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Abstract. The present study focused on the mechanisms of
post-ischemic stroke (IS) angiogenesis from the perspective
of endothelial cells (ECs) dysfunction. First, it emphasized
the importance of hypoxia-inducible factor-la in the function
of ECs under hypoxic conditions, particularly in promoting
angiogenesis and improving cerebral blood supply. Secondly,
inflammatory cytokines and adhesion factors (for example,
selectins, the immunoglobulin superfamily and integrins)
influence the function and angiogenesis of ECs through
various mechanisms and signaling pathways following IS.
In addition, the effects of oxidative stress on ECs function
and angiogenesis were explored, along with the potential of
antioxidant strategies to improve EC function and promote
angiogenesis. Based on these insights, the present study
proposed new therapeutic strategies to ameliorate endothelial
dysfunction and promote angiogenesis following IS, including
small-molecule drugs targeting specific molecules, gene
therapy and traditional Chinese medicine treatments. Finally,
the importance of translating these laboratory findings into
clinical applications was emphasized, alongside the need
for advanced imaging techniques to monitor the dynamic
processes of post-IS angiogenesis and evaluate the efficacy of
novel therapeutic interventions. These explorations aimed at
providing a more comprehensive understanding of EC function
and the regulatory mechanisms of a deeper understanding of
angiogenesis following IS, offering new intervention strategies
for IS treatment.
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1. Introduction

Ischemic stroke (IS) has amongst the highest morbidity and
disability rates worldwide (1). Thrombolytic therapy, which
uses a tissue plasminogen activator to restore cerebral blood
flow, is currently one of the most effective treatments for IS.
However, its application is limited to a small subset of patients,
due to the restrictive time window for administration (1,2).
During the early stages of IS, collateral circulation is primarily
dependent on the reopening of pre-existing vascular networks.
In the later stages, this process shifts toward angiogenesis.
Research has revealed that angiogenesis typically starts
~3 days post-stroke, and progresses for 21 days or longer (2).
Autopsy studies of brain tissue from patients with IS, with
varying survival durations, revealed a notable increase in
micro-vessel density in the infarcted area compared with
the contralateral hemisphere (3). Furthermore, the extent of
peri-infarct angiogenesis was found to be positively correlated
with survival, survival duration and neurological recovery.
These findings suggested that angiogenesis in the infarcted
region following IS holds a significant therapeutic potential. In
mouse models of middle cerebral artery occlusion (MCAO),
proliferating endothelial cells (ECs) have been observed in the
ischemic penumbra, contributing to an increase in vascular
density (4).

Following IS, EC dysfunction occurs first due to the direct
contact between the vascular endothelium and blood in the
artery. ECs are located in the innermost layer of the arterial
wall, and fluid shear stress in the vessel wall primarily affects
ECs. Disturbed blood flow promotes an ECs' response in
atherosclerosis, including dysfunction of both contractile and
diastolic functions of ECs (5). Ischemic recovery is mediated
by neoangiogenesis and requires interactions between ECs
and pericytes to form a stable microvascular network (6).
The blood-brain barrier (BBB) is primarily constituted
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by diverse types of brain ECs. It ensures the transport of
specific nutrients from peripheral circulation to the central
nervous system (CNS) while preventing the entry of harmful
substances. The mechanism through which activation of the
Caspase-4/11-GSDMD signaling pathway in brain ECs results
in inflammatory disruption of the BBB has been identified (7).
A cascade of effects is triggered in ECs following IS, and it
is crucial to examine the generation and development of EC
dysfunction following IS and to investigate how this dysfunc-
tion impacts angiogenesis. The aim of the present review was
to summarize and analyze the mechanisms of EC dysfunction
post-IS to provide new insights for IS prevention and treatment.

2. EC origin and function

ECs are derived from endothelial progenitor cells (EPCs),
which can either distinctly develop into ECs and incorporate
into the injured vessel or regulate the injury through paracrine
factors acting on surrounding cells and vessels (8).

