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Abstract

Panvascular diseases, characterized by systemic vascular dysfunction across multiple or-
gan systems, represent a complex interplay of genetic susceptibility and environmental
triggers. Ring Finger Protein 213 (RNF213), initially identified as the principal susceptibility
gene for moyamoya disease (MMD), has emerged as a central regulator of panvascular
pathophysiology. This review synthesizes current evidence elucidating RNF213′s mul-
tifaceted roles in vascular homeostasis, spanning its functions as an E3 ubiquitin ligase,
mechanosensor, and immune modulator. The “second-hit” hypothesis posits that RNF213
mutations establish a genetic predisposition, while secondary insults—such as infection,
hypoxia, or hemodynamic stress—precipitate pathological manifestations. Mechanisti-
cally, RNF213 orchestrates critical processes including endothelial integrity, angiogenesis,
and inflammatory responses through pathways such as HIF-1α/VEGF, NF-κB, and Wnt
signaling. Its dysfunction disrupts vascular remodeling, promotes aberrant smooth mus-
cle proliferation, and exacerbates hypoxia-inflammation cycles, contributing to diverse
pathologies ranging from intracranial aneurysms and arterial dissections to pulmonary
hypertension and coronary artery disease. Emerging insights into RNF213′s interactions
with gut microbiota, lipid metabolism, and epigenetic regulators further underscore its
systemic influence. Despite advancements, unresolved questions persist regarding the
context-dependent duality of RNF213 variants and organ-specific regulatory mechanisms.
This review highlights the imperative for integrated approaches combining genetic, molec-
ular, and environmental perspectives to unravel RNF213′s panvascular roles. We also
outline unresolved questions regarding context-dependent effects of RNF213 variants and
organ-specific regulatory mechanisms, and discuss potential avenues for future research
integrating genetic, molecular, and environmental perspectives to advance understanding
of RNF213′s panvascular roles.

Keywords: RNF213; panvascular disease; moyamoya disease; hypoxia-inflammation cycle;
endothelial dysfunction; second-hit hypothesis; ubiquitination

1. Introduction
Vascular diseases remain a leading cause of morbidity and mortality worldwide [1].

Historically, these disorders have been classified based on the specific organs they afflict—
be it the brain, heart, or peripheral tissues. However, emerging evidence reveals a unifying
thread: a shared pathophysiological foundation that transcends traditional boundaries, giv-
ing rise to the concept of pan-vascular diseases [2]. This paradigm shift has given rise to the
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concept of “panvascular disease” [3–5], a holistic framework that underscores the intercon-
nected nature of vascular pathologies across organs, from intracranial arteries to coronary
and peripheral vessels. Clinically, researchers have applied the hemodynamic characteris-
tics and experience of coronary atherosclerosis, such as fractional flow reserve (FFR) and
wall shear stress (WSS), to renal and peripheral arteries [6–8]. Significant progress has been
made in assessing stenosis using these parameters. Based on this theory, the parameters
are currently being gradually extended to the study of intracranial atherosclerotic stenosis
(ICAS). They can predict the occurrence and risk of cerebrovascular diseases. Central to this
concept is the recognition that diverse conditions such as MMD [9], intracranial aneurysms,
pulmonary hypertension, and coronary artery disease share common pathophysiological
roots, including endothelial dysfunction, aberrant remodeling, and inflammatory dysregu-
lation. Unraveling the molecular underpinnings of these shared mechanisms is critical for
advancing therapeutic strategies that transcend organ-specific boundaries.

RNF213 encodes a highly conserved, large protein with E3 ubiquitin ligase activity,
widely expressed across tissues such as the endothelium, smooth muscle, and immune
cells. First spotlighted for its association with MMD—particularly through the founder
mutation p.R4810K (rs112735431), prevalent in East Asian populations—RNF213 has since
emerged as a pivotal regulator in a broad spectrum of vascular pathologies. This mutation,
carried by an estimated 16 million individuals in East Asia [10], is linked to 80–90% of
familial MMD cases [11], yet only a fraction—over 50,000—manifest the disease. This
incomplete penetrance underscores the complexity of RNF213′s role, pointing to a “second-
hit” hypothesis: while RNF213 mutations confer genetic vulnerability (Table 1), additional
environmental triggers—such as infections, inflammation, or hemodynamic stress—are
required to precipitate clinical disease. Beyond MMD, RNF213 variants are implicated in
an array of conditions, from intracranial large artery stenosis and aneurysms to extracranial
vasculopathies like coronary and renal artery diseases, prompting the designation of
“RNF213-related vascular diseases” as a distinct clinical entity.

The biological effects of RNF213 are multifaceted. As an E3 ubiquitin ligase, RNF213
regulates protein ubiquitination, host defense, angiogenesis, inflammatory responses, and
stress adaptation. It also appears to respond to hypoxia and mechanical forces through sig-
naling networks that include HIF-1α/VEGF, NF-κB, Wnt, and caveolin-1/eNOS pathways.
Disruption of RNF213 may impair endothelial barrier integrity, alter angiogenic responses,
promote aberrant vascular remodeling, and modulate immune activation. These findings
support a model in which RNF213 functions as an integrative regulator linking genetic
susceptibility to environmental and vascular stress.

This review synthesizes the current literature on RNF213′s expansive role in pan-
vascular diseases, exploring its contributions to genetic susceptibility, biomechanical adapta-
tion, and immune regulation. We examine its molecular mechanisms—from hypoxia-driven
angiogenesis to infection-related vascular injury—and integrate these findings into theoret-
ical frameworks such as mechanobiological vascular adaptation and hypoxia-inflammation
feedback loops. By integrating genetic insights with environmental contexts, this work
underscores the necessity of a holistic approach to studying and managing pan-vascular
diseases, while elucidating the interplay between genetic predisposition and environmental
modifiers to refine our understanding and treatment of these complex systemic disorders.
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Table 1. Summary of RNF213 variants associated with panvascular diseases across diverse populations.

Type £ Variant Author and Year §
Sample Size
Case (M) ££/
Control (M)

OR/P Country/Area Disease Domain Study Type

1 c.14427G>A
(p.R4810K) (Liu et al. 2011) [12]

161 (145)/384 (10)
38 (30)/228 (6)
52 (12)/150 (2)

338.9/1.0 × 10−100

135.6/1.0 × 10−26

14.7/1 × 10−4

Japan
Korea
China

MMD other Heritage Research

1 c.14576G>A
(p.R4859K) (Kamada et al. 2011) [13] 63 (46)/429 (6) 190.8/1.2 × 10−43 Japan MMD other Heritage Research

1 (p.D4013N) (Liu et al. 2011) [12] 8 (1)/120 (0) / Czech MMD RING finger Heritage Research

1 (p.A4399T) (Wu et al. 2012) [14] 170 (28)/507 (45) 0.008 China MMD (bleeding
phenotype) other Case–Control Study

2 c.12343_12345delAAA
(p.K4115del) (Cecchi et al. 2014) [15] / / America MMD other Heritage Research

2 c.1587_1589delCGC
(p.A529del) (Cecchi et al. 2014) [15] / / America MMD other Heritage Research

1 c.14576G>A
(p.R4859K) (Miyawaki et al. 2012) [16] 41 (9)/25 (0) 12.9/0.01 Japan ICASO other Case–Control Study

1 c.7312C>T
(p.R2438C) (Zhou et al. 2016) [17] / / French-Canada IA AAA Heritage Research

1 c.8476G>A
(p.A2826T) (Zhou et al. 2016) [17] / / French-Canada IA AAA Heritage Research

1 c.14427G>A
(p.R4810K) (Momoi et al. 2024) [18] 140 (9) / Japan CTEPH other Case–Control Study

1 c.14427G>A
(p.R4810K) (Hiraide et al. 2020) [19] 139 (11) / Japan PAH other Case–Control Study

1 c.14427G>A
(p.R4810K) (Kim and Cho 2021) [20] 32 (30) 8.3(RR) Korea RVH other Case–Control Study

1 c.14427G>A
(p.R4810K) (Kim et al. 2016) [21] 15 (4)/16 (4) 0.045 Korea MCAD other Case–Control Study

2 c.1214_1216delGAG (Zhou et al. 2016) [17] / / French-Canada IA Treacle Heritage Research

2 c.11415delC (Zhou et al. 2016) [17] / / French-Canada IA other Heritage Research

1 c.14427G>A
(p.R4810K) (Kim, Lee and Kwon 2018) [22] 24 (8)/24 (1) 14.247/0.018 Korea CAD other Case–Control Study

1 c.14427G>A
(p.R4810K) (Morimoto et al. 2017) [23] 956/716 2.9/0.005 Japan Coronary artery

disease other Case–Control Study

1 c.14427G>A
(p.R4810K) (Shinya et al. 2017) [24] 43 (10)/100 (2) 14.8/2.6 × 10−5 Japan Anterior ICAS other Case–Control Study

§: First identified. £: Type 1 means point mutation; Type 2 stands for frameshift mutations. ££: (M) means mutation. IA, intracranial aneurysm; CAD, cervicocerebral artery dissections;
MCAD, middle cerebral artery steno-occlusive disease; RVH, renovascular hypertension; ICASO, intracranial major artery stenosis/occlusion; CTEPH, chronic thromboembolic
pulmonary hypertension; and PAH, pulmonary arterial hypertension. c.14576G>A/c.14427G>A: these two mutations actually represented the same variant in RNF213 at the genetic level.
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The spatial structure of RNF213 is dynamically folded due to the conformational
driving of its various domains (Figure 1). For instance, the active site of the AAA+ ATPase
core can switch between “open” and “closed” states through conformational changes,
thereby influencing the overall spatial folding of RNF213. Additionally, upon binding to
other substrate proteins, the structure of RNF213 itself undergoes alterations. This multi-
domain architecture and dynamic spatial flexibility enable RNF213 to integrate a variety of
intracellular signaling changes and adjust its functions in a highly adaptable manner.

Figure 1. Schematic overview of the RNF213 gene structure, protein domains, physiological functions,
and its association with panvascular pathogenesis. RNF213 mRNA undergoes alternative splicing in
humans; one variant retains exon 4, while the other exhibits exon 4 skipping [2]. N-arm: Located
at the N-terminus of the protein, it is involved in transmitting the physical motion generated by
the dynein-like ATPase core and maintaining the stability of the molecule. ATPase core (Dynein):
Comprising six tandem AAA+ modules, it binds and hydrolyzes ATP through its Walker A and
Walker B sequences to drive conformational changes in the protein. E3 module: Contains two E3
ubiquitin ligase domains, the RING finger domain and the RZ finger domain. CTD (C-terminal
domain): Located at the end of the E3 module, it may be involved in regulating the activity of RNF213,
particularly in the dynamic changes in the E3 module. Physiological Functions: 1. Antimicrobial
defense: Antagonizes bacterial, viral, and parasitic infections. 2. Lipid droplet stabilization and
lipotoxicity reduction: Maintains the stability of lipid droplets and reduces lipotoxicity. 3. Blood
flow mechanosensing: Acts as a mechanosensor for blood flow, contributing to vascular adaptation.
Created in BioRender. Wu, S. (2026) https://BioRender.com/2dhf4o5 (accessed on 7th July 2026).

1.1. RNF213 in Cerebrovascular Diseases

The distinct anatomical and physiological characteristics of intracranial arteries—
including their abundant web-like collateral circulation, lack of dense connective tissue
encapsulation, heightened sensitivity to hemodynamic changes, and smaller diameter
with reduced elastic fibers [25] and underdeveloped vasa vasorum (VV) [26]—warrant
the establishment of intracranial arterial disease (ICAD) as a distinct clinical entity. This
systemic concept encompasses various intracranial vasculopathies that lead to arterial steno-
sis, including atherosclerosis, moyamoya disease, vasculitis, and arterial dissection [27]
(Figure 2).

https://doi.org/10.3390/biomedicines14081748
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Figure 2. RNF213-associated pan-vasculopathy: Disease spectrum and pathological features. The
diseases highlighted in red (a. Moyamoya Disease, b. Intracranial major artery stenosis/occlusion,
f. Pulmonary arterial hypertension, g. Peripheral pulmonary artery stenosis) are associated with
the RNF213 p.Arg4810Lys mutation; those in light red (c. Intracranial aneurysm, e. Coronary artery
disease, h. Aortic aneurysm, i. Aortic dissection) are associated with RNF213 variants; and the
diseases in black font are reported to coexist with moyamoya disease (MMD) or RNF213 variants. The
common pathological features of MMD and RNF213-related diseases are stenosis caused by smooth
muscle proliferation or the establishment of compensatory collateral circulation. This is distinct from
the involvement or stenosis of large arteries characterized by atherosclerosis. Created in BioRender.
Wu, S. (2026) https://BioRender.com/m39b39v (accessed on 7th July 2026).

1.1.1. Moyamoya Disease

Moyamoya disease (MMD) is a complex cerebrovascular disorder pathologically
characterized by chronic progressive stenosis or occlusion at the terminal portion of bilateral
internal carotid arteries (ICAs) and the proximal segments of anterior cerebral arteries
(ACAs) and middle cerebral arteries (MCAs) [28]. Clinically, it is commonly classified into
ischemic and hemorrhagic phenotypes [29,30]. The pathological hallmark is concentric
fibrocellular intimal hyperplasia [31,32], driven by intimal smooth muscle cell proliferation
and extracellular matrix deposition, which produces progressive narrowing of both the
vascular lumen and outer arterial diameter [33]. The disease typically presents with
idiopathic stenosis/occlusion at the ICA terminus and proximal MCA/ACA segments,
accompanied by characteristic compensatory collateral vascular networks [9].

MMD shows marked geographic and ethnic variation, with higher incidence and
prevalence in Asian populations. Recent Japanese data report standardized prevalence
rates of 14.7–17.6 per 100,000 and annual incidence exceeding 1.8–2.4 per 100,000 [34],
whereas reported incidence rates are lower in China [35], Korea [36], North America [37]
and Europe [38]. The prevalence among Asian Americans appears closer to that in native
Asian populations, supporting a genetic contribution. RNF213 variants also influence
clinical phenotype: p.R4810K is more strongly associated with ischemic presentations,
whereas p.A4399T has been linked to hemorrhagic disease in Chinese cohorts [14]. Impor-
tantly, p.R4810K is mechanistically distinct from complete RNF213 loss: Rnf213 knockout

https://doi.org/10.3390/biomedicines14081748
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enhances post-ischemic angiogenesis [39], whereas the p.R4810K missense variant exerts
anti-angiogenic effects in experimental models [40].

RNF213 also displays a gene-dosage effect [41,42]. Homozygous carriers of c.14576G>A
show markedly higher disease penetrance, earlier onset, more severe infarct burden, and
poorer outcomes than heterozygous carriers [43,44]. In contrast, heterozygous p.R4810K
carriers have low penetrance; population data suggest approximately one MMD case per
150 carriers in Japan [41], and another estimate indicates that only 0.5% of heterozygous
carriers develop clinical disease [45]. These observations reinforce the second-hit model, in
which immune dysregulation, hypertension, radiation, pharmacological exposure, infection,
or other environmental insults interact with RNF213 susceptibility [29]. Notably, smooth
muscle cell hyperplasia in MMD may occur independently of RNF213 mutations [46].
CCL5-mediated recruitment of smooth muscle progenitors from endothelial colony-forming
cells has been implicated in this process [47], and other susceptibility genes, including
ACTA2 [48] and GUCY1A3 [49], also contribute to smooth muscle-related pathology.

Endothelial injury can initiate platelet aggregation and thrombosis. RNF213 variants
may influence coagulation through Wnt-related and nitric oxide-dependent pathways.
RNF213 deficiency has been associated with increased NFAT1 and filamin A signaling
and suppression of Wnt activity [50]. Through β-catenin stabilization, Wnt signaling may
facilitate exposure of coagulation factors to subendothelial tissue factor and promote TLR-
mediated prothrombotic inflammation [51]. In parallel, eNOS/NO signaling contributes to
coagulation homeostasis [52]. Nevertheless, the thrombotic mechanisms linking RNF213
variants to MMD remain incompletely characterized and are likely multifactorial.

Epigenetic mechanisms may further modulate RNF213-associated risk. RNF213 pro-
moter methylation correlates with the p.R4810K variant [53] and shows moderate diag-
nostic performance for intracranial arterial stenosis [54]. Histone modifications, includ-
ing H3K4me3 and H3K27ac, regulate RNF213 transcription and may influence variant-
associated pathological effects [53,55]. More broadly, moyamoya pathogenesis probably
reflects coordinated interactions among multiple genes and pathways, including ACTA2,
S1PR1 [56], CECR1, Protein C, Protein S, and GUCY1A3 [41,57].

1.1.2. Intracranial Aneurysms

Intracranial aneurysms (IAs) are pathological dilatations of cerebral arteries whose
rupture causes aneurysmal subarachnoid hemorrhage, a neurosurgical emergency. Genetic
predisposition [58–60] and familial aggregation [61,62] indicate that susceptibility genes
contribute to IA/aSAH. High-throughput sequencing has implicated RNF213 variants in
IA pathogenesis [17], and mechanistic studies suggest that altered AAA+ ATPase activity
may disturb endothelial homeostasis and angiogenic balance, thereby promoting aneurysm
formation [15,17,39,63].

Of particular clinical significance, whole-exome sequencing identified a heterozy-
gous RNF213 p.R4810K mutation in a patient who experienced two recurrent intracranial
aneurysms following arterial anastomosis [64,65]. This case demonstrates that while bypass
procedures and vascular reconstruction can effectively reduce hemodynamic stress through
enhanced collateral circulation, RNF213 variants may independently promote aneurysm
formation through:

1. Dysregulation of wall shear stress (WSS) distribution patterns [66];
2. Pathological alteration of fundamental hemodynamic profiles [67].

Although RNF213 deficiency may contribute to aneurysm susceptibility, this hypothe-
sis requires validation through functional genomic studies, vascular cell-specific models,
and mechanistic analyses of endothelial and mural cell responses.

https://doi.org/10.3390/biomedicines14081748
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1.1.3. Intracranial Artery Dissection

Intracranial artery dissection (IAD) represents a rare neurovascular disorder exhibiting
lower incidence than cervical artery dissection, with higher prevalence in Asian populations
compared to Europeans—a distribution pattern paralleling RNF213 variant frequencies.
Despite this epidemiological correlation, the pathogenic mechanisms and genetic basis of
IAD remain largely undefined [68]. Known predisposing factors include hypertension,
oral contraceptive use, and recent infections [69]. The observed co-occurrence of IAD
with moyamoya disease (MMD) suggests these triggers may function similarly to the
“second-hit” phenomenon proposed in MMD pathogenesis. IAD is anatomically classified
into vertebral artery dissection (VAD) and carotid artery dissection (CAD), with current
evidence indicating stronger association between RNF213 variants and CAD. Both famil-
ial (f-CeAD) and sporadic (r-CeAD) intracranial dissections have demonstrated RNF213
mutations [70], with one Korean cohort study reporting RNF213 variants in 1/3 of CAD
patients, albeit in a limited sample size [22]. While preliminary data suggest RNF213
may influence CAD development [71], its correlation with VAD appears weaker [72]. The
unique structural characteristics of intracranial arteries contribute to IAD pathogenesis.
Compared to extracranial vessels, intracranial arteries feature: thicker internal elastic lam-
ina, sparse medial elastic fibers and thin adventitia lacking external elastic membrane [73].
The mechanical strength of intracranial arteries primarily derives from the internal elastic
lamina. Progressive degradation and weakening of this layer under chronic hemodynamic
stress and aging processes may lead to blood intrusion through the vessel wall, potentially
developing into intramural hematoma [74,75]. Two distinct dissection subtypes can be
identified based on the depth and location of blood penetration [76]. Molecular analyses
implicate ICAM-1 adhesion molecules and VEGF signaling in carotid dissections, with
notable upregulation of Wnt signaling pathways [77]. RNF213 may contribute to vascular
wall disruption through modulation of matrix metalloproteinases (MMPs); tight junction
proteins; inflammatory signaling pathways; and extracellular matrix maintenance.

1.1.4. Intracranial Large Artery Stenosis/Occlusion

The RNF213 p.R4810K missense mutation demonstrates significant association with
non-MMD intracranial atherosclerotic occlusion (ICASO), with approximately 21.9–24.3%
of affected patients carrying this variant [4]. Sequential studies by Miyawaki et al. involving
different cohort sizes [16,78], along with other independent investigations [79], consistently
indicate that the RNF213 p.R4810K variant specifically associates with anterior circulation
ICASO, showing no correlation with posterior circulation ICASO or extracranial carotid
atherosclerosis [24].

