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Obesity results from disproportionately high energy intake relative to energy expenditure. Many
therapeutic strategies have focused on the intake side of the equation, including pharmaceutical
targeting of appetite and digestion. An alternative approach is to increase energy expenditure
through physical activity or adaptive thermogenesis. A pharmacological way to increase muscle
mass and hence exercise capacity is through inhibition of the activin receptor type IIB (ActRIIB).
Muscle mass and strength is regulated, at least in part, by growth factors that signal via ActRIIB.
Administration of a soluble ActRIIB protein comprised of a form of the extracellular domain of
ActRIIB fused to a human Fc (ActRIIB-Fc) results in a substantial muscle mass increase in normal mice.
However, ActRIIB is also present on and mediates the action of growth factors in adipose tissue,
although the function of this system is poorly understood. In the current study, we report the effect
of ActRIIB-Fc to suppress diet-induced obesity and linked metabolic dysfunctions in mice fed a
high-fat diet. ActRIIB-Fc induced a brown fat-like thermogenic gene program in epididymal white
fat, as shown by robustly increased expression of the thermogenic genes uncoupling protein 1 and
peroxisomal proliferator-activated receptor-� coactivator 1�. Finally, we identified multiple li-
gands capable of reducing thermogenesis that represent likely target ligands for the ActRIIB-Fc
effects on the white fat depots. These data demonstrate that novel therapeutic ActRIIB-Fc improves
obesity and obesity-linked metabolic disease by both increasing skeletal muscle mass and by in-
ducing a gene program of thermogenesis in the white adipose tissues. (Endocrinology 153:
3133–3146, 2012)

Obesity is a worldwide epidemic and is driving in-
creases in the development of type 2 diabetes, car-

diovascular disease, and certain cancers. Compelling re-
search demonstrates that even moderate weight loss can
provide significant protection from cardiovascular disease
and type 2 diabetes (1–4). Traditional obesity treatments

are aimed at preventing further accumulation of chemical
energy in the form of fat by reducing appetite or nutrient
uptake; however, treatments that positively affect periph-
eral energy use still offers great promise. For example,
alterations in body composition to increase muscle mass
could, in the absence of increased food intake, reduce ad-
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iposity and help reduce the risk of obesity-related cardio-
vascular and metabolic diseases. Brown adipocytes are of
special interest in that they have the ability to decrease
obesity through thermogenesis mediated by uncoupling
protein 1 (UCP1) (5–7). It has recently been shown that
there are two types of brown fat that have distinctly dif-
ferent origins. The classical brown fat depots typified by
the interscapular depot in mice arises from a common
precursor with skeletal muscle (8). Brown fat-like cells
(also called brite cells or beige cells) can also appear in
white fat depots when an animal is exposed to �3-adren-
ergic agonists or prolonged cold temperatures. Brown fat
cells of both types are certainly novel and appealing targets
for the development of antiobesity therapeutics (9).

Multiple members of the growth and differentiation
factor (GDF) family, including myostatin (GDF-8), signal
through activin receptor type IIB (ActRIIB) (10–13).
These factors have been shown to negatively regulate mus-
cle mass (14, 15) and may also be involved in the regula-
tion of adipose tissue mass (16–18). Previous research in
rodents demonstrates that inhibition of ActRIIB signaling
with a chimeric ActRIIB derivative (ActRIIB-mFc), con-
sisting of the extracellular domain of murine ActRIIB
fused to a murine IgG2a Fc domain, results in greatly in-
creased muscle mass in healthy mice (14), mice with amyo-
trophic lateral sclerosis (19), and mice exposed to a hy-
poxic environment (20). In addition, inhibition of ActRIIB
signalingusinga soluble receptorapproachprotectedmice
fed a high-fat diet (HFD) from developing diet-induced
obesity (DIO) (18, 21, 22). The reduced susceptibility of
mice with diminished ActRIIB signaling to DIO has been
mainly attributed to inhibition of myostatin signaling and
secondary to increased muscle (17, 18, 22). Importantly,
ActRIIB is a signaling receptor for TGF� ligands other
than myostatin, many that are expressed in adipose tissue
and may also be targets for the soluble ActRIIB-driven
effect of protection from DIO (23–27, 48).

We have developed the novel, human therapeutic Ac-
tRIIB-Fc to inhibit ActRIIB signaling. This soluble Ac-
tRIIB-Fc is comprised of a form of the ActRIIB extracel-
lular domain fused to a human IgG Fc domain and acts as
a soluble, decoy receptor to the endogenous ActRIIB. HFD
feeding in mice results in adverse changes in body com-
position and metabolic parameters similar to those re-
ported in obese human subjects. Therefore, we investi-
gated the effects of ActRIIB-Fc on muscle mass, adiposity,
and adiposity-related systemic physiological changes,
such as changes in circulating concentrations of lipids and
adipokines as well as lipid accumulation in liver and
brown adipose tissue in mice fed a HFD. In this paper we
report striking effects of this novel therapeutic on prevent-
ing obesity induced in mice by HFD. This reagent induces

many changes in the gene expression pattern of adipose
tissues, including the induction of a brown fat-like gene
program in the white fat, and these changes correlate with
an increase in whole body energy expenditure. We also
characterize ligands of the TGF� superfamily that regulate
thermogenesis in primary adipocyte cultures and identify
ligands that are potentially targeted by ActRIIB-Fc to elicit
its effect on white fat.

