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Abstract 

   Satellite cells exist in postnatal muscle tissue and constitute the main 

source of muscle precursor cells for growth and repair. These cells carry out 

important roles for skeletal muscle formation postnatally during growth of 

muscle masses as well as damage-induced regenerative processes. Muscle 

regeneration supports muscle function in aging and have a role for 

functional impairment caused by progressive neuromuscular diseases. Major 

substances controlling this process are growth factors and extracellular 

matrix. Myostatin, a member of TGF-β family, was mainly expressed in 

muscle tissue. Decorin, a member of the small leucine-rich proteoglycan gene 

family, is composed of a core protein and a dermatan/chondroitin sulfate 

chain. Recent studies have shown that decorin enhanced the proliferation 

and differentiation of myogenic cells through suppressing myostatin activity. 

Thus, decorin appeared as a new molecule in myostatin signaling pathway 

and arose as a promising target for treatment of progressive neuromuscular 

diseases. Therefore in the current study, we examined localization of decorin 

as well as myostatin in a muscle dystrophy model mdx mice and B10 Scott 

Snells mice as a control to elucidate the differences of decorin and myostatin 

message as well as protein distribution. The current study revealed 

increased expression of decorin protein as well as mRNA at the regenerative 

stage of mdx mouse as compared to early stages, while only weak expression 

of decorin was detected at the control mice. Our study would contribute to 



3 

identify the relationship between decorin and myostatin as well as 

development of therapeutic strategy for progressive neuromuscular diseases. 

 

Keywords: mdx mouse, myostatin, decorin, ECM, muscle regeneration, 

Duchenne muscular dystrophy 
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Introduction 

   Early embryonic development of skeletal muscle originates from the 

proliferation, differentiation, and then fusion of embryonic myoblasts within 

newly forming muscle beds. Quiescent myogenic cells, called as satellite cells, 

exist in postnatal muscle tissue between the basement membrane and the 

plasma membrane of the muscle fibers and constitute the main source of 

muscle precursor cells for growth and repair. These cells carry out important 

roles for skeletal muscle formation postnatally during growth of muscle 

masses as well as damage-induced regenerative processes (Hawke and Garry, 

2001). Muscle regeneration supports muscle function in aging and has a role 

for functional impairment caused by progressive neuromuscular diseases 

such as Duchenne muscular dystrophy. Major substances controlling this 

process are growth factors as well as hormones such as growth hormone 

(GH), insulin-like growth factor-I (IGF-1) (Sara and Hall, 1990) and 

extracellular matrix (ECM). ECM regulates cell behavior by interacting with 

growth factors and through cellular signal transduction pathways (Velleman, 

1999).  

   A muscle-specific growth-inhibiting factor, myostatin (growth / 

differentiation factor-8), has been identified in the last decade (McPherron et 

al., 1997). Myostatin was found to be a transforming growth factor (TGF)-β 

family member and was mainly expressed in muscle tissue (McPherron et al., 

1997). Myostatin knocked-out mice showed a dramatic increase in muscle 



5 

mass due to both hypertrophy and hyperplasia of the muscle cells 

(McPherron et al., 1997). TGF-β1 has widely been known as a potent 

stimulator of fibrosis in various tissues and is closely associated with 

skeletal muscle fibrosis as well (Border and Noble, 1994; Lijnen et al., 2000; 

Li et al., 2004). TGF-β1 levels are enhanced in both dystrophic and injured 

muscles (Bernasconi et al., 1995; Gosselin et al., 2004). In fact, a recent study 

has shown that myostatin has been involved in fibrosis formation within 

skeletal muscle similar to TGF-β1 (Wagner et al., 2002). Thus inhibition of 

myostatin has been arisen as a potential therapy for degenerating muscle 

diseases such as muscular dystrophy and cachexia as well as muscle wasting 

due to aging. In fact, antibody-mediated myostatin blockade in mdx mice was 

found to improve the pathophysiology and muscle regeneration (Bogdanovich 

et al., 2002). However, elimination of myostatin did not ameliorate the 

phenotype in a laminin-α2-deficient dyw mouse (Li et al., 2005). Thus the 

situation is complicated and needs the identification of related molecules in 

its signaling pathway to reach a full scale of understanding of the 

mechanism. 