Similar to moyamoya disease, ICASO exhibits geographical variation in both disease
incidence and susceptibility to the p.R4810K variant, as evidenced by pooled odds ratios
of 5.59 in Chinese, 28.52 in Korean, and 10.71 in Japanese populations [80]. As of 2018,
no other RNF213 variants beyond p.R4810K had been conclusively linked to ICASO [81].
Notably, this particular variant does not appear to affect ubiquitin ligase activity or protein
abundance [12], suggesting that disease pathogenesis may instead stem from functional
alterations in either the AAA+ domain or N-terminal region of RNF213. Subsequent
sequencing analyses have identified novel candidate variants (p.Ser193Gly, p.Val1817Leu,
p.Asp3329Tyr, p.Cys118Arg, and p.Leu2356Phe), some of which show exclusive association
with ICAS [82]. These findings further substantiate the critical regulatory role of interactions
between the N-terminal and AAA+ domain regions in ICAS development, while revealing
spatial distinctions from mutation patterns observed in moyamoya disease patients.

https://doi.org/10.3390/biomedicines14081748
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1.2. Coronary Artery Disease

Coronary artery disease (CAD) is classically linked to lipid metabolism and atheroscle-
rotic coronary stenosis [83], exemplified by variants such as PCSK9 p.E32K, which promotes
LDL receptor degradation and hypercholesterolemia [84]. However, RNF213-associated
coronary pathology may represent a partially non-atherosclerotic mechanism. Patholog-
ical studies of MMD-related intracranial and extracranial vasculopathy, including coro-
nary involvement, often show limited immune cell infiltration and lipid deposition [23].
Two large-scale GWAS analyses have identified associations between RNF213 p.R4810K
and coronary phenotypes, including CAD, vasospastic angina, and acute myocardial infarc-
tion [23,85]. The underlying mechanisms remain unclear, but the RNF213/Wnt axis may be
relevant [86]. Wnt/calcineurin signaling is required for cardiac and coronary development;
for example, WNT9b regulates epicardial formation and myocardial growth through β-
catenin during coronary vasculogenesis [87]. RNF213 may also modulate eNOS/NO [88],
endothelin-1 [89], aldehyde dehydrogenase [90], and caveolin-1-dependent pathways in-
volved in coronary vasomotor regulation. A reported case carrying both RNF213 p.R4810K
and PCSK9 p.E32K presented with multiple intracranial arterial stenoses, although lipid
deposition and cardiovascular involvement were not fully defined [91]. Overall, RNF213
may define a vascular susceptibility pathway that intersects with, but is not limited to,
classical atherosclerotic mechanisms.

1.3. Pulmonary Artery Stenosis/Hypertension, Renal Artery Stenosis/Hypertension, and Other
Peripheral Arterial Diseases

Associations between MMD and peripheral arterial lesions have been described
in pancreatic [92], cervical, mesenteric [93], internal iliac, femoral, and abdominal aor-
tic arteries [94,95]. The best-studied extracranial manifestations are renal artery steno-
sis/hypertension and pulmonary artery stenosis/hypertension. Renovascular hyperten-
sion may be unilateral or bilateral and commonly involves the proximal third of the main
renal artery. In MMD-associated renovascular disease, most data are from pediatric popula-
tions [96], and combined renal artery stenosis and MMD have been associated with earlier
onset and more advanced Suzuki stages [97]. Shared genetic factors, including Notch,
ACTA2, and GUCY1A3 [98,99], may partly explain this overlap. A Korean study further
implicated RNF213 p.R4810K, reporting an odds ratio of 8.3 for renovascular hypertension
among homozygous MMD patients [20]. Although mechanistic and histopathological data
remain limited, renal arterial changes appear to resemble those observed in intracranial
MMD lesions [100–102]. RNF213 has also been associated with pulmonary arterial hyper-
tension (PAH) [103,104], and p.Arg4810Lys is enriched in PAH populations [105], reaching
approximately 8% in some idiopathic PAH cohorts [19]. Experimental studies suggest that
RNF213 variants contribute to hypoxia-induced pulmonary hypertension in mice [106].
Potential mechanisms include caveolin-1 deficiency and eNOS dysregulation [107–110],
increased CXCL12-CXCR4 signaling that promotes pulmonary arterial smooth muscle and
endothelial cell proliferation and migration [111–114], and FOSL1-dependent regulation of
angiogenesis in LPS-stimulated human pulmonary microvascular endothelial cells [115].

Beyond renal and pulmonary manifestations, RNF213 mutations have also been im-
plicated in pathological alterations of the skin, liver, and other organs [116]. However, the
fundamental nature of variants like p.Arg4810Lys—whether they confer gain-of-function
or loss-of-function effects—remains unresolved. Notwithstanding this mechanistic uncer-
tainty, RNF213 undeniably plays a pivotal role in systemic vascular pathogenesis and has
emerged as a critical biomarker for risk stratification in panvascular medicine.

https://doi.org/10.3390/biomedicines14081748
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2. The Biological Functions and Mechanisms of RNF213
2.1. RNF213 Modulates the Progression of Vascular Diseases in Hypoxic Microenvironments

Hypoxia represents a pathological state of inadequate tissue oxygenation that fre-
quently coexists with inflammatory processes to drive vascular remodeling and angio-
genesis [117]. While hypoxic conditions typically induce compensatory neovasculariza-
tion [118], this hypoxia-angiogenesis coupling mechanism is subject to modulation by
RNF213 [40]. Protein tyrosine phosphatase 1B (PTP1B), encoded by the PTPN1 gene and
activated by TNF-α [119], participates in vascular maturation and stabilization through its
dephosphorylation activity targeting multiple receptors including PDGFR, FGFR, EGFR,
HGFR, as well as the angiopoietin receptors Tie1 and Tie2 [120,121]. Crucially, PTP1B
serves as a key upstream regulator of RNF213, collaborating with Abelson tyrosine ki-
nases (ABL1/2) via phosphorylation/dephosphorylation dynamics to modulate vascular
endothelial physiology under hypoxic conditions. Specifically, hypoxia induces PTP1B-
mediated dephosphorylation of RNF213 at Tyr-1275, promoting oligomerization of the
RZ domain and consequent enhancement of E3 ubiquitin ligase activity [119]. The ac-
tivated E3 ubiquitin ligase triggers cell death through two established pathways: first,
via CYLD/SPATA2 ubiquitination and degradation that amplifies NF-κB activity, leading
to lysosomal degradation and pyroptosis [119,122]; second, through upregulation of α-
ketoglutarate-dependent dioxygenase (α-KGDD) activity that increases non-mitochondrial
oxygen consumption (NMOC), ultimately accelerating cellular oxygen depletion and cell
death [123]. Cellular debris released during this process synergizes with NF-κB activation
from hypoxia-induced endoplasmic reticulum stress, collectively promoting NLRP3 in-
flammasome assembly and subsequent IL-18/IL-1β secretion [124], thereby establishing a
self-perpetuating hypoxia-inflammation cycle.

RNF213 serves as a central regulator in these processes, additionally modulating
the bFGF/HIF-α/VEGF signaling axis under hypoxic conditions to influence immune
infiltration, extracellular matrix remodeling, vascular wall maturation, and pathological
intimal hyperplasia in moyamoya disease patients [31]. Experimental evidence demon-
strates elevated bFGF (basic fibroblast growth factor) levels in cerebrospinal fluid of both
RNF213-knockout mice and MMD patients [125,126]. Through paracrine action on target
cells, bFGF stimulates endothelial proliferation and capillary formation [127], while recep-
tor activation induces matrix metalloproteinase (MMP) production in vascular endothelial
cells [125]. These MMPs degrade basement membrane components, facilitating recruitment
of hematopoietic progenitor cells and endothelial progenitor cells (EPCs)—potentially initi-
ating the extracellular matrix hyperplasia and compensatory angiogenesis characteristic of
MMD [128,129].

Furthermore, bFGF potentiates HIF-α activation to enhance endothelial cell motility
and upregulate VEGF expression, promoting proliferation of mesoderm- and neuroectoderm-
derived cells as well as smooth muscle cells, which may contribute to the characteristic
internal carotid artery (ICA) stenosis and occlusion [130]. Notably, HIF family members
participate broadly in panvascular pathologies including pulmonary arterial hypertension
(PAH), aortic dissection (AD), and atherosclerosis [131]. HIF-1α, the master transcriptional
regulator of hypoxic responses, binds hypoxia-responsive elements (HREs) to control
expression of multiple genes including VEGF [130,132], Piezo [133], and AngII [134], mir-
roring clinical observations of aberrant bFGF/HIF-1α/VEGF expression patterns in MMD
patients with RNF213 variants or deficiency.

Notably, the biological consequences of reduced VEGF expression differ substantially
between cardiomyocytes and endothelial cells. In cardiomyocytes, VEGF downregulation
leads to decreased capillary density, resulting in irreversible hypoxic damage that pro-
gresses to cardiac fibrosis and heart failure [132], thereby exacerbating systemic hypoxia.

https://doi.org/10.3390/biomedicines14081748
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Conversely, in endothelial cells, VEGF normally stimulates Ets-1 (E twenty-six homolog 1)
to promote endothelial proliferation and angiogenic phenotype transition [135,136], while
also facilitating aortic vasa vasorum (AVV) formation through paracrine mechanisms [137].
Suppression of the HIF/VEGF signaling cascade in vascular endothelium compromises oxy-
gen delivery to the vessel wall, precipitating hypoxic injury and inflammatory responses.
This cell type-specific dichotomy underscores the complex, context-dependent roles of
VEGF in maintaining cardiovascular homeostasis.

Atherosclerotic plaques represent characteristic hypoxic microenvironments [138], cir-
culating monocytes. This chemotactic process is primarily mediated by monocyte chemoat-
tractant protein-1 (MCP-1) secreted by endothelial cells under inflammatory/hypoxic
stress, which simultaneously recruits both monocyte populations and EPCs through
ligand–receptor interactions while significantly increasing endothelial barrier permeabil-
ity [139,140]. Notably, the hypoxic/inflammatory milieu induces TNF-α/NF-κB pathway
activation in endothelial cells [141], upregulating multiple adhesion molecules including
intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1),
junctional adhesion molecules (JAMs), and platelet endothelial cell adhesion molecule-
1 (PECAM-1) [142]. Monocytes utilize surface integrins to specifically recognize these
endothelial adhesion molecules (particularly ICAM-1 and VCAM-1), subsequently par-
ticipating in vascular remodeling and intramural immune infiltration through paracrine
signaling [143] and phagocytic activities [144].

Deficiency of RNF213 leads to systemic downregulation of critical endothelial junc-
tional components, including platelet endothelial cell adhesion molecule-1 (PECAM-1),
VE-cadherin, β-catenin, plakoglobin, zonula occludens-1 (ZO-1), and tight junction protein
claudin-5 (CLDN5), along with reduced expression of adherens junction proteins [145].
Notably, CLDN5 demonstrates not only brain endothelial-specific expression [146], but
also significant presence in pulmonary circulatory [147] and renal vascular endothelia [148].
Furthermore, RNF213-deficient brain endothelial cells exhibit diminished MCP-1 produc-
tion [145,149], a phenomenon potentially mediated through PECAM-1 suppression [149],
though the precise mechanism remains unclear. These molecular alterations collectively
impair monocyte–endothelial interactions by disrupting membrane protein-dependent
recognition, consequently compromising monocyte infiltration and subsequent angiogenic
processes. This pathological cascade ultimately exacerbates vascular hypoxia in patients
harboring RNF213 mutations, creating a vicious cycle of impaired vascular repair and
sustained ischemic injury.

In summary, hypoxia and inflammation form a vicious pathophysiological cycle
through vascular dysfunction, with RNF213 serving dual pivotal roles: modulating angio-
genic responses while compromising endothelial barrier integrity, thereby amplifying the
ischemia-inflammation cascade. Notably, RNF213 likely exhibits organ-specific regulatory
effects—its mutations may impair monocyte-mediated vascular repair by suppressing
MCP-1 secretion, while concurrently enhancing vascular smooth muscle contraction via
the sGC/cGMP/ROCK pathway [150]. These combined mechanisms underlie the regional
pathological hallmarks observed in moyamoya disease, atherosclerosis, and other panvas-
cular disorders. It is reasonable to propose that future investigations prioritize elucidating
hypoxic niche-specific mechanisms of RNF213, particularly its crosstalk with HIF-1α and
therapeutic targeting of endothelial junctional proteins or oxygen homeostasis pathways.
Such research could unveil vessel-type-specific regulatory paradigms and inform novel
panvascular therapeutic strategies, including disruption of the inflammatory feedback loop
and vascular normalization approaches.
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2.2. RNF213 Modulates Abnormal Vascular Development via Blood Flow Dynamics

Patients with MMD often show compensatory hemodynamic acceleration, whereas
severe Suzuki stage III-IV disease may be accompanied by reduced flow velocity. When in-
creased flow exceeds vasodilatory compensation, endothelial cells experience elevated shear
stress [151]. This can trigger a shear stress-endothelin-1 positive feedback loop in which
mechanical stress upregulates endothelin-1 [152], promoting sustained vasoconstriction
and intimal hyperplasia [153] and thereby reinforcing luminal stenosis. The pathological
effects of mechanical stress on vasculature involve multifaceted mechanisms [67,154]. Me-
chanical stress also acts through MMP-9-dependent extracellular matrix remodeling [155]
and dysregulated expression of ICAM-1, MCP-1, and NOS [156,157], which modulate
NF-κB-dependent inflammatory cascades [158]. Recent studies assessing arterial tortuosity,
branching angles, wall shear stress, molecular factors, hemorheology/viscosity, and vas-
cular wall strength have highlighted RNF213 in vascular mechanobiology [159]. RNF213
expression is increased under high wall shear stress (10 Pa) [160], suggesting its potential
function as a novel mechanosensitive gene participating in mechanical signal transduction
during MMD vascular remodeling.

Several mechanisms may link RNF213 to endothelial adaptation under hemodynamic
stress. First, RNF213 helps maintain blood–brain barrier (BBB) integrity by regulating
endothelial junctional complexes [145]. RNF213 deficiency or mutation reduces PECAM-1
expression and disrupts its interaction with VE-cadherin. Under physiological condi-
tions, the PECAM-1/VE-cadherin complex sequesters β-catenin at the membrane, limiting
nuclear translocation and pro-inflammatory transcriptional programs. This membrane an-
choring also indirectly stabilizes CLDN5, a key tight junction protein required for selective
BBB permeability [161,162].

Because CLDN5 is essential for BBB selectivity [163], its deficiency may contribute to
BBB leakage and cerebral microhemorrhage in MMD [164]. Barrier dysfunction can disturb
cerebral microvascular perfusion [165,166], triggering a pathological cascade of aberrant
wall shear stress (WSS). This hemodynamic disturbance exacerbates endothelial barrier per-
meability and inflammatory infiltration through upregulation of adhesion molecules such
as ICAM-1 and MCP-1, thereby establishing a self-perpetuating cycle of vascular injury.

(1) RNF213 orchestrates mechanosensitive signaling in endothelial cells through coordi-
nated regulation of membrane protein expression, including PECAM-1, VE-cadherin,
and VEGFR2/VEGFR3 [145]. PECAM-1 colocalizes with Piezo1, and together they
mediate wall shear stress-induced calcium influx and nitric oxide synthase activa-
tion [167]. Piezo channels convert mechanical stimuli into biochemical signals by
regulating calcium homeostasis [168] and vascular morphogenesis [169].

(2) Third, RNF213 modulates VEGF expression through Hippo [170] and HIF signaling.
VEGF can influence cardiomyocyte function, myocardial blood supply, coronary
perfusion efficiency, hemodynamic force, and nitric oxide bioavailability [132].

(3) Endothelial cells regulate the relaxation state of adjacent smooth muscle cells through
nitric oxide (NO) [171,172], thereby modulating blood flow velocity and perfu-
sion efficiency. As a key effector of vascular mechanobiology, NO is produced
by endothelial cells in response to shear stress [173]. RNF213 may regulate eNOS
activity by disrupting inhibitory caveolin-1-eNOS binding [174,175], promoting
NFAT1 ubiquitination and degradation to suppress non-canonical Wnt/Ca2+ signal-
ing [50,86], and enhancing DDAH1-mediated removal of ADMA-mediated eNOS
inhibition [176,177] (Figure 3). Reduced caveolin-1 protein levels have been reported
in MMD and in RNF213 variant carriers [178–180], and caveolin-1 dysregulation is
also implicated in CAD [181,182] and PAH [110,183], supporting the importance of
the RNF213/caveolin-1 axis in vascular pathology and angiogenesis [184,185]. Cal-
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cium/calmodulin can displace caveolin-1 from eNOS and thereby promote calcium-
dependent eNOS activation [186]. NFAT1 also influences caveolin-1 expression and
non-canonical Wnt/Ca2+ signaling, pathways involved in endothelial proliferation
and vascular network formation [187,188]. RNF213 deficiency-induced NFAT1 nu-
clear translocation may reduce vascular regression and contribute to moyamoya
vascular abnormalities [86]. NFAT1 overexpression has also been linked to MDM2 ac-
tivation, p53 degradation, and hepatocellular carcinogenesis [189], indicating broader
biological relevance.

 

Figure 3. Schematic diagram of the downstream effector molecular network of RNF213. α-
KGDD: α-ketoglutarate-dependent dioxygenase; NMOC: non-mitochondrial oxygen consumption;
DDAH: dimethylarginine dimethylaminohydrolase; Caveolin-1: caveolin-1; BBB: blood–brain barrier;
SPATA2: spermatogenesis-associated protein; CYLD: cylindromatosis protein; bFGF: basic fibroblast
growth factor; NFAT: nuclear factor of activated T cells; PECAM-1: platelet and endothelial cell
adhesion molecule-1; and ISG15: interferon-stimulated gene 15. Created in BioRender. Wu, S. (2026)
https://BioRender.com/6e8d9fi (accessed on 7th July 2026).

DDAH1, which metabolizes ADMA, also participates in antimicrobial defense, neu-
ral repair, neurogenesis [190], cardiotoxin metabolism [191], and pulmonary injury re-
sponses [192]. By converting ADMA to L-citrulline and dimethylamine, DDAH1 relieves
ADMA-mediated eNOS inhibition [176]. eNOS is expressed not only in endothelial cells
and cardiomyocytes but also in specialized pacemaker tissues [193]. NO regulates vascular
biology through smooth muscle signaling via the NO/sGC/cGMP pathway [194], reaction
with superoxide to form peroxynitrite [195–198], mediation of post-ischemic collateral
circulation and vasoactivity [199,200], and maintenance of vascular tone and pressure
homeostasis [201,202]. Disruption of these processes can alter vascular tension and hemo-
dynamics [203] and contribute to hypertension, atherosclerosis, stroke, and circulatory
failure [204–206].

2.3. RNF213 Participates in the Regulation of Vascular Inflammation and Immune Homeostasis

Epidemiological studies have demonstrated significant clinical associations between
moyamoya disease (MMD) and various autoimmune disorders, including Graves’ dis-
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ease [207,208], type 1 diabetes [209], thyroid dysfunction or elevated autoantibody lev-
els [209–211], systemic lupus erythematosus (SLE) [212], Sjögren’s syndrome, myasthenia
gravis, and rheumatoid arthritis [213,214].

Autoimmune conditions such as SLE [215] and antiphospholipid syndrome (APS) [216]
can produce occlusive vasculopathy, suggesting overlapping mechanisms of immune-
mediated vascular injury and endothelial dysfunction.

Histopathological studies of MMD show absent or minimal inflammatory infiltra-
tion in many cases [217,218], with occasional sparse macrophage and T cell infiltration in
the superficial thickened intima, potentially related to smooth muscle cell hyperprolifer-
ation [219]. Paradoxically, peripheral blood mononuclear cell profiling reveals marked
immunodysregulation in MMD patients, characterized by abnormally elevated systemic
immune-inflammation index (SII) [220], impaired NK cell maturation accompanied by
decreased dendritic cell (DC), effector T cell and stable regulatory T cell (Treg) propor-
tions, alongside significantly increased monocyte populations [221,222]. This immune
imbalance may originate from DC-mediated antigen presentation dysfunction, as recent
knockout models demonstrate that RNF213 deficiency disrupts DC endosomal systems,
manifesting as downregulated expression of early endosome marker Rab5a, late endosome
marker Rab7a [223], and lysosomal marker LAMP-1, while substantially inhibiting T cell
proliferative capacity both in vitro and in vivo. Given the established role of DCs in cardio-
vascular diseases, it has been previously proposed that RNF213 plays a pivotal regulatory
role in innate immune responses [224], potentially bridging the observed discrepancy
between minimal local vascular inflammation and systemic immune dysregulation in
MMD pathogenesis.

