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Abstract

Mitochondrial damage is a critical contributor to stroke-induced injury, and mito-
chondrial quality control (MQC) is the cornerstone of restoring mitochondrial homeo-
stasis and plays an indispensable role in alleviating pathological process of stroke.
Mitochondria quality control promotes neuronal survival via various adaptive re-
sponses for preserving mitochondria structure, morphology, quantity and function.
The processes of mitochondrial fission and fusion allow for damaged mitochondria to
be segregated and facilitate the equilibration of mitochondrial components such as
DNA, proteins and metabolites. The process of mitophagy is responsible for the deg-
radation and recycling of damaged mitochondria. This review aims to offer a synopsis
of the molecular mechanisms involved in MQC for recapitulating our current under-
standing of the complex role that MQC plays in the progression of stroke. Speculating
on the prospect that targeted manipulation of MQC mechanisms may be exploited for
the rationale design of novel therapeutic interventions in the ischaemic stroke and
haemorrhagic stroke. In the review, we highlight the potential of MQC as therapeutic

targets for stroke treatment and provide valuable insights for clinical strategies.
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1 | INTRODUCTION

Stroke, a leading culprit of disability and mortality in China, causes
44 million physical disabilities and 5.5 million deaths around the world
per year,! which is a disease of immense public health significance
with serious social and economic consequences.2 A Nationwide
Population-Based Survey of Stroke in China (NESS-China) involved
480,687 adults in stroke from 2012 to 2013, has conveyed that the
age-standardized prevalence, mortality and incidence rates were
1114.8 cases per 100,000,114.8 cases per 100,000 and 246.8 cases

per year respectively.3 This manufacture is a heavy burden on low-
and middle-income family in society. In this sense, establishing ra-
tional understanding on strokes can effectively prolong human life
expectancy and boost economic development in the whole world.
Strokes can be broadly classified as ischaemic or haemorrhagic,*
accounting for about 80% and 20% of total strokes respectively.’
Stroke is usually caused by the focal brain dysfunction due to the
death of cells triggered by the blockage or rupture of cerebral blood
vessels. The interruption of blood flow or cerebral haemorrhage dis-
turbs cellular homeostasis, and thus causes the pathophysiological

processes, including oxidative stress, inflammation, excitotoxicity,
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apoptosis and other types of cell death (which may be necrotic, auto-
phagic or associated with mitosis).® Tissue-type plasminogen activator
(tPA) is the only thrombolytic drug which is approved for clinical treat-
ment of ischaemic stroke. However, owing to the narrow therapeu-
tic window (<4.5 h) and haemorrhagic transformation, its usage has
been restricted in the treatment of ischaemic stroke.” Haemorrhagic
stroke has established far less devotion than ischaemic stroke. By
any possibility cerebral haemorrhage, surgical decompression is still
the current preferred treatment option.8 However, early resection
of hematoma and local decompression as an early treatment method
for haemorrhagic stroke cannot significantly improve the long-term
prognosis. Brain injury following haemorrhagic stroke and surgery is
a changeable procedure involving a cascade of multipart pathologi-
cal pathways and biochemical and metabolic measures, which is ap-
proximately categorized as decrease of blood flow, free radical injury,
haemorrhagic neuroinflammation, neuronal apoptosis and brain her-
niation.” Hence, it is critical to find a new target underlying the under-
standing new machinery for the treatment of stroke.

Mitochondria, as the powerhouse of the active cell, play a vital
part in pathological conditions once stroke triggered in human body.
During stroke, the internal balance system of cell is disrupted owing
to the reduced supply of blood and the disturbed synthesis of ade-
nosine triphosphate (ATP) in mitochondrial. Besides, the mitochon-
drial can regulate the cell death mechanism, including apoptosis
and autophagy. Owing to preserving mitochondrial function is very
important for neurological promotion and cell survival after stroke.
In this sense, controlling the mitochondrial state during/after stroke
can be a promising therapeutic strategy to stroke.

Therefore, mitochondria have been regarded as imperative goals
for the advancement of new therapeutic interventions for stroke.
Recent researches have suggested that mitochondrial quality control
(MQC) is the origin for sustaining the steadiness and integrity of mi-
tochondrial function and structure, and is a vital security machinery
for cells to survive from mitochondrial damage.' In this review, we
will concentrate on the part of mitochondria in cell survival and cell
death after stroke, and highlight the enhancement of mitochondria-
based in stroke.

2 | MITOCHONDRIAL QUALITY CONTROL
AND STROKE
2.1 | Mitochondrial quality control systems
Mitochondrial quality control, including mitochondrial fission and
fusion, mitochondrial biogenesis, and mitochondrial autophagy (mi-
tophagy), is considered as the keystone on maintaining the integrity
and stability of morphology, quantity and function, and plays an es-
sential role in resistance mechanism for cells to survive from mito-
chondrial damage.**

The function of peroxisome proliferator-activated receptor y
coactivator-la (PGC-1a), the chief regulator of mitochondrial bio-
genesis, is activated via different proteins such as silent information

regulator 2 homolog 1 (SIRT1), AMP-activated protein kinase
(AMPK), nuclear respiratory factor 1/2 (NRF-1/2) and the mamma-
lian target of rapamycin complex 1 (mMTORC1) to maintain appropri-
ate cellular homeostasis. PGC-1a allows mitochondrial biogenesis to
reach co-regulation between nuclear activation and mitochondria via
the PGC-1a-NRF-1/2-mitochondrial transcription factor A (TFAM)
pathway.!? SIRT1 is an upstream regulator of PGC-1a. When injury
or proteostatic stress occurs, SIRT1 is overexpressed, enhancing
the deacetylation of PGC-1a and promoting mitochondrial biogen-
esis.’® AMPK is considered another chief regulator of mitochondrial
biogenesis. Mitochondria biogenesis is enthused by AMPK to rise
cellular energy production.’* Meanwhile, it is increased through up-
regulating the mTORC1/PGC-1 signalling pathway.®

