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Abstract
Aims/hypothesis Although myostatin-null (Mstn−/−) mice
fail to accumulate fat in adipose tissue when fed a high-
fat diet (HFD), little is known about the molecular
mechanism(s) behind this phenomenon. We therefore
sought to identify the signalling pathways through which
myostatin regulates accumulation and/or utilisation of fat.
Methods Wild-type, Mstn−/− and wild-type mice treated
with soluble activin type IIB receptor (sActRIIB) were fed
a control chow diet or an HFD for 12 weeks. Changes in gene
expression were measured by microarray and quantitative
PCR. Histological changes in white adipose tissue were
assessed together with peripheral tissue fatty acid oxidation
and changes in circulating hormones following HFD feeding.
Results Our results demonstrate that inactivation of
myostatin results in reduced fat accumulation in mice

on an HFD. Molecular analysis revealed that metabolic
benefits, due to lack of myostatin, are mediated through
at least two independent mechanisms. First, lack of
myostatin increased fatty acid oxidation in peripheral
tissues through induction of enzymes involved in
lipolysis and in fatty acid oxidation in mitochondria.
Second, inactivation of myostatin also enhanced brown
adipose formation in white adipose tissue of Mstn−/−

mice. Consistent with the above, treatment of HFD-fed
wild-type mice with the myostatin antagonist, sActRIIB,
reduced the obesity phenotype.
Conclusions/interpretation We conclude that absence of
myostatin results in enhanced peripheral tissue fatty acid
oxidation and increased thermogenesis, culminating in
increased fat utilisation and reduced adipose tissue mass.
Taken together, our data suggest that anti-myostatin
therapeutics could be beneficial in alleviating obesity.
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Introduction

Myostatin, a secreted growth factor and member of the
TGF-β superfamily, has recently emerged as an important
growth factor that not only regulates levels of lean muscle
mass, but also body fat content in mice. While high levels
of myostatin are detected in skeletal muscle [1], low levels
are also detected in other tissues, including adipose tissue
[1] and heart [2]. Inactivation of the Mstn gene [1] in mice,
or mutations in the bovine [3, 4], ovine [5] and human
MSTN [6] genes result in a similar phenotype of increased
muscle growth. In addition murine studies have reported
significant decreases in the amount of adipose tissue in
association with loss of myostatin function. For example,
McPherron and Lee reported that myostatin-null (Mstn−/−)
mice, despite having normal food intake and body
temperature, and a reduced metabolic rate, have signifi-
cantly less mean total body fat and lower serum leptin
levels than wild-typemice [7]. Furthermore, loss of myostatin
in genetic models of obesity (agouti lethal yellow and leptin-
deficient mice [Lepob/ob]) suppressed body fat accumulation
[7]. Similarly, myostatin prodomain-overexpressing trans-
genic mice (in which myostatin function is blocked) also
displayed significantly decreased fat-pad weight and were
also resistant to obesity induced by a high-fat diet (HFD) [8].
These results suggest that loss of functional myostatin, while
increasing muscle mass, decreases body fat accumulation. In
contrast, Feldman et al. reported that ectopic production of
myostatin, specifically in adipose tissue, induces adipose
wasting [9]. Therefore the exact role of myostatin in
regulating adipose tissue growth and functionality remains
to be fully understood.

Increased peripheral tissue fatty acid oxidation can lead
to increased energy expenditure to protect against obesity.
Adipose tissue plays a critical function in this regard, since
white adipose tissue (WAT) acts as an energy-storing organ
and brown adipose tissue (BAT) acts as an energy-
consuming organ. White adipocytes are characterised by a
large unilocular lipid droplet, whereas brown adipocytes
contain several relatively small lipid droplets, giving them a
characteristic multilocular appearance. Brown adipocytes
also contain large numbers of mitochondria with densely
packed, regularly arranged cristae [10], a characteristic of
high mitochondrial activity. BAT is an important regulator
of thermogenesis, in fact BAT has a high abundance of
uncoupling protein (UCP) 1, which functions to uncouple
oxidative phosphorylation, resulting in release of excess
energy as heat to maintain normal body temperature.
Furthermore, the expression of genes including Dio2, Cidea
and Pgc-1α (also known as Ppargc1a), as well as that of
genes encoding members of the peroxisome proliferator-
activated receptor (PPAR) family, is also highly enriched in
BAT. Interestingly, differentiated WAT has been shown to

