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ABSTRACT Myostatin (Mstn) is predominantly ex-
pressed in skeletal muscles and plays important roles
in regulating muscle growth and development, as well
as fat deposition. Mstn-knockout (Mstn™’") mice
exhibit increased muscle mass due to both hypertro-
phy and hyperplasia, and leaner body composition
due to reduced fat mass. Here, we show that white
adipose tissue (WAT) of Mstn™/~ develops character-
istics of brown adipose tissue (BAT) with dramati-
cally increased expression of BAT signature genes,
including UcplI and Pgcla, and beige adipocyte mark-
ers Tmem26 and CDI37. Strikingly, the observed
browning phenotype is non-cell autonomous and is
instead driven by the newly defined myokine irisin
(Fndc5) secreted from Mstn™/~ skeletal muscle.
Within the muscle, Mstn™/~ leads to increased ex-
pression of AMPK and its phosphorylation, which
subsequently activates PGCla and Fndcbh. Together,
our study defines a paradigm of muscle-fat crosstalk
mediated by Fndcb, which is up-regulated and se-
creted from muscle to induce beige cell markers and
the browning of WAT in Mstn~/~ mice. These results
suggest that targeting muscle Mstn and its down-
stream signaling represents a therapeutic approach
to treat obesity and type 2 diabetes.—Shan, T., Liang,
X., Bi, P., Kuang, S. Myostatin knockout drives
browning of white adipose tissue through activating
the AMPK-PGCla-Fndch pathway in muscle. FASEB J.
27, 1981-1989 (2013). www.fasebj.org

Abbreviations: ActRIIB, activin receptor type IIB; AI, AMP-
activated protein kinase inhibitor; AMPK, AMP-activated pro-
tein kinase; asWAT, anterior subcutaneous white adipose
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netic protein 7; Cidea, cell death-inducing DNA fragmenta-
tion factor, a subunitlike effector A; CM, conditioned me-
dium; Fndcb, fibronectin type III domain containing 5; FBS,
fetal bovine serum; H&E, hematoxylin and eosin; IHC, im-
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ADIPOSE TISSUES PLAY critical roles in regulating energy
metabolism and are thus closely associated with meta-
bolic diseases, such as obesity and diabetes. In mam-
mals, there are two main types of adipose tissues: white
adipose tissue (WAT) and brown adipose tissue (BAT).
WAT adipocytes are evolved to cope with food shortage
by synthesizing and storing triglycerides as chemical
energy. By contrast, BAT adipocytes contain numerous
mitochondria with unique expression of uncoupling
protein 1 (Ucpl), which burn chemical energy into
heat to defend against hypothermia and obesity (1).
Recently, a third type of adipocytes has been identified,
so-called brite or beige adipocytes (2), which are found
within WAT after cold exposure, chemical or hormonal
stimulations, environment-elicited signaling from the
central nervous system, and perturbed expression of
key gene regulatory factors (3-16). Very recently, beige
cells have been prospectively isolated from the WAT
based on several cell surface markers, such as trans-
membrane protein 26 (Tmem26) and CD137 (17).
Therefore, adipocytes can be broadly divided into white
adipocytes, brown adipocytes, and adaptive beige adi-
pocytes.

Myostatin (Mstn; also called GDF8), a member of the
transforming growth factor B (TGFB) superfamily, is
predominantly secreted by skeletal muscle to negatively
affect muscle growth and development (18). Mstn™/~
mice have dramatically increased muscle mass, de-
creased fat deposition, improved insulin sensitivity,
enhanced fatty acid oxidation, and increased resistance
to obesity (19-21). Mstn also regulates the prolifera-
tion and differentiation of muscle stem cells and in-
duces fiber-type switches (22-25).

