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Abstract
Acute ischemic stroke (AIS) is the leading cause of disability worldwide, and recanalization therapy is 
significant in the hyperacute phase of AIS. However, reperfusion injury and hemorrhagic transformation 
after recanalization predict poor prognosis of AIS. How to minimize reperfusion injury and hemorrhagic 
transformation, which greatly improves the prognosis of vascular recanalization, is becoming a hot topic in 
AIS research and an urgent problem to be solved. A wealth of neuroprotective drug studies is now available, 
while some of the neuroprotectants have met with failure in human studies. It is discussed in this review 
about the progress in neuroprotective therapy for AIS based on understanding the pathophysiologic 
mechanisms of reperfusion injury and hemorrhagic transformation, as well as challenges in exploring new 
neuroprotectants.
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Introduction
Acute ischemic stroke (AIS) is defined as the sudden loss of blood flow to an area of the brain with the 
resulting loss of neurological function due to the occlusion of cerebral vessels [1]. The pervasive influence 
of stroke is observed globally. According to The Global Burden of Diseases, Injuries, and Risk Factors Study 
in 2020, there were 11.71 million stroke cases worldwide, of which the incidence of ischemic stroke was 
7.59 million [2]. Stroke is ranked as the second most prevalent factor contributing to disability, resulting in 
a loss of 143 million global disability-adjusted life-years (DALYs) in 2019, of which population attributable 
fraction (PAF) in AIS is 85.7% [3].

Endovascular recanalization remains the primary approach for AIS, encompassing balloon angioplasty, 
stent implantation, intraarterial thrombolysis and thrombectomy upto a 24-hour window for patients with 
disabling AIS. Thrombolysis patients were more likely to have a favorable outcome with modified Rankin 
Scale (mRS) score less than 3 or no or minimal disability at 3 months than placebo [4]. A meta-analysis of 8 
randomized controlled trials showed that mechanical thrombectomy had a better outcome than 
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thrombolysis at 90 days [5]. Nowadays, thrombolysis and/or mechanical thrombectomy are the first choice 
for AIS patients. Furthermore, a subset of clinical investigations and animal trials have demonstrated that 
protracted recanalization therapy (lasting over 24 h or even approaching a month) confers benefits to 
patients, and the relevant mechanisms need further exploration [6, 7].

Hemorrhagic transformation (HT) refers to hemorrhagic infarction subsequent to arterial thrombosis 
and embolism. Autopsy studies have reported an HT rate of 18–42% in AIS [8] and ischemia/reperfusion 
(I/R) injury caused by thrombolysis and mechanical thrombectomy leads to a further increase in the 
incidence of HT [9]. To enhance the efficacy of vascular recanalization, it is imperative to investigate 
neuroprotective interventions aimed at mitigating HT. This article comprehensively reviews the underlying 
mechanisms, current challenges, existing therapies, and potential therapeutic targets for neuroprotective 
treatment for AIS.

Pathophysiologic mechanism of HT in AIS: disruption of blood-brain 
barrier and neurovascular unit
HT in AIS mainly arises from disruption of the blood-brain barrier (BBB) and neurovascular unit (NVU) in 
AIS [8].

BBB, composed of brain endothelial cells, astrocytes, pericytes, neurons, supporting structures 
(microglia, oligodendrocytes), and extracellular matrix (ECM), acts as a selective barrier regulating the 
exchange of substances between the bloodstream and brain parenchyma while preventing the entry of 
harmful substances [10]. NVU encompasses the BBB along with neurons and the surrounding ECM [11], the 
definition of which was proposed by the Stroke Progress Review Group meeting of the National Institute of 
Neurological Disorders and Stroke in 2001, emphasizing the relationship between the brain and vessels 
[12]. During AIS, an ischemic cascade occurs, involving 1) deprivation of oxygen and glucose leading to the 
release of glutamate, which triggers excitotoxic signaling pathways within neurons; 2) the release of 
proinflammatory cytokines exacerbating neuronal injury; 3) the migration of leukocytes to the ischemic 
area promoting to further release of inflammatory cytokines (Figure 1) [13]. These can lead to damage to 
the BBB. The inflammatory factors generated in this process will further lead to the destruction of NVU. 
Therefore, glutamate and inflammatory factor storm at the infarct site can be targets of neuroprotective 
therapy. Furthermore, matrix metalloproteinases (MMPs) are enzymes that degrade protein molecules in 
ECM and crucial molecules in the pathophysiologic process of disruption of BBB. MMP-2, MMP-3, and 
MMP-9 [8, 14] have been confirmed to be involved in the destruction of BBB and NVU. The involvement of 
MMPs in the mechanism of hemorrhagic retransformation makes them a promising therapeutic target.

Pathophysiologic mechanism of I/R injuries after recanalization therapy
Vascular recanalization therapy can destroy BBB and NVU due to the pathophysiologic process of I/R 
injury, leading to an increased incidence of HT. It needs to be acknowledged that even in the presence of I/R 
injury, patients may benefit more from recanalization than from cerebral infarction [4]. However, it 
remains crucial to safeguard brain cells against I/R injury. I/R injury is associated with mitochondrial 
dysfunction, calcium overload, excitotoxicity, oxidative stress, programmed cell death, and 
neuroinflammation [15]. Those pathophysiologic mechanisms are the current focus of neuroprotective 
treatment.

Mitochondrial dysfunction is one of the most important hallmarks in the pathophysiologic process of 
ischemic stroke [16]. Triggered by mitochondrial oxidative stress, Ca2+ overload, dysregulation of iron 
homeostasis, mitochondrial DNA defects, and disruption of mitochondrial quality control (MQC), 
programmed cell death subsequently ensues encompassing apoptosis, pyroptosis, necroptosis, and 
ferroptosis [17]. MQC is a critical process to maintain mitochondrial health and function. A key aspect of 
MQC is mitophagy mediated by mitochondria to remove inactivated or damaged mitochondria [18]. While it 
scavenges damaged mitochondria, effectively enhancing mitophagy can timely eliminate damaged 
mitochondria thereby preventing programmed cell death and reducing I/R damage [19].
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Figure 1. This figure shows important mechanisms of HT: 1) Deprivation of oxygen and glucose leading to the release of 
glutamate, which triggers excitotoxic signaling pathways within neurons; 2) the release of proinflammatory cytokines 
exacerbating neuronal injury; 3) the migration of leukocytes to the ischemic area promoting to further release of inflammatory 
cytokines. This suggests that glutamate, MMPs, oxidative stress, and inflammatory storm are the targets of neuroprotective 
therapies
Note. Neuron schematic reprinted from scidraw.io (https://doi.org/10.5281/zenodo.3925929). CC BY. Epithelial layer schematic 
reprinted from scidraw.io (https://doi.org/10.5281/zenodo.3926185) by Chilton J. CC BY. Astrocyte schematic reprinted from 
scidraw.io (https://doi.org/10.5281/zenodo.3926048) by Chilton J. CC BY.

Neuroinflammation represents an autonomous pathophysiologic process that detrimentally affects the 
integrity of both BBB and NVU. The cardinal feature of neuroinflammation is release of cytokines and 
chemokines by activated microglia, endothelial cells, and astrocytes, which inflict damage upon the BBB 
and augment its permeability. That process will allow monocytes and macrophages to migrate across the 
endothelium [20]. As a result, targeted therapeutic interventions aimed at mitigating microglia activation, 
macrophage infiltration, inflammatory mediators, and cytokines production are promising for developing 
neuroprotective agents.

The assessment of microcirculation dysfunction after recanalization warrants attention. Animal 
experiments have suggested that I/R injury may lead to pericyte impairment, consequently impeding 
microcirculatory restoration and even resulting in the absence of reflow phenomenon [21, 22]. Therefore, 
targeting the restoration of pericyte function and promoting microvascular patency are promising for 
future neuroprotective strategies [23].

Obstacles to investigating neuroprotective therapy
Although preclinical research on neuroprotective therapies is abundant, it remains challenging to translate 
these findings into clinical applications. In the Stroke Treatment Academic Industry Roundtable (STAIR) 
conference, the failure of clinical translation of neuroprotective agents has been attributed to the following 
reasons.

