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Bone morphogenetic protein 7 (BMP7) reverses obesity
and regulates appetite through a central mTOR
pathway
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Tim J. Schulz,* Kevin Lee,* Cullen M. Taniguchi,* Daniel O. Espinoza,*
Lindsay E. McDougall,* Hongbin Zhang,* Tong-Chuan He,† Efi Kokkotou,‡,2 and
Yu-Hua Tseng*,2
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Body weight is regulated by coordinating
energy intake and energy expenditure. Transforming
growth factor ␤ (TGF␤)/bone morphogenetic protein
(BMP) signaling has been shown to regulate energy
balance in lower organisms, but whether a similar
pathway exists in mammals is unknown. We have previously demonstrated that BMP7 can regulate brown
adipogenesis and energy expenditure. In the current
study, we have uncovered a novel role for BMP7 in
appetite regulation. Systemic treatment of diet-induced
obese mice with BMP7 resulted in increased energy
expenditure and decreased food intake, leading to a
significant reduction in body weight and improvement
of metabolic syndrome. Similar degrees of weight loss
with reduced appetite were also observed in BMP7treated ob/ob mice, suggesting a leptin-independent
mechanism utilized by BMP7. Intracerebroventricular
administration of BMP7 to mice led to an acute decrease in food intake, which was mediated, at least in
part, by a central rapamycin-sensitive mTOR-p70S6
kinase pathway. Together, these results underscore the
importance of BMP7 in regulating both food intake and
energy expenditure, and suggest new therapeutic
approaches for obesity and its comorbidities.—
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Obesity is currently a global pandemic, accompanied by high rates of metabolic syndrome and disorders, such as type 2 diabetes, cardiovascular disease,
and some cancers. Therefore, developing prevention
and treatment strategies for obesity and its comorbidities are currently of utmost importance for the health
care and research communities. Obesity develops when
energy intake exceeds energy expenditure; therefore,
any treatment for obesity must reduce energy intake,
increase energy expenditure, or have an effect on both.
Despite this simple reality, treatment of obesity remains
one of the most important challenges facing the health
care system.
Bone morphogenetic proteins (BMPs), a family of
developmental factors that belong to the transforming
growth factor (TGF) ␤ superfamily, regulate many
aspects of organogenesis and patterning during embryonic development (1, 2). BMP-mediated effects on
energy metabolism have just begun to emerge (3–7).
The TGF␤/BMP signaling pathway has been shown to
regulate food intake and quiescence in Caenorhabditis
elegans (8) and to modulate metabolism in response to
nutrient state in Drosophila (9). We and others have
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shown that BMPs may act as a molecular switch in
regulating white vs. brown adipogenesis (10 –13).
BMP7, in particular, promotes brown adipocyte differentiation and thermogenic function in adipose progenitor cells and increases brown fat-mediated energy
expenditure in vivo (12). Recently, several members of
the BMP family of ligands and receptors have been
found to associate with obesity-related traits in humans
(5, 14 –16); however, a detailed mechanism for how the
BMPs affect energy balance and obesity remains to be
elucidated.
The central nervous system (CNS) receives diverse
inputs to coordinate appetite and energy expenditure
and is the main control center for body weight regulation. The hypothalamus is the principal site for the
homeostatic regulation of food intake (17, 18). Several
BMP ligands are expressed in different regions of the
brain. Among these, bioactive BMP7 has been found in
cerebrospinal fluid (CSF; refs. 19, 20) and BMP7 is
expressed in several brain regions, including the hypothalamus (21) and choroid plexus. In addition, different BMP receptor isoforms have been demonstrated
throughout the brain (22), including the hypothalamus, indicating that BMP signaling may be involved in
hypothalamic function.
Given that many factors that affect whole body energy balance act on central targets regulating food
intake and energy expenditure (17, 23), here, we tested
the hypothesis that BMP7 may play a role not only in
energy expenditure via its direct effects on brown
adipose tissue, as established previously by our group
(12), but also in the central regulation of food intake,
as is true for other factors such as leptin (24). We have
now demonstrated that systemic administration of
BMP7 is able to reverse obesity via an increase in energy
expenditure as well as a reduction of appetite. In
addition, this ameliorates the associated metabolic
complications induced by a high-fat diet, even in the
Agouti mice, which lack some melanocortin receptor
activity, or in the absence of leptin (ob/ob mice), making
BMP7 an attractive potential obesity therapeutic for
diet-induced obesity and leptin-resistant situations. Intracerebroventricular (i.c.v.) administration of BMP7
reduces appetite, via the mammalian target of rapamycin (mTOR)-p70S6 kinase (p70S6K) pathway, and this
effect was inhibited on pretreatment with the mTORp70S6K inhibitor rapamycin. Taken together, these
data provide evidence for BMP7 as a novel anorectic
factor, acting through leptin-independent mTOR pathways in the hypothalamus to reduce appetite and
reverse obesity.

