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Abstract

Background/Objective—In mice, a high fat diet (HFD) induces obesity, insulin resistance and 

myostatin production. We tested whether inhibition of myostatin in mice can reverse these HFD-

induced abnormalities.

Subjects/Methods—C57BL/6 mice were fed a HFD for 16 weeks including the final 4 weeks 

some mice were treated with an anti-myostatin peptibody. Body composition, the respiratory 

exchange ratio plus glucose and insulin tolerance tests were examined. Myostatin knock down in 

C2C12 cells was performed using ShRNA lentivirus. Adipose tissue-derived stem cells were 

cultured to measure their reponses to conditioned media from C2C12 cells lacking myostatin, or to 

recombinant myostatin or Irisin. Isolated peritoneal macrophages were treated with myostatin or 

Irisin to determine if myostatin or Irisin induce inflammatory mechanisms.

Results—In HFD-fed mice, peptibody treatment stimulated muscle growth and improved insulin 

resistance. The improved glucose and insulin tolerances were confirmed when we found increased 

muscle expression of p-Akt and the glucose transporter, Glut4. In mice fed the HFD, the peptibody 

suppressed macrophage infiltration and the expression of proinflammatory cytokines in both 

muscle and adipocytes. Inhibition of myostatin caused the conversion of white (WAT) to brown 

adipose tissue (BAT) while stimulating fatty acid oxidation and increasing energy expenditure. 

The related mechanism is a muscle-to-fat cross talk mediated by Irisin. Myostatin inhibition 

increased PGC-1α expression and Irisin production in muscle. Irisin then stimulated WAT 
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browning. Irisin also suppresses inflammation and stimulates macrophage polarization from M1 to 

M2 types.

Concusion—these results uncover a metabolic pathway from an increase in myostatin that 

suppresses Irisin leading to activation of inflammatory cytokines and insulin resistance. Thus, 

myostatin is a potential therapeutic target to treat insulin resistance of type II diabetes as well as 

the shortage of brown/beige fat in obesity.

Introduction

Myostatin, a myokine protein, is a member of TGF-β superfamily. It is mainly expressed in 

skeletal muscle but is also detectable in cardiac muscle, blood and to a limited extent in 

adipose cells. Myostatin is considered to be a negative regulator of the growth of skeletal 

muscles which has been intensively studied since it was found that the inactivation of the 

myostatin gene in mice or its mutation in cattle, sheep or humans accelerates muscle growth 

(1-5). Contrariwise, myostatin expression in catabolic conditions can lead to muscle wasting 

(6). Recent studies indicate that the influence of myostatin extends beyond influencing 

muscle growth: over expression of myostatin in mice causes insulin resistance while genetic 

deletion of myostatin prevents obesity even though myostatin is expressed at a low level in 

adipose tissues (7-9). In fact, adipose tissue-specific deletion of myostatin did not change 

muscle weight, body composition nor glucose and insulin tolerance in mice fed a high fat 

diet (HFD) (10). In contrast, whole body myostatin knockout (KO) in mice fed normal chow 

or a HFD caused a significant reduction in total body adipogenesis and a lower level of 

serum leptin (8). Moreover, whole body myostatin deletion in mouse models of obesity 

(agouti lethal yellow or leptin deficient, Lepob/ob mice) has been shown to reduce the 

accumulation of body fat (8). It remains unclear how a lack of myostatin can suppress 

adipocyte accumulation when there is only minimal myostatin expression in fat tissues.

There are at least three types of adipose tissues. White adipose tissue (WAT) serves as a 

depot of stored energy while brown adipose tissues (BAT) contain higher numbers of 

mitochondria. In BAT, an uncoupling protein on the inner membrane of mitochondria 

functions to uncouple oxidative phosphorylation and hence, is involved in regulating body 

temperature (11). Recently, a third type of adipocyte, “brite” or beige adipocytes in WAT has 

been characterized as an inducible 'brown-like' adipocyte (12;13). For example, in mice 

living at cold temperatures or receiving a β3-adrenergic agonist or exercising, WAT acquires 

BAT-like properties, with increased brown adipocytes and enhanced expression of UCP1 

(14-17). A proposed mechanism that increase the “browning” of WAT would be a rise in 