In the realm of adaptive immune regulation, regulatory T cells, as a subset of CD4+
T cells, maintain immune tolerance through the secretion of TGF-β and IL-10 [225,226].
Foxp3 is a protein molecule that is uniquely expressed in Treg cells [227]. Forkhead box
protein O1/3a (FOXO1/3a) plays a crucial role in the early differentiation of the Treg
cell lineage, with the nuclear localization of FOXO1/3a promoting Foxp3 expression and
enhancing Treg cell stability. RNF213 facilitates the nuclear translocation of FOXO1 via
K63-linked ubiquitination, thereby promoting the differentiation of regulatory T (Treg)
cells within CD4+ T cells and attenuating the development of autoimmune diseases in a
FOXO1-dependent manner [228,229]. This regulatory axis is essential for maintaining Treg
cell stability and suppressing autoimmune responses. Notably, Tregs can also modulate
the proliferation-apoptosis balance of endothelial cells (ECs) through the TNFR1/Notch
signaling axis, thereby influencing the stability of angiogenesis [230]. Clinical studies have
confirmed that mutations in RNF213 can lead to impaired Treg differentiation, triggering
inflammatory cascades and vascular premature aging [231].

In the context of vascular inflammation, the involvement of immune cells is highly
complex. NF-κB is a key regulator of inflammatory signaling, and it has been established
that RNF213 can modulate NF-κB activity through multiple downstream pathways. In
the vascular walls of patients with moyamoya disease (MMD), abnormal proliferation
of smooth muscle cells (SMCs) is frequently observed, accompanied by infiltration of
macrophages and T cells [219]. Immunohistochemical analysis has revealed that SMCs
migrating into the intima exhibit aberrant expression of IgG and S100A4, suggesting that
immune complex deposition may facilitate the transmigration of SMCs through the internal
elastic lamina into the intima [232]. This process ultimately leads to intimal thickening
and stenosis of intracranial arteries. Notably, M2-type microglia have been shown to
exacerbate the production of reactive oxygen species (ROS) and inflammatory responses by
downregulating RNF213 expression [233], thereby contributing to the establishment of a
chronic inflammatory microenvironment within the vascular wall.
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Investigations into the regulatory network of RNF213 on macrophages have revealed
that endothelial-specific RNF213 knockdown significantly alters the expression profile of
adhesion molecules: upregulation of SELE and VCAM-1, and downregulation of SELP
and ICAM-1 [160]. These molecules are dynamically regulated and play critical roles
in leukocyte capture, rolling, and transmigration [234–236]. Intriguingly, leukocyte (e.g.,
macrophage) migration is reduced following RNF213 knockdown (RNF213KD), but is
markedly enhanced under low-dose LPS stimulation, indicating that RNF213KD sensitizes
endothelial cells to inflammatory stimuli [160]. This is consistent with the clinical feature
of peripheral blood CD163+ macrophage expansion in MMD patients [222]. CD163+
macrophages mediate various signaling pathways in vascular diseases and contribute to
angiogenesis and vascular stability [237]. In atherosclerosis and other vascular diseases,
this subpopulation influences plaque stability through pro-angiogenic effects [238].

From a pathophysiological perspective, vascular remodeling is the result of the com-
bined effects of endothelial injury, smooth muscle cell (SMC) proliferation, chronic in-
flammation, and oxidative stress [57,231]. Chronic inflammation perpetually activates the
immune system, with immune cells—particularly T cells and macrophages—and their
secreted pro-inflammatory cytokines amplifying the immune response through positive
feedback loops, thereby causing endothelial injury. Following endothelial cell injury, SMCs
within the vascular wall proliferate and migrate. However, excessive proliferation and col-
lagen deposition can lead to luminal narrowing, ultimately exacerbating vascular stiffness
and functional impairment [219]. Cellular rupture and oxidative stress, in turn, promote
inflammation and release reactive oxygen species (ROS) [239]. RNF213 plays a pivotal
role in this complex regulatory process: Pro-inflammatory cytokines such as TNF-α and
IFNγ activate the transcription of RNF213 [240]. RNF213 can subsequently activate NF-κB
via multiple pathways [122,240,241], which leads to endoplasmic reticulum stress and
the release of the inflammasome NLRP. RNF213 also promotes the expression of matrix
metalloproteinases (MMPs) [240], which are key enzymes in the degradation of the extra-
cellular matrix. Importantly, RNF213 mutations can directly cause endothelial cell injury
independent of immune cell infiltration [242]. Additionally, RNF213 can modulate the
proportion of palmitate in lipid droplets [243], thereby stabilizing lipid droplet stability
and reducing lipotoxicity [244], which in turn decreases cell apoptosis and the production
of pro-inflammatory substances. Loss of RNF213 function promotes SMC proliferation
via the Hippo signaling pathway [170]. Collectively, these findings delineate a molecular
framework through which RNF213 mutations lead to a cascade of vascular inflammation
and amplification.

2.4. RNF213 Contributes to Panvascular Diseases via Its Antimicrobial Activity Against Bacterial,
Viral, and Parasitic Infections

Epidemiological studies suggest potential associations between various pathogen
infections and cerebrovascular diseases. These include both neurotropic viruses such as
herpesviruses [245], varicella-zoster virus [246], adenoviruses [247], enteroviruses [248],
and influenza A virus [249], as well as bacterial pathogens including Haemophilus influen-
zae [250,251], Streptococcus pneumoniae [252], Mycobacterium tuberculosis [253], Propionibac-
terium acnes [254], and Leptospira spp. [255]. Notably, some patients with bacterial meningitis
may subsequently develop moyamoya-like vasculopathy, a process potentially mediated
by pathogen-induced chronic vascular inflammation.

RNF213 has antiviral activity against Rift Valley fever virus, although the precise
mechanism remains uncertain [256]. As an innate immune effector, RNF213 participates
in antimicrobial defense through several mechanisms. First, it mediates broad antiviral
responses through an ISG15-dependent pathway [257]. ISG15 is an interferon-stimulated
gene product [258–262] that modifies target proteins through the E1 (UBE1L)-E2 (UBCH8)-
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E3 (HERC5/TRIM25) cascade [263], thereby restricting viral replication. The N-terminal
and C-terminal regions of RNF213 [264] can recognize ISGylated proteins and recruit them
to lipid droplets through oligomerization, forming antiviral defense complexes. This ISG15-
dependent pathway contributes to control of Listeria infection [265], whereas RNF213 also
exerts ISG15-independent antiviral effects against HSV-1258 and KSHV [266], suggesting
pathogen-specific adaptor mechanisms.

Second, RNF213 restricts pathogen proliferation through mitochondrial quality control
and xenophagy-related mechanisms. In Toxoplasma gondii infection models [267,268], IFN-γ
stimulates RNF213 E3 ligase activity, leading to ubiquitination of parasitophorous vacuole
membrane proteins [269], impaired nutrient acquisition, and autophagosome encapsulation.
RNF213 deficiency can impair mitophagy, reduce clearance of infection-induced reactive
oxygen species, and promote epithelial cell death [270]. RNF213 may also enhance host
defense against Toxoplasma by activating the NLRP1 inflammasome [271], providing a
mechanistic link between infection and vascular inflammation.

Regarding antibacterial defense, RNF213 mediates ubiquitination of bacterial LPS
through the linear ubiquitin chain assembly complex (LUBAC) [272], inhibiting prolifer-
ation of Gram-negative bacteria like Salmonella. This ubiquitination-dependent immune
surveillance mechanism functionally complements the ISG15 pathway, collectively forming
the host’s molecular defense against intracellular pathogens. Importantly, chronic inflam-
mation induced by persistent infections may promote vascular remodeling through the
NF-κB-MMP axis, while RNF213 mutations causing anti-infection functional defects could
be significant contributors to infection-associated vascular abnormalities.

While animal models demonstrate that ISG15-mediated antiviral protection against
viral-induced cardiac dysfunction requires RNF213 activity [273], direct experimental
evidence for RNF213′s role in infection-related vascular pathologies remains limited. A
landmark prospective cohort study has established dynamic interactions between infection
burden (IB), RNF213 genetic variants, and vasculopathy progression [274]. Individuals
carrying pathogenic RNF213 mutations exhibit elevated IB scores, with the association
strength between IB and severe intracranial arterial stenosis (e.g., watershed narrowings)
significantly surpassing that of genetic factors alone. This suggests infections may amplify
genetic susceptibility through immune-vascular crosstalk.

The “two-hit” pathogenesis model of moyamoya disease [275,276] aligns with these
observations: RNF213 mutations provide the genetic substrate, while environmental trig-
gers (particularly recurrent infections) drive vascular pathology. Clinical data reveal
that repeated infections exacerbate vascular remodeling, and RNF213-deficient individ-
uals exhibit impaired immune surveillance that perpetuates chronic infections, creating
a self-reinforcing “infection–inflammation–vascular injury” cycle. These findings offer
a novel framework for understanding phenotypic heterogeneity in MMD and related
vasculopathies, where pathogen specificity, infection frequency, and host immune status
collectively shape disease manifestations.

2.5. RNF213 Is Involved in Lipid and Carbohydrate Metabolism, Modulates Lipid Levels and Blood
Glucose, and Influences the Progression of Vascular Diseases

Patients with moyamoya arteriopathy show reduced plasma levels of glycosphin-
golipids, phospholipids, and sphingolipid metabolites, including sphingosine, dihydrosph-
ingosine, sphingosine-1-phosphate (S1P), and dihydrosphingosine-1-phosphate [277].
These findings suggest that altered lipid homeostasis may contribute to vascular remodel-
ing. Depletion of S1P and related pro-angiogenic lipids may impair endothelial migration
and lumen formation [278], reduce progenitor cell recruitment to vascular lesions [279,280],
and alter CD36-mediated lipid uptake and endothelial metabolic reprogramming.
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Several lipid species, including saturated fatty acids [281], very-long-chain saturated
fatty acids [282], and sphingomyelins [283], are linked to cardiovascular risk. RNF213
may regulate lipid metabolism through at least two mechanisms. First, it can bind lipid-
droplet surface proteins and inhibit adipose triglyceride lipase activity, thereby reducing
lipolysis and stabilizing lipid droplets. Second, RNF213 deficiency increases stearoyl-CoA
desaturase-1 activity, promoting conversion of palmitate to monounsaturated fatty acids
such as oleate for triglyceride storage [284]. This shift reduces toxic intermediates such
as phosphatidic acid and diacylglycerol [243]. Because palmitate is a highly lipotoxic
saturated fatty acid [285] that activates the IRE1α-XBP1 arm of the unfolded protein re-
sponse [286,287], induces endoplasmic reticulum stress and apoptosis in multiple cell
types [287,288], and promotes ceramide synthesis [289], reactive oxygen species (ROS) over-
production [290], and snoRNA-mediated epigenetic regulation [291], RNF213-dependent
lipid-droplet regulation may protect against lipotoxic vascular injury.

Emerging evidence highlights a functionally significant crosstalk between RNF213-
mediated lipid regulation and glucose metabolism. The TNFα/NFκB-p65 axis in-
duces PTP1B expression [292,293], which post-translationally stabilizes RNF213 through
dephosphorylation modifications, thereby establishing an autoregulatory circuit that
constrains pathological lipid accumulation. This molecular interplay exhibits strong
pathophysiological relevance to insulin resistance, where diabetes-associated glycolytic
impairment—particularly PFKFB3 activity reduction and consequent fructose-2,6-
bisphosphate depletion—exacerbates endothelial dysfunction by impairing cellular pro-
liferation and migration [294–296], mechanistically explaining the elevated incidence of
ischemic stroke and coronary artery disease in diabetic populations. Clinically, moyamoya
arteriopathy (MA) patients demonstrate markedly reduced serum succinate levels (a key
tricarboxylic acid cycle intermediate) [278], suggesting that mitochondrial metabolic re-
programming may contribute to lipid homeostasis disruption via compromised fatty acid
oxidation. While direct evidence positioning RNF213 as a glucose metabolism regulator
remains limited [297], its multimodal functions in alleviating lipotoxicity, suppressing ER
stress, and modulating inflammatory cascades strongly implicate its role as a metabolic
integrator within the lipid–glucose axis [298], providing novel mechanistic insights into the
metabolic heterogeneity underlying MA pathogenesis.

2.6. RNF213 in Cell Cycle Regulation and Gut Microbiota Interactions

Current understanding of RNF213′s role in cell cycle regulation remains limited.
However, recent studies have provided several key insights:

(1) Downregulation of Cell Division-Related Clusters HL: Zhang et al. reported that
knockdown of RNF213 (RNF213KD) results in the downregulation of gene clusters
associated with cell division and proliferation, as revealed by clustering analysis [160].

(2) Securin (PTTG1) is a critical regulator of cell cycle progression, particularly in pre-
venting the premature separation of sister chromatids and maintaining cell polarity.
RNF213 knockout has been shown to downregulate Securin expression, leading to
defects in angiogenesis [299,300].

(3) RNF213 has been implicated in increasing genomic instability during mitosis [301].

These observations collectively highlight the potential role of RNF213 in cell cycle
regulation and mitosis. Further investigation into the mechanisms underlying these effects
is warranted [41].

Research into the gut microbiota–artery axis has never ceased [302] and many bacterial
species have been significantly upregulated or downregulated in patients with moyamoya
disease (MMD) [303]. For instance, R. gnavus has been reported to be associated with
intracranial artery disease (ICAD), such as middle cerebral artery occlusion, coronary
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artery disease, moyamoya disease, systemic lupus erythematosus [304], and Kawasaki
disease [305]. R. gnavus produces glucorhamnan and TNF-α [306], both of which can
upregulate RNF213. Mutations in RNF213 lead to insufficient pathogen elimination, result-
ing in chronic inflammation. Conversely, the host can also influence the gut microbiota:
angiogenic cytokines (e.g., angiopoietin) may shape the composition of the gut microbiota.
As an important regulator of bacterial communities, the broader implications of RNF213 in
the gut microbiota field warrant further exploration.

Mechanistically, RNF213 deficiency may reduce securin expression, impair chromo-
some segregation, and increase genomic instability during mitosis, potentially compro-
mising angiogenesis. At the host–microbe interface, RNF213-dependent ubiquitination
and ISG15-related pathways may influence intracellular pathogen clearance and inflam-
matory tone. These observations support a broader framework in which cell cycle dys-
regulation, antimicrobial defense, and vascular remodeling are interconnected in RNF213-
associated disease.

The gut microbiota–vascular axis may provide a gene–environment interface for
MMD and related vasculopathies. Microbial products such as glucorhamnan could acti-
vate TLR4/MyD88 and NF-κB signaling, while RNF213 variants may impair ubiquitin-
dependent pathogen clearance and perpetuate inflammation. Microbial metabolites may
also influence endothelial and cell cycle programs through epigenetic mechanisms. Al-
though these hypotheses remain preliminary, they offer a plausible framework for studying
phenotypic heterogeneity in RNF213-associated vasculopathy.

3. Concluding Remarks and Limitations
RNF213 has also been implicated in intracranial arterial stenosis among patients with

cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL) [307]. Fibromuscular dysplasia [33,308] and Down syndrome [309,310]
have also been reported in association with RNF213 and may coexist with MMD. When
moyamoya-like vasculopathy occurs in the context of conditions such as sickle cell disease,
Down syndrome, neurofibromatosis, radiation exposure, or meningitis, it is commonly
classified as moyamoya syndrome [30]. In a cohort of patients with neurofibromatosis
type 1, the RNF213 c.14576G>A variant was strongly associated with MMD develop-
ment [311]. Overall, epidemiological evidence strongly supports a role for RNF213 in MMD
and related vasculopathies, but the mechanisms connecting RNF213 variants to arterial
stenosis remain incompletely defined. This review highlights mechanobiology [151,159],
hypoxia–inflammation crosstalk, antimicrobial defense, metabolism, gut microbiota, cell
cycle regulation, embryonic development, and epigenetics as key areas for future study.

This review has several limitations. First, the spectrum of RNF213-associated vas-
cular diseases discussed here is not exhaustive. Moreover, while RNF213 is known to
be involved in the oncogenesis and progression of certain cancers (e.g., hepatocellular
carcinoma), the similarities and shared molecular pathways between tumorigenesis and
panvascular disease progression remain unelucidated; this cross-disease functional overlap
may complicate the interpretation of RNF213′s specific role in vascular pathologies. Second,
the functional differences between RNF213 knockout, knockdown, and disease-associated
missense variants are not fully resolved and should not be assumed to be equivalent.
Third, many proposed mechanisms are based on experimental or associative evidence
and require validation in vascular bed-specific and cell type-specific models. Future stud-
ies should clarify variant-specific effects, identify disease-relevant substrates, and define
how genetic susceptibility interacts with environmental triggers to produce organ-specific
vascular pathology.

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 18 of 31

Author Contributions: Z.Q. and G.K.: conducted literature search, data extraction, prepared fig-
ures/tables, and drafted the initial manuscript. H.J. and X.F.: Participated in study selection, quality
assessment, and evidence grading. K.W.: Performed bibliometric analyses and generated visual-
izations. H.S.: conceived the overall design, critically revised the manuscript, and approved the
final version. Y.L.: provided academic oversight, supervised the writing process, and takes final
responsibility for the intellectual content. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by 1·3·5 projectPostdoctora. This study was supported by the
1·3·5 project for disciplines of excellence-Clinical Research Fund, West China Hospital, Sichuan
University (2018HXFH007, 2024HXFH025), the National Natural Science Foundation of China
(No.82301480), Sichuan Provincial Science and Technology Department (2023YFS0013, 24NSFSC6825),
the Postdoctor Research Fund of West China Hospital, Sichuan University (2024HXBH066), the
National Science and Technology Major Project of China (2025ZD0552601-1 and 2025ZD0551809-1),
and the New Technology Project of West China Hospital (25HXJS012).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zhao, K.; Zeng, Z.; He, Y.; Zhao, R.; Niu, J.; Sun, H.; Li, S.; Dong, J.; Jing, Z.; Zhou, J. Recent advances in targeted therapy for

inflammatory vascular diseases. J. Control. Release 2024, 372, 730–750. [CrossRef] [PubMed]
2. Ahel, J.; Lehner, A.; Vogel, A.; Schleiffer, A.; Meinhart, A.; Haselbach, D.; Clausen, T. Moyamoya disease factor RNF213 is a giant

E3 ligase with a dynein-like core and a distinct ubiquitin-transfer mechanism. eLife 2020, 9, e56185. [CrossRef] [PubMed]
3. Zhou, X.; Yu, L.; Zhao, Y.; Ge, J. Panvascular medicine: An emerging discipline focusing on atherosclerotic diseases. Eur. Heart J.

2022, 43, 4528–4531. [CrossRef] [PubMed]
4. Bang, O.Y.; Chung, J.W.; Kim, D.H.; Won, H.H.; Yeon, J.Y.; Ki, C.S.; Shin, H.J.; Kim, J.S.; Hong, S.C.; Kim, D.K.; et al. Moyamoya

Disease and Spectrums of RNF213 Vasculopathy. Transl. Stroke Res. 2020, 11, 580–589. [PubMed]
5. Hiraide, T.; Suzuki, H.; Momoi, M.; Shinya, Y.; Fukuda, K.; Kosaki, K.; Kataoka, M. RNF213-Associated Vascular Disease: A

Concept Unifying Various Vasculopathies. Life 2022, 12, 555. [CrossRef] [PubMed]
6. Hioki, H.; Miyashita, Y.; Miura, T.; Ebisawa, S.; Motoki, H.; Izawa, A.; Tomita, T.; Koyama, J.; Ikeda, U. Diagnostic value of

peripheral fractional flow reserve in isolated iliac artery stenosis: A comparison with the post-exercise ankle-brachial index. J.
Endovasc. Ther. 2014, 21, 625–632. [PubMed]

7. Albayati, M.A.; Patel, A.; Modi, B.; Saha, P.; Karim, L.; Perera, D.; Smith, A.; Modarai, B. Intra-arterial Fractional Flow Reserve
Measurements Provide an Objective Assessment of the Functional Significance of Peripheral Arterial Stenoses. Eur. J. Vasc.
Endovasc. Surg. 2024, 67, 332–340. [CrossRef] [PubMed]

8. Kobayashi, N.; Hirano, K.; Yamawaki, M.; Araki, M.; Sakai, T.; Takimura, H.; Sakamoto, Y.; Mori, S.; Tsutsumi, M.; Takama, T.;
et al. Ability of Fractional Flow Reserve to Predict Restenosis After Superficial Femoral Artery Stenting. J. Endovasc. Ther. 2016,
23, 896–902. [CrossRef] [PubMed]

9. Suzuki, J.; Takaku, A. Cerebrovascular “moyamoya” disease. Disease showing abnormal net-like vessels in base of brain. Arch.
Neurol. 1969, 20, 288–299. [PubMed]

10. Liu, W.; Hitomi, T.; Kobayashi, H.; Harada, K.H.; Koizumi, A. Distribution of moyamoya disease susceptibility polymorphism
p.R4810K in RNF213 in East and Southeast Asian populations. Neurol. Med.-Chir. 2012, 52, 299–303.