Materials and Methods

Construction, expression, and purification of
ActRIIB-human IgG1a Fc (ActRIIB-Fc)

The plasmid encodes the fusion molecule containing an op-
timized human activin receptor IIB extracellular domain (ECD;
residues 24–131) followed by the human IgG1 Fc domain. The
DNA sequence of the ECD was designed from human ActRIIB
(synthesized by Blue Heron Biotechnology, Bothell, WA). The
purified PCR fragment and the pAID4T vector were ligated to
create the expression vector, in which the ActRIIB ECD was
fused in-frame to the human IgG1 Fc domain. The complete
cDNA sequence was confirmed by double-strand dideoxy se-
quencing (Sequegen Co., Worcester, MA). The construct was
transiently transfected into human embryonic kidney 293 cells.
After 1 wk of growth at 37 C, the conditioned media were har-
vested with a two-step column chromatography procedure. The
purified ActRIIB-Fc was eluted from the column and then dia-
lyzed into Tris-buffered saline (TBS).

Animals and experimental design
Twenty-four 10-wk-old, male C57BL/6 (Taconic, German-

town, NY) mice were weighed, individually numbered, and as-
signed to weight-matched treatment groups. All procedures were
reviewed and approved by Acceleron Pharma, Inc. Animal Care
and Use Committee (Cambridge, MA). All animals were housed
in conventional cages under a 12-h dark, 12-h light cycle at a
constant temperature of 17 C and relative humidity maintained
between 30 and 40% with free access to water and either regular
chow diet (Chow; Purina LabDiet 5001; St. Louis, MO) or
HFD (Research Diets D12331; New Brunswick, NJ). Mice fed
a HFD were dosed sc twice weekly with ActRIIB-Fc (designated
HFD plus ActRIIB-Fc; 10 mg/kg, n � 8) or vehicle (designated
HFD; body weight volume modified TBS, n � 7) for a period of
60 d. Animals fed a normal diet (designated Chow) were dosed
with TBS (n � 7) for the same duration. Mice within the same
treatment cohort were housed together in groups of three or
four. Upon termination of the study, the mice were euthanized
by CO2.

Body and terminal tissue weights
Body weights were measured twice per week at the time of

administration of TBS or ActRIIB-Fc. At the study termination
date, tissues of interest (blood, muscles, brown adipose tissue
depot, epididymal fat depots) were surgically removed, weighed,
and properly stored for further analysis.
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Nuclear magnetic resonance (NMR)
Body composition was analyzed at d 0 (before administration

of ActRIIB-Fc and transfer to HFD) and then again at d 27 and
48 of the 60-d study using the MiniSpec LF90 NMR analyzer
(Bruker, Woodlands, TX).

In vivo assessment of abdominal adipose tissue
content and brown adipose tissue density by
micro-computed tomography (CT)

Micro-CT imaging was performed in anesthetized mice using
a vivaCT 75 small-angle-cone-beam micro-CT imaging system
(Scanco Medical AG, Bassersdorf, Switzerland) with resolution
of 20.5–156 �m nominal (pixel size). Methods for the analysis of
abdominal adipose tissue and thigh muscle adipose tissue con-
tent are previously described (28). Brown adipose tissue content
was measured using approximately 300 transverse CT slices
ranging from thoracic vertebrae T1 to T6 were acquired by using
41-�m isotropic voxel size (45 kVp, 177 �A, 1024 samples at
1000 projections per 360°, 350 msec integration time). Images
were reconstructed and filtered, and a threshold segmenting
brown adipose from other tissue was applied.

Enzyme-linked immunosorbent assays
Upon study termination, the mice were euthanized using CO2

and blood was collected into serum separation tubes. After a
10-min centrifugation at 10,000 � g, serum was collected and
used for subsequent immunoassays according to manufacturer
instructions. The total and high-molecular-weight adiponectin
ELISA was purchased from ALPCO Immunoassays (Salem,
NH), leptin ELISA from Crystal Chem (Downers Grove, IL), and
insulin ELISA from Linco Research (St. Charles, MO).

Serum lipid analysis
Serum samples were sent to AniLytics Inc. (Gaithersburg,

MD) for enzymatic measurement of triglycerides, nonesterified
free fatty acids, high-density lipoproteins (HDL), and low-den-
sity lipoproteins (LDL).

Histology and immunohistochemistry
Upon study termination, white adipose tissue depots, brown

adipose tissue depots, and livers were surgically dissected and
processed as follows. Adipose tissue depots were fixed overnight
in 10% formalin and stored in 70% ethanol. The fixed adipose
depots were then paraffin embedded, sectioned into 10-�m sec-
tions, and processed for hematoxylin and eosin stain. Dissected
livers were snap frozen in liquid nitrogen, sectioned into 10-�m
sections, and processed for Oil Red O stain. Immunohistochem-
istry for UCP1 protein was performed on deparaffinized epidid-
ymal fat sections using anti-UCP1 primary antibody (Abcam
10983, 1:500 dilution, Cambridge, MA), followed by incuba-
tion with an antirabbit Alexa-488 secondary antibody, and
mounting in 4�,6�-diamino-2-phenylindole containing mounting
medium. All images of the stained sections were taken using a
camera connected to a fluorescence-capable light microscope.

Gene expression analysis
Total RNA was isolated from frozen epididymal fat depots

and a two-step RT-PCR analysis was performed for quantitation
of mRNA levels of UCP1, peroxisomal proliferator-activated

receptor-� coactivator 1 (PGC-1)-�, cidea, sirtuin (Sirt)-1, Fork-
head box O1 (FOXO1), GDF-3, and GDF-8. The RT-PCR was
performed using the following TaqMan Gene expression assays
from Applied Biosystems (Foster City, CA): Mm01244862_m1
(UCP1), Mm00447181_m1 (PGC-1�), Mm00432554_m1 (ci-
dea), Mm01168521_m1 (Sirt-1), and Mm00490672_m1
(FOXO1). All assays were normalized to 18S mRNA expression,
which was used as an internal control.