Although Mstn is expressed at much lower levels in
adipose tissues compared to muscles, multiple lines of
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evidence indicate that Mstn is involved in adipogenesis
(26-28). Mstn inhibits the differentiation of brown
adipocytes in vitro through the activin receptor IIB
(ActRIIB)-Smad3 pathway (29, 30), and inhibition of
Mstn promotes brown adipose phenotype in mice (21).
By contrast, other TGFf signaling molecules and bone
morphogenetic protein 7 (BMP7) promote BAT-like
cells in WAT and skeletal muscles (5, 31, 32). Moreover,
Mstn seems to inhibit the maturation of WAT preadi-
pocytes, and aP2 lineage-specific overexpresssion of
Mstn results in immature adipocytes with smaller cell
size and increased thermogenesis and resistance to
diet-induced obesity (27). However, given the low level
of Mstn expression in adipose tissues, how Mstn exerts
its effects on adipose tissue is unclear. In addition,
whether Mstn /" affects the expression of beige cell-
specific genes is unknown.

In the current study, we show that multiple WAT
depots from Mstn~/~ mice express high levels of BAT
and beige adipocyte signature genes. Notably, inhibi-
tion of Mstn signaling in WAT stromal-vascular fraction
(SVF) cell cultures has no effect on the browning
phenotype, suggesting that the effect of Mstn on WAT
browning may be non-cell autonomous. Consistent with
this notion, we show that Msin~/~ muscle tissue extract
and Mstn™/~ myotube conditioned medium (CM) both
robustly induce browning of wild-type (WT) WAT SVF
cells. Notably, the browning effect of Mstn™/~ CM can
be abolished by a neutralizing antibody against irisin,
pointing to a key role of this newly defined myokine in
Mstn-mediated browning. Finally, we report that Mstn
regulates muscle expression of irisin through the AMP-
activated protein kinase (AMPK)-peroxisome prolif-
erator-activated receptor coactivator la (PGCla) path-
way. Our results together demonstrate that Mstn is a
critical factor in regulating a muscle myokine that
induces browning of WAT.

MATERIALS AND METHODS

Animals

All procedures involving mice were performed in accordance
with Purdue University’s Animal Care and Use Committee.
Mice were housed in the animal facility with free access to
standard rodent chow and water. Mstn mutant (Mstn /")
mice were generated by Dr. S. E. Jin-Lee (The Johns Hopkins
University, Baltimore, MD, USA) and previously described
(18). Heterozygous Mstn"/~ mice were bred to generate
Mstn™"~ and WT (Mstn™/") littermates that were used in this
study. PCR genotyping was done using previously described
protocols (24).

Muscle myoblast isolation and culture

Primary myoblasts were isolated using type I collagenase and
dispase B digestion (33, 34). Briefly, hind-limb skeletal mus-
cles from adult WT and Msin /" mice were collected,
minced, and digested. The digestions were stopped with
Ham’s F10 medium containing 20% fetal bovine serum
(FBS), filtered (100 wm), and centrifuged at 450 g for 5 min.
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The resulting pellets were resuspended, and cells were seeded
on collagen-coated dishes and cultured in growth medium
containing Ham’s F10 medium with 20% FBS, 4 ng/ml basic
fibroblast growth factor, and 1% penicillin—streptomycin at
37°C with 5% CO,. The medium was changed every 2 d. To
prepare myotube CM, myoblasts from WT and Mstn™ /™ mice
were induced to differentiate in DMEM with 2% horse serum
and 1% penicillin/streptomycin on 70% confluence. After 3
d of differentiation, cells were incubated in DMEM plus 10%
FBS for 24 h; the resulting medium was then collected,
filtered, and used as myotube CM. To inhibit Mstn signaling,
cells were treated with anti-Mstn (kindly provided by Dr.
Yong-Soo Kim, University of Hawaii, Manoa, HI, USA) or
follistatin (SRP3045, 200 ng/ml; Sigma, St. Louis, MO, USA).
To inhibit AMPK, cells were treated with compound C (5 pM;
Millipore, Billerica, MA, USA).

