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Commentary

Stroke remains a leading cause of death and long-term disability worldwide, with ischemic stroke
representing approximately 85% of all stroke cases [1]. Cerebral ischemia-reperfusion (I/R) injury
significantly exacerbates neuronal damage through mechanisms such as oxidative stress, ferroptosis,
and endoplasmic reticulum stress (ERS).

In a recent publication featured in CELLULAR SIGNALLING, Wang er al. explored the
neuroprotective role of 1,25-dihydroxyvitamin D3 (1,25-D3) in ischemic brain injury, emphasizing
its capacity to alleviate ER stress via a vitamin D receptor (VDR)-mediated pathway. Their study
demonstrated that 1,25-D3 reduced ER stress markers (p-PERK/PERK and CHOP), activated
the Nrf2/GPX4 pathway to inhibit ferroptosis, and decreased lipid peroxidation, thus conferring
neuroprotection through modulation of p53 signaling [2].

ER Stress and Stroke

ER stress plays a critical role in the pathophysiology of stroke. Following ischemic stroke,
disturbances in the microenvironment—characterized by oxidative stress, intracellular calcium
dysregulation, and accumulation of misfolded proteins—precipitate ER stress [3]. Persistent ER
stress activates inflammatory pathways and promotes neuronal cell death, contributing significantly
to extensive tissue damage.

The unfolded protein response (UPR) represents an adaptive cellular mechanism activated by ER
stress to restore ER homeostasis. The UPR is primarily regulated by three ER transmembrane sensors:
protein kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1ot (IREla), and activating
transcription factor 6 (ATFG) [4].

PERK-elF2a-CHOP pathway

PERK activation leads to phosphorylation of eukaryotic initiation factor 2a (eIF2a), resulting in
global protein synthesis attenuation, while selectively promoting the translation of stress-responsive
proteins such as ATF4 and CHOP. Chronic activation of the PERK/elF2a pathway and subsequent
CHOP upregulation ultimately drive apoptosis. Evidence indicates that activation of the PERK/
elF2a branch post-stroke temporarily inhibits protein synthesis, assisting neuronal recovery from
ischemic insults [5]. Sun et /. demonstrated that the proton-sensitive G protein-coupled receptor
GPRO68 confers neuroprotection by enhancing PERK-elF2a-mediated UPR activation in ischemic
brain tissue [6]. Additionally, Piezol, a mechanically gated calcium channel, was shown to mitigate
ER stress-induced neuronal injury following intracerebral hemorrhage by suppressing PERK-ATF4-
CHOP and IRE1 signaling pathways [7].
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IRE1a-XBP1 pathway regulation

IREla, an ER membrane protein with dual kinase and
endoribonuclease activities, plays a pivotal role under stress
conditions, including nutrient deprivation and ER stress. Upon
activation, IREla dissociates from stress granules (SG) via its
intrinsic disordered region (IDR), forming aggregates that enhance
the efficiency of IREla-mediated XBP1 mRNA splicing. This
event promotes the expression of UPR-associated genes, including
molecular chaperones and protein-folding enzymes, facilitating ER
stress relief [8]. Under physiological conditions, nonsense-mediated
mRNA decay (NMD) factor UPF3B negatively regulates IREla
activation by binding to its kinase domain, thus preventing excessive
ER stress activation [9]. However, stimuli such as the mycotoxin
3-acetyldeoxynivalenol (3-Ac-DON) promote phosphorylation-
dependent dissociation of UPF3B from IRE1q, initiating apoptosis
[10]. Furthermore, in tumor microenvironments, transmembrane
p24 trafficking protein 4 (TMED4) stabilizes IRE1a by inhibiting its
ER-associated degradation (ERAD), ensuring IREla functionality
crucial for regulatory T cell stability [11].

