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Abstract: Ischemic stroke constitutes a significant global health care challenge, and a comprehensive understanding of its recovery 
mechanisms is imperative for the development of innovative therapeutic strategies. Angiogenesis, a pivotal element of ischemic tissue 
repair, facilitates the restoration of blood flow to damaged regions, thereby promoting neuronal regeneration and functional recovery. 
Nevertheless, the mechanisms underlying postischemic stroke angiogenesis remain incompletely elucidated. This review meticulously 
examines the constituents of the neurovascular unit, ion channels, molecular mediators, and signaling pathways implicated in 
angiogenesis following stroke. Furthermore, it delves into prospective therapeutic strategies informed by these factors. Our objective 
is to provide detailed and exhaustive information on the intricate mechanisms governing postischemic stroke angiogenesis, thus 
providing a robust scientific foundation for the advancement of novel neurorepair therapies. 
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Introduction
Stroke ranks as the second primary cause of mortality worldwide.1 Between 1990 and 2019, the incidence of stroke 
increased by 85.0%, while mortality increased by 43.0%.2 Particularly in China, the burden of stroke is notably severe 
and represents a major threat to the health and lives of its citizens. According to data from 2020, the overall prevalence of 
stroke in China was 2.6%, with an estimated 17.8 million adults having experienced a cerebrovascular event.3,4 As the 
population ages, the incidence of stroke is projected to increase by 55.58%, the prevalence by 119.16%, and the mortality 
by 72.15% by 2030 compared to 2019 levels.5 Although the mortality rate of ischemic stroke has decreased in recent 
decades,6 more than half of survivors experience lasting disabilities, resulting in significant societal and economic 
burdens.7 Ischemic strokes are predominantly caused by thrombosis or embolism, which disrupts cerebral blood flow and 
leads to regions of hypoxia and glucose deprivation, referred to as the ischemic penumbra. In the absence of prompt 
reperfusion, neuronal cells within the penumbra undergo apoptosis, which contributes to the formation of the ischemic 
core.8 The onset of acute ischemic stroke rapidly inflicts substantial damage to cerebral tissue and neurons.9 

Contemporary therapeutic strategies for acute ischemic stroke include intravenous thrombolysis, endovascular throm-
bectomy, and neuroprotective agents.10

Recombinant tissue plasminogen activator (rt-PA) remains the sole FDA-approved treatment for acute ischemic 
stroke, providing an approach for the dissolution of cerebral blood clots and reestablishment of cerebral perfusion, 
yielding prompt therapeutic outcomes.11 Despite its effectiveness, the overall success rate for early thrombolytic 
intervention is disappointingly low. This low success rate is attributed to delays in administering treatment during the 
critical initial phase of stroke and the associated heightened risk of cerebral hemorrhage.12 Furthermore, strokes caused 
by occlusions in major intracranial vessels, such as the internal carotid, middle cerebral, and basilar arteries, are 
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particularly recalcitrant to intravenous rt-PA treatment and have an unfavorable prognosis.13 Although endovascular 
thrombectomy improves recanalization rates in patients with ischemic stroke due to large artery occlusions, it has limited 
efficacy in cases of small vessel blockages. Moreover, surgical intervention can only be applied to specific patients.14 

Neurological recovery depends on angiogenesis and neural plasticity. The development of new blood vessels is regulated 
by the coordinated actions of multiple angiogenic factors rather than a single factor. Although the last two decades have 
seen the preclinical assessment of numerous neuroprotective compounds, their translation into clinical practice has not 
been realized.15 The trajectory of neurofunctional recovery is intricately linked to angiogenesis and neuroplasticity.16 

Present-day research is thus concentrated on the development of optimal neurorestorative pharmacological therapies.
In the field of ischemic stroke research, the phenomenon of angiogenesis is receiving increased scrutiny. 

Angiogenesis not only catalyzes axonal growth and neurogenesis but also plays an indispensable role in the rehabilitation 
of neurological function following stroke.17 Therefore, strategically enhancing the cerebrovascular system by promoting 
angiogenesis is viewed as a viable approach for stroke recovery.18 The relationships between the complex molecular 
mechanisms of poststroke neovascularization and potential therapeutic targets remain unclear. In addition, the long-term 
effects of induced angiogenesis, potential risks of abnormal vascular growth, and the absence of proven clinical 
applications of these insights pose significant challenges. No neurorehabilitation model grounded in angiogenesis 
research has effectively made the transition from experimental settings to clinical application. In recent years, an 
increasing number of studies on angiogenesis and stroke have been published, but the relationship between the molecular 
mechanisms mediating angiogenesis and potential therapeutic targets has received less attention and lacks a systematic 
summary. Further analysis of the relationship between the two would be beneficial in providing directions for further 
research.

Compared with the literature, our article focuses on the molecular mechanisms of poststroke angiogenesis, and by 
reviewing the literature, we propose possible therapeutic targets for poststroke angiogenesis to provide directions for 
future research.

Methods
Literature searches were conducted using the PubMed, Scopus, Web of Science, and Google Scholar databases. The 
search terms included “ischemic stroke”, “stroke”, “cerebral ischemia”, “angiogenesis”, and “neurovascular unit”, along 
with various combinations of these terms. The inclusion of studies was based on the relevance of the titles and abstracts 
to the research theme. Articles whose titles and abstracts did not align with the theme were excluded. This review did not 
impose any time restrictions, covering the literature published up to December 2023.

Ischemic Stroke and Angiogenesis
Acute ischemic stroke arises from the formation of an intravascular thrombus, precipitating a marked decrease in blood 
flow to the cerebral cortex and affecting collateral circulation. This phenomenon culminates in brain tissue necrosis and 
the manifestation of localized neuronal deficits.19 Ischemic conditions subject various cerebral regions to differing levels 
of blood supply diminution, which in turn induces ischemic injury within both the ischemic core and the surrounding 
penumbra.20 The ischemic core is characterized by profound ischemia, resulting in the irreversible demise of cells and 
extensive neuronal damage. In contrast, penumbral cells, while compromised, do not suffer complete death and thus 
retain the capacity for recovery, positioning them as prime targets for therapeutic strategies.21 As such, the penumbra is 
increasingly recognized for its potential for recovery and has emerged as a focal point in the treatment of ischemic 
stroke.22 The intravenous delivery of rt-PA along with mechanical thrombectomy represent the gold standard reperfusion 
treatments and significantly increase the likelihood of functional recovery during the initial phase poststroke. 
Nevertheless, the sole reliance on immediate reperfusion therapy postischemic stroke is an oversimplification of 
treatment needs. The scope of care must be extended to encompass functional recovery in the subacute and chronic 
phases of stroke recovery.

Angiogenesis, the physiological process characterized by the proliferation and migration of endothelial cells (ECs), 
orchestrates the formation of a sophisticated capillary network, leading to the branching of new blood vessels from 
preexisting vessels.23,24 Angiogenesis is strongly associated with ischemic stroke, and angiogenesis is involved in stroke 
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prognosis. In the acute phase of stroke, angiogenesis can aggravate neurological injury,25 and angiogenesis plays 
a protective role;26 in the subacute and chronic phases, angiogenesis plays a protective role and improves the 
prognosis.27,28 The mechanism underlying the role of angiogenesis in different periods of stroke is not fully understood, 
and further in-depth studies are needed.

