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A B S T R A C T

Stroke is the major cause of adult disability and the second or third leading cause of death in developed
countries. The treatment options for stroke (thrombolysis or thrombectomy) are restricted to a small subset of
patients with acute ischemic stroke because of the limited time for an efficacious response and the strict criteria
applied to minimize the risk of cerebral hemorrhage. Attempts to develop new treatments, such as neuropro-
tectants, for acute ischemic stroke have been costly and time-consuming and to date have yielded disappointing
results. The repurposing approved drugs known to be relatively safe, such as statins and minocycline, may
provide a less costly and more rapid alternative to new drug discovery in this clinical condition. Because ade-
quate perfusion is thought to be vital for a neuroprotectant to be effective, endovascular thrombectomy (EVT)
with advanced imaging modalities offers the possibility of documenting reperfusion in occluded large cerebral
vessels. An examination of established medications that possess neuroprotective characters using in a large-
vessel occlusive disorder with EVT may speed the identification of new and more broadly efficacious medica-
tions for the treatment of ischemic stroke. These approaches are highlighted in this review along with a critical
assessment of drug repurposing combined with reperfusion therapy as a supplementary means for halting or
mitigating stroke-induced brain damage.

1. Introduction

Stroke is the leading cause of physical disability and intellectual
impairment in adults and a leading cause of death in most developed
countries. It is estimated that over 80% of strokes result from throm-
botic or embolic events causing ischemic brain damage [70,144]. The
treatment of choice for acute ischemic stroke is with rapid intravenous
administration of recombinant tissue-type plasminogen activator (tPA)
to eligible patients [81]; National Institute of Neurological and [119].
However, at most, only 8% of stroke victims are eligible for tPA because
effective treatment must commence within 3 or 4.5 h of stroke onset
[133]. Recently, endovascular thrombectomy (EVT) has become a
treatment of choice for patients with acute stroke due to large-vessel
occlusion [130]. Initially, to be performed within 6 h after stroke onset
[16,22,63,85,139], now EVT may be of benefit when initiated as long
as 16–24 h after a stroke, mainly to those who have large vessel oc-
clusion in the anterior circulation with documented imaging mismatch

[3,122,131].
It was acknowledged that full or partial reopening the occluded

vessels up to 24 h after stroke onset is coupled with a better outcome
than persistent occlusion after reperfusion therapy [88,167,172]. Ap-
proximately, 10% of patients with acute ischemic stroke are eligible for
EVT within 6 h [23,39,42] and about 9% of patients in the 6 to 24 h
time window may be eligible for EVT [80]. As patients with large
vessels occlusion result in more disabled condition after stroke, to de-
lineate the underlying molecular mechanisms and find a way to further
lessen the neurological deficit and long-term disability maybe critical
even with more advanced therapeutic option such as EVT.

Drug repurposing is gaining popularity as a new approach to drug
discovery [11,83]. Various techniques for identifying new uses for ex-
isting medications are being employed in an attempt to reduce the time
and cost of drug development [105]. Examples of repurposed drugs
include aspirin [53,75,110], sildenafil (Viagra®, Pfizer) [18,59,103],
and thalidomide [11,148,149,175]. This report focuses on the potential
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of drug repurposing after EVT. Topics covered include a brief review of
the basic mechanisms of the tissue damage following a stroke, the
identification potential targets for therapeutic intervention, and ex-
amples of approved drugs that could be candidates for repurposing for
the management of stroke after EVT.

2. The cerebral-ischemic cascade and potential targets for
therapeutic intervention

The pathophysiologic alterations in signaling pathways following
cerebral ischemia are well characterized in various stroke models
[24,33,67,100,117]. The resulting symptoms from ischemic stroke de-
pend on the brain region affected. These include focal motor weakness,
sensory impairment, speech difficultly, and mental dysfunction. The
ischemic event reduces the levels of glucose, oxygen, and various nu-
trients in the affected brain tissue, leading to dysfunction in cellular
homeostasis and ultimately neuronal cell death. Many of the cellular
and molecular events leading to ischemia-induced neuronal death have
been identified and characterized and could be targets for drug devel-
opment (Fig. 1).

While the average adult human brain represents about 2% of the
body weight, it consumes 20% of the body's oxygen and calories [132].
Following a stroke, the occluded vessels reduce blood flow to the af-
fected area, impede the transfer of substrates, impair the production of
energy, and disrupt ion homeostasis [109]. Uncontrolled, anoxic neu-
ronal depolarization occurs during brain ischemia [170]. The main
features of anoxic depolarization are increased intracellular con-
centrations of Na+ and Ca2+, of extracellular K+ and aspartate. Within
minutes of an ischemia insult, there is an increase in the extracellular
levels of excitatory neurotransmitters, particularly glutamate which
binds a family of receptors, including the ionotropic N-methyl-D-as-
partate (NMDA) and α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) sites, thereby promoting an abnormally
high influx of neuronal calcium. This calcium overload causes activa-
tion of various proteases and phospholipases, leading to the destruction
of proteins and other essential membrane components [13,121].

Excessive production of reactive oxygen species (ROS) can cause
extensive damage to the cell membrane, DNA structure, and proteins,
and result in cell death. Brain ischemia and reperfusion may cause
excessive production of ROS. Enzymatic antioxidants including cata-
lase, glutathione peroxidase, superoxide dismutase, and peroxiredoxins
can protect cells from excessive generation of ROS [90]. Brain ischemia
also elicits the activation of different isoforms of nitric oxide synthases
(NOSs) and cause excessive NO formation which may be toxic to cells.
The toxic effects of NO might be ascribed to its affinity for thiol and iron
groups [74,101]. Moreover, NO may react with ROS to form perox-
ynitrite anions, thereby contribute to the formation of the hydroxyl
radical and superoxide anion, both of which are toxic to cells [92]. The
pathological mechanisms of oxygen free radicals and oxidative stress in

ischemic brain injury have been extensively reviewed before [30,174].
Stroke-induced ROS and NOS may directly or indirectly trigger in-

nate immune-induced inflammation. Brain ischemia and reperfusion is
known to activate the complement system and form complexes such as
C5b-9. Circulating dendritic cells, lymphocytes, monocytes, monocyte-
derived macrophages, and natural killer cells modulate inflammatory
responses and thereby facilitate the thrombo-inflammatory response.
This differentiates cerebral microvasculature dysfunction from inter-
actions among leucocytes, the ischemic brain endothelium, and plate-
lets [27]. The transcription factor nuclear factor-kappa B (NF-κB) is a
crucial regulator of various genes involved in cell survival and in-
flammation. The NF-κB gene products, such as inducible NOS (iNOS),
interleukin (IL)-1b, IL-6, matrix metalloproteinase 9 (MMP9), and
tumor necrosis factor-α (TNF-α), influence the post-ischemic in-
flammatory reaction, the integrity of the blood-brain barrier (BBB), and

Abbreviation

AD Alzheimer's disease
Aβ beta-amyloid
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
β2AR β2-adrenoreceptor
BBB blood-brain barrier
DALYs disability-adjusted life years
DM diabetes mellitus
DMF dimethyl fumarate
EVT endovascular thrombectomy
IκB inhibitor of NF-κB
IL-1β interleukin-1β
IL-6 interleukin-6

iNOS inducible nitric oxide synthases
NF-κB nuclear factor-kappa B
NO nitric oxide
NOSs nitric oxide synthases
Nrf2 nuclear factor erythroid-2-related factor
MMP9 matrix metalloproteinase 9
MS multiple sclerosis
NMDA N-methyl-D-aspartate
PD Parkinson's disease
PPARγ Peroxisome proliferator-activated receptor gamma
ROS reactive oxygen species
TNF- α: tumor necrosis factor-α
tPA recombinant tissue-type plasminogen activator

Fig. 1. Schematic illustration of brain cell death mechanisms triggered by is-
chemic stroke. Evidence is strong that oxidative stress (ROS) is a key component
of these processes.
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neuronal damage [134]. The immune-mediated inflammatory response
that occurs following acute ischemic stroke is a major target for ther-
apeutic intervention [28]. Mechanistic approaches used in these studies
included activating retinoid X receptors, promoting macrophage (mi-
croglia) M2 transition, activating Nrf2, inhibiting MMP-2 or MMP-9,
activating PPARγ, inhibiting calcium-activated potassium channels (KCa

3.1), and inhibiting calcineurin [25].
Cell death associated with brain ischemic may involve a transition

between a detrimental pathway and a protective pathway over the
course of hours or even days. Many features, including age- and gene-
specific factors, ischemia duration and severity, energy failure, and
metabolic disturbances all contribute to the type of cell death, such as
apoptosis or necrosis, observed after an ischemic insult [107,179].
Following an ischemic event, the affected tissue is characterized by a
necrotic core and surrounded by an area referred to as the “ischemic
penumbra”. The penumbra is a region of viable tissue that while ex-
periencing reduced blood flow and compromised metabolic activity
contains cells that can be rescued by immediate post-stroke therapy
[61,69]. Because neurons in the ischemic penumbra may not experi-
ence apoptotic cell death until several hours or days after a stroke
[20,97,164], it could be possible to salvage this tissue and mitigate the
functional damage. With recent development of EVT therapy, to better
understand the mechanisms of apoptosis may add a supplementary
therapy and further lessen the neurological damage for patient with
large vessel occlusion.

3. Drug repurposing approaches for the discovery of new
therapies in acute ischemic stroke with EVT

Drug repurposing is a discovery approach for identifying new uses
for agents approved for other indications [11] (Fig. 2). It is an attractive
alternative to traditional drug discovery methodologies given its po-
tential for more rapidly and less expensively developing new ther-
apeutics, especially for conditions where this is a significant unmet
need for effective treatments [11,83,116]. For pharmaceutical firms,

factors influencing new drug development include increasing costs of
development, especially for clinical trials, eventual generic competi-
tion, market size, degree of innovation, and regulatory demands. To
medical professionals, the limitations of current medications is most
troubling for age-related disorders and malignancies [89,98]. The
source of agents in a repurposing program includes not only approved
drugs, but also compounds found in clinical studies to have acceptable
safety profiles but that were never launched because they failed to
display sufficient efficacy for the intended indication [89].

Most drug repurposing successes were serendipitous. Several ex-
amples are well known such as aspirin [53,75,110], sildenafil (Viagra®,
Pfizer) [18,59,103], and thalidomide [11,148,149,175] which are
widely used now with new indications that are quite different as ori-
ginally developed.