ATFG signaling and its role in ER homeostasis

ATFG, another critical UPR sensor, binds to the ER stress
response element (ERSE), facilitating the transcription of molecular
chaperones (e.g., BIP and GRP94) and protein-folding enzymes
that promote correct protein folding [12]. Loperamide-induced
ER stress, autophagy, and autophagic cell death involve ATF4
upregulation mediated by ATFG6 activation [13]. Importantly, ATF6
cooperatively interacts with XBP1 to amplify UPR signaling through
a positive feedback loop [14]. The calcium-regulated ER protein
GRINA mitigates ER stress during hepatic ischemia-reperfusion
injury by enhancing ATFG6 ubiquitination, thereby maintaining
calcium homeostasis and inhibiting ER-related autophagy [15].
Furthermore, silencing ATFG decreases reactive oxygen species
(ROS) production, preserves mitochondrial membrane potential,
and alleviates mitochondrial dysfunction, ultimately attenuating ER
stress and apoptosis [16].

Notch3 mutations and ER stress

In addition to signaling pathways mediated by the three
transmembrane sensors PERK, IRE1, and ATF6, Notch3 functional
mutations have been identified as regulators of Rho kinase activity
and ER stress. These mutations result in peripheral vascular
dysfunction and disturbances in calcium (Ca?*) homeostasis, thereby
predisposing individuals to cerebral autosomal dominantarteriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL)
[17]. Recent evidence suggests that Notch3 mutations contribute
to small artery vascular smooth muscle cell (VSMC) damage
through ER stress induction and associated inflammatory pathways.
Specificall, NOTCH3 mutations influence ER stress, interleukin-6
(IL-6), intercellular adhesion molecule-1 (ICAM-1) expression, and
the eNOS/sGC/cGMP signaling cascade [18]. However, the roles of
local inflammatory and immune responses mediated by NOTCH3
mutations in stroke warrant further investigation. Intermittent fasting
has emerged as a beneficial intervention for improving outcomes in
stroke and Alzheimer’s disease. Notably, 2-deoxyglucose, a glucose
analog, mimics fasting conditions by alleviating ER stress and
enhancing Bdnf transcriptional activity, thereby improving cognitive
function, protein homeostasis, and recovery post-stroke [19].

Calcium homeostasis, ER stress, and apoptosis

The endoplasmic reticulum (ER) is crucial for maintaining
cellular calcium (Ca?*) homeostasis and facilitating proper protein
folding. ER functionality depends on tightly regulated Ca?*
balance, as Ca?* is essential for ER-resident chaperones such as BiP/
Grp78, calreticulin (CRT), and calnexin (CNX), which are critical
for protein folding and quality control. Disruptions in ER Ca?*
balance—whether due to excessive Ca?* depletion or overload—
trigger ER stress, initiating the unfolded protein response (UPR).
This response is pivotal in determining cell fate under pathological
conditions, including stroke.

Ca?* homeostasis in the ER is maintained by the sarco/ER
Ca?*-ATPase (SERCA) pump, responsible for importing Ca?', and
various Ca?* release channels. Reduced ER Ca?* levels inactivate
Ca?'-dependent chaperones, leading to protein misfolding and
accumulation of unfolded proteins within the ER lumen, thereby
activating ER stress and the UPR. Impaired SERCA activity or
excessive Ca?* release mediated by InsP3R can significantly lower
ER Ca?" levels, further exacerbating protein misfolding and stress.
Conversely, ER Ca?* overload disrupts Ca?* transfer at mitochondria-
associated ER membranes (MAMs), resulting in mitochondrial Ca?*
overload, oxidative stress, and apoptosis. If ER stress persists and the
UPR cannot restore equilibrium, pro-apoptotic pathways involving
Ca?* signaling are activated. Specifically, Ca?*-dependent activation
of calpain and caspase-12, along with PERK-ATF4-CHOP
signaling, promotes apoptosis by downregulating anti-apoptotic
BCL-2 and upregulating pro-apoptotic BAX, aggravating cerebral
ischemia-reperfusion-induced tissue damage [20].

Mitochondria-associated ER membranes (MAMs)

Physical connections between the ER and mitochondria,
termed mitochondria-associated ER membranes (MAM:s), have
recently gained attention. MAM integrity and function are essential
for cellular homeostasis. Studies have revealed that mitochondrial
mitofusin 2 (MFN2) and its splice variant ERMIT2 act as
structural tethers connecting mitochondria to the ER. ERMIT?2 and
ERMIN?2, splice variants of MFN2, regulate ER morphology and
ameliorate ER stress, inflammation, and fibrosis in hepatic tissues
[21]. Additionally, the EMC2-SLC25A46-Mic19 axis has been
demonstrated to modulate ER-mitochondrial interactions, reduce
ER-mitochondrial damage, and mitigate conditions such as non-
alcoholic steatohepatitis and liver fibrosis, highlighting a critical role
for ER-mitochondrial crosstalk in maintaining cellular health and
preventing disease progression [22].

