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Abstract

Myostatin is well established as a negative regulator of skeletal muscle growth, but its role in the heart is controversial. Our
goal in this study was to characterize myostatin regulation following cardiomyocyte stress and to examine the role of
myostatin in the regulation of cardiomyocyte size. Neonatal cardiomyocytes were cultured and stressed with phenylephrine.
Adenovirus was used to overexpress myostatin or dominant negative myostatin in culture. Adeno-associated virus was used
to overexpress myostatin or dominant negative myostatin in mice. Myostatin is upregulated following cardiomyocyte stress
in an Erk-dependent manner that is associated with increased nuclear translocation and DNA binding activity of MEF-2.
Myostatin overexpression leads to decreased and myostatin inhibition to increased cardiac growth both in vitro and in vivo
due to modulation of Akt and NFAT3 pathways. Myostatin is a negative regulator of cardiac growth, and further studies are
warranted to investigate the role of myostatin in the healthy and failing heart.
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Introduction

Myostatin, a member of the TGF-b family, is a well-established

negative regulator of skeletal muscle mass. Myostatin is synthe-

sized as a 376 amino acid pre-propeptide [1]. Once the 24 amino

acid signal sequence is cleaved, the remaining full length myostatin

contains a 242 amino acid propeptide domain and a 110 amino

acid C-terminus domain. The propeptide domain is inhibitory,

while the C-terminal domain is the active region of the peptide.

The C-terminal domain contains 9 cysteine residues critical for

dimerization, and it is this homodimer that is the active protein.

Myostatin undergoes extensive post-translational modification.

After translation, disulfide bonds form in both the propeptide and

C-terminal regions to create a homodimer. In vitro evidence

suggests that it is then cleaved by a paired dibasic amino acid

cleavage enzyme (PACE)/furin serine protease at its RSRR (aa

263–266) sequence to produce an N-terminal propeptide region

and a C-terminal region [2]. The propeptide continues to associate

non-covalently with the C-dimer, locking it in an inactive form.

This inactive, or latent, complex, composed of propeptide and C-

dimer, is then secreted into circulation. In vitro evidence suggests

that BMP-1/tolloid matrix metalloproteases can cleave the

propeptide at D76 [3]. Once cleaved, the propeptide degrades,

and the active C-dimer is released to bind its receptor, which

initiates intracellular Smad phosphorylation and activation [4].

Recent evidence also suggests that full-length myostatin can be

secreted and activated locally in the extracellular matrix [5].

The myostatin knockout mouse exhibits a 2–3 fold increase in

skeletal muscle mass due to a combination of hyperplasia and

hypertrophy [6]. This phenotype has led to the widely accepted

conclusion that myostatin acts as a chalone, a negative growth

regulator secreted by the tissue on which it acts, to inhibit skeletal

muscle growth. This conclusion has been supported by several

other studies in normal [7,8,9,10,11,12,13,14,15] and dystrophic

mice [16,17,18,19,20,21] as well as by the double-muscled Belgian

Blue and Piedmontese cattle breeds [22], which harbor a naturally

occurring mutation in the myostatin gene. Mutations leading to

double muscling have also been reported in Texel sheep and

whippets [23]. In addition, a human case has been reported in

which a splicing mutation in the myostatin gene has led to

increased muscle mass [24].

These previous studies all describe the role of myostatin in skeletal

muscle. Sharma et al. was the first group to report myostatin

expression in the heart using both RT-PCR and Western blot [25]. In

addition, in a sheep model of myocardial infarction, the same group

demonstrated that myostatin protein is upregulated for up to one

month following infarct with a peak occurring at one week. In

humans, it has also been reported that myostatin activation is

increased in the myocardium of patients in heart failure and that

circulating myostatin is increased in the serum of patients in heart

failure compared to healthy controls [26].

In vitro, it was found that myostatin is upregulated following the

cyclic stretch of cardiomyocytes. Shyu et al. have demonstrated

that IGF-1, myostatin, and p38 phosphorylation increase subse-
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quent to cyclic stretch of cardiomyocytes [27]. Furthermore,

myostatin did not increase if IGF-1 and/or p38 signaling was

blocked before the stretch stimulus. This suggests that following a

hypertrophic stimulus, IGF-1 is secreted to stimulate cell growth.

Thereafter, however, myostatin may be secreted to negatively

regulate this growth as part of a feedback loop.

Recently, several studies have examined the role of myostatin in

cardiac growth and hypertrophy. Myostatin expression seems to

be dynamically regulated during embryonic and neonatal

development such that low expression corresponds with a high

proliferative index [28]. In addition, cardiac expression of

myostatin is upregulated during both physiologic hypertrophy

[29] and pathologic hypertrophy [30] in the rat, supporting the

involvement of myostatin in a negative feedback loop that controls

cardiac size. However, manipulation of myostatin expression in

transgenic and knockout mice has generated conflicting results.

Although investigators seem to agree that myostatin transgenic

mice have smaller hearts [31,32], myostatin knockout mice have

been reported to have larger hearts [32], smaller hearts [33],

smaller hearts that exhibit an increased hypertrophic response

[34], or normal hearts [35].

As a result, the role of myostatin in the regulation of cardiac size

remains unclear. This information is especially important in light

of the ongoing clinical trials using myostatin inhibition via an

antibody approach as a potential treatment for several types of

muscular dystrophy [36]. Since many of these patients can be

expected to experience some form of cardiomyopathy in the

future, it is important to discern how myostatin inhibition will

impact the injured heart.

With this clinical consideration in mind, the present study was

undertaken to investigate the regulation and function of myostatin

in the heart. In the first arm of the study, we used phenylephrine

(PE) to stress neonatal cardiomyocytes in culture. PE, an a-agonist,

has been previously used as a cardiac stressor to evaluate

myostatin signaling in the heart [34]. Our goals were 1.) to

identify growth pathways activated by PE stress, 2.) to quantify

myostatin activation following cardiac stress, and 3.) to use small

molecule inhibitors of each activated growth pathway to identify

possible upstream regulators of myostatin. Based on data from the

previous cardiac report and from others in skeletal muscle, we

chose to evaluate the following growth pathways: Akt and its

downstream target GSK-3b, Erk, and NFAT3 [37,38,39,40]. We

also investigated the role of the transcription factor MEF-2 in

myostatin regulation based on data reporting that the myostatin

promoter contains a MEF-2 binding domain [41]. Akt, GSK-3b,

and Erk, and MEF-2 are activated by phosphorylation, while

NFAT is activated by dephosphorylation.

In the second arm of the study, we used adenovirus in culture to

manipulate myostatin expression both positively and negatively

and examined the effect on cell size, number, and activation of the

same key growth pathways. Finally, we used adeno-associated

virus in mice to manipulate myostatin expression both positively

and negatively and examined the effect on cardiac size, function,

and signaling through the same key growth pathways.

Results

Effect of phenylephrine (PE) on growth pathway
activation, cell size, and cell number in neonatal
cardiomyocytes (NCM)

PE is a cardiac stressor, and it was hypothesized that PE stress will

activate important growth and stress pathways in the heart, including

Akt, NFAT3, and Erk. This will be followed by an increase in cell size

and possibly number. To test this hypothesis, NCM’s were stressed

with PE over a time course of 0–60 minutes to examine activation of

signaling pathways. Cell size and number were assessed after

18 hours of PE stress. As shown in Figures 1A–D, PE stress did

indeed activate Akt (and downstream GSK3- b), NFAT3, and Erk by

15 minutes. (NFAT is activated by dephosphorylation, while the

others are activated by phosphorylation.) PE had no effect on cell

number (Fig. 1E), but induced an approximately 20% increase in cell

size (Fig. 1F). Western blots from control cells which received fresh

media only (no PE) during the 60 minute time course revealed that

media alone did not induce significant activation of the growth

pathways examined (Fig. 2A–D). These data establish that PE is an

effective cardiac stressor.

Effect of PE on myostatin expression and activation in
NCM’s

It was hypothesized that myostatin expression and activation are

increased during the hypertrophic response in the heart in an

effort to exert negative feedback on cardiac growth. To test this

hypothesis, the hypertrophic response was modeled in vitro by

treating cultured NCM’s with PE as above, and levels of myostatin

precursor protein and activated myostatin were analyzed. As

shown in Figure 3A, there was no significant increase in myostatin

precursor protein from 0–60 minutes, but precursor was increased

by 18 hours. Myostatin activation was increased by 60 minutes,

and this effect was sustained through 18 hours (Fig. 3B). A

representative Western blot is shown in Figure 3C. Since

myostatin signals through the Smad pathway, the increased Smad

phosphorylation that was observed at 60 minutes confirms the

increase in myostatin activation (Figure 3D). These data indicate

that myostatin is upregulated following PE stress.