The differentiation of EPCs into ECs is a multi-step
process that can be divided into three distinct phases (9):
1) Integrin-mediated adhesion to the extracellular matrix (10);
ii) growth factor-driven proliferation and differentiation (11);
and iii) the regulation of EC maturation and stabilization by
specific transcription factors (12). Beyond their role in differ-
entiating into ECs, EPCs are also known to secrete various
paracrine factors, including vascular endothelial growth factor
(VEGF), stromal cell-derived factor 1 (SDF-1), insulin-like
growth factor 1, active monocyte chemotactic protein 1, macro-
phage inflammatory protein-lo and platelet-derived growth
factor (13). These secreted factors can interact with multiple
cell types to facilitate angiogenesis and promote tissue repair.
The origin of ECs and the overall process of angiogenesis are
demonstrated in Fig. 1.

3. EC dysfunction following IS

ECs and hypoxia-inducible factor-lo (HIF-1a). Under
normal oxygen levels, the proline residue of the HIF-1a
protein binds to Von Hippel-Lindau proteins in the presence
of oxygen, iron (II) and a-ketoglutarate, leading to its rapid
degradation through the ubiquitin-proteasome pathway (14).
By contrast, hypoxic conditions prevent the hydroxylation of
HIF-1a, allowing it to accumulate, translocate to the nucleus
and bind with HIF-1p, thereby triggering the transcription
of genes related to hypoxia, such as VEGF (15). The brain is
highly sensitive to oxygen and nutrient fluctuations, requiring
efficient blood supply. To support its metabolic needs, the
glucose transporter type 1 (GLUT1) protein is expressed in
ECs and neurons, facilitating glucose transport and sustaining
glycolytic processes. Following IS, neuronal cells in the
ischemic penumbra have an increased demand for nutrients,
which cannot be transported without ECs. HIF-1a activa-
tion can maintain redox homeostasis by facilitating glucose
transport and glycolysis. Studies have revealed that hypoxic
preconditioning helps reduce cortical neuronal loss in rats
with traumatic brain injury (16,17). This protective effect is
primarily linked to the upregulation of HIF-1a, which in turn
stimulates the expression of GLUT1 and 3, enhancing glucose
uptake by neurons. The phosphatidylinositol 3-kinase/protein
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Figure 1. Endothelial cells derived from EPCs. EPCs, endothelial progenitor
cells; VEGF, vascular endothelial growth factor; SDF-1, stromal cell derived
factor-1; IGF-1, insulin-like growth factor-1; MCP-1/CCL2, active mono-
cyte chemotactic protein-1; MIP-1a, macrophage inflammatory protein-la;
PDGF, platelet-derived growth factor.

kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR)
signaling pathway plays a crucial role in vascularization,
including the survival, migration and angiogenesis of ECs.
That activation of the PI3K/AKT/mTOR pathway further
stimulates its downstream target, HIF-1a, which regulates the
expression of VEGF, a key factor that promotes vascularization
following IS (18). In addition, receptors such as the epidermal
growth factor receptor, fibroblast growth factor receptors and
IL-6 receptor exert neuroprotective effects against cerebral
ischemia by activating the PI3K/AKT/mTOR pathway, leading
to increased levels of HIF-1a (19). HIF-1a, in turn, promotes
angiogenesis in ischemic tissues by increasing VEGF expres-
sion (20). In ECs, the PI3K/AKT pathway is also involved
in angiogenesis through its regulation of nitric oxide (NO)
signaling, which is modulated by endothelial NO synthase
(eNOS). Evidence suggests that NO donors can enhance the
transcriptional activity and expression of HIF-1a, thereby
increasing VEGF mRNA levels (21). These findings indicated
that HIF-1a plays a pivotal role in regulating EC dysfunc-
tion under oxidative stress following IS, largely through
stimulating angiogenesis. The mechanism of HIF-1a and ECs
angiogenesis-related factors is demonstrated in Fig. 2.

ECs and inflammatory cytokines. Pro-inflammatory mole-
cules, such as TNF-a, IL-1 and IL-6, are key contributors to
the development of cerebral infarction. Although these factors
exacerbate tissue damage mainly by promoting inflammatory
responses, they can, in some cases, participate in angiogenesis
by modulating angiogenesis-related signaling pathways.

