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Bone morphogenetic proteins (BMPs) are secretory proteins belonging to the
transforming growth factor-p (TGF-p) superfamily. These proteins play important
roles in embryogenesis, bone morphogenesis, blood vessel remodeling and the
development of various organs. In recent years, as research has progressed, BMPs
have been found to be closely related to cardiovascular diseases, especially
atherosclerosis, vascular calcification, cardiac remodeling, pulmonary arterial
hypertension (PAH) and hereditary hemorrhagic telangiectasia (HHT). In this
review, we summarized the potential roles and related mechanisms of the
BMP family in the cardiovascular system and focused on atherosclerosis and PAH.

KEYWORDS

BMP, atherosclerosis, vascular calcification, hypertension, cardiac remodeling, diabetic
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1 Introduction

Cardiovascular disease (CVD) remains the leading cause of mortality and morbidity
worldwide. The mortality of CVD is particularly high in the United States, China, Eastern
Europe and India (Roth et al., 2020). Serious CVD results in major economic losses and
physical and mental burdens on patients and their families. The survival rates have improved
significantly through lifestyle interventions and the widespread use of new technologies and
drugs (Fegers-Wustrow et al., 2022). However, the poor prognosis of CVD has not been
improved, and the mortality, morbidity, disability and recurrence rates are still very high
(Bethel et al., 2018; Arnett et al., 2019).

Bone morphogenetic proteins (BMPs), first discovered in 1965, are a group of
evolutionarily conserved secretory proteins that play important roles in growth and
development (Bone, 1965). All BMPs belong to the transforming growth factor-p (TGEF-
B) superfamily except BMP-1 (Kawabata et al., 1998). As research has progressed, in addition
to inducing bone and cartilage formation, BMPs have been shown to regulate the
development of the embryo, lung, kidney, gastrointestinal system, teeth and other organs
(Zhang and Que, 2020). Ablation or overexpression of BMPs usually leads to significant
defects or severe pathology. Examples include congenital renal and urinary tract
abnormalities (Dudley et al., 1995; Luo et al., 1995; Miyazaki et al., 2000), anophthalmia
and microphthalmia (Dudley et al., 1995; Luo et al., 1995), achondrogenesis (Kugimiya et al.,
2005), osteoarthritis (Shao et al., 2021), Barrett’s esophagus (Palles et al., 2015), and anemia
(Steinbicker et al., 2011). Numerous studies have demonstrated that BMPs are strongly
associated with CVD, and research progress has been made recently. BMP activation often
results in vascular inflammation, such as atherosclerosis and calcification, whereas BMP

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1125642/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1125642/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1125642/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1125642&domain=pdf&date_stamp=2023-02-23
mailto:whuyejing@163.com
mailto:whuyejing@163.com
mailto:wanjun@whu.edu.cn
mailto:wanjun@whu.edu.cn
https://doi.org/10.3389/fphar.2023.1125642
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

TABLE 1 BMP family members and their main sources and receptors.

10.3389/fphar.2023.1125642

Ligands Alternate names Type | receptors Type Il receptors R-Smad Co-smad

BMP-2 - ECs, SMCs, Cardiomyocytes ALK-2/-3/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB

BMP-3a, 3b GDF-10 Fibroblasts ALK-4/-5 ActR II/IIB Smad2/3 Smad4

BMP-4 - SMCs, Monocytes, Adipocytes ALK-2/-3/-5/-6 BMPR IT Smad1/2/5/8 Smad4

Cardiomyocytes

ActR II/IIB

BMP-5 - Fibroblasts ALK-3 BMPR II Smad1/5/8 Smad4
ActR II/IIB

BMP-6 Vgr-1 ECs, SMCs ALK-2/-3/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB

BMP-7 OP-1 SMCs ALK-2/-3/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB

BMP-8a, 8b OP-2, OP-3 Fibroblasts ALK-2/-3/-4/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB Smad2/3

BMP-9 GDEF-2 ECs, SMCs ALK-1/-2 BMPR II Smad1/5/8 Smad4
ActR II/IIB Smad2/3

BMP-10 - ECs, Cardiomyocytes ALK-1/-2/-3/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB Smad2/3

BMP-11 GDEF-11 - ALK-4/-5/-7 ActR II/IIB Smad2/3 Smad4

BMP-12 GDEF-7 Fibroblasts ALK-3/-6 BMPR IT Smad1/5/9 Smad4
ActR IT

BMP-13 GDF-6 Fibroblasts ALK-3/-6 BMPR II Smad1/5/8 Smad4
ActR II/IIB

BMP-14 GDF-5 - ALK-6 BMPR II Smad1/5/8 Smad4
ActR IT

BMP-15 GDF-9b - ALK-4/-5/-6 BMPR 1II Smad1/5/8 Smad4

BMP-16 Nodal - ALK-4/-7 ActR 1IB Smad2/3 Smad4

GDF: growth and differentiation factor; Vgr-1: Vgl-related protein; OP: osteogenic protein; ECs: endothelial cells; SMCs: smooth muscle cells.

suppression is associated with pulmonary arterial hypertension
(PAH) and hereditary hemorrhagic telangiectasia (HHT). Of
course, this is not absolute. Regulation of BMP signaling may
provide a novel strategy for the treatment of CVD.

2 Members of the BMP family

To date, the BMP family has been found to have more than a
dozen members in vertebrates. BMPs are widely found in pigs, cattle,
sheep, rabbits, mice and human embryos, blood cells, kidneys,
spleen and other tissues, with high homology between different
species. BMPs can be further classified into several subgroups
according to their structural homology: the BMP-2/-4 group, the
BMP-5/-6/-7/-8 group, the BMP-9/-10 group, and the BMP-12/-
13/-14 group (Katagiri and Watabe, 2016). Although BMP-1 can
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induce bone and chondrogenesis, it is a metalloproteinase that acts
as a procollagen C-protease during collagen maturation and does
not belong to the TGF-f superfamily (Vadon-Le et al,, 2015). At
least 6 BMP subtypes (BMP-2/4/5/6/7/10) are expressed in cardiac
tissue, and they are also the most studied BMPs in CVD (van Wijk
et al., 2007). The BMP family members and their main source and
receptors are listed in Table 1.

3 The BMP signaling pathway
3.1 Structural diversity of BMPs
The TGF-p ligands include TGF-B1, TGF-p2, and TGF-p3. They

mainly bind to the TGF-p type II receptor (TGFBR II) and then to
TGEF-B type I receptor (ALK-5) to form a complex. In endothelial
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cells, TGF-Ps can exert distinct effects through another TGF-{ type I
receptor, ALK-1 (Goumans et al., 2002). In brief, Smad2/3 are
generally activated by ALKS5, and then they bind to Smad4, enter
the nucleus and exert biological effects including inhibiting
endothelial cell proliferation and migration. Whereas ALK-1
activation phosphorylates Smad1/5/8, leading to an increase in
endothelial cell even directly
antagonizes ALK-5/Smad signaling (Goumans et al, 2002;
Goumans et al., 2003). ALK-1 is also known to cross-talk with
the ALK-5, endothelial cells lacking ALK-5 are deficient in TGF-p/
ALK1-induced responses (Goumans et al., 2003).

proliferation and migration,

Mature BMP ligands are dimers synthesized by macromolecular
pro-proteins that contain an amino-terminal signal peptide, a long
pro-peptide, and a carboxy-terminal mature peptide that contains a
cystine knot (Goumans et al., 2018). To form active dimeric ligands,
these
proconvertases and then participate in dimerization with another

BMP pro-proteins are proteolytically cleaved by
BMP monomer through a covalent disulfide bond (Katagiri and
Watabe, 2016). Dimerization mainly occurs intracellularly, and
most active BMPs are homodimers (Yadin et al., 2016; Kaito
et al,, 2018). Heterodimers, such as BMP-2/-5, BMP-2/-6 and
BMP-2/-7, sometimes show greater activity than homodimers
(Yuan et al., 2011; Guo and Wu, 2012).

Similar to other members of the TGF-p family of ligands, BMP
ligand dimers function by promoting the assembly of two serine-
threonine kinase receptors on the cell surface (Katagiri and Watabe,
2016). Type I receptors contain seven members, named activin
receptor-like kinases (ALK) 1-7, and ALK-1/-2/-3/-6 serve as
BMP Type I receptors (BMPR I) (Miyazono et al., 2010). Type II
receptors contain three members: the BMP type II receptor (BMPR
II), the activin type II receptor (ActR II) and the activin type IIB
receptor (ActR IIB) (Rosenzweig et al., 1995). Based on structural
homology, BMPR I is divided into two groups: the ALK-3/ALK-
6 group and the ALK-1/ALK-2 group (Morrell et al., 2016). Among
them, ALK-2 and ALK-3 are widely expressed by diverse cell types,
whereas ALK-6 is expressed by fewer cell types and ALK-1 is mainly
restricted to endothelial cells (Garcia et al.,, 2016). BMPR II and
ACTR 1II are ubiquitously expressed in vivo, but only BMPR II is
highly expressed in endothelial and endocardial tissues (Morrell
et al.,, 2016).

Nevertheless, unlike other TGF-fs, BMPs can bind to type I
receptors in the absence of type II receptors (Katagiri and Watabe,
2016). Further research found that the specificity of BMP binding to
type I receptors is affected by the presence of type II receptors (Yu
et al.,, 2005). BMP-2 and BMP-4 have high affinity for BMPR Il in a
complex with ALK-3 or ALK-6 (Goumans et al., 2018). BMP-6 and
BMP-7 bind strongly to ActR II with ALK-2 and weakly to ALK-6
(Ning et al., 2019). In endothelial cells, BMP-9 and BMP-10 bind to
BMPR II in a complex with ALK-1 or ALK-2 (David et al., 2007;
Scharpfenecker et al., 2007). In addition, BMP-14 binds to ALK-6
but not to other type I receptors (Zhang and Que, 2020). BMP-15
binds to ALK-6 and stimulates Smad1/5/8 (Moore et al., 2003). In
contrast to other BMPs, BMP-3 and BMP-16 bind to ALK-4 and
ALK-5, leading to activation of Smad2 and Smad3 (Katagiri and
Watabe, 2016). BMP-3 was reported to bind to ACTR IIB and
suppress the activation of BMP-2 and BMP-4 (Kokabu et al., 2012).
BMP-11 binds to three BMPR I (ALK-4/-5/-7) and two type II
receptors (ActR II/IIB) (Jamaiyar et al., 2017).
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3.2 BMP signaling pathway

BMPs bind to receptors and activate two major signaling
pathways, the canonical signaling pathway and the non-canonical
signaling pathway. Canonical BMP signaling has been summarized
in previous reviews (Zhang and Que, 2020), (Katagiri and Watabe,
2016), (Morrell et al., 2016). In brief, BMPs bind to specific type I
and type II receptors to form heterotetrameric complexes. Next, the
type II receptor phosphorylates the type I receptor, which results in
the phosphorylation of Smad1/5/8 at the C-terminus (Zhang and
Que, 2020). Then, p-Smad1/5/8 binds to Smad4, and the complex
enters the nucleus, where it further binds to coactivators or
cosuppressors to regulate gene expression (Shi and Massague, 2003).

In addition to canonical BMP signaling, non-canonical signaling
pathways play important roles in many biological processes. Various
non-canonical pathways, including mitogen-activated protein
(MAPKs), kinase  (JNK),
extracellular (ERK), p38 and
phosphoinositol-3 kinase (PI3K) and small GTPases, can also

kinases c-Jun amino-terminal

signal-regulated  kinase
lead to the regulation of gene expression (Derynck and Zhang,
2003; NarasimhuluAluganti and Singla, 2020).

BMP signaling is also modulated by coreceptors in the
extracellular space (such as noggin, chordin, gremlin, cerberus,
and follistatin), intracellular space (such as the E3 ubiquitin
ligases Smurfl and Smurf2 and Smad6/Smad7), and plasma
membrane (such as BMP and the activin membrane-bound
inhibitors BAMBI and endoglin) (Brazil et al., 2015).

3.3 Cross-talk with other signaling pathway

Here we mainly discuss cross-talk between BMP signaling and
other signaling pathways related to cardiovascular development and
diseases. Previous studies reported that BMP signaling pathways and
other signaling pathways exist different levels of cross-talk in
vascular development and homeostasis, including vascular
endothelial growth factor (Pulkkinen et al, 2021) (VEGE),
fibroblast growth factor (Schliermann and Nickel, 2018) (FGEF),
and Notch (Dahlqvist et al., 2003) and Wnt (Gaussin et al,
2002) signaling.

The use of small interfering RNA revealed that TGF-f1
stimulated VEGF expression by activating ALK-5, TGFBR II, and
SMAD?2, whereas BMP-9 suppressed it by activating ALK-1, BMPR
11, and SMAD1 (Shao et al., 2009). BMP-4 and BMP-7 were reported
to repress VEGFA expression to stimulate outflow tract cushion
formation (Bai et al., 2013). Both BMPs and FGFs are highly
preserved between different species, involved in essential cellular
functions, and their ligands vastly outnumber their receptors. On the
mesodermal side, FGF-BMP interaction can be observed in
cardiogenesis  (Schliermann and  Nickel, 2018). In the
development of heart, the combination of Nodal (BMP-16) and
FGF-8 signaling is essential for mesoderm specification and
differentiation in the presence of BMP inhibitors, such as
chordin, noggin, and follistatin. When the visceral mesoderm is
designated, BMP-2 and BMP-4 expressed in the adjacent endoderm
act synergistically with FGF-8 and FGF-4 signals to induce heart-
specific markers (Nakajima et al., 2009; Meganathan et al., 2015). In
human embryonic stem cells, BMPs act together with FGF2, which
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signals through the ERK/MAPK pathway to drive mesendoderm
differentiation (Yu et al., 2011). Many developmental processes are
controlled by both the Notch signaling pathway and TGF-p ligands
including BMPs. BMP signaling via SMAD1/5 activation regulates
the expression of Jagged 1 in endothelial cells to transactivate Notch
signaling in neighboring cells (Morikawa et al., 2011). BMPs could
regulate the Notch transcriptional targets HES1 and HEY1 in
mesenchymal lineages to modulate cellular plasticity in a manner
independent of canonical Notch activation (Dahlqvist et al., 2003),
(de Jong et al., 2004; Itoh et al., 2004). In embryonic endothelial cells,
ALK-1activation induced by BMP-9 or BMP-10 and mediated by
Smad1/5/8, cooperates with Notch signaling to inhibit angiogenesis
(Larrivee et al., 2012). In Xenopus, both BMP and Wnt signaling are
critical for the activation of genes encoding dorsal fate specification
in mesoderm and endoderm (Cui et al., 1996; Zorn et al., 1999). In
mouse embryos, Wnt signaling modulates the expression of the
BMP target gene Msx2 by inducing the expression of BMP ligands,
thereby influencing cell fates in the ectoderm and the neural crest
2003). BMP could
differentiation together with FGF-2 in embryonic stem cells,
while requires TGF-p or Wnt signaling (Yu et al,, 2011).

Both TGF-P and BMPs can directly activate the ERK, JNK, and
p38-MAPK pathways independent of Smad proteins. It was reported
that TGF-p could reduce BMP-4 signaling in SMCs, which
suggesting a cross-talk between the two signaling pathways
(Upton et al., 2013). ATF-2 activation by p38-MAPK was shown
to bind to smadl/4 and participate in TGF-p-regulated terminal
cardiomyocyte differentiation (Monzen et al, 2001). MAPKs
(especially ERK1/2) also phosphorylate the linker of Smadl/5,
which almost always blocks Smadl/5 nuclear translocation. As a
result, BMP function can be suppressed by several signals that
activate RTK/MAPK, including epithelial growth factor (EGF),
FGF and insulin-like growth factor (IGF) (Guo and Wang, 2009).

There are also interactions between BMP and TGF-p signaling.
Smad4 is shared by both activin/TGF-$ and BMP Smad pathways.
When the levels of Smad4 are limited, BMP and TGF regulate the
activity of each other by competitively binding to smad4 (Candia
et al,, 1997). It was reported that TGF-B could reduce BMP-4
signaling in SMCs, which suggesting a cross-talk between the two

(Hussein et al, induce mesendoderm

signaling pathways (Upton et al,, 2013).

Thus, it seems that the outcome of signaling cross talk is
determined by the context of the signaling environment and that
multiple signal inputs.

4 The BMP family and CVD

4.1 The BMP Family and Cardiovascular
Development and Differentiation

Cardiac embryonic development is divided into four stages:
embryonic stem cell differentiation into lateral plate mesoderm,
lateral plate mesoderm differentiation into cardiac progenitor cells,
cardiac progenitor cell proliferation and cardiac terminal
differentiation.

BMP signaling partly controls the spatiotemporal sequences of
pluripotent stem cells and embryonic stem cells differentiation into
cardiac lineages, as demonstrated by studies in vivo and in vitro
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(Morrell et al., 2016). It was reported that BMP-4 cooperates with
FGF2 could induce cardiac mesoderm formation and inhibit
endoderm differentiation by activating ERK signaling in a
smadl-dependent manner (Faial et al, 2015). On the 3rd to 5th
day of human pluripotent stem cell differentiation, the proportion of
cardiomyocytes induced by adding BMP4 is significantly increased
(Protze et al., 2017). BMP-4 also plays a pivotal role in the
differentiation of cardiomyocyte progenitors into cardiomyocytes,
but its effect at commitment stages is dependent on a precise
balance, with activin A, Nodal, and Wnt signals (Morrell et al.,
2016). In addition, cardiac progenitor cells differentiate into
epicardial lineages instead of cardiomyocytes if BMP signaling
persists for 3 days beyond when cardiac mesoderm is formed by
the canonical WNT pathway (Witty et al., 2014).

Both BMP-2 and BMPR-1A are expressed in the cardiac
crescent, and BMPR-1A deletion in the cardiac mesoderm leads
to loss of cardiac crescent and cardiomyocytes in embryos (Gaussin
et al,, 2002; Klaus et al., 2007). BMP-2/-4/-5/-6/-7, ALK-2 and
BMPR-1A are expressed in the atrioventricular canal (Kruithof
et al, 2012). It was reported that only BMP-2 is required for
(EMT) and cushion
formation in the atrioventricular canal in mouse and chicken
ALK-2  deficiency
results in decreased smadl/5/8 and smad2/3 phosphorylation,
whereas BMPR-1A deletion results in decreased smadl/5/
8 phosphorylation (Ma et al, 2005, Wang et al., 2005). Only
myocardial-specific deletion of BMPR-1A resulted in cardiac
defects,
myocardial thinning (Wang et al., 2005).

endocardial-to-mesenchymal  transition

models. Furthermore, endocardial-specific

namely reduced atrioventricular cushion size and

BMP-10 is briefly expressed in the ventricular trabecula during
midgestation (Chen et al, 2004). In adults, BMP-10 is only
expressed in the right atrium, and BMP-10 is induced by
myocardin via binding to the promoter of BMP-10 (Huang et al.,
2012).