MATERIALS AND METHODS

higher dosage of viruses per gram of body weight, which
resulted in several hundred-fold higher levels of serum BMP7
in the obese mice compared with those used in our previous
study (12). Blood was collected via cardiac puncture, and
plasma insulin, leptin, and adiponectin were measured by
ELISA at the Joslin Specialized Assay Core (Harvard Medical
School).
Oxygen consumption
Oxygen consumption was measured in mice 7–10 d after
adenoviral injection by indirect calorimetry in a comprehensive laboratory animal monitoring system (CLAMS; Columbus Instruments, Columbus, OH, USA), as described previously (12).
Brain immunohistochemistry and immunofluorescence
For immunohistochemical staining, primary antibodies recognized c-Fos (dilution 1:200; Cell Signaling Technologies,
Beverly, MA, USA), ␣-melanocyte-stimulating hormone
(␣MSH; dilution 1:1000; Millipore, Bedford, MA, USA) or
phospho-p70S6K (dilution 1:200; Cell Signaling Technologies). The signal was visualized using the Universal Vectorstain Elite ABC kit (Vector Laboratories, Burlingame, CA,
USA). For immunofluorescence, ALK3 was detected by a
Zymed antibody (1:200; Invitrogen, Carlsbad, Ca, USA), and
ALK2 was detected by an Abcam antibody (1:200). Sections
were analyzed by confocal microscopy on a Zeiss LSM-410
Invert Laser Scan Microscope (Carl Zeiss MicroImaging,
Thornwood, NY, USA).
Quantitative-reverse transcription-polymerase chain reaction
(Q-RT-PCR) analysis
This procedure was performed as described previously (12).
Sequences of primers used in this study are listed in Supplemental Table S1.
In situ hybridization
Riboprobes were in vitro transcribed and labeled with digitoxin using DIG RNA Labeling Mix (Roche, Minneapolis,
MN, USA) and the Riboprobe Combination System (Promega, Madison, WI, USA). cRNA sense and antisense probes
to the region corresponding to nt 1037 to 1857 of bone
morphogenetic protein receptor 2 (BMPRII) were generated.
The specific signal was detected with anti-digoxigenin-AP, Fab
fragments (1:500; Roche).
LacZ staining
Sections of 8 m thickness were prepared and postfixed for 5
min in ice-cold 4% buffered formaldehyde. Tissues were
rinsed (PBS, 0.02% Nonidet P-40, 0.01 sodium deoxycholate,
2 mM MgCl2) and stained (1 mg/ml X-Gal in rinse buffer) at
37°C overnight in the dark.
Acute feeding studies

