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Abstract: In stroke (cerebral ischemia), despite continuous efforts both at the experimental and 
clinical level, the only approved pharmacological treatment has been restricted to tissue plasmino-
gen activator (tPA). Stroke is the leading cause of functional disability and mortality throughout 
worldwide. Its pathophysiology starts with energy pump failure, followed by complex signaling 
cascade that ultimately ends in neuronal cell death. Ischemic cascade involves excessive glutamate 
release followed by raised intracellular sodium and calcium influx along with free radicals’ genera-
tion, activation of inflammatory cytokines, NO synthases, lipases, endonucleases and other apop-
totic pathways leading to cell edema and death. At the pre-clinical stage, several agents have been 
tried and proven as an effective neuroprotectant in animal models of ischemia. However, these 
agents failed to show convincing results in terms of efficacy and safety when the trials were con-
ducted in humans following stroke. This article highlights the various agents which have been tried 
in the past but failed to translate into stroke therapy along with key points that are responsible for 
the lagging of experimental success to translational failure in stroke treatment. 

Keywords: Stroke, cerebral ischemia, neuroprotection, pathophysiology, pharmacotherapy, pre-clinical studies, clinical trials, 
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1. INTRODUCTION 

 Stroke or cerebral ischemia or cerebrovascular accident 
(CVA), a devastating neurological emergency, is a para-
mount cause of mortality and neurological impairment in 
developed countries [1-3]. It ranks fifth for causing func-
tional disability in the United States [4]. In stroke, there is a 
reduced supply of blood to the brain that occurs either cause 
of occlusion of blood vessels supplying blood to the brain 
(ischemic stroke; 87%) or cause of hemorrhagic bleed (hem-
orrhagic stroke; 13%) [4]. An abrupt decrease in oxygen, as 
well as glucose supply to the brain, triggers an ischemic cas-
cade that results in the spread of death of neuronal cells 
within minutes of stroke onset [5]. Restoring blood flow to 
the ischemic area, reperfusion is the only way that helps in 
limiting neuronal injury post ischemia [2]. Currently, tissue 
plasminogen activator (tPA), is the only US-FDA approved 
thrombolytic therapy for the management of acute ischemic 
stroke (AIS) [6]. However, reperfusion therapy itself is asso-
ciated with further damage to the neurons and brain 
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microcirculation by activating inflammatory response, thus 
causing tissue injury [2]. 

 The involvement of complex pathophysiology in cerebral 
ischemia is the key culprit; responsible for failure in translat-
ing preclinical agents into successful clinical therapy in 
stroke management [7]. It is the need of the hour to explore 
agents which are able to interrupt pathways at multiple steps 
or to explore the combinations that can act in a sequential 
manner so as to halt ischemic damage especially in penum-
bra (region surrounding core infarct), called ‘neuroprotec-
tion’. Many agents have been tested at the experimental level 
in various animal models of stroke, where they reduced in-
farct size and improved neurological outcome in these ani-
mal models and thus found to be neuroprotective in stroke. 
However, among these, not even a single agent has success-
fully developed as a therapy in the management of stroke 
when tried clinically. The purpose of this review is (i) to 
provide an outline of stroke or cerebral ischemia, its patho-
physiology and understanding of the underlying mechanisms 
at the cellular and molecular level; (ii) to provide a brief idea 
in relation to the various experimental agents that have been 
investigated for neuroprotective effects in stroke; (iii) key 
points for the translational failure of these neuroprotective 
agents to clinical therapy in stroke along with STAIR crite-
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ria; and (iv) the current status of various agents in clinical 
trials of stroke. 

2. PATHOPHYSIOLOGY OF STROKE 

 In stroke, degree and duration of reduced blood supply 
are two important factors that account for the extent of neu-
ronal injury. The ischemic area is composed of two zones 
involving the core and infarct border zone (IBZ). Core is the 
area which is critically damaged by reduced cerebral blood 
flow (CBF). During cerebral ischemia, cell death occurs be-
cause of activation of complex downstream signaling cas-
cade starting from energy failure to the imbalance in ionic 
homeostasis. Under anaerobic environment, the cell fails to 
generate enough adenosine triphosphate (ATP), which is 
required to maintain cellular integrity. Under hypoxic condi-
tions, there is a plethora of glutamate release into the ex-
tracellular space; a key regulator of inducing ischemic cas-
cade [8]. Immediately following its release, it causes activa-
tion of AMPA, NMDA and kainate receptors present on neu-
ronal cell membrane, which in turn causes an increase in 
calcium (Ca2+) and sodium (Na+) influx, which subsequently 
activated a series of adverse events including the activation 
of NO synthases, lipases, endonucleases, generation of reac-
tive oxygen (ROS) nitrogen species (RNS), lipid peroxida-
tion, mitochondrial dysfunction, activation of NF-kB 
(upregulating the expression of TNF-ɑ, IL-1 and 6, NOS, 
COX-2, ICAM-1 and MMPs), recruitment of proinflammatory 
cytokines (IL-1, IL-6, IL-10, TNF-ɑ, TGF-1β and HMG-1) 
and edema formation; the key contributors in neuronal death 
via necrosis and activating apoptotic phenomenon [2, 8-11] 
(Fig. 1). Also the increased intracellular calcium concentra-