Drug repurposing has several advantages over conventional drug
discovery, particularly with respect to cost and the time needed for
approval and launch [11,83,116]. Drug repurposing also substantially
lowers the number of risks associated with traditional drug discovery
with respect to pharmacokinetics and safety of the candidate compound
[11,124].

Human with chronic medical conditions are often due to combina-
tions of genetic, environmental, and lifestyle factors that negatively
influence biochemical pathways essential for normal cellular activity
and function. Examples of such chronic conditions are Alzheimer's
disease (AD), Parkinson's disease (PD), multiple sclerosis (MS), osteo-
porosis, connective tissue diseases, autoimmune diseases, and stroke
[17,72,108]. Recent advances in genomics and proteomics have made it
possible to begin defining the molecular modifications responsible for
such conditions. When a molecular target is found, drug repurposing
may be attempted by screening approved agents regardless of their
known mechanism of action against the site on the chance the known
compound may display efficacy in the condition under investigation. As
indicated above, the new use for most current repurposed drugs was
discovered by accident. Bupropion, which was originally marketed as
an antidepressant, is now prescribed for smoking cessation [73].

Fig. 2. Comparison between traditional drug discovery and drug repurposing. The traditional process of drug discovery requires 10–17 years of testing for before
drug approval, whereas drug repurposing is accomplished, on average, within 3–8 years.
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Moreover, side effects observed during clinical trials, such as penile
erection with sildenafil and new hair growth with minoxidil, led to
unanticipated indications for these agents [19,60,98].

More systematic approaches to drug repurposing include identifying
novel actions of existing, approved products that can be exploited for
treating other conditions [98]. A recent example involved an unbiased
screen targeting endogenous gene expression [112]. The results of
Mittal's study indicated that because the β2-adrenoreceptor (β2AR) is a
regulator of the α-synuclein gene, β2AR ligands should be modulators
of α-synuclein gene transcription. This was then demonstrated in cell
culture and then in intact animals, and ultimately in a human study in
Norway. The screening of 1126 compounds, including drugs approved
by the U.S. Food and Drug Administration, found that salbutamol, a
β2AR agonist approved for the treatment of asthma, is associated with a
reduced risk of developing PD, and propranolol, a β2AR antagonist,
with an increased risk for PD [112]. This report is a good demonstration
of a drug repurposing discovery that may lead to changes in the man-
agement of PD [153].

Although drug-repurposing programs can involve high-throughput
chemical screening to discover new drug-target interactions, the cost
and technical demands of such an approach often preclude its general
application. In silico methods represent another approach, utilizing
modern, high-performance computing for virtual screening [78]. Var-
ious types of large data sets (e.g. chemical structural, clinical, genomic,
and phenotypic data) are freely available for computational drug re-
purposing research. Integrative approaches for heterogeneous data fa-
cilitate the discovery of new indications for old drugs. Computational
drug repurposing shows promise in accelerating drug discovery for
various diseases [96].

Because of lack of effective treatments for neurodegenerative dis-
eases such as AD, PD, Huntington disease (HD), and MS [45], drug
repurposing strategies are being used to identify new therapeutics as an
alternative to conventional drug development programs. For example,
dimethyl fumarate (DMF), a drug approved for the treatment of MS was
repurposed for use against PD-associated synucleinopathy, and riluzole,
a medication for motor neuron disease, was repurposed to treat cere-
bellar ataxia [137]. Moreover, bioinformatics has been used in drug
repurposing for the treatment of AD [146]. Candesartan, an approved
antihypertensive agent, was found to inhibit toll-like receptor 2 (TLR2)
expression and thereby reduce the inflammatory activation of primary
microglia resulting from exposure to oligomeric α-synuclein. These
findings suggest candesartan might be repurposed as a therapy for sy-
nucleinopathies [46].

A mechanism-based, drug-target interaction modeling approach was
used to predict repositioning candidates for AD and amyotrophic lateral
sclerosis [52]. This suggests that a standardized and systematic ap-
proach to candidate identification for drug repurposing trials has broad
application for identifying candidates for the management of neuro-
degenerative disorders [165].

Combinations of various repurposed drugs, even agents with un-
related characteristics, could represent a new strategy for developing
innovative treatments. For example, the combination of acamprosate, a
treatment for alcohol dependence, and baclofen, a sedating muscle re-
laxant, yielded a potential approach for reducing the beta-amyloid (Aβ)
oligomers associated with AD [41]. Also, miconazole, an antifungal,
and clobetasol, a synthetic glucocorticoid, were found to promote
precocious myelination when used in combination, suggesting this
therapy might enhance remyelination in MS patients [118]. Inasmuch
as ischemic stroke and neurodegenerative diseases share similar pa-
thophysiological mechanisms, including oxidative stress, inflammation,
and compromised neurovascularization [106,129], it has been sug-
gested that the results of drug repurposing studies for neurodegenera-
tive diseases could be applied to the treatment of brain ischemic as well.

It is reported that acute ischemic stroke accounts for 87% of all
strokes [171]. Based on the TOAST classification, stroke results from
vascular occlusion in atherosclerotic large artery disease, small artery

disease, and cardioembolic events [1]. It was estimated that in 2013
there were 6.5 million stroke-related deaths and 10.3 million new
strokes globally, with an overall cost of 113 million disability-adjusted
life years (DALYs) [56]. These numbers are expected to increase be-
cause of socioeconomic factors and the aging population. If current
trends continue, stroke will result in the loss of 200 million DALYs by
2030 [55], increasing dramatically the human and financial toll of this
condition.

There has been significant progress in the treatment and prevention
of acute stroke. Stroke occurrence and recurrence are reduced by the
use of antiplatelet drugs such as aspirin or clopidogrel and by con-
trolling modifiable risk factors such as hypertension, diabetes mellitus
(DM), and dyslipidemia, and by treating patients in dedicated stroke
units [81]. Recently, recanalization of the occluded artery through
thrombolysis and/or EVT has gained popularity [130]. In contrast to
treatment of intravenous tPA, the EVT procedure starts with the groin
puncture and uses a device through the femoral artery to reach a
documented occluded brain vessel such as in internal cerebral or
middle cerebral artery and remove the blood clot [62,154]. Patients
receiving EVT are those stroke groups with higher morbidity and
mortality because of the involvement in main trunk of the intracranial
vessels. These result in large area infarction and severe neurological
deficits. It is estimated that EVT is indicated for approximately 7% to
10% of patients with ischemic stroke and approximately one-third of
those who undergo thrombolysis [21]. However, this percentage is
expected to increase based on the recent studies indicating that EVT
may be effective up to 24 h after the initiation of an ischemic stroke
[3,122,131].

Neuroprotection is sought by developing pharmacological agents
that will lessen neurological deficits following acute or chronic neuro-
logical insults by slowing or preventing cell damage or death. Based on
what is known about the ischemic cascade, there are a number of po-
tential therapeutic targets for neuroprotective agents in acute ischemic
stroke [30,33,35,86]. The most obvious are those related to oxidative
stress, inflammation, and apoptosis. Although there are preclinical data
demonstrating the efficacy of such agents in animal models of stroke
[57,123], the clinical results were uniformly negative [65,115]. Be-
cause of the lack of success, The 2013 American Heart Association
Stroke Guidelines list no Level 1 recommendations for neuroprotective
agents in acute ischemic stroke [81]. Several reasons are given for these
failures, such as differences in the populations between the experi-
mental and clinical studies, including age and sex, the heterogeneity of
stroke types in humans, the variable duration of ischemia, the limited
time during which ischemia can be effectively treated, differences in
drug efficacy in the target area, and different methods for measuring
clinical outcomes [111,158].

Given these failures, it was suggested that neuroprotection alone
without restitution of tissue perfusion or preservation of vascular in-
tegrity is insufficient for treating acute stroke [178]. The emerging
concept of the neurovascular unit posits that cell-cell signaling events
relevant for glial, neuronal, and vascular responses occur after an acute
brain insult, with targeting of these multicellular connections being the
best approach for developing therapeutics that will reduced acute brain
injury and promote repair [48,104]. In terms of vascular protection,
promising stroke targets include inhibition of endogenous mediators of
vascular damage such as superoxide, endothelin, matrix metallopro-
teases, cytokines, and caspases, and the stimulation of endogenous
protectors such as nitric oxide, angiopoietin-1, vascular endothelial
growth factor, and superoxide dismutases. Some commonly off-label-
used drugs, such as atorvastatin (angiotensin II receptor blockers), er-
ythropoietin (glycoprotein cytokine), melatonin (neuronal hormone),
and minocycline (tetracycline antibiotic) provide vascular protection
[53]. The underlying pathophysiology of cerebral ischemia involves in
various signaling pathway among different time frame and brain re-
gions could be more emphasized as therapeutic targets, moreover, the
medication with pleiotropic activities should be put on focus as a
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repurposed drugs adding to reperfusion therapy. With the advent of
EVT and the ability to validate reperfusion therapy through advanced
imaging modalities, it is time to reinvestigate vascular- or neuropro-
tectants as adjunct therapies with reperfusion [120]. In a recent update
of management guidelines for acute ischemic stroke, EVT is said to
represent a true reperfusion therapy with documentation in neuroi-
maging studies [16,22,63,85,139].

Although the results for patients with large vessel occlusion re-
ceiving EVT are better than conventional treatment including in-
travenous tPA [16,22,63,85,139], physical disability is still a major
problem. Results of a meta-analysis of EVT after large vessel ischemic
stroke, though EVT can significantly reduce disability at 90 days com-
pared with control, revealed only 46% of them were functionally in-
dependent [64]. In a recent review article concerning combining neu-
roprotection with EVT of acute stroke, it appeared that there still has
much room for improvement even with EVT [163]. To maximize the
treatment effect of neuroprotection is thus critical in this clinical set-
ting. Several rules are crucial to conduct a clinical trial effectively, such
as successful intervention in animal studies, minimizing heterogeneity
of enrolling subjects, enrolling subjects within optimal therapeutic
window and maximizing the treatment effect size to detect the ther-
apeutic benefit [163]. Patients with EVT are subjects with large vessel
occlusion on neuroimaging documentation and treated within optimal
therapeutic time window [16,22,63,85,139]. The treatment effect size
could be maximized due to poor prognosis in patients with large vessel
occlusion even with EVT [64]. The combining drug should be given

soon after the subject with EVT and the device and reperfusion rate
should achieve a standard level if conduct a clinical trial of EVT with
neuroprotectant. Searching from Clinicaltrials.gov with term of tPA with
neuroprotectant, or EVT with neuroprotectant yields some results
which were shown in Table 1. Only limited EVT study ongoing were
noted. The Trial numbers put in Table 1 are for readers to track further
results if it is interested to them.