Adipose SVF cell isolation and culture

The WAT SVF cells were isolated using collagenase digestion
followed by density separation (35, 36). Briefly, forelimb
subcutaneous WAT depots were collected and minced into 2-
to 5-mm?® pieces. WAT pieces were then digested in 1.5
mg/ml collagenase at 37°C for 1.5-2 h. The digestions were
stopped with DMEM containing 10% FBS, filtered (100 pm),
and centrifuged at 450 g for 5 min. The freshly isolated SVF
cells from the WAT were seeded and cultured in growth
medium containing DMEM, 20% FBS, and 1% penicillin/
streptomycin at 37°C with 5% CO, for 3 d, followed by
feeding with fresh medium every 2 d. On confluence, the cells
were induced with induction medium containing DMEM,
10% FBS, 2.85 pM insulin, 0.3 uM dexamethasone, and 0.63
mM 3-isobutyl-methylxanthine (IBMX) for 3 d and then
differentiated in differentiation medium containing DMEM,
200 nM insulin, and 10 nM T3 for 4 d until adipocytes
matured. For fibronectin type III domain containing 5
(Fndcbh) treatment, SVF cells were induced to differentiate,
and Fndch peptide (ab117436, 20 nM; Abcam, Cambridge,
MA, USA) was added in the differentiation medium during
the last 2 d. For the CM treatment, SVF cells were induced to
differentiate with 50% CM (1:1 CM:fresh induction medium)
for 3 d and then maturated in differentiation medium
containing 50% CM for 4 d until adipocytes matured. For the
Fndch antibody-neutralizing experiments, 1.25 pg/ml of
Fndch antibody (ab93373; Abcam) was used.

Plasma and muscle extract

Blood samples of anesthetized WT and Mstn /~ mice were
collected into EDTA-containing tubes to prevent coagulation.
Samples were then centrifuged for 15 min at 3000 rpm, and
the supernatant plasma were collected. For muscle extract,
the gastrocnemius muscles of WT and Mstn~/~ mice were
isolated and incubated in PBS with constant shaking for 1-2
h. Protein concentrations were measured using Pierce BCA
Protein Assay Reagent (Pierce Biotechnology, Rockford, IL,
USA), and equal amounts of plasma or muscle extracts from
the WT and Mstn /~ mice were used for all experiments.

Total RNA extraction, cDNA synthesis, and real-time PCR

Total RNA extraction, cDNA synthesis, and real-time PCR
were performed as described previously (35, 36). Briefly,
total RNA was extracted from cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. RNA was treated with RNase-free
DNase 1 to remove contaminating genomic DNA. The
purity and concentration of total RNA were measured by a
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spectrophotometer (Nanodrop 3000; Thermo Fisher,
Waltham, MA, USA) at 260 and 280 nm. Ratios of absorp-
tion (260/280 nm) of all samples were between 1.8 and 2.0.
Then 5 pg of total RNA was reversed transcribed using
random hexaprimers and Moloney murine leukemia virus
(M-MLV) reverse transcriptase. Real-time PCR was carried
out with a Roche LightCycler 480 PCR system with SYBR
Green Master Mix and gene-specific primers (Roche Diag-
nostics, Indianapolis, IN, USA). Primer sequences are from
published papers (17, 35, 36). The 272" method was
used to analyze the relative expression of genes using 18§
rRNA as an internal control.

Protein extraction and Western blot analysis

The protein extraction and Western blot procedures were
conducted as described previously (36). Briefly, total pro-
tein was isolated from cells using RIPA buffer containing 50
mM Tris-HC1 (pH 8.0), 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate and 0.1% SDS. Protein concen-
trations were determined using Pierce BCA protein assay
reagent (Pierce Biotechnology). Proteins were separated
by SDS-PAGE, transferred onto PVDF membranes (Milli-
pore Corp., Billerica, MA, USA), and blocked in 5% fat-free
milk for 1 h at room temperature, then incubated with
primary antibodies in 5% milk overnight at 4°C. The Ucpl
and FndcH antibodies were from Abcam, and Pgcla,
PAMPK, GAPDH, and a-tubulin were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Secondary antibodies (anti-
rabbit IgG or anti-mouse IgG; Jackson ImmunoResearch, West
Grove, PA, USA) were diluted 1:8000. Immunodetection was
performed using enhanced chemiluminescence (ECL) Western
blotting substrate (Pierce Biotechnology) and detected with a
Gel Logic 2200 imaging system (Carestream, Rochester, NY,
USA).