tions are responsible for activating calpains, with proteases 
responsible for inhibiting protein synthesis and leading to 
neuronal death [10, 12]. In contrast, there is another area that 
surrounds the core infarct and havs moderate CBF because it 
tends to have perfusion from surrounding collateral vascular 
structures, making it functionally less active but metaboli-
cally active. This region is called penumbra or infarct border 
zone (IBZ) [2, 9, 13, 14]. Genes in this region activate 
gradually and take hours to days to undergo the process of 
apoptosis in the absence of adequate reperfusion [2]. Thus, it 
provides potential space that can be salvaged and targeted for 
halting ischemic cascade during post-ischemic phase neuronal 
death, called ‘ neuroprotection’ [2, 9]. 

3. EPIGENETIC MODIFICATIONS AND THEIR 
ROLE IN CEREBRAL ISCHEMIA 

 Epigenetic changes like DNA modification, histone 
deacetylases (HDACs) and microRNAs (miRNAs) are im-
portant modulators for regulating gene function and play a 
vital role in brain vascular remodeling and synaptic plasticity 
following stroke [15, 16]. 

• DNA methylation: DNA methylation is responsible 
for brain tissue damage via suppressing the expres-
sion of neuroprotective genes. DNA methylation is 
catalyzed by DNA methyltransferase enzymes 
(DNMTs), which causes an increase in CpG island 
methylation. Following ischemia, DNMTs levels get 
enhanced acutely responsible for secondary brain 
injury by causing neuroprotective gene repression 
[15]. Treatment with 5-aza-2′-deoxycytidine (DNMT 

 

Fig. (1). Pathophysiology of stroke. (Blue arrows depict downstream signalling cascade following stroke; red arrows depict inhibition in the 
signalling pathway). (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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inhibitor) improved functional outcomes in rodents 
following stroke revealing the role of DNA methy-
lation in stroke [17]. 

• Histone deacetylases (HDACs): Stroke induces a 
marked decrease in histone acetylation levels (H3 
and H4) that starts within hours of stroke induction 
and remains in that state for a period of weeks. De-
creased histone acetylation occurs due to an imbal-
ance in the combined activity of HDACs and HATs 
[16]. Following stroke, HDACs levels get signifi-
cantly increased in IBZ, which are treated as impor-
tant mediators to induce neuronal tissue damage. 
This enhanced HDACs expression is considered to 
increase oxidative stress in the brain tissue and can 
be targeted to induce tissue repair in cerebral 
ischemia via its suppression. Ischemic injury causes 
a reduction in phosphorylation of HDAC2 at Ser 
394, inhibiting HDAC2-FOXO3a interaction re-
sponsible for oxidative stress-induced tissue death 
[18]. HDAC inhibitors such as VPA and sodium bu-
tyrate were found to be neuroprotective in stroke 
[19, 20]. 

• MicroRNAs (miRNAs): These are the non-coding 
RNAs (usually 20-25 nucleotides) responsible for 
the inhibition of translating into proteins. miRNAs 
are widely expressed in the central nervous system 
and play an important role in brain vascular repair 
processes such as angiogenesis and neuronal out-
growth. The miRNA profiling of rat brain has iden-
tified a number of miRNAs (miR-139, miR-335, 
miR-15a, miR-155 and miR-107 in angiogenesis, 
miR-124 and miR-17-92 cluster in neurogenesis and 
miR-9; miR-200b and miR-146a in oligodendro-
genesis), which play a vital role in regulating neu-
ronal vascular repair following cerebral ischemia 
[15, 16]. 

4. CURRENT TREATMENT AND OTHER 
INVESTIGATIONAL THERAPIES IN STROKE 

 Till date, intravenous tissue plasminogen activator (tPA) 
(thrombolytic therapy, the only FDA approved pharmacol-
ogical treatment (Table 1)) [21] or mechanical thrombec-
tomy are the only treatment options available for recanaliza-
tion of occluded blood vessels in the primary management of 
AIS, which is effective when given within restricted time 
period (3-4.5 hours). Owing to the narrow time window of 
its administration, only 5 % or less percentage of stroke pa-
tients are eligible to undergo rt-PA therapy. Secondly, the 
therapy itself is responsible for increasing the risk of hemor-
rhagic bleed and reperfusion injury [5, 9, 22, 23]. Halting 
downstream ischemic cascade at the level of various bio-
chemical, metabolic and molecular in the infarct border zone 
(IBZ) using a pharmacological or non-pharmacological neu-
roprotective agent may be proven as another therapeutic ap-
proach in salvaging the neurons following stroke [9, 24]. 
Following are the various strategies that have been tried in 
the past experimental studies as neuroprotective agents in the 
treatment of acute ischemic stroke (Tables 2 and 3). 