TNF-a. TNF-a is a cytokine that exerts numerous pro-inflam-
matory effects and is pivotal in both pathological and
physiological processes (22). Following IS, TNF-a is activated
within 1 h, reaches its peak between 6 and 10 h, and typically
diminishes within 1 to 2 days (23). Increased TNF-a exerts
both neuroprotective and neurotoxic effects following IS (23).
TNF-a exerts its effects by binding to two receptors, TNF
receptor 1 (TNFR1) and TNFR2, both of which are involved
in hind limb ischemia-induced angiogenesis (24). When
TNF-a interacts with TNFRI, it triggers the expression of
pro-erythropoietin (EPO) in cerebral ECs by increasing the
EPO receptor (EPOR) levels. EPO then promotes angiogen-
esis by upregulating EPOR, which enhances the activation of
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Figure 2. HIF-1a derived from the ribosomes can be expressed in different ways under normoxic and hypoxic conditions. Arrows indicate signal propagation
downstream. HIF-1a, hypoxia-inducible factor-1a; Fe*, ferrous iron; a-KG, a-ketoglutarate; EGFR, epidermal growth factor receptor, FGFR, fibroblast
growth factor receptors; IL-6R, interleukin-6 receptor; PI3K/AKT/mTOR, phosphatidylinositol 3/Kinase protein kinase B/mammalian target of rapamycin;
NO, nitric oxide; eNOS, endothelial NO synthase; VEGF, vascular endothelial growth factor.

signaling pathways such as VEGF/VEGFR2 and angiopoi-
etin-1/Tie2 (Angl/Tie2) (25). Furthermore, TNF-a directly
influences ECs to regulate angiogenesis via VEGF signaling
activation. In addition, TNF activates several signaling path-
ways, including NF-xB and AKT. NF-kB activation by TNF
can trigger AKT signaling, and both the NF-xB and PI3K/AKT
pathways are crucial for the upregulation of TNF/TNFRI1 in
EPOR (26). These findings suggested that TNF-a may play a
neuroprotective role by promoting angiogenesis through EPO
and its associated signaling mechanisms.

IL-1. The pro-inflammatory cytokine IL-1 plays a central
role in cerebrovascular inflammation following ischemic
injury. After cerebral ischemia, microglia, astrocytes and
ECs release two isoforms of IL-1, IL-1a and IL-1f, which
primarily target ECs and astrocytes (27,28). IL-1 stimulates
the expression of LG3, a C-terminal fragment of perlecan, in
brain cell cultures. Perlecan is a key component of the base-
ment membrane of ECs in mature tissues, and LG3 has been
identified as a potentially neuroprotective and pro-angiogenic
fragment of the extracellular matrix (29). LG3 can mitigate
p-amyloid-induced neuronal toxicity by binding to the a231
integrin (30). In addition, IL-1 promotes the expression of
pentraxin-3 (PTX3), an acute-phase protein involved in
brain repair processes following ischemia. PTX3 is crucial
for mechanisms such as neurogenesis and angiogenesis in
the post-ischemic brain (31). After 14 days of MCAO, VEGF
exerts a potent pro-angiogenic effect through the activation of
VEGFR?2, which is upregulated after ischemia and reduced in
PTX3 knockout mice (32).

The pro-inflammatory actions of IL-1p are mediated
via its receptor, IL-1R1. The inhibition of IL-1p binding to
IL-1R1 can prevent cerebral edema and brain tissue damage
in experimental IS models. IL-1p stimulates the chemokines
SDF-1/CXCL-12, which accumulates at the BBB, promoting
leukocyte infiltration into the CNS, along with micro-
vascular leakage and cerebral edema (33). Studies on the
impact of IL-1B on trans-endothelial electrical resistance in
human cerebral microvasculature have revealed that IL-1p
disrupts the endothelial barrier through the PKC-dependent
phosphorylation of PKC-0 and ZO-1 (34). As IL-1p is a key
inflammatory mediator, targeting the inhibition of PKC-6 or
Z0-1 phosphorylation offers a potential strategy to prevent
BBB disruption during neuroinflammation (35). In addition,
macrophage-derived IL-1f3 enhances the expression of the
pro-angiogenic isoform VEGF-A165a, while suppressing the
anti-angiogenic VEGF-A165b through the activation of signal
transducer and activator of transcription-3 (STAT-3) and
NF-«kB pathways. This shift promotes VEGF expression and
contributes to inflammatory vascularization (36).

