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ABSTRACT 

Growth and differentiation factor-11 (GDF-11) is a 
secreted protein that is closely related to myostatin, a 
known inhibitor of skeletal muscle development. The 
role of GDF-11 in regulating skeletal muscle growth 
remains unclear and the pattern of expression during 
post-natal growth has not been reported. Therefore, 
we sought to determine the expression of GDF-11 
during post-natal growth and its effect on myoblast 
proliferation and differentiation. We collected gas- 
trocnemius muscles from male and female mice at 2, 3, 
4, 6, 12, 20 and 32 weeks of age (n = 6 per sex and 
age). In addition, gastrocnemius muscles were col- 
lected from male wild-type and myostatin knockout 
mice at 4, 6, 12 and 20 weeks of age (n = 6 per age and 
genotype). RNA was extracted and reverse tran- 
scribed. Northern analysis identified an expected 4.4 
kb mRNA transcript for GDF-11 in gastrocnemius 
muscles of mice. The concentration of GDF-11 mRNA, 
as determined by quantitative PCR, was increased in 
gastrocnemius muscles from 2 to 6 weeks—a period of 
rapid postnatal muscle growth—and remained higher 
in male than female mice from 4 to 20 weeks of age (P 
< 0.05). Interestingly, the mRNA concentration of 
GDF-11 and its cognate receptors (ActRIIA, ActIIB 
and Alk5) were increased in gastrocnemius muscles of 
myostatin knockout compared with wild-type mice (P 
< 0.05), which may suggest a compensatory mecha- 
nism for the lack of myostatin. In support, recombi- 
nant GDF-11 inhibited differentiation of C2C12 mu- 
rine myoblasts and those isolated from myostatin 
knockout and wild-type mice (P < 0.05). Inhibited 
differentiation of C2C12 myoblasts was associated with 
decreased mRNA expression of early and late mo- 
lecular markers of differentiation (MyoD, myogenin, 
IGF-II, desmin and MyHC, P < 0.05). Our results 

suggest that GDF-11 regulates growth of skeletal 
muscles by inhibiting myoblast differentiation in an 
autocrine/paracrine manner and, perhaps, also plays 
a role in regulating sexually dimorphic growth. 
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1. INTRODUCTION 

Growth and differentiation factor-11 (GDF-11) is a se- 
creted protein that belongs to the Transforming Growth 
Factor-β (TFG-β) superfamily and is known for its role 
in regulating anterior-posterior patterning [1-4]. How- 
ever, the role of GDF-11 in the regulation of skeletal 
muscle development remains unclear. 

GDF-11 is closely related to myostatin, a key inhibitor 
of muscle growth, and the two proteins share 90% amino 
acid sequence identity in their C-terminal receptor bind- 
ing moieties. Therefore, the high level of structural simi- 
larity would predict a high degree of functional similarity 
between these two proteins. In support, GDF-11 inhi- 
bited muscle development in chick embryos and also in- 
hibited the differentiation of myogenic cell lineages [4]. 
Furthermore, muscle-specific over-expression of follist- 
atin, a common inhibitor of several TGF-β family mem- 
bers including myostatin and GDF-11, resulted in greater 
increases in skeletal muscle mass than observed in myo- 
statin knockout mice, which suggested that follistatin 
was antagonizing an unknown factor that acted similarly 
to that of myostatin [5]. In further support for the existence 
of a myostatin-like factor, administration of a soluble form 
of the activin type IIB receptor (ActRIIB) [6] increased 
the mass of muscles by 20% - 30% in myostatin knock- 
out mice. However, the identity of this factor has remained 
unknown. 

Both GDF-11 and myostatin predominantly bind and 
signal through ActRIIB, but the actions of these two pro- 
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teins differs quite markedly [7,8]. GDF-11 knockout 
mice die within 24 hours after birth of likely palate and 
renal abnormalities, which prevents the establishment of 
an adult muscle phenotype [1]. In contrast, myostatin 
knockout mice are healthy and exhibit a two to three fold 
increase in the size of individual skeletal muscles [9]. In 
a more recent study, GDF-11 and other TGF-β family 
members were identified in mouse and human sera using 
affinity purification with ActRII receptors [10]. The au- 
thors proposed that GDF-11 and activins are candidate 
novel muscle mass regulators [10]. Given the potential 
importance of GDF-11 in regulating development of ske- 
letal muscle, it is intriguing to note that its expression in 
skeletal muscles during post-natal development has not 
been reported. 

In this study, we sought to determine the expression 
and possible function of GDF-11 in skeletal muscles 
during post-natal development. To address this aim, we 
determined if: 1) expression of GDF-11 is associated 
with post-natal development of skeletal muscles, 2) ex- 
pression of GDF-11 displays a sexually dimorphic pat- 
tern in skeletal muscles, 3) expression of GDF-11 is in- 
creased in myostatin knockout mice, 4) GDF-11 alters 
proliferation and/or differentiation of myoblasts. 

