-1348.

Liu C, Gao Y, Barrett ], er al. Autophagy and
protein aggregation after brain ischemia.
F Neurochem 20105 115: 68-78.

Xia DY, Li W, Qian HR, ez al. Ischemia
preconditioning is neuroprotective in a rat
cerebral ischemic injury model through
autophagy activation and apoptosis inhibition.
Braz ¥ Med Biol Res 2013; 46: 580-588.

Zhou C, Zhou F, He Y, et al. Exosomes in
cerebral ischemia-reperfusion injury: current
perspectives and future challenges. Brain Sci
2022; 12: 1657.

Gurung S, Perocheau D, Touramanidou L,

et al. The exosome journey: from biogenesis to
uptake and intracellular signalling. Cell Commun
Signal 20215 19: 47.

GBD 2019 Stroke Collaborators. Global,
regional, and national burden of stroke and its
risk factors, 1990-2019: a systematic analysis
for the Global Burden of Disease Study 2019.
Lancet Neurol 20215 20: 795-820.

Boot E, Ekker MS, Putaala ], ez al. Ischaemic
stroke in young adults: a global perspective.
F Neurol Neurosurg Psychiatry 2020; 91:
411-417.

Béjot Y, Delpont B and Giroud M. Rising
stroke incidence in young adults: more
epidemiological evidence, more questions to be
answered. ¥ Am Heart Assoc 20165 5: 1-3.

Bako AT, Pan A, Potter T, er al. Contemporary
trends in the nationwide incidence of primary

126.

127.

128.

129.

130.

131.

132.

intracerebral hemorrhage. Stroke 2022; 53:
e70—-e74.

Berkhemer OA, Fransen PSS, Beumer D, ez al.
A randomized trial of intraarterial treatment for
acute ischemic stroke. N Engl ¥ Med 2015; 372:
11-20.

Campbell BCV, Mitchell PJ, Kleinig T7J, ez al.
Endovascular therapy for ischemic stroke with
perfusion-imaging selection. N Engl ¥ Med
2015; 372: 1009-1018.

Goyal M, Demchuk AM, Menon BK, ez al.
Randomized assessment of rapid endovascular
treatment of ischemic stroke. N Engl ¥ Med
2015; 372: 1019-1030.

Jovin TG, Chamorro A, Cobo E, et al.
Thrombectomy within 8 hours after symptom
onset in ischemic stroke. N Engl ¥ Med 2015;
372: 2296-2306.

Saver JL, Goyal M, Bonafe A, et al. Stent-
retriever thrombectomy after intravenous t-PA
vs. T-pa alone in stroke. N Engl ¥ Med 2015;
372: 2285-2295.

Emberson ], Lees KR, Lyden P, ez al. Effect of
treatment delay, age, and stroke severity on the
effects of intravenous thrombolysis with alteplase
for acute ischaemic stroke: a meta-analysis of
individual patient data from randomised trials.
Lancer 2014; 384: 1929-1935.

Hill MD, Goyal M, Menon BK, ez al. Efficacy
and safety of nerinetide for the treatment

of acute ischaemic stroke (ESCAPE-NA1):

a multicentre, double-blind, randomised
controlled trial. Lancer 2020; 395: 878-887.

Visit Sage journals online
journals.sagepub.com/
home/tan

SSagejournals

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