4.2 The BMP family and atherosclerosis and
coronary artery disease (CAD)

Atherosclerosis is characterized by deposition of blood lipids
into the intima of the arteries to form atherosclerotic plaques, finally
resulting in thickening and hardening of the artery walls and
narrowing of the lumen. In addition, atherosclerosis is the main
cause of CAD, cerebral infarction and peripheral vascular disease.
The pathological mechanism of atherosclerosis is complex, and
includes inflammation, lipid metabolic disorders, plaque
formation and calcification, macrophage polarization and iron
overexpression (Wunderer et al, 2020). Inflammation in the
intima results in the migration and proliferation of vascular
smooth muscle cells (VSMCs) and then,

remodeling of the plaque occurs, which further leads to

into the intima,

progressive narrowing of vessels. As atherosclerotic plaques
develop, the proliferation of smooth muscle cells (SMCs) and the
accumulation of some typical types of lipids proceed, and plaque
ruptures can occur in advanced stages (Kim et al., 2019). CAD is the
further development of atherosclerosis, and its main pathological
process is the activation of inflammation and activation of the
coagulation system.
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TABLE 2 Regulatory effects of BMP family members on cardiovascular diseases.
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CAD: coronary artery disease; DMCM: diabetic cardiomyopathy; PAH: pulmonary arterial hypertension.
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TGF-B ligands have been reported to participate in the
development of atherosclerosis. It has been reported that the
expression of TGF-f ligands, receptors and phosphorylated
SMAD2/3 are increased in human atherosclerotic lesions (Bobik
etal., 1999; Frostegard et al., 1999; Kalinina et al., 2004). In addition,
TGEF-P expression was also increased in the plaques of coronary
arteries in patients with CAD compared to healthy patients (Wang
etal., 1997; Frutkin et al., 2009). This may be due to TGF-p signaling
promoting the synthesis of extracellular matrix (ECM) in VSMCs to
promote the growth of atherosclerotic lesions (Li et al., 2008).
However, several studies have shown that TGF-f protects against
atherosclerosis by promoting a stable lesion phenotype by
stimulating SMC differentiation and preventing the switch from
contractile to proliferative SMCs (Gomez and Owens, 2012). In
addition, the expression of TGF-p1 is higher in stable lesions than in
unstable lesions (Panutsopulos et al, 2005). Moreover, it was
reported that overexpression of TGF-Bl in cardiomyocytes
increases the levels of TGF-f1 in the plasma, limits plaque
growth and induces plaque stabilization (Frutkin et al., 2009).
Furthermore, intraperitoneal administration of anti-TGF-
B1 antibody promotes atherogenic changes in the vessel wall in
Apoe—/— mice (Tedgui and Mallat, 2001). It was reported that
macrophage-specific ~ TGF-Pl  overexpression reduces the
development of atherosclerotic lesions in Apoe—/— mice and
stabilizes existing plaques (Reifenberg et al., 2012). Interestingly,
it was reported that TGF-p could reduce BMP-4 signaling in SMCs,
which suggesting a cross-talk between the two signaling pathways
(Upton et al., 2013).

Previous studies found that the level of BMP-4 was elevated in
the aortic wall in an atherosclerosis mouse model (Yao et al., 2009).
Macrophage foam cells are recognized as hallmarks of early
atherosclerosis (Cheng et al., 2013). Further studies found that
BMP-4 could accelerate foam cell formation by BMPR II/Smad
signaling (Feng et al., 2014). Neointimal hyperplasia is the major
cause of restenosis after percutaneous intervention. One recent
study reported that platelet-specific BMP-4 deficiency slows
endothelial regeneration and prevents neointimal hyperplasia
after carotid wire injury by inhibiting platelet activation, reducing
the expression of adhesion molecules and inflammatory responses in
mice, and inhibiting endothelial cell proliferation and migration
in vitro (Jank et al., 2021). The loss of platelet BMP-4 also resulted in
decreased platelet-leukocyte aggregated formations in LDLr™'~ mice
after carotid artery wire injury, and the effect was most pronounced
in the early phase after injury, especially in the first 24 h. However,
Chen et al. reported that BMP-4 treatment significantly inhibited the
migration and recovery of endothelial cells by stimulating the
production of ROS, whereas BMP-4 inhibition promoted
endothelial regeneration and recovery in an intimal hyperplasia
model in SD rats (Li et al., 2022). Another study found that BMP-4
drives inflammation upon low wall shear stress in the arteries during
the early stage of atherosclerosis (Souilhol et al., 2020). These studies
are consistent with previous views that BMP-4 can induce
endothelial inflammation and endothelial dysfunction in vivo and
in vitro (Kim et al.,, 2013). For the advanced atherosclerosis mouse
model, which is induced by an atherogenic diet for approximately
20 weeks, there are also several studies. One study found that BMP-4
expression was decreased in perivascular adipose tissue from mice
and humans with atherosclerosis, and scholars further found that
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both BMP-4 knockdown and adipocyte-specific BMP-4 knockdown
aggravated atherosclerotic plaque formation by promoting

inflammation and impairing lipid metabolism in brown
adipocytes in Apoe—/— mice, while BMP-4 overexpression
adipose

significantly decreased plaques in advanced atherosclerosis (Mu

promoted browning of perivascular tissue and
et al, 2021). Interestingly, in a recent clinical study, after
adjustment for other cardiovascular risk factors, high circulating
BMP-4 levels were negatively correlated with the incidence of
multivessel disease in male patients with CAD (Park et al,, 2015).
However, the correlation was not observed in female patients. Thus,
serum BMP-4 can help assess the severity of CAD in male patients.
These studies suggest that BMP-4 plays an atherogenic and
proinflammatory role in early atherosclerosis. However, the role
of BMP-4 in the progression to advanced atherosclerosis depends on
other mechanisms, such as different contexts and different tissue
and cell types. Further studies are needed to identify the role of
BMP-4 in advanced atherosclerosis.

BMP-2 plays a proinflammatory role in early atherosclerosis.
It was reported that BMP-2 produced by VSMCs from
atherosclerotic lesions promotes monocyte recruitment and
activating BMPR II in an
atherosclerosis mouse model (Sato et al., 2014). In addition,

inflammation by early
Johannes et al. reported that BMP-2 could induce human
monocyte migration and adhesion to endothelial cells, and
prevent monocytes from differentiating into M2 macrophages
(Pardali et al,, 2018). BMP-2 promoted VSMC migration by
activating ERK signaling in vitro in a dose-dependent manner
(Zhang et al., 2014a). The activation of CD137 signaling was
found to increase the expression of BMP-2 and Runx2 in
atherosclerotic plaques in Apoe—/— mice (Chen et al., 2017).
Furthermore, BMP-2 could upregulate MMP-2 expression in
VSMCs and promote the migration and proliferation of
VSMCs under hypoxic stimulation (Yang et al., 2018). BMP-2
levels were also increased in the epicardial adipose tissue of CAD
patients and were positively associated with the incidence of
calcified atherosclerotic plaques (Luna-Luna et al, 2020).
Moreover, BMP-2 levels were independently correlated with
in-stent restenosis in patients with CAD (Zheng et al., 2017).
The role of BMP-7 in atherosclerosis is controversial. Yu et al.
found that serum BMP-7 significantly decreased in patients with
CAD but increased in patients with CAD recovery (Yu et al., 2019).
One study reported that exogenous BMP-7 significantly decreases
plaque formation following the induction of atherosclerosis by
inhibiting M1
M2 polarization, whereas macrophage depletion abolishes this
beneficial effect in Apoe—/— mice (Singla et al., 2016; Shoulders
etal, 2019). On the other hand, Sovershaev et al. reported that BMP-
7 increases the incidence of thrombus formation in lipid-rich

macrophage differentiation and promoting

plaques (Sovershaev et al, 2010). They further reported that
BMP-7 promotes thrombus formation by enhancing the adhesion
and migration of human monocytic cells, and this effect could be
abrogated by inhibitors of BMP signaling (Sovershaev et al., 2016).
These studies suggested that the effect of BMP-7 is tightly associated
with various immune cells and inflammatory responses.

BMP-11 also exhibited a beneficial role in atherosclerosis. One
that BMP-11 reduced the
atherosclerotic plaque area in Apoe—/— mice by selectively

study  found

overexpression
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decreasing the number of macrophages and T lymphocytes
within plaques (Mei et al.,, 2016). In addition, the PPARa-BMP-
11 axis was reported to inhibit atherosclerotic plaque formation by
protecting vascular endothelial cells from aging and apoptosis in
Apoe—/— mice (Dou et al., 2021).

Recently, exogenous BMP-14 treatment was shown to
significantly promote the proliferation of epidermal stem cells in
a deep partial thickness burn mouse model (Zhao et al., 2021). Zaidi
et al. found that BMP-14 expression increased after myocardial
infarction, and BMP-14 knockout mice
myocardial apoptosis, worse cardiac function and more fibrosis

showed increased
after myocardial infarction than wild-type mice. In vitro, these
researchers also found that recombinant BMP-14 improved
cardiac function and reduced cardiomyocyte apoptosis by
upregulating Smad4 (Zaidi et al., 2010).

Little research has been conducted regarding other BMPs.
One single-cell analysis found that BMP-3B (GDF-10) was the
key promoter of VSMC phenotypic modulation in the
atherosclerotic aortas of Apoe—/— mice on a high cholesterol
diet (Brandt et al., 2022). This study demonstrated that BMP-3B
might play a detrimental role in atherosclerotic plaque stability.
BMP-9 and BMP-10 were reported to promote the recruitment of
monocytes to the vascular endothelium in the presence of TNF-a
(Mitrofan et al, 2017). However, more experiments with
genetically modified mice are needed to confirm the roles of
these BMPs.

4.3 The BMP family and vascular calcification

Vascular calcification is a pathological process in which
abnormal calcium deposits on the walls of blood vessels.
Endothelial cells play critical roles in the initiation and
development of vascular calcification. During the process,
endothelial cells differentiate into chondrocytes and osteoblast-
like cells, followed by mineralization of the surrounding matrix
(Abdelbaky et al., 2013; Lanzer et al., 2014). Vascular calcification is
commonly observed in atherosclerosis, hypertension, diabetic
vasculopathy, chronic kidney disease and aging. Previous studies
have reported that the BMP family plays critical roles in the vascular
system (Li et al., 2008). Numerous studies have reported that most
BMPs upregulate the expression of osteogenic genes in several cell
types and appear to be both markers and promoters of vascular
calcification (Yang et al., 2020).

Numerous studies have demonstrated that BMP-2, BMP-4, and
BMP-6 promote the development of vascular calcification (Li et al.,
2008; Yung et al,, 2015; Zhang et al., 2018a; Wei et al., 2018). In
animal models of diabetes, BMP-2 and BMP-4 promote vascular
calcification (Bostrom et al., 2011). Erythropoietin was shown to
promote VSMC calcification through the activation of the JAK2/
STAT3/BMP-2 axis and the NF-KB pathway (He et al., 2019). In
addition, trimethylamine N-oxide was found to upregulate the
expression of BMP-2 and promote vascular calcification by
activating inflammation in chronic kidney disease rats (Zhang
et al, 2020). Furthermore, in a microarray analysis of calcified
carotid plaques from patients, BMP-2 expression was positively
associated with the presence of unstable plaques (Scimeca et al.,
2019). Another report showed that aloe-emodin significantly

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al. 10.3389/fphar.2023.1125642

TABLE 3 The list of genomic mouse models.

Gene/ Mutation

Protein

Phenotype

BMPR2/BMPR 1I Null Global Embryonic lethality owing to gastrulation defect Beppu et al. (2000)
Heterozygous Global Mild susceptibility to PAH Beppu et al. (2004)
N-terminal exon Global Outflow tract and septation defects Delot et al. (2003) and susceptibility to hypoxic PAH Frank et al.
2 deletion (2008)
Dominant negative Smooth muscle PAH and pulmonary vascular remodeling West et al. (2004)
transgene
ACVRLI/ALK-1 Null Global Midgestational lethality owing to cavernous vessel defects, arterial dilatation, smooth muscle
recruitment defects Oh et al. (2000); Urness et al. (2000)
Heterozygous Global Arteriovenous malformations with HHT-like features Urness et al. (2000); Srinivasan et al. (2003)
ENG/Endoglin Null Global Embryonic lethality owing to yolk-sac angiogenesis defect Li et al., 1999; Arthur et al., 2000
GDEF-2/BMP-9 Null Global Viable with abnormal lymphatic development and drainage Levet et al. (2013)
BMP-10/BMP-10 Null Global Embryonic lethality with diminished cardiomyocyte proliferation Chen et al. (2004)
BMP-6/BMP-6 Null Global Massive iron overload owing to defective hepcidin expression Meynard et al. (2009)
BMP-2/BMP-2 Null Global Embryonic lethality with defects in extra-embryonic and cardiac development Zhang and Bradley
(1996)
BMP-4/BMP-4 Null Myocardium Defects in atrioventricular septation Jiao et al. (2003)
ACVRI/ALK-2 Null Endocardial cells Defects in atrioventricular septa and valves Wang et al. (2005)
BMPRI1A/ALK-3 Null Global Early embryonal lethality Mishina et al., 1995
Null Smooth muscle Cardiac structural and angiogenesis defect El-Bizri et al. (2008a)
Heterozygous or null Patchy smooth Decreased susceptibility to hypoxic PAH and increased proximal pulmonary arterial stiffness El-Bizri
muscle et al. (2008b); Vanderpool et al. (2013)

decreased vascular calcification by inhibiting the BMP-2/Smad4/
Runx2 pathway both in vitro and in vivo (Sapkota et al., 2019).

One previous study found that receptor activator of nuclear
factor kappaB ligand (RANKL) increased VSMC calcification by
promoting BMP-4 expression in vivo and in vitro (Panizo et al,
2009). Recently, researchers found that calcifications tended to occur
in areas with disturbed blood flow in large blood vessels, especially at
bifurcated sites, by using computed tomography angiography. These
researchers found that the expression of the flow-sensitive
transcription factor Kriippel-like factor 2 (KLF2) decreased in the
calcified area, and endothelial-specific KLF2 knockdown induced
endothelial-to-mesenchymal transition (EndoMT) in endothelial
cells and aggravated vascular calcification in Apoe—/— mice,
whereas KLF2 overexpression ameliorated vascular calcification
by inhibiting disturbed flow-induced activation of BMP-4/Smad1/
5 signaling (Huang et al., 2021).

In an early study, BMP-6 overexpression accelerated osteogenic
differentiation and mineralization of stem cells (Zachos et al., 2006).
In addition, exogenous BMP-6 induced a series of osteoblast-related
genes in human mesenchymal stem cells, such as collagen I,
osteocalcin and Runx2 (Boskey et al, 2002; Friedman et al,
2006). Recently, it was observed that BMP-6 and ox-LDL
synergistically ~ induce  osteogenic differentiation = and
mineralization (Yung et al., 2015). This phenomenon indicates a
potential association between BMP signaling, oxidative stress and

inflammation in vascular calcification. However, more animal and
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clinical studies are needed to fully understand the role of BMP-6 in
vascular calcification.

BMP-9 induces osteogenic differentiation of VSMCs and
promotes hyperphosphate-induced calcification (Zhu et al., 2015).
In addition, Fang et al. reported that high phosphate upregulates the
expression of BMP-9 in VSMCs (He et al., 2018). These researchers
further found that cyclooxygenase 2 (COX-2) treatment enhanced
BMP-9-induced calcification in rat VSMCs by activating the Wnt/[3-
catenin pathway (He et al,, 2018).

However, unlike other BMPs, BMP-7 has anti-calcification
effects. Vascular calcification is commonly observed in patients
with kidney failure and can increase mortality (Rennenberg et al.,
2010). BMP-7-deficient mice usually die from perinatal renal failure,
whereas recombinant BMP-7 alleviates renal fibrosis and acute renal
failure by inhibiting inflammation and apoptosis (Vukicevic et al.,
1998; Hruska et al.,, 2000; Davies et al,, 2003). In addition, the
expression of BMP-7 was decreased in renal failure (Tobin and
Celeste, 2006). In a mouse model of uremia, BMP-7 treatment
significantly downregulated osteocalcin and decreased vascular
calcification (Davies et al, 2003). Similarly, in a recent study,
researchers found that BMP-7 administration
decreased the expression of BMP-2 and Runx2 in aortic tissue

exogenous

and attenuated vascular calcification in chronic uremic rats (Lee
et al,, 2022a). However, BMP-7 treatment did not protect against
vascular calcification that had already occurred in chronic uremic
rats (Gravesen et al., 2018). A previous report showed that high
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levels of vitamin D or phosphate could increase the incidence of
vascular calcification, while the function was reversed by
recombinant human BMP-7 (Kang et al, 2010). In addition,
previous shown that BMP-7 inhibits VSMC
proliferation and maintains the VSMC phenotype in vitro (Dorai
et al,, 2000; Dorai and Sampath, 2001).

Nevertheless, no studies concerning other BMPs related to

studies have

vascular calcification have been reported. Overall, the effects of
BMP signaling molecules on vascular calcification are context
dependent, tissue dependent, and cell-type specific.

4.4 The BMP family and hypertension

Chronic inflammation of the kidney and vascular wall is believed
to be the main cause of hypertension. Renal inflammation leads to
glomerular injury and impaired urinary sodium excretion, while
vascular inflammation leads to endothelial function impairment,
increased vascular resistance and wall sclerosis, resulting in chronic
hyperactivation of the renin-angiotensin-aldosterone system.

Among the BMP family, BMP-4 is the most studied in relation
to hypertension. BMP-4 treatment was shown to significantly
elevate blood pressure and lead to endothelial dysfunction by
increasing the activity of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase in mice (Miriyala et al., 2006). In
addition, another study found that BMP-4 impairs the function of
endothelial cells by upregulating oxidative stress-dependent COX-2,
and these researchers further found increased BMP-4 and COX-2
expression in the renal arteries of hypertensive rats and humans
(Wong et al., 2010). Furthermore, Zhang et al. reported that BMP-4
inhibition improved endothelial function by blocking oxidative
stress in db/db mice (Zhang et al., 2014b). This team further
found that BMP-4 overexpression upregulated platelet-derived
growth factor AA (PDGF-AA) expression, and both PDGF-AA
inhibition ~and  neutralization  alleviated =~ BMP-4-induced
endothelial dysfunction in diabetes mellitus (Hu et al, 2016).
Interestingly, hydrogen sulfide was reported to ameliorate
endothelial dysfunction in hypertensive rats by inhibiting the
BMP-4/COX-2 pathway, which plays a similar role to noggin
(Xiao et al., 2016). Recently, endoglin was shown to aggravate
endothelial blood pressure by
upregulating BMP-4 expression in mice (Gallardo-Vara et al., 2020).

dysfunction and elevate

BMP-7 expression was decreased in patients with hypertensive
nephrosclerosis (Nguyen et al., 2008; Bramlage et al., 2010). Xia et al.
reported that farnesyltransferase inhibition increased the mRNA
expression of BMP-7, attenuated myocardial fibrosis and partly
improved cardiac remodeling in SHR rats (Li et al., 2013). BMP-
7 may play a protective role in hypertension by inhibiting TGF-f
signaling and fibrosis, but more animal studies are needed to
confirm this hypothesis.

One cross-sectional study showed that circulating BMP-9 levels
were negatively correlated with hypertension and CAD (Liu et al.,
2019). In a recent study, Wang et al. developed BMP-9 and BMP-10
double knockout mice, and they found dramatic changes, such as a
thinner vascular smooth muscle layer, decreased blood pressure and
dilated aortic, pulmonary, cardiac arteries and mesenteric arteries
(Wang et al., 2021). These researchers further found that BMP-10
overexpression in endothelial cells elevated blood pressure and
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promoted the formation of contractile VSMCs in mice (Wang
et al,, 2021). In addition, BMP-10 expression was elevated in the
ventricles of hypertensive rats, and BMP-10 mutation was associated
with cardiomyocyte hypertrophy and HOC2 proliferation (Nakano
et al., 2007; Hirono et al., 2019). The specific role of this molecule
needs to be further explored.

4.5 The BMP family and myocardial
remodeling

Cardiac fibrosis is commonly seen in the cardiac pathological
remodeling response to mechanical or biochemical stress, such as
hypertension, pressure overload, cardiac inflammation, or
myocardial infarction. Cardiac fibrosis is characterized by the
induction of the expression of profibrotic growth factors, such as
TGF-B, and by the formation of cardiac fibroblasts into
Activated  fibroblasts

myofibroblasts, which increases their ability to produce ECM

myofibroblasts. differentiate  into
proteins. This change leads to increased myocardial stiffness and,
ultimately, cardiac dysfunction and heart failure.