2. MATERIALS & METHODS 

2.1. Animals 

In the first experiment, male and female mice (C57 strain) 
were killed at 2, 3, 4, 6, 12, 20 and 32 weeks of age (n = 
6 of each sex per age), and the gastrocnemius muscles 
were dissected, weighed and snap frozen in liquid nitro- 
gen and stored at −80˚C. In the second experiment, male 
wild-type (C57) and myostatin knockout mice (a gift 
from S.J. Lee of John Hopkins University, Baltimore, 
Maryland) were killed at 4, 8, 12 and 20 weeks of age (n 
= 6 of each genotype per age) and the gastrocnemius 
muscles were excised, weighed and snap frozen in liquid 
nitrogen and stored at −80˚C. All mice were maintained 
under a photoperiod of 14 h light: 10 h dark and were fed 
a standard rodent diet (Diet 86, Sharps grain and seed, 
Carterton, New Zealand) and food and water available 
adlibitum. The studies were approved by the Ruakura 
Animal Ethics Committee, Hamilton, New Zealand. 

2.2. Isolation of Primary Mouse Myoblasts 

Primary mouse myoblasts were isolated from hindlimb 
muscles of wild-type (C57) and myostatin knockout mice 
(5 - 6 weeks old) as we have previously described [11]. 
Briefly, hindlimb muscles were excised and minced 
finely with scalpel blades, then digested for 90 min in a 
PBS buffer (Oxoid, UK) containing 0.2% (m/v) colla- 
genase type 1A (Sigma, St. Louis, MO, USA), triturated 
and filtered through a 100 μm membrane. The resulting 

cell suspension was resuspended in satellite cell medium 
(Dulbecco’s Modified Eagle’s Medium [DMEM; Invi- 
trogen, CA] supplemented with 20% (v/v) Fetal Bovine 
Serum [FBS, Invitrogen, CA] and 10% (v/v) horse serum 
[HS, Invitrogen, CA]) and plated onto uncoated cell cul- 
ture dishes (Nunc, Roskilde, Denmark) for 3 h to allow 
the preferential attachment of fibroblasts. Media con- 
taining unattached cells was then transferred to cell cul- 
ture dishes that had been pre-coated with 10% (v/v) Ma- 
trigel (Becton Dickinson, NJ). Cells were then cultured 
in an atmosphere of 5% CO2 and 37˚C to increase cell 
number and subsequently plated into assays described 
below. To verify the efficiency of myoblast isolation, we 
carried out immunocytochemistry on isolated myoblast 
cultures with an antibody to Pax7 and found that >90% 
of the cells were positive for Pax7 (data not shown). 

2.3. Northern Blot Analysis 

Gastrocnemius muscles from male wild-type mice (C57, 
8 weeks old) were homogenized on ice in Trizol reagent 
and total RNA was isolated following the manufacturer’s 
protocol (Invitrogen, CA). RNA was re-suspended in 
diethyl pyrocarbonate-treated water and the total RNA 
concentration was determined by measuring absorbance 
at 260 nm (Nanodrop spectrophotometer, Thermo Fisher 
Scientific, USA). Ten micrograms of total RNA were 
separated on a 1.2% formaldehyde-agarose gel with a 
0.24-kb to 9.5-kb RNA molecular weight marker (Life 
Technologies GIBCO BRL) and transferred to an un- 
charged nylon membrane (Hybond-N, GE Healthcare, 
NJ) by capillary action. The membrane was cross-linked 
using ultra-violet radiation and stained with methylene 
blue to verify the integrity of RNA and the uniformity of 
transfer. To ensure that the probe does not detect my- 
ostatin or other members of the TGF-beta superfamily, 
the exon 1 sequence of GDF-11 was selected. A DNA 
probe was made using reverse transcription-polymerase 
chain reaction (RT-PCR). Five micrograms of total RNA 
from mouse gastrocnemius muscle was reverse tran- 
scribed using a Superscript III first strand cDNA synthe- 
sis kit (Invitrogen, CA) according to the manufacturer’s 
protocol. PCR was carried out with 1 µl of the reverse 
transcriptase reaction using AccuPrime GC-rich DNA 
polymerase (Invitrogen, CA) at 94˚C for 30 sec, 55˚C for 
30 sec and 72˚C for 30 sec for 35 cycles and a final ex- 
tension of 5 min at 72˚C. Oligonucleotide primers used 
were homologous to exon 1 of mouse GDF-11 (GenBank 
accession number: NM_010272): 5’-ATGGTGCTCGCG 
GCCCCGCT-3’ (forward) and 5’-CTGATGTTGGGCG 
CCTCCTTG-3’ (reverse). The PCR product was cloned 
into pCR4/TOPO vector (Invitrogen, CA) and its identity 
was confirmed by sequencing. Radio-labeling of the 
DNA probe and hybridization were carried out as previ- 
ously described [12]. 
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2.4. Quantitative PCR (qPCR) 

