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Abstract
Acute ischemic stroke is one of the leading causes of morbidity and mortality 
worldwide. Restoration of cerebral blood flow to affected ischemic areas has been 
the cornerstone of therapy for patients for eligible patients as early diagnosis and 
treatment have shown improved outcomes. However, there has been a paradigm 
shift in the management approach over the last decade, and with the emphasis 
currently directed toward including newer modalities such as neuroprotection, 
stem cell treatment, magnetic stimulation, anti-apoptotic drugs, delayed recanali-
zation, and utilization of artificial intelligence for early diagnosis and suggesting 
algorithm-based management protocols.
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Core Tip: Acute ischemic stroke is becoming a more prevalent health concern as life 
expectancies increase. The fact that thrombolysis and thrombectomy within a very 
limited timeframe are the only definite therapies for this debilitating disease severely 
limits options. Extensive research is still ongoing and has shown promise in salvaging 
neurological function as well as extending the time window in which such therapies can 
be offered to stroke patients.
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INTRODUCTION
Stroke can be defined as the rapid development of disturbances in the neurological function of brain due to hypoper-
fusion of cerebral tissue. The majority (85%) of acute stroke episodes are acute ischemic stroke (AIS) while around 15% of 
such episodes have a hemorrhagic cause[1]. Another easy way to classify etiology is the “rule of quarters’’ i.e., 25% 
cardiac emboli, 25% thromboembolic, 25% lacunar, and 25% due to other causes[2]. While there is still a lot of ongoing 
research into modalities that could improve outcomes in stroke, an important dictum that is still relevant is “Time is 
Brain, save the Penambra”[3]. Among the fewer established modalities of stroke management, intravascular thrombolysis 
(IVT) with tissue plasminogen activator (tPA/alteplase) is the only treatment approved by Food and Drug Adminis-
tration (FDA) presently[4-7]. More recently, mechanical endovascular thrombectomy (EVT) of large vessel occlusion 
(LVO) has emerged as an effective emergency time-dependent treatment in selected population[8]. Neuroprotective 
strategies aimed at mitigating the secondary damage cascade following ischemic insult have taken a prominence. From 
neuroinflammation modulation to neuroregeneration promotion, novel pharmacology, and neurorehabilitation 
techniques are promising. Nonpharmacological approaches such as telestroke facility, artificial intelligence (AI) gene-
rative selection criteria, and regenerative medicine illuminate the future path for clinicians and researchers to foster 
innovation in stroke management.

Pathophysiology of stroke
The primary pathophysiology for AIS is an acute onset reduction in the blood supply to the brain tissue and its 
consequent dysfunction. Advanced studies have uncovered that the molecular pathogenesis is much more complex. 
These molecular events are responsible for the acute and subacute complication as well as pathogenic sequel. With the 
onset of hypoperfusion, intrinsic and extrinsic inflammatory pathways get activated. Free radical mediated oxidative 
stress leads to mitochondrial damage which in turn results in apoptotic factor (cytochrome c)-mediated caspase (caspase-
3, caspase-6, caspase-9) pathway activation, and cell death. Finally, the disruption of blood brain barrier leads to cerebral 
edema and hemorrhagic transformation (HT) (Figure 1)[9-10].

Established treatment modalities
The medical management of acute stroke encompasses negotiating numerous challenges beginning from the prehospital 
area. Rapid transfer, early assessment, early brain imaging, and early intervention have been shown to help save the brain 
tissue and reduce the size of penumbra. The standard emergency medical services include performing routine airway, 
breathing, and circulation assessments; administering supplemental oxygen as needed; checking blood/capillary glucose 
and treating hypoglycemia. Concurrently, it is also important to perform a validated stroke severity scale examination 
such as Field Assessment Stroke Triage-Emergency Destination[11], Rapid Artery Occlusion Evaluation[12], Los Angeles 
Motor Scale[13], Cincinnati Prehospital Stroke Scale[14]. Ultimately, if the patient is manifesting physical signs of a stroke 
in the erectile dysfunction and satisfies the American Heart Association/American Stroke Association criteria for patient 
selection, then thrombolytics should be offered and administered[15-17]. The recent utilization of “tele stroke” networks 
(hub-and-spoke model) has helped in ameliorating the shortage of neurologists in rural areas and has demonstrated high 
rates of safe administration of thrombolytics while decreasing the time to initiate thrombolytics[18,19]. A recurring 
concern with stroke therapy is that while a lot of modalities have shown promise and have been or are being investigated 
for their efficaciousness, only time-dependent thrombolysis and thrombectomy have been found to improve outcome[4-
7]. While antiplatelet therapy (aspirin) has been shown to be effective in patients with AIS, its use is controversial and 
fraught with ethical dilemmas in patients with hemorrhagic stroke. A recent editorial eloquently describes these concerns 
while elucidating on recent evidence showing benefit of aspirin in small volume intracranial hemorrhages[20].