Poststroke, the ischemic penumbra releases angiogenic factors to initiate and regulate angiogenesis. Emerging 
evidence suggests that cerebral ischemia can induce transient angiogenesis; however, this phenomenon is not stable 
over the long term.29 Current therapeutic strategies aim to maintain and promote the long-term stability of angiogenesis 
to ensure the maturation of new vessels. Enhanced angiogenesis is closely linked to the prolonged survival of stroke 
patients and improved outcomes in stroke mouse models.30,31 The initiation of angiogenesis occurs within the first 24 
hours after stroke onset and can persist for weeks to months,32 significantly contributing to the repair of the compromised 
cerebrovascular system. Contemporary evidence increasingly supports the notion that angiogenesis, along with neuro-
genesis postischemic stroke, are integral to functional recovery.33 Historical research dating back three decades 
established that angiogenic processes commence between 3 and 4 days following an ischemic insult in experimental 
models.30 More recent analyses of brain tissues from stroke patients have revealed a notable augmentation in micro-
vascular density within the penumbral zones compared to contralateral unaffected areas, a phenomenon directly 
associated with enhanced survival rates.34 Consequently, the amplification of angiogenic activity is recognized as 
a crucial strategy for bolstering recovery outcomes and facilitating functional rehabilitation poststroke.35

Tissue plasminogen activator (tPA) thrombolysis and endovascular thrombectomy are the two primary treatments 
used during the acute phase of ischemic stroke; these treatments reduce mortality and improve functional outcomes at 
three months poststroke.36 Clinical studies have shown that tPA treatment can rapidly and directly reopen blocked vessels 
by dissolving thrombi and restoring blood flow.37 tPA converts plasminogen to plasmin, which regulates angiogenesis 
directly by degrading matrix molecules and indirectly by activating extracellular matrix metalloproteinases and angio-
genic growth factors, thereby beneficially influencing poststroke recovery.38 Another mechanism of tPA-induced 
angiogenesis involves the use of fibrin as a cofactor to activate plasmin, whose degradation products stimulate EC 
proliferation and migration and enhance the angiogenic activity of vascular endothelial growth factor (VEGF).39

Endovascular thrombectomy can lead to vascular remodeling, a crucial process in neovascularization after stroke. 
This process is influenced by various factors released under ischemic conditions, which can promote angiogenesis, 
potentially improving outcomes after stroke. Although evidence supporting increased angiogenesis is available, this 
process is primarily associated with reperfusion and tissue repair processes rather than direct evidence that thrombectomy 
itself promotes neovascularization.40 Thus, further research is needed to specifically explore the direct effects of 
thrombectomy on angiogenesis.

The recovery of neurological function postischemic stroke involves multiple regenerative processes, namely, angio-
genesis, neurogenesis, and axonal sprouting.41 These mechanisms work synergistically to facilitate neurological restora-
tion. Astrocytes, for example, play multifaceted roles in promoting angiogenesis, neurogenesis, synaptogenesis, and 
axonal remodeling.42 Neurogenesis involves the proliferation, migration, and maturation of endogenous neural stem cells 
(NSCs) into fully developed neurons. Following ischemic stroke, the resultant ischemic injury triggers the proliferation 
of NSCs within the subventricular zone (SVZ) and hippocampus, which subsequently aids in the repopulation of 
neuronal cells in areas encircling the infarcted vasculature.43 Angiogenesis contributes to neuronal remodeling through 
several mechanisms: it steers axonal sprouting under the guidance of VEGF secreted in response to neovascularization; it 
ensures the delivery of oxygen, nutrients, and trophic factors to NSCs migrating toward the peri-infarct zone; and it 
enhances NSC proliferation by modulating the expression of extracellular signals, such as hypoxia-inducible factor 
1-alpha (HIF-1α). Angiogenesis augments the oxygenation process and is crucial for supporting NSCs as they transition 
into mature neurons. Thus, angiogenesis and neuronal remodeling are mutually reinforcing phenomena that play crucial 
roles in optimizing the functional recovery of the brain following ischemic events.31

Cellular Regulation of Angiogenesis Following Ischemic Stroke
The neurovascular unit (NVU) is a complex system comprising multiple components that was first proposed by the 
National Institute of Neurological Disorders and Stroke in 2001. This transformative concept highlights the unique 
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interactions among neurons, astrocytes, and endothelial cells, emphasizing their critical roles in ischemic stroke.44,45 As 
research on the NVU has advanced, the synergistic actions of these components have been recognized as crucial for both 
brain function and pathological conditions, particularly during the recovery phase of ischemic stroke.

The brain, the most complex organ in the human body, ensures that nearly every neuron has its own blood supply.46 

Poststroke, the interactions between neurons and other cell types induce the formation of new connections, promoting the 
coupling of regional brain activity with blood flow and metabolism.47 Newly formed vessels enhance the local cerebral 
blood supply, transporting oxygen, energy, and nutrients while helping to remove waste products generated by neurons, 
thus supporting the recovery and enhancement of neurological functions.48

Astrocytes interact directly with neurons and capillaries through their endfeet, not only regulating the hemodynamics 
of cerebral microvessels but also forming cellular networks that support neuronal survival and repair.49 They provide 
a physical scaffold and produce angiogenic factors during vascular development. After stroke, astrocytes actively interact 
with new vessels, and functional ablation of these vessels impairs new vessel formation.50 Additionally, astrocytes 
secrete angiogenic factors that promote endothelial cell proliferation and neovascularization, thus improving the blood 
supply to ischemic areas and reducing the infarct size.51

Ischemic and hypoxic injuries activate endothelial cells, leading to the release of a significant amount of matrix 
metalloproteinases (MMPs), which cleave the extracellular matrix and basement membranes, creating space for new 
vessels.52 Elevated levels of VEGF increase vascular permeability, enhance angiogenesis, and facilitate the migration of 
activated endothelial cells to form new vascular networks.53

Ion Channel Regulation of Angiogenesis Following Ischemic Stroke
Ion channels are widely expressed in various vascular cells, including endothelial cells, smooth muscle cells (SMCs), and 
fibroblasts.54 During cerebral ischemia, rapid changes in these channels play crucial roles in signal transduction, 
hemodynamics, and angiogenesis.55 Increasing evidence suggests that ion channels are intimately involved in the process 
of vascular formation.

For instance, in the rat middle cerebral artery occlusion (MCAO) model, inhibition of the TRPM4 channel not only 
maintains vascular integrity but also enhances angiogenesis, thereby significantly reducing the infarct size and facilitating 
functional recovery.56 Furthermore, studies have indicated that the selective loss of TRPA1 expression in brain 
endothelial cells under hypoxic conditions exacerbates ischemic stroke-related brain tissue damage, suggesting that the 
activation of this channel is a novel adaptive response to hypoxia.57 Additionally, excessive activation of the TRPM2 
channel during the recovery period after spinal cord injury leads to increased apoptosis and weakened angiogenesis; 
however, inhibition of TRPM2 can improve endothelial cell survival and promote angiogenesis.58 Moreover, the activity 
of K+ channels is directly linked to cell proliferation and cytokine production.59 In models of acute myocardial infarction, 
the upregulation of the TRPV4 channel by growth differentiation factor 15 significantly promotes angiogenesis.60

These studies not only deepen our understanding of the role of vascular ion channels in regulating vascular functions 
but also highlight their potential as therapeutic targets for clinical treatment. Currently, clinical trials targeting ion 
channels have begun for various diseases, including ischemic stroke, epilepsy, and headaches,61–63 opening new avenues 
for future research into poststroke angiogenesis.