Although results from previous clinical trials with neuroprotectants
were disappointing [123], there is reason to believe that combination
therapy involving EVT and neuroprotectants could be of benefit for
these patients [27]. The potential benefit of drug repurposing with tPA
or EVT is shown in Fig. 3. In contrast with tPA, EVT representes a real
reperfusion therapy because it is obligatory to show large vessel oc-
clusion before treatment and reopening of the occluded vessel after
treatment with neuroimaging documentation. It was proposed before
for the possibility of combination therapy of neuroprotectants plus
thrombolytics for ischemic stroke which can either enhance thrombo-
lytic efficacy or extend therapeutic window of tPA [33,127]. Several
clinical trials have been conducted before with various results (see
Table 1). The co-administration after EVT of medications with anti-
oxidative stress, anti-inflammatory, and anti-apoptosis characteristics
may be warranted because reperfusion therapy can enhance drug de-
livery effect and further decrease unwanted reperfusion injury such as
excessive ROS and inflammatory responses [77,138].

From the standpoint of drug repurposing, current approved medi-
cations such as statins, ARBs, minocycline, and erythropoietin are

Fig. 3. The schematic cartoon illustrates that the proposed repurposing drugs of “Table 1” ameliorate the reperfusion-accompanied pathological symptoms and
enhance neuronal survival. Post-procedure of thrombolysis thrombectomy, the restoration of oxygen and nutrient supply commonly induce oxidative stress, in-
flammation, and apoptosis. The clinic-used drugs of Table 1 are potentially able to cope with the reperfusion injury, moreover, enhance neurogenesis, synaptogenesis,
oligodendrogenesis, and angiogenesis.
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among those that may have value in the treatment of acute ischemic
stroke based on their demonstrated neuroprotective or vascular-pro-
tective effects [53,66]. Candesartan, an angiotensin II receptor an-
tagonist, has been shown the vascular protective effect in patients with
acute ischemic stroke [53]. Innate immune cells may play a dual role in
the progress of ischemic brain damage, one way to promote injury, and
the other way to activate M2 microglia/macrophages and provide tissue
repair and remodeling ability [4]. Several examples showed the pro-
mise in repurposing drugs with immunomodulatory properties for
stroke therapy such as minocycline or azithromycin [6,66,176]. There
is also a paper reviewed the topic about small vessels disease and drug
repurposing which is quite different from large vessel occlusive disease
and irrelevant to EVT but has significant clinical importance for lacunar
infarct and vascular dementia [14]. Currently, EVT offers an un-
precedented opportunity for vascular or neuroprotectant trial design,
though, only limited trials are ongoing. It is critical to search ideal
adjunctive therapy and augment the treatment both for EVT and var-
ious drug effects to preserve neurovascular functions and at the end to
lessen the physical or intellectual disability. Drug repurposing approach
may speed this process and we believe more targets will be dug out with
the potential need and with the promotion of some program such as
Drug Repurposing Hub (www.broadinstitute.org/repurposing) [43], or
from NIH (https://ncats.nih.gov/preclinical/repurpose) [71]. Through
drug repurposing approach, choosing patients with EVT would greatly
reduce the time and cost for a drug trial to conduct. A list of some
approved medications with the potential for repurposing as treatment
for acute ischemic stroke is provided in Table 2. This list demonstrates
that there are common medications that have a potential for re-
purposing as therapies for acute stroke. Most of these drugs were shown
to display anti-oxidant, anti-inflammatory, and anti-apoptosis char-
acteristics either in pre-clinical or clinical studies (Table 2). Mechan-
isms involving vascular protection/angiogenesis, gliogenesis, and neu-
rogenesis are also included to highlight the emerging importance the
neurovascular unit as a targeting strategy in ischemic stroke
[31,32,49,68,91,102,136,161,169,177] (also see Table 2). It is believed
that with contemporary technological approaches, including

computational drug repositioning supplemented with various types of
large data sets such as chemical structural, clinical, and genomic in-
formation, more indications may be found for current medications.
With the development of reperfusion therapy in acute ischemic stroke
using EVT, these drugs could be viable candidates for testing the ben-
eficial effect of their co-administration in the treatment of large cere-
bral ischemic infarcts.

4. Conclusions

Although neuroprotectants have failed repeatedly as treatments for
acute ischemic stroke, the establishment of EVT as a standard treatment
for main trunk occlusion offer the opportunity to document the success
of reperfusion through advanced imaging modalities. Given the urgent
need for decreasing the mortality and morbidity associated with stroke
and large vessel occlusion, the repurposing of approved medications for
this purpose is a means for the rapid and relatively inexpensive
achievement of this goal. It is conceivable that neuroprotective and
vascular protective agents will reveal their efficacy as stroke therapies
when they are combined with modern reperfusion therapy. Through an
understanding of the underlying pathogenesis of ischemic stroke and
the identification of potential drug targets to minimize neuronal da-
mage, the testing of approved medications with known anti-oxidant,
anti-inflammatory, and anti-apoptosis properties could hasten the dis-
covery of effective treatments. The hypothesis that drug repurposing
may provide a complementary therapy to EVT in this devastating dis-
order awaits testing in controlled clinical trials.
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Table 2
List of some potential neuroprotective drugs may be applied for repurposing in acute ischemic stroke with endovascular thrombectomy.

Name of Drug Mechanism Reference

Azithromycin Macrolide antibiotic, immunomodulatory and anti-inflammatory effects, drug-induced
polarization of migratory macrophages towards a protective, non-inflammatory M2 phenotype

[5–7,128]

Bexarotene Retinoid X receptor agonist, immunomodulatory effects, [25]
Candesartan angiotensin II type 1 receptor blocker, pleiotropic activities (including anti-oxidation, anti-

apoptosis, and proangiogenic growth factors), increasing VEGF, enhancement of early angiogenic
remodeling

[15,46,66,91,143,166]

Dimethyl fumarate Nicotinic acid receptor agonist, Nrf2 activator, increasing autophagy, anti-inflammation [95]
Eplerenone, Spironolactone Mineralocorticoid receptor antagonist, suppressing superoxide production, anti-oxidation,

angiogenic factors, upregulating bFGF and VEGF, improvement of cerebral blood flow
[79,125]

Erythropoietin Red blood cell production, anti-apoptosis, neuroprotective, neural stem cell proliferation/
differentiation

[50,151,161]

Exenatide Glucagon-like receptor 1 agonist, anti-ROS, anti-inflammation [47,173]
Granulocyte colony stimulating

factor
Hematopoietic growth factor, neurotrophic factor, neurogenesis, anti-apoptosis, increasing
neuroplasticity, arteriogenic factor

[2,113,135,140–142,155]

Metformin Treatment for type 2 diabetes, anti-inflammatory, induces autophagy by activation of brain AMPK [9,82,84]
Melatonin Regulator of sleep and wakefulness, antioxidant, free radical scavenging, neuroprotection, anti-

inflammatory
[10,31,126,150]

Minocycline Broad-spectrum tetracycline antibiotic, anti-inflammatory, antioxidant, anti-apoptotic, inhibitor
of microglia, MMP-2 and MMP-9 inhibitor

[29,36,66,83,93,99,160,176]

Rosiglitazone and Pioglitazone Peroxisome proliferator-activated receptor gamma (PPARγ) agonists, anti-ROS, anti-
inflammation, promoting oligodendrogenesis and facilitating microglial polarization

[34,40,44,68]

Senicapoc Anti-inflammatory, calcium activated potassium channel (KCa 3.1) inhibitor [156]
Sildenafil Phosphodiesterase 5 inhibition, increasing local blood flow, upregulating synaptophysin, PSD-95/

nNOS, BDNF/TrkB, and NGF/TrkA
[38,49,147]

Simvastatin, Atorvastatin Pleiotropic activities, HMG-CoA reductase inhibitors [12,32,66,87,114,136,152,159,162,177]
Tacrolimus Macrolide calcineurin inhibitor, anti-inflammatory, anti-apoptosis [76,145]
Terazosin Adrenergic receptor antagonist, activates phosphoglycerate kinase 1, anti-apoptosis [37]
Valproic acid Inhibitor of MMP-9, degradation of tight junction proteins, and nuclear translocation of NF-κB,

histone deacetylase inhibitor, anti-inflammation, anti-oxidation, angiogenesis, neurogenesis
[102,157,168,169]

J.-L. Yang, et al. Life Sciences 236 (2019) 116889

7

http://www.broadinstitute.org/repurposing
https://ncats.nih.gov/preclinical/repurpose


2314-B-182A-001- from the Ministry of Science and Technology,
Taiwan.

References

[1] H.P. Adams Jr., B.H. Bendixen, L.J. Kappelle, J. Biller, B.B. Love, D.L. Gordon,
et al., Classification of subtype of acute ischemic stroke. Definitions for use in a
multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment,
Stroke 24 (1993) 35–41.

[2] A.M. Alasheev, A.A. Belkin, I.N. Leiderman, R.A. Ivanov, T.M. Isakova,
Granulocyte-colony-stimulating factor for acute ischemic stroke: a randomized
controlled trial (STEMTHER), Transl Stroke Res 2 (2011) 358–365.

[3] G.W. Albers, M.P. Marks, S. Kemp, S. Christensen, J.P. Tsai, S. Ortega-Gutierrez,
et al., Thrombectomy for stroke at 6 to 16 hours with selection by perfusion
imaging, N. Engl. J. Med. 378 (2018) 708–718.

[4] D. Amantea, G. Bagetta, Drug repurposing for immune modulation in acute is-
chemic stroke, Curr. Opin. Pharmacol. 26 (2016) 124–130.

[5] D. Amantea, M. Certo, G. Bagetta, Drug repurposing and beyond: the fundamental
role of pharmacology, Funct. Neurol. 30 (2015) 79–81.