4.1. Glutamergic Activity Inhibitors 

 Glutamate, an excitatory amino acid, plays an important 
role in neuronal damage following ischemia. Inhibiting the 
activity was thought to be beneficial in preventing ischemia 
related neuronal damage and associated functional disability. 
Inhibition of glutamatergic associated excitatory activity can 
be achieved at different levels of glutamate release and its 
action [25]. 

4.1.1. Inhibition of Presynaptic Glutamate Release 
 Sodium channel blockers: These agents prevent the re-
lease of glutamate into synaptic space. Therefore, they may 
be beneficial in preventing neuronal damage post-ischemia. 

Table 1. Thrombolytic agents for treatment of stroke. 

1. First generation thrombolytics 

1. Streptokinase 

2. Urokinase 

2. Second generation thrombolytics 

1. Alteplase 

2. Pro-urokinase 

3. Third generation thrombolytics 

1. Reteplase 

2. Anoteplase 

3. Tenecteplase 
 

Table 2. Neuroprotective strategies in stroke. 

1. Glutamatergic activity inhibitors 
1. Inhibition of presynaptic glutamate release 

2. Postsynaptic inhibition of glutamate receptors 

2. Ion channel modulators 

1. Calcium-channel blockers 

2. γ-Aminobutyric acid (GABA) modulators 

3. Potassium channel activator 

3. Antioxidants: Free radical scavengers 

4. Anti-apoptotic agents 

5. Anti-inflammatory agents 

6. Other investigational therapies in cerebral ischemia 

1. GPIIb/IIIa platelet inhibitor 

2. Serotonin Agonists 

3. Opioid receptor modulators 

4. Matrix metalloproteinases (MMPs) inhibitors 

5. Citicoline 

6. Lubeluzole 

7. Gangliosides 

8. Growth factors 

9. Albumin 

10. Metal ion chelator 

11. Ancrod 

12. CEPO 
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Table 3. Brief summary of important agents that have been investigated for treatment of stroke and their outcome. 

Drugs Investigated Outcome  

  Pre Clinical  Clinical  

Glutamatergic activity inhibitors 

A. Sodium channel blocker 

a. BW619C89 

b. Lubeluzole 

B. NMDA receptor antagonist 

a. Dizocilpine (MK-801) 

b. Cerestat 

c. Eliprodil 

d. Magnesium sulfate 

C. AMPA receptor antagonist 

a. YM-872 

 

 

Effective [132, 133] 

Effective [134] 

 

Effective [135] 

Effective [36] 

Effective [38] 

Effective [136] 

 

Effective [39, 40]  

 

 

Side effects [26] 

Ineffective [28, 119] 

 

 

Ineffective [137] 

Ineffective [37] 

Effective [43] 

 

Unknown [41]  

Ion channel modulators 

A. Calcium-channel blockers 

a. Nimodipine 

b. PY 108- 068 

c. Flunarizine 

B. GABA modulators 

a. Clomethiazole 

C. Potassium channel activators 

a. BMS-204352 

 

 

Effective [138] 

Effective [139] 

Effective [140] 

 

Effective [141] 

 

Effective [61] 

 

 

Ineffective [52] 

Ineffective [53] 

Ineffective [54] 

 

Ineffective [59] 

 

Ineffective [62] 

Free radical scavengers 

a. NXY-059 

b. Edaravone 

c. Ebselen 

d. Tirilazad  

 

Effective [64, 65] 

Effective [66, 67] 

Effective [69] 

Effective [71] 

 

Ineffective [142] 

Effective [72, 143] 

Effective [73] 

Worsens the outcome [74, 75] 

Anti-inflammatory agents 

A. Anti-ICAM-1 

a. Enlimomab 

B. Anti-CD11b/CD18 

a. UK-279276 

C. IL-1RA 

D. MAPK inhibitor 

a. SB 239063 

 

 

Effective [144] 

 

Effective [85] 

Effective [87] 

 

Effective [89, 90] 

 

 

Ineffective [84] 

 

Ineffective [86] 

Safe but worsens the outcome [88] 

 

No data in stroke patients 

GPIIb/IIIa platelet inhibitor 

a. Abciximab 

b. SM-20302 

 

Effective [91, 92] 

Effective [93, 94] 

 

Withdrawn because of safety concern [96] 

No data 

Serotonin agonist 

a. BAYX3702 

 

Effective [100] 

 

Not known [102] 

Opioid receptor modulators 

a. Nalmefene 

b. Naloxone 

c. BRL52537 

d. U-50,488E 

e. U-50,488H 

 

Effective [145] 

Effective [146] 

Effective [103] 

Effective [104] 

Effective [105] 

 

Safe but not effective [107] 

Ineffective [106] 

No data 

No data 

No data 

(Table 3) contd…. 
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Drugs Investigated Outcome  

  Pre Clinical  Clinical  

Matrix metalloproteinases inhibitors 

a. BB-94 

b. KB-R7785 

 

Effective [110] 

Effective [111] 

 