Energy expenditure
Thirty 13-wk-old, male C57BL/6 mice (Taconic) were

weighed, individually numbered, and assigned to weight-
matched treatment groups. HFD-fed mice were further subdi-
vided into one of two treatment groups: ActRIIB mFc, a murine
form of ActRIIB-Fc comprised of the same extracellular domain
as in ActRIIB-Fc, but the Fc is murine rather than human (10
mg/kg, n � 10) or vehicle (designated HFD; body weight volume
modified TBS, n � 10). Chow-fed mice (designated Chow) were
dosed with TBS (n � 10). All groups received twice-weekly in-
jections for 60 d of treatment before being transported to the
Mouse Phenotyping Core (Baylor College of Medicine, Hous-
ton, TX) for calorimetric analysis. Indirect calorimetry was per-
formed using an open-circuit oxymax chamber, a component of
the comprehensive laboratory animal monitoring system (Co-
lumbus Instruments, Columbus, OH). Analysis was performed
as previously described (29) with the exception that in our study,
the mice did not have an acclimation period. Briefly, mice were
placed into individual metabolic chambers withad libitum access
to food and water. Twenty-four-hour food intake measurements
were taken across study d 63 and 64. O2 consumption (VO2) and
CO2 production were measured and respiratory exchange ratio
(RER; ratio of VO2 to CO2 production) was determined at 10-
min intervals for a 24-h period on study d 63–64.

Cell culture experiments in primary mouse
adipocytes

The stromal-vascular fraction was isolated from the inguinal
adipose tissue of C57BL/6 male mice (Taconic). The cells were
cultured to confluence and differentiated for 2 d in differentia-
tion medium containing 10 �g/ml insulin (Sigma, St. Louis,
MO), 100 ng/ml T3 (Sigma), 1 �M rosiglitazone (Cayman Chem-
ical, Ann Arbor, MI), 0.125 mM indomethacin (Sigma), 4 �g/ml
dexamethasone (Sigma), and 0.5 mM 3-isobutyl-1-methylxan-
thine (Sigma). Subsequently the stromal-vascular cells were cul-
tured in maintenance medium containing 10 ng/ml insulin, 100
ng/ml T3, and 1 �M rosiglitazone. These cells were treated with
TGF� ligands at 100 ng/ml for 3 d. For the ActRIIB-Fc cotreat-
ment studies, adipocytes were treated with 1 �g/ml ActRIIB-Fc
1 h before ligand treatment was initiated. Cells were cultured in
the presence of both ActRIIB-Fc and ligand for an additional 3 d.
Recombinant bone morphogenetic protein (BMP)-2, BMP-4,
BMP-7, GDF-5, GDF-6, GDF-7, GDF-8, GDF-9, GDF-11, and
activin B proteins were purchased from R&D Systems (Minne-
apolis, MN). GDF-3 and activin A were made at Acceleron
Pharma. All samples were performed in triplicate. RNA was
extracted and quantitative RT-PCR was performed using SYBR
green (Applied Biosystems). All the values were normalized by
TATA box binding protein. Primer sequences have been previ-
ously published (30).
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ActRIIB-Fc ligand binding determination using
surface plasmon resonance (SPR)

Biacore T100, research grade CM5 chips, and amine coupling
reagents were purchased from Biacore (GE Healthcare, India-
napolis, IN). Activin A, GDF-11, and GDF-3 were produced at
Acceleron Pharma. GDF-8 was obtained from Fitzgerald Indus-
tries (Concord, MA). Other ligands were obtained from R&D
systems. Receptor-ligand binding affinities were determined by
SPR using Biacore T100. Goat antihuman Fc antibody was im-
mobilized onto four flow cells of research-grade CM5 chip using
standard amino-coupling chemistry. ActRIIB-Fc was captured
on the experimental flow cells. Another flow cell was used as a
reference (control) to subtract for nonspecific binding, drift, and
bulk refractive index. For kinetic analysis, a concentration series
of different ligands were injected over experimental and control
flow cells at 20 or 25 C at a flow rate of 40 �l/min or greater to
minimize mass transport limitations. The antibody surface was
regenerated between binding cycles by injection of 10 mM glycine
(pH 1.7). A buffer of 0.01 M HEPES, 0.5 M NaCl, 3 mM EDTA,
0.005% (vol/vol) surfactant P20 (pH 7.4) containing 0.5 mg/ml
BSA was used as a running buffer. All sensograms were processed
by double referencing. To obtain kinetic rate constants, the cor-
rected data were fitted to 1:1 interaction model with mass trans-
port term using BiaEvaluation software (Biacore). The equilib-
rium dissociation constant was determined as the ratio of the
dissociation to the association rate constants.

Data analysis
Comparisons between treatment groups over time (longitu-

dinal) were made using ANOVA followed by least squares-mean
differences Tukey honestly significant difference post hoc anal-
ysis. Comparisons between groups at a single time point (cross)
were made using one-way ANOVA Tukey honestly significant
difference pair test. Differences were considered statistically sig-
nificant when the two-tailed P � 0.05. All data were analyzed
with JMP 8.0 software (SAS Institute, Inc., Cary, NC). Data
shown are means � SEM.

Results

ActRIIB-Fc increases lean tissue mass and prevents
adipose tissue mass gain in mice fed a HFD

We first investigated the effects of ActRIIB-Fc on body
composition in mice fed a HFD, an animal model that
mimics many of the changes in body composition and
metabolic parameters seen in obese humans. As shown in
Fig. 1A, mice fed the HFD, with or without ActRIIB-Fc,
showed an increase in body mass relative to the chow-fed
mice. Despite the excessive weight gain in both of these
groups, the HFD and HFD plus ActRIIB-Fc treatments
had dramatically different effects on body composition.
HFD plus ActRIIB-Fc treatment resulted in a marked gain
in lean tissue (49.8%; Fig. 1B) compared with both the
chow and HFD groups. ActRIIB-Fc also altered fat mass
gain (Fig. 1C). As expected, mice on the HFD gained sub-
stantially more fat mass compared with chow-fed mice

(Fig. 1C). In contrast, the amount of fat gained in the HFD
plus ActRIIB-Fc-treated mice was greatly reduced com-
pared with HFD receiving vehicle.