Molecular Regulation of Angiogenesis in Ischemic Stroke
Vascular Endothelial Growth Factor (VEGF)
Vascular endothelial growth factor (VEGF) is a homodimeric, disulfide-bonded glycoprotein that is pivotal for driving 
angiogenic processes. VEGF plays a significant role in stimulating the proliferation of endothelial cells and has 
antiapoptotic effects. It concurrently enhances vascular permeability and cell migration, establishing itself as an 
indispensable regulator of the angiogenesis cascade.64 The VEGF family encompasses a spectrum of isoforms, including 
VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PGF), each of which contributes to various aspects 
of vascular development.65 VEGF-C and VEGF-D are specifically implicated in lymphangiogenesis.66 The prototypical 
member of this family, VEGF-A, known ubiquitously as VEGF, is instrumental in angiogenesis and the modulation of 
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vascular diseases. VEGF-A is present in several isoforms, such as VEGF121, VEGF145, VEGF165, VEGF183, 
VEGF189, and VEGF206. Among these, VEGF165 is the most biologically significant and is primarily found in 
oncological pathologies.67

In a variety of experimental ischemic stroke models, a well-documented increase in the expression of VEGF and its 
receptors has been observed following an ischemic event. The interaction between VEGF and its receptors is critical for 
the promotion of endothelial cell proliferation and migration, which are foundational processes in angiogenesis within the 
ischemic cerebral milieu.24 HIF-1α has emerged as a key regulatory molecule in this context that governs the expression 
of VEGF. The augmented levels of the VEGF-A mRNA observed under hypoxic conditions underscore the significance 
of the HIF-1α/VEGF axis in modulating angiogenic activity.68 Furthermore, HIF-1α, along with other genes responsive 
to hypoxic stress, orchestrate VEGF expression, influencing the cascade of VEGF-mediated signaling pathways.69

VEGF orchestrates a multitude of kinase activities through its interaction with VEGF receptors (VEGFR1 and 
VEGFR2), thereby exerting its angiogenic effect. VEGFR2 predominantly resides within neuronal and endothelial 
cells, indicating its central role in these cell types, while VEGFR1 is more widely distributed within the vascular system, 
encompassing the choroid plexus and neuroglial cells. This distribution pattern suggests that the role of VEGF extends 
beyond that of endothelial cells, influencing a variety of cellular functions.70 Upon the binding of VEGF to its receptors, 
a cascade of downstream signaling pathways, including the PLCγ/PKC and the Ras/ERK/MAPK pathways, is 
activated,71 which are integral to the processes of endothelial cell proliferation and migration (Figure 1). Furthermore, 
VEGF is known to enhance vascular permeability, which is instrumental in the disruption of the endothelial cell 
cytoskeleton, thereby facilitating endothelial cell movement within the extracellular matrix.72

The poststroke increase in VEGF expression is a natural response that plays pivotal roles in enhancing the 
proliferation of neural stem cells (NSCs)73 and stimulating the growth and motility of vascular smooth muscle cells,74 

both of which are essential processes in angiogenesis. The endogenous synthesis of VEGF by endothelial cells is 
a cornerstone in the maintenance of vascular homeostasis.75 Emerging research indicates that stem cell transplantation 
therapies augment the release of endogenous VEGF, thereby stimulating angiogenic activity in ischemic regions through 
the VEGF-VEGFR2 signaling axis.76 However, despite the activation of various downstream pathways by exogenous 
VEGF via VEGFR2—such as the PI3K-Akt pathway, which is integral to cellular survival75—exogenous VEGF cannot 
wholly substitute for the function of endogenous VEGF in endothelial cells. In these cells, the interaction of VEGF with 
VEGFR2 is critical for the phosphorylation of endothelial nitric oxide synthase (eNOS) by Akt, culminating in the 
production of nitric oxide (NO).77 The synthesis of NO plays a crucial role in augmenting cerebral blood flow, thereby 
facilitating the repair of ischemic tissues.78 Notably, at lower concentrations, NO can activate a broad spectrum of 
signaling pathways, including the ERK, Akt/mTOR, STAT, and Ras pathways, which are known to significantly promote 
tumor angiogenesis and metastasis.79

The therapeutic application of VEGF in ischemic stroke is controversial, as VEGF functions as a double-edged 
sword. VEGF is acknowledged for its neuroprotective properties, principally through the facilitation of angiogenesis.80 

However, its involvement in the pathophysiology of stroke is complicated by its propensity to disrupt the blood‒brain 
barrier (BBB), thus augmenting permeability and potentially aggravating cerebral edema.81 The intricacies underlying 
the dichotomous effects of VEGF—fostering angiogenesis on the one hand and increasing permeability on the other— 
remain insufficiently defined. Hypoxic conditions are widely accepted as the predominant trigger for VEGF upregulation. 
Notably, VEGF activity within the first 72 hours poststroke, corresponding to the subacute phase, is associated with 
heightened vascular edema and BBB permeability.82,83 Ghori et al reported that VEGF deficiency in a mouse model of 
middle cerebral artery occlusion (MCAO) led to significant vascular leakage, whereas VEGF overexpression appeared to 
maintain vascular integrity during the critical 72-hour poststroke window.84 Despite these findings, clinical applications 
aimed at inducing VEGF expression have frequently encountered setbacks that are largely attributed to the absence of 
suitable experimental models. Consequently, optimizing the therapeutic potential of VEGF poststroke necessitates careful 
consideration of the timing of its administration.85 Further investigative efforts are essential to unravel the complex 
interplay between VEGF and the myriad pathways that govern angiogenesis and neural restoration.

Research on angiogenesis following ischemic stroke has primarily focused on foundational studies, and clinical 
investigations are relatively limited. However, several clinical exploratory studies are currently progressing. The level of 
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Figure 1 Pathways activating angiogenesis following ischemic stroke. This figure delineates the orchestrated signaling pathways that are activated in response to ischemic 
stroke and culminate in angiogenesis. Central to this process are hypoxia-inducible factors (HIF-1α and HIF-1β), which, upon activation by hypoxic conditions, translocate to 
the nucleus to drive the transcription of angiogenic genes. The PI3K/Akt/mTOR and MAPK/ERK pathways, which are activated by various growth factors, including VEGF, 
PDGF, and EGF, mediate downstream effects that lead to endothelial cell survival, proliferation, and migration, which are essential for new blood vessel formation. Matrix 
metalloproteinase (MMP) facilitates extracellular matrix breakdown, enabling endothelial progenitor cell mobilization. Additionally, the interplay between the Notch signaling 
pathway and VEGFR2 is depicted, indicating its importance in vascular remodeling and stability. This comprehensive representation underscores the complexity and 
multifactorial nature of poststroke angiogenesis.Created with BioRender.com.
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VEGF could serve as a potential biomarker for assessing angiogenic activity during the recovery process after stroke.86 

Furthermore, ongoing efforts are devoted to developing therapeutic drugs targeting VEGF to promote angiogenesis and 
functional recovery in damaged brain tissue. In a prospective study involving patients, human urinary kallidinogenase 
was shown to enhance the expression of VEGF in stroke patients, improve cerebral perfusion, and thereby ameliorate 
stroke outcomes.87 In a comparative prospective trial examining the effects of dl-3-n-butylphthalide (NBP) and human 
urinary kallidinogenase on the functional outcomes of ischemic stroke patients, both treatments were found to upregulate 
VEGF expression and significantly promote recovery in stroke patients.88 In summary, these studies suggest that 
angiogenesis-promoting therapies have potential for treating chronic stroke. Modulating angiogenesis could serve as 
a potential therapeutic strategy to alleviate brain injury poststroke. However, this approach largely remains in the 
experimental stage, requiring further research into angiogenic factors, timing, delivery Methods, and monitoring long- 
term effects to ensure safety and sustained benefits.