Firstly, the research of neuroprotective treatment needs to change from neuron protection to brain 
protection. Different cells in the NVU respond differently to different stimuli, while researchers may assume 
that all components of the NVU respond similarly when applying brain protective agents. This may partly 
explain the failure of clinical applications of neuroprotective therapies [24]. Therefore, during the STAIR X 
meeting, it was proposed to adopt the concept of brain protection instead of solely focusing on 
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neuroprotection. In the STAIR XI meeting this point was made more explicit and recommended to be taken 
into account in the design of preclinical studies [25, 26].

Secondly, neuroprotective treatment should choose a multi-target and multi-pathway treatment and 
involve all cells of NVU including neurons involved in the ischemic cascade [24].

Additionally, new human-matched animal models are needed for preclinical studies. Most existing 
animal models, particularly rodents, differ from humans in terms of age, thrombosis mode, vascular 
anatomy, living environment, etc. [27]. Therefore, it is crucial to modify animal models and utilize those 
that closely mimic the internal environment of humans. Under the existing circumstances, researchers have 
proposed several strategies. In the beginning, researchers tried to use large mammals instead of the mouse 
model due to their resemblance to humans. However, practical considerations and ethical issues 
significantly hinder their use in experimental studies [28]. In a preclinical investigation of the 
neuroprotective agent NXY-059, middle cerebral artery (MCA) embolization was implemented to instigate 
stroke in monkeys, yielding encouraging outcomes [29]. In large-scale clinical trials of NXY-059, this 
neuroprotective agent demonstrated no notable efficacy in humans [30]. Thus, it becomes evident that even 
primates, beings closely similar to humans, do not entirely replicate the human brain environment. This 
may be due to the differences in anatomical structures and the incongruence between surgery-induced 
stroke and common stroke etiologies. Furthermore, the procedure involved invasive measures that caused 
pain and stress to the animal [28]. Currently, an increasing number of animal models pertinent to AIS are 
being investigated. Wang et al. [31] successfully established three-dimensional cerebral organoids from 
human pluripotent stem cells, which demonstrated similar effects as traditional models. They evaluated 
this new model using recognized neuroprotective drugs such as butylphthalide and edaravone. However, 
the absence of NVU, BBB, and immune cells in cerebral organoids poses a significant hindrance to the 
application of this model. Consequently, it is imperative to explore novel human models for AIS.

Promising neuroprotectants and neuroprotective therapy in AIS
3-N-Butylphthalide

In 2002, the China Food and Drug Administration granted approval for the use of 3-N-Butylphthalide (NBP) 
in treating ischemic stroke, which consists of optical isomers l-NBP, dl-NBP, and d-NBP, which is isolated 
from seeds of Apium graveolens (Chinese celery). The effectiveness of butylphthalide has been validated 
through various clinical trials and animal experiments in alleviating neuroinflammation, preserving 
mitochondrial function, mitigating oxidative stress, and ameliorating BBB impairment [32].

Yan et al. [33] found NBP significantly reduced cerebral infarction size, cell apoptosis, BBB damage, and 
brain edema in mice as a neuroprotective role with I/R injury of MCA occlusion (MCAO) preconditioned. 
Many researchers have investigated the pathways involved in the neuroprotective effects of NBP. Huang et 
al. [34] suggested that early application of butylphthalide alleviated cerebral I/R injury by inhibiting 
mitochondrial high-temperature requirement A2 (HtrA2/Omi)-mediated apoptosis in MCAO rats. Zhan et 
al. [35] proved that NBP exerted a neuroprotective effect on MCAO mice by up-regulating miR-21 level to 
inhibit neuronal apoptosis and reactive oxygen species (ROS) production as well as improve cell 
proliferation activity, which may be associated with the inhibition of Toll-like receptor 4/nuclear factor-
kappa B (TLR4/NF-κB) pathway. NBP also plays a neuroprotective role in clinical studies, improving 
functional outcomes in patients with AIS. Wang et al. [36] conducted a randomized controlled clinical trial 
among patients with AIS receiving intravenous thrombolysis or endovascular therapy. In that study, NBP 
was associated with a higher percentage of patients with favorable functional outcomes at 90 days 
compared with placebo. In summary, the neuroprotective effect of NBP on AIS has been extensively 
confirmed in both animal and human, making it widely used in clinical practice.

Edaravone dexborneol

Edaravone, a low molecular-weighted free radical scavenger, can readily traverse the BBB and effectively 
reduce the production of oxygen free radicals while modulating additional deleterious cascades, such as 
inhibition of lipid oxidation, inhibition of endothelial nitric oxide synthase, and activation of MMP-9 [37, 
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38]. The neuroprotective effects of edaravone are shown in the meta-analysis of randomized controlled 
trials and prospective cohorts on edaravone [39]. Nowadays, an edaravone-containing compound drug, 
edaravone dexborneol, has gained widespread utility in animal and clinical studies. Wu et al. [40] first 
combined borneol, an anti-inflammatory drug, with edaravone in a rat model of transient cerebral 
ischemia-reperfusion. They discovered that this combination exhibited a treatment time window of 6 h and 
significantly improved the damage in a permanent cerebral ischemia-reperfusion model. In terms of the 
study of molecular pathways, Hu et al. [41] showed that edaravone dexborneol effectively suppressed 
nucleotide-binding oligomerization domain-like receptor pyrin domain-containing protein 3 (NLRP3) 
inflammation-induced activation of microglial pyroptosis in experimental ischemic stroke through NF-κB/
NLRP3/gasdermin D (GSDMD) signaling pathway using transient MCAO (tMCAO) mouse model in vivo and 
oxygen-glucose deprivation (OGD) BV2 cell model in vitro. A multi-center, randomized, double-blind, 
controlled phase III trial, Thrombus Aspiration in ST-Elevation Myocardial Infarction in Scandinavia 
(TASTE) trial [42], enrolled 1,165 AIS patients who were randomly assigned to receive either edaravone 
dexborneol or edaravone. The proportion of patients with good functional outcomes at 90 days was 
significantly higher in the edaravone dexborneol group than in the edaravone group [mRS score ≤ 1, 
67.18% vs. 58.97%; odds ratio (OR): 1.42; 95% confidence interval (CI): 1.12 to 1.81; P = 0.004]. Therefore, 
the neuroprotective effect of edaravone dexborneol is more worthy of promotion than edaravone in clinical 
trials. TASTE-III, a randomized, controlled trial has been completed evaluating the efficacy and safety of 
edaravone dexborneol in patients with AIS undergoing reperfusion therapy, and the results are pending. In 
addition to edaravone dexborneol, oral administration of edaravone [43] and edaravone ionic liquid [44] 
have also been proven to have good anti-oxidative free radicals and reduce I/R injury in animal 
experiments. In conclusion, edaravone dexborneol is a neuroprotective agent with relatively sufficient 
clinical research data.

Agents associated with glucose metabolism—glucagon-like peptide-1 and insulin-like growth 
factor-1

Glucagon-like peptide-1 (GLP-1) is a multifunctional polypeptide that activates GLP-1 receptor (GLP-1R), 
playing a crucial role in neuroprotection [45]. Numerous animal studies have confirmed the significance of 
GLP-1/GLP-1R as key molecules for neuroprotection, particularly beneficial for AIS patients with diabetes. 
The neuroprotective effects of GLP-1/GLP-1R primarily involve reducing neuroinflammation, and MMP-9 to 
reduce BBB damage, oxidative stress, cell excitability, cell apoptosis, and pyroptosis [46–48].

Insulin-like growth factor-1 (IGF-1) induces various neuroprotective activities through the activation 
of phosphoinositide 3-kinases/protein kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) and 
mitogen-activated protein kinase (MAPK) pathways [49, 50]. MicroRNA (miRNA) analysis conducted by 
Bake et al. [51] revealed that IGF-1 significantly downregulated the PI3K/Akt signaling pathway, cell 
adhesion/endothelial stromal cell receptor pathway, T and B cell signaling pathway, and cytokines storm 
and inflammatory factors. This implies that IGF-1 exerts neuroprotective effects mainly by protecting the 
BBB and inhibiting neuroinflammation. The above are neuroprotective drugs related to glucose 
metabolism.