Hypoperfusion and reperfusion injury
Most of the treatment strategies for management of AIS are directed toward reopening the thrombosed vessels within a 
fixed time of the insult. Beyond a critical time, instead of preserving brain tissues, restoration of oxygen amplifies the 
destruction of an already deranged neurovascular and brain parenchymal environment. This topic has been a cause of 
scientific intrigue even before the evolution of thrombolytic therapies. Prolonged hypoperfusion and subsequent 
reperfusion cause free radical injury and disruption of blood brain barrier which leads to HT. In the Safe Implementation 
of Thrombolysis in Stroke-Monitoring Study: An observational study, HT was seen in up to 7.3% of ischemic stroke 
patients undergoing thrombolysis[21]. A much better insight into the epidemiology of thrombectomy-based reperfusion 
injury can be sourced from the Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke Trials (HERMES) 
meta-analysis by Goyal et al[22], where HT was observed in 4.4% cases. In the recently concluded extended window 
endovascular trials, DEFUSE-3 and dawn, HT was reported in 7% and 6% cases respectively[23,24].
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Figure 1 Schematic illustration of acute ischemic stroke pathogenesis. ROS: Reactive oxygen species; MMP: Matrix metalloproteinas; NADPH: 
Nicotinamide adenine dinucleotide phosphate.

Newer research targeting reperfusion injury
Targeting the inflammatory pathways and the relevant molecular cascade for managing reperfusion injury in pre-
thrombectomy and post-thrombectomy period is coming into vogue in the treatment of stroke. It has been unequivocally 
demonstrated that the inactivation of a single molecule of the cascade can attenuate the inflammatory chain as well as the 
oxidative stress, thus halting its catastrophic sequel[3].

Role of scavenging: Diminishing oxidative stress
Reactive oxygen species (ROS) which are primarily blamed for cellular insult during ischemia and post-reperfusion 
consequences have attracted the attention of present-day researchers. More and more studies are aimed at understanding 
the molecular basis of preventing ROS formation and scavenging free radicals in an attempt to improve outcomes.

Hydrogen gas therapy: Hydrogen gas inhalation to mop up the ROS into free water has been researched in animal 
models, although this approach has not yet been explored in human participants[25]. A clinical trial has been tried at a 
small-scale involving infusion of superoxide dismutase with promising results, although large-scale trials are still awaited
[26].

Nicotinamide adenine dinucleotide phosphate oxidase inhibitor: A Rho-kinase inhibitor aimed at inhibiting the nicoti-
namide adenine dinucleotide oxidase and further limiting ROS production has shown promise in rat models of ischemia/
reperfusion injury, which is similar to apocynin[27]. Low-dose apocynin via oral route reaches the CNS parenchyma in a 
sufficient concentration to inhibit microglial oxidative stress. Although their usefulness has been explored in asthmatic 
patients, further research and human clinical trials are still warranted in human populations.