[6] D. Amantea, M. Certo, F. Petrelli, G. Bagetta, Neuroprotective properties of a
macrolide antibiotic in a mouse model of middle cerebral artery occlusion: char-
acterization of the immunomodulatory effects and validation of the efficacy of
intravenous administration, Assay Drug Dev. Technol. 14 (2016) 298–307.

[7] D. Amantea, M. Certo, F. Petrelli, C. Tassorelli, G. Micieli, M.T. Corasaniti, et al.,
Azithromycin protects mice against ischemic stroke injury by promoting macro-
phage transition towards M2 phenotype, Exp. Neurol. 275 (Pt 1) (2016) 116–125.

[8] S. Amaro, C. Laredo, A. Renu, L. Llull, S. Rudilosso, V. Obach, et al., Uric acid
therapy prevents early ischemic stroke progression: a tertiary analysis of the
URICO-ICTUS trial (efficacy study of combined treatment with uric acid and r-tPA
in acute ischemic stroke), Stroke 47 (2016) 2874–2876.

[9] A. Anabtawi, J.M. Miles, Metformin: nonglycemic effects and potential novel in-
dications, Endocr. Pract. 22 (2016) 999–1007.

[10] S.A. Andrabi, I. Sayeed, D. Siemen, G. Wolf, T.F. Horn, Direct inhibition of the
mitochondrial permeability transition pore: a possible mechanism responsible for
anti-apoptotic effects of melatonin, FASEB J. 18 (2004) 869–871.

[11] T.T. Ashburn, K.B. Thor, Drug repositioning: identifying and developing new uses
for existing drugs, Nat. Rev. Drug Discov. 3 (2004) 673–683.

[12] M.I. Ayuso, J. Montaner, Advanced neuroprotection for brain ischemia: an alter-
native approach to minimize stroke damage, Expert Opin. Investig. Drugs 24
(2015) 1137–1142.

[13] E.L. Barbier, J.A. den Boer, A.R. Peters, A.R. Rozeboom, J. Sau, A. Bonmartin, A
model of the dual effect of gadopentetate dimeglumine on dynamic brain MR
images, J. Magn. Reson. Imaging 10 (1999) 242–253.

[14] P.M. Bath, J.M. Wardlaw, Pharmacological treatment and prevention of cerebral
small vessel disease: a review of potential interventions, Int. J. Stroke 10 (2015)
469–478.

[15] E. Berge, G. Cohen, R.I. Lindley, P. Sandercock, J.M. Wardlaw, E.C. Sandset, et al.,
Effects of blood pressure and blood pressure-lowering treatment during the first 24
hours among patients in the third international stroke trial of thrombolytic
treatment for acute ischemic stroke, Stroke 46 (2015) 3362–3369.

[16] O.A. Berkhemer, P.S. Fransen, D. Beumer, L.A. van den Berg, H.F. Lingsma,
A.J. Yoo, et al., A randomized trial of intraarterial treatment for acute ischemic
stroke, N. Engl. J. Med. 372 (2015) 11–20.

[17] L. Bertram, R.E. Tanzi, The genetic epidemiology of neurodegenerative disease, J
Clin Invest 115 (2005) 1449–1457.

[18] M. Boolell, M.J. Allen, S.A. Ballard, S. Gepi-Attee, G.J. Muirhead, A.M. Naylor,
et al., Sildenafil: an orally active type 5 cyclic GMP-specific phosphodiesterase
inhibitor for the treatment of penile erectile dysfunction, Int. J. Impot. Res. 8
(1996) 47–52.

[19] D. Bradley, Why big pharma needs to learn the three 'R's, Nat. Rev. Drug Discov. 4
(2005) 446.

[20] B.R. Broughton, D.C. Reutens, C.G. Sobey, Apoptotic mechanisms after cerebral
ischemia, Stroke 40 (2009) e331–e339.

[21] B.C. Campbell, Thrombolysis and thrombectomy for acute ischemic stroke:
strengths and synergies, Semin. Thromb. Hemost. 43 (2017) 185–190.

[22] B.C. Campbell, P.J. Mitchell, T.J. Kleinig, H.M. Dewey, L. Churilov, N. Yassi, et al.,
Endovascular therapy for ischemic stroke with perfusion-imaging selection, N.
Engl. J. Med. 372 (2015) 1009–1018.

[23] B.C.V. Campbell, G.A. Donnan, K.R. Lees, W. Hacke, P. Khatri, M.D. Hill, et al.,
Endovascular stent thrombectomy: the new standard of care for large vessel
ischaemic stroke, Lancet Neurol. 14 (2015) 846–854.

[24] E. Candelario-Jalil, Injury and repair mechanisms in ischemic stroke: considera-
tions for the development of novel neurotherapeutics, Curr. Opin. Investig. Drugs
10 (2009) 644–654.

[25] M. Certo, Y. Endo, K. Ohta, S. Sakurada, G. Bagetta, D. Amantea, Activation of
RXR/PPARgamma underlies neuroprotection by bexarotene in ischemic stroke,
Pharmacol. Res. 102 (2015) 298–307.

[26] A. Chamorro, S. Amaro, M. Castellanos, T. Segura, J. Arenillas, J. Marti-Fabregas,
et al., Safety and efficacy of uric acid in patients with acute stroke (URICO-ICTUS):
a randomised, double-blind phase 2b/3 trial, Lancet Neurol. 13 (2014) 453–460.

[27] A. Chamorro, U. Dirnagl, X. Urra, A.M. Planas, Neuroprotection in acute stroke:
targeting excitotoxicity, oxidative and nitrosative stress, and inflammation, Lancet
Neurol. 15 (2016) 869–881.

[28] A. Chamorro, A. Meisel, A.M. Planas, X. Urra, D. van de Beek, R. Veltkamp, The

immunology of acute stroke, Nat. Rev. Neurol. 8 (2012) 401–410.
[29] M. Chaturvedi, L. Kaczmarek, Mmp-9 inhibition: a therapeutic strategy in ischemic

stroke, Mol. Neurobiol. 49 (2014) 563–573.
[30] H. Chen, H. Yoshioka, G.S. Kim, J.E. Jung, N. Okami, H. Sakata, et al., Oxidative

stress in ischemic brain damage: mechanisms of cell death and potential molecular
targets for neuroprotection, Antioxidants Redox Signal. 14 (2011) 1505–1517.

[31] H.Y. Chen, T.Y. Chen, M.Y. Lee, S.T. Chen, Y.S. Hsu, Y.L. Kuo, et al., Melatonin
decreases neurovascular oxidative/nitrosative damage and protects against early
increases in the blood-brain barrier permeability after transient focal cerebral
ischemia in mice, J. Pineal Res. 41 (2006) 175–182.

[32] J. Chen, C. Zhang, H. Jiang, Y. Li, L. Zhang, A. Robin, et al., Atorvastatin induction
of VEGF and BDNF promotes brain plasticity after stroke in mice, J. Cereb. Blood
Flow Metab. 25 (2005) 281–290.

[33] S.D. Chen, J.M. Lee, D.I. Yang, A. Nassief, C.Y. Hsu, Combination therapy for is-
chemic stroke: potential of neuroprotectants plus thrombolytics, Am. J.
Cardiovasc. Drugs 2 (2002) 303–313.

[34] S.D. Chen, H.Y. Wu, D.I. Yang, S.Y. Lee, F.Z. Shaw, T.K. Lin, et al., Effects of
rosiglitazone on global ischemia-induced hippocampal injury and expression of
mitochondrial uncoupling protein 2, Biochem. Biophys. Res. Commun. 351 (2006)
198–203.

[35] S.D. Chen, D.I. Yang, T.K. Lin, F.Z. Shaw, C.W. Liou, Y.C. Chuang, Roles of oxi-
dative stress, apoptosis, PGC-1alpha and mitochondrial biogenesis in cerebral
ischemia, Int. J. Mol. Sci. 12 (2011) 7199–7215.

[36] S.D. Chen, J.H. Yin, C.S. Hwang, C.M. Tang, D.I. Yang, Anti-apoptotic and anti-
oxidative mechanisms of minocycline against sphingomyelinase/ceramide neu-
rotoxicity: implication in Alzheimer's disease and cerebral ischemia, Free Radic.
Res. 46 (2012) 940–950.

[37] X. Chen, C. Zhao, X. Li, T. Wang, Y. Li, C. Cao, et al., Terazosin activates Pgk1 and
Hsp90 to promote stress resistance, Nat. Chem. Biol. 11 (2015) 19–25.

[38] X.M. Chen, N.N. Wang, T.Y. Zhang, F. Wang, C.F. Wu, J.Y. Yang, Neuroprotection
by sildenafil: neuronal networks potentiation in acute experimental stroke, CNS
Neurosci. Ther. 20 (2014) 40–49.

[39] N.H. Chia, J.M. Leyden, J. Newbury, J. Jannes, T.J. Kleinig, Determining the
number of ischemic strokes potentially eligible for endovascular thrombectomy: a
population-based study, Stroke 47 (2016) 1377–1380.

[40] Y.C. Chuang, T.K. Lin, D.I. Yang, J.L. Yang, C.W. Liou, S.D. Chen, Peroxisome
proliferator-activated receptor-gamma dependent pathway reduces the phos-
phorylation of dynamin-related protein 1 and ameliorates hippocampal injury
induced by global ischemia in rats, J. Biomed. Sci. 23 (2016) 44.

[41] I. Chumakov, S. Nabirotchkin, N. Cholet, A. Milet, A. Boucard, D. Toulorge, et al.,
Combining two repurposed drugs as a promising approach for Alzheimer's disease
therapy, Sci. Rep. 5 (2015) 7608.

[42] D.L. Cohen, R. Kearney, M. Griffiths, V. Nadesalingam, R. Bathula, Around 9% of
patients with ischaemic stroke are suitable for thrombectomy, BMJ 351 (2015)
h4607.

[43] S.M. Corsello, J.A. Bittker, Z. Liu, J. Gould, P. McCarren, J.E. Hirschman, et al.,
The Drug Repurposing Hub: a next-generation drug library and information re-
source, Nat. Med. 23 (2017) 405–408.

[44] M.I. Cuartero, I. Ballesteros, A. Moraga, F. Nombela, J. Vivancos, J.A. Hamilton,
et al., N2 neutrophils, novel players in brain inflammation after stroke: modula-
tion by the PPARgamma agonist rosiglitazone, Stroke 44 (2013) 3498–3508.

[45] J. Cummings, Disease modification and Neuroprotection in neurodegenerative
disorders, Transl. Neurodegener. 6 (2017) 25.