IL-1a has been revealed to be significantly more potent
than IL-1p in activating ECs, as evidenced by the increased
expression of the pro-angiogenic chemokine CXCL-1. In
addition, IL-1a stimulates a strong, concentration-dependent
expression of the angiogenic mediator IL-6 (37). It also
promotes EC proliferation, migration and the formation of
tubular structures. These responses can be blocked by the
IL-1 receptor antagonist. Thus, while IL-1-driven inflamma-
tion can exacerbate ischemic injury, it also plays a dual role
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Figure 3. Endothelial cells and inflammatory cytokines. TNFR1/2, TNF receptor 1/2; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; EPO,
erythropoietin; EPOR, EPO receptor; VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor 2; Angl, angiopoietin-1; Tie2, tyrosine kinase with
immunoglobulin and EPO receptor domains receptor; STAT3, signal transducer and activator of transcription 3; IL-6R, IL-6 receptor; gb130, glycoprotein

130; JAK, Janus kinase.

by enhancing the brain repair mechanisms and supporting
functional recovery.

IL-6. 1L-6 is a multifunctional cytokine and an impor-
tant messenger molecule between leukocytes, vascular ECs
and thin-walled tissue-resident cells, produced by several
types of cells, such as monocytes, macrophages, adipocytes,
hematopoietic cells and ECs (38). The function of IL-6 is
mediated through a unique receptor system consisting of
two functional proteins: An IL-6-specific receptor (IL-6R)
and a second glycoprotein, gp130. Signaling through gp130
is mediated by two pathways: The JAK-STAT and the
Ras-MAPK pathway (39). In the vasculature, IL-6 can act
directly or indirectly on vascular ECs. IL-6 preconditioning
induces VEGF secretion from neural stem cells via STAT3,
which promotes angiogenesis in the ischemic brain (40). A
related study (41) found that two days after mild transient
cerebral ischemia, wild-type mice exhibited a significant
early increase in IL-6 gene transcription and protein levels
in the ischemic brain. This was accompanied by an early
upregulation of mRNAs for angiogenesis-related genes, such
as VEGFR2 and eNOS. In mice with MCAO, the increase in
circulating VEGF was diminished following IL-6 knockdown
at 48 h (42). Monocyte-derived IL-6 plays a critical role in
programming microglia to repair the damaged brain vascula-
ture. Cerebrovascular repair was absent in IL-6 knockout mice
or those lacking microglial IL-6Ra expression, but could be
restored through exogenous IL-6 administration (43).

The aforementioned studies suggested that IL-6 promotes
angiogenesis following cerebral infarction, thereby providing
long-term histological and functional protection. ECs and
inflammatory cytokines are shown in Fig. 3.

ECs and adhesion factors. The EC membrane serves as
the interface between ECs and the external environment,

facilitating material exchange and signal transmission. The
integrity and dynamic changes of the EC membrane signifi-
cantly influence the activity and role of different adhesion
molecules. These molecules, expressed on the ECs membrane,
are critical in vascular biology as they regulate blood
flow, immune cell migration and inflammatory responses.
Specifically, adhesion molecules are vital for leukocyte infil-
tration into the CNS. The molecular interactions between ECs
and circulating leukocytes are primarily mediated by three
categories of adhesion molecules: Selectins such as E-, P- and
L-selectins, immunoglobulin superfamily members such as
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) and integrins.

Selectins. Selectins are membrane-bound glycoproteins with
three main members: E-selectin (CD62E), P-selectin (CD62P)
and L-selectin (CD62L) (44). The molecular mechanisms of
leukocyte infiltration into ischemic tissues involve these selec-
tins. CD62E, also known as E-selectin, plays a crucial role in
the adhesion of leukocytes to ECs, and its involvement in the
homing and angiogenesis of EPCs has been experimentally
studied. CD62E is synthesized in response to inflammatory
stimuli, such as TNF-a and IL-1, and is expressed on the EC
membrane within hours of stimulation. CD62P or P-selectin, is
found on ECs and platelet granule membranes, and is rapidly
expressed on the outer cell membrane upon activation by factors
such as thrombin or histamine. CD62L is present on lympho-
cytes, neutrophils and monocytes, and following cell activation
it is cleaved from the membrane through proteolytic processes.

