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ABSTRACT

Stroke is one of the leading causes of death and most common cause of disability in
adult. Despite of recent advances in the recanalization therapy for acute ischemic
stroke, the need for neuroprotectants is substantial, to extend the window for recanali-
zation therapy and to prevent neuronal death by ischemic brain injury or by reperfusion
injury after successful therapy. Herein, the possible reasons for the failure of neuropro-
tectants trials during the past two decades and current status of neuroprotective strate-
gies for acute ischemic stroke are discussed. This review will also address the recent ad-
vances and future perspectives in preclinical and clinical trials of neuroprotective
agents, including the efforts of high quality of transition of preclinical results to clinical
trial, genetic studies to trigger neuroprotectants development, application of neuropro-
tectants at optimal time and duration after stroke, adjuvant approaches, and biomark-
er-based triage.
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INTRODUCTION

Stroke is one of the leading causes of death and most common cause of disability in adult. The
approved treatment of acute ischemic stroke are intravenous thrombolysis (IVT) with tissue
plasminogen activator and endovascular therapy (EVT) with stentriever. However, due to short
time window (within 4.5 hours after onset of symptoms) for the use of IVT, only a minority (3%
to 8%) of patients with acute ischemic stroke are eligible for thrombolysis. Thrombolysis does
not always result in complete recanalization (20% to 66%), and even if recanalization is
achieved with IVT, reocclusion with neurological deterioration can occur in >30% [1,2]. More
recently, beneficial effect of EVT was confirmed in acute ischemic stroke [3-7]. However, a sub-
stantial patients are EVT-ineligible (only 7% to 13% of acute ischemic stroke were eligible to
EVT) [8], failure (suboptimal or no reperfusion [TICI 0-2a] in 14% to 41% in five recent phase llI
randomized control trials [RCTs]) [3-7] or futile (26% to 49% showed poor outcome despite of
successful recanalization) [9]. Although EVT improved outcome compared to standard medical
treatment, a majority of patients treated with EVT have residual neurological impairments. In
addition, preclinical and clinical studies have demonstrated infarct growth in the peri-infarct
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areas after recanalization therapy by reperfusion injury.
Therefore, there is substantial need for neuroprotective strat-
egies to extend the window for recanalization therapy and to
prevent neuronal death by ischemic brain injury or by reper-
fusion injury after successful therapy. This review article will
discuss the current status and future perspectives of neuro-
protective strategies for acute ischemic stroke.

SEARCH STRATEGY AND SELECTION
CRITERIA

| identified references for this review by searching PubMed
and ClinicalTrials.gov published in English up to May 2017,
with the search terms stroke, cerebral infarction, and neuro-
protection. Additionally, | searched references from the rele-
vant articles and reviews. The final reference list was gener-
ated on the basis of originality and relevance to this topic.
Because of space limitation, individual neuroprotective
agents were not discussed in detail. In addition, several neu-
roprotective strategies, such as inflammation or stroke-in-
duced immune responses, stem cells and microRNAs, and
the strategies to enhancing restorative process were not
dealt in this review because they were covered in other re-
views and are out of scope of this topic.

RESULTS OF PRECLINICAL AND CLINI-
CAL STUDIES OF NEUROPROTECTIVE
AGENTS

Neuroprotection refers to the use of therapies that reduce
brain injury during acute stroke, through actions on the brain
rather than by improving blood flow. Over 1,000 neuropro-
tective agents have been studies in preclinical stroke re-
search, many with promising results [10]. Nearly 200 neuro-
protective clinical trials have been completed but very few
have achieved success [10-12]. As a result, neuroprotection
research has been perceived that everything works in animal
but nothing works in people. In a rat stoke model, even sin-
gle whisker stimulation could induce complete protection of
rat cortex [13].

