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Abstract: Background: Although it has been widely accepted that disuse osteoporosis will lead to changes in myo-
genic factors and bone metabolism, it is less clear whether myogenic factors are associated with bone mass loss 
and microstructural degradation. The purpose of this study was to determine the relationship between expression of 
myogenic factors in disused rats and bone mass loss and microstructural degradation. Methods: Immobilization was 
induced by injecting Botox into the right hind limb muscles in a Wistar rat model. Before sacrifice, whole body dual 
energy X-ray absorptiometry (DXA) measurements were taken. Next, DXA and microCT scanning were performed 
on the right femora in vitro. This facilitated the evaluation of numerous bone parameters, including bone mineral 
density (BMD). BMDs of seven regions in the femora were determined. Serum expression of numerous muscle-bone 
biochemical markers was quantified through ELISA. Quadriceps femoris tissue expression of important factors was 
assessed through immunohistochemistry. Correlation analysis was performed to investigate potential mechanisms 
of muscular atrophy. Results: BTX rats lost a significant amount of body weight in the first two weeks post injection, 
before regaining weight in accord with controls. Mean lean mass of the BTX group was significantly lower at both 
two and four weeks. Specific regions in the femora exhibited significantly less BMD than the control group. Trabecu-
lar and cortical bone microstructures were significantly different in BTX and control groups. Biochemical analysis 
revealed differences in seven markers. Correlation analysis revealed that OPG/RANKL pathways may be integral to 
muscular atrophy. Conclusion: Expression of myogenic factors may be related to loss of bone mass and degenera-
tion of bone microstructures. OPG/RANKL pathways may play a role in its mechanisms.
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Introduction

Disuse osteoporosis is defined as localized 
bone loss caused by a reduction in mechanical 
stress. Loss of mechanical stress on bone 
induces acceleration of osteoclast-mediated 
bone resorption and inhibition of osteoblast-
mediated bone formation, resulting in overall 
bone loss [1]. Therapeutic bed rest [2], local-
ized immobilization due to spinal cord injuries 
[3], and hemiplegia or hemiparesis due to 

strokes [4] or fractures [5, 6] can lead to disuse 
osteoporosis. In contrast with primary osteopo-
rosis, the cause of disuse osteoporosis is a lack 
of muscle movement contraction on the bone, 
basically a lack of mechanical stimulation [7].

Many studies have suggested that different 
bones, even the same bones in different areas, 
have different reactions to bone loss caused by 
muscle atrophy. Furthermore, the most sensi-
tive skeleton sites to disuse osteoporosis are 
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the lower limbs, such as knees and ankles [8]. 
Indeed, a high-content of trabecular bone is 
more prone to disuse bone loss [1]. In a 17-week 
bed rest experiment, Leblanc et al. found that 
bone loss was located significantly in load-
bearing bones, while non-bearing bone (such 
as the skull) mass increased [9]. Few studies 
have been conducted examining the effects of 
muscle atrophy on different bone regions. Most 
studies have only distinguished between tra-
becular bone and cortical bone regions. In this 
study, rat femurs were divided equally into 
seven regions and the bone mineral density 
was measured in each region, with an aim of 
determining bone loss sensitive areas in the 
femur. Moreover, this study assessed bone 
mass and microstructures of trabecular and 
cortical bones.

Bones and muscles are two important compo-
nents of the musculoskeletal system, closely 
linked and interrelated [10, 11]. Appropriate 
exercise plays an important role in increasing 
and maintaining bone mass and bone strength, 
through the continual application of mechani-
cal stress [12]. Previous studies have reported 
that muscle influences bone through its con-
traction. In recent years, it has been found that 
muscle can also affect bone structure and 
function through endocrine factors [13]. Several 
non-mechanical factors contribute to the mus-
cle-bone relationship [13], such as genetic, hor-
monal, and nutritional factors, including leptin 
and adiponectin [14], Wnt, PPARγ, and TGFβ 
signaling pathways [14-16]. The direct cause of 
disuse osteoporosis is skeletal muscle disuse. 
Previous studies have only focused on skeletal 
parameters, such as bone mass, bone micro-
structure, and osteogenic related factors. Little 
research has focused on the correlation 
between osteoporosis and myogenic factors, 
such as growth differentiation factor-8 (GDF8), 
fibroblast growth factor 6 (FGF6), or myogenic 
differentiation protein (MyoD). GDF8 is a mem-
ber of the TGF-β superfamily and a negative 
regulator of skeletal muscle mass [17]. FGF-6 
belongs to the FGF superfamily and controls 
cell proliferation, differentiation, and morpho-
genetic events [18]. MyoD is a member of the 
basic-helix-loop-helix family of proteins, playing 
a vital role in the plasticity of skeletal muscles 
[19, 20]. In this study, expression of myogenic 
factors in muscle and serum was detected by 
immunohistochemistry (IHC) and enzyme-
linked immunosorbent assays (ELISA).