Systemic BMP7 treatments
Mice were fed a high-fat, hypercaloric diet that provided 45%
of calories from fat (Research Diets D12451; Research Diets,
New Brunswick, NJ, USA). Adenoviruses were prepared as
described previously (25). Mice were injected via tail vein
with 2.5 ⫻ 1010 viral particles per gram of weight and
sacrificed at 12–15 d after injection. We used a 50 times
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Anesthetized mice were placed in a stereotactic device and a
26-gauge guide cannula (Plastics One, Roanoke, VA, USA)
was inserted into the right lateral cerebral ventricle (1.0 mm
posterior, 1.0 mm lateral, and 2.0 mm ventral to the bregma).
After 1 wk recovery, cannulated mice were food deprived for
4 h prior the onset of the dark cycle. At 1–2 h prior to the
onset of the dark cycle, mice received an i.c.v. injection (1 l)
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of BMP7 (2 g/l; R&D Systems, Minneapolis, MN, USA),
leptin (1.6 g/l), or vehicle using an internal cannula
connected to a Hamilton microsyringe (Hamilton, Reno, NV,
USA). Food was returned to the cages immediately after the
injection. In combined treatments, food was removed 6 h
before the onset of the dark cycle, and 0.5 l of i.c.v.
rapamycin (2.5 g/l) or DMSO was injected 2 h before the
administration of BMP7 or buffer, as described above.
Glucose and insulin tolerance tests
Food was removed from the cages for 6 h, and mice were
injected intraperitoneally with either 1 g/kg dextrose (for
glucose tolerance test) or 2 U/kg insulin (Humulin; Eli Lilly,
Indianapolis, IN, USA; for insulin tolerance test). Blood
glucose was monitored at the indicated time points via tail
bleeding and using a glucometer (Accu-Check; Roche).
Conditioned taste aversion and mouse malaise scoring
Conditioned taste aversion was conducted similar to Cannon
et al. (26), with the choice of 2 water bottles (0.15% sodium
saccharin or plain drinking water) following a period of
training. Malaise scoring was based on methods described by
the American Association for Laboratory Animal Science
(http://www.iacuc.org), the National Academies Guidelines
for the Care and Use of Mammals in Neuroscience and
Behavioral Research (http://www.nap.edu), and the Institute
for Laboratory Animal Research (http://dels-old.nas.edu/
ilar_n/ilarjournal/41_2/Systematic.shtml).
Cell culture
Mouse embryonic hypothalamic cells (mHypoE-N25/2; Cellutions Biosystems, Toronto, ON, Canada) were grown in
6-cm dishes in DMEM-high-glucose media supplemented with
10% FBS and antibiotics. At 80% confluence, serum was
replaced with 0.1% BSA, and after 16 h, cells were treated
with 3.3 nM BMP7 (R&D Systems), 100 nM insulin, 100 nM
rapamycin, or vehicle (4 mM HCl and 0.1% BSA) and
harvested at various time points.
Western blot analysis
Protein lysates were analyzed as described previously (12)
using antibodies against phospho-Sma and Mad-related family (SMAD) 1/5/8, phospho-p70S6K, phospho-signal transducer and activator of transcription 3 (STAT-3), phosphop38, cyclophilin A, or ␤-tubulin (Cell Signaling Technology).
Statistical analysis
The effect of treatment was evaluated by Student’s t test,
ANOVA factorial followed by post hoc Fisher’s protected least
significant difference test, or ANOVA repeated measures
using STAT View (SAS Institute, Cary, NC). Error bars
indicate standard error; values of P ⬍ 0.05 were considered
significant.

RESULTS

increased energy expenditure (12, 13), we sought to
investigate the effects of BMP7 on systemic energy
metabolism and obesity-related metabolic disorders.
C57BL/6 mice were made obese by consuming a
high-fat, high-caloric diet (45% calories from animal
fat) for 12 wk [diet-induced obese (DIO) mice]. This
model closely resembles common dietary obesity in
humans. DIO mice received a single tail-vein injection
of BMP7-expressing adenovirus or LacZ-expressing adenovirus as a control. Interestingly, DIO mice receiving
BMP7 adenovirus displayed a progressive weight loss
(Fig. 1A). While mice receiving control LacZ adenovirus maintained stable body weight, BMP7-treated mice
started to lose weight 2 d after adenovirus injection,
and the weight loss reached statistical significance at d
7. At d 9, the BMP7-treated DIO mice had lost 14.8% of
the initial body weight, and no more weight loss was
observed at d 12, presumably due to the transient
expression nature of the adenovirus.
Two factors potentially contribute to BMP7-mediated
leanness in this mouse model: increased energy expenditure as previously demonstrated by our group (12)
and reduced caloric intake. Indeed, BMP7 adenovirustreated mice had a 10% increase in oxygen consumption without any changes in locomotor activity (Fig. 1B
and Supplemental Fig. S1) and consumed 30% less
food throughout the study, compared to the mice
treated with control adenovirus (Fig. 1C). To delineate
the relative contributions of reduced food intake and
increased energy expenditure on BMP7’s antiobesity
effect, we included in our study a pair-fed group of DIO
mice, which were treated with control adenovirus, but
fed the same amount of food consumed the previous
day by the BMP7-treated mice. This experiment
revealed that ⬃75% of the weight loss in the BMP7treated obese mice was attributed to reduced food
consumption, while increased energy expenditure
accounted for the remaining 25% of the weight loss
(Fig. 1D).
BMP7-induced leanness in DIO mice was primarily
due to loss of fat, but not lean, mass (Fig. 1E). Consistent with reduced adiposity, BMP7-treated mice had a
trend of lower serum leptin levels (Fig. 1F). The weight
loss in DIO mice was also associated with improvements
in additional parameters of the metabolic syndrome,
including improved glucose tolerance (Fig. 1G) and
insulin sensitivity (Fig. 1H) and reversed hepatic steatosis induced by high-fat feeding (Fig. 1I). DIO mice
receiving adenoviral injections showed no sign of illness, and histological analysis of all major organs
revealed no adverse pathology. Moreover, serum
levels of alanine aminotransferase (ALT) and interleukin-6 (IL-6), markers of liver injury and inflammation, respectively, were not different in BMP7- vs.
LacZ-treated mice (Supplemental Fig. S1B, C), suggesting that BMP7 adenovirus treatment did not
cause any unwanted liver pathology or inflammation.