Hematoxylin and eosin (H&E) and immunohistochemistry
(IHC) staining

WAT tissues from the WT and Mstn™/~ mice were fixed in
10% formalin for 24-48 h at room temperature. Fixed tissues
were embedded in paraffin and cut at 3-10 wm for H&E and
IHC staining. For H&E staining, the sections were deparaf-
finized, rehydrated, and stained with hematoxylin for 15 min.
Sections were then rinsed in running tap water and stained
with eosin for 1 min. H&E-stained sections were dehydrated
and mounted. For IHC staining, tissue sections were blocked
with PBS containing 5% goat serum, 2% bovine serum
albumin (BSA), 0.2% Triton X-100, and 0.1% sodium azide
for 1 h after antigen retrieval. Then, the samples were
incubated with Ucpl primary antibodies diluted in blocking
buffer overnight. After washing with PBS, the samples were
incubated with secondary antibodies for 45 min at room
temperature, followed by reactions with ABC and DAB re-
agents. Images were captured with a Nikon D90 digital
camera installed on a Nikon (Diaphot) inverted microscope
(Nikon, Tokyo, Japan).

Data analysis

All experimental data are presented as means * sg. Compar-
isons were made by unpaired 2-tailed Student’s ¢ tests or 1-way
ANOVA, as appropriate. Effects were considered significant at
P < 0.05.

MYOSTATIN AND BROWNING

RESULTS

Mstn knockout induces browning of WAT

To examine whether Mstn affects adi})ogenesis and
WAT browning, we utilized the Mstn /~ mice, which
exhibit increased muscle mass and reduced fat mass
(Fig. 1A), as previously reported (37). Compared to WT
WAT, Msitn~ /" anterior subcutaneous WAT (asWAT)
and inguinal WAT (ingWAT) appeared much browner
in color (Fig. 1A, B), suggesting browning of Mstn™/~
WAT. Indeed, H&E staining revealed that compared to
WT ingWAT, which mostly consists of large-sized adi-
pocytes with unilocular lipid droplets (Fig. 1C),
Mstn~/~ ingWAT contained numerous smallsized brown
adipocyte-like cells filled with multilocular small lipid
droplets (Fig. 1D). Immunohistochemistry staining
showed that the Ucpl immunoreactivity signal was
much stronger in Mstn™/~ WAT than in WT WAT (Fig.
1E, F). Quantitative PCR (qPCR) and Western blot
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Figure 1. Mstn knockout induces browning of WAT. A) Dorsal
view of WT and Mstn /~ mice. Red arrows indicate the
anterior subcutaneous WAT (asWAT) and inguinal WAT
(ingWAT). B) Representative image of WT and Mstn™ "~
ingWAT. C, D) H&E staining of control and Mstn /"~ ing-
WAT. E, F) Ucpl immunoreactivity signal (brown) of WT and
Mstn~ /" ingWAT. G) Relative expression of BAT- and WAT-
specific genes in the WT and Mstn /~ ingWAT. H) Western
blotting image showing UCP1 and PGCla expression of WT
and Msin™ 7~ ingWAT. Error bars = sg; n = 6. ¥¥P < 0.01.
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analysis further confirmed that compared to the WT
WAT, Mstn™/~ WAT expresseed elevated levels of BAT
signature markers Ucpl, Pgclo, PR domain containing
16 (Prdm16), cell death-inducing DNA fragmentation
factor, o subunitlike effector A (Cidea), and peroxi-
some proliferator-activated receptor o (PPARx) but not
WAT markers adiponectin and leptin (Fig. 1G, H). Similar
results were found in multiple subcutaneous WAT
depots. These data demonstrate that lack of Mstn
robustly induces browning of subcutaneous WAT.

One way that browning of WAT occurs is mediated by
a population of beige (brite) adipocytes that uniquely
express several signature genes, including 7mem26,
CD137, and T-box 1 (TbxI) (17). Consistent with the
browning phenotype, Mstn™/~ WAT also expressed
higher levels of Tmem26 and CD137in both asWAT and
ingWAT depots (Supplemental Fig. S1A, B). To exam-
ine whether the increased beige adipocyte marker
expression in the adipose tissue is due to increases in
beige cell progenitors in Mstn /~ WAT, we isolated
from asWAT and ingWAT the SVFs that are known to
contain preadipocytes but not mature adipocytes. How-
ever, there was no significant difference in the expres-
sion of Tmem26 and CD137 between the Mstn /™ and
WT SVF cells (Supplemental Fig. S1C, D). These results
indicate that Mstn™/~ up-regulates beige adipocyte
marker expression in mature adipocytes but not prea-
dipocytes.

