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Abstract

Brain endothelial cells (BECs) are situated at the interface between the bloodstream and the brain, serving a crucial function in the
development and maturation of the brain, particularly in upholding the integrity of the blood-brain barrier (BBB). Consequently, any
modifications or gradual breakdown of the endothelium can significantly disrupt brain homeostasis. Ischemic stroke (IS), characterized
by the progressive compromise of the BBB and increased BECs mortality, stands as a prominent global cause of mortality and disability.

This review will utilize recent research to explore mechanisms underlying death.

Keywords: ischemic stroke; brain endothelial cells death; neuroprotective drugs

1. Introduction

According to research, the frequency and occurrence
of strokes rose with time, and they were associated with
high rates of death and disability, endangering people’s
lives and health [1]. Of these, cerebral ischemic stroke (IS)
accounts for around 70% of all stroke occurrences, making
up the vast majority [2]. Insufficient blood flow and cere-
bral vascular congestion are characteristics of IS, which re-
sults in a lack of oxygen and nutrients reaching brain tissue.
This, in turn, causes a number of pathophysiological alter-
ations or injuries, including the death of brain cells, which
ultimately causes neurological dysfunction [3].

The blood-brain barrier (BBB) is a specialized mi-
crovascular system that functions as an essential interface
between the brain and blood, safeguarding the integrity and
homeostasis of the central nervous system (CNS) [4]. They
are mainly composed of brain microvascular endothelial
cells (BMECs), astrocytes, pericytes and basement mem-
brane. Endothelial cells constitute the capillary wall and
are the main barrier of the BBB [5]. The endfeet of as-
trocytes are surrounded by brain microvascular endothe-
lial cells (BMECs), whose secreted matrix proteins form
the basement membrane. Additionally, pericytes are intri-
cately embedded within the basement membrane that en-
compasses both the glial cells and the BMECs [6]. Inves-
tigating the mechanisms that maintain the integrity of the
BBB is critical to our understanding of the regulation of
exchange between the CNS and the periphery under both

healthy and diseased states. Among them, brain endothe-
lial cells have a role in maintaining the integrity and func-
tionality of the BBB as well as promoting the formation of
neuronal axon. They are also engaged in the regulation of
vascular relaxation ability, blood cell transit, platelet adhe-
sion, and neovascularization [7]. They form a barrier that
highly limits the passage of solutes between nerve tissue
and circulating blood vessels [8].

Nearly a quarter of stroke survivors had another stroke
after 5 years, almost doubling after 10 years. Recurrent
strokes are associated with a significantly high mortality
rate; approximately 50% of individuals who survive their
initial stroke pass away within five years, while around 75%
do so within ten years [9]. Long-term all-cause mortality
was mainly due to diseases other than stroke. Both recur-
rent stroke and long-term mortality are influenced by sev-
eral modifiable risk factors [10]. Certain clinical trials have
indicated that the annual risk of myocardial infarction or
vascular mortality following an ischemic stroke varies be-
tween 1.8% and 4.6%. In a recent study, cardiovascular
deaths accounted for 5 to 39% of late deaths during 10 years
of follow-up [11].

As the primary effector cells involved in the angio-
genic response, endothelial cells (ECs) surrounding the in-
farcted brain area commence proliferation as early as 12 to
24 hours following the onset of ischemic stroke [12]. Ad-
ditionally, upregulation of vascular endothelial growth fac-
tor (VEGF) in the peri-infarct region has been observed as
early as three hours post-ischemic injury, indicating that an-
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giogenesis can initiate within hours after the stroke occurs
[13]. In the context of ischemic stroke, the migration of ECs
from their stationary locations is facilitated by the loosening
of intercellular connections among the ECs, coupled with a
reduction in support from adjacent cells such as pericytes
and smooth muscle cells. This dynamic ultimately results
in vascular instability [ 14]. Following the onset of ischemic
stroke, reactive astrocytes play a crucial role in reorganiz-
ing the extracellular matrix (ECM), leading to the formation
of ECM bundles that migrating endothelial cells utilize to
establish new capillary structures [15]. Once the pathway
for sprouting is established, VEGF binds to its receptors on
vascular endothelial cells, thereby triggering a direct angio-
genic response that fosters both proliferation and migration
of the ECs [16].

Decades of preclinical research have underscore the
potential advantages of neuroprotection in experimental
stroke models. A study indicates that a wide array of ther-
apeutic agents has undergone testing in clinical trials or is
presently under evaluation in preclinical investigations to
assess their effectiveness in acute IS [17]. In recent years,
drugs and compounds for the protection of brain endothelial
cells have also been developed rapidly.

This review will reflect the importance of brain en-
dothelial cells (BECs) death mechanisms in IS by introduc-
ing current information on different types of brain endothe-
lial cell death mechanisms and mediators involved in regu-
lating these responses, and discuss the application prospects
of neuroprotective drugs, to offer dependable therapeutic
strategies for the future treatment of IS (Fig. 1).

2. Morphological and Functional
Characteristics of BECs

Compared to endothelial cells generated from periph-
eral organ arteries, BECs have distinct morphological and
functional characteristics [7]. BECs are polarized cells
distinguished by their intricate tight junctions, which pri-
marily consist of zonula occludens-1 (ZO-1), claudin, and
occludin, along with membrane solute carriers and ATP-
binding cassette (ABC) efflux transporters. These highly
specialized cells form the blood-brain barrier (BBB), play-
ing a crucial role in regulating the selective and active trans-
port of potentially harmful substances from the bloodstream
into the brain [18]. In addition, BECs have a great num-
ber of mitochondria and a smaller number of pinopoditic
vesicles, thereby limiting endocytosis and transcellular ac-
tion [19,20]. These characteristics enable BECs to collab-
orate with astrocytes, pericytes, and perivascular microglia
to create the BBB in addition to enabling them to quickly
supply oxygen, glucose, and other nutrients to fulfill the
high metabolic demands of the brain.