PGC-1α followed by increased expression of Fndc5 (Fibronectin type III domain-containing 

protein) (17). The Fndc5 protein contains an N-terminal signal peptide, a fibronectin type III 

domain and a transmembrane domain. Removal of the transmembrane domain results in 

release of the extracellular fragment of the protein and production of a novel molecule, 

irisin. Irisin reportedly stimulates the differentiation of myoblasts and the browning of WAT 

in subcutaneous fatty tissue (17;18). BAT reportedly regulates whole-body energy 

expenditure, glucose homeostasis, and insulin sensitivity (17;19;20).
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The development of a myostatin KO mouse model led to the finding that adipocyte 

accumulation is decreased while insulin sensitivity is improved even when mice fed with 

HFD. However, the genetic model does not clarify whether myostatin deficiency directly 

contributes to the decrease in adipocyte accumulation and insulin sensitivity. We stimulated 

myostatin production in mice fed a HFD and tested the hypothesis that non-genomic 

inhibition of myostatin would improve their insulin resistance.

Research design and Methods

Reagents

The primary antibodies against p-Akt (Ser473), Akt, p-Smad2, p-Smad3, PPARγ, p-ACC1 

and PGC1-α were from Cell Signaling Technology (Beverly, MA). Antibodies against 

F4/80, CD68, Fndc5 and UCP-1 were from Abcam (Cambridge, MA). ELISA kits for 

measuring Irisin, IL-6 or adiponectin were from BioVision (Milpitas, CA), eBioscience (San 

Diego, CA) or R&D Systems (Minneapolis, MN) respectively. The recombinant proteins, 

irisin or myostatin were obtained from Enzo life Sciences (Farmingdale, NY) or R&D 

systems. The anti-myostatin peptibody (peptibody) was from Atara Biotherapeutics 

(Westlake Village, CA) (21;22). Serum insulin concentration was measured using the Rat/

Mouse Insulin ELISA kit (Millipore, Billerica, MA). Serum free fatty acid levels were 

measured using the NEFA C kit from Wako (Richmond, VA).

Animals

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Baylor College of Medicine. C57BL/6 mice were purchased from Jackson 

Laboratory (Bar Harbor, ME).

At 6 weeks of age, 40 male mice with comparable body weights were divided into 4 groups 

of 10 mice. We estimated that n=10 mice would be needed to achieve an alpha of 0.01 and a 

power of 80% based on a mean body weight change of 8% and standard deviation of +/

− 5%. Two groups were fed the high fat diet (HFD: 58% kcal from fat, Research Diets, New 

Brunswick, NJ). The other groups were fed the regular diet (RD: 11% kcal from fat). After 

12 weeks of the HFD, ten mice from the control group and 10 mice fed the HFD were given 

i.p. injections of 5 mg/kg of the anti-myostatin peptibody (murine Fc fusion PINTA 745/Mu-

S) every other day for 4 weeks; control mice were fed the RD or HFD and injected every 

other day i.p. with same volume of PBS as described (6). The same diet was fed to mice 

throughout the 16 weeks. Previously, we documented that the peptibody blocked myostatin 

activity measured as suppression of p-Smad2/3 activity and the promoter activity of 

Smad2/3 (6). The peptibody specificly suppress myostatin activity but not suppress activin 

A. It exhibited an IC50 for inhibition of myostatin activity at 1.2 nM. Administration of the 

peptibody into mice with chronic kidney disease increased their muscle and body weight (6).

Body weights and food intake were measured daily. Before and 4 weeks after beginning 

peptibody injections, lean and fat mass of individual mice were quantified using an X-ray 

Imager (PIXImus Body Composition, Lunar Corp). At the end of the experimental period, 

oxygen consumption (VO2) and carbon dioxide production (VCO2) were measured using a 
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comprehensive laboratory animal monitoring system equipped with an Oxymax Open 

Circuit Calorimeter (Columbus Instruments, Columbus, OH). The volumes of oxygen (VO2) 

and the volume of carbon dioxide (VCO2) were used to calculate the respiratory exchange 

ratio (RER= VCO2/VO2). At sacrifice, gastrocnemius, tibialis anterior (TA), soleus and 

extensor digitorum longus (EDL) muscles plus interscapular BAT and abdominal adipose 

tissues (subcutaneous and visceral adipose tissues) were dissected, weighed and immediately 

frozen in liquid nitrogen. The samples were stored at −80°C.

