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Abstract

Arteriovenous malformations (AVMs) are fast-flow vascular malformations formed by
direct artery-to-vein shunts without an intervening capillary bed, which increases the
risk of hemorrhage and organ-specific damage. A synthesis of recent advances shows
that AVMs arise from interplay between germline susceptibility (ENG, ACVRL1, SMAD4,
RASA1, EPHB4), somatic mosaicism (KRAS, MAP2K1, PIK3CA), perturbed signaling (TGF-
3/BMP, Notch, VEGF, PI3K/AKT, RAS/MAPK), hemodynamic stress, and inflammation.
Multimodal imaging—digital subtraction angiography (DSA), MRI/MRA with perfusion
and susceptibility sequences, CTA, Doppler ultrasound, and 3D rotational angiography—
underpins diagnosis and risk stratification, while arterial spin labeling and 4D flow tech-
niques refine hemodynamic assessment. Management is individualized and multidisci-
plinary, combining endovascular embolization, microsurgical resection, and stereotactic
radiosurgery (SRS); a non-surgical approach and monitoring remain reasonable for some
asymptomatic AVMs. Device and technique innovations (detachable-tip microcatheters,
pressure-cooker approaches, and newer liquid embolics such as PHIL and Squid) have
broadened candidacy, and precision-medicine strategies, including pathway-targeted phar-
macotherapy, are emerging for syndromic and somatic-mutation—-driven AVMs. Animal
models and computational /radiomics tools increasingly guide hypothesis generation and
treatment selection. We outline practical updates and future priorities: integrated genomic-
imaging risk scores, genotype-informed medical therapy, rational hybrid sequencing, and
long-term outcome standards focused on hemorrhage prevention and quality of life.

Keywords: arteriovenous malformation (AVM); molecular signaling; hereditary hemor-
rhagic telangiectasia (HHT); embolization; stereotactic radiosurgery; vascular diseases

1. Introduction

Arteriovenous malformation (AVM) is one form of vascular malformation, which
includes arterial, venous, arteriovenous, lymphatic, and combined malformations [1-3]
(Figure 1). These lesions were first described in the brain by Hubert von Luschka and
Rudolf Virchow in the 1850s, laying the foundation for our understanding of cerebrovascu-
lar pathology [3—6]. AVMs are currently identified through Hamburg classification, named
and established by a 1988 workshop in Hamburg, Germany, as a clinical guide based on

Biomolecules 2025, 15, 1661

https://doi.org/10.3390/biom15121661


https://doi.org/10.3390/biom15121661
https://doi.org/10.3390/biom15121661
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0001-8142-6035
https://orcid.org/0009-0008-7583-9042
https://orcid.org/0000-0003-2847-0613
https://doi.org/10.3390/biom15121661
https://www.mdpi.com/article/10.3390/biom15121661?type=check_update&version=1

Biomolecules 2025, 15, 1661

2 of 20

morphological and embryological characteristics [7-9]. AVMs are most often congenital
in origin, reflecting aberrant vascular development during embryogenesis, although ac-
cumulating evidence suggests they may also be dynamic lesions capable of remodeling
and progression throughout life under the influence of genetic, inflammatory, and hemody-
namic factors [3-5]. The clinical consequences of AVMs are determined by size, location,
vascular architecture, and flow dynamics. One of the most serious risks is life-threatening
hemorrhage, which remains the leading cause of morbidity and mortality in cerebral AVMs
(cAVMs) [10]. Hemorrhage may be intraparenchymal, intraventricular, or subarachnoid
and often results in long-term neurological deficits. Beyond cAVMs, extracranial AVMs
can occur in the gastrointestinal tract, pulmonary vasculature, liver, and musculoskeletal
system, where they present with organ-specific dysfunction such as bleeding, high-output
heart failure, chronic pain, or soft tissue overgrowth [10-13]. These diverse manifesta-
tions illustrate that AVMs represent a multisystem disease spectrum rather than a purely

\

neurological condition.
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Figure 1. Normal vs. AVM vasculature. Normal vessels (left) show orderly artery-capillary-vein

connections, while AVMs (right) form a tangled nidus with direct artery-vein shunts, leading to
high-flow, fragile vessels.

The clinical manifestations of AVMs are highly variable. In the brain, they may
remain asymptomatic and be discovered incidentally, or they can present with seizures,
progressive neurological decline, or acute hemorrhage [14]. Following an initial rupture,
the risk of subsequent hemorrhage is considerably higher, underscoring the importance
of individualized risk assessment [10,15,16]. Cerebral AVMs are frequently diagnosed
in young adults, although pediatric cases often present earlier and may demonstrate
more aggressive behavior, particularly when associated with genetic syndromes such as
hereditary hemorrhagic telangiectasia (HHT) [4,12,14,17-20]. In these settings, multiple
AVMs may occur across different organ systems, necessitating long-term surveillance and
multidisciplinary care [21-23].

Recent research has highlighted the molecular underpinnings of AVMs, including
germline mutations in ENG (endoglin), ACVRLI (activin receptor-like kinase 1), and
SMAD4 (Mothers against decapentaplegic homolog 4) in HHT, as well as somatic mu-
tations in KRAS (Kirsten rat sarcoma virus), MAP2K1 (Mitogen-activated protein kinase
kinase 1), and PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha) in sporadic lesions [4,18,19,24-30]. These discoveries have shifted the paradigm
from viewing AVMs as static congenital anomalies to considering them as dynamic, genet-
ically influenced vascular malformations amenable to targeted therapies [31-34]. At the
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same time, translational advances in imaging, including high-resolution digital subtraction
angiography, susceptibility-weighted MRI, arterial spin labeling perfusion imaging, and 4D
flow MRI, have greatly enhanced the ability to characterize AVM hemodynamics, identify
rupture-prone lesions, and plan interventions [1,2,20,26,35-40].

Given their clinical heterogeneity and potential severity, AVMs demand a coordinated,
multidisciplinary approach involving neurologists, interventionalists, neurosurgeons, and
geneticists [13,21,36]. Parallel progress in preclinical research has provided invaluable
insights: animal models in mice and zebrafish have elucidated the contributions of VEGF
(vascular endothelial growth factors), Notch, and TGF-§ (transforming growth factor—f3)
signaling, as well as endothelial-to-mesenchymal transition, to AVM initiation and progres-
sion [24,41,42]. These models continue to inform therapeutic discovery, particularly for
targeted pharmacologic approaches aimed at normalizing vascular structure and function.

Thus, AVMs represent not only a clinical challenge but also a unique biological model
at the intersection of vascular biology, genetics, and hemodynamics [43,44]. Their rarity,
affecting roughly 1 in 1000 individuals, belies their significant clinical impact, particularly
in young patients, and underscores the need for improved strategies in diagnosis and long-
term management [11,45]. As research advances, the integration of laboratory discoveries,
imaging innovations, and clinical expertise holds promise for more precise and effective
care, paving the way toward personalized medicine for AVM patients [3,12,21,31,46].

2. Epidemiology and Clinical Presentation

AVMs are relatively uncommon vascular anomalies, with cAVMs being the most
extensively studied subtype because of their potential for severe neurological morbidity [29].
There is no definitive sex predominance, though a slight male bias has been observed in
some regional studies [47,48]. In pediatric patients, earlier onset and more aggressive
behavior are not uncommon, particularly in association with genetic syndromes [47,48].

A subset of AVMs occurs in the context of hereditary conditions, most notably
HHT, an autosomal dominant disorder caused by mutations in ENG, ACVRLI1, or
SMAD4[11,19,25,49-51]. These patients frequently harbor multiple AVMs in the lungs, liver,
and brain, requiring multidisciplinary surveillance and long-term management. Another
well-described syndrome is capillary malformation—arteriovenous malformation (CM-
AVM), caused by mutations in RASAT (RAS p21 protein activator 1) and EPHB4 (Ephrin
type-B receptor 4), characterized by multifocal fast-flow lesions and cutaneous vascular
malformations [27,49,51]. Clinical presentation varies by anatomic location, nidus size, and
flow characteristics. For cAVMs, intracranial hemorrhage is the most common presentation,
occurring in ~50% of cases [26,52,53]. Hemorrhages are typically intraparenchymal but
may extend into subarachnoid or intraventricular compartments, with seizures occuring
in 20-40% of patients, particularly with cortical involvement [10,26]. Other presentations
include chronic headaches, focal neurological deficits, or progressive decline related to
venous hypertension and vascular steal in eloquent brain regions [10,36].

The annual risk of bleeding for unruptured cAVMs is ~2-4% but rises to 6-15%
following a first hemorrhage [1,47,54]. These data emphasize the need for individual-
ized risk assessment, particularly in asymptomatic patients under surveillance [46,47,50].
Spinal AVMs, while less common, produce distinct clinical features such as progressive
myelopathy, radicular pain, or acute neurological decline due to ischemia or venous hyper-
tension [35].

Extracranial AVMs display a wide spectrum of presentations [4,11,25,50,55]. Pul-
monary AVMs, often seen in HHT, may cause hypoxemia, paradoxical embolism, or
stroke [11,50,56,57]. Gastrointestinal AVMs can present occult bleeding or chronic anemia,
while hepatic AVMs may lead to high-output cardiac failure or portal hypertension [57].
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Musculoskeletal and soft tissue AVMs often produce localized pain, swelling, limb over-
growth, or impaired function [12,13,35]. In some cases, extensive arteriovenous shunting
can cause systemic complications, such as increased cardiac preload or ischemia of adjacent
tissues [1,57-59].

Given this heterogeneity, timely diagnosis and appropriate management require
multidisciplinary expertise. Syndromic AVMs necessitate multisystem surveillance, while
isolated AVMs benefit from targeted imaging, regular monitoring, and, when appropriate,
intervention. Future integration of genetic insights with detailed clinical phenotyping may
further enhance diagnostic precision and guide individualized treatment strategies.

3. Pathogenesis and Molecular Mechanism

AVMs result from complex disturbances in vascular development and remodeling,
influenced by both genetic and acquired factors [5]. Although typically congenital, AVMs
are increasingly recognized as dynamic lesions modulated by molecular and hemodynamic
cues throughout life [10,43,52,60-62]. At the cellular level, aberrant arteriovenous con-
nections arise from disruptions in endothelial specification, vessel patterning, and mural
cell recruitment [56,58,62-64]. A central mechanism is the failure of vascular stabilization
and remodeling, rather than complete developmental arrest, suggesting that AVMs may
progress postnatally under permissive conditions such as inflammation, injury, or hormonal
stimulation [28,58,62,63].

A major pathway implicated in AVM biology is the TGF-f3 superfamily, particularly
ENG and ACVRLI [63]. Both are essential for maintaining endothelial quiescence and
vascular integrity [18,38,63,65—-67]. Mutations in these genes, as observed in HHT, impair
angiogenic regulation and drive abnormal proliferation and vessel dilation [11,25,50,56].
Genetic defects alone, however, are insufficient to produce AVMs. In animal models, local-
ized angiogenic stimuli such as VEGF overexpression are required to trigger malformation,
supporting a “two-hit” model of disease [19,53,56,64].

