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Abstract
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Cardiovascular diseases (CVD) remain the leading cause of global mortality, highlighting the urgent need for the identification of novel

biomarkers and the development of therapeutic approaches to improve patient outcomes. Despite great progress in CVD diagnosis,

treatment, and predicting risk, current methods fall short of effectively reducing its prevalence. Recently, bone morphogenetic protein

10 (BMP10), a cardiac-specific growth factor with a role in cardiac development and vascular homeostasis, has emerged as a potential
biomarker and therapeutic target in CVD. While studies have demonstrated BMP10’s diagnostic potential in atrial fibrillation (AF), its
precise role across the broader CVD landscape remains poorly understood. We review the current knowledge of BMP10’s involvement

across a spectrum of cardiovascular conditions, including AF, heart failure, myocardial infarction, pulmonary arterial hypertension,

dilated cardiomyopathy, and diabetic cardiomyopathy. This analysis provides an in-depth examination of the mechanisms through which

BMP10 may influence CVD progression and highlights its potential utility as a diagnostic and therapeutic target.
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1. Introduction

Cardiovascular disease (CVD), which encompasses a
spectrum of conditions affecting the heart and vascular sys-
tem such as stroke, congenital heart disease, arrhythmias,
atherosclerosis, coronary heart disease, and heart failure
(HF), is the preeminent cause of mortality and disability
worldwide [1-3]. These diseases drastically reduce pa-
tients’ quality of life and impose considerable health and
economic burden on healthcare systems globally [4]. Dur-
ing various pathological conditions, cardiomyocytes se-
crete various bioactive substances, including N-terminal
pro-B-type natriuretic peptide (NT-proBNP) and A-type na-
triuretic peptide (ANP), which are critical biomarkers for
diagnosing, evaluating treatment efficacy, and predicting
prognosis in CVD. These natriuretic peptides, particularly
NT-proBNP, are recommended for use in both acute and
chronic heart failure due to their role in assessing cardiac
dysfunction and guiding treatment decisions. Furthermore,
recombinant human B-type natriuretic peptide (thBNP) has
shown therapeutic potential, especially in acute HF, by
enhancing natriuresis, vasodilation, and reducing cardiac
preload and afterload [5].

Bone morphogenetic proteins (BMPs), the largest sub-
group within the transforming growth factor (TGF)-3 fam-
ily, play a critical role in regulating development and home-
ostasis across multiple organ systems [6]. BMPs were first
discovered in 1965 as proteins capable of inducing ectopic

bone formation [7]. However, their specific identity re-
mained unclear until 1988, when Wozney and colleagues
successfully cloned the human BMP gene [8]. This dis-
covery revealed that BMPs are not a single protein but
rather a complex mixture composed of various regulatory
molecules, with their roles during bone development likely
mediated by interactions among these molecules. Of the
33 genes encoding members of the TGF-£ family, approxi-
mately 15 BMPs have been identified as structurally related
[9]. These proteins are involved not only in skeleton devel-
opment and regulation but also play an important role in
the development of other organs (Fig. la). In the central
nervous system, BMP ligands and receptors are widely ex-
pressed at basal levels in the adult brain, where they modu-
late neurogenesis, gliogenesis, and synaptic as well as den-
dritic plasticity [10]. Additionally, BMP7 is synthesized
in the kidney during both embryonic and postnatal devel-
opment, where it mediates the differentiation and mainte-
nance of metanephric mesenchyme [11]. In CVD, at least
six BMP subtypes (BMP2/4/5/6/7/10) are expressed in car-
diac tissue [12], with BMP2, BMP4, and BMP10 playing
significant roles [13]. BMP2 is involved in the development
of the amniotic and chorionic membranes, cardiac valves,
and endocardial cushions, while BMP4 promotes the for-
mation of mesoderm and the atrioventricular septum [14].
BMP10 is a cardiac-specific growth factor that regulates
cardiomyocyte proliferation, playing a key role in embry-
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Fig. 1. The role of BMPs in various organs and development timeline of BMP10. This figure was drawn using Figdraw, (https:

/lwww.figdraw.com/). (a) BMPs’ functions in different organs. The BMPs primarily present in the heart, brain, kidneys, and bones, as

well as the primary regulatory processes in which they are mainly involved. (b) Development timeline of BMP10. Abbreviations: BMP,

bone morphogenetic protein; MI, myocardial infarction; AVMs, arteriovenous malformations; DA, ductus arteriosus; HF, heart failure;

PAH, pulmonary arterial hypertension; AF, atrial fibrillation; DCM, dilated cardiomyopathy; DC, diabetic cardiomyopathy; pPH, pre-

capillary pulmonary hypertension; SMC, smooth muscle cell; XIAP, X-linked inhibitor of apoptosis protein; MAPK, mitogen-activated

protein kinase; BMPR II, BMP receptor type II; ActR IIA, activin receptor type IIA; ALK1, activin receptor-like kinase 1.

onic development, tissue repair, and disease onset [15,16].
BMP10 is predominantly expressed in the right atrium of
the developing and adult heart, and it is closely associated
with cardiovascular diseases such as atrial fibrillation (AF),
stroke, HF, myocardial infarction (MI), pulmonary arterial
hypertension (PAH), dilated cardiomyopathy (DCM), and
diabetic cardiomyopathy (DC). It has the potential to be
an independent predictor of AF-related complications and
outcomes [17—-19]. The cardiac-specific expression and in-
volvement of BMP10 in CVD pathophysiology make it a
promising candidate for both diagnostic and therapeutic ap-
plications.

This review provides a comprehensive analysis of
the current understanding of BMP10 in CVD. It explores
BMP10’s role in cardiovascular development, its associa-
tion with different CVDs, underlying pathogenic mecha-
nisms, diagnostic potential as a biomarker, and as a target
for various therapies. By systematically reviewing the rel-

evant literature (Fig. 1b), this review aims to offer new in-
sights into the diagnosis, treatment, and prevention of CVD

(Fig. 2).

2. Receptor BMP10 and Signal Transduction
2.1 Receptor Affinity

BMPs, which mainly act as homodimers, function in
a similar manner to other members of the TGF-3 superfam-
ily. BMPs exert their effects by binding as ligands to two
types of serine-threonine kinase transmembrane receptors:
type I and type II [20]. BMPs binding to type I receptors
recruits and activates type II receptors, which in turn trig-
ger transphosphorylation of the type I receptor. The sub-
sequent signal transduction cascade involves both Smad-
dependent and Smad-independent pathways and culminates
in the transcriptional activation of downstream target genes
[21,22]. BMPs interact with four type I receptors (ac-
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Fig. 2. BMP10 in CVD: from biomarker discovery to therapeutic strategies. This figure was drawn using Figdraw, (https://www.figd

raw.com/). BMP10 is a heart-specific factor that plays a pivotal role in cardiac development, vascular homeostasis, and the pathogenesis

of cardiovascular diseases. This review aims to provide an overview of the signaling pathways and functions of BMP10, elucidate their

roles in the molecular mechanisms associated with cardiovascular diseases, and discuss therapeutic strategies for cardiovascular disease

for BMP10 and associated potential opportunities and challenges. BMP10, bone morphogenetic protein 10; CVD, Cardiovascular disease;

STATS3, signal transducer and activator of transcription 3; Smad, Sma and Mad-related proteins.

tivin receptor-like kinase (ALK)1, ALK2, ALK3/bone mor-
phogenetic protein receptor (BMPR)-IA, ALK6/BMPR-
IB) and three type Il receptors (BMPR-II, ACTR-II, ACTR-
IIB), all of which are involved in BMP signaling pathways
[23].

BMPI10 interacts with a variety of type I receptors,
exhibiting different affinities that are crucial for its cellu-
lar role. BMP10 is known for its high affinity interaction
with ALK, a receptor primarily expressed in vascular en-
dothelial cells and is a key modulator of pathological an-
giogenesis [24-27]. This process is crucial for both normal
vascular development and tumorigenesis [28]. Mutations
in ALK are linked to hereditary hemorrhagic telangiecta-
sia (HHT), characterized by recurrent epistaxis, mucocuta-
neous telangiectases, and visceral arteriovenous malforma-
tions (AVMs), which can lead to severe complications such
as PAH or HF [29]. As an essential ligand for ALK1 in
the postembryonic vasculature [30], BMP10 suppress en-
dothelial cell proliferation and stabilizes arteriolar caliber
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by binding to ALK [31], ensuring vascular structure and
function, while preventing tumorigenesis [32]. Mazerbourg
et al. [33] suggest that BMP10 also interacts with ALK3
and ALK®6, with exogenous overexpression of these recep-
tors enhancing BMP10 signaling and activating the bone
morphogenetic protein response element (BRE) promoter.
However, Yamawaki et al. [34] used surface plasmon reso-
nance (SPR) to demonstrate that BMP10 binds to ALK6
but not ALK3. They also found that osteolytic lesions
in mice with breast cancer metastases were reduced fol-
lowing exogenous ALK6 signaling via a soluble chimeric
protein (ALK6-Fc), whereas ALK3-Fc administration pro-
moted gastric adenomas in mice [34]. These results suggest
a potential tumorigenic role of ALK3, while the BMP10-
ALKS6 interaction suggests a protective role of BMP10 for
skeletal health. In summary, BMP10 interacts with type I
receptors, including ALK1, ALK3 and ALK®6, with differ-
ent affinities, thereby modulating its influence on important
biological processes such as angiogenesis, skeletal integrity
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and oncogenesis. However, a study found no significant
differences in BMP10 binding to type II receptors, indicat-
ing its functional specificity is likely mediated through type
I receptors [25].

2.2 BMP10s Dual Signaling Pathways

BMP10 mediates the Smad-dependent canonical sig-
naling pathway by interacting with type I and type II recep-
tors on the cell membrane. This interaction activates the
type I receptor, which phosphorylates the carboxyl termi-
nus of Smad1/5/8, initiating their activation. The receptor-
activated Smads (R-Smads) then form a complex with the
co-Smad, Smad4, and translocate into the nucleus to pro-
mote the expression of target genes. This group of genes
includes IDI-3, BMPR2 and Notch target genes such as
Jaggedl, DIl4, Heyl, Hey2 and Hesl [26,35,36]. In this
process, Smad6 and Smad7 function as inhibitors of sig-
nal transduction. Smad7 can modulate this signaling by in-
hibiting the activation of R-Smads, thereby attenuating the
signaling cascade [37]. Smad6 inhibits BMP signaling by
inhibiting BMPR1A and BMPRIB activity or by compet-
ing with Smad4 for binding with phosphorylated R-Smads
[38,39]. Both play crucial roles in cardiovascular develop-
ment through this inhibitory mechanism. However, BMP7
exerts its effects by broadly inhibiting TGF-£ and BMP sig-
naling pathways during cardiac development [40]. In con-
trast, Smad6 exhibits greater specificity towards BMP sig-
naling, and the phenotypic defects in its mutant mice are
restricted solely to cardiovascular development [41].

BMP10 also modulates non-classical signal pathways.
Upon binding to the receptor, BMP10 facilitates the phos-
phorylation of serine/threonine residues on the X-linked
inhibitor of apoptosis protein (XIAP), a connecting pro-
tein that transduces BMP receptor signaling to TGF-3-
activated kinase 1 (TAK1). TAKI activation initiates the
mitogen-activated protein kinase (MAPK) cascade, allow-
ing BMP10 to exert pro-apoptotic effects by activating p38
and extracellular signal-regulated kinase 1/2 (ERK1/2), key
MAPK family components [16,42]. In addition, BMP10
can exert a protective effect in various tissues via the signal
transducer and activator of transcription (STAT) signaling
pathway. For example, in hepatocellular carcinoma cells,
BMP10 promotes the dephosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3) and thus in-
hibits cell growth via protein tyrosine phosphatase sigma
(PTPRS) [43]. In the heart, BMP10 activates the STAT3
pathway, attenuating cardiac fibrosis and reducing myocar-
dial damage [44,45] (Fig. 3).

3. The Role of BMP10 in Cardiac
Development and Vascular Homeostasis

The cardiovascular system is the inaugural functional
organ system during embryogenesis, comprising the heart,
which facilitates blood circulation, and blood vessels that
transport blood to and from the body’s tissues [46]. Heart

formation starts with the aggregation of progenitor cells
into a cardiac tube. This tube undergoes elongation, loop-
ing, segmentation, and maturation, eventually forming a
four-chambered heart [47]. Vascular development and
growth rely on two key processes involving endothelial
cells: vasculogenesis and angiogenesis [48]. Vasculogen-
esis forms new blood vessels from endothelial progenitors
or angioblasts in the mesoderm, while angiogenesis creates
new vessels from pre-existing ones [49]. Physiological an-
giogenesis is essential for fetal development, the reproduc-
tive cycle, and tissue repair [50]. Conversely, pathologi-
cal angiogenesis is linked to diseases like diabetic retinopa-
thy, atherosclerosis, cerebral ischemia, and cardiovascular
disease [51]. BMPI10, a polypeptide, influences cardiac
development through autocrine or paracrine mechanisms.
BMP10 is involved in progenitor cell differentiation and
is crucial for ventricular wall formation and maturation by
promoting the expression of the T-box transcription factor
(TBX) 20[52,53]. Additionally, BMP10 contributes to vas-
cular homeostasis by influencing angiogenesis and vascular
remodeling.

