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Abstract

Bone morphogenetic proteins (BMPs) are bone-derived osteokines that regulate energy metabolism and combat obesity by
promoting brown adipocyte differentiation. BMP4, BMP7, BMPSB, and BMP9 are highly expressed in osteoblasts and bone
matrix, from which they are released into circulation. They act as endocrine factors that induce brown adipogenesis, increase
mitochondrial biogenesis, and increase thermogenesis via conserved signaling pathways (Smad, MAPK, and PGCla). Con-
currently, these BMPs maintain skeletal homeostasis and mediate crosstalk between bone and metabolic organs, including
adipose tissue and the hypothalamus, thereby regulating appetite and energy balance. Preclinical studies have confirmed
that BMP-based interventions can increase energy expenditure, improve insulin sensitivity, and alleviate obesity-related
complications. However, clinical translation remains hindered by adverse effects, short half-lives, and obesity-induced BMP
resistance. This review first elucidates the peripheral and central regulatory mechanisms of BMPs in energy metabolism,
clarifies the subtype-specific metabolic effects of major BMPs, further evaluates their therapeutic potential against obesity and
metabolic syndrome, and finally analyzes the core obstacles to clinical implementation and corresponding solution strategies.
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1 Introduction

Obesity has emerged as a global health challenge and is
closely associated with the incidence of chronic diseases,
including cardiovascular disease, metabolic syndrome,
and type 2 diabetes. The pathogenesis of obesity arises
from an imbalance between energy intake and expendi-
ture, leading to the pathological accumulation of adipose
tissue. Although the underlying principle of treatment—
reducing energy intake and/or increasing energy expendi-
ture—appears straightforward, the effective management
of obesity remains a significant clinical challenge [1].

Brown adipose tissue (BAT), which develops early
during mammalian embryogenesis, plays a pivotal role
in thermoregulation by consuming energy and producing
heat. Characterized by high mitochondrial content and the
expression of uncoupling protein 1 (UCP1), brown adipo-
cytes drive thermogenesis. UCP1 uncouples the proton
gradient that would otherwise be used for ATP synthe-
sis, thereby converting chemical energy into heat. This
endows BAT with significant energy-dissipating proper-
ties and positions it as a promising therapeutic target for
obesity [2]. In addition to regulating thermogenesis, BAT
regulates glucose and fatty acid metabolism to maintain
systemic energy balance [3]. Cold exposure enhances glu-
cose uptake and fatty acid oxidation, thereby increasing
energy expenditure. It also triggers the secretion of signal-
ing molecules such as fibroblast growth factor 21 (FGF21)
and adiponectin. These factors act on the liver, muscles,
and other tissues to modulate insulin sensitivity, fatty acid
oxidation, and glucose homeostasis [4, 5].

Bone plays a dual role in the body, functioning both as a
structural framework and as an endocrine organ that secretes
osteokines. These bioactive molecules regulate systemic
metabolism, such as energy balance, beyond their traditional
roles in bone remodeling. This endocrine function of bone is
essential for linking skeletal health with metabolic homeo-
stasis. Osteokines, such as osteocalcin, sclerostin, and bone
morphogenetic proteins (BMPs), act through endocrine,
paracrine, and autocrine mechanisms to influence pro-
cesses such as adipose tissue browning, insulin sensitivity,
and energy expenditure. Recent studies have demonstrated
that bone-derived factors, particularly BMPs, play crucial
roles in communication between the skeleton and metabolic
organs, such as adipose tissue and the hypothalamus. This
crosstalk affects key physiological processes, including
thermogenesis and appetite regulation [6, 7]. Among these,
BMPs (a subset of osteokines) belong to the TGF-f super-
family and are highly conserved across vertebrates. They
play well-characterized roles in metabolic regulation.

Initially, characterized for their ability to induce car-
tilage and bone formation, BMPs also play roles in
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regulating organogenesis and patterning during embryonic
development. Studies have revealed that bone-derived bio-
active regulatory molecules are integral to adipose tissue
development and adipocyte differentiation and serve as
regulatory factors in thermogenesis and energy metabo-
lism [8]. Specifically, BMP2 (expressed in visceral white
adipose tissue [WAT], which is elevated in obesity; binds
to BMPRIA/II, which affects Smad1/5/8 and is linked to
adiposity in obesity), BMP4 (expressed in mature adi-
pocytes and preadipocytes; binds to BMPRIA/II, which
affects Smad signaling, which is associated with blunted
brown adipogenesis in metabolic syndrome), BMP7
(expressed in BAT and mesenchymal stem cells, which
binds to BMPRIA/II, which affects Smad signaling, is
downregulated in obesity with impaired thermogenesis),
BMPS8B (expressed in BAT and the hypothalamus, which
binds to BMPRIA/B/II, which impacts Smad/MAPK sign-
aling, and reduces signaling links to obesity risk), and
BMP9 (expressed in the liver as a circulating hormone;
binds to ALK1/BMPRII, which affects Smad/PI3K signal-
ing, and elevated levels are associated with improved insu-
lin sensitivity in individuals with type 2 diabetes) exert
distinct regulatory effects on adipocyte differentiation and
function [6, 9]. These BMPs promote adipogenesis in mes-
enchymal stem cells and are involved in the differentiation
of white, beige, and brown adipocytes. Notably, BMP7
promotes brown adipogenesis by significantly inducing
UCP1 expression and mitochondrial biogenesis, whereas
BMP8B regulates the thermogenic function of BAT
through central and peripheral actions [10, 11] (Table 1).

This review aims to elucidate the mechanisms by which
bone-derived active molecules, particularly BMPs, regu-
late energy metabolism through their effects on BAT and
to evaluate their potential therapeutic value in the manage-
ment of obesity and metabolic syndrome. To provide read-
ers with a clear logical framework, this review is organized
as follows: First, we outline the metabolic regulatory net-
work of bone-derived molecules and the crosstalk between
non-BMP osteokines and BMPs. Second, we clarify the
common molecular mechanisms underlying BMP-medi-
ated brown adipogenesis. Third, we discuss the periph-
eral metabolic regulatory characteristics of major BMP
subtypes and their specific effects on white fat browning.
Fourth, we analyze the central regulatory role of BMPs
in the hypothalamus, as well as the synergy between
peripheral and central effects. Fifth, we summarize trans-
lational research on BMP-based interventions grounded
in their mechanistic features. Finally, we identify the core
challenges facing clinical translation and propose tar-
geted solutions while also offering perspectives on future
research directions.
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Table 1 Tissue sources, target adipocyte types, signaling pathways, and preclinical/clinical evidence of key BMPs in obesity and metabolic dis-

orders

BMPs  Cells of origin Targeted adipocyte types Signaling pathways Preclinical/Clinical research status

