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Abstract

Acute ischemic stroke is a leading cause of death and disability worldwide.
Interruption of cerebral perfusion caused by arterial occlusion triggers a cas-
cade of ischemic brain injury, imposing a substantial burden on public health
systems. Intravenous thrombolysis and mechanical thrombectomy are cur-
rently the evidence-based reperfusion therapies; however, owing to con-
straints such as a narrow therapeutic time window, hemorrhagic transfor-
mation, and ischemia-reperfusion injury, many patients still suffer severe neu-
rological deficits. Post-ischemic excitotoxicity, neuroinflammation, and oxi-
dative stress are intertwined and collectively drive multiple forms of pro-
grammed cell death—including apoptosis, necroptosis, pyroptosis, and fer-
roptosis—thereby mediating progressive neuronal loss in the ischemic pe-
numbra. Deciphering this pathological network is a core prerequisite for de-
veloping neuroprotective strategies. Although numerous preclinical studies
have demonstrated that drugs, nanodelivery systems, stem cells/exosomes,
and physical interventions targeting these pathways can exert neuroprotective
effects, the vast majority of these strategies have not yet achieved clear, inde-
pendent benefit in human clinical trials. With the widespread adoption of
endovascular reperfusion therapy, neuroprotection is regarded as an im-
portant breakthrough in the management of acute ischemic stroke. This re-
view systematically summarizes the key pathophysiological processes and var-
ious programmed cell death mechanisms after acute ischemic stroke, outlines
the current status of interventions targeting different targets, and analyzes the
practical obstacles to bench-to-bedside translation, aiming to provide a refer-
ence for the development of novel neuroprotective strategies.
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1. Introduction

Acute ischaemic stroke arises from abrupt cerebral arterial occlusion and subse-
quent perfusion failure, ranking among the leading global sources of mortality
and persistent long-term disability. Epidemiological data between 1990 and 2021
reflect a growing worldwide stroke burden: stroke incidence rose by 70.0%, mor-
tality climbed by 44.0%, prevalent cases expanded by 86.0%, and disability-ad-
justed life-year metrics increased by 32% across this period [1]. Currently, the
acute-phase treatments proven effective by evidence-based medicine mainly in-
clude intravenous thrombolysis and mechanical thrombectomy [2]. Intravenous
thrombolysis, represented by alteplase and tenecteplase, is only applicable to pa-
tients within 4.5 h of symptom onset; even among those who receive thrombolysis,
only about half achieve a favorable functional recovery [3]-[6]. Mechanical
thrombectomy has become the standard treatment for ischemic stroke caused by
large-vessel occlusion; however, reperfusion itself can induce secondary ischemia-
reperfusion injury, which continues to limit overall patient prognosis. Neuronal
injury in the infarct core is mostly irreversible, whereas progressive neuronal
death within the ischemic penumbra is the key determinant of final infarct volume
and neurological outcome. Excitotoxicity, oxidative stress, and neuroinflamma-
tion are relatively independent yet extensively interconnected, and can sequen-
tially or concurrently activate multiple cell death modalities, including apoptosis,
ferroptosis, pyroptosis, and necroptosis. Over the past decades, numerous preclin-
ical studies have explored neuroprotection targeting these pathological processes;
however, positive results from most animal experiments have been difficult to rep-
licate in clinical trials, and there is still no generally accepted neuroprotective drug
that can be used independently in clinical practice. As the reperfusion treatment
system matures, combining neuroprotection with reperfusion has become an im-
portant research direction. This review focuses on neuroprotection in acute is-
chemic stroke, summarizing the pathophysiology of ischemic injury and the
mechanisms of programmed cell death, reviewing advances in interventions tar-
geting excitotoxicity, neuroinflammation, oxidative stress, and various cell death
pathways, and analyzing the problems of existing strategies in clinical translation,
so as to provide insights for the development of novel neuroprotective ap-
proaches.

Search strategy and study selection. This review was designed to systemati-
cally summarize the current research progress in neuroprotection for acute is-

chemic stroke. We searched the following electronic databases: PubMed, Embase,
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Web of Science, and the Cochrane Library, from inception to March 2025. The
search strategy combined database-specific subject headings and free-text key-
words covering the following concepts: acute ischemic stroke/cerebral ische-
mia/cerebral ischemia-reperfusion injury; neuroprotection; excitotoxicity; neu-
roinflammation; oxidative stress; and programmed cell death (apoptosis, necrop-
tosis, pyroptosis, and ferroptosis). Reference lists of relevant articles were also
screened manually to identify additional eligible studies. Studies were included if
they reported original clinical or experimental data on the pathophysiology of is-
chemic injury or on interventions with potential neuroprotective effects; confer-
ence abstracts, case reports, and studies unrelated to ischemic stroke were ex-
cluded, whereas review articles and guidelines were used only for background and
conceptual framing. Titles and abstracts were screened independently by two re-
viewers, and full texts were assessed against the inclusion criteria, with disagree-
ments resolved by discussion or by consultation with a third reviewer. In line with
the systematic scope of this review, the evidence supporting each intervention was
explicitly graded according to the study type from which the reported findings
were derived, i.e., clinical evidence (interventional studies in patients), human ob-
servational evidence (observational or epidemiological studies in humans), ani-
mal experimental evidence (in vivo studies using animal models of ischemic
stroke), or in vitro experimental evidence (studies using cultured cells or isolated
tissues). This grading is applied consistently in Section 2 to ensure that preclinical
mechanistic findings are not misconstrued as clinically established therapeutic

options.