At the beginning and end of treatments with peptibody injections, mice were fasted for 16 h 

and a glucose tolerance test (GTT) was measured: fasted mice were injected i.p. with 2 

mg/kg glucose and tail vein blood was collected at 0, 30, 60 and 120 min intervals to assess 

blood glucose concentration using a True Track Glucometer. On another day, an insulin 

tolerance test (ITT) was performed in mice fasted for 4 h: mice were injected i.p. with 2 

units/kg insulin and blood was collected after 0, 30, 60 and 120 min to measure blood 

glucose concentration. Changes in blood glucose were analyzed as the area under curve 

(AUC) method using Statstodo program (http://www.statstodo.com/AUC_Exp.php).

Isolation and differentiation of stem cells derived from adipose tissue

Visceral adipose tissue was minced into 2 to 5 mm2 pieces followed by digestion with 1.5 

mg/ml collagenase II at 37°C for 2 h. After stopping the reaction with DMEM 

containing10% FBS, the mixture was filtered (100 μm) before centrifugation at 450 x g for 5 

min. Cells in the pellet were suspended in DMEM containing 20% FBS and 1% penicillin/

streptomycin. Adipose cells were cultured at 37°C in 5% CO2 for 3 days, followed by 

changing to fresh medium every 2 days. At confluence, cells were subjected to adipogenic 

differentiation by culturing in DMEM medium supplemented with 20% FBS and 11.5 μg/ml 

isobutylmethylxanthine, 1 μg/ml insulin plus 1 μM dexamethasone; differentiated cells were 

incubated with 20 nM irisin for 2 days.

Myostatin knockdown in C2C12 cells

Mouse C2C12 myoblasts (ATCC, Manassas, VA) were transducted with lentivirus 

expressing ShRNA-myostatin or ShRNA-control (Santa Cruz Technology) as described 

before (21). In brief, C2C12 cells were plated into 12 wells, 24 h later, C2C12 cells at 50% 

confluence were transducted with 20 μl of 1 × 106 infectious units of virus (IFU) of ShRNA-

myostatin or ShRNA-control plus 8 μg/ml polybrane. We measured Irisin expression and 

production in these cells.

RNA extraction and quantitative real-time PCR (qPCR)

RNA was isolated from gastrocnemius muscles or adipose tissue using RNeasy kit (Qiagen, 

Valencia, CA). As described, we performed RT-PCR to obtain relative gene expression by 

calculating the cycle threshold (Ct) values using GAPDH as an internal control (relative 

expression = 2(sample Ct – GAPDH Ct)) (23). Primers sequences will be provided upon request.

Immunohistochemical Staining

Cryo-sections (10 μm) of the midbelly region of tibialis anterior (TA) muscles were fixed in 

4% paraformaldehyde and incubated with anti-CD68 before exposing them to an Alexa 
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Fluor-conjugated secondary antibody (Invitrogen, Grand Island, NY). Paraffin sections (5 

μm) of adipose tissue were immunostained with anti-UCP-1 or F4/80. The antibodies were 

incubated with the sample for 1 h at room temperature followed by incubation for 30 min 

with biotinylated antibodies. UCP-1or F4/80 positive cells in 5 randomly chosen areas were 

counted by an observer blinded to peptibody vs. PBS treatments. The results were expressed 

as the percentage of adipose cell nuclei that were positive for UCP-1 or F4/80.

Muscle Triglycerides

The triglyceride level in muscle was measured by the PicoProbe Triglyceride Quantification 

Assay Kit (Abcam). Briefly, 20 mg gastrocnemius muscle was homogenized with 200 μL 

ice-cold Triglyceride Assay Buffer. The supernatant after centrifugation (16,000 rpm 10 min 

at 4°C) was collected and 50 μL were used to measure triglycerides by fluorescence (Ex/ Em 

= 535/587 nm) in a microplate reader.

Isolation of Mouse Peritoneal Macrophages

Mice were injected intraperitoneally with 2 ml of 3% thioglycollate. After 4 days, peritoneal 

cells were collected as described (24). Cells were stimulated by 10 μg/ml LPS, 20 nM Irisin 

or 100 ng/ml myostatin.

Statistical Analysis

Results are expressed as means ±SEM. Significance testing was performed using one-way 

ANOVA followed by pair-wise comparisons using the Student-Newman-Keuls test. Statistical 

significance was set at p< 0.05. A minimum of three replicates were performed for each 

experimental condition.