Insulin-Like Growth Factor-1 (IGF-1)
Within the constellation of pathways that stimulate angiogenesis, insulin-like growth factor-1 (IGF-1) and its cognate 
receptor, IGF1R, constitute a critical axis for angiogenesis, neurogenesis, and neuroprotection—especially in the context 
of ischemic stroke.89,90 IGF-1 is instrumental in fostering neuronal proliferation, survival, and differentiation, under-
pinning these processes by enhancing synthetic metabolic activities.91 Empirical studies have shown that IGF-1 admin-
istration results in a substantial reduction in the infarct size and an amelioration of neurological deficits in rodent 
ischemic stroke models.92 IGF-1, which is produced by cerebral microvascular endothelial cells, mitigates neuronal 
damage caused by oxygen–glucose deprivation (OGD).93 Furthermore, the overexpression of IGF-1 is associated with 
vascular remodeling and neurogenesis, thereby contributing to sustained functional recovery in mouse models of focal 
cerebral ischemia.94 Endogenous IGF-1 is vital for poststroke recovery, and its augmentation through exogenous 
supplementation has shown promise in attenuating cerebral damage following stroke.89 Postischemic phosphorylation 
of IGF1R in endothelial cells leads to the activation of downstream signaling molecules such as Akt, FAK, and MEK1/2, 
with a subsequent increase in the phosphorylation of effector proteins such as eNOS and ERK1/2 (Figure 1).95 

Additionally, ginsenoside F1 augments angiogenesis via the IGF-1/IGF1R pathway within endothelial cells.95 IGF-1 is 
also implicated in the activation of pathways, including the MAPK, PI3K, and AKT pathways, which collectively 
promote angiogenesis.96 Collectively, these findings underscore the pivotal role of IGF-1 in enhancing angiogenesis and 
fostering neurological recovery poststroke.

Erythropoietin (EPO)
Erythropoietin (EPO) is a glycoprotein hormone whose primary biosynthesis occurs in the fetal liver and adult kidneys, 
and it is chiefly associated with the regulation of erythropoiesis in response to oxygen deficits in the bloodstream.97 

Although EPO is traditionally recognized for its role in augmenting red blood cell production, the scope of its biological 
activities has expanded with advancing research, revealing its significant cytoprotective functions, particularly within 
cardiovascular pathophysiology.98 The biological actions of EPO are mediated by its interaction with the erythropoietin 
receptor (EPOR), and the specificity of EPOR dictates whether EPO will exert hematopoietic or tissue-protective effects. 
The engagement of EPOR triggers critical intracellular signaling cascades responsible for cell survival, proliferation, 
differentiation, antiapoptotic responses, and neuroprotection.99,100 Notably, the EPO/EPOR complex activates several 
downstream pathways, including the PI3K and Ras/MAPK pathways, which are instrumental in cellular proliferation 
processes.101 Recent findings have shown that the binding of EPO to the EphB4 receptor initiates STAT3-mediated 
signaling, resulting in rhEPO-induced oncogenic activity.102 Moreover, the role of EPO in angiogenesis has been 
substantiated, as it promotes endothelial cell migration and proliferation,103 with empirical support from both in vivo 
and in vitro studies.101

In rodent models of myocardial infarction, erythropoietin (EPO) has been shown to enhance cardiac function 
through its ability to downregulate the expression of Caspase-12, thereby exerting a cardioprotective effect.104 

Systemic administration of EPO is associated with a significant decrease in the infarct size following middle 
cerebral artery occlusion in rats, suggesting a protective role in cerebral ischemia as well.105 Investigations into 
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the mechanisms underlying the effects of EPO have revealed that electroacupuncture at the GV26 acupoint can 
potentiate angiogenesis via the activation of both the EPO-mediated Src signaling pathway and the VEGF signaling 
pathway, with the former contributing to the upregulation of VEGF expression.106 Additionally, in vitro assays have 
confirmed that EPO facilitates endothelial cell migration.107 A randomized controlled trial revealed that in patients 
with acute symptomatic stroke, treatment combining cranial burr-hole surgery with erythropoietin significantly 
improved hemispheric perfusion parameters in patients with perfusion deficit strokes and increased the rate of 
arteriogenesis.108

Under physiological conditions, the expression of the EPO receptor (EPOR) in the adult central nervous system is 
relatively low.109 Nonetheless, in the presence of environmental enrichment or mild hypoxic stress, EPOR expression is 
upregulated, which has been implicated in neuronal protection against severe ischemic and hypoxic neuronal injury.110 

Preconditioning with hypoxia prior to the induction of permanent MCAO has been shown to confer significant 
neuroprotection against focal ischemia in rats via brain-derived EPO.111 Further studies revealed that recombinant 
human EPO (rhEPO) not only promotes astrocyte activation and reduces the population of M1 microglia but also 
promotes angiogenesis and neurogenesis postcerebral ischemia.112

Despite the accumulating evidence supporting the tissue-protective properties of EPO, the detailed mechanisms by 
which EPO facilitates angiogenesis and neuroprotection in ischemic stroke remain to be fully elucidated, necessitating 
more comprehensive investigations.

Hepatocyte Growth Factor (HGF)
Hepatocyte growth factor (HGF), comprising an alpha chain and a beta chain, was initially recognized as a mitogen for 
liver cells upon molecular cloning.113 Accumulating research now corroborates the multifunctionality of HGF, revealing 
its capacity to initiate a range of cellular activities, such as mitosis, motility, and morphogenesis. These activities 
underscore the versatility of HGF as a growth factor across various biological contexts, including cellular migration, 
angiogenesis, and antiapoptotic processes.114,115 The HGF/MET signaling axis has been identified as a direct activator of 
endothelial cells within tumorous tissues, spurring cellular motility and indirectly enhancing the secretion of proangio-
genic factors such as VEGF.116 HGFs are expressed in neuro-microvascular endothelial cells, and their roles have been 
substantiated in diverse animal models,117 addressing conditions such as spinal cord injury and acute ischemia.114 After 
transient middle cerebral artery occlusion (tMCAO) in rats, HGF has been shown to augment angiogenesis and mitigate 
apoptosis in vitro.118 Further research revealed that HGF expression increases in rat brains during delayed reperfusion 
post-MCAO, reducing the infarct volume and neuronal apoptosis through the HGF/c-Met/STAT3/Bcl-2 pathway.114 

Shang et al reported that HGF reinforces the BBB integrity, mitigates cerebral edema, and fosters endogenous repair and 
functional recovery after cerebral ischemia in rodent models, thereby significantly increasing angiogenesis poststroke.118 

Additionally, a recent investigation reported that in a rat model of cerebral artery ischemia/reperfusion (I/R), HGF- 
modified human follicle-stimulating cells (HFSCs) ameliorated I/R injury through anti-inflammatory actions, BBB 
protection, angiogenic promotion, and enhanced neural recovery.119