Mitochondrial fusion/fission is the basis of mitochondria dynam-
ics, which controls mitochondrial networks and the cellular bioener-
getics via the actions of dynamin-related protein 1 (Drp1), fission 1
(Fis1), mitochondrial fission factor (Mff), mitofusin 1 and 2 (Mfn1/2)
and optic atrophy 1 (OPA1).*® Mitochondria are dynamic organelles
that require the balance of fission and fusion to adapt to proper func-
tion, cell growth, division and injury response. Drp1 is recruited to the
outer mitochondria membrane (OMM) and formats a complex via an
interaction with the OMM receptors Mff and Fis1. Hydrolysis of the
Drp1-bound guanosine triphosphate (GTP) contracts the Drpl and
permits severing of the enclosed membranes leading to mitochon-
drial fission. Mfn1 and Mfn2 proteins, that include two transmem-
brane domains in the OMM with a GTPase domain and are oriented
to the cytoplasm, allow energy for the OMM fusion via performing
with mitochondria lipid bilayer mixing. Similarly, OPA1 performs a
similar action to allow inner mitochondria membrane (IMM) fusion.

Mitophagy can selectively remove the dysfunctional and dam-
aged mitochondria and require the coordinated action between sev-
eral mitophagy pathways activation including PTEN-induced kinase
1 (PINK1)/Parkin, (BNIP3)/NIX and FUNDC1."” Mitochondrial mem-
brane potential (D¥m) is changed after mitochondrial injury, causing
the activation of pink1. The target proteins of pink1 (Ubiquitin/Ub
and Mfn2) recruit E3 ligase parkin to the mitochondrial outer mem-
brane. Parkin can ubiquitinate many proteins, recruiting specific
autophagy-related receptors to bind to LC3-Il to form autophago-
somes. The proteins of BNIP3, NIX and FUNDC1, which are con-
stituted and located in the outer membrane of mitochondria, can
straightly adjust the phosphorylation of the LIR domain and combine
with LC3-II lipidation to form autophagosomes. Activation of these
machineries can maintain and regulate the metabolism of this or-
ganelle, reactive oxidative species (ROS) production, biogenesis and
mitochondrial DNA (mtDNA) damage repair.

2.2 | Pathophysiology of stroke and MQC

2.21 | Pathophysiology of stroke

Stroke is the leading cause of adult mortality and disability in most
developed and developing countries.*® As shown in Figure 1, many
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facts can influence the pathophysiological processes of stroke in-
cluding energy disorders, cell acidosis, increased release of ex-
citatory amino acids, intracellular calcium instability, free radical
generation and apoptotic gene activation. These facts are causal and
overlapping with each other, forming a vicious circle, and eventually
cause apoptosis or necrosis.'’

An ischaemic event occurs when blood flow to brain tissue is re-
duced or blocked. In patients with ischaemic stroke, a substantial
drop in the focal cerebral blood flow can cause a lack of glucose and
oxygen, which hastily impair biochemical effects, lead to cell death
and ultimately brain damage.zo As is public with acute/traumatic in-
juries, the downstream signalling pathways of stroke can cause glu-
tamate excitotoxicity and excessive calcium influx can induce ROS
production and mitochondrial dysfunction.?* Mitochondrial dys-

function caused by oxygen and glucose deprivation (OGD) occursina
few minutes after stroke, leading to consumption of ATP production
and overproduction of ROS. The central area of ischaemia induces ir-
reversible necrosis of neurons owing to interruption of blood supply
and energy exhaustion. With respect to the ischaemic penumbra,
glucose/energy metabolism disorder leads to a decrease in Na*/K*-

ATPase activity and triggers an imbalance of ion homeostasis, and

then, cell membrane depolarization leads to a large amount of Ca%*

influx, and calcium overload leads to neurotransmitter valleys.

Haemorrhage stroke is a subtype of stroke which is related to
high rates of disability and mortality.??> Mitochondria are very im-
portant in neuronal survival after haemorrhagic stroke. It accounts
for 2,000,000 cases of haemorrhagic stroke worldwide each year,
and those who survive usually have severe neurological debits.?®
Presently, the typical opinion is that nerve injury after haemorrhagic
stroke can be separated into secondary brain injury (SBI) and pri-
mary brain injury.?* The former is resulted from series of mecha-
nisms containing inflammation, oxidative stress, neuronal death and
mitochondrial dysfunction, whereas the latter is mainly induced by
mechanical disruption after initial bleeding.?> Though most studies
think that these mechanisms are associated with SBI after haemor-
rhagic stroke, effective interventions are still deficient.? Therefore,
it is imperative to discover ways of endorsing the recovery of nerve

function in the treatment of haemorrhage stroke.

2.2.2 | Mitochondrial biogenesis in stroke

Mitochondrial biogenesis is defined as a process via which new
mitochondria are formed by growth and division of pre-existing
mitochondria. This is the process that triggers an increase in mito-
chondrial mass. Mitochondrial biogenesis is related to the synthesis
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FIGURE 1 Overview of pathophysiology of stroke. Mitochondria plays an essential role in pathological conditions after ischaemic stroke
and haemorrhagic stroke. During ischaemia, oxygen-glucose deprivation will cause ATP consumption and Na*/K*ATPase pump failure that

induces depolarization of neuronal membranes and extreme release of glutamate. Excessive Ca

2 injection can induce ROS production and

mitochondrial dysfunction including mitochondrial-dependent division and fusion, mitochondrial-induced apoptosis, as well as mitochondrial
phagocytosis. These cellular processes ultimately lead to the death of neuron. During haemorrhage, haemorrhage in the brain parenchyma
leads to the death of neuronal cells and releases lots of harmful substances, which damages the brain tissue. The injured nerve cells have

ischaemia, hypoxia, acidosis and abnormal ion concentration, such as calcium iron overload
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of the outer and inner mitochondrial membranes and mitochondrial
encoded proteins; combination and imports of nuclear-encoded mi-
tochondrial proteins; and replication of mtDNA.?”