   The ECM is a complex combination of macromolecules including collagen, 

proteoglycans, and glycoproteins. The ECM is not only a supportive 

substitute for cells but also provides a reservoir for growth factors and 

molecules that influence on many signaling including muscle regeneration. 

Decorin, a member of the small leucine-rich proteoglycan gene family, is 
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composed of a core protein and a dermatan/chondroitin sulfate chain. 

Decorin has been shown to bind several types of collagen, and regulate and 

stabilize collagen fibril formation (Bidanset et al., 1992; Schonherr et al., 

1995; Danielson et al., 1997). Decorin also binds to and modulates activity of 

TGF-β (Takeuchi et al., 1994; Schonherr et al., 1998). Regarding with the 

role of decorin in myogenic cells, only few reports exist. A recent study has 

shown a physical binding between myostatin and decorin (Miura et al., 2006). 

This binding inhibited myostatin activity. Another study has also reported 

that decorin enhanced the proliferation and differentiation of myogenic cells 

through suppressing myostatin activity (Kishioka et al., 2008). Thus, decorin 

appeared as a new molecule in myostatin signaling pathway and arose as a 

promising target for treatment of progressive neuromuscular diseases.  

Regarding with analysis of decorin in a muscle dystrophy model, 

only few studies exist in the literature. One such study examined decorin 

expression in relatively older mice (Caceres et al., 2000). Therefore in the 

current study, we for the first time examined localization of decorin with a 

consideration of both the degeneration and regeneration stages of the muscle 

using a muscle dystrophy model mdx mice and B10 Scott Snells mice as a 

control to elucidate the differences of decorin message as well as protein 

distribution. Our study would contribute to identify the relationship between 

decorin and myostatin as well as development of therapeutic strategy for 

progressive neuromuscular diseases.   
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Materials and methods 

Muscle biopsy specimen 

   Three groups of 10 mdx male (C57BL/10ScSn) at the ages of 2-4 weeks, 

respectively, and groups of 10 control mice (B10 Scott Snells) at the 

corresponding ages were used in the study. The mice were anesthetized with 

pentobarbital, and sacrificed according to the Guidelines for Animal 

Experiments of Tokyo Dental College. The left TA muscle from all mice was 

used for morphological examination. The right TA muscle from all mice was 

used for examination at the transcriptional levels. 

 

Immunohistochemical analysis 

   Myostatin and decorin stainings were performed using formalin-fixed, 

paraffin-embedded muscle serial sections. To find out the optimum condition, 

antigen retrieval method (thermal treatment, enzyme treatment or no 

treatment) as well as antibody concentration (0.4 μg/ml. 2 μg/ml, 10 μ

g/ml) were evaluated for each of the antibodies using 16.5day mouse cryostat 

sections. Sections (4-μm thick) were mounted on silanized slides (DAKO 

Japan Co., Tokyo, Japan), de-paraffinized in xylene for 20 min and 

rehydrated in graded ethanol solutions. Endogenous peroxidase was blocked 

by incubating the sections in 0.3% H2O2 in methanol for 15 min.  

   For myostatin staining, antigen retrieval in paraffin sections was 

performed using thermal method by autoclaving at 121 oC for 15 minutes. 
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For decorin staining, antigen retrieval in paraffin sections was done using 

enzyme treatment method (proteinase K at 37 oC for 10 minutes). After 

blocking of non-specific reactivity with DAKO protein block for 10 min at 

room temperature, the sections were incubated overnight at 4°C with the 

anti-myostatin (CMN AB3239) or anti-decorin antibody (R&D Systems 

AF1060). Identification of the distribution of the primary antibody was 

achieved by subsequent application of a biotinylated anti-primary antibody 

for 30 minutes at room temperature (Anti-Goat Ig Biotin, DakoE0466 for 

myostatin and decorin stainings) and streptavidin-horseradish peroxidase 

(Nichirei 426062) for 5 minutes at room temperature.  