No data 

No data 

Citicoline Effective [114] Ineffective [118] 

Albumin  Effective [126] Ineffective [127] 

Ancrod  Effective [147] Ineffective [129] 
 

 
A clinical trial using pyrimidine derivative BW619C89 was 
withdrawn because of the safety concerns associated with the 
trial drug [26]. In the US study conducted by Grotta et al. [27] 
involving lubeluzole (Na+ channel inhibitor), no significant 
differences were obtained in mortality between the treatment 
and control group. However, significant improvement was 
observed in neurological outcome and disability between both 
the groups, which was contrary to the European study where 
the use of lubeluzole following ischemia showed no signifi-
cant improvement in neurological impairment between the 
treatment and control groups [28]. Similarly, other clinical 
trials with sodium channel blockers involving the use of Lub-
Int-13, fosphenytoin and lifaricine, were found to be non-
beneficial following ischemia and thus their studies and fur-
ther clinical development were terminated [29, 30]. 

4.1.2. Postsynaptic Inhibition of Glutamate Receptor 

 N-methyl-D-aspartate (NMDA) and alpha-amino-3-
hydroxy-5-methyl-4- isoxazole propionic acid (AMPA) are 
two subtypes of postsynaptic glutamate receptors that are 
targeted for preventing post-ischemia neuronal cell death. At 
present, instead, more focus has been given towards finding 
an agent that can target not only single receptor but the 
NMDA complex having a receptor-regulated calcium chan-
nel with an affinity for modulators, which provide loci of 
glycine as well as polyamine [31]. Various noncompetitive 
NMDA receptor antagonists (dextromethorphan [32], 
dizocilpine (MK-801) [33, 34] and cerestat [35, 36]), a com-
petitive NMDA antagonist (eliprodil (an ‘atypical’ antago-
nist) [37, 38]) and an AMPA antagonist (zonampanel (YM-
872) [39-41]) have been tested and showed neuroprotection 
in experimental models of stroke. However, none of these 
agents were able to reach the clinical development stage as 
trials were terminated on the basis of ineffectiveness and 
increased adverse effect to benefit ratio in stroke [42]. A 
clinical trial with magnesium sulphate, anNMDA antagonist 
in acute stroke, has been found to decrease mortality with an 
improved neurological impairment in the treatment group as 
compared to that of placebo-controlled group [43]. 

4.2. Ion Channel Modulators 

4.2.1. Calcium Channel Blockers 

 Ischemic cascade involves elevated calcium influx via 
the activation of glutamate receptor (NMDA or AMPA), 
voltage-dependent calcium channels (VDCC) and inhibition 
of Ca2+-ATPases activity, which is responsible for mediating 
neuronal damage following ischemia. Inhibiting this in-

creased intracellular calcium influx may help in preventing 
neuronal death and reducing stroke associated neurological 
impairment and disability. Different calcium channel inhibi-
tors including nicardipine, amlodipine, nimodipine or flu-
narizine, have been tested experimentally to block the activ-
ity of these receptors or channels and are found to be neuro-
protective in stroke [44-48]. Leyden et al. in 1988 have con-
ducted an experimental study of focal ischemia in rabbits 
using cerebro-selective calcium channel antagonists (li-
doflazine, nimodipine, or nicardipine), where they observed 
poor neurological functional outcome and thus concluded 
that calcium channel antagonists are of no benefit in stroke 
[49]. When the clinical trials using calcium channel blockers 
were conducted, none of the agents were found to be signifi-
cantly beneficial in cerebral ischemia [50, 51]. Clinical trials 
involving the use of nimodipine, nicardipine and darodipine 
(PY 108- 068) were terminated, as the results of these stud-
ies showeed no efficacy in ischemic stroke [50, 52-54]. Also 
it has been seen that the use of flunarizine was associated 
with worsening of stroke outcome [54]. 

4.2.2. γ-Aminobutyric Acid (GABA) Modulators 

 GABA, an inhibitory neurotransmitter, seems to have an 
important role in stroke recovery as it antagonizes glutama-
tergic excitation in neurons following ischemia [55-57]. 
Based on this concept, many scientists have demonstrated 
that enhancing GABAergic transmission in neurons during 
post-ischemia in rodents provides neuroprotection [57, 58]. 
Thus, various clinical trials to find GABAergic modulators 
as a potential therapy for stroke treatment come into play. 
The multicenter clinical trials involving the use of clomethi-
azole or diazepam have been found to be ineffective as re-
sults have shown no significant improvement in neurological 
outcome in the treatment group when compared to placebo-
controlled group [59, 60]. 

4.2.3. Potassium Channel Activator 

 Activation of potassium channels is responsible for caus-
ing neuronal hyperpolarization and thereby reduces excita-
tory activity in neurons. BMS-204352; potassium channel 
activator had shown neuroprotection in animal models of 
ischemia by reducing the infarct size. However, the agent 
failed to show its efficacy when the trial was conducted in 
humans following stroke [61, 62]. 

