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         Background aims  

  Mesenchymal stromal cells (MSC) have been thought to be attractive 

candidates for the treatment of Duchenne muscular dystrophy 

(DMD), but the rate of MSC myogenesis is very low. Thus MSC 

treatment for DMD is restricted. Myostatin (Mstn), a negative 

regulator of myogenesis, is known to be responsible for limiting 

skeletal muscle regeneration. We hypothesized that inhibition of 

Mstn by using anti-Mstn antibody (Ab) would ameliorate the 

myogenic differentiation of MSC  in vitro  and  in vivo .  

  Methods  

  MSC were isolated from rat bone marrow. Induced rat MSC 

(rMSC) were treated with various concentrations of anti-Mstn Ab. 

The expression of myogenic differentiation antigen (MyoD), myo-

genin and myosin heavy chain-type α (MHC-α) were estimated by 

immunofl uorescence analysis and reverse transcription–polymerase 

chain reaction (RT-PCR). Adipogenic differentiation of rMSC 

inhibited by anti-Mstn Ab was evaluated by Oil Red O staining. 

The expression of dystrophin was detected 16 weeks after anti-Mstn 

Ab injection and rMSC transplantation by immunofl uorescence 

staining, RT-PCR and Western blot. Motor function, serum creatine 

kinase (CK) and histologic changes were also evaluated.  

  Results  

  Five-azacytidine-mediated myogenic differentiation induced 

 signi fi cant endogenous Mstn expression. Anti-Mstn Ab improved 

the expression of MyoD, myogenin and MHC-α and inhibited 

adipo cyte formation. Sixteen weeks after transplantation, the 

inhibition of Mstn had improved motor function and muscle mass. 

In accordance with the increased motor function and muscle mass, 

dystrophin expression had increased. Furthermore, serum CK 

and centrally nucleated fi ber (CNF) levels decreased slightly, sug-

gesting specifi c pathologic features of the dystrophic muscle were 

partially restored.  

  Conclusions  

  Using anti-Mstn Ab, we found that inhibition of Mstn improved 

myogenic differentiation of rMSC  in vitro  and  in vivo . A com-

bination of Mstn blockade and MSC transplantation may pro-

vide a pharmacologic and cell-based strategy for the treatment 

of DMD.   
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12 years of age. Although improvements in multidisci-
plinary care have extended survival into the third and 
fourth decades, patients generally succumb to respiratory 
failure or cardiomyopathy [ 2 , 3 ]. 

 Cell transplantation therapy offers hope for the 
treatment of DMD. Embryonic stem cells (ESC) and 

   Introduction 
 Duchenne muscular dystrophy (DMD) is the most com-
mon and lethal genetic muscle disorder in children. The 
incidence is about 1/3500 live male births and currently 
there is no effi cient pharmacologic treatment [ 1 ]. Patients 
generally cannot walk and often need a wheelchair by 
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(MRF), which encode transcription factors regulating 
muscle differentiation [ 16 , 17 ]. 

 In light of the negative regulating role of Mstn during 
myogenesis, we hypothesized that anti-Mstn Ab would 
promote the commitment and differentiation of rat (r)
MSC into the myogenic lineage  in vitro  and in mdx mice. 
To test this hypothesis, we treated rMSC and mdx mice 
using anti-Mstn Ab. The results of our investigation 
suggest that Mstn inhibition plays an important role in 
the differentiation of rMSC and may have therapeutic 
application for DMD.   