Myostatin regulation in NCM’s
PE stress stimulates the hypertrophic response and activates

growth and stress pathways in NCM’s. This is accompanied by an

increase in myostatin precursor protein and activated myostatin,

which may exert negative feedback on the growth program. If the

increase in myostatin is viewed as a response to stress, then it may

be dependent on activation of stress and/or growth pathways. To

test this hypothesis, NCM’s were pretreated with small molecule

inhibitors prior to PE stress to block activation of key growth and

stress pathways in the heart, including PI3K-Akt, p38, Erk, and

calcineurin-NFAT. Erk inhibition robustly blocked the upregula-

tion of myostatin previously observed after 18 hours of PE stress

(Fig. 4A), suggesting that Erk regulates myostatin expression

following stress in NCM’s. This finding was confirmed by

repeating the assay with only the Erk inhibitor (Fig. 4B).

Since MAPK’s have been shown to phosphorylate and activate

the transcription factor MEF-2 [42] and since the myostatin

promoter contains a MEF-2 responsive site [41], it was

hypothesized that Erk regulates myostatin by phosphorylating

MEF-2 and inducing nuclear translocation. Western blot of

nuclear extracts from the inhibition assay demonstrate that

increased MEF-2 is translocated to the nucleus following PE

stress and that this effect is blocked by pretreatment with the Erk

inhibitor (Fig. 4C). In addition, electrophoretic mobility shift assay

(EMSA) results indicate that MEF-2 DNA binding activity is

increased in nuclear extracts following PE stress, an effect that is

also blocked by pretreatment with the Erk inhibitor (Fig. 4D).

Effect of myostatin inhibition and overexpression on
NCM size and number

If myostatin is a negative regulator of NCM growth and

proliferation, myostatin overexpression should decrease cell size

Cardiac Myostatin Regulation
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and number, while myostatin inhibition should increase cell size

and number. To test this hypothesis in vitro, NCM’s were

transfected with adenovirus expressing the following transgenes:

LacZ (control), dominant negative myostatin (dnMSTAT), or

myostatin (MSTAT) in the presence or absence of PE stress for

18 hours. A media only control was also performed to control for

viral effects. Adenovirus mediated transfection of NCM’s was very

efficient. Figure 5A shows virtually 100% efficient cardiomyocyte

transfection with the LacZ vector. Figure 5B demonstrates that the

myostatin inhibitor (propeptide or dnMSTAT) is expressed in high

levels in the NCM’s and secreted into the media following

transfection. Figure 5C confirms high level expression of myostatin

precursor protein and biologically active C-dimer (and reduced C-

monomer) compared to control following transfection.

Samples from myostatin knock out mouse (MSTN KO) heart and

skeletal muscle, as well from normal mouse (C57) skeletal muscle,

were run alongside the cell culture samples to determine the

specificity of the antibodies. As demonstrated in Figure 5B, the

propeptide antibody did not detect any bands in the mouse sample,

despite equal protein loading (actin blot). This may reflect differential

antibody affinity in rat cardiomyocytes vs. in vivo murine samples.

However, bands of the expected sizes were detected in the cell culture

samples: the 37 kDa propeptide band in the dnMSTAT sample and

the 50 kDa myostatin precursor protein band in all lanes, with

overexpression in the MSTAT sample.

Figure 5C shows that the C-terminus antibody detected the

50 kDA myostatin precursor protein band in all culture samples, with

overexpression in the MSTAT sample. This band is absent in the

Figure 1. PE induces activation of growth and stress pathways and leads to increased growth in NCM’s. Cardiomyocytes were isolated
from neonatal rats and grown to confluency. Cells were then stressed with PE (100 uM) or fresh media only (control) for up to 60 minutes to assess
activation of growth and stress pathways. Cells were stressed for 18 hours for assessment of growth and proliferation. Each condition was tested
n = 4 times. *p,0.05 vs. 0 min (ANOVA). Phospho-specific Western blots were performed to probe the activation states of (A) Akt (60 kDa) (B) GSK3-b
(46 kDa) (C) NFAT3 (ranges from approximately 90–140 kDa, depending on phosphorylation state, [59]) and (D) Erk (42 and 44 kDa). For Akt, GSK3-b,
and Erk, phosphorylation does not induce a significant increase in molecular weight; therefore, Western blots were probed with the phospho-specific
antibody, stripped, and reprobed for total protein. Both blots are shown below each graph. (P = phospho, T = total, for each protein.) For NFAT,
phosphorylation does induce a significant change in molecular weight and gel shift, so only one Western blot is demonstrated for this protein. (E) Cell
number was counted in 3 fields for each treatment, and (F) cell surface area was quantified in 3 fields using Fovea Pro software after laminin staining.
Approximately 500–800 cells were counted per condition. The plot represents mean 6 standard deviation. Representative NCM’s 18 hrs following PE
stress or control are displayed. Scale bar represents 200 mm. Magnification is 40X.
doi:10.1371/journal.pone.0010230.g001
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MSTAT KO heart sample, confirming antibody specificity. With

longer exposure, the C-dimer (,25 kDa) and monomer (,12.5 kDa)

bands become apparent in the MSTAT sample. The C-terminus

antibody did not detect bands in the skeletal muscle samples despite

equal protein loading (actin blot), perhaps due to differential affinity

of the antibody in heart vs. skeletal muscle samples.

Figure 5C also demonstrates that myostatin precursor protein is

the predominant form of myostatin present compared to C-dimer.

This phenomenon has been reported in cardiomyocyte culture

previously [43]. Nuclear translocation (Fig. 5D) of Smad was

decreased with myostatin inhibition and increased with myostatin

overexpression.

Figure 6A shows that cell number is increased by approximately

15% with myostatin inhibition and decreased by approximately

20% with myostatin overexpression. PE had no effect on cell

proliferation in the control and myostatin inhibition groups but

countered the decrease in proliferation observed with myostatin

overexpression. Figure 6B demonstrates that myostatin inhibition

induced an approximately 20% increase in cell size, while

myostatin overexpression resulted in an approximately 20%

decrease in cell size. PE stress induced an increase in cell size in

controls with a magnitude similar to that observed with myostatin

inhibition, but was not additive to the effect of myostatin

inhibition. However, myostatin overexpression blocked PE-

induced cell growth. These data indicate that myostatin negatively

regulates NCM proliferation and size.

Effect of myostatin inhibition and overexpression on
signal transduction through growth pathways in NCM’s

Myostatin may negatively regulate NCM growth by blocking

signaling through cardiac growth pathways. To test this hypothesis in

vitro, NCM’s were transfected with adenovirus expressing LacZ,

dnMSTAT, and MSTAT as previously described, then stressed with

PE or media control for 15 minutes. Phosphorylation states of key

signaling proteins (Akt, NFAT3) were evaluated. Myostatin inhibition

caused increased activation of Akt and NFAT3 (activated by

dephosphorylation) compared to LacZ control, while myostatin

overexpression caused decreased activation of Akt and NFAT3

Figure 2. Control Phospho-Western blots. Cardiomyocytes were isolated from neonatal rats and grown to confluency. These control NCM’s
were grown alongside the NCM’s undergoing PE stress but received fresh media only (no PE) during the 60 minute time course. Phospho-specific
Western blots were performed to assess the activation states of (A) Akt, (B) GSK3-b, (C) NFAT3, and (D) Erk. No significant differences were observed
following the addition of fresh media without PE. Each condition was tested n = 4 times.
doi:10.1371/journal.pone.0010230.g002
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compared to LacZ control (Fig. 7A, B). PE stress induced activation of

Akt and NFAT3 in LacZ-treated NCM’s to levels similar to those

observed with myostatin inhibition but had no additive effect in

dnMSTAT-treated cells (Fig. 7A, B). Myostatin overexpression

blocked PE-induced activation of Akt (phosphorylation) and NFAT3

(dephosphorylation) (Fig. 7A, B). These results support the hypothesis

that myostatin regulates NCM growth by blocking activation of

growth pathways.

Effect of myostatin inhibition and overexpression on
cardiac growth in vivo

It is hypothesized that myostatin negatively regulates cardiac

growth. To test this hypothesis in vivo, neonatal C57 mice were

injected with adeno-associated virus (AAV9) expressing the

following transgenes: LacZ (control), dominant negative myostatin

(dnMSTAT), or myostatin (MSTAT), and followed for 6 and 12

weeks. A saline injection group was used to control for viral effects.