Immunoglobulin superfamily. The immunoglobulin super-
family consists of a group of cell surface and soluble proteins,
several of which serve as adhesion molecules. A total of 5 key
members of this family include ICAM-1, ICAM-2, VCAM-1,
platelet endothelial cell adhesion molecule 1 and mucosal



Bzl SPANDIDOS
7] .§, PUBLICATIONS

vascular addressin in cell adhesion molecule 1. Among these,
ICAM-1 and VCAM-1 are some of the most extensively
studied adhesion molecules in the context of IS. The expres-
sion of these EC adhesion molecules is a crucial step in the
recruitment of circulating leukocytes to areas of inflammation.
Hypoxic conditions and cytokines, such as IL-1f and TNF-a,
significantly enhance the expression of these molecules (45).

The role of ICAM-1 in regulating cerebral leukocyte
recruitment during neuroinflammation and ischemia has been
clearly established through studies involving [CAM-1 knockout
mice and the use of ICAM-1 blocking antibodies (46). In vivo
research in mice has revealed that TNF-a triggers the upregu-
lation of both ICAM-1 and VCAM-1. The expression levels of
these molecules begin to rise between 2 and 5 h after brain
injury, peak between 5 and 9 h, and remain elevated above
baseline levels for at least 24 h (47). Of note, the increases in
ICAM-1 and VCAM-1 expression are dose-dependent, with
a significant upregulation at 5 pug/kg and a maximal increase
observed at doses between 10-25 ug/kg.

Correlative studies have revealed that VEGF increases
VCAM-1 and ICAM-1 protein levels and promotes leuko-
cyte adhesion in an NF-kB-dependent manner (48). ICAM-1
expression influences VEGF-A-induced eNOS activity and
angiogenesis by regulating endothelial glutathione levels (49).
Studies also have revealed that both VCAM-1 and integrin a4
(ITGA4) are upregulated by TNF-a in ECs. sVCAM-1-induced
angiogenesis is facilitated by the upregulation of VEGF
through the p38 MAPK/FAK signaling pathway. The
SVCAM-1/ITGA4 pathway may play a role in inflammatory
angiogenesis (50).

The aforementioned findings suggested that inflammatory
cytokines promote the increase in the expression of ICAM-1
and VCAM-1, which enhances the interaction between ECs
and circulating leukocytes, thereby promoting angiogenesis
following IS.

Integrins. Integrins are heterodimeric proteins made up
of distinct a-subunits paired with common [-subunits. The
[-subunits are categorized into three subfamilies: $1, 2 and
B3 integrins. Integrins in the 1 subfamily play a key role in
connecting to the extracellular matrix, binding to collagen,
laminin and fibronectin. By contrast, B2 integrins are crucial
for mediating the adhesion between leukocytes and ECs. 3
integrins, also referred to as integrin avf3 or cytokines, are
involved in blood clot formation and stabilization. These inte-
grins are vital for regulating processes such as hematopoiesis,
leukocyte recruitment and inflammatory responses (51).

Brain ECs demonstrate minimal expression of adhesion
molecules, which prevents peripheral immune cells from
crossing into the CNS (25). 2 Integrin, a key integrin subunit,
plays a significant role in directing EPCs to areas of active
vascular angiogenesis. Known as a leukocyte-specific receptor,
(2 integrin interacts with various ICAM family members and
polysaccharides (52).