Importantly, the molecular mechanisms driving AVM formation differ between en-
dothelial cells (ECs) and vascular smooth muscle cells (VSMCs) [68-70]. In ECs, mutations
in TGF-f3 pathway genes (ENG, ACVRL1), as well as activation of RAS/MAPK, PI3K/AKT,
and Notch signaling, primarily disrupt endothelial quiescence, arterial-venous specifica-
tion, and angiogenic regulation [70,71]. These alterations lead to abnormal endothelial
proliferation, arteriovenous shunting, and formation of AVM nidus [68,70,71]. Similarly,
VSMCs rely on TGF-§3 signaling to maintain differentiation, vessel wall integrity, and
extracellular matrix deposition [69,70]. Defective VSMC signaling results in reduced mural
cell coverage and weakened vessel support, amplifying vascular fragility and predisposing
AVMs to dilation and hemorrhage [69,71]. Together, these cell-specific mechanisms illus-
trate how aberrant EC behavior establishes the malformed vascular network while impaired
VSMC function fails to stabilize it, synergistically driving AVM pathogenesis [71]. The
relationship between endothelial cells and vascular smooth muscle cells remains markedly
understudied in the context of AVM pathogenesis, which warrants the need for future
in-depth investigations to clarify their distinct and coordinated contributions.

In sporadic AVMs, somatic mutations have been identified in signaling genes, in-
cluding KRAS, MAP2K1, and PIK3CA [20,25,72]. These mutations activate RAS/MAPK
and PI3K/AKT signaling, leading to unchecked endothelial proliferation and aberrant
angiogenesis [25]. Importantly, KRAS mutations have been found in endothelial cells of
human brain AVMs, providing the first direct evidence that sporadic lesions may result
from postzygotic mosaic mutations [20,25,72]. This paradigm mirrors other vascular malfor-
mations and overgrowth syndromes [5,54,60]. Such discoveries highlight new therapeutic
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opportunities, with MEK inhibitors showing promise in preclinical RAS-mutated AVM
models [20,64].

Notch signaling also plays a crucial role in arterial-venous specification and branching
morphogenesis [64,68,73-76]. Dysregulation of Notch, particularly Notch4, induces arteri-
ovenous shunting and vessel enlargement in murine models [18,20,28,77-80]. Endothelial-
specific overexpression of activated Notch4 generates malformations resembling human
AVMs, independent of VEGF signaling [18,28,42,64,77,81,82]. These findings suggest Notch
serves as a convergence point for developmental and pathological vascular remodeling [83].
Furthermore, reduced mural cell coverage and extracellular matrix components in AVM
nidus tissue contribute to vascular fragility and hemorrhagic risk [20,84].

Beyond genetics, biomechanical forces and inflammation influence AVM initiation and
progression [21,85]. High shear stress and disturbed flow activate endothelial transcrip-
tional programs that promote angiogenesis and remodeling, particularly when TGF-f3 or
Notch signaling is impaired [53,68,86,87]. Inflammatory mediators such as TNF-« and IL-6
are elevated in AVM tissue and further amplify endothelial proliferation, leukocyte recruit-
ment, and extracellular matrix degradation, exacerbating lesion instability [53,85,86,88].

Brain AVMs (bAVMs) are abnormal high-flow tangles of arteries and veins that by-
pass the capillary network due to disrupted vascular development and defective arterial—-
venous specification, resulting in fragile vessels with a high risk of intracranial hemor-
rhage [36,89,90]. Brain AVMs arise primarily from developmental failures in arterial-
venous specification and neurovascular unit regulation, leading to chaotic, fragile vas-
cular networks directly influenced by abnormal endothelial identity, disrupted signal-
ing (RAS/MAPK, NOTCH, TGEF-), and impaired interactions with astrocytes and peri-
cytes [36,91,92]. In contrast, peripheral AVMSs, those found in other vascular beds, more
commonly result from reactive pathological angiogenesis driven by injury, ischemia, in-
flammation, and abnormal hemodynamic forces, with vessel remodeling shaped by VEGF-
dominant signaling, stromal fibrosis, and adaptive structural changes rather than intrinsic
defects in vascular identity [3,21,45]. The differentiation between bAVM and peripheral
AVM can be seen in Table 1.

Table 1. Comparative Features of Brain AVMs versus Peripheral AVMs.

Feature Brain AVMs Peripheral AVMs
. . Developmental /congenital defect in vascular Congenital or frequently acquired (trauma,
Primary Origin : ) . .
patterning inflammation, ischemia)
Key Mechanism Loss of arterlal—ve.znous 1dentr1ty and Pathologic angiogenesis driven by injury and
neurovascular unit dysfunction hemodynamic stress

Dominant Pathways

Developmental dysregulation: RAS/MAPK,

NOTCH, TGF-B, VEGF Reactive angiogenesis: VEGF and TGF-f3

Vessel Structure

Fragile, thin walled, poorly supported vessels More fibrotic, remodeled, adaptive vessels

Flow Pattern

High-flow chaotic nidus Often localized fistula-like shunts

Inflammation

Chronic peripheral inflammation

Neuroinflammatory (microglia-dominant) (macrophage-dominant)

Hemorrhage Risk

High-frequent intracranial bleeding Lower (except pulmonary AVMs)

Unique Feature

Involves blood-brain barrier and neurovascular  Involves connective tissue and stromal
coupling remodeling

Moreover, studies have provided increasing evidence that non-coding RNAs, espe-
cially microRNAs (miRNAs), exert significant regulatory influence over the signaling
pathways implicated in bAVM pathogenesis [89,90]. Several miRNAs are markedly dysreg-
ulated in both AVM tissue and vascular smooth muscle cells, including downregulation of
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miR-18a, miR-137, and miR-195*, and upregulation of miR-7-5p, miR-199a-5p, miR-200b-3p,
and the let-7 family. These alterations influence established vascular signaling pathways,
particularly TGF-3 /SMAD, VEGEF, and inflammatory cascades, by targeting genes that gov-
ern endothelial quiescence, extracellular matrix remodeling, and angiogenic activity [89].
For example, decreased miR-18a may contribute to excessive VEGF expression and destabi-
lization of vascular architecture, while reduced miR-137 and miR-195* promote smooth
muscle phenotypic switching and inflammation, collectively contributing to AVM-like
vessel behavior [89].

Complementing these findings, the usage of applied machine-learning analysis to iden-
tify circulating and tissue miRNAs that map onto pathogenic network is highly relevant to
AVM formation [90]. Their computational modeling linked the upregulated miRNAs, such
as miR-7-5p, miR-199a-5p, miR-200b-3p, and let-7b-5p, to pathways including RAS/MAPK,
PI3K/AKT, and VEGF-driven endothelial proliferation [90]. Meanwhile, downregulated
miR-18a and related miRNAs were associated with dysregulation of TGF--dependent
vascular stability signals. Together, these data suggest that miRNAs act as upstream modu-
lators of multiple converging pathways that drive pathological angiogenesis, endothelial
hyperproliferation, and vessel fragility in bAVMs [90]. Integrating non-coding RNA biology
into the molecular framework of AVMs therefore offers a more complete understanding of
disease mechanisms and highlights promising avenues for biomarker development and
therapeutic targeting [90]. Taken together, these insights reinforce AVMs as multifactorial
lesions shaped by intertwined genetic, molecular, and biomechanical forces, underscoring
the need for integrated, pathway-directed therapeutic strategies [89,90].

Taken together, AVM pathogenesis reflects a multifactorial process involving germline
and somatic mutations, dysregulated angiogenic signaling, aberrant mechanotransduction,
and inflammatory responses (Figure 2) [2,21,36,81,82]. Advances in molecular profiling
have refined understanding of these mechanisms and uncovered new targets for phar-
macologic intervention [2,21,50]. As precision medicine evolves, integration of genetic
diagnostics and pathway-specific therapies offers the potential for individualized manage-
ment, especially in surgically inaccessible or refractory lesions.

GENETIC FACTORS ACQUIRED FACTORS

|
| |
Hemodynamics Inflammation
1

[ T T =
)

ENG
[ NOTCH ] VEGF [RAS/MAPK] [ PI3K/AKT ] ACVRL1
SMAD4
1 ¥ ¥ ¥
ECM Endothelial Arterial-venous Angiogenic
Degradation Quiescence Specification Regulation
[
Vascular Abnormal Arteriovenous
Fragility Endothelial Shunting
Proliferation
Dilation
Artery Vein
AVM

Figure 2. Molecular mechanisms contributing to arteriovenous malformation (AVM) formation.
The schematic illustrates how both geneticand acquired factors converge on key endothelial
signaling pathways that regulate vascular development and remodeling. Mutations or dysregulation
of pathways disrupt endothelial cell specification, angiogenic balance, and vessel stabilization. These
perturbations collectively impair arterial-venous identity, promote aberrant endothelial proliferation
and migration, and weaken mural cell recruitment. The resulting failure of normal vascular maturation
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leads to the development of a direct arteriovenous connection, depicted as a tangled nidus lacking an
intervening capillary bed, establishing the hallmark features of AVMs.

4. Diagnosis and Treatment

The clinical presentation of AVMs at the time of diagnosis is strongly determined by
anatomical location, size, and vascular dynamics, resulting in significant heterogeneity
across organ systems. Within the central nervous system (CNS), patients may present with
seizures, focal neurological deficits, chronic headaches, or intracranial hemorrhage, de-
pending on the lesion’s proximity to eloquent brain regions [2,3,5,36,91,92]. AVMs located
in the gastrointestinal tract frequently manifest chronic gastrointestinal bleeding, anemia,
abdominal pain, or, in severe cases, high-output cardiac failure due to large-volume arteri-
ovenous shunting [21,40,54,93]. Musculoskeletal AVMs may cause localized pain, tissue
overgrowth, venous congestion, deformities, or limb hypertrophy, often progressing to func-
tional impairment if untreated [2,3,5,14,53]. Pulmonary AVMs, commonly associated with
HHT, can lead to hypoxemia, paradoxical embolization, and cryptogenic stroke [19,25,56].
Conversely, minorities of the AVMs are diagnosed incidentally and remain asymptomatic.
Recognizing these diverse presentations is crucial for timely and accurate diagnosis.

In addition to overt clinical symptoms, subclinical or small AVMs may remain asymp-
tomatic for years, only being discovered incidentally during imaging for unrelated condi-
tions [13]. These incidental findings present diagnostic dilemmas, as their natural history
and rupture risk can vary substantially [94]. Syndromic associations, such as HHT or
capillary malformation-AVM syndrome (linked to RASA1 and EPHB4 mutations), further
complicate diagnosis, as multiple lesions in different organs may coexist [27,29,54,95]. A
high index of suspicion is therefore required in patients with recurrent epistaxis, mucocuta-
neous telangiectasias, or a family history of AVM-related disorders.

