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Neuroprotective approach in acute 
ischemic stroke: A systematic review 
of clinical and experimental studies
Fettah Eren, Sueda Ecem Yilmaz1

Abstract:
Ischemic stroke is a disease with worldwide economic and social negative effects. It is a serious 
disease with high disability and mortality. Ionic imbalance, excitotoxicity, oxidative stress, and 
inflammation are induced during and after ischemic stroke. Cellular dysfunction, apoptosis, and 
necrosis are activated directly or indirectly mechanisms. The studies about neuroprotection in 
neurodegenerative diseases have increased in recent years. Data about the mechanisms of 
progressive molecular improvement in the brain tissue are increasing in acute ischemic stroke. Based 
on these data, preclinical and clinical studies on new neuroprotective treatments are being designed. 
An effective neuroprotective strategy can prolong the indication period of recanalization treatments in 
the acute stage of ischemic stroke. In addition, it can reduce neuronal necrosis and protect the brain 
against ischemia‑related reperfusion injury. The current review has evaluated the recent clinical and 
experimental studies. The molecular mechanism of each of the neuroprotective strategies is also 
summarized. This review may help develop future strategies for combination treatment to protect 
the cerebral tissue from ischemia‑reperfusion injury.
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Introduction

Stroke is one of the major causes of 
mortality in the world. In addition, the 

risk of severe disability is higher in a patient 
with stroke. The rate of acute ischemic 
stroke  (AIS) is 80% in patients with total 
stroke. The main cause of AIS is the occlusion 
of the vascular structure by thrombus. 
Neuronal hypoxia and cellular necrosis 
occur after this pathogenetic mechanism.[1] 
Intravenous tissue plasminogen activator 
is a main medical treatment option in 
patients with AIS. It has been approved by 
the Food and Drug Administration (FDA). 
The duration of this treatment is up to 
4.5  h  (limited time) after symptom. As a 
result, only 2%–5% of patients can be treated 

with intravenous thrombolytic treatment. In 
addition, modern endovascular treatment 
methods  (mechanical thrombectomy, 
intra‑arterial thrombolytic applications, 
etc.,) continue to develop in AIS.[2,3]

Neuroprotection has become important 
in recent years. Protection of neuronal 
tissue and prevention of degeneration 
are defined as “neuroprotection.” It is a 
term used for cerebral neuronal protection 
for many neurological diseases such as 
stroke, Parkinson’s disease, dementia, 
and traumatic/nontraumatic  brain 
injury.[4] Positive results have been detected 
with many neuroprotective agents in 
experimental studies. However, the efficacy 
of neuroprotective treatments has not 
been confirmed by clinical studies. Many 
neuroprotective clinical studies have been 
completed and many are in progress.[5]
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Hypoxia and cerebral hypoglycemia induce a series of 
molecular activities in the neuronal cell membrane after 
cerebral vascular occlusion. There is an ion imbalance 
in the energy‑dependent membrane channels in the 
neuronal cell membrane. A  hypoperfused neuronal 
tissue named the penumbra is formed. If the vascular 
occlusion is not treated, progressive neuronal necrosis 
occurs. Glutamate overexpression occurs after cellular 
death. Increased glutamate triggers many chemical 
activities. Glutamate induces intracellular calcium (Ca) 
reuptake associated with α‑amino‑3‑hydroxy‑5‑methyl
‑4‑isoxazolepropionic acid receptor, voltage‑dependent 
Ca receptor, and N‑methyl‑D‑aspartate  (NMDA) 
receptor. Intracellular Ca activates many signaling 
pathways and induces intracellular reactive oxygen 
species. After vascular occlusion, neuronal injury 
increases associated with oxidative stress, protein 
oxidation, and lipid peroxidation. In addition, the 
damage‑associated molecular model demonstrated 
that oxidative stress‑related micromolecules caused 
microglia activation, blood–brain barrier permeability 
impairment, and peripheral immune reactivation. 
Postischemic inflammation is the cause of secondary 
progression of brain injury. The severity of ischemic 
stroke correlates with inflammation.[6] The primary aim 
of neuroprotection is to prevent ischemia‑reperfusion 
injury in the cerebral tissue. In addition, the indication 
period for thrombolytic treatment can be increased with 
neuroprotective agents.[7]

The purpose of this review is to make a general 
assessment of the impact of neuroprotective treatments 
on the neuronal tissue. The molecular mechanism of all 
of the cerebral neuroprotective treatment options is also 
described.