Efficiency of transgene expression was very high. B-galactosi-

dase histochemistry demonstrates that the transgene is distributed

throughout the heart in nearly 100% of the cardiomyocytes

(Fig. 8A). Western blot demonstrates expression of dominant

negative myostatin (37 kDa) (Fig. 8B) and myostatin (precursor at

,50 kDa and C-dimer and monomer at ,25 kDa and ,13 kDa,

respectively) (Fig. 8C) and confirms decreased and increased Smad

phosphorylation with myostatin inhibition and overexpression,

respectively (Fig. 8D). Myostatin precursor was overexpressed at

approximately 10 fold the baseline level of expression detected in

the Saline, LacZ, and dnMSTAT groups (Fig. 8E).

Samples from myostatin knock out mouse (MSTN KO) heart

and skeletal muscle, as well from normal mouse (C57) skeletal

muscle, were run alongside the experimental samples to determine

the specificity of the antibodies. The propeptide antibody (Fig. 8B)

only detected the 37 kDa propeptide band that was overexpressed

in the dnMSTAT sample. No bands (myostatin precursor protein

or otherwise) were apparent in the other lanes, suggesting that this

antibody has relatively low affinity for endogenous murine

myostatin. The actin blot demonstrates equal protein loading.

The C-terminus antibody (Fig. 8C) was relatively non-specific in

the murine samples. Multiple bands are present in both

experimental and MSTN KO lanes, suggesting that these bands

are non-specific. However, the 50 kDa myostatin precursor

protein band was present at low levels in the Saline, LacZ, and

dnMSTAT lanes with 10 fold overexpression (Fig. 8E) in the

MSTAT lane. This band was absent in the MSTAT KO lanes,

confirming its specificity as the myostatin precursor protein. With

longer exposure, bands at ,25 kDa (the lighter band just above

the strong non-specific band detected in all cardiac sample,

including the MSTN KO sample) and ,13 kDa become apparent

in the MSTAT sample (Fig. 8C), which correspond to myostatin

C-dimer and monomer, respectively. Bands of corresponding size

are found in the normal (C57) mouse skeletal muscle sample but

not the MSTN KO samples, suggesting that they are specific

myostatin bands. It should also be noted that a diffuse, artifactual

band appears in the MSTN KO heart lane at a level just above the

,13 kDa C-monomer band in the MSTN and C57 skeletal

muscle lanes. The diffuse appearance of this band and the fact that

it runs slightly higher than the proposed C-monomer bands in the

MSTN and C57 skeletal muscle lanes suggests that is it not a

myostatin related band. Figure 8C also demonstrates that the

major form of myostatin present in the heart is the precursor

protein (50 kDa), while the major form of myostatin in skeletal

Figure 3. PE increases myostatin translation and activation in NCM’s. Cardiomyocytes were isolated from neonatal rats and grown to
confluency. Cells were then stressed with PE (100 uM) or media only (control) for up to 18 hours. Each condition was tested n = 4 times. *p,0.05 vs.
0 min (ANOVA). Western blot was performed using the C-terminal antibody to assess levels of (A) myostatin precursor and (B) active myostatin. (C) A
representative myostatin blot is depicted. Predicted molecular weights for the various forms of myostatin are as follows: full length precursor
monomer (43–45 kDa); propeptide (30–32 kDa); C-terminus monomer (12–13 kDa); active C-dimer (24–26 kDa). Glycosylation may cause these forms
to run approximately 5–10 kDa higher than predicted on PAGE. (D) Phospho-specific Western blot was performed to assess activation of Smad
(58 kDa).
doi:10.1371/journal.pone.0010230.g003
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muscle is activated myostatin (C-dimer and monomer), with very

little precursor protein present.

At 6 weeks, myostatin inhibition induced an approximately

15% increase in relative cardiac mass (heart to body) compared

to control (Fig. 9A). Myostatin overexpression had no effect at 6

weeks (Fig. 9A). At 12 weeks, myostatin inhibition induced an

approximately 20% increase in relative cardiac mass compared

to control, and myostatin overexpression induced an approx-

imately 20% decrease in relative cardiac mass (Fig. 9B). These

data support a role for myostatin in the control of cardiac mass

in vivo.

Cardiomyocyte size was increased by approximately 20% in

the myostatin inhibition group, while size was decreased by

approximately 20% in the myostatin overexpression group at 12

weeks (Fig. 9C). This suggests that alterations in cardiac mass

were primarily due to changes in cell size and not number in our

model.

Effect of myostatin inhibition and overexpression on
cardiac function

Neither myostatin inhibition nor myostatin overexpression had

any effect on cardiac function of C57 mice as measured by 2-D

echocardiography (Table 1).

Effect of myostatin inhibition and overexpression on Akt
and NFAT3 activity

Myostatin may negatively regulate NCM growth by blocking

signaling through cardiac growth pathways. Western blot performed

on cardiac tissue lysates demonstrates that Akt and NFAT3 activity

(decreased by phosphorylation) are increased in mice in the myostatin

inhibition group and decreased in mice in the myostatin overexpres-

sion group (Fig. 10A, B). This data confirms our findings in NCM

culture that myostatin can regulated cardiac growth by modulating

signaling through Akt and NFAT3.

Figure 4. Myostatin upregulation following PE stress is Erk dependent via MEF-2. Cardiomyocytes were isolated from neonatal rats and
grown to confluency. Cells were treated with small molecule inhibitors of PI3K (wortmannin, 5 nM), p38 (SB203580, 3 uM), Erk (PD98059, 50 uM),
calcineurin (cyclosporine, 1 uM), or control 1 hour prior to 18 hours of PE stress (100 uM) and compared to baseline (no PE, no inhibition). Each
condition was tested n = 4 times. (A) Western blot was performed to assess expression of the myostatin precursor protein using the C-terminus
antibody. (B) The assay was repeated with the Erk inhibitor once it was identified as being the most potent inhibitor of myostatin expression to
confirm results. (C) Western blot was performed on nuclear extracts to assess the levels of nuclear MEF-2. (D) EMSA was performed to assess MEF-2
DNA binding activity in nuclear extracts. #p,0.05 vs. PE (ANOVA); *p,0.05 vs. Con (ANOVA).
doi:10.1371/journal.pone.0010230.g004
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Discussion

Myostatin is a negative regulator of skeletal muscle mass, but its

role in cardiac physiology is much less clear. Since it is expressed in

the heart, it has been suggested that myostatin may perform a

similar function there [25]. In this study, we report data to support

the hypothesis that myostatin is upregulated in response to cardiac

stress as part of a negative feedback loop to control the

hypertrophic response. This response appears to be Erk depen-

dent. In addition, our data support the hypothesis that myostatin

negatively regulates cardiac growth by modulating signaling

through the cardiac growth pathways Akt and NFAT. A detailed

model is depicted in Figure 11.

In the first set of experiments, we established that PE is an

effective cardiac stressor in vitro. Treatment of NCM’s with PE

resulted in activation of growth (Akt/GSK3-b, NFAT) and stress

(Erk) pathways. This was accompanied by an increase in cell size

but not cell number. Similar results have been observed following

PE stress of NCM’s [34].

We next examined myostatin expression and activation

following PE stress in NCM culture. PE stress induced activation

of myostatin by 60 minutes, and by 18 hours, levels of myostatin

precursor protein were also increased. Since myostatin is a TGF-b
family member known to signal through the Smad pathway [4],

we confirmed myostatin activation by documenting Smad

phosphorylation. However, it should be noted that upregulation

of other TGF-b family members during cardiac stress may also

contribute to the observed increase in Smad phosphorylation, as it

has been previously reported that ligands other than myostatin can

signal through the ‘‘myostatin’’ receptor (ActIIBR) [7]. Myostatin

upregulation has also been observed following cyclic stretch of

NCM’s [27] and treatment of NCM’s with angiotensin-II [42,43].

Myostatin may be upregulated to exert negative feedback on the

growth response initiated by these stressors [44].