 Methods 
  rMSC isolation and culture 
 Bone marrow was harvested from femurs and tibias of 
4-week-old male Sprague–Dawley rats [ 18 ]. Briefl y, the 
marrow plugs were disaggregated by sequential passage 
through 18-gauge, 20-gauge and 22-gauge needles and 
these dispersed cells were centrifuged and resuspended 
twice in Dulbecco’s modifi ed Eagle’s medium (DMEM; 
Gibco Invitrogen) containing 10% fetal bovine serum 
(FBS; Gibco Invitrogen) (complete medium). After the 
cells were coun ted in a hemocytometer, nucleated cells 
(5 � 10 7 ) were seeded into 100-mm culture dishes. Three 
days later, the medium was changed and non-adherent 
cells discarded. Then the monolayer of adherent cells was 
incubated further in complete medium until the cells 
became nearly confl uent. The adherent cells were 
trypsinized (0.25% trypsin-EDTA; Gibco Invitrogen), 
resuspended in complete medium, split at a 1:2 ratio, and 
seeded into fresh plates. After these once-passaged 
cells became nearly confl uent, they were trypsinized and 
aliquots taken for freezing and storage or further 
culturing. The medium was changed every 3–4 days. 
Cells were grown at 37°C in a humidifi ed atmosphere 
with 5% CO 2 .   

 Treatment of rMSC 
 Nearly 80% confl uent rMSC (passage 2) were trypsinized, 
resuspended in complete medium, split at a 1:2 ratio, 
and seeded into six- or 12-well culture dishes and allowed 
to recover for 1 day. Then rMSC were incubated in 
complete medium containing 10 μm 5-AzaC for 24 h to 
induce differentiation, as described by Wakitani  et al.  [ 18 ], 
and incubated with or without 10–100 μg/mL polyclonal 
anti-Mstn Ab (R&D Systems Inc.) in differentiation 

mesenchymal stromal cells (MSC) have been considered as 
candidates for transplantation therapy [  4  –  6  ]. Compared 
with ESC, MSC are easy to isolate and expand rapidly 
without leading to major ethical and technical problems, so 
have great potential as therapeutic agents. However, the 
potential of MSC for use in cell transplantation therapy 
and practical application to DMD depends on controlling 
their differentiation into functional skeletal muscle cells 
with high effi ciency. The chemical demethylating agent 
5-azacytidine (5-AzaC) is usually used to induce MSC from 
both mice and humans to generate muscle cells  in vitro . But 
the conversion rate of MSC to myogenic phenotype is 
typically low [ 5 , 6 ]. The fusion rate of transplanted MSC 
and rate of dystrophin expression are also very low (1–3%) 
in humans and other animals [ 7 ]. So, to be able enhance the 
differentiation rate after MSC transplantation is the key 
issue for the future. 

 Myostatin (Mstn), a transforming growth factor (TGF)-β 
superfamily member, also known as growth and differ-
entiation factor-8 (GDF-8), plays an essential role in 
negatively regulating skeletal muscle growth [ 8 ]. During 
skeletal muscular development, Mstn expression is initially 
restricted to the myotome compartment of developing 
somites and continues to be limited to the myogenic 
lineage at later stages of development and in the adult. 
Transgenic mice that overexpress recombinant Mstn 
protein in the skeletal muscle have lower skeletal muscle 
mass and higher whole body fat mass compared with 
wild-type controls [ 9 ]. In general, Mstn expression is 
higher under conditions in which the content of muscle 
mass is reduced [ 10 ]. Conversely, null mutations of the 
Mstn gene in knockout mice and double-muscle cattle 
are associated with hypermuscularity and decreased fat 
mass [ 8 , 11 , 12 ]. Thus expression of the Mstn gene is 
an important modulator of body composition in experi-
mental animals. A number of studies have been 
performed  in vitro  on C2C12 myoblast cells and  in vivo  
during chick embryonic muscle development that have 
shown that Mstn prevents differentiation of muscle 
precursors [ 9 , 13 , 14 ]. When Artaza  et al.  [ 15 ] used 5-AzaC 
to differentiate C3H 10T(1/2) cells, a mesenchymal fi bro-
blast cell line of embryonic origin, into myotubes and 
adipocytes, they demonstrated that C3H 10T(1/2) cells 
could generate endogenous Mstn in most cells, and 
anti-Mstn antibody (Ab) up-regulated myogenic differen-
tiation and down-regulated adipogenesis. In addition, 
Mstn inhibits expression of myogenic regulatory factors 
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