4.3. Antioxidants: Free Radical Scavengers 

 Following cerebral ischemia, tissue damage mainly oc-
curs because of the production of free radicals, including 



Pre-clinical to Clinical Translational Failures and Current Status Current Neuropharmacology, 2020, Vol. 18, No. 7    601 

hydroxyl, hydrogen peroxide or superoxide. Thus, the agents 
which can either block its production or inhibit its activation 
might be proven beneficial in stroke. Improved neurological 
outcome was obtained in experimental studies of stroke 
when the animals were treated with free radical scavengers 
including NXY-59 [63-65], ɑ-phenyl-N-tert-butyl-nitrone, 
edaravone [66-68], ebselen [69, 70] and tirilazad [71]. Trials 
of edaravone have provided evidence for its use in combina-
tion with endovascular therapy in stroke [72]. In a random-
ized placebo-controlled double-blinded clinical trial, ebselen 
was given in a dose of 150 mg b.i.d orally as ebselen gran-
ules suspended in water and found to improve outcome in 
stroke patients at the end of 1 month [73]. A clinical trial 
using tirilazad was associated with worsening of outcome 
and resulted in increased death and disability in one-fifth of 
stroke patients [74, 75]. 

4.4. Anti-apoptotic Agents 

 Inhibiting the caspases and proapoptotic genes expres-
sion or enhancing anti-apoptotic genes expression, provides 
a potential target for treatment in ischemic stroke [76]. z-
VAD (in two forms fluoro-methyl-ketone (fmk) or dichloro-
benzoyl-oxo-pentanoic acid (dcb)), z-DVED-fmk and Ac-
YVAD-cmk are important inhibitors of caspases that have 
been demonstrated to improve the neurological outcome in 
animals following stroke and thus provide neuroprotection 
[77-80]. 

4.5. Anti-inflammatory Agents 

 Selectins, integrins and ICAMs, play an important role in 
mediating inflammatory response in ischemia. Studies have 
revealed that agents like anti-selectin and anti-ICAM-1 are 
found to be effective by decreasing infarct size in an experi-
mental model of stroke. In one of the clinical trials involving 
enlimomab, murine anti-ICAM-1 antibody has proven to 
worsen neurological outcomes in stroke patients along with 
increased mortality [81-84]. However, another study involv-
ing UK-279276, anti-CD11b/CD18 agent has shown to im-
prove neurological deficit in the experimental model of 
stroke but failed to show efficacy when tried in stroke pa-
tients [85, 86]. Interleukin-1 (IL-1) receptor antagonist (IL-
1RA) was found to be effective when studied in animal 
models of stroke [87] but failed to show efficacy when the 
trial was conducted in patients after acute stroke [88]. SB 
239063, p38 mitogen-activated protein kinase inhibitor 
(MAPK), is another inflammatory agent, which has been 
found to be effective neuroprotective when tested in animals 
following cerebral ischemia [89, 90]. 

4.6. GPIIb/IIIa Platelet Inhibitor 

 Trials have been conducted using abciximab and SM-
20302 either as combination therapy with alteplase or alone 
in stroke patients within 5-6 hours of symptom onset [91-
94]. The Abciximab Emergent Stroke Treatment Trial 
(AbESTT) was done to evaluate the safety and efficacy of 
abciximab in patients following acute stroke. Phase II trials 
showed better outcomes at the end of 3 months in patients 
following stroke [95]. However, phase III trial was terminated 
prematurely because its use was associated with bleeding  
 

complications and thrombocytopenia [96]. Despite such 
complications, these agents may be treated as potential tar-
gets as an adjuvant therapy in stroke. 

4.7. Serotonin Agonists 

 These agents activate the serotonin receptor (5-HT1A) 
post-synaptically. The activation of these receptors causes 
neuronal hyperpolarization via inducing potassium efflux, 
thereby inhibiting excitatory activity in the neurons. 
BAYX3702 (Repinotan HCl); 5-HT1A receptor agonist 
tends to inhibit glutamate release following ischemia and has 
shown neuroprotection by reducing infarct size in an ex-
perimental model of focal cerebral ischemia [97-101]. Phase 
II randomized double-blinded study was done to evaluate the 
safety and efficacy of BAYX3702, which was infused at a 
rate of 1.25 mg/day in patients following acute stroke. But 
no results are known till date [102]. 

4.8. Opioid Receptor Modulators 

 κ-opioid receptor agonists [BRL52537 [103], U-50,488E 
[104] and U-50,488H [105]] have shown to provide  
neuroprotection when tested in animals following cerebral 
ischemia. Clinical trials using nalmefene, an µ-opiate recep-
tor antagonist were done, which revealed that the drug is  
safe to be used in stroke patients, however, no improvement 
in clinical outcome has been observed in these patients  
following stroke [106-108]. In another trial, nalmefene was 
found to improve prognosis in patients following large cere-
bral infarctions caused by middle cerebral artery occlusion 
[109]. 