11. Ihara, M.; Yamamoto, Y.; Hattori, Y.; Liu, W.; Kobayashi, H.; Ishiyama, H.; Yoshimoto, T.; Miyawaki, S.; Clausen, T.; Bang, O.Y.;
et al. Moyamoya disease: Diagnosis and interventions. Lancet Neurol. 2022, 21, 747–758. [CrossRef] [PubMed]

12. Liu, W.; Morito, D.; Takashima, S.; Mineharu, Y.; Kobayashi, H.; Hitomi, T.; Hashikata, H.; Matsuura, N.; Yamazaki, S.; Toyoda, A.;
et al. Identification of RNF213 as a susceptibility gene for moyamoya disease and its possible role in vascular development. PLoS
ONE 2011, 6, e22542. [CrossRef] [PubMed]

13. Kamada, F.; Aoki, Y.; Narisawa, A.; Abe, Y.; Komatsuzaki, S.; Kikuchi, A.; Kanno, J.; Niihori, T.; Ono, M.; Ishii, N.; et al. A
genome-wide association study identifies RNF213 as the first Moyamoya disease gene. J. Hum. Genet. 2011, 56, 34–40. [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1016/j.jconrel.2024.06.063
https://www.ncbi.nlm.nih.gov/pubmed/38945301
https://doi.org/10.7554/elife.56185
https://www.ncbi.nlm.nih.gov/pubmed/32573437
https://doi.org/10.1093/eurheartj/ehac448
https://www.ncbi.nlm.nih.gov/pubmed/35947920
https://www.ncbi.nlm.nih.gov/pubmed/31650369
https://doi.org/10.3390/life12040555
https://www.ncbi.nlm.nih.gov/pubmed/35455046
https://www.ncbi.nlm.nih.gov/pubmed/25290788
https://doi.org/10.1016/j.ejvs.2023.07.035
https://www.ncbi.nlm.nih.gov/pubmed/37500005
https://doi.org/10.1177/1526602816668306
https://www.ncbi.nlm.nih.gov/pubmed/27604452
https://www.ncbi.nlm.nih.gov/pubmed/5775283
https://doi.org/10.1016/s1474-4422(22)00165-x
https://www.ncbi.nlm.nih.gov/pubmed/35605621
https://doi.org/10.1371/journal.pone.0022542
https://www.ncbi.nlm.nih.gov/pubmed/22216342
https://www.ncbi.nlm.nih.gov/pubmed/21048783
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 19 of 31

14. Wu, Z.; Jiang, H.; Zhang, L.; Xu, X.; Zhang, X.; Kang, Z.; Song, D.; Zhang, J.; Guan, M.; Gu, Y. Molecular analysis of RNF213 gene
for moyamoya disease in the Chinese Han population. PLoS ONE 2012, 7, e48179. [CrossRef] [PubMed]

15. Cecchi, A.C.; Guo, D.; Ren, Z.; Flynn, K.; Santos-Cortez, R.L.; Leal, S.M.; Wang, G.T.; Regalado, E.S.; Steinberg, G.K.; Shendure, J.;
et al. RNF213 rare variants in an ethnically diverse population with Moyamoya disease. Stroke 2014, 45, 3200–3207. [CrossRef]
[PubMed]

16. Miyawaki, S.; Imai, H.; Takayanagi, S.; Mukasa, A.; Nakatomi, H.; Saito, N. Identification of a genetic variant common to
moyamoya disease and intracranial major artery stenosis/occlusion. Stroke 2012, 43, 3371–3374. [CrossRef] [PubMed]

17. Zhou, S.; Ambalavanan, A.; Rochefort, D.; Xie, P.; Bourassa, C.V.; Hince, P.; Dionne-Laporte, A.; Spiegelman, D.; Gan-Or, Z.;
Mirarchi, C.; et al. RNF213 Is Associated with Intracranial Aneurysms in the French-Canadian Population. Am. J. Hum. Genet.
2016, 99, 1072–1085. [CrossRef] [PubMed]

18. Momoi, M.; Katsumata, Y.; Hiraide, T.; Shinya, Y.; Goto, S.; Inami, T.; Kosaki, K.; Kataoka, M. Chronic Thromboembolic Pulmonary
Hypertension as RNF213-Associated Vascular Disease. JACC Asia 2024, 4, 1017–1019. [CrossRef] [PubMed]

19. Hiraide, T.; Kataoka, M.; Suzuki, H.; Aimi, Y.; Chiba, T.; Isobe, S.; Katsumata, Y.; Goto, S.; Kanekura, K.; Yamada, Y.; et al. Poor
outcomes in carriers of the RNF213 variant (p.Arg4810Lys) with pulmonary arterial hypertension. J. Heart Lung Transplant. 2020,
39, 103–112. [PubMed]

20. Kim, J.Y.; Cho, H. Renovascular hypertension and RNF213 p.R4810K variant in Korean children with Moyamoya disease. Clin.
Nephrol. 2021, 96, 105–111. [PubMed]

21. Kim, Y.J.; Lee, J.K.; Ahn, S.H.; Kim, B.J.; Kang, D.W.; Kim, J.S.; Kwon, S.U. Nonatheroscleotic Isolated Middle Cerebral Artery
Disease May Be Early Manifestation of Moyamoya Disease. Stroke 2016, 47, 2229–2235. [CrossRef] [PubMed]

22. Kim, J.S.; Lee, H.B.; Kwon, H.S. RNF213 Polymorphism in Intracranial Artery Dissection. J. Stroke 2018, 20, 404–406. [CrossRef]
[PubMed]

23. Morimoto, T.; Mineharu, Y.; Ono, K.; Nakatochi, M.; Ichihara, S.; Kabata, R.; Takagi, Y.; Cao, Y.; Zhao, L.; Kobayashi, H.; et al.
Significant association of RNF213 p.R4810K, a moyamoya susceptibility variant, with coronary artery disease. PLoS ONE 2017, 12,
e0175649. [PubMed]

24. Shinya, Y.; Miyawaki, S.; Imai, H.; Hongo, H.; Ono, H.; Takenobu, A.; Nakatomi, H.; Teraoka, A.; Saito, N. Genetic Analysis of
Ring Finger Protein 213 (RNF213) c.14576G>A in Intracranial Atherosclerosis of the Anterior and Posterior Circulations. J. Stroke
Cerebrovasc. Dis. 2017, 26, 2638–2644. [PubMed]

25. Yang, W.J.; Wong, K.S.; Chen, X.Y. Intracranial Atherosclerosis: From Microscopy to High-Resolution Magnetic Resonance
Imaging. J. Stroke 2017, 19, 249–260. [CrossRef] [PubMed]

26. Zervas, N.T.; Liszczak, T.M.; Mayberg, M.R.; Black, P.M. Cerebrospinal fluid may nourish cerebral vessels through pathways in
the adventitia that may be analogous to systemic vasa vasorum. J. Neurosurg. 1982, 56, 475–481. [CrossRef] [PubMed]

27. Kang, D.W.; Kim, D.Y.; Kim, J.; Baik, S.H.; Jung, C.; Singh, N.; Song, J.W.; Bae, H.J.; Kim, B.J. Emerging Concept of Intracranial
Arterial Diseases: The Role of High Resolution Vessel Wall MRI. J. Stroke 2024, 26, 26–40. [CrossRef] [PubMed]

28. Janda, P.H.; Bellew, J.G.; Veerappan, V. Moyamoya disease: Case report and literature review. J. Osteopath. Med. 2009, 109,
547–553.

29. Asselman, C.; Hemelsoet, D.; Eggermont, D.; Dermaut, B.; Impens, F. Moyamoya disease emerging as an immune-related
angiopathy. Trends Mol. Med. 2022, 28, 939–950. [CrossRef] [PubMed]

30. Scott, R.M.; Smith, E.R. Moyamoya disease and moyamoya syndrome. N. Engl. J. Med. 2009, 360, 1226–1237. [CrossRef] [PubMed]
31. Takagi, Y.; Kikuta, K.; Nozaki, K.; Fujimoto, M.; Hayashi, J.; Imamura, H.; Hashimoto, N. Expression of hypoxia-inducing factor-1

alpha and endoglin in intimal hyperplasia of the middle cerebral artery of patients with Moyamoya disease. Neurosurgery 2007,
60, 338–345; discussion 345. [PubMed]

32. Takekawa, Y.; Umezawa, T.; Ueno, Y.; Sawada, T.; Kobayashi, M. Pathological and immunohistochemical findings of an autopsy
case of adult moyamoya disease. Neuropathology 2004, 24, 236–242. [CrossRef] [PubMed]

33. Abumiya, T.; Fujimura, M. Moyamoya Vasculopathy and Moyamoya-Related Systemic Vasculopathy: A Review with Histopatho-
logical and Genetic Viewpoints. Stroke 2024, 55, 1699–1706. [CrossRef] [PubMed]

34. Liu, H.; Fukasawa, T.; Anno, T.; Takeuchi, M.; Shimazaki, S.; Yang, T.; Kawakami, K. Incidence, prevalence, and treatment of
Moyamoya disease in Japan: A population-based descriptive study. J. Stroke Cerebrovasc. Dis. 2024, 33, 107770. [CrossRef]
[PubMed]

35. Sun, Y.; Zhou, G.; Feng, J.; Chen, L.; Liu, G.; Wang, J.; Wang, Q.; Yu, J.; Yang, X.; Yang, Z.; et al. Incidence and prevalence of
moyamoya disease in urban China: A nationwide retrospective cohort study. Stroke Vasc. Neurol. 2021, 6, 615–623. [CrossRef]
[PubMed]

36. Ahn, I.M.; Park, D.H.; Hann, H.J.; Kim, K.H.; Kim, H.J.; Ahn, H.S. Incidence, prevalence, and survival of moyamoya disease in
Korea: A nationwide, population-based study. Stroke 2014, 45, 1090–1095. [CrossRef] [PubMed]

37. Uchino, K.; Johnston, S.C.; Becker, K.J.; Tirschwell, D.L. Moyamoya disease in Washington State and California. Neurology 2005,
65, 956–958. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1371/journal.pone.0048179
https://www.ncbi.nlm.nih.gov/pubmed/23300871
https://doi.org/10.1161/strokeaha.114.006244
https://www.ncbi.nlm.nih.gov/pubmed/25278557
https://doi.org/10.1161/strokeaha.112.663864
https://www.ncbi.nlm.nih.gov/pubmed/23010677
https://doi.org/10.1016/j.ajhg.2016.09.001
https://www.ncbi.nlm.nih.gov/pubmed/27745834
https://doi.org/10.1016/j.jacasi.2024.09.012
https://www.ncbi.nlm.nih.gov/pubmed/39803001
https://www.ncbi.nlm.nih.gov/pubmed/31542298
https://www.ncbi.nlm.nih.gov/pubmed/33769276
https://doi.org/10.1161/strokeaha.116.012751
https://www.ncbi.nlm.nih.gov/pubmed/27507861
https://doi.org/10.5853/jos.2018.02075
https://www.ncbi.nlm.nih.gov/pubmed/30309235
https://www.ncbi.nlm.nih.gov/pubmed/29216311
https://www.ncbi.nlm.nih.gov/pubmed/28797616
https://doi.org/10.5853/jos.2016.01956
https://www.ncbi.nlm.nih.gov/pubmed/28877564
https://doi.org/10.3171/jns.1982.56.4.0475
https://www.ncbi.nlm.nih.gov/pubmed/7062119
https://doi.org/10.5853/jos.2023.02481
https://www.ncbi.nlm.nih.gov/pubmed/38326705
https://doi.org/10.1016/j.molmed.2022.08.009
https://www.ncbi.nlm.nih.gov/pubmed/36115805
https://doi.org/10.1056/nejmra0804622
https://www.ncbi.nlm.nih.gov/pubmed/19297575
https://www.ncbi.nlm.nih.gov/pubmed/17290185
https://doi.org/10.1111/j.1440-1789.2004.00550.x
https://www.ncbi.nlm.nih.gov/pubmed/15484702
https://doi.org/10.1161/strokeaha.124.046999
https://www.ncbi.nlm.nih.gov/pubmed/38690664
https://doi.org/10.1016/j.jstrokecerebrovasdis.2024.107770
https://www.ncbi.nlm.nih.gov/pubmed/38768667
https://doi.org/10.1136/svn-2021-000909
https://www.ncbi.nlm.nih.gov/pubmed/33941642
https://doi.org/10.1161/strokeaha.113.004273
https://www.ncbi.nlm.nih.gov/pubmed/24595588
https://doi.org/10.1212/01.wnl.0000176066.33797.82
https://www.ncbi.nlm.nih.gov/pubmed/16186547
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 20 of 31

38. Khan, N.; Yonekawa, Y. Moyamoya angiopathy in Europe. Acta Neurochir. Suppl. 2005, 94, 149–152. [PubMed]
39. Ito, A.; Fujimura, M.; Niizuma, K.; Kanoke, A.; Sakata, H.; Morita-Fujimura, Y.; Kikuchi, A.; Kure, S.; Tominaga, T. Enhanced

post-ischemic angiogenesis in mice lacking RNF213; a susceptibility gene for moyamoya disease. Brain Res. 2015, 1594, 310–320.
[CrossRef] [PubMed]

40. Kobayashi, H.; Matsuda, Y.; Hitomi, T.; Okuda, H.; Shioi, H.; Matsuda, T.; Imai, H.; Sone, M.; Taura, D.; Harada, K.H.; et al.
Biochemical and Functional Characterization of RNF213 (Mysterin) R4810K, a Susceptibility Mutation of Moyamoya Disease, in
Angiogenesis In Vitro and In Vivo. J. Am. Heart Assoc. 2015, 4, e002146. [CrossRef] [PubMed]

41. Koizumi, A.; Kobayashi, H.; Hitomi, T.; Harada, K.H.; Habu, T.; Youssefian, S. A new horizon of moyamoya disease and associated
health risks explored through RNF213. Environ. Health Prev. Med. 2016, 21, 55–70. [CrossRef] [PubMed]

42. Wang, Y.; Yang, L.; Wang, X.; Zeng, F.; Zhang, K.; Zhang, Q.; Liu, M.; Liu, S.; Shang, M.; Li, Q.; et al. Meta-analysis of genotype
and phenotype studies to confirm the predictive role of the RNF213 p.R4810K variant for moyamoya disease. Eur. J. Neurol. 2021,
28, 823–836. [PubMed]

43. Miyatake, S.; Miyake, N.; Touho, H.; Nishimura-Tadaki, A.; Kondo, Y.; Okada, I.; Tsurusaki, Y.; Doi, H.; Sakai, H.; Saitsu, H.; et al.
Homozygous c.14576G>A variant of RNF213 predicts early-onset and severe form of moyamoya disease. Neurology 2012, 78,
803–810. [PubMed]

44. Miyatake, S.; Touho, H.; Miyake, N.; Ohba, C.; Doi, H.; Saitsu, H.; Taguri, M.; Morita, S.; Matsumoto, N. Sibling cases of
moyamoya disease having homozygous and heterozygous c.14576G>A variant in RNF213 showed varying clinical course and
severity. J. Hum. Genet. 2012, 57, 804–806. [CrossRef] [PubMed]

45. Mertens, R.; Graupera, M.; Gerhardt, H.; Bersano, A.; Tournier-Lasserve, E.; Mensah, M.A.; Mundlos, S.; Vajkoczy, P. The Genetic
Basis of Moyamoya Disease. Transl. Stroke Res. 2022, 13, 25–45. [PubMed]

46. Tokairin, K.; Hamauchi, S.; Ito, M.; Kazumata, K.; Sugiyama, T.; Nakayama, N.; Kawabori, M.; Osanai, T.; Houkin, K. Vascu-
lar Smooth Muscle Cell Derived from IPS Cell of Moyamoya Disease—Comparative Characterization with Endothelial Cell
Transcriptome. J. Stroke Cerebrovasc. Dis. 2020, 29, 105305. [CrossRef] [PubMed]

47. Phi, J.H.; Suzuki, N.; Moon, Y.J.; Park, A.K.; Wang, K.C.; Lee, J.Y.; Choi, S.A.; Chong, S.; Shirane, R.; Kim, S.K. Chemokine Ligand
5 (CCL5) Derived from Endothelial Colony-Forming Cells (ECFCs) Mediates Recruitment of Smooth Muscle Progenitor Cells
(SPCs) toward Critical Vascular Locations in Moyamoya Disease. PLoS ONE 2017, 12, e0169714. [CrossRef] [PubMed]

48. Guo, D.C.; Papke, C.L.; Tran-Fadulu, V.; Regalado, E.S.; Avidan, N.; Johnson, R.J.; Kim, D.H.; Pannu, H.; Willing, M.C.; Sparks, E.;
et al. Mutations in smooth muscle alpha-actin (ACTA2) cause coronary artery disease, stroke, and Moyamoya disease, along with
thoracic aortic disease. Am. J. Hum. Genet. 2009, 84, 617–627. [CrossRef] [PubMed]

49. Hervé, D.; Philippi, A.; Belbouab, R.; Zerah, M.; Chabrier, S.; Collardeau-Frachon, S.; Bergametti, F.; Essongue, A.; Berrou, E.;
Krivosic, V.; et al. Loss of α1β1 soluble guanylate cyclase, the major nitric oxide receptor, leads to moyamoya and achalasia. Am.
J. Hum. Genet. 2014, 94, 385–394. [CrossRef] [PubMed]

50. Amal, H.; Gong, G.; Gjoneska, E.; Lewis, S.M.; Wishnok, J.S.; Tsai, L.H.; Tannenbaum, S.R. S-nitrosylation of E3 ubiquitin-protein
ligase RNF213 alters non-canonical Wnt/Ca+2 signaling in the P301S mouse model of tauopathy. Transl. Psychiatry 2019, 9, 44.
[CrossRef] [PubMed]

51. Lattanzio, S.; Santilli, F.; Liani, R.; Vazzana, N.; Ueland, T.; Di Fulvio, P.; Formoso, G.; Consoli, A.; Aukrust, P.; Davì, G. Circulating
dickkopf-1 in diabetes mellitus: Association with platelet activation and effects of improved metabolic control and low-dose
aspirin. J. Am. Heart Assoc. 2014, 3, e001000. [PubMed]

52. Dong, R.; Chen, W.; Feng, W.; Xia, C.; Hu, D.; Zhang, Y.; Yang, Y.; Wang, D.W.; Xu, X.; Tu, L. Exogenous Bradykinin Inhibits Tissue
Factor Induction and Deep Vein Thrombosis via Activating the eNOS/Phosphoinositide 3-Kinase/Akt Signaling Pathway. Cell
Physiol. Biochem. 2015, 37, 1592–1606. [CrossRef] [PubMed]

53. Xu, S.; Chen, T.; Yu, J.; Wan, L.; Zhang, J.; Chen, J.; Wei, W.; Li, X. Insights into the regulatory role of epigenetics in moyamoya
disease: Current advances and future prospectives. Mol. Ther. Nucleic Acids 2024, 35, 102281. [CrossRef] [PubMed]

54. He, X.W.; Zhao, Y.; Shi, Y.H.; Zhao, R.; Liu, Y.S.; Hu, Y.; Zhuang, M.T.; Wu, Y.L.; Li, G.F.; Yin, J.W.; et al. DNA Methylation
Analysis Identifies Differentially Methylated Sites Associated with Early-Onset Intracranial Atherosclerotic Stenosis. J. Atheroscler.
Thromb. 2020, 27, 71–99. [CrossRef] [PubMed]