BMP2  Visceral white adipocytes White adipocytes Smad1/5/8 Linked to adiposity in obesity

BMP4  Mature adipocytes, preadipocytes White adipocytes; beige adipocytes Smad Associated with blunted brown adi-

pogenesis in metabolic syndrome

BMP7  Brown adipocytes, mesenchymal Brown adipocytes Smad Downregulated in obesity with
stem cells impaired thermogenesis

BMP8B Brown adipocytes, hypothalamic Brown adipocytes Smad/MAPK Reduced signaling links to obesity
neurons risk

BMP9  Hepatic parenchymal cells Brown adipocytes Smad/PI3K Elevated levels associated with

improved insulin sensitivity in
type 2 diabetes

2 Other Bone-Derived Molecules in Energy
Metabolism

Bone, as an endocrine organ, secretes a variety of
osteokines that orchestrate systemic energy metabolism
beyond their canonical roles in bone remodeling. While
BMPs have been extensively discussed as key regulators,
other non-BMP bone-derived osteokines—including oste-
ocalcin and sclerostin—also play pivotal roles in modu-
lating energy homeostasis, and their crosstalk with BMP
signaling lays the foundation for the ability of BMPs to
regulate metabolic processes.

Osteocalcin, which is predominantly secreted by mature
osteoblasts, exerts its metabolic effects mainly via its
undercarboxylated isoform (ucOCN), which is capable
of crossing the blood—brain barrier. Peripherally, ucOCN
enhances insulin sensitivity by activating GPRC6A and
inducing the browning of WAT; centrally, ucOCN modu-
lates hypothalamic neuropeptide expression to reduce food
intake and activate BAT. Clinically, circulating ucOCN
levels are negatively correlated with body mass index
(BMI) and insulin resistance, which supports its value as
a metabolic biomarker [12].

As an osteokine primarily secreted by osteocytes, scle-
rostin acts as a critical mediator bridging bone metabolism
and systemic energy metabolism. Hyperglycemia directly
induces the overproduction of sclerostin, which suppresses
bone formation by downregulating the Wnt signaling path-
way; this process in turn impairs the glycemic regulatory
function of insulin and exacerbates glucose metabolism
disorders [13]. Elevated sclerostin levels are associated
with a reduced risk of sarcopenia in elderly individu-
als, whereas sarcopenia itself impairs systemic glucose
clearance and energy expenditure, potentially initiating a
vicious metabolic cycle. Furthermore, sclerostin is abnor-
mally expressed in diabetic patients and mediates inflam-
matory and oxidative stress responses, thereby indirectly

contributing to the development of insulin resistance and
obesity-related metabolic disorders [14].

Osteocalcin exerts metabolic effects through both periph-
eral and central pathways, and its regulatory function is
closely linked to BMP signaling. Another key non-BMP
osteokine, sclerostin, which is secreted mainly by osteocytes,
also mediates the interaction between bone metabolism and
systemic energy metabolism, and its antagonistic effect on
BMPs further enhances the regulatory network of bone-
derived molecules.

In summary, osteocalcin and sclerostin are important
components of the bone-derived metabolic regulatory net-
work, and their crosstalk with BMP signaling—ucOCN,
which enhances BMP7-mediated brown adipogenesis, and
sclerostin, which antagonizes BMP4-induced cell fate deter-
mination—indicates that BMPs do not independently exert
metabolic regulatory effects [15, 16]. This intermolecular
interaction provides a critical microenvironmental basis for
the subsequent exploration of the common and subtype-
specific regulatory mechanisms of BMPs.

3 Common Mechanisms of BMPs in Brown
Adipogenesis

On the basis of the bone-derived molecular regulatory
network described above, BMPs, as the core osteokines,
regulate brown adipogenesis and thermogenesis through
conserved molecular mechanisms, which serve as the funda-
mental basis for all major BMP subtypes to exert metabolic
effects, and the subtype-specific regulatory characteristics
of BMPs are derived from the differential activation and
extension of these conserved pathways.

Multiple BMPs, including BMP4, BMP7, BMP8B, and
BMPY, regulate brown adipogenesis and thermogenesis
through conserved mechanisms. These BMPs activate
the core transcriptional program of brown adipogen-
esis via the Smad and MAPK signaling pathways and
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primarily in BAT and mesenchymal stem cells. Its peripheral
regulatory effect is characterized by direct driving of the
differentiation of mesenchymal progenitor cells into brown
adipocytes, and it is downregulated in obesity with impaired
thermogenesis, making it a core target for the treatment of
BAT activation-based obesity.

In murine models, the role of BMPs in brown adipocyte
development was first identified following the observation
that BMP7-deficient mice displayed significant defects in
BAT formation during embryogenesis [19]. In these ani-
mal models, BMP7 initiates the BAT differentiation process
by activating early regulatory factors of brown fat. BMP7
subsequently increases the expression of brown fat-specific
markers, stimulates mitochondrial biogenesis, and facili-
tates the differentiation of mesenchymal progenitor cells
into brown adipocytes. These coordinated effects of BMP7
are pivotal for the maturation and functionality of brown
adipocytes, which play critical roles in modulating energy
homeostasis and thermogenic responses [21]. Notably, as
these mechanisms are primarily characterized in mice, the
efficiency and regulatory pathways of brown adipogenesis
may differ between humans and mice owing to species-spe-
cific genetic backgrounds and microenvironmental factors.

Studies have demonstrated that BMP7 can elicit a series
of metabolically beneficial outcomes. BMP7 expression is
notably higher in beige adipose tissue than in mature adipo-
cytes. BMP7 is derived specifically from the DPP4* subpop-
ulation of adipocyte precursor stem cells. This protein trig-
gers the conversion of mesenchymal progenitor cells into the
brown adipocyte lineage. When these cells were implanted
into nude mice, they facilitated the formation of adipose
tissue predominantly enriched with brown adipocytes. Fur-
thermore, BMP7-knockout (KO) embryos exhibit a profound
reduction in BAT and an almost complete absence of UCP1,
underscoring the pivotal role of BMP7 in the development
and function of BAT [22].

BMP7 initiates brown adipocyte fate determination by
activating early regulatory factors such as PRDM16 and
PGC-1a, which are central to the transcriptional program
of brown adipogenesis [19]. It promotes the differentiation
of brown adipocytes by upregulating UCP1, PPARYy, and
C/EBPs, with downstream effects on thermogenesis. Con-
sistent with other BMPs, BMP7 enhances mitochondrial
biogenesis via PGC-1a-dependent pathways, increasing the
expression of NRF-1, Tfam, and cytochrome C to support
the metabolic capacity of brown adipocytes [23, 24].