acquire BAT-like properties; in particular, exposure to cold
or stimulation with a β3-adrenergic agonist can induce the
emergence of multilocular, UCP1-producing, brown adipo-
cyte depots in WAT [11–13].

Here, we have identified molecular mechanisms that
promote leanness in the absence of myostatin. We show that
lack of myostatin promotes increased fatty acid oxidation in
peripheral tissues, as well as increased prevalence of
Brown-like adipose tissue in WAT. As a result, we show
that Mstn−/− mice are resistant to obesity even when
challenged with an HFD. We further show that treatment
of mice with a myostatin antagonist, soluble activin type
IIB receptor (sActRIIB), can protect mice from diet-
induced obesity. These data suggest that novel therapeutics
designed to increase body energy expenditure could be
viable as anti-obesity drugs.

Methods

Animals Animal experiments were conducted with approval
from the Institutional Animal Care and Use Committee,
Singapore. Wild-type mice (C57BL/6 background) were
supplied by the Centre for Animal Resources, National
University of Singapore, Singapore. Mstn−/− mice (C57BL/6
background) were donated by S.-J. Lee (Department of
Molecular Biology & Genetics, Johns Hopkins University
School of Medicine, Baltimore, MD, USA). Mstn−/− and
wild-type mice were housed in groups at a constant
temperature (20°C) under a 12/12 h artificial light/dark cycle
with free access to water. Two groups of 7-week-old male
mice, consisting of five wild-type and five Mstn−/− mice
each, were either fed an HFD (45% energy from fat; 58V8;
TestDiet, Richmond, IN, USA) or chow diet (10% energy
from fat; 58Y2; TestDiet) for 12 weeks. For sActRIIB
antagonist studies, 7-week-old male wild-type mice were fed
a chow diet or an HFD as above for a period of 12 weeks,
together with intraperitoneal injection of saline or sActRIIB
(5 μg/g body weight) administered three times per week. The
generation and purification of the sActRIIB has been
previously described in detail [14]. Body weight and energy
intake (energy intake=food consumption×metabolisable
energy content) were recorded twice a week in all mice.
Rectal temperatures of wild-type and Mstn−/− mice were
measured using a rectal thermometer (Thermocouple; Kent
Scientific, Torrington, CT, USA). All measurements and
analyses were performed on epididymal WAT (gonadal) and
M. gastrocnemius skeletal muscle unless otherwise stated.

RNA extraction and quantitative real-time PCR RNA
extraction and quantitative real-time PCR (qPCR) were
performed as previously described [14]; see Electronic
supplementary material (ESM) for details.
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Measurement of triacylglycerol in WAT Lipid was extracted
from peripheral tissues using a modified version of the
Folch extraction method, as previously described [15, 16]
(see ESM for details).

Measurement of serum NEFA and leptin, and total blood
triacylglycerol Total blood triacylglycerol levels were ana-
lysed using an Accutrend Plus meter (Roche Diagnostics,
Indianapolis, IN, USA). Serum NEFAwas measured using a
kit (NEFA-C kit; Wako, Chuo-Ku, Osaka, Japan). Serum
leptin levels were also determined using a kit (Mouse
Leptin ELISA; Millipore, Billerica, MA, USA), as per
the manufacturer’s instructions.

Haematoxylin and eosin staining of WAT Epididymal fat-
pads were fixed for 48 h with 10% (vol./vol.) formalin, then
dehydrated in an automated tissue processor (TP1020;
Leica, Wetzlar, Germany). The fat-pads were paraffin-
embedded, sectioned using a rotary microtome (RM2265;
Leica) and stained with haematoxylin and eosin as
previously described [17].