55. Yoshimoto, T.; Yamagami, H.; Matsumaru, Y. Recent Advances in Stroke Genetics-Unraveling the Complexity of Cerebral
Infarction: A Brief Review. Genes 2025, 16, 59. [CrossRef] [PubMed]

56. Zhou, J.; Lei, Y.; Zhang, S.; Qin, R.; Liu, Y.; Yi, D. Identification of the potential role of S1PR1 in adult moyamoya disease based on
multiple bioinformatics analysis and experimental verification. FASEB J. 2025, 39, e70461. [CrossRef] [PubMed]

57. Mineharu, Y.; Miyamoto, S. RNF213 and GUCY1A3 in Moyamoya Disease: Key Regulators of Metabolism, Inflammation, and
Vascular Stability. Front. Neurol. 2021, 12, 687088. [CrossRef] [PubMed]

58. Schievink, W.I.; Schaid, D.J.; Rogers, H.M.; Piepgras, D.G.; Michels, V.V. On the inheritance of intracranial aneurysms. Stroke 1994,
25, 2028–2037. [CrossRef] [PubMed]

59. Schievink, W.I. Genetics of intracranial aneurysms. Neurosurgery 1997, 40, 651–662; discussion 662–653. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://www.ncbi.nlm.nih.gov/pubmed/16060256
https://doi.org/10.1016/j.brainres.2014.11.014
https://www.ncbi.nlm.nih.gov/pubmed/25446450
https://doi.org/10.1161/jaha.115.002146
https://www.ncbi.nlm.nih.gov/pubmed/26126547
https://doi.org/10.1007/s12199-016-0549-8
https://www.ncbi.nlm.nih.gov/pubmed/26662949
https://www.ncbi.nlm.nih.gov/pubmed/33175469
https://www.ncbi.nlm.nih.gov/pubmed/22377813
https://doi.org/10.1038/jhg.2012.105
https://www.ncbi.nlm.nih.gov/pubmed/22931863
https://www.ncbi.nlm.nih.gov/pubmed/34529262
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105305
https://www.ncbi.nlm.nih.gov/pubmed/32992193
https://doi.org/10.1371/journal.pone.0169714
https://www.ncbi.nlm.nih.gov/pubmed/28072843
https://doi.org/10.1016/j.ajhg.2009.04.007
https://www.ncbi.nlm.nih.gov/pubmed/19409525
https://doi.org/10.1016/j.ajhg.2014.01.018
https://www.ncbi.nlm.nih.gov/pubmed/24581742
https://doi.org/10.1038/s41398-019-0388-7
https://www.ncbi.nlm.nih.gov/pubmed/30696811
https://www.ncbi.nlm.nih.gov/pubmed/25037197
https://doi.org/10.1159/000438526
https://www.ncbi.nlm.nih.gov/pubmed/26517864
https://doi.org/10.1016/j.omtn.2024.102281
https://www.ncbi.nlm.nih.gov/pubmed/39188306
https://doi.org/10.5551/jat.47704
https://www.ncbi.nlm.nih.gov/pubmed/31142690
https://doi.org/10.3390/genes16010059
https://www.ncbi.nlm.nih.gov/pubmed/39858606
https://doi.org/10.1096/fj.202401445r
https://www.ncbi.nlm.nih.gov/pubmed/40105149
https://doi.org/10.3389/fneur.2021.687088
https://www.ncbi.nlm.nih.gov/pubmed/34381413
https://doi.org/10.1161/01.str.25.10.2028
https://www.ncbi.nlm.nih.gov/pubmed/8091449
https://doi.org/10.1097/00006123-199704000-00001
https://www.ncbi.nlm.nih.gov/pubmed/9092838
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 21 of 31

60. Kissela, B.M.; Sauerbeck, L.; Woo, D.; Khoury, J.; Carrozzella, J.; Pancioli, A.; Jauch, E.; Moomaw, C.J.; Shukla, R.; Gebel, J.; et al.
Subarachnoid hemorrhage: A preventable disease with a heritable component. Stroke 2002, 33, 1321–1326. [PubMed]

61. Ronkainen, A.; Hernesniemi, J.; Puranen, M.; Niemitukia, L.; Vanninen, R.; Ryynänen, M.; Kuivaniemi, H.; Tromp, G. Familial
intracranial aneurysms. Lancet 1997, 349, 380–384. [CrossRef] [PubMed]

62. Liu, J.; Yan, J.; Li, Y.; Jiang, W. Progress in genetic research on familiar aneurysms. J. Cent. South Univ. Med. Sci. 2019, 44, 338–344.
63. Imai, Y.; Sato, K.; Ishikawa, T.; Comerford, A.; David, T.; Yamaguchi, T. ATP transport in saccular cerebral aneurysms at arterial

bends. Ann. Biomed. Eng. 2010, 38, 927–934. [PubMed]
64. Fukushima, Y.; Miyawaki, S.; Inoue, T.; Shimizu, S.; Yoshikawa, G.; Imai, H.; Saito, N.; Tsutsumi, K. Repeated de novo aneurysm

formation after anastomotic surgery: Potential risk of genetic variant RNF213 c.14576G>A. Surg. Neurol. Int. 2015, 6, 41. [CrossRef]
[PubMed]

65. Aoki, T.; Yoshitomi, M.; Yamamoto, M.; Hirohata, M.; Morioka, M. Ruptured de novo aneurysm arising at a site remote from
the anastomosis 14 years after superficial temporal artery-middle cerebral artery bypass: A case report. Neurosurgery 2012, 71,
E905–E909. [CrossRef] [PubMed]

66. Kohno, K.; Ueda, T.; Kadota, O.; Sakaki, S. Subdural hemorrhage caused by de novo aneurysm complicating extracranial-
intracranial bypass surgery: Case report. Neurosurgery 1996, 38, 1051–1055. [CrossRef] [PubMed]

67. Lee, S.W.; Antiga, L.; Spence, J.D.; Steinman, D.A. Geometry of the carotid bifurcation predicts its exposure to disturbed flow.
Stroke 2008, 39, 2341–2347. [CrossRef] [PubMed]

68. Debette, S.; Compter, A.; Labeyrie, M.A.; Uyttenboogaart, M.; Metso, T.M.; Majersik, J.J.; Goeggel-Simonetti, B.; Engelter, S.T.;
Pezzini, A.; Bijlenga, P.; et al. Epidemiology, pathophysiology, diagnosis, and management of intracranial artery dissection. Lancet
Neurol. 2015, 14, 640–654. [CrossRef] [PubMed]

69. Sikkema, T.; Uyttenboogaart, M.; Eshghi, O.; De Keyser, J.; Brouns, R.; van Dijk, J.M.; Luijckx, G.J. Intracranial artery dissection.
Eur. J. Neurol. 2014, 21, 820–826. [CrossRef] [PubMed]

70. Traenka, C.; Kloss, M.; Strom, T.; Lyrer, P.; Brandt, T.; Bonati, L.H.; Grond-Ginsbach, C.; Engelter, S. Rare genetic variants in
patients with cervical artery dissection. Eur. Stroke J. 2019, 4, 355–362. [CrossRef] [PubMed]

71. Shinya, Y.; Miyawaki, S.; Nakatomi, H.; Shin, M.; Teraoka, A.; Saito, N. Hemorrhagic Onset Intracranial Artery Dissection of
Middle Cerebral Artery Followed by Progressive Arterial Stenosis with Genetic Variant RNF213 p.Arg4810Lys (rs112735431).
World Neurosurg. 2020, 141, 192–195. [PubMed]

72. Tashiro, R.; Fujimura, M.; Sakata, H.; Endo, H.; Tomata, Y.; Sato-Maeda, M.; Niizuma, K.; Tominaga, T. Genetic analysis of ring
finger protein 213 (RNF213) c.14576G>A polymorphism in patients with vertebral artery dissection: A comparative study with
moyamoya disease. Neurol. Res. 2019, 41, 811–816. [CrossRef] [PubMed]

73. Mizutani, T.; Miki, Y.; Kojima, H.; Suzuki, H. Proposed classification of nonatherosclerotic cerebral fusiform and dissecting
aneurysms. Neurosurgery 1999, 45, 253–259; discussion 259–260. [CrossRef]

74. Mizutani, T. Natural course of intracranial arterial dissections. J. Neurosurg. 2011, 114, 1037–1044. [CrossRef] [PubMed]
75. Mizutani, T.; Kojima, H.; Asamoto, S.; Miki, Y. Pathological mechanism and three-dimensional structure of cerebral dissecting

aneurysms. J. Neurosurg. 2001, 94, 712–717. [CrossRef] [PubMed]
76. Tawk, R.G.; Bendok, B.R.; Qureshi, A.I.; Getch, C.C.; Srinivasan, J.; Alberts, M.; Russell, E.J.; Batjer, H.H. Isolated dissections and

dissecting aneurysms of the posterior inferior cerebellar artery: Topic and literature review. Neurosurg. Rev. 2003, 26, 180–187.
[PubMed]

77. Shlapakova, P.S.; Dobrynina, L.A.; Kalashnikova, L.A.; Gubanova, M.V.; Danilova, M.S.; Gnedovskaya, E.V.; Grigorenko, A.P.;
Gusev, F.E.; Manakhov, A.D.; Rogaev, E.I. Peripheral Blood Gene Expression Profiling Reveals Molecular Pathways Associated
with Cervical Artery Dissection. Int. J. Mol. Sci. 2024, 25, 5205. [CrossRef] [PubMed]

78. Miyawaki, S.; Imai, H.; Shimizu, M.; Yagi, S.; Ono, H.; Mukasa, A.; Nakatomi, H.; Shimizu, T.; Saito, N. Genetic variant RNF213
c.14576G>A in various phenotypes of intracranial major artery stenosis/occlusion. Stroke 2013, 44, 2894–2897. [PubMed]

79. Bang, O.Y.; Chung, J.W.; Cha, J.; Lee, M.J.; Yeon, J.Y.; Ki, C.S.; Jeon, P.; Kim, J.S.; Hong, S.C. A Polymorphism in RNF213 Is a
Susceptibility Gene for Intracranial Atherosclerosis. PLoS ONE 2016, 11, e0156607. [CrossRef] [PubMed]

80. Liao, X.; Deng, J.; Dai, W.; Zhang, T.; Yan, J. Rare variants of RNF213 and moyamoya/non-moyamoya intracranial artery
stenosis/occlusion disease risk: A meta-analysis and systematic review. Environ. Health Prev. Med. 2017, 22, 75. [PubMed]

81. Lin, J.; Sheng, W. RNF213 Variant Diversity Predisposes Distinct Populations to Dissimilar Cerebrovascular Diseases. Biomed. Res.
Int. 2018, 2018, 6359174. [CrossRef] [PubMed]

82. Hongo, H.; Miyawaki, S.; Imai, H.; Shimizu, M.; Yagi, S.; Mitsui, J.; Ishiura, H.; Yoshimura, J.; Doi, K.; Qu, W.; et al. Comprehensive
investigation of RNF213 nonsynonymous variants associated with intracranial artery stenosis. Sci. Rep. 2020, 10, 11942. [CrossRef]
[PubMed]

83. Ozaki, K.; Tanaka, T. Molecular genetics of coronary artery disease. J. Hum. Genet. 2016, 61, 71–77. [PubMed]
84. Ogura, M. PCSK9 inhibition in the management of familial hypercholesterolemia. J. Cardiol. 2018, 71, 1–7. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://www.ncbi.nlm.nih.gov/pubmed/11988610
https://doi.org/10.1016/s0140-6736(97)80009-8
https://www.ncbi.nlm.nih.gov/pubmed/9033463
https://www.ncbi.nlm.nih.gov/pubmed/20012692
https://doi.org/10.4103/2152-7806.153709
https://www.ncbi.nlm.nih.gov/pubmed/25883833
https://doi.org/10.1227/neu.0b013e318260ffcf
https://www.ncbi.nlm.nih.gov/pubmed/22653394
https://doi.org/10.1097/00006123-199605000-00041
https://www.ncbi.nlm.nih.gov/pubmed/8727835
https://doi.org/10.1161/strokeaha.107.510644
https://www.ncbi.nlm.nih.gov/pubmed/18556585
https://doi.org/10.1016/s1474-4422(15)00009-5
https://www.ncbi.nlm.nih.gov/pubmed/25987283
https://doi.org/10.1111/ene.12384
https://www.ncbi.nlm.nih.gov/pubmed/24824740
https://doi.org/10.1177/2396987319861869
https://www.ncbi.nlm.nih.gov/pubmed/31903434
https://www.ncbi.nlm.nih.gov/pubmed/32438004
https://doi.org/10.1080/01616412.2019.1615726
https://www.ncbi.nlm.nih.gov/pubmed/31064275
https://doi.org/10.1097/00006123-199908000-00010
https://doi.org/10.3171/2010.9.jns10668
https://www.ncbi.nlm.nih.gov/pubmed/20950090
https://doi.org/10.3171/jns.2001.94.5.0712
https://www.ncbi.nlm.nih.gov/pubmed/11354401
https://www.ncbi.nlm.nih.gov/pubmed/12845546
https://doi.org/10.3390/ijms25105205
https://www.ncbi.nlm.nih.gov/pubmed/38791244
https://www.ncbi.nlm.nih.gov/pubmed/23970789
https://doi.org/10.1371/journal.pone.0156607
https://www.ncbi.nlm.nih.gov/pubmed/27427978
https://www.ncbi.nlm.nih.gov/pubmed/29165161
https://doi.org/10.1155/2018/6359174
https://www.ncbi.nlm.nih.gov/pubmed/30671466
https://doi.org/10.1038/s41598-020-68888-1
https://www.ncbi.nlm.nih.gov/pubmed/32686731
https://www.ncbi.nlm.nih.gov/pubmed/26134515
https://doi.org/10.1016/j.jjcc.2017.07.002
https://www.ncbi.nlm.nih.gov/pubmed/28784313
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 22 of 31

85. Hikino, K.; Koyama, S.; Ito, K.; Koike, Y.; Koido, M.; Matsumura, T.; Kurosawa, R.; Tomizuka, K.; Ito, S.; Liu, X.; et al. RNF213
Variants, Vasospastic Angina, and Risk of Fatal Myocardial Infarction. JAMA Cardiol. 2024, 9, 723–731. [CrossRef] [PubMed]

86. Scholz, B.; Korn, C.; Wojtarowicz, J.; Mogler, C.; Augustin, I.; Boutros, M.; Niehrs, C.; Augustin, H.G. Endothelial RSPO3 Controls
Vascular Stability and Pruning through Non-canonical WNT/Ca(2+)/NFAT Signaling. Dev. Cell 2016, 36, 79–93. [PubMed]

87. Zamora, M.; Männer, J.; Ruiz-Lozano, P. Epicardium-derived progenitor cells require beta-catenin for coronary artery formation.
Proc. Natl. Acad. Sci. USA 2007, 104, 18109–18114. [PubMed]

88. Dumont, J.; Meroufel, D.; Bauters, C.; Hansmannel, F.; Bensemain, F.; Cottel, D.; Hamon, M.; Lambert, J.C.; Ducimetière, P.;
Amouyel, P.; et al. Association of ornithine transcarbamylase gene polymorphisms with hypertension and coronary artery
vasomotion. Am. J. Hypertens. 2009, 22, 993–1000. [CrossRef] [PubMed]

89. Ford, T.J.; Corcoran, D.; Padmanabhan, S.; Aman, A.; Rocchiccioli, P.; Good, R.; McEntegart, M.; Maguire, J.J.; Watkins, S.; Eteiba,
H.; et al. Genetic dysregulation of endothelin-1 is implicated in coronary microvascular dysfunction. Eur. Heart J. 2020, 41,
3239–3252. [CrossRef] [PubMed]

90. Mizuno, Y.; Harada, E.; Morita, S.; Kinoshita, K.; Hayashida, M.; Shono, M.; Morikawa, Y.; Murohara, T.; Nakayama, M.;
Yoshimura, M.; et al. East asian variant of aldehyde dehydrogenase 2 is associated with coronary spastic angina: Possible roles of
reactive aldehydes and implications of alcohol flushing syndrome. Circulation 2015, 131, 1665–1673. [PubMed]

91. Noda, K.; Hattori, Y.; Hori, M.; Harada-Shiba, M.; Ihara, M. A Case of Multiple Intracranial Major Artery Stenoses with Coexisting
PCSK9 p.E32K and RNF213 p.R4810K Variants. Neurol. Genet. 2023, 9, e200099. [PubMed]

92. Ikeda, E. Systemic vascular changes in spontaneous occlusion of the circle of Willis. Stroke 1991, 22, 1358–1362. [CrossRef]
[PubMed]

93. Nomura, S.; Aihara, Y.; Akagawa, H.; Chiba, K.; Yamaguchi, K.; Kawashima, A.; Okada, Y.; Kawamata, T. Can Moyamoya Disease
Susceptibility Gene Affect Extracranial Systemic Artery Stenosis? J. Stroke Cerebrovasc. Dis. 2020, 29, 104532. [CrossRef] [PubMed]

94. Pinard, A.; Fiander, M.D.J.; Cecchi, A.C.; Rideout, A.L.; Azouz, M.; Fraser, S.M.; McNeely, P.D.; Walling, S.; Novara, S.C.;
Hurst, A.C.E.; et al. Association of De Novo RNF213 Variants with Childhood Onset Moyamoya Disease and Diffuse Occlusive
Vasculopathy. Neurology 2021, 96, e1783–e1791. [CrossRef] [PubMed]

95. Jee, T.K.; Yeon, J.Y.; Kim, S.M.; Bang, O.Y.; Kim, J.S.; Hong, S.C. Prospective Screening of Extracranial Systemic Arteriopathy in
Young Adults with Moyamoya Disease. J. Am. Heart Assoc. 2020, 9, e016670. [CrossRef] [PubMed]

96. Baek, J.W.; Jo, K.I.; Park, J.J.; Jeon, P.; Kim, K.H. Prevalence and clinical implications of renal artery stenosis in pediatric moyamoya
disease. Eur. J. Paediatr. Neurol. 2016, 20, 20–24. [CrossRef] [PubMed]

97. Liu, E.; Zhao, H.; Liu, C.; Tan, X.; Luo, C.; Yang, S. Research progress of moyamoya disease combined with renovascular
hypertension. Front. Surg. 2022, 9, 969090. [CrossRef] [PubMed]

98. Guey, S.; Tournier-Lasserve, E.; Hervé, D.; Kossorotoff, M. Moyamoya disease and syndromes: From genetics to clinical
management. Appl. Clin. Genet. 2015, 8, 49–68. [CrossRef] [PubMed]

99. Dorschel, K.B.; Wanebo, J.E. Genetic and Proteomic Contributions to the Pathophysiology of Moyamoya Angiopathy and Related
Vascular Diseases. Appl. Clin. Genet. 2021, 14, 145–171. [CrossRef] [PubMed]

100. Jansen, J.N.; Donker, A.J.; Luth, W.J.; Smit, L.M. Moyamoya disease associated with renovascular hypertension. Neuropediatrics
1990, 21, 44–47. [CrossRef] [PubMed]

101. Kuwayama, F.; Hamasaki, Y.; Shinagawa, T.; Kubota, C.; Ichikawa, I.; Kato, Y.; Oi, S.; Shinohara, O. Moyamoya disease
complicated with renal artery stenosis and nephrotic syndrome: Reversal of nephrotic syndrome after nephrectomy. J. Pediatr.
2001, 138, 418–420. [CrossRef] [PubMed]

102. Akasaki, T.; Kagiyama, S.; Omae, T.; Ohya, Y.; Ibayashi, S.; Abe, I.; Fujishima, M. Asymptomatic moyamoya disease associated
with coronary and renal artery stenoses—A case report. Jpn. Circ. J. 1998, 62, 136–138. [CrossRef] [PubMed]

103. Chang, S.A.; Song, J.S.; Park, T.K.; Yang, J.H.; Kwon, W.C.; Kim, S.R.; Kim, S.M.; Cha, J.; Jang, S.Y.; Cho, Y.S.; et al. Nonsyndromic
Peripheral Pulmonary Artery Stenosis Is Associated with Homozygosity of RNF213 p.Arg4810Lys Regardless of Co-occurrence
of Moyamoya Disease. Chest 2018, 153, 404–413. [CrossRef] [PubMed]

104. Fukushima, H.; Takenouchi, T.; Kosaki, K. Homozygosity for moyamoya disease risk allele leads to moyamoya disease with
extracranial systemic and pulmonary vasculopathy. Am. J. Med. Genet. Part A 2016, 170, 2453–2456. [CrossRef] [PubMed]