3.1 Cardiac Development

In 1999, the BMP10 gene was first cloned from murine
sources, revealing its crucial role in embryonic heart devel-
opment. BMP10 expression is predominantly localized to
the trabecular region of the embryonic heart, which con-
sists of the intricate meshwork structures that arise from
the proliferation and invagination of cardiomyocytes into
the cardiac lumen [54-56]. Initially formed as a loose net-
work, these structures undergo morphological transforma-
tions during heart maturation, culminating in the fusion and
consolidation into a more robust myocardial layer. This
process, termed myocardial densification, is crucial for en-
hancing the heart’s contractile force and pumping efficiency
[57]. BMP10 expression in the trabeculae of the ventricular
chambers and the globular region is detectable from early
embryonic development (E9.0) and increases as the heart
matures. By embryonic day 12.5 (E12.5), BMP10 expres-
sion expands to the cell in the atrial wall, peaking in the tra-
becular region of the ventricle by E14.5 [54]. However, as
the organism matures, BMP10 expression within the ventri-
cle decreases, with its presence in adulthood being confined
predominantly to the right atrium [58] (Fig. 4a).

BMP10 plays a critical role in regulating the devel-
opment of myocardial trabeculac. BMP10 deletion leads
to the upregulation of cyclin-dependent kinase inhibitor
p57XiP2 disrupting cardiac cell cycle exit and reducing the
expression of cardiogenic transcription factors natural killer
(NK)2 homeobox 5 (NKX2.5) and myocyte enhancer factor
2¢ (MEF2C) [58]. This cascade of events results in reduced
cardiomyocyte proliferation. Conversely, BMP10 overex-
pression leads to excessive myocardial trabeculae forma-
tion, which may promote myocardial non-compaction [59].
These observations emphasize the essential role of balanced
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Fig. 3. BMP10-mediated signaling pathway. This figure was drawn using Figdraw, (https://www.figdraw.com/). BMP10 binds to a
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regulated by Gsa. Gsa regulates BMP10 expression through the cAMP/PKA/CREB signaling pathway, where CREB1 directly binds
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endocardial cells, and NRG1 binding to ErbB2 on cardiomyocytes promotes myocardial trabeculae formation. Abbreviations: R-Smad,
receptor-regulated Smads; BRE, BMP responsive element; TAK1, transforming growth factor-3-activated kinase 1; ERK1/2, extracellu-
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coupled receptor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CREB1, cAMP response element-binding protein
1.

BMP10 expression for proper cardiac morphogenesis. Ad-
ditionally, BMP10 promotes the differentiation of cardio-
vascular progenitor cells derived from human pluripotent
stem cells (hPSCs) into endocardial cells [60]. These en-
docardial cells play a key role in inducing myocardial tra-
beculac formation. BMP10 secreted by cardiomyocytes
helps endocardial cells maintain their phenotype by acti-
vating NKX2.5. neuregulin 1 (NRG1) activation in en-
docardial cells triggers signaling pathways that stimulate
myocardium and promote trabeculae formation. This dis-
covery underscores the indispensable role of BMP10 in the
complicated process of myocardial trabeculae formation.
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During cardiac morphogenesis, BMP10 expression
is regulated by various factors through direct or indirect
mechanisms, synergistically controlling cardiac develop-
ment. Myocardin transactivates the BMP10 gene by form-
ing a serum response factor-myocardin complex with a
non-consensus CArG element in the BMP 10 promoter, pro-
moting cardiomyocyte proliferation and ventricular matu-
ration [61]. In contrast, a circular RNA derived from the
sodium/calcium exchanger 1 gene (circNCX1) mediates the
negative regulation of Brahma homolog 1 (BRG1) by act-
ing as a bridge between the F-box/WD repeat-containing
protein 7 (FBW7) and BRGI, thereby promoting ubiquiti-
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the ventricular trabeculae reaches its peak; however, as the individual matures, the expression of BMP10 in the ventricles decreases,

ultimately being detectable only in the right atrium in adulthood. (b) BMP10 Regulation in heart development. During cardiac devel-
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to coordinately regulate the expression of BMP10, thereby ensuring the normal formation and function of the heart. Abbreviations: E,
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T-box transcription factor 5.

nation and subsequent degradation of BRG1 [62]. This cas-
cade subsequently decreases BMP10 expression, leading
to cell cycle arrest and attenuation of cardiomyocyte pro-
liferation. Additionally, the Notch signaling pathway in-
directly influences BMP10 expression, promoting ventric-
ular cardiomyocyte proliferation and trabeculae formation
[63]. Negative regulatory factors such as FK506-binding
protein 12 (FKBP12) [58] and Numb/Numblike [64] curb
the overexpression of BMP10 and thus protect the integrity
of myocardial compaction. BMP10 overexpression in the
heart can cause compromised cardiac growth and defects
in cardiomyocyte postnatal hypertrophic growth [65]. In
addition, formation of the embryonic cardiac septum re-
quires direct transcriptional repression of BMP10 by Iro-
quois homeobox (IRX) 3 and IRXS in the endocardium
[66]. The individual or synergistic action of IRX3 and IRX5

can prevent TBXS5 from activating the BMP10 promoter,
thereby repressing BMP10 expression (Fig. 4b).

3.2 Vascular Homeostasis

Angiogenesis, the development of new blood vessels
from existing capillaries to form a mature vascular network,
is a complex and tightly regulated process [67]. This in-
tricate process begins with the breakdown of the basement
membrane, followed by the activation, proliferation and mi-
gration of endothelial cells, which ultimately leads to the
formation of new vascular channels [68]. Physiologically,
angiogenesis is primarily activated during crucial devel-
opmental stages such as embryogenesis, tissue repair, the
menstrual cycle, muscle development and the rejuvenation
of the endothelial lining of organs, ensuring the vital supply
of' blood and nutrients [69]. In contrast, dysregulated angio-
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genesis contributes to neoplastic diseases and retinopathies
[70], while insufficient angiogenesis may result in coronary
heart disease [71]. In adult vasculature, endothelial cells are
generally in a state of quiescence. However, pathological
stimuli can disrupt this balance, triggering reactivation of
these cells and initiating a cascade of pathological angio-
genesis. In such cases, the modulation of static factors is
crucial to curb abnormal vascular growth.

BMP10 has been hypothesized to be a circulatory
quiescence factor involved in angiogenesis [31]. BMP10
is biosynthesized as a proprotein and undergoes furin-
mediated cleavage during secretion, resulting in the mature,
bioactive BMP10 that enters the bloodstream [72]. Cir-
culating BMP10 binds to the endothelial cell ALK1 to in-
duce phosphorylation of Smad1/5/9, which limits endothe-
lial cell counts and stabilizes the caliber of nascent arter-
ies [31]. ALKI1 is an important regulator of normal blood
vessel development as well as pathological tumor angio-
genesis. Mutations in ALK1 cause AVMs [25]. AVMs,
direct arterial-to-venous connections bypassing the capil-
lary network, lead to oxygen deprivation and hemorrhage
[73]. BMP10 shares significant amino acid sequence ho-
mology with BMP9, another BMP family member. The
two proteins act as high-affinity ligands for ALK, binding
to it and triggering the Smad signaling cascade, which in-
hibits endothelial cell proliferation and migration, thereby
preventing the development of AVMs [25,74]. Addition-
ally, they can bind directly to endoglin with high affinity,
thereby playing a role in angiogenesis. ALKI-mediated
BMP10 and BMP9 signaling inhibits AVM formation in
HHT and the retinal vasculature of neonatal mice [36,75].
A recent study has revealed that BMP10 can form a bio-
logically active heterodimer with BMP9 through disulfide
bonding, which acts on endothelial cells via ALK 1 and ac-
counts for most of the biological BMP activity present in
plasma [76].

In circulation, BMP10 exists in a form where the pre-
cursor domain is bound to the mature ligand and remains ac-
tive on endothelial cells [77]. A study has revealed that the
BMP10 deficiency can precipitate the emergence of AVMs
in the developing retina of mice, the postnatal brain, and the
skin following injury in adults [24]. Furthermore, BMP10
mutants have been shown to elicit AVMs within the skin and
liver vasculature of zebrafish, culminating in a systemic de-
crease in vascular resistance and a state of volume overload
[30]. These findings underscore the capacity of BMP10 to
operate autonomously from BMP9 in the regulation of the
arteriovenous network.

In addition, BMP9 and BMP10 participate in the oc-
clusion of the ductus arteriosus (DA). It is widely accepted
that DA closure occurs in two stages: functional closure,
followed by anatomic closure [78]. Functional closure, oc-
curring within hours after birth, results from DA constric-
tion, while anatomical closure is primarily driven by vas-
cular remodeling [79]. During anatomic closure, BMP9
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and BMP10 induce endothelial-to-mesenchymal transition
(EndMT), promoting the vascular remodeling essential for
the shift from fetal to neonatal circulation [80].

4. BMP10’s Mechanistic Role in
Cardiovascular Pathologies

BMP10’s role in cardiovascular development is well-
established, but its specific functions and mechanisms in
CVDs remain unclear. As a key regulatory molecule,
BMP10 shows altered expression in various CVDs (Ta-
ble 1, Ref. [17,18,45,81-88]). Beyond its developmental
role, BMP10 significantly influences the pathophysiology
of conditions such as atrial fibrillation, heart failure, my-
ocardial infarction, dilated cardiomyopathy, and diabetic
cardiomyopathy, and contributes to CVD treatment (Ta-
ble 2, Ref. [44,45,88-90]). Unraveling the precise mech-
anisms by which BMP10 operates in these diseases is es-
sential for identifying novel therapeutic targets, potentially
leading to more targeted and effective intervention strate-
gies in cardiovascular medicine (Fig. 5).

4.1 Atrial Fibrillation

AF, the most prevalent sustained cardiac arrhythmia,
currently affects an estimated 50 million individuals glob-
ally in 2020, and this number is expected to rise as the
population ages. The incidence of AF is expected to more
than double in the next four decades [91]. AF is associ-
ated with an increased risk of major adverse cardiovascu-
lar events (MACE), including heart failure, severe stroke,
and myocardial infarction [92,93]. Circulating BMP10 has
been shown in several studies to have an important role in
the diagnosis and prognostic assessment of AF. A cross-
sectional observational study quantified 12 biomarkers as-
sociated with AF in a cohort of 1485 patients with cardio-
vascular diseases [81]. The findings indicated that BMP10
was instrumental in identifying patients with prevalent AF
[81]. Plasma BMP10 levels were also correlated with the
risk of postoperative AF. Pre-procedure plasma BMP10
levels in patients undergoing initial catheter ablation for AF
were found to be strong predictors of AF recurrence or ab-
sence within 12 months post-procedure [82]. After cardiac
surgery, elevated BMP10 levels were linked to a history of
persistent AF, a higher chance of late AF within 90 days
post-surgery, and the presence of subendomyocardial fibro-
sis in the left atrium [83]. Since subendomyocardial fibro-
sis is a primary determinant of AF conduction abnormali-
ties, these associations underscore the high sensitivity and
specificity of BMP10 in identifying AF [94].

The mortality rate in patients with atrial fibrillation
(AF) is 3.5 times higher than that in non-AF patients, and
this increase is directly associated with the heightened risk
of major adverse cardiovascular events (MACE) in individ-
uals with more severe forms of AF [95,96]. A prospec-
tive Swiss AF cohort study identified BMP10 as a pre-
dictor of all-cause mortality and MACE in AF patients,


https://www.imrpress.com

Table 1. Summary of BMP10 changes in CVDs.

Disease Changes in BMP10 Sample/Species Test Method Refs
AF 1BMP10 in cardiovascular patients with Blood/Human ECLIA [81-84]
AF compared to those without AF
Ischemic stroke ~ tBMP10 in AF patients with and without Plasma/Human ECLIA [18,85]
OAC treatment
HF JBMP10 in HF mice compared with Cardiac tissue/Mice Western blot [45]
normal.
PAH JpBMP10 in female patients with PAH Plasma/Female ELISA [86]
compared to control female

pPH TBMP10 were strongly associated with Blood/Human ECLIA [87]
PVR

Hypertension 1BMP10 mRNA in hypertensive rats LV cardiac tissue/Rats qRT-PCR [17]

compared to the control group
DC 1BMP10 in rats treated with astragalus Cardiac tissue/Rats Western blot/qRT-PCR [88]
polysaccharides compared to the control

group

1 indicates an increase in the expression level of BMP10, while | indicates a decrease in the expression level of BMP10.

Abbreviations: BMP10, bone morphogenetic protein 10; CVDs, cardiovascular disease; AF, atrium fibrillation; ECLIA, elec-

trochemiluminescence immunoassay; LAA, left atrial appendage; RAA, right atrial appendage; OAC, oral anticoagulants; HF,

heart failure; PAH, pulmonary arterial hypertension; pPH, pre-capillary pulmonary hypertension; PVR, pre-capillary component;

pBMP10, pro-bone morphogenetic protein 10; ELISA, enzyme-linked immunosorbent assay; LV, left ventricular; qRT-PCR, quan-

titative real-time polymerase chain reaction; DC, diabetic cardiomyopathy.

Table 2. Summary of BMP10’s role in treating CVDs.