Why clinical stroke trials were unable to replicate bench
findings? Possible reasons for lost in translation include (1)
complexity of ischemic pathophysiology underestimated, (2)
low quality of preclinical studies, underpowered, effect sizes
overestimated, results not robust (low internal validity), (3)
stroke models do not match with patient characteristics (age,
sex, comorbidities, and polypharmacology), (4) negative
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publication bias (particularly in preclinical research), (5) het-
erogeneity of stroke patients, therapies not matched to indi-
vidual pathophysiology, (6) super systemic effects (on im-
mune, cardiovascular system, etc.) attributable to a substan-
tial fraction of stroke morbidity and mortality, but little un-
derstood and under-researched, (7) timing of therapy wrong
or clinically irrelevant, clinical trial design not matched to
preclinical findings, and (8) significant species differences
[14,15]. Early preclinical studies had quality problems [10].
Clinical trials were conducted in multicenter double blind
endpoint design, evaluating hundreds to thousands patients,
and performed under authorization by U.S. Food and Drug
Administration. On the contrary, many of preclinical studies
were performed by students in a single laboratory, and were
measured by open evaluation of small numbers of animals.
While most preclinical studies evaluated the effects of neuro-
protective agents administrated at 24 hours after 90 minutes
transient middle cerebral occlusion, treatment time was var-
ied among studies in clinical trials and only a small number
of patients had ischemic stroke caused by transient middle
cerebral arteries.

The Stroke Treatment Academic Industry Roundtable (STAIR)
criteria were offered as guidelines aimed at making preclini-
cal results more reflective of human stroke. The Stroke-Acute
Ischemic NXY Treatment (SAINT) trials [16,17], which tested a
free radical scavenger, were reported to have fulfilled the cri-
teria. After the failure of the SAINT Il trial to show beneficial
effect of NXY 059, subsequent studies have analyzed the pre-
clinical studies leading up to the SAINT trials and showed
that the STAIR criteria were not fulfilled in these preclinical
studies [18]. As a result, while early STAIR recommendations
emphasized careful design of the clinical trial that are similar
to animal experiments, recent STAIR recommendations have
raised the importance of the quality of preclinical studies
[14,19]. The experts have suggested the need for internation-
al multicenter randomized animal trials [20].

At present, the American Heart Association/American
Stroke Association guidelines do not recommend the use of
pharmacological agents with putative neuroprotective ac-
tions, except for the research purposes [21].

RECENT ADVANCES AND FUTURE PER-
SPECTIVE

There have been several advances in the field of neuropro-
tective strategies (Table 1) [16,17,22-36].
First, more stringent qualification in preclinical study is re-
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Table 1. Neuroprotective agents and results of clinical trials

Agents Proposed mechanisms Results of clinical studies
NXY-059 Free radical-trapping properties Administration of NXY-059 within 6 hours after stroke
onset improved the outcome (SAINT) [16], but failed to
show the efficacy in a second, larger trial (SAINT II) [17].
Magnesium Antagonist of calcium channel noncompetitive NMDA Prehospital initiation of magnesium sulfate therapy was
receptors and inhibit excitatory neurotransmitter safe, but did not improve disability outcome suggesting
that a single neuroprotective agent may not interdict
enough ischemic cascade pathway (FAST-MAG trial) [31].
Albumin Hemodilution, antioxidant effects, metabolic benefits, High dose albumin therapy with/with IVT was not
collateral enhancing effects associated with improved outcome, and was associated
increased rate of intracerebral bleeding and pulmonary
edema (ALIAS trial) [39].
Minocycline Anti-inflammatory and matrix metalloprotease inhibition ~ Early terminated because interim analysis showed futility
effects (NeuMAST trial [NCT00930020])
Citicoline Phosphatidylcholine precursor, and inhibition of free fatty ~ Citicoline was not efficacious in treatment of moderate-
acid release and free radical generation to-severe acute ischemic stroke (ICTUS trial) [44].
Natalizumab Antibodies against CD49d (leukocyte adhesion molecule Natalizumab administration up to 9 hours after stroke
a4 integrin) which inhibit the migration of leukocytes onset did not reduce infarct growth [24].
into the brain
Edaravone Free-radical scavenger Edaravone combined with IVT were safe and may improve
outcome (PROTECTA4.5 trial) [36].
Uric acid Antioxidant effects against singlet oxygen and free The addition of uric acid to thrombolytic therapy was safe