A new promising free radical scavenger: Free radicals activate the matrix metalloproteinase (MMP) pathways, which 
leads to collagen and laminin degradation including the breakdown of the blood brain barrier[10]. Sumii et al[28] found 
that MMPs participate in the tPA-associated hemorrhage progress. Additionally, tPA can upregulate MMPs (especially 
MMP-9) by the lipoprotein receptor signaling pathway and can reduce hemorrhagic volumes by using MMP inhibitors
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[28]. Edaravone is a low molecular weight lipophilic hydrophobic free radical scavenger which readily crosses the blood 
brain barrier. It prevents formation of hydroxyl, peroxyl, and super oxide anion radicals and retards lipid peroxidation by 
inhibiting MMPs in neuronal cell membrane[29-32]. Recent research has shown that edaravone can suppress delayed 
neuronal death, counteract microglia-induced neurotoxicity, and reduce the long-term inflammation. It has been 
suggested that it may prevent the development of edema following a stroke by inhibiting astrocyte production of 
expression of vascular endothelial growth factor[33]. Side effects include deranged liver function, renal toxicity, thrombo-
cytopenia, lymphoma, and pneumonia, although the incidence is very low. Larger scale human trials will help study the 
toxicity profile of this drug as well as establish its effects on outcome.

Sphingosine 1-phosphate receptor modulator: Fingolimod is an immunosuppressant approved by FDA for multiple 
sclerosis[34]. It downregulates the Sphingosine 1-phosphate receptor in T lymphocyte which prevents egress of 
lymphocyte into inflamed tissue. Synergistically, it also acts on glycoprotein receptors located on platelets and prevents 
platelet aggregation and further thrombus formation[34]. Combination use of fingolimod along with thrombolytic agents 
has resulted in promising outcomes[34]. When used along with tPA, fingolimod demonstrated a reduced microvascular 
permeability and attenuated the risk of hemorrhagic complications in ischemic stroke patients. Clinical trials have been 
done in assessing the efficacy of a combination of fingolimod with reperfusion therapies in attenuating reperfusion injury 
in patients with LVO treated within 6 hours of stroke onset[35]. Given that tPA exacerbates blood brain barrier 
breakdown after brain ischemia, it is plausible that fingolimod could prevent damaging effects of tPA on the blood brain 
barrier. Further studies are warranted in elucidating the complex effects which fingolimod seems to have on the brain 
vasculature following ischemic stroke[36].

Caspase inhibitors: Prospective therapy for stroke
Oxidative damage to mitochondria causes cytochrome c-mediated caspase activation leading to apoptotic cell death after 
hypoperfusion and reperfusion period. Impact of caspase activity is not only on neurodegeneration through inflam-
matory activity, but it has also been shown to diminish glial cell activity. Death receptor blockage, genetic manipulation, 
and catalytic inhibition are the three major strategies to prevent caspase chain in stroke[37]. VX-740 (pralnacasan) and 
VX-765 (belnacasan) are two analog peptidomimetic inhibitors of caspase 1[38]. Animal trials have demonstrated a 
hindrance of drug delivery to specific ischemic area due to blood brain barrier. Further human studies at a larger scale 
will hopefully elucidate the exact mechanisms.

Uric acid and metformin therapy
Metformin combination treatment for 2 weeks has shown improved neurological outcomes [Mini-Mental State 
Examination, National Institutes of Health Stroke Scale (NIHSS), and activities of daily living scores] and reduced 
oxidative stress (increased glutathione peroxidase and superoxide dismutase) in patients with stroke[39]. Uric acid in 
combination with intravenous thrombolysis and mechanical thrombectomy improved modified Rankin Scale (mRS) 0–2 
at 90 days and reduced mortality[40]. These two neuroprotective treatments have demonstrated good results in human 
studies[39,40].

3K3A-activated protein C
Activated protein C (APC), a protease with anticoagulant and cytoprotective activities, protects neurons and cere-
brovascular endothelium from ischemic injury. A recombinant APC, drotrecogin alfa (activated) was approved by the 
FDA for the treatment of sepsis but has reported dose limited chances of bleeding. So, newer recombinant 3K3A-APC has 
been studied with less anticoagulant effect and more neuroprotective activity[41]. The study, however, has been done on 
safety and pharmacokinetic profiles at a preclinical level. Human trials are recommended considering the positive 
outcomes seen in the aforementioned study.

Glebenclamide (glyburide)
Studies with intravenous glyburide have shown improvement in midline shift, MMP9 levels, NIHSS, and fewer deaths 
attributed to edema in cases of ischemic stroke[42].