To explore the correlation between myogenic 
factors and bone mass and microstructures in 
disuse osteoporosis, a rat model of osteoporo-
sis was established by intramuscular injection 
of Botox (BTX). BMD [47] and body components 
were measured by DXA and microCT. Con- 
centrations of serum myogenic factors and 
bone turnover factors [21, 22] were determined 
by ELISA and expression levels of myogenic fac-
tors in quadriceps femoris muscles were 
detected by IHC. Finally, the correlation 
between myogenic factors and both bone mass 
and bone microstructure degeneration were 
analyzed by partial correlation analysis.

Materials and methods

Animal preparation

Forty-two 6-week old female Wistar rats of 
average body weights (171 ± 5 g) were obtained 
from the Shanghai Research Center for 
Biomodel Organisms. After 2 weeks of acclima-
tization to local conditions (24°C and a 12 
h/12-hour light/dark cycle) in the animal house 
facility of the Second Xiangya Hospital (Central 
South University, China), the rats were random-
ly assigned to seven groups of six rats each. On 
day 0, rats from the 6 groups were weighed and 
injected intramuscularly with 2 U of BTX (BTX, 
Institute of Biology, Lanzhou, China) dissolved 
in 0.4 mL of physiological saline or just saline in 
the right muscle quadriceps femoris. Rats were 
weighed on day 1 of every week and sacrificed 
at 2 weeks, 4 weeks, and 8 weeks by taking 
blood from the abdominal aorta, after fasting 
for 8 hours and after full-body dual-energy X-ray 
absorptiometry (DXA) measurements. The re- 
maining 6 rats were not injected. They were 
sacrificed on day 0 as the baseline group. For 
all rats, serum was harvested and stored at 
-70°C for biochemical analysis. Femora were 
used for DXA and micro-CT analyses. Right 
quadriceps femoris muscles were harvested 
for immunohistochemical analysis. All animal 
procedures were approved by the Institutional 
Animal Care and Use Committee of the People’s 
Republic of China.

Biochemical markers

CTX-I, PINP, OPG, RANKL, GDF8, FGF6, and 
MyoD were detected by ELISA with commercial 
kits (Nanjing Jiancheng Bioengineering Ins- 
titute; inter-assay cv < 12% and intra-assay cv 
< 10%).



Myogenic factors in disused rats and bone mass loss

13137	 Int J Clin Exp Med 2018;11(12):13135-13146

Immunohistochemistry (IHC)

The animals were euthanized and right quadri-
ceps femoris muscles were harvested immedi-
ately. For IHC analysis, tissue samples were 
fixed with 10% phosphate-buffered formalin at 
room temperature for 24 hours. Samples were 
then dehydrated and embedded in paraffin, 
while 5-μm-thick cross sections were cut with a 
microtome and placed on glass slides. Sections 
were then incubated with primary antibodies 
for GDF8 (rabbit, 1:200, Santa Cruz Biote- 
chnology, Santa Cruz, CA, USA), FGF6 (rabbit, 
1:200, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), and MyoD (rabbit, 1:50, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) for 2 hours 
at room temperature. Sections were then 
rinsed and incubated with polyclonal second-
ary antibody for 1 hour at room temperature. 
After extensive rinsing, sections were incubat-
ed for 3 minutes with peroxidase streptavidin 
conjugate and visualized with diaminobenzi-
dine. Negative control slides, with omission of 
the primary antibodies, were incubated accord-
ing to immunostaining procedures in each 
instance.

DXA measurement

Whole bodies and femora of the rats were ana-
lyzed using a Hologic QDR-4500A dual-energy 
X-ray absorptiometry bone densitometer (Hoo- 
gic; Bedford, MA, USA) under conditions of 41 R 
and 100 kVP [23]. Scanning widths were 18 cm 
(for the whole body) and 5 cm (for the femora) 
and the velocity was 4.8 cm/s. Total body com-
position was assessed in each of the 42 rats, 
with rigorous repositioning between scans and 
without changing calibration for the same rat. 
Bone mass content (BMC), fat mass (FM), lean 
mass (LM), and bone mineral density (BMD) 
were measured. For femora, seven equal lines 
of the whole length were analyzed, as shown in 
Figure 1. All scans were analyzed with software 
designed for analysis of small animals. Quality-
control scans were performed everyday using 
the manufacturer-supplied phantom. 