Immunohistochemical staining Immunohistochemical stain-
ing of fat-pad sections was performed using a kit (Vectastain
Elite ABC; Vector Laboratories, Burlingame, CA, USA)
according to the manufacturer’s instructions with some
modifications (see ESM for details).

Measurement of prostaglandin released from WAT explants
Assessment of the levels of prostaglandins released from
WAT explants was performed as previously described [13]
(see ESM for details).

Assessment of fatty acid oxidation in tissues and myotube
cultures Fatty acid oxidation in liver, WAT [18] and
myotube cultures [19] was analysed as previously described
(see ESM for details).

Microarray analysis Microarray analysis was performed in
duplicate from WAT tissue isolated from wild-type and
Mstn−/− mice. Gene expression changes identified by
microarray were subsequently verified by qPCR in six
different samples per group. RNA from WAT was isolated
using TRIzol (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s guidelines. RNA integrity was verified
using a kit (Agilent RNA 6000 Nano Kit and 2100
Bioanalyzer; Agilent, Santa Clara, CA, USA). Microarray
analysis was performed by Genomax Technologies,
Singapore, as per their standardised techniques, using a
mouse gene expression array (SurePrint G3; Agilent).
Normalised data were used for pairwise comparisons
between wild-type and Mstn−/− mice fed on chow diet. The
resulting gene list from the pairwise comparisons included

the genes with a value of p≤0.05 when using a standard
two-tailed unequal variance t test. All statistical analysis on
the microarray data was done using GenSpring software
(version 11.0.2; Agilent). Significantly upregulated genes
(≥1.5-fold) were subsequently verified via qPCR.

Statistical analysis Multiple comparisons were made using
two-way ANOVA and robust regression analysis. Single
comparisons were made using two-tailed Student’s t tests.
Data are expressed as mean±SEM and values of p<0.05
were considered significant. Experimental replicates were
as described in relevant figures.

Results

Mstn−/− mice exhibit reduced adiposity even when fed an
HFD Recently we [14] and others [17, 20] have shown that
chronic HFD feeding of Mstn−/− mice resulted in signifi-
cantly less accumulation of visceral adipose tissue mass and
improved resistance to diet-induced obesity when compared
with wild-type mice on an HFD. To study this in further
detail, we fed wild-type and Mstn−/− mice an HFD or chow
diet for 12 weeks. While no significant difference was
observed in the energy intake between wild-type mice fed
an HFD or a chow diet, Mstn−/− mice on an HFD had
increased energy intake over and above that of their chow
diet-fed counterparts (Fig. 1a). As expected, wild-type mice
fed an HFD showed a greater increase (~40%) in body
weight than wild-type mice on a chow diet (~23%) after
12 weeks (Fig. 1b). In contrast, no significant difference in
body weight was observed between Mstn−/− mice fed a
chow diet or those fed an HFD, despite the increased
energy intake observed in the latter (Fig. 1b). Subsequent
quantification of adipocyte area revealed that adipocytes
from Mstn−/− mice WAT were smaller (<350 μm2) than
those from wild-type mice, where the majority ranged from
350 to 700 μm2 or were greater than 700 μm2 (Fig. 1d).
Furthermore, HFD feeding caused significant hypertrophy
of adipocytes in wild-type mice, while insignificant
hypertrophy was observed in Mstn−/− adipocytes (Fig. 1d).
Consistent with the reduced adipose content, we found
significantly lower triacylglycerol accumulation in Mstn−/−

WAT than in wild-type WAT (Fig. 1e). We also observed
reduced serum leptin levels in Mstn−/− compared with wild-
type mice (Fig. 1f). These data suggest that fat accumula-
tion in WAT in Mstn−/− mice is reduced. We hypothesised
that this could result from reduced triacylglycerol synthesis
or enhanced fatty acid oxidation.

