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Introduction

　Duchenne muscular dystrophy (DMD) is a hereditary 
disease characterized by progressive skeletal muscle 
degeneration and weakness, and is related to altera-
tions in a protein called dystrophin that helps to keep 
muscle cells intact [1].  Lack of the dystrophin protein 
in muscle cells causes those cells to be fragile and eas-

ily damaged.  DMD has an X-linked recessive inheri-
tance pattern and thus primarily affects boys.  DMD 
symptoms appear in early childhood and gradually 
worsen with increasing age.
　DMD brings a significantly increased risk of bone 
loss.  Patients with DMD develop osteoporosis and 
osteoporotic fractures [2].  Half these patients expe-
rience symptomatic fractures until 12.8 years of age 
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[3].  Fracture probabilities at 6, 9, 12, and 15 years 
of age are 4%, 9%, 31%, and 60%, respectively, and 
accelerate around the time of ambulation loss (mean 
age: 11.8 years) [4].  A cross-sectional study revealed 
that bone mineral density (BMD) for total body, 
spine, heel, and forearm measurements was lower in 
patients with DMD than in healthy boys and that the 
differences increased with increasing age [5].  Lower 
limb BMD is significantly correlated with lower limb 
muscle strength in boys with DMD [6].  BMD Z-score 
was lower in patients with DMD than in healthy indi-
viduals for both spine and total body.  In patients with 
DMD, spinal BMD was significantly lower in a ste-
roid-treated group than in a group that did not receive 
steroids.  However, knowledge about age-related al-
terations of bone volume and structure in patients with 
DMD is scarce.
　Murine models of DMD have been developed to in-
vestigate treatment of the disease in humans [7–10].  A 
rat model of DMD can be generated with a CRISPR/
Cas system, an RNA-based genomic engineering tech-
nique that can be adapted to rats [10, 11].  No dystro-
phin protein expression is apparent in immunoblotting 
or immunostaining analyses in any DMD-mutated 
rats.  These DMD model rats are easier to breed and 
to handle than are golden retriever muscular dystrophy 
dogs [12, 13], and they show symptoms that are more 
similar to those in mdx mice [14, 15].  Mdx mice show 
weaker muscular degeneration and gradual recovery 
of muscular degeneration, with a peak at 4–8 weeks 
after birth.  In rats, muscular degeneration continues 
to progress [10, 11].  Thus, compared with the mdx 
mouse model, the rat model of DMD shows disease 
characteristics and progression that more closely re-
semble those in human DMD.  We therefore investi-
gated bone volume and structure in mature DMD rats 
at 15 and 30 weeks of age.  To the best our knowledge, 
no publication has so far reported on bone alteration 
with aging in DMD rats.  The purpose of our study was 
to clarify the consequences of aging for bone volume 
and bone microstructure in DMD rats.

Materials and Methods

Animals
　Using a CRISPR/Cas system, DMD rats were pro-

duced by Teijin Ltd.  (Osaka, Japan) in the manner pre-
viously described [10, 11] and were provided to Koichi 
Nakazato at the Graduate School of Health and Sport 
Science, Nippon Sport Science University.  Experi-
ments using the DMD rats were carried out in the ani-
mal experimentation facility of Nippon Sport Science 
University, and all the experiments were approved by 
the Animal Experimental Committee of Nippon Sport 
Science University (no. 016-GR02).  The procedures 
complied with the policies and regulations of the 
Fundamental Guidelines for Proper Conduct of Ani-
mal Experiments and Related Activities in Academic 
Research Institutions, published by the Ministry of 
Education, Culture, Sports, Science, and Technology, 
Japan (notification no. 71, 2006).

Femoral bone samples
　Femoral bone samples were fixed in 70% ethanol 
for imaging analyses.  Six male rats each of wild type 
(WT [CLEA Japan, Tokyo, Japan]) and DMD aged 15 
weeks, and 4 male rats each of WT and DMD aged 30 
weeks, were used for analyses.

Body weight and bone length
　The body weight of the rats was measured just be-
fore euthanasia, and the length of the right femur was 
measured using digital calipers, as described previ-
ously [16].