The fibrotic process is driven primarily by local myocardial
increases in TGF-B (Goumans and Dijke, 2018). It has been reported
that TGF-B1 treatment enhances cardiomyocyte apoptosis, increases
caspase-3/7 activity and decreases Bcl-2 expression by upregulating
Smad-7 (Heger et al., 2011). Activation of TGF-p signaling leads to
increased ECM components and collagen production, and results in
fibrosis development (Gabriel, 2009). It has been reported that
overexpression of TGF-P1 significantly increases the fibrotic area
in the left ventricle of mice (Rosenkranz et al., 2002). On the other
hand, TGF-Pl depletion or neutralization prevents collagen
accumulation after pressure overload and attenuates diastolic
dysfunction (Okada et al., 2005; Ellmers et al., 2008).

As previously reported, BMP-4 expression was increased in mice
with pathological cardiac hypertrophy and heart failure (HF)
patients (Sun et al, 2013). BMP-4 overexpression aggravated
cardiomyocyte hypertrophy, apoptosis, and cardiac fibrosis,
whereas BMP-4 inhibition alleviated cardiac remodeling in mice
(Sun et al., 2013). Recently, Giulia et al. reported that chorordin-like
1 (Chrdll) plays a protective role in myocardial infarction by
inhibiting BMP-4 signaling (Ruozi et al, 2022). Interestingly,
Jaeyeaon et al. reprogrammed mouse tail-tip fibroblasts into cells
resembling cardiomyocytes, endothelial cells and smooth muscle
cells by using BMP-4, microRNA mimic miR-208b-3p and ascorbic
acid. These cells formed a tissue-like structure, and implantation of
the formed cardiovascular tissue into the infarcted mouse hearts
significantly improved cardiac function and promoted cardiac
recovery (Cho et al., 2021).

In contrast to BMP-4, several studies have reported BMP-7 as
an antifibrotic factor in many tissues, such as the kidneys
(Zeisberg et al., 2003; Manson et al., 2011), liver (Kinoshita
et al, 2007; Hao et al, 2012; Zou et al,, 2019) and lungs
(Yang et al., 2013; Liang et al., 2016). Yalei et al. reported that
exogenous BMP-7 treatment alleviated myocardial fibrosis and
improved cardiac function in rats with myocardial infarction by
inhibiting TGF-p1 signaling (Jin et al., 2018). In addition, David
et al. reported that BMP-7 treatment inhibits cardiomyocyte
hypertrophy in vitro and reverses cardiac remodeling under
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pressure overload (Merino et al., 2016). Consistently, Ana et al.
that BMP-7-based peptides
overload-induced left ventricle (LV)
Medina et al., 2022).

Similar to BMP-7, BMP-9/-10/-11 showed beneficial effects in
cardiac remodeling. Previous studies reported that BMP-9 depletion

reported alleviated pressure

remodeling (Salido-

promoted cardiac fibrosis and remodeling in a transverse aortic
constriction (TAC) murine model, whereas recombinant BMP-9
treatment reversed the progression of cardiac fibrosis and improved
LV function (Morine et al., 2018). In addition, exogenous BMP-10
was reported to promote cardiac repair and improve cardiac
function after myocardial infarction in rats (Sun et al., 2014).
Consistently, Claire and his colleagues found that double
depletion of BMP-9 and BMP-10 resulted in reduced blood
pressure and peripheral vascular dilatation, and they further
found that BMP-9 depletion alleviated chronic hypoxia-induced
pulmonary vascular remodeling and that BMP-10 was associated
with hypoxia-induced cardiac remodeling (Bouvard et al., 2022).
BMP-11 overexpression with an adenovirus was reported to
alleviate cardiac ischemia—reperfusion injury by enhancing
mitochondrial biogenesis and telomerase activity in rats (Chen
et al,, 2021). These researchers also found that BMP-11 depletion
resulted in the opposite effect in mice (Chen et al, 2021).
Furthermore, BMP-11 overexpression reduced cardiomyocyte
apoptosis
myocardial regeneration after ischemia—reperfusion injury in

and improved cardiac function, thus enhancing

aging mice (Du et al., 2017).

4.6 The BMP family and HF

HF is the final stage in the development of CVD. Kevin et al.
reported that BMP-9 expression significantly increased in the
circulation and LV of patients with HF (Morine et al, 2018).
These researchers also found that exogenous BMP-9 treatment
limits the development of cardiac fibrosis and improves the
function of the LV; in contrast, BMP-9 depletion promoted
cardiac fibrosis and aggravated cardiac dysfunction in a murine
model of HF (Morine et al., 2018). These results suggest that BMP-9
plays an antifibrotic role in the development of HF.

One study reported that BMP-6 plasma levels significantly
increased in chronic HF patients and were positively associated
with the severity of HF (Banach et al,, 2016). BMP-10 activation
improved cardiac function after exposure to isoproterenol infusion
by enhancing Smad and Stat3 signaling (Qu et al., 2019).

4.7 The BMP family and diabetic
cardiomyopathy (DMCM)

DMCM is characterized by myocardial structural abnormalities,
including cardiac fibrosis, cardiomyocyte hypertrophy, and
apoptosis, that ultimately lead to cardiac dysfunction. Previously,
high glucose was shown to induce BMP-2 secretion in vitro (Chen
etal., 2006). In addition, BMP-2 levels were significantly increased in
patients with type 2 diabetes (T2DM) (Zhang et al., 2015). Recently,
it was reported that BMP-2 expression was decreased in patients

with chronic HF with diabetes, and BMP-2 levels were negatively
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correlated with the levels of ANP and BNP in patients with CHF and
diabetes (Zhang et al., 2021). BMP-2 expression exhibited a similar
trend in a rat model of myocardial damage and diabetes, and
also found that BMP-2

and high glucose-induced inflammation and

researchers exogenous alleviated
doxorubicin-
pyroptosis in vitro (Zhang et al.,, 2021). However, the direct effect
of BMP-2 on diabetes in vivo has not been reported thus far.

Mitsuhisa et al. reported that BMP-4 expression was upregulated
in the aortas of diabetic Apoe—/— mice (Koga et al, 2013). In
addition, increased BMP-4 expression resulted in excessive
oxidative stress and endothelial dysfunction in the aortas of
diabetic mice (Liu et al, 2021). However, data from previous
clinical experiments reported that serum BMP-4 levels were
significantly decreased in patients with diabetes (Yurekli et al,
2018). The direct effect of BMP-4 on the hearts of diabetic
animals has not been reported.

Recently, Ibrahim et al. reported that exogenous BMP-7
alleviates inflammation, attenuates cardiac remodeling and
improves LV function in diabetic mice (Urbina and Singla, 2014;
Elmadbouh and Singla, 2021). Consistently, Mitchel et al. found that
BMP-7 overexpression by a recombinant adeno-associated viral
vector decreased cardiac fibrosis, cardiomyocyte hypertrophy and
cardiomyocyte apoptosis and improved cardiac function in a murine

model of DMCM (Tate et al., 2021).

4.8 The BMP family and aortic
dissection (AD)

Acute AD is one of the most common thoracic aortic
emergencies and may quickly become fatal without early
diagnosis and appropriate management. The initiating event of
thoracic AD may be related to a medial hematoma bursting
through the
intimomedial hematoma.

It has been hypothesized that TGF-p stimulates the formation
of aortic aneurysm (Gomez et al., 2009). At present, there is little

inward media or the development of an

literature on BMP involvement in AD. In a recent study, BMP
inhibition by LDN-193189, a potent selective BMP type I
receptor (BMPR I) inhibitor, significantly reduced maximal
ascending aorta diameter and systolic blood pressure in 3-
aminopropionitrile fumarate (BAPN)- and Ang II-treated mice
(Chen et al., 2022). Most importantly, LDN-193189 treatment
decreased the incidence of AD by 70% (Chen et al., 2022). BMP-
11 levels were decreased in thoracic aortic tissues in a mouse
model of thoracic AD; in contrast, both BMP-11 treatment and
BMP-11 overexpression inhibited SMC phenotypic transition
and reduced aortic lesions (Ren et al., 2021).

4.9 The BMP family and doxorubicin (DOX)-
Induced cardiotoxicity

DOX is one of the most widely used antitumor anthracycline
antibiotics owing to its potent activity against a variety of
neoplastic diseases. However, the clinical application of DOX
is limited by various side effects, especially the most severe dose-
cumulative Inflammation,

dependent and cardiotoxicity.
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oxidative damage and apoptosis play important roles in DOX-
induced cardiac injury.

Previously, BMP-2 was reported to alleviate DOX-induced
cardiomyocyte injury in vitro (Izumi et al., 2006). Recently, Peng
et al. reported that DOX treatment decreased BMP-10 expression
in mouse hearts and that cardiac-specific BMP-10 inhibition
aggravated oxidative stress and apoptosis and worsened
BMP-10
supplementation

cardiac function, whereas cardiac-specific
BMP-10
ameliorated DOX-induced cardiac dysfunction by activating

STATS3 signaling (An et al., 2022).

overexpression and exogenous

4.10 The BMP family and atrial
fibrillation (AF)

Previously, Xin et al. reported that BMP-7 played a protective
role in cardiac functions in a murine AF model (Chen et al., 2016).
Jasmeet et al. reported that BMP-10 was a potent biomarker in
predicting recurrent AF after AF ablation (Reyat et al, 2020).
Recently, in a large clinical study of AF, researchers found that
plasma BMP-10 levels showed the strongest positive association
with the risk of ischemic stroke regardless of whether patients were
on anticoagulants, even after adjustment for age, renal function, and
all clinical characteristics (Hijazi et al., 2022). However, these studies
are not sufficient to identify the specific role of BMPs in AF, and
more research is needed.

4.11 The BMP family and cardiac aging

One study found that BMP-2 treatment decreases the migration
of endothelial cells in both young and old mice, while endothelial
cells from old mice showed better migration than those from young
mice (Dadwal et al., 2021).

Most studies support that systemic BMP-11 levels decline
with age and that the effect of BMP-11 on body weight is
similar to that of myostatin (Loffredo et al.,, 2013; Poggioli
et al., 2016). However, several researchers have found that
BMP-11 levels do not decline throughout aging (Harper et al.,
2016; Schafer et al.,, 2016; Garbern et al., 2019). In an early
study, BMP-11 overexpression was found to reverse aging-
related cardiac hypertrophy in mice (Loffredo et al., 2013).
However, Smith and others repeated this research and
surprisingly found that BMP-11 treatment had no effect on
aging-related cardiac hypertrophy (Smith et al, 2015).
Interestingly, Poggioli et al. also repeated this study and
found that BMP-11 treatment reduced heart weight in both
young and aging mice (Poggioli et al., 2016). More recently,
researchers found that exogenous BMP-11 improves metabolic
homeostasis and promotes recovery after ischemic stroke in
aging mice (Hudobenko et al., 2020; Walker et al., 2020).
Importantly, in a clinical study, Kristoff et al. reported that
circulating BMP-11 levels decreased in older individuals and
were negatively associated with the risk of cardiovascular
events and mortality (Olson et al., 2015). Collectively, the
role of BMP-11 in cardiac aging is controversial, and more
clinical and animal studies are needed.
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4.12 The BMP family and PAH

The BMP family plays an important role in the development and
progression of several vascular diseases, including HHT and PAH. PAH is
a subtype of pulmonary hypertension typically characterized by elevated
pulmonary arterial pressure and pulmonary vascular resistance and can
lead to right HF and death (Ruopp and Cockrill, 2022). In recent years,
with the unremitting exploration and gradual understanding of PAH by
scientists, the prognosis of patients with PAH has substantially improved,
and the survival time has also been significantly prolonged. In particular,
the emergence of pulmonary artery targeted therapy has strongly
improved the survival rate of patients (Boucly et al, 2021). PAH is
very dangerous due to its rapid progression, high mortality and
morbidity, and poor prognosis (Hassoun, 2021).

The role of BMP-9 in PAH is controversial. Previous studies
have shown that gene mutations in the BMP pathway are
important causes of hereditary PAH (Hodgson et al., 2020;
Guignabert and Humbert, 2021). Dysregulation of BMP
signaling causes phenotypic switching of smooth muscle cells,
fibroblasts and endothelial cells, which is the pathological
mechanism of PAH (Morikawa et al., 2019; Yeo et al., 2020).
In particular, mutation of BMPR Il was observed in 70% of
hereditary PAH and 25% of idiopathic PAH patients (Happe
et al., 2020; Maron et al., 2021). Guo et al. reported that BMPR II
is a low-affinity receptor; thus, mutations affect the expression of
BMPR II in the lung vasculature (Guo et al., 2022). Recently,
researchers found that BMPR II mutations reduced the
expression of IL-15 in human pulmonary arterial endothelial
cells, thus resulting in a decrease in NK cells (Hilton et al., 2022).
These researchers further found that NK-deficient IL-15 KO mice
developed more severe PAH in a rat model (Hilton et al., 2022).
Long et al. injected recombinant BMP-9 into mice to enhance the
biological effects of BMPR |l in the vascular endothelium, and
they found that BMP-9 treatment successfully reversed PAH by
preventing endothelial cell apoptosis and permeability in a
transgenic mouse model and in a monocrotaline-induced rat
model (Long et al., 2015). In another study, Theilmann et al.
found that endothelial BMPR II knockdown switches the effect of
BMP-9 from suppressing endothelial cell proliferation to
promoting proliferation, and BMP-9-induced proliferation
with BMPR 1II loss is linked to the prolonged induction of the
canonical BMP target ID1 (Theilmann et al., 2020). In addition,
the interaction between endothelin-1 (ET-1) and BMPR Il could
induce the proliferation of pulmonary arterial smooth muscle
cells in PAH (Maruyama et al., 2015; Maruyama et al., 2022). In
contrast, Ly et al. reported that both BMP-9 knockdown and
BMP-9 neutralization chronic  hypoxia-induced
pulmonary hypertension (Tu et al., 2019). These researchers
further found that BMP-9 knockdown mice had lower levels
of ET-1 and higher levels of 2 potent vasodilator factors, apelin
and adrenomedullin (ADM), suggesting that BMP-9 is a key
regulator in the balance of key vascular tone regulators in vivo

prevent

and in vitro (Tu et al., 2019). Conflicting studies suggest that the
role of BMP-9 in PAH is complex and involves many ligands and
many receptor combinations.

In clinical studies, the levels of BMPR Il and BMP-4 in the serum
of PAH patients were decreased, which may be associated with
endothelial cell injury (Maruyama et al., 2015). In another clinical
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study, circulating levels of BMP-7 were associated with the mortality
of patients with PAH (Liu et al., 2016). Furthermore, BMP-7
expression was decreased in a hypoxia-induced PAH rat model,
whereas recombinant BMP-7 treatment significantly reduced
EndoMT in vivo and in vitro (Zhang et al., 2018b).

Mutations in the genes encoding endoglin, ALK3 and BMP-9/
GDF-2 have also been reported to be associated with PAH
(Machado et al., 2015; Hodgson et al.,, 2020; Yung et al., 2020).
Joshua et al. found that PAH patients with GDF-2 mutations had
lower levels of BMP-9 and BMP-10 and reduced BMP activity
2020). found that
ALK3 suppressed excessive EndoMT by inducing the interaction
between ID2 and ZEB1 (Lee et al., 2022b).

Tacrolimus and berberine treatment alleviated right ventricular
fibrosis and restored right ventricular function by enhancing BMP
signaling in vivo (Chen et al, 2019; Boehm et al., 2021). Sotatercept
is a novel fusion protein that binds to activin and growth differentiation

(Hodgson et al, Recently, researchers

factors to restore the balance between the growth-promoting and
growth-inhibiting signaling pathways of BMPR II. In a recent clinical
study, researchers found that in adults with pulmonary hypertension and
background therapy, sotatercept reduces pulmonary vascular resistance
(Humbert et al., 2021). In addition, the 6-min walk distance and NT-
proBNP level were also improved (Humbert et al., 2021). These studies
suggested that enhancing BMP signaling may be a novel direction for the
treatment of PAH (Dunmore et al., 2021). However, direct treatment
with recombinant BMPs for clinical application is difficult due to its high
cost. Small molecule agonists of BMP pathways may be a future clinical
approach to solve this problem.

4.13 The BMP Family and HHT

HHT is a rare autosomal dominant disorder characterized by
cutaneous mucosal telangiectasia and arteriovenous malformation of
the gastrointestinal tract (Ruiz-Llorente et al, 2017). HHT is more
common in the brain, lung, gastrointestinal tract and liver. At present,
there is no effective treatment in the clinic, and symptomatic treatment
is the main treatment. With the identification of gene mutations and
many animal studies, inhibition of the TGF-p/BMP signaling pathway
was found to be the main cause of HHT. The typing of HHT depends
on the genotype of the mutation. Most HHT is caused by mutations in
endoglin (HHT-1) and ALK1 (HHT-2) (Ruiz-Llorente et al., 2019).
Smad 4 mutations are present in juvenile polyposis-HHT syndrome
(JP-HHT) (Ola et al,, 2018). BMP-9/GDF2 mutations are present in
HHT-5 (Upton et al., 2022).

Endoglin is a coreceptor for BMP-9 and BMP-10, which are
highly expressed in endothelial cells. Simon et al. found that
endothelial-specific endoglin depletion results in a significant
reduction in mean aortic blood pressure due to arteriovenous
malformations in the peripheral vasculature (Tual-Chalot et al,
2020). These researchers further found that endoglin maintains the
balance of VEGF signaling in quiescent endothelial cells, while
endoglin depletion results in abnormal endothelial proliferation in
peripheral arteriovenous (Tual-Chalot et al, 2020). ALK1 is the
receptor for BMP-9 and BMP-10. BMP-9 treatment was reported
to inhibit vascular hyperplasia by blocking the ALK1/PI3K pathway
(Alsina-Sanchis et al, 2018). This finding suggests that PI3K
inhibitors may serve as potent therapeutic agents for HHT2.
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BMP-10 mutants result in skin and liver vascular abnormalities
due to high output HF (Capasso et al, 2020). In a recent study,
researchers deleted ALK1 in different subsets of endothelial cells and
found that ALK1 deletion in capillaries and veins resulted in severe
arteriovenous malformations by disturbing flow-migration coupling
(Parket al., 2021). In another recent study, liver sinusoidal endothelial
cell-specific ALK1 deletion resulted in increased hepatic vascular
malformations and posthepatic flow in mice (Schmid et al., 2022).

In a recent case report of one HHT family, circulating BMP-9 levels
were significantly lower than those in controls (Balachandar et al,
2022). These researchers also found that GDF-2 mutations disrupt
correct cleavage of BMP-9, thus resulting in loss of the active mature
BMP-9 dimer (Balachandar et al, 2022). In another case report,
Sommer et al. found that low-dose tacrolimus treatment reduced the
likelihood of bleeding in a patient with HHT (Sommer et al,, 2019).

5 Discussion

Since BMP was extracted from bone, an increasing number of
functions of BMP have been discovered by scholars, and research on
BMP in the cardiovascular direction has gradually improved. However,
its specific role in the occurrence and development of CVDs has not
been conclusively identified, and its initiation and induction factors in
the pathogenesis of CVDs have not been fully explored. In this review,
we summarized the structure, signaling pathways and roles of BMP
family members in CVDs. The regulation of BMP family members in
CVD is summarized in Table 2. BMPs play important roles in several
CVDs. Several genomic mouse models are listed in Table 3. Although
recombinant BMP proteins and neutralizing antibodies have been
shown to be effective in vitro and in vivo, the economic burden on the
public is substantial due to the large quantities of ligand that must be
used in the clinic. Therefore, the development and acquisition of
cheaper small molecules to regulate BMP signaling may be a novel
direction in the treatment of CVD. However, most importantly, the
safety of drugs regulating BMP expression needs further study.