Total RNA was extracted from skeletal muscles or myo- 
blasts using the Trizol reagent and 5 µg of total RNA 
was reverse transcribed into cDNA using the Superscript 
III first strand cDNA synthesis kit (Invitrogen, CA) ac- 
cording to the manufacturer’s instructions. All oligonu- 
cleotide primers used in this study span across exon-exon 
boundaries to avoid the amplification of genomic tem- 
plates (Table 1). PCR was carried out with 2.5 l of a 
1:20 dilution of the reverse transcriptase reaction using 
the FastStart DNA Master Plus SYBR Green I reagent on 
a LightCycler 2.0 PCR machine (Roche Diagnostics). A 
dilution series of pooled reverse transcriptase reactions 
was used to create a standard curve. The PCR products 
were separated in a 1.5% agarose gel stained with Sybr- 
Safe (Invitrogen, CA) to confirm their size. Representa- 
tive PCR products were extracted from the gel and di- 
rectly sequenced to confirm DNA sequence identity. 
Data for each sample were normalized to the concentra- 
tion of cDNA in each RT sample [13]. 

2.5. Myoblast Proliferation Assays 

Murine myoblasts (C2C12) were seeded onto uncoated 
96-well tissue culture plates (Nunc, Denmark) at a cell 
density of 1000 cells per well in 200 µl of proliferation 
medium (DMEM supplemented with 10% (v/v) FBS), 
and incubated for 18 h at 37˚C with 5% CO2. Primary 
wild-type and myostatin knockout myoblasts were 
seeded at a cell density of 2000 cells per well in 200 µl 
of satellite cell medium. Medium was replaced with test 
medium containing 0, 3, 10, 30 and 100 nM of recombi- 
nant GDF-11 (R&D Systems, Inc., MN) in proliferation 
medium (n = 8). Plates were incubated at 37˚C with 5% 
CO2 for 48 h, and cells were washed and fixed. The ex- 

tent of proliferation was measured using a methylene 
blue photometric end-point assay [14]. Each proliferation 
assay was repeated at least three times. To investigate the 
mRNA expression of ActRIIA, ActRIIB, activin-like 
kinase 4 (Alk4), Alk5 and GDF-11 during myoblast pro- 
liferation, myoblasts isolated from wild-type and myo- 
statin knockout mice were seeded into uncoated 6-well 
tissue culture plates (Nunc, Denmark) at a cell density of 
2000 cells per cm2 in 4 ml of satellite cell medium and 
incubated for 18 h at 37˚C with 5% CO2 (n = 3 per 
genotype). Medium was replaced with 4 ml of prolifera- 
tion medium and incubated at 37˚C with 5% CO2 for 48 
h, and cells were collected with 1 ml of Trizol reagent 
(Invitrogen, CA). 

2.6. Myoblast Differentiation Assays 

To investigate the effect of GDF-11 in myoblast differ- 
entiation, the fusion index (the number of myosin heavy 
chain [MyHC]-positive myotube nuclei expressed as a 
percentage of the total number of nuclei per field) was 
determined. To do this, C2C12 myoblasts, or primary myo- 
blasts obtained from wild-type and myostatin knockout 
mice were seeded at 50,000 cells per well on 13-mm dia- 
meter coverslips (Thermanox, Nunc) in proliferation 
medium for C2C12 or satellite cell medium for primary 
myoblasts and allowed to attach overnight at 37˚C, 5% 
CO2. Medium was replaced with differentiation medium 
(DMEM with 2% [v/v] HS supplemented with 0, 10, 30 
and 100 nM recombinant GDF-11 [R&D Systems, Inc., 
MN; n = 3]), and the plates were incubated at 37˚C, 5% 
CO2 for 72 h. Coverslips were fixed, blocked and incu- 
bated with 1:200 dilution of a monoclonal anti-MyHC 
(MF-20, DSHB, University of Iowa, Iowa, USA) pri- 
mary antibody at 4˚C overnight. Coverslips were washed  

 
Table 1. Oligonucleotide primers used in qPCR. 

