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Brown adipose tissue (BAT) is a key tissue for energy expenditure via fat and glucose oxidation for thermogenesis. In this study,
we demonstrate that the myostatin/activin receptor IIB (ActRIIB) pathway, which serves as an important negative regulator of
muscle growth, is also a negative regulator of brown adipocyte differentiation. In parallel to the anticipated hypertrophy of skel-
etal muscle, the pharmacological inhibition of ActRIIB in mice, using a neutralizing antibody, increases the amount of BAT
without directly affecting white adipose tissue. Mechanistically, inhibition of ActRIIB inhibits Smad3 signaling and activates the
expression of myoglobin and PGC-1 coregulators in brown adipocytes. Consequently, ActRIIB blockade in brown adipose tissue
enhances mitochondrial function and uncoupled respiration, translating into beneficial functional consequences, including en-
hanced cold tolerance and increased energy expenditure. Importantly, ActRIIB inhibition enhanced energy expenditure only at
ambient temperature or in the cold and not at thermoneutrality, where nonshivering thermogenesis is minimal, strongly sug-
gesting that brown fat activation plays a prominent role in the metabolic actions of ActRIIB inhibition.

NI etabolic imbalance with caloric input exceeding energy ex-
penditure is one of the hallmarks of metabolic disorders
such as obesity and type 2 diabetes. Targeting energy expenditure
therefore represents a promising approach to combat these dis-
eases by preventing the detrimental accumulation of fat in periph-
eral tissues and its negative consequences on insulin sensitivity. In
that respect, brown adipose tissue (BAT) is particularly interesting
for energy dissipation as its primary function is to convert glucose
and fatty acids into heat. The thermogenic potential of brown
adipocytes arises from their high mitochondrial density and the
specific expression of the uncoupling protein 1 (UCP-1), a mito-
chondrial protein which generates heat by uncoupling cellular
respiration from ATP synthesis (16). The importance of brown fat
in humans has recently been reappreciated (25), where the
amount and activity of brown fat have been inversely correlated to
obesity (6,40, 42). It has consequently been proposed that increas-
ing the amount and activity of brown fat could be beneficial for
treating metabolic diseases where energy intake outcompetes ex-
penditure and leads to an excess of lipid accumulation (5, 16, 26).

Brown adipocytes are found in brown adipose tissue but can also
be embedded within white adipose tissue and recruited upon a ther-
mogenic challenge such as cold exposure and B-adrenergic stimula-
tion. Lineage-tracing experiments have shown that BAT specifically
shares common developmental origins with skeletal muscle; both of
these tissues arise from Myf5-positive precursors which are distinct
from those of white adipose tissue (32). In contrast, recruitable brown
adipocytes from white adipose tissue have different precursors, as
they do not derive from the Myf5 lineage. The demonstration that
brown adipocytes from BAT have a myogenic transcriptional and
mitochondrial signature (9, 36) further highlights a functional prox-
imity between both tissues. The divergence of the common brown
fat/muscle lineage into fully specialized cell types is regulated by
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PRDM16, which drives the terminal differentiation of brown adi-
pocytes and represses myogenesis (32, 33).

The activin receptor IIB (ActRIIB) integrates the actions of
myostatin as well as other transforming growth factor g (TGEpB)-
related ligands to negatively regulate skeletal muscle mass (18).
ActRIIB dimerizes with Alk4/5 and signals intracellularly via
Smad2/3 (37). Genetic deletion of myostatin, ActRIIB, and Smad3
each in mice leads to a significant increase of skeletal muscle (19,
20, 35), which can be recapitulated using pharmacological inhib-
itors of the pathway in adult animals (11, 17). Ligands of the TGF3
superfamily are also emerging as potent regulators of energy ho-
meostasis (46). Myostatin stimulates the early events of white adi-
pocyte differentiation and inhibits terminal differentiation (22).
Myostatin-null mice undergo a reduction in fat mass that is be-
lieved to result from their hypermuscularity (12, 23), and myosta-
tin or ActRIIB inhibition can protect from fat accumulation and
insulin resistance in various rodent models of metabolic diseases
(1,2,12, 22, 48).