2. Pathophysiological Mechanisms of Acute Ischemic Stroke

2.1. Excitotoxicity

The high demand of brain tissue for energy substrates determines its extreme sen-
sitivity to interruption of blood perfusion. Maintenance of normal brain function
depends on continuous blood circulation to deliver oxygen and nutrients; once a
major cerebral artery becomes occluded, the supplied region enters a state of is-
chemia and hypoxia [7]. Insufficient perfusion disrupts oxidative phosphoryla-
tion, leading to impaired adenosine triphosphate (ATP) synthesis and rapid de-
pletion of neuronal energy reserves. The loss of cellular energy directly impairs
the function of critical ion pumps, such as Na*/K*-ATPase and Ca**-ATPase. This
failure disrupts the essential ion gradients across neuronal membranes, which in
turn leads to widespread membrane depolarization [8]. In the early stage of is-
chemic injury, ion homeostasis imbalance and abnormal release of excitatory
amino acids form a pathological cycle of mutual causation. Energy depletion
causes failure of glutamate reuptake mechanisms, while membrane depolarization
promotes massive glutamate release from presynaptic terminals, leading to abnor-
mal accumulation of glutamate in the synaptic cleft and the extracellular space of
neurons [9] [10].

Persistently raised glutamate concentrations within the extracellular space trig-
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ger excessive activation of postsynaptic N-methyl-D-aspartate (NMDA) and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. Over-
stimulated AMPA receptors chiefly drive robust sodium and chloride ion inflow,
which raises intracellular osmotic pressure. Subsequent water influx into neuronal
compartments gives rise to cytotoxic oedema, neuronal swelling and eventual cell
rupture; these events constitute a major contributor to oedema formation in the
acute phase of cerebral ischaemia [11] [12]. Beyond triggering neuronal necrosis
and apoptotic cell death, excessive NMDA receptor activity disrupts physiological
synaptic plasticity. Such dysregulation impairs cognitive capacities including
learning and memory, representing one critical pathological driver for cognitive
impairment following ischaemic stroke [13]. Furthermore, pore opening of
NMDA receptor complexes permits substantial calcium entry into cytosol, pro-
ducing the pathological state known as intracellular calcium overload [14]. Cal-
cium overload is a key hub linking excitotoxicity to downstream neuronal death.
Elevated cytosolic calcium concentration not only results from extracellular influx
but can also trigger calcium release from intracellular stores such as mitochondria
and the endoplasmic reticulum, further exacerbating calcium homeostasis dysreg-
ulation and forming a positive feedback loop, ultimately leading to severe impair-
ment of mitochondrial structure and function [15]. Damaged mitochondria ex-
hibit swelling, increased membrane permeability, and disintegration of mem-
brane structure, thereby activating apoptotic pathways and inducing oxidative
stress. Concurrently, the generation of large amounts of reactive oxygen species
further aggravates lipid peroxidation and protein damage, forming a vicious cycle

of “calcium overload-mitochondrial dysfunction-oxidative stress” [10] [16] [17].

2.2. Inflammatory Response

Current evidence indicates that the inflammatory response after acute ischemic
stroke can be broadly divided into three phases [18]: the acute phase, occurring in
the first few hours after stroke onset, during which microglia and macrophages
clear necrotic cells and the first infiltration of immune cells, predominantly neu-
trophils, is observed; the subacute phase, occurring over the following days, dur-
ing which the inflammatory response tends to resolve; and the late phase, during
which inflammatory cells participate in astrocyte- and microglia-mediated re-
pair processes. This temporal feature suggests that different immune cell subsets
perform distinct functions during different time windows of injury and repair,
providing a pathophysiological basis for neuroprotective interventions targeting

inflammatory processes.

2.2.1. Microglia

Microglia are the predominant immune cells of the central nervous system and
constitute the innate immune component that responds rapidly after ischemic in-
jury [19]. Cerebral ischemia triggers the activation of microglia, which then pro-
ceed through a coordinated series of responses encompassing cytokine secretion,

chemotaxis, phagocytosis, and proliferation. Once activated, microglia migrate to-
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ward the ischemic lesion, where they engulf and clear dead cells while simultane-
ously releasing neurotrophic factors that support neuronal survival [20]. Con-
versely, microglia also produce inflammatory cytokines and cytotoxic mediators,
a response that may worsen the extent of ischemic injury [21]-[25]. In response
to the dynamically changing post-ischemic microenvironment, microglia alter
their phenotypes in response to changes in cerebral homeostasis, and each stimu-
lus induces a unique reactive state. Although microglial activation was initially
classified into two functional states—the classically activated M1 phenotype (pro-
inflammatory and neurotoxic) and the alternatively activated M2 phenotype (tis-
sue-reparative and immunosuppressive)—these labels are now recognized as sim-
plified functional models rather than fixed cellular identities [26] [27]. Post-is-
chemic microglia instead exist in dynamic and overlapping activation states, the
specific profile of which is determined by the time elapsed after stroke onset, the
spatial location within the lesion, and the prevailing local signals. Under patho-
logical conditions, pro-inflammatory polarization predominates during the acute
inflammatory response and represents a key effector mechanism in early neuronal

injury after ischemic stroke [28].

2.2.2. Astrocytes

Astrocytes exhibit dynamic and bidirectional responses in ischemic stroke. In the
early stage of injury, they participate in blood-brain barrier (BBB) dysfunction
and edema formation by releasing pro-inflammatory factors and activating matrix
metalloproteinases (MMPs); subsequently, they shift toward a neuroprotective
phenotype, supporting tissue recovery by clearing glutamate, promoting BBB re-
pair, and secreting neurotrophic factors [29] [30]. After ischemic stroke, reactive
astrogliosis can occur through morphological changes and upregulation of GFAP
expression [31]. In animal experiments, LCN2 expression in astrocytes was sig-
nificantly upregulated 24 h after stroke onset, and LCN2/24p3R mediated astro-
cyte pyroptosis after cerebral ischemia/reperfusion injury by activating the NLRP3

inflammasome [32].