We confirmed the whole-body NMR data with mi-
cro-CT imaging. Images of the abdominal sc and visceral
adipose depots illustrated the increase in visceral and sc
depots resulting from the HFD compared with chow. In
comparison, the visceral and sc depots from HFD plus
ActRIIB-Fc were 64 and 58% smaller, respectively (Fig. 1,
D and E). In addition, representative images of a midthigh
region obtained by micro-CT illustrate a reduction in in-
tramuscular fat in the ActRIIB-Fc group and depict the
similarity of body composition in mice on HFD treated
with ActRIIB-Fc to that in chow-fed controls (Fig. 1F).
Finally, the HFD and HFD plus ActRIIB-Fc groups had
comparable 24-h food intake, supporting the idea that
ActRIIB-Fc effect on body composition is not simply the
result of an ActRIIB-Fc-mediated hypophagia (Fig. 1G).

ActRIIB-Fc prevents HFD-induced alterations in
serum hormones and lipids in addition to
preventing inappropriate lipid accumulation in
liver and brown fat

In addition to assessing the effect of ActRIIB-Fc on
HFD-induced adiposity, we determined its effects on
HFD-related alterations to circulating hormones, serum
lipids, and triglyceride accumulation in liver and brown
fat. HFD reduced the contribution of high-molecular-
weight (HMW) adiponectin to total adiponectin levels by
89.5% compared with the chow-fed group (Fig. 2A). In
contrast, ActRIIB-Fc prevented the HFD-induced altera-
tion and in fact maintained the ratio of HMW adiponectin
to those of chow-fed mice (Fig. 2A). As expected, HFD
feeding also resulted in increased circulating serum leptin
and insulin levels compared with the chow controls (Fig.
2, B and C). Consistent with the reduced adiposity in the
ActRIIB-Fc group, the levels of circulating leptin and in-
sulin were reduced compared with the HFD group (P �
0.05, Fig. 2, B and C). Obesity is associated with increased
circulating serum lipid content. In this study, 60 d of the
HFD resulted in a 90.9% increase in serum free fatty acids,
a 131.4% increase in serum triglycerides, and a 106.0%
increase in HDL compared with chow-fed mice. Ac-
tRIIB-Fc treatment completely prevented the HFD-related
changes in all three parameters, such that the levels were
not significantly different from the chow group (Fig. 2,
D–F). Additionally, the LDL was increased in response to
the HFD feeding, and, although this effect was not com-
pletely abolished in the ActRIIB-Fc group, ActRIIB-Fc treat-
ment was able to significantly attenuate this rise (Fig. 2G).

In addition to elevating lipid levels in circulation, HFD
also results in inappropriate deposition of lipid in the liver.
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Liver triglyceride content, as visualizedbyOilRedOstain-
ing, was increased in mice on HFD compared with mice on
chow (Fig. 2H), consistent with liver steatosis (i.e. fatty
liver). This lipid-accumulating effect of HFD was pre-
vented in mice treated with ActRIIB-Fc as seen by fewer
Oil Red O-stained lipid droplets (Fig. 2H).

It has been previously reported that HFD feeding in
mice results in increased interscapular brown adipose tis-
sue (BAT) mass and adipocyte hypertrophy (31–33) as a
result of increased lipid accumulation in the tissue. As
expected, in our current study, we found that 60 d of HFD
feeding increased the overall BAT size (Fig. 3A) and nearly
doubled BAT mass (Fig. 3B). ActRIIB-Fc completely pre-
vented the effect of HFD feeding on both BAT size and

mass (Figs. 3, A and B). Furthermore, we used micro-CT
imaging and histology to assess the effects of HFD feeding
on BAT density and found that HFD in mice fed HFD, the
density of the BAT is measurably reduced. We further
validated this finding histologically in which we visualized
the increased lipid storage (Fig. 3E) in the adipocytes. The
HFD-induced change in the BAT lipid accumulation was
completely prevented by ActRIIB-Fc in terms of both BAT
density and lipid content of the tissue (Fig. 3, C–E). Ad-
ditionally, the percentage that BAT mass contributes to
total body weight differs across diet and treatment groups.
BAT weight increased at a greater rate than the total
mouse body weight in the HFD-fed group. The dispro-
portionately high increase in BAT mass is consistent with

FIG. 1. A, Body weight over time in mice as a function of HFD and ActRIIB-Fc treatment. Vehicle was TBS. Data shown are means (n � 10 per
group), and d 60 means that differ significantly (P � 0.05) are designated by different letters. B, Percent change in lean tissue mass over time in
mice as a function of HFD and ActRIIB-Fc treatment. Measurements were made by NMR, data shown are means (n � 10 per group), and means
that differ significantly (P � 0.05) are designated by different letters. C, Percent change in fat tissue mass over time in mice as a function of HFD
and ActRIIB-Fc treatment. Measurements were made by NMR, data shown are means (n � 10 per group), and means that differ significantly (P �
0.05) are designated by different letters. D, Abdominal fat (visceral and sc) in mice as a function of 60 d of HFD and ActRIIB-Fc treatment.
Representative three-dimensional micro-CT images show fat (yellow) and bone (white). E, Quantitative analysis of visceral and sc abdominal fat
volume in mice as a function of 60 d of HFD and ActRIIB-Fc treatment. Seven mice from each experimental group were randomly selected and the
abdominal fat was quantified using micro-CT imaging. Data shown are means (n � 7 per group), and means that differ significantly (P � 0.05) are
designated by different letters. F, Tissue composition in mice as a function of 60 d of HFD and ActRIIB-Fc treatment. Representative micro-CT
images of transverse sections at the midthigh level indicate muscle (red), fat (yellow), and bone (white). G, Food consumption of mice fed a HFD
and treated with either TBS or ActRIIB-Fc for 60 d. Data shown are means (n � 8 per group), NS, Not significantly different from HFD-fed group
treated with TBS.
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it being a target tissue for ectopic fat deposition in a setting
of excess calories (Supplemental Fig. 1, published on The
Endocrine Society’s Journals Online web site at http://
endo.endojournals.org). In contrast, BAT mass in Ac-
tRIIB-Fc-treated mice remains constant despite significant
body weight gain so the percentage of BAT weight repre-
sented in the total body weight is smaller compared with
vehicle treated mice on either chow or HFD. This finding
suggests that ActRIIB-Fc mediates its effect on muscle in-
dependently from its effect on BAT and that BAT mass is
not indirectly affected by muscle hypertrophy.