Glyceryl trinitrate

NA-1

Therapeutic
hypothermia

Remote ischemic
conditioning

Transcranial laser
therapy

radicals

Nitric oxide donor, cerebral vasodilator, and lower blood
pressure

Postsynaptic density-95 protein inhibition to block
NMDA-mediated excitotoxic signaling

Reduce oxygen demand, disruption of the blood-brain
barrier, free radical formation, excitotoxicity, and
inflammation

Humoral, neural, and systemic response pathway that
induce ischemic tolerance and neurorestoration, and
inhibit excitotoxicity

Near-infrared laser energy may modulate biochemical
changes within neural cells and prevent apoptosis.

but did not improve outcome (URICO-ICTUS trial) [37],
but may be beneficial in a certain subgroup of stroke
patients [45,46].

Transdermal application of glyceryl trinitrate lowered
blood pressure and was safe but did not improve
outcome (ENOS trial) [33].

The RIGHT-2 trial is ongoing to test the safety and efficacy
of transdermal glyceryl trinitrate in the prehospital setting.

Pre-interventional treatment of NA-1 prevented iatrogenic
stroke (ENACT trial) [34].

The ESPACE-NA-1 (NCT02930018) and FRONTIER
(NCT02315443) trials are ongoing.

Intravascular cooling (ICTuS2 trial) [38] or surface cooling
[47]in IVT-treated patients was safe despite the adverse
events (e.g., pneumonia), but did not improve outcome.

A multicenter phase Ill RCT (EuroHYP-1, NCT01833312)
is ongoing to evaluate the effect of surface/endovascular
cooling after IVT or EVT.

Remote ischemic postconditioning within 24 hours after
stroke onset was safe and feasible, and may improve
outcome (RECAST) [32].

Remote ischemic preconditioning was safe in patients
undergoing carotid artery stenting, which may decrease
iatrogenic ischemic brain injury [48].

Early terminated because interim analysis showed futility
(the NEST3 trial) [49].