Ferroptosis and Stroke

Ferroptosis is an iron-dependent, regulated form of programmed
cell death characterized primarily by the accumulation of lipid
peroxidation products. Excessive intracellular iron, caused by
disrupted iron uptake, transport, storage, and utilization, exacerbates
lipid peroxidation, particularly affecting polyunsaturated fatty acids
(PUFAs) in cell membranes. This process results in membrane
damage, cellular dysfunction, and cell death.

Following ischemic stroke, cell membrane PUFAs such as
arachidonic acid undergo peroxidation mediated by enzymes like
lipoxygenase (LOX) and cytochrome P450 oxidoreductase (POR),
producing toxic lipid peroxides including 4-hydroxynonenal and
malondialdehyde. Concurrently, intracellular glutathione (GSH)
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Figure 1. Overview of the mechanisms of endoplasmic reticulum stress and ischemic stroke. elF2a: Eukaryotic Initiation Factor 2a; ATF6: Activating
Transcription Factor 6; ATF4: Activating Transcription Factor 4; UPR: Unfolded Protein Response; IRE1a: Inositol-Requiring Enzyme 1 a; PERK: Protein
Kinase RNA-like Endoplasmic Reticulum Kinase; CHOP: C/EBP Homologous Protein; XBP1: X-box Binding Protein 1.
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Figure 2. Overview of the mechanisms of ferroptosis and ischemic stroke. SLC7A11: Solute Carrier Family 7 Member A11; GSH: Glutathione; ACSL4:
Acyl-CoA Synthetase Long-chain Family Member 4; FAD: Flavin Adenine Dinucleotide; FSP1: Ferroptosis Suppressor Protein 1; NADPH: Nicotinamide
Adenine Dinucleotide Phosphate; NADP: Nicotinamide Adenine Dinucleotide Phosphate; FADH2: Flavin Adenine Dinucleotide Reduced; CoQ:
Coenzyme Q; CoQH2: Reduced Coenzyme Q; GPX4: Glutathione Peroxidase 4; MBOAT: Membrane-bound O-acyltransferase 1; MBOAT2: Membrane-
bound O-acyltransferase 2.
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depletion significantly impairs glutathione peroxidase 4 (GPX4)
activity, preventing effective suppression of lipid peroxidation and
exacerbating neuronal damage.

Recent studies have identified various natural compounds
capable of inhibiting ferroptosis and improving neurological
outcomes post-stroke. For instance, Rehmannioside A, derived
from traditional Chinese medicine, was shown by Chen Fu ez al.
to suppress ferroptosis and cognitive impairment following ischemic
stroke via activation of the PI3K/AKT/Nrf2 and SLC7A11/GPX4
pathways [23]. Similarly, Xue Bai ez a/. demonstrated the protective
effect of ferroptosis inhibition in both ischemic and hemorrhagic
strokes through the activation of the PPARY/AKT/GPX4 signaling
pathway [24]. Other bioactive compounds, including Kaempferol,
Rhein, and Loureirin C, enhance GPX4 expression and reduce
neuronal death following ischemia-reperfusion injury [25-27].
Additionally, Quercetin, Gastrodin, and Baicalein effectively inhibit
ferroptosis by upregulating GPX4 and downregulating ACSL4 [28-
30].