Neuroprotective Treatments: Clinical and 
Experimental Studies

Clinical and experimental studies with neuroprotective 
agents are popular in patients with stroke. At the first 
stage, experimental studies are designed. If this agent 
is effective in experimental studies, clinical studies are 
designed. Neuroprotective agents and their mechanisms 
in clinical and experimental studies are listed in Table 1.

Human Urinary Kallidinogenase

Human urinary kallidinogenase is a tissue kallikrein 
and it is extracted from urine. In addition, it is a 
glycoprotein that breaks down kininogen to produce 
kinin (kinin is a potent vasodilator).[8] Experimental 
animal studies about ischemic stroke and neuroprotection 
have demonstrated that human urinary kallidinogenase 
reduces infarct volume and improves neurological 
deficits.[9] The neuroprotective mechanism of human 

urinary kallidinogenase is associated with increased 
local vasodilation. Human urinary kallidinogenase 
induces the expression of toll‑like receptor 4  (TLR‑4). 
Thus, it provides neuroprotection with antioxidant and 
anti‑inflammatory effects by using the  (TLR4/nuclear 
factor‑kappa B  [NF‑κb]) signaling pathway. Human 
urinary kallidinogenase increases the expression of 
transforming growth factor‑beta 1. Neuroinflammation 
is suppressed and associated with these mechanisms.[10,11] 
Data from a randomized placebo‑controlled and phase 
IIb/III clinical trial demonstrated that human urinary 
kallidinogenase is an effective and safe treatment 
within 48  h in patients with AIS.[12] Human urinary 

Table 1: Neuroprotective agents and their 
mechanisms in clinical and experimental studies
Neuroprotective 
agents

Mechanisms for therapeutic activity

Human urinary 
kallidinogenase

Antioxidant activity
Anti‑inflammatory activity and 
immunomodulation

Anti‑hyperlipidemic 
treatments

Antioxidant activity
Anti‑inflammatory activity and 
immunomodulation
Decreased blood brain barrier dysfunction
Increased cerebral blood flow

Edaravone Antioxidant activity
Nerinetide Decreased neurotoxic signaling cascades
3K3A‑APC Neuroprotection, vasculoprotection and 

immunomodulation
Natalizumab Anti‑inflammatory activity and 

immunomodulation
Vinpocetine Antioxidant activity

Anti‑inflammatory activity and 
immunomodulation
Anti‑apoptotic activity

Fasudil Decreased peripheral immune cell infiltration 
and oxidative stress
Rho‑kinase inhibition

Fingolimod Sphingosine‑1‑phosphate receptor modulation
Anti‑inflammatory activity and 
immunomodulation

RIC Decreased ischemia reperfusion injury, but the 
exact mechanism is unknown

Tocilizumab Human monoclonal antibody against the IL‑6 
receptor

Uric acid Decreased lipid peroxidation
Antioxidant activity
Increased Nrf2 protein

Magnesium Anti‑inflammatory activity
Anti‑apoptotic activity
Increased cerebral blood flow

Therapeutic 
hypothermia

Antioxidant activity
Anti‑inflammatory activity and 
immunomodulation
Anti‑apoptotic activity
Decreased neurotoxic signaling cascades

RIC: Remote ischemic conditioning, Nrf2: Nuclear factor E2 associated factor 
2, APC: Activated protein C
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kallidinogenase is approved by the State FDA of China 
in patients with mild and moderate stroke.[13]