Trauma, infections, oxidative stress, DNA-damaging
chemicals, and the deposition of amyloid-g peptide (A3)
fragments are a few examples of acute or chronic insults that
offer significant risks to BECs [21-25]. These insults have

the potential to disrupt microvascular structures and have
a deleterious effect on a variety of endothelial cell activi-
ties, including survival. Reduced BEC survival ultimately
jeopardizes the cerebral vascular niche, the BBB, and the
morphological and functional integrity of the neurovascu-
lar unit, there by disrupting brain homeostasis and resulting
in illness.

3. Mechanisms of Endothelial Cell Death in
IS

To date, studies have described a variety of regulatory-
cell-death mechanisms [26-28]. These include apopto-
sis, necroptosis, pyroptosis, ferroptosis, and autophagy-
dependent cell death. These cell-death mechanisms provide
a basis for further characterizing endothelial cell death in
nervous system diseases, bringing hope for the treatment of
these diseases [29] and to provide new therapeutic targets
for the treatment of IS by studying the potential mechanism
of BEC death. In this section, we will introduce the latest
research on the mechanism of endothelial cell death, and
classify, supplement and summarize the previous research.

3.1 Apoptosis

Of the different Endothelial-cells-death mechanisms
identified in IS, apoptosis is the most extensively studied.
Two distinct processes can cause apoptosis: The death re-
ceptor pathway, commonly referred to as the extrinsic path-
way, operates in conjunction with the endogenous path-
way, also known as the mitochondrial pathway or the B-
cell lymphoma-2 (Bcl-2) regulated pathway, which is clas-
sified as the intrinsic pathway [30,31]. The intrinsic path-
way is regulated by pro-apoptotic and anti-apoptotic mem-
bers of the Bcl-2 protein family [32]. Activation of the ex-
trinsic pathway occurs via members of the tumor necrosis
factor receptor (TNFR) superfamily through the binding of
their respective ligands [33]. Both the intrinsic and extrin-
sic pathways ultimately converge on a final common path-
way, which emphasizes the activation of the caspase pro-
tease family. This activation culminates in the hallmark
features of apoptosis, including DNA fragmentation, chro-
matin condensation, and membrane blistering [34]. Addi-
tionally, the extrinsic pathway can induce intrinsic mito-
chondrial apoptosis by activating caspase-8, which subse-
quently generates truncated BID (tBID) [31]. Various regu-
latory proteins—including tumor protein 53 (p53), nuclear
factor kappa-B (NF-xB), the ubiquitin-proteasome system,
and the phosphoinositide 3-kinase (PI3K) pathway—play
critical roles in modulating both the intrinsic and extrinsic
pathways. Given that multiple stimuli can trigger both path-
ways, there exists significant crosstalk between these two
apoptotic mechanisms.

ASKI1-K716R point mutation was found to inhibit
apoptosis signal-regulating kinase 1 (ASK1) activity, as
well as the activation of pro-apoptotic Jun N-terminal ki-
nases (JNKs) pathway and pro-inflammatory p38 pathway
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Fig. 1. A simple schematic of several death mechanisms in ischemic stroke. Necroptosis: Death ligands such as tumor necrosis factor
(TNF) with its cognate receptor (TNFR) cause pleiotropic signaling, including inflammation and cell survival, cell apoptosis, and necro-
tizing apoptosis by key signaling molecules, receptor interaction protein kinase 1 (RIPK1) of serine/threonine decision. After inhibition
of caspase-8, RIPK1 activates receptor interaction protein kinase 1 (RIPK3), leading to the formation of necrosomes. The necrosomes
then phosphorylate and activate mixed lineage kinase-like (MLKL), leading to rapid membrane permeabilization and necroptosis. Apop-
tosis: The activation of caspase-8 triggers the subsequent activation of caspase-3 and caspase-7, ultimately resulting in cell death through
the extrinsic apoptotic pathway. In contrast, the intrinsic apoptotic pathway is initiated by disturbances within the internal cellular envi-
ronment, such as DNA damage, which leads to the permeabilization of the mitochondrial outer membrane (MOMP). MOMP is regulated
by interactions between pro-apoptotic and anti-apoptotic B-cell lymphoma 2 (BCL-2) family proteins. Promoting apoptosis protein the
Bcl-2-associated X protein (BAX) and related the BCL-2 cognate antagonist killer protein (BAK) formed in the mitochondrial outer
membrane aperture, resulted in the release of cytochrome ¢ and the formation of apoptotic body apoptotic protease activating factor-1
(APAF-1). Apoptotic bodies activate caspase-9 and subsequently caspase-3 and caspase-7, leading to apoptosis. Caspase-8 through in-
teraction will promote apoptosis BH3 domain death (BID) cut to activate BAX and BAK truncated BID (tBID), crosstalk between inner
and external mediated apoptosis pathway. Pyroptosis: Damage-associated molecular patterns (DAMPs) released from dying cells play a
crucial role in activating pattern recognition receptors, including Toll-like receptors (TLRs). This leads to the activation of the classical in-
flammasome that activates caspase-1. Cracking gasdermin D (GSDMD) activated caspase-1, from GSDMD C inhibition of fragments of
release GSDMD NT into a hole. GSDMD NT formed holes in membrane air and coke. Active caspase 1 also proinflammatory cytokines
can be interleukin 1 beta (IL-1 beta) and IL-18 GSDMD hole to release the mature form of cracking. Ferroptosis: Typically, glutathione
peroxidase 4 (GPX4) utilizes glutathione (GSH) to catalyze the conversion of lipid hydroperoxides into corresponding alcohols. How-
ever, elevated levels of extracellular glutamate can inhibit the function of System Xc, consequently disrupting the cysteine-GSH-GPX4
axis. In addition, Ca®" overload triggers the activation of cytosolic phospholipase A2a (cPLA2c), which generates substrates essential
for lipid peroxidation. Furthermore, Fe?" activates lipoxygenase (LOX), further contributing to this lipid peroxidation process. The rise
in blueox-active iron, coupled with excessive lipid peroxidation, plays a significant role in the induction of ferroptosis. Autophagy: N-
methyl-D-aspartic acid receptor (NMDAR) leads to Ca®* influx, causing unfolded protein and endoplasmic reticulum (ER) stress. The
three transmembrane sensors inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6), and PKR-like endoplasmic
reticulum kinase (PERK) activate a complex cascade with autophagic induction. IRE1 upregulates Beclin 1 (BECN1) via box-binding
protein 1 (XBP1). XBP1 also functions as a transactivator for forkhead box O1 (FOXO1) and transcription factor EB (TFEB), effec-
tively bypassing BECN to induce autophagy. The protein PERK enhances the expression of activating transcription factor 4 (ATF4) and
CCAAT/enhancer binding protein homologous protein (CHOP) through the eukaryotic initiation factor 2 (elF2) pathway. This process
subsequently increases the transcription levels of microtubule-associated protein 1 light chain 3 beta (MAP1LC3), autophagy-related
protein 5 (ATGS), and autophagy-related protein 12 (ATG12). Moreover, ATF6 promotes the phosphorylation of BECN1 mediated by
death-associated protein kinase 1 (DAPK1) and is believed to concurrently activate both XBP1 and CHOP. Created using MedPeer.cn.
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in the brain. Further studies confirmed that ASK1-K716R
inhibited downstream endothelial cell c-Jun N-terminal ki-
nases (JNKs) activation, endothelial cell apoptosis and tight
junction (TJ) protein loss, and protected the integrity of
the blood-brain barrier. It can also reduce neuronal dam-
age and white matter structure/function damage, reduce the
inflammatory response in the brain, and finally improve
the long-term sensory motor and memory dysfunction af-
ter traumatic brain injury (TBI) in mice [35].