   Immunostaining was developed using DAB/H2O2 solution (Histofine DAB 

substrate kit; Nichirei), and the sections were counterstained with 

hematoxylin. As a negative control, the sections were subjected to normal 

goat IgG.  

 

RT-PCR analysis 

   From mice in each age group, the muscle was removed and snap-frozen in 

liquid nitrogen. mRNA was extracted by using a QuickPrep Micro mRNA 

Purification Kit (Amersham Pharmacia Biotech UK Ltd., Buckinghamshire, 

UK), and cDNA was prepared by using a Ready-To-Go Kit (Amersham 

Pharmacia Biotech UK Ltd.). After determination of the optimal PCR 

conditions for all primers, experiments were performed using a 
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LightCyclerTM (Roche Diagnostics, Mannheim, Germany), which allows 

RNA quantification. Primer set designed from the sequences of the decorin 

gene was used. Experiments were performed according to the standard 

protocol for the LightCyclerTM. Ready-to-use LC FastStart DNA Master 

SYBR Green I (Roche) was used as a hot-start PCR reaction mixture for the 

LightCyclerTM. A series of cDNA dilutions (4.0 ng/μl) including 1/105, 1/106, 

1/107, 1/108, and 1/109 were prepared. PCR reactions for the diluted 

standards contained 10.2 μl of sterile water, 5 μl of diluted control cDNA 

product, 1.6 μl of 25 mM MgCl2, and 2 μl of LC FastStart DNA Master 

SYBR Green I containing SYBR Green I (1/60,000 dilution). In addition, 0.6 

μl of each of forward and reverse primers designed by the software (Biogene 

Ltd.) were added to reach a final reaction volume of 20 μl for each tube. 

Primers based on sequences of the decorin gene were designed from specific 

segments of the entire DNA sequence, and are shown in Table 1. Each PCR 

mixture (final reaction volume, 20 μl) contained 14.2 μl of sterile water, 

1.6 μl of 25 mM MgCl2, SYBR Green I (1/60,000 dilution), 2 μl of DNA 

[5pg/μl] containing LC FastStart DNA Master SYBR Green I, 0.6 μl of for-

ward primer (10 pmol/μl), 0.6 μl of reverse primer (10 pmol/μl), and 1 μl 

of target DNA. The PCR mixtures (20 μl each) prepared for myostatin and 

decorin were added to the glass portion of capillaries. PCR conditions were 

95°C for 10 min, followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 

72°C for 80 s. Gene amplification was performed according to a melting 
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program of 70°C for 15 s, and fluorescence was continuously monitored at a 

rate of 0.1°C/s. 

   The amount of final expression of decorin gene was obtained by dividing 

each of the myostatin and the decorin expression level by that of a 

housekeeping gene, GAPDH. The primer sequences for GAPDH are given in 

Table 1. 

 

Statistical analysis 

   Student’s t-test was used for statistical analysis and a p-value of <0.05 

was designated as significant. 

 

Results 

Immunohistochemical analysis 

   We first stained tibialis anterior muscle with HE to see differences in 

histopathological appearance of the control B10 and the mdx mice at various 

stages. As shown in figure 1, at 2-week after birth, both the B10 and mdx 

mice demonstrated almost normal morphology without necrosis. However, at 

the 3-week, the mdx mouse revealed extensive necrosis and fibrosis, which 

were not detected in the B10 mouse. On the other hand, at 4-week after birth, 

many regenerative cells with central nuclei were noticed at the mdx mouse.  

