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Abstract

Cerebral ischemia/reperfusion injury has emerged as an intricate mechanism. However, identification of wide-ranging
mechanisms which mechanistically regulate reperfusion injuries have significantly improved our understanding. Recent
advancements in our knowledge about the molecular consequences of ischemia and reperfusion might be advantageous
in the development of innovative therapeutic strategies for the treatment of patients with ischemia and reperfusion-
associated organ dysfunction and tissue inflammation. Some of the extensively studied mechanisms of reperfusion injury
consist of oxidative stress, mitochondrial mechanisms, infiltration of leukocytes, activation/aggregation of the platelets,
complement activation, and disruption of the blood-brain-barrier (BBB), which eventually results in the brain oedema
or haemorrhagic transformations. In this review, we have attempted to provide a review of the protein networks involved
in the regulation of cerebral ischemia reperfusion injury and how different natural products have shown potential in

the amelioration of reperfusion induced injuries.
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Introduction

Stroke, including haemorrhagic stroke and ischemic
stroke, is an important cause of death worldwide. Cere-
bral ischemia may be clinically viewed as a major type
of stroke. Restoration of blood supply is termed as
“reperfusion” and has attracted widespread apprecia-
tion and remains an overarching goal for the treatment
of acute stroke. Intravenously administered recombi-
nant tissue plasminogen activator (r-tPA) is an Food
and Drug Administration (FDA)-approved thrombolytic
therapy for the treatment of acute ischemic stroke.
Ever since the approval of intravenous administration
of r-tPA for treatment of acute stroke, undesired and
off-target effects of rapid reperfusion on brain function-
ality have been reported in different scientific reports.
Additionally, underlying mechanisms of reperfusion

injury are being unveiled by emerging experimental and
clinical findings, part of which are gained from isch-
emia-reperfusion injuries in the liver and heart. Some
of the extensively studied mechanisms of reperfusion
injury consist of oxidative stress, mitochondrial mecha-
nisms, infiltration of leukocytes, activation/aggregation
of the platelets, complement activation, and disrup-
tion of the blood-brain-barrier (BBB), which eventually
results in the brain oedema or haemorrhagic transfor-
mations. These damages ultimately cause significant
neuronal death and neurological dysfunctions.

Recent advancements in our knowledge about
the molecular consequences of ischemia and reper-
fusion might be advantageous in the development of
innovative therapeutic strategies for the treatment
of patients with ischemia and reperfusion-associated
organ dysfunction and tissue inflammation [15,16,43].
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There are some good reviews which have compre-
hensively analysed different mechanisms which play
a critical role in the pathogenesis of cerebral ischemia/
reperfusion injury [3,26,28,29,31,37,46]. In this review,
we have summarized pioneering research works which
greatly enhanced our understanding about underlying
causes of cerebral ischemia/reperfusion injury.

Involvement of mTORC1 in cerebral
ischemia/reperfusion injuries

Zincand ring finger 2 (ZNRF2) is an E3 ubiquitin ligase
reportedly involved in different pathologies [14]. Overex-
pression of ZNRF2 considerably reduced the neurological
deficits, brain infarct volume and histopathological dam-
ages of cortex in the MCAO model. ZNRF2 overexpres-
sion decreased the neuronal apoptotic death induced by
OGD/R. ZNRF2 overexpression inhibited the hyperactiva-
tion of autophagy induced by OGD/R which was abol-
ished by rapamycin (mTORC1 inhibitor) [14].