Mitochondrial biogenesis is tightly regulated by several cell-
signalling pathways. SIRT1-PGC-la and AMPK-PGC-1a axes are
two key pathways that adjust mitochondrial biogenesis (Figure 2).%
Calcium-calcium/calmodulin-dependent protein kinase (CaMK)-
Cyclic AMP response element-binding protein (CREB), Akt-CREB,
PKA (protein kinase A)-CREB and peroxisome proliferator-activated
receptor alpha (PPARa) -PGC-1a pathways may also activate mito-
chondrial biogenesis. The target genes of PGC-1a are nuclear re-
spiratory factor 1 and nuclear respiratory factor 2 (scription and
maintains the mitochondrial copy number).?® SIRT1 (silent infor-
mation regulator 2 homolog 1), NRF1/2 and TFAM, are vital cell
survival proteins particularly in oxidative stress environments, and
SIRT1 is considered to be located in the nuclei, but in some cell
types, it can also be knew to shuttle between cytoplasm and nu-
clear.?? Additionally, the mTOR signalling is tightly linked to mito-
chondria biogenesis, and activation of this pathway directly causes
an increase in the expression of PGC-1a. The underlying mechanism
for the initial inhibition of proteolysis may be that phosphorylated
E3-ligase inhibits ubiquitination via mTORC1. The NAD/NADH ratio
regulates Sirt1 activity, Calcium/CaMK activator, Caffeine activates
mitochondrial biogenesis by increasing the concentration of cate-
cholamines and increasing calcium flow, which activates AMPK up-
stream kinase calmodulin kinase.®° It is well known that endogenous
nitric oxide triggers the transcription mechanism and drives the bio-
genesis of mitochondria. Besides, nitric oxide also induces vasodila-
tion, which advances the availability of carbon substrate and oxygen
for cell metabolism and respiration.>!

Brain damage induced by haemorrhagic stroke leads to a de-
crease in cellular ATP, which leads to the phosphorylation of
AMPK_.%? As the critical downstream signal molecule of AMPK, tran-
scriptional coactivator PGC-1a arbitrates many mitochondrial func-
tions (e.g. Aym, ROS production and mitochondrial biogenesis).>3
PGC-1a could improve ATP production and mitochondrial mass in
Alzheimer's disease and haemorrhagic stroke via activating NRF1/
TFAM axis.>*

2.2.3 | Mitochondrial autophagy in stroke

Mitophagy, the selective autophagy of mitochondria, promotes the
recovery of damaged mitochondrial components and controls oxida-
tive stress.?> Mitochondria fine-tune the biogenesis of mitochondria,
and homeostasis plays a significant role in the physiology of cells
and organisms. The imbalance between them may cause the accu-
mulation of mitochondria, excessive ROS generation and attenuated
oxygen consumption, which eventually causes cell degeneration and
activation of cell death pathways.3¢ Mitophagy is mediated by many
signalling pathways including the Parkin/PINK1 pathway, Bnip3, NIX
and FUNDC1(Figure 3).

In the healthy mitochondria, PTEN-induced PINK1 is constantly
imported to the inner membrane, in which it directly determines the
state of mitophagy.37 With respect to the mitochondrial damage,
the stable and accumulated PINK1 on the OMM allows the kinase
domain of PINK1 to phosphorylate OMM proteins, in addition to
recruitment and activation of the E3-ubiquitin ligase Parkin. In this
case, once activating Parkin, it could polyubiquitinate proteins to the
OMM. However, mutations in parkin would lead to ubiquitin protea-
some system dysfunction.38 After cerebral ischaemia, Parkin protein
depletion can increase the accumulation of ubiquitinated protein and
the sensitivity of neurons to endoplasmic reticulum dysfunction.®’

NIX and BNIP3 impact mitochondrial function in many methods
and affect a series of mitochondrial and extramitochondrial func-
tions.*® BNIP3 is protein that targets mitochondria and might induce
mitochondrial damage. The research of Bnip3 in the brain largely
focuses on apoptosis and necrotic cell death triggered by post-
ischaemic events.* Yang et al. have indicated that BNIP3L/NIX may
be a potential therapeutic target for ischaemic stroke, and BNIP3L/
NIX may be in the mitochondria induced by cerebral ischaemia-
reperfusion (I-R). Bnip3L can eliminate autophagy in mice and aggra-
vate brain I-R damage, which can be rescued by overexpression of
BNIP3L.*? Hence, Bnip3/NIX is a promising target for controlling cell
survival or death through regulating mitophagy after stroke.

FUNDC1 is anewly discovered mitophagy receptor that regulates
the programmed eradication of mitochondria through unswervingly
binding to LC3 under hypoxic states.*® The study has shown that
tPA can repair mitochondrial function and decrease neuronal apop-
tosis by FUNDC1-mediated mitophagy.** Furthermore, the research
has implied that rotenone can not only induce receptor-mediated
mitochondrial clearance, but also induce PINK1/Parkin-dependent
mitophagy for mitochondrial clearance, and that mitophagy has
cytoprotective effects via removing damaged mitochondria, upon
mitochondrial stress, the FUNDC1, mitophagy receptor regulates
mitochondrial clearance. Lipidated LC3 (LC3II) expression increased,
and FUNDC1 knockout cells showed a significant decrease in LC3
expression. Additionally, treatment of cells with autophagy flux in-
hibitor, chloroquine, induced further accumulation of LC3II, which
indicated that rotenone-induced mitophagy induced is owing to par-
ticipation of mitochondrial FUNDC1.%°