   Since importance of a proteoglycan, decorin, has been recently identified 

specifically during regeneration of the muscle fibers, we examined decorin 
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localization and expression both at the B10 and the mdx mice at various 

stages. Weak cytoplasmic expression of decorin was shown in few cells of the 

B10 mice at all stages. On the other hand, decorin showed strong expression 

around cells of the mdx mouse. An increased expression of decorin was 

detected at 3- and 4-week stages as compared the mouse with 2-week-old. 

Decorin especially revealed strong expression around those regenerative 

cells with central nuclei. The control normal goat IgG demonstrated few 

reaction both in the B10 as well as mdx mice, suggesting specific staining of 

our antibody (Figure 2, arrows).  

Since myostatin is an important molecule of the decorin signaling 

pathway, we examined its protein expression by immunohistochemistry. 

Myostatin expression was observed in the cell cytoplasm. At 2-week after 

birth, since the mice are in growth period, the slight protein expression was 

detected not only the mdx mice but also the control group (Figure 3). At 

3-week after birth, a part of mdx mice cells, especially those supposed to be 

in regeneration process due to fusion, showed expression. At 4-week after 

birth, many regenerated muscle cells of the mdx mice with central nuclei 

demonstrated expression. mRNA expression showed significant difference. 

Expression area was marked with arrows (Figure 3). 

 

mRNA expression of decorin and myostatin 

   mRNA expression of decorin was examined to identify whether the 
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increased protein expression was linked to an increase at the transcriptional 

level. As shown in figure 4, examination of decorin mRNA showed similar 

level of expression at any stage of B10 mouse, though decorin was expressed 

relatively lower level at 2 and 3-week-old of the mdx mouse than the 

corresponding age of B10 mouse without statistical difference. However, at 

4-week after birth, decorin revealed a higher level of expression at the mdx 

mouse sections as compared to B10 mouse tissue with statistical significance. 

Moreover, decorin showed stronger expression at sections of 4-week of the 

mdx mouse as compared to each of 2-week-old and 3-week-old of the mdx 

mice with statistical significance (Figure 4). 

Examination of myostatin mRNA expression showed similar 

amount both in the mdx and control mice at 2- and 3-week old, although a 

little higher expression was seen in the mdx mice as compared to the controls. 

The expression differences were also not associated with statistical 

significance. However, mRNA expression of the mdx mice was significantly 

higher than the control group at 4-week stage (Figure 5).   

 

Discussion 

   Duchenne muscular dystrophy (DMD) is an X-linked recessive muscle 

disorder caused by the lack of dystrophin, a 427-kDa protein located in the 

subsarcolemmal space of muscle fibers (Hoffman et al., 1987). The mdx 

mouse, a model of DMD, results from a mutation in the dystrophin gene in a 
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C57BL/10 mouse (Bulfield et al., 1984). Similar to DMD patients, the mdx 

mouse lacks dystrophin. Dystrophin is part of a multi-subunit 

transmembrane glycoprotein complex connecting sarcolemmal proteins with 

the underlying skeleton and the extracellular matrix (ECM) (Caceres et al., 

2000). The absence of dystrophin leads to destabilization of this complex, 

resulting in weaker muscle fibers that undergo progressive degeneration 

followed by massive necrosis. It was reported that, in somite-derived muscles 

of the extremities, muscle necrosis began at 2-week after birth, immediately 

followed by regeneration, and the majority of necrotic muscles became 

regenerated at 4-week after birth (Dangain et al., 1984; DiMario et al., 1991; 

Attal et al., 2000). A similar phenomenon was noted in the branchial 

arch-derived mdx mouse masseter muscle (Lee et al. 2006), and cell 

degeneration in this muscular dystrophy was ascribed to the lack of 

dystrophin, resulting in damage to cell membrane stability, leading to 

excessive influx of calcium ions into muscle cells, a mechanism similar to 

that of necrosis. Thus, mdx mice have been used as a model to study the 

mechanism of muscle necrosis and regeneration (Gillis, 1996). 