Accurate diagnosis relies on a multimodal imaging approach, with each modality
offering unique insights into lesion architecture and hemodynamics. Digital subtraction
angiography (DSA) remains the gold standard for AVM characterization, providing dy-
namic, high-resolution visualization of arterial feeders, the nidus, and venous drainage
patterns [36,54,60,96,97]. However, given its invasive nature, DSA is typically reserved for
definitive evaluation and treatment planning.

Magnetic resonance imaging (MRI) has become the most widely used noninvasive
modality, particularly for CNS AVMs [31]. T1- and T2-weighted sequences demonstrate
flow voids, while susceptibility-weighted imaging (SWI) detects small hemorrhages or
microbleeds [34]. Perfusion-weighted MRI and MR angiography provide hemodynamic
information, such as shunting and regional perfusion deficits [34]. High-field 7T MRI is
under investigation for its ability to detect micro-AVMs and refine assessment of cortical
involvement [34].

Computed tomography (CT) and CT angiography (CTA) are invaluable for rapid
assessment in the acute setting, particularly when hemorrhage is suspected [2,60,96]. CTA
allows reconstruction of vascular networks and can delineate nidus size and draining veins
in patients who are unstable for MRI or angiography [60].

Ultrasonography, particularly color Doppler and duplex ultrasound, offers a real-
time, inexpensive, and radiation-free modality for superficial AVMs [31]. It is often used
in pediatric or peripheral lesions. Three-dimensional rotational angiography (3D-RA)
represents a major advancement, providing unparalleled spatial resolution for surgical or
endovascular planning [31,43,98].

Emerging modalities include positron emission tomography (PET), which may de-
tect metabolic activity within the nidus, and molecular imaging strategies targeting
angiogenesis-related markers [2,60,96]. Artificial intelligence (AI) and machine learning
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are also being investigated for automated AVM segmentation, rupture-risk prediction, and
treatment planning, offering potential to reduce interobserver variability [53,60,96,97].

Small, asymptomatic, or deeply located AVMs are often missed with conventional
imaging. These lesions may present only with subtle symptoms or be masked by coexisting
vascular abnormalities [60,92,96]. Contrast-enhanced imaging or serial studies are some-
times required to capture dynamic changes in vascular flow [54,60,96,97]. In syndromic
patients with multisystem disease, whole-body imaging or targeted screening may be
required to identify extracranial lesions [54,60,91,96,97].

Advancements in genomics and biomarker discovery are expected to augment
imaging-based diagnostics. Identifying circulating biomarkers (e.g., endothelial dysfunc-
tion proteins, angiogenic factors, or cell-free DNA carrying KRAS/PIK3CA mutations)
could help detect subclinical AVMs and stratify rupture risk [27,72,87,99]. Integration of
genomics with imaging will enable precision diagnostics in linking AVM morphology to
underlying molecular drivers.

In summary, AVM diagnosis requires a tailored, patient-specific approach that inte-
grates multimodal imaging with careful clinical evaluation (Figure 3). While DSA remains
the gold standard, complementary use of MRI, CTA, ultrasound, and advanced imaging
enhances diagnostic accuracy. Despite these advances, detecting small or asymptomatic
AVMs continues to pose challenges. Future strategies combining imaging, genomics, and
computational modeling promise earlier detection, individualized risk assessment, and
improved treatment planning.

Seizures, focal

- MRI/MRA deficits, Bleeding, anemia,
headaches, abdominal pain,

hemorrhage heart failure

W% cr/cTA/PET

Clinical
Y veasowna || G
23 Pulmonary AVMs Musculoskeletal
3D Rotational Hypoxemia, AyMs
Angiography paradoxical Pain, overgrowth,
embolism, deformities,

z @ 4D ASL cryptogenic stroke | venous congestion

Figure 3. AVM diagnosis requires a tailored, patient-specific approach that integrates clinical evalua-

UTIMODAL IMAGING

tion with multimodal imaging, including digital subtraction angiography (DSA), magnetic resonance
imaging and magnetic resonance angiography (MRI/MRA) with perfusion and susceptibility se-
quences, computed tomography angiography (CTA), Doppler ultrasound, 3D rotational angiography,
arterial spin labeling (ASL), and 4D flow techniques refining hemodynamic assessment.

5. Current Treatment Options
5.1. Embolization, Surgery, and Radiation Therapy

The therapeutic management of AVMs is complex, requiring careful assessment of
patient-specific and lesion-specific factors to determine the safest and most effective inter-
vention (Figure 4) [21]. Historically, treatment relied on surgical excision or supportive
care, but modern advances in endovascular techniques, microsurgical technologies, and
stereotactic radiosurgery (SRS) have transformed outcomes [12,47]. No single modality
universally applies to all AVMs; instead, management strategies are tailored according
to nidus size, venous drainage, eloquence of involved tissue, and hemorrhagic presenta-
tion [3,5,14,36,92].
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Current AVMs Treatment Options

« Liquid embolics (Onyx®, PHIL®, Squid®), tip micr:
cooker techniques enhance safety and efficacy

Microsurgical Resection

« Curative in small/superficial AVMs; aided by intraoperative navigation, ICG angiography,
and neuromonitoring

+ Gamma Knife, CyberKnife, LINAC; 60-80% obliteration over 2-3 years; reduced risk with
fractionation and proton beam

+ Hybrid + surgery; + SRS; staged or salvage
approaches

« VEGF, MEK, and PI3K inhibi iroli H i in HHT; prop.
(exploratory)

Figure 4. Current treatment strategies for AVMs. Optimal AVM management increasingly relies on
multimodal sequencing strategies that integrate endovascular, surgical, and radiosurgical approaches.
Endovascular embolization may be used preoperatively to reduce flow and nidus size, as an adjunct
to stereotactic radiosurgery (SRS), or as a stand-alone therapy in select lesions. Microsurgical resection
remains the most definitive curative option for accessible AVMs, particularly in low-grade lesions,
but carries risks of hemorrhage and neurological morbidity. Stereotactic radiosurgery provides a
non-invasive alternative for small or surgically inaccessible AVMs, though obliteration may take
years, and hemorrhage risk persists during the latency period. Hybrid and staged strategies, such as
embolization followed by surgery or SRS, can maximize efficacy and minimize complications, espe-
cially for large or complex AVMs. Salvage approaches are employed when recurrence or incomplete
obliteration occurs. Together, these treatment modalities highlight the importance of individualized,
multidisciplinary planning to balance cure, risk reduction, and functional outcomes.

5.2. Endovascular Embolization

Embolization has evolved into a pivotal therapeutic and adjunctive modality. Early
embolization employed particulate agents or alcohol, which were associated with high re-
currence and complication rates. The introduction of n-butyl cyanoacrylate (NBCA) marked
the first major improvement, enabling deeper penetration of the nidus [5]. In the past two
decades, newer liquid embolics, such as Onyx® (ethylene-vinyl alcohol copolymer), PHIL®
(precipitating hydrophobic injectable liquid), and Squid®, have significantly improved
treatment durability by permitting controlled injections and deeper nidus occlusion [3,100].

Technical refinements, including detachable-tip microcatheters, dual-lumen balloon
catheters, and the “pressure cooker technique,” have improved precision and minimized
reflux-related complications [60,100]. Cone-beam CT and 3D rotational angiography now
permit real-time navigation, enabling targeted embolization of deep feeders that were
previously inaccessible [31].

While curative embolization is feasible for some small AVMs, it is most often used
adjunctively to reduce nidus size, decrease flow, and prepare patients for subsequent
microsurgery or radiosurgery [100]. Reported obliteration rates with embolization re-
main variable, ranging from 10% to 50% depending on AVM architecture and embolic
agent used [100]. Complications include inadvertent venous occlusion, ischemia, and
hemorrhage, underscoring the need for experienced multidisciplinary teams.

5.3. Microsurgical Resection

Surgical excision remains the only definitive curative therapy for appropriately se-
lected patients [17,100,101]. The Spetzler-Martin grading system has long guided selection,
balancing surgical risk against potential benefit. Advances in microsurgical techniques,
including intraoperative neuronavigation, indocyanine green (ICG) angiography, and
continuous neuromonitoring, have enhanced safety and completeness of resection [17,101].

For small, superficial AVMs located in non-eloquent regions, microsurgical resec-
tion achieves obliteration rates exceeding 95% with low morbidity [101]. However, for
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deep-seated or high-grade AVMs, surgical risks increase significantly, with permanent
neurological deficit rates reported at 10-20% in some series [101]. To mitigate this, hybrid
approaches incorporating preoperative embolization to reduce intraoperative bleeding are
now standard practice in many centers [100,101].

5.4. Stereotactic Radiosurgery (SRS)

SRS has become a cornerstone for the management of small- to medium-sized AVMs
(<3 cm) or those located in eloquent or surgically inaccessible areas. Platforms such as
Gamma Knife, CyberKnife, and LINAC-based systems deliver precise, high-dose radiation
to the nidus, inducing gradual endothelial proliferation, luminal occlusion, and obliteration
over 2-3 years [17]. Obliteration rates range from 60 to 80% at 3 years, with hemorrhage
risk decreasing during the latency period [5,20,53].

Complications include radiation necrosis, edema, and delayed cyst formation, but im-
proved dose planning, fractionated SRS, and proton beam therapy are reducing such risks [3].
Combining embolization and radiosurgery, particularly staged embolization followed by SRS,
has shown promise in improving obliteration rates for larger or complex AVMs [2,14,100].

5.5. Multimodality and Sequencing Strategies

No single modality is universally curative; therefore, integrated multimodal strategies
are increasingly emphasized [22,34,60]. Embolization followed by microsurgery reduces
intraoperative bleeding and operative time [40]. Radiosurgery following partial emboliza-
tion is used for residual nidus reduction, while surgery following failed SRS provides
salvage therapy. Emerging “hybrid operating rooms,” which combine angiographic and
neurosurgical capabilities, enable intraoperative angiography and immediate resection
following embolization, reducing recurrence risk [22].

5.6. Emerging Minimally Invasive and Endovascular Interventions

New endovascular technologies are shifting the treatment landscape. Flow-diverting
stents and covered stents are under investigation for redirecting arterial inflow, though risks
of hemorrhage remain a concern [21]. Bioactive coils and liquid embolics with radiopaque
markers are improving visualization and precision [60]. Advanced intraoperative imaging,
including flat-panel CT and fusion angiography, enhances nidus targeting [60].

5.7. Novel Molecular and Pharmacologic Therapies

Conventional mechanical approaches are now being supplemented by pharmacologic
interventions targeting dysregulated signaling pathways. VEGF inhibitors, MEK inhibitors (for
KRAS/MAP2K1 mutant AVMSs), PI3K inhibitors (for PIK3CA mutant lesions), and sirolimus
(mTOR inhibition) are under active investigation [29,59,99,102]. Case series in HHT have
reported reduced epistaxis and AVM stabilization with bevacizumab, suggesting systemic
therapy could serve as an adjunct to conventional modalities [3]. Propranolol, widely used for
infantile hemangiomas, has also been explored for AVMs with anecdotal benefit [2,53].