Artificial intelligence: Artificial intelligence (AI) seems to be the most evolving and promising technology which can 
change the stroke treatment scenario. AI is a generic term which refers to the simulation of thought processes by 
computer systems, enabling them to perform tasks which typically require human intelligence, such as understanding 
natural language, recognizing patterns, solving problems, and making decisions[43]. With established treatment 
protocols, the main hindrance in the rush to save the brain has been due to delayed prehospital assessment, imaging, and 
in selecting the patient for treatment (IVT/EVT). AI has hastened the prehospital assessment of stroke patients by 
facilitating early emergent imaging of such patients in the ambulance leading to early diagnosis and prompt selection for 
further treatment and by promptly alerting the stroke center as well. While traditionally radiologists summarize an image 
with a few key descriptors (e.g., hemorrhage volume), machine learning (ML) algorithms employed by AI attempt to do 
the same with a matrix of voxels in fraction of time[44]. A matter of concern with ML algorithms is the lack of clarity on 
decision-making process. This is particularly true of the most popular deep neural network approaches currently in use 
and is termed the “black box problem”[45].

Repetitive transcranial magnetic stimulation: Repetitive transcranial magnetic stimulation can improve the functional 
recovery after stroke by modulating cortical excitability and recovering the balance between the brain hemispheres, 
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something which is disrupted by stroke and the leading cause of motor impairment. It can be considered as a feasible 
nonpharmacological tool in assisting the neurorehabilitation of different motor and nonmotor clinical manifestations of 
stroke[46].

Stem cell therapy: Stem cell therapy for stroke offers promise because of its potential in providing neurorestorative 
benefits. Stem cell-based therapies aim to promote neurogenesis and replacement of lost neurons or protect surviving 
neurons in order to improve neurological recovery depending on the route of administration and source of stem cell 
retrieval (umbilical cord, neural, bone marrow, mesenchymal)[47]. As results of the phase three clinical trial, Pisces III, 
have demonstrated, intracerebral neural stem cell transplants can be explored as an avenue for neuroregeneration 
through direct replacement of lost neurons, and when compared to other stem cell therapies, may provide the longest 
window for therapeutic intervention[48].

Intracerebral implantation by stereotactic injection to the putamen ipsilateral to the cerebral infarct of allogeneic human 
neural stem cell line CTX0E03 in multicenter study which has shown significant improvement in upper limb function 
occurred at 3 months, 6 months, and 12 months, but not in those with absent upper limb movement at baseline[49].

Nano technology for targeted drug delivery: Even after successful recanalization, ischemia-reperfusion injury represents 
an additional challenge. The use of tPA may further disrupt the blood brain barrier integrity and is neurotoxic, 
aggravating reperfusion injury. Nanoparticle-based approaches have the potential to circumvent the aforementioned 
issues and develop a thrombolytic agent which can be administered safely beyond the time window for tPA treatment. 
Nanoparticle-containing imaging particles, thrombolytic agents, antioxidants, neuroprotective drugs, and target ligands 
have all shown improved outcomes in experimental animals. Nanoparticle-containing magnetic particles with 
thrombolytic agents have been studied for loosening of clot by sono-stimulation and magnetic stimulation[50]. It must 
also be recognized that most preclinical studies are carried out in otherwise healthy animals, and patients suffering from 
stroke may in turn have reduced cerebrovascular reserve or reduced benefits from protective agents due to underlying 
pathologies or aging[51]. Research in this area is ongoing, and while there is significant promise, we are far from clinical 
applications. Nonetheless, nanotechnology represents a frontier in stroke management which could revolutionize 
treatment and improve outcomes for patients.

The role of neuroprotection: Neuroprotective agents can act as an adjunct to iv thrombolysis in reducing the rapidly 
progressing insult of the ischemic penumbra, which improves the outcome of stroke[52]. Neuroprotection research has 
found that testing works in animal models, but the outcomes in clinical trials have been disappointing. Patients have 
showed promising improvement in the functional outcome of patients with AIS involving middle cerebral artery (MCA) 
territory at 90 days receiving citicoline, edaravone, and cerebrolysin. Other therapies such as transcranial direct current 
stimulation after thrombectomy (TESSERACT-BA), low-frequency pulsed electromagnetic fields (ELF-MF), Rheo-
erythrocrine dysfunction as a biomarker for reduced-intensity conditioning treatment, regional hypothermia in 
combination with endovascular thrombectomy, stem cell-based treatment modalities, glibenclamide combined with 
recombinant tPA are being explored.