4.2 BMP9

BMP9 exerts multifaceted effects on various physiological
processes. It is known to stimulate both orthotopic and het-
erotopic bone formation, which is pivotal in the context of
skeletal repair and regeneration. Additionally, BMP9 has

been implicated in the differentiation of cholinergic neurons,
the proliferation of hematopoietic progenitor cells, the mod-
ulation of liver reticuloendothelial system function, and the
regulation of angiogenesis and tumorigenesis. Furthermore,
BMP9 significantly regulates glucose metabolism, lipid
metabolism, energy metabolism, and iron balance within the
body [25]. Its multifaceted role increases off-target effects
(e.g., heterotopic bone formation) for obesity therapy, with
unclear crosstalk between metabolic effects and other physi-
ological effects.

In murine models, BMP9 promoted the differentiation
of pluripotent stem cells and inguinal WAT-derived stromal
vascular cells into beige adipocytes, accompanied by the
upregulation of brown adipocyte markers such as UCP1 and
PGC-1a. The underlying signaling is involved in the activa-
tion of the Smad1 and p44/p42 MAPK pathways, which con-
vert to the conserved transcriptional program of brown
adipogenesis [26]. These signaling cascades further upreg-
ulated the expression of brown adipocyte-specific marker
genes, including UCP1, PGC-1a, and PRDM16, thereby
effectively inducing brown adipogenesis and browning of
subcutaneous adipose tissue (SAT) [27].

BMP9 promotes brown adipogenesis and induces the
expression of the brown adipocyte marker gene UCPI.
Pretreatment with recombinant BMP9 (rBMP9) has been
shown to have antiobesity effects in high-fat diet-induced
obese mouse models: it protected against obesity, improved
glucose tolerance, reduced total body fat mass, and induced
a BAT phenotype [28]. However, several aspects remain
poorly understood, including the conditions governing
hepatic BMP9 secretion, the regulatory mechanisms con-
trolling its expression, and the effects of BMP9-mediated
adipose tissue browning. After three weeks of cold exposure,
murine hepatic BMP9 expression and plasma levels were
significantly elevated. Hepatic BMP9 mRNA transcription
is regulated by the cAMP—PKA signaling pathway, in which
cAMP-response element binding protein (CREB) recruits
CREB-binding protein (CBP) to the BMP9 promoter, result-
ing in the formation of a fine-tuning mechanism [28].

Collectively, these findings suggest that BMP9 plays a
critical role in promoting brown adipogenesis and beige fat
formation. Regulating lipid metabolism and activating the
conserved brown adipogenic transcriptional program may be
beneficial for preventing diet-induced obesity and improving
insulin resistance. Clinical translation is hindered by species
differences, unclear long-term safety, and off-target effects.

4.3 BMP4

BMP4 is a BMP subtype that plays dual roles in osteogen-
esis and adipogenesis and is expressed in bone marrow,
preadipocytes, and mature adipocytes. Its most prominent
peripheral regulatory feature is the dose-dependent and
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tissue-specific dual effects on adipose metabolism—Ilow
doses promote brown adipogenesis and white fat browning,
whereas high doses induce lipid accumulation—a unique
characteristic not observed in BMP7 and BMP9. Its narrow
therapeutic window complicates clinical application, with
unclear dose thresholds across tissues.

As a key growth factor involved in both osteogenesis and
adipogenesis, BMP4 mediates these two typically inverse
processes, which compete for a common pool of mesenchy-
mal progenitor cells [29]. For osteogenesis, BMP4 is critical
for maintaining normal bone and cartilage growth, facilitat-
ing fracture repair, and inducing ectopic ossification [30].
Adipogenesis regulates the development and differentiation
of BAT by facilitating the conversion of mesenchymal pro-
genitors to the adipocyte lineage and directing multipotent
stem cells toward preadipocytes, thereby modulating adipo-
cyte differentiation and physiological functions. These dual
effects are jointly mediated by dosage, cell type specific-
ity, and microenvironmental cues: low physiological doses
of BMP4 favor osteoblast differentiation in bone marrow
progenitors, whereas high doses promote adipogenesis in
adipose-derived progenitors. The differential responses of
bone marrow and adipose stromal cells, together with dis-
tinct tissue niches (e.g., bone matrix and adipose tissue),
enable the osteogenic and adipogenic roles of BMP4 to be
balanced in a tissue-specific manner [29].

BMP4 exerts context-dependent dual effects on thermo-
genesis and lipid accumulation in adipose tissue metabo-
lism. In terms of thermogenic activity, BMP4 promotes the
development of early adipocyte progenitors in both BAT
and WAT, and its elevated expression in WAT is negatively
correlated with BMI, contributing to weight control [31]. In
conjunction with BMP7, BMP4 upregulated UCP1 in human
adipose stromal cells and activated brown adipogenesis in
multipotent stem cells [32]. In mouse models, systemic
BMP4 injection in mice also increased energy expenditure,
likely by enhancing subcutaneous WAT (scWAT) browning
through the p38/MAPK/ATF2/PGC1a pathway and the dis-
sociation of the ZFP423-EBF2 complex [33]. Conversely,
BMP4 can induce lipid accumulation: adenoviral overex-
pression in adipose tissue increases lipid droplet size and
reduces brown adipogenic markers [33]; in primary brown
adipocytes, BMP4 exposure leads to a less oxidative pheno-
type with larger lipid droplets and inhibited lipolysis [34],
and in aP2-driven Bmp4 transgenic mice, BAT results in
enlarged lipid droplets [34]. BMP4-BMP7 synergy has been
proven only in vitro; in vivo human evidence is lacking.

The divergent effects of BMP4 are governed by three
interconnected factors: dosing, tissue specificity, and devel-
opmental timing. At low physiological doses, BMP4 activates
thermogenic pathways such as p38/MAPK, while high sup-
raphysiological doses promote lipid storage via overactiva-
tion of the Smad4-ZFP423 axis [33, 34]. Tissue specificity is
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another crucial regulator: BMP4 induces browning in scWAT
but triggers lipid accumulation in BAT and perivascular adi-
pose tissue (PVAT) [34-36], a distinction associated with
tissue-specific receptor expression—sc WAT highly expresses
activin receptor-like kinase 3 (ALK3) (a BMP receptor that
favors thermogenic signaling), whereas BAT has higher lev-
els of ALK2 (a lipid metabolism-associated BMP receptor)
[36]. Additionally, developmental timing mediates functional
shifts in BMP4: it directs early mesenchymal progenitors
toward lipid-storing lineages, whereas in mature adipocytes,
it induces browning via upregulation of PGCla [37, 38].