[46] S.G. Daniele, D. Beraud, C. Davenport, K. Cheng, H. Yin, K.A. Maguire-Zeiss,
Activation of MyD88-dependent TLR1/2 signaling by misfolded alpha-synuclein, a
protein linked to neurodegenerative disorders, Sci. Signal. 8 (2015) ra45.

[47] V. Darsalia, S. Hua, M. Larsson, C. Mallard, D. Nathanson, T. Nystrom, et al.,
Exendin-4 reduces ischemic brain injury in normal and aged type 2 diabetic mice
and promotes microglial M2 polarization, PLoS One 9 (2014) e103114.

[48] G.J. del Zoppo, The neurovascular unit in the setting of stroke, J. Intern. Med. 267
(2010) 156–171.

[49] G. Ding, Q. Jiang, L. Li, L. Zhang, Z. Zhang, M. Lu, et al., Longitudinal magnetic
resonance imaging of sildenafil treatment of embolic stroke in aged rats, Stroke 42
(2011) 3537–3541.

[50] H. Ehrenreich, M. Hasselblatt, C. Dembowski, L. Cepek, P. Lewczuk, M. Stiefel,
et al., Erythropoietin therapy for acute stroke is both safe and beneficial, Mol.
Med. 8 (2002) 495–505.

[51] H. Ehrenreich, K. Weissenborn, H. Prange, D. Schneider, C. Weimar,
K. Wartenberg, et al., Recombinant human erythropoietin in the treatment of
acute ischemic stroke, Stroke 40 (2009) e647–e656.

[52] M.A. Emon, A.T. Kodamullil, R. Karki, E. Younesi, M. Hofmann-Apitius, Using
drugs as molecular probes: a computational chemical biology approach in neu-
rodegenerative diseases, J. Alzheimer's Dis. 56 (2017) 677–686.

[53] S.C. Fagan, Drug repurposing for drug development in stroke, Pharmacotherapy
30 (2010) 51S-4S.

[54] S.C. Fagan, J.L. Waller, F.T. Nichols, D.J. Edwards, L.C. Pettigrew, W.M. Clark,
et al., Minocycline to improve neurologic outcome in stroke (MINOS): a dose-
finding study, Stroke 41 (2010) 2283–2287.

[55] V.L. Feigin, M.H. Forouzanfar, R. Krishnamurthi, G.A. Mensah, M. Connor,
D.A. Bennett, et al., Global and regional burden of stroke during 1990-2010:
findings from the global burden of disease study 2010, Lancet 383 (2014)
245–254.

[56] V.L. Feigin, R.V. Krishnamurthi, P. Parmar, B. Norrving, G.A. Mensah,
D.A. Bennett, et al., Update on the global burden of ischemic and hemorrhagic
stroke in 1990-2013: the GBD 2013 study, Neuroepidemiology 45 (2015)
161–176.

J.-L. Yang, et al. Life Sciences 236 (2019) 116889

8

http://refhub.elsevier.com/S0024-3205(19)30816-1/sref1
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref1
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref1
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref1
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref2
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref2
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref2
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref3
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref3
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref3
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref4
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref4
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref5
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref5
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref6
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref6
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref6
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref6
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref7
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref7
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref7
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref8
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref8
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref8
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref8
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref9
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref9
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref10
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref10
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref10
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref11
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref11
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref12
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref12
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref12
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref13
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref13
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref13
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref14
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref14
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref14
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref15
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref15
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref15
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref15
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref16
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref16
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref16
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref17
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref17
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref18
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref18
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref18
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref18
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref19
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref19
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref20
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref20
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref21
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref21
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref22
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref22
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref22
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref23
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref23
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref23
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref24
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref24
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref24
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref25
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref25
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref25
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref26
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref26
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref26
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref27
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref27
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref27
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref28
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref28
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref29
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref29
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref30
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref30
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref30
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref31
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref31
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref31
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref31
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref32
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref32
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref32
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref33
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref33
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref33
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref34
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref34
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref34
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref34
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref35
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref35
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref35
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref36
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref36
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref36
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref36
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref37
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref37
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref38
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref38
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref38
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref39
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref39
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref39
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref40
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref40
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref40
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref40
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref41
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref41
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref41
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref42
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref42
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref42
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref43
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref43
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref43
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref44
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref44
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref44
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref45
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref45
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref46
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref46
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref46
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref47
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref47
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref47
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref48
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref48
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref49
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref49
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref49
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref50
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref50
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref50
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref51
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref51
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref51
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref52
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref52
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref52
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref53
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref53
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref54
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref54
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref54
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref55
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref55
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref55
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref55
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref56
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref56
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref56
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref56


[57] C.N. Foley, J.L. Leighton, Beyond the Roche ester: a new approach to poly-
propionate stereotriad synthesis, Org. Lett. 16 (2014) 1180–1183.

[58] J.F. Fraser, M. Maniskas, A. Trout, D. Lukins, L. Parker, W.L. Stafford, et al., Intra-
arterial verapamil post-thrombectomy is feasible, safe, and neuroprotective in
stroke, J. Cereb. Blood Flow Metab. 37 (2017) 3531–3543.

[59] N. Galie, H.A. Ghofrani, A. Torbicki, R.J. Barst, L.J. Rubin, D. Badesch, et al.,
Sildenafil citrate therapy for pulmonary arterial hypertension, N. Engl. J. Med.
353 (2005) 2148–2157.

[60] H.A. Ghofrani, I.H. Osterloh, F. Grimminger, Sildenafil: from angina to erectile
dysfunction to pulmonary hypertension and beyond, Nat. Rev. Drug Discov. 5
(2006) 689–702.

[61] M.D. Ginsberg, The new language of cerebral ischemia, AJNR Am J Neuroradiol
18 (1997) 1435–1445.

[62] N.R. Gonzalez, Endovascular thrombectomy procedure time and other predictors
of futility in acute ischemic stroke interventions, J. Am. Coll. Cardiol. 73 (2019)
891–892.

[63] M. Goyal, A.M. Demchuk, B.K. Menon, M. Eesa, J.L. Rempel, J. Thornton, et al.,
Randomized assessment of rapid endovascular treatment of ischemic stroke, N.
Engl. J. Med. 372 (2015) 1019–1030.

[64] M. Goyal, B.K. Menon, W.H. van Zwam, D.W. Dippel, P.J. Mitchell,
A.M. Demchuk, et al., Endovascular thrombectomy after large-vessel ischaemic
stroke: a meta-analysis of individual patient data from five randomised trials,
Lancet 387 (2016) 1723–1731.

[65] S. Grupke, J. Hall, M. Dobbs, G.J. Bix, J.F. Fraser, Understanding history, and not
repeating it. Neuroprotection for acute ischemic stroke: from review to preview,
Clin. Neurol. Neurosurg. 129 (2015) 1–9.

[66] W. Guan, A. Kozak, S.C. Fagan, Drug repurposing for vascular protection after
acute ischemic stroke, Acta Neurochir. Suppl. 111 (2011) 295–298.

[67] M. Gutierrez, J.J. Merino, M. Alonso de Lecinana, E. Diez-Tejedor, Cerebral pro-
tection, brain repair, plasticity and cell therapy in ischemic stroke, Cerebrovasc.
Dis. 27 (Suppl 1) (2009) 177–186.

[68] L. Han, W. Cai, L. Mao, J. Liu, P. Li, R.K. Leak, et al., Rosiglitazone promotes white
matter integrity and long-term functional recovery after focal cerebral ischemia,
Stroke 46 (2015) 2628–2636.

[69] W.D. Heiss, The ischemic penumbra: correlates in imaging and implications for
treatment of ischemic stroke. The Johann Jacob Wepfer award 2011, Cerebrovasc.
Dis. 32 (2011) 307–320.

[70] F.I. Hsieh, L.M. Lien, S.T. Chen, C.H. Bai, M.C. Sun, H.P. Tseng, et al., Get with the
guidelines-stroke performance indicators: surveillance of stroke care in the taiwan
stroke registry: get with the guidelines-stroke in taiwan, Circulation 122 (2010)
1116–1123.

[71] R. Huang, N. Southall, Y. Wang, A. Yasgar, P. Shinn, A. Jadhav, et al., The NCGC
pharmaceutical collection: a comprehensive resource of clinically approved drugs
enabling repurposing and chemical genomics, Sci. Transl. Med. 3 (2011) 80ps16.

[72] D.J. Hunter, Gene-environment interactions in human diseases, Nat. Rev. Genet. 6
(2005) 287–298.

[73] R.D. Hurt, D.P. Sachs, E.D. Glover, K.P. Offord, J.A. Johnston, L.C. Dale, et al., A
comparison of sustained-release bupropion and placebo for smoking cessation, N.
Engl. J. Med. 337 (1997) 1195–1202.

[74] C. Iadecola, Bright and dark sides of nitric oxide in ischemic brain injury, Trends
Neurosci. 20 (1997) 132–139.

[75] J. Ishida, M. Konishi, N. Ebner, J. Springer, Repurposing of approved cardiovas-
cular drugs, J. Transl. Med. 14 (2016) 269.

[76] T. Ishii, T. Asai, D. Oyama, Y. Agato, N. Yasuda, T. Fukuta, et al., Treatment of
cerebral ischemia-reperfusion injury with PEGylated liposomes encapsulating
FK506, FASEB J. 27 (2013) 1362–1370.

[77] M. Ishikawa, J.H. Zhang, A. Nanda, D.N. Granger, Inflammatory responses to
ischemia and reperfusion in the cerebral microcirculation, Front. Biosci. 9 (2004)
1339–1347.

[78] N.T. Issa, J. Kruger, S.W. Byers, S. Dakshanamurthy, Drug repurposing a reality:
from computers to the clinic, Expert Rev. Clin. Pharmacol. 6 (2013) 95–97.