Autophagy played an essential role in different
pathological conditions. Autophagy induced apoptotic
cell death, whereas inhibition of autophagy not only
enhanced the neuronal survival rate, but also provid-
ed protection against ischemic injuries. Pioneering
research works have shown that mTOR centrally regu-
lates initiation and termination of control of autophagy.
Reactivation of mTOR caused blockade of autophagic
flux in the primary cortical neurons exposed to OGD/R
[17]. Likewise, inhibition of autophagic flux has also
been reported in neurons of ischemia-reperfusion ani-
mal models. Furthermore, ischemia-reperfusion injury
triggered phosphorylation of mTOR at Serine-2448
and Serine-2481 in the cortical neurons of MCAO
mice. mTOR forms discrete complexes which transduce
the signals to the downstream effectors. In the past
decades, cutting-edge structural studies have shed sub-
stantial light on the catalysis and assembly of mTORC1.
Comprehensive investigation of structural components
of mTORC1 in the presence of its substrates and reg-
ulators have enabled the researchers to gain detailed
insights into the mechanism and functions of mTORC1.
S6K1 is a downstream substrate of mTORC1. Impor-
tantly, mTORC1 phosphorylated S6K1 at threonine-389
and further activated ribosomal protein S6. mTORC1
inhibitors caused reversal of increased phosphorylat-
ed levels of S6K1 in OGD/R exposed neurons. Reacti-
vated mTORC1 suppressed the transcriptional levels of
autophagy-related genes. Collectively, these findings
suggested that mTOR played a pivotal role in the neg-
ative regulation of autophagy at transcriptional and
post-translational levels in the neurons [17].

ZSTK474 treatment reduced the levels of phosphor-
ylated AKT [35]. ZSTK474 markedly reduced the phos-
phorylated levels of p70S6k at threonine-389. Because
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of reperfusion, the resultant restoration of blood flow
not only triggered the activation of microglia/mac-
rophages as well as severely harmful effects exerted
by pro-inflammatory cytokines. Microglia/macrophages
transformed to a dangerous version in the absence of
ZSTK474 but shifted from the lethal version to a restor-
ative state after treatment with ZSTK474 in the MCAO
rodent model. ZSTK474 effectively minimized neuro-
logical defects, prevented histopathological changes
and reduced infarct volume [35].

In the upcoming section, we will briefly summa-
rize recently available evidence related to the role of
non-coding RNAs in cerebral ischemia/reperfusion injury.

Regulatory role of long non-coding RNAs
and circular RNAs

Discovery of non-coding RNAs has splendidly trans-
formed the field of molecular oncology. High-throughput
technologies have enabled researchers to characterize
different types of non-coding RNAs. Accordingly, micro-
RNAs (miRNAs) [7-9,11,13,25,32,36], long non-coding
RNAs (LncRNAs) [1,21], circular RNAs (CircRNAs) have
been reported to play an instrumental role in develop-
ment and pathologies.

Long non-coding RNAs

Levels of miR-200a-3p were noted to be reduced
upon I/R injury. However, there was an evident increase
in the levels of NLRP3 and TET2 [41]. TUG1 knockdown
alleviated OGD/R-mediated inflammatory responses
through downregulation of NLRP3 along with differ-
ent pro-inflammatory molecules. Importantly, inhi-
bition of miR-200a-3p caused partial reversal of the
effects exerted by silencing of TUG1. TUG1 interfered
with  miRNA-200a-3p-mediated targeting of NLRP3.
TET2 knockdown resulted in low expression of TUG1
and higher expression of miR-200a-3p in SH-SY5Y
and SK-N-SH cells. Importantly, there was a marked
reduction in the levels of interleukin 1B, interleukin 18,
NLRP3 and caspase-1 in OGD/R-induced SH-SY5Y and
SK-N-SH cells upon the knockdown of TET2. On the con-
trary, TUG1 overexpression reversed these effects. TET2
demethylated TUG1 and contributed to the inflamma-
tory responses. It was found that TET2 knockdown
reduced I/R-mediated inflammatory responses and
injuries of the brain in the MCAO mice model mainly
through downregulation of TUG1 and upregulation of
miRNA-200a-3p to inhibit NLRP3 [41].

Upregulation of FOXD3-AS1 and downregulation of
miR-765 were reported after cerebral ischemia/reperfu-
sion within the brain tissues [24]. Moreover, miR-765 over-
expression reduced apoptotic death of N2a cells caused
by OGD/R. microRNA-765 directly targeted BCL2L13.
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In addition, FOXD3-AS1 antagonized miR-765 mediated
inhibition of BCL2L13. FOXD3-AS1 overexpression inter-
fered with the inhibitory effects of miR-765 on BCL2L13
and the apoptotic death of OGD/R-treated N2a cells,
whereas FOXD3-AS1 knockdown promoted the inhibitory
effects of miR-765 on BCL2L13 and the apoptotic death of
OGD/R-treated N2a cells [24].