Lack of myostatin increases lipolysis and peripheral tissue
fatty acid β-oxidation Microarray analysis revealed elevated
expression of genes encoding enzymes involved in fatty acid
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synthesis, including Fasn and Acaca, in WAT tissue
isolated from Mstn−/− mice compared with wild-type mice
WAT (Table 1). Subsequent qPCR analysis confirmed
upregulation of Fasn and Acaca expression in Mstn−/−

WAT (Fig. 2a, b). Several-fold upregulation of genes that
code for proteins involved in thermogenesis (Ucp1, Ucp2,
Cidea, Cpt1b, Dio2), BAT differentiation (Cebpb) and
prostaglandin synthesis (Ptgs2, Ptges and Ptges2) was
also seen in Mstn−/− WAT (Table 1). Furthermore, qPCR
analysis revealed that genes encoding the lipolytic
enzymes adipose triacylglycerol lipase, hormone sensitive
lipase and monoacylglycerol lipase, which are critical for

catalysing hydrolysis of triacylglycerol, diacylglycerol and
monoacylglycerol respectively, were upregulated in WAT
isolated from Mstn−/− mice (Fig. 2c–e). Importantly, the
expression of genes involved in fatty acid oxidation
(Ppara, Pparg, Ppargc1a, Ppargc1b, Acadvl, Acadm,
Hadha, Acadl, Hadh, Hadhb, Acsl1 and Acsm3) was also
enhanced in Mstn−/− WAT (Table 1). Moreover, qPCR
analysis confirmed significant upregulation of Acadl,
Acsl6 and Acadvl in WAT (Fig. 3a–c), BAT (Fig. 3d–f)
and skeletal muscle (ESM Fig. 1a–c) from chow diet-fed
Mstn−/− mice compared with wild-type mice on a chow
diet. Importantly, while increased expression of Acadvl,
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Acadl and Acsl6 was maintained in WAT, BAT and skeletal
muscle of Mstn−/− mice fed an HFD, no significant
increase occurred in WAT (Fig. 3a–c), BAT (Fig. 3d–f) or
skeletal muscle (ESM Fig. 1a–c) tissue from HFD-fed
wild-type mice. Consistent with the increase of fatty acid
oxidation enzyme abundance (Fig. 3), we also observed a
large increase in fatty acid oxidation in WAT, liver
(Fig. 3g) and primary myotubes cultures from Mstn−/−

mice (ESM Fig. 1f). In addition, and consistent with
enhanced fatty acid oxidation, we also found a significant
reduction of NEFA (Fig. 3h) in Mstn−/− mice compared
with wild-type controls.

Increased expression of genes involved in mitochondrial
activity in peripheral tissues of Mstn−/− mice Microarray
analysis revealed increased expression of genes encoding
mitochondrial cytochrome c oxidase enzyme subunits Vb
(Cox5b), VIIa1 (Cox7a1) and VIIIb (Cox8b) (Table 1).
Quantitative PCR analysis also identified an approximately
sixfold and tenfold induction of Cpt1a and Cpt2 expression
respectively, in WAT from Mstn−/− mice fed regular chow
diet, compared with wild-type controls on a chow diet
(Fig. 2f, g). Importantly, HFD feeding resulted in further
upregulation of Cpt1a and Cpt2 in WAT from Mstn−/− mice.
However, no such increase was seen in WAT from wild-type

Table 1 Global gene expression changes between WAT from wild-type and Mstn−/− mice fed on chow diet

Genes by function Gene name Accession no. Fold upregulation

Fatty acid oxidation

Ppara/Pparα Peroxisome proliferator-activated receptor alpha NM_011144 2.1

Pparg/Pparγ Peroxisome proliferator-activated receptor gamma NM_011146 2.0

Ppargc1a/Pgc-1α Peroxisome proliferator-activated receptor, gamma, coactivator 1 alpha NM_008904 2.2