MicroCT analysis

MicroCT scanning [24, 25] was performed with 
a SkyScan scanner and associated software 
(Skyscan 1176, Bruker micro-CT, Kontich, 
Belgium). This machine was equipped with an 
aluminum filter (0.5 mm) to exclude low-energy 
rays. The scanning protocol was set at X-ray 
energy settings of 50 kV and 200 μA and each 
sample was scanned over 1 entire 360° rota-
tion, with an exposure time of 250 ms/frame. 
An isotopic resolution of 18 μm pixel size that 
displayed the microstructure of the proximal 
femur was selected and the angle of increment 
around the sample was set to 0.4°. X-ray fluo-
roscopies were performed to correct the place-
ment of each sample within the sample holder 
and to ensure that the whole sample was 
included within the scanning field. Histo- 
morphometric analyses were performed using 
an OsteoMeasure histomorphometry system 
(OsteoMetrics, Decatur, GA).

Figure 1. Analysis of isolated tibia in rats by DXA 
measurements.

Figure 2. BTX and control group weight variations. 
BTX-injected rats suffered rapid body weight loss, 
then slowly regained weight until in accord with con-
trols. *P < 0.05 vs. Control group. BTX, BTX group; 
Con, control group.
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In the case of the femora, trabecular bone anal-
ysis was performed in the volume of interest 
(VOI), commencing about 1.65 mm (92 image 
slices) from the growth plate level in the direc-

tion of the metaphysis and extending from this 
position for another 2 mm (112 image slices). 
The cortical region commenced about 10.5 mm 
(586 image slices) from the growth plate level 

Table 1. Measurement of 2D projection DXA
2 w BTX
(n = 6)

2 w Con
(n = 6)

4 w BTX
(n = 6)

4 w Con
(n = 6)

8 w BTX
(n = 6)

8 w Con
(n = 6)

BMC (g) 6.630 ± 0.6 6.970 ± 0.4 6.687 ± 0.7 7.142 ± 0.2 8.090 ± 0.8 8.297 ± 0.1
BMD (g/cm2) 0.167 ± 0.0 0.167 ± 0.0 0.174 ± 0.0 0.173 ± 0.0 0.168 ± 0.0 0.174 ± 0.0
FM (g) 36.917 ± 7.6 43.267 ± 7.7 36.533 ± 8.7 44.033 ± 3.1 41.267 ± 4.5 37.217 ± 3.0
LM (g) 135.383 ± 11.7* 157.233 ± 3.6 146.167 ± 10.5* 166.167 ± 4.7 156.850 ± 5.2 163.250 ± 3.5
*P < 0.05 vs. Control group. BMC, bone mineral content; BMD, bone mineral density; FM, fat mass; LM, lean mass; w, weeks; BTX, BTX group; 
Con, control group. Data are shown as mean ± SD.

Table 2. Changes in bone mineral density in different regions of rat femora

Regions 2 w BTX
(n = 6)

2 w Con
(n = 6)

4 w BTX
(n = 6)

4 w Con
(n = 6)

8 w BTX
(n = 6)

8 w Con
(n = 6)

ROI1 0.236 ± 0.0* 0.265 ± 0.0 0.233 ± 0.0* 0.277 ± 0.0 0.248 ± 0.0* 0.272 ± 0.0
ROI2 0.180 ± 0.0* 0.208 ± 0.0 0.180 ± 0.0* 0.204 ± 0.0 0.179 ± 0.0* 0.205 ± 0.0
ROI3 0.148 ± 0.0 0.163 ± 0.0 0.151 ± 0.0 0.171 ± 0.0 0.156 ± 0.0* 0.165 ± 0.0
ROI4 0.148 ± 0.0 0.154 ± 0.0 0.149 ± 0.1 0.171 ± 0.0 0.162 ± 0.0 0.171 ± 0.0
ROI5 0.165 ± 0.0 0.172 ± 0.0 0.180 ± 0.0 0.195 ± 0.0 0.176 ± 0.0* 0.181 ± 0.0
ROI6 0.194 ± 0.0 0.204 ± 0.0 0.196 ± 0.1 0.224 ± 0.0 0.199 ± 0.0* 0.204 ± 0.0
ROI7 0.188 ± 0.0* 0.199 ± 0.0 0.190 ± 0.0* 0.218 ± 0.0 0.196 ± 0.0* 0.202 ± 0.0
*P < 0.05 vs. Control group. ROI, region of interest. 2 w, 2 weeks; 4 w, 4 weeks; 8 w, 8 weeks. w, weeks; BTX, BTX group; Con, 
control group. Data are shown as mean ± SD.