Systemic BMP7 treatment reduces appetite and
promotes weight loss in mice with diet-induced
obesity

BMP7 treatment results in weight loss in leptindeficient (ob/ob) mice

Following from our previous studies, which showed a
role for BMP7 in promoting brown adipogenesis and

To interrogate whether the effects of BMP7 on appetite
are leptin-dependent, we employed the paradigm de-
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Figure 1. Systemic administration of BMP7 reduces appetite and body
weight in DIO mice. A) Body weight monitoring of DIO mice receiving
BMP7 or LacZ adenovirus (control), showing a weight-lowering effect of
BMP7. B) DIO mice treated with BMP7 adenovirus had increased oxygen
consumption as measured by CLAMS, compared to mice treated with
LacZ adenovirus. C) DIO mice treated with BMP7 adenovirus consumed
less food during a 12-d period, compared to mice treated with LacZ
adenovirus. D) DIO mice treated with BMP7 adenovirus lost more weight
compared to pair-fed animals, indicating that the effects of BMP7 on body weight reflect both increased energy expenditure
and reduced food intake. E) BMP7-mediated weight loss in DIO mice was due to a decrease in fat mass, not lean mass, as
measured by DEXA scanning. F) BMP7-treated DIO mice had lower serum leptin levels at the end of the study, consistent
with reduced adiposity in these mice, compared to DIO mice treated with LacZ adenovirus. G, H) DIO mice treated with
BMP7 adenovirus had improved glucose tolerance and increased insulin sensitivity as evaluated by glucose (G) and insulin
(H) tolerance tests. I) H&E-stained liver sections of DIO mice treated with BMP7 or LacZ for 12 d. Mice treated with BMP7
(right panel) had reduced fat accumulation in their liver compared to control mice (left panel). *P ⬍ 0.05, **P ⬍ 0.01,
***P ⬍ 0.001.

scribed above to assess whether leptin-deficient (ob/ob)
mice were responsive to BMP7 treatment. We found
that systemic treatment of ob/ob mice with a BMP7expressing adenovirus resulted in 15% weight loss
(Fig. 2A) associated with a significant reduction in food

intake (Fig. 2B). Most importantly, and consistent with
their leaner phenotype, BMP7-treated ob/ob mice had
reduced plasma insulin levels by 73.5% (Fig. 2C), a
2-fold increase in serum adiponectin levels (Fig. 2D)
and retained their glucose levels (Fig. 2E), suggesting

Figure 2. Systemic effects of BMP7 are leptin-independent. A, B) Treatment of leptin-deficient ob/ob mice with BMP7 adenovirus
resulted in significant weight loss (A) and reduced food consumption (B) compared to ob/ob mice that received LacZ adenovirus
(control) during a 13-d study. C–E) BMP7 adenovirus-treated mice had lower plasma insulin levels (C), higher adiponectin levels
(D), and no change in glucose levels (E), indicating increased insulin sensitivity compared to LacZ-adenovirus-treated ob/ob
mice. N.S., not significant. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 vs. control.
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Figure 3. Expression of BMP7 ligand and receptors in the hypothalamus. A) In situ hybridization analysis of hypothalamic
sections for BMPRII (pink), showing caudal hypothalamus (left panel) and rostral hypothalamus (right panel). Antisense
represents specific staining (top panel), while sense staining represents background (bottom panel). BMPRII, a type 2 BMP
receptor, was highly expressed throughout the hypothalamus. B, C) Immunofluorescence staining (green FITC signal) for the
type 1 BMP receptors ALK3 (B) and ALK2 (C) in the mouse hypothalamus, along the third ventricle. ALK3 staining was most
robust in the arcuate and paraventricular nuclei, while ALK2 staining was most robust in the dorsomedial and paraventricular
nuclei. D) LacZ staining of mouse hypothalamus (top panel) and dorsal midbrain (including ventricular system and choroid
plexus; bottom panel) showing BMP7-positive cells (blue) in BMP7 reporter mice. Arrowheads indicate choroid plexus
surrounding the ventricles (bottom panel).