Ppargc1b Peroxisome proliferator-activated receptor, gamma, coactivator 1 beta NM_133249 4.0

Acadvl/Vlcad Acyl-coenzyme A dehydrogenase, very long chain NM_017366 1.7

Acadm Acyl-coenzyme A dehydrogenase, medium chain NM_007382 1.8

Hadha Hydroxyacyl-coenzyme A dehydrogenase, alpha subunit NM_178878 1.9

Acadl/Lcad Acyl-coenzyme A dehydrogenase, long-chain NM_007381 1.8

Hadh Hydroxyacyl-coenzyme A dehydrogenase NM_008212 2.0

Hadhb Hydroxyacyl-coenzyme A dehydrogenase, beta subunit NM_145558 1.7

Acsl1 Acyl-CoA synthetase long-chain family member 1 NM_007981 1.8

Acsm3 Acyl-CoA synthetase medium-chain family member 3, transcript variant 2 NM_21441 1.9

Mitochondrial activity

Cox5b Cytochrome c oxidase, subunit Vb NM_009942 2.2

Cox7a1 Cytochrome c oxidase, subunit VIIa 1 NM_009944 2.6

Cox8b Cytochrome c oxidase, subunit VIIIb NM_007751 7.2

Fatty acid synthesis

Fasn Fatty acid synthase NM_007988 3.2

Acaca/Acc1 Acetyl-coenzyme A carboxylase alpha NM_13336 1.9

Thermogenesis

Ucp1 Uncoupling protein 1 NM_009463 628.8

Cidea Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A NM_007702 18.1

Cpt1b Carnitine palmitoyltransferase Ib NM_009948 4.7

Ucp2 Uncoupling protein 2 NM_011671 1.7

Dio2 Deiodinase, iodothyronine, type II NM_010050 3.7

Prostaglandin synthesis

Ptgs2/Cox-2 Prostaglandin-endoperoxide synthase 2/cyclooxygenase-2 NM_011198 4.4

Ptges Prostaglandin E synthase NM_022415 1.6

Ptges2 Prostaglandin E synthase 2 NM_133783 1.7

BAT differentiation

Cebpb CCAAT/enhancer binding protein, beta NM_009883 2.0

WAT (epididymal fat pad) was extracted from wild-type and Mstn−/− mice fed a chow diet

Genes were separated on basis of functions as indicated and were upregulated by at least 1.5-fold
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mice fed an HFD. A modest, yet significant, increase in
Cpt1a and Cpt2 (ESM Fig. 1d, e) expression was also
observed in skeletal muscle tissue from chow diet- and
HFD-fed Mstn−/− mice compared with the respective wild-
type controls. Taken together, these data suggest that
mitochondrial activity is increased in Mstn−/− WAT. We
propose that this may be one mechanism through which
lack of myostatin improves lipid metabolism.

Upregulation of crucial transcriptional factors and BAT-
specific proteins in Mstn−/− WAT BAT is primarily respon-
sible for burning lipids, which, via uncoupling proteins
such as UCP1, results in dissipation of excess energy as
heat [21]. Consistent with this, we found significantly
elevated (by ~1°C) body temperature in Mstn−/− mice
compared with wild-type mice (Fig. 4a). Since we observed