Gene name Forward primer Reverse primer 
Accession  

number 

ActRIIA GAAAGAGACAGAACCAACCAG ACCAAGGAATACAGCAGAATG NM_007396 

ActRIIB ATCTTCCCACTTCAGGACAAG TCGCTCTTCAGCAGTACATTC NM_007397 

Alk4 AGCGTGCAGGAAGATGTGAAG GTCTCAAACCCAACGGGAGTG NM_007395 

Alk5 GGTCCAGTCTGCTTCGTCTGCA CCGACCTTTGCCAATGCTTTC NM_009370 

Desmin GTGGAGCGTGACAACCTGAT GATGGTCTCATACTGAGCCCG NM_010043 

GDF-11 TGCGCCTAGAGAGCATCAAGT CCCAGTTAGGGGTTTCAGTCGT NM_010272 

IGF-II GCTTCTACTTCAGCAGGCCTTCA GGAAGTCGTCCGGAAGTACG NM_010514 

MyHC AAGCGAAGAGTAAGGCTGTC CTTGCAAAGGAACTTGGGCTT NM_001039545

MyoD GTGGCAGCGAGCACTACAGT ACACAGCCGCACTCTTCCCT NM_010866 

Myogenin GCACTGGAGTTCGGTCCCAA TATCCTCCACCGTGATGCTG NM_031189 

All oligonucleotide primer sequences are shown in 5’ to 3’ orientation. 
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and incubated with 1:300 dilution of biotinylated anti- 
mouse secondary antibody (RPN1001, GE Healthcare), 
followed by 1:300 dilution of streptavidin biotinylated 
horseradish peroxydase complex (RPN1051V, GE Healt- 
hcare), and developed with 3,3’-diaminobenzidine tetra- 
chloride (D-5637, Sigma). Coverslips were counterstain- 
ed with Gill’s haematoxylin, dried and mounted onto glass 
slides for microscopic analysis. The total number of nu- 
clei and those in MyHC-positive myotubes were counted 
in three randomly selected fields per coverslip using Im- 
age-J software (NIH). The fusion index was determined 
by averaging nine different counts (a total number of 
2500 - 5000 nuclei) for each treatment and the index was re- 
peated at least three times. 

To examine the mRNA expression of ActRIIA, 
ActRIIB, Alk4, Alk5 and GDF-11 during myoblast dif- 
ferentiation, myoblasts isolated from wild-type and myo- 
statin knockout mice were seeded into uncoated 6-well 
tissue culture plates (Nunc, Denmark) at a cell density of 
25,000 cells per cm2 in 4 ml of satellite cell medium and 
incubated for 18 h at 37˚C with 5% CO2 (n = 3 per geno- 
type). Medium was replaced with 4 ml of differentiation 
medium and incubated at 37˚C with 5% CO2 for 72 h, 
and then collected with 1 ml of Trizol reagent. To deter- 
mine the effect of recombinant GDF-11 on the mRNA 
expression of Desmin, IGF-II, MyHC, MyoD and Myo- 
genin during the course of myoblast differentiation, 
C2C12 myoblasts were seeded into uncoated 6-well tissue 
culture plates at a cell density of 25,000 cells per cm2 in 
4 ml of proliferation medium and incubated for 18 h at 
37˚C with 5% CO2. Medium was replaced with 1.5 ml of 
differentiation medium supplemented with 0 or 300 nM 
GDF-11 (R & D Systems, Inc., MN; n = 3) and incubated 
at 37˚C with 5% CO2 for 48 or 72 h, and then cells were 
collected with 1 ml of Trizol reagent. 

2.7. Statistical Analysis 

For in vitro studies, data were analyzed by ANOVA with 
dose of GDF-11 and genotype, and their interaction in- 
cluded as treatment terms. For in vivo studies, data were 
analyzed by ANOVA with sex, age or genotype and their 
interaction included as treatment terms. Post hoc analysis 
among groups was performed using the method of Tukey. 
Data are presented as means ± standard error of the mean 
(S.E.M.). 

3. RESULTS 

3.1. Body and Muscle Masses 

The sexually dimorphic difference in body mass and the 
mass of the gastrocnemius muscles was evident from six 
weeks of age (P < 0.001, first animal experiment) during 
post-natal development, and was published previously 
[15]. In addition, the body mass and gastrocnemius mass 

of myostatin knockout male mice were greater than wild- 
type from eight weeks of age (P < 0.001, second animal 
experiment, Figure 1). 

3.2. GDF-11 Is Transcribed in Skeletal Muscle 

Northern blot analysis using an exon 1-specific probe for 
GDF-11 detected a single, high intensity hybridization 
signal at 4.4 kb in gastrocnemius muscles of adult male 
mice (Figure 2, a representative blot for one muscle is 
shown). 
 

 
(a) 

 
(b) 

Figure 1. (a) Body mass and (b) gastrocnemius 
muscle mass in male wild-type (C57 strain) 
and myostatin knockout mice from 4 to 20 
weeks of age. Values are mean ± S.E.M. (n = 
6 per age and genotype). Asterisks indicate 
significance between genotypes at each age 
(*P < 0.05, ***P < 0.001). 
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3.3. GDF-11 Expression Is Developmentally  
Regulated in a Sexually Dimorphic Manner 

The concentration of GDF-11 mRNA peaked at 3 - 4 
weeks of age in gastrocnemius muscles of both sexes and 
was higher in males than females, then steadily declined 
to adulthood, while remaining higher in males (P < 0.05, 
Figure 3). 