Table 3. Microstructural analysis of femora trabeculae in different groups
2 w BTX
(n = 6)

2 w Con
(n = 6)

4 w BTX
(n = 6)

4 w Con
(n = 6)

8 w BTX
(n = 6)

8 w Con
(n = 6)

tBMD (mg/mm3) 221.2 ± 3.4* 245.6 ± 5.6 212.9 ± 9.1* 245.6 ± 4.4 240.8 ± 1.2 257.5 ± 1.5
BV/TV (%) 41.7 ± 4.9 46.8 ± 3.4 27.2 ± 7.0 40.6 ± 2.4 22.7 ± 4.7 41.7 ± 5.6
Tb.Th (mm) 0.131 ± 0.0 0.126 ± 0.0 0.113 ± 0.1* 0.123 ± 0.1 0.111 ± 0.0* 0.128 ± 0.0
Tb.Sp (mm) 0.184 ± 0.0 0.165 ± 0.0 0.246 ± 0.0* 0.190 ± 0.0 0.296 ± 0.1* 0.193 ± 0.0
Tb.N (mm) 3.20 ± 0.3* 3.71 ± 0.1 2.39 ± 0.4* 3.29 ± 0.1 2.03 ± 0.3* 3.25 ± 0.3
SMI 1.19 ± 0.2 1.04 ± 0.2 1.90 ± 0.3* 1.35 ± 0.1 2.11 ± 0.2* 1.28 ± 0.3
*P < 0.05 vs. Control group. tBMD, tissue bone mineral density; BV/TV, bone volume fraction. Tb.Th, trabecular thickness; 
Tb.Sp, trabecular separation; Tb.N, trabecular number; SMI, structure model index. w, weeks; BTX, BTX group; Con, control 
group. Data are shown as mean ± SD.

Table 4. Microstructural analysis of femoral cortex in different groups
2 w BTX
(n = 6)

2 w Con
(n = 6)

4 w BTX
(n = 6)

4 w Con
(n = 6)

8 w BTX
(n = 6)

8 w Con
(n = 6)

tBMD (mg/mm3) 549.2 ± 4.1 543.3 ± 1.7 562.5 ± 2.5 558.3 ± 4.5 584.2 ± 2.9 579.9 ± 1.3
BV/TV (%) 87.1 ± 0.2 87.4 ± 0.3 87.1 ± 0.5* 88.0 ± 0.3 88.2 ± 0.3 88.5 ± 0.4
Ct.Th (mm) 0.481 ± 0.0* 0.507 ± 0.0 0.488 ± 0.0* 0.545 ± 0.1 0.540 ± 0.0* 0.573 ± 0.0
Ct.Po (%) 12.9 ± 0.2 12.6 ± 0.6 12.9 ± 0.5* 12.0 ± 0.3 11.8 ± 0.3 11.5 ± 0.4
*P < 0.05 vs. Control group. tBMD, tissue bone mineral density; BV/TV, bone volume fraction. Ct.Th, cortical thickness; Ct.Po, 
cortical porosity. w, weeks; BTX, BTX group; Con, control group. Data are shown as mean ± SD.
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tent divided by the volume of 
the above-threshold voxels; 
(2) Bone volume fraction (BV/
TV); (3) Trabecular thickness 
(Tb.Th); (4) Trabecular separa-
tion (Tb.Sp); (5) Trabecular 
number (Tb.N); (6) Structure 
model index (SMI); (7) Cortical 
bone thickness (Ct.Th); and (8) 
Cortical bone porosity (Ct.Po). 

Statistics

Statistical analysis was per-
formed using SPSS 13.0 for 
Windows statistical software 
(SPSS, Chicago, IL, USA). An- 
alysis of variance (ANOVA) was 
used to compare mean values 
from different groups. Corre- 
lation between myogenic fac-
tors and microstructural para- 
meters was evaluated. Signi- 
ficance is set at P < 0.05.

Results

General findings

Twenty-four hours after BTX 
injections, all rats exhibited 
lameness and hind limb ab- 
duction during tail suspension 
and toe extension. Signs of 
lameness reached a maxi-
mum 48 hours after injection. 
Figure 2 shows that BTX-
injected rats suffered rapid 
body weight loss in the first 2 
weeks, before slowly regaining 
weight in accord with controls. 
At any time-point, the mean 
body weight of the BTX group 
was lower than the control 
group, significantly between 2 
and 4 weeks (P < 0.05).

DXA measurements of total 

Figure 3. Microstruc-
ture changes in the 
right femur. Trabecu-
lar bone and cortical 
bone loss were evi-
dent in BTX-injected 
groups. A. MicroCT 
reconstructions mea-
surements of trabec-
ular bone. B. Micro- 
CT reconstructions of 
cortical bone. C. 2D 
microstructure of the 
right femur. w, weeks; 
BTX, BTX group; Con, 
control group.

in the direction of the metaphysis and extend-
ed from this position for another 0.75 mm (42 
image slices).