The molecular intricacies of HGF-induced angiogenesis are linked to the VEGF and c-Met pathways. c-Met, the 
designated receptor for HGF, is ubiquitously expressed in endothelial cells and is pivotal for propagating signals that lead 
to endothelial cell proliferation and migration via the MAPK/ERK and STAT3 pathways (Figure 1).120 In addition to its 
direct impacts on endothelial cells, HGF also orchestrates the recruitment and angiogenic incorporation of bone marrow- 
derived endothelial progenitor cells.121 HGF, through Ets-1 upregulation, mediates the elevated expression of IL-8 and 
VEGF.122 Moreover, HGF induces vascular smooth muscle cells (VSMCs) to secrete VEGF-A, thus indirectly fostering 
angiogenesis. The VEGF-A and HGF/Met signaling systems exhibit reciprocal effects, collaboratively engaging neuro-
pilin to stimulate angiogenic processes.123 HGF further modulates the inflammatory response by dampening NF-κB 
activity and reducing MCP-1 production in endothelial cells, thus attenuating the proangiogenic effects of VEGF165.124 

Mesenchymal stem cells (MSCs) have been shown to enhance angiogenesis via the secretion of an array of trophic 
factors, including VEGF-A, VEGF-C, bFGF, PGF, and HGF.125,126 Collectively, these findings delineate the essential 
regulatory role of HGF in the angiogenic cascade.
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MicroRNAs (miRNAs)
MicroRNAs (miRNAs) are small noncoding RNA molecules, typically 20–24 nucleotides in length, and exert a profound 
influence on the posttranscriptional regulation of gene expression. These miRNAs are implicated in a myriad of cellular 
processes and pathological conditions, including metabolic pathways, cellular proliferation, differentiation, and 
apoptosis,127 positioning them as potent biomarkers and therapeutic targets in ischemic stroke pathobiology.128 The 
roles of miRNAs must be considered within specific cellular milieus, as their functions intimately depend on the 
surrounding cellular context. Studies have highlighted miRNAs as pivotal modulators of the pathophysiological mechan-
isms of cerebral ischemia and associated disorders,129 including excitotoxicity, oxidative stress, inflammation, and cell 
death.130 Recent research has also revealed the significant participation of miRNAs in the angiogenic response of 
postischemic brain tissue.131 For example, miR-210, whose expression is highly inducible by hypoxic conditions and 
regulated by HIF-1α, has been shown to promote angiogenesis.132 Overexpression of miR-210 in the adult murine brain 
has been shown to facilitate focal angiogenesis by modulating regional VEGF concentrations. In addition, miR-210 is 
known to stimulate endothelial cell migration and the formation of tubular structures under hypoxic conditions in vitro.133 

Further investigations have shown that miR-107, which is markedly upregulated in the ischemic boundary zone (IBZ) 
following permanent middle cerebral artery occlusion (pMCAO) in rats, plays a critical role in vascular remodeling 
poststroke. Inhibition of miR-107 led to a reduction in the capillary density within the IBZ, indicating its role in 
angiogenesis. This effect was partly mediated by the downregulation of Dicer-1 and the subsequent upregulation of 
VEGF isoforms, such as VEGF165/VEGF164.134 Additionally, the expression of miR-15a has been reported to increase 
significantly within the vasculature of the ischemic penumbra following cerebral ischemic events.135

Conversely, a subset of miRNAs has been shown to inhibit angiogenesis following ischemic events. MiRNAs such as 
miR-15b, miR-16, and miR-20 have been shown to suppress VEGF expression, thereby exhibiting antiangiogenic 
properties in endothelial cell cultures.136 In a murine model of MCAO, the miR-15a/16-1 cluster was found to inhibit 
the production of VEGFA and fibroblast growth factor 2 (FGF2), along with its receptor. Notably, endothelial deletion of 
miR-15a/16-1 resulted in elevated cerebral VEGF levels and augmented neovascularization within ischemic brain 
tissue.137 Furthermore, miR-130a exerts antiangiogenic effects by downregulating the expression of growth arrest- 
specific homeobox (GAX) and homeobox A5 (HOXA5).138 In contrast, the downregulation of certain miRNAs, 
including miR-27b, miR-92a, miR-155, and miR-493, is associated with enhanced angiogenic activity.139

In summary, miRNAs represent a promising frontier for therapeutic intervention in postischemic stroke scenarios. 
However, the translation of these molecular insights into viable human therapies remains an unmet challenge. Future 
research endeavors are essential to navigate and overcome the existing barriers, thereby enabling the application of 
miRNA-based interventions in the treatment of human ischemic conditions.

Angiopoietins (Angs)
Angiopoietins (Angs), key angiogenic mediators, play a fundamental role in angiogenesis within the brain tissue after 
stroke. The Ang family primarily comprises angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2). Ang-1, a glycosylated 
protein, binds to the Tie-2 receptor, exerting regulatory effects on endothelial cell survival and vascular permeability 
through Tie-2-mediated signaling (Figure 1).140 In contrast, Ang-2 functions as a natural antagonist of Ang-1, counter-
acting the role of Ang-2 in vascular stabilization and maturation.141 Upon receptor engagement, angiopoietins trigger 
multiple signaling cascades, including the PKB/Akt, ERK1/2, and SAPK/JNK cascades. These pathways facilitate 
angiogenesis and upregulate the expression of genes related to cellular proliferation, migration, invasion, and tubular 
structure formation.142,143 Angiopoietins thus promote cellular growth, proliferation, and neovascular formation through 
the activation of the ERK1/2, SAPK/JNK, and PI3K/Akt-related pathways (Figure 1).144

Chan et al elucidated the antiangiogenic function of fibulin-5, showing its inhibitory effect on endothelial cell survival 
and interference with the Ang-1/TIE-2 signaling axis.140 Additionally, Ang has been recognized to stimulate endothelial 
cell proliferation by acting in concert with VEGF and fibroblast growth factor (FGF) to regulate angiogenesis.145 Recent 
investigations have highlighted the role of angiopoietins and endothelial precursor cells (EPCs) in enhancing neurolo-
gical functions through their involvement in the recovery process following cerebral ischemia.146 The activation of 
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angiopoietins also prompts fibroblasts to produce extracellular matrix proteins, aiding in wound healing processes.144 In 
addition to their angiogenic roles, angiopoietins have been implicated in the pathology of other conditions, such as their 
association with excitotoxic motor neuron death in amyotrophic lateral sclerosis (ALS) and the discovery of mutations in 
the Ang gene in Parkinson’s disease.147,148 These findings underscore the involvement of Angs not only in angiogenesis 
but also in a broader spectrum of physiological and pathological contexts. Nevertheless, research specifically targeting 
Angs in ischemic stroke remains relatively scarce, necessitating further exploration to fully understand their roles in the 
mechanisms underlying poststroke angiogenesis.