The two categories of medications are extensively utilized in clinical practice, particularly for 
individuals diagnosed with diabetes. Although no randomized clinical controlled trials investigating the 
aforementioned drugs’ neuroprotective effects have been officially published yet, we anticipate their 
promising prospects for AIS patients in future research.

Traditional Chinese medicine

Traditional Chinese medicine (TCM), derived from natural extracts and analogs of herbs, is now widely 
employed in animal studies, clinical research, and clinical practice of AIS due to its multi-target, multi-
pathway, and wide range of effects containing anti-oxidative, anti-apoptotic, anti-neuroinflammatory, and 
neuromodulatory effects [10, 52]. A review conducted in 2022 on the neuroprotective effects of TCM [53] 
classified the natural compounds of TCM into glycosides (astragaloside IV, gastrodin, ginsenoside Rg1, and 
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salidroside), flavonoids (baicalin, icariin, puerarin, and breviscapine), phenols (resveratrol, curcumin, and 
salvianolic acid B), and terpenes (ginkgolide B and catalpol). The targets of TCM are numerous and not fully 
elucidated. In preclinical studies, a natural compound can exert its neuroprotective effects through different 
mechanisms. For instance, astragaloside IV, a natural compound extracted from Astragalus, showed 
neuroprotective effects through calcium-sensing-receptor-mediated apoptosis. Apart from these natural 
compounds, we can also see the neuroprotective effects of many TCM prescriptions, such as Tongxinluo 
[54], XingNaoJing [55], Gualou Guizhi decoction [56], Tao Hong Si Wu decoction [57], etc. in those 
preclinical studies. In clinical trials, Zhang et al. [58] conducted a randomized clinical trial to validate the 
efficacy and safety of ginkgo diterpene lactone. In conclusion, TCM still has great therapeutic potential. 
Further exploration regarding their molecular mechanisms is challenging.

Nerinetide

Nerinetide (NA-1) is a polypeptide that interferes with postsynaptic density protein 95 (PSD-95) and 
reduces the interaction between PSD-95 and neuronal nitric oxide synthase, thereby reducing nitric oxide 
radical production and its mediated cell death [59]. In the preclinical model of ischemic stroke, it has shown 
promise in reducing infarct size during cerebral ischemia-reperfusion and improving functional prognosis 
[60]. However, in a large randomized controlled trial (ESCAPE-NA1) [61] published in 2020, the rate of 
favorable functional outcome at 90 days in patients undergoing endovascular thrombectomy was not 
significantly different with NA-1 compared with the control group, which represented a failure of clinical 
translation. In the case of utilizing experimental models similar to humans in preclinical research, the 
failure of clinical translation not only indicates that we need to find a preclinical model that is more suitable 
for humans but also motivates us to look for multi-target and multi-pathway neuroprotective drugs. 
Previous observational studies have demonstrated a positive association between NA-1 and favorable 
patient outcomes in those not receiving recombinant tissue-type plasminogen activator (rt-PA) [61], thus 
highlighting the need for further clinical investigations on NA-1.

Potential therapeutic agents targeting NVU

As mentioned above, MMPs are a class of molecules associated with BBB damage. Consequently, anti-MMP 
molecules have emerged as an important therapeutic strategy for combating hemorrhagic retransformation 
in AIS. Ji et al. [62] explored the therapeutic potential of an immunoglobulin G (IgG) monoclonal antibody 
with neutralizing specificity for MMP-9, which significantly attenuated BBB disruption in the stroke model.

Osteopontin is another molecule that has been identified in NVU studies. Spitzer et al. [63] established 
an NVU transcript database and found that osteopontin was highly upregulated in all NVU cell types at 24 h 
after ischemic stroke. Targeted therapy with subcutaneous injection of anti-osteopontin antibody could 
neutralize the expression of osteopontin in NVU cells after ischemic stroke in mice, thereby ensuring the 
integrity of the NVU and reducing the risk of hemorrhagic retransformation. The aforementioned two 
agents are currently undergoing preclinical investigations exclusively, with a specific focus on the NVU, 
exhibiting substantial therapeutic potential as neuroprotective agents.

Ferrostatin-1

Ferroptosis has recently been increasingly recognized as an important mechanism of pathological cell death 
during stroke. Ferrostatin-1 [64] and its analog, Srs11-92 [65], can improve oxidative stress and 
neuroinflammation following cerebral I/R injury, potentially serving as novel targets for neuroprotection.

Sevoflurane

Sevoflurane, one of the most commonly used anesthetics, exerts a protective effect on cerebral I/R injury 
[66]. Currently, the research on sevoflurane is mainly reflected in the control of neuroinflammation and the 
inhibition of apoptosis. Yang et al. [67] demonstrated that sevoflurane can reduce neuronal apoptosis by 
mediating the E2F transcription factor 1/enhancer of zeste homolog 2/tissue inhibitor of 
metalloproteinases 2 (E2F1/EZH2/TIMP2) regulation axis, thereby protecting rats from brain I/R injury. 
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Lyu et al. [66] found that sevoflurane could inhibit ferroptosis of cells through the specificity protein 1/
acyl-CoA synthetase long chain family member 4 (SP1/ACSL4)-pathway.

Clomethiazole

Clomethiazole, derived from thiazole moiety of thiamine, exerts its neuroprotective effects by activating 
gamma-aminobutyric acid (GABA) receptors [68]. In the clomethiazole acute stroke study (CLASS), a 
randomized, controlled trial of clomethiazole in 1,360 acute stroke patients, its efficacy was not 
significantly different from that of the placebo group [69]. Nevertheless, in the subgroup analysis of large 
stroke, a treatment effect was observed with clomethiazole, as reflected in an increase of Barthel index in 
proportion to 40.8%, with a relative benefit of 37% compared with placebo [70]. And it shows good safety 
in clinical application [71].

Substance P

Substance P, a neuropeptide consisting of 11 amino acids, has been demonstrated to promote the 
peripheral mobilization of bone marrow mesenchymal stem cells (MSCs) and monocyte/macrophage 
polarization in various acute and chronic tissue injuries. This peptide has exhibited promising 
neuroprotective effects in animal studies. Using a rat model of AIS induced by tMCAO, our research team 
observed that rats treated with substance P exhibited a 3-fold reduction in mortality rates and a 40% 
decrease in cerebral infarct volumes compared to those administered saline. Furthermore, substance P 
augmented the expression of neuroprotective and anti-inflammatory genes in the ischemic brain, and 
induced neuronal survival in the brain penumbra. This led to the preservation of the BBB in ischemic brain 
tissue [72]. More clinical studies are needed to further explore the neuroprotective effect of substance P.

Stem cells

Stem cells possess the ability to regenerate into new cells and differentiate into different cells. In 
neuroprotective therapy, they not only have the potential to replace damaged cells and tissues but also 
create a supportive microenvironment for neurogenesis, release of neurotrophic factors, and restoration of 
mitochondrial function [73]. Recent studies have focused on different types of stem cells including MSCs, 
neural stem cells (NSCs), and hair follicle stem cells. Among these, MSCs have been extensively investigated 
in preclinical and clinical research due to their capacity to mitigate oxidative stress, produce cytokines and 
extracellular vesicles that inhibit proinflammatory cytokines and inflammatory cell activation, suppress 
pyroptosis, as well as reduce BBB permeability [74]. Ha et al. [75] verified that adult human NSCs can 
significantly reduce tissue and neural function loss, which is mediated through its paracrine 
neuroprotective and proangiogenic activities through the Janus kinase 2/signal transducer and activator of 
transcription 3 (JAK2/STAT3) signaling pathway. In a 2023 preclinical study, Tang et al. [76] verified for 
the first time that hepatocyte growth factor-modified hair follicle stem cells could alleviate I/R injury and 
promote neurological function recovery by inhibiting inflammatory response, protecting the BBB, and 
promoting angiogenesis. At present, the sample size of patients in the clinical research of stem cells is small, 
and the clinical evidence is insufficient. For MSCs, there is a randomized controlled trial including twenty 
patients presenting AIS, which suggested fewer neurological complications, including cerebral edema and 
hemorrhagic retransformation [77]. For NSCs, an open-label, single-center, dose-escalation study was 
conducted and eleven men with chronic ischemia stroke were included, in which NSCs were found to cause 
no adverse events and were associated with improvement in neurological function [78]. Moreover, further 
investigation is required regarding immune responses induced by stem cell transplantation as well as 
optimal delivery methods for effective application [73, 79, 80]. Nonetheless, stem cell therapy holds 
promise as a potential future direction for neuroprotective treatment in AIS.

miRNA

miRNA is a class of small non-coding RNA molecules, ranging in length from 19 to 24 nucleotides, which 
plays a key role in biological processes by regulating the expression of messenger RNA. Numerous studies 
have demonstrated alterations in miRNA expression following AIS, suggesting their potential involvement 
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in the pathophysiologic mechanisms underlying this condition. Modulating miRNA regulation may offer 
protective effects on the BBB and mitigate I/R injury [81].