Given the developmental proximity between BAT and skeletal
muscle and the well-established inhibitory actions of myostatin
via its receptor, ActRIIB, on the maintenance of muscle mass, we
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asked whether this pathway influences brown fat differentiation
and function. Using combinations of cellular assays and mouse in
vivo experiments, we demonstrate that the myostatin/ActRIIB
pathway represses brown fat homeostasis and activity and can be
targeted pharmacologically to activate mitochondrial metabolism
and energy expenditure.

MATERIALS AND METHODS

Materials and reagents. All recombinant proteins were from R&D Sys-
tems, and the human ActRIIB (hActRIIB; positions 19 to 137)-human Fc
(hFc) fusion protein was produced internally. The Fab portion of the
monoclonal antibody (Ab) against ActRIIB was isolated by phage display
and selected for neutralization of myostatin binding to human, rat, and
mouse ActRIIB (see Fig. S1 in the supplemental material). The Fab was
then transformed to a human IgG1 or mouse IgG2a format and produced
in HEK293 cells. A control human IgG1 was generated against chicken
lysozyme. Antibodies against total and phosphorylated Smad3 used for
Western blotting were from Cell Signaling and Millipore, respectively.

Reporter gene assay. The Smad2/3 response was evaluated in a
(CAGA),,-luciferase reporter assay using HEK293T cells stably trans-
fected with pGL3-(CAGA),-Luc. Supernatants from primary brown adi-
pocyte cultures were added on HEK293T-(CAGA),,-Luc cells at a final
concentration of 90% for 24 h. The Smad1/5/8 response was evaluated in
C28a2 cells stably expressing a BMP-responsive element-luciferase con-
struct. Luciferase activity was measured using Britelite Plus reagent (Per-
kin Elmer).

Brown adipocyte differentiation. Primary brown preadipocytes were
isolated from interscapular BAT of 5-week-old male C57BL6/J mice using
collagenase dissociation, as described previously (7). Cells were cultured
in Dulbecco’s modified Eagle medium (DMEM; Invitrogen) supple-
mented with 10% fetal bovine serum (Sigma), 3 nM insulin (Sigma), and
an antibiotic cocktail (Invitrogen). After reaching confluence, brown
preadipocytes were differentiated in 12-well plates for 9 days using 20 nM
insulin and 1 nM tri-iodothyronine (T3; Sigma) for the entire protocol
and 0.5 mM isobutylmethylxanthine (IBMX; Sigma), 0.5 wM dexameth-
asone (Sigma), and 0.125 mM indomethacin (Sigma) for the first 2 days.
Medium and treatments were replaced every 2 days.

Animal experiments. Animal experiments were performed in accor-
dance with the Swiss ordinance on animal experimentation, after ap-
proval by cantonal veterinarian authorities. Ten-week-old male C57BL6/J
male mice (Janvier Laboratories, France) or CB17/ICR-Prkdc*9/Crl fe-
male mice (SCID mice; Charles River, Germany) were maintained at 22°C
in a 12-h light-12-h dark cycle with unrestricted access to regular diet and
water. Animals were treated with the antibodies for 4 weeks by weekly
subcutaneous injection at a volume of 5 ml/kg of body weight and a dose
of 20 mg/kg, unless otherwise stated. The human IgG1 form was admin-
istered to SCID mice to avoid immunogenicity, and the mouse IgG2a
form was administered to wild-type (WT) C57BL6/] mice. Cold tolerance
was evaluated by placing animals for 4 h at 10°C in individual cages and
measuring body temperature every hour with a rectal thermometer (Bio-
seb). Indirect calorimetry was measured in individual metabolic cages of a
comprehensive laboratory animal monitoring system (CLAMS; Colum-
bus Instruments), after a 24-h habituation to the new housing conditions
in an independent set of cages. The measurements were performed at
room temperature (22°C) on a group of mice that had never been exposed
to a cold environment or at 10°C 1 week after the cold tolerance test. In a
second experiment, indirect calorimetry was measured at thermoneutral-
ity (30°C) using a Phenomaster system (TSE Systems). Respiration rates
were normalized to the body weight of the animal at the start of treatment,
and all parameters were integrated over the day and night periods. All
animals were sacrificed with CO,.