Anti‑Hyperlipidemic Treatments

Antihyperlipidemic treatments are a group of drugs 
used to decrease cholesterol levels. Statins inhibit 
3‑hydroxy‑3‑methylglutaryl coenzyme A  (HMG‑CoA) 
reductase. The blood lipid level decreases as a result 
of the inhibition of HMG‑CoA reductase.[14] Studies in 
experimental stroke models have demonstrated that 
statins reduce cerebral infarct volume in stroke, with 
or without thrombolytic treatment.[15] The efficacy of 
statins in ischemic brain injury is not associated with 
antihyperlipidemic mechanisms. Statins increase 
cerebral blood flow and decrease neuronal injury by 
up‑regulating endothelial nitric oxide synthase (eNOS) 
in ischemic penumbra. Statins also protect against 
poststroke blood–brain barrier dysfunction by reducing 
the expression of adhesion molecules.[16,17] In addition, 
statins suppress NFκB‑mediated gene expression and 
superoxide radicals; thus, it provides neuroprotection 
in ischemic stroke.[6]

Edaravone

Edaravone is a low‑molecular‑weight treatment and it 
crosses to blood–brain barrier.[18] The therapeutic effect 
of edaravone is associated with antioxidant activity and 
regulation of multiple signaling pathways. Studies have 
demonstrated that edaravone reduces delayed neuron 
damage, microglia‑induced neurotoxicity, and long‑term 
inflammation.[19,20] In addition, edaravone inhibits 
lipid oxidation and directly suppresses low‑density 
lipoprotein oxidation.[21] Besides direct neuroprotection, 
it inhibits the expression of vascular endothelial growth 
factor and astrocyte activity. Thus, it reduces poststroke 
edema. Edaravone reduces the increased aquaporin‑4 
level after ischemic stroke. It has antiedema effect with 
this mechanism. It has been demonstrated that edaravone 
before thrombolytic treatment reduces the activity 
of matrix metalloproteinase‑9 and prevents vascular 
injury and intracerebral hemorrhage.[21‑24] However, 
reversible renal toxicity associated with edaravone has 
been reported in several patients.[25] Edaravone has been 
approved in Japan for the treatment of AIS. However, 
it is not accepted as the standard treatment for stroke in 
the general medicine.[26]

Nerinetide

Nerinetide is an intracellular peptide associated with 
the NMDA receptor. The NMDA receptors have 
an activity on nitric oxide synthase in the neuronal 
tissue. Nerinetide reduces intracellular neuronal Ca 
and nitric oxide. It has neuroprotective effects with 

these mechanisms.[27] Decreased infarct volume, 
improved functional outcomes, and lower mortality 
were determined in patients treated with mechanical 
thrombectomy and nerinetide combination. However, 
long‑term functional outcome was similar in the placebo 
group and in‑group treated with combination.[28]

3K3A‑Activated Protein C

3K3A‑Activated protein C  (APC) is induced by APC 
protease, and it has anticoagulant and cellular signaling 
activities mediated by protease‑activated receptor 1. 
3K3A‑APC activates the transmembrane G‑protein, brain 
endothelial cells and the blood–brain barrier to protect 
neuronal tissue. It reduces reperfusion injury associated 
with multiple neuroprotective effects.[29‑31] The preclinical 
drug safety and efficacy of 3K3A‑APC were evaluated in 
accordance with the recommendations of the Academic 
Industry Round Table for the Treatment of stroke therapy 
academic industry roundtable.[32] It was demonstrated 
that this treatment has a safe pharmacokinetic profile. 
In experimental ischemic stroke models, 3K3A‑APC 
treatment has been demonstrated to reduce cerebral 
ischemia volume.[30,33]

Natalizumab

Natalizumab is a kind of humanized antibody against the 
glycoprotein alpha‑4 integrin. This mechanism prevents 
the adhesion of immune cells to the endothelium.[34] It 
has been reported that 300 mg of natalizumab is safe 
and effective in AIS. High‑dose natalizumab trial was 
not effective and the trial of natalizumab treatment in 
ischemic stroke was discontinued.[35]