The present study, as depicted in Table 1, provides a comprehensive overview of miRNA investigations 
conducted within the past three years. Notably, all these studies are preclinical and involve experimental 
animal models, encompassing diverse pathways and targets. However, as their role in the psychopathology 
of AIS is uncertain, the development of neuroprotective agents against them is currently not a priority. 
Further exploration through both preclinical and clinical trials is needed to fully elucidate the potential of 
miRNA as a neuroprotective therapeutic strategy.

Table 1. Recent miRNA-related studies in AIS

Types Year Abstract Reference
miR-20a-3p 2022 Identify the neuroprotective effect of miR-20a-3p based on the astrocytes [82]
miR-126a-5p 2021 miR-126a-5p is a novel potential target for ischemic stroke therapy due to its protection 

against cerebral I/R injury via directly targeting nicotinamide adenine dinucleotide phosphate 
oxidase 2 (NOX2)

[83]

miR-190 2021 miR-190 confers protection against brain I/R injury by modulating Rho/Rho-kinase signaling [84]
miR-30c 2020 miR-30c can improve the pathological damage of rats with I/R injury and plays a 

neuroprotective role both in vivo and in vitro by targeting SRY-box transcription factor 9 
(SOX9)

[85]

miR-22 2020 miR-22 exerts its neuroprotective and angiogenic functions via the PI3K/Akt signaling 
pathway, at least partly, in rats under cerebral ischemia-reperfusion

[86]

miR-1202 2020 miR-1202 exerts a neuroprotective effect by negatively regulating its target protein Rab1a, 
which can inactivate TLR4/NF-κB-involved inflammatory signaling pathway in OGD/
reoxygenation (R) induced human microglia (HM) cells

[87]

miR-532-5p 2020 These findings reveal that miR-532-5p protects against ischemic stroke by inhibiting 
phosphatase and tensin homolog (PTEN) and activating the PI3K/Akt signaling pathway 
stroke

[88]

miR-18b 2020 These data indicate that miR-18b protects against cerebral I/R injury by inhibiting annexin 
A3 (ANXA3) and activating PI3K/Akt pathway

[89]

miR-219a-5p 2020 Upregulation of miR-219a-5p decreases cerebral I/R injury by targeting phosphodiesterase 
4D (Pde4d) in vitro

[90]

miR-193b-3p 2020 miR-193b-3p has a potentially neuroprotective effect on focal cerebral I/R injury by inhibiting 
5-lipoxygenase (5-LOX) expression

[91]

Physical therapy

In addition to neuroprotective drugs and molecules, many physical therapies have shown neuroprotective 
effects in AIS patients through preclinical and clinical studies.

Therapeutic hypothermia

Therapeutic hypothermia (TH) is one of them. Kim et al. [92] utilized a mouse model of stroke and 
reperfusion to propose that TH at temperatures of 33°C or 36°C exhibited neuroprotective properties by 
mitigating cell death and modulating microglial activation and polarization. Similarly, Hong et al. [93] 
conducted an open-label prospective study involving 75 patients with AIS in the anterior circulation who 
achieved successful recanalization. Patients who received a mild hypothermia regimen were compared 
with guideline-directed care without hypothermia. There was less cerebral edema and HT in the mild 
hypothermia group, thus suggesting a correlation between TH and clinical outcomes in AIS. This clinical 
study, although prospective, is not a randomized controlled trial. In conclusion, TH has been found to have 
neuroprotective effects in animal experiments and is also relevant to neuroprotection in clinical practice. 
However, there remains a dearth of reliable clinical trials, and the optimal approach for implementing 
systemic or local hypothermia remains uncertain [94].

Electroacupuncture

Electroacupuncture (Ea) is a kind of auxiliary treatment of TCM through electrical stimulation of acupoints. 
Many preclinical studies have indicated that Ea exhibits neuroprotective effects by anti-apoptosis and 
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reduction of neuroinflammation, mediated by the p38 MAPK pathway, TLR4/NF-κB pathway, and PI3K/Akt 
pathway [95–99]. Currently, the majority of studies on Ea primarily consist of preclinical research, with a 
limited number of clinical studies. However, there remains a lack of high-quality clinical research to bolster 
its credibility.

Oxygen therapy

Oxygen therapy is also one of the important treatments for neuroprotection. Qi et al. [100] established a rat 
model of I/R injury and subsequently administered normobaric hyperoxia as a therapeutic intervention. 
The rat model treated with normobaric hyperbaric oxygen maintained the homeostasis of glutathione 
peroxidase 4 and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 and the level of 
connexin43 in astrocytes, thereby preserving the stability of the BBB and safeguarding mitochondrial 
function.

In addition, studies on the neuroprotective effects of neuromodulation therapies are also ongoing. 
Some preclinical studies have shown that near-infrared ultrasound [89], transcranial direct current 
stimulation [101, 102], and low intensity pulsed ultrasound [103] are related to reducing ischemia-
reperfusion and hemorrhagic retransformation and have a certain protective effect on AIS mice.

Transient ischemic attacks and remote ischemic conditioning

Transient ischemic attack (TIA), a transient impairment of brain or retinal nerve function resulting from 
localized ischemia, manifests as corresponding symptoms and signs at the site of ischemia. Some animal 
and clinical investigations imply that individuals with a history of TIA tend to exhibit superior functional 
outcomes post-stroke in comparison to those without any prior history of TIA. Tsai et al. [104] successfully 
developed a TIA mouse model and corroborated that the occurrence of TIA within 24 h was positively 
correlated with neurological recovery in rats. In a prospective study of 1,269 patients with nonlacunar 
stroke, 21.7% of those with a history of TIA had a favorable outcome, compared with 15% of those without 
a history of TIA [105]. The difference was statistically significant. The findings of this study imply that TIA 
might possess neuroprotective properties by eliciting ischemic tolerance. In another clinical study involving 
887 AIS patients treated with endovascular thrombectomy, TIA occurring within 96 h before symptom 
onset was independently associated with 3-month functional outcomes but not with a reduction of severity 
of stroke [106]. In light of this, several researchers have endeavored to investigate the neuroprotective 
properties of ischemic preconditioning. Remote ischemic conditioning (RIC) refers to restricting blood flow 
into the limb and then releasing blood into the ischemic site to promote neuroprotection. The 
neuroprotective impact of RIC on stroke remains inconclusive in clinical practice [107]. To further explore 
this phenomenon, investigation into additional mechanisms and treatment methods is needed.

Annotations on neuroprotective agents
Given the limitations and complexity of stroke treatment, particularly drug delivery across the BBB, there is 
increasing interest in vectors that cross the BBB. Intranasal delivery of nanoparticles and apoptotic vesicles 
induced by stem cells is now under investigation to increase the dose of neuroprotective drugs across the 
BBB [108, 109].

Combining multiple neuroprotective drugs or treatments often yields superior outcomes compared to 
single-agent approaches. The challenging intracranial microenvironment during ischemia poses difficulties 
for the survival of MSCs. Li et al. [110] combined anti-inflammatory curcumin with MSCs in rats with I/R 
injury. The researchers demonstrated that this combined treatment mediated anti-inflammatory microglial 
polarization through the Akt/glycogen synthase kinase-3 beta (GSK-3β)/beta-transducin repeat containing 
protein (β-TrCP)/nuclear factor erythroid 2-related factor 2 (Nrf2) axis. The anti-inflammatory and anti-
oxidative stress effects were significantly improved compared with a single drug, ultimately leading to 
improved neurological function following AIS (Figure 2).
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Figure 2. Promising neuroprotectants and neuroprotective therapy involved in AIS and its mechanism
Note. Brain schematic reprinted from scidraw.io (https://doi.org/10.5281/zenodo.3925989) by Chilton J. CC BY.