Results

Myostatin inhibition stimulates muscle growth

C57BL/6 mice fed a HFD for 16 weeks were compared to mice fed the RD. The HFD led to 

a significant increase in glucocorticoid production (Fig. 1A) and increased myostatin mRNA 

in muscles (Fig. 1B) (21). Next, we evaluated the consequences of blocking myostatin by 

injecting mice fed the HFD with the peptibody every other day for 4 weeks and compared 

results to those in mice fed the HFD but injected with PBS. After 4 weeks of peptibody 

treatment of the HFD mice, there was a significant decrease in p-Smad2/3 in muscles vs. 

results in HFD mice treated with PBS. There also were low levels of p-Smad2/3 in visceral 

adipocytes (Fig 1C). These results suggest that the peptibody effectively blocked myostatin 

activity in muscle and potentially in adipose tissues (6;25). Blocking myostatin significantly 

increased the weights of body (Fig. 1 D) and muscle (Fig. 1E, F) even though the intake of 

food was not different. We also measured intra-abdominal adipose tissue using the X-ray 

Imager and found that myostatin inhibition slightly but not significantly decreased the mass 

of adipose tissue (Fig. 1G). Peptibody treatment slightly increased the mass and activity of 

interscapular BAT (Fig 1H); there also was an increase in muscle triglycerides in peptibody-

treated mice fed the HFD compared to results in control mice treated with PBS (Fig 1I). 

Thus, myostatin inhibition in mice increases muscle growth despite feeding a HFD.
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Myostatin inhibition suppresses macrophage infiltration and inflammatory gene 
expression in muscle and adipose tissues

To examine whether myostatin inhibition reduces the expression of proinflammatory 

cytokines in muscle or adipose tissues, we fed the HFD to mice for 12 weeks and then 

treated them with the peptibody or PBS for 4 weeks whild fed the mice with HFD (9). In 

muscles of mice fed the HFD and treated with the peptibody exhibited a significant decrease 

in the mRNAs of IL-6, TNFα and MCP1 (Fig. 2A). The mechanism for the decrease in 

inflammatory cytokine expression might be related to suppressed macrophage infiltration 

into muscles (26). To test this hypothesis, we immunostained muscle sections from mice fed 

the HFD and found higher levels of the macrophage marker, CD68 and myostatin inhibition 

suppressed it (Fig. 2B). These results were confirmed when we evaluated the expression of 

mRNAs encoding the macrophage markers, CD68 and F4/80 (Fig. 2C).

Similar results were found in subcutaneous and visceral adipose tissues of mice that had 

been treated with the peptibody (Fig. 2D, E). The number of macrophages infiltrating 

adipose tissues was suppressed by the inhibition of myostatin. Likewise, in visceral adipose 

tissues of mice fed the HFD and treated with the peptibody, we found the mRNAs of 

cytokines and chemokines (TNFα, IL-6, MCP-1 and MIP1β et al) were significantly 

suppressed (Fig 2F). Thus, inhibiting myostatin suppressed HFD-induced infiltration of 

macrophages and the expression of inflammatory genes in both muscle and adipose tissues.

Previously, we found that recombinant myostatin stimulated IL-6 production in muscle cells 

(6). To explore whether myostatin stimulates inflammatory signaling in adipocytes or 

immune cells, we isolated pre-adipocyte cells from visceral adipose tissues of HFD mice. 

The cells were differentiated into adipocyte with adipocyte differentiation media and then 

treated with recombinant myostatin. Within 5 h, there was an increase in IL-6 in the medium 

of cells treated with recombinant myostatin (Fig 2G). We also isolated mouse peritoneal 

macrophages and treated them with recombinant myostatin. There was an increased IL-6 

production from 16 h to 48 h (Fig 2H). These results indicate that myostatin stimulates 

inflammatory signaling pathways in skeletal muscle, adipocytes and in macrophages.

Myostatin inhibition improves insulin sensitivity in mice fed the HFD

We measured GTT and ITT in HFD-fed mice that had been treated with the peptibody or 

PBS. The results were compared to those of mice fed with RD and treated with the 

peptibody or PBS. In mice fed the control diet, myostatin inhibition did not change blood 

glucose concentration but in mice fed the HFD and treated with the peptibody, fasting levels 

of glucose and insulin were decreased (Fig. 3A, B; p<0.05). GTT and ITT measurements 

confirmed that myostatin inhibition significantly improved glucose metabolism (Fig. 3 C, 

D). We also found that inhibiting myostatin reduced circulating free fatty acids and 

increased the blood level of adiponectin (Fig. 3 E, F). These changes are consistent with 

reports that adiponectin improves insulin sensitivity by inhibiting hepatic gluconeogenesis 

and increasing fatty acid oxidation in liver and muscle (27-29). Mice fed the HFD and 

treated with the peptibody had higher levels of p-Akt in muscles compared to values in 

HFD-fed mice treated with PBS (Fig. 3G). Improved insulin signaling in muscle was 

confirmed by finding an increase in the mRNA of the muscle glucose transporter, Glut4 
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(Fig. 3H). We conclude that the peptibody improves insulin signaling in mice despite the 

insulin resistance stimulated by the HFD.