SAINT, Stroke-Acute Ischemic NXY Treatment; NMDA, N-methyl-D-aspartate; FAST-MAG, Field Administration of Stroke Therapy-Magnesium; IVT, in-
travenous thrombolysis; ALIAS, Albumin in Acute Ischemic Stroke; NeuMAST, Neuroprotection With Minocycline Therapy for Acute Stroke Recovery
Trial; ICTUS, International Citicoline Trial on acUte Stroke; PROTECT4.5, Postmarketing Registry On Treatment with Edaravone in acute Cerebral
infarction by the Time window of 4.5hours; URICO-ICTUS, Efficacy Study of Combined Treatment With Uric Acid and rtPA in Acute Ischemic Stroke;
ENOS, Efficacy of Nitric Oxide in Stroke; RIGHT-2, Rapid Intervention with Glyceryl trinitrate in Hypertensive stroke Trial-2; ENACT, Evaluating Neuro-
protection in Aneurysm Coiling Therapy; ESPACE-NA-1, Safety and Efficacy of NA-1 in Subjects Undergoing Endovascular Thrombectomy for Stroke;
FRONTIER, Field Randomization of NA-1 Therapy in Early Responders; ICTuS2, Intravascular Cooling in the Treatment of Stroke 2; RCT, randomized
control trial; EuroHYP-1, Cooling Plus Best Medical Treatment Versus Best Medical Treatment Alone for Acute Ischaemic Stroke; EVT, endovascular
therapy; RECAST, remote ischemic conditioning after stroke trial; NEST3, NeuroThera® Efficacy and Safety Trial 3.
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quired. Drugs should be taken forward to clinical trial only if
data from animal experiments are valid and precise and in
the public domain before clinical trials occur [37]. Recently,
several neuroprotective agents have been tested under high
quality of transition of preclinical results to clinical trial. For
example, the first multicenter trial of experimental stroke re-
search has been conducted to evaluate the effect of an-
ti-CD49d antibodies which inhibit the migration of leuko-
cytes into the brain on infarct volume in acute ischemic
stroke [38]. The results showed the feasibility of performing
preclinical multicenter RCTs and suggested that anti-CD49d
treatment reduced infarct size in permanent stroke model
but not in transient stroke model. Based on the preclinical
results, a double-blind multicenter RCT of natalizumab (an
antibody against the leukocyte adhesion molecule a4 integ-
rin) has been performed in stroke patients which showed
that natalizumab administration up to 9 hours after stroke
onset did not reduce infarct growth [22]. Another example is
NA-1, which targets postsynaptic density-95 protein to inhibit
N-methyl-D-aspartate (NMDA)-mediated excitotoxic signal-
ing following ischemia [39]. The effect of NA-1 has been test-
ed in non-human primates (macaques) which bear genetic,
anatomical and behavioral similarities to humans [40]. Both
magnetic resonance imaging and behavioral assessments
showed the beneficial effects of NA-1 in gyrencephalic non-hu-
man primates. The transition of these results to human is on-
goingin a clinical trial (the ESCAPE-NA-1 trial, NCT02930018).
Second, bedside to bench approach using human genetic
studies could be another way to increase the probability of
success to find a novel neuroprotectant. Genetic findings
have recently been used to trigger drug development. Typical
example is monoclonal antibodies that inhibit proprotein
convertase subtilisin-kexin type 9 (PCSK9) [41-43]. Similarly,
genetic studies can be used to find a novel pathophysiologic
target of ischemic brain injury as well as the risk factors of
stroke (e.g., genetic risk score) and the response to drug
(pharmacogenomics). Mutations in genes involved in isch-
emic brain injury might be expected to alter outcome after
stroke. Therefore, by studying genetic variations and their tar-
get proteins in patients with stroke evolution (by infarct
growth or reperfusion injury), one can find the mechanisms
that involved in ischemic brain injury and candidate neuro-
protectants (personal communication with Professor Jin-Moo
Lee, Washington University). A large scale genome-wide asso-
ciation study (Genetics of Early Neurological Instability After
Ischemic Stroke [GENISIS]) is ongoing to find the genetic vari-
ants and pathways associated with neurological instability.
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Third, the appropriate time and duration of application of
neuroprotective agents have been addressed in the recent
clinical trials. Time of application is important. Among the
several deficiencies in neuroprotective clinical design, the
most important is that patients were being treated too late.
About 92% of acute ischemic patients in the neuroprotective
trials performed 2000 through 2005 were enrolled beyond 4
hours after stroke onset [44]. Recently, several clinical trials
of neuroprotective agents evaluated the effects of neuropro-
tective agents at an earlier time points. Neuroprotection start-
ed in the field by paramedicine is possible and the effects of
neuroprotection may be better with earlier treatment. Pre-
hospital stroke trials of paramedic delivered therapy include
the Field Administration of Stroke Therapy-Magnesium (FAST-
MAG) [23], remote ischemic conditioning after stroke trial (RE-
CAST) [24], Field Randomization of NA-1 Therapy in Early Re-
sponders (FRONTIER; NA-1, NCT02315443), and Efficacy of
Nitric Oxide in Stroke (ENOS; Glyceryl trinitrate) [25] trials.
Pre-intervention application has been tested in NA-1, which
showed that pretreatment of NA-1 for endovascular aneu-
rysm repair prevented iatrogenic stroke (Evaluating Neuro-
protection in Aneurysm Coiling Therapy [ENACT] trial) [26]. In
the FAST-MAG trial, accurate identification of stroke patients
and elicitation of informed consent in the field was per-
formed by paramedics, and prehospital initiation of magne-
sium sulfate therapy was possible and allowed the start of
therapy within 2 hours after stroke onset [23]. The duration
of treatment may also be important. Signals that mediate
cell death during the acute stage of stroke, e.g., NMDA recep-
tor, matrix metalloproteinase and CXCL12/CXCR4 (C-X-C mo-
tif chemokine 12/C-X-C chemokine receptor type 4) signaling,
might promote repair during the recovery phase [45]. There-
fore, more careful attention should be paid for the injury-re-
pair transition time to decide the optimal duration of the use
of neuroprotective agents.