Disease Model Primary conclusion Treatment Refs
HF ISO-induced HF BMP10 preserves cardiac function through its Intraperitoneal injection [44]
in Mice dual activation of Smad-mediated and of rhBMP10

STAT3-mediated pathways
HF DOX-induced BMP10 exerts a protective effect in DOX-induced Tail vein injection of [45]
HF in mice cardiac injury through its dependence on STAT3 AAVO9 carrying BMP10
activation
HF TAC-induced Gsa deficiency facilitates cardiac remodeling via Intraperitoneal injection [90]
HF in Mice CREB/BMP10 mediated signaling of rhBMP10
MI Ml in rat BMP10 stimulated cardiomyocyte proliferation rhBMP10-gelatin [89]
induced by LVD and repaired cardiac function after heart injury sponge heart
ligation implantation
DC STZ-induced APS can alleviate cardiac hypertrophy and protect Oral APS solution [88]
DC rats against DC by inhibiting activation of the BMP10

pathway

Abbreviations: ISO, isoproterenol; Smad, Sma and Mad-related proteins; STAT3, Signal Transducer and Activator of

Transcription 3; thBMP10, recombinant human BMP10; DOX, doxorubicin; AAV9, adeno-associated virus serotype 9;

TAC, transverse aortic constriction; Gsa, G-protein alpha subunit; MI, Myocardial infarction; LVD, left anterior descending

coronary artery; DC, diabetic cardiomyopathy; STZ, streptozotocin; APS, astragalus polysaccharides.

providing prognostic insights for both low- and high-risk
groups stratified by NT-proBNP levels [97]. Further in-
vestigation in the ACTIVE A and AVERROES trials re-
vealed that BMP10 levels were independently correlated
with the risk of ischemic stroke in AF patients, irrespec-
tive of their oral anticoagulation therapy status [18]. In the
ARISTOTLE trial, plasma samples from AF patients ran-
domized to receive apixaban or warfarin for two months
were analyzed for BMP10 levels. Elevated BMP10 levels

were significantly associated with an increased risk of is-
chemic stroke, heart failure, and all-cause mortality [85].
Consequently, the inclusion of BMP10 levels, measured
after two months, along with established risk factors and
baseline BMP10 values, could improve the risk assessment
for ischemic stroke, heart failure, and all-cause mortality,
enhancing risk stratification in AF patients. In addition,
the EAST-AFNET 4 biomolecule study has demonstrated a
strong correlation between low BMP10 levels and the likeli-
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hood of atrial fibrillation patients returning to sinus rhythm
[98]. These findings suggest that BMP10 could become a
promising biomarker for diagnosing, prognosticating, and
assessing treatment efficacy in AF and its associated co-
morbidities.

While numerous studies emphasize the potential of
BMP10 as a biomarker for AF, no research has yet explic-
itly clarified a mechanism that connects elevated circulat-
ing BMP10 levels with an increased susceptibility to AF.
However, it is hypothesized that elevated levels of circu-
lating BMP may correlate with reduced levels of PITX2
in AF patients. PITX2, a transcription factor expressed in
the left atrial myocardium, is associated with an increased
predisposition to AF [99,100]. BMP10, an atrial-specific
secreted protein, is downregulated by PITX2. Therefore,
elevated plasma BMP10 levels may serve as a surrogate
marker of PITX2 activity, potentially predicting AF recur-
rence [84]. In Pitx2 mutant mice, BMP10 within cardiomy-
ocytes has been shown to transmit pathogenic signals to
endocardial and endothelial cells, facilitating cell adhesion
and platelet activation, as well as contributing to inflamma-
tory responses [101]. Thus, BMP10 may emerge as a novel
biomarker with significant potential for diagnosing AF and
predicting its associated comorbidities.

4.2 Myocardial Damage

Myocardial damage, one of the most severe con-
sequences of cardiovascular disease, significantly con-
tributes to elevated cardiovascular mortality [102]. Typi-
cally caused by acute events such as a myocardial infarc-
tion, this damage triggers inflammation and fibrosis, result-
ing in structural and functional changes in the heart. These
changes compromise the heart’s contractile ability, reduc-
ing its capacity to pump blood and eventually leading to
heart failure [103,104]. The pathological process of cardiac
remodeling, characterized by the replacement of necrotic
cardiomyocytes with fibroblasts, is a key factor in the de-
velopment of HF following an MI [105]. Consequently,
strategies to enhance cardiomyocyte proliferation and acti-
vation have emerged as a modern approach for treating MI
and HF.

Historically, myocardial injury in mammals was
thought to be irreversible due to the limited regenerative
capacity of mature cardiomyocytes [106]. However, ac-
cumulating evidence suggests that even terminally differ-
entiated mammalian cardiomyocytes possess proliferative
capabilities [107]. BMP10, a growth factor critical dur-
ing embryonic heart development, has been identified as
a potent stimulator of cardiomyocyte proliferation in the
adult murine heart. Intramyocardial administration of re-
combinant human BMP10 (thBMP10) upregulates TBX20
expression, promoting DNA synthesis and cytoplasmic di-
vision in rat cardiomyocytes, and inducing them to re-enter
the cell cycle and undergo mitosis [89]. The implanta-
tion of gelatin sponges enriched with BMP10 in rat hearts
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has been demonstrated to reduce the size of the infarcted
myocardium [89]. Furthermore, this BMP10-based ther-
apy has exhibited favorable outcomes in a mouse model
of isoprenaline-induced myocardial injury, with intraperi-
toneal administration of hBMP10 reducing apoptosis, en-
hancing cardiomyocyte survival, and inhibiting cardiac fi-
brosis through the dual activation of Smad-mediated classi-
cal signaling and STAT3-mediated non-classical signaling
pathways. These effects ultimately preserve the contractile
function of the damaged heart [44]. Exogenous BMP10
overexpression also mitigates adriamycin-induced cardiac
injury by activating the STAT3 signaling pathway [45].

BMPI10 stimulates cardiomyocyte proliferation and
restores impaired cardiac function in Gsa-deficient mice,
which exhibit severe cardiac remodeling and heart failure
due to reduced BMP10 expression [90]. G-protein stim-
ulatory alpha subunit (Gsa) regulates BMP10 expression
through the cAMP/PKA/CREB signaling pathway, where
CREBI directly binds to the BMP10 promoter to enhance
transcription. Administration of thBMP10 significantly
improves cardiac function and structure in Gsa-deficient
mice, further confirming BMP10’s cardioprotective role in
HF.

The emergence of metabolic reprogramming as a strat-
egy to promote cardiomyocyte regeneration and reverse
myocardial injury has attracted significant attention [108].
Mammalian cardiomyocytes demonstrate extraordinary re-
generative capacity during the fetal stage, but this poten-
tial rapidly declines within the first week postpartum [109].
This decline in proliferative capacity is correlated with a
metabolic shift from anaerobic glycolysis to oxidative phos-
phorylation [110]. In contrast, adult zebrafish have a re-
markable cardiac regenerative capacity, far exceeding that
of mammals. Metabolic analysis of cardiomyocytes at in-
jury sites in adult zebrafish reveals a reliance on glycolysis
for energy production, with the inhibition of glycolysis ad-
versely affecting the division of cardiomyocytes [111]. This
metabolic reprogramming is mediated by NRG1/ErbB2 sig-
naling, wherein NRG1 binds to ErbB2 receptor proteins on
cardiomyocytes, inducing the metabolic shift [111,112].

Significant interactions between BMP10 and NRG1
signaling have been observed during embryonic develop-
ment [60]. BMP10 enhances NRG1 secretion from endo-
cardial cells, and NRGI binding to ErbB2 on cardiomy-
ocytes promotes myocardial trabeculae formation. Simi-
lar BMP10 and NRG1 signaling crosstalk was observed in
adult PITX2 mutant mice [101], where cardiomyocytes re-
lease BMP10 signaling molecules to activate endocardial
cells. In response, these cells release NRG1, which then
feedbacks to the cardiomyocytes. Additionally, BMP10 ex-
pression was upregulated during lactate-induced cardiomy-
ocyte proliferation [113]. Overexpression of LDHA, which
drives lactate production in adult mouse hearts, promotes
cardiac regeneration by inducing metabolic reprogramming
of cardiomyocytes [114]. Hence, BMP10’s capacity to
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stimulate cardiac proliferation has the potential to be a ther-
apeutic target for the treatment of cardiac injury.

4.3 Pulmonary Arterial Hypertension

PAH is a life-threatening condition characterized by a
persistent elevation in pulmonary vascular resistance, po-
tentially culminating in right ventricular failure and mor-
tality [115]. Recent studies highlight the important role
of BMP10 in the etiology of PAH, emphasizing its poten-
tial as a biomarker and therapeutic target. In PAH, trun-
cating mutations and predicted loss-of-function variants in
BMP10 have been identified [116—118], suggesting it as
a novel PAH-associated gene. Circulating BMP10 levels
were significantly lower in GDF2 mutants, another gene
associated with PAH. Analysis of proBMP10 levels in 120
control samples and 260 PAH patients, including heredi-
tary and idiopathic forms, revealed no correlation with pa-
tient age [86]. Notably, proBMP10 levels in female PAH
patients were substantially lower than in the control group,
supporting the potential of BMP10 as a biomarker for PAH.
Ofthe 11 biomarkers evaluated in a large prospective cross-
sectional study of 127 patients with pulmonary hyperten-
sion, BMP10 was the only one to correlate with elevated
PVR without association with pulmonary arterial wedge
pressure (PAWP) [87]. This correlation highlights the non-
invasive diagnostic value of BMP10 for pre-capillary pul-
monary hypertension. NT-proBNP, which is recognized
by international guidelines as the sole biomarker for pul-
monary hypertension [119], correlated positively with both
PVR and PAWP. This suggests that BMP10, in combination
with NT-proBNP, could serve as a complementary stratifi-
cation tool for patients with pulmonary hypertension.

BMPI10 is implicated in the pathogenesis of PAH
through multiple pathways. The increased pulmonary ar-
terial pressures in PAH patients are mainly due to ele-
vated pulmonary vascular resistance (PVR), driven by sus-
tained vasoconstriction and abnormal pulmonary vascular
remodeling [120]. Pulmonary vascular remodeling encom-
passes changes in the three layers of the vessel wall (in-
tima, media, and adventitia), and is associated with dys-
function of pulmonary arterial endothelial cells (PAECs),
abnormal proliferation of pulmonary arterial smooth mus-
cle cells (PASMCs), and accumulation of fibroblasts [121,
122]. Among these factors, the abnormal proliferation
of PASMCs is central to the pathogenesis of abnormal
pulmonary vascular remodeling. This proliferation arises
from the phenotypic transition of PASMC from a con-
tractile or quiescent state to a proliferative or synthetic
state, ultimately leading to the narrowing and occlusion
of small pulmonary arteries [123,124]. BMP10 inhibits
the PAH pathogenesis via endothelial-smooth muscle cell
interactions. A study has demonstrated that BMP10 in-
duces the expression of transcription factor GATA6 via
the ALK1/BMPR2/ENG/ERK1/2 signaling pathway [125].
GATAG6, a member of the GATA family of zinc-finger tran-
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scription factors, is downregulated in the pulmonary vascu-
lature of PAH patients, and its deficiency is associated with
the development of PAH [126]. GATAG6 plays a crucial role
in pulmonary vascular cell communication, and endothe-
lial GATAG6 deficiency results in GATA6 loss in PASMC
[125]. Furthermore, research suggests that GATAG6 allevi-
ates PAH by reducing oxidative stress and mitochondrial
dysfunction in the pulmonary vasculature [125]. Another
study indicates that BMP9 and BMP10 inhibit the release
of CCL2 from PAECs [127]. CCL2 stimulates PASMC mi-
gration and proliferation, thus promoting pulmonary vas-
cular remodeling [128]. Notably, BMP10 can also directly
affect VSMCs, modulating their phenotype and promoting
the transition from a synthetic to a contractile state, which
is essential for maintaining vascular tone and function [37].
Moreover, methylation analysis in PAH patients showed
higher BMP10 methylation levels compared to controls, in-
dicating a potential epigenetic regulatory role for BMP10
[129].

BMPI10 is implicated in the etiology and progres-
sion of PAH via a spectrum of mechanisms, encompassing
genetic alterations, epigenetic modifications, the modula-
tion of oxidative stress, and the suppression of pulmonary
vascular remodeling. These multifaceted roles position
BMP10 as a promising candidate for therapeutic interven-
tions in PAH.

4.4 Dilated Cardiomyopathy

DCM is the presence of left ventricular or biventricu-
lar dilatation or systolic dysfunction in the absence of an
abnormal loading condition (e.g., primary valve disease)
or severe coronary artery disease sufficient to cause ven-
tricular remodeling [130]. DCM is one of the most preva-
lent causes of heart failure and the need for heart trans-
plantation [131]. DCM is predominantly linked to genetic
factors, with most cases showing a genetic predisposition
[132,133]. Gu et al. [134] identified a novel BMP10
variant, NM_014482.3:¢.166C > T;p.(GIn56*), which was
found to co-segregate with the familial DCM phenotype,
indicating an inherited pattern of transmission. Functional
studies have demonstrated that the GIn56* mutation re-
sults in a truncated BMP10 protein that lacks the capac-
ity to activate its target genes, NKX2-5 and TBX20, both
of which are implicated in the pathogenesis of DCM [135—
138]. This finding suggests that BMP10 plays a key role in
DCM pathogenesis by modulating cardiac transcriptional
regulation.

Nakano et al. [17] explored the relationship between
BMP10 and cardiomyocyte hypertrophy. They observed
that BMP10 expression was upregulated in hypertension-
induced cardiac hypertrophy. BMP10 interacts with titin-
cap (Tcap), a Z-disk protein of cardiomyocytes, thereby af-
fecting its intracellular localization and secretion. Notably,
the Thr326Ile variant of BMP10, which is associated with
hypertensive dilated cardiomyopathy, diminishes BMP10
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binding to Tcap. This reduced binding increases BMP10
secretion, amplifying the hypertrophic effect on cardiomy-
ocytes. These findings suggest that genetically compro-
mised BMP10 may predispose individuals to DCM. There-
fore, BMP10 has emerged as a novel gene associated with
DCM in humans, underscoring its significance in prenatal
prevention, prognostic risk assessment, and potentially per-
sonalized treatment for DCM.