Ischaemic stroke is related to the activation or up-regulation of
mitophagy, more specifically, mitophagy pathways. Nevertheless,
whether mitochondrial activation is a protective mechanism or in
turn aggravates cell death is still the subject of ongoing research.
The molecular mechanisms behind mitochondrial autophagy have
made substantial progress. There is an agreement that up-regulation
of mitophagy during ischaemic stroke can provide protection.*¢

PINK1-Parkin-dependent mitochondrial maintenance is consid-
ered todepend on mitophagy. Alandmark study showed Dendrobium
nobile Lindl. Alkaloids impede manganese-induced cytotoxicity,
which may be mediated via modulating PINK1/Parkin-mediated
autophagic flux and advancing mitochondrial function.”’ The study

of investigating the underlying mechanism has shown that PINK1/
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FIGURE 2 Overview of mitochondrial biogenesis. Different cell-signalling pathways are activated, such as AMPK, SIRT1, MAPK and
CREB, which are related to mitochondria biogenesis via increasing PGC-1a gene transcription. PGC-1a activates other transcription factors
such as NRF1/2, which take charge of driving the transcription of nuclear-encoded mitochondrial proteins, then, leading to increase

expression of TFAM, driving transcription and replication of mtDNA
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Parkin-mediated mitophagy was in a low-temperature state in the
slow rewarming group but was inhibited in the rapid-rewarming
group. Further inhibition of mitophagy in the slowly rewarming rats
led to severe apoptosis, which highlighted the neuroprotective ef-
fect of PINK1/Parkin-mediated mitophagy during slow rewarming
after hypothermia.*® ROS is regarded as the cause of Parkin/PINK1-
dependent mitophagy. A research approved that ROS acts upstream
of the PINK1/Parkin pathway to regulate mitophagy.*® Bcl-2/adeno-
virus E1B 19-kDainteracting protein 3 (Bnip3) is generally expressed
in several cells and participates in a diversity of cell functions through
participation in abundant cellular signalling pathways, including cell
apoptosis, mitophagy and mitochondrial dysfunction.’® The study

FIGURE 3 Overview of mitophagy.

In dysfunctional mitochondria, FUNDC1
is located on the outer mitochondrial
membrane and serves as a receptor for
mitophagy under hypoxic conditions.
PINK1 accumulates in the outer
mitochondrial membrane. Nevertheless,
BNIP3/Nix is located on the outer
mitochondrial membrane and then serves
as a mitophagy receptors, directly binding
to the phagosome through LC3

Mitophagy
membrane

of Bnip3 in the brain largely focuses on apoptosis and necrotic cell
death triggered by post-ischaemic events.’® Shi et al. have shown
that the deficiency of BNIP3 will suggestively attenuate both apop-
tosis and neuronal mitophagy but then will increase nonselective
autophagy following ischaemic/hypoxic injury. The mitochondria-
localized BNIP3 networks with the autophagosome-localized LC3,
suggesting that BNIP3, similar to NIX, functions as an LC3-binding
receptor on mitochondria.’> The enhanced interaction between
BNIP3 and LC3 may help induce excessive mitochondrial phagocy-
tosis leading to cell death. Hence, Bnip3 is a promising target to op-
erate cell survival or death via regulating mitophagy after ischaemic
stroke. So far, the role of mitophagy in haemorrhagic stroke has not
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been wholly understood; however, further study is obliged to ap-

preciate whether mitophagy is positive after haemorrhagic stroke.

2.2.4 | Mitochondrial fission and fusion in stroke
Mitochondria are highly dynamic cellular organelles characterized by
their ability to change shape, size and position via highly harmonized
measures of fission, fusion and transport to tactical locations. The
basis of MQC is mitochondrial division/fusion.

In the cell, mitochondria exist in a constantly changing dy-
namic situation, in which the mitochondrial network continuously
extends and divides. Mitochondrial fission is primarily activated
due to increased energy demand to hastily increase the number of
mitochondria.’® Mitochondrial fission can eradicate dysfunctional
mitochondria in the brain, and the degree of mitochondrial fission
depends principally on the metabolic needs of cells. Appropriate
mitochondrial fission produces many offspring, thereby promotes
brain oxidative phosphorylation necessary for brain development
and performance. Fission also permits mitochondria to separate
impaired parts from reticular mitochondria, which is indispensable
for the homeostasis of brain mitochondria. Fission of the mitochon-
dria is a primary incident in apoptotic cell death following stroke.>*
During stroke, mitochondrial division promotes the separation of
damaged mitochondria to maintain the health of the entire mito-
chondria.’® The dynamic balance between the two determines
the shape and structure of mitochondria. Mitochondrial division
is mainly regulated by Drpl. Mitochondrial fission catalysed by
Drpl is necessary for mitochondrial biogenesis and maintenance
of healthy mitochondria; Drp1 inhibition is neuroprotective. Drpl
is activated by dephosphorylation of an inhibitory phosphorylation
site, Ser637 in ischaemic stroke.’® Drpl is conveyed to the outer
mitochondrial membrane through mitochondrial surface recep-
tor Fis1\Mff.>” The broken link points on the mitochondria splits
(Figure 4). Under homeostatic states, DRP1 is chiefly allocated in

Stroke

Damaged
mitochondrial

FIGURE 4 Relationship between
mitochondrial fusion/fission in stroke

the cytoplasm. Nevertheless, in response to pathophysiological or
physiological stimuli and changes in the concentration of ATP and
calcium in cells, it promotes the transfer of DRP1 through protein
kinase A (PKA) and calcineurin-mediated post-translational modifi-
cations to OMM.%8 The study has indicated that the extramitochon-
drial kinase-anchored protein 1 (AKAP1)/PKA complex constraints
Drp1-dependent mitochondrial fission, which can prevent neurons
via keeping the activity of the respiratory chain, inhibiting super-
oxide production, as well as delaying Ca%t deregulation. Drp1 inhi-
bition may be of therapeutic relevance for the treatment of stroke
and neurodegeneration.””