2.2.3. Oligodendrocytes

Oligodendrocytes are indispensable for synthesizing and maintaining myelin in
the central nervous system, and they therefore support the rapid, accurate con-
duction of neural signals. They also help stabilize the CNS microenvironment,
participating in immune regulation, metabolic support, and neuroprotection [33].
Cerebral ischemic injury can trigger glutamate-mediated excitotoxicity in oli-
godendrocyte cells, which in turn induces excessive intracellular calcium accumu-
lation and severely impairs mitochondrial function [34]. The disruption of intact
myelin structures further promotes the release of antigenic components, with my-
elin basic protein (MBP) as a typical representative. Such substances can effec-
tively activate microglia and recruit peripheral T cell infiltration in local lesions
[35]. Additionally, ischemic stimulation significantly elevates the surface expres-

sion level of MHC class II molecules in oligodendrocytes. The acquired antigen-
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presenting ability of these cells further intensifies neuroinflammatory responses
in the central nervous system, thereby exacerbating secondary neuronal damage

following ischemic stroke [36].

2.2.4. Neutrophils

Neutrophils are the first immune cells to accumulate at the ischemic lesion and to
cross into the brain parenchyma after injury. Once recruited, they secrete elastase,
which increases vascular permeability and allows plasma proteins and inflamma-
tory mediators to leak into the cerebral interstitium [37]. Through NADPH oxi-
dase, infiltrating neutrophils generate reactive oxygen species (ROS) and nitric
oxide (NO), which damage lipids and DNA in neurons and glial cells [38]. Neu-
trophils can also release neutrophil extracellular traps (NETs)—complexes of his-
tones, antimicrobial peptides, and proteases—that directly harm perilesional tis-
sue and amplify local inflammation [39]. NET formation is tightly controlled by
peptidylarginine deiminase 4 (PAD4); when PAD4 is activated, it accelerates the
release of citrullinated histones, further strengthening inflammatory signaling in
the ischemic brain [40].

2.2.5. Monocytes

Following ischemic stroke onset, circulating peripheral monocytes are recruited
to injured cerebral tissues mainly through the CCL2/CCR2 chemokine signaling
cascade [41]. Based on unique surface biomarker characteristics, monocytes are
classified into three distinct subpopulations: classical (CD14++CD16-), interme-
diate (CD14++CD16+), and non-classical (CD14+CD16++). The classical mono-
cyte subset exhibits abundant CCR2 expression and robust chemotactic reactivity
toward monocyte chemoattractant protein-1 (MCP-1) secreted in ischemic dam-
aged areas [42]. After infiltrating the brain parenchyma, circulating monocytes
differentiate into mature macrophages under the modulation of the local cerebral
microenvironment. Macrophage activation has conventionally been classified
into pro-inflammatory M1 and anti-inflammatory M2 phenotypes, induced re-
spectively by stimuli such as IFN-yand TNF-q, or by IL-4, IL-10, TGF-fand mac-
rophage colony-stimulating factor (M-CSF); however, these labels represent sim-
plified functional models rather than fixed cellular identities. Like other myeloid
cells after stroke, macrophages exist in dynamic and overlapping activation states,
the specific profile of which is determined by the time after stroke onset, the spa-
tial location within the lesion, and the prevailing local signals. Pro-inflammatory
phenotypes release inflammatory cytokines and nitric oxide (NO) and thereby ex-
ert antimicrobial effects, whereas anti-inflammatory phenotypes facilitate tissue
restoration by producing extracellular matrix components and pro-angiogenic

factors.

2.2.6. T Lymphocytes
T lymphocytes show complex, time-dependent behavior and dual functions dur-
ing ischemic stroke [43]. Infiltration of CD4+ and CD8+ T cells into damaged

tissue increases significantly after stroke, with corresponding shifts in the propor-
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tions of T-cell subsets [44]. By day 14, although myeloid infiltration such as neu-
trophils has declined markedly, CD4+ and CD8+ T cells remain in the central
nervous system; this persistence into the chronic phase may be linked to ongoing

brain injury and secondary neurodegeneration [45].

2.3. Oxidative Stress

Obstruction of cerebral blood flow immediately disrupts energy supply to brain
tissue, causing energy metabolic disturbance; subsequent vessel recanalization
and reperfusion have also been confirmed as important triggers of oxidative
stress-related injury. In fact, both ischemia itself and the more pronounced reper-
fusion process are accompanied by substantial generation of reactive oxygen spe-
cies (ROS). Mitochondria have long been regarded as the main source of ROS
during ischemia and play a key role in ROS production during secondary reper-
fusion injury. Under ischemic conditions, mitochondrial swelling and disintegra-
tion caused by mitochondrial dysfunction involve both initiation of pro-apoptotic
cascades and release of free radicals, making mitochondria an important hub for
amplification of injury signals [46]. Recent studies further show that under con-
ditions of ischemia and NMDA receptor activation, the amount of superoxide an-
ion produced by NADPH oxidase far exceeds that produced by mitochondria,
suggesting that this enzyme may play a dominant role in ROS generation during
ischemia [47]. When the production of ROS outruns the capacity of endogenous
antioxidant defenses, the balance between oxidants and antioxidants collapses and
oxidative damage spreads through the tissue.