4.5 Diabetic Cardiomyopathy

DC, a pathophysiological condition precipitated by di-
abetes mellitus (DM), is characterized by HF without sig-
nificant coronary artery disease, hypertension, or valvu-
lar heart disease [139]. Cardiac hypertrophy and diastolic
dysfunction are key clinical features in individuals with
DC [140]. A cardiac transcriptome analysis of 12-week-
old male diabetic Akita dogs revealed that BMP10 was
one of the most significantly upregulated transcripts among
137 differentially expressed genes [141]. Furthermore, in
H9C2 cardiomyocyte cultured under high-glucose condi-
tions, BMP10 expression exhibited a dose-dependent in-
crease with elevated glucose levels [142]. These findings
indicate that a high-glucose milieu may enhance BMP10
expression, potentially exacerbating diabetes-induced car-
diomyopathy.

Mice deficient in BMP10 are known to succumb dur-
ing embryonic development, exhibiting reduced trabeculo-
genesis, ventricular hypoplasia, and a thinning of the ven-
tricular wall [58]. In contrast, myocardial overexpression
of BMP10 causes ventricular wall thickening and constric-
tion in the subaortic region in mice four weeks after birth
[65]. This evidence supports BMP10’s role in ventricular
hypertrophy, suggesting its potential as a therapeutic tar-
get for DC and offering a novel perspective for its treat-
ment. In a study by Sun et al. [88], astragalus polysaccha-
ride (APS), the principal active component extracted from
astragalus, demonstrated the potential to inhibit BMP10
and its downstream signaling pathways. APS, known for
its anti-hypertrophic effects, reduces high glucose-induced
cardiomyocyte hypertrophy by decreasing BMP10 expres-
sion and its downstream proteins, thereby improving car-
diac function. Developing BMP10-targeted therapeutics
presents new avenues for managing DC.

5. Challenges and Prospects

BMPI10 is a pleiotropic cell signaling molecule es-
sential for cardiovascular development, homeostasis, and
pathogenesis, and is a key modulator of cardiovascular
function. The expression levels of BMP10 are significantly
altered in the onset and progression of CVD, with dysregu-
lation closely associated with cardiac dysfunction. Altered
BMP10 expression in the pathogenesis of AF offers a poten-
tial biomarker for clinical risk stratification and prognostic
assessment. Mutations in the BMP10 gene have been estab-
lished to increase susceptibility to PAH and DCM, further
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corroborating the potential of BMP10 as a novel therapeutic
target for these conditions. Moreover, the therapeutic po-
tential of BMP10 in HF and M1 is increasingly evident, with
BMP10 modulating the proliferation and apoptosis signal-
ing pathways, providing new treatment strategies for car-
diac repair and regeneration. These findings enrich our un-
derstanding of BMP10 and offer renewed hope for its clin-
ical application in treating CVD.

Despite significant advancements in BMP10 research
for CVD, several challenges must be addressed before
BMP10 can become an effective biomarker and therapeu-
tic target for clinical application. In humans, BMP10 lev-
els are influenced by physiological factors such as lower
body mass index, advanced age, gender, and renal dysfunc-
tion [18], requiring standardized methods to improve the
reliability of BMP10 measurements. Although BMP10 has
been identified as a biomarker for AF occurrence, com-
plications, and prognosis in many large-scale studies, its
clinical translation remains challenging. Furthermore, in-
tegrating BMP10 levels with established biomarkers, such
as NT-pro-BNP, to enhance diagnostic accuracy is an area
that requires further exploration. Data from large prospec-
tive and retrospective studies are needed for the detection
and assessment of BMP10 levels to be included in clinical
guidelines.

Currently, therapeutic strategies targeting BMP10 are
in the exploratory phase. Additional research into its reg-
ulatory mechanisms and the development of standardized
measurement methods are crucial steps for its clinical adop-
tion. Although studies have implanted gelatin sponges con-
taining thBMP10 in animal hearts to treat MI [105], clin-
ical application requires addressing the compatibility be-
tween thBMP10 and the gelatin sponge, BMP10’s release
rate, and the appropriate pharmacological dosage. Prior to
this therapeutic application, a comprehensive assessment of
the safety and efficacy of rhBMP10 must be conducted, in-
cluding its toxic side effects, potential risks, and therapeu-
tic benefits. The complexity of the cardiovascular system
demands a deeper understanding of the regulatory mech-
anisms of BMP10 in various CVDs, and validation of its
safety and efficacy in clinical trials. Given that BMP10 may
exert different biological functions in the heart and other
organs [19,42,143], developing targeted therapies for spe-
cific disease stages, while minimizing adverse effects on
other physiological processes, will be crucial for the spe-
cific clinical application of BMP10. Additionally, explor-
ing how current guideline recommended therapies, such
as sodium-glucose co-transporter 2 (SGLT?2) inhibitors and
angiotensin receptor-neprilysin inhibitors (ARNI), modu-
late BMP10 levels and influence its biological effects is
an emerging area for further research. The complexity of
BMPI10 signaling suggests we must consider its multiple
roles in disease progression, including its effects on electri-
cal signal conduction, oxidative stress, fibrotic processes,
and myocardial metabolism.
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Fig. 5. The role of BMP10 in CVDs. This figure was drawn using Figdraw, (https://www.figdraw.com/). (a) AF. The plasma levels of
BMP10 are positively correlated with atrial fibrillation and its adverse outcomes, including ischemic stroke, heart failure, and all-cause
mortality. (b) HF. In a mouse model of heart failure, intraperitoneal administration of rhBMP10 promotes cardiac repair by enhancing
cardiomyocyte proliferation and alleviating cardiac fibrosis. (c) MI. Ml is characterized by thrombosis and subsequent vascular occlusion.
In a MI animal model, the implantation of gelatin sponges enriched with hBMP10 can induce cardiomyocyte re-entry into the cell
cycle, thereby promoting their proliferation and facilitating cardiac repair. (d) PAH. In patients with PAH, an increase in BMP10 gene
mutations and promoter hypermethylation has been observed, along with a reduction in BMP10 expression specifically in female PAH
patients. (e) DCM. Patients with DCM exhibit BMP10 gene mutations that result in the loss of its ability to activate NKX2-5 and
TBX20. Furthermore, in hypertensive DCM patients, BMP10 mutations lead to a reduction in the binding of BMP10 to Tcap, which
results in enhanced extracellular secretion of BMP10 and exacerbates the progression of DCM. (f) DC. In DC, high glucose promotes
the expression of BMP10 in a concentration-dependent manner, while APS has been shown to alleviate diabetic cardiomyopathy by
suppressing BMP10 expression. Abbreviations: BMP10, bone morphogenetic protein 10; CVDs, cardiovascular diseases; rhBMP10,
recombinant human BMP10; MI, myocardial infarction; PAH, pulmonary arterial hypertension; DCM, dilated cardiomyopathy; NKX2-5,
NK2 homeobox 5; TBX20, T-box transcription factor 20; Tcap, titin-cap; APS, astragalus polysaccharide; DC, diabetic cardiomyopathy.

In summary, the investigation and application of
BMPI10 in cardiovascular diseases hold vast promise, yet
they are significant challenges that need to be addressed.
Future research will focus on several key areas: (1) the
comprehensive elucidation of BMP10’s regulatory mecha-
nisms in CVDs, including upstream and downstream sig-
naling interactions; (2) establishing standards for assess-
ing BMP10 expression and its changes during disease pro-
gression; (3) exploring BMP10’s specific roles in different
cardiovascular diseases to advance precision medicine; (4)
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conducting multicenter, large-scale clinical studies to val-
idate BMP10’s value as a biomarker and its potential for
targeted therapy.

6. Conclusions

Current evidence underscores the pivotal role of
BMP10 as a key regulator in cardiac development, vascu-
lar homeostasis, and cardiac repair following injury. Ad-
ditionally, BMP10 holds significant value in the diagno-
sis and prediction of adverse outcomes in AF. Its clinical
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application proves beneficial not only for the treatment of
CVDs but also for improving the quality of life of patients.
However, research on the functional regulation of BMP10
in CVDs remains incomplete. While BMP10 is acknowl-
edged as a promising biomarker for predicting poor prog-
nosis in AF, the regulatory mechanisms governing BMP10
in this condition are still not fully understood. Similarly,
although variants of BMP10 have been identified in pa-
tients with DCM, the exact regulatory roles of BMP10 in
DCM remain unclear. Furthermore, the therapeutic effects
of BMP10 recombinant protein in various CVD models re-
quire further rigorous experimentation and the development
of more refined treatment strategies, particularly through
the use of advanced ligand delivery tools. Moving forward,
future research should focus on uncovering the underlying
mechanisms of BMP10 in CVDs and advancing treatment
methods, with the ultimate goal of translating these findings
into clinical practice to improve the prognosis of patients
with CVD.

This review first comprehensively elucidates the
BMP10 signalling pathways, the role of BMP10 in cardio-
vascular development, and the mechanisms that may influ-
ence the progression of CVD. It particularly emphasizes the
potential as CVD diagnostic and therapeutic target, offering
significant prospects for the development of effective and
specific biomarkers and therapeutic targets.

Author Contributions

QYJ,CFL,YYJ,ZMY,GX,YQZ,FY,JX and CWL con-
tributed to the study conception and design. CWL and
JX selected the review topic. CWL, CFL and FY pro-
vided guidance, supervised the project, critically revised
the manuscript and contributed insights. QYJ drafted the
article. QYJ and YYJ organised the data and prepared the
Figs. ZMY and GX provided the theoretical framework and
context. YQZ was responsible for checking the literature
citations and formatting the references in the review. All
authors contributed to editorial changes in the manuscript.
All authors read and approved the final manuscript. All au-
thors have participated sufficiently in the work and agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This work was supported by the 2023 key Dis-
ciplines On Public Health Construction in Chonggqing,
National Science Foundation of China (81900381);
the Natural Science Foundation of Chongqging Munic-
ipality (CSTB2023NSCQMSX0348); the Science and

&% IMR Press

Technology Research Program of Chongqing Munici-
pal Education Commission (KJQN202300114); and the
Chongqing Health Commission Medical Research Project
(2024WSJK108).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] John RV, Devasiya T, V R N, Adigal S, Lukose J, Kartha VB,
et al. Cardiovascular biomarkers in body fluids: progress and
prospects in optical sensors. Biophysical Reviews. 2022; 14:
1023-1050. https://doi.org/10.1007/s12551-022-00990-2.

[2] Long Q, Lv B, Jiang S, Lin J. The Landscape of Circular RNAs
in Cardiovascular Diseases. International Journal of Molec-
ular Sciences. 2023; 24: 4571. https://doi.org/10.3390/ijms
24054571.

[3] Wang X, Teng X, Luo C, Kong L. Mechanisms and Advances
of Epigenetic Regulation in Cardiovascular Disease. Frontiers in
Bioscience-Landmark. 2024; 29: 205. https://doi.org/10.31083/
j-1612906205.

[4] Luengo-Fernandez R, Walli-Attaei M, Gray A, Torbica A, Mag-
gioni AP, Huculeci R, et al. Economic burden of cardiovascu-
lar diseases in the European Union: a population-based cost
study. European Heart Journal. 2023; 44: 4752-4767. https:
//doi.org/10.1093/eurheartj/ehad583.

[5] McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach
A, Bohm M, et al. 2023 Focused Update of the 2021 ESC
Guidelines for the diagnosis and treatment of acute and chronic
heart failure. European Heart Journal. 2023; 44: 3627-3639.
https://doi.org/10.1093/eurheartj/ehad195.

[6] WuM, Wu S, Chen W, Li YP. The roles and regulatory mech-
anisms of TGF-3 and BMP signaling in bone and cartilage de-
velopment, homeostasis and disease. Cell Research. 2024; 34:
101-123. https://doi.org/10.1038/s41422-023-00918-9.

[7] Urist MR. Bone: formation by autoinduction. Science (New
York, N.Y.). 1965; 150: 893—-899. https://doi.org/10.1126/scie
nce.150.3698.893.

[8] Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ,
Kriz RW, et al. Novel regulators of bone formation: molecu-
lar clones and activities. Science (New York, N.Y.). 1988; 242:
1528-1534. https://doi.org/10.1126/science.3201241.

[9] Gomez-Puerto MC, Iyengar PV, Garcia de Vinuesa A, Ten Dijke
P, Sanchez-Dufthues G. Bone morphogenetic protein receptor
signal transduction in human disease. The Journal of Pathology.
2019; 247: 9-20. https://doi.org/10.1002/path.5170.

[10] Jensen GS, Leon-Palmer NE, Townsend KL. Bone morpho-
genetic proteins (BMPs) in the central regulation of energy bal-
ance and adult neural plasticity. Metabolism: Clinical and Ex-
perimental. 2021; 123: 154837. https://doi.org/10.1016/j.meta
bol.2021.154837.

[11] Simic P, Vukicevic S. Bone morphogenetic proteins in devel-
opment and homeostasis of kidney. Cytokine & Growth Factor
Reviews. 2005; 16: 299-308. https://doi.org/10.1016/j.cytogfr.
2005.02.010.

[12] Schneider MD, Gaussin V, Lyons KM. Tempting fate: BMP sig-
nals for cardiac morphogenesis. Cytokine & Growth Factor Re-
views. 2003; 14: 1-4. https://doi.org/10.1016/s1359-6101(02)
00053-9.

[13] YeD,LiuY,PanH, FengY, LuX, GanL, et al. Insights into bone
morphogenetic proteins in cardiovascular diseases. Frontiers in
Pharmacology. 2023; 14: 1125642. https://doi.org/10.3389/fpha
1.2023.1125642.

[14] Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al.