4.9. Matrix Metalloproteinases (MMPs) Inhibitors 

 BB-94 [110] and KB-R7785 [111] are two promising 
inhibitors of matrix metalloproteinases (MMPs), which have 
shown good results and improved neurological deficit score 
when tested in animals following temporary and permanent 
stroke [112]. 

4.10. Citocoline 

 The agent has improved neurological deficit score and 
reduced infarct size in animals following focal ischemia. A 
large number of experimental studies have been conducted to 
explore the efficacy of citicoline in ischemic stroke [113-
115]. Its efficacy at the pre-clinical level was concluded in a 
meta-analysis by Bustamante et al. [116]. Also, a systematic 
review done by Secades et al. [117] concluded its efficacy in 
stroke patients. However, citicoline was not found to be ef-
fective in another trial (ICTUS trial) involving a larger popu-
lation and was terminated [118]. 

4.11. Lubeluzole 

 It is a sodium and calcium channel blocker along with an 
additional inhibitory effect on glutamate release and nitric 
oxide synthesis [119]. It is a benzothiazole derivative and 
was shown to be neuroprotective in animal models of cere-
bral ischemic tissue injury [120, 121]. However, it was not 
found to have a promising neuroprotective effect when tried 
in patients with acute ischemic stroke [119]. 
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4.12. Gangliosides 

 These are large-molecular-weight glycosphingolipids, 
mediating neuroprotection via increasing the expression of 
brain-derived neurotrophic factor (BDNF), blocking neu-
ronal excitatory amino acid activity, normalizing altered 
phosphorylation of proteins and stabilizing the plasma mem-
brane structure [122]. Based on preclinical evidence, clinical 
trial (Italian Acute Stroke Study) was conducted, enrolling 
502 subjects where the agent failed to show its efficacy in 
patients following stroke [123]. 

4.13. Growth Factors 

 Neurotrophic factors are important for maintaining as 
well as survival of neurons. Haemopoietic growth factors 
(granulocyte-CSFs, erythropoietin, granulocyte-macrophage 
colony-stimulating factor, SCF, VEGF, stromal cell-derived 
factor-1α), BDNF, FGF-2 and IGF-1, PGRN, HB-EGF, 
HGF, EGF and GDNF have been tried in animal models of 
stroke, which successfully improved neurological outcome, 
reduced infarct size and decreased mortality [124, 125]. 

4.14. Albumin 

 In an experimental model of stroke, human albumin was 
found to improve neurological deficit and reduced infarct 
size in MCAO rats when given in doses of 1.25 g/kg i.v at 
4hr post MCAO [126]. In ALIAS (albumin in acute ischemic 
stroke) trial, albumin was administered at 2g/kg intrave-
nously to patients who were presented to hospital within 5 
hours following stroke and evaluated efficacy outcome both 
as neurological and functional improvements at 90 days. The 
study revealed that albumin administration did not improve 
clinical outcome but caused an increase in intracerebral 
bleeding and pulmonary edema in these patients [127]. 

4.15. Metal Ion Chelator 

 In a small-scale multicenter placebo-controlled trial,  
DP-b99, a membrane-activated metal zinc and calcium ion 
chelator was evaluated in stroke patients. At 90 days,  
improved clinical outcome was observed in DP-b99 treated 
group with no differences in mortality rate and safety  
outcomes [128]. 

4.16. Ancrod 

 It is a serine protease obtained from pit viper venom that 
acts as a defibrogenating agent. Ancrod in Stroke Program 
(ASP)-I and -II trials were conducted where ancrod was ad-
ministered via i/v infusion at 0.167 IU/kg per hour starting 
from 6 hours after the onset of stroke symptoms. The results 
were compared with the placebo group, which demonstrated 
that ancrod was not efficacious in improving the clinical 
outcome and also its use is associated with an increased risk 
of intracerebral bleeding in stroke patients [129]. 

4.17. CEPO 

 Carbamylated form of erythropoietin (EPO), which is a 
granulocyte colony-stimulating factor, has shown to improve 
neurological deficit in an animal model of ischemia [130]. 
As it does not compete with erythropoietin for EPO receptor, 

thereby it does not affect the hematocrit levels [130].  
Currently, CEPO has completed with phase-1 clinical trials 
where the drug was assessed for its safety and pharmacoki-
netic profile in patients with AIS [131]. 

5. FAILURE FROM BENCH TO BEDSIDE 
TRANSLATION; REASONS BEHIND AND FUTURE 
DIRECTIONS 

 Despite numerous experimental studies that have been 
conducted successfully in animals for the treatment in stroke, 
none of the agents have been translated to clinical setting 
yet. Following are the key points for lagging behind the 
translation failure of neuroprotective strategies from animals 
to humans in stroke management (Fig. 2) [7, 148]. 

• Model selection and success criteria: Different 
models are being used to induce cerebral ischemia: 
in vivo models (middle cerebral artery occlusion, 
photo thrombosis, endothelin-1 and thromboem-
bolic stroke model) and in vitro (glucose depriva-
tion (GD) and Combined oxygen-glucose depriva-
tion (OGD)). Are these models successful enough 
to mimic the exact clinical situation? Is infarct vol-
ume comparable in all these models? No criteria are 
there to evaluate the successful induction of stroke 
in these models. The success rate and standardiza-
tion of these models vary from one laboratory to 
another. 