3.4. GDF-11 Inhibits Myoblast Differentiation 

GDF-11 had no effect on proliferation (Figure 4(a)), but  
 

 
(a)                 (b) 

Figure 2. Identification of GDF-11 mRNA in 
gastrocnemius muscle of an adult male wild-type 
mice using Northern blot analysis. (a) Total RNA 
was isolated from gastrocnemius muscle, sepa- 
rated in a formaldehyde gel, blotted to a nylon 
membrane and hybridized with a radiolabeled 
DNA probe complementary to the exon 1 se- 
quence of mouse GDF-11. (b) Methylene blue 
stained nylon membrane shows the loading and 
integrity of total RNA. Estimated size of GDF- 
11 mRNA (4.4 kb), the positions of an RNA 
molecular weight marker and the location of 18S 
and 28S ribosomal bands are indicated. 

 

 

Figure 3. Arbitrary concentrations of GDF-11 mRNA 
(mean ± S.E.M.) in gastrocnemius muscles of wild- 
type male and female mice at 2, 3, 4, 6, 12, 20 and 32 
weeks of age (n = 6 per age and sex). Asterisks indicate 
significance (*P < 0.05, **P < 0.01). 

inhibited differentiation of C2C12 myoblasts (P < 0.05, 
Figure 4(b)). Next, we wanted to determine if GDF11 
equally affects primary myoblasts isolated from either 
wild-type or myostatin knockout mice. Consistent with 
the action on C2C12 myoblasts, GDF-11 did not affect 
proliferation of primary muscle cells from either geno- 
type (Figure 5(a)). To check the possibility that prolif- 
erating myoblasts (C2C12, primary wild-type and my- 
ostatin knockout) might lack the cognate receptors of 
GDF-11 for signalling, we determined the mRNA con- 
centration of ActRIIA (also known as ActRII), ActRIIB, 
Alk4 (also known as ActRIB) and Alk5 (also known as  
 

 
(a) 

 
(b) 

Figure 4. Effect of recombinant GDF- 
11 (mean ± S.E.M.) on the prolifera- 
tion and differentiation of C2C12 myo- 
blasts. (a) Myoblasts were treated with 
increasing concentration of GDF- 11 (n 
= 8) in proliferation medium for 48 h or 
(b) The fusion index was measured after 
72 h in differentiation medium supple- 
mented with GDF-11 (n = 3). Asterisks 
indicate significance (**P < 0.01). 
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TGFβR1) during the course of proliferation in all types 
of myoblasts using qPCR. All receptors were expressed 
at comparable concentrations in C2C12 and primary pro- 
liferating and differentiated myoblasts (data not shown). 
In agreement with our finding with C2C12 myoblasts, 
GDF-11 inhibited differentiation of both wild-type and 
myostatin knockout myoblasts in a dose-dependent 
manner without an effect of genotype (P < 0.05, Figure 
5(b)). In addition, GDF-11 decreased the number of 
MyHC-positive myotubes but did not cause a noticeable 
change in cell morphology in all differentiated myoblasts 
(Figure 6). 
 

 
(a) 

 
(b) 

Figure 5. Effect of recombinant GDF- 
11 (mean ± S.E.M.) on the prolifera- 
tion and differentiation of myoblasts iso- 
lated from wild-type and myostatin 
knockout mice. a) Myoblasts were treated 
with increasing concentrations of GDF-11 
(n = 8 per dose and genotype) in proli- 
feration medium for 48 h or b) the fusion 
index was measured after 72 h in differ- 
entiation medium supplemented with 
GDF-11 (n = 3 per dose and genotype). 
Asterisks indicate significance to controls 
(**P < 0.01, ***P < 0.001). 

3.5. GDF-11 Down-Regulates Early and Late  
Markers of Myoblast Differentiation 

To examine whether decreased differentiation of myo- 
blasts, as a result of GDF-11 treatment, was associated 
with a decrease in the mRNA expression of early and 
late markers of differentiation, we determined the con- 
centration of MyoD, myogenin, IGF-II, desmin and MyHC 
mRNAs using qPCR. The concentration of MyoD, Myo- 
genin and IGF-II mRNA, early markers of myoblast 
differentiation, decreased in differentiating C2C12 myo- 
blasts treated with GDF-11 compared with that of con- 
trols at 48 h, but not at 72 h (P < 0.05, Figure 7). In ad- 
dition, mRNA expression of desmin and MyHC, late 
markers of myoblast differentiation, were altered in re- 
sponse to exogenous GDF-11 treatment. Firstly, con- 
centrations of desmin mRNA were decreased at 48 h, 
and tended to be decreased at 72 h in GDF-11 treated 
differentiating C2C12 myoblasts compared with controls 
(P < 0.01 and P = 0.065, respectively, Figure 7). Sec- 
ondly, the concentration of MyHC mRNA decreased in 
differentiating C2C12 myoblasts treated with GDF-11 for 
72 h (P < 0.05, Figure 7). 