elevated body temperature, increased expression of genes
that encode for fatty acid oxidative enzymes and increased
β-oxidation of fatty acids in Mstn−/− mice, we next
determined whether there was increased accumulation of
BAT-like cells in Mstn−/− WAT. Subsequent immunocyto-
chemistry revealed a BAT-like phenotype, with a predom-
inance of small cells with rich cytoplasmic staining,
multilocular lipid droplet appearance (Fig. 4b) and pro-
nounced UCP1 production in Mstn−/− WAT (Fig. 4c).
Furthermore, qPCR analysis revealed increased expression
of Ucp1, Ucp2 and Ucp3 (Fig. 4d), and of genes involved
in BAT specification and thermogenesis, including Ppara,
Pparb, Pparg and Pgc-1α, in Mstn−/− WAT; this increase
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was further enhanced upon HFD feeding (Fig. 4d, e).
Importantly, we did not observe the multilocular phenotype
(Fig. 4b) or increased UCP1 abundance (Fig. 4c) in WAT
from wild-type mice. Moreover, no increase in Ucp1, Ucp2,
Ucp3, Ppara, Pparb, Pparg and Pgc-1α expression was
detected upon HFD feeding in wild-type mice; in fact,
expression of the above genes remained relatively low in
wild-type mice WAT, irrespective of diet regimen (Fig. 4d, e).
Elevated levels of cyclooxygenase-2 (COX-2), a rate-
limiting enzyme in prostaglandin synthesis, contributes to
the development of a BAT-like or ‘beige’ phenotype in WAT
[13]. Therefore we next analysed COX-2 levels via
immunocytochemistry and qPCR in WAT tissue from wild-
type and Mstn−/− mice. The results revealed strong induction
of COX-2 abundance and expression of Ptgs2 (Cox2) in
Mstn−/− mice WAT, but not in WAT from wild-type mice
(Fig. 5a, b). Consistent with elevated Ptgs2 and Ptges
expression (Fig. 5b, e), we also observed enhanced release of
prostaglandin, Prostaglandin E2 (PGE2) and 6-keto-
prostaglandin F1α (PGF1α) fromMstn−/− mice WAT explants
compared with wild-type controls (Fig. 5c, d).

Treatment with myostatin antagonist alleviates diet-induced
obesity in mice To determine whether or not postnatal

inactivation of myostatin has any therapeutic benefit, wild-
type mice were fed a chow diet or HFD for 12 weeks in the
absence (saline) or presence of sActRIIB, which has been
previously shown to block myostatin signalling. Despite
similar energy intake (Fig. 6a), wild-type mice fed an HFD
gained more body weight than wild-type mice on a chow
diet (Fig. 6b). Moreover, wild-type mice fed an HFD in
conjunction with sActRIIB had reduced body weight gain
compared with that of wild-type mice fed an HFD only. In
fact the body weight gain observed in wild-type mice fed an
HFD and treated with sActRIIB was comparable with
control chow diet-fed wild-type mice (Fig. 6b). As
expected, wild-type mice on an HFD had significantly
increased WAT tissue weight (Fig. 6c) and enhanced
adipocyte hypertrophy (Fig. 6d, e). However, sActRIIB
treatment significantly reduced WAT weight gain (Fig. 6c)
and the increased adipocyte size observed following HFD
feeding alone (Fig. 6d, e). As expected, chronic HFD
feeding resulted in increased serum triacylglycerol content
(from 1.88 to 2.53 mmol/l). In contrast, a significant
reduction of serum triacylglycerol was observed in
sActRIIB-treated wild-type mice fed an HFD (from 2.53
to 1.91 mmol/l, p<0.05). Interestingly, there was no
significant difference in serum triacylglycerol levels between
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wild-type mice fed a chow diet and HFD-fed mice treated
with sActRIIB (1.88 vs 1.91 mmol/l).

Subsequent qPCR analysis revealed significantly reduced
Ucp1, Ucp2, Pgc-1α, Ppara, Pparg and Ptgs2 expression in
WAT from HFD-fed wild-type mice compared with control
wild-type mice on a chow diet (Fig. 6f–h). However, in WAT
from HFD-fed wild-type mice treated with sActRIIB, we
observed significantly elevated expression of Ucp1, Ucp2,
Pgc-1α, Ppara, Pparg and Ptgs2, rising back to levels
comparable with those observed in control wild-type mice on
a chow diet (Fig. 6f–h). Therefore postnatal inactivation of
myostatin results in a similar WAT gene expression profile to
that observed in Mstn−/− mice fed HFD.

Discussion

Mstn−/− mice had atrophied adipocytes and failed to
accumulate fat in WAT even when fed an HFD (Fig. 1).