an overall improved insulin sensitivity in these mice.
Similar to the DIO experiments, we found that ob/ob
mice receiving BMP7 adenovirus did not have increased serum ALT or IL-6 (Supplemental Fig. S1D, E).
Notably, the high circulating levels of ALT in ob/ob mice
were significantly reduced in BMP7-treated mice, suggesting an improved liver function in these obese mice.
Taken together, these results clearly indicate that
BMP7 does not require leptin to mediate its appetitelowering effects.
BMP7 inhibits acute food intake when injected
centrally
Given the role of the hypothalamus in homeostatic
regulation of appetite, we first sought to confirm the
presence of BMP7 ligand and receptors in mouse
hypothalamus. The BMPs signal through a transmembrane receptor heterodimer comprising a type II receptor and a type I receptor. Among these different
receptor isoforms, 3 type I receptors (ALK3/BMPR1a,
ALK6/BMPR1b, and ALK-2) and 3 type II receptors
(BMPRII, ActRIIa, and ActRIIb) mediate most of the
effects of BMPs. We demonstrated hypothalamic
mRNA expression of all 6 isoforms of the type I and
type II BMP receptors by quantitative real-time PCR, as
well as expression of BMP ligands 2, 4, 6, and 7 (data
not shown). Furthermore, we verified the presence of
BMPRII, ALK2, and ALK3 in hypothalamic areas
BMP7 AND REGULATION OF APPETITE

known to regulate food intake by in situ hybridization and immunofluorescence staining, respectively
(Fig. 3A–C). While BMPRII is widespread in the brain,
type I receptors, such as ALK3 and ALK2, are more
limited in distribution within the hypothalamus. Specifically, ALK3 is mainly expressed in the lateral hypothalamus and arcuate nucleus, and ALK2 is expressed in
the medial-lateral hypothalamus. Using a transgenic
mouse in which the BMP7 coding sequence has been
replaced by LacZ (27), we localized BMP7 expression to
the hypothalamus and choroid plexus (Fig. 3D), as well
as other brain regions as previously reported (28).
To examine potential effects of BMP7 on feeding
behavior, we administered recombinant BMP7 intracerebroventricularly into the lateral ventricle of
C57BL/6 mice. The injections took place within 2 h
of the start of the dark cycle, when mice consume most
of their food. Mice treated with BMP7 consumed 44.4%
less food compared to vehicle treated mice (Fig. 4A), a
finding which was replicated in 7 independent experiments. Likewise, mice treated with leptin, a strong
suppressor of appetite, showed an 88.9% reduction in
4-h food consumption (Fig. 4A). Interestingly, in the
same experimental setting, treatment with BMP2, another member of the family, had no effect on food
intake (Supplemental Fig. S2A). The anorectic effect of
BMP7 was not due to taste-aversion or illness, as mice
receiving i.c.v. BMP7 displayed no malaise (Supplemental Fig. S2B), and saccharin preference was not affected
2191

Figure 4. Intracerebroventricular administration of BMP7 suppresses food intake. A) Intracerebroventricular administration of
rhBMP7 acutely reduced food intake in C57BL/6 mice. Results are presented from a representative of 7 independent
experiments. Leptin served as a positive control. B) Food intake 4 h after i.c.v. rhBMP7 or vehicle treatment of ob/ob mice,
showing that leptin-deficient mice maintain an anorectic response to BMP7 administration. C) Hypothalamic staining for c-Fos
immunoreactivity (brown) at 60 min after i.c.v. injection of mice with either vehicle (left panel), rhBMP7 (middle panel), or
leptin (right panel), showing increased c-Fos expression in response to both leptin and BMP7 treatments in the arcuate and
ventromedial nuclei. D) mRNA expression of hypothalamic neuropeptides at 4 h after i.c.v. rhBMP7, leptin, or vehicle as
measured by Q-RT-PCR, showing a significant increase in POMC expression by BMP7 treatment. E) ␣-MSH immunostaining
(brown) of hypothalamic sections 60 min after i.c.v. injection of mice with either vehicle (left panel), rhBMP7 (middle panel),
or leptin (right panel), showing increased ␣-MSH expression in response to both leptin and BMP7 treatments, in the arcuate
nucleus. F) Food intake 4 h after i.c.v. BMP7 or vehicle treatment in Agouti mice (KK, Cg-Ay/J), showing that Agouti mice
maintain an anorectic response to BMP7 administration. *P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001 vs. control.