GPX4-independent ferroptosis regulation: The role of FSP1

Mechanistically, ferroptosis inhibition primarily involves GPX4-
dependent pathways and GPX4-independent pathways mediated by
ferroptosis suppressor protein 1 (ESP1). FSP1, a distinct ferroptosis
inhibitor independent of glutathione, functions as a homodimer
via its C-terminal domain (CTD) [31]. Loss of the CTD prevents
dimer formation and disrupts ferroptosis inhibition. FSP1 catalyzes
the reduction of ubiquinone (CoQ) to ubiquinol (CoQH2) using
NAD(P)H as an electron donor, providing antioxidant protection.
Under aerobic conditions, FSP1 also reduces oxygen to hydrogen
peroxide (H,0,), again utilizing NAD(P)H. Furthermore, FSP1-
mediated hydroxylation of FAD to 6-hydroxy-FAD enhances its
catalytic and antioxidant activities [32]. Recent findings by Man-
Ru Liu e al. demonstrated that Sorafenib induces ferroptosis
in hepatocellular carcinoma cells through the ERK-mediated
ubiquitination and degradation of FSP1 [33]. In ovarian cancer,
ACSL1 has been shown to enhance ferroptosis resistance by
promoting FSP1 myristoylation, augmenting antioxidant capacity
[34]. Emerging evidence indicates that enhancing FSP1 expression
can mitigate ferroptosis-related damage following subarachnoid
hemorrhage and cerebral ischemia-reperfusion injury [35].
However, research on the interactions between FSP1 and ferroptosis
in neurological disorders remains limited and warrants further
exploration.

Emerging ferroptosis regulators: MBOATs and hormonal
signaling

Notably, recent studies have identified novel mechanisms
inhibition  involving the membrane-bound
O-acyltransferases  (MBOATs),  specifically MBOAT1  and
MBOAT?2, which function independently of GPX4 and FSPI
pathways [36]. In cells deficient for both GPX4 and FSPI,
MBOAT?2 maintains effective inhibition of ferroptosis, underscoring
its distinct mechanism. MBOAT enzymes catalyze the transfer
of monounsaturated fatty acids (MUFAs) such as oleic acid to
lysophosphatidylethanolamine (lyso-PE), promoting phospholipid
remodeling [36,37]. This activity increases PE-MUFA levels and
decreases PE-PUFA content, thereby reducing susceptibility to
lipid peroxidation. Furthermore, estrogen receptors (ER) and
androgen receptors (AR) transcriptionally regulate MBOAT1 and

of ferroptosis

MBOAT?2, respectively, by binding to their gene promoters [38,
39]. The MBOAT-mediated phospholipid remodeling pathway
thus represents a promising, albeit relatively unexplored, therapeutic
target for neurological diseases characterized by ferroptosis.

Multi-target Therapeutic Strategies: The
Neuroprotective Role of Vitamin D

Vitamin D has demonstrated substantial potential as a
therapeutic agent for ischemic stroke, exerting neuroprotective effects
through multiple pathways. It mitigates endoplasmic reticulum (ER)
stress by reducing levels of phosphorylated PERK (p-PERK), PERK,
and CHOP, while concurrently activating the Nrf2/GPX4 signaling
axis to inhibit ferroptosis and lipid peroxidation [2]. Beyond its
neuroprotective role, clinical studies have validated vitamin D’s
broad therapeutic efficacy and safety profile. For instance, vitamin
D supplementation significantly reduces the recurrence of benign
paroxysmal positional vertigo and alleviates depressive symptoms
in elderly individuals aged 60 and above [40,41]. Furthermore,
maternal high-dose vitamin D supplementation during pregnancy
positively influences early neurodevelopmental outcomes in children
[42] and improves insulin sensitivity in prediabetic patients,
potentially delaying diabetes onset [43].

Recent preclinical studies have further elucidated vitamin
D’s multifaceted roles in cerebrovascular and neuroinflammatory
conditions. Pan Cui es al demonstrated that microglia and
macrophages in vitamin D receptor (VDR)-deficient mice
exhibit a pronounced pro-inflammatory phenotype post-stroke,
characterized by elevated secretion of TNF-a and IFN-y. These
cytokines subsequently augment CXCLI10 release, exacerbating
neuroinflammation and stroke-induced brain injury [44]. Jiaxin
Liu and colleagues reported that vitamin D promotes macrophage-
mediated hematoma clearance in patients with intracerebral
hemorrhage, enhancing tissue repair and improving clinical outcomes
[45]. Additionally, research by Tetsuro Kimura ez /. identified VDR
expression on intracranial vascular endothelial and smooth muscle
cells, highlighting vitamin D’s capacity to prevent aneurysm rupture
[46]. Clinical trials published in prominent journals like BMJ further
confirm vitamin D’s cardiovascular benefits, reducing the incidence
of major cardiovascular events [47].