3.6. Concentrations of GDF-11 and Receptor  
mRNAs Are Up-Regulated in Muscles of  
Myostatin Knockout Mice 

The concentration of GDF-11 mRNA was higher in gas- 
trocnemius muscles of myostatin knockout mice than in 
those from wild-type mice (P < 0.05, Figure 8). This 
observation prompted us to investigate whether the sig- 
nalling of GDF-11 was affected by the absence of myo- 
statin at the level of receptors. The concentrations of 
ActRIIA, ActRIIB and Alk5 mRNA were increased in 
myostatin knockout compared with wild-type mice, 
while concentrations of mRNA for Alk4 were not dif- 
ferent between the two genotypes (P < 0.05, Figure 8). 
Despite increased concentrations of GDF-11, ActRIIA, 
ActRIIB and Alk5 in muscles of myostatin knockout 
mice, there were no differences in the concentrations of 
mRNA of these genes and of Alk4 between myoblasts 
isolated from wild-type and myostatin knockout mice 
either in proliferation or differentiation (data not shown). 

4. DISCUSSION 

In this study, we aimed to systematically examine 
whether GDF-11 has a role in the regulation of myo- 
genesis by measuring its expression in vivo and analys- 
ing the effect of exogenous GDF-11 treatment in the pro- 
liferation and differentiation of cultured muscle cells in 
vitro. We show here for the first time that the expression 
of GDF-11 is developmentally regulated in skeletal mus- 
cles in a sexually dimorphic manner. Furthermore, GDF- 
11 inhibits differentiation of myoblasts via down-regu- 
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Figure 6. Inhibition of myoblast differentiation by GDF-11. C2C12, and primary myoblasts isolated from 
wild-type (WT, C57) and myostatin knockout (Mstn KO) mice were cultured in differentiation medium 
with and without GDF-11 (100 nM) for 72 h. Myoblasts were fixed and immunostained using an 
anti-MyHC antibody, and counterstained with Gill’s hematoxylin. Bar is 100 μm. 

 

 

Figure 7. Arbitrary concentrations (mean ± S.E.M.) of MyoD, Myogenin, IGF-II, Desmin and MyHC 
mRNAs measured using qPCR during differentiation of C2C12 myoblasts treated with GDF-11 or vehicle at 
48 h and 72 h (n = 3). Asterisks indicate significance (†P < 0.1, *P < 0.05, **P < 0.01 and ***P < 0.001).   
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lating muscle-specific genes required for myogenic dif- 
ferentiation. Our data lend support to the notion that 
GDF-11 does play a role in regulating post-natal develop- 
ment of skeletal muscle. 

GDF-11 and myostatin are the most closely related 
members of the TGF-β superfamily of ligands and re- 
ceptors suggesting a functional redundancy between 
these secreted proteins [3]. This redundancy was con- 
firmed by a recent study in which it was shown that the 
GDF-11/myostatin double knockout mice had more se- 
vere homeotic transformations of the axial skeleton than 
the GDF-11 knockout mice [16]. In that study, deletion 
of GDF-11 specifically in skeletal muscles in either myo- 
statin knockout or wild-type mice had no effect on mus- 
cle mass, fibre number or type [16]. However, the au- 
thors acknowledged that the animal model for the mus- 
cle-specific deletion of GDF-11 had a number of short- 
comings: 1) a possible incomplete deletion of the gene, 2) 
that the MLC-Cre transgene was switched on just before 
birth allowing GDF-11 to function normally during the 
critical, early stages of foetal myogenesis [17], 3) that 
GDF-11 was expressed in tissues other than muscle and 
was acting in an endocrine manner to regulate muscle 
mass [2,10,16]. Despite those shortcomings, it is hard to 
dismiss the 20% - 30% increase in muscle mass in myo- 
statin knockout mice after blocking myostatin signalling,  

which suggests that a myostatin-like factor exists [6]. 
Whether or not this factor is GDF-11 has remained un-
clear and cannot be fully resolved in the current study. 