Myostatin inhibition increases fatty acid oxidation and energy expenditure

To examine whether myostatin inhibition improves fatty acid metabolism, we assessed the 

mRNAs of genes involved in fatty acid oxidation: long chain acyl-CoA dehydrogenase 

(LCAD); very long chain fatty acids (VLCAS); and very long chain acyl-CoA 

dehydrogenase (VLCAD). Each was up-regulated in muscles (Fig. 4A) and in WAT (results 

not shown). Treatment of HFD-fed mice with the peptibody increased p-ACC, p-AMPK and 

PPARγ in muscles (Fig. 4B), consistent with the conclusion that inhibition of myostatin 

stimulates fatty acid oxidation. In fact, circulating fatty acids in mice fed the HFD were 

substantially reduced by the peptibody (Fig. 3E). Energy expenditure in HFD-mice treated 

with the peptibody included an increase in oxygen consumption and the respiratory 

exchange ratio (Fig. 4 C, D) suggesting that myostatin inhibition not only stimulates fatty 

acid oxidation in muscle but also increases energy expenditure.

Myostatin inhibition increases irisin expression

Since exercise improves insulin resistance and increases Irisin production, we examined 

whether Irisin plays a role in the responses of myostatin inhibition and the improvement of 

insulin sensitivity. In normal mice, the Irisin precursor protein, Fndc5, is highly expressed in 

muscle but minimally in WAT (Fig 5A). Following 4 weeks of peptibody treatment of HFD 

mice, Fndc5 mRNA in muscle was significantly higher vs. results in muscles of PBS-treated 

mice fed the HFD. In addition, the mRNA of PGC-1α, an upstream activator of Fndc5 was 

increased (Fig. 5B). We also found that Irisin is increased in the serum of mice treated with 

the peptibody (Fig. 5C).

To examine how myostatin inhibition influences Fndc5 expression and irisin production in 

muscle, we examined cultured C2C12 muscle cells. Firstly, we knocked down myostatin in 

these cells using ShRNA (21). In cells lacking myostatin, the Fndc5 protein and its upstream 

activator, PGC-1α were increased (Fig. 5D). Knocking down myostatin also increased the 

expression of mRNAs encoding Fndc5 and PGC1-α (Fig. 5E). Finally, at 24 to 72 h after 

knocking down myostatin in C2C12 cells, we found increased irisin production (Fig. 5F). 

Thus, myostatin inhibition increases the expression and metabolic functions of Fndc5 in 

muscle cells.

To examine if irisin exerts anti-inflammatory functions, we activated peritoneal macrophages 

with LPS and then added recombinant irisin. The addition of Irisin decreased the expression 

of inflammatory markers (Fig 5G) and stimulated macrophage polarization from M1 into 

M2 by decreasing the mRNA expression of CD86 (M1 markers) while increasing the mRNA 

expression of CD163 and CD206 (M2 markers) (Fig 5H).

Myostatin inhibition stimulates browning of WAT by an irisin-mediated mechanism

In WAT from mice fed the HFD and treated with the peptibody, BAT mRNA markers 

including Cidea, PRDM16, UCP-1, and PGC-1α were increased (Fig. 6A). Similarly, 

mRNA markers of beige adipocytes, Tbx1 and Tmem26, were higher (Fig. 6A) (13). In 
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consistent with mRNA expression, we immunostained the cross section of subcuranious or 

visceral adipose tissue with anti-UCP1 and found myostatin inhibition increased UCP1 

expression in WAT (Fig. 6B). These results lead us to conclude that inhibition of myostatin 

stimulates “browning” of WAT.

To explore whether irisin is responsible for inducing the browning of WAT, we isolated stem 

cells from visceral adipocytes. When they were confluent, we treated them with recombinant 

Irisin for 3 days and found increased UCP-1 and PGC-1α proteins (Fig. 6C). Notably, when 

we treated adipocyte-derived stem cells with conditioned media from C2C12 cells lacking 

myostatin, there were increases in the markers of beige and BAT marker mRNAs, PRDM16, 

PGC-1α, UCP1 and Cidea (Fig. 6D).