Author contributions

All authors listed have made substantial, direct, and intellectual
contributions to the work and approved it for publication. DY
and YL wrote this article. HP and YF searched the literature. XL
and LG made the tables. JW and JY provided ideas and financial
support.

Funding

This work was supported by grants from the National Natural
Science Foundation of China (82070436).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Abdelbaky, A., Corsini, E., Figueroa, A. L., Fontanez, S., Subramanian, S., Ferencik,
M, et al. (2013). Focal arterial inflammation precedes subsequent calcification in the
same location: A longitudinal FDG-PET/CT study. Circ. Cardiovasc Imaging 6,
747-754. doi:10.1161/CIRCIMAGING.113.000382

Alsina-Sanchis, E., Garcia-Ibanez, Y., Figueiredo, A. M., Riera-Domingo, C., Figueras,
A., Matias-Guiu, X,, et al. (2018). ALK1 loss results in vascular hyperplasia in mice and
humans through PI3K activation. Arterioscler. Thromb. Vasc. Biol. 38, 1216-1229.
doi:10.1161/ATVBAHA.118.310760

An, P, Fan, D, Guo, Z, Liu, F. Y, Li, C. F, Yang, D., et al. (2022). Bone
morphogenetic protein 10 alleviates doxorubicin-induced cardiac injury via signal
transducer and activator of transcription 3 signaling pathway. Bioengineered 13,
7471-7484. doi:10.1080/21655979.2022.2048994

Arnett, D. K, Blumenthal, R. S., and Albert, M. A. (2019). ACC/AHA guideline on the
primary prevention of cardiovascular disease: A report of the American college of
Cardiology/American heart association task force on clinical practice guidelines.
Circulation 140, e596-646.

Arthur, H. M,, Ure, J., Smith, A. J., Renforth, G., Wilson, D. L, Torsney, E., et al.
(2000). Endoglin, an ancillary TGFP receptor, is required for extraembryonic
angiogenesis and plays a key role in heart development. Dev. Biol. 217, 42-53.
doi:10.1006/dbio.1999.9534

Bai, Y., Wang, J., Morikawa, Y., Bonilla-Claudio, M., Klysik, E., and Martin, J. F.
(2013). Bmp signaling represses Vegfa to promote outflow tract cushion development.
Development 140, 3395-3402. doi:10.1242/dev.097360

Balachandar, S., Graves, T. J., Shimonty, A., Kerr, K., Kilner, J., Xiao, S., et al. (2022).
Identification and validation of a novel pathogenic variant in GDF2 (BMP9) responsible
for hereditary hemorrhagic telangiectasia and pulmonary arteriovenous malformations.
Am. J. Med. Genet. A 188, 959-964. doi:10.1002/ajmg.a.62584

Banach, J., Gilewski, W., Slomka, A., Buszko, K., Blazejewski, J., Karasek, D., et al.
(2016). Bone morphogenetic protein 6-a possible new player in pathophysiology of
heart failure. Clin. Exp. Pharmacol. Physiol. 43, 1247-1250. doi:10.1111/1440-1681.
12665

Beppu, H,, Ichinose, F., Kawai, N., Jones, R. C., Yu, P. B., Zapol, W. M., et al. (2004).
BMPR-II heterozygous mice have mild pulmonary hypertension and an impaired
pulmonary vascular remodeling response to prolonged hypoxia. Am. J. Physiol. Lung
Cell Mol. Physiol. 287, L1241-L1247. doi:10.1152/ajplung.00239.2004

Beppu, H., Kawabata, M., Hamamoto, T., Chytil, A., Minowa, O., Noda, T, et al.
(2000). BMP type II receptor is required for gastrulation and early development of
mouse embryos. Dev. Biol. 221, 249-258. doi:10.1006/dbi0.2000.9670

Bethel, M. A., Patel, R. A., and Merrill, P. (2018). Cardiovascular outcomes with
glucagon-like peptide-1 receptor agonists in patients with type 2 diabetes: A meta-
analysis. Lancet Diabetes Endocrinol. 6, 105-113.

Bobik, A., Agrotis, A., Kanellakis, P., Dilley, R., Krushinsky, A., Smirnov, V.,
et al. (1999). Distinct patterns of transforming growth factor-beta isoform and
receptor expression in human atherosclerotic lesions. Colocalization implicates
TGEF-beta in fibrofatty lesion development. Circulation 99, 2883-2891. doi:10.
1161/01.¢ir.99.22.2883

Boehm, M., Tian, X., Ali, M. K., Mao, Y., Ichimura, K., Zhao, M., et al. (2021).
Improving right ventricular function by increasing BMP signaling with FK506. Am.
J. Respir. Cell Mol. Biol. 65, 272-287. doi:10.1165/rcmb.2020-05280C

Bone, M. R. Urist. (1965). Bone: Formation by autoinduction. Science 150, 893-899.
doi:10.1126/science.150.3698.893

Boskey, A. L., Paschalis, E. P., Binderman, L, and Doty, S. B. (2002). BMP-6
accelerates both chondrogenesis and mineral maturation in differentiating chick
limb-bud mesenchymal cell cultures. J. Cell Biochem. 84, 509-519. doi:10.1002/jcb.
10032

Bostrom, K. L, Jumabay, M., Matveyenko, A., Nicholas, S. B., and Yao, Y. (2011).
Activation of vascular bone morphogenetic protein signaling in diabetes mellitus. Circ.
Res. 108, 446-457. doi:10.1161/CIRCRESAHA.110.236596

Boucly, A., Savale, L., Jais, X., Bauer, F., Bergot, E., Bertoletti, L., et al. (2021).
Association between initial treatment strategy and long-term survival in pulmonary
arterial hypertension. Am. J. Respir. Crit. Care Med. 204, 842-854. doi:10.1164/rccm.
202009-36980C

Bouvard, C., Tu, L., Rossi, M., Desroches-Castan, A., Berrebeh, N., Helfer, E., et al.
(2022). Different cardiovascular and pulmonary phenotypes for single- and double-
knock-out mice deficient in BMP9 and BMP10. Cardiovasc Res. 118, 1805-1820. doi:10.
1093/cvr/cvab187

Frontiers in Pharmacology

12

10.3389/fphar.2023.1125642

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bramlage, C. P., Tampe, B., Koziolek, M., Maatouk, L., Bevanda, J., et al. (2010). Bone
morphogenetic protein (BMP)-7 expression is decreased in human hypertensive
nephrosclerosis. BMC Nephrol. 11, 31. doi:10.1186/1471-2369-11-31

Brandt, K. J., Burger, F., Baptista, D., Roth, A., Fernandes da Silva, R., Montecucco, F.,
et al. (2022). Single-cell analysis uncovers osteoblast factor growth differentiation factor
10 as mediator of vascular smooth muscle cell phenotypic modulation associated with
plaque rupture in human carotid artery disease. Int. . Mol. Sci. 23, 1796. doi:10.3390/
ijms23031796

Brazil, D. P., Church, R. H., Surae, S., Godson, C., and Martin, F. (2015). BMP
signalling: Agony and antagony in the family. Trends Cell Biol. 25, 249-264. doi:10.
1016/j.tcb.2014.12.004

Candia, A. F.,, Watabe, T., Hawley, S. H., Onichtchouk, D., Zhang, Y., Derynck, R.,
et al. (1997). Cellular interpretation of multiple TGF-beta signals: Intracellular
antagonism between activin/BVgl and BMP-2/4 signaling mediated by smads.
Development 124, 4467-4480. doi:10.1242/dev.124.22.4467

Capasso, T. L., Li, B., Volek, H. J,, Khalid, W., Rochon, E. R,, Anbalagan, A., et al.
(2020). BMP10-mediated ALK1 signaling is continuously required for vascular
development and maintenance. Angiogenesis 23, 203-220. doi:10.1007/s10456-019-
09701-0

Chen, H., Shi, S., Acosta, L., Li, W., Lu, J., Bao, S., et al. (2004). BMP10 is essential for
maintaining cardiac growth during murine cardiogenesis. Development 131,2219-2231.
doi:10.1242/dev.01094

Chen, L, Luo, G, Liu, Y., Lin, H, Zheng, C., Xie, D., et al. (2021). Growth
differentiation factor 11 attenuates cardiac ischemia reperfusion injury via
enhancing mitochondrial biogenesis and telomerase activity. Cell Death Dis. 12, 665.
doi:10.1038/s41419-021-03954-8

Chen, M, Shen, H., Zhu, L., Yang, H., Ye, P, Liu, P,, et al. (2019). Berberine attenuates
hypoxia-induced pulmonary arterial hypertension via bone morphogenetic protein and
transforming growth factor-beta signaling. J. Cell Physiol. 234, 17482-17493. doi:10.
1002/jcp.28370

Chen, N. X, Duan, D., O'Neill, K. D., and Moe, S. M. (2006). High glucose increases
the expression of Cbfal and BMP-2 and enhances the calcification of vascular smooth
muscle cells. Nephrol. Dial. Transpl. 21, 3435-3442. doi:10.1093/ndt/gfl429

Chen, X, Xu, J, Jiang, B., and Liu, D. (2016). Bone morphogenetic protein-7
antagonizes myocardial fibrosis induced by atrial fibrillation by restraining
transforming growth factor-B (TGF-B)/Smads signaling. Med. Sci. Monit. 22,
3457-3468. doi:10.12659/msm.897560

Chen, Y., Bangash, A. B, Song, J., Zhong, W., Wang, C., Shao, C,, et al. (2017).
Activation of CD137 signaling accelerates vascular calcification in vivo and vitro. Int.
J. Cardiol. 230, 198-203. doi:10.1016/j.jjcard.2016.12.174

Chen, Y., Zhang, T., Yao, F., Gao, X, Li, D., Fu, S., et al. (2022). Dysregulation of
interaction between LOX(high) fibroblast and smooth muscle cells contributes to
the pathogenesis of aortic dissection. Theranostics 12, 910-928. doi:10.7150/thno.
66059

Cheng, F., Torzewski, M., Degreif, A., Rossmann, H., Canisius, A., and Lackner, K. J.
(2013). Impact of glutathione peroxidase-1 deficiency on macrophage foam cell
formation and proliferation: Implications for atherogenesis. PLoS One 8, €72063.
doi:10.1371/journal.pone.0072063

Cho, J., Kim, S., Lee, H., Rah, W., Cho, H. C,, Kim, N. K., et al. (2021).
Regeneration of infarcted mouse hearts by cardiovascular tissue formed via the
direct reprogramming of mouse fibroblasts. Nat. Biomed. Eng. 5, 880-896. doi:10.
1038/s41551-021-00783-0

Cui, Y, Tian, Q., and Christian, J. L. (1996). Synergistic effects of Vgl and Wnt signals
in the specification of dorsal mesoderm and endoderm. Dev. Biol. 180, 22-34. doi:10.
1006/dbio.1996.0281

Dadwal, U. C,, Bhatti, F. U. R., Awosanya, O. D., Nagaraj, R. U., Perugini, A.J., Sun, S.,
et al. (2021). The effects of bone morphogenetic protein 2 and thrombopoietin
treatment on angiogenic properties of endothelial cells derived from the lung and
bone marrow of young and aged, male and female mice. FASEB J. 35, €21840. doi:10.
1096/£j.202001616rr

Dahlgqyist, C., Blokzijl, A., Chapman, G., Falk, A., Dannaeus, K., Ibanez, C. F., et al.
(2003). Functional Notch signaling is required for BMP4-induced inhibition of
myogenic differentiation. Development 130, 6089-6099. doi:10.1242/dev.00834

David, L., Mallet, C., Mazerbourg, S., Feige, J. J., and Bailly, S. (2007). Identification of
BMP9 and BMP10 as functional activators of the orphan activin receptor-like kinase 1
(ALK1) in endothelial cells. Blood 109, 1953-1961. doi:10.1182/blood-2006-07-034124

frontiersin.org


https://doi.org/10.1161/CIRCIMAGING.113.000382
https://doi.org/10.1161/ATVBAHA.118.310760
https://doi.org/10.1080/21655979.2022.2048994
https://doi.org/10.1006/dbio.1999.9534
https://doi.org/10.1242/dev.097360
https://doi.org/10.1002/ajmg.a.62584
https://doi.org/10.1111/1440-1681.12665
https://doi.org/10.1111/1440-1681.12665
https://doi.org/10.1152/ajplung.00239.2004
https://doi.org/10.1006/dbio.2000.9670
https://doi.org/10.1161/01.cir.99.22.2883
https://doi.org/10.1161/01.cir.99.22.2883
https://doi.org/10.1165/rcmb.2020-0528OC
https://doi.org/10.1126/science.150.3698.893
https://doi.org/10.1002/jcb.10032
https://doi.org/10.1002/jcb.10032
https://doi.org/10.1161/CIRCRESAHA.110.236596
https://doi.org/10.1164/rccm.202009-3698OC
https://doi.org/10.1164/rccm.202009-3698OC
https://doi.org/10.1093/cvr/cvab187
https://doi.org/10.1093/cvr/cvab187
https://doi.org/10.1186/1471-2369-11-31
https://doi.org/10.3390/ijms23031796
https://doi.org/10.3390/ijms23031796
https://doi.org/10.1016/j.tcb.2014.12.004
https://doi.org/10.1016/j.tcb.2014.12.004
https://doi.org/10.1242/dev.124.22.4467
https://doi.org/10.1007/s10456-019-09701-0
https://doi.org/10.1007/s10456-019-09701-0
https://doi.org/10.1242/dev.01094
https://doi.org/10.1038/s41419-021-03954-8
https://doi.org/10.1002/jcp.28370
https://doi.org/10.1002/jcp.28370
https://doi.org/10.1093/ndt/gfl429
https://doi.org/10.12659/msm.897560
https://doi.org/10.1016/j.ijcard.2016.12.174
https://doi.org/10.7150/thno.66059
https://doi.org/10.7150/thno.66059
https://doi.org/10.1371/journal.pone.0072063
https://doi.org/10.1038/s41551-021-00783-0
https://doi.org/10.1038/s41551-021-00783-0
https://doi.org/10.1006/dbio.1996.0281
https://doi.org/10.1006/dbio.1996.0281
https://doi.org/10.1096/fj.202001616rr
https://doi.org/10.1096/fj.202001616rr
https://doi.org/10.1242/dev.00834
https://doi.org/10.1182/blood-2006-07-034124
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Davies, M. R,, Lund, R. J., and Hruska, K. A. (2003). BMP-7 is an efficacious treatment
of vascular calcification in a murine model of atherosclerosis and chronic renal failure.
J. Am. Soc. Nephrol. 14, 1559-1567. doi:10.1097/01.asn.0000068404.57780.dd

de Jong, D. S., Steegenga, W. T., Hendriks, J. M., van Zoelen, E. J., Olijve, W., and
Dechering, K. J. (2004). Regulation of Notch signaling genes during BMP2-induced
differentiation of osteoblast precursor cells. Biochem. Biophys. Res. Commun. 320,
100-107. doi:10.1016/j.bbrc.2004.05.150

Delot, E. C., Bahamonde, M. E., Zhao, M., and Lyons, K. M. (2003). BMP signaling is
required for septation of the outflow tract of the mammalian heart. Development 130,
209-220. doi:10.1242/dev.00181

Derynck, R, and Zhang, Y. E. (2003). Smad-dependent and Smad-independent
pathways in TGF-beta family signalling. Nature 425, 577-584. doi:10.1038/nature02006

Dorai, H., and Sampath, T. K. (2001). Bone morphogenetic protein-7 modulates genes
that maintain the vascular smooth muscle cell phenotype in culture. J. Bone Jt. Surg. Am.
83-A (1), S70-S78.

Dorai, H., Vukicevic, S., and Sampath, T. K. (2000). Bone morphogenetic protein-7
(osteogenic protein-1) inhibits smooth muscle cell proliferation and stimulates the
expression of markers that are characteristic of SMC phenotype in vitro. J. Cell Physiol.
184, 37-45. doi:10.1002/(SICI)1097-4652(200007)184:1<37::AID-JCP4>3.0.CO;2-M

Dou, F,, Wu, B,, Chen, ], Liu, T., Yu, Z., and Chen, C. (2021). PPARalpha targeting
GDF11 inhibits vascular endothelial cell senescence in an atherosclerosis model. Oxid.
Med. Cell Longev. 2021, 2045259.

Du, G. Q, Shao, Z. B,, Wu, J,, Yin, W. ], Li, S. H,, et al. (2017). Targeted myocardial
delivery of GDF11 gene rejuvenates the aged mouse heart and enhances myocardial
regeneration after ischemia-reperfusion injury. Basic Res. Cardiol. 112, 7. doi:10.1007/
500395-016-0593-y

Dudley, A. T., Lyons, K. M., and Robertson, E. J. (1995). A requirement for bone
morphogenetic protein-7 during development of the mammalian kidney and eye. Genes
Dev. 9, 2795-2807. doi:10.1101/gad.9.22.2795

Dunmore, B. J., Jones, R. J., Toshner, M. R., Upton, P. D., and Morrell, N. W.
(2021). Approaches to treat pulmonary arterial hypertension by targeting BMPR2:
From cell membrane to nucleus. Cardiovasc Res. 117, 2309-2325. doi:10.1093/cvr/
cvaa350

El-Bizri, N., Guignabert, C., Wang, L., Cheng, A., Stankunas, K., Chang, C. P., et al.
(2008). SM22alpha-targeted deletion of bone morphogenetic protein receptor 1A in
mice impairs cardiac and vascular development, and influences organogenesis.
Development 135, 2981-2991. doi:10.1242/dev.017863

El-Bizri, N., Wang, L., Merklinger, S. L., Guignabert, C., Desai, T., Urashima, T, et al.
(2008). Smooth muscle protein 22alpha-mediated patchy deletion of Bmprla impairs
cardiac contractility but protects against pulmonary vascular remodeling. Circ. Res. 102,
380-388. doi:10.1161/CIRCRESAHA.107.161059

Ellmers, L.]., Scott, N.J., Medicherla, S., Pilbrow, A. P., Bridgman, P. G, Yandle, T. G.,
et al. (2008). Transforming growth factor-beta blockade down-regulates the renin-
angiotensin system and modifies cardiac remodeling after myocardial infarction.
Endocrinology 149, 5828-5834. doi:10.1210/en.2008-0165

Elmadboubh, L, and Singla, D. K. (2021). BMP-7 attenuates inflammation-induced
pyroptosis and improves cardiac repair in diabetic cardiomyopathy. Cells 10, 2640.
doi:10.3390/cells 10102640

Faial, T., Bernardo, A. S., Mendjan, S., Diamanti, E., Ortmann, D., Gentsch, G. E., et al.
(2015). Brachyury and SMAD signalling collaboratively orchestrate distinct mesoderm
and endoderm gene regulatory networks in differentiating human embryonic stem cells.
Development 142, 2121-2135. doi:10.1242/dev.117838

Fegers-Wustrow, I, Gianos, E., Halle, M., and Yang, E. (2022). Comparison of
American and European guidelines for primary prevention of cardiovascular disease:
JACC guideline comparison. J. Am. Coll. Cardiol. 79, 1304-1313. doi:10.1016/j.jacc.
2022.02.001

Feng, J., Gao, J., Li, Y., Yang, Y., Dang, L., Ye, Y., et al. (2014). BMP4 enhances foam
cell formation by BMPR-2/Smad1/5/8 signaling. Int. J. Mol. Sci. 15, 5536-5552. doi:10.
3390/ijms15045536

Frank, D. B., Lowery, J., Anderson, L., Brink, M., Reese, J., and de Caestecker, M.
(2008). Increased susceptibility to hypoxic pulmonary hypertension in Bmpr2 mutant
mice is associated with endothelial dysfunction in the pulmonary vasculature. Am.
J. Physiol. Lung Cell Mol. Physiol. 294, 1.98-L109. doi:10.1152/ajplung.00034.2007