5.8. Animal Models and Translational Insights

Animal models remain indispensable for understanding AVM biology and testing
novel interventions (Table 1). Genes potentially associated with AVM formation are listed
in Table 2. Genetically engineered mice with ENG, ALK1, or RASA1 mutations recapitulate
HHT-associated AVMs and have revealed key roles for TGF-§3, Notch, and VEGF pathways
(Table 3) [1-4,19,24,27,42,49,52,54,56,64,87-89,94,103-107]. Zebrafish models allow high-
throughput screening of angiogenesis inhibitors, while optogenetic vascular models permit
dynamic modulation of flow and vessel remodeling [41]. Preclinical successes are guiding
translation trials of MEK inhibitors and anti-angiogenic therapies [108].
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Table 2. Genetic and Mechanistic Overview of Arteriovenous Malformation in Mouse Models.
Representative . . Brain Non-Brain AVM . .
Pathway Mouse Models Mechanistic Basis AVM Incidence Incidence Major Phenotypes Key Insights/Relevance Ref.
Engt/—, Alk1*/—, . . Core pathway in hereditar
Engfx /K (endothelial Loss of endothelial TGF-3 Dilated and tortuous hemo};rhagic};elangiec tasiay
& signaling (via ENG or Moderate to high . . vessels, arteriovenous
or smooth muscle . . o Occasional (skin, (HHT); demonstrates
TGF- Cre), AlK1P/ ALK1) impairs (25-100% lung, liver) especiall shunts, hemorrhage, requirement of ENG/ALK1 [16,19,20,
3/ALK1/ENG el flow-dependent vascular depending on g p Y neurological q . 56,64,94,
(L1-Cre, SM22x-Cre), . . . 2 with smooth muscle . . for vessel quiescence; adult
Pathway A remodeling, leading to deletion timing and . dysfunction, lethality . o 104-106]
Eng + VEGEF, st ¢ VEGEF stimulati Cre lines . b . angiogenesis triggers AVMs
fx/fx persistence o stimulation) (in embryonic or severe ) ; .
Alkl + rterioven hunt dult deletion) only with combined deletion
AAV-VEGF arteriovenous shunts. adult deletio + VEGF
Tie2-tTA; Constitutive activation of Enlareed and tortuous Demonstrates that Notch
TRE-Notch4 or Notch signaling forces PPN . . ged: activation alone is sufficient to
Notchl arterial identity and Very high (~100%  Yes—lesions also in vessels, high-flow AV induce AVMs; phenotype is
Notch Signaling . . . . when activated liver, skin, uterus shunts, hemorrhage, . ’ [64,74,105,
Pathwa (gain-of-function), disrupts arterial-venous carlv in with sustained neurological siens reversible upon Notch4 107]
y Cdh5(PAC)- segregation; Rbpj deletion deleo ment) activation lethalit gin earlg ! suppression; cross-talk with
CreERT2; Rbpj™*/& blocks canonical Notch P activa ti}(l) 0 y ALK1/TGF-B pathways
(loss-of-function) signaling. critical for lesion persistence
Loss of BMP inhibition
leads to upregulation of Links vascular calcification
s . BMP/ALK1/Notch . AV shunts, vessel genes with AVM pathogenesis;
- /
I'ilg/lliélc\i/[ggthwa Il\’/[glt) ik (Me;(tnxt)G la signaling, causing High (~100%) Efjrfzk;n' heart, lung, dilation, hemorrhage,  supports shared downstream 5%@’1104’
y roten knockou abnormal endothelial Y early lethality effectors with ALK1/ENG and
activation and Notch pathways
arteriovenous connections.
Interaction between
Mgp~/~ +Jagl*/~,  VEGF-driven angiogenesis Robust angiogenesis, . .
Combined Eng*/~ + VECGE, and impaired Yes (skin, ear, visceral nidus formation, ]c)oilr?e(z:sitsr:es;?tliztl efl(r)lrg f\g/;/rluc [64,96,106
Pathways/Cross-  Alk1*/~ + VEGF, ENG/ALK1/Notch High (up to 90%) T hemorrhage, regression L . b
fx/fx . . organs) . . formation; provides model for  108]
Talk Models Eng + signaling promotes AVM with VEGF withdrawal adult-onset or acquired AVMs
AAV-VEGF initiation and or pathway restoration 1

maintenance.
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The future of AVM management lies in integrating genomics, imaging, and novel
therapies into precision medicine frameworks. Al-driven rupture-risk prediction, imaging-
based treatment planning, and molecular-targeted therapy are expected to complement
surgical, endovascular, and radiosurgical modalities. Bioengineering approaches, including
vascular tissue scaffolds and regenerative strategies, may one day enable reconstruction of
normal vasculature following AVM obliteration.

Table 3. Genes Implicated in AVM Formations.

Category Representative Genes Ref.
Angiogenic/ Vascular ENG, ALK1 (ACVRL1), GDF2, RASA1, [1-4,27,42,49,
Signaling PDGEFB, EFNA4, SLIT2, NOTCH 52,59,63,96]
ECM/Structural TNXB, CSPG4, CD109, FLRT3 [87,88,97]
Growth Factor/Signaling TGF-f3/SMAD, COUP-TFII, SOX18, [3,45,88,97]
Modulators PROX1, NFATc1, FOXC2, VEGF e

NBPF10, NAXE, TTC21B, BMP3, IGFBP?,

AOC3, NEDDA4L, STK4, MAP2K1 [1,45,68,88]

Miscellaneous/Emerging

5.9. Challenges in Developing Effective Treatments for AVMs and Future Directions

Despite significant advances in AVM therapies, several critical challenges persist. The
heterogeneity of AVMs with differences in size, location, venous drainage, and clinical
symptoms necessitates individualized, case-specific strategies [3,53,54,100]. Even after
technically successful interventions, recurrence or incomplete nidus obliteration is not
uncommon, highlighting the need for lifelong surveillance with advanced imaging modali-
ties such as high-field MRI and catheter angiography [60,97]. Another unresolved issue is
the optimal sequencing of treatment modalities, particularly when combining emboliza-
tion, microsurgery, and radiosurgery [2,3,21,31,93,101]. Refinements in targeted molecular
therapies, the development of novel embolic agents, and the integration of advanced
imaging-guided planning represent promising avenues for reducing recurrence rates and
improving long-term safety [31,60,100]. At the same time, ongoing research into the genetic
and molecular underpinnings of AVMs continues to uncover new therapeutic targets [3].

The comprehensive management of AVMs demands a multidisciplinary team ap-
proach, involving neurosurgeons, interventional neuroradiologists, neurologists, and ra-
diation oncologists. Vascular surgeons often play a role in extracranial AVMs, while
anesthesiologists with neurovascular expertise contribute to intraoperative safety. Imag-
ing specialists are crucial for assessing nidus morphology and hemodynamics, which in
turn informs treatment planning [22,110]. This collaborative framework ensures holistic,
patient-centered care that considers not only procedural safety but also comorbidities and
quality of life [23,36,60].

Long-term follow-up remains essential for evaluating treatment efficacy and patient
outcomes. While successful intervention may result in AVM obliteration, residual risks
such as delayed hemorrhage, treatment-related neurological deficits, and AVM recurrence
persist [2,3,31,53,54,91]. Pediatric and young adult patients are particularly vulnerable, as
recurrence has been documented even after apparent cure [20,61]. Structured longitudinal
assessments provide insights into the durability of treatment outcomes and inform best
practices for surveillance. Including patients that are asymptomatic that were diagnosed
incidentally. Consequently, the decision to treat these patients is also complex because this
depends on the anatomical and physiological features of the AVM and would involve a
multidisciplinary approach.

Patient education and engagement are equally critical. Patients and families should
receive clear information regarding natural history, treatment risks, and the necessity
of routine follow-up. Scheduled imaging (e.g., MRI/MRA, angiography) is central to
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detecting recurrence or residual lesions [3,36,54]. Empowering patients through education
fosters proactive care-seeking behaviors, facilitates adherence to monitoring protocols, and
enhances long-term quality of life.

While substantial progress has been made in elucidating AVM biology, unanswered
questions remain. The genetic and environmental factors that predispose individuals to
AVM development are incompletely understood [46]. Although somatic mutations in genes
such as KRAS, MAP2K1, and PIK3CA have been implicated in sporadic AVMs, the precise
triggers initiating lesion progression remain elusive [1,15,20,63,72,109]. Future research
must unravel the interplay of angiogenic signaling, hemodynamic stress, and inflammation
in nidus formation and rupture.

Looking forward, the integration of advanced imaging and genomics is expected to
refine diagnosis and treatment selection. High-resolution modalities such as 7T MRI and
4D flow angiography can improve characterization of AVM morphology and hemodynam-
ics [15,20,72]. Concurrently, genomic profiling holds promise for identifying biomarkers
predictive of rupture risk or treatment response [1,15]. Together, these advances enable
more precise risk stratification and lay the foundation for personalized treatment paradigms
tailored to the individual patient.

Monitoring represents a critical component in the management of AVMs, given their
dynamic nature and variable risk of hemorrhage or neurological compromise [3]. Regular
imaging follow-up with MRI, CT angiography, or digital subtraction angiography allows
clinicians to track lesion growth, assess hemodynamic changes, and identify early signs
of instability or recurrence, particularly after intervention, especially in asymptomatic pa-
tients [36]. The choice of treatment must be individualized, considering lesion size, location,
vascular architecture, patient age, comorbidities, and rupture risk [3,36,92]. Therapeutic
options range from microsurgical resection, endovascular embolization, and stereotactic
radiosurgery to combination approaches, each with distinct efficacy and risk profiles [23,36].
By integrating careful monitoring with individualized treatment strategies, clinicians can
optimize outcomes while minimizing procedural risks, especially in surgically challenging
or recurrent lesions.

The emergence of precision medicine approaches is further reshaping AVM care. Tai-
loring therapy to individual lesion characteristics includes size, location, and genetic or
molecular profile, which has the potential to improve outcomes while minimizing morbid-
ity [1,15]. Pharmacologic interventions targeting VEGE, Notch, or PI3K/AKT signaling are
under active investigation [109]. Integrating such strategies with surgical and endovascular
care may optimize long-term disease control. Collectively, combining advanced imaging,
genomic insights, and precision therapeutics offers a holistic framework for personalized
AVM management. Ultimately, such an integrated approach bridges mechanistic under-
standing with clinical practice, paving the way for safer, more effective, and individualized
AVM therapies [3,93].

Finally, ethical considerations are central to advancing AVM research and care. Ensur-
ing informed consent, transparency about risks, and equitable access to novel therapies
remain essential. As new technologies emerge, including molecular therapies and Al-based
rupture-risk prediction, ongoing ethical oversight will be critical to balance innovation
with patient safety.