Nerinetide: Nerinetide is a neuroprotective eicosapeptide which inhibits the interaction of N-methyl-D-aspartate 
receptor/post-synaptic density protein 95, preventing the neurotoxic signaling of neuronal nitric oxide synthase in AIS
[53]. It has proven to be efficacious in animal models, mainly in primates, to protect nerve tissue and function against 
schemia/reperfusion injury. A randomized, double-blind, placebo-controlled phase 2 trial in patients with iatrogenic 
stroke after endovascular aneurysm repair showed that this drug is safe and efficacious in reducing the infarct volume in 
the brain[53].

The efficacy and safety of nerinetide for the treatment of acute ischemic stroke study was undertaken according to the 
positive results of various preclinical and clinical trials[54]. While the overall result of this phase III trial was 
disappointing and failed to develop a new effective drug for AIS, it still brings hope that developing a neuroprotective 
drug for AIS is possible. The trial also found that there was a treatment effect of nerinetide in patients without the usual 
care of thrombolytic therapy with alteplase[54]. The result of the trial encourages further development of other neuropro-
tective drugs.

ROLE OF RADIOLOGY
Early magnetic resonance imaging
HERMES Trials study is the time sensitivity of the treatment. The benefits of mechanical thrombectomy diminish beyond 
6 hours[55]. Patients with poor collaterals, described as “fast progressors,” are found to be highly dependent on the 
timely administration of reperfusion therapy. In contrast, those with good collaterals, labeled as “slow progressors,” 
show less sensitivity to the time factor and may still benefit from embolectomy even beyond the conventional time 
windows[55]. The role of collaterals in determining the progression of irreversibly damaged brain tissue (ischemic core) 
at the expense of the penumbra, but still viable brain which could undergo infarction if vessel occlusion persists. Patients 
with good collaterals may present with substantial mismatch between the infarct volume and the total volume of 
critically hypoperfused brain, indicating a potential for benefiting from reperfusion therapy beyond 6 hours[55].
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Interventional techniques
Novel therapeutic applications are made possible by recent interventional techniques. Combining balloon techniques 
with mechanical thrombectomy or direct aspiration can enhance the local effectiveness of intra-arterial therapies[56]. This 
approach may temporarily improve bioavailability, delaying washout and systemic dilution, particularly beneficial for 
therapies targeting the blood brain barrier and endothelium. This could enhance the efficacy of therapeutics limited by 
systemic dosing or reduced effectiveness during normal arterial perfusion[56]. Intra-arterial administration of thera-
peutics precisely during stent retriever deployment, ensuring delivery to the at-risk vascular territory just before and 
during reperfusion[56].

IMPORTANCE OF TIME DURATION
In cases of MCA occlusions, studies indicate that recanalization occurring beyond 24 hours up to 60 days since the stroke 
onset has shown improved outcomes[57,58]. For basilar artery occlusions, reperfusion at 36 hours, 50 hours, and beyond 2 
days led to fully restored neurologic function, complete functional recovery, and 77% achieving a mRS of 0–3, 
respectively[59]. In internal carotid artery occlusions, recanalization from 1 month up to 27 months resulted in favorable 
outcomes, including some patients achieving full recovery[60,61]. Basic science research, particularly in MCAO rat 
models, demonstrates that delayed recanalization administered at 3 days, 7 days, and 14 days following stroke onset can 
improve neurological function and even reduce infarct volume when compared to permanent MCAO groups[62-65].