Friedman, M. S., Long, M. W, and Hankenson, K. D. (2006). Osteogenic
differentiation of human mesenchymal stem cells is regulated by bone
morphogenetic protein-6. J. Cell Biochem. 98, 538-554. doi:10.1002/jcb.20719

Frostegard, J., Ulfgren, A. K., Nyberg, P., Hedin, U., Swedenborg, J., Andersson, U.,
et al. (1999). Cytokine expression in advanced human atherosclerotic plaques:
Dominance of pro-inflammatory (Th1l) and macrophage-stimulating cytokines.
Atherosclerosis 145, 33-43. doi:10.1016/s0021-9150(99)00011-8

Frutkin, A. D., Otsuka, G., Stempien-Otero, A., Sesti, C., Du, L., Jaffe, M., et al. (2009).
TGF-[beta]1 limits plaque growth, stabilizes plaque structure, and prevents aortic
dilation in apolipoprotein E-null mice. Arterioscler. Thromb. Vasc. Biol. 29, 1251-1257.
doi:10.1161/ATVBAHA.109.186593

Gabriel, V. A. (2009). Transforming growth factor-beta and angiotensin in fibrosis
and burn injuries. J. Burn Care Res. 30, 471-481. doi:10.1097/BCR.0b013e3181a28ddb

Frontiers in Pharmacology

13

10.3389/fphar.2023.1125642

Gallardo-Vara, E., Gamella-Pozuelo, L., Perez-Roque, L., Bartha, J. L., Garcia-
Palmero, I, Casal, J. L, et al. (2020). Potential role of circulating endoglin in
hypertension via the upregulated expression of BMP4. Cells 9, 988. doi:10.3390/
cells9040988

Garbern, J., Kristl, A. C., Bassaneze, V., Vujic, A., Schoemaker, H., Sereda, R., et al.
(2019). Analysis of Cre-mediated genetic deletion of Gdf11 in cardiomyocytes of young
mice. Am. J. Physiol. Heart Circ. Physiol. 317, H201-H212. doi:10.1152/ajpheart.00615.
2018

Garcia, De Vinuesa A., Abdelilah-Seyfried, S., Knaus, P., and ZwijsenBailly, A. S.
(2016). BMP signaling in vascular biology and dysfunction. Cytokine Growth Factor
Rev. 27, 65-79. doi:10.1016/j.cytogfr.2015.12.005

Gaussin, V., Van de Putte, T., Mishina, Y., Hanks, M. C., Zwijsen, A., Huylebroeck, D.,
et al. (2002). Endocardial cushion and myocardial defects after cardiac myocyte-specific
conditional deletion of the bone morphogenetic protein receptor ALK3. Proc. Natl.
Acad. Sci. U. S. A. 99, 2878-2883. doi:10.1073/pnas.042390499

Gomez, D., Haj Zen, A. A, Borges, L. F., Philippe, M., Gutierrez, P. S., Jondeau, G.,
et al. (2009). Syndromic and non-syndromic aneurysms of the human ascending aorta
share activation of the Smad2 pathway. J. Pathol. 218, 131-142. doi:10.1002/path.2516

Gomez, D., and Owens, G. K. (2012). Smooth muscle cell phenotypic switching in
atherosclerosis. Cardiovasc Res. 95, 156-164. doi:10.1093/cvr/cvs115

Goumans, M. J., and Dijke, P. T. (2018). TGF-Beta signaling in control of
cardiovascular function. Cold Spring Harb. Perspect. Biol. 10, a022210. doi:10.1101/
cshperspect.a022210

Goumans, M. J., Valdimarsdottir, G., Itoh, S., Lebrin, F., Larsson, J., Mummery, C.,
et al. (2003). Activin receptor-like kinase (ALK)1 is an antagonistic mediator of lateral
TGFbeta/ALKS5 signaling. Mol. Cell 12, 817-828. doi:10.1016/s1097-2765(03)00386-1

Goumans, M. J., Valdimarsdottir, G., Itoh, S., Rosendahl, A., Sideras, P., and Dijke, P.
T. (2002). Balancing the activation state of the endothelium via two distinct TGF-beta
type I receptors. EMBO J. 21, 1743-1753. doi:10.1093/emboj/21.7.1743

Goumans, M. J., Zwijsen, A,, Dijke, P. T., and Bailly, S. (2018). Bone morphogenetic
proteins in vascular homeostasis and disease. Cold Spring Harb. Perspect. Biol. 10,
a031989. doi:10.1101/cshperspect.a031989

Gravesen, E., Lerche, Mace M., Nordholm, A., Hofman-Bang, J., Hruska, K., Haagen
Nielsen, C., et al. (2018). Exogenous BMP7 in aortae of rats with chronic uremia
ameliorates expression of profibrotic genes, but does not reverse established vascular
calcification. PLoS One 13, €0190820. doi:10.1371/journal.pone.0190820

Guignabert, C., and Humbert, M. (2021). Targeting transforming growth factor-beta
receptors in pulmonary hypertension. Eur. Respir. J. 57, 2002341. doi:10.1183/
13993003.02341-2020

Guo, ], Liu, B., Thorikay, M., Yu, M, Li, X, Tong, Z., et al. (2022). Crystal structures
of BMPRII extracellular domain in binary and ternary receptor complexes with BMP10.
Nat. Commun. 13, 2395. doi:10.1038/s41467-022-30111-2

Guo, J., and Wu, G. (2012). The signaling and functions of heterodimeric bone
morphogenetic proteins. Cytokine Growth Factor Rev. 23, 61-67. doi:10.1016/j.cytogfr.
2012.02.001

Guo, X., and Wang, X. F. (2009). Signaling cross-talk between TGF-beta/BMP and
other pathways. Cell Res. 19, 71-88. doi:10.1038/cr.2008.302

Hao, Z. M., Cai, M,, Lv, Y. F., Huang, Y. H,, and Li, H. H. (2012). Oral administration
of recombinant adeno-associated virus-mediated bone morphogenetic protein-7
suppresses CCl(4)-induced hepatic fibrosis in mice. Mol Ther. 20, 2043-2051.
doi:10.1038/mt.2012.148

Happe, C., Kurakula, K., Sun, X. Q., da Silva Goncalves Bos, D., Rol, N., Guignabert,
C., et al. (2020). The BMP receptor 2 in pulmonary arterial hypertension: When and
where the animal model matches the patient. Cells 9, 1422. doi:10.3390/cells9061422

Harper, S. C., Brack, A., MacDonnell, S., Franti, M., Olwin, B. B,, Bailey, B. A, et al.
(2016). Is growth differentiation factor 11 a realistic therapeutic for aging-dependent
muscle defects? Circ. Res. 118, 1143-1150. doi:10.1161/CIRCRESAHA.116.307962

Hassoun, P. M. (2021). Pulmonary arterial hypertension. N. Engl. J. Med. 385,
2361-2376. doi:10.1056/nejmra2000348

He, F., Wang, H,, Ren, W. Y., Ma, Y., Liao, Y. P, Zhu, J. H,, et al. (2018). BMP9/COX-
2 axial mediates high phosphate-induced calcification in vascular smooth muscle cells
via Wnt/B-catenin pathway. J. Cell Biochem. 119, 2851-2863. doi:10.1002/jcb.26460

He, J., Zhong, X., Zhao, L., and Gan, H. (2019). JAK2/STAT3/BMP-2 axis and NF-kB
pathway are involved in erythropoietin-induced calcification in rat vascular smooth
muscle cells. Clin. Exp. Nephrol. 23, 501-512. doi:10.1007/s10157-018-1666-z

Heger, J., Warga, B., Meyering, B., Abdallah, Y., Schluter, K. D., Piper, H. M., et al.

(2011). TGF receptor activation enhances cardiac apoptosis via SMAD activation and
concomitant NO release. J. Cell Physiol. 226, 2683-2690. doi:10.1002/jcp.22619
Hijazi, Z., Benz, A. P., Lindback, J., Alexander, J. H., Connolly, S. J., Eikelboom, J. W.,
etal. (2022). Bone morphogenetic protein 10: A novel risk marker of ischaemic stroke in
patients with atrial fibrillation. Eur. Heart J. 44,208-218. doi:10.1093/eurheartj/ehac632
Hilton, L. R., Ratsep, M. T., Vandenbroek, M. M., et al. (2022). Impaired IL
(Interleukin)-15 signaling via BMPR2 loss drives natural killer cell deficiency and

pulmonary  hypertension. Hypertension 79 (11), 2493-2504. doi:10.1161/
HYPERTENSIONAHA.122.19178

frontiersin.org


https://doi.org/10.1097/01.asn.0000068404.57780.dd
https://doi.org/10.1016/j.bbrc.2004.05.150
https://doi.org/10.1242/dev.00181
https://doi.org/10.1038/nature02006
https://doi.org/10.1002/(SICI)1097-4652(200007)184:1<37::AID-JCP4>3.0.CO;2-M
https://doi.org/10.1007/s00395-016-0593-y
https://doi.org/10.1007/s00395-016-0593-y
https://doi.org/10.1101/gad.9.22.2795
https://doi.org/10.1093/cvr/cvaa350
https://doi.org/10.1093/cvr/cvaa350
https://doi.org/10.1242/dev.017863
https://doi.org/10.1161/CIRCRESAHA.107.161059
https://doi.org/10.1210/en.2008-0165
https://doi.org/10.3390/cells10102640
https://doi.org/10.1242/dev.117838
https://doi.org/10.1016/j.jacc.2022.02.001
https://doi.org/10.1016/j.jacc.2022.02.001
https://doi.org/10.3390/ijms15045536
https://doi.org/10.3390/ijms15045536
https://doi.org/10.1152/ajplung.00034.2007
https://doi.org/10.1002/jcb.20719
https://doi.org/10.1016/s0021-9150(99)00011-8
https://doi.org/10.1161/ATVBAHA.109.186593
https://doi.org/10.1097/BCR.0b013e3181a28ddb
https://doi.org/10.3390/cells9040988
https://doi.org/10.3390/cells9040988
https://doi.org/10.1152/ajpheart.00615.2018
https://doi.org/10.1152/ajpheart.00615.2018
https://doi.org/10.1016/j.cytogfr.2015.12.005
https://doi.org/10.1073/pnas.042390499
https://doi.org/10.1002/path.2516
https://doi.org/10.1093/cvr/cvs115
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.1101/cshperspect.a022210
https://doi.org/10.1016/s1097-2765(03)00386-1
https://doi.org/10.1093/emboj/21.7.1743
https://doi.org/10.1101/cshperspect.a031989
https://doi.org/10.1371/journal.pone.0190820
https://doi.org/10.1183/13993003.02341-2020
https://doi.org/10.1183/13993003.02341-2020
https://doi.org/10.1038/s41467-022-30111-2
https://doi.org/10.1016/j.cytogfr.2012.02.001
https://doi.org/10.1016/j.cytogfr.2012.02.001
https://doi.org/10.1038/cr.2008.302
https://doi.org/10.1038/mt.2012.148
https://doi.org/10.3390/cells9061422
https://doi.org/10.1161/CIRCRESAHA.116.307962
https://doi.org/10.1056/nejmra2000348
https://doi.org/10.1002/jcb.26460
https://doi.org/10.1007/s10157-018-1666-z
https://doi.org/10.1002/jcp.22619
https://doi.org/10.1093/eurheartj/ehac632
https://doi.org/10.1161/HYPERTENSIONAHA.122.19178
https://doi.org/10.1161/HYPERTENSIONAHA.122.19178
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Hirono, K., Saito, K., Munkhsaikhan, U., Xu, F., Wang, C., Lu, L., et al. (2019).
Familial left ventricular non-compaction is associated with a rare p.V407I variant
in bone morphogenetic protein 10. Circ. J. 83, 1737-1746. doi:10.1253/circj.CJ-19-
0116

Hodgson, J., Swietlik, E. M., Salmon, R. M., Hadinnapola, C., Nikolic, I, Wharton, J.,
et al. (2020). Characterization of GDF2 mutations and levels of BMP9 and BMP10 in
pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 201, 575-585. doi:10.
1164/rccm.201906-11410C

Hruska, K. A., Guo, G., Wozniak, M., Martin, D., Miller, S., Liapis, H., et al.
(2000). Osteogenic protein-1 prevents renal fibrogenesis associated with ureteral
obstruction. Am. J. Physiol. Ren. Physiol. 279, F130-F143. doi:10.1152/ajprenal.
2000.279.1.F130

Hu, W., Zhang, Y., Wang, L., Lau, C. W,, Xu, J,, Luo, J. Y., et al. (2016). Bone
morphogenic protein 4-smad-induced upregulation of platelet-derived growth factor
AA impairs endothelial function. Arterioscler. Thromb. Vasc. Biol. 36, 553-560. doi:10.
1161/ATVBAHA.115.306302

Huang, J., Elicker, J., Bowens, N., Liu, X., Cheng, L., Cappola, T. P,, et al. (2012).
Myocardin regulates BMP10 expression and is required for heart development. J. Clin.
Invest. 122, 3678-3691. doi:10.1172/JCI63635

Huang, J., Pu, Y., Zhang, H., Xie, L., Zhang, C. L., et al. (2021). KLF2 mediates the
suppressive effect of laminar flow on vascular calcification by inhibiting endothelial
BMP/SMAD1/5 signaling. Circ. Res. 129, e87-e100. doi:10.1161/CIRCRESAHA.120.
318690

Hudobenko, J., Ganesh, B. P., Jiang, J., Mohan, E. C,, Lee, S., Sheth, S., et al. (2020).
Growth differentiation factor-11 supplementation improves survival and promotes
recovery after ischemic stroke in aged mice. Aging (Albany NY) 12, 8049-8066. doi:10.
18632/aging.103122

Humbert, M., McLaughlin, V., Gibbs, J. S. R., Gomberg-Maitland, M., Hoeper, M. M.,
Preston, I. R, et al. (2021). Sotatercept for the treatment of pulmonary arterial
hypertension. N. Engl. J. Med. 384, 1204-1215. doi:10.1056/NEJM0a2024277

Hussein, S. M., Duff, E. K, and Sirard, C. (2003). Smad4 and beta-catenin co-
activators functionally interact with lymphoid-enhancing factor to regulate graded
expression of Msx2. J. Biol. Chem. 278, 48805-48814. doi:10.1074/jbc.M305472200

Itoh, F., Itoh, S., Goumans, M. J., Valdimarsdottir, G., Iso, T., Dotto, G. P., et al.
(2004). Synergy and antagonism between Notch and BMP receptor signaling pathways
in endothelial cells. EMBO J. 23, 541-551. doi:10.1038/sj.embo0j.7600065

Izumi, M., Masaki, M., Hiramoto, Y., Sugiyama, S., Kuroda, T., Terai, K., et al. (2006).
Cross-talk between bone morphogenetic protein 2 and leukemia inhibitory factor
through ERK 1/2 and Smadl in protection against doxorubicin-induced injury of
cardiomyocytes. J. Mol. Cell Cardiol. 40, 224-233. doi:10.1016/j.yjmcc.2005.11.007

Jamaiyar, A., Wan, W,, Janota, D. M., Enrick, M. K., Chilian, W. M., and Yin, L.
(2017). The versatility and paradox of GDF 11. Pharmacol. Ther. 175, 28-34. doi:10.
1016/j.pharmthera.2017.02.032

Jank, M., von Niessen, N., Olivier, C. B., Schmitt, H., Anto-Michel, N., Hilgendorf,
I, et al. (2021). Platelet bone morphogenetic protein-4 mediates vascular
inflammation and neointima formation after arterial injury. Cells 10, 2027. doi:10.
3390/cells10082027

Jiao, K., Kulessa, H., Tompkins, K., Zhou, Y., Batts, L., Baldwin, H. S, et al. (2003). An
essential role of Bmp4 in the atrioventricular septation of the mouse heart. Genes Dev.
17, 2362-2367. doi:10.1101/gad.1124803

Jin, Y., Cheng, X, Lu, J., and Li, X. (2018). Exogenous BMP-7 facilitates the recovery
of cardiac function after acute myocardial infarction through counteracting TGF-p1
signaling pathway. Tohoku J. Exp. Med. 244, 1-6. doi:10.1620/tjem.244.1

Kaito, T., Morimoto, T., Mori, Y., Kanayama, S., Makino, T., Takenaka, S., et al.
(2018). BMP-2/7 heterodimer strongly induces bone regeneration in the absence of
increased soft tissue inflammation. Spine J. 18, 139-146. doi:10.1016/j.spinee.2017.
07.171

Kalinina, N., Agrotis, A., Antropova, Y., Ilyinskaya, O., Smirnov, V., Tararak, E., et al.
(2004). Smad expression in human atherosclerotic lesions: Evidence for impaired TGF-
beta/smad signaling in smooth muscle cells of fibrofatty lesions. Arterioscler. Thromb.
Vasc. Biol. 24, 1391-1396. doi:10.1161/01.ATV.0000133605.89421.79

Kang, Y. H,, Jin, J. S., Yi, D. W., and Son, S. M. (2010). Bone morphogenetic protein-7
inhibits vascular calcification induced by high vitamin D in mice. Tohoku J. Exp. Med.
221, 299-307. doi:10.1620/tjem.221.299

Katagiri, T., and Watabe, T. (2016). Bone morphogenetic proteins. Cold Spring Harb.
Perspect. Biol. 8, a021899. doi:10.1101/cshperspect.a021899

Kawabata, M., Imamura, T., and Miyazono, K. (1998). Signal transduction by bone
morphogenetic proteins. Cytokine Growth Factor Rev. 9, 49-61. doi:10.1016/s1359-
6101(97)00036-1

Kim, C. W, Song, H., Kumar, S., Nam, D., Kwon, H. S., Chang, K. H,, et al. (2013).
Anti-inflammatory and antiatherogenic role of BMP receptor II in endothelial cells.
Arterioscler. Thromb. Vasc. Biol. 33, 1350-1359. doi:10.1161/atvbaha.112.300287

Kim, S., Lee, E. S., Lee, S. W., Kim, Y. H., Lee, C. H., Jo, D. G,, et al. (2019). Site-specific
impairment of perivascular adipose tissue on advanced atherosclerotic plaques using
multimodal nonlinear optical imaging. Proc. Natl. Acad. Sci. U. S. A. 116, 17765-17774.
doi:10.1073/pnas.1902007116

Frontiers in Pharmacology

14

10.3389/fphar.2023.1125642

Kinoshita, K., Ilimuro, Y., Otogawa, K., Saika, S., Inagaki, Y., Nakajima, Y., et al.
(2007). Adenovirus-mediated expression of BMP-7 suppresses the development of liver
fibrosis in rats. Gut 56, 706-714. doi:10.1136/gut.2006.092460

Klaus, A., Saga, Y., Taketo, M. M., Tzahor, E., and Birchmeier, W. (2007). Distinct
roles of Wnt/beta-catenin and Bmp signaling during early cardiogenesis. Proc. Natl.
Acad. Sci. U. S. A. 104, 18531-18536. doi:10.1073/pnas.0703113104

Koga, M., Yamauchi, A., Kanaoka, Y., Jige, R,, Tsukamoto, A., Teshima, N., et al.
(2013). BMP4 is increased in the aortas of diabetic ApoE knockout mice and enhances
uptake of oxidized low density lipoprotein into peritoneal macrophages. J. Inflamm.
(Lond). 10, 32. doi:10.1186/1476-9255-10-32

Kokabu, S., Gamer, L., Cox, K., Lowery, J., Tsuji, K, Raz, R, et al. (2012).
BMP3 suppresses osteoblast differentiation of bone marrow stromal cells via
interaction with Acvr2b. Mol. Endocrinol. 26, 87-94. doi:10.1210/me.2011-1168

Kruithof, B. P., Duim, S. N., Moerkamp, A. T., and Goumans, M. J. (2012). TGFf and
BMP signaling in cardiac cushion formation: Lessons from mice and chicken.
Differentiation 84, 89-102. doi:10.1016/j.diff.2012.04.003