The impact of neuroinflammatory mechanisms (whether
detrimental or protective) depends on the timing following
cerebral ischemia. Inflammation may exacerbate ischemic
injury in the early stages of IS, whereas the inflammatory
response may protect neurons by promoting neurogenesis,
angiogenesis and neuroplasticity in the later stages. Integrins
such as a5p1 and avp3, play a crucial role in regulating the
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processes of angiogenesis and inflammation following cere-
bral ischemia (53). The Angl/Tie2 signaling pathway and
the integrin a5p1 interact with ECs following IS, promoting
angiogenesis (54). VEGF upregulation by a5p1 and avf3, and
their ligand-endo-ligand proteins in the ischemic penumbra,
stimulate EC proliferation. TNF-o or FGF-2-induced angio-
genesis is dependent on avfp3, while VEGF and TGF-a-induced
angiogenesis is dependent on avf5, suggesting that av integ-
rins play a key role in potent angiogenesis (55).

Adhesion molecules on ECs play a crucial role in
maintaining vascular health and function. Targeting these
molecules to modulate their expression can reduce inflamma-
tion and improve EC function. For example, the development
of small-molecule inhibitors targeting ICAM-1 or VCAM-1
may help suppress intravascular inflammation and reduce
cerebrovascular lesions (56). The development of therapies
that promote EC repair and regeneration may help to improve
the function of the vascular endothelium and provide a new
direction in the treatment of cerebrovascular diseases. For
example, stem cell therapy (57) or gene therapy (58) is used
to promote endothelial repair and restore the normal function
of blood vessels. The association between ECs and adhesion
factors is demonstrated in Fig. 4.

4. Conclusions

Following IS, ECs trigger a cascade of reactions, including
oxidative stress and inflammation. Promoting angiogenesis
can help alleviate the ischemic and hypoxic conditions in the
affected brain tissue.

Next, the clinical translational applications which are
related to the aforementioned cytokines will be discussed. For
HIF-1a, related studies have revealed that Dan-Deng-Tong-Nao
soft gel capsules promote angiogenesis to safeguard brain
tissue against IS and exert beneficial effects in brain micro-
vascular ECs by activating the HIF-1a/VEGFA/NOTCH1
signaling pathway (57-59). Chinese patent medicines have
significant advantages in the long-term treatment of stroke, due
to their versatility and multi-target nature (59). Tissue kalli-
krein (TK) has emerged as a promising neuroprotective agent
in IS. Research in preclinical models has revealed that TK
supplementation activates the PI3K/AKT signaling pathway
by enhancing the expression of bradykinin receptor 2 during
the ischemic phase. This activation promotes the nuclear
translocation of HIF-1a, which in turn boosts the expression
of VEGF and eNOS, strengthening the neurovascular unit. In
addition, TK suppresses the activation of the kallikrein-kinin
system triggered by reperfusion injury, effectively reducing
inflammation, oxidative stress production and endothelial
barrier dysfunction (60). The treatment of endothelial barrier
dysfunction by Dan-Deng-Tong-Nao soft gel capsules and TK
warrants continued exploration in the future.

Inflammatory cytokines such as TNF, IL-1 and IL-6
play a crucial role in tissue damage during stroke, making
them important targets for IS treatment. Studies have
revealed that these cytokines significantly contribute to
stroke-induced injury (61). Specifically, TNF-a and IL-1§
can trigger the expression of procoagulant molecules, such
as tissue factor and plasminogen activator inhibitor-1, by
activating the NF-kB and AP-1 signaling pathways (61).
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Figure 4. Endothelial cells and adhesion factors. CD62E, e-selectin; EPCs, endothelial progenitor cells; ICAM-1, intercellular adhesion molecule 1; p38
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a 5B1; VEGF, vascular endothelial growth factor.

Hexahydrocurcumin (HHC), a major metabolite of curcumin,
has been found to improve hypertensive and vascular remod-
eling in Nw-Amino-L-arginine methyl ester (L-NAME)
-induced rats (62). TGF-§ plays a pivotal role in inflamma-
tory responses by promoting fibrogenesis, a key process in
vascular remodeling. Matrix metalloproteinases (MMPs), a
family of zinc-dependent enzymes, are involved in degrading
extracellular matrix components such as collagen and elastin.
During vascular formation and remodeling, MMPs act as
inflammatory mediators. Elevated levels of TGF-1, MMP-2
and MMP-9 have been observed in L-NAME-induced hyper-
tensive rats, indicating their involvement in the pathogenesis
of vascular changes.