Vinpocetine

Vinpocetine is a synthetic ethyl‑ester derivative. 
It is a selective phosphodiesterase type  1  (PDE1) 
inhibitor. Vinpocetine is a selective PDE1 inhibitor with 
potential neurological effects through inhibition of the 
voltage‑gated sodium channel and reduction of neuronal 
Ca flux. Vinpocetine has inhibitory effects on glial and 
astrocyte cells during and after ischemic stroke. In this 
way, it has anti‑inflammatory and anti‑apoptotic effects.[36] 
Hypoxemia after ischemic stroke causes deterioration 
in energy metabolism. Ca increases in the extracellular 
area associated with neuronal necrosis. Oxidative stress 
and inflammation are induced. Cellular vascularity and 
blood–brain barrier are disrupted.[37] During ischemic 
stroke, activated microglia, and macrophages induce 
different neurotransmitters and neuroinflammation. 
In particular, interleukin  (IL)‑8, NF‑κB, and tumor 
necrosis factor‑alpha (TNF‑α) are overexpressed during 
ischemic stroke. These inflammatory molecules play 
a potential role in inflammation and apoptosis.[38] The 
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NF‑κB pathway is important in the pathogenesis of 
neurological disability. Endothelial cells in cerebral 
vascular structures are activated and associated with 
NF‑κB pathway. Vascular obstruction and thrombosis 
are induced with this mechanism. Inhibition of the 
NF‑κB pathway with vinpocetine is considered the 
main mechanism of neuroprotection.[39] Voltage‑gated 
sodium channels are activated after ischemic stroke. 
Intracellular sodium and Ca increase. After this 
pathophysiological process, neuronal cellular injury, 
excitotoxicity, edema, acidosis, and acute neuronal 
dysfunction occur. Vinpocetine inhibits voltage‑gated 
sodium channels. This leads to decreased intracellular 
sodium and Ca concentrations. The neuroprotective effect 
of vinpocetine is associated with neuronal voltage‑gated 
Na‑channel inhibition.[40] Vinpocetine induces neuronal 
cyclic guanosine monophosphate (cGMP)  associated 
with inhibition of calmodulin‑dependent PDE. 
This process improves cerebral blood flow and 
oxygenation.[41] Vinpocetine induces the production of 
adenosine triphosphate and regulates cerebral metabolism. 
These effects prevent ischemic stroke‑induced cognitive 
dysfunctions. Improvement of cognitive function is 
mediated by neurotransmitters such as serotonin, 
dopamine, and noradrenaline.[36] It has been demonstrated 
that vinpocetine treatment decreases cerebral infarct 
volume after middle cerebral artery occlusion in 
experimental rat and mouse models.[42] However, clinical 
studies are required to confirm these data.

Other Neuroprotective Treatment Methods

The National Institute of Neurological Disorders and 
Stroke in the United States supports a Stroke Preclinical 
Evaluation Network for translational studies for acute 
neuroprotection in stroke. The main aim of the institute is 
to support the development of new neuroprotective 
agents before or after endovascular thrombectomy. 
The main purpose of neuroprotection is to extend the 
indication period for neurovascular treatments and to 
improve functional outcome.[6] Some neuroprotective 
agents continue to be investigated for this purpose.

Fasudil is a Rho‑kinase inhibitor that reduces peripheral 
infiltration of immune cells and oxidative stress.[43] 
Positive results of fasudil and hydroxyfasudil in the 
treatment of AIS have been demonstrated in experimental 
studies.[44,45] The mechanisms of this treatment are to 
prevent immune cell infiltration. As a result of all these 
mechanisms, an anti‑inflammatory mechanisms are 
induced.[43‑45] A study demonstrated that treatment with 
fasudil within 48 h after stroke improved the outcome 
of AIS. In addition, fasudil is an effective and safety 
treatment in patients with AIS. The optimum therapeutic 
interval for fasudil is 48 h after stroke.[46]

In the early poststroke period, local and systemic 
inflammation is triggered after the deterioration of the 
blood‑brain barrier. This mechanism plays an important 
role in ischemic necrosis, hemorrhagic transformation, 
and vasogenic edema. In addition, reperfusion 
injury is induced after recanalization associated with 
inflammation.[47] Fingolimod is a sphingosine analog 
associated with sphingosine‑1‑phosphate receptors. 
It was approved for the relapsing‑remitting form of 
multiple sclerosis relapsing‑remitting MS as the first 
oral multiple sclerosis treatment.[48] Fingolimod prevents 
the outflow of lymphocytes from lymph nodes.[49] The 
efficacy of fingolimod was investigated in patients with 
cerebral hemorrhage and AIS.[50,51] Long‑term clinical 
improvement has been demonstrated after fingolimod 
in patients with cerebral hemorrhage. In addition, 
decreased perihematomal edema has been demonstrated 
in these groups.[50] In patients with acute cerebral artery 
occlusion, clinical improvement was detected with 
fingolimod. Decreased ischemic area and decreased 
microvascular permeability were reported with this 
treatment.[51] Fingolimod and alteplase combination 
treatment was compared with alteplase in AIS. The 
combination treatment was detected to be more effective 
in terms of lesion volume, hemorrhagic transformation, 
and clinical improvement.[52]