[79] J. Iwanami, M. Mogi, S. Okamoto, X.Y. Gao, J.M. Li, L.J. Min, et al., Pretreatment
with eplerenone reduces stroke volume in mouse middle cerebral artery occlusion
model, Eur. J. Pharmacol. 566 (2007) 153–159.

[80] A.P. Jadhav, S.M. Desai, C.L. Kenmuir, M. Rocha, M.T. Starr, B.J. Molyneaux,
et al., Eligibility for endovascular trial enrollment in the 6- to 24-hour time
window: analysis of a single comprehensive stroke center, Stroke 49 (2018)
1015–1017.

[81] E.C. Jauch, J.L. Saver, H.P. Adams Jr., A. Bruno, J.J. Connors, B.M. Demaerschalk,
et al., Guidelines for the early management of patients with acute ischemic stroke:
a guideline for healthcare professionals from the American Heart Association/
American Stroke Association, Stroke 44 (2013) 870–947.

[82] T. Jiang, J.T. Yu, X.C. Zhu, H.F. Wang, M.S. Tan, L. Cao, et al., Acute metformin
preconditioning confers neuroprotection against focal cerebral ischaemia by pre-
activation of AMPK-dependent autophagy, Br. J. Pharmacol. 171 (2014)
3146–3157.

[83] G. Jin, S.T. Wong, Toward better drug repositioning: prioritizing and integrating
existing methods into efficient pipelines, Drug Discov. Today 19 (2014) 637–644.

[84] Q. Jin, J. Cheng, Y. Liu, J. Wu, X. Wang, S. Wei, et al., Improvement of functional
recovery by chronic metformin treatment is associated with enhanced alternative
activation of microglia/macrophages and increased angiogenesis and neurogenesis
following experimental stroke, Brain Behav. Immun. 40 (2014) 131–142.

[85] T.G. Jovin, A. Chamorro, E. Cobo, M.A. de Miquel, C.A. Molina, A. Rovira, et al.,
Thrombectomy within 8 hours after symptom onset in ischemic stroke, N. Engl. J.
Med. 372 (2015) 2296–2306.

[86] J.E. Jung, G.S. Kim, H. Chen, C.M. Maier, P. Narasimhan, Y.S. Song, et al.,

Reperfusion and neurovascular dysfunction in stroke: from basic mechanisms to
potential strategies for neuroprotection, Mol. Neurobiol. 41 (2010) 172–179.

[87] J. Kennedy, M.D. Hill, K.J. Ryckborst, M. Eliasziw, A.M. Demchuk, A.M. Buchan,
et al., Fast assessment of stroke and transient ischaemic attack to prevent early
recurrence (FASTER): a randomised controlled pilot trial, Lancet Neurol. 6 (2007)
961–969.

[88] T.V. Kharitonova, T.P. Melo, G. Andersen, J.A. Egido, J. Castillo, N. Wahlgren,
et al., Importance of cerebral artery recanalization in patients with stroke with and
without neurological improvement after intravenous thrombolysis, Stroke 44
(2013) 2513–2518.

[89] T.W. Kim, Drug repositioning approaches for the discovery of new therapeutics for
Alzheimer's disease, Neurotherapeutics 12 (2015) 132–142.

[90] M. Koruk, S. Taysi, M.C. Savas, O. Yilmaz, F. Akcay, M. Karakok, Oxidative stress
and enzymatic antioxidant status in patients with nonalcoholic steatohepatitis,
Ann. Clin. Lab. Sci. 34 (2004) 57–62.

[91] A. Kozak, A. Ergul, A.B. El-Remessy, M.H. Johnson, L.S. Machado, H.F. Elewa,
et al., Candesartan augments ischemia-induced proangiogenic state and results in
sustained improvement after stroke, Stroke 40 (2009) 1870–1876.

[92] A. Kunz, L. Park, T. Abe, E.F. Gallo, J. Anrather, P. Zhou, et al., Neurovascular
protection by ischemic tolerance: role of nitric oxide and reactive oxygen species,
J. Neurosci. 27 (2007) 7083–7093.

[93] Y. Lampl, M. Boaz, R. Gilad, M. Lorberboym, R. Dabby, A. Rapoport, et al.,
Minocycline treatment in acute stroke: an open-label, evaluator-blinded study,
Neurology 69 (2007) 1404–1410.

[94] W. Lang, C.H. Stadler, Z. Poljakovic, D. Fleet, G. Lyse Study, A prospective, ran-
domized, placebo-controlled, double-blind trial about safety and efficacy of
combined treatment with alteplase (rt-PA) and Cerebrolysin in acute ischaemic
hemispheric stroke, Int. J. Stroke 8 (2013) 95–104.

[95] I. Lastres-Becker, A.J. Garcia-Yague, R.H. Scannevin, M.J. Casarejos, S. Kugler,
A. Rabano, et al., Repurposing the NRF2 activator dimethyl fumarate as therapy
against synucleinopathy in Parkinson's disease, Antioxidants Redox Signal. 25
(2016) 61–77.

[96] J. Li, S. Zheng, B. Chen, A.J. Butte, S.J. Swamidass, Z. Lu, A survey of current
trends in computational drug repositioning, Briefings Bioinf. 17 (2016) 2–12.

[97] L. Li, L. Peng, Z. Zuo, Isoflurane preconditioning increases B-cell lymphoma-2
expression and reduces cytochrome c release from the mitochondria in the is-
chemic penumbra of rat brain, Eur. J. Pharmacol. 586 (2008) 106–113.

[98] Y.Y. Li, S.J. Jones, Drug repositioning for personalized medicine, Genome Med. 4
(2012) 27.

[99] T.V. Liao, C.C. Forehand, D.C. Hess, S.C. Fagan, Minocycline repurposing in cri-
tical illness: focus on stroke, Curr. Top. Med. Chem. 13 (2013) 2283–2290.

[100] P. Lipton, Ischemic cell death in brain neurons, Physiol. Rev. 79 (1999)
1431–1568.

[101] S.A. Lipton, Neuronal protection and destruction by NO, Cell Death Differ. 6
(1999) 943–951.

[102] X.S. Liu, M. Chopp, H. Kassis, L.F. Jia, A. Hozeska-Solgot, R.L. Zhang, et al.,
Valproic acid increases white matter repair and neurogenesis after stroke,
Neuroscience 220 (2012) 313–321.

[103] Z. Liu, H. Fang, K. Reagan, X. Xu, D.L. Mendrick, W. Slikker Jr.et al., In silico drug
repositioning: what we need to know, Drug Discov. Today 18 (2013) 110–115.

[104] J. Lok, X.S. Wang, C.H. Xing, T.K. Maki, L.M. Wu, S.Z. Guo, et al., Targeting the
neurovascular unit in brain trauma, CNS Neurosci. Ther. 21 (2015) 304–308.

[105] M. Lotfi Shahreza, N. Ghadiri, S.R. Mousavi, J. Varshosaz, J.R. Green, A review of
network-based approaches to drug repositioning, Brief Bioinform. 19 (5) (2018)
878–892, https://doi.org/10.1093/bib/bbx017.

[106] B.P. Lucke-Wold, R.C. Turner, A.F. Logsdon, J.W. Simpkins, D.L. Alkon,
K.E. Smith, et al., Common mechanisms of Alzheimer's disease and ischemic
stroke: the role of protein kinase C in the progression of age-related neurode-
generation, J. Alzheimer's Dis. 43 (2015) 711–724.

[107] J.P. MacManus, A.M. Buchan, Apoptosis after experimental stroke: fact or fashion?
J. Neurotrauma 17 (2000) 899–914.

[108] H.S. Markus, Stroke genetics, Hum. Mol. Genet. 20 (2011) R124–R131.
[109] R.L. Martin, H.G. Lloyd, A.I. Cowan, The early events of oxygen and glucose de-

privation: setting the scene for neuronal death? Trends Neurosci. 17 (1994)
251–257.

[110] J. Miner, A. Hoffhines, The discovery of aspirin's antithrombotic effects, Tex. Heart
Inst. J. 34 (2007) 179–186.

[111] J. Minnerup, H. Wersching, M. Schilling, W.R. Schabitz, Analysis of early phase
and subsequent phase III stroke studies of neuroprotectants: outcomes and pre-
dictors for success, Exp. Transl. Stroke Med. 6 (2014) 2.

[112] S. Mittal, K. Bjornevik, D.S. Im, A. Flierl, X. Dong, J.J. Locascio, et al., beta2-
Adrenoreceptor is a regulator of the alpha-synuclein gene driving risk of
Parkinson's disease, Science 357 (2017) 891–898.

[113] A. Mizuma, T. Yamashita, S. Kono, T. Nakayama, Y. Baba, S. Itoh, et al., Phase II
trial of intravenous low-dose granulocyte colony-stimulating factor in acute is-
chemic stroke, J. Stroke Cerebrovasc. Dis. 25 (2016) 1451–1457.

[114] J. Montaner, A. Bustamante, S. Garcia-Matas, M. Martinez-Zabaleta, C. Jimenez,
J. de la Torre, et al., Combination of thrombolysis and statins in acute stroke is
safe: results of the STARS randomized trial (stroke treatment with acute reperfu-
sion and simvastatin), Stroke 47 (2016) 2870–2873.

[115] A. Moretti, F. Ferrari, R.F. Villa, Neuroprotection for ischaemic stroke: current
status and challenges, Pharmacol. Ther. 146 (2015) 23–34.

[116] A. Mullard, Drug repurposing programmes get lift off, Nat. Rev. Drug Discov. 11
(2012) 505–506.

[117] T.H. Murphy, D. Corbett, Plasticity during stroke recovery: from synapse to be-
haviour, Nat. Rev. Neurosci. 10 (2009) 861–872.