ActRIIB-Fc protection from diet-induced obesity
results from increased energy expenditure and not
decreased caloric intake

ActRIIB-Fc treatment provided protection from the in-
creased adiposity and adiposity-related changes that result
from a HFD without affecting food intake. To confirm

that the ActRIIB-Fc-mediated protection from DIO was
largely driven by increased energy expenditure, we con-
ducted an indirect calorimetry study. For this set of stud-
ies, we used a slightly modified version of the ActRIIB. It
was engineered with a mouse rather than a human Fc
domain whereas the extracellular, active portion of the
protein was completely unchanged (human amino acid
sequence for both molecules). We have previously deter-
mined that both compounds have equivalent effects on
body composition and DIO protection (data not shown).
HFD plus ActRIIB-Fc-treated mice had 30% higher en-
ergy consumption than the HFD counterparts, supporting
the idea that ActRIIB-Fc treatment prevents obesity by
increasing energy expenditure and not by affecting food
intake (Fig. 4, A and B). Additionally, there was a change
in the RER between the groups. ActRIIB-Fc-treated mice
had a tendency to preferentially use carbohydrate sub-

FIG. 2. A, Percent HMW of total serum adiponectin concentrations in mice as a function of HFD and ActRIIB-Fc treatment for 60 d. B, Serum
leptin concentrations in mice as a function of HFD and ActRIIB-Fc treatment for 60 d. C, Serum insulin concentrations in mice as a function of HFD
and ActRIIB-Fc treatment for 60 d. D, Serum concentrations of free fatty acids in mice as a function of HFD and ActRIIB-Fc treatment for 60 d. E,
Serum concentrations of triglycerides in mice as a function of HFD and ActRIIB-Fc treatment for 60 d. F, Serum concentrations of HDL in mice as a
function of HFD and ActRIIB-Fc treatment for 60 d. G, Serum concentrations of LDL in mice as a function of HFD and ActRIIB-Fc treatment for
60 d. Data shown are means � SEM (n � 10 per group), and those that differ significantly (P � 0.05) are designated by different letters. H, Liver
triglyceride content as a function of HFD and ActRIIB-Fc treatment for 60 d. Liver sections were hematoxylin and eosin stained and visualized using
light microscopy. Magnification, �20.
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strates (Fig. 4, C and D), although whether this affected
lipid utilization is unknown.

ActRIIB-Fc increases expression of thermogenesis
genes in white fat tissue

Previous literature supports a role for ActRIIB signaling
in regulating white adipose tissue and in mediating

changes that occur in fat depots in response to HFD feed-
ing (17). Additionally, specific ActRIIB-Fc target ligands
have been implicated in adipogenesis (26, 34) as well as the
control of mitochondrial biogenesis in white adipose tis-
sue (26, 35). In addition to the classical BAT in the inter-
scapular region, emergence of newly recruited brown fat-
like cells in white adipose tissue (WAT) appears to be

FIG. 3. A, Digital photographs of representative interscapular BAT depots dissected from mice after 60 d of HFD and ActRIIB-Fc treatment. B, BAT
mass as a function of 60 d of HFD and ActRIIB-Fc treatment. Data shown are means (n � 10 per group), and means that differ significantly (P �
0.05) are designated by different letters. C, Quantitative analysis of BAT density in mice as a function of 60 d of HFD and ActRIIB-Fc treatment.
Seven mice from each experimental group were randomly selected, and the BAT density was quantified using micro-CT imaging. Data shown are
means (n � 7 per group), and means that differ significantly (P � 0.05) are designated by different letters. D, BAT in mice as a function of 60 d of
HFD and ActRIIB-Fc treatment. Representative three-dimensional micro-CT images show BAT (red) and bone (white). E, BAT triglyceride content as
a function of HFD and ActRIIB-Fc treatment for 60 d. BAT sections were hematoxylin and eosin stained and visualized using light microscopy.
Magnification, �20 (large pane).
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important target for the antiobesity therapeutics (6, 8, 9).
Hence, we studied whether ActRIIB-Fc inhibition of Ac-
tRIIB signaling induces the brown fat-like cells in the ep-
ididymal WAT by measuring several brown fat-enriched
genes such as UCP1, PGC-1�, and cidea. Strikingly, HFD
plus ActRIIB-Fc treatment resulted in an approximately
60-fold up-regulation of gene expression for UCP1, an
approximately 1.5-fold increase in cidea, and a 3.5-fold
induction of PGC-1� compared with the HFD groups
(Fig. 5, A–C). Importantly, this ActRIIB-Fc-driven effect
extends beyond the level of gene expression. When we
assayed the epidydimal fat pads for changes in UCP1 pro-
tein, we found pockets of multilocular, UCP1-positive
areas in the ActRIIB-Fc samples, whereas there was neg-
ligible UCP1 immunoreactivity in the HFD WAT. Histo-
logically we confirmed that these regions had the multil-
ocular appearance also characteristic of brown fat. These
data demonstrate that ActRIIB-Fc treatment is not simply
changing the transcriptome of WAT but that the WAT is

producing the key brown fat proteins. In addition,
FOXO1 was up-regulated and there was a trend for Sirt-1
up-regulation , further supporting fat use rather than stor-
age occurring in HFD plus ActRIIB-Fc-treated mice (Sup-
plemental Fig. 2). We did not detect statistically significant
changes in gene expression or protein levels of PRDM16,
which may be a matter of the time point from which the
tissue was assayed or further support that thermogenesis
in epididymal fat is not under PRDM16 regulation (36).