BMD and bone microstructure
　BMD (mg/cm3) of the right femur was measured 
by dual energy X-ray absorptiometry (DXA) (DCS-
600: Aloka, Tokyo, Japan).  The distal metaphysis and 
diaphysis in the femurs were scanned by 3D micro 
computed tomography (micro-CT) (CosmoScan GX: 
Rigaku, Tokyo, Japan).  The images were obtained us-
ing these parameters: 90 kV, 88 μA, 20 μm3 voxel size.
　On the micro-CT images, the distal metaphysis re-
gion of interest was located 3.0 mm from the growth 
plate in the femur, and the diaphysis region of inter-
est was located 2.0 mm above and below the center of 
the femur length.  The histomorphometric parameters 
in the trabecular and cortical bone of the femur were 
automatically measured by an analyzing tool (TRI/3D 
BON software, RATOC System Engineering Corp., 
Tokyo, Japan).  The trabecular region was measured at 
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the distal metaphysis site to obtain the bone/tissue vol-
ume (BV/TV [%]), trabecular number (Tb.N [1/mm]), 
trabecular thickness (Tb.Th [mm]), and trabecular 
separation (Tb.Sp [mm]).  The trabecular bone micro-
structure was evaluated for connectivity density (1/
mm3) and structure model index.  The cortical region 
was measured at the diaphysis site to obtain the corti-
cal thickness (Ct.Th [mm]), the cortical/total area (Ct.
Ar/Tt.Ar [%]), the periosteal perimeter (Ps.Pm [mm]), 
and the endocortical perimeter (Ec.Pm [mm]).  The ab-
breviations are based on the recommendations of the 
American Society for Bone and Mineral Research [17] 
and the micro-CT guidelines [18].

Statistical analysis
　All results are expressed as means ± SE.  Differences 
between the WT and DMD groups were analyzed using 
the Mann-Whitney U-test and P < 0.05 was considered 
significant.  The analysis was performed using the IBM 
SPSS Statistics software application (version 22.0: 
IBM Japan, Tokyo, Japan) on a Macintosh computer.

Results

Body weight and femoral bone size
　There were significant differences in body weight 
between the WT and DMD groups at 15 and 30 
weeks, with body weight being significantly lower in 
the DMD group than in the WT group.  At 15 weeks, 
body weight in the WT group (mean ± standard error) 
was 495.9 g ± 16.7 g, and 336.5 g ± 30.2 g in the DMD 
group (P < 0.01); at 30 weeks, it was 639.8 g ± 24.3 g in 
the WT group and 470.9 g ± 15.5 g in the DMD group 
(P < 0.01).
　Femoral bone length was significantly shorter in the 
DMD group than in the WT group at 15 weeks, but not 
at 30 weeks (Table 1).  Bone length increased signifi-
cantly in both groups from 15 to 30 weeks.  The Ps.Pm 
and Ec.Pm were significantly shorter in the DMD 
group than in the WT group at 15 weeks, but not at 30 
weeks (Table 1).  The Ps.Pm increased significantly 
from 15 to 30 weeks in both groups.  From 15 to 30 
weeks, the Ec.Pm increased significantly in the DMD 
group, but not in the WT group.

Bone mineral density by DXA
　BMD was significantly lower in the DMD group 
than in the WT group at 15 weeks and 30 weeks (Fig-
ure 1).  BMD increased significantly from 15 to 30 
weeks in both groups.

Trabecular bone analysis
　Sagittal micro-CT images of the distal metaphysis 
of the femur showed a decrease in trabecular bone vol-
ume and Tb.N in the DMD group compared with the 
WT group at 15 weeks, and even more obviously at 30 
weeks (Figure 2).
　The BV/TV and Tb.N were significantly lower in 
the DMD group than in the WT group at 30 weeks, 
but not at 15 weeks (Figure 3A, B).  BV/TV and Tb.N 
increased significantly in the WT group, but not in the 
DMD group, from 15 to 30 weeks.  Tb.Th did not differ 
between the WT and DMD groups, and did not change 

Table 1.  Femoral bone size

15 weeks 30 weeks
WT DMD WT DMD

Length (mm) 38.0 ± 0.6 35.9 ± 0.3* 40.7 ± 0.5# 39.5 ± 0.6#

Ps.Pm (mm) 13.1 ± 0.2 12.3 ± 0.2* 14.5 ± 0.3# 14.0 ± 0.3#

Ec.Pm (mm) 　9.2 ± 0.3 　8.3 ± 0.3* 　9.9 ± 0.3 　9.9 ± 0.3#

WT: wild-type, DMD: Duchenne muscular dystrophy.  Ps.Pm: 
periosteal perimeter, Ec.Pm: endocortical perimeter.  Each value 
is expressed as mean ± standard error.  By Mann-Whitney U-
test: *P < 0.05 vs. WT, #P < 0.05 vs. results at 15 weeks in the 
corresponding group.  

Figure 1.  Bone mineral density of the total femur.  Re-
sults from femurs obtained from 15-week-old rats, 6 each 
wild-type (WT) and Duchenne muscular dystrophy (DMD) 
model (left panel), and from 30-week-old rats, 4 WT and 4 
DMD model (right panel).  By Mann-Whitney U-test: *P< 
0.05 vs. WT.  #P < 0.05 vs. results at 15 weeks in the cor-
responding group.  +P < 0.05 vs. results in WT rats at 15 
weeks.
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from 15 to 30 weeks in either group (Figure 3C).  At 
15 weeks, the Tb.Sp in the DMD group did not differ 
from that in the WT group, but at 30 weeks, the Tb.Sp 
was significantly greater in the DMD group than in the 
WT group (Figure 3D).  The Tb.Sp increased signifi-
cantly in the DMD group from 15 to 30 weeks, but did 
not change in the WT group.