HHC treatment has been revealed to reduce the expres-
sion of key proteins involved in vascular remodeling,
including TGF-f1, MMP-9 and collagen type I. In addition,
N-myc downstream-regulated gene 1 (NDRG1), a member
of the NDRG family, plays a crucial role in cell differen-
tiation, proliferation and stress responses. NDRGI is a key
mediator in regulating endothelial inflammation, thrombotic
responses and vascular remodeling. NDRGI knockdown using
lentivirus-based NDRG1 shRNA significantly reduces the
expression of cytokines, chemokines and adhesion molecules
induced by IL-1f3 and TNF-a (63). Given this, the strategic use
of HHC at appropriate times, combined with targeted regula-
tion of NDRGI, holds promise as a therapeutic approach for
modulating endothelial inflammation, thrombotic responses
and angiogenesis in the context of IS.

Studies on adhesion molecules indicate that gingerol,
the active compound in fresh ginger, undergoes dehydration
to form 6-shogaol in dried ginger rhizomes. 6-Shogaol has
been revealed to reduce the levels of cell adhesion molecules,
particularly in lipopolysaccharide-activated ECs. It notably
decreased the expression of ICAM-1, VCAM-1 and E-selectin

on the endothelial surface in response to TNF stimulation.
Furthermore, mRNA analysis demonstrated that higher
concentrations of 6-shogaol led to a concentration-dependent
reduction in the gene expression of [CAM-1, VCAM-1 and
E-selectin. Therefore, identifying components with the oppo-
site effect to gingerol may present a new direction for future
clinical research aimed at promoting the regulation of EC
adhesion molecules and enhancing angiogenesis following
IS (64).

In the present study, from the perspective of EC dysfunc-
tion, the angiogenesis pathways associated with ECs following
IS were summarized. The exploration of these mechanisms
can provide intervention strategies for future treatment
following IS. The importance of HIF-1a in EC function under
hypoxic conditions was emphasized, particularly in promoting
angiogenesis and improving cerebral blood supply, both of
which are crucial in the management and avoidance of cere-
bral ischemia.

Inflammatory cytokines and adhesion factors affect the
function and angiogenesis of ECs after IS through distinct
mechanisms and signaling pathways, thereby playing a
significant role in the pathological processes of cerebral isch-
emia. However, there remains much to explore regarding the
dysfunction of ECs after IS.

For example, from the perspective of inflammatory
factors, it is important to continue investigating the expression
patterns and mechanisms of action of inflammatory cytokines,
including TNF-a, IL-1 and IL-6, after IS and how they regulate
angiogenesis by affecting ECs. This includes exploring how
these cytokines activate receptors on ECs and their temporal
dynamics during inflammation and repair.

From the perspective of adhesion factors, it is necessary to
investigate changes in the expression of adhesion factors, such
as selectins, the immunoglobulin superfamily, and integrins,
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after IS, and how they influence leukocyte recruitment and
EC function. Exploring the specific roles of these molecules in
angiogenesis and repair, as well as how they interact with other
signaling pathways, is critical.

From the perspective of oxidative stress, the impact of
oxidative stress generated by ECs on their function and
angiogenesis after IS should be studied. Understanding how
ECs respond to oxidative stress and whether antioxidant strat-
egies can improve EC function and promote angiogenesis is
essential.

Based on the understanding of these pathways and
molecules, novel therapeutic strategies can be developed to
ameliorate endothelial dysfunction and promote angiogenesis
after IS. These strategies may include small molecule drugs
targeting specific molecules, biologics, gene therapy and tradi-
tional Chinese medicines.

Further translation into clinical applications will be
achieved by translating laboratory discoveries into clinical
practice, incorporating multimodal imaging technology,
and utilizing advanced imaging techniques to monitor the
dynamic process of post-IS angiogenesis. These techniques
will also assess the effects of novel therapeutic interventions.
This includes analyzing clinical trials and patient samples to
validate laboratory results and identify the most promising
therapeutic targets. These explorations will result in a deeper
understanding of EC function and the regulatory mechanisms
of angiogenesis after IS, providing new intervention strategies
for the treatment of IS.
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