Vitamin D receptor (VDR) signaling in endoplasmic
reticulum stress and ferroptosis

Activation of the vitamin D receptor (VDR) by vitamin D3
critically modulates essential pathways involved in endoplasmic
reticulum (ER) stress, contributing significantly to its neuroprotective
effects. Specifically, vitamin D3 inhibits the phosphorylation of
protein kinase RNA-like endoplasmic reticulum kinase (PERK)
and the subsequent expression of C/EBP homologous protein
(CHOP) through VDR activation [2]. Mechanistically, activated
VDR may directly bind to the vitamin D response element (VDRE)
located within the promoter region of the PERK gene, repressing
its transcriptional activity. Alternatively, VDR activation may recruit
transcriptional co-repressors, such as histone deacetylases, leading
to suppressed PERK expression. Inhibition of PERK signaling
consequently reduces phosphorylation of eukaryotic initiation factor
2a (eIF2a), decreasing activating transcription factor 4 (ATF4) and
CHOP levels, ultimately attenuating ER stress-induced apoptosis
and mitigating neuronal injury during cerebral ischemia-reperfusion

[48].
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Beyond the PERK pathway, vitamin D3 and VDR signaling also
potentially regulate the inositol-requiring enzyme 1o (IRE1at)-X-box
binding protein 1 (XBP1) pathway through indirect mechanisms.
For instance, VDR activation could modulate IRElat activity by
regulating associated cofactors or modifying enzymatic activities
relevant to IREla function. Additionally, vitamin D3 might
transiently elevate ER unfolded protein load by inhibiting specific
components of the ER-associated degradation (ERAD) machinery,
such as Hrd1 or gp78, indirectly activating IRElat and promoting
adaptive splicing of XBP1. Such compensatory activation of the
IRE1a-XBP1 pathway enhances the unfolded protein response
(UPR), thereby improving cellular resilience to ER stress conditions

[48].

Moreover, VDR activation inhibits signal transducer and
activator of transcription 3 (STAT3) binding to the activating
transcription factor 6 (ATFG6) promoter, resulting in reduced
ATF6 mRNA and protein expression and diminished downstream
ER stress signaling [49]. Supporting evidence from recent studies
indicates that vitamin D (1,25D;) directly ameliorates ER stress via
VDR-dependent suppression of ATF6 in mammary epithelial cells
[50].

Regarding the interaction between vitamin D signaling and
ferroptosis modulators such as membrane-bound O-acyltransferases
(MBOATs) or ferroptosis suppressor protein 1 (FSP1), direct
experimental data are currently limited. Nevertheless, vitamin D
significantly enhances cellular antioxidant capacity via activation
of nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent
pathways [51,52]. Such antioxidant enhancement may indirectly
support FSP1 functionality by promoting its stability or expression,
thereby conferring protective effects against ferroptosis. Additionally,
given the transcriptional regulatory capacity of VDR [53], vitamin
D signaling could potentially influence the expression or functional
regulation of enzymes such as MBOAT1 and MBOAT?2, known
to be transcriptionally regulated by nuclear hormone receptors
including estrogen and androgen receptors [36]. However,
explicit experimental confirmation demonstrating direct vitamin
D-mediated regulation of MBOATs or FSP1 is lacking. Future
research to clarify these mechanisms is crucial, as elucidating such
interactions could substantially enhance our understanding of the
crosstalk between vitamin D signaling and ferroptosis, ultimately
informing therapeutic strategies for neuroprotection.

Modulation of multiple cell death pathways by vitamin D

Mechanistically, vitamin D also modulates multiple cell death
pathways beyond ER stress and ferroptosis. In cerebral ischemia-
reperfusion injury models, 1,25-dihydroxyvitamin D3 (1,25-
VitD3) inhibits NLRP3-mediated pyroptosis by activating the
antioxidant Nrf2/HO-1 pathway [54]. In septic encephalopathy,
vitamin D attenuates histone-induced pyroptosis and ferroptosis,
reducing associated neurological deficits [55]. Moreover, vitamin
D administration significantly reduces apoptosis and hepatic injury
induced by type 2 diabetes [56]. Studies by Aimei Li ez 4/. indicate
that autophagic dysfunction observed in diabetic nephropathy
models lacking VDR may be linked to disrupted Ca?/CAMKK2/
AMPK signaling, highlighting vitamin D’s regulatory role in
autophagy and inflammation [57].