Inhibition of Mstn signaling fails to induce browning
of white adipocytes in vitro

We next sought to determine whether browning is an
autonomous effect of inhibition of Mstn signaling in
the adipocytes. We induced adipogenic differentiation
of WAT SVF cells isolated from WT and Mstn~/~ mice,
and assessed expression of BAT marker genes. The
Mstn~/~ SVF cells were able to differentiate normally
into lipid-filling adipocytes without obvious morpholog-
ical defects. Surprisingly, adipocytes differentiated from WT
and Msin~/~ SVF cells expressed similar levels of Ucpl,
Prdml16, Cidea, Pgclo, and Pparo (Supplemental Fig.
S2A). To confirm these results, we induced adipogenic
differentiation of WAT SVF cells from WT mice in the
presence of soluble ActlIB (sActRIIB; 2000 ng/ml) or a
neutralizing antibody against Mstn (anti-Mstn; 2000
ng/ml), agents that have been shown to inhibit Mstn
signaling (24). Neither treatment affected the overall
differentiation of the SVF cells or induced BAT-specific
genes after differentiation (Supplemental Fig. S2B, C).
Taken together, these data demonstrate that loss of
Mstn or inhibition of Mstn signaling in preadipocytes
does not account for the browning phenotype observed
in the WAT of Mstn™/~ mice.

Skeletal muscle-derived factor drives WAT browning
in Mstn™’~ mice

The non-cell-autonomous effect of Mstn on the brown-
ing of WAT adipocytes suggests that one or more
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Figure 2. Muscle-derived factors induce browning of white
adipocytes. A) Relative expression of BAT (Ucpl) and WAT
(adiponectin, leptin) marker genes in white adipocytes differ-
entiated from ingWAT and treated with plasma derived from
WT or Mstn™ /" mice; n = 4. B) Relative expression of BAT
and WAT marker genes in white adipocytes differentiated
from ingWAT and treated with WT or Mstn /~ muscle
extracts; n = 6. C, D) Relative expression of BAT and WAT
marker genes in asWAT-derived (C) and visceral WAT-de-
rived (D) adipocytes treated with WT and Mstn /~ myotube
CM; n = 6. *P < 0.05; ** P < 0.01.

circulating factors might be responsible for this pro-
cess. Indeed, we found that plasma extracted from
Mstn~/~ mouse blood potently unregulated Ucpl ex-
pression in adipocytes differentiated from WAT SVF
cells of WT mice (Fig. 24). We hypothesize that a
muscle-derived factor (myokine) regulates the brown-
ing of WAT in the Mstn™ "~ mice, based on the inversely
correlated increases in muscle mass and decreases in fat
mass in these mice. As expected from this hypothesis,
Mstn~ /" skeletal muscle extracts significantly up-regu-
lated Ucpl expression in adipocytes differentiated from
WAT SVF cells of WT mice (Fig. 2B). As whole-muscle
extracts contain many non-muscle-derived factors, we
next directly tested the effect of CM collected from
myotube cultures differentiated from WT and Mstn™/~
myoblasts (designated as WI-CM and Mstn™/~-CM).
Compared with the WT-CM, Mstn~/~-CM significantly
increased expression of BAT marker genes Ucpl,
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Prdml16, Cidea, and Pparc, but not WAT marker genes
adiponectin and leptin, in subcutaneous WAT SVF-de-
rived adipocytes (Fig. 2C). Similar changes were ob-
served using visceral WAT-derived SVF cells treated
with WT-CM or Mstn /~-CM (Fig. 2D). These results
indicate that browning of WAT in Mstn /" mice is
muscle driven.