13


https://doi.org/10.1007/s12551-022-00990-2
https://doi.org/10.3390/ijms24054571
https://doi.org/10.3390/ijms24054571
https://doi.org/10.31083/j.fbl2906205
https://doi.org/10.31083/j.fbl2906205
https://doi.org/10.1093/eurheartj/ehad583
https://doi.org/10.1093/eurheartj/ehad583
https://doi.org/10.1093/eurheartj/ehad195
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1126/science.3201241
https://doi.org/10.1002/path.5170
https://doi.org/10.1016/j.metabol.2021.154837
https://doi.org/10.1016/j.metabol.2021.154837
https://doi.org/10.1016/j.cytogfr.2005.02.010
https://doi.org/10.1016/j.cytogfr.2005.02.010
https://doi.org/10.1016/s1359-6101(02)00053-9
https://doi.org/10.1016/s1359-6101(02)00053-9
https://doi.org/10.3389/fphar.2023.1125642
https://doi.org/10.3389/fphar.2023.1125642
https://www.imrpress.com

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

14

Bone Morphogenetic Protein (BMP) signaling in development
and human diseases. Genes & Diseases. 2014; 1: 87-105. https:
//doi.org/10.1016/j.gendis.2014.07.005.

Lichtner B, Knaus P, Lehrach H, Adjaye J. BMP10 as a potent
inducer of trophoblast differentiation in human embryonic and
induced pluripotent stem cells. Biomaterials. 2013; 34: 9789—
9802. https://doi.org/10.1016/j.biomaterials.2013.08.084.

Al Tarrass M, Belmudes L, Kog¢a D, Azemard V, Liu H, Al
Tabosh T, et al. Large-scale phosphoproteomics reveals activa-
tion of the MAPK/GADDA453/P38 axis and cell cycle inhibi-
tion in response to BMP9 and BMP10 stimulation in endothelial
cells. Cell Communication and Signaling: CCS. 2024; 22: 158.
https://doi.org/10.1186/s12964-024-01486-0.

Nakano N, Hori H, Abe M, Shibata H, Arimura T, Sasaoka T,
et al. Interaction of BMP10 with Tcap may modulate the course
of hypertensive cardiac hypertrophy. American Journal of Phys-
iology. Heart and Circulatory Physiology. 2007; 293: H3396—
H3403. https://doi.org/10.1152/ajpheart.00311.2007.

Hijazi Z, Benz AP, Lindbéck J, Alexander JH, Connolly SJ,
Eikelboom JW, et al. Bone morphogenetic protein 10: a novel
risk marker of ischaemic stroke in patients with atrial fibrilla-
tion. European Heart Journal. 2023; 44: 208-218. https://doi.or
2/10.1093/eurheartj/ehac632.

Wang X, Sun H, Yu H, Du B, Fan Q, Jia B, ef al. Bone morpho-
genetic protein 10, a rising star in the field of diabetes and cardio-
vascular disease. Journal of Cellular and Molecular Medicine.
2024; 28: e18324. https://doi.org/10.1111/jecmm.18324.
Katagiri T, Watabe T. Bone Morphogenetic Proteins. Cold
Spring Harbor Perspectives in Biology. 2016; 8: a021899. https:
//doi.org/10.1101/cshperspect.a021899.

Lowery JW, Rosen V. The BMP Pathway and Its Inhibitors in the
Skeleton. Physiological Reviews. 2018; 98: 2431-2452. https:
//doi.org/10.1152/physrev.00028.2017.

Wu M, Chen G, Li YP. TGF-j and BMP signaling in osteoblast,
skeletal development, and bone formation, homeostasis and dis-
ease. Bone Research. 2016; 4: 16009. https://doi.org/10.1038/
boneres.2016.9.

Lowery JW, Rosen V. Bone Morphogenetic Protein-Based
Therapeutic Approaches. Cold Spring Harbor Perspectives in
Biology. 2018; 10: a022327. https://doi.org/10.1101/cshpersp
ect.a022327.

Choi H, Kim BG, Kim YH, Lee SJ, Lee YJ, Oh SP. BMP10
functions independently from BMP9 for the development of a
proper arteriovenous network. Angiogenesis. 2023; 26: 167—
186. https://doi.org/10.1007/s10456-022-09859-0.

Townson SA, Martinez-Hackert E, Greppi C, Lowden P, Sako
D, Liu J, et al. Specificity and structure of a high affinity activin
receptor-like kinase 1 (ALK1) signaling complex. The Journal
of Biological Chemistry. 2012; 287: 27313-27325. https://doi.
org/10.1074/jbc.M112.377960.

David L, Mallet C, Mazerbourg S, Feige JJ, Bailly S. Identi-
fication of BMP9 and BMP10 as functional activators of the
orphan activin receptor-like kinase 1 (ALK1) in endothelial
cells. Blood. 2007; 109: 1953—1961. https://doi.org/10.1182/bl
00d-2006-07-034124.

Salmon RM, Guo J, Wood JH, Tong Z, Beech JS, Law-
era A, et al. Molecular basis of ALKI-mediated signalling
by BMP9/BMPI10 and their prodomain-bound forms. Nature
Communications. 2020; 11: 1621. https://doi.org/10.1038/
s41467-020-15425-3.

Seki T, Yun J, Oh SP. Arterial endothelium-specific ac-
tivin receptor-like kinase 1 expression suggests its role
in arterialization and vascular remodeling. Circulation Re-
search. 2003; 93: 682-689. https://doi.org/10.1161/01.RES.
0000095246.40391.3B.

Droege F, Thangavelu K, Stuck BA, Stang A, Lang S, Geisthoff

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[38]

[39]

[40]

[41]

[42]

[43]

U. Life expectancy and comorbidities in patients with hereditary
hemorrhagic telangiectasia. Vascular Medicine (London, Eng-
land). 2018; 23: 377-383. https://doi.org/10.1177/1358863X
18767761.

Capasso TL, Li B, Volek HJ, Khalid W, Rochon ER, An-
balagan A, et al. BMP10-mediated ALK]1 signaling is con-
tinuously required for vascular development and maintenance.
Angiogenesis. 2020; 23: 203-220. https://doi.org/10.1007/
$10456-019-09701-0.

Laux DW, Young S, Donovan JP, Mansfield CJ, Upton PD,
Roman BL. Circulating Bmp10 acts through endothelial Alkl
to mediate flow-dependent arterial quiescence. Development
(Cambridge, England). 2013; 140: 3403-3412. https://doi.org/
10.1242/dev.095307.

Mitchell D, Pobre EG, Mulivor AW, Grinberg AV, Castonguay
R, Monnell TE, et al. ALKI1-Fc inhibits multiple mediators
of angiogenesis and suppresses tumor growth. Molecular Can-
cer Therapeutics. 2010; 9: 379-388. https://doi.org/10.1158/
1535-7163.MCT-09-0650.

Mazerbourg S, Sangkuhl K, Luo CW, Sudo S, Klein C, Hsueh
AJW. Identification of receptors and signaling pathways for or-
phan bone morphogenetic protein/growth differentiation factor
ligands based on genomic analyses. The Journal of Biological
Chemistry. 2005; 280: 32122-32132. https://doi.org/10.1074/jb
¢.M504629200.

Yamawaki K, Kondo Y, Okada T, Oshima T, Kakitani M,
Tomizuka K. The soluble form of BMPRIB is a novel therapeutic
candidate for treating bone related disorders. Scientific Reports.
2016; 6: 18849. https://doi.org/10.1038/srep18849.

Li W, Salmon RM, Jiang H, Morrell NW. Regulation of
the ALK1 ligands, BMP9 and BMP10. Biochemical Society
Transactions. 2016; 44: 1135—1141. https://doi.org/10.1042/BS
T20160083.

Ricard N, Ciais D, Levet S, Subileau M, Mallet C, Zimmers TA,
et al. BMP9 and BMP10 are critical for postnatal retinal vascular
remodeling. Blood. 2012; 119: 6162—6171. https://doi.org/10.
1182/blood-2012-01-407593.

Wang L, Rice M, Swist S, Kubin T, Wu F, Wang S, et al. BMP9
and BMP10 Act Directly on Vascular Smooth Muscle Cells for
Generation and Maintenance of the Contractile State. Circula-
tion. 2021; 143: 1394-1410. https://doi.org/10.1161/CIRCUL
ATIONAHA.120.047375.

Tan HL, Glen E, Topf A, Hall D, O’Sullivan JJ, Sneddon L, et al.
Nonsynonymous variants in the SMADG6 gene predispose to con-
genital cardiovascular malformation. Human Mutation. 2012;
33: 720-727. https://doi.org/10.1002/humu.22030.

Murayama K, Kato-Murayama M, Itoh Y, Miyazono K,
Miyazawa K, Shirouzu M. Structural basis for inhibitory effects
of Smad7 on TGF-3 family signaling. Journal of Structural Bi-
ology. 2020; 212: 107661. https://doi.org/10.1016/j.jsb.2020.
107661.

Kong X, Yan K, Deng P, Fu H, Sun H, Huang W, ef al. LncRNA-
Smad7 mediates cross-talk between Nodal/TGF-3 and BMP sig-
naling to regulate cell fate determination of pluripotent and mul-
tipotent cells. Nucleic Acids Research. 2022; 50: 10526-10543.
https://doi.org/10.1093/nar/gkac780.

Galvin KM, Donovan MJ, Lynch CA, Meyer RI, Paul RJ, Lorenz
IN, et al. A role for smad6 in development and homeostasis of
the cardiovascular system. Nature Genetics. 2000; 24: 171-174.
https://doi.org/10.1038/72835.

Ye L, Kynaston H, Jiang WG. Bone morphogenetic protein-
10 suppresses the growth and aggressiveness of prostate can-
cer cells through a Smad independent pathway. The Journal of
Urology. 2009; 181: 2749-2759. https://doi.org/10.1016/j.juro
.2009.01.098.

Yuan YM, Ma N, Zhang EB, Chen TW, Jiang H, Yin FF, et

&% IMR Press


https://doi.org/10.1016/j.gendis.2014.07.005
https://doi.org/10.1016/j.gendis.2014.07.005
https://doi.org/10.1016/j.biomaterials.2013.08.084
https://doi.org/10.1186/s12964-024-01486-0
https://doi.org/10.1152/ajpheart.00311.2007
https://doi.org/10.1093/eurheartj/ehac632
https://doi.org/10.1093/eurheartj/ehac632
https://doi.org/10.1111/jcmm.18324
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1152/physrev.00028.2017
https://doi.org/10.1152/physrev.00028.2017
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.1101/cshperspect.a022327
https://doi.org/10.1101/cshperspect.a022327
https://doi.org/10.1007/s10456-022-09859-0
https://doi.org/10.1074/jbc.M112.377960
https://doi.org/10.1074/jbc.M112.377960
https://doi.org/10.1182/blood-2006-07-034124
https://doi.org/10.1182/blood-2006-07-034124
https://doi.org/10.1038/s41467-020-15425-3
https://doi.org/10.1038/s41467-020-15425-3
https://doi.org/10.1161/01.RES.0000095246.40391.3B
https://doi.org/10.1161/01.RES.0000095246.40391.3B
https://doi.org/10.1177/1358863X18767761
https://doi.org/10.1177/1358863X18767761
https://doi.org/10.1007/s10456-019-09701-0
https://doi.org/10.1007/s10456-019-09701-0
https://doi.org/10.1242/dev.095307
https://doi.org/10.1242/dev.095307
https://doi.org/10.1158/1535-7163.MCT-09-0650
https://doi.org/10.1158/1535-7163.MCT-09-0650
https://doi.org/10.1074/jbc.M504629200
https://doi.org/10.1074/jbc.M504629200
https://doi.org/10.1038/srep18849
https://doi.org/10.1042/BST20160083
https://doi.org/10.1042/BST20160083
https://doi.org/10.1182/blood-2012-01-407593
https://doi.org/10.1182/blood-2012-01-407593
https://doi.org/10.1161/CIRCULATIONAHA.120.047375
https://doi.org/10.1161/CIRCULATIONAHA.120.047375
https://doi.org/10.1002/humu.22030
https://doi.org/10.1016/j.jsb.2020.107661
https://doi.org/10.1016/j.jsb.2020.107661
https://doi.org/10.1093/nar/gkac780
https://doi.org/10.1038/72835
https://doi.org/10.1016/j.juro.2009.01.098
https://doi.org/10.1016/j.juro.2009.01.098
https://www.imrpress.com

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

al. BMP10 suppresses hepatocellular carcinoma progression via
PTPRS-STAT3 axis. Oncogene. 2019; 38: 7281-7293. https:
//doi.org/10.1038/s41388-019-0943-y.

Qu X, Liu Y, Cao D, Chen J, Liu Z, Ji H, et al. BMP10 pre-
serves cardiac function through its dual activation of SMAD-
mediated and STAT3-mediated pathways. The Journal of Bio-
logical Chemistry. 2019; 294: 19877-19888. https://doi.org/10.
1074/jbc.RA119.010943.

An P, Fan D, Guo Z, Liu FY, Li CF, Yang D, et al. Bone mor-
phogenetic protein 10 alleviates doxorubicin-induced cardiac in-
jury via signal transducer and activator of transcription 3 sig-
naling pathway. Bioengineered. 2022; 13: 7471-7484. https:
//doi.org/10.1080/21655979.2022.2048994.

Chang CP, Bruneau BG. Epigenetics and cardiovascular de-
velopment. Annual Review of Physiology. 2012; 74: 41-68.
https://doi.org/10.1146/annurev-physiol-020911-153242.

Sun Q, Liu S, Liu K, Jiao K. Role of Semaphorin Signaling Dur-
ing Cardiovascular Development. Journal of the American Heart
Association. 2018; 7: e008853. https://doi.org/10.1161/JAHA
.118.008853.

Diaz Del Moral S, Barrena S, Muioz-Chapuli R, Car-
mona R. Embryonic circulating endothelial progenitor cells.
Angiogenesis. 2020; 23: 531-541. https://doi.org/10.1007/
$10456-020-09732-y.