In summary, AVMs represent a multifaceted clinical challenge. Continued exploration
of their genetic basis, coupled with innovations in imaging, targeted therapies, and multidis-
ciplinary management, offers hope for improved outcomes. By advancing both biological
understanding and therapeutic technologies, the field is moving toward more effective,
durable, and personalized solutions for patients with these complex vascular anomalies.



Biomolecules 2025, 15, 1661

14 of 20

6. Conclusions

AVMs arise from a multifaceted interplay of genetic, molecular, and hemodynamic
factors that govern their initiation, progression, and clinical complications. Advances in
imaging technologies and molecular diagnostics have greatly enhanced the ability to detect
and characterize AVMs, thereby improving risk stratification and guiding individualized
treatment planning. Despite progress with conventional therapies such as endovascular
embolization, microsurgical resection, and stereotactic radiosurgery, significant challenges
remain, including recurrence, incomplete obliteration, and treatment-related morbidity.
The involvement of dysregulated signaling pathways, notably Notch, VEGEF, and TGF-§3,
underscores the need for targeted molecular therapies that can directly address abnormal
angiogenesis and vascular remodeling. In parallel, computational modeling and experi-
mental research continue to shed light on AVM hemodynamics, opening new avenues for
therapeutic innovation.

Future research must prioritize the refinement of robust preclinical models that faith-
fully replicate the heterogeneity of human AVMs. Genetically engineered mouse models,
zebrafish platforms, and other in vivo systems have already yielded critical insights, yet
further optimization is required to enhance translational relevance. These models will
remain indispensable for dissecting pathway-specific mechanisms and for testing novel
pharmacologic approaches, such as inhibitors of aberrant Notch or VEGF signaling, which
may ultimately provide less invasive and more durable treatment options.

Equally important is the integration of genomics, biomarker discovery, and person-
alized medicine into both research and clinical practice. Advances in bioengineering and
regenerative medicine hold promises for vascular remodeling strategies that could comple-
ment or replace conventional interventions. A truly multidisciplinary framework uniting
neurosurgeons, interventional radiologists, geneticists, vascular biologists, biomedical en-
gineers, and computational scientists will be critical to translate emerging scientific insights
into patient care. By leveraging these collaborative advances, the field can move toward
precision therapies that improve outcomes, reduce recurrence, and ultimately lessen the
burden of AVM-related morbidity and mortality.
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HHT Hereditary Hemorrhagic Telangiectasia
ICG Indocyanine Green
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MAP2K1  Mitogen-activated Protein Kinase Kinase 1
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NBCA N-Butyl Cyanoacrylate
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TGF-$ Transforming Growth Factor—f3
VEGF Vascular Endothelial Growth Factor

VSMC(s)  Vascular Smooth Muscle Cell(s)

References

1.  Maddy, K,; Chalamgari, A.; Ariwodo, O.; Nisseau-Bey, Z.; Maldonado, J.; Lucke-Wold, B. An updated review on the genetics of
arteriovenous malformations. Gene Protein Dis. 2023, 2, 0312. [CrossRef]

2. Osbun, J.W,; Reynolds, M.R.; Barrow, D.L. Arteriovenous malformations: Epidemiology, clinical presentation, and diagnostic
evaluation. Handb. Clin. Neurol. 2017, 143, 25-29. [CrossRef]

3. Schimmel, K.; Ali, M.K;; Tan, S.Y,; Teng, J.; Do, H.M.; Steinberg, G.K.; Stevenson, D.A.; Spiekerkoetter, E. Arteriovenous
Malformations-Current Understanding of the Pathogenesis with Implications for Treatment. Int. J. Mol. Sci. 2021, 22, 9037.
[CrossRef] [PubMed]

4. Mahmoud, M.; Allinson, K.; Zhai, Z.; Oakenfull, R.; Ghandji, P; Adams, R.; Fruttiger, M.; Arthur, H. Pathogenesis of Arteriovenous
Malformations in the Absence of Endoglin. Circ. Res. 2010, 106, 1425-1433. [CrossRef] [PubMed]

5. Neto, C.A.S.F,; Durans, M. Arteriovenous Malformation: Concepts on Physiopathology and Treatment. ]. Vasc. Endovasc. Ther.
2019, 4, 6. [CrossRef]

6.  Beltramello, A.; Zampieri, P; Ricciardi, G.K.; Pasqualin, A.; Nicolato, A.; Sala, F; Piovan, E.; Gerosa, M. Operative classification of
brain arteriovenous malformations. Interv. Neuroradiol. 2008, 14, 9-19. [CrossRef]

7.  Lee, B.-B. New classification of congenital vascular malformations (CVMs). Rev. Vasc. Med. 2015, 3, 1-5. [CrossRef]


https://doi.org/10.36922/gpd.0312
https://doi.org/10.1016/b978-0-444-63640-9.00003-5
https://doi.org/10.3390/ijms22169037
https://www.ncbi.nlm.nih.gov/pubmed/34445743
https://doi.org/10.1161/CIRCRESAHA.109.211037
https://www.ncbi.nlm.nih.gov/pubmed/20224041
https://doi.org/10.21767/2573-4482.19.04.6
https://doi.org/10.1177/159101990801400102
https://doi.org/10.1016/j.rvm.2015.06.001

Biomolecules 2025, 15, 1661 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Goldenberg, D.C.; Dov, C.; Vikkula, M.; Penington, A.; Blei, F.; Schultze-Kool, L.; Wassef, M.; Frieden, I. Updated Classification of
Vascular Anomalies: A living document from the International Society for the Study of Vascular Anomalies Classification Group.
J. Vasc. Anom. 2025, 6, €113. [CrossRef]

Oomen, K.P.Q.; Wreesmann, V.B. Current classification of vascular anomalies of the head and neck. J. Oral Pathol. Med. 2022,
51, 830-836. [CrossRef]

Shaligram, S.S.; Winkler, E.; Cooke, D.; Su, H. Risk factors for hemorrhage of brain arteriovenous malformation. CNS Neurosci.
Ther. 2019, 25, 1085-1095. [CrossRef]

Faughnan, M.E.; Palda, V.A.; Garcia-Tsao, G.; Geisthoff, U.W.; McDonald, J.; Proctor, D.D.; Spears, J.; Brown, D.H.; Buscarini, E.;
Chesnutt, M.S; et al. International guidelines for the diagnosis and management of hereditary haemorrhagic telangiectasia. J.
Med. Genet. 2011, 48, 73-87. [CrossRef]

Al-Shahi, R.; Warlow, C. A systematic review of the frequency and prognosis of arteriovenous malformations of the brain in
adults. Brain 2001, 124, 1900-1926. [CrossRef] [PubMed]

Mohr, J.P,; Parides, M.K,; Stapf, C.; Moquete, E.; Moy, C.S.; Overbey, ].R.; Al-Shahi Salman, R.; Vicaut, E.; Young, W.L.; Houdart, E.;
et al. Medical management with or without interventional therapy for unruptured brain arteriovenous malformations (ARUBA):
A multicentre, non-blinded, randomised trial. Lancet 2014, 383, 614—621. [CrossRef] [PubMed]

Bokhari, M.R.; Bokhari, S.R.A. Arteriovenous Malformation of the Brain. In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2025. Available online: https://www.ncbi.nlm.nih.gov/books/NBK430744/ (accessed on 24 April 2023).
Oulasvirta, E.; Koroknay-Pal, P.; Numminen, J.; Hafez, A.; Raj, R.; Jahromi, B.R.; Niemeld, M.; Laakso, A. Recurrence of brain
arteriovenous malformations in pediatric patients: A long-term follow-up study. Acta Neurochir. 2023, 165, 1565-1573. [CrossRef]
[PubMed]

Scherschinski, L.; Han, C.; Kim, Y.H.; Winkler, E.A.; Catapano, J.S.; Schriber, T.D.; Vajkoczy, P.; Lawton, M.T.; Oh, S.P. Local-
ized conditional induction of brain arteriovenous malformations in a mouse model of hereditary hemorrhagic telangiectasia.
Angiogenesis 2023, 26, 493-503. [CrossRef]

Hillman, J. Population-based analysis of arteriovenous malformation treatment. J. Neurosurg. 2001, 95, 633-637. [CrossRef]
Murphy, P.A.; Kim, TN.; Lu, G.; Bollen, A.W.; Schaffer, C.B.; Wang, R.A. Notch4 normalization reduces blood vessel size in
arteriovenous malformations. Sci. Transl. Med. 2012, 4, 117ra8. [CrossRef]

Crist, AM.; Lee, A.R,; Patel, N.R.; Westhoff, D.E.; Meadows, S.M. Vascular deficiency of Smad4 causes arteriovenous malforma-
tions: A mouse model of Hereditary Hemorrhagic Telangiectasia. Angiogenesis 2018, 21, 363-380. [CrossRef]

Ricciardelli, A.R.; Genet, G.; Genet, N.; McClugage, S.T., 3rd; Kan, P.T.; Hirschi, K.K ; Fish, ].E.; Wythe, ].D. From bench to bedside:
Murine models of inherited and sporadic brain arteriovenous malformations. Angiogenesis 2025, 28, 15. [CrossRef]

Lee, B.-B.; Do, Y.S.; Wayne, Y.; Kim, D.I.; Mattassi, R.; Hyon, W.S. Management of arteriovenous malformations: A multidisci-
plinary approach. J. Vasc. Surg. 2004, 39, 590-600. [CrossRef]

Bruno, C.A., Jr.; Meyers, PM. Endovascular management of arteriovenous malformations of the brain. Interv. Neurol. 2013,
1,109-123. [CrossRef] [PubMed]

Plasencia, A.R.; Santillan, A. Embolization and radiosurgery for arteriovenous malformations. Surg. Neurol. Int. 2012, 3 (Suppl.
S2), S90-5104. [CrossRef] [PubMed]

Han, C.; Choe, S.W.; Kim, Y.H.; Acharya, A.P,; Keselowsky, B.G.; Sorg, B.S.; Lee, Y.J.; Oh, S.P. VEGF neutralization can prevent
and normalize arteriovenous malformations in an animal model for hereditary hemorrhagic telangiectasia 2. Angiogenesis 2014,
17, 823-830. [CrossRef] [PubMed]

Snellings, D.A.; Gallione, C.J.; Clark, D.S.; Vozoris, N.T.; Faughnan, M.E.; Marchuk, D.A. Somatic Mutations in Vascular
Malformations of Hereditary Hemorrhagic Telangiectasia Result in Bi-allelic Loss of ENG or ACVRL1. Am. . Hum. Genet. 2019,
105, 894-906. [CrossRef]

Winkler, E.A.; Chang, N.K,; Ross, ].; Garcia, J.; Gil, E.; Oh, I; Chen, L.; Wu, D.; Catapano, J.; Raygor, K. A single-cell atlas of the
normal and malformed human brain vasculature. Science 2022, 375, eabi7377. [CrossRef]