Since this does not appear to be due to redistribution of fat
in peripheral tissues of Mstn−/− mice [14], we reasoned that
it could be due to increased energy expenditure. Consistent
with this hypothesis, we found significantly increased
expression of genes critical to mitochondrial activity/
function and fatty acid oxidation in the peripheral tissues
of Mstn−/− mice (Fig. 3, ESM Fig. 1). In addition, two
recent publications have also confirmed an increase in total
energy expenditure in myostatin-deficient mice [22, 23],
suggesting that increased fatty acid oxidation and total
energy expenditure could be key reasons for reduced
adiposity in Mstn−/− mice. However, in a recent study,
Guo et al. [17] showed that deletion of myostatin
specifically in adipose tissue had no significant effects on
adipose tissue fat accumulation or metabolic homeostasis.
Importantly, myostatin expression is low in adipose tissue
[1] compared with skeletal muscle and liver [1, 24], thus
conditional deletion of adipose tissue-specific expression of
myostatin may not have a dramatic impact on total
circulatory levels of myostatin. Moreover, as myostatin
functions in an endocrine fashion, we speculate that
myostatin synthesised and secreted by muscle and liver
(in adipose tissue-specific knockout mice) was sufficient to
maintain the biological function of myostatin, possibly
explaining why the above authors failed to observe
increased muscle mass and reduced fat accumulation in
their mice [17]. Here, we used a strain of knockout mice in
which expression of functional myostatin is absent. We
observed increased mitochondrial activity and fatty acid
oxidation consistently in WAT, skeletal muscle and liver. We
do not believe that the increased fatty acid oxidation in WAT
is a secondary effect of the increased muscle mass observed
in Mstn−/− mice, as we detected specific upregulation of
genes related to increased mitochondrial activity, both in
WAT and skeletal muscle. We also hypothesise that
increased AMP-activated protein kinase (AMPK) activity
[14] and enhanced PPAR pathway signalling (Fig. 4) in
Mstn−/− mice are the molecular reason for the increased
fatty acid oxidation. Certainly, AMPK activation has been
shown to increase fatty acid oxidation [25, 26]. Similarly,
overexpression of PPARβ or PPARβ agonist treatment
resulted in increased mitochondrial number and activity, as
well as enhanced abundance of enzymes involved in fatty
acid oxidation, and resulting fatty acid oxidation [27].
Consistent with this finding, our unpublished results
indicate that although Mstn−/− muscles have increased
MHC type IIB-expressing fast-twitch fibres [28], they are
metabolically oxidative in nature, since these fibres have
increased mitochondrial number and activity (S. Lokireddy,
C. McFarlane, M. Sharma and R. Kambadur, unpublished
data). Furthermore, histochemical results show that Mstn−/−

MHC IIB muscle fibres possess increased succinate
dehydrogenase activity, which is consistent with increased
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oxidative activity in fast-twitch fibres (S. Lokireddy, C.
McFarlane, M. Sharma and R. Kambadur, unpublished
data). In addition to WAT and skeletal muscle, we also noted
increased fatty acid oxidation in liver, corroborating the
recent publication by Wilkes et al., who showed decreased
liver steatosis in myostatin-deficient mice following HFD
feeding [29]. Interestingly, overabundance of activated