Teleanu RI, Chircov C, Grumezescu AM, Teleanu DM. Tu-
mor Angiogenesis and Anti-Angiogenic Strategies for Cancer
Treatment. Journal of Clinical Medicine. 2019; 9: 84. https:
//doi.org/10.3390/jcm9010084.

Yoo SY, Kwon SM. Angiogenesis and its therapeutic opportu-
nities. Mediators of Inflammation. 2013; 2013: 127170. https:
//doi.org/10.1155/2013/127170.

La Mendola D, Trincavelli ML, Martini C. Angiogenesis in Dis-
ease. International Journal of Molecular Sciences. 2022; 23:
10962. https://doi.org/10.3390/ijms231810962.

Lei I, Gao X, Sham MH, Wang Z. SWI/SNF protein compo-
nent BAF250a regulates cardiac progenitor cell differentiation
by modulating chromatin accessibility during second heart field
development. The Journal of Biological Chemistry. 2012; 287:
24255-24262. https://doi.org/10.1074/jbc.M112.365080.
Zhang W, Chen H, Wang Y, Yong W, Zhu W, Liu Y, et
al. Tbx20 transcription factor is a downstream mediator for
bone morphogenetic protein-10 in regulating cardiac ventricu-
lar wall development and function. The Journal of Biological
Chemistry. 2011; 286: 36820-36829. https://doi.org/10.1074/jb
c¢.M111.279679.

Neuhaus H, Rosen V, Thies RS. Heart specific expression of
mouse BMP-10 a novel member of the TGF-beta superfam-
ily. Mechanisms of Development. 1999; 80: 181-184. https:
//doi.org/10.1016/s0925-4773(98)00221-4.

Li J, Miao L, Shieh D, Spiotto E, Li J, Zhou B, et al. Single-
Cell Lineage Tracing Reveals that Oriented Cell Division Con-
tributes to Trabecular Morphogenesis and Regional Specifica-
tion. Cell Reports. 2016; 15: 158-170. https://doi.org/10.1016/
j.celrep.2016.03.012.

Ben-Shachar G, Arcilla RA, Lucas RV, Manasek FJ. Ventricular
trabeculations in the chick embryo heart and their contribution
to ventricular and muscular septal development. Circulation Re-
search. 1985; 57: 759-766. https://doi.org/10.1161/01.res.57.5.
759.

Tian X, Li Y, He L, Zhang H, Huang X, Liu Q, et al. Identifica-
tion of a hybrid myocardial zone in the mammalian heart after
birth. Nature Communications. 2017; 8: 87. https://doi.org/10.
1038/s41467-017-00118-1.

Chen H, Shi S, Acosta L, Li W, Lu J, Bao S, et al. BMP10 is
essential for maintaining cardiac growth during murine cardio-
genesis. Development (Cambridge, England). 2004; 131: 2219—

&% IMR Press

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[68]

[69]

[70]

[71]

[72]

(73]

2231. https://doi.org/10.1242/dev.01094.

Pashmforoush M, Lu JT, Chen H, Amand TS, Kondo R, Prader-
vand S, et al. Nkx2-5 pathways and congenital heart disease; loss
of ventricular myocyte lineage specification leads to progres-
sive cardiomyopathy and complete heart block. Cell. 2004; 117:
373-386. https://doi.org/10.1016/s0092-8674(04)00405-2.
Mikryukov AA, Mazine A, Wei B, Yang D, Miao Y, Gu M,
et al. BMP10 Signaling Promotes the Development of Endo-
cardial Cells from Human Pluripotent Stem Cell-Derived Car-
diovascular Progenitors. Cell Stem Cell. 2021; 28: 96—111.e7.
https://doi.org/10.1016/j.stem.2020.10.003.

Huang J, Elicker J, Bowens N, Liu X, Cheng L, Cappola TP, et
al. Myocardin regulates BMP10 expression and is required for
heart development. The Journal of Clinical Investigation. 2012;
122: 3678-3691. https://doi.org/10.1172/JC163635.

Yijian L, Weihan S, Lin Y, Heng Z, Yu W, Lin S, et al. Circ-
NCX1 modulates cardiomyocyte proliferation through promot-
ing ubiquitination of BRGI1. Cellular Signalling. 2024; 120:
111193. https://doi.org/10.1016/j.cellsig.2024.111193.
Grego-Bessa J, Luna-Zurita L, del Monte G, Bolos V, Melgar
P, Arandilla A, et al. Notch signaling is essential for ventricular
chamber development. Developmental Cell. 2007; 12: 415-429.
https://doi.org/10.1016/j.devcel.2006.12.011.

Yang J, Biicker S, Jungblut B, Béttger T, Cinnamon Y, Tchorz J,
et al. Inhibition of Notch2 by Numb/Numblike controls myocar-
dial compaction in the heart. Cardiovascular Research. 2012; 96:
276-285. https://doi.org/10.1093/cvr/cvs250.

Chen H, Yong W, Ren S, Shen W, He Y, Cox KA, et al. Overex-
pression of bone morphogenetic protein 10 in myocardium dis-
rupts cardiac postnatal hypertrophic growth. The Journal of Bio-
logical Chemistry. 2006; 281: 27481-27491. https://doi.org/10.
1074/jbc.M604818200.

Gaborit N, Sakuma R, Wylie JN, Kim KH, Zhang SS, Hui CC,
et al. Cooperative and antagonistic roles for Irx3 and Irx5 in
cardiac morphogenesis and postnatal physiology. Development
(Cambridge, England). 2012; 139: 4007-4019. https://doi.org/
10.1242/dev.081703.

Yang F, Lee G, Fan Y. Navigating tumor angiogenesis: ther-
apeutic perspectives and myeloid cell regulation mechanism.
Angiogenesis. 2024; 27: 333-349. https://doi.org/10.1007/
$10456-024-09913-z.

Larionova I, Kazakova E, Gerashchenko T, Kzhyshkowska J.
New Angiogenic Regulators Produced by TAMs: Perspective
for Targeting Tumor Angiogenesis. Cancers. 2021; 13: 3253.
https://doi.org/10.3390/cancers13133253.

Liu ZL, Chen HH, Zheng LL, Sun LP, Shi L. Angiogenic sig-
naling pathways and anti-angiogenic therapy for cancer. Sig-
nal Transduction and Targeted Therapy. 2023; 8: 198. https:
//doi.org/10.1038/s41392-023-01460-1.

Kelly AG, Panigrahy D. Targeting Angiogenesis via Reso-
lution of Inflammation. Cold Spring Harbor Perspectives in
Medicine. 2023; 13: a041172. https://doi.org/10.1101/cshpersp
ect.a041172.

Narasimhan B, Narasimhan H, Lorente-Ros M, Romeo FJ, Bha-
tia K, Aronow WS. Therapeutic angiogenesis in coronary artery
disease: a review of mechanisms and current approaches. Ex-
pert Opinion on Investigational Drugs. 2021; 30: 947-963.
https://doi.org/10.1080/13543784.2021.1964471.
Susan-Resiga D, Essalmani R, Hamelin J, Asselin MC, Benjan-
net S, Chamberland A, et al. Furin is the major processing en-
zyme of the cardiac-specific growth factor bone morphogenetic
protein 10. The Journal of Biological Chemistry. 2011; 286:
22785-22794. https://doi.org/10.1074/jbc.M111.233577.

Al Tabosh T, Al Tarrass M, Tourvieilhe L, Guilhem A, Dupuis-
Girod S, Bailly S. Hereditary hemorrhagic telangiectasia: from
signaling insights to therapeutic advances. The Journal of Clin-

15


https://doi.org/10.1038/s41388-019-0943-y
https://doi.org/10.1038/s41388-019-0943-y
https://doi.org/10.1074/jbc.RA119.010943
https://doi.org/10.1074/jbc.RA119.010943
https://doi.org/10.1080/21655979.2022.2048994
https://doi.org/10.1080/21655979.2022.2048994
https://doi.org/10.1146/annurev-physiol-020911-153242
https://doi.org/10.1161/JAHA.118.008853
https://doi.org/10.1161/JAHA.118.008853
https://doi.org/10.1007/s10456-020-09732-y
https://doi.org/10.1007/s10456-020-09732-y
https://doi.org/10.3390/jcm9010084
https://doi.org/10.3390/jcm9010084
https://doi.org/10.1155/2013/127170
https://doi.org/10.1155/2013/127170
https://doi.org/10.3390/ijms231810962
https://doi.org/10.1074/jbc.M112.365080
https://doi.org/10.1074/jbc.M111.279679
https://doi.org/10.1074/jbc.M111.279679
https://doi.org/10.1016/s0925-4773(98)00221-4
https://doi.org/10.1016/s0925-4773(98)00221-4
https://doi.org/10.1016/j.celrep.2016.03.012
https://doi.org/10.1016/j.celrep.2016.03.012
https://doi.org/10.1161/01.res.57.5.759
https://doi.org/10.1161/01.res.57.5.759
https://doi.org/10.1038/s41467-017-00118-1
https://doi.org/10.1038/s41467-017-00118-1
https://doi.org/10.1242/dev.01094
https://doi.org/10.1016/s0092-8674(04)00405-2
https://doi.org/10.1016/j.stem.2020.10.003
https://doi.org/10.1172/JCI63635
https://doi.org/10.1016/j.cellsig.2024.111193
https://doi.org/10.1016/j.devcel.2006.12.011
https://doi.org/10.1093/cvr/cvs250
https://doi.org/10.1074/jbc.M604818200
https://doi.org/10.1074/jbc.M604818200
https://doi.org/10.1242/dev.081703
https://doi.org/10.1242/dev.081703
https://doi.org/10.1007/s10456-024-09913-z
https://doi.org/10.1007/s10456-024-09913-z
https://doi.org/10.3390/cancers13133253
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1101/cshperspect.a041172
https://doi.org/10.1101/cshperspect.a041172
https://doi.org/10.1080/13543784.2021.1964471
https://doi.org/10.1074/jbc.M111.233577
https://www.imrpress.com

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

16

ical Investigation. 2024; 134: e176379. https://doi.org/10.1172/
JCI176379.

Chen H, Brady Ridgway J, Sai T, Lai J, Warming S, Chen H,
et al. Context-dependent signaling defines roles of BMP9 and
BMP10 in embryonic and postnatal development. Proceedings
of the National Academy of Sciences of the United States of
America. 2013; 110: 11887-11892. https://doi.org/10.1073/pn
as.1306074110.

Ruiz S, Zhao H, Chandakkar P, Chatterjee PK, Papoin J, Blanc
L, et al. A mouse model of hereditary hemorrhagic telangiecta-
sia generated by transmammary-delivered immunoblocking of
BMP9 and BMP10. Scientific Reports. 2016; 5: 37366. https:
//doi.org/10.1038/srep37366.

Tillet E, Ouarné M, Desroches-Castan A, Mallet C, Subileau M,
Didier R, et al. A heterodimer formed by bone morphogenetic
protein 9 (BMP9) and BMP10 provides most BMP biological
activity in plasma. The Journal of Biological Chemistry. 2018;
293: 10963-10974. https://doi.org/10.1074/jbc.RA118.002968.
Jiang H, Salmon RM, Upton PD, Wei Z, Lawera A, Daven-
port AP, et al. The Prodomain-bound Form of Bone Morpho-
genetic Protein 10 Is Biologically Active on Endothelial Cells.
The Journal of Biological Chemistry. 2016; 291: 2954-2966.
https://doi.org/10.1074/jbc.M115.683292.

Hsu HW, Lin TY, Liu YC, Yeh JL, Hsu JH. Molecular Mech-
anisms Underlying Remodeling of Ductus Arteriosus: Look-
ing beyond the Prostaglandin Pathway. International Journal of
Molecular Sciences. 2021; 22: 3238. https://doi.org/10.3390/ij
ms22063238.

Hung YC, Yeh JL, Hsu JH. Molecular Mechanisms for Regulat-
ing Postnatal Ductus Arteriosus Closure. International Journal
of Molecular Sciences. 2018; 19: 1861. https://doi.org/10.3390/
ijms19071861.

Levet S, Ouarné M, Ciais D, Coutton C, Subileau M, Mallet
C, et al. BMP9 and BMP10 are necessary for proper closure of
the ductus arteriosus. Proceedings of the National Academy of
Sciences of the United States of America. 2015; 112: E3207-
E3215. https://doi.org/10.1073/pnas.1508386112.

Chua W, Cardoso VR, Guasch E, Sinner MF, Al-Taie C, Brady
P, et al. An angiopoietin 2, FGF23, and BMP10 biomarker sig-
nature differentiates atrial fibrillation from other concomitant
cardiovascular conditions. Scientific Reports. 2023; 13: 16743.
https://doi.org/10.1038/s41598-023-42331-7.

Hennings E, Aeschbacher S, Coslovsky M, Paladini RE, Meyre
PB, Voellmin G, et al. Association of bone morphogenetic pro-
tein 10 and recurrent atrial fibrillation after catheter ablation.
Europace: European Pacing, Arrhythmias, and Cardiac Elec-
trophysiology: Journal of the Working Groups on Cardiac Pac-
ing, Arrhythmias, and Cardiac Cellular Electrophysiology of
the European Society of Cardiology. 2023; 25: euad149. https:
//doi.org/10.1093/europace/euad149.

Winters J, Kawczynski MJ, Gilbers MD, Isaacs A, Zeemering S,
Bidar E, ef al. Circulating BMP10 Levels Associate With Late
Postoperative Atrial Fibrillation and Left Atrial Endomysial Fi-
brosis. JACC. Clinical Electrophysiology. 2024; 10: 1326—
1340. https://doi.org/10.1016/j.jacep.2024.03.003.