Several bone parameters were measured: (1) 
Tissue BMD, representing the BMD at the tis-
sue level and defined as the tissue mineral con-

body composition

All data are represented as mean plus stan-
dard deviation (SD), as shown in Table 1. After 
injections of BTX, only LM was significantly 
lower, compared to the control group, at weeks 
2 (14%) and 4 (12%), then converging to level 
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with the control group by week 
8. 

DXA measurements of femora

As shown in Table 2, at weeks 
2 and 4, the right femoral 
BMDs of ROI 1, 2, and 7 in the 
BTX group were significantly 
lower than the control group. 
By week 8, the right femoral 
BMDs of ROI 1, 2, 3, 5, 6, and 
7 in the BTX group were signifi-
cantly lower than the control 
group.

MicroCT analysis

Tissue BMD and microstruc-
tural parameters of trabecular 
bone and cortical bone in the 
femur metaphysis at weeks 2, 
4, and 8 are summarized in 
Tables 3 and 4, respectively. 
Trabecular bone loss is also 
evident in Figure 3. At the 
proximal femora metaphysis, 
trabecular bone and cortical 
bone microstructure were af- 
fected by BTX. Regarding the 
trabecular bone in the BTX 
group, tBMD and Tb.N were 
significantly diminished, com-
pared to control rats, at week 

Figure 4. Myogenic factor chang-
es in rats at different time points. 
GDF8 was increased while FGF6 
and MyoD were decreased in 
BTX-injected groups.*P < 0.05 vs. 
Control group. A. Changes in cir-
cular myogenic factors, bone turn-
over markers and OPG/RANKL 
in rats at different time points. 
B. Immunoexpression of GDF8, 
FGF6, and MyoD in rat right quad-
riceps tissue (10x). Positive cells 
are stained brown. CTX-I, collagen 
type I cross-linked C-telopeptide; 
PINP, N-terminal propeptide of 
procollagen type I; RANKL, recep-
tor activator for nuclear factor-κ 
B ligand; OPG, osteoprotegerin; 
GDF8, growth differentiation fac-
tor-8; MyoD, myogenic differen-
tiation protein; FGF6, fibroblast 
growth factor-6; w, weeks; BTX, 
BTX group; Con, control group.
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Biochemical analysis

Biochemical analysis revealed 
differences in seven markers. 
Results are summarized in 
Figure 4A. Serum RANKL and 
GDF8 increased in BTX-in- 
jected rats from baseline to 
levels that were significantly 
higher than those observed 
for the control group at week 
2. These then quickly decre- 
ased to levels below the con-
trol group. Levels of serum 
P1NP, CTX-I, OPG, FGF6, and 
MyoD in BTX-injected rats 
were higher after 2 weeks 
than in the control group, but 
not significantly so. These lev-
els decreased as time pro-
gressed to become lower than 
the controls.

Immunohistochemistry

Expression levels of GDF8, 
FGF6, and MyoD were detect-
ed in the nuclei of cells (Figure 
4B). In the BTX group, GDF8 
increased while FGF6 and 
MyoD decreased, compared 
to the control group. There 
were no significant differenc-
es within the BTX group over 
time. 

Partial correlation analysis

Figure 5. Partial correlation analysis between myogenic factors and bone 
mass (adjusted for lean mass, fat mass, and age). GDF8 was negatively cor-
related while FGF6 and MyoD were positively correlated with trabecular bone 
mass and bone microstructure. GDF8, growth differentiation factor-8; MyoD, 
myogenic differentiation protein; FGF6, fibroblast growth factor-6. tBMD, tis-
sue bone mineral density; BV/TV, bone volume fraction. A. y = 17.09 - 0.26x, 
r = -0.584 (P < 0.01); B. y = -1.91 + 0.12x, r = 0.676 (P < 0.01); C. y = 28.59 
- 0.09x, r = -0.354 (P < 0.05); D. y = -5.88 + 0.03x, r = 0.359 (P < 0.05); E. 
y = -2.11 + 0.19x, r = 0.490 (P < 0.01); BTX, BTX group; Con, control group.

2 (-9.8%, -13.5%). Four weeks after BTX injec-
tions, tissue BMD (13.4%), BV/TV (33.0%), 
Tb.Th (8.1%), and Tb.N (27.4%) had all decreased 
significantly (P < 0.05), while Tb.Sp and SMI 
increased by 29.5% and 40.7%, compared to 
the control group (P < 0.05). After 8 weeks, 
changes were in accord with those found at 
week 4, except for tissue BMD which was simi-
lar for both BTX injected and control rats.