Akt in mice leads to increased fast glycolytic fibres in
skeletal muscle and increased fatty acid oxidation [30],
much like what we observed in Mstn−/− mice. Interesting-
ly, these mice have a 30% reduction of myostatin levels.
Hence it is possible that increased fast glycolytic fibres in
Mstn−/− mice could result in increased liver fatty acid
oxidation.
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Ucp1 was significantly upregulated in Mstn−/− WAT
(Table 1 and Fig. 4). In addition, the expression of members
of the PPAR family (Ppara, Pparb and Pparg) and of Pgc-
1α, as well as that of crucial factors for controlling
adipocyte differentiation, lipolysis, fatty acid oxidation
and thermogenesis, was also upregulated in WAT of Mstn−/
− mice (Table 1 and Figs 2 and 3). Multilocular adipocyte
morphology was also observed in WAT of Mstn−/− mice
(Fig. 4). Together these observations strongly suggest that
WAT of Mstn−/− mice has acquired characteristics of BAT.
However, further work will be necessary to determine
whether or not the appearance of BAT inMstn−/− mice WAT
is accompanied by increased neural innervation and
vascularisation, which would be consistent with the
increased metabolic activity observed. Although published
reports have described the transient appearance of BAT in
WAT in humans and in experimental animal models [31,
32], the growth factor signalling mechanisms that regulate
the conversion/formation of brown adipocytes is not
known. Our results suggest that myostatin could be one
such novel growth factor capable of determining BAT
content in WAT. Our search for the molecular mechanism(s)
behind myostatin-induced regulation of BAT formation in
WAT found that absence of myostatin induces COX-2
production. Recently, it was shown that COX-2 is a
downstream effector of β-adrenergic signalling in WAT
and that upregulation of COX-2 is required and sufficient
for de novo production of BAT in WAT deposits. Once
induced, COX-2 promoted thermogenic gene expression,
including Ucp1, Cidea, Cpt1b and Dio2, and enhanced
prostaglandin release from WAT, resulting in conversion of
WAT mesenchymal progenitors into a BAT-like or ‘beige’
phenotype [13]. We also observed elevated thermogenic
gene expression (Table 1 and Fig. 4) and enhanced
prostaglandin release from Mstn−/− mice WAT explants
(Fig. 5), suggesting that similar mechanisms to that seen
following β-adrenergic stimulation may be responsible for
the development of BAT in Mstn−/− WAT. Consistent with
the enhanced BAT phenotype, we also observed increased
expression of Ucp1, Ucp2 and Ucp3 in Mstn−/− WAT, genes
that are responsible for uncoupling and the dissipation, as
heat, of the energy generated in mitochondria, resulting in
increased body temperature (Fig. 4a). It is important to
mention that although we observed an enhanced BAT-like
phenotype in Mstn−/− mice WAT, we did not find any
significant changes in BAT morphology or weights (data
not shown).

Further results presented here demonstrate that treatment
with a myostatin antagonist (sActRIIB) in vivo replicates
the anti-obesity phenotype observed in Mstn−/− mice,
suggesting that blockade of myostatin may be an effective
anti-obesity therapy. However, it remains unclear at this
stage whether the effects of sActRIIB on WAT gene

expression are primary or secondary to the increased
muscle mass observed following sActRIIB treatment [33].
It is noteworthy that, in an independent animal trial,
treatment with myostatin-specific antibodies had no effect
on fat mass accretion in adipose tissue [22]. This result
suggests that not all myostatin antagonists will increase
muscle mass and reduce body fat content. Here we used
sActRIIB because it has been successfully shown to
increase muscle growth in Mdx (also known as Dmd) mice
[34], to increase insulin sensitivity during diet-induced
obesity [35] and to reduce cachectic muscle wasting [36],
much like what is seen inMstn−/− mice. However, sActRIIB
can bind to several additional ligands in circulation [37,
38], so it may function by inactivating ligands other than
myostatin. Therefore, before sActRIIB can be used as an
effective anti-obesity therapeutic, its target specificity will
need to be determined.

The current results demonstrate that inactivation of
myostatin leads to increased resistance to HFD-induced
obesity in mice. We propose that increased quantities of
‘brown-like adipose tissue’ in WAT and increased peripheral
tissue fatty acid oxidation through enhanced PPAR signalling
are the two main mechanisms through which mice are
protected against HFD-induced obesity in response to lack
of or inhibition of myostatin. These findings highlight
myostatin antagonists as a novel class of potential anti-
obesity drugs, which function by increasing energy expendi-
ture, rather than limiting food/fat intake.
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