• Outcome measures and functional assessment: In all 
experimental studies of stroke, the success of the 
treatment arm is done based on infarct size and 
functional assessment like that of morris water 
maze (MWM) and novel object recognition (NOR). 
However, in a clinical setting, neurological func-
tions are assessed by using ranking or scoring sys-
tems like the NIH Stroke Scale and Barthel Index. 

• Therapeutic time window: In most of the experi-
mental studies, agents are administered either be-
fore induction of stroke or immediately following 
stroke. This is not in accordance with clinical trials 
and not mimicking the exact situation. As in a clini-
cal scenario, a long duration is required to diagnose 
a patient clinically and obtain MRI scans. No evi-
dence is available that suggests the effectiveness of 
these experimental agents when administered be-
yond 6 hours following stroke onset. 

• Drug-dosing regimens: In experimental studies, 
drugs are administered in low doses and for short 
duration of time, in order to avoid toxicity. How-
ever, in humans, drugs are administered in a highly 
variable manner that ranges from single intravenous 
injection/infusion to multiple oral dosing, which 
may extend to months duration. 

• Age and pre-morbid conditions: Another lag be-
tween experimental and clinical set up is the pres-
ence of pre-morbid conditions like arteriosclerosis, 
hypertension, diabetes mellitus, and hyperlipidemia. 
These factors are generally ignored, while conduct-
ing preclinical studies. In an experimental setup, re-
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searchers generally employ fresh and young ani-
mals, while stroke occurs mostly in the aged popu-
lation that too presented with multiple diseases. 

• Sex bias: Female sex hormones are neuroprotective 
and to prevent the hormonal cycle interference in 
elucidating the neuroprotective active action of 
newer agents, preclinical studies on stroke are pref-
erably conducted using male animals. There are 
studies which showed differences in responses ob-
tained when a pathway is targeted among both 
sexes. The AIF-knockout Harlequin male rats have 
been found to be more tolerable against ischemic 
injury when compared to female rats. Similarly, the 
neuroprotective effect of dextromethorphan was 
more evident in male rats than in female rats. 

5.1. Challenges in Conducting Clinical Trials in Stroke 
[149-151] 

• Incompatible preclinical models, poor planning and 
analysis of experimental data are usually not corre-
lated using neuroimaging modalities. 

• Poor design, blinding and randomization protocols 
for conducting clinical trials. 

• Inadequate sample size: limitation of enrolling a 
considerable number of subjects in the clinical 

study with comparable characteristics, which repre-
sents preliminary assessment only. 

• No control arm: Some of the clinical trials are con-
ducted without having any control arm. 

• Scoring system and outcome measures: For out-
come measures in stroke studies, different scoring 
systems are adopted including NIHSS, mRS, and BI 
evaluation that do not correlate with infarct volume 
and brain tissue damage. Also, for adequate com-
parison, each arm must have similar scoring that 
can be easily compared without any bias. 

• Epidemiological factors and sex differences: A sys-
tematic review conducted in East Asian countries 
by Venketasubramanian et al revealed the lowest 
incidence rate in Malaysia (67/100,000 person-
years), while the highest rates were observed in Ja-
pan (422/100,000 person-years among men and 
212/100,000 person-years among women) and Tai-
wan (330/100,000 person-years) [152]. Western 
European epidemiological studies have revealed 
that males had 30% higher stroke incidence as 
compared to females. However, it tended to be 
more severe in females than in males [153]. 

 As a result of continuous negative results and failures in 
clinical trials, in the year 1999, a task force called Stroke 

 

Fig. (2). Translational failure: drawbacks in animal model of stroke. (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 
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Fig. (3). STAIR criteria for conducting pre-clinical studies in stroke. (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 
 

Table 4. Brief summary of on-going clinical trials in stroke. 

Intervention  Condition  Allocation & Blinding  Phase of Trial Outcome 

Butylphthalide (NBP) Large-artery  
Atherosclerosis Acute 

ischemic stroke  

Randomized, triple blind Phase 4 [155] On-going  

Recombinant human urokinase 
(rhPro-UK) (PROST) 

Acute ischemic stroke Randomized, open label Phase 3 [156] On-going  

JPI-289 Acute ischemic stroke Randomized, quadruple blind Phase 2 [157] On-going  

Recombinant human tissue kallik-
rein (DM199) 

Acute ischemic stroke Randomized, double blind Phase 2 [158] On-going  

DLBS1033 Acute ischemic stroke Randomized, quadruple blind Phase 2 and 3 [159] On-going  

Fingolimod (FTY720) Acute ischemic stroke Non randomized, open label  Completed phase 2 [160] Effective and well tolerated 
[161] 

Cilostazol (CAIST) Cerebral Infarction Randomized, double blind Completed phase 4 [162] Safe and effective [163] 