Transforming Growth Factor-β (TGF-β)
Transforming growth factor-β (TGF-β), a multifaceted peptide cytokine, is integral to both early embryonic development 
and adult homeostasis.149 This cytokine is present in three isoforms—TGF-β1, TGF-β2, and TGF-β3—and interacts with 
three distinct TGF-β receptors (TGFBR-1, TGFBR2, and TGFBR3), each eliciting specific biological effects. TGF-β 
engages various downstream signaling pathways, both SMAD and non-SMAD, to modulate protein expression under 
diverse physiological and pathological conditions. The binding of active TGF-β to TGFBR2 initiates the SMAD pathway, 
in which TGFBR2 phosphorylates TGFBR1, and the latter phosphorylates Smad2 and Smad3.150 Additionally, TGF-β 
activates non-SMAD pathways, including Erk1/2, TRAF4/6, PAR6, and PI3K/AKT/mTOR, which are crucial for 
embryonic development and adult neuronal and vascular growth (Figure 1).151

TGF-β exerts regulatory control over a myriad of cellular functions, such as embryogenesis, angiogenesis, cellular 
proliferation, differentiation, and migration, while also inducing apoptosis in microvascular endothelial cells.152 In 
endothelial cells, TGF-β activates two distinct SMAD signaling pathways: the Smad2/3 and Smad1/5/8 pathways. The 
activation of ALK5 leads to Smad2/3 pathway engagement, which dampens endothelial cell proliferation, migration, and 
angiogenesis. Conversely, ALK1 activation triggers the Smad1/5/8 pathway, thereby promoting endothelial cell prolif-
eration, migration, and tubular formation, which are conducive to angiogenesis.153 Recent findings have shown that 
Coicis exerts neuroprotective effects on ischemic stroke by enhancing angiogenesis through the TGF-β/ALK1/Smad1/5 
pathway, mitigating ischemia‒reperfusion injuries.154 Additionally, LRG1 has been implicated in exacerbating diabetic 
nephropathy by augmenting TGF-β/ALK1-induced angiogenesis.153 Moreover, extracellular vesicles from astrocytes 
with hypoxic preconditioning have been found to stimulate angiogenesis and inhibit apoptosis in stroke models through 
the TGF-β/Smad2/3 pathway.155 These findings revealed that TGF-β plays a nuanced, signaling-specific role in 
angiogenesis characterized by intricate signaling pathways and complex interactions, thereby significantly influencing 
angiogenic processes.156 A deeper exploration of the mechanisms of TGF-β after ischemic stroke is essential to identify 
novel therapeutic avenues.

Platelet-Derived Growth Factors (PDGFs)
Platelet-derived growth factors (PDGFs) represent a class of serum-derived growth factors that include four homodimers 
—PDGF-AA, PDGF-BB, PDGF-CC, and PDGF-DD—and one heterodimer, PDGF-AB. These growth factors engage 
their corresponding receptors, PDGFR-α and PDGFR-β, to activate PDGF signaling pathways.157,158 Initially identified 
for their roles in various diseases, PDGFs have been increasingly recognized for their potential for neuroprotection 
following ischemic stroke.159 Among the PDGF isoforms, the PDGF-BB homodimer has garnered substantial research 
interest due to its unique ability to bind all types of PDGFRs, thereby initiating diverse signaling cascades.160 The PDGF- 
BB/PDGFR-β axis is particularly important for the maintenance of blood‒brain barrier (BBB) integrity, both during 
development and in the adult brain.161 Increased expression of PDGF-BB/PDGFR-β has been observed in the central 
nervous system of both human and animal models of ischemic stroke.162 In cerebral ischemia, PDGFR-β expression 
increases around the infarct zone, contributing to the survival and proliferation of neighboring cells, partially through the 
Akt signaling pathway.163

Previous research has indicated that asiatic acid can stimulate angiogenesis by upregulating the expression of VEGF 
and PDGF in human umbilical vein endothelial cells (HUVECs).164 Animal model studies involving in vivo angiogenesis 
and hind limb ischemia have revealed that the combination of PDGF-AB and FGF-2 enhances the stability of newly 
formed vessels by attracting perivascular cells. This process can be significantly inhibited by anti-PDGFR-β antibodies, 
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highlighting the importance of the PDGF-AB/FGF-2 axis in vascular stabilization.165 More recent investigations have 
shown that PDGFR-β signaling facilitates functional recovery following cerebral ischemia by promoting the recruitment, 
migration, and proliferation of perivascular cells.166 These findings underscore the pivotal role of PDGF in accelerating 
functional recovery by stimulating neoangiogenesis in ischemic tissues.

In conclusion, PDGF is a critical mediator of angiogenesis, particularly in the context of neovascularization 
postischemic stroke. A deeper understanding of the role of the PDGF signaling pathway could elucidate its mechanisms 
in neuroprotection and functional recovery, potentially providing new therapeutic strategies. While this section has 
focused on some key molecules that promote angiogenesis, numerous other molecules also contribute to this process.

While the preceding sections have provided an overview of some key molecules implicated in the promotion of 
angiogenesis, such as PDGF, angiogenesis is a multifaceted process influenced by a wide array of molecular factors. 
Angiogenesis research is expansive, with numerous molecules playing varied and significant roles in this complex 
biological process. Table 1 provides a more comprehensive summary of other molecules that are also integral to 
angiogenesis. This table aims to encapsulate a broader range of molecular entities, each contributing uniquely to the 
angiogenic landscape, particularly in the context of postischemic stroke neovascularization and recovery. Such an 
inclusive approach underscores the diversity and intricacy of the molecular mechanisms driving angiogenesis, high-
lighting the potential for future research and therapeutic development in this dynamic area of study.

Angiogenesis Signaling Pathways Activated After Ischemic Stroke
PI3K/Akt
The phosphoinositide 3-kinase (PI3K) complex, which comprises the p85 and p110 subunits, is instrumental in binding to 
Akt isoforms.184 Akt, a critical downstream component of the PI3K signaling pathway, exists in three isoforms: Akt1, 
Akt2, and Akt3.185 This pathway is pivotal for regulating a spectrum of cellular processes, including development, 
differentiation, survival, protein synthesis, and metabolism.186 Upon activation, Akt migrates from the cytoplasm to the 
cell membrane, where it phosphorylates an array of downstream substrates that influence apoptosis, cell cycle regulation, 
and angiogenesis (Figure 1).187,188

Table 1 Other Molecules

Molecule Regulated Molecules/ 
Pathways

Functions References

miRNA-24-1-5p HIF-1α Angiogenesis [167]

miRNA27-b AMPK Regulation of tube formation and migration [168]

miRNA-107 Dicer-1 Angiogenesis [134]
miRNA133-b TGF-β(miR-206/RABEPK) Regulation of neurovascular plasticity [169]

miRNA-140-5p VEGFA Cell proliferation, migration and tube formation [170]

miRNA-155 TGF-β/BMP, SMAD5, mTOR, NO Improves cerebral blood flow and supports the microvasculature [171]
miRNA-191 NF-κB Angiogenesis [172]

Malat1 miRNA26-b, miRNA30-a, 

miRNA145

Protects the neurovascular unit [173,174]

LncRNA-MEG3 ABCA1 Proliferation of vascular smooth muscle cells [175]

AMPK VEGFA Increased microvascular density [176]

BDNF miRNA-181C Endothelial cell proliferation [177]
G-CSF eNOS, Ang-2 Endothelial cell proliferation [178]

eNOS NO Proliferation of endothelial cells, tube formation [179]

SDF-1 CXCR4 Endothelial cell proliferation [180]
FGF S1P1 Endothelial cell proliferation [181]

HB-EGF VEGFA Proliferation of endothelial cells, increased microvessel density [182]