In mouse models, BMP4 expression enhances BAT for-
mation and promotes thermogenesis [38], yet its signal-
ing effects on brown adipocytes are complex and context
dependent. For instance, BMP4 overexpression in brown
adipocytes increased lipid droplet size and reduced the
expression of brown fat markers [35, 38]. Similarly, primary
brown adipocytes treated with BMP4 exhibited a less oxida-
tive phenotype (resembling white or beige fat), which was
characterized by larger lipid droplets and inhibited lipolysis.
Consistent with these findings, aP2-driven BMP4 transgenic
mice exhibited enlarged lipid droplets in BAT, and in vitro
experiments confirmed that BMP4 impaired brown adipo-
cyte differentiation by reducing the lipolytic activation of
hormone-sensitive lipase—an effect further validated by
adenoviral-mediated BMP4 overexpression in mouse BAT.
Notably, in contrast to its lipid-accumulating effect on BAT,
systemic BMP4 injection increases energy expenditure in
mice [33], indicating that BMP4 exerts distinct effects on the
regulation of adipocyte metabolic properties under different
physiological and developmental conditions.

In summary, BMP4 regulates brown adipogenesis via
Smad-dependent PRDM16 upregulation and the p38/
MAPK/ATF2 pathway, with its divergent effects dictated
by dosage, tissue specificity, and developmental timing.
Compared with BMP7 and BMP9, BMP4 has more com-
plex peripheral regulatory effects because of its dual involve-
ment in osteogenesis and adipogenesis. Its tissue-specific
actions—promoting browning in scWAT but facilitating
lipid accumulation in BAT—require stringent control of the
delivery site and dosage for future translational applications.

4.4 BMP8B

BMPS8B, a member of the TGF-f superfamily, is highly
expressed in BAT and mature brown adipocytes and acts
as a key regulator of brown adipocyte differentiation and
function. Its distinctive peripheral metabolic feature is that it
enhances the thermogenic response of mature brown adipo-
cytes rather than inducing progenitor cell differentiation and
inhibits preadipocyte differentiation. This represents a key
difference from BMP4, BMP7, and BMP9, which mainly
target adipocyte progenitor cells.
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BMP8B is critically involved in the differentiation and
functional maintenance of brown adipocytes [39]. In mam-
mals, there are two BMP8 genes, namely, BMP8A and
BMPS8B, each with distinct roles [40]. In zebrafish, BMPSA
is important for lipid metabolism and plays an inhibitory
role in adipogenesis. BMP8B is expressed in mature brown
adipocytes. Its levels increased in response to changes in
diet and temperature.

A high-fat diet or cold exposure upregulates BMP8B
expression in brown adipocytes. BMP8B enhances the
response of brown adipocytes to norepinephrine (NE) by
promoting p38 MAPK/CREB signaling and increasing
lipase activity. Additionally, BMP8B enhances BAT ther-
mogenesis by activating the AMP-activated protein kinase
(AMPK) pathway, thereby regulating energy balance [41].
BMPSB inhibits the differentiation of 3T3-L1 preadipocytes
into mature adipocytes by activating the SMAD2/3 signal-
ing pathway [42]. Specifically, BMP8B increases SMAD2/3
phosphorylation, whereas a SMAD2/3 inhibitor significantly
attenuates the ability of BMP8B to inhibit adipocyte differ-
entiation [40]. Furthermore, BMP8B activates the NF-xB
signaling pathway, which in turn suppresses PPARYy expres-
sion [10, 43].

The thermogenic effect of BMP8B is mediated by its inhi-
bition of AMPK signaling in the ventromedial hypothalamus
(VMH). This effect is further potentiated by orexin (OX)
receptor 1 signaling, which subsequently promotes the ther-
mogenic process. In OX-null mice, this thermogenic effect is
completely absent, indicating that OX signaling is essential
for the thermogenic mechanism of BMPSB [44]. In addition,
BMPSB is capable of inducing WAT browning, although
this effect is primarily observed in female models [45].
Notably, BMPSB influences OX expression and thermogen-
esis by downregulating the expression of vesicular glutamate
transporter 2, which is involved in glutamatergic signaling
[46]. In Bmpr_/ ~ mice, the metabolic rate decreases, and
body temperature becomes abnormal, further confirming the
importance of BMP8B in metabolic regulation.

In summary, as a BMP subtype that specifically regulates
mature brown adipocyte function, BMP8B does not initiate
de novo brown adipogenesis but rather amplifies thermo-
genic activity in existing BAT. This complementary role
positions it as a promising candidate for synergistic therapy
with other BMP subtypes, such as BMP7, in the treatment
of obesity.

5 Role of BMPs in Brown Adipogenesis
(White-to-Brown) Conversion

Browning of WAT is key to increasing energy expenditure
and ameliorating obesity. This chapter focuses on BMPs’
roles in white-to-brown adipocyte conversion, as well as

the tissue targeting and molecular mechanisms of BMP-
mediated browning effects—an extension of their peripheral
metabolic regulatory functions.

WAT and BAT play opposing roles in energy metabolism
and obesity: higher BAT mass is correlated with lower obe-
sity risk, and WAT browning alleviates obesity, fatty liver,
and insulin resistance. Under cold exposure or specific con-
ditions, white adipocytes express brown adipocyte-specific
thermogenic genes/proteins, which are converted into beige/
brown adipocytes and increase energy expenditure, offering
a feasible approach to address obesity. While cold exposure
or f-adrenergic agonist treatment can promote WAT brown-
ing in humans, they may cause side effects such as increased
appetite, discomfort, and potential cardiovascular risks.
Thus, developing side-effect-free methods to increase the
amount and activity of BAT—especially those stimulating
UCP1 activity and healthy adipose metabolic processes—is
a promising direction [22].

5.1 BMP7

BMP7 can affect energy metabolism and weight control by
promoting the conversion of white adipocytes into brown
adipocytes, making it a potential target for the treatment of
obesity and related metabolic disorders.

BMP7 is more abundant in BAT than in WAT. Studies
have shown that BMP7 can promote the differentiation and
transformation of adipocytes by activating certain signaling
pathways, such as the Smad and p38 MAPK pathways [47].
BMP7 also enhanced mitochondrial biogenesis through a
PGC-1-dependent pathway. This was important for the dif-
ferentiation of brown adipocytes, as it enhanced the meta-
bolic capacity and thermogenic potential of the cells. In
brown precursor cells treated with BMP7, the expression
of genes related to mitochondrial biogenesis and function,
including PGC-1a, PGC-1p, NRF-1, Tfam, and cytochrome
C, significantly increased.