Fourth, cotreatment of neuroprotective strategies could
augment the value of recanalization therapy. The clinical tri-
als of combination of neuroprotection with IVT or EVT have
been completed or are ongoing, such as IVT-edaravone ther-
apy (PROTECTA4.5 [Postmarketing Registry On Treatment
with Edaravone in acute Cerebral infarction by the Time win-
dow of 4.5hours]) [27], IVT-uric acid (URICO-ICTUS [Efficacy
Study of Combined Treatment With Uric Acid and rtPA in
Acute Ischemic Stroke] study) [28], IVT-hypothermia (ICTuS2
[Intravascular Cooling in the Treatment of Stroke 2], Euro-
HYP-1) [29], IVT/EVT-Magnesium (FAST-MAG) [23], IVT-Albu-
min (Albumin in Acute Ischemic Stroke [ALIAS]) [30], and EVT-
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NA1 (ESCAPE-NAL). In addition, there is no single agent or
target pathway for neuroprotection. The use of broad spec-
trum (pluripotential) neuroprotective therapies, such as ther-
apeutic hypothermia and high dose albumin therapy, or si-
multaneous or serial (field and emergency room) adminis-
tration of multiple neuroprotectants with different mecha-
nisms may be more effective than neuroprotective agents
with single mechanism [12]. The levels of natural antioxi-
dants was associated with stroke outcome [46]. These natu-
ral antioxidants have multiple mechanisms of action and can
be safety applied in a broad spectrum of patients with stroke,
possibly including those with hemorrhagic events. The ef-
fects of albumin and uric acid have been tested in a large
RCTs [28,30].

Lastly, biomarkers to select optimal candidate for neuropro-
tective agents are needed. The success of five pivotal RCTs of
EVT and more recently the Clinical Mismatch in the Triage of
Wake Up and Late Presenting Strokes Undergoing Neuroint-
ervention With Trevo (DAWN trial, NCT02142283) emphasized
the importance of careful selection of candidate patients
(e.g., small core and good collaterals) and application of EVT
within an optimal time windows. Similarly, not all patients
with ischemic stroke may have benefit from neuroprotective
agents. In this context, further studies are needed on the se-
rologic and neuroimaging biomarkers which can be used to
triage optimal patients for neuroprotective strategies. Re-
cently, the phase Ill clinical trials using biomarkers for pre-
dicting efficacy of new drugs are increasing.

CONCLUSION

Despite of numerous failure of neuroprotectants trials over
two decades and recent success in revascularization thera-
pies, research on neuroprotectants is worth continuing. The
opportunity for neuroprotectants in stroke patients remains
plausible. From the EVT trials, we have learn that success can
be achieved by careful analyzing the causes of failures. With
thorough analysis of the possible reasons for the failures of
three RCTs published 2013 [47-49], the recent RCTs of EVTs
conducted in 2015 could address the key points in the design
in clinical trials (faster revascularization and selection of pa-
tients with a small core or presence of occlusion) and showed
positive results [3-7]. Several key points are being addressed
in the design of recent clinical and preclinical trials of neuro-
protective agents, as aforementioned. Selection of candidate
neuroprotective strategies with careful design of the clinical
trials and conduct high-quality preclinical studies as well as
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selection of candidate patients using advanced neuroimag-
ing techniques will decrease the likelihood of failure. It is
hoped that with better understanding on the mechanisms of
ischemic brain injury, better agents of pleiotropic effects on
ischemic cascade with lesser side effects, and a novel agents
with later or multiple targets are available in patients with
acute ischemic stroke.
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