Limitations
This review has limitations. First, the evidence described in this article was current at the time of the 
search. Second, there are many types and mechanisms of neuroprotective therapies, and they are under 
investigation. This article cannot review all neuroprotective therapies. Third, some neuroprotective 
treatments lack higher-quality experimental and clinical evidence.

Conclusions
The neuroprotective treatment of AIS mainly targets ischemic cascades, such as mitochondrial dysfunction, 
oxidative stress injury, neuroinflammation, and programmed cell death processes including apoptosis, 
pyroptosis, and ferroptosis. To date, few neuroprotective agents have been used clinically due to the huge 
discrepancy between the results of animal studies and clinical trials. However, with further understanding 
of the pathophysiologic mechanisms underlying ischemic brain injury, combining neuroprotective methods 
and blood flow reconstruction, developing multi-targeted drugs, protecting various nerve cells in the NVU 
instead of single neuron protection, optimizing clinical trial protocols, and improving the efficiency of drug 
delivery into the central nervous system by biomaterials or stem cells, etc., will be the direction of future 
research on neuroprotective agents.

Abbreviations
AIS: acute ischemic stroke

Akt: protein kinase B

BBB: blood-brain barrier

Ea: electroacupuncture

ECM: extracellular matrix

GLP-1: glucagon-like peptide-1

GLP-1R: glucagon-like peptide-1 receptor

https://doi.org/10.5281/zenodo.3925989
https://doi.org/10.5281/zenodo.3925989
https://doi.org/10.5281/zenodo.3925989
https://doi.org/10.5281/zenodo.3925989


Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 65

HT: hemorrhagic transformation

I/R: ischemia/reperfusion

IGF-1: insulin-like growth factor-1

MCAO: middle cerebral artery occlusion

miRNA: microRNA

MMPs: matrix metalloproteinases

MQC: mitochondrial quality control

MSCs: mesenchymal stem cells

NA-1: nerinetide

NBP: 3-N-Butylphthalide

NF-κB: nuclear factor-kappa B

NSCs: neural stem cells

NVU: neurovascular unit

PI3K: phosphoinositide 3-kinases

STAIR: Stroke Treatment Academic Industry Roundtable

TCM: traditional Chinese medicine

TH: therapeutic hypothermia

TIA: transient ischemic attack

TLR4: Toll-like receptor 4

Declarations
Acknowledgments

The authors would like to express their gratitude to the respective authors and scidraw.io for generously 
providing the original figure material in this article.

Author contributions

YY: Investigation, Writing—original draft. DG: Investigation, Writing—review & editing. Y Liu: 
Writing—review & editing, Validation, Supervision. Y Li: Conceptualization, Writing—review & editing, 
Validation, Supervision.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 66

Funding

Not applicable.

Copyright

© The Author(s) 2024.

References
Phipps MS, Cronin CA. Management of acute ischemic stroke. BMJ. 2020;368:l6983.1.     
Tsao CW, Aday AW, Almarzooq ZI, Anderson CAM, Arora P, Avery CL, et al.; American Heart 
Association Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics 
Subcommittee. Heart Disease and Stroke Statistics—2023 Update: a report from the American Heart 
Association. Circulation. 2023;147:e93–621.

2.     

Saini V, Guada L, Yavagal DR. Global epidemiology of stroke and access to acute ischemic stroke 
interventions. Neurology. 2021;97:S6–16.

3.     

Mendelson SJ, Prabhakaran S. Diagnosis and management of transient ischemic attack and acute 
ischemic stroke: a review. JAMA. 2021;325:1088–98.

4.     

Chen CJ, Ding D, Starke RM, Mehndiratta P, Crowley RW, Liu KC, et al. Endovascular vs medical 
management of acute ischemic stroke. Neurology. 2015;85:1980–90.

5.     

Li D, Lian L, Huang L, Gamdzyk M, Huang Y, Doycheva D, et al. Delayed recanalization reduced 
neuronal apoptosis and neurological deficits by enhancing liver-derived trefoil factor 3-mediated 
neuroprotection via LINGO2/EGFR/Src signaling pathway after middle cerebral artery occlusion in 
rats. Exp Neurol. 2024;371:114607.

6.     

Kang R, Gamdzyk M, Tang H, Luo Y, Lenahan C, Zhang JH. Delayed recanalization—How late is not 
too late? Transl Stroke Res. 2021;12:382–93.

7.     

Hong JM, Kim DS, Kim M. Hemorrhagic transformation after ischemic stroke: mechanisms and 
management. Front Neurol. 2021;12:703258.

8.     

Warach S, Latour LL. Evidence of reperfusion injury, exacerbated by thrombolytic therapy, in human 
focal brain ischemia using a novel imaging marker of early blood-brain barrier disruption. Stroke. 
2004;35:2659–61.

9.     

Li Y, Zhong W, Jiang Z, Tang X. New progress in the approaches for blood-brain barrier protection in 
acute ischemic stroke. Brain Res Bull. 2019;144:46–57.

10.     

Nian K, Harding IC, Herman IM, Ebong EE. Blood-brain barrier damage in ischemic stroke and its 
regulation by endothelial mechanotransduction. Front Physiol. 2020;11:605398.

11.     

Iadecola C. The neurovascular unit coming of age: a journey through neurovascular coupling in 
health and disease. Neuron. 2017;96:17–42.

12.     

Fisher M, Savitz SI. Pharmacological brain cytoprotection in acute ischaemic stroke — renewed hope 
in the reperfusion era. Nat Rev Neurol. 2022;18:193–202.

13.     

Chaturvedi M, Kaczmarek L. MMP-9 inhibition: a therapeutic strategy in ischemic stroke. Mol 
Neurobiol. 2014;49:563–73.

14.     

Jurcau A, Ardelean IA. Molecular pathophysiological mechanisms of ischemia/reperfusion injuries 
after recanalization therapy for acute ischemic stroke. J Integr Neurosci. 2021;20:727–44.

15.     

Carinci M, Vezzani B, Patergnani S, Ludewig P, Lessmann K, Magnus T, et al. Different roles of 
mitochondria in cell death and inflammation: focusing on mitochondrial quality control in ischemic 
stroke and reperfusion. Biomedicines. 2021;9:169.

16.     

She R, Liu D, Liao J, Wang G, Ge J, Mei Z. Mitochondrial dysfunctions induce PANoptosis and 
ferroptosis in cerebral ischemia/reperfusion injury: from pathology to therapeutic potential. Front 
Cell Neurosci. 2023;17:1191629.

17.     



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 67

Lou G, Palikaras K, Lautrup S, Scheibye-Knudsen M, Tavernarakis N, Fang EF. Mitophagy and 
neuroprotection. Trends Mol Med. 2020;26:8–20.

18.     

Shen L, Gan Q, Yang Y, Reis C, Zhang Z, Xu S, et al. Mitophagy in cerebral ischemia and ischemia/
reperfusion injury. Front Aging Neurosci. 2021;13:687246.

19.     

Var SR, Shetty AV, Grande AW, Low WC, Cheeran MC. Microglia and macrophages in neuroprotection, 
neurogenesis, and emerging therapies for stroke. Cells. 2021;10:3555.

20.     

Yemisci M, Gursoy-Ozdemir Y, Vural A, Can A, Topalkara K, Dalkara T. Pericyte contraction induced 
by oxidative-nitrative stress impairs capillary reflow despite successful opening of an occluded 
cerebral artery. Nat Med. 2009;15:1031–7.

21.     

Deng G, Chu YH, Xiao J, Shang K, Zhou LQ, Qin C, et al. Risk factors, pathophysiologic mechanisms, 
and potential treatment strategies of futile recanalization after endovascular therapy in acute 
ischemic stroke. Aging Dis. 2023;14:2096–112.

22.     