Muscle-derived Fndcb (irisin) mediates browning of
WAT in Mstn™/~ mice

A newly identified myokine, irisin (encoded by the
I'ndc5 gene), has been reported to mediate exercise-
induced browning of WAT (3). We confirmed that
Fndcb is highly expressed in muscle compared to WAT
(>200-fold higher in muscle). To investigate whether
the browning in Mstn /~ mice is mediated by irisin, we
first checked the expression of Fndcb in WT and
Mstn~’~ muscles. The mRNA levels of Fndc5, along with
its upstream activators Pgcla and Pgclf3, were up-
regulated ~3 fold in the Mstn /" than WT muscles
(Fig. 3A4). In addition, the protein levels of Fndch and
Pgcla were also elevated in the Mstn /~ compared to
WT muscles (Fig. 3B, C). Furthermore, inhibition of
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Figure 4. Muscle-derived Fndcb mediates browning of WAT in
the Mstn~ /" mice. A) Fndch-recombinant protein (20 nM)
induces expression of BAT marker genes in white adipocyte
cultures; n = 4. *P < 0.05, **P < 0.01. B) Relative expression
of BAT marker genes in white adipocytes treated with WT
myotube CM (WT-CM), WT myotube CM plus Fndch anti-
body (1.25 wg/ml, WI-CM + anti-Fndc5), Mstn~/~ myotube
CM (MSTN-CM), and Mstn /" myotube CM plus Fndch
antibody (1.25 pg/ml, MSTN-CM + anti-Fndcb); n = 6. Note
that Fndc5 antibody abolishes the effect of Mstn™/~ myotube
CM on browning C) Relative expression of beige adipocyte-
specific %enes in white adlpocytes treated as indicated in B;
n = 6. “”“Bars with no letter in common differ significantly.

Mstn signaling with anti-Mstn antibody or follistatin
(200 ng/ml) both up-regulated the expression of Pgcla
and Fndc5 in cultured myotubes (Fig. 3D, E). Collec-
tively, these results show that Mstn /~ increases Pgcla
and Fndc5 expression in the skeletal muscle.

We further investigated whether irisin is the key
active component in Mstn~/~ myotube conditioned
medium that induce browning of WAT adipocytes. We
first confirmed that Fndcb recombinant peptide ro-
bustly induces expression of BAT marker genes (Ucpl,
Prdmlé6, Cidea, and Pgclo) in adipocytes differentiated
from WAT SVF cells (Fig. 44). We next used Fndch
antibody to neutralize the irisin in Mstn /~-CM. The
addition of anti-Fndcb to WT myotube-conditioned
medium (WT-CM) had no effect on the expression of
Ucpl, Prdml6, and Cidea, but moderately reduced the
expression of Pgcla and Pparo (Fig. 4B). This result
suggests that WI-CM contains little irisin. Consistent
with our earlier results in Fig. 2C, Mstn™/~-CM up-
regulated all the BAT signature genes of cultured
adipocytes (Fig. 4B). Most importantly, anti-Fndcb abol-
ished the browning effects of Mstn™/~-CM (Fig. 4B),
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demonstrating that irisin is the active component in the
Mstn~/~-CM that induces browning. Furthermore, anti-
Fndcb also abolished the inductive effect of Mstn™/~-CM on
beige adipocyte markers Tmem26, CD137and TbxI (Fig.
4C). These results provide compelling evidence that
Mstn~/~ drives browning of WAT through muscle-
specific irisin.

Mstn™’~ activates the AMPK-PGCla-Fndch pathway in
muscle

Lastly, we investigated the molecular pathway through
which Mstn™/~ up-regulates Fndch in muscle. We de-
tected increased amount of total AMPK and the acti-
vated (phosphorylated) pAMPK in both tibialis anterior
(TA) and gastrocnemius muscles of Mstn™/~ compared
to WT mice (Fig. 5A, B). In agreement with these in vivo
results, inhibition of Mstn signaling by anti-Mstn or
follistatin significantly up-regulated the expression of
protein kinase, AMP-activated, ol catalytic subunit
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Figure 5. Inhibition of Mstn up-regulates Pgcla and Fndch
through AMPK pathway. A, B) Relative levels of total AMPK
and phosphorylated pAMPK in WT and Mstn~”~ TA (A) and
gastrocnemius (gas; B) muscles. C, D) Relative expression of
Prkaal in myoblast treated with Mstn antibody (C) or follista-
tin (D). *P < 0.05; n = 4. E, F) AMPK inhibitor (A,
compound C, 5 uM) abolishes the effect of the anti-Mstn on
the expression of Pgcla (E) and Fndc5 (F) in cultured
myotubes. “*Bars with no letter in common differ signifi-
cantly; n = 4.
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(Prkaal; encoding AMPK subunit 1) in cultured myo-
blasts (Fig. 5C, D). To examine whether AMPK is
sufficient and necessary to mediate the effect of Mstn
on Pgcla and Fndch, we utilized AMPK inhibitor (AI)
combined with Mstn inhibition. Al alone (5 pM)
significantly reduced, whereas anti-Mstn up-regulated,
the mRNA levels of Pgclo and Fndc5 in cultured myo-
blasts (Fig. 5F, F). Notably, inhibition of AMPK abol-
ished the effects of anti-Mstn on the expression of
Pgcla and Fndc5 (Fig. bE, F). In summary, our results
demonstrate that Mstn™ /™ activates the AMPK-PGCla-
Fndcb pathway in muscle, leading to increased produc-
tion of irisin that induces browning of WATs.