CONCLUSION
With the advancement of medical science, as millions of people are heading toward the age where nearly three quarters 
of all strokes occur (> 65 years old), the world seems to be careening toward a major stroke crisis. Currently, there is no 
gold standard therapy for this impending public health disaster. Table 1 summarizes the existing and novel treatment 
modalities in various stages of evolution of AIS (Table 1)[34,35,37-43,48-50,66-71]. To date, an absolute treatment is an 
unmet need. Prehospital interventions showing promise include lifestyle modification and stroke protocol. This also 
includes imaging and patient selection for specific treatments progressing to in-hospital management, which includes 
thrombolysis. The main concern is time for neuroprotection. The search is still on in finding the magic bullet for stroke. 
Innovative treatments hold the key in unlocking brighter prospects for stroke patients, which ushers in an era of hope, 
resilience, and renewed possibilities in the journey toward recovery.

Table 1 Summary of modalities for treatment of stroke

Ref. Basis Advantage Disadvantage

Established treatment modalities[66]

Alteplase, reteplasea, 
and tenecteplase

Thrombolytic (fibrin)-convert 
plasminogen to plasmin directly and 
within 4.5 hours

FDA approved treatment modality. Good 
outcome when treated within specified time 
window. Incomplete recanalization

Disrupts blood brain barrier. Chances 
of hemorrhagic transformation. 
Reperfusion injury and brain swelling

Streptokinase and 
staphylokinase

Thrombolytic (non-fibrin activators) Same as above Same as above 

Ancrod Defibrinogenating agent derived from 
snake venom

Favourable functional recovery. Lower 
prevalence of intracerebral hemorrhage

Potential risk of bleeding

Endovascular therapy Overall outcome of acute ischemic 
stroke patients with proximal middle 
cerebral artery or internal carotid 
artery occlusion was improved when 
endovascular thrombectomy was 
performed within either 6 hours, 8 
hours, or 12 hours of symptom onset

FDA approved invasive treatment modality. 
Promising result. Less chances of disrupting 
blood brain barrier. Less chances of haemor-
rhagic transformation

Applicable in anatomically more 
proximal large vessel occlusion only 
not for small vessels. Needs expertise. 
Done in selective centres only. 
Reperfusion injury. Downstream 
embolization

Nimodipine[67] Second-generation 1,4-dihydropyridine 
calcium channel blocker. Neuropro-
tective effect by preventing calcium 
overload in ischemic neurons

Useful in aneurysmal SAH. Can also be 
administered through nasogastric tube

Risk of hypotension. Drug interactions 
need consideration

Early drain (outcome 
after early lumbar 
cerebrospinal fluid-
drainage in aneurysmal 
SAH)[68]

Lumber drainage vs external 
ventricular drain. Erythrocyte 
sedimentation by weight and 
potentially easier removal by lipid 
droplets

Associated with benefits in relation to rates 
of vasospasm, secondary cerebral 
infarctions, and mortality, without an 
increased risk of adverse events

Needs further trials. Limited to 
aneurysmal SAH cases only

Antiseizure medications For 7 days in patients with seizures but 
without prior epilepsy

Prevents post stroke epilepsy Needs further research
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Newer modalities

Hydrogen gas therapy
[69]

Mop up the reactive oxygen species 
into free water. Buffer the effects of 
oxidative stress

Basic study on neutralizing free oxygen 
radical and reducing oxidative stress

Researched in animal model but yet to 
be exploded in human

Nicotinamide adenine 
dinucleotide phosphate 
oxidase inhibitor[70]

Rho-kinase inhibitor inhibits the nicoti-
namide adenine dinucleotide oxidase 
and limits reactive oxygen species 
production

Reduces oxidative stress thus delayed 
neuronal death 

Researched in rat models of 
ischemia/reperfusion injury. Studied 
in asthmatic pt not in stroke pt

Edaravone (matrix 
metalloproteinase 
inhibitor)

Scavenges free radical by preventing 
matrix metalloproteinase in neuronal 
cell membrane

Prevent blood brain barrier leakage. Reduces 
brain edema. Attenuate microglia induced 
neuronal death

Further research is needed. Side effects 
are lymphoma, deranged lung function 
test, renal toxicity, thrombocytopenia, 
pneumonia

Fingolipod[34,35,71] S1P1 receptor modulator. It downreg-
ulates the S1P1 receptor in T 
lymphocyte which prevents egress of 
lymphocyte to inflamed tissue. Acts 
synergistically on glycoprotein 
receptor on platelet and prevent 
platelet aggregation and further 
thrombus formation