Zhang L, Zhang ZG, Chopp M. The neurovascular unit and combination treatment strategies for 
stroke. Trends Pharmacol Sci. 2012;33:415–22.

23.     

Lyden P, Buchan A, Boltze J, Fisher M; STAIR XI Consortium. Top Priorities for cerebroprotective 
studies—a paradigm shift: report from STAIR XI. Stroke. 2021;52:3063–71.

24.     

Savitz SI, Baron JC, Fisher M; STAIR X Consortium. Stroke Treatment Academic Industry Roundtable 
X: Brain Cytoprotection therapies in the reperfusion era. Stroke. 2019;50:1026–31.

25.     

Lyden PD. Cerebroprotection for acute ischemic stroke: looking ahead. Stroke. 2021;52:3033–44.26.     
Fluri F, Schuhmann MK, Kleinschnitz C. Animal models of ischemic stroke and their application in 
clinical research. Drug Des Devel Ther. 2015;9:3445–54.

27.     

Narayan SK, Grace Cherian S, Babu Phaniti P, Babu Chidambaram S, Rachel Vasanthi AH, Arumugam 
M. Preclinical animal studies in ischemic stroke: challenges and some solutions. Animal Model Exp 
Med. 2021;4:104–15.

28.     

Marshall JW, Duffin KJ, Green AR, Ridley RM. NXY-059, a free radical–trapping agent, substantially 
lessens the functional disability resulting from cerebral ischemia in a primate species. Stroke. 2001;
32:190–8.

29.     

Shuaib A, Lees KR, Lyden P, Grotta J, Davalos A, Davis SM, et al.; SAINT II Trial Investigators. NXY-059 
for the treatment of acute ischemic stroke. N Engl J Med. 2007;357:562–71.

30.     

Wang SN, Wang Z, Wang XY, Zhang XP, Xu TY, Miao CY. Humanized cerebral organoids-based 
ischemic stroke model for discovering of potential anti-stroke agents. Acta Pharmacol Sin. 2023;44:
513–23.

31.     

Zhang Y, Ren Y, Chen X, Deng S, Lu W. Role of butylphthalide in immunity and inflammation: 
Butylphthalide may be a potential therapy for anti-inflammation and immunoregulation. Oxid Med 
Cell Longev. 2022;2022:7232457.

32.     

Yan RY, Wang SJ, Yao GT, Liu ZG, Xiao N. The protective effect and its mechanism of 3-n-
butylphthalide pretreatment on cerebral ischemia reperfusion injury in rats. Eur Rev Med 
Pharmacol Sci. 2017;21:5275–82.

33.     

Huang S, He Q, Sun X, Qu Y, Abuduxukuer R, Ren J, et al. DL-3-n-butylphthalide attenuates cerebral 
ischemia-reperfusion injury by inhibiting mitochondrial Omi/HtrA2-mediated apoptosis. Curr 
Neurovasc Res. 2023;20:101–11.

34.     

Zhan L, Pang Y, Jiang H, Zhang S, Jin H, Chen J, et al. Butylphthalide inhibits TLR4/NF-κB pathway by 
upregulation of miR-21 to have the neuroprotective effect. J Healthc Eng. 2022;2022:4687349.

35.     

Wang A, Jia B, Zhang X, Huo X, Chen J, Gui L, et al.; BAST Investigators. Efficacy and safety of 
butylphthalide in patients with acute ischemic stroke: a randomized clinical trial. JAMA Neurol. 
2023;80:851–9.

36.     

Paul S, Candelario-Jalil E. Emerging neuroprotective strategies for the treatment of ischemic stroke: 
an overview of clinical and preclinical studies. Exp Neurol. 2021;335:113518.

37.     



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 68

Ren Y, Wei B, Song X, An N, Zhou Y, Jin X, et al. Edaravone’s free radical scavenging mechanisms of 
neuroprotection against cerebral ischemia: review of the literature. Int J Neurosci. 2015;125:555–65.

38.     

Zhao K, Li GZ, Nie LY, Ye XM, Zhu GY. Edaravone for acute ischemic stroke: a systematic review and 
meta-analysis. Clin Ther. 2022;44:E29–38.

39.     

Wu HY, Tang Y, Gao LY, Sun WX, Hua Y, Yang SB, et al. The synergetic effect of edaravone and borneol 
in the rat model of ischemic stroke. Eur J Pharmacol. 2014;740:522–31.

40.     

Hu R, Liang J, Ding L, Zhang W, Liu X, Song B, et al. Edaravone dexborneol provides neuroprotective 
benefits by suppressing NLRP3 inflammasome-induced microglial pyroptosis in experimental 
ischemic stroke. Int Immunopharmacol. 2022;113:109315.

41.     

Xu J, Wang A, Meng X, Yalkun G, Xu A, Gao Z, et al.; TASTE Trial Investigators. Edaravone dexborneol 
versus edaravone alone for the treatment of acute ischemic stroke: a phase III, randomized, double-
blind, comparative trial. Stroke. 2021;52:772–80.

42.     

Zhao LQ, Parikh A, Xiong YX, Ye QY, Ying-Guo, Zhou XF, et al. Neuroprotection of oral edaravone on 
middle cerebral artery occlusion in rats. Neurotox Res. 2022;40:995–1006.

43.     

Fukuta T, Ikeda-Imafuku M, Iwao Y. Development of edaravone ionic liquids and their application for 
the treatment of cerebral ischemia/reperfusion injury. Mol Pharm. 2023;20:3115–26.

44.     

Zhang L, Zhang W, Tian X. The pleiotropic of GLP-1/GLP-1R axis in central nervous system diseases. 
Int J Neurosci. 2023;133:473–91.

45.     

Vergès B, Aboyans V, Angoulvant D, Boutouyrie P, Cariou B, Hyafil F, et al. Protection against stroke 
with glucagon-like peptide-1 receptor agonists: a comprehensive review of potential mechanisms. 
Cardiovasc Diabetol. 2022;21:242.

46.     

Yang L, Cheng J, Shi G, Zhang C, Du Y, Chen L, et al. Liraglutide ameliorates cerebral ischemia in mice 
via antipyroptotic pathways. Neurochem Res. 2022;47:1904–16.

47.     

Abdel-Latif RG, Heeba GH, Taye A, Khalifa MMA. Lixisenatide, a novel GLP-1 analog, protects against 
cerebral ischemia/reperfusion injury in diabetic rats. Naunyn Schmiedebergs Arch Pharmacol. 2018;
391:705–17.

48.     

Gong P, Zou Y, Zhang W, Tian Q, Han S, Xu Z, et al. The neuroprotective effects of Insulin-Like Growth 
Factor 1 via the Hippo/YAP signaling pathway are mediated by the PI3K/AKT cascade following 
cerebral ischemia/reperfusion injury. Brain Res Bull. 2021;177:373–87.

49.     

Ge L, Liu S, Rubin L, Lazarovici P, Zheng W. Research progress on neuroprotection of insulin-like 
growth factor-1 towards glutamate-induced neurotoxicity. Cells. 2022;11:666.

50.     

Bake S, Selvamani A, Cherry J, Sohrabji F. Blood brain barrier and neuroinflammation are critical 
targets of IGF-1-mediated neuroprotection in stroke for middle-aged female rats. PLoS One. 2014;9:
e91427.

51.     

Zhang B, Saatman KE, Chen L. Therapeutic potential of natural compounds from Chinese medicine in 
acute and subacute phases of ischemic stroke. Neural Regen Res. 2020;15:416–24.

52.     

Zhu T, Wang L, Wang LP, Wan Q. Therapeutic targets of neuroprotection and neurorestoration in 
ischemic stroke: applications for natural compounds from medicinal herbs. Biomed Pharmacother. 
2022;148:112719.

53.     

Liu Y, Tang GH, Sun YH, Lin XJ, Wei C, Yang GY, et al. The protective role of Tongxinluo on blood-
brain barrier after ischemia-reperfusion brain injury. J Ethnopharmacol. 2013;148:632–9.

54.     

Zhang YM, Qu XY, Tao LN, Zhai JH, Gao H, Song YQ, et al. XingNaoJing injection ameliorates cerebral 
ischaemia/reperfusion injury via SIRT1-mediated inflammatory response inhibition. Pharm Biol. 
2020;58:16–24.