CXCL12 VEGFA Proliferation of endothelial cells, tube formation, increased microvessel 
density

[183]
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Research has shown that VEGF, through its interaction with cellular receptors and subsequent phosphorylation of 
AKT, activates mTOR, thereby augmenting VEGF expression and stimulating angiogenesis in ischemic brain tissues.189 

In ischemic stroke, the combined application of spleen-derived stem cells (SFs) and bone marrow-derived mesenchymal 
stem cells (BMSCs) has been shown to enhance angiogenesis and neurogenesis in the ischemic boundary zone (IBZ). 
This effect is mediated by the VEGF and BDNF-AKT/mTOR signaling pathways, resulting in reduced lesion volumes 
poststroke.190 mTOR, acting as a sensor for hypoxia and nutrient levels, is crucial for processes such as cell cycle 
regulation, glycogen metabolism, and protein synthesis.191 Ginsenoside Rg1 has been shown to promote cerebral 
angiogenesis via the PI3K/Akt/mTOR pathway,192 while Buyang Huanwu decoction enhances VEGFR2 phosphorylation 
and angiogenesis in a mouse model of cerebral hemorrhage through the same pathway.193 Notably, mTOR serves as an 
upstream regulator of HIF-1α,194 and activation of the PI3K/Akt/mTOR pathway can activate HIF-1α, leading to the 
regulation of VEGF expression.195 In contrast, inhibition of this pathway has been shown to suppress tumor angiogenesis 
and growth.196 Zhu et al reported that resveratrol impedes glioblastoma proliferation and angiogenesis by inhibiting the 
PI3K/Akt/mTOR pathway.197 In the context of angiogenesis, Akt activation enhances endothelial nitric oxide synthase 
(eNOS) activity, leading to increased production of nitric oxide (NO), which in turn induces vascular dilation and 
increases vascular permeability.64 Consequently, the neuroprotective role of the PI3K/Akt pathway in angiogenesis 
provides promising avenues for developing therapeutic strategies aimed at functional recovery following ischemic stroke.

Notch
The Notch signaling pathway is integral to a plethora of biological processes, including embryonic development and the 
maintenance of adult tissue homeostasis.198 Similar to the VEGFR system, Notch signaling is pivotal in vascular 
development and morphogenesis. In mammals, the Notch family consists of four receptors (Notch1, Notch2, Notch3, 
and Notch4) and five ligands (Jagged-1, Jagged-2, DLL-1, DLL-3, and DLL-4). Activation of Notch receptors results in 
the release of the Notch intracellular domain (NICD), which migrates to the nucleus to initiate the transcription of genes 
that influence cell fate and angiogenesis.199

During angiogenesis, a feedback regulatory mechanism occurs between Notch signaling and VEGFR receptor 
expression.200 For example, activation of the DLL-4 ligand can downregulate VEGFR-2 expression, whereas inhibition 
of the DLL-4 pathway results in the upregulation of VEGFR-2, potentially enhancing angiogenesis.201 Moreover, the 
Notch ligand Jagged 2, which is activated by HIF-1α, triggers the Notch signaling pathway, further promoting vascular 
development and angiogenesis (Figure 1).202 Liang et al documented that miRNA-210 can modulate the HIF/VEGF/ 
Notch pathway, which participates in angiogenesis after hypoxia.203 In addition, miRNA-137 has been reported to 
regulate the Notch signaling pathway, thereby facilitating angiogenesis and vascular formation in ischemic stroke models 
in rats.204 Studies have also indicated that treatment with ginsenoside R1 in a rat model of ischemic stroke reduces the 
expression levels of Notch pathway-related proteins, enhances angiogenesis, and improves cerebral blood flow. This 
finding suggested a potential angiogenic mechanism of ginsenoside R1 via the inhibition of Notch signaling.205 Despite 
these advances, the precise mechanisms through which the Notch signaling pathway mediates angiogenesis in the context 
of ischemic stroke remain to be fully elucidated.

Other Relevant Signaling Pathways
NF-κB
The nuclear factor-kappa B (NF-κB) family, comprising five members, is a pivotal transcription factor group involved in 
a myriad of physiological and pathological processes. These processes include angiogenesis, inflammation, cell prolif-
eration, transformation, and tumorigenesis.206–208 Under ischemic conditions, NF-κB activity can be upregulated by 
reactive oxygen species (ROS), leading to increased mRNA expression of HIF-1α (Figure 1).209 Research has indicated 
that the inhibition of NF-κB results in a reduction in the levels of angiogenic factors such as VEGF and interleukin-8 (IL- 
8), suggesting a proangiogenic role for NF-κB.210 Conversely, NF-κB inhibition has been shown to induce apoptosis, 
suppress the proliferation of fibroblast-like synoviocytes, and inhibit angiogenesis in conditions such as arthritis.211 

Recent studies have shown that certain agents, such as crocin, can impede angiogenesis and the migration of colorectal 
cancer cells by targeting NF-κB and obstructing the TNF-α/NF-κB/VEGF pathway.212 In the context of ischemic stroke, 
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NF-κB inhibitors have been found to diminish SCF+G-CSF-induced axonal sprouting, synaptic formation, and angio-
genesis in the ipsilateral sensorimotor cortex.213 Additionally, RSSW enhances neurogenesis and angiogenesis poststroke 
in rats by inhibiting the TLR4/NF-κB/NLRP3 inflammatory signaling pathway.214 Although traditionally associated with 
inflammation, the specific role of NF-κB in angiogenesis is emerging as a significant area of interest. Future research 
should focus on identifying the specific upstream stimuli and downstream target genes that are regulated by the NF-κB 
pathway during angiogenesis. Such studies could reveal new therapeutic approaches for the treatment and management 
of ischemic stroke.

Jak/Stat3
Under ischemic conditions, angiogenesis is predominantly driven by the upregulation of VEGF expression, which has 
been observed to increase in the ischemic hemisphere postinjury and remain elevated for up to one month.215 Studies 
suggest that the angiogenic efficacy of VEGF largely hinges on the JAK2/STAT3 and VEGF/Flk-1 pathways, which are 
affected by EPO and its receptor EPOR, culminating in increased expression of the endothelial marker CD31.216

Earlier investigations revealed a link between the leptin R/Jak-STAT signaling pathway and leptin-induced angiogen-
esis in stroke and tumor contexts.176 The recruitment of STAT3 to leptin R leads to its phosphorylation by JAK2, 
followed by dissociation and dimerization with the receptor. The STAT3 dimer then migrates to the nucleus, where it 
functions as a transcription factor by binding to specific promoter elements of target genes such as VEGF. This 
interaction induces the transcription of the VEGF mRNA, leading to increased VEGF expression. Subsequently, 
VEGF interacts with receptors on endothelial cells, initiating a cascade of downstream signaling pathways that promotes 
angiogenesis. Further research showed that leptin induces angiogenesis following cerebral hemorrhage by activating the 
leptin R/STAT pathway, thereby triggering the release of growth factors.217

Recent advances have revealed that small extracellular vesicles derived from mesenchymal stem cells (MSCs) 
facilitate angiogenesis by activating STAT3, which simultaneously inhibits autophagy and reinforces blood‒brain barrier 
(BBB) integrity by suppressing STAT3.218 The impact of the STAT3 signaling pathway on the cerebral vasculature after 
ischemic stroke is multifaceted, encompassing a range of biological functions.219 JAK2/STAT3 signaling plays dual 
roles: while its activation can promote inflammation, cell apoptosis, and oxidative stress, it also plays a significant role in 
stimulating angiogenesis. The nature of upstream stimuli and the characteristics of downstream target genes are crucial 
determinants of the functional outcomes of this signaling pathway. Consequently, a thorough investigation into the 
diverse roles of STAT3 postischemic stroke is imperative. Such research could provide novel insights for the diagnosis 
and therapeutic intervention of this complex condition.