Atorvastatin Acute ischemic stroke Randomized, open label Completed phase 4 [164] Better functional outcome 
[165] 

Edaravone (EDO) Acute ischemic stroke Randomized, open label Completed phase 4  
[166, 167] 

Effective in acute noncardi-
oembolic ischemic stroke 

[167] 

(Table 4) contd…. 
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Intervention  Condition  Allocation & Blinding  Phase of Trial Outcome 

Histamine- 
glutamate antagonist 

Acute Cerebrovascular 
Accident 

Cerebral Edema 

Randomized, open label Completed phase 2 [168] No data 

 Uric Acid (URICO-ICTUS) Acute ischemic stroke Randomized, quadruple blind Completed phase 2 and 3 
[169-171] 

Safe and improved stroke out-
comes 

Bone Marrow-derived Stem Cells 
Therapy (InVeST) 

Acute ischemic stroke Randomized, open label  Completed phase 2 [172]  Safe but ineffective [173] 

Recombinant human erythro-
poietin alfa 

Acute ischemic stroke Randomized, quadruple blind Completed  
phase 2 & 3 [174] 

Safety concern 

Ginsenoside-Rd Acute ischemic stroke Randomized, double blind Completed phase 2 [175] Effective 

HT047 Acute ischemic stroke Randomized, triple blind Completed phase 2 [176] No results provided 

Cerebrolysin Acute ischemic stroke Randomized, quadruple blind Completed phase 4 [177] Favorable outcome 

Mild hypothermia  Acute ischemic stroke Single-arm, open-label Completed phase 1 [178] Safe 

3K3A-APC 
 (RHAPSODY) 

Acute ischemic stroke Randomized, quadruple blind Completed phase 2 [179] Low intracranial hemorrhage 
rate 

 Lu AA24493 (CEPO) Acute ischemic stroke Randomised, double blind Completed phase 1 [180] No results were provided 

Natalizumab 
(ACTION and ACTION2) 

Acute ischemic stroke Randomized, quadruple blind Completed phase 2  
[181, 182] 

No improvement in functional 
outcome [183] 

Human plasmin Acute ischemic stroke Non randomised, open label Completed phase 1 and 2 
[184] 

Safe and well tolerated 

Human Immune Globulin Intra-
venous (IVIg)  

Acute ischemic stroke Randomized, quadruple blind Withdrawn from phase 1 
[185] 

Difficult recruitment and asso-
ciated black box warning 

 
 
Therapy and Academic Industry Roundtable (STAIR) devel-
oped guidelines as STAIR criteria for facilitating preclinical 
studies into clinical translation in stroke (Fig. 3) [148, 154]. 

5.2. On-going Clinical Trials in Stroke 

 Despite past failures, continuous efforts are being made 
to find newer drugs in the treatment of stroke and many 
agents are there in the development phase of clinical trials in 
stroke (Table 4). 

CONCLUSION 

 In the past, many agents have been shown to be promis-
ing agents for providing neuroprotection in animal models of 
stroke. So far, none of these agents have been successfully 
translated into stroke therapy. Various important factors in-
cluding animal age, sex, comorbid conditions, optimal dos-
ing regimen, therapeutic time window, route/dosage 
form/time of drug administration and an appropriate neuro-
logical scoring system need to be elucidated for successful 
translation of pre-clinical studies into an effective clinical 
therapy in the treatment and management of stroke. 

 Ischemic cascade being a series of complex downstream 
signaling pathways, targeting a single pathway will not pro-
vide an effective way to manage stroke. Thus finding such 
an agent or a combination of agents (called "drug cocktail" 
in stroke) which act at multiple pathways may provide a 
promising future in the management of stroke. 

LIST OF ABBREVIATIONS 

AIS = Acute ischemic stroke 

AMPA = α-amino-3-hydroxy-5-methyl-4-
isoxazolone proprionic acid 

ATP = Adenosine triphosphate 

BDNF = Brain–derived neurotrophic factor 

CBF = Cerebral blood flow 

COX = Cyclooxygenase 

CSFs = Colony-stimulating factors 

CVA = Cerebrovascular accident 

EGF = Epidermal growth factor 

FGF-2 = Fibroblast growth factor-2 

GDNF = Glial cell line-derived neurotrophic factor 

HB-EGF = Heparin-binding epidermal growth fac-
tor-like growth factor 

HGF = Hepatocyte growth factor  

HMG-1 = High mobility group protein-1 

IBZ = Infarct border zone 

IGF-1 = Insulin-like Growth Factor-1  
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IL-1 = Interleukin-1 

IL-10 = Interleukin-10 

IL-6 = Interleukin-6 

MAPK = Mitogen-activated protein kinase inhibi-
tor 

MMPs = Matrix metalloproteinases inhibitors 

NMDA = N-methyl-D-aspartate 

NOS = Nitric oxide synthase 

PGRN = Progranulin 

rt-TPA = Recombinant tissue plasminogen activa-
tor 

SCF = Stem cell factor 

TNFα = Tumor necrosis factor α 
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