   Whether originating from injury or progressive neuromuscular diseases, 

skeletal muscle injury and subsequent regeneration are initially 

characterized by neutrophil infiltration and inflammation, followed by 

phagocytosis of necrotic fibers debris by macrophages, which have invaded 

the damaged region (McLennan, 1996). Satellite cells, which exist in 
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undamaged muscle in quiescent state, then become activated in response to 

growth factors and undergo proliferation and migration (Allen and Rankin, 

1990). The resultant satellite cells fuse to form myotubes, which then 

undergo maturation and hypertrophy to form normal, mature skeletal 

muscle fibers. Various molecules have been shown to have a role for these 

processes, including growth factors, caspases and ECM.  

   Decorin is a component of ECM belonging to member of the small leucine 

rich proteoglycan gene family, and composed of a core protein and 

dermatan/chondroitin sulfate chain (Schonherr et al., 1995). Decorin 

participates in regulation of collagen fibril formation and stabilizes it by 

forming physical complex with them, including collagen types 1 and 2 

(Danielson et al., 1997). Decorin also plays an important role in cell growth 

through modulation of growth factor activities. In this respect, decorin binds 

to transforming growth factor-β and modulates its activity (Takeuchi et al., 

1994; Schonherr et al., 1998). Forced expression of decorin in Chinese 

hamster ovary cells leads to suppression of cell proliferation (Yamaguchi et 

al., 1990). These studies suggest that decorin acts as a signaling molecule in 

some kinds of cells. However, act of decorin to myogenic cells and its role 

remained mostly unknown.  

Thus in the current study, we examined localization and expression 

status of decorin by immunohistochemistry as well as quantitative real-time 

RT-PCR. First, we checked our model for muscular dystrophy, mdx mouse for 
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presence of degeneration and regeneration of the muscle fibers at the 

histopathological level. Histopathological staining of muscle tissues from the 

mdx and control mice showed almost normal appearance at the early stages. 

However, then the muscle tissues from the mdx mouse demonstrated 

extensive necrosis and followed by immediate regeneration. By using this 

model, we investigated an important ECM component molecule, decorin and 

discussed its possible role and relationship with other molecules during 

degeneration and regeneration of the muscle fibers. Our results 

demonstrated an increased protein expression of decorin at 3-week-old as 

well as 4-week-old in the mdx mice. Decorin was localized especially at 

interfibrillar ECM area. Myostatin, a growth and differentiation factor 

belonging to TGF-β superfamily has recently been shown to act as a negative 

regulator of skeletal muscle mass (McPherron et al., 1997). The deletion of 

myostatin in mice causes a dramatic and widespread increase in skeletal 

muscle. Interestingly, decorin has recently been shown to sequester 

myostatin in ECM by physically binding it (Kishioka et al., 2008). Decorin 

has also been shown to enhance proliferation and differentiation of myogenic 

cells through suppressing myostatin activity. Myostation localizes normally 

in cytoplasm of myogenic cells. We speculate that during necrotic 3-week-old 

of the mdx mouse, myostatin is released into ECM space, and increased in 

necrotic muscle tissue. In fact, increase of myostatin in necrotic muscle 

tissue but decrease expression in regenerative myogenic cells has recently 
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been shown (Kirk et al., 2000). We believe that decorin expression is 

enhanced as a reaction to balance myostatin collection in ECM. Increase of 

decorin in ECM sequesters myostatin. Thus inhibition of myostatin by 

decorin sequestration leads to cell proliferation and regeneration at the 

4-week, the stage in which myostatin is not seen. 

The mechanism for inhibition of myostatin activity by decorin remains 

unknown. Since physical binding of myostatin with decorin has been shown, 

sequestration of myostatin seems to be one reason for blocking its activity. 

However, decorin has also been demonstrated to increase activity of 

follistatin, a myostatin propeptide, which blocks myostatin activity. 

Therefore, decorin may also reveal an indirect inhibitory effect on myostatin 

(Hill et al., 2002). Further work is needed to elucidate the inhibitory 

mechanism of decorin on the molecules, which block myostatin function 

directly or indirectly. 