In murine models, the overexpression of BMP7 caused
the conversion of white adipocytes into brown adipocytes,
supporting its role in fat metabolism in these animals [48].
For instance, injecting a silk hydrogel loaded with BMP7
into the scWAT of mice resulted in “browning”. This pro-
cess is characterized by multilocular, UCP1-positive brown
adipocytes, along with increased systemic energy expendi-
ture and skin temperature. However, the efficacy of this
hydrogel-mediated delivery system in humans remains
unknown. Compared with mouse scWAT, human scWAT
has a distinct fibrous structure and vascular density, which
may impair hydrogel degradation and BMP7 release—key
factors limiting direct translational relevance. Studies have
shown that following BMP7 treatment, primary human adi-
pose precursor cells exhibit significantly increased UCP1
gene expression and expression of beige-specific marker
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genes, such as CD137 and TMEM?26. These experiments
revealed an increase in the basal oxygen consumption rate
and cAMP-stimulated oxygen consumption rate, as well as
increased glucose and fatty acid uptake. These results indi-
cated that BMP7 mediated the transformation of hASCs into
metabolically active beige adipocytes [20]. In the iWAT of
C57BL/6J mice treated with recombinant BMP7, increases
in UCP1 expression and the presence of multilocular beige
adipocytes were also observed. When precursor adipocytes
from both mice and humans were exposed to BMP7, they
were transformed into brown-like fat cells. Elevated BMP7
expression induced WAT browning and BAT activation,
increased energy expenditure, reversed WAT hypertrophy,
and improved hepatic steatosis and adipose tissue inflamma-
tion. This study utilized two murine obesity models: high-fat
diet-fed C57BL/6J mice and leptin-deficient ob/ob mice. The
mice received intravenous injections of AAVS vectors carry-
ing BMP7 or control vectors, followed by a 6-month moni-
toring period. These results confirmed the role of BMP7,
showing that sustained elevation of BMP7 levels through
AAV-mediated delivery reduced hepatic lipid accumula-
tion and inflammation, reversed white adipocyte enlarge-
ment, alleviated adipose tissue inflammation, activated
SMAD1/5/8 signaling, and increased anti-inflammatory
adiponectin levels. These effects contribute to normalizing
body weight and improving insulin resistance, highlighting
the potential of AAV-BMP7-mediated gene therapy for treat-
ing insulin resistance, type 2 diabetes, obesity, and related
metabolic disorders [49].

Furthermore, the effects of BMP7 on adipose tissue func-
tion are closely related to its ability to modulate inflamma-
tion. Studies have shown that BMP7 expression is reduced
in individuals with high BMIs and that this downregulation
strongly correlates with elevated levels of proinflammatory
factors (e.g., TNF-a and IL-6) [50]. These findings sug-
gest that BMP7 may act as a potential anti-inflammatory
agent, directly inhibiting the production of proinflammatory
cytokines in adipose tissue and promoting the conversion of
WAT to BAT, in turn alleviating the inflammatory state [19].
Notably, BAT itself possesses intrinsic anti-inflammatory
properties: it secretes anti-inflammatory adipokines such as
adiponectin and FGF21, which suppress macrophage infil-
tration and proinflammatory signaling in adipose tissue [51].
Additionally, BAT activation enhanced lipid clearance from
circulation, reducing lipid-induced adipose tissue inflam-
mation. Thus, BMP7-mediated browning of WAT creates
a positive feedback loop: increased BAT mass amplifies
anti-inflammatory signals, whereas reduced inflammation
further facilitates BAT differentiation, collectively improv-
ing metabolic homeostasis [52].
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5.2 BMP4

BMP4, a key factor in cell differentiation, plays dual roles
in adipose tissue biology. It facilitated the differentiation of
mesenchymal precursor cells into the adipogenic lineage and
promoted white adipocyte browning. This process is critical
for converting white adipocyte precursors into brown adi-
pocytes. This transformation relies on BMP4-mediated acti-
vation of the p38/MAPK/ATF2/PGCla signaling pathway.
This pathway upregulated PGCla and downstream thermo-
genic genes, such as UCP1. Furthermore, BMP4 induces
the dissociation of the ZFP423-EBF2 complex, promoting
the brown adipogenic transcriptional program [36, 53, 54].

In human WAT, BMP4 expression is negatively corre-
lated with fat mass, and its overexpression enhances mito-
chondrial biogenesis while selectively regulating genes
involved in glucose and lipid metabolism [55]. Specifically,
Glut4 (a glucose transporter) and Pck-1 (a key enzyme in
gluconeogenesis) are linked to glucose metabolism: BMP4
upregulates Glut4 to promote glucose uptake into adipocytes
and downregulates Pck-1 to reduce excessive glucose pro-
duction [33, 55]. BMP4 targeted medium-chain acyl-CoA
dehydrogenase (MCAD) and carnitine palmitoyltransferase
1b (CPT1b) to accelerate fatty acid B-oxidation. MCAD
breaks down medium-chain fatty acids, whereas CPT1b
transports fatty acids into mitochondria for oxidation [38].
These regulatory effects increase oxygen consumption and
lower circulating free fatty acid and triglyceride levels, indi-
cating that BMP4 primarily promotes lipid oxidation rather
than lipogenesis to modulate metabolic homeostasis. BMP4
enhanced white adipocyte browning by activating the p38/
MAPK/ATF2/PGCla pathway, which upregulated PGCla
and downstream thermogenic genes such as UCP1 [53].
In AAV-BMP4-treated mice, BMP4 dissociates from the
ZFP423-EBF2 complex, allowing EBF2 to drive the thermo-
genic gene program—complementing the conserved mech-
anisms of brown adipogenesis. These findings suggested
that in these mice, the process of WAT browning occurred
through a different pathway rather than direct adrenergic
activation. These mice were protected from obesity when fed
a high-fat diet and exhibited increased whole-body energy
expenditure, improved insulin sensitivity, reduced hepatic
fat accumulation, and decreased adipose tissue inflamma-
tion [33].

In a transgenic mouse model, the overexpression of
BMP4 upregulated PGCla, promoting the development
of BAT characteristics during the terminal differentiation
process of WAT [38]. Furthermore, the overexpression of
BMP4 significantly increased the expression of UCP1 in
scWAT and the expression of certain beige/brite markers,
such as Tbx1, Tbx15, and Hoxc9, in the tissue. However,
their levels remained lower than those observed in typical
interscapular BAT [33, 56]. Analysis of clinical samples
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also revealed that BMP4 expression was associated with
the browning of subcutaneous and pericardial adipose tis-
sue [36].

Notably, the role of BMP4 varies across different tis-
sues. In PVAT, the KO of BMP4 downregulated genes
related to fatty acid metabolism, including fatty acid syn-
thase (FASN), acetyl-CoA carboxylase (ACC), and adi-
pose triglyceride lipase (ATGL), and hormone-sensitive
lipase (HSL). This impaired fatty acid metabolism in the
PVAT and increased adipocyte size [32, 35, 37]. In a mouse
model, overexpressing BMP4 further enhanced signaling by
inhibiting the endogenous BMP4 inhibitor Gremlinl. This
induces PGC-1a expression and promotes mitochondrial
biogenesis, thereby accelerating the browning process of
WAT [34]. BMP4 enhances the efficacy of M2 macrophages
by regulating immunometabolic pathways, promoting the
binding of scWAT, and further improving insulin sensitivity
[57]. BMP4 overexpression promoted PVAT browning in
ApoE~"~ mice and protected the mice from atherosclerosis.
These findings suggest that BMP4 plays a significant physi-
ological role in regulating the conversion between WAT and
BAT. Tissue-specific effects complicate systemic application
and increase off-target effects.