Overexpression of miR-650 reduced apoptotic death
of OGD/R-treated N2a cells [2]. MiR-650 directly targeted
APAF1. TALNEC2 played a pivotal role as a ceRNA for miR-
650 and relieved the repressive effects of miR-650 on
APAF1. TALNEC2 overexpression antagonized the repres-
sive effects of miR-650 on APAF1 and apoptotic death
of OGD/R-treated N2a cells, whereas TALNEC2 knock-
down aggravated the effects. Moreover, the knockdown
of TALNEC2 led to reversal of brain injuries and neurolog-
ical deficits induced by I/R in a rodent model [2].

Mesenchymal stem cells (MSCs) have been shown
to ameliorate ischemia/reperfusion injuries. SNHG12
inhibition led to an increase in the efficacy of MSCs in
the amelioration of ischemia/reperfusion injuries [19].
MSCs markedly reduced the infarct areas as well as the
rate of neuronal apoptotic death in MCAO rats. MSCs
also decreased the phosphorylated levels of PI3K, AKT
and mTOR proteins. Additionally, SNHG12 inhibition
increased the ameliorative effects of MSCs in the treat-
ment of brain injuries in MCAO rats [19].

H19 caused aggravation of I/R or OGD/R-driven neu-
ronal apoptotic death and oxidative stress via PTEN/AKT

transduction cascade [12]. H19 acted as a sponge for miR-
19a-3p and inhibited PI3K/AKT pathway. miRNA-19a-3p
directly targeted PTEN and promoted PI3K/AKT signalling.
Importantly, knockdown of H19 and overexpression of
miR-19a-3p effectively reduced I/R or OGD/R-mediated
apoptotic death and oxidative stress. The H19/miRNA-
19a-3p/PTEN axis played a central role in the regulation
of cerebral I/R injuries through the PI3K/AKT axis [12].

Circular RNAs

Expression levels of circ-HECTD1 and TRAF3
(tumour necrosis factor receptor-associated factor 3)
were noted to be upregulated, however miRNA-133b
was downregulated in oxygen-glucose deprivation
(OGD)-induced HT22 cells and MCAO models [5].
Knockdown of circ-HECTD1 relieved OGD-induced neu-
ronal cell death. Moreover, knockdown of circ-HECTD1
not only ameliorated infarction volume in the cere-
brum, but also inhibited neuronal apoptosis in MCAO
mice. Data clearly indicated that circ-HECTD1 interfered
with miR-133b-mediated targeting of TRAF3. miR-133b
upregulation caused inhibition of TRAF3 in OGD-stimu-
lated cells, while upregulation of circ-HECTD1 reversed
these effects [5].

Levels of circUCK2 were reported to be reduced in
brain tissues of a rodent model of focal cerebral isch-
emia and reperfusion [4]. However, increase in the levels
of circUCK?2 led to a significant reduction in the infarct
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Fig. 1. Interplay between circular RNAs and miRNAs for the regulation of target genes.
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volumes, markedly reduced neuronal injuries and
improved neurological deficits. Importantly, circUCK2
notably reduced OGD-induced cell apoptosis by regu-
lation of TGF-B/SMAD3 transduction. CircUCK2 antag-
onized miR-125b-5p mediated targeting of GDF11
(growth differentiation factor 11) and ameliorated
neuronal injury [4].

Levels of hsa-circ-camk4 are upregulated in OGD/R
treated-SH-SY5Y cells [44]. hsa-circ-camk4 overexpres-
sion caused a significant increase in the rate of cell
death after OGD/R. These findings highlighted that
circ-camk4 played a pivotal role in the progression of
cerebral ischemia-reperfusion injury [44].

Circ_008018 knockdown caused reduction in cere-
bral I/R-induced damage to the brain tissues and neu-
rological deficits in mice [39]. There was an evident de-
crease in the phosphorylated levels of AKT and GSK3p3
caused by I/R. However, levels of p-AKT and p-GSK3
were reversed partly by circ_008018 silencing or over-
expression of miR-99a. Collectively, these findings sug-
gested that inhibition of circ_008018 protected against
neurological damages [39] (Fig. 1).