Reyat JS, Chua W, Cardoso VR, Witten A, Kastner PM, Kabir
SN, et al. Reduced left atrial cardiomyocyte PITX2 and ele-
vated circulating BMP10 predict atrial fibrillation after ablation.
JCI Insight. 2020; 5: €139179. https://doi.org/10.1172/jci.insigh
t.139179.

Gkarmiris KI, Lindback J, Alexander JH, Granger CB, Kastner
P, Lopes RD, et al. Repeated Measurement of the Novel Atrial
Biomarker BMP10 (Bone Morphogenetic Protein 10) Refines
Risk Stratification in Anticoagulated Patients With Atrial Fib-
rillation: Insights From the ARISTOTLE Trial. Journal of the
American Heart Association. 2024; 13: €033720. https://doi.or

[86

[87

[88

[89

[90

[91

[92

[93

[94

[95

[96

[l

—

]

—

]

—

—

]

[l

]

=

¢/10.1161/JAHA.123.033720.

Hodgson J, Swietlik EM, Salmon RM, Hadinnapola C, Nikolic
I, Wharton J, et al. Characterization of GDF2 Mutations and
Levels of BMP9 and BMP10 in Pulmonary Arterial Hyper-
tension. American Journal of Respiratory and Critical Care
Medicine. 2020; 201: 575-585. https://doi.org/10.1164/rccm
.201906-11410C.

Hennings E, Aeschbacher S, Coslovsky M, Paladini RE,
Voellmin G, Lampart M, et al. BMP10 reflects pre-capillary pul-
monary hemodynamics: association of biomarkers and hemody-
namic parameters in pulmonary hypertension. Clinical Research
in Cardiology: Official Journal of the German Cardiac Soci-
ety. 2024. https://doi.org/10.1007/s00392-024-02546-8. (online
ahead of print)

Sun S, Yang S, Zhang N, Yu C, Liu J, Feng W, et al. As-
tragalus polysaccharides alleviates cardiac hypertrophy in dia-
betic cardiomyopathy via inhibiting the BMP10-mediated sig-
naling pathway. Phytomedicine: International Journal of Phy-
totherapy and Phytopharmacology. 2023; 109: 154543, https:
//doi.org/10.1016/j.phymed.2022.154543.

Sun L, Yu J, Qi S, Hao Y, Liu Y, Li Z. Bone morphogenetic
protein-10 induces cardiomyocyte proliferation and improves
cardiac function after myocardial infarction. Journal of Cellular
Biochemistry. 2014; 115: 1868-1876. https://doi.org/10.1002/
jcb.24856.

Yin P, Li D, Zhao Q, Cai M, Wu Z, Shi Y, et al. Gsa deficiency
facilitates cardiac remodeling via CREB/ Bmp10-mediated sig-
naling. Cell Death Discovery. 2021; 7: 391. https://doi.org/10.
1038/s41420-021-00788-3.

Joglar JA, Chung MK, Armbruster AL, Benjamin EJ, Chyou
JY, Cronin EM, et al. 2023 ACC/AHA/ACCP/HRS Guideline
for the Diagnosis and Management of Atrial Fibrillation: A Re-
port of the American College of Cardiology/American Heart
Association Joint Committee on Clinical Practice Guidelines.
Circulation. 2024; 149: el—el56. https://doi.org/10.1161/CIR.
0000000000001193.

Wijesurendra RS, Casadei B. Atrial fibrillation: effects beyond
the atrium? Cardiovascular Research. 2015; 105: 238-247. http
s://doi.org/10.1093/cvr/cvv001.

Park JH, Joung B, Son NH, Shim JM, Lee MH, Hwang C, et
al. The electroanatomical remodelling of the left atrium is re-
lated to CHADS2/CHA2DS2VASc score and events of stroke in
patients with atrial fibrillation. Europace: European Pacing, Ar-
rhythmias, and Cardiac Electrophysiology: Journal of the Work-
ing Groups on Cardiac Pacing, Arrhythmias, and Cardiac Cel-
lular Electrophysiology of the European Society of Cardiology.
2011; 13: 1541-1549. https://doi.org/10.1093/europace/eurl35.
Maesen B, Verheule S, Zeemering S, La Meir M, Nijs J, Lumeij
S, et al. Endomysial fibrosis, rather than overall connective
tissue content, is the main determinant of conduction distur-
bances in human atrial fibrillation. Europace: European Pac-
ing, Arrhythmias, and Cardiac Electrophysiology: Journal of the
Working Groups on Cardiac Pacing, Arrhythmias, and Cardiac
Cellular Electrophysiology of the European Society of Cardiol-
ogy. 2022; 24: 1015-1024. https://doi.org/10.1093/europace/e
uac026.

Conen D, Chae CU, Glynn RJ, Tedrow UB, Everett BM, Bur-
ing JE, et al. Risk of death and cardiovascular events in initially
healthy women with new-onset atrial fibrillation. JAMA. 2011;
305: 2080-2087. https://doi.org/10.1001/jama.2011.659.
Magnussen C, Niiranen TJ, Ojeda FM, Gianfagna F, Blanken-
berg S, Njolstad I, et al. Sex Differences and Similarities in
Atrial Fibrillation Epidemiology, Risk Factors, and Mortality
in Community Cohorts: Results From the BiomarCaRE Con-
sortium (Biomarker for Cardiovascular Risk Assessment in Eu-
rope). Circulation. 2017; 136: 1588-1597. https://doi.org/10.

&% IMR Press


https://doi.org/10.1172/JCI176379
https://doi.org/10.1172/JCI176379
https://doi.org/10.1073/pnas.1306074110
https://doi.org/10.1073/pnas.1306074110
https://doi.org/10.1038/srep37366
https://doi.org/10.1038/srep37366
https://doi.org/10.1074/jbc.RA118.002968
https://doi.org/10.1074/jbc.M115.683292
https://doi.org/10.3390/ijms22063238
https://doi.org/10.3390/ijms22063238
https://doi.org/10.3390/ijms19071861
https://doi.org/10.3390/ijms19071861
https://doi.org/10.1073/pnas.1508386112
https://doi.org/10.1038/s41598-023-42331-7
https://doi.org/10.1093/europace/euad149
https://doi.org/10.1093/europace/euad149
https://doi.org/10.1016/j.jacep.2024.03.003
https://doi.org/10.1172/jci.insight.139179
https://doi.org/10.1172/jci.insight.139179
https://doi.org/10.1161/JAHA.123.033720
https://doi.org/10.1161/JAHA.123.033720
https://doi.org/10.1164/rccm.201906-1141OC
https://doi.org/10.1164/rccm.201906-1141OC
https://doi.org/10.1007/s00392-024-02546-8
https://doi.org/10.1016/j.phymed.2022.154543
https://doi.org/10.1016/j.phymed.2022.154543
https://doi.org/10.1002/jcb.24856
https://doi.org/10.1002/jcb.24856
https://doi.org/10.1038/s41420-021-00788-3
https://doi.org/10.1038/s41420-021-00788-3
https://doi.org/10.1161/CIR.0000000000001193
https://doi.org/10.1161/CIR.0000000000001193
https://doi.org/10.1093/cvr/cvv001
https://doi.org/10.1093/cvr/cvv001
https://doi.org/10.1093/europace/eur135
https://doi.org/10.1093/europace/euac026
https://doi.org/10.1093/europace/euac026
https://doi.org/10.1001/jama.2011.659
https://doi.org/10.1161/CIRCULATIONAHA.117.028981
https://doi.org/10.1161/CIRCULATIONAHA.117.028981
https://doi.org/10.1161/CIRCULATIONAHA.117.028981

1161/CIRCULATIONAHA.117.028981.

[97] Hennings E, Blum S, Aeschbacher S, Coslovsky M, Knecht
S, Eken C, et al. Bone Morphogenetic Protein 10-A Novel
Biomarker to Predict Adverse Outcomes in Patients With Atrial
Fibrillation. Journal of the American Heart Association. 2023;
12: €028255. https://doi.org/10.1161/JAHA.122.028255.

[98] Fabritz L, Al-Taie C, Borof K, Breithardt G, Camm AJ, Cri-
jns HIGM, et al. Biomarker-based prediction of sinus rhythm
in atrial fibrillation patients: the EAST-AFNET 4 biomolecule
study. European Heart Journal. 2024; 45: 5002—5019. https:
//doi.org/10.1093/eurheartj/ehae611.

[99] Ye J, Tucker NR, Weng LC, Clauss S, Lubitz SA, Ellinor PT. A
Functional Variant Associated with Atrial Fibrillation Regulates
PITX2c Expression through TFAP2a. American Journal of Hu-
man Genetics. 2016; 99: 1281-1291. https://doi.org/10.1016/j.
ajhg.2016.10.001.

[100] Gore-Panter SR, Hsu J, Barnard J, Moravec CS, Van Wag-
oner DR, Chung MK, et al. PANCR, the PITX2 Adjacent Non-
coding RNA, Is Expressed in Human Left Atria and Regulates
PITX2c Expression. Circulation. Arrhythmia and Electrophysi-
ology. 2016; 9: e003197. https://doi.org/10.1161/CIRCEP.115.
003197.

[101] Steimle JD, Grisanti Canozo FJ, Park M, Kadow ZA, Samee
MAH, Martin JF. Decoding the PITX2-controlled genetic net-
work in atrial fibrillation. JCI Insight. 2022; 7: ¢158895. https:
//doi.org/10.1172/jci.insight.158895.

[102] Li AL, Lian L, Chen XN, Cai WH, Fan XB, Fan Y], et al. The
role of mitochondria in myocardial damage caused by energy
metabolism disorders: From mechanisms to therapeutics. Free
Radical Biology & Medicine. 2023; 208: 236-251. https://doi.
org/10.1016/j.freeradbiomed.2023.08.009.

[103] Du X. Post-infarct cardiac injury, protection and repair: roles
of non-cardiomyocyte multicellular and acellular components.
Science China. Life Sciences. 2018; 61: 266-276. https://doi.or
2/10.1007/s11427-017-9223-x.

[104] Sebastian SA, Co EL, Mahtani A, Padda I, Anam M, Mathew
SS, et al. Heart Failure: Recent Advances and Breakthroughs.
Disease-a-month: DM. 2024; 70: 101634. https://doi.org/10.
1016/j.disamonth.2023.101634.

[105] Prabhu SD, Frangogiannis NG. The Biological Basis for Car-
diac Repair After Myocardial Infarction: From Inflammation
to Fibrosis. Circulation Research. 2016; 119: 91-112. https:
//doi.org/10.1161/CIRCRESAHA.116.303577.

[106] Uygur A, Lee RT. Mechanisms of Cardiac Regeneration. De-
velopmental Cell. 2016; 36: 362-374. https://doi.org/10.1016/j.
devcel.2016.01.018.

[107] Wang T, Chen X, Wang K, Ju J, Yu X, Yu W, et al. Cardiac
regeneration: Pre-existing cardiomyocyte as the hub of novel
signaling pathway. Genes & Diseases. 2023; 11: 747-759. https:
//doi.org/10.1016/j.gendis.2023.01.031.

[108] Chen X, WuH, LiuY, Liu L, Houser SR, Wang WE. Metabolic
Reprogramming: A Byproduct or a Driver of Cardiomyocyte
Proliferation? Circulation. 2024; 149: 1598-1610. https://doi.
org/10.1161/CIRCULATIONAHA.123.065880.

[109] Yuan X, Braun T. Multimodal Regulation of Cardiac Myocyte
Proliferation. Circulation Research. 2017; 121: 293-309. https:
//doi.org/10.1161/CIRCRESAHA.117.308428.

[110] Bael, Salamon RJ, Brandt EB, Paltzer WG, Zhang Z, Britt EC,
et al. Malonate Promotes Adult Cardiomyocyte Proliferation
and Heart Regeneration. Circulation. 2021; 143: 1973-1986.
https://doi.org/10.1161/CIRCULATIONAHA.120.049952.

[111] Honkoop H, de Bakker DE, Aharonov A, Kruse F, Shakked A,
Nguyen PD, et al. Single-cell analysis uncovers that metabolic
reprogramming by ErbB2 signaling is essential for cardiomy-
ocyte proliferation in the regenerating heart. eLife. 2019; 8:
€50163. https://doi.org/10.7554/eLife.50163.

&% IMR Press

[112] Gemberling M, Karra R, Dickson AL, Poss KD. Nrgl is an
injury-induced cardiomyocyte mitogen for the endogenous heart
regeneration program in zebrafish. eLife. 2015; 4: e05871. https:
//doi.org/10.7554/eLife.05871.

[113] Ordofio J, Pérez-Amodio S, Ball K, Aguirre A, Engel E. The
generation of a lactate-rich environment stimulates cell cycle
progression and modulates gene expression on neonatal and
hiPSC-derived cardiomyocytes. Biomaterials Advances. 2022;
139: 213035. https://doi.org/10.1016/j.bioadv.2022.213035.

[114] ChenY, Wu G, Li M, Hesse M, Ma Y, Chen W, ef al. LDHA-
mediated metabolic reprogramming promoted cardiomyocyte
proliferation by alleviating ROS and inducing M2 macrophage
polarization. Redox Biology. 2022; 56: 102446. https://doi.org/
10.1016/j.redox.2022.102446.

[115] Ruopp NF, Cockrill BA. Diagnosis and Treatment of Pul-
monary Arterial Hypertension: A Review. JAMA. 2022; 327:
1379-1391. https://doi.org/10.1001/jama.2022.4402.

[116] Grynblat J, Bogaard HJ, Eyries M, Meyrignac O, Savale L,
Jais X, et al. Pulmonary vascular phenotype identified in pa-
tients with GDF2 (BMP9) or BMP10 variants: an international
multicentre study. The European Respiratory Journal. 2024; 63:
2301634. https://doi.org/10.1183/13993003.01634-2023.