Wnt/β-Catenin Signaling Pathway
The Wnt signaling pathway, which comprises both noncanonical and canonical pathways, plays a pivotal role in a variety 
of cellular functions. Of particular interest is the canonical Wnt/β-catenin pathway, which is crucial for angiogenesis, the 
maintenance of vascular homeostasis, and brain development.220,221 This pathway involves extracellular Wnt signaling 
molecules, transmembrane receptors, β-catenin, glycogen synthase kinase 3 beta (GSK3β), T-cell factor/lymphoid 
enhancer factor (TCF/LEF), and other components. Activation of this pathway, particularly by Wnt3a, results in the 
translocation of a significant portion of β-catenin from the cytoplasm to the nucleus. In the nucleus, β-catenin interacts 
with the transcription factor TCF/LEF, leading to the activation of TCF4 and subsequent promotion of VEGF 
expression.222,223 Activation of the Wnt/β-catenin pathway not only is vital for maintaining the integrity of the blood‒ 
brain barrier (BBB) but also plays a significant role in vascularization, often in concert with other angiogenesis-related 
factors.224 Experimental studies have shown that activation of the Wnt/β-catenin pathway and an increase in β-catenin 
levels can enhance VEGF expression in endothelial cells.225 Additionally, some research suggests that scalp electro-
acupuncture stimulation may activate the Wnt/β-catenin signaling pathway, thereby facilitating angiogenesis.226 In 
a mouse model of transient middle cerebral artery occlusion (tMCAO), treatment with oligomeric proanthocyanidins 
(OPCs) led to increased expression of Wnt7a and β-catenin in the brain, indicating the involvement of the Wnt/β-catenin 
pathway in OPC-induced angiogenesis.227
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In summary, the Wnt/β-catenin signaling pathway has emerged as a key regulatory mechanism in cerebral angiogen-
esis, particularly after ischemic stroke. Its ability to modulate VEGF expression and contribute to the structural integrity 
of the BBB underscores its potential as a therapeutic target. The interaction of the pathway with various angiogenic 
factors and its activation through diverse stimuli, such as electroacupuncture, further highlight its multifaceted role in 
promoting vascularization and recovery in ischemic brain tissue. Continued research into this pathway is essential to fully 
comprehend its regulatory mechanisms and therapeutic potential in the context of ischemic stroke and brain repair.

MAPK/ERK
The MAPK/ERK signaling pathway is instrumental for a multitude of biological activities. By phosphorylating various 
substrates within the cytoplasm and nucleus, this pathway plays a significant role in processes such as angiogenesis, 
cellular migration, proliferation, and neuroprotection.228,229 Its involvement in both angiogenesis and neural regeneration 
is particularly crucial.

Empirical studies have shown that extracellular vesicles from MEC-1 cells can enhance the invasive, migratory, and 
angiogenic capacities of human umbilical vein endothelial cells (HUVECs) by modulating the Integrin β1 (ITGβ1)- 
MAPK/ERK signaling cascade.230 In models of neural defects, astrocytes overexpressing VEGF-A have been shown to 
promote neural recovery, particularly by stimulating angiogenesis through the VEGF/VEGFR2/ERK signaling 
pathway.231 Moreover, recent research has indicated that miRNA-26a can regulate the expression of HIF-1α and 
VEGF via both the PI3K/AKT and MAPK/ERK signaling pathways, thereby promoting angiogenesis in vascular 
endothelial cells following cerebral ischemia.232 At present, multicenter clinical and mechanistic studies based on the 
MEK/ERK/AP-1 pathway to explore the promotion of vascular neovascularization after ischemic stroke have entered the 
clinical research stage (ChiCTR2300078956); however, most of these molecules are still being investigated in explora-
tory experiments but show promise.

These findings underscore the critical role of the MAPK/ERK signaling pathway in mediating key aspects of the 
angiogenic response, particularly following ischemic events in the brain. The ability of this pathway to influence multiple 
aspects of cellular function and its interaction with various molecular mediators highlight its potential as a target for 
therapeutic strategies aimed at enhancing neural recovery and angiogenesis poststroke.

Outlook
The study of angiogenesis following ischemic stroke provides critical theoretical foundations for promoting vascular 
regeneration and functional recovery. This paper deepens our understanding of the regulatory mechanisms of angiogen-
esis poststroke, particularly emphasizing the roles of the neurovascular unit and ion channels. Future research should 
further explore how these ion channels specifically regulate intracellular calcium signaling and the potential neuropro-
tective effects of this process.

Various molecules and signaling pathways, including but not limited to VEGF, IGF-1, EPO, HGF, miRNAs, Ang, 
TGF-β, and PDGF, play pivotal roles in angiogenesis. Additionally, inflammatory mediators, adhesion molecules, 
neurotrophic factors, and proteases are closely associated with poststroke angiogenesis. However, the complex interac-
tions and regulatory relationships among these elements, as well as their respective upstream and downstream signals, 
may either enhance or hinder angiogenesis.

Despite significant progress in elucidating the molecular mechanisms of ischemia-induced angiogenesis, many 
challenges remain due to the complex structure and metabolic activity of the brain. Applying in vitro signal transduction 
mechanisms to in vivo environments is not straightforward. The complexity and intertwined interactions of angiogenic 
pathways limit the effectiveness of studies of isolated pathways. Although VEGF plays a critical role in poststroke 
angiogenesis, further research is needed to understand its activation mechanisms and key targets for promoting vascular 
and neural functional recovery. Although the role of miRNAs in angiogenesis has been recognized, their specific 
functions in angiogenic pathways and regulatory mediators require in-depth investigation. Integrating bioengineering 
technologies to develop new therapies that precisely regulate angiogenesis using specific miRNAs or small-molecule 
drugs will provide more options for clinical treatment.
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Cerebrovascular diseases involve multiple genes and factors, making single-target therapies potentially insufficient 
for comprehensive efficacy. Currently, various strategies to promote angiogenesis, including the use of endothelial 
progenitor cells, mesenchymal stem cells, growth factors, cytokines, and noncoding RNAs, are being explored. 
However, compared to antiangiogenic treatments for tumors, angiogenesis therapies for ischemic stroke have received 
relatively less attention, and treatment options remain limited. This finding underscores the importance of further 
research to identify new therapeutic targets and strategies.

Given the involvement of various cell types and complex molecular pathways in angiogenesis, future research should 
adopt a systems biology approach for in-depth mechanistic studies. Drawing from the application of small-molecule 
inhibitors in cancer treatment, exploring multitarget drugs for angiogenesis in ischemic stroke could be promising. 
Furthermore, fostering interdisciplinary collaboration between researchers in pharmacology and nanotechnology to 
develop more targeted and less side effect-prone therapeutic strategies will be a promising field. Despite numerous 
challenges, these studies are expected to significantly improve the treatment outcomes and quality of life of stroke 
patients in the coming decades.
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