Kugimiya, F., Kawaguchi, H., Kamekura, S., Chikuda, H., Ohba, S., Yano, F., et al.
(2005). Involvement of endogenous bone morphogenetic protein (BMP) 2 and
BMP6 in bone formation. J. Biol. Chem. 280, 35704-35712. doi:10.1074/jbc.
M505166200

Lanzer, P., Boechm, M., Sorribas, V., Thiriet, M., Janzen, J., Zeller, T., et al. (2014).
Medial vascular calcification revisited: Review and perspectives. Eur. Heart J. 35,
1515-1525. doi:10.1093/eurheartj/ehul63

Larrivee, B., Prahst, C., Gordon, E., del Toro, R., Mathivet, T., Duarte, A., et al. (2012).
ALK1 signaling inhibits angiogenesis by cooperating with the Notch pathway. Dev. Cell
22, 489-500. doi:10.1016/j.devcel.2012.02.005

Lee, C. T., Kuo, W. H,, Tain, Y. L., Wang, Y., and Lee, W. C. (2022). Exogenous
BMP?7 administration attenuated vascular calcification and improved bone disorders in
chronic uremic rats. Biochem. Biophys. Res. Commun. 621, 8-13. doi:10.1016/j.bbrc.
2022.06.101

Lee, H. W., Adachi, T., Pak, B., Park, S., Hu, X., Choi, W, et al. (2022). BMPR1A
promotes ID2-ZEBI1 interaction to suppress excessive endothelial to mesenchymal
transition. Cardiovasc Res., cvacl59. doi:10.1093/cvr/cvacl59

Levet, S., Ciais, D., Merdzhanova, G., Mallet, C., Zimmers, T. A, Lee, S. ]., et al. (2013).
Bone morphogenetic protein 9 (BMP9) controls lymphatic vessel maturation and valve
formation. Blood 122, 598-607. doi:10.1182/blood-2012-12-472142

Li, D. Y., Sorensen, L. K, Brooke, B. S., Urness, L. D., Davis, E. C., Taylor, D. G., et al.
(1999). Defective angiogenesis in mice lacking endoglin. Science 284, 1534-1537. doi:10.
1126/science.284.5419.1534

Li, Q., Kou, X,, Qin, X, Li, Z, Li, J., and Chen, C. (2022). BMP-4 impedes
endothelial cell migration in neointimal hyperplasia via FoXO-3 specific modulation
of reactive oxygen species. Atherosclerosis 351, 9-17. doi:10.1016/j.atherosclerosis.
2022.05.004

Li, X, Han, J,, Li, L., Wang, K. J., and Hu, S. J. (2013). Effect of farnesyltransferase
inhibition on cardiac remodeling in spontaneously hypertensive rats. Int. J. Cardiol. 168,
3340-3347. doi:10.1016/j.ijcard.2013.04.038

Li, X., Yang, H. Y., and Giachelli, C. M. (2008). BMP-2 promotes phosphate
uptake, phenotypic modulation, and calcification of human vascular smooth
muscle cells. Atherosclerosis 199, 271-277. doi:10.1016/j.atherosclerosis.2007.
11.031

Liang, D., Wang, Y., Zhu, Z,, Yang, G., Li, X, et al. (2016). BMP-7 attenuated silica-
induced pulmonary fibrosis through modulation of the balance between TGF-{/Smad
and BMP-7/Smad signaling pathway. Chem. Biol. Interact. 243,72-81. doi:10.1016/j.cbi.
2015.11.012

Liu, D., Wu, B. X,, Sun, N, Yan, Y., Yuan, P., Qu, ]. M., et al. (2016). Elevated levels of
circulating bone morphogenetic protein 7 predict mortality in pulmonary arterial
hypertension. Chest 150, 367-373. doi:10.1016/j.chest.2016.03.007

Liu, J., Zhang, Y., Qu, D., Zhang, H., Wang, L., Lau, C. W., et al. (2021). Salvianolic
acid B ameliorates vascular endothelial dysfunction through influencing a bone
morphogenetic protein 4-ROS cycle in diabetic mice. Life Sci. 286, 120039. doi:10.
1016/j.1£5.2021.120039

Liu, R,, Hu, W,, Li, X,, Pu, D, Yang, G., Liu, H,, et al. (2019). Association of circulating
BMP9 with coronary heart disease and hypertension in Chinese populations. BMC
Cardiovasc Disord. 19, 131. doi:10.1186/s12872-019-1095-2

Loffredo, F. S., Steinhauser, M. L., Jay, S. M., Gannon, J., Pancoast, J. R,
Yalamanchi, P., et al. (2013). Growth differentiation factor 11 is a circulating
factor that reverses age-related cardiac hypertrophy. Cell 153, 828-839. doi:10.
1016/j.cell.2013.04.015

Long, L., Ormiston, M. L., Yang, X., Southwood, M., Graf, S., Machado, R. D., et al.
(2015). Selective enhancement of endothelial BMPR-II with BMP9 reverses pulmonary
arterial hypertension. Nat. Med. 21, 777-785. doi:10.1038/nm.3877

Luna-Luna, M., Criales-Vera, S., Medina-Leyte, D., Diaz-Zamudio, M., Flores-Zapata,
A., Cruz-Robles, D, et al. (2020). Bone morphogenetic protein-2 and osteopontin gene
expression in epicardial adipose tissue from patients with coronary artery disease is
associated with the presence of calcified atherosclerotic plaques. Diabetes Metab. Syndr.
Obes. 13, 1943-1951. doi:10.2147/DMS0O.S253632

frontiersin.org


https://doi.org/10.1253/circj.CJ-19-0116
https://doi.org/10.1253/circj.CJ-19-0116
https://doi.org/10.1164/rccm.201906-1141OC
https://doi.org/10.1164/rccm.201906-1141OC
https://doi.org/10.1152/ajprenal.2000.279.1.F130
https://doi.org/10.1152/ajprenal.2000.279.1.F130
https://doi.org/10.1161/ATVBAHA.115.306302
https://doi.org/10.1161/ATVBAHA.115.306302
https://doi.org/10.1172/JCI63635
https://doi.org/10.1161/CIRCRESAHA.120.318690
https://doi.org/10.1161/CIRCRESAHA.120.318690
https://doi.org/10.18632/aging.103122
https://doi.org/10.18632/aging.103122
https://doi.org/10.1056/NEJMoa2024277
https://doi.org/10.1074/jbc.M305472200
https://doi.org/10.1038/sj.emboj.7600065
https://doi.org/10.1016/j.yjmcc.2005.11.007
https://doi.org/10.1016/j.pharmthera.2017.02.032
https://doi.org/10.1016/j.pharmthera.2017.02.032
https://doi.org/10.3390/cells10082027
https://doi.org/10.3390/cells10082027
https://doi.org/10.1101/gad.1124803
https://doi.org/10.1620/tjem.244.1
https://doi.org/10.1016/j.spinee.2017.07.171
https://doi.org/10.1016/j.spinee.2017.07.171
https://doi.org/10.1161/01.ATV.0000133605.89421.79
https://doi.org/10.1620/tjem.221.299
https://doi.org/10.1101/cshperspect.a021899
https://doi.org/10.1016/s1359-6101(97)00036-1
https://doi.org/10.1016/s1359-6101(97)00036-1
https://doi.org/10.1161/atvbaha.112.300287
https://doi.org/10.1073/pnas.1902007116
https://doi.org/10.1136/gut.2006.092460
https://doi.org/10.1073/pnas.0703113104
https://doi.org/10.1186/1476-9255-10-32
https://doi.org/10.1210/me.2011-1168
https://doi.org/10.1016/j.diff.2012.04.003
https://doi.org/10.1074/jbc.M505166200
https://doi.org/10.1074/jbc.M505166200
https://doi.org/10.1093/eurheartj/ehu163
https://doi.org/10.1016/j.devcel.2012.02.005
https://doi.org/10.1016/j.bbrc.2022.06.101
https://doi.org/10.1016/j.bbrc.2022.06.101
https://doi.org/10.1093/cvr/cvac159
https://doi.org/10.1182/blood-2012-12-472142
https://doi.org/10.1126/science.284.5419.1534
https://doi.org/10.1126/science.284.5419.1534
https://doi.org/10.1016/j.atherosclerosis.2022.05.004
https://doi.org/10.1016/j.atherosclerosis.2022.05.004
https://doi.org/10.1016/j.ijcard.2013.04.038
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.cbi.2015.11.012
https://doi.org/10.1016/j.cbi.2015.11.012
https://doi.org/10.1016/j.chest.2016.03.007
https://doi.org/10.1016/j.lfs.2021.120039
https://doi.org/10.1016/j.lfs.2021.120039
https://doi.org/10.1186/s12872-019-1095-2
https://doi.org/10.1016/j.cell.2013.04.015
https://doi.org/10.1016/j.cell.2013.04.015
https://doi.org/10.1038/nm.3877
https://doi.org/10.2147/DMSO.S253632
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Luo, G., Hofmann, C., Bronckers, A. L., Sohocki, M., Bradley, A., and Karsenty, G.
(1995). BMP-7 is an inducer of nephrogenesis, and is also required for eye development
and skeletal patterning. Genes Dev. 9, 2808-2820. doi:10.1101/gad.9.22.2808

Ma, L., Lu, M. F,, Schwartz, R. J., and Martin, J. F. (2005). Bmp2 is essential for cardiac
cushion epithelial-mesenchymal transition and myocardial patterning. Development
132, 5601-5611. doi:10.1242/dev.02156

Machado, R. D., Southgate, L., Eichstaedt, C. A., Aldred, M. A., Austin, E. D, Best, D. H,,
et al. (2015). Pulmonary arterial hypertension: A current perspective on established and
emerging molecular genetic defects. Hum. Mutat. 36, 1113-1127. doi:10.1002/humu.22904

Manson, S. R., Niederhoff, R. A., Hruska, K. A., and Austin, P. F. (2011). The BMP-7-
Smad1/5/8 pathway promotes kidney repair after obstruction induced renal injury.
J. Urol. 185, 2523-2530. doi:10.1016/j.juro.2011.01.034

Maron, B. A., Abman, S. H., Elliott, C. G., Frantz, R. P., Hopper, R. K., Horn, E. M, et al.
(2021). Pulmonary arterial hypertension: Diagnosis, treatment, and novel advances. Am.
J. Respir. Crit. Care Med. 203, 1472-1487. doi:10.1164/rccm.202012-4317SO

Maruyama, H., Dewachter, C., Belhaj, A., Rondelet, B, Sakai, S., Remmelink, M., et al.
(2015). Endothelin-Bone morphogenetic protein type 2 receptor interaction induces
pulmonary artery smooth muscle cell hyperplasia in pulmonary arterial hypertension.
J. Heart Lung Transpl. 34, 468-478. doi:10.1016/j.healun.2014.09.011

Maruyama, H., Sakai, S., and Ieda, M. (2022). Endothelin-1 alters BMP signaling to
promote proliferation of pulmonary artery smooth muscle cells. Can. J. Physiol.
Pharmacol. 100, 1018-1027. doi:10.1139/cjpp-2022-0104

Meganathan, K., Sotiriadou, I, Natarajan, K., Hescheler, J., and Sachinidis, A. (2015).
Signaling molecules, transcription growth factors and other regulators revealed from in-
vivo and in-vitro models for the regulation of cardiac development. Int. J. Cardiol. 183,
117-128. doi:10.1016/j.jjcard.2015.01.049

Mei, W,, Xiang, G., Li, Y., Xiang, L., Lu, J., et al. (2016). GDF11 protects against
endothelial injury and reduces atherosclerotic lesion formation in apolipoprotein E-null
mice. Mol. Ther. 24, 1926-1938. doi:10.1038/mt.2016.160

Merino, D., Villar, A. V., Garcia, R., Tramullas, M., Ruiz, L., Ribas, C., et al. (2016).
BMP-7 attenuates left ventricular remodelling under pressure overload and facilitates
reverse remodelling and functional recovery. Cardiovasc Res. 110, 331-345. doi:10.
1093/cvr/cvw076

Meynard, D., Kautz, L., Darnaud, V., Canonne-Hergaux, F., Coppin, H., and Roth, M.
P. (2009). Lack of the bone morphogenetic protein BMP6 induces massive iron
overload. Nat. Genet. 41, 478-481. doi:10.1038/ng.320

Miriyala, S., NietoGongora, M. C., Mingone, C., Smith, D., Dikalov, S., Harrison, D.
G., et al. (2006). Bone morphogenic protein-4 induces hypertension in mice: Role of
noggin, vascular NADPH oxidases, and impaired vasorelaxation. Circulation 113,
2818-2825. doi:10.1161/CIRCULATIONAHA.106.611822

Mishina, Y., Suzuki, A., Ueno, N., and Behringer, R. R. (1995). Bmpr encodes a type I
bone morphogenetic protein receptor that is essential for gastrulation during mouse
embryogenesis. Genes Dev. 9, 3027-3037. doi:10.1101/gad.9.24.3027

Mitrofan, C. G., Appleby, S. L., Nash, G. B, Mallat, Z., Chilvers, E. R, Upton, P. D, et al.
(2017). Bone morphogenetic protein 9 (BMP9) and BMP10 enhance tumor necrosis factor-
alpha-induced monocyte recruitment to the vascular endothelium mainly via activin
receptor-like kinase 2. J. Biol. Chem. 292, 13714-13726. doi:10.1074/jbc.m117.778506

Miyazaki, Y., Oshima, K., Fogo, A., Hogan, B. L., and Ichikawa, I. (2000). Bone
morphogenetic protein 4 regulates the budding site and elongation of the mouse ureter.
J. Clin. Invest. 105, 863-873. doi:10.1172/JCI8256

Miyazono, K., Kamiya, Y., and Morikawa, M. (2010). Bone morphogenetic protein
receptors and signal transduction. J. Biochem. 147, 35-51. d0i:10.1093/jb/mvp148

Monzen, K., Hiroi, Y., Kudoh, S., Akazawa, H., Oka, T., Takimoto, E., et al. (2001).
Smads, TAK1, and their common target ATF-2 play a critical role in cardiomyocyte
differentiation. J. Cell Biol. 153, 687-698. doi:10.1083/jcb.153.4.687

Moore, R. K., Otsuka, F., and Shimasaki, S. (2003). Molecular basis of bone
morphogenetic protein-15 signaling in granulosa cells. J. Biol. Chem. 278, 304-310.
doi:10.1074/jbc.M207362200

Morikawa, M., Koinuma, D., Tsutsumi, S., Vasilaki, E., Kanki, Y., Heldin, C. H., et al.
(2011). ChIP-seq reveals cell type-specific binding patterns of BMP-specific Smads and
a novel binding motif. Nucleic Acids Res. 39, 8712-8727. doi:10.1093/nar/gkr572

Morikawa, M., Mitani, Y., Holmborn, K., Kato, T., Koinuma, D., Maruyama, J., et al.
(2019). The ALK-1/SMAD/ATOHS axis attenuates hypoxic responses and protects
against the development of pulmonary arterial hypertension. Sci. Signal 12, eaay4430.
doi:10.1126/scisignal .aay4430

Morine, K. J., Qiao, X., York, S., Natov, P. S., Paruchuri, V., Zhang, Y., et al. (2018).
Bone morphogenetic protein 9 reduces cardiac fibrosis and improves cardiac function in
heart failure. Circulation 138, 513-526. doi:10.1161/CIRCULATIONAHA.117.031635

Morrell, N. W, Bloch, D. B, Dijke, P. Ten, Goumans, M. J. T. H., Hata, A., Smith, J.,
etal. (2016). Targeting BMP signalling in cardiovascular disease and anaemia. Nat. Rev.
Cardiol. 13, 106-120. doi:10.1038/nrcardio.2015.156

Mu, W, Qian, S., Song, Y., Yang, L., Song, S., Yang, Q., et al. (2021). BMP4-
mediated browning of perivascular adipose tissue governs an anti-inflammatory
program and prevents atherosclerosis. Redox Biol. 43,101979. d0i:10.1016/j.redox.
2021.101979

Frontiers in Pharmacology

10.3389/fphar.2023.1125642

Nakajima, Y., Sakabe, M., Matsui, H., Sakata, H., Yanagawa, N., and Yamagishi, T.
(2009). Heart development before beating. Anat. Sci. Int. 84, 67-76. doi:10.1007/
512565-009-0025-2

Nakano, N., Hori, H., Abe, M., Shibata, H., Arimura, T., Sasaoka, T., et al. (2007).
Interaction of BMP10 with Tcap may modulate the course of hypertensive cardiac
hypertrophy. Am. J. Physiol. Heart Circ. Physiol. 293, H3396-H3403. doi:10.1152/
ajpheart.00311.2007

NarasimhuluAluganti, C., and Singla, D. K. (2020). The role of bone morphogenetic
protein 7 (BMP-7) in inflammation in heart diseases. Cells 9, 280. doi:10.3390/
cells9020280

Nguyen, T. Q., Roestenberg, P., van Nieuwenhoven, F. A., Bovenschen, N, Li, Z., Xu,
L., et al. (2008). CTGF inhibits BMP-7 signaling in diabetic nephropathy. J. Am. Soc.
Nephrol. 19, 2098-2107. doi:10.1681/ASN.2007111261

Ning, J., Zhao, Y., Ye, Y., and Yu, J. (2019). Opposing roles and potential antagonistic
mechanism between TGF-beta and BMP pathways: Implications for cancer progression.
EBioMedicine 41, 702-710. doi:10.1016/j.ebiom.2019.02.033

Oh, S. P., Seki, T., Goss, K. A., Imamura, T., Yi, Y., Donahoe, P. K., et al. (2000).
Activin receptor-like kinase 1 modulates transforming growth factor-beta 1 signaling in
the regulation of angiogenesis. Proc. Natl. Acad. Sci. U. S. A. 97, 2626-2631. doi:10.1073/
pnas.97.6.2626

Okada, H., Takemura, G., Kosai, K., Li, Y., Takahashi, T., Esaki, M., et al. (2005).
Postinfarction gene therapy against transforming growth factor-beta signal modulates
infarct tissue dynamics and attenuates left ventricular remodeling and heart failure.
Circulation 111, 2430-2437. doi:10.1161/01.CIR.0000165066.71481.8E

Ola, R,, Kunzel, S. H., Zhang, F., Genet, G., Chakraborty, R., Pibouin-Fragner, L., et al.
(2018). SMAD4 prevents flow induced arteriovenous malformations by inhibiting
casein kinase 2. Circulation 138, 2379-2394. doi:10.1161/CIRCULATIONAHA.118.
033842

Olson, K. A,, Beatty, A. L., Heidecker, B., Regan, M. C,, Brody, E. N,, Foreman, T, et al.
(2015). Association of growth differentiation factor 11/8, putative anti-ageing factor, with
cardiovascular outcomes and overall mortality in humans: Analysis of the heart and soul
and HUNT3 cohorts. Eur. Heart ]. 36, 3426-3434. doi:10.1093/eurheartj/ehv385

Palles, C., Chegwidden, L., Li, X,, Findlay, J. M., Farnham, G., Castro Giner, F., et al.
(2015). Polymorphisms near TBX5 and GDF?7 are associated with increased risk for
Barrett’s esophagus. Gastroenterology 148, 367-378. doi:10.1053/j.gastro.2014.10.041

Panizo, S., Cardus, A., Encinas, M., Parisi, E., Valcheva, P., Lopez-Ongil, S., et al. (2009).
RANKL increases vascular smooth muscle cell calcification through a RANK-BMP4-
dependent pathway. Circ. Res. 104, 1041-1048. doi:10.1161/circresaha.108.189001

Panutsopulos, D., Papalambros, E., Sigala, F., Zafiropoulos, A., Arvanitis, D. L., and
Spandidos, D. A. (2005). Protein and mRNA expression levels of VEGF-A and TGF-betal
in different types of human coronary atherosclerotic lesions. Int. J. Mol. Med. 15, 603-610.