Gene expression profiling. RNA was extracted using the TRIzol re-
agent (Invitrogen). Reverse transcription was performed with random
hexamers on 1 pg of total RNA using a high-capacity reverse transcription
kit (Applied Biosystems), and the reaction mixture was diluted 100 times
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for amplification. PCRs were performed in duplicate in 384-well plates on
a CFX384 cycler (Bio-Rad) using specific TagMan probes (Applied Bio-
systems). Data were normalized to two housekeeping genes using the
AAC; threshold cycle (C;) method.

Microarray experiments were performed using Affymetrix mouse
A430_2 chips according to the manufacturer’s instructions. Gene set en-
richment analysis was performed with an internal implementation of the
methodologies described previously (27, 34). The set of genes upregulated
in the muscle of PGC-1a transgenic mice was generated from microarray
data in muscle-specific PGC-1a transgenic mice (4).

Histology. Hematoxylin-eosin (H&E) staining was performed on tis-
sues fixed in 4% paraformaldehyde after they were embedded in paraffin
and sectioned as described previously (7), and micrographs were taken on
a wide-field microscope with a color charge-coupled-device camera
(Olympus). Lipid droplet size was quantified from H&E images using
software developed internally. Laminin and UCP-1 immunohistochem-
istries were performed on paraffin-embedded sections with primary anti-
bodies from Sigma and Abcam, respectively, and a horseradish peroxi-
dase-conjugated secondary antibody which was incubated with DAB
(3,3’-diaminobenzidine; Vector Biolabs) for 16 S. The size of brown adi-
pocytes within interscapular BAT was quantified from 3 independent pic-
tures of the laminin staining per animal, using Cell P software (Olympus).
For electron microscopy, BAT was fixed with 3% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4, for 1 h at 4°C and 1% OsO, in 0.1 M cacodylate
buffer, pH 7.4, for 1 h at 4°C. After postfixation, the tissues were dehy-
drated in graded acetone solutions and embedded in Epon. Ultrathin
sections were counterstained with uranyl acetate and lead citrate and ex-
amined with a Philips Technai transmission electron microscope.

Cellular oxygen consumption. Oxygen consumption was measured
on a Seahorse Bioscience XF24 analyzer as described previously (7). Oli-
gomycin (final concentration, 2.5 pg/ml; Calbiochem) and FCCP [car-
bonylcyanide-p-(trifluoromethoxy)-phenylhydrazone, final concentra-
tion, 500 nM; Sigma-Aldrich] were injected during the assay to measure
uncoupled and maximal respiration, respectively.

Statistical analysis. All results are presented as mean * standard error
of the mean (SEM) and were analyzed using one- or two-way analysis of
variance (ANOVA) or unpaired two-tailed Student’s ¢ test according to
the experimental design. Values were considered statistically significant at
a P value of <0.05.

RESULTS

The role of myostatin and ActRIIB on brown adipose homeostasis
was first evaluated using brown adipocyte differentiation in a pri-
mary cellular model, where brown preadipocytes were isolated
from mouse interscapular BAT and differentiation was induced
with a classical brown adipogenic cocktail. As expected, the adi-
pogenic medium induced lipid accumulation (Fig. 1A) and acti-
vated the expression of mature brown adipocyte markers while
repressing preadipocyte markers (Fig. 1B, subsets 1 and 2, respec-
tively). Myostatin treatment strongly impaired the ability of
brown adipocytes to differentiate, and this effect was reversed by a
monoclonal antibody preventing the binding of myostatin to the
ActRIIB receptor (Fig. 1A). This was confirmed at the molecular
level, as many genes induced during brown adipogenesis, includ-
ing prototypical brown fat markers such as UCP-1, CIDEA, or
Elovl3, were inhibited by myostatin and reversed by the ActRIIB
Ab (Fig. 1B and C; see Fig. S2 in the supplemental material). In
addition, the ActRIIB Ab strongly exacerbated the expression of a
large subset of mature brown adipocyte genes even in the absence
of myostatin (Fig. 1B, subset la; see Fig. S2 in the supplemental
material), suggesting the presence of endogenous inhibitory
ActRIIB ligands that regulate brown fat tone. To test this possibil-
ity, the supernatants from preadipocytes and differentiated brown
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FIG 1 The activin receptor IIB inhibits the differentiation of primary brown adipocytes. (A to C) Primary brown preadipocytes isolated from mouse interscap-
ular BAT were differentiated for 9 days using a classical adipogenic medium (AM) containing insulin and thyroid hormone for the entire protocol and IBMX,