J.-L. Yang, et al. Life Sciences 236 (2019) 116889

9

http://refhub.elsevier.com/S0024-3205(19)30816-1/sref57
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref57
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref58
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref58
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref58
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref59
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref59
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref59
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref60
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref60
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref60
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref61
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref61
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref62
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref62
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref62
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref63
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref63
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref63
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref64
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref64
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref64
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref64
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref65
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref65
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref65
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref66
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref66
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref67
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref67
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref67
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref68
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref68
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref68
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref69
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref69
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref69
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref70
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref70
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref70
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref70
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref71
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref71
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref71
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref72
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref72
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref73
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref73
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref73
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref74
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref74
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref75
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref75
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref76
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref76
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref76
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref77
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref77
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref77
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref78
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref78
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref79
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref79
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref79
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref80
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref80
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref80
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref80
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref81
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref81
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref81
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref81
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref82
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref82
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref82
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref82
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref83
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref83
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref84
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref84
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref84
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref84
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref85
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref85
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref85
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref86
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref86
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref86
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref87
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref87
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref87
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref87
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref88
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref88
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref88
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref88
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref89
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref89
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref90
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref90
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref90
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref91
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref91
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref91
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref92
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref92
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref92
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref93
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref93
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref93
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref94
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref94
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref94
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref94
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref95
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref95
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref95
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref95
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref96
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref96
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref97
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref97
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref97
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref98
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref98
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref99
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref99
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref100
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref100
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref101
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref101
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref102
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref102
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref102
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref103
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref103
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref104
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref104
https://doi.org/10.1093/bib/bbx017
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref106
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref106
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref106
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref106
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref107
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref107
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref108
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref109
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref109
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref109
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref110
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref110
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref111
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref111
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref111
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref112
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref112
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref112
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref113
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref113
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref113
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref114
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref114
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref114
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref114
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref115
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref115
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref116
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref116
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref117
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref117


[118] F.J. Najm, M. Madhavan, A. Zaremba, E. Shick, R.T. Karl, D.C. Factor, et al., Drug-
based modulation of endogenous stem cells promotes functional remyelination in
vivo, Nature 522 (2015) 216–220.

[119] National Institute of Neurological D, P.A.S.S.G. Stroke rt, Tissue plasminogen ac-
tivator for acute ischemic stroke, N. Engl. J. Med. 333 (1995) 1581–1587.

[120] A.A. Neuhaus, Y. Couch, G. Hadley, A.M. Buchan, Neuroprotection in stroke: the
importance of collaboration and reproducibility, Brain 140 (2017) 2079–2092.

[121] G.E. Nilsson, P.L. Lutz, Anoxia tolerant brains, J. Cereb. Blood Flow Metab. 24
(2004) 475–486.

[122] R.G. Nogueira, A.P. Jadhav, D.C. Haussen, A. Bonafe, R.F. Budzik, P. Bhuva, et al.,
Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit and
infarct, N. Engl. J. Med. 378 (2018) 11–21.

[123] V.E. O'Collins, M.R. Macleod, G.A. Donnan, L.L. Horky, B.H. van der Worp,
D.W.1 Howells, 026 experimental treatments in acute stroke, Ann. Neurol. 59
(2006) 467–477.

[124] T.I. Oprea, J. Mestres, Drug repurposing: far beyond new targets for old drugs,
AAPS J. 14 (2012) 759–763.

[125] N. Oyamada, M. Sone, K. Miyashita, K. Park, D. Taura, M. Inuzuka, et al., The role
of mineralocorticoid receptor expression in brain remodeling after cerebral
ischemia, Endocrinology 149 (2008) 3764–3777.

[126] Z. Pei, P.C. Fung, R.T. Cheung, Melatonin reduces nitric oxide level during
ischemia but not blood-brain barrier breakdown during reperfusion in a rat middle
cerebral artery occlusion stroke model, J. Pineal Res. 34 (2003) 110–118.

[127] I.D. Pena, C. Borlongan, G. Shen, W. Davis, Strategies to extend thrombolytic time
window for ischemic stroke treatment: an unmet clinical need, J Stroke 19 (2017)
50–60.

[128] F. Petrelli, M. Muzzi, A. Chiarugi, G. Bagetta, D. Amantea, Poly(ADP-ribose)
polymerase is not involved in the neuroprotection exerted by azithromycin against
ischemic stroke in mice, Eur. J. Pharmacol. 791 (2016) 518–522.

[129] R. Pluta, M. Ulamek, M. Jablonski, Alzheimer's mechanisms in ischemic brain
degeneration, Anat. Rec. 292 (2009) 1863–1881.

[130] W.J. Powers, C.P. Derdeyn, J. Biller, C.S. Coffey, B.L. Hoh, E.C. Jauch, et al.,
American Heart association/American stroke association focused update of the
2013 guidelines for the early management of patients with acute ischemic stroke
regarding endovascular treatment: a guideline for healthcare professionals from
the American Heart association/American stroke association, Stroke 46 (2015)
3020–3035 2015.

[131] W.J. Powers, A.A. Rabinstein, T. Ackerson, O.M. Adeoye, N.C. Bambakidis,
K. Becker, et al., Guidelines for the early management of patients with acute is-
chemic stroke: a guideline for healthcare professionals from the American Heart
association/American stroke association, Stroke 49 (2018) e46–e110 2018.

[132] M.E. Raichle, D.A. Gusnard, Appraising the brain's energy budget, Proc. Natl.
Acad. Sci. U. S. A. 99 (2002) 10237–10239.

[133] M.J. Reeves, S. Arora, J.P. Broderick, M. Frankel, J.P. Heinrich, S. Hickenbottom,
et al., Acute stroke care in the US: results from 4 pilot prototypes of the Paul
coverdell national acute stroke registry, Stroke 36 (2005) 1232–1240.

[134] D.A. Ridder, M. Schwaninger, NF-kappaB signaling in cerebral ischemia,
Neuroscience 158 (2009) 995–1006.

[135] E.B. Ringelstein, V. Thijs, B. Norrving, A. Chamorro, F. Aichner, M. Grond, et al.,
Granulocyte colony-stimulating factor in patients with acute ischemic stroke: re-
sults of the AX200 for Ischemic Stroke trial, Stroke 44 (2013) 2681–2687.

[136] A.L. Rodriguez-Perea, J. Gutierrez-Vargas, G.P. Cardona-Gomez, C.J. Guarin,
M. Rojas, P.A. Hernandez, Atorvastatin modulates regulatory T cells and attenu-
ates cerebral damage in a model of transient middle cerebral artery occlusion in
rats, J. Neuroimmune Pharmacol. 12 (2017) 152–162.

[137] S. Romano, G. Coarelli, C. Marcotulli, L. Leonardi, F. Piccolo, M. Spadaro, et al.,
Riluzole in patients with hereditary cerebellar ataxia: a randomised, double-blind,
placebo-controlled trial, Lancet Neurol. 14 (2015) 985–991.

[138] S. Sarkar, D. Chakraborty, A. Bhowmik, M.K. Ghosh, Cerebral ischemic stroke:
cellular fate and therapeutic opportunities, Front Biosci (Landmark Ed). 24 (2019)
435–450.

[139] J.L. Saver, M. Goyal, A. Bonafe, H.C. Diener, E.I. Levy, V.M. Pereira, et al., Stent-
retriever thrombectomy after intravenous t-PA vs. t-PA alone in stroke, N. Engl. J.
Med. 372 (2015) 2285–2295.

[140] W.R. Schabitz, C. Kruger, C. Pitzer, D. Weber, R. Laage, N. Gassler, et al., A
neuroprotective function for the hematopoietic protein granulocyte-macrophage
colony stimulating factor (GM-CSF), J. Cereb. Blood Flow Metab. 28 (2008)
29–43.

[141] W.R. Schabitz, R. Laage, G. Vogt, W. Koch, R. Kollmar, S. Schwab, et al., AXIS: a
trial of intravenous granulocyte colony-stimulating factor in acute ischemic stroke,
Stroke 41 (2010) 2545–2551.

[142] E. Schneeloch, G. Mies, H.J. Busch, I.R. Buschmann, K.A. Hossmann, Granulocyte-
macrophage colony-stimulating factor-induced arteriogenesis reduces energy
failure in hemodynamic stroke, Proc. Natl. Acad. Sci. U. S. A. 101 (2004)
12730–12735.

[143] J. Schrader, S. Luders, A. Kulschewski, J. Berger, W. Zidek, J. Treib, et al., The
ACCESS study: evaluation of acute candesartan cilexetil therapy in stroke survi-
vors, Stroke 34 (2003) 1699–1703.

[144] L.H. Schwamm, G.C. Fonarow, M.J. Reeves, W. Pan, M.R. Frankel, E.E. Smith,
et al., Get with the Guidelines-Stroke is associated with sustained improvement in
care for patients hospitalized with acute stroke or transient ischemic attack,
Circulation 119 (2009) 107–115.

[145] J. Sharkey, J.H. Crawford, S.P. Butcher, H.M. Marston, Tacrolimus (FK506)
ameliorates skilled motor deficits produced by middle cerebral artery occlusion in
rats, Stroke 27 (1996) 2282–2286.

[146] J.C. Siavelis, M.M. Bourdakou, E.I. Athanasiadis, G.M. Spyrou, K.S. Nikita,

Bioinformatics methods in drug repurposing for Alzheimer's disease, Briefings
Bioinf. 17 (2016) 322–335.

[147] B. Silver, S. McCarthy, M. Lu, P. Mitsias, A.N. Russman, A. Katramados, et al.,
Sildenafil treatment of subacute ischemic stroke: a safety study at 25-mg daily for
2 weeks, J. Stroke Cerebrovasc. Dis. 18 (2009) 381–383.

[148] W.A. Silverman, The schizophrenic career of a "monster drug", Pediatrics 110
(2002) 404–406.

[149] S. Singhal, J. Mehta, R. Desikan, D. Ayers, P. Roberson, P. Eddlemon, et al.,
Antitumor activity of thalidomide in refractory multiple myeloma, N. Engl. J. Med.
341 (1999) 1565–1571.

[150] K. Sinha, M.N. Degaonkar, N.R. Jagannathan, Y.K. Gupta, Effect of melatonin on
ischemia reperfusion injury induced by middle cerebral artery occlusion in rats,
Eur. J. Pharmacol. 428 (2001) 185–192.

[151] A.L. Siren, M. Fratelli, M. Brines, C. Goemans, S. Casagrande, P. Lewczuk, et al.,
Erythropoietin prevents neuronal apoptosis after cerebral ischemia and metabolic
stress, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 4044–4049.