Ligands in the TGF� superfamily differentially
regulate thermogenic gene expression in primary
white adipocytes, and ActRIIB-Fc inhibits multiple
ligands, which negatively regulate thermogenesis

ActRIIB-Fc treatment increases expression of thermo-
genic genes in WAT, and presumably this effect is the re-
sult of the soluble receptor binding and inactivating li-
gands that would otherwise act to repress thermogenesis.
To determine which TGF� ligands able to bind to Ac-

FIG. 4. A, Oxygen consumption tracings from chow (dotted gray line), HFD (solid black line), and ActRIIB-mFc (solid gray line) groups. B, Mean
VO2 consumption over the 24-h measurement period was significantly lower in the HFD group (gray bar) compared with that of the chow (white
bar) and ActRIIB-mFc (black bar) cohorts (P � 0.001; n � 8/group). C, Representative RER tracing from chow (dotted gray line), HFD (solid black
line), and ActRIIB mFc (solid gray line) groups. B, The ActRIIB-mFc (black bar) cohort had significantly higher RER measurements compared with
HFD (gray bar; P � 0.05; n � 8/group), but both had lower RER compared with that of chow (white bar). B and D, Means that are significantly
different are designated by different letters.
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tRIIB-Fc, we first conducted the SPR assay. The SPR
screening identified GDF-3, GDF-8, GDF-11, activin A,
and activin B as high-affinity ligands for ActRIIB-Fc.
GDF-5, GDF-6, GDF-7, and BMP-7 were intermediate
binders, and BMP-2 and BMP-4 were low binders. GDF-9
was identified as a nonbinding ligand (Fig. 6A). Next, we
screened for which TGF� ligands inhibited expression of
thermogenic genes using primary cultured white adi-
pocytes. As shown in Fig. 6B, UCP1 gene expression was
significantly down-regulated after treatment with the Ac-
tRIIB-Fc high-affinity ligands (GDF-3, GDF-8, GDF-9,
GDF-11, and activins A and B) as well as the nonbinder
GDF-9. ActRIIB also binds BMP-9 and BMP-10, but these
ligands did not produce any changes in UCP1 in the pri-
mary white fat cultures and therefore were not further
characterized (data not shown) (13). The intermediate
binders GDF-5, GDF-7, and BMP-7 significantly up-reg-
ulated UCP1 expression in the cultured adipocytes as did
the low-affinity BMP-2 and BMP-4 (Fig. 6B). Although
the effect on UCP1 expression was the most dramatic, we
found the similar trend for the additional brown fat-spe-

cific markers cidea and PGC-1� in which high-affinity
binders had the greatest effect on suppressing expression,
whereas the intermediate and low binders actually in-
creasedexpression levels (Fig. 6,CandD).Theeffectof the
inhibitory ligands on the specific markers for brown fat
UCP1 and cidea was maintained after normalization to
the expression of the adipocyte fatty acid binding protein
ap2, indicating that the down-regulation is not merely the
result of overall inhibition of adipogenesis (Supplemental
Fig. 3). Additionally, we determined the ability of Ac-
tRIIB-Fc to inhibit the UCP1 down-regulation mediated
by ActRIIB high-affinity ligands in vitro. Culturing adi-
pocytes with the high-affinity ligands (GDF-8, GDF-11,
and activins A and B) in the presence of ActRIIB-Fc either
fully restored or made significant improvements to the
UCP1 expression. In this study, GDF-3 did not have a
measurable effect on UCP1 expression, and we found no
change when combined with ActRIIB-Fc treatment. As a
negative control, we tested the effect of cotreatment with
ActRIIB-Fc and the non-ActRIIB binder GDF-9. GDF-9
markedly inhibited UCP1 expression and ActRIIB-Fc was

FIG. 5. Relative expression of thermogenic genes in epididymal WAT of mice as a function of 60 d of HFD and ActRIIB-Fc treatment. Quantitative
real-time PCR was used to assess relative gene expression of UCP1 (A), cidea (B), and PGC-1� (C). 18S mRNA expression was used as an internal
control for all of the evaluated genes. Data shown are means (n � 10 per group), and means that differ significantly (P � 0.05) are designated by
different letters. D, Hematoxylin and eosin stain of formalin-fixed, paraffin-embedded sections of epididymal WAT from mice fed a HFD and
treated with either TBS (top left) or ActRIIB-Fc (bottom left) for 60 d visualized with light microscopy (�10). 4�,6�-diamino-2-phenylindole-stained
nuclei in epididymal WAT from mice treated with either TBS (top center) or ActRIIB-Fc (bottom center) visualized with fluorescence microscopy
(�10). UCP1 protein expression in tissue sections of epididymal WAT from mice fed a HFD and treated with either TBS (top right) or ActRIIB-Fc
(bottom right) for 60 d visualized using fluorescence microscopy (�10).
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ineffective at preventing this effect (Fig. 6E). Taken to-
gether, these data support that ActRIIB-Fc binds with high
affinity to the negative regulators of thermogenesis (i.e. the
high affinity ligands) and consequently permits an emer-
gence of brown fat-like cells in WAT. Importantly, this
effect occurs without impeding the effects of the ligands
that ordinarily may act to drive thermogenesis in WAT
(the intermediate and low affinity binders). All together
these data support that ActRIIB-Fc-treated mice increase

their energy expenditure sufficiently to offset the increased
energy load from HFD feeding rather than succumb to
DIO and its associated consequences.