by i.c.v. BMP7, as demonstrated in a conditioned taste
aversion test (Supplemental Fig. S2C).
Following from the systemic BMP7 treatment to ob/ob
mice, and to dissociate the central from peripheral
effects of BMP7 on food intake in the leptin-deficient
state, ob/ob mice were also treated i.c.v. with a single
injection of BMP7, and their food intake was monitored
over time. We found that centrally administered BMP7
reduced food intake in the ob/ob mice (Fig. 4B), similar
to levels seen in wild-type controls, further demonstrating that the central effect of BMP7 on suppression of
food intake is leptin independent.
The arcuate nucleus (ARC), situated adjacent to the
floor of the third ventricle in the mediobasal hypothalamus, contains neurons that exert potent effects on
food intake and energy expenditure. The anorectic
response to centrally administered BMP7 was accompanied by a significant increase in c-Fos-immunoreactive
neurons, a marker of neuronal activation, in the hypothalamus and particularly in the ARC (Fig. 4C). It has
been well established that leptin and other anorectic
factors regulate food intake at the hypothalamic level,
at least in part, by increasing expression of the anorexigenic neuropeptide ␣-MSH, one of the products of the
proopiomelanocortin (POMC) gene, while also downregulating expression of the orexigenic neuropeptide Y
(NPY) and Agouti-related peptide (AgRP) in the ARC
(18). We found a significant up-regulation of hypotha2192
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lamic POMC expression in C57BL/6 mice that received
BMP7 (Fig. 4D), along with increased hypothalamic
␣MSH immunoreactivity in the ARC (Fig. 4E). To
determine whether the melanocortin pathway is necessary for the anorectic action of BMP7, we administered
i.c.v. BMP7 to the Agouti yellow mutant (Ay/a) mice.
These mice, which ectopically overexpress Agouti protein and display reduced melanocortin-4 receptor
(MC4R) activity, are hyperphagic and obese (29, 30).
Somewhat paradoxically, while BMP7 is able to increase
POMC and ␣-MSH in the hypothalamus, the Ay/a mice
retain responsiveness to the appetite-lowering effects of
BMP7 (31.4% decrease; Fig. 4F), suggesting that MC4R
may not be essential for BMP7’s anorectic effect or that
the increased ␣MSH is improving MC4R activity. These
data led us to postulate that BMP7 might activate other
anorectic pathways that are either parallel or downstream of the melanocortin pathway.
In a loss-of-function study, we knocked down BMPRII, the most abundantly expressed BMP receptor
isoform in the brain, by delivering i.c.v. lentiviruses
expressing shRNA against BMPRII or vector control. At
2 wk after injection, these mice were treated i.c.v. with
BMP7 just prior to the start of the dark cycle, followed
by acute food intake measurements. While control mice
displayed reduced food intake in response to BMP7
treatment, mice with BMPRII knockdown did not respond to BMP7, indicating that this prevalent BMP
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Figure 5. BMP7 utilizes the mTOR pathway to regulate food intake. A) Western blot analysis demonstrating that BMP7, when
injected i.c.v. in mice, activated multiple signaling pathways in the hypothalamus, most notably the p70S6K and pSTAT3
pathways. Cyclophilin A serves as a loading control. B) Intracerebroventricular rhBMP7-activated phos-p70S6K (brown) in the
ARC (left panels) and PVN (right panels), as detected by immunohistochemical staining of hypothalamic sections using a
specific antibody against phospho-p70S6K at 30 min following injection of BMP7. Arrows indicate cells that are positive for
phos-p70S6K. C) Activation of SMAD and p70S6K signaling pathways by BMP7 in the hypothalamic neuronal cell line N25/2,
as evaluated by Western blot analysis using phospho-specific antibodies. D) Western blot analysis of phosphorylated p70S6K in
response to 30 min of BMP7 or insulin stimulation in the hypothalamic neuronal cell line N25/2. The 70 kDa-band
corresponding to p70S6K is completely blocked by 1 h rapamycin pretreatment. ␤-Tubulin serves as a loading control. E)
Rapamycin, an mTOR inhibitor, reversed the anorectic effect of rhBMP7 injected i.c.v. into mice. Average food consumption
at 4 h and 16 h post-treatment are presented. *P ⬍ 0.05.