Additionally, research has indicated that exosomes de-
rived from endothelial cells have the capability to directly
shield nerve cells against cerebral ischemic injury. They
achieve this protective effect by fostering cell growth, en-
hancing migration and invasion, as well as inhibiting apop-
tosis [36]. Endothelial-cell-derived exosomes modification
has the potential to be developed as a new therapeutic strat-
egy to treat neuronal damage during cerebral ischemic in-
jury.

Several case-control and epidemiological studies have
shown that stroke risk is associated with clinical periodon-
titis [37,38]. Gingipains of Porphyromonas gingivalis have
been found in brain tissue [39]. Live Porphyromonas gin-
givalis and its virulence factors are powerful initiators of
inflammation in the brain, directly affecting memory and le-
sion development [40]. Research has indicated that viable
but non-heat-killed Porphyromonas gingivalis can induce
apoptosis and contribute to cell death in brain endothelial
cells. The infection by Porphyromonas gingivalis activates
the reactive oxygen species (ROS)/NF-«B p65 signaling
pathway, which in turn leads to the increased expression of
interleukin-1 beta (IL-15) and tumor necrosis factor-alpha
(TNF-«) [41].

Apoptosis is the most common mechanism of cell
death. The above studies show that cerebral endothelial cell
apoptosis plays a very important role in IS, but many mech-
anisms still need to be further explored.

3.2 Necroptosis

Necroptosis represents a specific type of regulated
necrosis that is initiated by death receptors [42]. This par-
ticular form of necrosis plays a crucial role in the body’s
defense against infections caused by pathogens and is
morphologically distinguished by the phenomenon of cell
swelling, which is subsequently accompanied by the dis-
ruption of the plasma membrane [43]. Necrosis is triggered
by the activation of other cellular receptors, such as Fas and
TNF-related apoptosis-inducing ligand (TRAIL), which in-
duce the production of interferon-y (Ifn-vy) and TNF-a,
thereby promoting necroptosis in an autocrine feedback
loop [44].

The key step underlying TNF-a-induced necropto-
sis pathway is the kinase regulation process of receptor-
interacting protein 1 (RIP1)-RIP3-mixed lineage kinase-
like (MLKL). Phosphorylation of these molecules not only
promotes the formation of necrosomes but also simulta-

neously triggers multiple cascades that mediate multiple
pathological processes leading to further damage [45,46].
Necroptosis has been demonstrated in an increasing num-
ber of cell types in different pathophysiological microenvi-
ronments, such as aging [47], cancer [48], neurodegenera-
tion [49,50], and autoimmune diseases [51]. Furthermore,
necroptosis is a major factor in a number of ischemic ill-
nesses. The function of necroptosis in mediating EC harm
following ischemia/reperfusion (I/R) injury, however, has
not received much attention in research. Determining the
fundamental processes that connect necroapoptosis to EC
loss would therefore be beneficial and could lead to the de-
velopment of sensible treatment plans for vascular injury
and BBB disruption after cerebral I/R injury.