6 Effects of the Central Actions of BMPs
on Energy Balance

The central nervous system (CNS) is responsible for manag-
ing appetite and energy expenditure and controlling body
weight. The hypothalamus is the main site for regulating
food intake. The role of BMPs in the control of energy bal-
ance in the CNS is not well understood. Studies have shown
that BMP7 ligands are present in certain parts of the mouse
brain, including the choroid plexus and hypothalamus. The
mRNA levels of BMP2, BMP4, BMP6, and BMP7 were
detected in the hypothalamus. However, whether these
BMPs play unique, similar, or complementary roles in this
important brain area remains unknown [6, 58].

6.1 BMP7

The hypothalamus is the core region responsible for regu-
lating food intake and energy balance. It expresses BMP7
and its receptors. Biologically active BMP7 was detected
in the cerebrospinal fluid, indicating its potential for cen-
tral actions. Preclinical studies have shown that BMP7
modulates appetite and energy expenditure via hypotha-
lamic mechanisms. However, these effects were observed
under nonphysiological conditions, such as intracerebroven-
tricular injection (direct delivery into the cerebrospinal
fluid) or supraphysiological doses (10—15-fold higher than
endogenous levels in lean mice). These conditions limit

direct application to clinical settings and necessitate cau-
tious interpretation [6].

In murine models, BMP7 has been shown to have a
dual effect on energy balance. It directly regulates BAT to
increase energy expenditure. Unexpectedly, systemic admin-
istration and ventricular injection of BMP7 both reduced
appetite, resulting in 75% weight loss in diet-induced obese
mice [58]. BMP7 exerts its effects by regulating food intake
centers, similar to leptin. Intracerebroventricular administra-
tion of BMP7 reduced appetite. This effect was inhibited by
pretreatment with the mTOR-p70S6K inhibitor rapamycin.
These findings suggest that BMP7 directly activates mTOR
signaling in the hypothalamus and its neuronal cell lines and
is involved in appetite regulation. In ob/ob mice fed a high-
fat diet and treated with Ad-BMP7, BMP7 was identified as
an anorectic factor that reduced appetite through a leptin-
independent mTOR pathway in the hypothalamus. These
findings suggest that BMP7 may exert its anorectic effects
only at very high circulating levels [49]. Mechanistically,
hypothalamic mTOR-p70S6K phosphorylation was upregu-
lated in these mice, and the anorectic effects of BMP7 were
blocked by pretreatment with the mTOR inhibitor rapamycin
via intracerebroventricular injection.

However, this anorectic effect strictly depended on supra-
physiological circulating BMP7 levels and intracerebroven-
tricular administration. These supraphysiological levels were
10-15-fold higher than the endogenous levels in lean mice.
Intracerebroventricular administration is a highly invasive
method that is not practical for clinical use [59]. These con-
ditions raise questions about its physiological relevance:
high systemic BMP7 levels in humans may cause off-target
effects such as ectopic bone formation [59], and noninvasive
delivery methods have not shown comparable efficacy. Thus,
further validation in human cohorts with clinically feasible
doses and routes is urgently needed.

BMP7 also activates different signaling pathways that are
parallel to or downstream of the MC4R-dependent pathway
utilized by a-MSH. This activation inhibits food intake in
mice lacking melanocortin receptor activity (Ay/a, Agouti).
In obese Ay/a or MC4R-deficient mice, several anorexigenic
peptides, including leptin, still retain their effects, suggest-
ing that these factors independently regulate food intake. In
BMP7-overexpressing ob/ob mice, weight loss and reduced
appetite are comparable, indicating that the role of BMP7 in
inhibiting food intake is independent of leptin. The effect of
AAV-BMP7 on weight loss in ob/ob mice may also be partly
due to decreased food intake. The anorectic effect of BMP7
suggests that it may functionally resemble BDNF and CNTF
by activating mTOR signaling on downstream MC4R, thus
reducing appetite.

BMP7 regulates appetite in POMC neurons and BAT
thermogenesis via the sympathetic nervous system, which
is mediated by hypothalamic BMPR1A-SMAD signaling.
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This was studied using POMC neuron-specific BMPR1A-
KO mice created via Cre-LoxP recombination. On a 45%
high-fat diet, the KO mice consumed more food since they
expended more energy. Their BAT exhibited increased
sympathetic activation, leading to elevated levels of UCP1,
PGCla, and mitochondrial activity. In contrast, central
BMP7 injections in wild-type mice quickly increased heat
production and BAT sympathetic nerve activity. These
effects were absent in the KO mice or when they were pre-
treated with the BMPR1A inhibitor LDN-193189. Denerva-
tion of BAT in the KO mice normalized thermogenic gene
expression; however, despite continued overeating, they
began to gain weight. These results highlight the importance
of this signaling pathway, although its relevance to humans
remains unproven, necessitating careful interpretation [60].

BMP7 plays important roles not only in neuronal devel-
opment and plasticity but also in regulating appetite and
sympathetic nervous system activity in energy-consuming
tissues such as BAT. Therefore, BMP7 has emerged as a
promising potential treatment for obesity. It is particu-
larly useful for managing diet-induced obesity and leptin
resistance.

6.2 BMP8B

BMPSB, a typical batokine secreted by BAT, exerts central
regulatory effects on energy balance mainly through the ven-
tromedial hypothalamus (VMH). The thermogenic effect of
BMPSB is also mediated by central regulatory mechanisms
centered on the VMH. It inhibits AMPK signaling in the
VMH, and this effect is further enhanced by OX receptor 1
signaling to promote the thermogenic process—ox-null mice
completely lose this thermogenic effect, indicating that OX
signaling is the core of the central thermogenic mechanism
of BMPS8B [44]. Notably, BMP8B downregulates vesicular
glutamate transporter 2, which is involved in glutamater-
gic signaling, thereby regulating OX expression and further
modulating central thermogenic responses [46].