receptor isoform in the brain is essential for BMP7’s
anorectic effect (Supplemental Fig. S3).
BMP7 activates the mTOR pathway to suppress food
intake
To map the signaling pathways utilized by BMP7 in the
central regulation of food intake, we performed i.c.v.
injections of BMP7 and evaluated activation of potential signaling candidates by Western blot analysis. The
canonical BMP signaling pathways are the SMAD and
p38 mitogen-activated protein kinase (MAPK) pathways; however, it has also been reported that BMPs are
able to activate other signaling pathways, such as the
mTOR (31) and STAT3 (32) pathways, in different
cellular systems. Some of these pathways are well known
to be involved in CNS regulation of appetite and energy
expenditure. At 30 min, we observed a slight increase in
SMAD1/5/8 phosphorylation and no change of phospho-p38 MAPK, both members of established pathways
for BMP7 signaling in other tissues (33) (Fig. 5A).
Notably, BMP7 treatment resulted in a robust and
sustained increase in p70S6K phosphorylation, a downstream effector of mTOR signaling (Fig. 5A). Tyrosine
phosphorylation of STAT3, a key mediator of leptin
signaling, was also induced by BMP7 (Fig. 5A). Immunohistochemical staining confirmed that BMP7 induces
activation of p70S6K in the ARC and the paraventricular nucleus (PVN) of the hypothalamus (Fig. 5B), two
regions involved in the anorectic response.
To our knowledge, this is the first report of BMPmediated activation of the mTOR pathway, a wellBMP7 AND REGULATION OF APPETITE

established sensor of nutrient availability, in the CNS.
However, the effects of BMP7 on mTOR activation
could be direct or indirect. To clarify this, we used a
hypothalamic neuronal cell line (N25/2). Notably, in
these neuronal cells, activation of p70S6K by BMP7
occurred earlier than that of SMAD activation (Fig.
5C), implying that the mTOR-p70S6K pathway may
serve as a major signaling pathway in the CNS to
mediate BMP7’s effects on energy balance. The activation of this 70-kDa band by BMP7 or insulin (serving as
a positive control) in N25/2 cells was completely
blocked by the mTOR inhibitor rapamycin, confirming
the specificity of the band (Fig. 5D).
Finally, to underscore the functional significance of
BMP7-mediated mTOR activation in the regulation of
food intake, we pretreated mice i.c.v. with rapamycin,
an inhibitor of mTOR complex 1 (p70S6K) signaling,
followed by BMP7 treatment. Indeed, rapamycin completely abolished the inhibitory effect of BMP7 on food
intake (Fig. 5E), Taken together, these data provide a
mechanistic explanation for how BMP7 regulates food
intake and indicate that the mTOR pathway is essential
for the central anorectic effects of BMP7.

DISCUSSION
Obesity develops as a result of positive energy balance
due to increased nutrient intake and/or reduced energy expenditure. In previous studies, we have shown
that systemic BMP7 delivery via adenovirus-mediated
overexpression, leads to increased brown adipose tissue
2193