Figure 5. Myostatin manipulation in NCM culture. Cardiomyocytes were isolated from neonatal rats and grown to confluency. Cells were
treated with Ad-CMV-LacZ (control), Ad-CMV-dnMSTAT, or Ad-CMV-MSTAT at MOI = 100 for 18 hours in the presence or absence of PE stress
(100 uM). A media only control was also performed to control for viral effects. Each condition was tested n = 4 times. (A) X-gal histochemistry
demonstrates high efficiency of adenovirus transfection. Scale bar represents 200 mm (lo) or 40 mm (hi). Western blot was performed to confirm
expression of (B) dnMSTAT (propeptide antibody) and (C) MSTAT (C-terminus antibody). Samples from myostatin knock-out (MSTN KO) mouse heart
and skeletal muscle, as well as from normal (C57) mouse skeletal muscle were also run as controls. Predicted molecular weights for the various forms
of myostatin are as follows: full length precursor monomer (43–45 kDa); propeptide (30–32 kDa); C-terminus monomer (12–13 kDa); active C-dimer
(24–26 kDa). Glycosylation may cause these forms to run approximately 5–10 kDa higher than predicted on PAGE. (D) Western blot was performed
on nuclear extracts to quantify the levels of nuclear Smad2/3. *p,0.05 vs. Media and LacZ (ANOVA).
doi:10.1371/journal.pone.0010230.g005
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If this is true, the myostatin upregulation observed following PE

stress may be dependent on upstream activation of growth and/or

stress pathways. Our data demonstrate that blocking Erk

activation with a small molecule inhibitor prior to PE stress blocks

the previously observed increase in myostatin expression. There-

fore, it appears that myostatin upregulation following PE stress is

Erk dependent. In this context, myostatin may be viewed as part of

the cell’s response to stress. To our knowledge, this is the first

report of Erk-mediated regulation of myostatin in the heart. In

addition, since previous studies have reported that myostatin

regulation following either IGF-1 or angiotensin-II stress of

NCM’s is p38 dependent [27,43], myostatin regulation following

cardiac stress may be stressor-specific.

Since myostatin has a MEF-2 responsive element in its

promoter [41] and since MAPK’s are known to phosphorylate

and activate MEF-2 [42], Erk may regulate myostatin via MEF-2

activation. We observed that both nuclear translocation and DNA

binding activity of MEF-2 are increased following PE stress and

that these effects are blocked by pretreatment of NCM’s with an

Erk inhibitor prior to PE stress. This supports our hypothesis that

Erk mediates an increase in myostatin expression via increased

MEF-2 activity. MEF-2 has been implicated in the regulation of

myostatin in NCM’s following other means of stress, including

stretch [27] and AT-II [43], and in vivo following induction of an

aorta-caval shunt [27]. However, since the degree of inhibition of

MEF-2 DNA binding activity following Erk inhibition is relatively

small compared to the inhibition of myostatin expression, other

transcription factors likely contribute to the regulation of

myostatin expression in addition to MEF-2. Further investigation

is needed to identify these factors.

In the next set of experiments, we tested the hypothesis that

myostatin negatively regulates cardiomyocyte size by modulating

signaling through growth pathways. NCM’s were treated with

adenovirus expressing dnMSTAT, MSTAT, or LacZ and then

Figure 6. Myostatin negatively regulates NCM growth and proliferation. Cardiomyocytes were isolated from neonatal rats and grown to
confluency. Cells were treated with Ad-CMV-LacZ (control), Ad-CMV-dnMSTAT, or Ad-CMV-MSTAT at MOI = 100 for 18 hours in the presence or
absence of PE stress (100 uM). Each condition was tested n = 4 times. (A) Cell number was counted at 40X in 3 fields for each treatment. (B) NCM
surface area was quantified in 3 fields at 40X using Fovea Pro software after laminin staining, and representative images are displayed. Approximately
500–800 cells were counted per condition. *p,0.05 vs. LacZ Con (ANOVA).
doi:10.1371/journal.pone.0010230.g006
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stressed with PE or media only. The dominant negative construct

that was used to inhibit myostatin is a modified form of Myostatin

Belgian Blue, named after the bovine strain harboring this

mutation. This construct acts as a dominant negative because

the Belgian Blue mutant contains an 11 bp deletion that causes a

premature stop in the C-terminus, leaving only the inhibitory

propeptide to be expressed [22]. In addition, it contains a D76A

mutation, which makes the inhibitory propeptide resistant to

proteolysis [3]. In effect, this construct is a protease-resistant

propeptide that can bind to and inhibit endogenous myostatin by

preventing receptor binding [1].

We observed that myostatin inhibition induced an approxi-

mately 20% increase in cardiomyocyte size, similar to what has

been reported by another investigator [34]. PE stress induced a

similar increase in size in LacZ treated cells, but did not augment

growth in dnMSTAT treated cells. These data suggest that

myostatin and PE may exert effects on cardiomyocyte size by

modulating signaling through the same pathways, albeit in

opposite directions. For example, myostatin may inhibit a specific

pathway, while PE may activate it. The absence of an additive

increase in cell size with the combination of PE stress and

myostatin inhibition may indicate that our potent, protease-

resistant myostatin inhibitor and PE stress independently achieved

maximal pathway activation at the doses administered. In that

case, no further activation or increase in size would be possible

when both treatments were combined. Conversely, myostatin

overexpression induced an approximately 20% decrease in

cardiomyocyte size and blocked the hypertrophic response to

PE. Taken together, these data strongly support the hypothesis

that myostatin is a negative regulator of cardiomyocyte size.

We also observed that myostatin inhibition promoted NCM

proliferation and that myostatin overexpression blocked NCM

proliferation. Data from other investigators suggests that myostatin

regulates cardiomyocyte proliferation by targeting the cell cycle

proteins p21 and cdk2 [28,32]. Further investigation is needed in

our model to confirm these results.

In the next line of experiments, we sought to identify the

pathways with which myostatin may cross-talk to regulate

cardiomyocyte size. Since our data suggested that myostatin may

interact with the same pathways as PE, we investigated two

pathways that were activated by PE in our model: Akt and

NFAT3. We found that myostatin inhibition resulted in increased

activation of Akt and NFAT3, while myostatin overexpression

caused decreased activation of Akt and NFAT3. Similar to was

observed with cardiomyocyte size, PE stress did not induce

additional activation of Akt and NFAT3 in combination with

Figure 7. Myostatin negatively regulates NCM growth and proliferation by modulating signaling through Akt and NFAT3. NCM’s
were cultured as described above. Cells were treated with Ad-CMV-LacZ (control), Ad-CMV-dnMSTAT, Ad-CMV-MSTAT at MOI = 100 for 18 hours, then
stressed with PE (100 uM) for 0 or 15 minutes. Each condition was tested n = 4 times. Phospho-specific Western blot was performed to assess the
activation states of (A) Akt and (B) NFAT3. *p,0.05 vs. LacZ Con (ANOVA).
doi:10.1371/journal.pone.0010230.g007
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myostatin inhibition, but myostatin overexpression did block PE-

induced activation of these pathways. These data suggest that

myostatin may negatively regulate cell size by blocking activation

of Akt and NFAT3 in cardiomyocytes. It has been previously

reported that myostatin can modulate Akt signaling in NCM’s

[34], perhaps by upregulating or stabilizing PTEN [37]. Although

another group has suggested that myostatin may cross-talk with

NFAT2 in skeletal muscle [38,39], this is the first report of cross

talk between myostatin and NFAT3 pathways in cardiomyocytes.

It is possible that myostatin signaling activates kinases capable of

phosphorylating NFAT3, thus countering the effects of calci-

neurin, or it may be that mediators of myostatin signaling further

downstream can suppress calcinuerin at the transcriptional level.

Further investigation is needed to identify the link between

myostatin and NFAT3.

In the next set of experiments, we tested the hypothesis that

myostatin negatively regulates cardiac growth in vivo. AAV9 was

used to express LacZ, dnMSTAT, or MSTAT in mice, and a

saline group was added to control for viral effects. Mice were

followed for 6 and 12 weeks. AAV9 was used because it is superior

in the rodent heart compared to other serotypes [45,46,47,48].

Myostatin inhibition in the heart resulted in increased relative

cardiac mass at 6 and 12 weeks, while myostatin overexpression

resulted in decreased relative cardiac mass at 12 weeks only.

Decreased mass may not have been induced with myostatin

overexpression until 12 weeks because the myostatin protein

undergoes extensive post-translational modification before full

activity is achieved, and once active, is inhibited by several local

and circulating factors, including follistatin, FLRG, GASP-1, and

endogenous myostatin propeptide [1]. This is in contrast to the

dnMSTAT construct used in this study, which simply required

translation and secretion.

These alterations in cardiac mass were accompanied by a

corresponding increase or decrease in cardiomyocyte size and Akt

and NFAT3 activity in the myostatin inhibition and overexpres-

sion groups, respectively. These results suggest that myostatin

plays an important role in negatively regulating cardiac growth in

vivo and that it appears to do so by modulating signaling through

key cardiac growth pathways. In addition, since the alterations in

individual cardiomyocyte size were proportionally similar to the

overall alteration in total cardiac mass, it suggests that myostatin

exerted its effects primarily via hypertrophy and not via

hyperplasia in these post-natal hearts.