To prove that conditioned medium contains Irisin capable of inducing adipose-derived stem 

cells to express markers of brown adipocytes, we added an anti-Fndc5 antibody to 

adipocyte-derived stem cells before adding conditioned medium. The anti-Fndc5 antibody 

abolished the expression of genes involved in browning of adipocyte-derived stem cells (Fig. 

6E). These results uncover a cross talk by which Irisin produced in muscle cells promotes 

browning of WAT.

Discussion

Obesity is associated with the increased accumulation of fatty tissue and a relative decrease 

in lean and muscle mass (30). In obese individuals, adipose tissue has been linked to insulin 

resistance and type 2 diabetes developing via pro-inflammatory cytokines (31). Not only is 

muscle an important site of fatty acid oxidation but, skeletal muscle is responsible for >75% 

of insulin-mediated glucose metabolism (31;32). The latter suggests that reduced muscle 

mass develops in response to insulin resistance and it is established that chronic 

inflammation and oxidative stress contribute to skeletal muscle insulin resistance (31). In the 

present study, we have found that myostatin expression and secretion are increased in mice 

with HFD-induced obesity, potentially linking myostatin to the development of insulin 

resistance. Indeed, administration of the peptibody to HFD-fed mice increased muscle 

growth and suppressed macrophage infiltration and pro-inflammatory gene expression in 

skeletal muscle and adipose tissues. Inhibition of myostatin also improved glucose 

homeostasis, energy expenditure and increased the browning of WAT. Finally, we found that 

a mediator of myostatin-induced responses is Irisin: myostatin inhibition upregulates the 

expression of Irisin in muscle and serum and induces browning of WAT with improved 

insulin sensitivity of HFD-fed mice. Thus, our results reveal a cross-talk between skeletal 

muscle and WAT via myostatin and Irisin regulation, suggesting that regulation myostatin 

represents a promising therapeutic target to treat obesity and potentially, type 2 diabetes.

How does myostatin affect insulin resistance? Firstly, conditions associated with a high 

myostatin level often exhibit evidence of inflammation. For example, Wilkes et. al. fed a 

HFD to control and myostatin KO mice and found that the control mice but not those 

lacking myostatin developed insulin resistance (9). The authors suggested that these changes 

were related to a myostatin-stimulated expression of TNFα, an established mediator of 

insulin resistance (9). Likewise, we have found that chronic kidney disease, a condition often 
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associated with insulin resistance induces expression of myostatin, IL-6 and TNFα in 

muscle (6). Inhibition of myostatin suppressed IL-6 and TNFα production in muscle. 

Curretnly, we showed that blocking myostatin in HFD-fed mice not only suppresses 

inflammation but also improves insulin resistance (Fig. 2 and 3). A second mechanism by 

which myostatin affects insulin resistance is that myostatin-stimulated phosphorylation of 

Smad2 and Smad3 transcription factors, they can interact with p-Akt to impair IGF-1 and 

insulin signaling in muscle (33;34). Thirdly, excess triglyceride in muscle is often associated 

with insulin resistance (35). Surprisingly, inhibition of myostatin in mice fed the HFD 

resulted in increased muscle triglyceride content and improved insulin sensitivity (Fig 1I, 

3D). This result is consistent with reports that exercise training increases muscle triglyceride 

content (36) and chronic exercise increases insulin sensitivity (37) and fatty acid oxidation 

(38).

While myostatin primarily affects muscle growth, we found it also influences whole-body 

metabolism. For example, we found that blocking myostatin activity increased body weight 

despite a higher energy expenditure (Fig. 1D). This occurred because peptibody-treated mice 

experienced a significant increase in muscle weight (Fig 1E, F) but only a slight decrease in 

adipose tissue mass (Fig 1H). The increase in body weight occurring despite a rise in energy 

expenditure is consistent with previous reports. Akpan et. al., reported that myostatin 

inhibition achieved by injecting HFD-fed mice with a soluble ACVR2B/Fc fusion protein 

resulted in a greater lean mass but no change in adipose tissue (39). Bernardo et. al., treated 

ob/ob mice with a neutralizing monoclonal antibody to myostatin and found that the mice 

developed increases in activity, oxygen consumption, and energy expenditure but no 

reduction in fat mass (40). We found that inhibition of myostatin in mice fed the HFD led to 

browning of subcutaneous and visceral adipocytes plus increased levels of BAT-associated 

mRNAs, including UCP1, PGC-1α and Cidea in WAT (Figure 5, 6). The browning response 

was unexpected because the expression of myostatin in adipocytes is so low that its 

inhibition would be expected to influence adipose tissue metabolism minimally. Notably, our 

results are consistent with events occurring in myostatin KO mice: feeding the HFD to those 

mice did not induce obesity or insulin resistance (41).