In IS, Chen et al. [51] found for the first time that
necroptosis of brain endothelial cells induced by TNF-«
may be an important cause of BBB destruction after IS
[52]. Activation of phosphoinositide 1-kinase (RIPK1) is
one of the major detrimental mechanisms processes that oc-
cur after cerebral ischemic injury. Activation of RIPK1 in
endothelial cells promotes necroptosis and cerebrovascu-
lar injury. Necroptosis can be simultaneously blocked by
inhibition of RIPK1 kinase, and necroptosis of endothelial
cells can be inhibited by Ripk3~/~ to rescue intracerebral
hemorrhage and inflammation [53]. Macrophage migration
inhibitory factor (MIF) has recently been found to induce
endothelial cell apoptosis and necroptosis in perioperative
stroke (PIS) through a RIPK1-dependent pathway. A com-
bined strategy targeting MIF and RIPK1 may be more ef-
fective than using a single agent targeting either alone [54].

The above studies suggest an important role of CEs
necroptosis in the development of IS. Therefore, under-
standing the mechanisms of endothelial necroptosis in IS
may help us to better understand the pathogenesis of the
disease and provide new therapeutic approaches.

3.3 Pyroptosis in Endothelial Cells

A proinflammatory type of cell death is called pyrop-
tosis [41]. Pyroptotic cell death shares morphological char-
acteristics with both necrosis and apoptosis. The morpho-
logical alterations include nuclear condensation and DNA
fragmentation akin to apoptosis, cellular swelling, hole cre-
ation, necrosis-like cell membrane rupture, and proinflam-
matory intracellular content release [55].

Pyroptosis is a molecular signature of gasdermin-
mediated cell death [56]. Normally, two caspase-dependent
mechanisms activate the gasdermin [57]. The inflamma-
some in the traditional caspase-1 pathway identifies sub-
stances linked with danger and pathogens that are released
by dying cells, along with certain proinflammatory cy-
tokines.

Gasdermin D (GSDMD) is cleaved by activated cas-
pase 1, which leads to the oligomerization of the GSDMD-
N domain in the cells. This finally forms pores and releases
cell contents, including high mobility group box 1 protein
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(HMGBI1) and IL-1« [58]. Furthermore, IL-13/18, which
promotes inflammation, is processed and matured by acti-
vated caspase 1 [59]. In the non-classical caspase 4/5/11
pathway, lipopolysaccharide in the cytoplasm directly in-
teracts with caspase 4/5/11 to initiate its activation. Then,
GSDMD breakage and pyroptosis are directly triggered by
activated caspase 4/5/11 [60].

The various cell types that undergo pyroptotic cell
death in the brain have not been extensively studied. How-
ever, studies have shown that BBB cells, especially BECs,
are damaged and release proinflammatory cytokines after
stroke [61]. In the early stage of stroke, brain endothe-
lial pyroptosis may be induced mainly by IL-1 and reac-
tive oxygen species (ROS) released from microglia, so the
result is carbon skeleton rearrangement and loss of ligand
protein function in brain endothelial cells, ultimately lead-
ing to initial BBB damage [62]. Several mitochondria are
seen in BECs. As a result, a significant amount of ROS is
generated following pyroptosis as a result of mitochondrial
malfunction, which might harm other BBB-forming cells
and compromise the integrity of the BBB [63].

MCC950, an inhibitor of the NOD-like receptor pro-
tein 3 (NLRP3) inflammasome, has been shown to specif-
ically block the activation of NOD-like receptor protein
1 (NLRP1) and the secretion of IL18b, IL3, and GS-
DMD by preventing the oligomerization of apoptosis-
associated speck-like protein containing a card (Apoptosis-
associated speck-like protein) induced by NLRP3 [64].
In recent years, pyroptosis mediated by the NLRP3 in-
flammasome has been recognized as a potential contrib-
utor to the death of brain endothelial cells (BECs). Ad-
vanced glycation end products (AGEs) can initiate py-
roptosis in endothelial cells through the hypoxia-inducible
factor (HIF)-the receptor of advanced glycation endprod-
ucts (RAGE)-NLRP3 pathway, thereby exacerbating brain
injury [65]. Emerging research indicates that the ac-
tivation of peroxisome proliferator activated receptor
coactivator-1 (PGC-1)/peroxisome proliferators-activated
receptor (PPAR) pathways, which stimulates phenylala-
nine metabolism and reduces mitochondrial reactive oxy-
gen species (ROS), may serve as potential mechanisms to
mitigate pyroptosis in brain endothelial cells [66]. The
other study has shown that inhibition of long non-coding
RNA (IncRNA) Xist can alleviate brain endothelial cell py-
roptosis to alleviate IS injury [63].

A recent study has shown that gram-negative bacte-
rial infection or lipopolysaccharide stimulation activates the
caspase-4/22-GSDMD signaling pathway in brain endothe-
lial cells, leading to inflammatory destruction of the blood-
brain barrier [67]. This finding not only provides a new per-
spective to understand the mechanism of BBB disruption in
the inflammatory state caused by pyroptosis, but also pro-
vides a potential therapeutic approach for central nervous
system diseases associated with BBB loss.
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Although our understanding of the effects of pyropto-
sis in BECs during IS is increasing, the exact mechanism
of how pyroptosis senses different stimulus information is
still largely unknown and remains a direction for future ex-
ploration.

3.4 Ferroptosis

Ferroptosis is an iron-dependent, planned cell death
that is brought on by the build-up of lipid peroxides,
increased ROS generation, and glutathione peroxidase 4
(GPX4) inactivation [68]. Ferroptosis apparently has a role
in a number of neurological conditions, including Parkin-
son’s, Alzheimer’s, and stroke [69,70]. Moreover, IS has
been shown to improve with ferroptosis inhibitor therapy
[71].