Revencu, N.; Boon, L.M.; Mendola, A.; Cordisco, M.R.; Dubois, J.; Clapuyt, P; Hammer, E; Amor, D.J.; Irvine, A.D.; Baselga, E.;
et al. RASA1 mutations and associated phenotypes in 68 families with capillary malformation-arteriovenous malformation. Hum.
Mutat. 2013, 34, 1632-1641. [CrossRef]

ZhuGe, Q.; Zhong, M.; Zheng, W.; Yang, G.Y.; Mao, X,; Xie, L.; Chen, G.; Chen, Y.; Lawton, M.T.; Young, W.L.; et al. Notch-1
signalling is activated in brain arteriovenous malformations in humans. Brain 2009, 132 Pt 12, 3231-3241. [CrossRef]

Bai, J.; Wang, Y.; Liu, L.; Zhao, Y. Ephrin B2 and EphB4 selectively mark arterial and venous vessels in cerebral arteriovenous
malformation. J. Int. Med. Res. 2014, 42, 405-415. [CrossRef]

Fehnel, K.P,; Penn, D.; Duggins-Warf, M.; Gruber, M.; Pineda, S.; Sesen, ].; Moses-Gardner, A.; Shah, N.; Driscoll, J.; Zurakowski,
D.; et al. Dysregulation of the EphrinB2—EphB4 ratio in pediatric cerebral arteriovenous malformations is associated with
endothelial cell dysfunction in vitro and functions as a novel noninvasive biomarker in patients. Exp. Mol. Med. 2020, 52, 658-671.
[CrossRef]


https://doi.org/10.1097/JOVA.0000000000000113
https://doi.org/10.1111/jop.13353
https://doi.org/10.1111/cns.13200
https://doi.org/10.1136/jmg.2009.069013
https://doi.org/10.1093/brain/124.10.1900
https://www.ncbi.nlm.nih.gov/pubmed/11571210
https://doi.org/10.1016/S0140-6736(13)62302-8
https://www.ncbi.nlm.nih.gov/pubmed/24268105
https://www.ncbi.nlm.nih.gov/books/NBK430744/
https://doi.org/10.1007/s00701-023-05612-8
https://www.ncbi.nlm.nih.gov/pubmed/37140647
https://doi.org/10.1007/s10456-023-09881-w
https://doi.org/10.3171/jns.2001.95.4.0633
https://doi.org/10.1126/scitranslmed.3002670
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1007/s10456-024-09953-5
https://doi.org/10.1016/j.jvs.2003.10.048
https://doi.org/10.1159/000346927
https://www.ncbi.nlm.nih.gov/pubmed/25187772
https://doi.org/10.4103/2152-7806.95420
https://www.ncbi.nlm.nih.gov/pubmed/22826821
https://doi.org/10.1007/s10456-014-9436-3
https://www.ncbi.nlm.nih.gov/pubmed/24957885
https://doi.org/10.1016/j.ajhg.2019.09.010
https://doi.org/10.1126/science.abi7377
https://doi.org/10.1002/humu.22431
https://doi.org/10.1093/brain/awp246
https://doi.org/10.1177/0300060513478091
https://doi.org/10.1038/s12276-020-0414-0

Biomolecules 2025, 15, 1661 17 of 20

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Aiyappan, S.K,; Ranga, U.; Veeraiyan, S. Doppler Sonography and 3D CT Angiography of Acquired Uterine Arteriovenous
Malformations (AVMs): Report of Two Cases. J. Clin. Diagn. Res. 2014, 8, 187-189. [CrossRef]

Irtyuga, O.; Malashicheva, A.; Zhiduleva, E.; Freylikhman, O.; Rotar, O.; Back, M.; Tarnovskaya, S.; Kostareva, A.; Moiseeva, O.
NOTCH1 Mutations in Aortic Stenosis: Association with Osteoprotegerin/RANK/RANKL. Biomed. Res. Int. 2017, 2017, 6917907 .
[CrossRef]

Song, W.; Dyer, E.; Stuckey, D.; Leung, M.; Memo, M.; Mansfield, C.; Ferenczi, M.; Liu, K.; Redwood, C.; Nowak, K.; et al.
Investigation of a transgenic mouse model of familial dilated cardiomyopathy. J. Mol. Cell. Cardiol. 2010, 49, 380-389. [CrossRef]
Schmidt, V.E; Masthoff, M.; Czihal, M.; Cucuruz, B.; Héberle, B.; Brill, R.; Wohlgemuth, W.A.; Wildgruber, M. Imaging of
peripheral vascular malformations—Current concepts and future perspectives. Mol. Cell. Pediatr. 2021, 8, 19. [CrossRef]
Zuurbier, S.M.; Al-Shahi Salman, R. Interventions for treating brain arteriovenous malformations in adults. Cochrane Database
Syst. Rev. 2019, 9, Cd003436. [CrossRef]

Chen, C.J.; Ding, D.; Derdeyn, C.P; Lanzino, G.; Friedlander, R.M.; Southerland, A.M.; Lawton, M.T.; Sheehan, J.P. Brain
arteriovenous malformations: A review of natural history, pathobiology, and interventions. Neurology 2020, 95, 917-927.
[CrossRef] [PubMed]

Abdelilah-Seyfried, S.; Ola, R. Shear stress and pathophysiological PI3K involvement in vascular malformations. J. Clin. Investig.
2024, 134, €172843. [CrossRef] [PubMed]

Nakisli, S.; Lagares, A.; Nielsen, C.M.; Cuervo, H. Pericytes and vascular smooth muscle cells in central nervous system
arteriovenous malformations. Front. Physiol. 2023, 14, 1210563. [CrossRef] [PubMed]

Jeong, ].Y.; Bafor, A.; Freeman, B.; Chen, P; Eun, S.P,; Kim, E. Pathophysiology in Brain Arteriovenous Malformations: Focus on
Endothelial Dysfunctions and Endothelial-to-Mesenchymal Transition. Biomedicines 2024, 12, 1795. [CrossRef]

Liberman, F.; Cooke, R.; Cabrera, M.].; Vigo, S.; Allende, G.; Auad, L.; Ricarte-Bratti, ].P. High-output heart failure due to
arteriovenous malformation treated by endovascular embolisation. Br. . Cardiol. 2022, 29, 26. [CrossRef]

Gore, A.V.; Monzo, K.; Cha, Y.R,; Pan, W.; Weinstein, B.M. Vascular development in the zebrafish. Cold Spring Harb. Perspect. Med.
2012, 2, a006684. [CrossRef]

Krebs, L.T.; Starling, C.; Chervonsky, A.V.; Gridley, T. Notch1 activation in mice causes arteriovenous malformations phenocopied
by ephrinB2 and EphB4 mutants. Genesis 2010, 48, 146-150. [CrossRef]

Kader, A.; Young, W.L.; Pile-Spellman, J.; Mast, H.; Sciacca, R.R.; Mohr, J.P.; Stein, B.M. The influence of hemodynamic and
anatomic factors on hemorrhage from cerebral arteriovenous malformations. Neurosurgery 1994, 34, 801-807; discussion 807-808.
[CrossRef]

Tanweer, O.; Wilson, T.A.; Metaxa, E.; Riina, H.A.; Meng, H. A comparative review of the hemodynamics and pathogenesis of
cerebral and abdominal aortic aneurysms: Lessons to learn from each other. . Cerebrovasc. Endovasc. Neurosurg. 2014, 16, 335-349.
[CrossRef]

Thomas, ].M.; Surendran, S.; Abraham, M.; Rajavelu, A.; Kartha, C.C. Genetic and epigenetic mechanisms in the development of
arteriovenous malformations in the brain. Clin. Epigenet. 2016, 8, 78. [CrossRef] [PubMed]

Stapf, C.; Mohr, ]J.P; Pile-Spellman, J.; Solomon, R.A.; Sacco, R.L.; Connolly, ESS,, Jr. Epidemiology and natural history of
arteriovenous malformations. Neurosurg. Focus 2001, 11, el. [CrossRef] [PubMed]

van Beijnum, J.; van der Worp, H.B.; Buis, D.R.; Al-Shahi Salman, R.; Kappelle, L.J.; Rinkel, G.J.; van der Sprenkel, ]. W.; Vandertop,
W.P; Algra, A.; Klijn, C.J. Treatment of brain arteriovenous malformations: A systematic review and meta-analysis. JAMA 2011,
306, 2011-2019. [CrossRef] [PubMed]

Gross, B.A.; Du, R. Natural history of cerebral arteriovenous malformations: A meta-analysis. J. Neurosurg. 2013, 118, 437-443.
[CrossRef]

Hernandez, F.; Huether, R.; Carter, L.; Johnston, T.; Thompson, J.; Gossage, ].R.; Chao, E.; Elliott, A.M. Mutations in RASA1 and
GDF2 identified in patients with clinical features of hereditary hemorrhagic telangiectasia. Hum. Genome Var. 2015, 2, 15040.
[CrossRef]

McDonald, J.; Wooderchak-Donahue, W.; VanSant Webb, C.; Whitehead, K.; Stevenson, D.A.; Bayrak-Toydemir, P. Hereditary
hemorrhagic telangiectasia: Genetics and molecular diagnostics in a new era. Front. Genet. 2015, 6, 1. [CrossRef]

Li, E; Lan, Y,; Wang, Y.; Wang, J.; Yang, G.; Meng, F; Han, H.; Meng, A.; Wang, Y.; Yang, X. Endothelial Smad4 maintains
cerebrovascular integrity by activating N-cadherin through cooperation with Notch. Dev. Cell 2011, 20, 291-302. [CrossRef]
Thomas, ].M.; Sasankan, D.; Abraham, M.; Surendran, S.; Kartha, C.; Rajavelu, A. DNA methylation signatures on vascular
differentiation genes are aberrant in vessels of human cerebral arteriovenous malformation nidus. Clin. Epigenetics 2022, 14, 127.
[CrossRef] [PubMed]

Drapé, E.; Anquetil, T.; Larrivée, B.; Dubrac, A. Brain arteriovenous malformation in hereditary hemorrhagic telangiectasia:
Recent advances in cellular and molecular mechanisms. Front. Hum. Neurosci. 2022, 16, 1006115. [CrossRef] [PubMed]