For cortical bone, Ct.Th was significantly lower 
for BTX injected limbs during the experiment, 
reaching -5.1% by week 2, -10.5% by week 4, 
and -5.8% by week 8, compared to the control 
group. Equally, Ct.Po was significantly increased 
(8.3%) by week 4.

Correlation between myogenic factors and 
microstructural parameters of the right femora 
is depicted and detailed in Figure 5 and Table 
5. After adjustment for lean mass, fat mass, 
and age, GDF8 was positively correlated with 
Tb.Sp (r = 0.491, P < 0.01) and SMI (r = 0.568, 
P < 0.01), while it was negatively correlated 
with trabecular tissue BMD (r = -0.354, P = 
0.001) and BV/TV (r = -0.584, P = 0.04), as well 
as Tb.Th, Tb.N, and Ct.Th (r = -0.516, r = -0.560, 
and r = -0.553, all P < 0.01). Conversely, FGF6 
was negatively correlated with Tb.Sp (r = 
-0.635, P < 0.01) and SMI (r = -0.661, P < 0.01), 
while it was positively correlated with trabecu-
lar tissue BMD (r = 0.395, P = 0.001) and BV/
TV (r = 0.676, P = 0.04), as well as Tb.Th, Tb.N, 
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and Ct.Th (r = 0.592, r = 0.671, and r = 0.569, 
all P < 0.01). For MyoD, changes were like those 
found for FGF6, except no correlation was 
found between trabecular tissue BMD and 
MyoD.

After adjustment for lean mass, fat mass, age, 
and serum OPG and RANKL (Table 6), partial 
correlation analyses had changed, except for 
FGF6. Specifically, GDF8 was only positively 
correlated with SMI (r = 0.369, P < 0.01) and no 
correlation was found with MyoD and any micro-
structural parameters.

It was also found that GDF8 negatively corre-
lated with CTX-I (r = -0.574, P < 0.01) and PINP 
(r = -0.618, P < 0.01), while FGF6 and MyoD 
positively correlated with CTX-I (r = 0.531, r = 
0.516, both P < 0.01) and PINP (r = 0.609, r = 
0.534, both P < 0.01), after adjustment for lean 
mass, fat mass, and age (Table 7).

Discussion

The present study showed that intramuscular 
injections of BTX, with a dose of 2 U, were 
enough to induce localized paralysis in Wistar 
rats, consistent with previous studies. Weights 
of BTX injected Wistar rats decreased rapidly 
for the first 2 weeks, until a minimum was 
reached. Afterward, the rats slowly regained 
weight and partial function of the injected limb. 
This was also consistent with previous studies 
[26, 27]. No significant differences were found 
in total body composition BMC, BMD, or fat 
mass, at any time-point. This suggests that the 
decrease in body weight was mainly caused by 
lean mass loss.

To determine bone loss prone areas of the 
femur, seven regions of the femur were scanned 
by DXA. It was found that ROI1, ROI2, and ROI7 
were the most sensitive regions to muscle atro-
phy, evidenced by significantly decreased BMD. 
No significant differences in BMD were found at 
ROI4 between the BTX group and the control 
group. ROI1, ROI2, and ROI7 of the femur were 
mainly trabecular bone (the closer the location 
to the middle part of the bone, the higher pro-
portion of cortical bone). This suggests that the 
response of trabecular bone to muscle atrophy 
is more sensitive than cortical bone. Warner et 
al. developed a mouse model of unilateral tran-
sient hind limb muscle paralysis and found that 
BV/TV was reduced within the distal femoral 
epiphysis and proximal tibial metaphysis of BTX 
injected limbs (-43.2% and -54.3% respective-
ly). Furthermore, they found that BTX treatment 
significantly diminished Tb.Th (24.8%) and Ct.Th 
(16.2%) [28]. A study by Poliachik et al., con-
cerning a single injection of BTX into the right 
calf muscle of a mouse model, showed that tra-

Table 5. Partial correlation analysis between 
myogenic factors and bone microstructural 
parameters (adjusted for lean mass, fat 
mass, and age)

GDF8 FGF6 MyoD
Tb.Th -.516** .592** .475**

Tb.Sp .491** -.635** -.467**

Tb.N -.560** .671** .477**

SMI .568** -.661** -.443*

Ct.Th -.553** .569** .463**

Ct.Po .248 -.293 -.181
*P < 0.05, **P < 0.01. GDF8, Growth differentiation 
factor-8; MyoD, myogenic differentiation protein; FGF6, 
fibroblast growth factor-6. Tb.Th, trabecular thickness; 
Tb.Sp, trabecular separation; Tb.N, trabecular number; 
SMI, structure model index. Ct.Th, cortical thickness; 
Ct.Po, cortical porosity.