How does myostatin inhibition affect whole-body metabolism? A possible mechanism is that 

myostatin inhibition induces Irisin production in muscle. This is relevant because Irisin plays 

an important role in stimulating UCP1 expression and the browning of WAT (13;17;42). 

There is evidence that the browning of WAT increases insulin sensitivity. For example, 

Stanford et. al., transplanted BAT tissue from male, donor mice into age- and gender-

matched mice and found that glucose tolerance improved and fat mass was reduced despite 

being fed a HFD (43). A similar response occurs in humans when BAT is stimulated: BAT-

positive men exposed to cold temperature for 5 to 8 h increased in resting energy 

expenditure and whole-body glucose disposal and insulin sensitivity (44).

How does the inhibition of myostatin stimulate Irisin production in muscle? We speculate 

that the mechanism is related to PGC-1α expression in muscle because myostatin inhibition 

in HFD fed mice leads to increases in the mRNAs of PGC-1α and Fndc5 (Fig 5B). In 

C2C12 muscle cells, knockdown of myostatin stimulates the expression of the mRNAs and 

proteins of PGC1-α and Fndc5 (Fig 5D&E). Consistent with these results, exercise can 
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increase the mRNAs and proteins of PGC-1α in skeletal muscles (17;45;46). It also has been 

shown that PGC-1α expression is increased in muscles of myostatin KO mice (47). This is 

important because PGC-1α is an upstream activator of Fndc5. In addition, AMPK-α is 

activated in muscles of myostatin KO mice (47;48). Consistent with these reports, we found 

that myostatin inhibition in HFD-fed mice stimulated phosphorylation of AMPK-α (Figure 

4). This is relavant, because myostatin KO causes a switch in muscle fibers to raise the fast 

myosin heavy chain isoform (49-51). This myofiber contracts faster and utilizes glycolytic 

metabolic pathways with an increase in AMP/ATP, leading to more robust activation of 

AMPK (52). AMPK is functioning as activator of PGC-1α (48). Therefore, inhibition 

myostatin in HFD-mice activate AMPK to stimulate PGC-1α and Fndc5 expression to 

mediate the browning of WAT (48).

In summary, our present study elucidates that inhibition myostatin leads to improved insulin 

resistance in mice fed the HFD. We have demonstrated that myostatin inhibition suppresses 

inflammation, increases fatty acid oxidation and the browning of WAT while improving 

insulin sensitivity in mice fed the HFD (Fig 7).These results enhance our understanding of 

the function of myostatin and they provide information that myostatin signaling represents a 

promising therapeutic target for the treatment of obesity and potentially, diabetes.
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Figure 1. Myostatin inhibition stimulates muscle growth despite feeding a HFD
A. Twelve 12 weeks after HFD-fed mice, glucocorticoid production was estimated as the 

daily excretion of corticosterone. B. Twelve 12 weeks after HFD-fed mice, myostatin 

mRNA was measured in gastrocnemius muscles. C. Foure weeks after HFD-fed mice treated 

with PBS or peptibody (MI), p-Smad2/3 was evaluated by western blots in gastrocnemious 

muscle and visceral fat tissue. D-I. Four weeks after HFD-fed mice treated with PBS or 

peptibody: D. body weights; E. tibialis anterior (TA) muscle weights; F. gastrocnemius 

(Gast.) muscle weights; G. fat mass; H. interscapular brown adipocyte weights and I. 

triglyceride level in muscle. (Results are mean ± SEM; *; p<0.05 vs. control RD or HFD 

mice treated with PBS. n=10 mice in each group).
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Figure 2. Myostatin inhibition suppresses macrophage infiltration and inflammatory gene 
expression in skeletal muscle and adipose tissues
Mice were treated as described in the Fig. 1 and the following measurements were obtained. 

A. IL-6, TNFα and MCP1 mRNA in gastrocnemius muscles (corrected for GAPDH); B. 

cross sections of TA muscles that were immunostained with anti-CD68 (red, left panel). The 

percentage of muscle nuclei that stained positively for CD68 was determined in 5 randomly 

chosen areas (right panel). C. Macrophage-specific mRNAs in gastrocnemius muscles. D. 