105. Suzuki, H.; Kataoka, M.; Hiraide, T.; Aimi, Y.; Yamada, Y.; Katsumata, Y.; Chiba, T.; Kanekura, K.; Isobe, S.; Sato, Y.; et al. Genomic
Comparison with Supercentenarians Identifies RNF213 as a Risk Gene for Pulmonary Arterial Hypertension. Circ. Genom. Precis.
Med. 2018, 11, e002317. [CrossRef] [PubMed]

106. Kobayashi, H.; Kabata, R.; Kinoshita, H.; Morimoto, T.; Ono, K.; Takeda, M.; Choi, J.; Okuda, H.; Liu, W.; Harada, K.H.; et al.
Rare variants in RNF213, a susceptibility gene for moyamoya disease, are found in patients with pulmonary hypertension and
aggravate hypoxia-induced pulmonary hypertension in mice. Pulm. Circ. 2018, 8, 1–13. [CrossRef]

107. Nickel, N.P.; Spiekerkoetter, E.; Gu, M.; Li, C.G.; Li, H.; Kaschwich, M.; Diebold, I.; Hennigs, J.K.; Kim, K.Y.; Miyagawa, K.; et al.
Elafin Reverses Pulmonary Hypertension via Caveolin-1-Dependent Bone Morphogenetic Protein Signaling. Am. J. Respir. Crit.
Care Med. 2015, 191, 1273–1286. [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1001/jamacardio.2024.1483
https://www.ncbi.nlm.nih.gov/pubmed/38888930
https://www.ncbi.nlm.nih.gov/pubmed/26766444
https://www.ncbi.nlm.nih.gov/pubmed/17989236
https://doi.org/10.1038/ajh.2009.110
https://www.ncbi.nlm.nih.gov/pubmed/19574962
https://doi.org/10.1093/eurheartj/ehz915
https://www.ncbi.nlm.nih.gov/pubmed/31972008
https://www.ncbi.nlm.nih.gov/pubmed/25759460
https://www.ncbi.nlm.nih.gov/pubmed/38235366
https://doi.org/10.1161/01.str.22.11.1358
https://www.ncbi.nlm.nih.gov/pubmed/1750042
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.104532
https://www.ncbi.nlm.nih.gov/pubmed/31806452
https://doi.org/10.1212/wnl.0000000000011653
https://www.ncbi.nlm.nih.gov/pubmed/33568546
https://doi.org/10.1161/jaha.120.016670
https://www.ncbi.nlm.nih.gov/pubmed/32954918
https://doi.org/10.1016/j.ejpn.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26652853
https://doi.org/10.3389/fsurg.2022.969090
https://www.ncbi.nlm.nih.gov/pubmed/36873806
https://doi.org/10.2147/tacg.s42772
https://www.ncbi.nlm.nih.gov/pubmed/25733922
https://doi.org/10.2147/tacg.s252736
https://www.ncbi.nlm.nih.gov/pubmed/33776470
https://doi.org/10.1055/s-2008-1071457
https://www.ncbi.nlm.nih.gov/pubmed/2314557
https://doi.org/10.1067/mpd.2001.111330
https://www.ncbi.nlm.nih.gov/pubmed/11241054
https://doi.org/10.1253/jcj.62.136
https://www.ncbi.nlm.nih.gov/pubmed/9559434
https://doi.org/10.1016/j.chest.2017.09.023
https://www.ncbi.nlm.nih.gov/pubmed/28962888
https://doi.org/10.1002/ajmg.a.37829
https://www.ncbi.nlm.nih.gov/pubmed/27375007
https://doi.org/10.1161/circgen.118.002317
https://www.ncbi.nlm.nih.gov/pubmed/30562119
https://doi.org/10.1177/2045894018778155
https://www.ncbi.nlm.nih.gov/pubmed/25853696
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 23 of 31

108. Austin, E.D.; Ma, L.; LeDuc, C.; Berman Rosenzweig, E.; Borczuk, A.; Phillips, J.A., 3rd; Palomero, T.; Sumazin, P.; Kim, H.R.;
Talati, M.H.; et al. Whole exome sequencing to identify a novel gene (caveolin-1) associated with human pulmonary arterial
hypertension. Circ. Cardiovasc. Genet. 2012, 5, 336–343. [CrossRef] [PubMed]

109. Zhao, Y.Y.; Liu, Y.; Stan, R.V.; Fan, L.; Gu, Y.; Dalton, N.; Chu, P.H.; Peterson, K.; Ross, J., Jr.; Chien, K.R. Defects in caveolin-1
cause dilated cardiomyopathy and pulmonary hypertension in knockout mice. Proc. Natl. Acad. Sci. USA 2002, 99, 11375–11380.
[CrossRef] [PubMed]

110. Bakhshi, F.R.; Mao, M.; Shajahan, A.N.; Piegeler, T.; Chen, Z.; Chernaya, O.; Sharma, T.; Elliott, W.M.; Szulcek, R.; Bogaard, H.J.;
et al. Nitrosation-dependent caveolin 1 phosphorylation, ubiquitination, and degradation and its association with idiopathic
pulmonary arterial hypertension. Pulm. Circ. 2013, 3, 816–830. [CrossRef] [PubMed]

111. Döring, Y.; Pawig, L.; Weber, C.; Noels, H. The CXCL12/CXCR4 chemokine ligand/receptor axis in cardiovascular disease. Front.
Physiol. 2014, 5, 212. [PubMed]

112. Xu, J.; Li, X.; Zhou, S.; Wang, R.; Wu, M.; Tan, C.; Chen, J.; Wang, Z. Inhibition of CXCR4 ameliorates hypoxia-induced pulmonary
arterial hypertension in rats. Am. J. Transl. Res. 2021, 13, 1458–1470. [PubMed]

113. Yu, L.; Hales, C.A. Effect of chemokine receptor CXCR4 on hypoxia-induced pulmonary hypertension and vascular remodeling
in rats. Respir. Res. 2011, 12, 21. [CrossRef] [PubMed]

114. Bordenave, J.; Thuillet, R.; Tu, L.; Phan, C.; Cumont, A.; Marsol, C.; Huertas, A.; Savale, L.; Hibert, M.; Galzi, J.L.; et al.
Neutralization of CXCL12 attenuates established pulmonary hypertension in rats. Cardiovasc. Res. 2020, 116, 686–697. [PubMed]

115. Nitkin, C.R.; Xia, S.; Menden, H.; Yu, W.; Xiong, M.; Heruth, D.P.; Ye, S.Q.; Sampath, V. FOSL1 is a novel mediator of
endotoxin/lipopolysaccharide-induced pulmonary angiogenic signaling. Sci. Rep. 2020, 10, 13143. [CrossRef] [PubMed]

116. Strong, A.; O’Grady, G.; Shih, E.; Bishop, J.R.; Loomes, K.; Diamond, T.; Hartung, E.A.; Wong, W.; Cuddapah, S.; Cahill, A.M.;
et al. A new syndrome of moyamoya disease, kidney dysplasia, aminotransferase elevation, and skin disease associated with de
novo variants in RNF213. Am. J. Med. Genet. Part A 2021, 185, 2168–2174. [CrossRef] [PubMed]

117. Henry, T.D.; Annex, B.H.; McKendall, G.R.; Azrin, M.A.; Lopez, J.J.; Giordano, F.J.; Shah, P.K.; Willerson, J.T.; Benza, R.L.; Berman,
D.S.; et al. The VIVA trial: Vascular endothelial growth factor in Ischemia for Vascular Angiogenesis. Circulation 2003, 107,
1359–1365. [PubMed]

118. Tsipis, C.P.; Sun, X.; Xu, K.; Lamanna, J.C. Hypoxia-induced angiogenesis and capillary density determination. Methods Mol. Biol.
2014, 1135, 69–80. [CrossRef] [PubMed]

119. Bhardwaj, A.; Panepinto, M.C.; Ueberheide, B.; Neel, B.G. A mechanism for hypoxia-induced inflammatory cell death in cancer.
Nature 2025, 637, 470–477. [PubMed]

120. Yancopoulos, G.D.; Davis, S.; Gale, N.W.; Rudge, J.S.; Wiegand, S.J.; Holash, J. Vascular-specific growth factors and blood vessel
formation. Nature 2000, 407, 242–248. [CrossRef] [PubMed]

121. Sato, T.N.; Tozawa, Y.; Deutsch, U.; Wolburg-Buchholz, K.; Fujiwara, Y.; Gendron-Maguire, M.; Gridley, T.; Wolburg, H.; Risau, W.;
Qin, Y. Distinct roles of the receptor tyrosine kinases Tie-1 and Tie-2 in blood vessel formation. Nature 1995, 376, 70–74. [CrossRef]
[PubMed]

122. Kovalenko, A.; Chable-Bessia, C.; Cantarella, G.; Israël, A.; Wallach, D.; Courtois, G. The tumour suppressor CYLD negatively
regulates NF-kappaB signalling by deubiquitination. Nature 2003, 424, 801–805. [CrossRef] [PubMed]

123. Banh, R.S.; Iorio, C.; Marcotte, R.; Xu, Y.; Cojocari, D.; Rahman, A.A.; Pawling, J.; Zhang, W.; Sinha, A.; Rose, C.M.; et al. PTP1B
controls non-mitochondrial oxygen consumption by regulating RNF213 to promote tumour survival during hypoxia. Nat. Cell
Biol. 2016, 18, 803–813. [PubMed]

124. Fang, Y.; Tian, S.; Pan, Y.; Li, W.; Wang, Q.; Tang, Y.; Yu, T.; Wu, X.; Shi, Y.; Ma, P.; et al. Pyroptosis: A new frontier in cancer.
Biomed. Pharmacother. 2020, 121, 109595. [CrossRef] [PubMed]

125. Li, Z.; Liu, Y.; Li, X.; Yang, S.; Feng, S.; Li, G.; Jin, F.; Nie, S. Knockdown the moyamoya disease susceptibility gene, RNF213,
upregulates the expression of basic fibroblast growth factor and matrix metalloproteinase-9 in bone marrow derived mesenchymal
stem cells. Neurosurg. Rev. 2024, 47, 246. [CrossRef] [PubMed]

126. Yoshimoto, T.; Houkin, K.; Takahashi, A.; Abe, H. Angiogenic factors in moyamoya disease. Stroke 1996, 27, 2160–2165. [CrossRef]
[PubMed]

127. Klagsbrun, M. Mediators of angiogenesis: The biological significance of basic fibroblast growth factor (bFGF)-heparin and
heparan sulfate interactions. Semin. Cancer Biol. 1992, 3, 81–87. [PubMed]

128. Blecharz-Lang, K.G.; Prinz, V.; Burek, M.; Frey, D.; Schenkel, T.; Krug, S.M.; Fromm, M.; Vajkoczy, P. Gelatinolytic activity of
autocrine matrix metalloproteinase-9 leads to endothelial de-arrangement in Moyamoya disease. J. Cereb. Blood Flow. Metab. 2018,
38, 1940–1953. [CrossRef] [PubMed]

129. Sengupta, N.; MacDonald, T.T. The role of matrix metalloproteinases in stromal/epithelial interactions in the gut. Physiology 2007,
22, 401–409. [CrossRef] [PubMed]

130. Jaipersad, A.S.; Lip, G.Y.; Silverman, S.; Shantsila, E. The role of monocytes in angiogenesis and atherosclerosis. J. Am. Coll.
Cardiol. 2014, 63, 1–11. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1161/circgenetics.111.961888
https://www.ncbi.nlm.nih.gov/pubmed/22474227
https://doi.org/10.1073/pnas.172360799
https://www.ncbi.nlm.nih.gov/pubmed/12177436
https://doi.org/10.1086/674753
https://www.ncbi.nlm.nih.gov/pubmed/25006397
https://www.ncbi.nlm.nih.gov/pubmed/24966838
https://www.ncbi.nlm.nih.gov/pubmed/33841670
https://doi.org/10.1186/1465-9921-12-21
https://www.ncbi.nlm.nih.gov/pubmed/21294880
https://www.ncbi.nlm.nih.gov/pubmed/31173066
https://doi.org/10.1038/s41598-020-69735-z
https://www.ncbi.nlm.nih.gov/pubmed/32753701
https://doi.org/10.1002/ajmg.a.62215
https://www.ncbi.nlm.nih.gov/pubmed/33960657
https://www.ncbi.nlm.nih.gov/pubmed/12642354
https://doi.org/10.1007/978-1-4939-0320-7_6
https://www.ncbi.nlm.nih.gov/pubmed/24510855
https://www.ncbi.nlm.nih.gov/pubmed/39506105
https://doi.org/10.1038/35025215
https://www.ncbi.nlm.nih.gov/pubmed/11001067
https://doi.org/10.1038/376070a0
https://www.ncbi.nlm.nih.gov/pubmed/7596437
https://doi.org/10.1038/nature01802
https://www.ncbi.nlm.nih.gov/pubmed/12917691
https://www.ncbi.nlm.nih.gov/pubmed/27323329
https://doi.org/10.1016/j.biopha.2019.109595
https://www.ncbi.nlm.nih.gov/pubmed/31710896
https://doi.org/10.1007/s10143-024-02448-3
https://www.ncbi.nlm.nih.gov/pubmed/38811382
https://doi.org/10.1161/01.str.27.12.2160
https://www.ncbi.nlm.nih.gov/pubmed/8969773
https://www.ncbi.nlm.nih.gov/pubmed/1378313
https://doi.org/10.1177/0271678x18768443
https://www.ncbi.nlm.nih.gov/pubmed/29633884
https://doi.org/10.1152/physiol.00027.2007
https://www.ncbi.nlm.nih.gov/pubmed/18073413
https://doi.org/10.1016/j.jacc.2013.09.019
https://www.ncbi.nlm.nih.gov/pubmed/24140662
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 24 of 31

131. Hu, Y.; Zhao, Y.; Li, P.; Lu, H.; Li, H.; Ge, J. Hypoxia and panvascular diseases: Exploring the role of hypoxia-inducible factors in
vascular smooth muscle cells under panvascular pathologies. Sci. Bull. 2023, 68, 1954–1974. [CrossRef]

132. Yue, X.; Lin, X.; Yang, T.; Yang, X.; Yi, X.; Jiang, X.; Li, X.; Li, T.; Guo, J.; Dai, Y.; et al. Rnd3/RhoE Modulates Hypoxia-Inducible
Factor 1α/Vascular Endothelial Growth Factor Signaling by Stabilizing Hypoxia-Inducible Factor 1α and Regulates Responsive
Cardiac Angiogenesis. Hypertension 2016, 67, 597–605. [CrossRef] [PubMed]

133. Tian, S.; Cai, Z.; Sen, P.; van Uden, D.; van de Kamp, E.; Thuillet, R.; Tu, L.; Guignabert, C.; Boomars, K.; Van der Heiden, K.;
et al. Loss of lung microvascular endothelial Piezo2 expression impairs NO synthesis, induces EndMT, and is associated with
pulmonary hypertension. Am. J. Physiol. Heart Circ. Physiol. 2022, 323, H958–H974. [CrossRef] [PubMed]

134. Imanishi, M.; Tomita, S.; Ishizawa, K.; Kihira, Y.; Ueno, M.; Izawa-Ishizawa, Y.; Ikeda, Y.; Yamano, N.; Tsuchiya, K.; Tamaki, T.
Smooth muscle cell-specific Hif-1α deficiency suppresses angiotensin II-induced vascular remodelling in mice. Cardiovasc. Res.
2014, 102, 460–468. [PubMed]

135. Iwasaka, C.; Tanaka, K.; Abe, M.; Sato, Y. Ets-1 regulates angiogenesis by inducing the expression of urokinase-type plasminogen
activator and matrix metalloproteinase-1 and the migration of vascular endothelial cells. J. Cell. Physiol. 1996, 169, 522–531.
[CrossRef] [PubMed]

136. Oda, N.; Abe, M.; Sato, Y. ETS-1 converts endothelial cells to the angiogenic phenotype by inducing the expression of matrix
metalloproteinases and integrin beta3. J. Cell. Physiol. 1999, 178, 121–132. [PubMed]

137. Kuwahara, F.; Kai, H.; Tokuda, K.; Shibata, R.; Kusaba, K.; Tahara, N.; Niiyama, H.; Nagata, T.; Imaizumi, T. Hypoxia-inducible
factor-1alpha/vascular endothelial growth factor pathway for adventitial vasa vasorum formation in hypertensive rat aorta.
Hypertension 2002, 39, 46–50. [PubMed]

138. Björnheden, T.; Levin, M.; Evaldsson, M.; Wiklund, O. Evidence of hypoxic areas within the arterial wall in vivo. Arterioscler.
Thromb. Vasc. Biol. 1999, 19, 870–876. [CrossRef] [PubMed]

139. Melter, M.; Reinders, M.E.; Sho, M.; Pal, S.; Geehan, C.; Denton, M.D.; Mukhopadhyay, D.; Briscoe, D.M. Ligation of CD40 induces
the expression of vascular endothelial growth factor by endothelial cells and monocytes and promotes angiogenesis in vivo. Blood
2000, 96, 3801–3808. [CrossRef] [PubMed]

140. Kang, H.S.; Kim, J.H.; Phi, J.H.; Kim, Y.Y.; Kim, J.E.; Wang, K.C.; Cho, B.K.; Kim, S.K. Plasma matrix metalloproteinases, cytokines
and angiogenic factors in moyamoya disease. J. Neurol. Neurosurg. Psychiatry 2010, 81, 673–678. [PubMed]

141. Sawa, Y.; Sugimoto, Y.; Ueki, T.; Ishikawa, H.; Sato, A.; Nagato, T.; Yoshida, S. Effects of TNF-alpha on leukocyte adhesion
molecule expressions in cultured human lymphatic endothelium. J. Histochem. Cytochem. 2007, 55, 721–733. [PubMed]

142. Vestweber, D. How leukocytes cross the vascular endothelium. Nat. Rev. Immunol. 2015, 15, 692–704. [CrossRef] [PubMed]
143. Menashi, S.; Lu, H.; Soria, C.; Legrand, Y. Endothelial cell proteases: Physiological role and regulation. Baillière’s Clin. Haematol.