These data are in agreement with a recent study that reports

similar changes in cardiac size in myostatin transgenic and knock

out mice [32]. However, a controversy exists over the size of

Figure 8. Myostatin manipulation in vivo. Neonatal C57 mice (day 4–5) were treated with either Saline (n = 12), AAV9-LacZ (n = 11), AAV9-dnMSTAT
(n = 12), or AAV9-MSTAT (n = 8),via subxiphoid injection to target the heart. A saline injection group was added to control for viral effects. (A) X-gal
histochemistry demonstrates distribution of transgene expression. Western blot demonstrates expression of (B) dominant negative myostatin (propeptide
antibody), (C) myostatin precursor (,50 kDa) and processed C-monomer (,13 kDa) (C-terminus antibody), and (D) phospho-Smad2/3. Samples from
myostatin knock-out (MSTN KO) mouse heart and skeletal muscle, as well as from normal (C57) mouse skeletal muscle were also run as controls. The
precursor protein is depicted with an arrow at 50 kDa and is present at high levels in the MSTN lane and absent in the MSTN KO lanes. Proposed C-dimer
and monomer bands are also depicted with an arrow. Predicted molecular weights for the various forms of myostatin are as follows: full length precursor
monomer (43–45 kDa); propeptide (30–32 kDa); C-terminus monomer (12–13 kDa); active C-dimer (24–26 kDa). Glycosylation may causes these forms to
run approximately 5–10 kDa higher than predicted on PAGE. (E) Quantification of myostatin full-length precursor (,50 kDa). *p,0.05 vs. Saline and LacZ
(ANOVA). #p,0.05 vs. Saline, LacZ, and dnMSTAT (ANOVA). Scale bar represents 1 mm (lo) or 200 mm (hi).
doi:10.1371/journal.pone.0010230.g008

Cardiac Myostatin Regulation

PLoS ONE | www.plosone.org 10 April 2010 | Volume 5 | Issue 4 | e10230



myostatin null hearts with some investigators reporting decreased

size [33,34], others reporting increased size [32], and still others

reporting no effect on size [35]. This discrepancy may exist due to

the fact that the genetic background of the mice is not consistent

from study to study. It is obvious from recent studies that at least

one other unidentified factor has a significant influence on the

regulation of skeletal muscle mass since the myostatin null mouse

will experience a further increase in muscle mass if treated with

soluble activin IIB receptor [7] or crossed with a follistatin

transgenic line [49]. This unknown factor may compensate or

over-compensate for the absence of myostatin to various degrees in

different mouse strains, and this may ultimately affect cardiac size.

It should also be noted that the mice in our study are different

from the myostatin null mice described by other investigators.

Myostatin null mice never express myostatin and may experience

over-compensation of cardiac growth regulation during embryonic

and postnatal development that results in a smaller heart. Indeed,

lack of myostatin during the embryonic period may have a

permanent effect on cardiac size and/or regulation of cardiac size

since it was recently demonstrated that myostatin is dynamically

regulated during embryonic development [28]. Therefore, the

effect of myostatin knock-out may be very different from the effect

of myostatin inhibition postnatally, which is the treatment regimen

being used in the clinical trials of myostatin inhibition [36]. In

contrast, the mice in this study were treated in the postnatal

period. They experienced normal embryonic development, and

their response to myostatin inhibition during the postnatal period

was an increase in cardiac mass, supporting a role for myostatin in

negative regulation of cardiac growth in the postnatal period.

We next examined the effect of myostatin manipulation on

cardiac function by performing 2-D echocardiography at 3 months

and observed no alteration of cardiac function. This finding is in

agreement with several other studies [32,34,35]. It has been

suggested that just as in skeletal muscle, myostatin may increase

cardiac size without affecting the functional efficacy of the

contractile units [32]. Further studies are needed to evaluate the

effects of myostatin manipulation in the failing heart.

In summary, the results of this study suggest that myostatin is an

important negative regulator of cardiac growth. Myostatin is

upregulated in an Erk-dependent manner following cardiomyo-

cyte stress, and it regulates cardiac growth by modulating signaling

through important growth pathways in the heart, including Akt

and NFAT3. These findings have potential clinical implications

that mandate further investigation. Clinical trials using myostatin

Figure 9. Myostatin negatively regulates cardiac size in vivo. Neonatal C57 mice (day 4–5) were treated with either Saline, AAV9-LacZ, AAV9-
dnMSTAT, or AAV9-MSTAT via subxiphoid injection to target the heart. Mice were followed for 6 and 12 weeks, and the n for each condition is
reported on the figure. Relative heart weight is reported as the ratio of heart weight to body weight at (A) 6 weeks and (B) 12 weeks. (C)
Cardiomyocyte size at 12 weeks is reported as minimal feret’s diameter and was measured in 3 fields using Fovea Pro software 3 months following
treatment. Approximately 500–800 cells were counted per condition. *p,0.05 vs. Saline and LacZ (ANOVA). Representative images are displayed.
Scale bar represents 40 mm. Magnification is 40X.
doi:10.1371/journal.pone.0010230.g009

Table 1. Cardiac function as assessed by 2-D echocardiography at 3 months post treatment.

n HR(bpm) IVSd(cm) LVIDd(cm) LVFW(cm) LVIDs(cm) FS(%) EDV(ml) ESV(ml) EF(%) CO(L/min) SV(ml)

Saline 10 275671 0.0860.01 0.3660.03 0.0960.01 0.2160.03 3966.7 0.1260.03 0.0360.01 7567.1 0.0260.01 0.0960.02

LacZ 11 323674 0.0860.01 0.3060.04 0.0860.01 0.1860.04 4269.6 0.0860.03 0.0260.01 78610 0.0260.01 0.0660.02

dnMSTAT 8 262639 0.0860.01 0.3460.06 0.0960.01 0.2060.05 40610 0.1160.05 0.0360.02 76612 0.0260.01 0.0860.04

MSTAT 6 311699 0.0860.01 0.3560.03 0.0960.02 0.2160.04 40612 0.1160.03 0.0360.01 76613 0.0360.01 0.0960.03

p = NS for all parameters.
HR, heart rate; bpm, beats per minute; IVSd, interventricular septum in diastole; LVIDd, left ventricular inner diameter in diastole; LVFW, left ventricular free wall; LVIDs,
left ventricular inner diameter in systole; FS, fractional shortening; EDV, end diastolic volume; ESV, end systolic volume; EF, ejection fraction; CO, cardiac output; SV,
stroke volume.
doi:10.1371/journal.pone.0010230.t001
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Figure 10. Myostatin modulates signaling through Akt and NFAT3 pathways in vivo. Neonatal C57 mice (day 4–5) were treated with
either Saline (n = 12), AAV9-LacZ (n = 11), AAV9-dnMSTAT (n = 11), or AAV9-MSTAT (n = 8) via subxiphoid injection to target the heart. Phospho-
specific Western blot was performed to determine (A) Akt activity (via GSK-3b phosphorylation) and (B) NFAT3 activity. *p,0.05 vs. Saline and LacZ
(ANOVA).
doi:10.1371/journal.pone.0010230.g010

Figure 11. Model of myostatin regulation and function in the heart. In this study, PE was used to model cardiac stress. This led to early (15
minute) activation of the cardiac growth pathways NFAT and Akt, and an increase in cell size was apparent by 18 hours. Erk was also activated early
(15 minutes), and this was shown to be necessary for subsequent MEF-2 phosphorylation and increase in myostatin expression. Myostatin was shown
to be able to exert negative feedback on growth by blocking activation of NFAT and Akt. In this model, therefore, PE activates growth via NFAT and
Akt, while at the same time activating Erk, which drives MEF-2 dependent upregulation of myostatin, which in turns exerts negative feedback on
growth by blocking NFAT and Akt activation. Further studies are needed to determine the mechanism of myostatin-mediated blockade of Akt and
NFAT activation, including whether each process is Smad independent vs. Smad dependent.
doi:10.1371/journal.pone.0010230.g011
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inhibition via an antibody approach as a potential treatment for

several types of muscular dystrophy are ongoing [36]. Since many

of these patients can be expected to experience some form of

cardiomyopathy in the future, it will be important to discern how

myostatin inhibition will impact the injured heart. If myostatin

plays a critical role in regulating cardiac remodeling following

stress, inhibition of myostatin in this population, or in any

population experiencing cardiac stress, could result in a very

deleterious outcome. Large animal studies in which myostatin is

both inhibited and overexpressed in the setting of cardiac failure

should be the next step to address these important issues.