Remote ischemic conditioning (RIC) is reperfusion after 
a short cycle of focal ischemia. A preventive treatment 
strategy protects against more severe ischemia in distant 
organs.[53] RIC is usually performed with an inflated 
blood pressure cuffs that inhibit blood perfusion in the 
limbs.[54,55] The neuroprotective mechanisms of RIC are 
unclear. These mechanisms are explained by increased 
cerebral tolerance against ischemic injury.[56] Compared 
with traditional treatments, RIC is noninvasive, easy, 
and cost‑effective. These results provide positive data 
for clinical research and practice.[57‑59]

Tocilizumab is a humanized monoclonal antibody against 
the IL‑6 receptor  (IL‑6R). It is an immunosuppressive 
drug approved by the FDA for the treatment of some 
autoimmune diseases such as rheumatoid arthritis.[60] 
TNF‑a and IL‑1p levels are increased after elevated 
IL‑6 levels in ischemic stroke. However, antagonism 
of IL‑6 has conflicting results in experimental studies. 
The treatment with IL‑6R monoclonal antibody was 
associated with increased peri‑infarct apoptosis, motor 
dysfunction, and infarct volume in a mouse model 
of ischemic stroke.[61] However, recent studies have 
demonstrated the neuroprotective effects of tocilizumab 
in experimental cerebral ischemia.[62,63] In a study, 
rats were treated with tocilizumab for 7  days in the 
prestroke period. It was demonstrated that tocilizumab 
was preventive for neuronal apoptosis in rats with 
cerebral ischemia.[62] Another study demonstrated that 
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tocilizumab within 4 h of cerebral ischemia protected 
against brain infarctions and brain atrophy in older 
male mice.[63]

The human brain has lower endogenous antioxidants 
compared to other organs. Therefore, the brain is more 
sensitive to oxidative stress.[64] Uric acid is an endogenous 
antioxidant derived from the metabolism of purines. 
Descriptive studies demonstrate that serum uric acid 
concentrations are associated with functional outcome 
with or without thrombolytic treatment in patients with 
acute stroke.[65,66] Serum uric acid concentration decreases 
after the onset of stroke symptoms.[67,68] A randomized, 
double‑blind phase 2b/3 trial study demonstrated that 
combination treatment of intravenous thrombolysis and 
uric acid is safe in patients with stroke, but is not superior 
to placebo in clinical outcomes at 90‑day follow‑up. In 
addition, functional improvement is associated with uric 
acid treatment.[69]

Magnesium has been demonstrated to have 
neuroprotective effects in preclinical experimental 
studies. It also has anti‑inflammatory and anti‑apoptotic 
effects.[70] Magnesium induces increased cerebral blood 
flow in ischemic brain regions. Thus, magnesium 
regulates cellular metabolism. In an experimental 
study, magnesium sulfate was detected to be effective 
before intravenous thrombolytic treatment in ischemic 
stroke.[71] The clinical effect of magnesium could not be 
confirmed in patients with AIS. However, the positive 
effect of magnesium was demonstrated in patients with 
lacunar strokes.[72]

Therapeutic hypothermia is potentially advantageous 
over the other neuroprotective agents. Fever  (body 
temperature  >38.3°C) is detected with an incidence 
of 70% within 2  weeks in patients with neurological 
damage.[73] It activates many mechanisms during 
the ischemia‑reperfusion process.[73,74] Therapeutic 
hypothermia is a neuroprotective treatment in hypoxic 
brain injury after cardiac arrest. It provides neurological 
clinical improvement after cardiac arrest.[75,76] The 
vagus nerve is one of the components of the autonomic 
nervous system. This cranial nerve contains a complex 
neuroendocrine‑immune network associated with 
various cerebral physiological or pathological processes.