Brain tissue is particularly vulnerable to this imbalance because its cells are rich
in polyunsaturated fatty acids and are highly susceptible to oxidative attack; in
addition, low levels of antioxidants, abundant pro-oxidants such as iron, and ac-
tive oxidative metabolism in the brain collectively further amplify the intensity
and extent of oxidative damage [48]. At the same time, the lack of glucose and
oxygen during ischemia further increases intracellular ROS production, creating
a vicious cycle in which oxidative stress and brain injury mutually aggravate each
other [49]. Disruption of calcium homeostasis is an important initiating step in
post-ischemic ROS generation. Acute ischemic stroke disrupts intracellular cal-
cium homeostasis, prompting massive release of calcium ions in the brain and
thereby activating signaling pathways that culminate in ROS production and oxi-
dative damage [13]. Significantly elevated intracellular calcium concentration can
activate calcium-dependent enzymes such as nitric oxide synthase (NOS), cata-
lyzing the formation of highly reactive species such as peroxynitrite (ONOO-),
thereby directly causing cellular injury [50].

2.4. Brain Cell Death

Neuronal death after ischemia is a complex cascade process in which multiple
modes of programmed cell death, including apoptosis, necroptosis, ferroptosis,

and pyroptosis, can be activated sequentially or concurrently. Extensive signaling
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crosstalk exists among different cell death modalities, collectively mediating neu-
ronal injury, blood-brain barrier disruption, and neuroinflammatory responses,

promoting infarct expansion, and ultimately affecting disease prognosis [51].

2.4.1. Apoptosis

Apoptosis is the most common form of programmed cell death in multicellular
organisms and a major route of neuronal loss after cerebral infarction. It can be
engaged through either an intrinsic or an extrinsic pathway: the intrinsic arm is
triggered by DNA damage or endoplasmic-reticulum stress, whereas the extrinsic
arm depends on activation of death-receptor family members [52]. Intrinsic path-
way: The intrinsic apoptotic pathway is a receptor-independent intracellular sig-
naling cascade and an important regulatory mode of neuronal apoptosis in is-
chemic stroke, being abnormally activated mainly by intracellular stress induced
by ischemia [53]. Hypoxia, ROS accumulation, and DNA damage caused by cer-
ebral ischemia can all initiate this apoptotic program [54]. Ischemia can induce
glutamate excitotoxicity, leading to intracellular Ca®* overload and calcium ho-
meostasis disturbance through activation of neuronal NMDARs [55]. Elevated
calcium ions further activate calpain, mediating cleavage of BH3-interacting do-
main (BID) into its active form tBID [56]. tBID destabilizes the mitochondrial
membrane and increases its permeability, promoting the release of cytochrome c,
AIJF, endonuclease G, and other mitochondrial components [57]. Cytosolic cyto-
chrome c binds to Apaf-1 and activates caspase-9, further upregulating down-
stream caspase-3 activity, ultimately triggering neuronal DNA degradation and
apoptosis [58] [59].

Extrinsic pathway: During inflammation, activated immune cells release multi-
ple factors, including pro-inflammatory cytokines, that can drive neuronal death
through this route [60] [61]. The decisive step is the binding of ligands to “death
receptors” on the cell surface [62]. The relevant ligands include tumor necrosis
factor-a (TNF-a), TNF-related apoptosis-inducing ligand (TRAIL), and FasL,
while the receptors comprise apoptosis-related molecules (Fas/CD95), tumor ne-
crosis factor receptor 1 (TNFR1), and TRAIL receptors (DR4 and DR5) [63] [64].
For example, under external stimuli, the extrinsic apoptotic pathway is triggered
by ligand binding to death receptors of the tumor necrosis factor (TNF) family on
the cell surface [62]. After receptor binding, the adaptor protein Fas-associated
death domain protein (FADD) is recruited. FADD subsequently recruits and
forms caspase-8 homodimers, triggering a caspase cascade that ultimately leads to
increased mitochondrial membrane permeability, DNA fragmentation, and apop-

tosis in neuronal cells [65].

2.4.2. Necroptosis

Necroptosis represents one lytic subclass of programmed cell death with strong
pro-inflammatory properties. Membrane disintegration during this process re-
leases damage-associated molecular patterns (DAMPs) and provokes pronounced

neuroinflammatory responses. This cell-death mechanism exerts notable biologi-
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cal effects within the infarct core as well as ATP-deficient regions of the ischaemic
penumbra [66]. Multiple death-sensing receptors, including TNFR1, TRAILR,
Fas, IFNR and TLR3/4, can initiate necroptotic signalling cascades [67]. Upon re-
ceptor activation, the deubiquitinase CYLD catalyses deubiquitination of recep-
tor-interacting protein kinase 1 (RIPK1), an essential step for downstream signal
propagation [68]. RIPK1 then activates RIPK3 within a large cytoplasmic com-
plex, the necrosome, and RIPK3 phosphorylates and activates mixed lineage ki-
nase domain-like protein (MLKL), which assembles into homotrimeric necro-
somes [69]. In this complex, oligomerization of RIPK3 and its subsequent phos-
phorylation trigger phosphorylation and activation of MLKL, thereby mediating
necroptosis and promoting DAMP release; leakage of DAMPs can further exacer-

bate necroptosis and inflammation [70].