[152] L. Sironi, C. Banfi, M. Brioschi, P. Gelosa, U. Guerrini, E. Nobili, et al., Activation
of NF-kB and ERK1/2 after permanent focal ischemia is abolished by simvastatin
treatment, Neurobiol. Dis. 22 (2006) 445–451.

[153] E.Y. Snyder, Finding a new purpose for old drugs, Science 357 (2017) 869–870.
[154] A.M. Spiotta, J. Vargas, R. Turner, M.I. Chaudry, H. Battenhouse, A.S. Turk, The

golden hour of stroke intervention: effect of thrombectomy procedural time in
acute ischemic stroke on outcome, J. Neurointerventional Surg. 6 (2014) 511–516.

[155] N. Sprigg, R. O'Connor, L. Woodhouse, K. Krishnan, T.J. England, L.A. Connell,
et al., Granulocyte colony stimulating factor and physiotherapy after stroke: re-
sults of a feasibility randomised controlled trial: stem cell trial of recovery
EnhanceMent after stroke-3 (STEMS-3 ISRCTN16714730), PLoS One 11 (2016)
e0161359.

[156] R.G.W. Staal, J.R. Weinstein, M. Nattini, M. Cajina, G. Chandresana, T. Moller,
Senicapoc: repurposing a drug to target microglia KCa3.1 in stroke, Neurochem.
Res. 42 (2017) 2639–2645.

[157] S. Suda, K. Katsura, T. Kanamaru, M. Saito, Y. Katayama, Valproic acid attenuates
ischemia-reperfusion injury in the rat brain through inhibition of oxidative stress
and inflammation, Eur. J. Pharmacol. 707 (2013) 26–31.

[158] B.A. Sutherland, J. Minnerup, J.S. Balami, F. Arba, A.M. Buchan, C. Kleinschnitz,
Neuroprotection for ischaemic stroke: translation from the bench to the bedside,
Int. J. Stroke 7 (2012) 407–418.

[159] A. Szczepanska-Szerej, J. Kurzepa, J. Wojczal, Z. Stelmasiak, Simvastatin-induced
prevention of the increase in TNF-alpha level in the acute phase of ischemic stroke,
Pharmacol. Rep. 59 (2007) 94–97.

[160] X.N. Tang, Q. Wang, M.A. Koike, D. Cheng, M.L. Goris, F.G. Blankenberg, et al.,
Monitoring the protective effects of minocycline treatment with radiolabeled an-
nexin V in an experimental model of focal cerebral ischemia, J. Nucl. Med. 48
(2007) 1822–1828.

[161] T.H. Tsai, C.H. Lu, C.G. Wallace, W.N. Chang, S.F. Chen, C.R. Huang, et al.,
Erythropoietin improves long-term neurological outcome in acute ischemic stroke
patients: a randomized, prospective, placebo-controlled clinical trial, Crit. Care 19
(2015) 49.

[162] A. Tuttolomondo, D. Di Raimondo, R. Pecoraro, C. Maida, V. Arnao, V. Della
Corte, et al., Early high-dosage atorvastatin treatment improved serum immune-
inflammatory markers and functional outcome in acute ischemic strokes classified
as large artery atherosclerotic stroke: a randomized trial, Medicine (Baltim.) 95
(2016) e3186.

[163] M. Tymianski, Combining neuroprotection with endovascular treatment of acute
stroke: is there hope? Stroke 48 (2017) 1700–1705.

[164] A. Van Hemelrijck, S. Hachimi-Idrissi, S. Sarre, G. Ebinger, Y. Michotte, Post-
ischaemic mild hypothermia inhibits apoptosis in the penumbral region by redu-
cing neuronal nitric oxide synthase activity and thereby preventing endothelin-1-
induced hydroxyl radical formation, Eur. J. Neurosci. 22 (2005) 1327–1337.

[165] H.M. Vesterinen, P. Connick, C.M. Irvine, E.S. Sena, K.J. Egan, G.G. Carmichael,
et al., Drug repurposing: a systematic approach to evaluate candidate oral neu-
roprotective interventions for secondary progressive multiple sclerosis, PLoS One
10 (2015) e0117705.

[166] S. Villapol, J.M. Saavedra, Neuroprotective effects of angiotensin receptor
blockers, Am. J. Hypertens. 28 (2015) 289–299.

[167] R. von Kummer, R. Holle, L. Rosin, M. Forsting, W. Hacke, Does arterial re-
canalization improve outcome in carotid territory stroke? Stroke 26 (1995)
581–587.

[168] Z. Wang, Y. Leng, L.K. Tsai, P. Leeds, D.M. Chuang, Valproic acid attenuates blood-
brain barrier disruption in a rat model of transient focal cerebral ischemia: the
roles of HDAC and MMP-9 inhibition, J. Cereb. Blood Flow Metab. 31 (2011)
52–57.

[169] Z. Wang, L.K. Tsai, J. Munasinghe, Y. Leng, E.B. Fessler, F. Chibane, et al., Chronic
valproate treatment enhances postischemic angiogenesis and promotes functional
recovery in a rat model of ischemic stroke, Stroke 43 (2012) 2430–2436.

[170] N.L. Weilinger, V. Maslieieva, J. Bialecki, S.S. Sridharan, P.L. Tang,
R.J. Thompson, Ionotropic receptors and ion channels in ischemic neuronal death
and dysfunction, Acta Pharmacol. Sin. 34 (2013) 39–48.

[171] M. Writing Group, D. Mozaffarian, E.J. Benjamin, A.S. Go, D.K. Arnett, M.J. Blaha,
et al., Heart disease and stroke statistics-2016 update: a report from the American
Heart association, Circulation 133 (2016) e38–360.

[172] M.T. Wunderlich, M. Goertler, T. Postert, E. Schmitt, G. Seidel, G. Gahn, et al.,
Recanalization after intravenous thrombolysis: does a recanalization time window
exist? Neurology 68 (2007) 1364–1368.

[173] J.L. Yang, W.Y. Chen, Y.P. Chen, C.Y. Kuo, S.D. Chen, Activation of GLP-1 receptor
enhances neuronal base excision repair via PI3K-AKT-Induced expression of

J.-L. Yang, et al. Life Sciences 236 (2019) 116889

10

http://refhub.elsevier.com/S0024-3205(19)30816-1/sref118
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref118
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref118
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref119
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref119
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref120
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref120
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref121
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref121
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref122
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref122
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref122
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref123
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref123
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref123
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref124
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref124
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref125
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref125
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref125
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref126
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref126
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref126
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref127
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref127
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref127
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref128
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref128
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref128
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref129
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref129
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref130
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref131
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref131
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref131
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref131
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref132
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref132
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref133
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref133
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref133
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref134
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref134
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref135
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref135
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref135
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref136
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref136
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref136
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref136
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref137
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref137
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref137
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref138
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref138
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref138
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref139
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref139
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref139
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref140
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref140
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref140
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref140
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref141
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref141
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref141
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref142
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref142
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref142
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref142
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref143
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref143
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref143
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref144
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref144
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref144
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref144
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref145
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref145
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref145
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref146
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref146
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref146
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref147
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref147
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref147
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref148
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref148
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref149
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref149
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref149
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref150
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref150
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref150
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref151
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref151
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref151
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref152
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref152
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref152
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref153
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref154
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref154
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref154
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref155
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref155
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref155
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref155
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref155
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref156
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref156
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref156
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref157
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref157
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref157
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref158
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref158
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref158
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref159
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref159
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref159
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref160
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref160
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref160
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref160
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref161
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref161
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref161
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref161
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref162
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref162
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref162
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref162
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref162
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref163
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref163
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref164
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref164
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref164
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref164
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref165
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref165
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref165
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref165
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref166
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref166
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref167
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref167
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref167
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref168
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref168
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref168
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref168
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref169
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref169
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref169
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref170
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref170
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref170
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref171
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref171
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref171
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref172
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref172
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref172
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref173
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref173


apurinic/apyrimidinic endonuclease 1, Theranostics 6 (2016) 2015–2027.
[174] J.L. Yang, S. Mukda, S.D. Chen, Diverse roles of mitochondria in ischemic stroke,

Redox biology 16 (2018) 263–275.
[175] T.J. Yang, T.S. Yang, H.M. Liang, Thalidomide and congenital abnormalities,

Lancet 1 (1963) 552–553.
[176] J. Yrjanheikki, T. Tikka, R. Keinanen, G. Goldsteins, P.H. Chan, J. Koistinaho, A

tetracycline derivative, minocycline, reduces inflammation and protects against
focal cerebral ischemia with a wide therapeutic window, Proc. Natl. Acad. Sci. U.
S. A. 96 (1999) 13496–13500.

[177] A. Zacharek, J. Chen, X. Cui, Y. Yang, M. Chopp, Simvastatin increases notch
signaling activity and promotes arteriogenesis after stroke, Stroke 40 (2009)
254–260.

[178] L. Zhang, Z.G. Zhang, M. Chopp, The neurovascular unit and combination treat-
ment strategies for stroke, Trends Pharmacol. Sci. 33 (2012) 415–422.

[179] H. Zhao, G.K. Steinberg, R.M. Sapolsky, General versus specific actions of mild-
moderate hypothermia in attenuating cerebral ischemic damage, J. Cereb. Blood
Flow Metab. 27 (2007) 1879–1894.

J.-L. Yang, et al. Life Sciences 236 (2019) 116889

11

http://refhub.elsevier.com/S0024-3205(19)30816-1/sref173
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref174
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref174
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref175
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref175
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref176
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref176
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref176
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref176
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref177
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref177
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref177
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref178
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref178
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref179
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref179
http://refhub.elsevier.com/S0024-3205(19)30816-1/sref179

	The potential of drug repurposing combined with reperfusion therapy in cerebral ischemic stroke: A supplementary strategy to endovascular thrombectomy
	Introduction
	The cerebral-ischemic cascade and potential targets for therapeutic intervention
	Drug repurposing approaches for the discovery of new therapies in acute ischemic stroke with EVT
	Conclusions
	mk:H1_5
	Acknowledgments
	References