Promising Neuroprotective Agents in 
Ischemic Stroke

Neuroprotection is one of the main investigation area in 
ischemic stroke. There are many promising studies about 
this subject. Some of these studies have been completed. 
Some of them continue. Promising neuroprotective 
agents in ischemic stroke are listed in Table  2. There 
are many studies about protein, pharmacological 

agent, and microRNA for neuroprotection. Adropin 
is an endogenous peptide that is highly expressed in 
the brain tissue. Exogenous injection of this peptide 
has been demonstrated to decrease the permeability 
of the blood‑brain barrier associated with eNOS 
phosphorylation. However, the effect of endogenous 
adropin on ischemic brain injury is unknown. It is 
hypothesized that brain adropin deficiency induces the 
stroke‑related disability with neurovascular dysfunction. 
In addition, overexpression of this peptide decreases 
ischemic brain injury.[77] Verapamil is a treatment with 
L‑type  Ca channel blocker. In a study, intra‑arterial 
injection of verapamil has been demonstrated to be safe 
and effective after mechanical thrombectomy. In addition, 
the efficacy of verapamil has been demonstrated to be 
associated with vasodilation and direct neuroprotective 
features.[78] MicroRNAs are important in the epigenetic 
field. It is mainly associated with message translation. 
These are the subclass of noncoding RNAs. Sequences 
encoding microRNAs usually originate from intronic 
DNA. MicroRNAs modulate stroke pathophysiology, 
including inflammation, blood–brain barrier dysfunction, 
excitotoxicity, and oxidative stress. Neuroprotective 
microRNAs decrease and neurotoxic microRNAs 
increase during the stroke process.[79,80]

Minocycline is an antibiotic in the semi‑synthetic group 
of tetracycline. It has neuroprotective effects. The drug is 
lipophilic and it crosses the blood‑brain barrier with this 
mechanism.[81] Minocycline is increasingly recognized 
as a neuroprotective drug associated with its high 
penetration into the blood–brain barrier. In addition, 
it has efficacy in many neurodegenerative diseases.[82]

Vagus‑nerve stimulation  (VNS) stimulates the vagus 
nerve in the cervical area. It is an effective technique for 
some neurological diseases.[83] The FDA has approved 
the VNS devices in patients with medical refractory 
epilepsy and depression.[84,85] Transcutaneous cervical 

Table 2: Promising neuroprotective agents in 
ischemic stroke
Neuroprotective 
agents

Mechanisms for therapeutic activity

Adropin Decreased lipid peroxidation
Antioxidant activity
Increased Nrf2 protein

Verapamil Calcium channel blockade and vasodilation
MicroRNA Antioxidant activity

Anti‑inflammatory activity and immunomodulation
Anti‑apoptotic activity
Decreased neurotoxic signaling cascades

Minocycline Anti‑inflammatory activity
Anti‑apoptotic activity

VNS Antioxidant activity
Anti‑inflammatory activity

VNS: Vagus‑nerve stimulation, Nrf2: Nuclear factor E2 associated factor 2
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vagus nerve stimulation was approved by FDA for the 
treatment cluster and of migraine type of headache in the 
year of 2017.[86] In experimental cerebral ischemia models, 
VNS has been reported to decrease cerebral ischemia 
and disability.[87] However, the data of this treatment for 
clinical practice are insufficient.

Conclusions

The main treatment principles after ischemic stroke 
are recanalization with thrombolytic treatment and/
or mechanical thrombectomy. However, they are 
time‑dependent treatments. Therefore, the minority 
of patients with ischemic stroke are treated with these 
methods. It is evident from the literature that a large 
number of therapeutic agents have in experimental 
studies for the evaluation of neuroprotective effects 
in AIS. Despite these studies, clinically effective 
neuroprotective agents could not be detected. The 
ability to protect the ischemic brain from injury until 
reperfusion and to protect the cerebral tissue from 
ischemia‑reperfusion injury could improve the disability 
in patients with AIS. The investigations continue in the 
world to reduce stroke‑related mortality and disability.
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