We have shown here that there is a temporal pattern of 
expression of GDF-11 in skeletal muscles and concentra- 
tions of mRNA are higher in males than in females. 
Moreover, the concentrations of GDF-11 mRNA were 
increased in the gastrocnemius muscles from 2 to 6 
weeks, the period of greatest growth velocity, in both 
sexes. This observation suggests that GDF-11 may have 
a role in regulating post-natal growth of skeletal muscles. 
The concentrations of GDF-11 mRNA continuously de- 
clined from 4 to 32 weeks of age in both sexes which is 
in contrast to the expression of myostatin mRNA, which 
steadily increased in post-natal gastrocnemius muscle 
and was maintained in adults in both sexes [15]. There- 
fore, the stages at which GDF-11 and myostatin influ- 
ence muscle growth may differ during post-natal deve- 
lopment. The 4.4 kb hybridization signal detected by 
Northern blot analysis is consistent with the size of 
GDF-11 mRNA identified in other tissues such as brain, 
dental pulp and lungs of mice [2]. Furthermore, the ex- 
pression of GDF-11 in skeletal muscles of mice, as we 
have shown here, is consistent with the expression in 
embryonic muscles of Xenopus, chickens and fish [3, 
4,18]. 

 

 

Figure 8. Arbitrary concentrations (mean ± S.E.M.) of GDF-11, ActRIIA, ActRIIB, Alk4 and Alk5 mRNAs in 
wild-type (WT) and myostatin knockout (KO) male mice at 4, 8, 12, and 20 weeks of age (n = 6 per age and 
genotype).  
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The sexually dimorphic difference in GDF-11 expres- 

sion coincides with the divergent growth between sexes 
which occurs from about six weeks of age in mice [15]. 
In comparison, we have shown that there are higher 
concentrations of mRNA and decreased mature myo- 
statin protein in male than in female muscles and have 
shown that these differences are developmentally regu- 
lated by growth hormone [15,19]. The concentration of 
GDF-11 mRNA is higher in males than females which 
would seem to be inconsistent with the greater muscle 
mass in males than females if we assume that GDF-11 is 
an inhibitor of muscle development. Perhaps, there is a 
post-transcriptional regulation of GDF-11, similar to that 
of myostatin. To resolve this, however, will require anti- 
bodies that discriminate GDF-11 and myostatin. To the 
best of our knowledge, all commercially available anti- 
GDF-11 antibodies cross-react with myostatin. In sup- 
port, we have previously shown that commercially 
available and our in-house anti-myostatin antibodies de- 
tect a faint band at the expected size of mature myostatin 
protein (26 kDa) in skeletal muscles of myostatin knock- 
out mice and we speculated that this band is GDF-11 
[20]. It has been assumed that the abundance of GDF-11 
protein is lower than myostatin in skeletal muscles of 
adult mice, but it would require an independent investi- 
gation to verify this postulate. The possibility that 
GDF-11 may have a paracrine/endocrine role in the in- 
nervation of muscle fibres and/or the development of 
motoneurons should not be dismissed because sexually 
dimorphic differences in the number and size of moto- 
neurons have been demonstrated in rodents and GDF-11 
has been identified as a regulator of neurogenesis [21- 
24]. 

We show in the current study that the concentrations 
of GDF-11 mRNA were increased in the gastrocnemius 
muscles of myostatin knockout compared with those in 
wild-type mice. These data may suggest that GDF-11 is 
induced to compensate for the absence of functional myo- 
statin. However, the greater rate of growth and mass of 
skeletal muscles in myostatin knockout mice suggests 
that GDF-11 is unable to act effectively or to fully com- 
pensate for the absence of myostatin. Therefore, while 
redundancy between GDF-11 and myostatin has been 
suggested, there must be specific functions that cannot be 
replaced by either factor [16]. To determine if there were 
changes in the expression of receptors that might explain 
a difference in function, we measured the expression of 
receptors known to mediate the signalling of GDF-11 
and myostatin. We observed increased concentrations of 
ActRIIA, ActRIIB and Alk5 mRNA, while Alk4 re- 
mained unchanged in muscles of myostatin knockout 
compared to those in wild-type mice. These data suggest 
that it is not the insufficient expression of any of the 
cognate receptors that results in the inability of the in-  

creased concentrations of GDF-11 to efficiently com- 
pensate for myostatin signalling. However, we must ac- 
knowledge that differences between the downstream 
signalling of myostatin and GDF-11 are likely and are 
unclear at present. It is also equally likely that other 
TGF-β ligands such as activin A, BMP-2 or TGF-β1 play 
a role in regulating skeletal myogenesis as it has been 
suggested by others [25-27]. 