Discussion

These studies demonstrate the efficacy of the therapeutic
ActRIIB-Fc in offsetting the effects of HFD feeding and

FIG. 6. A, Analysis of ActRIIB-Fc binding to different ligands by SPR. Purified ActRIIB-Fc was captured on a Biacore sensor chip by immobilized
antihuman Fc antibody; different concentrations of ligands were injected over captured receptor in duplicates. Kinetic analysis was performed with
Biacore T100 at 25C except for BMP-2, which was performed at 20C. Data were globally fit to a 1:1 binding model with mass transfer term using
BIAevaluation software (Biacore). B–D, Expression of thermogenic genes in cultured, differentiated, primary adipocytes from WAT in response to
treatments with select TGF� members. UCP1 (B), cidea (C), and PGC-1� (D) mRNA expression levels as a function of treatment with GDF-3, GDF-8,
GDF-9, GDF-11, activin A, and activin B ligands. E, Expression of UCP1 in cultured, differentiated, primary adipocytes from WAT in response to
treatment with select TGF� members with or without the addition of ActRIIB-Fc. Quantitative real-time PCR was used to assess relative expression
of the genes of interest using TATA box binding protein mRNA expression as an internal control. Data shown are means (n � 3 per group). �a,
Association rate constant; �d, dissociation rate constant; KD, equilibrium dissociation constant; NT, no treatment. *, P � 0.05.
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identify two mechanisms that could be driving the Ac-
tRIIB-Fc-mediated increase in energy expenditure. First,
ActRIIB-Fc treatment resulted in nearly a 40% increase in
overall lean mass compared with the untreated HFD-fed
mice. Multiple TGF� ligands, the best characterized being
GDF-8 (myostatin), act via the ActRIIB to negatively reg-
ulate muscle mass growth. ActRIIB-Fc, being a form of
soluble ActRIIB, binds these ligands with high affinity and
prevents their signaling at the endogenous receptor, which
results in increased muscle mass. Previous work provides
a more detailed description of the effect on muscle, but in
summary, ActRIIB-Fc treatment increases myofiber size of
both oxidative and glycolytic fibers without affecting fiber
number or fiber type distribution (20, 21, 37). Second,
ActRIIB-Fc treatment robustly induced a number of
brown fat-like thermogenic genes, including UCP1 and
PGC-1� in pockets of WAT. Considerable numbers of
brown adipocytes occur transiently within some white fat
depots during early postnatal development (38) and can
reappear in white fat depots under certain conditions in
adulthood (39). Even in humans, limited evidence suggests
that brown adipocytes are inducible in white fat depots
during adulthood (40). The molecular signals that regu-
late this process are not fully understood; however, our
data support a role for ActRIIB signaling. Importantly,
our results strongly suggest that induced brown fat-like
adipocytes interspersed within WAT significantly contrib-
ute to the regulation of whole-body energy metabolism.
Indeed, it has been reported that mouse strains with en-
hanced capacity to induce UCP1 expression and brown
adipocyte differentiation in white fat lost weight at a
higher rate in response to adrenergic stimulation than the
strains that with lower UCP1 induction potential (41).

Interestingly, the ActRIIB-Fc increase in muscle mass
occurs ahead of its effect of reducing fat mass gain. Lean
mass is significantly increased by ActRIIB-Fc treatment at
the first time point (d 27) and continues to be increased at
d 48, whereas the fat mass in the vehicle and ActRIIB-Fc
HFD groups do not diverge until d 48. One possibility for
the adiposity effect lagging behind the effect on muscle is
that the increased muscle is contributing to the protection
from DIO. Increasing muscle is an effective means to offset
excess calories, and although this effect is likely a key
contributor to the overall effect, we propose that the
change in fat phenotype also plays an independent role
from the muscle. Certain TGF� ligands, including GDF-3,
are expressed in WAT and their expression levels increase
with HFD feeding (25–27, 42, 48). In the case of GDF-3,
overexpression of the ligand is associated with an in-
creased level of obesity, whereas genetic ablation prevents
DIO (27, 48). Importantly, the nature of the protection
from DIO was identified as being an up-regulation of ther-

mogenesis in WAT with no change in muscle mass. There-
fore, targeting GDF-3 and/or other ligands with a similar
function is sufficient to offset the effects of HF feeding, so
it is likely that the ActRIIB-Fc effect on WAT is contrib-
uting to the net effect of prevention of DIO. Again, the
levels of these ActRIIB-Fc ligands are low in lean animals
but increase as obesity progresses, so it is possible that the
lag in the ActRIIB-Fc direct effect on WAT requires these
changes in the properties of the WAT.

Future studies will address the specific contribution of
muscle and fat tissues to the overall effect of DIO protec-
tion. In addition, we will more closely consider the pos-
sible contributions of additional organ systems. For ex-
ample, our studies determined that the ActRIIB-Fc effect
on HFD feeding is not due to hypophagia, but based on the
data from our studies, we cannot rule out the possibility
that there is a difference in nutrient absorption between
the groups that could be contributing to the reduced ad-
iposity in the ActRIIB-Fc treatment group.

In using a mouse model to understand the effects of a
molecule derived from human sequence, it is important to
consider the possibility of the formation of neutralizing
antibodies against the drug itself for the interpretation of
the study. In our case, the extracellular domains of the
human and mouse ActRIIB are highly homologous and
differ only by a single amino acid; therefore, it is unlikely
that neutralizing antibodies would be formed against the
extracellular binding region of the drug. Consistent with
this, the muscle mass increase characteristic of myostatin
inhibition as well as the protection against DIO was con-
sistently maintained across the duration of the study. An-
tibodies against the Fc portion would not be expected to
interfere with the binding of the drug to its target ligands,
but to test for this unlikely event, we ran studies with
molecules having the same ActRIIB extracellular domain
but with either a human or a mouse Fc. These two mole-
cules had comparable effects on body weight and body
composition, which supports the idea that if there are an-
tibodies directed against the Fc portion of the human mol-
ecule, they do not interfere with the pharmacological ef-
fects of the molecule. These data support that the effects
reported are drug specific and are not altered by antidrug
antibody production.