More effective after receiving tPA treatment 
by reducing haemorrhagic transformation 
(fingolimod plus alteplase < 6 hours from 
last known well) in human study. Also 
attenuates blood brain barrier leakage and 
reduces infarct volume, reduced blood 
lymphocyte counts, and improved mRS at 
day 90

Ineffective in thrombocytopenic pt and 
patients on antiplatelet therapy. More 
human study needed. Small trials

Caspase Inhibitors[37,
38]

Cytochrome c mediated caspase 
activation which leads to apoptotic cell 
death after hypoperfusion and 
reperfusion period VX-740 
(pralnacasan) and VX-765 (belnacasan) 
are two analogue peptidomimetic 
inhibitors of caspase 1

Protect blood brain barrier integrity. Post-
experimental mice are healthy and fertile

Targeted drug delivery is a major 
hindrance for blood brain barrier. 
Liver toxicity in long term use. Very 
few clinical trials in animal

Uric Acid[40] Uric acid in combination with tPA has 
good stroke outcome by its free radical 
scavenging property

Uric acid in combination to intravenous 
thrombolysis and mechanical thrombectomy 
reduced mortality (8%–4%), good result in 
human study

More trials are needed

Metformin therapy[39] Metformin acts by adenosine 
monophosphate activated protein 
kinase activation in brain tissue and 
also by reducing oxidative stress

Post-stroke chronic treatment enhances long-
term functional recovery and brain repair 
within clinically relevant therapeutic 
windows

Very narrow therapeutic window in 
stroke pt. Time of administration is 
also an issue. Needs more studies

3K3A[41] APC, a protease with anticoagulant 
and cytoprotective activities. Protects 
neurons and cerebrovascular 
endothelium from ischemic injury. 
Newer recombinant 3K3A-APC has 
been studied with less anticoagulant 
effect and more neuroprotective 
activity

Though rAPC bleeding is an expected 
pharmacological side effect, there was no 
other systemic side effect noted in experi-
mental animals and that is a strong support 
for proposal for human study

Recombinant APC, drotrecogin alfa 
(activated) was approved by the FDA 
for the treatment of sepsis but has dose 
limited chance of bleeding. Still in 
preclinical trial for stroke (used in 
severe sepsis which is FDA approved)

Iv glyburide[42] Acts by blocking sulfonylurea receptor 
1-transient receptor potential 
melastatin 4 chnnel

Prevent midline shift by reducing penumbral 
edema

Results of human studies are 
promising

AI[43] AI has changed prehospital assessment 
by imaging in ambulance, diagnosing, 
selecting patient for further treatment 

Massive impact in golden hours in form of 
prompt imaging, diagnosis and treatment. 
Cost effective. Time saving. Can be started 
treatment during prehospital transit

Necessity for high quality data, “black 
box problem” i.e. machine needs 
continuous upgradation with newer 
data for reasoning and accuracy

Stem cell therapy[48,49] Neurorestorative benefits. Three types 
are in study BMSC, NSC and umbilical 
cord blood stem cell

NSC has robust safety margin but pending 
further trial. MSC and BMSC has also 
immunomodulatory property to attenuate 
poststroke inflammation along with neuro 
regenerative property

BMSC treatment of stroke has proven 
safe, but otherwise ineffective in 
clinical trials. All are in preclinical trial 
stage

Nano technology for 
targeted drug deliver
[50]

Nano particle containing magnetic 
particle with thrombolytic agent has 
been studied for loosening of clot by 
sono stimulation and magnetic 
stimulation

More powerful effect. Longer half life. 
Increased clot penetration. Making the 
thrombolytic agent safe. Precise delivery 
confirms more detail delineation of image

Studies have been conducted in 
otherwise healthy animal but patients 
suffering from stroke may have 
reduced cerebral reserve

APC: Activated protein C; AI: Artificial intelligence; BMSC: Bone marrow stem cell; FDA: Food and Drug Administration; NSC: Neural stem cell; SAH: S-
adenosyl homocysteine; S1P1: Sphingosine 1-phosphate; tPA: Tissue plasminogen activator; mRS: Modified Rankin Scale.
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