55.     

Zhang Y, Cao Y, Li Y, Xiao L, Xu W, Xu W, et al. Gualou Guizhi decoction promotes therapeutic 
angiogenesis via the miR210/HIF/VEGF pathway in vivo and in vitro. Pharm Biol. 2023;61:779–89.

56.     



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 69

Li L, Yang N, Nin L, Zhao Z, Chen L, Yu J, et al. Chinese herbal medicine formula Tao Hong Si Wu 
decoction protects against cerebral ischemia-reperfusion injury via PI3K/Akt and the Nrf2 signaling 
pathway. J Nat Med. 2015;69:76–85.

57.     

Zhang Q, Wang A, Xu Q, Xia X, Tian X, Zhang Y, et al.; GDLM group. Efficacy and safety of ginkgo 
diterpene lactone meglumine in acute ischemic stroke: a randomized clinical trial. JAMA Netw Open. 
2023;6:e2328828.

58.     

Ballarin B, Tymianski M. Discovery and development of NA-1 for the treatment of acute ischemic 
stroke. Acta Pharmacol Sin. 2018;39:661–8.

59.     

Cook DJ, Teves L, Tymianski M. Treatment of stroke with a PSD-95 inhibitor in the gyrencephalic 
primate brain. Nature. 2012;483:213–7.

60.     

Hill MD, Goyal M, Menon BK, Nogueira RG, McTaggart RA, Demchuk AM, et al.; ESCAPE-NA1 
Investigators. Efficacy and safety of nerinetide for the treatment of acute ischaemic stroke (ESCAPE-
NA1): a multicentre, double-blind, randomised controlled trial. Lancet. 2020;395:878–87.

61.     

Ji Y, Gao Q, Ma Y, Wang F, Tan X, Song D, et al. An MMP-9 exclusive neutralizing antibody attenuates 
blood-brain barrier breakdown in mice with stroke and reduces stroke patient-derived MMP-9 
activity. Pharmacol Res. 2023;190:106720.

62.     

Spitzer D, Guérit S, Puetz T, Khel MI, Armbrust M, Dunst M, et al. Profiling the neurovascular unit 
unveils detrimental effects of osteopontin on the blood-brain barrier in acute ischemic stroke. Acta 
Neuropathol. 2022;144:305–37.

63.     

Liu X, Du Y, Liu J, Cheng L, He W, Zhang W. Ferrostatin-1 alleviates cerebral ischemia/reperfusion 
injury through activation of the AKT/GSK3β signaling pathway. Brain Res Bull. 2023;193:146–57.

64.     

Chen Y, He W, Wei H, Chang C, Yang L, Meng J, et al. Srs11-92, a ferrostatin-1 analog, improves 
oxidative stress and neuroinflammation via Nrf2 signal following cerebral ischemia/reperfusion 
injury. CNS Neurosci Ther. 2023;29:1667–77.

65.     

Lyu N, Li X. Sevoflurane postconditioning attenuates cerebral ischemia-reperfusion injury by 
inhibiting SP1/ACSL4-mediated ferroptosis. Hum Exp Toxicol. 2023;42:9603271231160477.

66.     

Yang L, Chen H, Guan L, Xu Y. Sevoflurane offers neuroprotection in a cerebral ischemia/reperfusion 
injury rat model through the E2F1/EZH2/TIMP2 regulatory axis. Mol Neurobiol. 2022;59:2219–31.

67.     

Green AR. Clomethiazole (Zendra®) in acute ischemic stroke: basic pharmacology and biochemistry 
and clinical efficacy. Pharmacol Ther. 1998;80:123–47.

68.     

Wahlgren NG, Ranasinha KW, Rosolacci T, Franke CL, van Erven PM, Ashwood T, et al. Clomethiazole 
acute stroke study (CLASS): results of a randomized, controlled trial of clomethiazole versus placebo 
in 1360 acute stroke patients. Stroke. 1999;30:21–8.

69.     

Wahlgren NG, Bornhov S, Sharma A, Cederin B, Rosolacci T, Ashwood T, et al.; CLASS study group. 
The clomethiazole acute stroke study (CLASS): efficacy results in 545 patients classified as total 
anterior circulation syndrome (TACS). J Stroke Cerebrovasc Dis. 1999;8:231–9.

70.     

Wahlgren NG, Díez-Tejedor E, Teitelbaum J, Arboix A, Leys D, Ashwood T, et al. Results in 95 
hemorrhagic stroke patients included in CLASS, a controlled trial of clomethiazole versus placebo in 
acute stroke patients. Stroke. 2000;31:82–5.

71.     

Ahn W, Chi G, Kim S, Son Y, Zhang M. Substance P reduces infarct size and mortality after ischemic 
stroke, possibly through the M2 polarization of microglia/macrophages and neuroprotection in the 
ischemic rat brain. Cell Mol Neurobiol. 2023;43:2035–52.

72.     

Liu X, Jia X. Neuroprotection of stem cells against ischemic brain injury: from bench to clinic. Transl 
Stroke Res. 2023:10.1007/s12975-023-01163-3.

73.     

He J, Liu J, Huang Y, Tang X, Xiao H, Hu Z. Oxidative stress, inflammation, and autophagy: potential 
targets of mesenchymal stem cells-based therapies in ischemic stroke. Front Neurosci. 2021;15:
641157.

74.     



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 70

Ha GH, Kim EJ, Park JS, Kim JE, Nam H, Yeon JY, et al. JAK2/STAT3 pathway mediates neuroprotective 
and pro-angiogenic treatment effects of adult human neural stem cells in middle cerebral artery 
occlusion stroke animal models. Aging (Albany NY). 2022;14:8944–69.

75.     

Tang H, Zhang X, Hao X, Dou H, Zou C, Zhou Y, et al. Hepatocyte growth factor-modified hair follicle 
stem cells ameliorate cerebral ischemia/reperfusion injury in rats. Stem Cell Res Ther. 2023;14:25.

76.     

Díez-Tejedor E, Gutiérrez-Fernández M, Martínez-Sánchez P, Rodríguez-Frutos B, Ruiz-Ares G, Lara 
ML, et al. Reparative therapy for acute ischemic stroke with allogeneic mesenchymal stem cells from 
adipose tissue: a safety assessment: a phase II randomized, double-blind, placebo-controlled, single-
center, pilot clinical trial. J Stroke Cerebrovasc Dis. 2014;23:2694–700.

77.     

Kalladka D, Sinden J, Pollock K, Haig C, McLean J, Smith W, et al. Human neural stem cells in patients 
with chronic ischaemic stroke (PISCES): a phase 1, first-in-man study. Lancet. 2016;388:787–96.

78.     

Zhang S, Lachance BB, Moiz B, Jia X. Optimizing stem cell therapy after ischemic brain injury. J 
Stroke. 2020;22:286–305.

79.     

Wang Z, Wang X, Liao Y, Chen G, Xu K. Immune response treated with bone marrow mesenchymal 
stromal cells after stroke. Front Neurol. 2022;13:991379.

80.     

Gugliandolo A, Silvestro S, Sindona C, Bramanti P, Mazzon E. MiRNA: involvement of the MAPK 
pathway in ischemic stroke. A promising therapeutic target. Medicina (Kaunas). 2021;57:1053.

81.     

Branyan TE, Selvamani A, Park MJ, Korula KE, Kosel KF, Srinivasan R, et al. Functional assessment of 
stroke-induced regulation of miR-20a-3p and its role as a neuroprotectant. Transl Stroke Res. 2022;
13:432–48.

82.     

Tan Y, Zhou F, Yang D, Zhang X, Zeng M, Wan L. MicroRNA-126a-5p exerts neuroprotective effects on 
ischemic stroke via targeting NADPH oxidase 2. Neuropsychiatr Dis Treat. 2021;17:2089–103.

83.     

Jiang C, Dong N, Feng J, Hao M. MiRNA-190 exerts neuroprotective effects against ischemic stroke 
through Rho/Rho-kinase pathway. Pflugers Arch. 2021;473:121–30.

84.     