BMPSB is recognized as a significant “batokine”, a
signaling molecule secreted by BAT. It acts in autocrine,
paracrine, or endocrine manners. BMP8B is produced in
BAT and affects systemic energy metabolism through the
CNS [61]. Preclinical studies have indicated that BMP8B
regulates energy balance primarily via actions in the hypo-
thalamus. However, its central effects were mostly demon-
strated by central administration (e.g., local injection into the
VMH) in rodent models. Notably, high-fat diet-induced obe-
sity causes resistance to these central effects, further limiting
their translational value in obese human populations [10].
The mechanisms underlying this resistance include the fol-
lowing: (1) Lack of effect on AMPK signaling. In this study,
BMPS8B was administered centrally to rats fed a standard
diet (SD) or a high-fat diet (HFD). BMP8B promoted weight
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loss in SD-fed rats but failed to produce the same effect in
obese rats fed an HFD. These findings suggested that the
central effects of BMP8B were counteracted in obese condi-
tions. In SD-fed rats treated with BMP8B, the phosphoryla-
tion of AMPK significantly decreased, indicating that inhibi-
tion of AMPK is a key mechanism through which BMP8B
promotes thermogenesis. However, in obese rats fed a HFD,
AMPK signaling inhibition was absent, further supporting
the notion that obesity induces BMP8B resistance [62].

BMPSB plays a key role in appetite regulation. In rodent
models, such as Sprague—Dawley rats and OX-KO mice,
local administration of BMP8B into the VMH inhibited
AMPK in the VMH, upregulated OX in the lateral hypotha-
lamic area (LHA), and subsequently activated glutamatergic
signaling via vesicular glutamate transporter 2 (VGLUT2)
[46]. Another study revealed that the central administra-
tion of BMP8B enhanced thermogenesis by upregulating
OX activity, activating glutamatergic signaling in the LHA,
and promoting the sympathetic activation of BAT. In OX-
deficient mice, the thermogenic effect of BMP8B was com-
pletely abolished, further confirming the upstream regula-
tory role of AMPK in the VMH in OX signaling.

(2) Reduced expression of Bardet-Biedl syndrome
1 (BBS1) protein. BBSI is a critical component of the
BBSome complex in the VMH and participates in regulat-
ing energy balance in the hypothalamus. A lack of BBS1 led
to a loss of central responsiveness to BMP8B. Studies have
shown that a HFD reduces the expression of BBS1 in the
VMH, which indicates an important mechanism underlying
BMPSB resistance. In mice with a single missense mutation
in the BBS1 gene, the absence of central responsiveness to
BMPS8B further confirmed the role of BBS1 in this process
[62].

(3) Downregulation of BMP receptor signaling. Obesity
also reduced the expression and signaling capacity of BMP
receptors—including ALK4, ALKS, and ALK7—in the
VMH. This decrease in receptor signaling further weakened
the biological effects of BMPSB.

Its peripheral-central synergistic mechanism is charac-
terized by “amplification of thermogenic effects”, in which
BMPS8B enhances the NE response and thermogenic capac-
ity of mature brown adipocytes in the periphery and further
activates BAT thermogenesis through the hypothalamic-SNS
pathway in the central region, resulting in the formation of a
positive feedback loop that maximizes energy consumption.

6.3 BMP9

BMP9 decreases food intake in animals. It suppresses their
appetite and prevents overeating. In addition to decreasing
food consumption, BMP9 also decreases feeding efficiency,
thereby contributing to weight loss [26, 63].
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7 Transformation and Application of BMPs
7.1 BMP?7

BMP7 is currently approved by the U.S. Food and Drug
Administration (marketed by Stryker Biotech as OP-1) for
treating long bone nonunion and recalcitrant nonunion.
However, it has not yet been used in human clinical trials as
a weight loss or antidiabetic pharmaceutical. This raises the
following question: What are the potential uses of BMP7 in
treating obesity?

Guo et al. showed that by creating a switchable stealth
coating, CPO5-TK-mPEG can be attached to exosomes.
This coating allowed for the controlled removal of the PEG
layer on the exosomes through ultrasound-triggered reactive
oxygen species (ROS) to break the thioketal (TK) bonds.
This process enables the targeted release of BMP7 mRNA
in specific tissues, such as omental adipose tissue, while
effectively preventing its uptake by RAW264.7 cells and
nontarget organs. The delivery system effectively induced
browning of adipose tissue and increased the expression
of UCPI [64]. Another study revealed that the use of silk
fibroin hydrogels as carriers for direct delivery of BMP7
to scWAT enhanced WAT browning in mice. This treat-
ment also reduced the respiratory exchange ratio, increased
whole-body energy expenditure, and improved metabolic
parameters in diet-induced obesity models. However, these
results were obtained in murine scWAT, which differed from
those in human scWAT in terms of the degree of fibrosis,
vascularization and the inflammatory microenvironment.
These differences could impact hydrogel degradation and
BMP?7 release efficiency in humans. Furthermore, the short-
term effects observed over weeks do not address long-term
safety concerns such as potential foreign body reactions,
which are critical for clinical translation [22]. These find-
ings suggest that BMP7 has potential as a therapeutic candi-
date for obesity. Their relevance to humans requires careful
evaluation. Notably, the studies mentioned only assessed
short-term effects.

At an ambient temperature of 21 °C, soluble recombinant
BMP7 was administered to C57BL/6J mice via a subcuta-
neous micro-osmotic pump for 4 weeks. BMP7 increased
BAT weight, UCP1 expression, lipid oxidation, and total
energy expenditure in a dose-dependent manner. Addition-
ally, BMP7 led to a reduction in body and liver fat, as well
as improvements in hyperlipidemia and hyperglycemia.
Therefore, the recruitment and activation of BAT mediated
by BMP7 are temperature dependent and may involve the
sympathetic nervous system. Therefore, BMP7 could be a
promising target for combating obesity and related disorders
[50].

Systemic BMP7 administration produced positive results
in animal models, effectively reversing diet-induced and
genetically induced obesity and diabetes in mice. However,
translating this approach to humans proved challenging
because of potential bone formation at high doses and the
short half-life of BMP7 in circulation. Previous studies in
mice have shown that targeted, sustained BMP7 release in
scWAT enhances therapeutic benefits. This improved brown
adipogenesis, reduced white fat mass, activated energy
expenditure in brown adipocytes, and promoted weight
loss. This targeted delivery strategy avoids the potential
side effects of systemic administration, such as unwanted
osteogenesis in areas with osteoprogenitor cells.

7.2 BMP9

BMP9 is predominantly expressed in hepatocytes and plays a
role in regulating the expression of enzymes involved in glu-
cose homeostasis. MB109, an rBMP9 derivative, enhanced
the browning of human adipose-derived stem cells. MB109
also improved glucose homeostasis by modulating genes
related to brown adipogenesis. MB109 (200 pg/kg/week)
was injected into HFD-induced obese mice in a systemic
intraperitoneal manner. It inhibited weight gain by reduc-
ing the size of white adipocytes and lowering fasting blood
glucose levels after 16 h without changing food intake or
behavior. In mice fed an HFD, MB109 upregulated genes
related to brown adipogenesis on SAT but not in visceral
adipose tissue. Additionally, systemic administration of
MB109 increased the expression of fatty acid synthase in
the livers of obese mice, which may contribute to alleviat-
ing obesity-related hyperglycemia. These results revealed
the roles of BMP9 in brown adipogenesis and in mitigating
the pathophysiology of HFD-induced obesity, potentially
through the activation of the activin receptor-like kinase 1
signaling pathway [65].