Materials and Methods

Ethics Statement
All animals were handled in compliance with the Guide for the

Care and Use of Laboratory Animals published by the National

Institutes of Health (NIH publication No. 85–23, revised 1996). In

addition, all animal work was performed under protocols

approved by the Institutional Animal Care and Use Committee

of the University of Pennsylvania.

Vector Production
Each adenovirus vector was designed to express either full-

length murine myostatin (MSTAT), dominant negative murine

myostatin (dnMSTAT), or the LacZ reporter gene under control

of the constitutive cytomegalovirus (CMV) promoter. Vectors were

produced according to the previously described protocol by the

Vector Core of the University of Pennsylvania [50].

Each adeno-associated virus serotype 9 (AAV9) vector was

designed to express either full-length murine myostatin (MSTAT),

dominant negative murine myostatin (dnMSTAT), or the nuclear-

localized LacZ reporter gene under control of the constitutive

truncated desmin promoter with synthetic enhancer (SEDES460

promoter). Vectors were produced according to the previously

described pseudotyping protocol by the Vector Core of the

University of Pennsylvania [51].

The MSTAT transgene contains the cDNA for the entire

1131 bp murine myostatin gene encoding 376 amino acids (aa).

This includes a 24 aa signal sequence, a 242 aa inhibitory N-

terminal propeptide, and a 110 aa C-terminus, the dimer of which

is biologically active myostatin (Fig. 12A). The dnMSTAT

transgene contains the cDNA for the first 822 bp (274 aa) of the

murine myostatin gene followed by a premature stop. This is

modeled after the mutation in the double-muscled Belgian Blue

cow [52]. It also contains an A to C transition at bp 227 (D76A),

which destroys a cleavage site and confers protease resistance

(Fig. 12B) [3]. In effect, the dnMSTAT construct is a protease-

resistant inhibitory propeptide lacking the biologically active C-

terminus that is designed to inhibit endogenous myostatin.

Primary Cardiomyocyte Culture
Primary cultures of rat neonatal cardiomyocytes (NCM’s) were

prepared from Wistar rats as previously described [53]. 26106

cells were plated per 60 mm dish. The cardiac stress response was

induced using phenylephrine (PE) at 100 uM (Sigma, St. Louis,

MO). To determine the roles of Erk, p38, PI3K, and calcineurin in

PE-induced myostatin expression, NCM’s were pretreated for

1 hour before PE stress with the following inhibitors: 50 uM

PD98059 (Erk, Calbiochem, San Diego, CA); 3 uM SB203580

(p38, Calbiochem, San Diego, CA); 5 nM wortmannin (PI3K,

Sigma, St. Louis, MO); or 1 uM cyclosporine (calcineurin, Sigma,

St. Louis, MO). For overexpression studies, adenovirus constructs

were used at an MOI = 100.

Mouse Protocol
Neonatal mice were injected with vector or saline control as

previously described [48,54,55]. Briefly, four to five day old C57/

Bl6 mice underwent cryoanesthesia, and a puncture was made at

the left costoxiphoid angle of the anterior chest with a 33 gauge

Hamilton needle. 50 uL containing 2.561011 genome copies of

the AAV9 vector in normal saline were then injected into the

pericardial space via this subxiphoid approach. Pups were

subsequently rewarmed under a heat lamp and returned to their

mothers for further care. At weaning, males and females were

separated, and only males continued in the study. The final n per

group ranged from 5–12 and is reported in the appropriate figure

or table legend. Euthanasia was scheduled for 6 weeks and 12

weeks.

Western Blot
Cardiac samples obtained for Western blotting were snap-

frozen in liquid nitrogen after removal from the mouse without

OCT fixative. Specimens were pulverized, homogenized in 10

volumes of triple-detergent lysis buffer [50 mM Tris, pH 8.0,

0.1% SDS, 1.0% Triton X-100, 0.5% DOC, 5 mM EDTA,

50 mM DTT, 0.4 tab/10 mL Complete protease inhibitor

(Roche, Indianapolis, IN)], and centrifuged at 13,000 rpm for 5

minutes. NCM’s were harvested in 150 uL of lysis buffer and

centrifuged as above. Protein concentration of the supernatant was

then determined using the BioRad Protein Assay (Hercules, CA).

Either 50 mg (whole cell lysate from NCM culture or intact hearts)

or 15 ug [nuclear extract from NCM culture, prepared using the

Figure 12. Schematic of domains included in each myostatin
construct. (A) The cDNA encoding full-length murine myostatin
(MSTAT) that was overexpressed from both adenovirus and AAV
vectors contained the following domains: signal sequence, propeptide
(N-terminus) containing aspartate at amino acid 76 (D76), RSRR
cleavage site, and C-terminus. Myostatin activation requires cleavage
at RSRR as an initial step to disrupt the covalent bond between the C-
terminus and the propeptide. However, the inhibitory propeptide
continues to associate with the C-terminus non-covalently, and full
activation of myostatin requires a second cleavage at D76 to free the C-
terminus from the propeptide and induce propeptide degradation. (B)
The cDNA encoding dominant negative murine myostatin (dnMSTAT)
that was overexpressed from both adenovirus and AAV vectors
contained the following domains: signal sequence, propeptide (N-
terminus) containing a D76A mutation, RSRR cleavage site, and a
truncated C-terminus resulting from a premature stop. As a result, no
full-length or active myostatin is expressed from this construct. In
contrast, a protease-resistant (D76A) inhibitory propeptide that acts in a
dominant negative manner is expressed. Corresponding amino acid
(AA) positions are indicated below each cartoon. Note that cartoon is
not to scale.
doi:10.1371/journal.pone.0010230.g012
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Pierce (Rockford, IL) NE-PER kit] of each sample of serum were

electrophoresed on a 4–20% SDS-polyacrylamide (Lonza, Rock-

land, ME) gel following the addition of 2X sample loading buffer

(130 mM Tris, pH = 8.0, 20% glycerol, 4.6% SDS, 2% DTT,

0.02% bromophenol blue) and 5 minutes of denaturation at

100uC. Proteins were then transferred to Immobilon-P (Millipore,

Bedford, MA) using the iBlot transfer apparatus (Invitrogen,

Carlsbad, CA). The membrane was subsequently blocked with 5%

nonfat dry milk in Tris-buffered saline containing 0.05% Tween

20. Immunoblotting was performed to detect C-term myostatin

(polyclonal) (1:500, Millipore, AB3239, Temecula, CA); N-term

myostatin (polyclonal) (R&D Systems, AF1539, Minneapolis,

MN); phospho-Smad 2/3 (polyclonal) (1:500, Millipore, Teme-

cula, CA); Smad 2/3 (polyclonal) (1:1000, Cell Signaling

Technology, Danvers, MA); MEF-2 (polyclonal) (1:1000, Santa

Cruz Biotechnology, Santa Cruz, CA); phospho-Erk1/2 (poly-

clonal) and total Erk1/2 (polyclonal) (1:1000, Cell Signaling

Technology, Danvers, MA); phospho-GSK-3b (monoclonal) and

total GSK-3b (polyclonal) (1:1000, Cell Signaling Technology,

Danvers, MA); phospho-Akt (polyclonal) and total Akt (polyclonal)

(1:500, 1:1000, Cell Signaling Technology, Danvers, MA);

NFAT3 (polyclonal) (1:500, Santa Cruz Biotechnology, Santa

Cruz, CA); and actin (monoclonal) (1:2000, Sigma, St. Louis,

MO). Detection was performed using the Super Signal West Pico

Chemiluminescent Substrate kit (Pierce, Rockford, IL). Protein

bands were quantified using densitometry software (Alpha

Innotech, San Leandro, CA), and bands were normalized to the

actin band as a loading control. Phospho-protein bands were

normalized to the relevant total protein (i.e., phospho-Smad to

total Smad).

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared from NCM’s using the NE-PER

kit (Pierce, Rockford, IL). Consensus and mutant control

oligonucleotides for Smad-2 [56] and MEF-2 [43] were prepared

by Integrated DNA Technologies (Coralville, IA); biotin labeled

using the Biotin 39 End DNA Labeling Kit (Pierce, Rockford, IL),

and annealed into doubled-stranded probes for 1 hour at room

temperature. The EMSA was perfomed using the Lightshift

Chemiluminescent EMSA kit (Pierce, Rockford, IL). Briefly, 2 ug

nuclear extract were used per reaction, and reactions were

electrophoresed on a 6% DNA Retardation Gel (Invitrogen,

Carlsbad, CA) and transferred to a Biodyne B nylon membrane

(Pierce, Rockford, IL). Controls were performed with no extract,

excess unlabelled consensus probe, and excess labeled mutant

probe to assess the specificity of the assay. Specificity was also

confirmed by observing antibody-induced shift of the DNA/

protein complex.