dexamethasone, and indomethacin for the first 2 days. Myostatin (Mstn or M; 10 ng/ml), a monoclonal antibody against the activin receptor IIB (ActRIIB Ab;
10 pg/ml), or a combination of both were added to the adipogenic medium, and fresh medium and treatments were replaced every 2 days. The level of
differentiation was evaluated by visualizing lipid droplet accumulation using phase-contrast light microscopy (A) and by a nonbiased clustering analysis of
expression microarray data from 2 independent cultures for each condition (B). The heat map in panel B is colorized according to gene expression from dark blue
(low expression) to dark red (high expression). The average expression of all genes in clusters 1a, 1b, and 2 is represented below the heat map. (C) The expression
of classical brown fat markers was measured by quantitative reverse transcription-PCR. (D) The supernatants from the primary brown adipocytes treated with
control medium (CM) and adipogenic medium were subjected to a Smad2/3 reporter gene assay where a (CAGA) ,-luciferase reporter was stably transfected into

HEK293 T cells. The ActRIIB-dependent response was determined by adding an ActRIIB-Fc at 10 wg/ml. R.L.U., relative luciferase units.

adipocytes were analyzed using a Smad2/3 reporter gene assay
which integrates TGF, activin, and myostatin signaling (46). The
Smad2/3 reporter was activated by the supernatant from brown
preadipocytes but further enhanced by the supernatant from dif-
ferentiated brown adipocytes (Fig. 1D). The Smad2/3 response
induced by the supernatant from differentiated brown adipocytes
was mainly driven by ActRIIB ligands, as it was almost totally
abolished when ActRIIB was inhibited using a soluble ActRIIB-Fc
receptor. To evaluate if ActRIIB integrates multiple ligands in
brown fat, we also treated primary brown adipocytes with other
ligands of the TGF superfamily signaling via ActRIIB and Alk4/5.
Similar to the results obtained with myostatin, activin A and, to a
lesser extent, activin B were potent inhibitors of brown adipogen-
esis, whereas GDF-11 was not effective (see Fig. S3 in the supple-
mental material). Together, these results demonstrate that
ActRIIB ligands are produced during brown adipogenesis and
negatively regulate differentiation and that ActRIIB blockade with
a neutralizing antibody can release this inhibition to enhance
brown adipocyte differentiation.
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To evaluate how ActRIIB and its ligands regulate brown adi-
pose tissue in vivo, the ActRIIB antibody was administered to WT
mice for 4 weeks. ActRIIB inhibition increased the mass of inter-
scapular BAT dose dependently, reaching a 40% increase com-
pared to control when the antibody was injected at 20 mg/kg/week
(Fig. 2A). Consistent with other studies showing no effect of post-
natal myostatin inhibition on white fat in the absence of an obe-
sogenic challenge (1, 22, 44), increased fat mass in mice treated
with the ActRIIB Ab was specific for brown fat, since the amount
of white adipose tissue was not affected after 4 weeks of treatment
with the Ab. As expected, given data from previous genetic or
pharmacological ActRIIB inhibition (19, 20), the ActRIIB Ab also
increased the mass of skeletal muscle, which demonstrates that the
increase in brown fat is not occurring at the expense of skeletal
muscle. Larger amounts of brown fat in ActRIIB Ab-treated mice
correlated with an increase in the size of brown, but not white,
adipocytes at the histological level (Fig. 2B to D). Inhibition of
ActRIIB did not affect the recruitable brown adipocytes localized
within white adipose tissue, as the ActRIIB Ab did not increase the

mcb.asm.org 2873

1sanb AQ 6T0OZ ‘ST J8qWaAoN uo /Bio wse qowy//:dnuy woly papeojumod


http://mcb.asm.org
http://mcb.asm.org/

Fournier et al.