Xu, M.; Xu, H.; Qin, Z. Animal Models in Studying Cerebral Arteriovenous Malformation. Biomed. Res. Int. 2015, 2015, 178407.
[CrossRef] [PubMed]


https://doi.org/10.7860/jcdr/2014/6499.4056
https://doi.org/10.1155/2017/6917907
https://doi.org/10.1016/j.yjmcc.2010.05.009
https://doi.org/10.1186/s40348-021-00132-w
https://doi.org/10.1002/14651858.CD003436.pub4
https://doi.org/10.1212/WNL.0000000000010968
https://www.ncbi.nlm.nih.gov/pubmed/33004601
https://doi.org/10.1172/JCI172843
https://www.ncbi.nlm.nih.gov/pubmed/38747293
https://doi.org/10.3389/fphys.2023.1210563
https://www.ncbi.nlm.nih.gov/pubmed/37601628
https://doi.org/10.3390/biomedicines12081795
https://doi.org/10.5837/bjc.2022.026
https://doi.org/10.1101/cshperspect.a006684
https://doi.org/10.1002/dvg.20599
https://doi.org/10.1227/00006123-199405000-00003
https://doi.org/10.7461/jcen.2014.16.4.335
https://doi.org/10.1186/s13148-016-0248-8
https://www.ncbi.nlm.nih.gov/pubmed/27453762
https://doi.org/10.3171/foc.2001.11.5.2
https://www.ncbi.nlm.nih.gov/pubmed/16466233
https://doi.org/10.1001/jama.2011.1632
https://www.ncbi.nlm.nih.gov/pubmed/22068993
https://doi.org/10.3171/2012.10.JNS121280
https://doi.org/10.1038/hgv.2015.40
https://doi.org/10.3389/fgene.2015.00001
https://doi.org/10.1016/j.devcel.2011.01.011
https://doi.org/10.1186/s13148-022-01346-z
https://www.ncbi.nlm.nih.gov/pubmed/36229855
https://doi.org/10.3389/fnhum.2022.1006115
https://www.ncbi.nlm.nih.gov/pubmed/36504622
https://doi.org/10.1155/2015/178407
https://www.ncbi.nlm.nih.gov/pubmed/26649296

Biomolecules 2025, 15, 1661 18 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

Koyalakonda, S.P.; Pyatt, ]. High output heart failure caused by a large pelvic arteriovenous malformation. JRSM Short Rep. 2011,
2, 66. [CrossRef]

Choi, E.J.; Chen, W,; Jun, K.; Arthur, HM.; Young, W.L.; Su, H. Novel brain arteriovenous malformation mouse models for type 1
hereditary hemorrhagic telangiectasia. PLoS ONE 2014, 9, e88511. [CrossRef]

Cho, D.; Kim, S.; Kim, M.; Seo, Y.H.; Kim, W.; Kang, S.H.; Park, S.M.; Shim, W. Two cases of high output heart failure caused by
hereditary hemorrhagic telangiectasia. Korean Circ. J. 2012, 42, 861-865. [CrossRef]

Carlson, T.R.; Yan, Y,; Wu, X,; Lam, M.T; Tang, G.L.; Beverly, L.]J.; Messina, L.M.; Capobianco, A.].; Werb, Z.; Wang, R. Endothelial
expression of constitutively active Notch4 elicits reversible arteriovenous malformations in adult mice. Proc. Natl. Acad. Sci. USA
2005, 102, 9884-9889. [CrossRef]

Tual-Chalot, S.; Redgrave, E; Singh, E.; Davison, B.; Park, C.; Lin, H,; Luli, S; Jin, Y.; Wang, Y.; Lawrie, A.; et al. Loss of Endothelial
Endoglin Promotes High-Output Heart Failure Through Peripheral Arteriovenous Shunting Driven by VEGF Signaling. Circ. Res.
2020, 126, 243-257. [CrossRef]

Jain, M.S.; Do, H.M.; Massoud, T.F. Computational Network Modeling of Intranidal Hemodynamic Compartmentalization in a
Theoretical Three-Dimensional Brain Arteriovenous Malformation. Front. Physiol. 2019, 10, 1250. [CrossRef]

Chang, W.; Loecher, M.W.; Wu, Y.; Niemann, D.B.; Ciske, B.; Aagaard-Kienitz, B.; Kecskemeti, S.; Johnson, K.M.; Wieben, O.;
Mistretta, C.; et al. Hemodynamic changes in patients with arteriovenous malformations assessed using high-resolution 3D radial
phase-contrast MR angiography. AJNR Am. ]. Neuroradiol. 2012, 33, 1565-1572. [CrossRef]

Dolan, ].M.; Kolega, J.; Meng, H. High wall shear stress and spatial gradients in vascular pathology: A review. Ann. Biomed. Eng.
2013, 41, 1411-1427. [CrossRef] [PubMed]

Walcott, B.P.; Winkler, E.A.; Rouleau, G.A.; Lawton, M.T. Molecular, Cellular, and Genetic Determinants of Sporadic Brain
Arteriovenous Malformations. Neurosurgery 2016, 63 (Suppl. S1), 37-42. [CrossRef] [PubMed]

Nielsen, C.M.; Huang, L.; Murphy, P.A.; Lawton, M.T.; Wang, R.A. Mouse Models of Cerebral Arteriovenous Malformation. Stroke
2016, 47, 293-300. [CrossRef] [PubMed]

Payne, L.B.; Zhao, H.; James, C.C.; Darden, J.; McGuire, D.; Taylor, S.; Smyth, ].W.; Chappell, ].C. The pericyte microenvironment
during vascular development. Microcirculation 2019, 26, €12554. [CrossRef]

Murakami, M.; Simons, M. Regulation of vascular integrity. J. Mol. Med. 2009, 87, 571-582. [CrossRef]

Pan, P;; Shaligram, S.; Do Prado, L.; He, L.; Su, H. The role of mural cells in hemorrhage of brain arteriovenous malformation.
Brain Hemorrhages 2021, 2, 49-56. [CrossRef]

Atri, D.; Larrivée, B.; Eichmann, A.; Simons, M. Endothelial signaling and the molecular basis of arteriovenous malformation.
Cell. Mol. Life Sci. 2014, 71, 867-883. [CrossRef]

Uranishi, R.; Baev, N.I; Kim, ].H.; Awad, I.A. Vascular smooth muscle cell differentiation in human cerebral vascular malforma-
tions. Neurosurgery 2001, 49, 671-679; discussion 679-680. [CrossRef]

Ryu, J.Y,; Park, T.H.; Lee, ].S.; Oh, E.J.; Kim, HM.; Lee, S.J.; Lee, ].; Lee, S.Y.; Huh, S.; Kim, ].Y.; et al. Wall shear stress on vascular
smooth muscle cells exerts angiogenic effects on extracranial arteriovenous malformations. Arch. Plast. Surg. 2022, 49, 115-120.
[CrossRef]

Tanzadehpanah, H.; Modaghegh, M.H.S.; Mahaki, H. Key biomarkers in cerebral arteriovenous malformations: Updated review.
J. Gene Med. 2023, 25, €3559. [CrossRef]

Scimone, C.; Donato, L.; Alafaci, C.; Granata, F,; Rinaldi, C.; Longo, M.; D’Angelo, R.; Sidoti, A. High-Throughput Sequencing to
Detect Novel Likely Gene-Disrupting Variants in Pathogenesis of Sporadic Brain Arteriovenous Malformations. Front. Genet.
2020, 11, 146. [CrossRef] [PubMed]

Liu, W.; Morgan, K.M,; Pine, S.R. Activation of the Notch1 Stem Cell Signaling Pathway during Routine Cell Line Subculture.
Front. Oncol. 2014, 4, 211. [CrossRef] [PubMed]

Liu, J.; Dong, E; Jeong, J.; Masuda, T.; Lobe, C. Constitutively active Notchl signaling promotes endothelial-mesenchymal
transition in a conditional transgenic mouse model. Int. . Mol. Med. 2014, 34, 669-676. [CrossRef] [PubMed]

Gridley, T. Notch signaling during vascular development. Proc. Natl. Acad. Sci. USA 2001, 98, 5377-5378. [CrossRef]

Gridley, T. Notch signaling in the vasculature. Curr. Top Dev. Biol. 2010, 92, 277-309. [CrossRef]

Zhang, C.; Hai, L.; Zhu, M,; Yu, S.; Li, T,; Lin, Y.; Liu, B.; Zhou, X.; Chen, L.; Zhao, P.; et al. Actin cytoskeleton regulator Arp2/3
complex is required for DLL1 activating Notch1 signaling to maintain the stem cell phenotype of glioma initiating cells. Oncotarget
2017, 8, 33353-33364. [CrossRef]

Zhou, B,; Lin, W,; Long, Y.; Yang, Y.; Zhang, H.; Wu, K; Chu, Q. Notch signaling pathway: Architecture, disease, and therapeutics.
Signal Transduct. Target. Ther. 2022, 7, 95. [CrossRef]

Bray, S.J. Notch signalling: A simple pathway becomes complex. Nat. Rev. Mol. Cell Biol. 2006, 7, 678—689. [CrossRef]

Lin, Q.Q.; Zhao, ]J.; Zheng, C.G.; Chun, ]. Roles of notch signaling pathway and endothelial-mesenchymal transition in vascular
endothelial dysfunction and atherosclerosis. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 6485-6491. [CrossRef]


https://doi.org/10.1258/shorts.2011.011057
https://doi.org/10.1371/journal.pone.0088511
https://doi.org/10.4070/kcj.2012.42.12.861
https://doi.org/10.1073/pnas.0504391102
https://doi.org/10.1161/CIRCRESAHA.119.315974
https://doi.org/10.3389/fphys.2019.01250
https://doi.org/10.3174/ajnr.A3010
https://doi.org/10.1007/s10439-012-0695-0
https://www.ncbi.nlm.nih.gov/pubmed/23229281
https://doi.org/10.1227/NEU.0000000000001300
https://www.ncbi.nlm.nih.gov/pubmed/27399362
https://doi.org/10.1161/STROKEAHA.115.002869
https://www.ncbi.nlm.nih.gov/pubmed/26351360
https://doi.org/10.1111/micc.12554
https://doi.org/10.1007/s00109-009-0463-2
https://doi.org/10.1016/j.hest.2020.10.005
https://doi.org/10.1007/s00018-013-1475-1
https://doi.org/10.1097/00006123-200109000-00027
https://doi.org/10.5999/aps.2021.00626
https://doi.org/10.1002/jgm.3559
https://doi.org/10.3389/fgene.2020.00146
https://www.ncbi.nlm.nih.gov/pubmed/32184807
https://doi.org/10.3389/fonc.2014.00211
https://www.ncbi.nlm.nih.gov/pubmed/25147757
https://doi.org/10.3892/ijmm.2014.1818
https://www.ncbi.nlm.nih.gov/pubmed/24969754
https://doi.org/10.1073/pnas.101138098
https://doi.org/10.1016/s0070-2153(10)92009-7
https://doi.org/10.18632/oncotarget.16495
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1038/nrm2009
https://doi.org/10.26355/eurrev_201810_16062

Biomolecules 2025, 15, 1661 19 of 20

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Wang, Y.; Wu, B,; Farrar, E.; Lui, W,; Lu, P; Zhang, D.; Alfieri, C.M.; Mao, K.; Chu, M.; Yang, D.; et al. Notch-Tnf signalling is
required for development and homeostasis of arterial valves. Eur. Heart ]. 2017, 38, 675-686. [CrossRef]