Members of the TGF� superfamily act to control dif-
ferentiation of a multiple tissue types, including fat. Pre-
vious work has characterized a substantial TGF� super-
family regulation of the thermogenic potential of white
fat. TGF�1, through SMAD signaling, reduces markers of
mitochondrial biogenesis in white fat (43). In addition to
TGF�, genetic deletion of myostatin as well as inhibition
of ActRIIB promotes a brown fat phenotype in white fat
depots (18). We confirm the finding of Zhang et al. (18) of
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increased thermogenesis genes in white fat after the ad-
ministration of ActRIIB-Fc, although the UCP1 levels of
the chow-fed groups differ between our study and theirs
and the magnitude of UCP1 effect in response to treatment
is also different. We find a low basal level of UCP1 in both
the chow and HFD groups, whereas the study by Zhang et
al. describes a HFD-induced decrease in UCP1 compared
with chow-fed mice. In their study, UCP1 levels are re-
stored to that of the chow group, whereas we report a
60-fold up-regulation with ActRIIB-Fc treatment. This
difference could be due to the properties of our soluble
receptor constructs or possibly to the differences in dose
and duration of treatment. However, in addition to myo-
statin, other ligands in the TGF� superfamily have been
implicated in the regulation of WAT and may be acting
through the ActRIIB (25–27, 42, 48).

To better understand the role these ligands play in white
fat, we first assessed their effect on regulating expression
of thermogenic factors in white fat primary cultures. In
this set of studies, activins A and B and GDF-3, GDF-8,
and GDF-11 were characterized as UCP1 and PGC-1�

inhibitors. We also identified these ligands as being high-
affinity ActRIIB ligands, and therefore, ActRIIB-Fc may
be having its effects on white fat through inhibition of
these factors. In addition, we assayed the UCP1 and
PGC-1� response to GDF-5, GDF-6, and GDF-7 and
BMP-2, BMP-4, and BMP-7. The thermogenesis pheno-
type was increased in response to these factors. These li-
gands were also found to bind to ActRIIB with interme-
diate to low affinity and are therefore not directly affected
by ActRIIB-Fc treatment. It is possible the ActRIIB-Fc is
indirectly influencing the ability of the prothermogenesis
factors to signal by sequestering the negative regulators,
which ordinarily compete for the downstream signaling
machinery. Little is known about the role of GDF-9 out-
side oocyte development (44). We found it reduced UCP1
expression, but the SPR data confirmed it as a non-Ac-
tRIIB binder, so it is mediating its effects independently of
the ActRIIB. Taken together, these data suggest that the
effect of ActRIIB-Fc on increasing a brown fat phenotype
in white fat may be mediated not only by directly by in-
hibiting ActRIIB signaling but also by sequestering the
negative regulators, permitting greater signaling from the
pro-thermogenesis ligands.

We identified GDF-8, GDF-11, activin A, activin B, and
GDF-3 as potential mediators of the described ActRIIB-Fc
effects in WAT. Consistent with this finding, previous
work has described the expression of ActRIIB and certain
of its high-affinity ligands in white fat (17, 23, 25, 26, 35).
For example, GDF-3 and GDF-8 are expressed in white
adipose tissue, are up-regulated in response to HFD, and,
given our data demonstrating their suppression of UCP1,

may be acting to promote the storage rather than the burn-
ing of fat. Therefore, inhibition of these ligands may be a
suitable strategy for the management of obesity. Activins
A and B are also expressed in white fat, although they
might localize to different cell populations (23, 25, 35,
45). Similar to GDF-3 and GDF-8, expression of activins
A and B are thought to positively associate with metabolic
disease (25, 45, 46) and are therefore possible targets for
the treatment of obesity. ActRIIB-Fc is a soluble form of
the ActRIIB, a receptor common to all of these ligands, and
we demonstrate its inhibition of these ligands. The ability
of ActRIIB-Fc to inhibit the multiple negative regulators is
a feature that presumably would result in a broader inhi-
bition of the negative regulators and provide a more max-
imal effect on UCP1 up-regulation compared with target-
ing the ligands individually.

Interestingly, McPherron et al. (47) have reported that
treatment with a soluble ActRIIB did not decrease adipos-
ity in mice with established DIO. In their paper, mice were
fed a HFD for 12 wk and maintained on this diet during
12 wk of treatment with a soluble ActRIIB. The treatment
schedule was a dose of 10 mg/kg � wk for 4 wk followed by
an additional 8 wk of 5 mg/kg � wk. This dosage signifi-
cantly increased muscle mass in the DIO mice but offered
no protection from continued fat mass accumulation. In
this study, the effect of converting white fat to a brown fat
phenotype was not assessed. Therefore, it is not clear
whether the treatment failed to increase thermogenesis in
white fat at all or whether the effect on white fat occurred
but was insufficient to offset the preexisting adiposity un-
der continued HFD feeding. Given that our results support
a prevention of DIO when treatment with 10 mg/kg twice
weekly is given concomitant to HFD, future work will
need to address possible differences in the browning effect
mediated by different dosages of soluble ActRIIB and ex-
plore the effect of the TGF� superfamily members in reg-
ulating adipose tissue from obese mice.

These findings identify a novel potential mechanism for
induction of thermogenic profile in predominantly WAT
and provide grounds for the use of ActRIIB-Fc in treat-
ment of obesity and obesity-related metabolic disorders.
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