1993, 6, 559–576. [CrossRef]
144. O’Brien, K.D.; McDonald, T.O.; Chait, A.; Allen, M.D.; Alpers, C.E. Neovascular expression of E-selectin, intercellular adhesion

molecule-1, and vascular cell adhesion molecule-1 in human atherosclerosis and their relation to intimal leukocyte content.
Circulation 1996, 93, 672–682. [CrossRef] [PubMed]

145. Roy, V.; Ross, J.P.; Pépin, R.; Cortez Ghio, S.; Brodeur, A.; Touzel Deschênes, L.; Le-Bel, G.; Phillips, D.E.; Milot, G.; Dion, P.A.; et al.
Moyamoya Disease Susceptibility Gene RNF213 Regulates Endothelial Barrier Function. Stroke 2022, 53, 1263–1275. [CrossRef]
[PubMed]

146. Greene, C.; Hanley, N.; Campbell, M. Claudin-5: Gatekeeper of neurological function. Fluids Barriers CNS 2019, 16, 3. [CrossRef]
[PubMed]

147. Jang, A.S.; Concel, V.J.; Bein, K.; Brant, K.A.; Liu, S.; Pope-Varsalona, H.; Dopico, R.A., Jr.; Di, Y.P.; Knoell, D.L.; Barchowsky, A.;
et al. Endothelial dysfunction and claudin 5 regulation during acrolein-induced lung injury. Am. J. Respir. Cell Mol. Biol. 2011, 44,
483–490. [CrossRef] [PubMed]

148. Li, J.; Ananthapanyasut, W.; Yu, A.S. Claudins in renal physiology and disease. Pediatr. Nephrol. 2011, 26, 2133–2142. [CrossRef]
[PubMed]

149. Chen, Z.; Rubin, J.; Tzima, E. Role of PECAM-1 in arteriogenesis and specification of preexisting collaterals. Circ. Res. 2010, 107,
1355–1363. [CrossRef] [PubMed]

150. Gao, Y.; Chen, Z.; Leung, S.W.; Vanhoutte, P.M. Hypoxic Vasospasm Mediated by cIMP: When Soluble Guanylyl Cyclase Turns
Bad. J. Cardiovasc. Pharmacol. 2015, 65, 545–548. [PubMed]

151. Abumiya, T.; Fujimura, M. The Pathogenetic Mechanism for Moyamoya Vasculopathy Including a Possible Trigger Effect of
Increased Flow Velocity. JMA J. 2023, 6, 16–24. [CrossRef] [PubMed]

152. Li, M.; Stenmark, K.R.; Shandas, R.; Tan, W. Effects of pathological flow on pulmonary artery endothelial production of vasoactive
mediators and growth factors. J. Vasc. Res. 2009, 46, 561–571. [CrossRef] [PubMed]

153. Nanjo, H.; Sho, E.; Komatsu, M.; Sho, M.; Zarins, C.K.; Masuda, H. Intermittent short-duration exposure to low wall shear stress
induces intimal thickening in arteries exposed to chronic high shear stress. Exp. Mol. Pathol. 2006, 80, 38–45. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1016/j.scib.2023.07.032
https://doi.org/10.1161/hypertensionaha.115.06412
https://www.ncbi.nlm.nih.gov/pubmed/26781283
https://doi.org/10.1152/ajpheart.00220.2022
https://www.ncbi.nlm.nih.gov/pubmed/36149769
https://www.ncbi.nlm.nih.gov/pubmed/24623277
https://doi.org/10.1002/(sici)1097-4652(199612)169:3%3C522::aid-jcp12%3E3.0.co;2-7
https://www.ncbi.nlm.nih.gov/pubmed/8952701
https://www.ncbi.nlm.nih.gov/pubmed/10048576
https://www.ncbi.nlm.nih.gov/pubmed/11799077
https://doi.org/10.1161/01.atv.19.4.870
https://www.ncbi.nlm.nih.gov/pubmed/10195911
https://doi.org/10.1182/blood.v96.12.3801
https://www.ncbi.nlm.nih.gov/pubmed/11090063
https://www.ncbi.nlm.nih.gov/pubmed/19965844
https://www.ncbi.nlm.nih.gov/pubmed/17371935
https://doi.org/10.1038/nri3908
https://www.ncbi.nlm.nih.gov/pubmed/26471775
https://doi.org/10.1016/s0950-3536(05)80188-x
https://doi.org/10.1161/01.cir.93.4.672
https://www.ncbi.nlm.nih.gov/pubmed/8640995
https://doi.org/10.1161/strokeaha.120.032691
https://www.ncbi.nlm.nih.gov/pubmed/34991336
https://doi.org/10.1186/s12987-019-0123-z
https://www.ncbi.nlm.nih.gov/pubmed/30691500
https://doi.org/10.1165/rcmb.2009-0391oc
https://www.ncbi.nlm.nih.gov/pubmed/20525806
https://doi.org/10.1007/s00467-011-1824-y
https://www.ncbi.nlm.nih.gov/pubmed/21365189
https://doi.org/10.1161/circresaha.110.229955
https://www.ncbi.nlm.nih.gov/pubmed/20930147
https://www.ncbi.nlm.nih.gov/pubmed/25264755
https://doi.org/10.31662/jmaj.2022-0104
https://www.ncbi.nlm.nih.gov/pubmed/36793526
https://doi.org/10.1159/000226224
https://www.ncbi.nlm.nih.gov/pubmed/19571576
https://doi.org/10.1016/j.yexmp.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/15961075
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 25 of 31

154. Pipp, F.; Boehm, S.; Cai, W.J.; Adili, F.; Ziegler, B.; Karanovic, G.; Ritter, R.; Balzer, J.; Scheler, C.; Schaper, W.; et al. Elevated fluid
shear stress enhances postocclusive collateral artery growth and gene expression in the pig hind limb. Arterioscler. Thromb. Vasc.
Biol. 2004, 24, 1664–1668. [CrossRef] [PubMed]

155. Cooper, S.; Emmott, A.; McDonald, K.K.; Campeau, M.A.; Leask, R.L. Increased MMP activity in curved geometries disrupts the
endothelial cell glycocalyx creating a proinflammatory environment. PLoS ONE 2018, 13, e0202526. [CrossRef] [PubMed]

156. Belhassen, L.; Pelle, G.; Sediame, S.; Bachir, D.; Carville, C.; Bucherer, C.; Lacombe, C.; Galacteros, F.; Adnot, S. Endothelial
dysfunction in patients with sickle cell disease is related to selective impairment of shear stress-mediated vasodilation. Blood
2001, 97, 1584–1589. [PubMed]

157. Chien, S.; Li, S.; Shyy, Y.J. Effects of mechanical forces on signal transduction and gene expression in endothelial cells. Hypertension
1998, 31, 162–169. [CrossRef] [PubMed]

158. Wang, C.; Baker, B.M.; Chen, C.S.; Schwartz, M.A. Endothelial cell sensing of flow direction. Arterioscler. Thromb. Vasc. Biol. 2013,
33, 2130–2136. [CrossRef] [PubMed]

159. Sudhir, B.J.; Keelara, A.G.; Venkat, E.H.; Kazumata, K.; Sundararaman, A. The mechanobiological theory: A unifying hypothesis
on the pathogenesis of moyamoya disease based on a systematic review. Neurosurg. Focus. 2021, 51, E6. [CrossRef] [PubMed]

160. Zhang, L.; Rashad, S.; Zhou, Y.; Niizuma, K.; Tominaga, T. RNF213 loss of function reshapes vascular transcriptome and
spliceosome leading to disrupted angiogenesis and aggravated vascular inflammatory responses. J. Cereb. Blood Flow. Metab.
2022, 42, 2107–2122. [CrossRef] [PubMed]

161. Taddei, A.; Giampietro, C.; Conti, A.; Orsenigo, F.; Breviario, F.; Pirazzoli, V.; Potente, M.; Daly, C.; Dimmeler, S.; Dejana, E.
Endothelial adherens junctions control tight junctions by VE-cadherin-mediated upregulation of claudin-5. Nat. Cell Biol. 2008,
10, 923–934. [CrossRef] [PubMed]

162. Gavard, J.; Gutkind, J.S. VE-cadherin and claudin-5: It takes two to tango. Nat. Cell Biol. 2008, 10, 883–885. [CrossRef] [PubMed]
163. Wolburg, H.; Lippoldt, A. Tight junctions of the blood-brain barrier: Development, composition and regulation. Vasc. Pharmacol.

2002, 38, 323–337. [CrossRef]
164. Narducci, A.; Yasuyuki, K.; Onken, J.; Blecharz, K.; Vajkoczy, P. In vivo demonstration of blood-brain barrier impairment in

Moyamoya disease. Acta Neurochir. 2019, 161, 371–378. [CrossRef] [PubMed]
165. Shi, S.M.; Suh, R.J.; Shon, D.J.; Garcia, F.J.; Buff, J.K.; Atkins, M.; Li, L.; Lu, N.; Sun, B.; Luo, J.; et al. Glycocalyx dysregulation

impairs blood-brain barrier in ageing and disease. Nature 2025, 639, 985–994. [PubMed]
166. Cruz Hernández, J.C.; Bracko, O.; Kersbergen, C.J.; Muse, V.; Haft-Javaherian, M.; Berg, M.; Park, L.; Vinarcsik, L.K.; Ivasyk,

I.; Rivera, D.A.; et al. Neutrophil adhesion in brain capillaries reduces cortical blood flow and impairs memory function in
Alzheimer’s disease mouse models. Nat. Neurosci. 2019, 22, 413–420. [CrossRef] [PubMed]

167. Albarrán-Juárez, J.; Iring, A.; Wang, S.; Joseph, S.; Grimm, M.; Strilic, B.; Wettschureck, N.; Althoff, T.F.; Offermanns, S. Piezo1
and G(q)/G(11) promote endothelial inflammation depending on flow pattern and integrin activation. J. Exp. Med. 2018, 215,
2655–2672. [PubMed]

168. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Piezo1 and Piezo2 are essential
components of distinct mechanically activated cation channels. Science 2010, 330, 55–60. [CrossRef] [PubMed]

169. Ranade, S.S.; Qiu, Z.; Woo, S.H.; Hur, S.S.; Murthy, S.E.; Cahalan, S.M.; Xu, J.; Mathur, J.; Bandell, M.; Coste, B.; et al. Piezo1,
a mechanically activated ion channel, is required for vascular development in mice. Proc. Natl. Acad. Sci. USA 2014, 111,
10347–10352. [CrossRef] [PubMed]

170. Ye, F.; Niu, X.; Liang, F.; Dai, Y.; Liang, J.; Li, J.; Wu, X.; Zheng, H.; Qi, T.; Sheng, W. RNF213 loss-of-function promotes pathological
angiogenesis in moyamoya disease via the Hippo pathway. Brain 2023, 146, 4674–4689. [PubMed]

171. Waldman, S.A.; Murad, F. Biochemical mechanisms underlying vascular smooth muscle relaxation: The guanylate cyclase-cyclic
GMP system. J. Cardiovasc. Pharmacol. 1988, 12, S115–S118. [PubMed]

172. Davies, P.F.; Olesen, S.P.; Clapham, D.E.; Morrel, E.M.; Schoen, F.J. Endothelial communication. State of the art lecture. Hypertension
1988, 11, 563–572. [CrossRef] [PubMed]

173. Bharath, L.P.; Cho, J.M.; Park, S.K.; Ruan, T.; Li, Y.; Mueller, R.; Bean, T.; Reese, V.; Richardson, R.S.; Cai, J.; et al. Endothelial
Cell Autophagy Maintains Shear Stress-Induced Nitric Oxide Generation via Glycolysis-Dependent Purinergic Signaling to
Endothelial Nitric Oxide Synthase. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 1646–1656. [PubMed]

174. Bucci, M.; Gratton, J.P.; Rudic, R.D.; Acevedo, L.; Roviezzo, F.; Cirino, G.; Sessa, W.C. In vivo delivery of the caveolin-1 scaffolding
domain inhibits nitric oxide synthesis and reduces inflammation. Nat. Med. 2000, 6, 1362–1367. [CrossRef] [PubMed]

175. Zhao, Y.Y.; Zhao, Y.D.; Mirza, M.K.; Huang, J.H.; Potula, H.H.; Vogel, S.M.; Brovkovych, V.; Yuan, J.X.; Wharton, J.; Malik, A.B.
Persistent eNOS activation secondary to caveolin-1 deficiency induces pulmonary hypertension in mice and humans through
PKG nitration. J. Clin. Investig. 2009, 119, 2009–2018. [CrossRef] [PubMed]

176. Sasaki, A.; Doi, S.; Mizutani, S.; Azuma, H. Roles of accumulated endogenous nitric oxide synthase inhibitors, enhanced arginase
activity, and attenuated nitric oxide synthase activity in endothelial cells for pulmonary hypertension in rats. Am. J. Physiol. Lung
Cell Mol. Physiol. 2007, 292, L1480–L1487. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1161/01.atv.0000138028.14390.e4
https://www.ncbi.nlm.nih.gov/pubmed/15242864
https://doi.org/10.1371/journal.pone.0202526
https://www.ncbi.nlm.nih.gov/pubmed/30521606
https://www.ncbi.nlm.nih.gov/pubmed/11238095
https://doi.org/10.1161/01.hyp.31.1.162
https://www.ncbi.nlm.nih.gov/pubmed/9453297
https://doi.org/10.1161/atvbaha.113.301826
https://www.ncbi.nlm.nih.gov/pubmed/23814115
https://doi.org/10.3171/2021.6.focus21281
https://www.ncbi.nlm.nih.gov/pubmed/34469862
https://doi.org/10.1177/0271678x221110679
https://www.ncbi.nlm.nih.gov/pubmed/35754359
https://doi.org/10.1038/ncb1752
https://www.ncbi.nlm.nih.gov/pubmed/18604199
https://doi.org/10.1038/ncb0808-883
https://www.ncbi.nlm.nih.gov/pubmed/18670447
https://doi.org/10.1016/s1537-1891(02)00200-8
https://doi.org/10.1007/s00701-019-03811-w
https://www.ncbi.nlm.nih.gov/pubmed/30675657
https://www.ncbi.nlm.nih.gov/pubmed/40011765
https://doi.org/10.1038/s41593-018-0329-4
https://www.ncbi.nlm.nih.gov/pubmed/30742116
https://www.ncbi.nlm.nih.gov/pubmed/30194266
https://doi.org/10.1126/science.1193270
https://www.ncbi.nlm.nih.gov/pubmed/20813920
https://doi.org/10.1073/pnas.1409233111
https://www.ncbi.nlm.nih.gov/pubmed/24958852
https://www.ncbi.nlm.nih.gov/pubmed/37399508
https://www.ncbi.nlm.nih.gov/pubmed/2469867
https://doi.org/10.1161/01.hyp.11.6.563.a
https://www.ncbi.nlm.nih.gov/pubmed/2455686
https://www.ncbi.nlm.nih.gov/pubmed/28684613
https://doi.org/10.1038/82176
https://www.ncbi.nlm.nih.gov/pubmed/11100121
https://doi.org/10.1172/jci33338
https://www.ncbi.nlm.nih.gov/pubmed/19487814
https://doi.org/10.1152/ajplung.00360.2006
https://www.ncbi.nlm.nih.gov/pubmed/17322279
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 26 of 31

177. Martina, L.; Asselman, C.; Thery, F.; Boucher, K.; Delhaye, L.; Maia, T.M.; Dermaut, B.; Eyckerman, S.; Impens, F. Proteome
Profiling of RNF213 Depleted Cells Reveals Nitric Oxide Regulator DDAH1 Antilisterial Activity. Front. Cell Infect. Microbiol.
2021, 11, 735416. [CrossRef] [PubMed]

178. Bang, O.Y.; Chung, J.W.; Kim, S.J.; Oh, M.J.; Kim, S.Y.; Cho, Y.H.; Cha, J.; Yeon, J.Y.; Kim, K.H.; Kim, G.M.; et al. Caveolin-1, Ring
finger protein 213, and endothelial function in Moyamoya disease. Int. J. Stroke 2016, 11, 999–1008. [CrossRef] [PubMed]

179. Chung, J.W.; Kim, D.H.; Oh, M.J.; Cho, Y.H.; Kim, E.H.; Moon, G.J.; Ki, C.S.; Cha, J.; Kim, K.H.; Jeon, P.; et al. Cav-1 (Caveolin-1)
and Arterial Remodeling in Adult Moyamoya Disease. Stroke 2018, 49, 2597–2604. [CrossRef] [PubMed]

180. Fujimura, M.; Sonobe, S.; Nishijima, Y.; Niizuma, K.; Sakata, H.; Kure, S.; Tominaga, T. Genetics and Biomarkers of Moyamoya
Disease: Significance of RNF213 as a Susceptibility Gene. J. Stroke 2014, 16, 65–72. [PubMed]

181. Chen, S.; Wang, X.; Wang, J.; Zhao, Y.; Wang, D.; Tan, C.; Fa, J.; Zhang, R.; Wang, F.; Xu, C.; et al. Genomic variant in CAV1
increases susceptibility to coronary artery disease and myocardial infarction. Atherosclerosis 2016, 246, 148–156. [CrossRef]
[PubMed]

182. Cao, X.; Ye, Z.; Jin, M.; Yan, S.; Song, X.; Huang, R. Downregulated caveolin-1 expression serves a potential role in coronary artery
spasm by inducing nitric oxide production in vitro. Exp. Ther. Med. 2018, 16, 3567–3573. [PubMed]

183. Patel, H.H.; Zhang, S.; Murray, F.; Suda, R.Y.; Head, B.P.; Yokoyama, U.; Swaney, J.S.; Niesman, I.R.; Schermuly, R.T.; Pullamsetti,
S.S.; et al. Increased smooth muscle cell expression of caveolin-1 and caveolae contribute to the pathophysiology of idiopathic
pulmonary arterial hypertension. FASEB J. 2007, 21, 2970–2979. [PubMed]

184. Frank, P.G.; Woodman, S.E.; Park, D.S.; Lisanti, M.P. Caveolin, caveolae, and endothelial cell function. Arterioscler. Thromb. Vasc.
Biol. 2003, 23, 1161–1168. [CrossRef] [PubMed]

185. Liu, J.; Wang, X.B.; Park, D.S.; Lisanti, M.P. Caveolin-1 expression enhances endothelial capillary tubule formation. J. Biol. Chem.
2002, 277, 10661–10668. [CrossRef] [PubMed]

186. Michel, J.B.; Feron, O.; Sacks, D.; Michel, T. Reciprocal regulation of endothelial nitric-oxide synthase by Ca2+-calmodulin and
caveolin. J. Biol. Chem. 1997, 272, 15583–15586. [PubMed]

187. Cheng, C.W.; Yeh, J.C.; Fan, T.P.; Smith, S.K.; Charnock-Jones, D.S. Wnt5a-mediated non-canonical Wnt signalling regulates
human endothelial cell proliferation and migration. Biochem. Biophys. Res. Commun. 2008, 365, 285–290. [PubMed]

188. Descamps, B.; Sewduth, R.; Ferreira Tojais, N.; Jaspard, B.; Reynaud, A.; Sohet, F.; Lacolley, P.; Allières, C.; Lamazière, J.M.;
Moreau, C.; et al. Frizzled 4 regulates arterial network organization through noncanonical Wnt/planar cell polarity signaling.
Circ. Res. 2012, 110, 47–58. [CrossRef] [PubMed]

189. Li, X.; Xu, W.; Kang, W.; Wong, S.H.; Wang, M.; Zhou, Y.; Fang, X.; Zhang, X.; Yang, H.; Wong, C.H.; et al. Genomic analysis of
liver cancer unveils novel driver genes and distinct prognostic features. Theranostics 2018, 8, 1740–1751. [CrossRef] [PubMed]

190. Gao, Q.; Ni, P.; Wang, Y.; Huo, P.; Zhang, X.; Wang, S.; Xiao, F.; Li, Y.; Feng, W.; Yuan, J.; et al. DDAH1 promotes neurogenesis and
neural repair in cerebral ischemia. Acta Pharm. Sin. B 2024, 14, 2097–2118. [CrossRef] [PubMed]

191. Feng, F.; Luo, K.; Yuan, X.; Lan, T.; Wang, S.; Xu, X.; Lu, Z. Aerobic Exercise Protects against Cardiotoxin-Induced Skeletal Muscle
Injury in a DDAH1-Dependent Manner. Antioxidants 2024, 13, 1069. [CrossRef] [PubMed]

192. Fu, Q.; Gao, Q.; Jiao, S.; Da, F.; Guo, J.; Liu, Y.; Liu, J. Adipose-derived stem cells ameliorate radiation-induced lung injury by
activating the DDAH1/ADMA/eNOS signaling pathway. Regen. Ther. 2024, 27, 398–407. [PubMed]

193. Zhang, Y.; Janssens, S.P.; Wingler, K.; Schmidt, H.H.; Moens, A.L. Modulating endothelial nitric oxide synthase: A new
cardiovascular therapeutic strategy. Am. J. Physiol. Heart Circ. Physiol. 2011, 301, H634–H646. [CrossRef] [PubMed]

194. Mónica, F.Z.; Bian, K.; Murad, F. The Endothelium-Dependent Nitric Oxide-cGMP Pathway. Adv. Pharmacol. 2016, 77, 1–27.
[CrossRef] [PubMed]

195. Mikkelsen, R.B.; Wardman, P. Biological chemistry of reactive oxygen and nitrogen and radiation-induced signal transduction
mechanisms. Oncogene 2003, 22, 5734–5754. [CrossRef] [PubMed]

196. Lee, J.H.; Yang, E.S.; Park, J.W. Inactivation of NADP+-dependent isocitrate dehydrogenase by peroxynitrite. Implications for
cytotoxicity and alcohol-induced liver injury. J. Biol. Chem. 2003, 278, 51360–51371. [CrossRef] [PubMed]

197. Fehsel, K.; Jalowy, A.; Qi, S.; Burkart, V.; Hartmann, B.; Kolb, H. Islet cell DNA is a target of inflammatory attack by nitric oxide.
Diabetes 1993, 42, 496–500. [CrossRef] [PubMed]

198. Kröncke, K.D.; Kolb-Bachofen, V.; Berschick, B.; Burkart, V.; Kolb, H. Activated macrophages kill pancreatic syngeneic islet cells
via arginine-dependent nitric oxide generation. Biochem. Biophys. Res. Commun. 1991, 175, 752–758. [CrossRef] [PubMed]

199. Murohara, T.; Asahara, T.; Silver, M.; Bauters, C.; Masuda, H.; Kalka, C.; Kearney, M.; Chen, D.; Symes, J.F.; Fishman, M.C.; et al.
Nitric oxide synthase modulates angiogenesis in response to tissue ischemia. J. Clin. Investig. 1998, 101, 2567–2578. [CrossRef]
[PubMed]

200. Dimmeler, S.; Zeiher, A.M. Nitric oxide-an endothelial cell survival factor. Cell Death Differ. 1999, 6, 964–968. [CrossRef] [PubMed]
201. Furchgott, R.F.; Zawadzki, J.V. The obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcholine.