2.4.3. Ferroptosis

In ferroptosis induced by ischemic stroke, lipid peroxidation and iron accumula-
tion occur simultaneously, accompanied by inhibition of intracellular anti-ferrop-
totic systems [71]. Lipid peroxidation is a key process in ferroptosis [72], and fer-
roptosis exhibits pronounced lipid peroxidative stress and cell membrane damage.
Lipid peroxidation involves the generation of hydroperoxides from polyunsatu-
rated fatty acids through enzymatic and iron-mediated reactions [73]-[75]. The
resulting lipid peroxides can attack adjacent polyunsaturated fatty acids, initiating
chain reactions and leading to ferroptosis [76]. Excessive iron accumulation is an-
other defining feature, yet iron sources differ markedly across stroke subtypes
[77]. Iron derived from damaged or senescent red blood cells represents a major
contributor to brain iron overload predominantly in hemorrhagic stroke or hem-
orrhagic transformation, rather than in uncomplicated purely-ischemic lesions
[77]. In ischemic stroke without hemorrhage, iron overload is largely driven by
transferrin-mediated iron uptake and alterations in intracellular iron metabolism
[78] [79]. Fe** released by red blood cell degradation can be oxidized to Fe**, which
binds transferrin (TF) and is taken up by endocytosis via transferrin receptor 1
(TFR1) [78] [79]. After endocytosis, Fe*" is released from TF and reduced back to
Fe?* by six-transmembrane epithelial antigen of prostate 3 (STEAP3). Free iron is
readily taken up by neurons, producing intracellular iron overload [80]. Intracel-
lular free iron can also catalyze the oxidation of phospholipids containing poly-
unsaturated fatty acids (PL-PUFAs) through the Fenton reaction and activation
of lipoxygenases, thereby producing large amounts of lipid peroxides and further

participating in the execution of ferroptosis [81].

2.4.4. Pyroptosis

During ischemic stroke, pyroptosis actively participates in inflammatory re-
sponses, can aggravate blood-brain barrier disruption, amplify neuroinflamma-
tory cascades [82], and promote neuronal death. In the pathophysiological process
of ischemic stroke, pyroptosis, as a pro-inflammatory inducing factor, mainly oc-

curs in the ischemic penumbra of the brain [83]. Knockout of GSDMD substan-
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tially reduces pyroptosis and infarct volume after ischemia/reperfusion by inhib-
iting microglial secretion of mature IL-18 and IL-1/4[84]. The gasdermin (GSDM)
family is now widely recognized as a key regulator of pyroptosis; it comprises five
proteins—GSDMA, GSDMB, GSDMC, GSDMD, and GSDME—each capable of
mediating this process [85]. The central mechanism is the formation of pores in
the cell membrane. These pores disturb the osmotic balance between the intracel-
lular and extracellular compartments, so that the cell swells continuously until the
membrane ruptures and intracellular DAMPs spill out, fueling further inflamma-
tion [86].

3. Current Status and Shortcomings of Neuroprotection in
Acute Ischemic Stroke

In this section, the evidence level of each intervention is explicitly indicated ac-
cording to the study type from which the reported findings were derived—clinical
evidence, human observational evidence, animal experimental evidence, or in
vitro experimental evidence—so that preclinical mechanistic findings are not mis-

interpreted as clinically established therapies.

3.1. Anti-Excitotoxicity
3.1.1. Glutamate

Excitotoxicity is one of the earliest discovered and widely recognized molecular
mechanisms of post-ischemic stroke injury, in which glutamate and N-methyl-D-
aspartate receptors (NMDARs) are important contributing factors [87] [88].
NMDAR is a glutamate-gated ion channel and is fundamental to physiological
and pathological processes in the mammalian CNS [89]. NMDAR is a hetero-
tetramer composed of GluN1 subunits and GluN2 subunits (GluN2A to GluN2D)
[90]-[92], among which GluN2 subunits play a major role in activation of the
NMDAR channel [93]. NMDARs composed of different subunits have different
functions. It has been confirmed that NMDARs containing GluN2A (NR2A) are
mainly present at synapses, whereas NMDARs containing GluN2B (NR2B) are
mainly expressed extrasynaptically [94]. A recent study in a rat model of cerebral
ischemia showed that SHPL-49, a structurally modified derivative of salidroside,
exerts neuroprotective effects by activating the NR2A subunit of NMDA recep-
tors, thereby upregulating cAMP response element-binding protein (CREB)-me-
diated neuronal survival pathways and Akt phosphorylation, and prolonging the
therapeutic time window, making it a potential drug for the treatment of ischemic
stroke (Evidence level: animal experimental evidence) [95].

3.1.2. Calcium Overload

During ischemic stroke, ischemia-induced calcium overload disturbs calcium ho-
meostasis and sets off cytotoxic cascades through protease activation and free-
radical generation, eventually producing irreversible neuronal injury [96]. In
principle, therefore, blocking Ca*" influx and limiting the degree of calcium over-
load should protect neurons, counteracting mitochondrial calcium overload, pre-
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serving mitochondrial integrity, and improving outcome. Curcumin, a natural
modulator, lowers mitochondrial calcium levels and prevents the mitochondrial
swelling induced by calcium overload (Evidence level: in vitro experimental evi-
dence) [97]. To improve targeting, nanotechnological delivery systems are under
exploration; these include TAT peptides for membrane penetration and mito-
chondrial-enzyme targeting, and GYR peptides that bind transferrin receptors on
diseased neurovascular units (NVUs) to achieve precise enrichment (Evidence
level: not yet established; currently a preclinical delivery concept) [98]. Abnormal
activation of voltage-gated calcium channels (VGCCs), including L-type and T-
type channels, is another important source of calcium overload after ischemia [99]
[100]. The L-type CCB nimodipine can alleviate vasoconstriction and improve
cerebral blood flow by antagonizing CaV1.2 channels (Evidence level: preclinical
experimental evidence) [101] [102]. However, traditional CCBs also have some
limitations, such as insufficient target specificity (as exemplified by amlodipine)
and low selectivity for neuronal calcium channels, which may limit their thera-
peutic efficacy [103] [104]. In addition, they are associated with hemodynamic
risks—excessive blood pressure reduction may aggravate cerebral ischemia, espe-
cially in patients with hypoperfusion [102]. It is hoped that the efficacy and safety
of these drugs can be further improved in the future [105].