In contrast to mitochondrial fission, fusion is the process of in-
tegrating several mitochondrial parts into filamentous mitochon-
dria. Mitochondrial fusion and mitochondrial network formation
are connected with effective respiration and ATP production.60
Mitochondrial fusion is mainly regulated by mitochondrial fusion
proteins (Mfn1,2) located in the outer mitochondrial membrane
and optic atrophy 1, proteins Mfn1l and Mfn2, which contain two
transmembrane domains in the OMM with a GTPase domain and
are oriented towards the cytoplasm, Mfn1 and Mfn2, are required
for efficient mitochondrial fusion.* OPA1 situated in the inner mi-
tochondrial membrane. The coiled-coil spheres of Mfn1, 2 associ-
ate via interaction to form oligomer complexes and promote outer
membrane fusion. OPA1 chiefly mediates mitochondrial inner mem-
brane fusion. OPA1 is initiated in IMM and has the ability of GTPase
related to power. At that moment, the mitochondrial lipid bilayer
is mixed in a Mfn1/Mfn2-dependent manner and undergoes GTP
hydrolysis to offer energy to OMM fusion. Correspondingly, IMM
fusion entails a similar action via OPA1 to permit to merge.62 Lai's
group has reported that the stabilization of L-OPA1 protects isch-
aemic brains via maintaining mitochondrial function and attenuating
neuronal apoptosis. As a mitochondrial regulatory gene, OPA1 plays
a dispensable role in the regulation of mitochondrial fission/fusion
and other related functions, OPA1 as a talented therapeutic target
for stroke prevention and treatment.®®

Mfn1/2
@D
Opal
Healthy

Drp1, Fis1, Mff
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Ischaemic stroke comprises a very complex physiopathology. The
restoration of mitochondrial function may play an indispensable role
in inhibiting the pathogenesis of stroke.®* The core reaction of mito-
chondrial fission is the compression and division of the two mitochon-
drial membranes. This response is caused by the recruitment of Drpl
to mitochondria via its receptor proteins, which are located in the outer
membrane.®® Drp1 is lied in the surface of the outer mitochondrial
membrane, a very insightful study has implied that Drp1 plays a crucial
role in ischaemic stroke. Additionally, the infarct size is reduced after
Drp1 is down-regulated.® A study has shown that inhibition of Drp1-
dependent mitochondrial fission via the outer mitochondrial AKAP1/
PKA multifaceted prevents neurons from ischaemic stroke through
preserving respiratory chain activity, inhibiting superoxide production,
as well as delaying Ca* deregulation.”” Xu et al.%” have reported that
YiQiFuMai inhibited mitochondrial apoptosis and activation of Drp1 in
cerebral ischaemia-injured rats, producing a substantial improvement in
neurological score and cerebral infarction, as well as ameliorates isch-
aemic stroke-induced neuronal apoptosis. Ischaemic stroke can tempt
changes in mitochondrial morphology and function, OPA1, as a regula-
tory gene in mitochondria, plays a vital role in regulating mitochondrial
fission/fusion and other relational functions, a study has indicated that
the stabilization of long isoform of OPA1 (L-OPA1) keeps ischaemic
brains via maintaining mitochondrial function and attenuating neuronal
apoptosis.®® The OPA1 can reduce brain oedema in ischaemic stroke,
besides, its expression increased after exercise.®” Mitofusin 1 and 2
are homologous proteins, and both mediate mitochondrial fusions. A
very insightful study has shown that the brain injury in ischaemic stroke
rats can be resulted by the up-regulation of mitochondrial E3 ubiquitin
ligase 1. mitochondrial E3 ubiquitin ligase 1 leads to the interference
of mitochondrial dynamics and function through the SUMOylating of
Drp1 and the ubiquitination of Mfn2.7% A study in male rats have shown
that this decreased Mfn-2 expression might cause silenced or con-
strained fusion leading to mitochondrial fragmentation and upsurged
sensitivity of mitochondria to apoptotic.”? Further study on the mech-
anism of mitochondrial dynamics is expected to provide a promising
therapeutic target for the treatment and prevention of stroke.

In preventing haemorrhagic stroke, MQC mediated via Mfn1/2
and Drp1 has been indicated to play a pivotal role (eg brain oedema,
inflammatory response and neural apoptosis).72 Earlier reports
have implied that the Drpl inhibitor mdivil can attenuate neuronal
apoptosis and oxidative stress after subarachnoid haemorrhage.73
Moreover, current reports have indicated that Drp1 inhibitors exert
neuroprotective effects in the haemorrhagic stroke models,’? sug-
gesting that excessive Drp1 activity may be a significant risk factor
for haemorrhagic stroke-induced brain injury. Actually, mitochon-
drial damage tempted through acrolein around the hematoma after
haemorrhagic stroke is linked to excessive mitochondrial fission and
increased Drpl translocation, and acrolein-scavenging agents can
pointedly impede Drpl-mediated nuclear fission after haemorrhagic
stroke as well as diminish mitochondrial morphological damage.”?
First and foremost, inhibition of mitochondrial fission suggestively
improves cerebral oedema, neurological deficits and neuronal apop-
tosis after haemorrhagic stroke.”*