Despite substantial evidence supporting the beneficial role of
vitamin D in alleviating ER stress and ferroptosis in ischemic stroke,

critical gaps remain in the current understanding. For instance, it
remains unclear whether the modulatory effects of vitamin D on
ER stress pathways are influenced by cell type, stroke severity, or
the particular experimental stroke model employed. Differences in
VDR expression levels among neuronal and glial cells could lead
to heterogeneous responses to vitamin D treatment. Moreover, the
activation patterns of ER stress pathways may differ significantly
between acute and chronic ischemic models, and the therapeutic
outcomes of vitamin D administration could be profoundly impacted
by variations in dosing and timing. Another pivotal unresolved issue
pertains to distinguishing direct versus indirect actions of vitamin
D on ferroptosis regulators such as ferroptosis suppressor protein
1 (FSP1) and membrane-bound O-acyltransferases (MBOATS).
Addressing these knowledge gaps necessitates comprehensive
comparative analyses involving diverse cellular and animal stroke
models, complemented by rigorous clinical trials. Such research
endeavors will significantly enhance our mechanistic insights into
vitamin D signaling and optimize its therapeutic potential for stroke
management.

Although  preclinical findings underscore the promising
therapeutic potential of vitamin D in mitigating ER stress and
ferroptosis in stroke, several translational limitations must be
explicitly recognized. Most current data originate from preclinical
research involving cellular experiments and animal stroke models.
While these studies are indispensable, they cannot entirely replicate
the complexity of human stroke pathology, particularly the inter-
individual variations in patient characteristics, comorbidities, and
timing of therapeutic intervention. Moreover, the translational
relevance of mechanisms observed in preclinical models requires
validation in human subjects. Consequently, rigorous clinical trials
are essential to translate these preclinical insights into clinically
effective strategies. Future clinical investigations should strive to
validate therapeutic efficacy, establish optimal dosing regimens,
determine precise therapeutic windows, and ensure the long-
term safety and bioavailability of vitamin D supplementation in
diverse stroke populations. Resolving these translational challenges
is paramount for fully harnessing the therapeutic capabilities of
vitamin D in clinical stroke management.

Conclusion

Collectively, these findings underscore the versatility of vitamin
D signaling through its receptor as a critical regulatory nexus
interconnecting ER stress, ferroptosis, inflammation, and oxidative
stress pathways. Given the multifaceted and complex pathology
of stroke, single-target pharmacological approaches often yield
limited therapeutic efficacy. Thus, drug development paradigms
are increasingly shifting toward multi-target strategies capable of
simultaneously modulating multiple pathological mechanisms
[58-60]. Vitamin D exemplifies such a multifunctional therapeutic
candidate; however, translating these promising preclinical findings
into clinical practice remains challenging. Important clinical
questions, including determining optimal dosing regimens, timing,
administration routes, and enhancing bioavailability, must be
addressed to maximize therapeutic benefit in stroke patients. Future
research directions should specifically investigate combination
therapies—for example, combining vitamin D with ferroptosis
regulators such as FSP1 inducers, or modulators of ER stress
pathways—in diverse cellular and animal stroke models. Clarifying
cell type-specific responses, the direct versus indirect mechanisms

Cell Signal. 2025;3(1):95-102.

929



Citation: Zhang Y, Wang X, Chen Z, Wang Y. Beyond single targets: Crosstalk between endoplasmic reticulum stress, ferroptosis, and vitamin D signaling

in stroke treatment. Cell Signal. 2025;3(1):95-102.

of vitamin D action, and validating efficacy across various stroke
severities will be crucial. Ultimately, rigorous translational research
and well-designed clinical trials are essential to fully exploit the
therapeutic potential of vitamin D-based multi-target strategies,
aiming to improve patient outcomes and quality of life following
stroke.
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