A GASTROCNEMIUS BAT WAT C
= 60 = 604 = 401
S S S
2 s 2 2
Q [=3 o
g 8 % 8
£ £ £
g g g
“q'; 40 * ; 40 ; 20
D =] i=
2 g g
© o o©
£ 5 g
= = =
= 20 = 20 * = o
2 2 2
) g 5 D
S o S o S 20/
S il & il & il T > )
ActRIIB Ab ActRIIB Ab ActRIIB Ab : N \
B @ Control 240 +48ym’ | F uce-1
P B ACtRIIB Ab 298 +- 10 um? 001 3 e L
5001 W@ ActRIIB Ab < Do . e
- © 400 -
e * % 300 E d
s B
: . < 0 ¢
» 2 x 100 %
3 * E 10 ! ol
2 g 8 UL
5 g fAl e
B * o 6 : 2
4 \
[ 2 (573 !
l:\,f; " & S 4° ‘;’@ Qfé{? é\@ ol ) N [,
Ly o A < & Epididymal Inguinal A e (Y"f"
Cell size (um?) WAT WAT — — — — -

FIG 2 ActRIIB inhibition in mice increases the amount of brown but not white fat. (A) SCID mice (n = 12/group) were treated for 4 weeks with a weekly
subcutaneous injection of control (Ctrl) antibody (IgG1; 20 mg/kg/week) or increasing amounts of a human monoclonal antibody against ActRIIB (2, 6, and 20
mg/kg/week). The wet mass of gastrocnemius muscle, interscapular BAT, and epididymal white adipose tissue (WAT) was measured and expressed as the percent
change from the average of the control group. *, P < 0.05. (B and C) Interscapular brown adipose tissue from control and ActRIIB Ab-treated mice (20
mg/kg/week) was imaged by light microscopy after laminin staining, and cell size was quantified by histomorphometry. (D) Epididymal white adipose tissue from
control and ActRIIB Ab-treated mice (20 mg/kg/week) was imaged by light microscopy after hematoxylin-eosin staining. (E) Inguinal white adipose tissue from
control and ActRIIB Ab-treated mice (20 mg/kg/week) was imaged by light microscopy after UCP-1 immunohistochemistry. Bars, 50 pm. (F) Quantitative
reverse transcription-PCR measurement of relative UCP-1 levels in epididymal and inguinal white adipose tissue from control and ActRIIB Ab-treated mice (20

mg/kg/week).

pool of UCP-1-positive brown adipocytes in inguinal white adi-
pose tissue, a white fat depot with a high propensity to browning
(Fig. 2E). This was confirmed at the molecular level, as UCP-1
levels were not affected in either epididymal or inguinal white
adipose tissue (Fig. 2F). The two main cellular determinants of
BAT are the presence of lipid droplets acting as a local reservoir of
energy and a high density of mitochondria accounting for the high
metabolic rate required for heat production (8). Histological anal-
ysis of BAT from ActRIIB Ab-treated mice revealed an increase of
the size of lipid droplets (Fig. 3A). This observation was further
corroborated at higher magnification using electron microscopy;
however, the amount and density of mitochondria in brown fat
were not significantly affected by the ActRIIB Ab (Fig. 3B and C).