3 | PHARMACOLOGY TARGETING MQC IN
STROKE

31 |
stroke

Drug targeting mitochondrial biogenesis in

Since mitophagy is usually also activated or blocked by pathologic
processes, pharmacological methods for these pathways have at-

t.”> More and more studies have shown

tracted substantial interes
that the potential mechanism of drug prevention and treatment of
stroke injury may be related to intervention in MQC. As shown in
Table 1. Studies have shown that the ligustrazine modified com-
pound TN-2, the main component of the traditional Chinese medi-
cine Ligusticum chuanxiong, has a protective effect on the damage
of SH-SY5Y and CGNs nerve cells induced by tetrazine pyridine,
and can increase the mRNA of mitochondrial biosynthesis fac-
tors PGC-1a and TFAM expression and promote mitochondrial
biosynthesis.”® Morphine increased the expression of PGC-1a and
reduced the expression of cocaine-amphetamine regulated tran-
script (CART). Nevertheless, Neuro Aid increased the expression
of PGC-1a, TFAM, CART and AfosB. Neuro Aid reinstated the ef-
fect of morphine on the expression of PGC-1ax and CART. The ef-
fect of Neuro Aid on morphine-induced memory impairment/gene
expression may be connected with its neuroprotective effects and
anti-apoptotic.”” Coincidentally, YigiHuoxue Fang Dangi Capsules
have also been found to inhibit morphine-induced nerve damage
and apoptosis, upregulate the gene expression of TFAM and PGC-1a
in damaged hippocampus and promote neuronal biosynthesis.”®
Another study found that the flavonoid rutin in Tianshan Saussurea,
a traditional Chinese medicine for warming yang, promoting blood
circulation and replenishing qi, has a better anti-fatigue effect on
mice models of ‘gi deficiency’ induced by forced swimming, and
relieves anxiety and neuroprotection driven by cerebral hypoxia.
This is related to rutin can upsurge the expression of PGC-1a and
SIRT1 mRNA11/63.”% Stimulation of ETB receptors in a rat model
of cerebral ischaemia with sovateltide is both neuroprotective and
neuroregenerative. Sovateltide alleviates mitochondrial dysfunction
via promoting biogenesis.®® Furthermore, one study has shown that
Mangiferin is the predominant compound of extracts of Mangifera
indica L and Anemarrhena asphodeloides L. Mangiferin treatment is
accompanied via amelioration of mitochondrial dysfunction, oxida-
tive stress and apoptosis, which might significantly upregulate the
expressions of SIRT1 and PGC-1a.%!

3.2 | Drug targeting mitochondrial dynamics
in stroke

Mitochondrial division and fusion are sensitive to drugs. Therefore,
the realization of targeted drug delivery is very pivotal for MQC. At
present, many studies have focused on this aspect. FufangDanhong
injection can enhance the expression of parkin proteinin the cerebral
ischaemic brain and increase the relative mitochondrial reductase
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TABLE 1 Drugs or compounds targeting mitochondrial biogenesis, mitophagy and dynamics-fusion/fission in regulating stroke function

Mitochondrial
biogenesis

Mitochondrial
mitophagy

Name

The Novel
Tetramethylpyrazine
Bis-nitrone (TN-2)

NeuroAid

YigiHuoxue Fang Dangqi

Capsules

Rutin

Sovateltide

Mangiferin

Danhong injection

Naringin

Rehmapicroside

Xiao-Xu-Ming
Decoction

Garciesculenxanthone
B (GeB)

Pinocembrin

Sodium Tanshinone I1A
Sulfonate

Compound K

Geniposide

Y RapalLink-1

Neuroprotectin D1

Mu-Xiang-You-Fang

Eugenol

Targets

PGC-1a

PGC-1a

PGC-1a

PGC-1a
SIRT1

PGC-1a

PGC-1a
SIRT1

Parkin

Parkin

Drpl/
PINK1/
Parkin

Lc3

PINK1-
Parkin

LC3

SIRTé

AMPK

NLRP3

LC3 and
Beclin-1

RNF146and
Wnt/p-
catenin

AMPK/
mTOR

AMPK/
mTOR

Functions

Anti-apoptotic promote
mitochondrial
biosynthesis

Inducing neuroprotective
and anti-apoptotic

Inducing neuroprotective
and anti-apoptosis

Anti-fatigue, relieves
anxiety and
neuroprotection

Anti-apoptosis

Anti-oxidative, anti-
apoptosis, and
anti-inflammation

Anti-apoptosis

Anti-apoptosis,
anti-oxidative,
anti-inflammatory

Anti-apoptosis, inhibiting
mitophagy reducing
infarct sizes

Suppressed mitophagy
activation, and reduced
mitophagy

Anti-inflammatory,
antioxidative, and
neuroprotective
activities

Antioxidant and anti-
inflammatory and
antimicrobial

Anti-inflammatory
inhibited of autophagy

Neuroprotective anti-
apoptosis inhibited of
autophagy

Anti-inflammatory
inhibited of autophagy

Anti-apoptosis and
enhanced autophagy

Neuroprotective and
anti-inflammatory

Anti-inflammatory, anti-
apoptotic, and anti-
oxidative stress

Anti-apoptosis
neuroprotective

Effects

Increasing the mRNA of mitochondrial biosynthesis

factors PGC-1a and TFAM expression and
promoting mitochondrial biosynthesis

NeuroAid restored the effect of morphine on the
expression of PGC-1ax and CART

Up-regulation gene expression of TFAM and
PGC-1a in damaged hippocampus and
promoting neuronal biosynthesis

Promoting blood circulation and replenishing
qi, anti-fatigue and relieves anxiety and
neuroprotection caused by cerebral hypoxia

Sovateltide promotes mitochondrial biogenesis
along with promoting neural progenitor cell
mediated neuronal regeneration after stroke

Up-regulation the expressions of SIRT1 and
PGC-1a, amelioration of mitochondrial
dysfunction, oxidative stress, and apoptosis

Up-regulation Parkin expression, ameliorating
mitochondrial dysfunction and neuron
apoptosis

Decreasing the ratio of LC3-1l to LC3-1in
mitochondrial fraction, and inhibiting the
translocation of Parkin to the mitochondria in
the ischaemia-reperfused brains

Up-regulated Bcl-2 but down-regulated Bax,
Caspase-3 and cleaved Caspase-3, and down-
regulated PINK1, Parkin, p62 and the ratio of
LC3-1l to LC3-1 in the OGD/RO-treated PC12
cells

Down-regulating the expression levels of LC3,
Beclin1, Lamp1 and mitochondrial p62,
inhibiting excessive mitochondrial autophagy
and protecting cerebral ischaemia-reperfusion
injury