7.3 BMP4

Studies have shown that BMP4 gene therapy does not affect
body weight, WAT browning, or energy expenditure in obese
mice. However, it notably improved systemic insulin sen-
sitivity and glucose tolerance. BMP4 also reduced hepatic
glucose production and decreased the activity of gluconeo-
genic enzymes in the liver but improved insulin activity in
the liver [33]. Studies have also confirmed that while BMP4
gene therapy in adult mice suppressed BAT activation, it still
prevented obesity through the browning of SAT [57].

7.4 Core Challenges in Clinical Translation

Despite the promising preclinical efficacy of BMPs in
regulating energy metabolism and combating obesity, their
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clinical translation is hindered by interconnected barriers.
These primarily include a narrow therapeutic window due to
dose-dependent effects [66], inherent osteogenic activity that
increases the risk of ectopic bone formation upon systemic
administration [67], and delivery system limitations such
as poor tissue specificity, short half-lives, and impractical
invasive routes.

To address these interconnected barriers, a multifaceted
strategy that integrates precision medicine, molecular engi-
neering, and advanced delivery technologies is essential:

(1) Precision dosage optimization. Three complementary
strategies, biomarker-guided stratification (integrating
adipose BMP receptor profiles, circulating antagonist
levels, and machine learning for personalized dose
prediction) [68], dynamic therapeutic drug monitoring
(TDM) for real-time serum BMP tracking and timely
dosage adjustments, and low-dose BMP subtype com-
binations that synergistically increase thermogenesis
while reducing individual agent doses and mitigating
dose-dependent adverse effects, have been proposed.

(2) Targeted inhibition of osteogenic side effects. Sev-
eral strategies can achieve this goal: the development
of adipose-preferring BMP variants via molecular
modification to retain brown adipogenic activity while
substantially reducing osteogenic potential [69], code-
livering BMPs with bone-specific inhibitors to selec-
tively abrogate aberrant osteogenic signaling in bone
tissue without compromising adipose efficacy [68] and
employing noninvasive imaging modalities for real-
time surveillance of ectopic bone formation to enable
timely treatment adjustments.

(3) Innovative targeted delivery systems. Ligand-function-
alized lipid nanoparticles or responsive carriers for
active adipose targeting and on-demand BMP release

Fig. 1 BMP-based therapies TL
potentially increase energy
expenditure, improve insulin IL6 =
sensitivity, and mitigate obesity-
related complications, offering
a novel approach to address the
widespread issue of obesity.
UCP1 uncoupling protein

1; SNS sympathetic nervous
system; PTEN phosphatase and
Tensin homolog
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should be constructed [70], adipose-specific AAV vec-
tors should be used to mediate sustained local BMP
gene expression (overcoming recombinant protein
limitations) [71], and biodegradable hydrogels that
mimic subcutaneous adipose physiology for localized,
prolonged BMP release and enhanced local bioavail-
ability should be employed [72].

(4) Reversing BMP resistance mechanisms. This strat-
egy involves synergistic approaches, including
CRISPR-Cas9-mediated gene editing for pathway res-
toration (activating BMP receptor expression or restor-
ing key protein function to increase sensitivity) [73],
epigenetic modulators to upregulate critical metabolic
genes and reverse obesity-induced BMP signaling
silencing, and BMP combined with anti-inflammatory
agents to ameliorate chronic adipose inflammation and
restore BMP receptor expression and signaling capac-

ity.

Bone-derived bioactive molecules play significant roles
in energy metabolism, particularly through their regulation
of BAT and the browning of WAT. Among these, BMPs—
including BMP4, BMP7, and BMP9—are key regulators
of adipogenesis, thermogenesis, and energy expenditure.
These molecules affect important signaling pathways to
promote BAT differentiation, mitochondrial biogenesis,
and the browning of WAT. Moreover, BMPs also exerted
central effects on appetite regulation and energy balance in
the hypothalamus through their actions in the hypothalamus.
Preclinical studies have indicated that BMP-based therapies
may increase energy expenditure, improve insulin sensitiv-
ity, and alleviate obesity-related complications, suggesting
a novel approach to combat obesity (Fig. 1).

Despite these advances, several critical challenges
remain. First, the exact ways in which BMPs regulate

: 1 Glucose uptake
T Insulin sensitivity—diabetes |

| Fat mass reduction
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energy metabolism, particularly their central effects on the
hypothalamus and their interactions with other metabolic
pathways, are not fully understood. The different roles of
various BMPs in different tissues, such as BAT, WAT, and
the CNS, remain unclear. Second, while animal studies have
shown that BMP-based treatments are effective, the transla-
tion of these results into clinical applications is difficult.
Systemic administration of BMPs, such as BMP7, can cause
unwanted side effects, such as abnormal osteogenesis. Addi-
tionally, the short half-life and potential immunogenicity of
BMPs in circulation present challenges for their therapeutic
use. Third, the long-term safety and efficacy of BMP-based
therapies, particularly in humans, remain largely unknown.
Most studies to date have focused on short-term outcomes,
and the potential for chronic administration to induce unex-
pected side effects or lose efficacy over time warrants careful
investigation.

Future studies should focus on understanding the molecu-
lar and cellular mechanisms of BMP resistance in obesity,
including the downregulation of BMP receptors and related
signaling pathways. This understanding could guide the
development of more effective interventions. Investigating
the combined effects of BMPs with other metabolic regula-
tors, such as leptin and p-adrenergic agonists, may lead to
new, more effective combination therapies. Moreover, the
development of targeted delivery systems for BMPs will
improve their therapeutic specificity and minimize side
effects. Advances in nanotechnology and biomaterials, such
as exosome-based delivery and hydrogel carriers, present
promising strategies for the localized and sustained release
of BMPs in adipose tissues.

In summary, BMPs exhibit unique therapeutic potential
for managing obesity by regulating brown adipogenesis,
thermogenesis, and central energy balance. However, several
critical barriers hinder clinical translation. Poor tissue speci-
ficity increases the risk of off-target effects, such as ectopic
bone formation [74]. Limitations in delivery systems,
including short half-lives and inefficient targeting to adi-
pose or hypothalamic tissues, pose challenges [59]. Finally,
obesity-induced resistance to BMP signaling weakens its
efficacy in obese individuals [75]. Addressing these chal-
lenges requires interdisciplinary collaborations to develop
tissue-specific agonists, optimized delivery strategies, and
combinatorial approaches that counteract resistance mecha-
nisms. These efforts are essential for fully harnessing the
potential of BMPs in treating obesity and related metabolic
disorders.
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