Inhibition of apoptotic cell death

Ischemia/reperfusion promoted the binding of
CDC42 to MLK3 and consequent autophosphorylation
of MLK3 in the hippocampal region CA1 [45]. CDC42
silencing significantly impaired the binding of CDC42 to
MLK3 during reperfusion. Knockdown of CDC42 blocked
ischemia/reperfusion-mediated selective activation of
MLK3/MKK7/INK3 signalling. A notable increase in
the caspase-3 activity in the hippocampal region CAl
promoted apoptosis after cerebral ischemia. CDC42
silencing caused a marked reduction in the activation
of caspase-3 [45].

NADPH oxidases (NOX) are the primary enzymes
involved in ROS generation and responsible for ROS
production in brain tissues in the rat ischemic stroke
models [23]. I/R injury induced ROS generation and
apoptotic death in brain tissues. I/R injury led to a sig-
nificant rise in mRNA and protein levels of ALK5 and
phosphorylation of SMAD2/3. Moreover, I/R injury
significantly enhanced the expression and activity
of NOX2 and NOX4. ROS generation was reported to
be significantly reduced in ALK5-silenced PC-12 cells.
Additionally, caspase-3 activity was also found to be
reduced in ALK5-silenced PC-12 cells [22].

Use of natural products in the treatment
of cerebral/ischemia reperfusion injuries

Natural product research has generated wealth of
information about significance of pharmacologically active
compounds from natural sources [10,20,27,34,38,47].
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In this section we have summarized interesting research
works which provided compelling evidence about the im-
portant role of natural products in amelioration of patho-
genesis associated with cerebral ischemia/reperfusion
injuries.

Trametenolic acid B is a lanostane-type triterpenoid.
It is obtained from trametes lactinea (Berk.) Pat [33].
Trametenolic acid B significantly reduced neuronal cell
loss, ameliorated cerebral oedema and suppressed
cerebral infarction volume of cerebral I/R injury animal
models. Trametenolic acid B efficiently downregulated
cytochrome C, Bax, cleaved-caspase-9 and cleaved-
caspase-3. Trametenolic acid B exhibited neuropro-
tective properties against ODG/R and I/R injury by
activation of PI3K/AKT/mTOR signalling cascade and
suppression of mitochondrial-mediated apoptosis [33].

Xiao-Xu-Ming decoction increased Bcl-2 levels and
simultaneously reduced p53 and Bax levels in mitochon-
drial fractions [18]. Xiao-Xu-Ming decoction caused sig-
nificant blockade of the mitochondrial release of SMAC/
DIABLO and cytochrome c. Xiao-Xu-Ming decoction also
inhibited caspase-9 and caspase-3 [18].

Gallic acid has also been shown to inhibit mito-
chondrial release of cytochrome c [30].

Astragaloside IV efficiently blocked ischemia reper-
fusion-induced neuronal apoptotic death by interfering
with the activation of signalling cascades in the death
receptor pathway and mitochondrial pathway [40].

Picroside Il is biologically active component of
Picrorhiza and effectively reduces the cerebral infarc-
tion volume and neuronal apoptosis [42].

Ligustrazine or tetramethylpyrazine (TMP) is a tra-
ditional Chinese medicine with the functions of improv-
ing the circulation of blood, expanding blood vessels
and inhibitory effects on the aggregation of platelets
[6]. Transient focal cerebral ischemia Wistar rat model
was established through occlusion of the middle cere-
bral artery. Ligustrazine was intraperitoneally injected
into the cerebral I/R injury rats. Ligustrazine not only
improved the pathological morphology but also reduced
oedema of cells [6].

Concluding remarks

In this mini-review we have presented an integrat-
ed overview of different molecular pathogenic mech-
anisms underlying ischemic damage in the brain, and
how our highly refined knowledge of these mecha-
nisms will pave the way for the identification of new
targets for therapy.

Over the past few decades, a significant amount
of attention has been given to the development of
efficient pharmacological combinations that can be
administered after acute ischemic insults to minimize
adverse cerebral damages. Emerging results obtained
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from animal stroke models are indeed encouraging.
However, there is still a dire need to further dissect
most critical pathways which regulate the pathogenic-
ity of cerebral ischemia/reperfusion injury. Therefore,
further investigation of the pharmacological targets of
natural compounds and effects of these compounds
on critical signalling cascades and disease progression
require detailed research.
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