Histology and Cardiomyocyte Size Analysis
NCM’s were fixed with 2% paraformaldehyde/0.1% glutaralde-

hyde for 5 minutes, washed in PBS, and blocked with 5% BSA in PBS

for 15 minutes. Slides were incubated with an anti-laminin antibody

(1:100, Neomarkers, Fremont, CA) for 1 hour at room temperature.

Slides were washed with PBS; incubated with anti-rabbit-488 (1:200,

Invitrogen, Carlsbad, CA), then washed with PBS.

Intact hearts were frozen in OCT embedding compound

(Tissue Tek, Torrance, CA), and 10 mm cryosections were

prepared. Slides were fixed and blocked as described above; then

incubated with anti-wheat germ agglutinin-Alexa Fluor 488

conjugate antibody (1:100, Molecular Probes, Eugene, OR), and

washed in PBS.

For both, slides were mounted with Vectashield with DAPI

(Vector Laboratories, Burlingame, CA) and examined for

fluorescence using a Leitz DMRBE fluorescent microscope (Leica,

Bannockburn, IL) equipped with a Micro Max digital camera

(Princeton Instruments, Trenton, NJ) interfaced with Image Pro

Plus software (Media Cybernetics, Bethesda, MD). Three random

images were taken for each sample at 40X. The n per condition is

reported in each figure legend. Approximately 500–800 cells were

counted per condition. Surface area (NCM) or minimal Feret’s

diameter (cardiac section) were analyzed using the Fovea Pro 4.0

plug-in (Reindeer Graphics, Asheville, NC) for Photoshop

Elements 4.0 (Adobe, San Jose, CA). The minimal Feret’s

diameter is more resistant to artifactual variation in size due to

oblique vs. cross-sectional orientation of muscle fibers compared to

standard area measurements [57].

Echocardiography
M-mode echocardiography was performed on mice 3 months

after injection under ketamine/xylazine anesthesia using a 15-

MHz phased-array probe connected to a Sonos 7500 echocar-

diographic machine (Philips Medical Imaging, Andover, Massa-

chusetts). In brief, an M-mode cursor was positioned in the

parasternal short-axis view perpendicular to the interventricular

septum and posterior wall of the LV at the level of the papillary

muscles, and M-mode images were obtained for measurement of

LV end-diastolic and end-systolic dimension (LVDd and LVDs).

The percentage of fractional shortening (%FS) was calculated from

the equation %FS = [(LVDd – LVDs)/LVDd] 6100. The end

diastolic and end systolic volumes, ejection fraction, cardiac output

and stroke volume were calculated using the Teicholtz formulas

[58]. The same sonographer performed all the studies and

resulting calculations and was blinded to the treatment groups of

the mice.

Statistics
Mean values from each experimental group were compared

using the two-tailed Student’s t test or one-way ANOVA with

Student Newman-Keuls post-hoc analysis.

Acknowledgments

We thank Di Wu (University of Pennsylvania) for preparing cardiac

cryosections and Zhiqian Zhang (University of Bejing) for creating the

SEDES460 promoter.

Author Contributions

Conceived and designed the experiments: LTB HLS. Performed the

experiments: LTB KM MMS. Analyzed the data: LTB KM MMS HLS.

Contributed reagents/materials/analysis tools: MMS HLS. Wrote the

paper: LTB.

References

1. Lee SJ (2004) Regulation of muscle mass by myostatin. Annu Rev Cell Dev Biol

20: 61–86.

2. Lee SJ, McPherron AC (2001) Regulation of myostatin activity and muscle

growth. Proc Natl Acad Sci U S A 98: 9306–9311.

3. Wolfman NM, McPherron AC, Pappano WN, Davies MV, Song K, et al. (2003)

Activation of latent myostatin by the BMP-1/tolloid family of metalloprotei-

nases. Proc Natl Acad Sci U S A 100: 15842–15846.

4. Zhu X, Topouzis S, Liang LF, Stotish RL (2004) Myostatin signaling through

Smad2, Smad3 and Smad4 is regulated by the inhibitory Smad7 by a negative

feedback mechanism. Cytokine 26: 262–272.

5. Anderson SB, Goldberg AL, Whitman M (2008) Identification of a novel pool of

extracellular pro-myostatin in skeletal muscle. J Biol Chem 283: 7027–7035.

6. McPherron AC, Lawler AM, Lee SJ (1997) Regulation of skeletal muscle mass in

mice by a new TGF-beta superfamily member. Nature 387: 83–90.

Cardiac Myostatin Regulation

PLoS ONE | www.plosone.org 14 April 2010 | Volume 5 | Issue 4 | e10230



7. Lee SJ, Reed LA, Davies MV, Girgenrath S, Goad ME, et al. (2005) Regulation

of muscle growth by multiple ligands signaling through activin type II receptors.
Proc Natl Acad Sci U S A 102: 18117–18122.

8. Zhu X, Hadhazy M, Wehling M, Tidball JG, McNally EM (2000) Dominant
negative myostatin produces hypertrophy without hyperplasia in muscle. FEBS

Lett 474: 71–75.

9. Nishi M, Yasue A, Nishimatu S, Nohno T, Yamaoka T, et al. (2002) A missense

mutant myostatin causes hyperplasia without hypertrophy in the mouse muscle.
Biochem Biophys Res Commun 293: 247–251.

10. Yang J, Ratovitski T, Brady JP, Solomon MB, Wells KD, et al. (2001)

Expression of myostatin pro domain results in muscular transgenic mice. Mol

Reprod Dev 60: 351–361.

11. Whittemore LA, Song K, Li X, Aghajanian J, Davies M, et al. (2003) Inhibition
of myostatin in adult mice increases skeletal muscle mass and strength. Biochem

Biophys Res Commun 300: 965–971.

12. Kinouchi N, Ohsawa Y, Ishimaru N, Ohuchi H, Sunada Y, et al. (2008)

Atelocollagen-mediated local and systemic applications of myostatin-targeting
siRNA increase skeletal muscle mass. Gene Ther 15: 1126–1130.

13. Magee TR, Artaza JN, Ferrini MG, Vernet D, Zuniga FI, et al. (2006) Myostatin

short interfering hairpin RNA gene transfer increases skeletal muscle mass.

J Gene Med 8: 1171–1181.

14. Haidet AM, Rizo L, Handy C, Umapathi P, Eagle A, et al. (2008) Long-term
enhancement of skeletal muscle mass and strength by single gene administration

of myostatin inhibitors. Proc Natl Acad Sci U S A 105: 4318–4322.

15. Lee SJ (2008) Genetic analysis of the role of proteolysis in the activation of latent

myostatin. PLoS ONE 3: e1628.

16. Qiao C, Li J, Jiang J, Zhu X, Wang B, et al. (2008) Myostatin propeptide gene

delivery by adeno-associated virus serotype 8 vectors enhances muscle growth
and ameliorates dystrophic phenotypes in mdx mice. Hum Gene Ther 19:

241–254.

17. Bogdanovich S, Krag TO, Barton ER, Morris LD, Whittemore LA, et al. (2002)

Functional improvement of dystrophic muscle by myostatin blockade. Nature
420: 418–421.

18. Bogdanovich S, McNally EM, Khurana TS (2008) Myostatin blockade improves

function but not histopathology in a murine model of limb-girdle muscular

dystrophy 2C. Muscle Nerve 37: 308–316.

19. Bogdanovich S, Perkins KJ, Krag TO, Whittemore LA, Khurana TS (2005)
Myostatin propeptide-mediated amelioration of dystrophic pathophysiology.

Faseb J 19: 543–549.

20. Wagner KR, McPherron AC, Winik N, Lee SJ (2002) Loss of myostatin

attenuates severity of muscular dystrophy in mdx mice. Ann Neurol 52:
832–836.

21. Morine KJ, Bish LT, Pendrak K, Sleeper MM, Barton ER, et al. (2010) Systemic

myostatin inhibition via liver-targeted gene transfer in normal and dystrophic

mice. PLoS One doi:10.1371/journal.pone.0009176.

22. Kambadur R, Sharma M, Smith TP, Bass JJ (1997) Mutations in myostatin
(GDF8) in double-muscled Belgian Blue and Piedmontese cattle. Genome Res 7:

910–916.

23. Lee SJ (2007) Sprinting without myostatin: a genetic determinant of athletic

prowess. Trends Genet 23: 475–477.