Zhang M, Zhu Y, Wei M, Liu H. Neuroprotective effects of miR-30c on rats with cerebral ischemia/
reperfusion injury by targeting SOX9. Pathol Res Pract. 2020;216:153271.

85.     

Wang X, Shi C, Pan H, Meng X, Ji F. MicroRNA-22 exerts its neuroprotective and angiogenic functions 
via regulating PI3K/Akt signaling pathway in cerebral ischemia-reperfusion rats. J Neural Transm 
(Vienna). 2020;127:35–44.

86.     

Song S, Pan Y, Li H, Zhen H. MiR-1202 exerts neuroprotective effects on OGD/R induced 
inflammation in HM cell by negatively regulating Rab1a involved in TLR4/NF-κB signaling pathway. 
Neurochem Res. 2020;45:1120–9.

87.     

Mu J, Cheng X, Zhong S, Chen X, Zhao C. Neuroprotective effects of miR-532-5p against ischemic 
stroke. Metab Brain Dis. 2020;35:753–63.

88.     

Min XL, He M, Shi Y, Xie L, Ma XJ, Cao Y. miR-18b attenuates cerebral ischemia/reperfusion injury 
through regulation of ANXA3 and PI3K/Akt signaling pathway. Brain Res Bull. 2020;161:55–64.

89.     

Lu MY, Wu JR, Liang RB, Wang YP, Zhu YC, Ma ZT, et al. Upregulation of miR-219a-5p decreases 
cerebral ischemia/reperfusion injury in vitro by targeting Pde4d. J Stroke Cerebrovasc Dis. 2020;29:
104801.

90.     

Chen Z, Yang J, Zhong J, Luo Y, Du W, Hu C, et al. MicroRNA-193b-3p alleviates focal cerebral 
ischemia and reperfusion-induced injury in rats by inhibiting 5-lipoxygenase expression. Exp Neurol. 
2020;327:113223.

91.     

Kim JY, Kim JH, Park J, Beom JH, Chung SP, You JS, et al. Targeted temperature management at 36 °C 
shows therapeutic effectiveness via alteration of microglial activation and polarization after 
ischemic stroke. Transl Stroke Res. 2022;13:132–41.

92.     

Hong JM, Lee JS, Song HJ, Jeong HS, Choi HA, Lee K. Therapeutic hypothermia after recanalization in 
patients with acute ischemic stroke. Stroke. 2014;45:134–40.

93.     



Explor Neuroprot Ther. 2024;4:55–71 | https://doi.org/10.37349/ent.2024.00070 Page 71

Liddle LJ, Kalisvaart ACJ, Abrahart AH, Almekhlafi M, Demchuk A, Colbourne F. Targeting focal 
ischemic and hemorrhagic stroke neuroprotection: current prospects for local hypothermia. J 
Neurochem. 2022;160:128–44.

94.     

Cheng CY, Lin JG, Tang NY, Kao ST, Hsieh CL. Electroacupuncture at different frequencies (5Hz and 
25Hz) ameliorates cerebral ischemia-reperfusion injury in rats: possible involvement of p38 MAPK-
mediated anti-apoptotic signaling pathways. BMC Complement Altern Med. 2015;15:241.

95.     

Lan L, Tao J, Chen A, Xie G, Huang J, Lin J, et al. Electroacupuncture exerts anti-inflammatory effects 
in cerebral ischemia-reperfusion injured rats via suppression of the TLR4/NF-κB pathway. Int J Mol 
Med. 2013;31:75–80.

96.     

Wang MM, Zhang M, Feng YS, Xing Y, Tan ZX, Li WB, et al. Electroacupuncture inhibits neuronal 
autophagy and apoptosis via the PI3K/AKT pathway following ischemic stroke. Front Cell Neurosci. 
2020;14:134.

97.     

Xu H, Zhang Y, Sun H, Chen S, Wang F. Effects of acupuncture at GV20 and ST36 on the expression of 
matrix metalloproteinase 2, aquaporin 4, and aquaporin 9 in rats subjected to cerebral ischemia/
reperfusion injury. PLoS One. 2014;9:e97488.

98.     

Xue X, You Y, Tao J, Ye X, Huang J, Yang S, et al. Electro-acupuncture at points of Zusanli and Quchi 
exerts anti-apoptotic effect through the modulation of PI3K/Akt signaling pathway. Neurosci Lett. 
2014;558:14–9.

99.     

Qi Z, Yuan S, Liu KJ, Ji X. Normobaric hyperoxia plays a neuroprotective role after cerebral ischemia 
by maintaining the redox homeostasis and the level of connexin43 in astrocytes. CNS Neurosci Ther. 
2022;28:1509–18.

100.     

Hong Y, Lyu J, Zhu L, Wang X, Peng M, Chen X, et al. High-frequency repetitive transcranial magnetic 
stimulation (rTMS) protects against ischemic stroke by inhibiting M1 microglia polarization through 
let-7b-5p/HMGA2/NF-κB signaling pathway. BMC Neurosci. 2022;23:49.

101.     

Cheng J, Fan YQ, Jiang HX, Chen SF, Chen J, Liao XY, et al. Transcranial direct-current stimulation 
protects against cerebral ischemia-reperfusion injury through regulating Cezanne-dependent 
signaling. Exp Neurol. 2021;345:113818.

102.     

Chen CM, Wu CT, Yang TH, Liu SH, Yang FY. Preventive effect of low intensity pulsed ultrasound 
against experimental cerebral ischemia/reperfusion injury via apoptosis reduction and brain-
derived neurotrophic factor induction. Sci Rep. 2018;8:5568.

103.     

Tsai MJ, Kuo YM, Tsai YH. Transient ischemic attack induced by melted solid lipid microparticles 
protects rat brains from permanent focal ischemia. Neuroscience. 2014;275:136–45.

104.     

Arboix A, Cabeza N, García-Eroles L, Massons J, Oliveres M, Targa C, et al. Relevance of transient 
ischemic attack to early neurological recovery after nonlacunar ischemic stroke. Cerebrovasc Dis. 
2004;18:304–11.

105.     

Xu J, Guo W, Ma J, Ma Q, Chen J, Song H, et al. Preceding transient ischemic attack was associated with 
functional outcome after stroke thrombectomy: a propensity score matching study. J Cereb Blood 
Flow Metab. 2023;43:1390–9.

106.     

Hougaard KD, Hjort N, Zeidler D, Sørensen L, Nørgaard A, Hansen TM, et al. Remote ischemic 
perconditioning as an adjunct therapy to thrombolysis in patients with acute ischemic stroke: a 
randomized trial. Stroke. 2014;45:159–67.

107.     

Chen L, Gao X. The application of nanoparticles for neuroprotection in acute ischemic stroke. Ther 
Deliv. 2017;8:915–28.

108.     

You Y, Xu J, Liu Y, Li H, Xie L, Ma C, et al. Tailored apoptotic vesicle delivery platform for 
inflammatory regulation and tissue repair to ameliorate ischemic stroke. ACS Nano. 2023;17:
8646–62.

109.     

Li Y, Huang J, Wang J, Xia S, Ran H, Gao L, et al. Human umbilical cord-derived mesenchymal stem cell 
transplantation supplemented with curcumin improves the outcomes of ischemic stroke via AKT/
GSK-3β/β-TrCP/Nrf2 axis. J Neuroinflammation. 2023;20:49.

110.     


	Abstract
	Keywords
	Introduction
	Pathophysiologic mechanism of HT in AIS: disruption of blood-brain barrier and neurovascular unit
	Pathophysiologic mechanism of I/R injuries after recanalization therapy
	Obstacles to investigating neuroprotective therapy
	Promising neuroprotectants and neuroprotective therapy in AIS
	3-N-Butylphthalide
	Edaravone dexborneol
	Agents associated with glucose metabolism—glucagon-like peptide-1 and insulin-like growth factor-1
	Traditional Chinese medicine
	Nerinetide
	Potential therapeutic agents targeting NVU
	Ferrostatin-1
	Sevoflurane
	Clomethiazole
	Substance P
	Stem cells
	miRNA
	Physical therapy
	Therapeutic hypothermia
	Electroacupuncture
	Oxygen therapy

	Transient ischemic attacks and remote ischemic conditioning

	Annotations on neuroprotective agents
	Limitations
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