3.2. Anti-Inflammatory Response

Neuroinflammation after stroke is a key process that drives neuronal injury and
functional impairment, and many neuroprotective drugs act through inflamma-
tory signaling pathways. Astragaloside IV (AS-IV), a major bioactive constituent
of Radix Astragali, confers neuroprotection against acute cerebral ischemia-reper-
fusion injury. In a tMCAO rat model, AS-IV promoted neurogenesis, angiogene-
sis, and neurological functional recovery, likely via PPAR y-dependent polariza-
tion of microglia/macrophages from the M1 toward the M2 phenotype(Evidence
level: animal experimental evidence) [106]. Salvianolic acid C (SalC) markedly re-
duces post-stroke neuroinflammation and protects neurons from ischemia-reper-
fusion injury by blocking the TLR4-TREMI1-NF-«B pathway; it also improves
neurological function by regulating microglial responses and limiting the release
of pro-inflammatory factors, offering a new pharmacological option for neuroin-
flammation (Evidence level: animal experimental evidence) [107]. Studies have
shown that both endogenous and exogenously induced Nrfl activation can effec-
tively protect nerves from injury (Evidence level: animal experimental evidence)
[108] [109].

Despite these encouraging pre-clinical observations for natural-derived small-
molecule agents, several translational caveats should be emphasized. Most of these
results are derived from young, healthy rodents. Compounds such as polyphenols
and herbal extracts frequently suffer from poor gastrointestinal absorption, rapid
metabolic clearance and limited blood-brain barrier penetration, which compro-

mise their bioavailability in the ischemic brain. Considerable inter-study variabil-
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ity exists with respect to drug dosage, administration routes and intervention tim-
ing. Up to now, high-quality clinical evidence to support their routine application
for acute ischemic stroke remains absent.

Alterations in drug-delivery strategies directly affect drug distribution and ther-
apeutic efficacy within stroke-affected lesions. Curcumin-loaded polyamide-
amine dendrimers can significantly reduce astrocyte reactivity, alleviate neuroin-
flammation, and promote functional recovery (Evidence level: animal experi-
mental evidence) [110]. Second, taking FTY720 as an example, free drug admin-
istration hardly crosses the blood-brain barrier and carries cardiotoxicity; neutro-
phil membrane-camouflaged polymeric prodrug nanocarriers can actively mi-
grate to ischemic brain regions and release the drug in situ when ROS levels rise,
increasing drug concentration in the lesion by 15.2-fold compared with free drug
while reducing cardiotoxicity and infection risk. This nanodelivery system also
regulates NLRP3 inflammasome and CXCL2 secretion through Cebpb, driving a
shift toward an anti-inflammatory microglial phenotype and amplifying the neu-
roprotective effects of FT'Y720, highlighting the value of delivery optimization in
regulating stroke inflammation (Evidence level: animal experimental evidence)
[111].

This therapeutic approach can be achieved through editing. Interferon-induced
protein 35 (IFP35) is a 35-kDa protein belonging to a novel class of damage-asso-
ciated molecular patterns (DAMPs). One study confirmed that IFP35 binds to the
receptor TLR4 and activates NF-«B and NLRP3 signaling pathways, thereby ag-
gravating neuroinflammation and brain injury. Compared with traditional long-
acting gene editing approaches, transient siRNA gene silencing is more suitable
for the short-term intervention characteristics of acute stroke models (Evidence
level: animal experimental evidence) [112]. Second, siRNA-mediated gene knock-
down at appropriate concentrations remains a mature and effective strategy, es-
pecially suitable for short-term gene silencing in acute models such as MCAO

(Evidence level: animal experimental evidence) [113]-[115].

3.3. Anti-Oxidative Stress

Stem cells, as naturally occurring bioactive substances, have attracted considerable
attention because they can be used to treat neurological diseases such as ischemic
stroke by regulating mitochondrial bioenergetics. For example, human neural
stem cells (hNSCs) are highly similar to neural cells in both morphology and func-
tion [116]. They can express neuron-specific membrane proteins on their surface,
enabling them to cross the blood-brain barrier and deliver tissue-specific neu-
rotrophic factors and differentiation-inducing factors to damaged brain regions,
thereby promoting recovery of brain structure and neurological function after is-
chemic injury (Evidence level: preclinical experimental evidence) [117]. Studies
have shown that exosomes derived from human neural stem cells (hNSC-Exos)
can alleviate oxidative stress-induced neuronal injury by regulating the

PINK1/Parkin pathway. This reveals a novel role of stem cell-derived mitochon-
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drial therapy in promoting neuroprotection and suggests its potential as a thera-
peutic approach for oxidative stress-related central nervous system diseases, in-
cluding ischemic stroke (Evidence level: preclinical experimental evidence) [118].