Pardali, E., Makowski, L. M., Leffers, M., Borgscheiper, A., and Waltenberger, J.
(2018). BMP-2 induces human mononuclear cell chemotaxis and adhesion and
modulates monocyte-to-macrophage differentiation. J. Cell Mol. Med. 22,
5429-5438. doi:10.1111/jcmm.13814

Park, C. S., Hong, O. K,, Kim, M. K., Chung, W. B., Choi, Y. S., Baek, K. H., et al.
(2015). Serum bone morphogenic protein-4 contributes to discriminating coronary
artery disease severity. Med. Baltim. 94, €1530. doi:10.1097/MD.0000000000001530

Park, H., Furtado, J., Poulet, M., Chung, M., Yun, S,, Lee, S., et al. (2021). Defective flow-
migration coupling causes arteriovenous malformations in hereditary hemorrhagic
telangiectasia. Circulation 144, 805-822. doi:10.1161/CIRCULATIONAHA.120.053047

Poggioli, T., Vujic, A., Yang, P., Macias-Trevino, C., Uygur, A., Loffredo, F. S., et al.
(2016). Circulating growth differentiation factor 11/8 levels decline with age. Circ. Res.
118, 29-37. doi:10.1161/CIRCRESAHA.115.307521

Protze, S. I, Liu, J., Nussinovitch, U., Ohana, L., Backx, P. H., Gepstein, L., et al.
(2017). Sinoatrial node cardiomyocytes derived from human pluripotent cells function
as a biological pacemaker. Nat. Biotechnol. 35, 56-68. doi:10.1038/nbt.3745

Pulkkinen, H. H., Kiema, M., Lappalainen, J. P., Toropainen, A., Beter, M., Tirronen,
A, et al. (2021). BMP6/TAZ-Hippo signaling modulates angiogenesis and endothelial
cell response to VEGF. Angiogenesis 24, 129-144. doi:10.1007/510456-020-09748-4

Qu, X, Liu, Y., Cao, D., Chen, J., Liu, Z., Ji, H,, et al. (2019). BMP10 preserves cardiac
function through its dual activation of SMAD-mediated and STAT3-mediated
pathways. J. Biol. Chem. 294, 19877-19888. doi:10.1074/jbc.RA119.010943

Reifenberg, K., Cheng, F., Orning, C., Crain, J., Kupper, L, Wiese, E., et al. (2012).
Overexpression of TGF-f81 in macrophages reduces and stabilizes atherosclerotic
plaques in ApoE-deficient mice. PLoS One 7, €40990. doi:10.1371/journal.pone.0040990

Ren, K., Li, B, Liu, Z., Xia, L., Zhai, M., Wei, X, et al. (2021). GDF11 prevents the
formation of thoracic aortic dissection in mice: Promotion of contractile transition of
aortic SMCs. J. Cell Mol. Med. 25, 4623-4636. doi:10.1111/jcmm.16312

Rennenberg, R. ., Schurgers, L. J., Kroon, A. A., and Stehouwer, C. D. (2010). Arterial
calcifications. J. Cell Mol. Med. 14, 2203-2210. doi:10.1111/j.1582-4934.2010.01139.x

Reyat, J. S., Chua, W., Cardoso, V. R., Witten, A., Kastner, P. M., Kabir, S. N,, et al.
(2020). Reduced left atrial cardiomyocyte PITX2 and elevated circulating
BMP10 predict atrial fibrillation after ablation. JCI Insight 5, €139179. doi:10.1172/
jci.insight.139179

frontiersin.org


https://doi.org/10.1101/gad.9.22.2808
https://doi.org/10.1242/dev.02156
https://doi.org/10.1002/humu.22904
https://doi.org/10.1016/j.juro.2011.01.034
https://doi.org/10.1164/rccm.202012-4317SO
https://doi.org/10.1016/j.healun.2014.09.011
https://doi.org/10.1139/cjpp-2022-0104
https://doi.org/10.1016/j.ijcard.2015.01.049
https://doi.org/10.1038/mt.2016.160
https://doi.org/10.1093/cvr/cvw076
https://doi.org/10.1093/cvr/cvw076
https://doi.org/10.1038/ng.320
https://doi.org/10.1161/CIRCULATIONAHA.106.611822
https://doi.org/10.1101/gad.9.24.3027
https://doi.org/10.1074/jbc.m117.778506
https://doi.org/10.1172/JCI8256
https://doi.org/10.1093/jb/mvp148
https://doi.org/10.1083/jcb.153.4.687
https://doi.org/10.1074/jbc.M207362200
https://doi.org/10.1093/nar/gkr572
https://doi.org/10.1126/scisignal.aay4430
https://doi.org/10.1161/CIRCULATIONAHA.117.031635
https://doi.org/10.1038/nrcardio.2015.156
https://doi.org/10.1016/j.redox.2021.101979
https://doi.org/10.1016/j.redox.2021.101979
https://doi.org/10.1007/s12565-009-0025-2
https://doi.org/10.1007/s12565-009-0025-2
https://doi.org/10.1152/ajpheart.00311.2007
https://doi.org/10.1152/ajpheart.00311.2007
https://doi.org/10.3390/cells9020280
https://doi.org/10.3390/cells9020280
https://doi.org/10.1681/ASN.2007111261
https://doi.org/10.1016/j.ebiom.2019.02.033
https://doi.org/10.1073/pnas.97.6.2626
https://doi.org/10.1073/pnas.97.6.2626
https://doi.org/10.1161/01.CIR.0000165066.71481.8E
https://doi.org/10.1161/CIRCULATIONAHA.118.033842
https://doi.org/10.1161/CIRCULATIONAHA.118.033842
https://doi.org/10.1093/eurheartj/ehv385
https://doi.org/10.1053/j.gastro.2014.10.041
https://doi.org/10.1161/circresaha.108.189001
https://doi.org/10.1111/jcmm.13814
https://doi.org/10.1097/MD.0000000000001530
https://doi.org/10.1161/CIRCULATIONAHA.120.053047
https://doi.org/10.1161/CIRCRESAHA.115.307521
https://doi.org/10.1038/nbt.3745
https://doi.org/10.1007/s10456-020-09748-4
https://doi.org/10.1074/jbc.RA119.010943
https://doi.org/10.1371/journal.pone.0040990
https://doi.org/10.1111/jcmm.16312
https://doi.org/10.1111/j.1582-4934.2010.01139.x
https://doi.org/10.1172/jci.insight.139179
https://doi.org/10.1172/jci.insight.139179
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Rosenkranz, S., Flesch, M., Amann, K., Haeuseler, C., Kilter, H., Seeland, U., et al.
(2002). Alterations of B-adrenergic signaling and cardiac hypertrophy in transgenic
mice overexpressing TGF-B,. Am. J. Physiol. Heart Circ. Physiol. 283, H1253-H1262.
doi:10.1152/ajpheart.00578.2001

Rosenzweig, B. L., Imamura, T., Okadome, T., Cox, G. N., Yamashita, H., ten Dijke, P.,
et al. (1995). Cloning and characterization of a human type II receptor for bone
morphogenetic proteins. Proc. Natl. Acad. Sci. U. S. A. 92, 7632-7636. doi:10.1073/pnas.
92.17.7632

Roth, G. A., Mensah, G. A, and Fuster, V. (2020). The global burden of cardiovascular
diseases and risks: A compass for global action. J. Am. Coll. Cardiol. 76, 2980-2981.
doi:10.1016/j.jacc.2020.11.021

Ruiz-Llorente, L., Chiapparino, E., Plumitallo, S., Danesino, C., Bayrak-Toydemir, P.,
Pagella, F., et al. (2019). Characterization of a mutation in the zona pellucida module of
Endoglin that causes Hereditary Hemorrhagic Telangiectasia. Gene 696, 33-39. doi:10.
1016/j.gene.2019.02.016

Ruiz-Llorente, L., Gallardo-Vara, E., Rossi, E., Smadja, D. M., Botella, L. M., and
Bernabeu, C. (2017). Endoglin and alkl as therapeutic targets for hereditary
hemorrhagic telangiectasia. Expert Opin. Ther. Targets 21, 933-947. doi:10.1080/
14728222.2017.1365839

Ruopp, N. F,, and Cockrill, B. A. (2022). Diagnosis and treatment of pulmonary
arterial hypertension: A review. JAMA 327, 1379-1391. doi:10.1001/jama.2022.4402

Ruozi, G., Bortolotti, F., Mura, A., Tomczyk, M., Falcione, A., Martinelli, V., et al. (2022).
Cardioprotective factors against myocardial infarction selected in vivo from an AAV
secretome library. Sci. Transl. Med. 14, eabo0699. doi:10.1126/scitranslmed.abo0699

Salido-Medina, A. B, Gil, A., Exposito, V., Martinez, F., Redondo, J. M., Hurle, M. A.,
etal. (2022). BMP7-based peptide agonists of BMPRIA protect the left ventricle against
pathological remodeling induced by pressure overload. Biomed. Pharmacother. 149,
112910. doi:10.1016/j.biopha.2022.112910

Sapkota, M., Shrestha, S. K., Yang, M., Park, Y. R, and Soh, Y. (2019). Aloe-emodin
inhibits osteogenic differentiation and calcification of mouse vascular smooth muscle
cells. Eur. J. Pharmacol. 865, 172772. doi:10.1016/j.ejphar.2019.172772

Sato, A. Y. S., Bub, G. L., and Campos, A. H. (2014). BMP-2 and -4 produced by
vascular smooth muscle cells from atherosclerotic lesions induce monocyte chemotaxis
through direct BMPRII activation. Atherosclerosis 235, 45-55. doi:10.1016/j.
atherosclerosis.2014.03.030

Schafer, M. J., Atkinson, E. J., Vanderboom, P. M., Kotajarvi, B., White, T. A., Moore,
M. M, et al. (2016). Quantification of GDF11 and myostatin in human aging and
cardiovascular disease. Cell Metab. 23, 1207-1215. doi:10.1016/j.cmet.2016.05.023

Scharpfenecker, M., van Dinther, M., Liu, Z., van Bezooijen, R. L., Zhao, Q., Pukac, L., et al.
(2007). BMP-9 signals via ALK1 and inhibits bFGF-induced endothelial cell proliferation
and VEGF-stimulated angiogenesis. J. Cell Sci. 120, 964-972. doi:10.1242/jcs.002949

Schliermann, A., and Nickel, J. (2018). Unraveling the connection between fibroblast
growth factor and bone morphogenetic protein signaling. Int. J. Mol. Sci. 19, 3220.
doi:10.3390/ijms19103220

Schmid, C. D, Olsavszky, V., Reinhart, M., Weyer, V., Trogisch, F. A, Sticht, C., et al.
(2022). ALK1 controls hepatic vessel formation, angiodiversity, and angiocrine
functions in hereditary hemorrhagic telangiectasia of the liver. Hepatology. doi:10.
1002/hep.32641

Scimeca, M., Anemona, L., Granaglia, A., Bonfiglio, R., Urbano, N., Toschi, N., et al.
(2019). Plaque calcification is driven by different mechanisms of mineralization
associated with specific cardiovascular risk factors. Nutr. Metab. Cardiovasc Dis. 29,
1330-1336. doi:10.1016/j.numecd.2019.08.009

Shao, E. S, Lin, L., Yao, Y., and Bostrom, K. I. (2009). Expression of vascular
endothelial growth factor is coordinately regulated by the activin-like kinase
receptors 1 and 5 in endothelial cells. Blood 114, 2197-2206. doi:10.1182/
blood-2009-01-199166

Shao, Y., Zhao, C., Pan, J., Zeng, C., Zhang, H., Liu, L, et al. (2021).
BMP5 silencing inhibits chondrocyte senescence and apoptosis as well as
osteoarthritis progression in mice. Aging (Albany NY) 13, 9646-9664. doi:10.
18632/aging.202708

Shi, Y., and Massague, J. (2003). Mechanisms of TGF-beta signaling from cell
membrane to the nucleus. Cell 113, 685-700. doi:10.1016/s0092-8674(03)00432-x

Shoulders, H., Garner, K. H., and Singla, D. K. (2019). Macrophage depletion by
clodronate attenuates bone morphogenetic protein-7 induced M2 macrophage
differentiation and improved systolic blood velocity in atherosclerosis. Transl Res.
203, 1-14. doi:10.1016/j.trs1.2018.07.006

Singla, D. K, Singla, R, and Wang, J. (2016). BMP-7 treatment increases
M2 macrophage differentiation and reduces inflammation and plaque formation in
apo E-/- mice. PLoS One 11, e0147897. doi:10.1371/journal.pone.0147897

Smith, S. C,, Zhang, X., Zhang, X., Gross, P., Starosta, T., Mohsin, S., et al. (2015).
GDF11 does not rescue aging-related pathological hypertrophy. Circ. Res. 117, 926-932.
doi:10.1161/circresaha.115.307527

Sommer, N., Droege, F., Gamen, K. E., Geisthoff, U., Gall, H., Tello, K, et al. (2019).
Treatment with low-dose tacrolimus inhibits bleeding complications in a patient with
hereditary hemorrhagic telangiectasia and pulmonary arterial hypertension. Pulm. Circ.
9, 1-3. doi:10.1177/2045894018805406

Frontiers in Pharmacology

10.3389/fphar.2023.1125642

Souilhol, C., Gauci, I, Feng, S., Tardajos Ayllon, B., Mahmoud, M., Canham, L., et al.
(2020). Homeobox B9 integrates bone morphogenic protein 4 with inflammation at
atheroprone sites. Cardiovasc Res. 116, 1300-1310. doi:10.1093/cvr/cvz235

Sovershaev, M. A., Egorina, E. M., Bogdanov, V. Y., Seredkina, N., Fallon, J. T.,
Valkov, A. Y., etal. (2010). Bone morphogenetic protein -7 increases thrombogenicity of
lipid-rich atherosclerotic plaques via activation of tissue factor. Thromb. Res. 126,
306-310. doi:10.1016/j.thromres.2010.06.026

Sovershaev, T. A., Unruh, D., Sveinbjornsson, B., Fallon, J. T., Hansen, J. B,
Bogdanov, V. Y., et al. (2016). A novel role of bone morphogenetic protein-7 in the
regulation of adhesion and migration of human monocytic cells. Thromb. Res. 147,
24-31. doi:10.1016/j.thromres.2016.09.018

Srinivasan, S., Hanes, M. A., Dickens, T., Porteous, M. E. M., Oh, S. P., Hale, L. P., et al.
(2003). A mouse model for hereditary hemorrhagic telangiectasia (HHT) type 2. Hum.
Mol. Genet. 12, 473-482. doi:10.1093/hmg/ddg050

Steinbicker, A. U., Sachidanandan, C., Vonner, A. ], Yusuf, R. Z., Deng, D. Y., Lai, C.
S., et al. (2011). Inhibition of bone morphogenetic protein signaling attenuates anemia
associated with inflammation. Blood 117, 4915-4923. doi:10.1182/blood-2010-10-
313064

Sun, B., Huo, R,, Sheng, Y., Li, Y., Xie, X., Chen, C,, et al. (2013). Bone morphogenetic
protein-4 mediates cardiac hypertrophy, apoptosis, and fibrosis in experimentally
pathological ~cardiac hypertrophy. Hypertension 61, 352-360. doi:10.1161/
HYPERTENSIONAHA.111.00562

Sun, L, Yu, ., Qi, S., Hao, Y., Liu, Y., and Li, Z. (2014). Bone morphogenetic protein-
10 induces cardiomyocyte proliferation and improves cardiac function after myocardial
infarction. J. Cell Biochem. 115, 1868-1876. doi:10.1002/jcb.24856

Tate, M., Perera, N., Prakoso, D., Willis, A. M., Deo, M., Oseghale, O., et al. (2021).
Bone morphogenetic protein 7 gene delivery improves cardiac structure and function in
a murine model of diabetic cardiomyopathy. Front. Pharmacol. 12,719290. doi:10.3389/
fphar.2021.719290

Tedgui, A., and Mallat, Z. (2001). Anti-inflammatory mechanisms in the vascular
wall. Circ. Res. 88, 877-887. doi:10.1161/hh0901.090440

Theilmann, A. L., Hawke, L. G, Hilton, L. R, Whitford, M. K. M., Cole, D. V.,
Mackeil, J. L., et al. (2020). Endothelial BMPR2 loss drives a proliferative response to
BMP (bone morphogenetic protein) 9 via prolonged canonical signaling. Arterioscler.
Thromb. Vasc. Biol. 40, 2605-2618. doi:10.1161/ATVBAHA.119.313357

Tobin, J. F., and Celeste, A. J. (2006). Bone morphogenetic proteins and growth
differentiation factors as drug targets in cardiovascular and metabolic disease. Drug
Discov. Today 11, 405-411. doi:10.1016/j.drudis.2006.03.016

Tu, L., Desroches-Castan, A., Mallet, C., Guyon, L., Cumont, A., Phan, C,, et al.
(2019). Selective BMP-9 inhibition partially protects against experimental pulmonary
hypertension. Circ. Res. 124, 846-855. doi:10.1161/CIRCRESAHA.118.313356

Tual-Chalot, S., Garcia-Collado, M., Redgrave, R. E., Singh, E., Davison, B., Park, C.,
et al. (2020). Loss of endothelial endoglin promotes high-output heart failure through
peripheral arteriovenous shunting driven by VEGF signaling. Circ. Res. 126, 243-257.
doi:10.1161/CIRCRESAHA.119.315974

Upton, P. D., Davies, R. ], Tajsic, T., and Morrell, N. W. (2013). Transforming growth
factor-p(1) represses bone morphogenetic protein-mediated Smad signaling in
pulmonary artery smooth muscle cells via Smad3. Am. J. Respir. Cell Mol. Biol. 49,
1135-1145. doi:10.1165/rcmb.2012-04700C

Upton, P., Richards, S., Bates, A., Niederhoffer, K. Y., Morrell, N. W., and Christian, S.
(2022). A rare homozygous missense GDF2 (BMP9) mutation causing PAH in siblings:
Does BMP10 status contribute? Am. J. Med. Genet. A 191, 228-233. doi:10.1002/ajmg.a.
62996

Urbina, P., and Singla, D. K. (2014). BMP-7 attenuates adverse cardiac remodeling
mediated through M2 macrophages in prediabetic cardiomyopathy. Am. J. Physiol.
Heart Circ. Physiol. 307, H762-H772. doi:10.1152/ajpheart.00367.2014

Urness, L. D., Sorensen, L. K., and Li, D. Y. (2000). Arteriovenous malformations in
mice lacking activin receptor-like kinase-1. Nat. Genet. 26, 328-331. d0i:10.1038/81634

Vadon-Le, Goff S., Hulmes, D. J., and Moali, C. (2015). BMP-1/tolloid-like
proteinases synchronize matrix assembly with growth factor activation to promote
morphogenesis and tissue remodeling. Matrix Biol. 44-46, 14-23. doi:10.1016/j.matbio.
2015.02.006

van Wijk, B., Moorman, A. F., and van den Hoff, M. J. (2007). Role of bone
morphogenetic proteins in cardiac differentiation. Cardiovasc Res. 74, 244-255.
doi:10.1016/j.cardiores.2006.11.022

Vanderpool, R. R,, El-Bizri, N., Rabinovitch, M., and Chesler, N. C. (2013). Patchy
deletion of Bmprla potentiates proximal pulmonary artery remodeling in mice
exposed to chronic hypoxia. Biomech. Model Mechanobiol. 12, 33-42. doi:10.
1007/s10237-012-0379-6

Vukicevic, S., Basic, V., Rogic, D., Basic, N., Shih, M. S., Shepard, A., et al. (1998).
Osteogenic protein-1 (bone morphogenetic protein-7) reduces severity of injury
after ischemic acute renal failure in rat. J. Clin. Invest. 102, 202-214. doi:10.1172/
JCI2237