GeB can stabilize PINK1 and induce mitophagy via

the PINK1-Parkin-dependent pathway. GeB
has a neuroprotective effect

Decreasing the expression of LC3Il and Beclinl
and increased the level of p62 up-regulated
autophagy

Up-regulation of autophagy associated proteins,
such as LC3-Il, Beclin-1 and Sirt 6

Increasing cell viability and decreasing the ROS
generation

Down-regulating the NLRP3 inflammasome and
promotion of autophagy activation

RapalLink-1 prevented cell apoptosis and enhanced

autophagy of macrophages

Upregulating RFP146 and activating Wnt/b-
catenin pathway

Inhibited autophagy after OGD/R-induced PC12
cell injury

Promoted autophagy and OGD/R-induced
autophagy was strengthened by eugenol
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Name Targets Functions Effects References
Mitochondrial Atractylenolide Il Drp1 Anti-oxidative and A lll reduced Drpl phosphorylation, translocation 95
dynamics- anti-inflammatory and prevented mitochondrial fission
fus.ion/ Baicalin Drpl Anti-apoptosis reduces Baicalin reduces ROS production in vitro, prevents 96
split ROS production in vitro mitochondrial fission, and promotes Drp-1
phosphorylation (Ser637) and regulates Drp-1
and MFN2 expression in PC12 cells
Ginkgolide K Drpl Anti-apoptosis reduces GK reduces mitochondrial ROS production and 97
ROS production suppresses mitochondrial fission in N2a cells
and attenuates Drp1 and GSK-3p translocation
to mitochondria after I/R injury in vivo
Neuroprotection of Drpl Inhibit cell apoptosis Reduced the expression of the mitochondrial 98

hydroxysafflor
yellow A(HSYA)

Esculetin Drpl

LyciumBarbarum Drp-1 and Neuroprotective
Polysaccharides Opal
DL-3-n-Butylphthalide JNK, p38 Anti-apoptosis

activity of neurons cultured in vitro under OGD.%? Naringin attenu-
ated infarct size, decreased apoptotic cell death and reduced neuro-
logical deficit score in the ischaemia-reperfused rat brains. Besides,
naringin reduced the ratio of LC3-Il to LC3-1in mitochondrial fraction,
attenuated 3-nitrotyrosine formation and restrained the transloca-
tion of Parkin to the mitochondria.2® Rehmanniaehas neuroprotec-
tive effects on attenuating infarct sizes, decreasing apoptotic cell
death, curbing mitophagy and enhancing neurological functions
during cerebral ischaemia-reperfusion injury.®* Xiao-Xu-Ming
Decoction can play a neuroprotective effect via down-regulating
the expression levels of LC3, Beclinl, Lamp1 and mitochondrial p62,
thereby inhibiting excessive mitochondrial autophagy and protect-
ing cerebral ischaemia-reperfusion injury.85 Garciesculenxanthone
B (GeB), a kind of xanthones extracted from mountain papaya, can
partially rescue the brain damage induced by ischaemia-reperfusion
in mice, and can stabilize the changes in the content of PINK1 in
brain tissues driven by cerebral ischaemia, which riggers Parkin to
translocate to damaged mitochondria to induce mitosis. These ef-
fects are eliminated by knocking out the PINK1 gene®®. Pinocembrin
could remarkably decrease the expression of LC3Il and Beclinl
and increase the level of p62 in hippocampus CA1 of I/R rats.
Furthermore, Pinocembrin also could decrease RAPA-induced ex-
cessive activation of autophagy and neuronal damage in I/R rats.®” A
previous report showed that Sodium tanshinone IlA sulfonate treat-
ment reduced neuroinflammation and reduced the up-regulation of
autophagy associated proteins,®® and a report has shown that pre-
treatment with Compound K (CK) prevented neurons from OGD/R
injury via decreasing the ROS generation and increasing cell capa-
bility, Ca?* overload and mitochondrial damage. Additionally, CK
reduces autophagy-mediated apoptosis via boosting the process

reduce ROS levels

Anti-oxidative and
anti-inflammatory

fission protein DRP1

Inhibiting mitochondrial apoptosis, up-regulation 99
Nrf-2 and increasing the expression of Drpl

Increasing the expression of the mitochondrial 100
fusion factor, Opal, and decrease the
expression of the mitochondrial cleavage
factor, Drpl

Reduced ischaemia-induced intracellular Ca%* 101
accumulation, inflammation, lipid peroxidation,
and superoxide radical formation

of forming autophagosomes into phagocytic precursors.®? A re-
search implied that geniposide substantially diminished inflamma-
tory response in BV-2 microglial cells after OGD/R. The effect of
geniposide may be due to the reduction of the levels of inflammatory
cytokines through restraining the activation and expression of NLR
family pyrin domain-containing 3 (NLRP3) inflammasome as well as
increasing autophagic activity following OGD/R in BV-2 microglial
cells.”® A study revealed that RapaLink-1 prevented cell apoptosis
and enhanced autophagy of macrophages revealed and inhibited the
formation of thrombus plaque.91 Neuroprotectin D1 (NPD1) is a do-
cosahexaenoic acid derivative with anti-inflammatory and neuropro-
tective properties. NPD1 impeded I/R-induced excessive autophagy
via upregulating RFP146 and activating Wnt/b-catenin pathway.”?
Mu-Xiang-You-Fang could significantly increase cell viability and mi-
tochondrial membrane potential and decrease the calcium concen-
tration and inhibit the autophagy induced by OGD/R and inhibited
the expression of LC3, beclinl, p-AMPK and ULK1, it can protect
cerebral OGD/R injury.”® Induced autophagy through the mamma-
lian target of AMPK/rapamycin (nTOR)/P70S6K signalling pathway.

Eugenol pretreatment can reduce brain I/R damage.”