Nature 1980, 288, 373–376. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.3389/fcimb.2021.735416
https://www.ncbi.nlm.nih.gov/pubmed/34804992
https://doi.org/10.1177/1747493016662039
https://www.ncbi.nlm.nih.gov/pubmed/27462098
https://doi.org/10.1161/strokeaha.118.021888
https://www.ncbi.nlm.nih.gov/pubmed/30355208
https://www.ncbi.nlm.nih.gov/pubmed/24949311
https://doi.org/10.1016/j.atherosclerosis.2016.01.008
https://www.ncbi.nlm.nih.gov/pubmed/26775120
https://www.ncbi.nlm.nih.gov/pubmed/30233709
https://www.ncbi.nlm.nih.gov/pubmed/17470567
https://doi.org/10.1161/01.atv.0000070546.16946.3a
https://www.ncbi.nlm.nih.gov/pubmed/12689915
https://doi.org/10.1074/jbc.m110354200
https://www.ncbi.nlm.nih.gov/pubmed/11748236
https://www.ncbi.nlm.nih.gov/pubmed/9188442
https://www.ncbi.nlm.nih.gov/pubmed/17986384
https://doi.org/10.1161/circresaha.111.250936
https://www.ncbi.nlm.nih.gov/pubmed/22076635
https://doi.org/10.7150/thno.22010
https://www.ncbi.nlm.nih.gov/pubmed/29556353
https://doi.org/10.1016/j.apsb.2024.02.001
https://www.ncbi.nlm.nih.gov/pubmed/38799640
https://doi.org/10.3390/antiox13091069
https://www.ncbi.nlm.nih.gov/pubmed/39334728
https://www.ncbi.nlm.nih.gov/pubmed/38694446
https://doi.org/10.1152/ajpheart.01315.2010
https://www.ncbi.nlm.nih.gov/pubmed/21622818
https://doi.org/10.1016/bs.apha.2016.05.001
https://www.ncbi.nlm.nih.gov/pubmed/27451093
https://doi.org/10.1038/sj.onc.1206663
https://www.ncbi.nlm.nih.gov/pubmed/12947383
https://doi.org/10.1074/jbc.m302332200
https://www.ncbi.nlm.nih.gov/pubmed/14551203
https://doi.org/10.2337/diab.42.3.496
https://www.ncbi.nlm.nih.gov/pubmed/8432420
https://doi.org/10.1016/0006-291x(91)91630-u
https://www.ncbi.nlm.nih.gov/pubmed/2025250
https://doi.org/10.1172/jci1560
https://www.ncbi.nlm.nih.gov/pubmed/9616228
https://doi.org/10.1038/sj.cdd.4400581
https://www.ncbi.nlm.nih.gov/pubmed/10556973
https://doi.org/10.1038/288373a0
https://www.ncbi.nlm.nih.gov/pubmed/6253831
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 27 of 31

202. Waldron, G.J.; Ding, H.; Lovren, F.; Kubes, P.; Triggle, C.R. Acetylcholine-induced relaxation of peripheral arteries isolated from
mice lacking endothelial nitric oxide synthase. Br. J. Pharmacol. 1999, 128, 653–658. [CrossRef] [PubMed]

203. Tejero, J.; Shiva, S.; Gladwin, M.T. Sources of Vascular Nitric Oxide and Reactive Oxygen Species and Their Regulation. Physiol.
Rev. 2019, 99, 311–379. [CrossRef] [PubMed]

204. Numata, G.; Takimoto, E. Cyclic GMP and PKG Signaling in Heart Failure. Front. Pharmacol. 2022, 13, 792798. [CrossRef]
[PubMed]

205. Kraehling, J.R.; Sessa, W.C. Contemporary Approaches to Modulating the Nitric Oxide-cGMP Pathway in Cardiovascular Disease.
Circ. Res. 2017, 120, 1174–1182. [CrossRef] [PubMed]

206. Andrabi, S.M.; Sharma, N.S.; Karan, A.; Shahriar, S.M.S.; Cordon, B.; Ma, B.; Xie, J. Nitric Oxide: Physiological Functions, Delivery,
and Biomedical Applications. Adv. Sci. 2023, 10, e2303259. [CrossRef]

207. Zhang, Q.; Liu, Y.; Yu, L.; Duan, R.; Ma, Y.; Ge, P.; Zhang, D.; Zhang, Y.; Wang, R.; Wang, S.; et al. The Association of the RNF213
p.R4810K Polymorphism with Quasi-Moyamoya Disease and a Review of the Pertinent Literature. World Neurosurg. 2017, 99,
701–708.e1. [CrossRef] [PubMed]

208. Li, D.; Yang, W.; Xian, P.; Liu, P.; Bao, X.; Zong, R.; Duan, L. Coexistence of moyamoya and Graves’ diseases: The clinical
characteristics and treatment effects of 21 Chinese patients. Clin. Neurol. Neurosurg. 2013, 115, 1647–1652. [CrossRef] [PubMed]

209. Bower, R.S.; Mallory, G.W.; Nwojo, M.; Kudva, Y.C.; Flemming, K.D.; Meyer, F.B. Moyamoya disease in a primarily white,
midwestern US population: Increased prevalence of autoimmune disease. Stroke 2013, 44, 1997–1999. [CrossRef] [PubMed]

210. Li, H.; Zhang, Z.S.; Dong, Z.N.; Ma, M.J.; Yang, W.Z.; Han, C.; Du, M.M.; Liu, Y.X.; Yang, H.; Liu, W.; et al. Increased thyroid
function and elevated thyroid autoantibodies in pediatric patients with moyamoya disease: A case-control study. Stroke 2011, 42,
1138–1139. [PubMed]

211. Kim, S.J.; Heo, K.G.; Shin, H.Y.; Bang, O.Y.; Kim, G.M.; Chung, C.S.; Kim, K.H.; Jeon, P.; Kim, J.S.; Hong, S.C.; et al. Association of
thyroid autoantibodies with moyamoya-type cerebrovascular disease: A prospective study. Stroke 2010, 41, 173–176. [CrossRef]
[PubMed]

212. Wang, R.; Xu, Y.; Lv, R.; Chen, J. Systemic lupus erythematosus associated with Moyamoya syndrome: A case report and literature
review. Lupus 2013, 22, 629–633. [CrossRef] [PubMed]

213. Singh, R.; Bauman, M.M.J.; Seas, A.; Harrison, D.J.; Pennington, Z.; Brown, N.J.; Gendreau, J.; Rahmani, R.; Ellens, N.; Catapano,
J.; et al. Association of moyamoya vasculopathy with autoimmune disease: A systematic review and pooled analysis. Neurosurg.
Rev. 2023, 46, 220. [CrossRef] [PubMed]

214. Fujimura, M.; Fujimura, T.; Kakizaki, A.; Sato-Maeda, M.; Niizuma, K.; Tomata, Y.; Aiba, S.; Tominaga, T. Increased serum
production of soluble CD163 and CXCL5 in patients with moyamoya disease: Involvement of intrinsic immune reaction in its
pathogenesis. Brain Res. 2018, 1679, 39–44. [CrossRef] [PubMed]

215. Mak, A.; Chan, J.K.Y. Endothelial function and endothelial progenitor cells in systemic lupus erythematosus. Nat. Rev. Rheumatol.
2022, 18, 286–300. [CrossRef] [PubMed]

216. Corban, M.T.; Duarte-Garcia, A.; McBane, R.D.; Matteson, E.L.; Lerman, L.O.; Lerman, A. Antiphospholipid Syndrome: Role
of Vascular Endothelial Cells and Implications for Risk Stratification and Targeted Therapeutics. J. Am. Coll. Cardiol. 2017, 69,
2317–2330. [CrossRef] [PubMed]

217. Rao, M.; Zhang, H.; Liu, Q.; Zhang, S.; Hu, L.; Deng, F. Clinical and experimental pathology of Moyamoya disease. Chin. Med. J.
2003, 116, 1845–1849. [PubMed]

218. Hosoda, Y.; Ikeda, E.; Hirose, S. Histopathological studies on spontaneous occlusion of the circle of Willis (cerebrovascular
moyamoya disease). Clin. Neurol. Neurosurg. 1997, 99, S203–S208. [CrossRef] [PubMed]

219. Masuda, J.; Ogata, J.; Yutani, C. Smooth muscle cell proliferation and localization of macrophages and T cells in the occlusive
intracranial major arteries in moyamoya disease. Stroke 1993, 24, 1960–1967. [CrossRef] [PubMed]

220. Liu, E.; Liu, C.; Jin, L.; Zhou, H.; Tan, X.; Zhang, G.; Tao, W.; Gao, X.; Zhao, H.; Luo, C.; et al. Clinical value of the systemic
immune-inflammation index in moyamoya disease. Front. Neurol. 2023, 14, 1123951. [CrossRef] [PubMed]

221. Ge, P.; Tao, C.; Wang, W.; He, Q.; Liu, C.; Zheng, Z.; Mou, S.; Zhang, B.; Liu, X.; Zhang, Q.; et al. Circulating immune cell
landscape and T-cell abnormalities in patients with moyamoya disease. Clin. Transl. Med. 2024, 14, e1647. [CrossRef] [PubMed]

222. Liu, C.; Mou, S.; Zhang, B.; Pang, Y.; Chan, L.; Li, J.; He, Q.; Zheng, Z.; Zhao, Z.; Sun, W.; et al. Innate Immune Cell Profiling in
Peripheral Blood Mononuclear Cells of Patients with Moyamoya Disease. Inflammation 2024, 48, 2444–2457. [CrossRef] [PubMed]

223. Tashiro, R.; Niizuma, K.; Kasamatsu, J.; Okuyama, Y.; Rashad, S.; Kikuchi, A.; Fujimura, M.; Kure, S.; Ishii, N.; Tominaga, T.
Dysregulation of Rnf 213 gene contributes to T cell response via antigen uptake, processing, and presentation. J. Cell. Physiol.
2021, 236, 7554–7564. [CrossRef] [PubMed]

224. Dixon, K.B.; Davies, S.S.; Kirabo, A. Dendritic cells and isolevuglandins in immunity, inflammation, and hypertension. Am. J.
Physiol. Heart Circ. Physiol. 2017, 312, H368–H374. [CrossRef] [PubMed]

225. Yan, S.; Kotschenreuther, K.; Deng, S.; Kofler, D.M. Regulatory T cells in rheumatoid arthritis: Functions, development, regulation,
and therapeutic potential. Cell Mol. Life Sci. 2022, 79, 533. [CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081748

https://doi.org/10.1038/sj.bjp.0702858
https://www.ncbi.nlm.nih.gov/pubmed/10516645
https://doi.org/10.1152/physrev.00036.2017
https://www.ncbi.nlm.nih.gov/pubmed/30379623
https://doi.org/10.3389/fphar.2022.792798
https://www.ncbi.nlm.nih.gov/pubmed/35479330
https://doi.org/10.1161/circresaha.117.303776
https://www.ncbi.nlm.nih.gov/pubmed/28360348
https://doi.org/10.1002/advs.202303259
https://doi.org/10.1016/j.wneu.2016.12.119
https://www.ncbi.nlm.nih.gov/pubmed/28063898
https://doi.org/10.1016/j.clineuro.2013.02.018
https://www.ncbi.nlm.nih.gov/pubmed/23518423
https://doi.org/10.1161/strokeaha.111.000307
https://www.ncbi.nlm.nih.gov/pubmed/23652271
https://www.ncbi.nlm.nih.gov/pubmed/21350209
https://doi.org/10.1161/strokeaha.109.562264
https://www.ncbi.nlm.nih.gov/pubmed/19926842
https://doi.org/10.1177/0961203313485828
https://www.ncbi.nlm.nih.gov/pubmed/23574743
https://doi.org/10.1007/s10143-023-02123-z
https://www.ncbi.nlm.nih.gov/pubmed/37658996
https://doi.org/10.1016/j.brainres.2017.11.013
https://www.ncbi.nlm.nih.gov/pubmed/29174692
https://doi.org/10.1038/s41584-022-00770-y
https://www.ncbi.nlm.nih.gov/pubmed/35393604
https://doi.org/10.1016/j.jacc.2017.02.058
https://www.ncbi.nlm.nih.gov/pubmed/28473138
https://www.ncbi.nlm.nih.gov/pubmed/14687471
https://doi.org/10.1016/s0303-8467(97)00044-9
https://www.ncbi.nlm.nih.gov/pubmed/9409438
https://doi.org/10.1161/01.str.24.12.1960
https://www.ncbi.nlm.nih.gov/pubmed/7902623
https://doi.org/10.3389/fneur.2023.1123951
https://www.ncbi.nlm.nih.gov/pubmed/38545454
https://doi.org/10.1002/ctm2.1647
https://www.ncbi.nlm.nih.gov/pubmed/38566524
https://doi.org/10.1007/s10753-024-02201-4
https://www.ncbi.nlm.nih.gov/pubmed/39671077
https://doi.org/10.1002/jcp.30396
https://www.ncbi.nlm.nih.gov/pubmed/33973242
https://doi.org/10.1152/ajpheart.00603.2016
https://www.ncbi.nlm.nih.gov/pubmed/27986660
https://doi.org/10.1007/s00018-022-04563-0
https://www.ncbi.nlm.nih.gov/pubmed/36173485
https://doi.org/10.3390/biomedicines14081748


Biomedicines 2026, 14, 1748 28 of 31

226. Wang, J.; Zhao, X.; Wan, Y.Y. Intricacies of TGF-β signaling in Treg and Th17 cell biology. Cell Mol. Immunol. 2023, 20, 1002–1022.
[CrossRef] [PubMed]

227. Kitagawa, Y.; Sakaguchi, S. Molecular control of regulatory T cell development and function. Curr. Opin. Immunol. 2017, 49, 64–70.
[CrossRef] [PubMed]

228. Yang, X.; Zhu, X.; Sheng, J.; Fu, Y.; Nie, D.; You, X.; Chen, Y.; Yang, X.; Ling, Q.; Zhang, H.; et al. RNF213 promotes Treg cell
differentiation by facilitating K63-linked ubiquitination and nuclear translocation of FOXO1. Nat. Commun. 2024, 15, 5961.
[CrossRef] [PubMed]

229. Hori, S.; Nomura, T.; Sakaguchi, S. Control of regulatory T cell development by the transcription factor Foxp3. Science 2003, 299,
1057–1061. [CrossRef] [PubMed]

230. Lužnik, Z.; Anchouche, S.; Dana, R.; Yin, J. Regulatory T Cells in Angiogenesis. J. Immunol. 2020, 205, 2557–2565. [CrossRef]
[PubMed]

231. Wang, S.; Jiang, Q.; Liu, Y.; Zhang, X.; Huang, Y.; Zhang, H. The Role of Immune Cells in Moyamoya Disease. Brain Sci. 2025,
15, 137. [CrossRef] [PubMed]

232. Lin, R.; Xie, Z.; Zhang, J.; Xu, H.; Su, H.; Tan, X.; Tian, D.; Su, M. Clinical and immunopathological features of Moyamoya disease.
PLoS ONE 2012, 7, e36386. [CrossRef] [PubMed]

233. He, S.; Zhou, Z.; Cheng, M.Y.; Hao, X.; Chiang, T.; Wang, Y.; Zhang, J.; Wang, X.; Ye, X.; Wang, R.; et al. Advances in moyamoya
disease: Pathogenesis, diagnosis, and therapeutic interventions. MedComm 2025, 6, e70054. [CrossRef] [PubMed]

234. Muller, W.A. Getting leukocytes to the site of inflammation. Vet. Pathol. 2013, 50, 7–22. [CrossRef] [PubMed]
235. Rahman, A.; Fazal, F. Hug tightly and say goodbye: Role of endothelial ICAM-1 in leukocyte transmigration. Antioxid. Redox

Signal 2009, 11, 823–839. [CrossRef] [PubMed]
236. Langer, H.F.; Chavakis, T. Leukocyte-endothelial interactions in inflammation. J. Cell Mol. Med. 2009, 13, 1211–1220. [CrossRef]

[PubMed]
237. Peng, W.; Xie, Y.; Liu, Y.; Xu, J.; Yuan, F.; Li, C.; Qin, T.; Lu, H.; Duan, C.; Hu, J. Targeted delivery of CD163(+) macrophage-derived

small extracellular vesicles via RGD peptides promote vascular regeneration and stabilization after spinal cord injury. J. Control.
Release 2023, 361, 750–765. [CrossRef] [PubMed]

238. Guo, L.; Akahori, H.; Harari, E.; Smith, S.L.; Polavarapu, R.; Karmali, V.; Otsuka, F.; Gannon, R.L.; Braumann, R.E.; Dickin-
son, M.H.; et al. CD163+ macrophages promote angiogenesis and vascular permeability accompanied by inflammation in
atherosclerosis. J. Clin. Investig. 2018, 128, 1106–1124. [CrossRef] [PubMed]

239. Lee, C.Y.; Wu, S.W.; Yang, J.J.; Chen, W.Y.; Chen, C.J.; Chen, H.H.; Lee, Y.C.; Su, C.H.; Kuan, Y.H. Vascular endothelial dysfunction
induced by 3-bromofluoranthene via MAPK-mediated-NFκB pro-inflammatory pathway and intracellular ROS generation. Arch.
Toxicol. 2024, 98, 2247–2259. [CrossRef] [PubMed]

240. Ohkubo, K.; Sakai, Y.; Inoue, H.; Akamine, S.; Ishizaki, Y.; Matsushita, Y.; Sanefuji, M.; Torisu, H.; Ihara, K.; Sardiello, M.; et al.
Moyamoya disease susceptibility gene RNF213 links inflammatory and angiogenic signals in endothelial cells. Sci. Rep. 2015, 5,
13191. [CrossRef] [PubMed]

241. Takeda, M.; Tezuka, T.; Kim, M.; Choi, J.; Oichi, Y.; Kobayashi, H.; Harada, K.H.; Mizushima, T.; Taketani, S.; Koizumi, A.; et al.
Moyamoya disease patient mutations in the RING domain of RNF213 reduce its ubiquitin ligase activity and enhance NFκB
activation and apoptosis in an AAA+ domain-dependent manner. Biochem. Biophys. Res. Commun. 2020, 525, 668–674. [CrossRef]
[PubMed]

242. Shin, H.S.; Park, G.H.; Choi, E.S.; Park, S.Y.; Kim, D.S.; Chang, J.; Hong, J.M. RNF213 variant and autophagic impairment:
A pivotal link to endothelial dysfunction in moyamoya disease. J. Cereb. Blood Flow. Metab. 2024, 44, 1801–1815. [CrossRef]
[PubMed]

243. Piccolis, M.; Bond, L.M.; Kampmann, M.; Pulimeno, P.; Chitraju, C.; Jayson, C.B.K.; Vaites, L.P.; Boland, S.; Lai, Z.W.; Gabriel,
K.R.; et al. Probing the Global Cellular Responses to Lipotoxicity Caused by Saturated Fatty Acids. Mol. Cell 2019, 74, 32–44.e38.
[CrossRef] [PubMed]

244. Sugihara, M.; Morito, D.; Ainuki, S.; Hirano, Y.; Ogino, K.; Kitamura, A.; Hirata, H.; Nagata, K. The AAA+ ATPase/ubiquitin
ligase mysterin stabilizes cytoplasmic lipid droplets. J. Cell Biol. 2019, 218, 949–960. [CrossRef] [PubMed]

245. Forbes, H.J.; Williamson, E.; Benjamin, L.; Breuer, J.; Brown, M.M.; Langan, S.M.; Minassian, C.; Smeeth, L.; Thomas, S.L.;
Warren-Gash, C. Association of herpesviruses and stroke: Systematic review and meta-analysis. PLoS ONE 2018, 13, e0206163.
[CrossRef] [PubMed]

246. Helmuth, I.G.; Mølbak, K.; Uldall, P.V.; Poulsen, A. Post-varicella Arterial Ischemic Stroke in Denmark 2010 to 2016. Pediatr.
Neurol. 2018, 80, 42–50. [CrossRef] [PubMed]
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