Walker, R. G., Barrandon, O., Poggioli, T., Dagdeviren, S., Carroll, S. H., Mills, M. J.,
et al. (2020). Exogenous GDF11, but not GDF8, reduces body weight and improves
glucose homeostasis in mice. Sci. Rep. 10, 4561. doi:10.1038/541598-020-61443-y

frontiersin.org


https://doi.org/10.1152/ajpheart.00578.2001
https://doi.org/10.1073/pnas.92.17.7632
https://doi.org/10.1073/pnas.92.17.7632
https://doi.org/10.1016/j.jacc.2020.11.021
https://doi.org/10.1016/j.gene.2019.02.016
https://doi.org/10.1016/j.gene.2019.02.016
https://doi.org/10.1080/14728222.2017.1365839
https://doi.org/10.1080/14728222.2017.1365839
https://doi.org/10.1001/jama.2022.4402
https://doi.org/10.1126/scitranslmed.abo0699
https://doi.org/10.1016/j.biopha.2022.112910
https://doi.org/10.1016/j.ejphar.2019.172772
https://doi.org/10.1016/j.atherosclerosis.2014.03.030
https://doi.org/10.1016/j.atherosclerosis.2014.03.030
https://doi.org/10.1016/j.cmet.2016.05.023
https://doi.org/10.1242/jcs.002949
https://doi.org/10.3390/ijms19103220
https://doi.org/10.1002/hep.32641
https://doi.org/10.1002/hep.32641
https://doi.org/10.1016/j.numecd.2019.08.009
https://doi.org/10.1182/blood-2009-01-199166
https://doi.org/10.1182/blood-2009-01-199166
https://doi.org/10.18632/aging.202708
https://doi.org/10.18632/aging.202708
https://doi.org/10.1016/s0092-8674(03)00432-x
https://doi.org/10.1016/j.trsl.2018.07.006
https://doi.org/10.1371/journal.pone.0147897
https://doi.org/10.1161/circresaha.115.307527
https://doi.org/10.1177/2045894018805406
https://doi.org/10.1093/cvr/cvz235
https://doi.org/10.1016/j.thromres.2010.06.026
https://doi.org/10.1016/j.thromres.2016.09.018
https://doi.org/10.1093/hmg/ddg050
https://doi.org/10.1182/blood-2010-10-313064
https://doi.org/10.1182/blood-2010-10-313064
https://doi.org/10.1161/HYPERTENSIONAHA.111.00562
https://doi.org/10.1161/HYPERTENSIONAHA.111.00562
https://doi.org/10.1002/jcb.24856
https://doi.org/10.3389/fphar.2021.719290
https://doi.org/10.3389/fphar.2021.719290
https://doi.org/10.1161/hh0901.090440
https://doi.org/10.1161/ATVBAHA.119.313357
https://doi.org/10.1016/j.drudis.2006.03.016
https://doi.org/10.1161/CIRCRESAHA.118.313356
https://doi.org/10.1161/CIRCRESAHA.119.315974
https://doi.org/10.1165/rcmb.2012-0470OC
https://doi.org/10.1002/ajmg.a.62996
https://doi.org/10.1002/ajmg.a.62996
https://doi.org/10.1152/ajpheart.00367.2014
https://doi.org/10.1038/81634
https://doi.org/10.1016/j.matbio.2015.02.006
https://doi.org/10.1016/j.matbio.2015.02.006
https://doi.org/10.1016/j.cardiores.2006.11.022
https://doi.org/10.1007/s10237-012-0379-6
https://doi.org/10.1007/s10237-012-0379-6
https://doi.org/10.1172/JCI2237
https://doi.org/10.1172/JCI2237
https://doi.org/10.1038/s41598-020-61443-y
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

Ye et al.

Wang, J., Sridurongrit, S., Dudas, M., Thomas, P., Nagy, A., Schneider, M. D., et al.
(2005). Atrioventricular cushion transformation is mediated by ALK2 in the developing
mouse heart. Dev. Biol. 286, 299-310. doi:10.1016/j.ydbio.2005.07.035

Wang, L., Rice, M., Swist, S., Kubin, T., Wu, F., Wang, S., et al. (2021). BMP9 and
BMP10 act directly on vascular smooth muscle cells for generation and maintenance of
the contractile state. Circulation 143, 1394-1410. doi:10.1161/CIRCULATIONAHA.
120.047375

Wang, X. L,, Liu, S. X, and Wilcken, D. E. (1997). Circulating transforming growth
factor beta 1 and coronary artery disease. Cardiovasc Res. 34, 404-410. doi:10.1016/
$0008-6363(97)00033-3

Wei, X., Wu, W, Li, L., Lin, ], Liu, Q., Gan, L., et al. (2018). Bone morphogenetic
proteins 2/4 are upregulated during the early development of vascular calcification
in chronic kidney disease. Biomed. Res. Int. 2018, 8371604. doi:10.1155/2018/
8371604

West, J., Fagan, K., Steudel, W., Fouty, B., Lane, K., Harral, J., et al. (2004).
Pulmonary hypertension in transgenic mice expressing a dominant-negative BMPRII
gene in smooth muscle. Circ. Res. 94, 1109-1114. doi:10.1161/01.RES.0000126047.
82846.20

Witty, A. D., Mihic, A,, Tam, R. Y., Fisher, S. A., Mikryukov, A., Shoichet, M. S., et al.
(2014). Generation of the epicardial lineage from human pluripotent stem cells. Nat.
Biotechnol. 32, 1026-1035. doi:10.1038/nbt.3002

Wong, W. T, Tian, X. Y., Chen, Y., Leung, F. P, Liu, L., Lee, H. K, et al. (2010). Bone
morphogenic protein-4 impairs endothelial function through oxidative stress-
dependent cyclooxygenase-2 upregulation: Implications on hypertension. Circ. Res.
107, 984-991. doi:10.1161/CIRCRESAHA.110.222794

Waunderer, F., Traeger, L., Sigurslid, H. H., Meybohm, P., Bloch, D. B., and Malhotra,
R. (2020). The role of hepcidin and iron homeostasis in atherosclerosis. Pharmacol. Res.
153, 104664. doi:10.1016/j.phrs.2020.104664

Xiao, L., Dong, J. H., Jin, S., Xue, H. M., Guo, Q,, Teng, X,, et al. (2016). Hydrogen sulfide
improves endothelial dysfunction via downregulating BMP4/COX-2 pathway in rats with
hypertension. Oxid. Med. Cell Longev. 2016, 8128957. doi:10.1155/2016/8128957

Yadin, D., Knaus, P., and Mueller, T. D. (2016). Structural insights into BMP
receptors: Specificity, activation and inhibition. Cytokine Growth Factor Rev. 27,
13-34. doi:10.1016/j.cytogfr.2015.11.005

Yang, G., Zhu, Z, Wang, Y., Gao, A, Niu, P, and Tian, L. (2013). Bone
morphogenetic protein-7 inhibits silica-induced pulmonary fibrosis in rats. Toxicol.
Lett. 220, 103-108. doi:10.1016/j.toxlet.2013.04.017

Yang, M, Fan, Z., Wang, F,, Tian, Z. H., Ma, B, Dong, B,, et al. (2018). BMP-2
enhances the migration and proliferation of hypoxia-induced VSMCs via actin
cytoskeleton, CD44 and matrix metalloproteinase linkage. Exp. Cell Res. 368,
248-257. doi:10.1016/j.yexcr.2018.05.004

Yang, P., Troncone, L., Augur, Z. M., Kim, S. S. J., McNeil, M. E., and Yu, P. B. (2020).
The role of bone morphogenetic protein signaling in vascular calcification. Bone 141,
115542. doi:10.1016/j.bone.2020.115542

Yao, Y., Watson, A. D, Ji, S, and Bostrom, K. I. (2009). Heat shock protein
70 enhances vascular bone morphogenetic protein-4 signaling by binding matrix
Gla protein. Circ. Res. 105, 575-584. doi:10.1161/CIRCRESAHA.109.202333

Yeo, Y., Yi, E. S., Kim, J. M., Jo, E. K., Seo, S., Kim, R. I, et al. (2020). FGF12 (fibroblast
growth factor 12) inhibits vascular smooth muscle cell remodeling in pulmonary arterial
hypertension. Hypertension 76, 1778-1786. doi:10.1161/HYPERTENSIONAHA.120.
15068

Yu, P. B, Beppu, H., Kawai, N, Li, E., and Bloch, K. D. (2005). Bone morphogenetic
protein (BMP) type II receptor deletion reveals BMP ligand-specific gain of signaling in
pulmonary artery smooth muscle cells. J. Biol. Chem. 280, 24443-24450. doi:10.1074/
jbe.M502825200

Yu, P, Pan, G., Yu, J., and Thomson, J. A. (2011). FGF2 sustains NANOG and
switches the outcome of BMP4-induced human embryonic stem cell differentiation.
Cell Stem Cell 8, 326-334. doi:10.1016/j.stem.2011.01.001

Yu, X,, Guan, W, Zhang, Y., Deng, Q., Li, J., Ye, H,, et al. (2019). Large-scale gene
analysis of rabbit atherosclerosis to discover new biomarkers for coronary artery disease.
Open Biol. 9, 180238. doi:10.1098/rsob.180238

Yuan, S., Pan, Q., Liu, W., Wu, B., Han, X, and Bi, Z. (2011). Recombinant BMP 4/
7 fusion protein induces differentiation of bone marrow stem cells. J. Cell Biochem. 112,
3054-3060. doi:10.1002/jcb.23230

Yung, L. M., Sanchez-Dufthues, G., Dijke, P. T., and Yu, P. B. (2015). Bone
morphogenetic protein 6 and oxidized low-density lipoprotein synergistically recruit

Frontiers in Pharmacology

17

10.3389/fphar.2023.1125642

osteogenic differentiation in endothelial cells. Cardiovasc Res. 108, 278-287. doi:10.
1093/cvr/cvv221

Yung, L. M., Yang, P., Joshi, S., Augur, Z. M., Kim, S. S.J., Bocobo, G. A, et al. (2020).
ACTRITA-Fc rebalances activin/GDF versus BMP signaling in pulmonary
hypertension. Sci. Transl. Med. 12, eaaz5660. doi:10.1126/scitranslmed.aaz5660

Yurekli, B. S., Kocabas, G. U., Aksit, M., Kutbay, N. O., Suner, A., Yurekli, I, et al.
(2018). The low levels of bone morphogenic protein-4 and its antagonist noggin in type
2 diabetes. Horm. (Athens) 17, 247-253. d0i:10.1007/s42000-018-0041-5

Zachos, T. A, Shields, K. M., and Bertone, A. L. (2006). Gene-mediated osteogenic
differentiation of stem cells by bone morphogenetic proteins-2 or -6. J. Orthop. Res. 24,
1279-1291. doi:10.1002/jor.20068

Zaidi, S. H., Huang, Q., Momen, A., Riazi, A., and Husain, M. (2010). Growth
differentiation factor 5 regulates cardiac repair after myocardial infarction. J. Am. Coll.
Cardiol. 55, 135-143. doi:10.1016/j.jacc.2009.08.041

Zeisberg, M., Bottiglio, C., Kumar, N., Maeshima, Y., Strutz, F., Muller, G. A,, et al. (2003).
Bone morphogenic protein-7 inhibits progression of chronic renal fibrosis associated with
two genetic mouse models. Am. J. Physiol. Ren. Physiol. 285, F1060-F1067. doi:10.1152/
ajprenal.00191.2002

Zhang, H., and Bradley, A. (1996). Mice deficient for BMIP2 are nonviable and have
defects in amnion/chorion and cardiac development. Development 122, 2977-2986.
doi:10.1242/dev.122.10.2977

Zhang, H., Liu, Y, Yan, L, Du, W,, Zhang, X, Zhang, M., et al. (2018). Bone morphogenetic
protein-7 inhibits endothelial-mesenchymal transition in pulmonary artery endothelial cell
under hypoxia. J. Cell Physiol. 233, 4077-4090. doi:10.1002/jcp.26195

Zhang, J. M,, Yu, R. Q, Wu, F. Z,, Qiao, L., Wu, X. R,, Fu, Y. ], et al. (2021). BMP-2
alleviates heart failure with type 2 diabetes mellitus and doxorubicin-induced AC16 cell
injury by inhibiting NLRP3 inflammasome-mediated pyroptosis. Exp. Ther. Med. 22,
897. doi:10.3892/etm.2021.10329

Zhang, M, Sara, J. D,, Wang, F. L, Liu, L. P, Su, L. X,, Zhe, ], et al. (2015). Increased
plasma BMP-2 levels are associated with atherosclerosis burden and coronary calcification
in type 2 diabetic patients. Cardiovasc Diabetol. 14, 64. doi:10.1186/s12933-015-0214-3

Zhang, M., Yang, M,, Liu, L. P., Lau, W. B,, Gao, H., Xin, M. k., et al. (2014). BMP-2
overexpression augments vascular smooth muscle cell motility by upregulating
myosin Va via Erk signaling. Oxid. Med. Cell Longev. 2014, 294150. doi:10.1155/
2014/294150

Zhang, X,, Li, R, Qin, X., Wang, L., Xiao, J., Song, Y., et al. (2018). Sp1 plays an
important role in vascular calcification both in vivo and in vitro. J. Am. Heart Assoc. 7,
€007555. doi:10.1161/JAHA.117.007555

Zhang, X, Li, Y., Yang, P., Liu, X,, Lu, L., Chen, Y,, et al. (2020). Trimethylamine-N-
Oxide promotes vascular calcification through activation of NLRP3 (Nucleotide-
Binding domain, leucine-rich-containing family, pyrin domain-containing-3)
inflammasome and NF-kB (nuclear factor kB) signals. Arterioscler. Thromb. Vasc.
Biol. 40, 751-765. doi:10.1161/ATVBAHA.119.313414

Zhang, Y., Liu, J., Tian, X. Y., Wong, W. T,, Chen, Y., Wang, L,, et al. (2014). Inhibition of
bone morphogenic protein 4 restores endothelial function in db/db diabetic mice. Arterioscler.
Thromb. Vasc. Biol. 34, 152-159. doi:10.1161/ATVBAHA.113.302696

Zhang, Y., and Que, J. (2020). BMP signaling in development, stem cells, and diseases
of the gastrointestinal tract. Annu. Rev. Physiol. 82, 251-273. doi:10.1146/annurev-
physiol-021119-034500

Zhao, X, Bian, R., Wang, F., Wang, Y., Li, X, Guo, Y., et al. (2021). GDF-5 promotes
epidermal stem cells proliferation via Foxgl-cyclin D1 signaling. Stem Cell Res. Ther. 12,
42. doi:10.1186/s13287-020-02106-7

Zheng, W. P, Yang, M., Su, L. X, Ning, Y., Wen, W. W,, Xin, M. K, et al. (2017).
Association between plasma BMP-2 and in-stent restenosis in patients with coronary
artery disease. Clin. Chim. Acta 471, 150-153. doi:10.1016/j.cca.2017.05.033

Zhu, D., Mackenzie, N. C., Shanahan, C. M., Shroff, R. C., Farquharson, C., and
MacRae, V. E. (2015). BMP-9 regulates the osteoblastic differentiation and calcification
of vascular smooth muscle cells through an ALK1 mediated pathway. J. Cell Mol. Med.
19, 165-174. doi:10.1111/jemm.12373

Zorn, A. M., Butler, K., and Gurdon, J. B. (1999). Anterior endomesoderm
specification in Xenopus by Wnt/beta-catenin and TGF-beta signalling pathways.
Dev. Biol. 209, 282-297. doi:10.1006/dbi0.1999.9257

Zou, G. L, Zuo, S, Lu, S, Hu, R. H, Lu, Y. Y, Yang, ], et al. (2019). Bone
morphogenetic protein-7 represses hepatic stellate cell activation and liver fibrosis
via regulation of TGF-p/Smad signaling pathway. World J. Gastroenterol. 25,
4222-4234. doi:10.3748/wjg.v25.i30.4222

frontiersin.org


https://doi.org/10.1016/j.ydbio.2005.07.035
https://doi.org/10.1161/CIRCULATIONAHA.120.047375
https://doi.org/10.1161/CIRCULATIONAHA.120.047375
https://doi.org/10.1016/s0008-6363(97)00033-3
https://doi.org/10.1016/s0008-6363(97)00033-3
https://doi.org/10.1155/2018/8371604
https://doi.org/10.1155/2018/8371604
https://doi.org/10.1161/01.RES.0000126047.82846.20
https://doi.org/10.1161/01.RES.0000126047.82846.20
https://doi.org/10.1038/nbt.3002
https://doi.org/10.1161/CIRCRESAHA.110.222794
https://doi.org/10.1016/j.phrs.2020.104664
https://doi.org/10.1155/2016/8128957
https://doi.org/10.1016/j.cytogfr.2015.11.005
https://doi.org/10.1016/j.toxlet.2013.04.017
https://doi.org/10.1016/j.yexcr.2018.05.004
https://doi.org/10.1016/j.bone.2020.115542
https://doi.org/10.1161/CIRCRESAHA.109.202333
https://doi.org/10.1161/HYPERTENSIONAHA.120.15068
https://doi.org/10.1161/HYPERTENSIONAHA.120.15068
https://doi.org/10.1074/jbc.M502825200
https://doi.org/10.1074/jbc.M502825200
https://doi.org/10.1016/j.stem.2011.01.001
https://doi.org/10.1098/rsob.180238
https://doi.org/10.1002/jcb.23230
https://doi.org/10.1093/cvr/cvv221
https://doi.org/10.1093/cvr/cvv221
https://doi.org/10.1126/scitranslmed.aaz5660
https://doi.org/10.1007/s42000-018-0041-5
https://doi.org/10.1002/jor.20068
https://doi.org/10.1016/j.jacc.2009.08.041
https://doi.org/10.1152/ajprenal.00191.2002
https://doi.org/10.1152/ajprenal.00191.2002
https://doi.org/10.1242/dev.122.10.2977
https://doi.org/10.1002/jcp.26195
https://doi.org/10.3892/etm.2021.10329
https://doi.org/10.1186/s12933-015-0214-3
https://doi.org/10.1155/2014/294150
https://doi.org/10.1155/2014/294150
https://doi.org/10.1161/JAHA.117.007555
https://doi.org/10.1161/ATVBAHA.119.313414
https://doi.org/10.1161/ATVBAHA.113.302696
https://doi.org/10.1146/annurev-physiol-021119-034500
https://doi.org/10.1146/annurev-physiol-021119-034500
https://doi.org/10.1186/s13287-020-02106-7
https://doi.org/10.1016/j.cca.2017.05.033
https://doi.org/10.1111/jcmm.12373
https://doi.org/10.1006/dbio.1999.9257
https://doi.org/10.3748/wjg.v25.i30.4222
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1125642

	Insights into bone morphogenetic proteins in cardiovascular diseases
	1 Introduction
	2 Members of the BMP family
	3 The BMP signaling pathway
	3.1 Structural diversity of BMPs
	3.2 BMP signaling pathway
	3.3 Cross-talk with other signaling pathway

	4 The BMP family and CVD
	4.1 The BMP Family and Cardiovascular Development and Differentiation
	4.2 The BMP family and atherosclerosis and coronary artery disease (CAD)
	4.3 The BMP family and vascular calcification
	4.4 The BMP family and hypertension
	4.5 The BMP family and myocardial remodeling
	4.6 The BMP family and HF
	4.7 The BMP family and diabetic cardiomyopathy (DMCM)
	4.8 The BMP family and aortic dissection (AD)
	4.9 The BMP family and doxorubicin (DOX)-Induced cardiotoxicity
	4.10 The BMP family and atrial fibrillation (AF)
	4.11 The BMP family and cardiac aging
	4.12 The BMP family and PAH
	4.13 The BMP Family and HHT

	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