[117] Eyries M, Montani D, Nadaud S, Girerd B, Levy M, Bourdin A,
et al. Widening the landscape of heritable pulmonary hyperten-
sion mutations in paediatric and adult cases. The European Res-
piratory Journal. 2019; 53: 1801371. https://doi.org/10.1183/
13993003.01371-2018.

[118] Welch CL, Aldred MA, Balachandar S, Dooijes D, Eichstaedt
CA, Grif'S, et al. Defining the clinical validity of genes reported
to cause pulmonary arterial hypertension. Genetics in Medicine:
Official Journal of the American College of Medical Genetics.
2023; 25: 100925. https://doi.org/10.1016/j.gim.2023.100925.

[119] Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger
RMF, Brida M, et al. 2022 ESC/ERS Guidelines for the di-
agnosis and treatment of pulmonary hypertension. The Euro-
pean Respiratory Journal. 2023; 61: 2200879. https://doi.org/
10.1183/13993003.00879-2022.

[120] Thenappan T, Ormiston ML, Ryan JJ, Archer SL. Pulmonary
arterial hypertension: pathogenesis and clinical management.
BMIJ (Clinical Research Ed.). 2018; 360: j5492. https://doi.or
2/10.1136/bmj.j5492.

[121] Pullamsetti SS, Savai R, Seeger W, Goncharova EA. Trans-
lational Advances in the Field of Pulmonary Hypertension.
From Cancer Biology to New Pulmonary Arterial Hypertension
Therapeutics. Targeting Cell Growth and Proliferation Signal-
ing Hubs. American Journal of Respiratory and Critical Care
Medicine. 2017; 195: 425-437. https://doi.org/10.1164/rccm
.201606-1226PP.

[122] Guignabert C, Tu L, Le Hiress M, Ricard N, Sattler C, Sefe-
rian A, et al. Pathogenesis of pulmonary arterial hypertension:
lessons from cancer. European Respiratory Review: an Official
Journal of the European Respiratory Society. 2013; 22: 543—
551. https://doi.org/10.1183/09059180.00007513.

[123] Fernandez RA, Wan J, Song S, Smith KA, Gu 'Y, Tauseef M, et
al. Upregulated expression of STIM2, TRPC6, and Orai2 con-
tributes to the transition of pulmonary arterial smooth muscle
cells from a contractile to proliferative phenotype. American
Journal of Physiology. Cell Physiology. 2015; 308: C581-93.
https://doi.org/10.1152/ajpcell.00202.2014.

[124] Christou H, Khalil RA. Mechanisms of pulmonary vascular
dysfunction in pulmonary hypertension and implications for
novel therapies. American Journal of Physiology. Heart and Cir-
culatory Physiology. 2022; 322: H702-H724. https://doi.org/
10.1152/ajpheart.00021.2022.

[125] Toyama T, Kudryashova TV, Ichihara A, Lenna S, Looney A,
Shen Y, et al. GATA6 coordinates cross-talk between BMP10

17


https://doi.org/10.1161/JAHA.122.028255
https://doi.org/10.1093/eurheartj/ehae611
https://doi.org/10.1093/eurheartj/ehae611
https://doi.org/10.1016/j.ajhg.2016.10.001
https://doi.org/10.1016/j.ajhg.2016.10.001
https://doi.org/10.1161/CIRCEP.115.003197
https://doi.org/10.1161/CIRCEP.115.003197
https://doi.org/10.1172/jci.insight.158895
https://doi.org/10.1172/jci.insight.158895
https://doi.org/10.1016/j.freeradbiomed.2023.08.009
https://doi.org/10.1016/j.freeradbiomed.2023.08.009
https://doi.org/10.1007/s11427-017-9223-x
https://doi.org/10.1007/s11427-017-9223-x
https://doi.org/10.1016/j.disamonth.2023.101634
https://doi.org/10.1016/j.disamonth.2023.101634
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1016/j.devcel.2016.01.018
https://doi.org/10.1016/j.devcel.2016.01.018
https://doi.org/10.1016/j.gendis.2023.01.031
https://doi.org/10.1016/j.gendis.2023.01.031
https://doi.org/10.1161/CIRCULATIONAHA.123.065880
https://doi.org/10.1161/CIRCULATIONAHA.123.065880
https://doi.org/10.1161/CIRCRESAHA.117.308428
https://doi.org/10.1161/CIRCRESAHA.117.308428
https://doi.org/10.1161/CIRCULATIONAHA.120.049952
https://doi.org/10.7554/eLife.50163
https://doi.org/10.7554/eLife.05871
https://doi.org/10.7554/eLife.05871
https://doi.org/10.1016/j.bioadv.2022.213035
https://doi.org/10.1016/j.redox.2022.102446
https://doi.org/10.1016/j.redox.2022.102446
https://doi.org/10.1001/jama.2022.4402
https://doi.org/10.1183/13993003.01634-2023
https://doi.org/10.1183/13993003.01371-2018
https://doi.org/10.1183/13993003.01371-2018
https://doi.org/10.1016/j.gim.2023.100925
https://doi.org/10.1183/13993003.00879-2022
https://doi.org/10.1183/13993003.00879-2022
https://doi.org/10.1136/bmj.j5492
https://doi.org/10.1136/bmj.j5492
https://doi.org/10.1164/rccm.201606-1226PP
https://doi.org/10.1164/rccm.201606-1226PP
https://doi.org/10.1183/09059180.00007513
https://doi.org/10.1152/ajpcell.00202.2014
https://doi.org/10.1152/ajpheart.00021.2022
https://doi.org/10.1152/ajpheart.00021.2022
https://www.imrpress.com

and oxidative stress axis in pulmonary arterial hypertension.
Scientific Reports. 2023; 13: 6593. https://doi.org/10.1038/
s41598-023-33779-8.

[126] Ghatnekar A, Chrobak I, Reese C, Stawski L, Seta F, Wirrig
E, et al. Endothelial GATA-6 deficiency promotes pulmonary
arterial hypertension. The American Journal of Pathology. 2013;
182: 2391-2406. https://doi.org/10.1016/j.ajpath.2013.02.039.

[127] Upton PD, Park JES, De Souza PM, Davies RJ, Griffiths MJD,
Wort SJ, et al. Endothelial protective factors BMP9 and BMP10
inhibit CCL2 release by human vascular endothelial cells. Jour-
nal of Cell Science. 2020; 133: jcs239715. https://doi.org/10.
1242/jcs.239715.

[128] Sanchez O, Marcos E, Perros F, Fadel E, Tu L, Humbert M,
et al. Role of endothelium-derived CC chemokine ligand 2 in
idiopathic pulmonary arterial hypertension. American Journal of
Respiratory and Critical Care Medicine. 2007; 176: 1041-1047.
https://doi.org/10.1164/rccm.200610-15590C.

[129] Ulrich A, Wu Y, Draisma H, Wharton J, Swietlik EM, Ce-
bolal, et al. Blood DNA methylation profiling identifies cathep-
sin Z dysregulation in pulmonary arterial hypertension. Na-
ture Communications. 2024; 15: 330. https://doi.org/10.1038/
s41467-023-44683-0.

[130] Heymans S, Lakdawala NK, Tschope C, Klingel K. Dilated car-
diomyopathy: causes, mechanisms, and current and future treat-
ment approaches. Lancet (London, England). 2023; 402: 998—
1011. https://doi.org/10.1016/S0140-6736(23)01241-2.

[131] Weintraub RG, Semsarian C, Macdonald P. Dilated cardiomy-
opathy. Lancet (London, England). 2017; 390: 400—414. https:
//doi.org/10.1016/S0140-6736(16)31713-5.

[132] Japp AG, Gulati A, Cook SA, Cowie MR, Prasad SK. The
Diagnosis and Evaluation of Dilated Cardiomyopathy. Journal
of the American College of Cardiology. 2016; 67: 2996-3010.
https://doi.org/10.1016/j.jacc.2016.03.590.

[133] McNally EM, Mestroni L. Dilated Cardiomyopathy: Ge-
netic Determinants and Mechanisms. Circulation Research.
2017; 121: 731-748. https://doi.org/10.1161/CIRCRESAHA
.116.309396.

[134] Gu JN, Yang CX, Ding YY, Qiao Q, Di RM, Sun YM, et al.
Identification of BMPI10 as a Novel Gene Contributing to Di-
lated Cardiomyopathy. Diagnostics (Basel, Switzerland). 2023;

18

13: 242. https://doi.org/10.3390/diagnostics13020242.

[135] Sveinbjornsson G, Olafsdottir EF, Thorolfsdottir RB, Davids-
son OB, Helgadottir A, Jonasdottir A, et al. Variants in NKX2-5
and FLNC Cause Dilated Cardiomyopathy and Sudden Cardiac
Death. Circulation. Genomic and Precision Medicine. 2018; 11:
e002151. https://doi.org/10.1161/CIRCGEN.117.002151.

[136] Yuan F, Qiu XB, Li RG, Qu XK, Wang J, Xu YJ, et al. A
novel NKX2-5 loss-of-function mutation predisposes to familial
dilated cardiomyopathy and arrhythmias. International Journal
of Molecular Medicine. 2015; 35: 478-486. https://doi.org/10.
3892/ijmm.2014.2029.

[137] Zhao CM, Bing-Sun, Song HM, Wang J, Xu WI, Jiang JF,
et al. TBX20 loss-of-function mutation associated with famil-
ial dilated cardiomyopathy. Clinical Chemistry and Labora-
tory Medicine. 2016; 54: 325-332. https://doi.org/10.1515/cc
Im-2015-0328.

[138] Zhou YM, Dai XY, Huang RT, Xue S, Xu YJ, Qiu XB, et al.
A novel TBX20 loss of function mutation contributes to adult
onset dilated cardiomyopathy or congenital atrial septal defect.
Molecular Medicine Reports. 2016; 14: 3307-3314. https://doi.
org/10.3892/mmr.2016.5609.

[139] Dillmann WH. Diabetic Cardiomyopathy. Circulation Re-
search. 2019; 124: 1160-1162. https://doi.org/10.1161/CIRC
RESAHA.118.314665.

[140] Nakamura M, Sadoshima J. Cardiomyopathy in obesity, insulin

resistance and diabetes. The Journal of Physiology. 2020; 598:
2977-2993. https://doi.org/10.1113/JP276747.

[141] Kesherwani V, Shahshahan HR, Mishra PK. Cardiac transcrip-
tome profiling of diabetic Akita mice using microarray and next
generation sequencing. PloS One. 2017; 12: ¢0182828. https:
//doi.org/10.1371/journal.pone.0182828.

[142] Han SS, Wang G, Jin Y, Ma ZL, Jia W], Wu X, et al. Investi-
gating the Mechanism of Hyperglycemia-Induced Fetal Cardiac
Hypertrophy. PloS One. 2015; 10: e0139141. https://doi.org/10.
1371/journal.pone.0139141.

[143] Ye L, Bokobza S, Li J, Moazzam M, Chen J, Mansel RE, et
al. Bone morphogenetic protein-10 (BMP-10) inhibits aggres-
siveness of breast cancer cells and correlates with poor prog-
nosis in breast cancer. Cancer Science. 2010; 101: 2137-2144.
https://doi.org/10.1111/j.1349-7006.2010.01648 x.

&% IMR Press


https://doi.org/10.1038/s41598-023-33779-8
https://doi.org/10.1038/s41598-023-33779-8
https://doi.org/10.1016/j.ajpath.2013.02.039
https://doi.org/10.1242/jcs.239715
https://doi.org/10.1242/jcs.239715
https://doi.org/10.1164/rccm.200610-1559OC
https://doi.org/10.1038/s41467-023-44683-0
https://doi.org/10.1038/s41467-023-44683-0
https://doi.org/10.1016/S0140-6736(23)01241-2
https://doi.org/10.1016/S0140-6736(16)31713-5
https://doi.org/10.1016/S0140-6736(16)31713-5
https://doi.org/10.1016/j.jacc.2016.03.590
https://doi.org/10.1161/CIRCRESAHA.116.309396
https://doi.org/10.1161/CIRCRESAHA.116.309396
https://doi.org/10.3390/diagnostics13020242
https://doi.org/10.1161/CIRCGEN.117.002151
https://doi.org/10.3892/ijmm.2014.2029
https://doi.org/10.3892/ijmm.2014.2029
https://doi.org/10.1515/cclm-2015-0328
https://doi.org/10.1515/cclm-2015-0328
https://doi.org/10.3892/mmr.2016.5609
https://doi.org/10.3892/mmr.2016.5609
https://doi.org/10.1161/CIRCRESAHA.118.314665
https://doi.org/10.1161/CIRCRESAHA.118.314665
https://doi.org/10.1113/JP276747
https://doi.org/10.1371/journal.pone.0182828
https://doi.org/10.1371/journal.pone.0182828
https://doi.org/10.1371/journal.pone.0139141
https://doi.org/10.1371/journal.pone.0139141
https://doi.org/10.1111/j.1349-7006.2010.01648.x
https://www.imrpress.com

	1. Introduction
	2. Receptor BMP10 and Signal Transduction
	2.1 Receptor Affinity
	2.2 BMP10's Dual Signaling Pathways

	3. The Role of BMP10 in Cardiac Development and Vascular Homeostasis
	3.1 Cardiac Development
	3.2 Vascular Homeostasis

	4. BMP10's Mechanistic Role in Cardiovascular Pathologies
	4.1 Atrial Fibrillation
	4.2 Myocardial Damage
	4.3 Pulmonary Arterial Hypertension
	4.4 Dilated Cardiomyopathy
	4.5 Diabetic Cardiomyopathy

	5. Challenges and Prospects
	6. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