Studies have confirmed that activation of the PI3K/Akt signaling pathway can
effectively alleviate oxidative stress caused by ischemia-reperfusion (IS) (Evidence
level: preclinical experimental evidence) [119]. Some commonly used natural
drugs and their compound preparations can improve and treat ischemic stroke by
targeting the PI3K/Akt signaling pathway. Panax notoginseng saponins (PNS) are
one of the active components with rich pharmacological effects, capable of pro-
moting mechanisms of neurological recovery and exerting important brain-pro-
tective effects after cerebral infarction (Evidence level: preclinical experimental ev-
idence, from both in vivo and in vitro studies) [120]. They can activate Nrf2 anti-
oxidant signaling through the PI3K/Akt signaling pathway, thereby protecting the
blood-brain barrier from hypoxia/reoxygenation injury in vitro [121]. Xing-
naojing injection (XNJI) is derived from An Gong Niu Huang Wan, and muscone
is one of its main active components [122]. In ischemic stroke models, muscone
is one of the active components of XNJI. Studies have also shown that it can sig-
nificantly reduce neuronal apoptosis through the PI3K/Akt signaling pathway
(Evidence level: preclinical experimental evidence) [123]. This suggests that XN]JI
may alleviate IS-induced oxidative stress and neuronal apoptosis through the
PI3K/Akt signaling pathway. In addition, total flavonoids of Chuju (TFCJ) are
flavonoid active components derived from Chuju, which can also alleviate oxida-
tive stress in cerebral infarction models by activating the PI3K/Akt/mTOR signal-
ing pathway (Evidence level: animal experimental evidence) [124]. In addition to
pharmacological treatment, physical interventions can also exert neuroprotective
effects by regulating oxidative stress pathways. Transcutaneous electrical acupoint
stimulation (TEAS), as a non-invasive physical therapy, significantly reduces
brain injury after ischemic stroke by inhibiting apoptosis, oxidative stress, and neu-
roinflammation and by regulating the SIRT1/FOXO3a and SIRT1/BRCC3/NLRP3
signaling pathways, and is expected to become a potential therapeutic approach
for stroke patients (Evidence level: animal experimental evidence) [125]. TEAS
does not need to cross the blood-brain barrier and has the advantages of being
non-invasive and low-toxicity; however, current evidence is limited to animal
models, and causal validation of pathways and human effects remain to be further
confirmed. Second, currently common hyperbaric oxygen (HBO) therapy exerts
antioxidant protective effects mainly by activating the Nrf2 signaling pathway: af-
ter entering the nucleus, Nrf2 upregulates downstream target genes such as HO-
1, NQO1, and GCLGC, thereby enhancing the activity of antioxidant enzymes such
as SOD and promoting GSH synthesis, dually enhancing cellular antioxidant ca-
pacity and reducing oxidative damage markers such as MDA to achieve neuro-
protection [126]-[129]. An animal study using a treatment regimen of 2.5 atmos-
pheres, 1 h per session, twice daily for two consecutive days found that this treat-

ment activated the Nrf2 signaling pathway in brain tissue of neonatal rats sub-
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jected to hypoxic-ischemic injury, upregulated HO-1 and GST, strengthened en-
dogenous antioxidant defense, effectively alleviated oxidative stress, reduced cer-
ebral infarct volume, inhibited neuronal apoptosis, and improved neurological

function (Evidence level: animal experimental evidence) [130].

3.4. Targeting Regulated Cell Death

After ischemic stroke, key pathological processes such as neuronal death and neu-
roinflammation are strictly regulated by ubiquitin-modifying enzymes [131]. One
study found that the deubiquitinase OTUB2 aggravates cerebral ischemic injury
by promoting RIPK3-mediated neuronal necroptosis [132]. In addition, genetic
knockout or pharmacological inhibition of OTUB2 significantly attenuates is-
chemic stroke injury, suggesting that inhibiting OTUB2 may become a potential
therapeutic strategy for ischemic stroke. (Evidence level: animal experimental ev-
idence) Furthermore, studies have shown that caspofungin can inhibit necropto-
sis by upregulating Pellino3 and promoting RIPK1 ubiquitination, thereby allevi-
ating IS-induced injury (Evidence level: animal experimental evidence) [133].
Telaprevir also alleviates IS-induced brain injury by inhibiting necroptosis medi-
ated by the RIPK1/RIPK3/MLKL pathway (Evidence level: animal experimental
evidence) [134].

Various nanoscale strategies have been attempted for neuroprotection in is-
chemic stroke, although their carrier construction and targeted delivery ap-
proaches differ. The ZIF-8-based DZIF@HA nanosystem achieves active targeted
delivery to inflammatory microglia via peptide and hyaluronic acid modification,
and regulates microglial phenotype through the metabolic drug dimethyl malo-
nate to alleviate neuroinflammation [135]. In contrast, MNPs@Mi uses cell mem-
brane biomimetic camouflage to construct a NIR-II photothermal-responsive
platform, synergistically regulating ion channel activity and microglial polariza-
tion, protecting neurons, and repairing the blood-brain barrier [136]. Unlike the
above systems that require exogenous carrier scaffolds, quercetin-methylcobala-
min self-assembled nanoparticles (Qu-Me) require no additional carrier or toxic
organic solvents and improve the solubility and bioavailability of natural active
molecules through molecular self-assembly; they can likewise inhibit excessive
neuroinflammation after stroke and show favorable clinical translation poten-
tial [137]. Although the above studies employ markedly different nanocon-
struction and drug delivery strategies, all can alleviate ischemic injury, reduce
infarct volume, and improve neurological function in preclinical animal mod-
els; at the same time, they all face limitations, remain at the basic research stage,
and require further clarification of therapeutic time windows, optimal dosing
regimens, and synergistic effects with mainstream clinical approaches such as
thrombolysis and mechanical thrombectomy (Evidence level: animal experi-
mental evidence).