3.3 | Drug targeting mitophagy in stroke

The restoration of mitochondrial autophagy is very vital for regu-
lating the homeostasis of mitochondria. At the same time, it has
a great effect on preventing stroke and achieving cell recovery
after stroke. Many targeted therapies have been developed to trig-
ger the restoration of autophagy. Atractylenolide Ill can promote
mitochondrial function recovery and biogenesis via regulating the
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mitochondrial fission protein Drp1, antagonize OGD/R-induced mi-
tochondrial damage caused by ROS, thereby exerting neuroprotec-
tive effects.” Baicalin alleviates cerebral I/R-induced brain injury
exacerbated by hyperglycaemia in rats, prevents mitochondrial
fission by regulating the expression of Drp-1 and MFN2, and the
phosphorylation of Drp-1 (Ser637). In addition, baicalin treatment
can prevent apoptosis and promote mitophagy.”® Ginkgolides are
natural antagonists of platelet-activating factor receptor, which can
protect neuronal function via attenuating oxidative stress and in-
flammation after I/R injury. Treatment of mice with Ginkgolide K
can prevent GSK-3p and Drp1 translocation to mitochondria and re-
duce mitochondrial dysfunction after middle cerebral artery occlu-
sion.” A study has suggested that I/R and OGD/R stress increased
the levels of phenylalanine, impaired mitochondrial function and in-
duced ROS production. However, HSYA could reduce phenylalanine
levels and promote mitochondrial function via the up-regulation of
mitochondrial fission protein DRP1.7% The pharmacological mecha-
nism of Esculetin involves its effect on mitochondrial autophagy.
In addition, apoptosis triggered by mitochondrial oxidative stress
mediated by mitochondrial fragments during transient cerebral
ischaemia and reperfusion injury. Esculetin treatment effectively
increased the expression of Drpl. Studies have suggested that mi-
tochondrial regulatory pathways play a crucial role in the patho-
logical process of cerebral ischaemia, besides, Esculetin-mediated
increase in mitochondrial autophagy and decrease in mitochondrial
fragmentation as well as apoptosis play a protective role in transient
cerebral ischaemia and reperfusion injury.99 In a rat model of tran-
sient focal cerebral ischaemia/reperfusion, diabetic hyperglycae-
mia down-regulates OPA1 and up-regulates Drpl. LyciumBarbarum
Polysaccharides intervention can increase the expression of mi-
tochondrial fusion factor OPA1 and decrease the expression of
mitochondrial lysis factor Drp1.1°° Studies have indicated that
DL-3-n-Butylphthalide prevents ischaemic injury through multiple
mechanisms, including mitochondrial-related caspase-dependent
and independent apoptotic pathways. This research encourages
the exploration of DL-3-n-Butylphthalide as a neuroprotective drug
which is used to treat ischaemic stroke.'%!

Regardless of the diversity of obtainable therapeutic choices,
owing to the short efficacy of neuroprotective drugs high preva-
lence rates of stroke are still recorded. Therefore, novel alternative
therapeutic strategies are urgently needed to decrease the inci-
dence. Furthermore, to treat stroke clinically, mitochondrial target-

ing through pharmacological mediators is still a challenge.

4 | CONCLUSIONS AND PERSPECTIVES

Mitochondrial dysfunction plays vital role in attenuating the dev-
astating consequences of stroke, especially linking to targeting
mitochondria and the pathology of stroke via new therapeutic
strategies. This advances the prospective of treating stroke with in-

novative mitochondria-targeted therapies. The cell death is usually

caused via decamped bioenergetics, abnormal mitochondrial mor-
phology, and structure, as well as uncharacteristic mitochondrial
fission/fusion. In this sense, MQC can be an efficacious way of cur-
ing stroke.'%?

In this review, we offer an inclusive portrayal of the involvement
of MQC in the ischaemic stroke and haemorrhagic stroke. Notably,
MQC exerts a vital role in the pathophysiological procedure of
stroke development and provides reason for further exploration in
stroke. MQC is not only involved in regulating cell metabolism di-
vert but also involved in energy metabolism. The enhancement of
MQC can be realized by the pharmacological initiation of mitochon-
drial biogenesis, mitophagy and mitochondrial fission/fusion. These
methods are emerging as new strategy for the prevention or treat-
ment of stroke. As indispensable regulators of MQC, mitochondrial
dynamics and mitophagy play a vital role in keeping mitochondrial
homeostasis in healthy cells. Defects in MQC have also been in-
volved in contributing to stroke.

At present, research on MQC in stroke is still in its insufficient
phase. Preclinical studies suggest that targeting MQC by genetic
interventions or pharmacological features is neuroprotective.103
Mitochondrial targeting via pharmacological agents is still inspir-
ing in the clinic. It is reported that the adjacent cells will save the
impaired cells when the injured mitochondria receive the different
extracellular stimuli from outer space. Hence, further research is re-
quired to clarify the mechanisms behind the functions of MQC in
ischaemic stroke and haemorrhagic stroke and provide new insights,
for instance accurate timing and new target molecules. Here, we
conclude that the future study on MQC can be conducted in the fol-
lowing directions. AMPK is the core factor of the MQC mechanism,
however, whether AMPK exists in mitochondria is still unknown. In
view of the fact that mitochondria are an indispensable place for
energy production in the body, and AMPK is a sensor that is ex-
tremely sensitive to energy changes, it is speculated that AMPK may
be located in mitochondria, but this hypothesis urgently needs fur-
ther research to confirm.!®* PINK1/Parkin has been proven to be the
most effective way to regulate mitochondrial autophagy, but it is not
clear whether AMPK and its downstream target genes participate in
the regulation of PINK1/Parkin pathway. It is urgent to advance new
drugs for curing stroke. Although there are still many blanks in the
current research on stroke and MQC, it is undeniable that the solu-
tion of the above problems will help humans to fully understand the
molecular mechanism of MQC in stroke and provide a theoretical
basis for future treatment.
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