DISCUSSION

Obesity, caused by accumulations of WAT due to
imbalanced energy expenditure, is an increasingly seri-
ous worldwide health concern. One strategy to fight
against obesity is to transform energy-storing white
adipocytes into heat-producing beige adipocytes in
WAT, a process called browning (19, 38). Our finding
that Mstn /" adipose tissue exhibits browning pheno-
type is consistent with a recent report (21) and pointing
to the possibility of inhibiting Mstn signaling to treat
obesity. Mstn is a member of the TGFB superfamily,
which has been implicated in regulating brown fat phe-
notype. For example, TGFB/Smad3 signaling regulates
brown adipocytes induction in WAT (12, 29, 32). In
addition, BMP7, another member of the TGF superfam-
ily, also induces brown adipogenesis (5, 31). By contrast,
our results that Mstn knockout promotes browning sug-
gest that Mstn signaling inhibits browning. In support of
our results, a recent study demonstrates that Mstn inhibits
brown adipocyte differentiation via regulation of Smad3-
mediated B-catenin stabilization (29, 30). Our current
study and previous study together suggest that different
members of the TGF superfamily have distinct functions
in brown adipogenesis (39). This notion is consistent with
the well-documented broad and sometimes opposing
functions of the TGFB superfamily members (39). Future
studies should elucidate how different types of TGF(
signaling differentially regulate white and brown adi-
pocytes.

We show that Mstn™/~-mediated browning of WAT is
non-cell autonomous, and inhibition of Mstn signaling
had no effect on the differentiation and fate (white wvs.
brown) determination of WAT SVF cells. This is proba-
bly due to the low levels of Mstn expression in WAT and
does not exclude the possibility that high levels of Mstn
can affect adipogenesis. Although previous studies indi-
cate that overexpression of Mstn or activation of Mstn
signaling inhibits both white and brown adipocyte differ-
entiation (27, 30), the physiological relevance of such
results is uncertain due to the low levels of endogenous
Mstn expression in white adipocytes. Our results are
consistent with those by Guo e al. (37) showing that
inhibition of Mstn through transgenic overexpression of
ActRIIB specifically in WAT had no effect on body com-
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position, glucose, and insulin tolerance in mice. Thus, the
browning of WAT in Mstn™/~ mice is due to the deletion
of Mstn in muscle or other organs.

We provide several lines of evidence to support that
a muscle-secreted cue leads to browning in the Mstn™ /™~
mice. First, Mstn /~ whole-muscle extract and myotube
CM robustly induces browning of white adipocytes.
Second, Mstn~/~ up-regulates the expression of Fndc5
(irisin) in the muscle. Third, Fndcb recombinant pro-
tein alone is sufficient to induce browning of white
adipocytes. Fourth, and most important, neutralization
of Fndch abolishes the browning effect of Mstn /™
myotube CM. These results not only confirm previous
speculation that hypertrophic muscle induces brown-
ing of adipose tissue (19) but further identify Fndcb as
the muscle-derived browning signal. Our results are
consistent with recent seminal studies demonstrating
that irisin plays important roles in stimulating Ucpl
expression and browning of WAT (3, 17, 38). Irisin is
the protein product of Fndcb gene, which encodes a
type I membrane protein whose extracellular domain is
proteolytically cleaved to form irisin (3). Exercise and
Pgcla overexpression induce Fndch gene expression in
muscle and subsequently increase the concentration of
circulating irisin. Once released from muscle, irisin
circulates as a hormone to exert its function to
induce browning of WAT and activate oxygen con-
sumption and thermogenesis in white adipocytes (3,
38). Future studies using muscle-specific Mstn-knock-
out mice should provide direct insights into the role
of Mstn in WAT browning.