Holderfield, M.T.; Hughes, C.C.W. Crosstalk Between Vascular Endothelial Growth Factor, Notch, and Transforming Growth
Factor-f3 in Vascular Morphogenesis. Circ. Res. 2008, 102, 637-652. [CrossRef] [PubMed]

Kopan, R. Notch signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a011213. [CrossRef] [PubMed]

Liu, Z.].; Tan, Y.; Beecham, G.W.; Seo, D.M.; Tian, R.; Li, Y.; Vazquez-Padron, R.I.; Pericak-Vance, M.; Vance, ].M.; Goldschmidt-
Clermont, PJ.; et al. Notch activation induces endothelial cell senescence and pro-inflammatory response: Implication of Notch
signaling in atherosclerosis. Atherosclerosis 2012, 225, 296-303. [CrossRef] [PubMed]

Fish, J.E.; Wythe, J.D. The molecular regulation of arteriovenous specification and maintenance. Dev. Dyn. 2015, 244, 391-409.
[CrossRef]

Russo, T.A.; Banuth, AAM.M.; Nader, H.B.; Dreyfuss, J.L. Altered shear stress on endothelial cells leads to remodeling of
extracellular matrix and induction of angiogenesis. PLoS ONE 2020, 15, e0241040. [CrossRef]

Wei, T; Richter, G.T.; Zhang, H.; Sun, R.W.; Smith, C.H.; Strub, G.M. Extracranial arteriovenous malformations demonstrate
dysregulated TGF-f3/BMP signaling and increased circulating TGF-B1. Sci. Rep. 2022, 12, 16612. [CrossRef]

Munger, J.S.; Sheppard, D. Cross talk among TGF-§3 signaling pathways, integrins, and the extracellular matrix. Cold Spring Harb.
Perspect. Biol. 2011, 3, a005017. [CrossRef]

Florian, I.A.; Buruiana, A.; Timis, T.; Susman, S.; Ioan, S.F,; Balasa, A.; Berindan-Neagoe, I. Insight into the microRNAs Associated
with Arteriovenous and Cavernous Malformations of the Brain. Cells 2021, 10, 1373. [CrossRef]

Giotta Lucifero, A.; Luzzi, S. Brain AVMs-Related microRNAs: Machine Learning Algorithm for Expression Profiles of Target
Genes. Brain Sci. 2022, 12, 1628. [CrossRef]

Ajiboye, N.; Chalouhi, N.; Starke, R.M.; Zanaty, M.; Bell, R. Cerebral arteriovenous malformations: Evaluation and management.
Sci. World |. 2014, 2014, 649036. [CrossRef]

Conger, A.; Kulwin, C.; Lawton, M.T.; Cohen-Gadol, A.A. Diagnosis and evaluation of intracranial arteriovenous malformations.
Surg. Neurol. Int. 2015, 6, 76. [CrossRef]

da Costa, L.; Wallace, M.C.; Ter Brugge, K.G.; O’Kelly, C.; Willinsky, R.A.; Tymianski, M. The natural history and predictive
features of hemorrhage from brain arteriovenous malformations. Stroke 2009, 40, 100-105. [CrossRef] [PubMed]
Abdelilah-Seyfried, S. Epigenetics enters the stage in vascular malformations. J. Clin. Investig. 2024, 134, €182904. [CrossRef]
[PubMed]

Hao, Q.; Su, H.; Marchuk, D.A.; Rola, R.; Wang, Y.; Liu, W.; Young, W.L.; Yang, G.Y. Increased tissue perfusion promotes
capillary dysplasia in the ALK1-deficient mouse brain following VEGF stimulation. Am. J. Physiol. Heart Circ. Physiol. 2008, 295,
H2250-H2256. [CrossRef] [PubMed]

Achey, R.; Thiyagarajah, N.; Rashidi, M.; Moore, N. Computational Fluid-Structure Interactions in the Human Cerebrovas-
cular System: Part 2—A Review of Current Applications of Computational Fluid Dynamics and Structural Mechanics in
Cerebrovascular Pathophysiology. J. Eng. Sci. Med. Diagn. Ther. 2022, 5, 030802. [CrossRef]

Tranvinh, E.; Heit, J.; Hacein-Bey, L.; Provenzale, J.; Wintermark, M. Contemporary Imaging of Cerebral Arteriovenous Malforma-
tions. Am. |. Roentgenol. 2017, 208, 1320-1330. [CrossRef]

Collins, K.A.; Korcarz, C.E.; Lang, R.M. Use of echocardiography for the phenotypic assessment of genetically altered mice.
Physiol. Genom. 2003, 13, 227-239. [CrossRef]

Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target
for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097-1105. [CrossRef]

Maimon, S.; Strauss, L.; Frolov, V.; Margalit, N.; Ram, Z. Brain arteriovenous malformation treatment using a combination of Onyx
and a new detachable tip microcatheter, SONIC: Short-term results. AJNR Am. J. Neuroradiol. 2010, 31, 947-954. [CrossRef]
Kilburg, C.; Taussky, P.; Kalani, M.Y.; Park, M.S. Novel use of flow diversion for the treatment of aneurysms associated with
arteriovenous malformations. Neurosurg. Focus 2017, 42, E7. [CrossRef]

Wang, Y.; Nakayama, M.; Pitulescu, M.; Schmidt, T.; Bochenek, M.; Sakakibara, A.; Adams, S.; Davy, A.; Deutsch, U.; Liithi, U,;
et al. Ephrin-B2 controls VEGF-induced angiogenesis and lymphangiogenesis. Nature 2010, 465, 483-486. [CrossRef] [PubMed]
Raj, J.A.; Stoodley, M. Experimental Animal Models of Arteriovenous Malformation: A Review. Vet. Sci. 2015, 2, 97-110.
[CrossRef] [PubMed]

Gory, S.; Vernet, M.; Laurent, M.; Dejana, E.; Dalmon, J.; Huber, P. The Vascular Endothelial-Cadherin Promoter Directs
Endothelial-Specific Expression in Transgenic Mice. Blood 1999, 93, 184-192. [CrossRef] [PubMed]

Choi, E.J.; Walker, E.J.; Shen, E; Oh, S.P.; Arthur, HM.; Young, W.L.; Su, H. Minimal homozygous endothelial deletion of Eng
with VEGEF stimulation is sufficient to cause cerebrovascular dysplasia in the adult mouse. Cerebrovasc. Dis. 2012, 33, 540-547.
[CrossRef]


https://doi.org/10.1093/eurheartj/ehv520
https://doi.org/10.1161/CIRCRESAHA.107.167171
https://www.ncbi.nlm.nih.gov/pubmed/18369162
https://doi.org/10.1101/cshperspect.a011213
https://www.ncbi.nlm.nih.gov/pubmed/23028119
https://doi.org/10.1016/j.atherosclerosis.2012.04.010
https://www.ncbi.nlm.nih.gov/pubmed/23078884
https://doi.org/10.1002/dvdy.24252
https://doi.org/10.1371/journal.pone.0241040
https://doi.org/10.1038/s41598-022-21217-0
https://doi.org/10.1101/cshperspect.a005017
https://doi.org/10.3390/cells10061373
https://doi.org/10.3390/brainsci12121628
https://doi.org/10.1155/2014/649036
https://doi.org/10.4103/2152-7806.156866
https://doi.org/10.1161/STROKEAHA.108.524678
https://www.ncbi.nlm.nih.gov/pubmed/19008469
https://doi.org/10.1172/JCI182904
https://www.ncbi.nlm.nih.gov/pubmed/39087470
https://doi.org/10.1152/ajpheart.00083.2008
https://www.ncbi.nlm.nih.gov/pubmed/18835925
https://doi.org/10.1115/1.4054124
https://doi.org/10.2214/AJR.16.17306
https://doi.org/10.1152/physiolgenomics.00005.2003
https://doi.org/10.1177/1947601911423031
https://doi.org/10.3174/ajnr.A1959
https://doi.org/10.3171/2017.2.FOCUS1755
https://doi.org/10.1038/nature09002
https://www.ncbi.nlm.nih.gov/pubmed/20445537
https://doi.org/10.3390/vetsci2020097
https://www.ncbi.nlm.nih.gov/pubmed/29061934
https://doi.org/10.1182/blood.V93.1.184
https://www.ncbi.nlm.nih.gov/pubmed/9864160
https://doi.org/10.1159/000337762

Biomolecules 2025, 15, 1661 20 of 20

106.

107.

108.

109.

110.

Zhou, L.; Népote, V.; Rowley, D.L.; Levacher, B.; Zvara, A.; Santha, M.; Mi, Q.S.; Simonneau, M.; Donovan, D.M. Murine
peripherin gene sequences direct Cre recombinase expression to peripheral neurons in transgenic mice. FEBS Lett. 2002,
523, 68-72. [CrossRef]

Ruiz, S.; Zhao, H.; Chandakkar, P.; Prodyot, K.C.; Papoin, J.; Blanc, L.; Metz, C.; Campagne, F.; Marambaud, P. A mouse model of
hereditary hemorrhagic telangiectasia generated by transmammary-delivered immunoblocking of BMP9 and BMP10. Sci. Rep.
2016, 6, 37366. [CrossRef]

Santander, N.; Lizama, C.O.; Meky, E.; McKinsey, G.L.; Jung, B.; Sheppard, D.; Betsholtz, C.; Arnold, T.D. Lack of Flvcr2 impairs
brain angiogenesis without affecting the blood-brain barrier. J. Clin. Investig. 2020, 130, 4055-4068. [CrossRef]

Davis, R.B.; Pahl, K.; Datto, N.C.; Smith, S.V.; Shawber, C.; Caron, K.M.; Blatt, J. Notch signaling pathway is a potential therapeutic
target for extracranial vascular malformations. Sci. Rep. 2018, 8, 17987. [CrossRef]

Triano, M.].; Lara-Reyna, J.; Schupper, A.].; Yaeger, K.A. Embolic Agents and Microcatheters for Endovascular Treatment of
Cerebral Arteriovenous Malformations. World Neurosurg. 2020, 141, 383-388. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0014-5793(02)02936-8
https://doi.org/10.1038/srep37366
https://doi.org/10.1172/JCI136578
https://doi.org/10.1038/s41598-018-36628-1
https://doi.org/10.1016/j.wneu.2020.06.118

	Introduction 
	Epidemiology and Clinical Presentation 
	Pathogenesis and Molecular Mechanism 
	Diagnosis and Treatment 
	Current Treatment Options 
	Embolization, Surgery, and Radiation Therapy 
	Endovascular Embolization 
	Microsurgical Resection 
	Stereotactic Radiosurgery (SRS) 
	Multimodality and Sequencing Strategies 
	Emerging Minimally Invasive and Endovascular Interventions 
	Novel Molecular and Pharmacologic Therapies 
	Animal Models and Translational Insights 
	Challenges in Developing Effective Treatments for AVMs and Future Directions 

	Conclusions 
	References