In conclusion, we here show that decorin is overexpressed during 

degeneration and regeneration stages of the mdx mouse. Close relationship 

of myostatin with decorin suggests that decorin plays an important role in 

the proliferation, regeneration and differentiation of myoblasts by 

interfering with myostatin signaling in addition to by sequestering 

myostatin in the ECM. The current study would contribute to open a gate for 

identification of the relationship between decorin and myostatin as well as 

development of therapeutic strategy for progressive neuromuscular diseases.  
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Figurelegends 

Figure 1  

H&E staining of anterior tibialis muscle both in mdx and B10 mice. At 

2-week-old stage, both the B10 and mdx mice demonstrated almost normal 

morphology without necrosis. However, at 3-week-old stage, the mdx mouse 

revealed extensive necrosis and fibrosis, which were not detected in the B10 

mouse. On the other hand, at 4-week after birth, many regenerative cells 

with central nuclei were noticed at the mdx mouse. (Scale bars=50μm) 

 

Figure 2 

Immunohistochemical staining of decorin in anterior tibialis muscle of both 

mdx and B10 mice. Weak cytoplasmic expression of decorin was shown in 

few cells of the B10 mice at all stages. On the other hand, decorin showed 

strong expression around cells of the mdx mouse. An increased expression of 

decorin was detected at 3- and 4-week stages as compared the mouse with 

2-week-old. Decorin especially revealed strong expression around those 

regenerative cells with central nuclei. The control normal goat IgG 

demonstrated no reaction both in the B10 as well as mdx mice, suggesting 
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specific staining of our antibody. Expression area was marked with arrows. 

(Scale bars=50μm). 

 

Figure 3 

Immunohistochemical staining of myostatin in anterior tibialis muscle of 

both mdx and B10 mice. At 2-week after birth, since the mice are in growth 

period, the slight protein expression was detected not only the mdx mice but 

also the control group. At 3-week after birth, a part of mdx mice cells, 

especially those supposed to be in regeneration process due to fusion, showed 

expression. At 4-week after birth, many regenerated muscle cells of the mdx 

mice with central nuclei demonstrated expression. Expression area was 

marked with arrows. (Scale bars=50μm) 

 

Figure 4 

mRNA expression of decorin in anterior tibialis muscle of both mdx and B10 

mice. Examination of decorin mRNA showed similar level of expression at 

any stage of B10 mouse, though decorin was expressed relatively lower level 

at 2 and 3-week-old of the mdx mouse than the corresponding age of B10 

mouse without statistical difference. However, at 4-week after birth, decorin 

revealed a higher level of expression at the mdx mouse sections as compared 

to B10 mouse tissue with statistical significance. Moreover, decorin showed 

stronger expression at sections of 4-week of the mdx mouse as compared to 
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each of 2-week-old and 3-week-old of the mdx mice with statistical 

significance. 

 

Figure 5  

mRNA expression of myostatin in anterior tibialis muscle of both mdx and 

B10 mice. Myostatin mRNA expression was similar both in the mdx and 

control mice at 2- and 3-week old. Although a little higher expression was 

seen in the mdx mice as compared to the controls at this stage, the 

expression differences were also not associated with statistical significance. 

However, mRNA expression of the mdx mice was significantly higher than 

the control group at 4-week stage. 

 



 

 

 

Table 1 The primers used for the RT-PCR analysis 
Decorin  Forward 5’- GAGGAGAAGTGAGGGGAGACA -3’ 
 Reverse 5’- GATTATCTCATGTATTTTCACGACCTT-3’ 
   
Myostatin Forward 5’- CATCTTGTGCACCAAGCAAA -3’ 
 Reverse 5’- GGGAGACATTTTTGTCGGAGT -3’ 
   
GAPDH Forward 5’-TGAACGGGAAGCTCACTGG-3’ 
 Reverse 5’-TCCACCACCCTGTTGCTGTA-3’ 
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