We have demonstrated that recombinant GDF-11 pro- 
tein had no effect on the proliferation of C2C12 or pri- 
mary myoblasts isolated from wild-type and myostatin 
knockout mice. The lack of response to GDF-11 was not 
due to the lack of expression of cognate receptors in pro- 
liferating myoblasts because our qPCR analysis showed 
that the mRNA was present for these receptors in proli- 
ferating and differentiated myoblasts. Our data contrast 
with those of others who used muscle-derived progenitor 
cells (MDPCs), a subpopulation of muscle derived stem 
cells capable of differentiating into functional cardio- 
myocytes, to show that either knockdown of GDF-11 
using siRNA or blockade with follistatin increases the 
proliferation of MDPCs [28]. The source of the discrep- 
ancy is likely to stem from the inherent differences in 
gene expression and activation of pathways between the 
immortalized C2C12 cell line, primary myoblasts and the 
ex vivo maintained MDPCs. In support, myostatin was 
not detectable in MDPCs but was abundant in myogenic 
cells (such as C2C12 myoblasts) and skeletal muscle 
[28,29]. Furthermore, the inhibition of GDF-11 expres- 
sion in MDPCs increased the concentration of cyclin D1 
through the inactivation of Smad2/3 signalling as op- 
posed to a recent study demonstrating that myostatin 
signalling enhanced cyclin D1 degradation independently 
from a Smad3-mediated signalling in C2C12 myoblasts 
[30]. Therefore, it was proposed that GDF-11, which is 
expressed in MDPCs and skeletal muscle tissue, is a 
logical candidate for an inhibitor of MDPCs self-replica- 
tion [28]. 

In contrast to the ineffectiveness of GDF-11 on proli- 
feration, we show here that GDF-11 inhibited the differ- 
entiation of C2C12 and primary myoblasts isolated from 
wild-type and myostatin knockout mice, which is con- 
sistent with and extends the findings of others [10,31]. 
We measured a decrease in concentrations of MyoD and 
IGF-II mRNA in GDF-11 treated C2C12 myoblasts to that 
of controls at 48 hours, a time at which myoblasts with- 
draw from the cell cycle and subsequently fuse to form 
myotubes. Autonomous differentiation of myoblasts is 
under the mutual positive control of MyoD and IGF-II 
[32]. Therefore, downregulation of these factors by 
GDF-11 signalling contributes to the reduced myoblast 
differentiation. We also observed a decrease in the 
mRNA expression of myogenin in response to GDF-11 
treatment. Myogenin has a critical role in the transactiva- 
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tion of multiple muscle-specific genes that are required 
for the execution of the muscle differentiation pro- 
gramme [33]. In comparison, myostatin has been re- 
ported to inhibit MyoD and myogenin mRNA expression 
during myoblast differentiation, which further underlines 
functional redundancy between myostatin and GDF-11 
[34,35]. Additional evidence for a role of GDF-11 in 
inhibiting differentiation is the downregulation of desmin 
and MyHC mRNAs, molecular markers of fully differen- 
tiated muscle cells. Furthermore, treatment with a soluble 
ActRIIB receptor, which increased the mass of skeletal 
muscles of myostatin knockout mice, was able to neu- 
tralize the inhibitory effect of exogenous GDF-11 in 
myoblast differentiation [6,10]. In further support, dif- 
ferentiation of rat myoblasts (L6E9), which are deficient 
in myostatin but not in GDF-11, are enhanced by the 
delivery of a dominant-negative ActRIIB suggesting that 
TGF-β ligands such as activins and GDF-11 regulate the 
size of differentiated myotubes [29]. These observations 
suggest that GDF-11 inhibits terminal differentiation and 
fusion of myogenic cells, which are required for the ac- 
cretion of myonuclei into and subsequent hypertrophy of 
myofibres during skeletal muscle development. 

We also explored whether muscle satellite cell derived 
proliferating and differentiated myoblasts isolated from 
myostatin knockout and wild-type mice retain a similar 
profile of mRNA expression for GDF-11 and receptors 
found in skeletal muscle tissue. We found no difference 
in the concentration of GDF-11 or receptor mRNAs be- 
tween genotypes. The possible explanations for these 
findings are: 1) the ratio of satellite cell nuclei to total 
number of nuclei is rapidly decreasing in skeletal mus- 
cles after birth and, therefore, the gene expression profile 
in a given muscle is determined by muscle fibre nuclei 
not the satellite cell nuclei, 2) satellite cell derived 
myoblasts removed from their original niche and placed 
into a high serum medium which contains circulating 
myostatin would actively respond to the environmental 
signals and re-adjust their mRNA expression accord- 
ingly. 

In summary, we have shown that GDF-11 is expressed 
in skeletal muscles of mice in a sexually dimorphic 
manner during post-natal growth. The concentration of 
GDF-11 is developmentally regulated and increases in 
the absence of myostatin. Furthermore, GDF-11 inhibits 
the differentiation of muscle cells in culture by the 
down-regulation of muscle-specific factors required for 
myogenic differentiation. Therefore, we propose that 
GDF-11 acts in an autocrine/paracrine and/or endocrine 
manner to regulate myogenesis in a similar fashion to 
that of myostatin. 
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