At the molecular level, the ActRIIB Ab prevented Smad3 phos-
phorylation in brown adipose tissue, indicating that the receptor
transduced signals in brown fat similarly to the way that it does in
skeletal muscle (Fig. 4A). In order to characterize the molecular
signature of the ActRIIB Ab in brown fat downstream of Smad3,
gene expression was measured by microarray and functionally
clustered using gene set enrichment analysis. Treatment with the
ActRIIB Ab significantly induced the expression of multiple sets of
genes governing oxidative metabolism and mitochondrial func-
tion (Fig. 4B), two processes that are key for high energy expendi-
ture via enhanced thermogenesis. Interestingly, the molecular fin-
gerprint of the ActRIIB Ab in brown fat overlapped with that
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observed upon overexpression of PGC-1a, a major regulator of
oxidative metabolism and mitochondrial function (13). At the
single-gene level, myostatin treatment in primary brown adi-
pocytes inhibited the expression of PGC-1a and PGC-1 as well
as downstream mitochondrial proteins, such as UCP-1 and
Cox7al, which are required for brown fat function (Fig. 4C). Con-
sistently, these genes were also strongly activated upon ActRIIB
inhibition. We also uncovered a similar regulation of myoglobin
expression, which was strongly activated by the ActRIIB Ab and
inhibited by myostatin (Fig. 4C). Myoglobin is a gene essential for
oxygenation of skeletal muscle (28) for which no role in brown fat
function has been previously described. However, the high ex-
pression of myoglobin in brown adipose tissue, combined with its
induction during brown adipogenesis and cold exposure (see Fig.
S$4 in the supplemental material), makes it a possible candidate to
explain how oxygen is supplied to mitochondria to sustain high
respiration rates in brown adipocytes. Altogether, these results
demonstrate that ActRIIB inhibition promotes the growth and
activation of brown adipose tissue through an atypical mechanism
involving brown adipocyte hypertrophy and mitochondrial acti-
vation.

BMPs are positive regulators of adipogenesis that can also bind
to ActRIIB, with BMP-2 and -4 promoting white adipogenesis
(31), while BMP-7 drives brown adipogenesis (38). In contrast to
myostatin, which signals via Smad2/3 using Alk4/5 as a corecep-
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tor, BMP signals through a Smad1/5/8 response driven by Alk2/3-,
and BMP-7 signaling is inhibited by myostatin (30) (Fig. 5A). We
initially speculated that the ActRIIB Ab may promote its biological
effects in brown fat through specific permissivity for BMP-7 but
not myostatin, thereby enhancing BMP-7 signaling by blocking
the inhibitory action of myostatin on the ActRIIB-Alk2/3 com-
plex. However, the effects of the ActRIIB Ab on brown fat most
likely do not involve enhanced BMP signaling, as the ActRIIB Ab
also inhibits BMP-2, -4, and -7 signaling on Smad1/5/8 (Fig. 5A).
In addition, the activation of brown fat markers observed upon
BMP-7 treatment and ActRIIB inhibition are not additive (Fig.
5B). Interestingly, we observed that BMP-2, -4, and -7 inhibit
myostatin signaling on Smad2/3 (Fig. 5A). Given the inhibitory
actions of myostatin on brown adipogenesis and brown fat func-
tion, it is possible that some of the beneficial effects of BMP7 on
brown fat (38) are mediated by inhibition of myostatin signaling.
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The influence of ActRIIB inhibition on the functionality of
BAT was next evaluated in vivo by exposing mice to a cold envi-
ronment, which activates the thermogenic potential of brown fat.
Mice treated with the ActRIIB Ab were significantly protected
from hypothermia upon cold exposure (Fig. 6A), demonstrating
that ActRIIB inhibition enhances adaptive thermogenesis. Since
BAT is an important site of energy dissipation, especially during
cold exposure, whole-body energy expenditure was evaluated us-
ing indirect calorimetry either at room temperature or in the cold.
Treatment with the ActRIIB Ab increased both basal and cold-
induced oxygen consumption and carbon dioxide release but did
not affect food intake or the utilization of lipids versus carbohy-
drates as metabolic substrates, as the ratio of carbon dioxide pro-
duced to oxygen consumed (VCO,/VO,) was unaffected by the
treatment (Fig. 6B; see Fig. S5 in the supplemental material).
These experiments were conducted in an experimental setting
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FIG 4 ActRIIB inhibition blocks Smad3 phosphorylation in BAT and activates oxidative metabolism. (A) Total and phosphorylated Smad3 protein levels in
interscapular BAT of WT mice treated with IgG1 or the ActRIIB antibody at 20 mg/kg/week were measured by Western blotting. The quantification of two
independent experiments is shown on the right. (B) Gene set enrichment analysis following microarray analysis of interscapular BAT of mice treated with IgG1
or the ActRIIB antibody at 20 mg/kg/week. Expression values were ranked and colorized from dark blue for low expression to dark red for high expression. Tg,
transgenic. (C) Primary brown adipocytes were treated with myostatin (Mstn; 10 ng/ml), the ActRIIB Ab (10 pg/ml), or a combination of both, and gene
expression was measured by quantitative reverse transcription-PCR using specific TagMan probes for the indicated genes. *, P < 0.05.