24. Schuelke M, Wagner KR, Stolz LE, Hubner C, Riebel T, et al. (2004) Myostatin

mutation associated with gross muscle hypertrophy in a child. N Engl J Med
350: 2682–2688.

25. Sharma M, Kambadur R, Matthews KG, Somers WG, Devlin GP, et al. (1999)

Myostatin, a transforming growth factor-beta superfamily member, is expressed

in heart muscle and is upregulated in cardiomyocytes after infarct. J Cell Physiol
180: 1–9.

26. George I, Bish LT, Kamalakkannan G, Petrilli CM, Oz MC, et al. (2010)

Myostatin activation in patients with advanced heart failure and after

mechanical unloading. Eur J Heart Fail;doi: 10.1093/eurjhf/hfq039.

27. Shyu KG, Ko WH, Yang WS, Wang BW, Kuan P (2005) Insulin-like growth
factor-1 mediates stretch-induced upregulation of myostatin expression in

neonatal rat cardiomyocytes. Cardiovasc Res 68: 405–414.

28. McKoy G, Bicknell KA, Patel K, Brooks G (2007) Developmental expression of

myostatin in cardiomyocytes and its effect on foetal and neonatal rat
cardiomyocyte proliferation. Cardiovasc Res 74: 304–312.

29. Matsakas A, Bozzo C, Cacciani N, Caliaro F, Reggiani C, et al. (2006) Effect of

swimming on myostatin expression in white and red gastrocnemius muscle and

in cardiac muscle of rats. Exp Physiol 91: 983–994.

30. Shyu KG, Lu MJ, Wang BW, Sun HY, Chang H (2006) Myostatin expression in
ventricular myocardium in a rat model of volume-overload heart failure.

Eur J Clin Invest 36: 713–719.

31. Reisz-Porszasz S, Bhasin S, Artaza JN, Shen R, Sinha-Hikim I, et al. (2003)

Lower skeletal muscle mass in male transgenic mice with muscle-specific
overexpression of myostatin. Am J Physiol Endocrinol Metab 285: E876–888.

32. Artaza JN, Reisz-Porszasz S, Dow JS, Kloner RA, Tsao J, et al. (2007)
Alterations in myostatin expression are associated with changes in cardiac left

ventricular mass but not ejection fraction in the mouse. J Endocrinol 194: 63–76.

33. Bunger L, Ott G, Varga L, Schlote W, Rehfeldt C, et al. (2004) Marker-assisted

introgression of the Compact mutant myostatin allele MstnCmpt-dl1Abc into a
mouse line with extreme growth effects on body composition and muscularity.

Genet Res 84: 161–173.

34. Morissette MR, Cook SA, Foo S, McKoy G, Ashida N, et al. (2006) Myostatin
regulates cardiomyocyte growth through modulation of Akt signaling. Circ Res

99: 15–24.
35. Cohn RD, Liang HY, Shetty R, Abraham T, Wagner KR (2007) Myostatin does

not regulate cardiac hypertrophy or fibrosis. Neuromuscul Disord 17: 290–296.

36. Wagner KR, Fleckenstein JL, Amato AA, Barohn RJ, Bushby K, et al. (2008) A
phase I/IItrial of MYO-029 in adult subjects with muscular dystrophy. Ann

Neurol 63: 561–571.
37. Ji M, Zhang Q, Ye J, Wang X, Yang W, et al. (2008) Myostatin induces p300

degradation to silence cyclin D1 expression through the PI3K/PTEN/Akt
pathway. Cell Signal 20: 1452–1458.

38. Michel RN, Chin ER, Chakkalakal JV, Eibl JK, Jasmin BJ (2007) Ca2+/

calmodulin-based signalling in the regulation of the muscle fibre phenotype and
its therapeutic potential via modulation of utrophin A and myostatin expression.

Appl Physiol Nutr Metab 32: 921–929.
39. Michel RN, Dunn SE, Chin ER (2004) Calcineurin and skeletal muscle growth.

Proc Nutr Soc 63: 341–349.

40. Yang W, Zhang Y, Li Y, Wu Z, Zhu D (2007) Myostatin induces cyclin D1
degradation to cause cell cycle arrest through a phosphatidylinositol 3-kinase/

AKT/GSK-3 beta pathway and is antagonized by insulin-like growth factor 1.
J Biol Chem 282: 3799–3808.

41. Spiller MP, Kambadur R, Jeanplong F, Thomas M, Martyn JK, et al. (2002)
The myostatin gene is a downstream target gene of basic helix-loop-helix

transcription factor MyoD. Mol Cell Biol 22: 7066–7082.

42. Zhao M, New L, Kravchenko VV, Kato Y, Gram H, et al. (1999) Regulation of
the MEF2 family of transcription factors by p38. Mol Cell Biol 19: 21–30.

43. Wang BW, Chang H, Kuan P, Shyu KG (2008) Angiotensin II activates
myostatin expression in cultured rat neonatal cardiomyocytes via p38 MAP

kinase and myocyte enhance factor 2 pathway. J Endocrinol 197: 85–93.

44. Gaussin V, Depre C (2005) Myostatin, the cardiac chalone of insulin-like growth
factor-1. Cardiovasc Res 68: 347–349.

45. Pacak CA, Mah CS, Thattaliyath BD, Conlon TJ, Lewis MA, et al. (2006)
Recombinant adeno-associated virus serotype 9 leads to preferential cardiac

transduction in vivo. Circ Res 99: e3–9.
46. Inagaki K, Fuess S, Storm TA, Gibson GA, McTiernan CF, et al. (2006) Robust

systemic transduction with AAV9 vectors in mice: efficient global cardiac gene

transfer superior to that of AAV8. Mol Ther 14: 45–53.
47. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE (2008) Analysis of AAV

serotypes 1-9 mediated gene expression and tropism in mice after systemic
injection. Mol Ther 16: 1073–1080.

48. Bish LT, Morine K, Sleeper MM, Sanmiguel J, Wu D, et al. (2008) AAV9

Provides Global Cardiac Gene Transfer Superior to AAV1, AAV6, AAV7, and
AAV8 in the Mouse and Rat. Hum Gene Ther 19: 1359–1368.

49. Lee SJ (2007) Quadrupling muscle mass in mice by targeting TGF-beta signaling
pathways. PLoS ONE 2: e789.

50. Gao G, Zhou X, Alvira MR, Tran P, Marsh J, et al. (2003) High throughput
creation of recombinant adenovirus vectors by direct cloning, green-white

selection and I-Sce I-mediated rescue of circular adenovirus plasmids in 293

cells. Gene Ther 10: 1926–1930.
51. Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, et al. (2002) Novel adeno-

associated viruses from rhesus monkeys as vectors for human gene therapy. Proc
Natl Acad Sci U S A 99: 11854–11859.

52. McPherron AC, Lee SJ (1997) Double muscling in cattle due to mutations in the

myostatin gene. Proc Natl Acad Sci U S A 94: 12457–12461.
53. Granger A, Abdullah I, Huebner F, Stout A, Wang T, et al. (2008) Histone

deacetylase inhibition reduces myocardial ischemia-reperfusion injury in mice.
Faseb J 22: 3549–3560.

54. Zhang JC, Woo YJ, Chen JA, Swain JL, Sweeney HL (1999) Efficient

transmural cardiac gene transfer by intrapericardial injection in neonatal mice.
J Mol Cell Cardiol 31: 721–732.

55. Bish LT, Muller O, Bekeredjian R, Sweeney HL (2010) Adeno-associated virus
vector delivery to the heart. In: Snyder RO, Moullier P, eds. Adeno-Associated

Virus Methods and Protocols. New York: Humana Press. In Press.
56. Costelli P, Muscaritoli M, Bonetto A, Penna F, Reffo P, et al. (2008) Muscle

myostatin signalling is enhanced in experimental cancer cachexia. Eur J Clin

Invest 38: 531–538.
57. Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar JP (2004) Histological

parameters for the quantitative assessment of muscular dystrophy in the mdx-
mouse. Neuromuscul Disord 14: 675–682.

58. Silcocks PB, Munro JF, Steeds RP, Channer KS (1997) Prognostic implications

of qualitative assessment of left ventricular function compared to simple routine
quantitative echocardiography. Heart 78: 237–242.

59. Dunn SE, Simard AR, Bassel-Duby R, Williams RS, Michel RN (2001) Nerve
activity-dependent modulation of calcineurin signaling in adult fast and slow

skeletal muscle fibers. J Biol Chem 276: 45243–45254.

Cardiac Myostatin Regulation

PLoS ONE | www.plosone.org 15 April 2010 | Volume 5 | Issue 4 | e10230