Cross sections of subcutaneous or visceral adipose tissue were immunostained with anti-

F4/80. The percentage of adipose cell nuclei that stained positively for F4/80 was 

determined in 5 randomly chosen areas (left panel). E. Macrophage-specific mRNAs in 

visceral adipose tissues. F. The mRNAs of cytokines or chemokines in visceral adipose 

tissue. G. Myostatin stimulate IL-6 production in adipocyte within 5 h. H. Myostatin 

stimulate IL-6 production in macrophages from 16 to 48h. (Results are mean ± SEM; *; 

p<0.05 vs. PBS or control. n=3 mice in each group or cell treatment repeated in 3 times).

Dong et al. Page 15

Int J Obes (Lond). Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Myostatin inhibition increases insulin sensitivity in mice despite the HFD
Mice were treated as described in the legend to Figure 1. A, B. After 4 weeks of treatment 

with the peptibody, fasting blood glucose and serum insulin levels were measured. C. 

Results of a GTT (left panel) and calculated AUC (right panel) are presented. D. Results of 

the ITT (left panel) and calculated AUC (right panel) are presented. E. levels of serum fatty 

acids and F. adiponectin are presented. G. p-Akt in gastrocnemius muscles of mice are 

shown. H. Glut4 mRNA in gastrocnemius muscles of mice. (Results are mean ± SEM; *; 

p<0.05 vs. PBS. n=10 mice in each group).

Dong et al. Page 16

Int J Obes (Lond). Author manuscript; available in PMC 2016 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Myostatin inhibition increases fatty acid oxidation and energy expenditure
A. In gastrocnemius muscles of mice fed the HFD and treated with the peptibody or PBS, 

there were higher mRNAs of enzymes involved in fatty acid oxidation (long chain acyl-CoA 

dehydrogenase (LCAD); very long chain fatty acids (VLCAS); and very long chain acyl-

CoA dehydrogenase (VLCAD). B. In gastrocnemious muscles, proteins involved in 

mitochondrial function was evaluated by western blots. C, D. Changes in oxygen 

consumption (VO2) and energy expenditure over 3 weeks were calculated from values 

measured before mice received the peptibody (Results are mean ± SEM; *; p<0.05 vs. PBS. 

n=10 mice in each group).
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Figure 5. Myostatin inhibition increases Fndc5 expression in muscles of mice fed the HFD
A. mRNA values (corrected for GAPDH) are shown for Fndc5 in muscle and in 

subcutaneous white adipose tissue. B. Relative Fndc5 mRNA expression in skeletal muscles 

of mice fed the HFD and treated with the peptibody. C. Treatment with the peptibody 

increased serum irisin levels compared to values in mice treated with PBS. D, E. When 

myostatin production was blocked in C2C12 cells, the protein (D) and mRNA (E) 

expressions of PGC-1α and Fndc5 are increased. F. Suppression of myostatin raised the 

production of irisin in C2C12 cells. G. Irisin inhibit cytokine and chemikine mRNA 

expression in macrophages. H. Irisin stimulates macrophage polarization from M1 to M2 

(Results are mean ± SEM; *; p<0.05 vs. CTRL).
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Figure 6. Irisin is a key mediator that induces browning of WAT
A. mRNAs of BAT and beige genes in visceral fat tissue. B. Visceral and subcutaneous 

adipose tissues were immunostained for UCP1 (brown color). The percentage of UCP1-

positive cells to the number of fat cells examined is shown in the right panel. C. Adipocyte-

derived stem cells were treated with 20 nM, recombinant irisin. This raised the expression of 

PGC-1α and UCP1. D. Conditioned media from C2C12 cultured muscle cells lacking 

myostatin, stimulated the mRNAs of expression of BAT genes in adipocyte-derived stem 

cells. E. When the C2C12 conditioned medium was treated with a neutralizing antibody to 

Fndc5, the mRNAs of BAT genes were suppressed. (Results are mean ± SEM; *; p<0.05 vs. 

PBS or control).
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Figure 7. The mechanism of myostatin inhibition leading to improved insulin resistance in mice 
fed the HFD
Myostatin inhibition suppresses inflammation; increases Irisin production; increases fatty 

acid oxidation and the browning of WAT while improves insulin sensitivity in mice fed the 

HFD.
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