Ferroptosis plays a key role in neuronal cell death.
However, any studies targeting other cell types have not
been performed. Following a hemorrhagic stroke, disor-
ders in iron metabolism and the accumulation of reactive
oxygen species (ROS) are observed in endothelial cells, mi-
croglia, and astrocytes [72], but studies targeting other cell
types have not been performed. Endothelial ferroptosis is a
potential pathogenic mechanism of stroke.

Findings that show that hypoxia-induced ferroptosis
in BECs and the inhibitory effect of ferrostatin-1 (Fer-1)
on ferroptosis, alleviated hypoxia-induced BBB disruption,
open the possibility of new potential targets for the treat-
ment of central nervous system (CNS) diseases associated
with BBB breakdown [73]. A recent study has shown that
the middle cerebral artery occlusion middle cerebral artery
occlusion (MCAO) model in zebrafish leads to ferropto-
sis of BECs, accompanied by lipid peroxidation, increased
iron concentration, and decreased expression of solute car-
rier family 7 member 11 (SLC7A11) and GPX4, indicating
that ferroptosis of endothelial cells is a potential pathogenic
mechanism for IS [74].

Ferroportin 1 (FPN1) is the sole identified iron export
protein located in brain endothelial cells, serving as a cru-
cial molecule that facilitates the transfer of iron from the
bloodstream into the brain [75]. Specific knockdown of
FPNI in ECs was found to produce differential effects in
the acute and recovery phases of IS. In the acute phase of
IS, the knockout of FPN1 in endothelial cells results in a de-
crease in brain iron accumulation, which subsequently alle-
viates oxidative stress and the inflammatory response. This
reduction in oxidative and inflammatory processes leads to
a decrease in ferroptosis and apoptosis, ultimately resulting
in a reduction of cerebral infarct volume and an improve-
ment in neurological function. Conversely, the knockout
of FPNI in recovering brain endothelial cells significantly
hinders the restoration of neurological function following
IS. This impairment occurs due to increased brain iron ac-
cumulation, promotion of gliosis, and suppression of neural
stem cell migration and differentiation. Iron restriction pla-
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ys a neuroprotective role in the acute phase of IS and an
inhibition of the recovery phase [41].

The heme oxygenase 1 (HO-1) pathway apparently
may be overexpressed, which may lessen ferroptosis [76].
According to other research, ferroptosis is significantly
aided by HO-1 overexpression, which contributes to the
rise in the labile iron pool [77,78]. HO-1 and transfer-
rin receptor protein 1 (TFR1) are thought to have a role
in cellular adaptation processes, iron homeostasis, and ox-
idative stress in the brain [79]. It is possible to amelio-
rate cerebral ischemia-reperfusion injury by inhibiting HO-
1 [80]. Its function in acute damage may be influenced
by HO-1 expression level. According to these findings,
ischemia/reperfusion and hyperglycaemia (HG) cause in-
creased HO-1 production in endothelium, which leads to
ferroptosis and the progression of BBB damage both in vitro
and in vivo. However, purinergic receptor P2X7 (P2RX7)
blockade can reverse this process. These findings shown
that P2RX7 blocking has a significant role in ferroptosis
pathways and can control SLC7A11/GPX4 via inhibiting
the extracellular-regulated kinase 1/2 (ERK1/2) and p53
pathway [81].

Cerebral ischemia can cause ferroptosis, which exac-
erbates the damage caused by cerebral ischemia. By inhibit-
ing ferroptosis, this ischemia harm is lessened. Iron over-
load and the regulatory mechanisms of GPX4 and 12/15
lipoxygenases (LOX) upstream remain to be further inves-
tigated, as do the regulatory processes involved in brain fer-
roptosis.

3.5 Autophagy

Autophagy is a self-eating process that occurs in a va-
riety of cells, including neurons, glia cells, and brain mi-
crovessel cells (BMVECS), and it is involved in maintaining
cellular homeostasis and proper cellular functions [82,83].
After cerebral ischemia, endothelial autophagy activation
restores and preserves BBB integrity, which reduces brain
edema and prevents stroke [84,85].

A recent study has shown that oxygen-glucose depri-
vation/reoxygenation (OGD/R)-mediated upregulation of
circ-forkhead box O3 (FOXO3) in cerebral endothelial cells
promotes autophagy. Knockdown of circ-FOXO3 can in-
hibit autophagy and enhance the permeability of endothelial
cells. Circ-FOXO3 plays a protective role against OGD/R-
induced endothelial cell injury in an autophagy-dependent
manner [86].

Furthermore, occludin degradation is mediated by
ischemia-induced autophagy, and BBB dysfunction is
lessened and occludin degradation is restored by 3-
methyladenine (3-MA)-induced autophagy inhibition [87].
Additionally, in BECs exposed to OGD, autophagic lyso-
somal activation degrades claudin-5 [88], and in mice lack-
ing the p50 gene, autophagic activation was linked to BBB
damage [89], indicating a potential role for autophagy in
ischemia neuronal and vascular injury.

In contrast to these findings, recent reports have high-
lighted the protective role of body BECs in autophagy and
their involvement in BBB dysfunction during I/R injury
[90]. In their investigation, they found that whereas pre-
treatment with 3-MA inhibited autophagy and increased
I/R-induced BBB damage, activation of the autophagic pro-
cess with the autophagy induce rapamycin and lithium car-
bonate dramatically reversed BBB disruption following I/R
injury. In their investigation, the scientists came to the con-
clusion that autophagy prevented cells from producing re-
active oxygen species and restored lower levels of ZO-1,
despite the fact that no particular biological targets of acti-
vated autophagy were found.

Thus, autophagy after cerebral ischemia increases
cerebral endothelial permeability, and this permeability can
be reduced by the inhibition of autophagy. These findings
enhance our comprehensive understanding of the role that
autophagy plays in the dysfunction of the BBB following
ischemic events.