where muscle hypertrophy did not exceed 15% to minimize po-
tential confounding effects through shivering. We then performed
indirect calorimetry at thermoneutrality (30°C) to blunt the non-
shivering thermogenesis occurring primarily in brown fat. As pre-
viously reported, thermoneutrality decreased the metabolic rate
of control mice by about 30 to 35% (10). The elevation of oxygen
consumption and carbon dioxide release upon ActRIIB inhibition
at ambient temperature was fully inhibited when the measure-
ment was done at thermoneutrality (Fig. 6C), strongly suggesting
that the effects of ActRIIB inhibition on energy expenditure pri-
marily arise from activation of nonshivering thermogenesis in
brown fat. To further determine whether ActRIIB inhibition di-
rectly enhances the metabolic rate of brown fat, cellular respira-
tion was measured in primary brown adipocytes treated with the
ActRIIB ADb or with myostatin. Uncoupled respiration, which is
responsible for the thermogenic effects of brown adipocytes, and
maximal respiration induced by a chemical uncoupler were sig-
nificantly decreased by myostatin and were increased by the
ActRIIB Ab (Fig. 6D). Inhibition of ActRIIB therefore enhances
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uncoupled respiration of brown adipocytes and thereby increases
thermogenesis and energy expenditure of the entire animal at least
in part via brown fat activation.

DISCUSSION

A developmental and functional link between skeletal muscle and
brown adipose tissue has emerged over the past few years (9, 32,
36). Our results demonstrate that this link also extends at the level
of signaling pathways which specifically regulate the homeostasis
of both tissues. Indeed, myostatin and its receptor ActRIIB not
only are strong inhibitors of muscle mass, as already widely doc-
umented, but also are potent regulators of brown adipogenesis
and BAT function, without directly affecting white adipose tissue.
Consistent with a study published during the revision of the man-
uscript (15), we observed that myostatin strongly inhibits brown
adipocyte differentiation and that this inhibition is reversed by a
neutralizing antibody against ActRIIB. In addition, brown adi-
pocytes readily secrete ActRIIB ligands which inhibit differentia-
tion in an autocrine fashion. Pharmacological inhibition of

Molecular and Cellular Biology

1sanb Aq 6T0Z ‘ST 1oquiaAoN uo /610 wise qow//:dny wolj papeojumod


http://mcb.asm.org
http://mcb.asm.org/

>

Smad1/5/8 reporter

* *

40004 lC

8001 "

@
o
‘?

3000+

'S
o
i

20004

Relative luciferase units

N
o
2

1000

Relative luciferase units

PBS

ActRIIB Ab

Smad2/3 reporter

15000+ 100004

@
o
=3
bl
H

10000
6000+

40004
5000

Relative luciferase units
Relative luciferase units

2000+

e

ActRIIB Inhibition Increases Brown Fat

Cox7a1

500

*
e 400 c
S S
* % 300  « %
173 173
> 2 o
a 200 o
x x
é 20 ©
£ £
@ @
= =
g g
@ @
14 [14

ActRIIB Ab

allll

PGC-1p
* NS

Relative mRNA expression
Relative mRNA expression

- B Adipogenic medium (AM)

PBS ActRIIB Ab

PBS “ irl

ACtRIIB Ab @ AM + BMP-7

W PBS [@ BMP-7

& BVMP-2 EA Mstn+BMP-2
O Mstn @ Mstn+BMP-7 B BMP-4 & Mstn+BMP-4

B AM + ActRIIB Ab
@ AM + BMP-7 + ActRIIB Ab
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in the legend to Fig. 1. *, P < 0.05; NS, not significant.