development and increased energy expenditure in lean
mice (12). In the current study, we demonstrate, as
predicted, that BMP7 is able to reverse diet-induced
obesity, in part, by increasing energy expenditure.
However, we also made the unexpected finding that
systemic BMP7 administration also decreases appetite,
and this reduction in food intake contributes to 75% of
BMP7-mediated weight loss in DIO animals. We define
a central mechanism involving the mTOR-p70S6K pathway utilized by BMP7 to directly regulate food intake. In
addition to the findings in DIO mice, BMP7 is also able
to exert its appetite-lowering and weight-reducing effects in a genetically obese mouse model lacking leptin,
suggesting that BMP7’s effect on appetite is leptinindependent. This finding is of particular importance
for human obesity, which is associated with severe
leptin resistance (34, 35). These studies provide exciting evidence that BMP7 may be a promising novel
therapeutic target for the treatment of obesity and
metabolic syndrome.
BMP7’s anorectic effect necessitates mTOR-p70S6K
signaling, as pretreatment with the inhibitor rapamycin
renders the i.c.v. BMP7 treatments incapable of reducing acute food intake. The mTOR signaling pathway is
now well recognized as an important component in the
hypothalamic regulation of energy balance. Previous
studies have highlighted the importance of mTOR
signaling in the regulation of food intake by leptin and
nutrients (36 – 40). The mTOR pathway has been
shown to be activated by other BMPs in a lung cancer
cell model (31); however, in this study, we demonstrate
for the first time that BMP7 can directly activate the
mTOR signaling pathway in the hypothalamus, as well
as in a hypothalamic neuronal cell line. To the best of
our knowledge, this is also the first report showing that
BMP-mediated activation of the mTOR pathway is
involved in appetite regulation. Interestingly, mTOR is
also known to act as a regulator of neuronal remodeling (41). Thus, BMP7, a neurotrophic factor, may act
through the noncanonical mTOR signaling pathway in
the brain to regulate neuronal remodeling/synaptic
plasticity, as well as appetite control.
The fact that BMP7 is able to suppress food intake in
Ay/a (Agouti) mice further suggests that BMP7 may
activate different signaling systems that are either parallel or downstream of the MCR4-dependent pathway
utilized by ␣-MSH. Indeed, it has been previously
shown that several anorectic peptides, including leptin,
retain their effects in obese Ay/a or MC4R-deficient
mice (42), and brain-derived neurotrophic factor
(BDNF) is able to exert its anorectic effect downstream
of the melanocortin receptors in the hypothalamus
(43). Interestingly, BDNF is also able to activate mTOR
signaling (44, 45), and mTOR signaling has been
shown to act downstream of the MC4 receptor (46).
This led us to postulate that BMP7 may act similarly to
BDNF by acting downstream of MC4R to activate
mTOR signaling, thereby reducing appetite. In addition, our findings that BMP7 is effective in states of
leptin resistance (the DIO mice) and leptin deficiency
(the ob/ob mice) indicate that BMP7 acts independently
of leptin in suppressing food intake, as do several other
appetite-regulating factors, such as ciliary neurotrophic
2194
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factor (CNTF; 47). Interestingly, CNTF, BDNF, and
BMP7 are all well-characterized neurotrophic factors,
which have now all been linked to CNS regulation of
energy balance (48 –53). Thus, the anorectic effect of
BMP7 discovered in this study suggests that BMP7 may
functionally resemble BDNF and CNTF, which not only
play an important role in neuronal development and
plasticity, but also in regulating appetite and sympathetic outflow to energy-expending tissues, such as
brown adipose tissue.
While these findings are novel and exciting, we
acknowledge that much is still unknown about the
physiological role of BMP signaling in the central
regulation of energy balance. We have observed the
presence of BMP7 ligand in a restricted pattern in the
mouse brain, which includes the choroid plexus and
the hypothalamus, while analysis of receptor distribution indicates that BMPRII is widespread in the brain,
and type I receptors are more limited in distribution
within the hypothalamus. At the mRNA level we can
detect BMP 2, 4, 6, and 7 in the hypothalamus, but
whether these BMPs exert unique vs. overlapping/
complementary functions in this key brain region is still
unknown. Thus far, we have shown that at least one
other BMP, BMP2, is unable to exert appetite-lowering
effects. While the molecular differences between BMP2
and BMP7 remain to be unraveled, these data suggest
specific roles for different BMPs in the brain. In
particular, loss-of-function studies using conditional
knockout mouse models will clarify whether BMP7 or
specific BMP receptors in the hypothalamus are required for physiological appetite regulation, and these
studies warrant future investigation.
Accumulating evidence suggests that hypothalamic
circuits are not the only players in the central
regulation of food intake and energy balance. For
instance, leptin also modulates hedonic aspects of
food intake by acting on dopaminergic neurons of
the mesolimbic system (54, 55). Moreover, it has
been shown that leptin receptors present in the
nucleus tractus solitarius and area postrema converge with gastrointestinal satiation signals and reduce food intake (56). Given the fact that BMP7 is
present in the CSF circulation of the brain (19, 20)
and the fact that both BMP7 and its receptors are
expressed in multiple regions of the brain (22),
BMP7 may act not only on the hypothalamus but also
on extrahypothalamic sites to regulate food intake.
Future studies are needed to determine BMP7’s
effect on the extrahypothalamic sites.
Originally identified as a bone-forming and developmental factor, BMP7 is now recognized as a cytokine
with pleiotropic functions and has been offered as a
treatment for cardiovascular (57), fibrotic (58), metabolic (12), and neurodegenerative diseases (59, 60)
Data presented here identify BMP7 as a modulator of
food intake when given either centrally or systemically,
which is able to activate several well-established signaling pathways that orchestrate energy balance. This
newly identified appetite-regulating mechanism could
provide new directions in the development of therapeutics for obesity and eating disorders.
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