3.6 Other Types of Endothelial Cell Death

In addition to the aforementioned types, programmed
cell death encompasses parthanatos, entotic cell death,
alkalosis-induced cell death, oxygen ptosis, autophagy-
dependent cell death, reticulocyte death, and lysosome-
dependent cell death.

Parthanatos is a kind of planned cell death that re-
quires polymerase 1 (PARP-1) (ADP-ribosome) [91,92].
Poly (ADP-ribose) (PAR) accumulates as a result of PARP-
1 overactivation following after substantial DNA damage
[93]. Apoptosis-inducing factor (AIF) is released when
PAR is translocated from the nucleus to the mitochondria.
AITF forms a complex with macrophage migration inhibitory
factor (MIF) within the cytoplasm after its release from the
mitochondria. The translocation of the AIF/MIF complex
into the nucleus leads to chromatin condensation and DNA
fragmentation, ultimately culminating in cell death [94,95].
Neurodegenerative illnesses and other conditions associ-
ated with DNA damage may be affected by the interplay
between this type of dependent cell death and other types
of dependent cell death, such as necroptosis.

Autophagy-dependent cell death is a kind of pro-
grammed cell death driven by the molecular mechanism
of autophagy [96]. Researches believe that ferroptosis
is an autophagy-dependent cell death through a complex
feedback loop, this provides new ideas for the study of
autophagy-dependent cell death in endothelial cells [97].

Lysosome-dependent cell death (LCD), is a form of
regulatory cell death mediated by iron translocation caused
by lysosomal components or lysosomal membrane perme-
abilization in order to amplify or initiate cell death during
apoptosis, autophagy, and ferroptosis [98]. However, the
research on lysosome-dependent cell death in BECs still
needs to be expanded.
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In conclusion, there are various forms of endothelial
cell death after stroke, but the research investigation shows
that apoptosis is the main form of endothelial cell death af-
ter stroke [99], and the research progress on alleviating en-
dothelial cell apoptosis should be further strengthened.

3.7 Effect of Other Factors on Endothelial Cell Death

Research has uncovered a previously unrecognized
function of myeloid-derived MIF (macrophage migration
inhibitory factor) in facilitating apoptosis and necrosis in
cerebrovascular endothelial cells (ECs) through the activa-
tion of RIPK1 (receptor interacting protein kinase 1). In a
clinically relevant model of postischemic syndrome (PIS),
it was demonstrated that surgical trauma-induced aseptic in-
flammation can enhance MIF expression. Moreover, MIF
has been shown to serve as a potent trigger for the death
of cerebrovascular ECs and the disruption of the BBB fol-
lowing ischemic brain injury. By integrating both genetic
and pharmacological evidence, it is suggested that targeting
the release of myeloid MIF or inhibiting RIPK1 activation
may confer protective effects on cerebrovascular ECs and
the BBB in the context of ischemic brain injury [53].

In addition, Microglia are macrophages in the brain,
which are considered to be the sentinel of neuroinflam-
matory response caused by different brain injuries [100].
Therefore, the regulatory effect of microglia in central ner-
vous system diseases has received extensive attention. Mi-
croglia is one of the important components of the neurovas-
cular unit, which plays a coordinated role with other cell
types. Acute or subacute cerebral ischemic injury, which
is common in the brain, will destroy the cerebral microvas-
culature and lead to subsequent inflammatory response, ac-
companied by aggravated neuronal damage and activation
of microglia [101].

Microglial activation can be detected at different
stages of the pathological process of stroke. Liang et al.
[102] verified that chemokine ligand receptor CX3CLI1-
CX3CRI signaling is involved in basal intercellular com-
munication for microglial chemotaxis and activation [103].
This study reveals that there exist various categories of cell
signaling cascades between neurons, microglia and brain
microvascular cells. The mechanism of bidirectional reg-
ulation of microglia in neurovascular coupling is an im-
portant molecular event that needs to be clarified urgently,
which will provide key ideas for clinical treatment. In addi-
tion, pericytes act as vascular smooth muscle in brain capil-
laries. Some pericytes respond to vasoactive signals gener-
ated by the brain by contracting, thereby affecting capillary
diameter [104].

Pericytes are essential in establishing and maintaining
vascular structure and BBB function. Pericyte depletion
has been found in both acute and chronic CNS diseases,
with rapid apoptosis following IS and traumatic brain in-
jury (TBI). This study has reported the behavior of pericyte
series changes at different stages of ischemic stroke [105].
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In the acute phase of stroke, pericytes shrink to clog cap-
illaries and cause no-return of blood. Interestingly, how-
ever, pericytes subsequently have proinflammatory and im-
munomodulatory effects, stabilizing the BBB and protect-
ing the brain parenchyma by protecting endothelial cells on
the lateral side of the lumen and releasing neurotrophin. In
addition, pericytes have neuroprotective activity and pro-
mote angiogenesis and neuronal growth during the post-
stroke recovery phase. It is evident that pericytes play mul-
tiple intervening roles in the complex process of ischemia-
reperfusion injury and repair in response to the dynamic
changes of endothelial cells and neurons.

4. Drugs for the Treatment of IS

Although there are still few therapeutic options for
stroke, recanalization therapy involving medication and
mechanical thrombolysis have shown some beneficial ef-
fects in people recover from IS. Therapeutic medicines for
neuroprotection in acute IS are still needed in order to avoid
brain damage before and after recanalization, to extend the
therapeutic window for intervention, and to improve func-
tional outcome.