Table 6. Partial correlation analysis between 
myogenic factors and bone microstructural 
parameters (adjusted for lean mass, fat 
mass, age, and OPG/RANKL)

GDF8 FGF6 MyoD
Tb.Th -.250 .390* .230
Tb.Sp .268 -.483** -.256
Tb.N -.340 .522** .255
SMI .369* -.509** -.206
Ct.Th -.340 .421** .286
Ct.Po -.037 -.069 .066
*P < 0.05, **P < 0.01. GDF8, Growth differentiation 
factor-8; MyoD, myogenic differentiation protein; FGF6, 
fibroblast growth factor-6. Tb.Th, trabecular thickness; 
Tb.Sp, trabecular separation; Tb.N, trabecular number; 
SMI, structure model index. Ct.Th, cortical thickness; 
Ct.Po, cortical porosity.

Table 7. Partial correlation analysis between 
myogenic factors and bone turnover markers 
(adjusted for lean mass, fat mass, and age)

GDF8 FGF6 MyoD
CTX-I -.574** .531** .609**

PINP -.618** .516** .534**

**P < 0.01. GDF8, Growth differentiation factor-8; MyoD, 
myogenic differentiation protein; FGF6, fibroblast growth 
factor-6. CTX-I, collagen type I cross-linked C-telopeptide; 
PINP, N-terminal propeptide of procollagen type I.
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becular degradation within the proximal tibia 
metaphysis occurred more rapidly than in corti-
cal bone. Maximal bone loss was reached by 
day 12 with only limited recovery by day 84, 
while cortical bone volume degradation was 
maximal on day 28 but had completely recov-
ered by day 84 [29]. These studies are consis-
tent with present findings, in that trabecular 
bone and cortical bone were affected differ-
ently by muscle atrophy. In the present study, 
trabecular bone degeneration was first identi-
fied at week 2 and aggravated by week 4. Even 
though rat activity was totally recovered by 
week 8, trabecular bone mass and microstruc-
tural parameters were intensely degenerated. 
Cortical bone degeneration was maximal at 
week 4 and greatly recovered by week 8. 
Clearly, trabecular bone and cortical bone have 
different sensitivities to muscle atrophy. 
Specifically, trabecular degeneration will occur 
more rapidly, to a more serious degree, while 
degeneration lasts longer and recovery is 
slower.

Previous studies have shown that disuse osteo-
porosis not only causes bone mass loss and 
microstructural degeneration [26], but also 
induces changes in bone turnover markers and 
myogenic factors [30, 31]. It has been estab-
lished that CTX-I and PINP are markers of bone 
resorption and formation, respectively [32-34]. 
Present results showed that serum CTX-I and 
PINP in the BTX group were significantly lower 
at weeks 4 and 8, compared to the control 
group, suggesting that bone formation and 
resorption were reduced in this model. In a dis-
use osteoporosis model made by sciatic neu-
rectomy in the tibia, serum CTX-I levels were 
dramatically elevated by disuse after 2 weeks 
and had recovered to normal levels by week 8 
[35]. One possible explanation for such variabil-
ity is that different osteoporosis models have 
different impacts on serum CTX-I. RANKL is a 
cytokine that belongs to the TNF family. OPG is 
also a TNF family member that binds to RANKL 
and then inhibits the binding of RANKL to RANK 
[36]. The activity of osteoclasts is highly depen-
dent on the balance between RANKL and OPG. 
Present results showed that expression of OPG 
decreased in BTX rats after muscle atrophy, 
while expression of RANKL increased by week 
2 and then decreased quickly by weeks 4 and 
8. While no previous studies have reported on 
changes in serum OPG and RANKL in a BTX-

induced osteoporosis model, there are similar 
tissue related reports. A recent study reported 
that RANKL levels significantly increased in the 
proximal tibia 7 days after BTX injections, while 
OPG levels did not [37]. Lunam et al. demon-
strated that, 7 to 14 days after BTX injection 
into the right quadriceps, gene expression of 
RANKL was upregulated in the femoral bone 
marrow [31]. Present results are in accord with 
these related studies, though further research 
is warranted to elaborate the mechanisms of 
RANKL/OPG changes in a disuse osteoporosis 
model.