As a form of programmed cell death, pyroptosis has been fully confirmed in

different cell types across multiple diseases. LARP7 regulates NLRP3 deacetyla-
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tion by enhancing Sirtl deacetylase activity, thereby inhibiting inflammasome as-
sembly and neuronal pyroptosis after ischemic stroke. Targeting LARP7 may be-
come a potential strategy for treating ischemic stroke (Evidence level: animal ex-
perimental evidence) [138] HSPAS lactylation attenuates neuronal pyroptosis af-
ter ischemic stroke through E3 ubiquitin ligase-mediated NLRP3 degradation
(Evidence level: animal experimental evidence) [139]. Artemisinin can alleviate
neuronal pyroptosis induced by ischemic stroke by inhibiting the ROS/TXNIP/
NLRP3/caspase-1 signaling pathway (Evidence level: animal experimental evi-
dence) [140]. STING mediates microglial pyroptosis in cerebral ischemic stroke
by interacting with NLRP3 (Evidence level: animal experimental evidence) [141].
Ferroptosis is an iron-dependent form of programmed cell death driven by lipid
peroxidation and has been confirmed as a key pathological mechanism exacerbat-
ing tissue injury during cerebral ischemia-reperfusion injury (IRI)—a stage that
is critical in ischemic stroke. In one study, multimodal analysis revealed that
c¢GAMP can alleviate oxidative stress and ferroptosis in ischemic stroke by acti-
vating the Nrf2/HO-1/GPX4 pathway, representing a novel dual regulator of re-
dox homeostasis and ferroptosis (Evidence level: animal experimental evidence)
[142]. Studies have shown that edaravone dexborneol can inhibit ferroptosis by
activating the Nrf2/HO-1/GPX4 pathway (Evidence level: clinical evidence for its
approved clinical use; the ferroptosis mechanism cited here is based on animal
experimental evidence) [143]. In addition, activation of the PI3K/AKT signaling
pathway can confer cellular resistance to IS-induced ferroptosis. Ginsenoside Rd
alleviates ischemia-reperfusion-induced ferroptosis in vascular endothelial cells
by activating the neuregulin 1/erb-B2 receptor tyrosine kinase 4/PI3K/Akt/mTOR
signaling pathway (Evidence level: animal experimental evidence) [144]. Further-
more, another study revealed that vocacarcin alleviates ischemia-reperfusion-in-
duced ferroptosis by activating the PI3K-Akt-FoxO pathway (Evidence level: in

vitro experimental evidence) [145].

4. Conclusion and Perspectives

In summary, brain injury in acute ischemic stroke is not mediated by a single
pathway but is a complex cascade process involving crosstalk among excitotoxi-
city, oxidative stress, and neuroinflammation, with the participation of multiple
programmed cell death pathways. In current preclinical studies, small-molecule
drugs, natural active components, siRNA gene silencing, stem cell-derived exo-
somes, nanoscale targeted delivery, and physical interventions such as transcuta-
neous electrical acupoint stimulation and hyperbaric oxygen, targeting the gluta-
mate-calcium overload axis, inflammatory signaling pathways, oxidative stress,
ferroptosis, pyroptosis, and necroptosis, have all shown potential to reduce brain
injury and improve neurological function in animal models. Edaravone dexbor-
neol is one of the few neuroprotective agents in China that has completed clinical
translation and is used in acute-phase stroke; however, more real-world studies

are still needed to further verify its applicable population, optimal administration
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timing, and the safety and efficacy of its combined use with thrombolysis and me-
chanical thrombectomy. Even so, it should be recognized that most neuroprotec-
tive candidates have not moved beyond pre-clinical investigation, leaving a con-
siderable translational divide between laboratory findings and clinical practice.
Multiple confounding factors account for such translational disappointments.
Firstly, pre-clinical studies frequently adopt young, disease-free experimental an-
imals, which poorly recapitulate the clinical reality of elderly patients complicated
by hypertension, diabetes and other comorbid disorders. Secondly, drug-delivery
time windows applied in animal models are often relatively permissive and incon-
sistent with the narrow therapeutic windows observed in real-world clinical set-
tings. Thirdly, limited drug accumulation within damaged cerebral tissue arises
from blood-brain-barrier restrictions. Furthermore, single-target therapeutic
strategies cannot cope with the intricate pathological network triggered by cere-
bral ischaemia. Last but not least, few pre-clinical protocols incorporate combined
therapeutic regimens alongside reperfusion therapies. Looking ahead, research
and development of neuroprotection for acute ischemic stroke may focus on the
following directions. To begin with, research should depart from conventional
single-target frameworks and attach greater importance to signalling crosstalk
across diverse injury cascades. Investigations ought to explore time-dependent
multi-target combinatorial strategies, with therapeutic schemes tailored to dis-
tinct pathological characteristics between the infarct core and ischaemic penum-
bra. Additionally, advances in targeted delivery systems, including nanocarriers
and cell-membrane biomimetic platforms, deserve further development, with the
goal of elevating cerebral drug accumulation while minimizing unwanted sys-
temic adverse reactions. Third, optimize preclinical experimental design, use
more aged animal models with underlying comorbidities, and focus on combined
intervention studies of neuroprotection with intravenous thrombolysis and me-
chanical thrombectomy, so as to better approximate real clinical scenarios. Fourth,
rethink the bidirectional roles of glial cells, not merely inhibiting inflammation
but placing greater emphasis on regulating the polarization of microglia and as-
trocytes toward reparative phenotypes, and on protecting the neurovascular unit
as a whole. Fifth, standardize clinical trial design, strictly define inclusion and ex-
clusion criteria, intervention time windows, and outcome evaluation indicators,
and objectively assess benefits and risks. Overall, neuroprotection remains a
highly promising research direction for acute ischemic stroke, but at present it
cannot yet be used as an independent approach in routine clinical care. Only by
fully bridging the gap between basic research and clinical reality and deciphering
the complex pathological network of ischemic brain tissue can we truly achieve
translation from the laboratory to the patient’s bedside and reduce the disability

burden caused by stroke.
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