The existing literature clearly indicates that numerous
therapeutic agents have undergone testing in clinical trials
or are actively being assessed in preclinical studies to deter-
mine their efficacy in acute ischemic stroke (IS) [106—108].
However, despite these extensive endeavors, the identifica-
tion of clinically effective neuroprotective agents continues
to be a challenging pursuit. However, these studies lay the
foundation for future treatment of IS with neuroprotective
BECs. In recent years, several compounds targeting the in-
hibition of BEC-death signals have been used in IS experi-
ments.

Dichloroacetic acid (DCA) is a small molecule that
has been employed as a therapeutic agent for various ge-
netic mitochondrial disorders [98]. Research has demon-
strated that DCA may mitigate the detrimental effects of
cerebral ischemia/reperfusion (I/R) by decreasing infarct
volume, improving neurological scores, and reducing brain
water content. Furthermore, DCA treatment has been
found to diminish the impact of OGD on mitochondrial
metabolism, BBB permeability, and oxidative stress in hu-
man brain microvascular endothelial cells (HBMEC) [109].

Medioresinol, a natural product [110], is a novel PGC-
1« activator that can promote the interaction between PGC-
law and PPAR« in BMVECs and increase the expression
of glutamic-oxaloacetic transaminase 1(GOT1) and pheny-
lalanine hydroxylase (PAH), thereby improving the accu-
mulation of phenylalanine caused by ischemia and reducing
mitochondrial ROS (mtROS) [66].

Ergothioneine is a naturally occurring antioxidant.
Research has demonstrated that ergothioneine can cross the
blood-brain barrier and function as a cytoprotective and
antioxidant agent, making it a viable treatment option for
neurodegenerative diseases in which oxidative stress is fre-
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Table 1. Compounds targeting BECs death.

Drugs or compounds ~ Mechanism of action Effects Type of research

DCA Inhibition of PDK2 activates PDH, thereby activating Nrf2 and reducing ~ Apoptosis [109] preclinical
oxidative stress.

PNS Increased Akt phosphorylation, nuclear Nrf2 activity, and downstream  Apoptosis [122] preclinical
antioxidant enzyme HO-1 expression.

Ergothioneine Significantly reduced the proinflammatory genes IL-13, IL-6, IL-8, Apoptosis [111] preclinical

Baicalin

Cardamonin

PCA

Medioresinol

Caffeic acid

PBT434
3-MA

Cariside 11

TNFa, NF-kB, and COX2’s increase caused by 7KC.

It increased the expression of Nrf2, HO-1, and NQO1, reduced the gen-
eration of ROS and MDA, and encouraged the creation of SOD.
MACO-induced brain damage and OGD/R-induced HBMEC damage
are avoided when the HIF-1a/VEGFA pathway is activated.

Decreased the expression of NIMA-associated kinase 7, GSDMD,
Caspase-1, IL-13, and NLRP3.

Pyroptosis, mtROS, and the expression of associated proteins (NLRP3,
ASC, cleaved caspase-1, IL-18, GSDMD-NT) were all dramatically de-
creased with PGC-1« activation.

To withstand ferroptosis, TFR1 and ACSL4 were downregulated, and
glutathione synthesis was increased via the Nrf2 signaling pathway.
Increased in the abundance of the transcripts for TfR and ceruloplasmin
Inhibition of autophagy reversed occludin degradation and attenuated
BBB dysfunction

To reduce damage caused by cerebral I/R by disrupting the PKG/GSK-
33/autophagy axis.

Apoptosis [119]

preclinical

Apoptosis [116] preclinical
Pyroptosis [124] preclinical
Pyroptosis [66] preclinical
Ferroptosis [127] preclinical
Ferroptosis [129] preclinical
Autophagy. [131] preclinical
Autophagy [134] preclinical

Abbreviations: DCA, dichloroacetic acid; PNS, panax notoginseng saponins; ET, ergothionein; PCA, protocatechuic aldehyde; MDN,

medioresinol; 3-MA, 3-Methyladenine; PDK2, pyruvate dehydrogenase kinase 2; PDH, pyruvate dehydrogenase; Nrf2, nuclear factor

erythroid 2-related factor 2; HO-1, heme oxygenase 1; TNF«, tumor necrosis factor-a;; NF-kB, nuclear factor kappa-B; COX2, cyclooxy-

genase 2; 7KC, 7-ketocholesterol; NQO1, NAD(P)H quinone oxidoreductase 1; ROS, reactive oxygen species; MDA, malondialdehyde;

SOD, superoxide dismutase; MCAO, middle cerebral artery occlusion; OGD/R, oxygen-glucose deprivation/reoxygenation; HBMEC,

human brain microvascular endothelial cells; HIF-1«, hypoxia inducible factor-1c;; VEGFA, vascularendothelial growth factor A; GS-

DMD, gasdermin D; NOD, nucleotide-binding oligomer-zation domain; NLRP3, NOD-like receptor protein 3; ASC, apoptosis-associated

speck-like protein containing a CARD; PGC, proliferator-activated receptor-gamma coactivator; TFR1, Transferrin receptor protein 1;
ACSLA4, acyl-CoA synthetase long chain family member 4; BBB, blood-brain barrier; Akt, protein kinase B; MACO, middle cerebral

artery occlusion; PKG, protein kinases G.

quently the driving force behind disease progression [111].
A study has also shown that ergothioneine can attenuate
the apoptosis of brain endothelial cells caused by the accu-
mulation of 7-ketocholesterol, and can treat neurovascular
diseases by reducing the damage to brain endothelial cells
[112].