Satellite cells are the only source of regenera-
tive repair after muscle injuries. The regenera-
tion process can be divided into migration, pro-
liferation, differentiation, and maturation steps 
[38]. GDF8 is a TGFβ family-specific growth fac-
tor specifically expressed in the skeletal mus-
cle of vertebrates. It inhibits the proliferation 
and differentiation of muscle cells and inhibits 
muscle formation [39]. It can also downregu-
late MyoD expression through the smad3 path-
way [40, 41]. In addition to negative regulatory 
muscle formation, GDF8 can also affect bone 
structure and bone formation after fractures 
[42, 43]. MyoD can stimulate the differentiation 
of multiple types of cells into myoblasts and 
promote myoblast fusion into myotubes [19, 
20]. FGF6 belongs to the FGF family, which can 
promote the proliferation and differentiation of 
muscle satellite cells to promote normal skele-
tal muscle regeneration [18]. Although it has 
been reported that no significant effects were 
found on muscle and bone through lack of 
FGF6 in FGF6 knockout mice, the capacity of 
muscle regeneration after injury was weakened 
[44]. GDF8, FGF6, and MyoD mainly act on 
muscle tissue, although no reports were found 
concerning the three factors in relation to dis-
use osteoporosis and circulating serum. In this 
study, GDF8 serum concentrations were signifi-
cantly higher in the BTX group than in the con-
trol group, at 2 weeks post-injection. However, 
by 4 and 8 weeks, levels were significantly 
lower than the control group. FGF6 and MyoD 
levels in the BTX group were significantly lower 
after 4 and 8 weeks than the control group. 
Kunihiro Sakuma et al. reported that, after 
nerve denervation in Wistar rats, GDF8 expres-
sion in fast muscle increased and FGF6 expres-
sion decreased [39]. Furthermore, expression 
of MyoD was reportedly reduced in the gastroc-
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nemius of Wistar rats after nerve denervation 
[45]. These results are consistent with present 
results. Immunohistochemistry staining show- 
ed that, in quadriceps femoris muscles, expres-
sion of GDF8 increased while MyoD and FGF6 
decreased after BTX injections. Possible 
causes of the above results were: 1) Rats used 
in this experiment were in the growth period, 
thus the muscle tissue growth and correspond-
ing myogenic factor secretions were active; 2) 
Injection of BTX to the rats was applied on one 
side of the hind limbs, other parts of the body 
may have responded in a compensatory man-
ner; and 3) Regeneration after muscle injuries 
involves multiple processes, not a single one.

To further elaborate the mechanisms underpin-
ning disuse osteoporosis, correlation between 
myogenic factors and bone mass and micro-
structure was analyzed by partial correlation 
analysis. Previous studies have shown that 
BMD is positively correlated with body weight 
and negatively correlated with age [42, 46]. 
Weight mainly includes bone mass, lean mass, 
and fat mass, with the latter two taking up 
about 95% of the whole weight [11]. To elimi-
nate the effects of age and weight, analysis 
was adjusted to account for the lean mass, fat 
mass, and age of rats. After adjusting, GDF8 
was positively correlated with Tb.Sp and SMI, 
but negatively correlated with trabecular bone 
tBMD, BV/TV, Tb.Th, Tb.N, and Ct.Th. FGF6 and 
MyoD were positively correlated with BV/TV, 
Tb.Th, Tb.N, and Ct.Th, but negatively correlat-
ed with Tb.Sp and SMI. No correlation was 
found between myogenic factors and cortical 
bone microstructure parameters. Results sug-
gest that expression of GDF8 in tissue was 
negatively correlated and FGF6 and MyoD 
expression was positively correlated with tra-
becular bone mass.

This study further analyzed the correlation 
between tissue myogenic factors (GDF8, FGF6, 
and MyoD) and serum bone turnover markers 
(CTX-I and PINP). After adjustment for lean 
mass, fat mass, and age, GDF8 was negatively 
correlated with CTX-I and PINP, while FGF6 and 
MyoD were positively correlated with CTX-I and 
PINP. Results suggest that GDF8 was negative-
ly correlated and FGF6 and MyoD were posi-
tively correlated with bone formation and 
resorption.

To further investigate if bone degeneration 
caused by muscular atrophy is regulated by 

OPG/RANKL pathways in disuse osteoporosis, 
partial correlation analysis was additionally 
adjusted by serum OPG and RANKL. Expectedly, 
correlation between myogenic factors and tra-
becular bone and cortical bone considerably 
changed. Correlation with trabecular bone was 
weakened and almost no correlation was found 
with cortical bone, suggesting that OPG/RANKL 
pathways may be involved in the regulation of 
bone mass and bone microstructural degener-
ation caused by muscle atrophy.

In summary, trabecular bone and cortical bone 
have different sensitivities to muscle atrophy. 
Specifically, trabecular degeneration occurs 
more rapidly and seriously, while degeneration 
lasts longer and the recovery is slower. 
Quadriceps GDF8 was negatively correlated 
and FGF6 and MyoD were positively correlated 
with trabecular bone mass and bone micro-
structure. OPG/RANKL pathways may be a 
potential way to regulate bone mass and bone 
microstructural degeneration caused by mus-
cle atrophy.
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