ActRIIB is therefore sufficient to enhance brown adipocyte differ-
entiation and to induce the growth and activation of brown adi-
pose tissue in vivo. The activation of brown fat function is evi-
denced by the activation of oxidative metabolism and increased
uncoupled respiration in animals treated with an ActRIIB anti-
body. Given the overlap of the molecular signatures induced by
PGC-1a overexpression and ActRIIB inhibition in vivo, the acti-
vation of PGC-1a and PGC-1 likely plays an important role in
inducing the gene expression programs required to enhance mi-
tochondrial function and thermogenesis, as these coregulators
play a crucial role in determining the metabolic and thermogenic
potential of brown adipocytes (29, 39). The ActRIIB Ab induces
oxidative metabolism and thermogenesis in brown fat without
changes in mitochondrial density, most likely because the levels of
PGC-1 activation upon ActRIIB inhibition are not strong enough
to drive the full program of mitochondrial biogenesis or because
PGC-1 regulators integrate posttranslational modification to
drive specific subsets of biological functions, as recently demon-
strated in liver (21).

PRDM16 is a molecular switch that controls the fate of com-
mon muscle/brown fat precursors by driving the differentiation of
brown adipogenesis and repressing myogenesis (14, 32). How-
ever, the regulation of brown fat differentiation and function by

July 2012 Volume 32 Number 14

ActRIIB most likely involves a mechanism independent of
PRDM16, as PRDM16 expression was not significantly affected by
the ActRIIB Ab (data not shown) and ActRIIB inhibition pro-
motes an anabolic response in brown fat and skeletal muscle con-
comitantly. Irisin is a novel myokine which promotes the activa-
tion of brown adipocytes within white adipose tissue upon
secretion by skeletal muscle in response to exercise (3). We ob-
served that the inhibition of ActRIIB increases the amount and
activity of brown fat without amplifying the brown adipocyte pool
of white fat. In addition, the irisin precursor Fndc5 was not regu-
lated by the ActRIIB antibody in skeletal muscle (data not shown)
and the ActRIIB Ab could induce cell autonomous activation of
cultured brown adipocytes, making it unlikely that our observa-
tions result from a muscle-brown fat cross talk via irisin. Brown-
ing of white fat is also observed upon deletion of Smad3 (45), for
which both TGFp signaling and myostatin signaling are impor-
tant (45, 48). Despite reducing Smad3 phosphorylation in BAT,
we did not detect browning of white fat in mice treated with the
ActRIIB Ab. This may be due to differential tuning of Smad2/3
activity by various TGF@ and ActRIIB ligands and to the complex
interplay between these ligands and their receptors and corecep-
tors in brown versus white fat. Our results highlight that multiple
ActRIIB ligands, including myostatin and activins, negatively reg-
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oxygen consumption rate in primary brown adipocytes treated with myostatin (Mstn; 10 ng/ml) or the ActRIIB Ab (10 pg/ml) (n = 10 per condition) was
measured under basal conditions or in the presence of oligomycin (uncoupled) or FCCP (maximal). *, P < 0.05.

ulate brown adipocyte differentiation and thermogenesis, while
the actions of the ActRIIB Ab in brown fat do not seem to include
cross talk with BMP-7 signaling. The fact that BMP-7 inhibits
myostatin signaling on Smad2/3 actually suggests that some of the
effects of BMP-7 in brown fat (38) could arise from inhibition of
myostatin. However, the improved metabolic profile in mice de-
ficient for follistatin-like 3, an endogenous inhibitor of myostatin
and activins, suggests that some TGFp-like ligands may positively
control energy homeostasis via independent mechanisms, such as
a positive effect on pancreatic 3 cells (24).

Given the prominent role of brown fat in the control of energy
expenditure, our results demonstrating that therapeutic inhibi-
tion of ActRIIB can enhance the amount and function of brown
adipose tissue demonstrate that the regulation of the myostatin/
ActRIIB pathway in brown fat plays an important role in control-
ling energy homeostasis. Since brown fat-enhancing therapies
have a strong potential in the treatment of metabolic disorders
(41), increased brown fat function most likely contributes to the
protection from obesity and type 2 diabetes in various experimen-
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tal settings (1, 2, 12, 23) where myostatin and ActRIIB are inhib-
ited. Importantly, the possibility to concomitantly restore muscle
mass and strength and to enhance energy expenditure via brown
fat activation is particularly attractive in old populations where
sarcopenia and muscle dysfunction often coincide with obesity
and its associated detrimental effects on glucose homeostasis and
locomotion (43, 47).
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