Cardamonin is a chalcone with neuroprotective activ-
ity [113]. Previous research has indicated that cardamonin
has a protective effect against apoptosis induced by adri-
amycin or lipopolysaccharide in cardiac cells [114]. More
significantly, it has been observed to reduce oxidative-
stress-induced apoptosis in PC12 cells [115]. Recent
research has additionally demonstrated that cardamonin
can reduce OGD/R-induced increased cerebral endothelial-
cell permeability, apoptosis, and brain damage in mice
with MCAO by activating the HIF-1a/vascularendothelial
growth factor A (VEGFA) pathway, suggesting that carda-
monin may have a neuroprotective effect in IS [116].

A significant traditional Chinese medicinal herb is
Scutellaria baicalensis [117]. One of the primary bioac-
tive ingredients in Scutellaria baicalensis extract is baicalin.
Reported pharmaceutical qualities of baicalin include anti-
inflammatory, anti-tumor, anti-diabetic, anti-cancer, car-
dioprotective, liver-protective, and neuroprotective effects
[118]. The BBB can be shielded from a lipopolysaccharide
challenge by baicalin administration. Inhibition of the gen-
eration of ROS by the nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) antioxidant pathway, and BBB endothelial cell
inflammatory response, can influence this process [119].
These results suggest that baicalin has a strong protective
effect against brain damage caused by lipopolysaccharide,
which offers a therapeutic treatment alternative.

Panax notoginseng saponins (PNS) have gained
widespread application in the treatment of ischemic stroke
(IS) and cardiovascular diseases within China [120]. PNS
seems to possess a multitude of pharmacological actions,
including anti-thromboembolism, anti-inflammation, anti-
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apoptosis, hemostasis, cerebral vasodilatation, anticoagu-
lation, anti-hyperglycemia, and anti-hyperlipidemia effects
[121]. According to an earlier study, PNS can reduce
the degradation of ZO-1 and claudin-5 tight-junction pro-
teins by antioxidant activation of Nrf2 antioxidant signal-
ing through the PI3K/Akt pathway and prevent OGD/R-
induced BBB integrity degradation in vitro [122].

Protocatechuic aldehyde (PCA) is a hydrophilic phe-
nolic compound that is extracted from the dried roots of the
traditional Chinese herb, sage [123]. Numerous investiga-
tions have verified that PCA reduces the inflammatory dam-
age to endothelial cells, preserving endothelial cell function
[124]. Recent research has demonstrated that PCA reverses
brain endothelial cell pyroptosis via IncRNA Xist, which
strongly enhances the protective effect of PCA on IS [67].

Caffeic acid, as a natural bioactive phenolic acid, has
been tested for its potential antioxidant properties [125].
Vegetables, fruits, and coffee are high in caffeic acid. Ac-
cording to earlier research, caffeic acid helped rat brain
damage during cerebral I/R [126]. According to recent
research, in the brain of the MCAO rat, caffeic acid sup-
presses oxidative stress-mediated neuronal death, regulates
ferroptosis, upregulates glutathione production through the
Nrf2 signaling pathway, and downregulates transferrin re-
ceptor protein 1 (TFR1) and acyl-CoA synthetase long
chain family member 4 (ACSL4). Caffeic acid has been
proposed as a possible treatment to lessen brain damage af-
ter cerebral ischemia [127].

PBT434 methanesulfonate is a potent and orally ac-
tive a-synucleinaggregation inhibitor that can cross the
BBB [128]. It has been shown that the brain supports
plasma membrane iron reduction of transferrin bound iron;
PBT434, like ferrozine, prevents 55Fe uptake from 55Fe-Tf
by hBMVEC [129].

3-MA is a mature autophagy inhibitor. A study has
shown that 3-MA helps to enhance the cell viability of brain
endothelial cells by inhibiting autophagy, and reduces the
level of occludin and the cell hyperpermeability induced
by glucose and oxygen deprivation [130]. In addition, 3-
MA administration significantly reduced the I/C values in-
creased by Evans blue in an in vivo study [131].

Icariin (icariside II - ICS II) Icariin, also known as
icariside IT (ICS II), is one of the primary active components
derived from Epimedium, a Traditional Chinese Medicine
widely employed in the treatment of various clinical condi-
tions such as dementia, erectile dysfunction, and cardiovas-
cular diseases [132]. ICS Il is recognized for its antioxidant
properties and demonstrated neuroprotective effects [133].
According to recent research, ICS II both inactivates glyco-
gen synthase kinase-35 (GSK-3/3) and restores the cyclic
guanosine monophosphate-protein kinase G (cGMP/PKG)
pathway, which reduces the damage caused by cerebral I/R.
This reduction is attributed to the suppression of excessive
autophagy. Consequently, the PKG/GSK-35/autophagy
axis is crucial in controlling the beneficial effects of ICS
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IT on excessive autophagic neuronal death brought on by
cerebral I/R [134]. The mechanisms of drugs for the treat-
ment of cerebral ischemia are summarized in Table 1 (Ref.
[66,109,111,116,119,122,124,127,129,131,134]).

5. Conclusions

IS is a prevalent and often fatal disease globally, yet
the precise pathogenic mechanism remains elusive despite
advancements in experimental and clinical research. En-
dothelial cell dysfunction, a key element of the blood-brain
barrier, is intricately linked to the development of IS. Al-
though some headway has been made in identifying spe-
cific targets for endothelial cell death through experimen-
tal studies, the efficacy of therapeutic drugs in treating is-
chemic stroke remains uncertain due to variations between
experimental models and actual clinical cases. Numerous
challenges persist in the development of novel and pre-
cise models, as well as more efficient treatment modalities.
Nevertheless, opportunities for advancement in disease re-
search remain abundant, particularly in the investigation of
endothelial-cell-death mechanisms which may inform the
development of synergistic therapies involving other neu-
ral cells. Consequently, elucidating the mechanisms under-
lying endothelial cell death serves as a crucial step in the
advancement of therapeutic strategies for IS.
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