Although our study identifies muscle-specific irisin as
a factor that mediates the browning of WAT in Mstn™/~
mice, our result does not rule out the possibility that
other players may also be involved. Mstn™ /" mice have
reduced blood insulin and glucose levels and increased
insulin sensitivity, and are protected from high-fat
diet-induced obesity (37). Inhibition of Mstn further
reverses the diabetic phenotype in 2 mouse model (40).
Interestingly, genetic prevention of chronic hyperinsu-
linemia through Ins2 null and Insl haploinsufficiency
not only blocks high-fat diet-induced obesity but, strik-
ingly, also reprograms white adipocytes into brown
adipocyte-like cells (41). These reprogrammed white
adipocytes express high levels of UCP1 and exhibit
elevated energy expenditure (41). Therefore, systemic
improvements of insulin sensitivity in the Mstn™/~ mice
may also contribute to the observed browning pheno-
type.

Notably, we illustrate the molecular pathway through
which Mstn™/~ up-regulates Fndc5 expression in the
muscle. We show that Mstn /~ and inhibition of Mstn
signaling with anti-Mstn or follistatin all increase the
expression of Pgcla, an upstream activator of Fndch
(3). Consistently, previous studies have indicated that
inhibition of Mstn and exercise increase mRNA and
protein levels of Pgcla in the skeletal muscle (42, 43).
In addition, it has been shown that there are higher
levels of Pgcla expression in Mstn /~ muscle (44). We
further show that Mstn /" activates AMPK, a Pgcla
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activator, in muscles. Similarly, inhibition of Mstn sig-
naling with anti-Mstn or follistatin up-regulated Prkaal
expression in cultured myoblasts. The observed modest
effect (<2-fold increase) of Mstn inhibition in cultured
myoblasts may be due to their undifferentiated state.
More critically, we show that the effects of anti-Mstn on
the expression of Pgcla and Fndcb are abolished by Al,
thus suggesting that AMPK activation is necessary to
mediate the effect of Mstn on Pgcla and Fndcb expres-
sion. Together, our study establishes that the AMPK-
Pgcla-Fndch axis in the muscle mediate the browning
effect of Mstn™/~ mice.

At present, it is unclear how mutation of Mstn leads to
upregulation of AMPK and its activation in muscle.
Several potential mechanisms can be involved. It has been
reported that Mstn™ /" leads to muscle fiber-type switching
toward fast myosin heavy-chain isoforms (24, 45, 46). As
fast myofibers mostly utilize glycolytic metabolic pathways
and contract much faster, the ratio of AMP/ATP should
be increased, with fiber-type switching toward fast myofi-
bers, leading to more robust activation of AMPK (47). In
addition, Mstn™/"-induced fiber-type switching may also
lead to increases in the expression of AMPK al, ¥2, and
v3 subunits, known to be expressed at higher levels in fast
than slow myofibers (47, 48). Furthermore, it has been
well documented that activation of ActRIIB by Mstn
inhibits phosphorylation of Akt, a key activator of the
mTOR pathway involved in protein synthesis and inhibi-
tor of FoxO1 that promotes protein degradation (37, 49,
50). Thus, Mstn /" should increase protein synthesis and
decrease protein degradation, resulting in overall in-
crease of muscle proteins, including AMPK. Finally,
Mstn™/~ may activate or increase the level of LKBI, an
upstream activator of AMPK. Future studies should ad-
dress these possibilities.

In summary, our present study elucidates a signaling
pathway activated by mutation of Mstn that drives
browning of WAT. We show that browning of WAT in
the Mstn/~ mice is not a direct effect of Mstn deletion
in WAT, but an indirect effect from a myokine that is
regulated by Mstn and its downstream signaling cascade
(AMPK-PGCla-Fndch). These results enhance our un-
derstanding of the function of Mstn and further suggest
that Mstn signaling represent a promising therapeutic
target to treat obesity and its associated diabetes.
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