Trabecular bone microstructure
　At 15 weeks, the connectivity density (Conn.D) and 
structure model index (SMI) did not differ between the 
WT and DMD groups; however, the Conn.D was sig-
nificantly lower and the SMI was significantly greater 
in the DMD group than in the WT group at 30 weeks 
(Figure 4).

Cortical bone analysis
　The Ct.Th and Ct.Ar/Tt.Ar did not differ between 
the WT and DMD groups at 15 and 30 weeks (Figure 
5).  The Ct.Th increased significantly from 15 to 30 
weeks in both the WT and DMD groups.  The Ct.Ar/
Tt.Ar increased significantly from 15 weeks to 30 
weeks in the WT group, but not in the DMD group.

Figure 2.  Sagittal images of distal femur by micro–
computed tomography.  Alteration in the microstructure of 
trabecular bone was observed from 15 weeks to 30 weeks 
in both the wild-type and Duchenne muscular dystrophy 
model rats.

Figure 3.  Trabecular bone volume and structure.  A: Bone volume/tissue volume (BV/TV), B: trabecular number (Tb.N), C: 
trabecular thickness (Tb.Th), and D: trabecular separation (Tb.Sp) in wild-type (WT) and Duchenne muscular dystrophy (DMD) 
model rats at 15 weeks of age (6 rats in each group) and 30 weeks of age (4 rats in each group).  By Mann-Whitney U-test: *P 
< 0.05 vs. WT.  #P < 0.05 vs. results at 15 weeks in the corresponding group.  
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Discussion

　This study clearly demonstrates that, with aging 
from 15 to 30 weeks in a rat model of DMD, trabecu-
lar bone volume and number decreased significantly, 
with deterioration of the trabecular microstructure as 
measured by connectivity density and structure model 
index.  However, cortical thickness and area did not 
differ between the WT and DMD rats.
　Although body weight was significantly lower in 
the DMD group than in the WT group at 15 and 30 
weeks, femoral length, Ps.Pm, and Ec.Pm were lower 
in the DMD group than in the WT group at 15 weeks, 
but were similar in both groups at 30 weeks.  At 30 
weeks, BMD, BV/TV, and Tb.N were significantly 
lower in the DMD group than in the WT group, with 

deterioration of the trabecular microstructure being 
evident in the DMD group.  On the other hand, with 
aging from 15 to 30 weeks, the Ps.Pm and Ec.Pm of 
the femoral diaphysis in the DMD group had caught 
up to the level seen in the WT group.  The Ct.Th and 
Ct.Ar/Tt.Ar did not differ between the WT and DMD 
groups.  Thus, the alterations in trabecular bone and 
cortical bone were quite different with aging from 15 
to 30 weeks in the two groups.
　The trabecular bone results at 30 weeks in our study 
are comparable to those observed in male mdx mice 
at 6 months of age [19].  Trabecular bone volume and 
Tb.N decreased significantly in mdx mice in compari-
son with WT mice, but Tb.Th was equal in those two 
groups.  On the other hand, cortical bone results at 30 
weeks in our study were different from those observed 

Figure 4.  Trabecular bone microstructure.  A: Connectivity density (Conn.D) and B: structure model index (SMI) in wild-
type (WT) and Duchenne muscular dystrophy (DMD) model rats at 15 weeks of age (6 rats in each group) and 30 weeks of age 
(4 rats in each group).  By Mann-Whitney U-test: *P < 0.05.

Figure 5.  Cortical thickness and area.  A: Cortical thickness (Ct.Th) and B: cortical area/total area (Ct.Ar/Tt.Ar) in wild-type 
(WT) and Duchenne muscular dystrophy (DMD) model rats at 15 weeks of age (6 rats in each group) and 30 weeks of age (4 
rats in each group).  By Mann-Whitney U-test: #P < 0.05 vs. results at 15 weeks in the corresponding group.  
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in male mdx mice at 6 months of age.  Although the 
Ct.Ar was not different in the DMD and WT rats, it 
was significantly lower in mdx mice than in WT mice.
　The precise mechanism of the reduced trabecular 
bone volume, with deteriorated microstructure, with 
aging in DMD rats remains unknown.  Given that 
muscle degeneration continues to progress in DMD 
rats such as those used in the present study [10, 11], 
weakened muscle contraction leads to less mechani-
cal stimulation to bone.  Decreased muscle function is 
known to contribute to BMD loss in patients with DMD 
[20].  Trabecular bone volume and structure might  
be more affected than cortical bone because of higher 
metabolic turnover in bone.  The serum concentration 
of interleukin 6 has also been reported to be signifi-
cantly higher in patients with DMD than in control 
participants [19].  Human primary osteoblasts from 
healthy donors incubated with 10% sera from patients 
with DMD showed decreased mineralized nodule for-
mation.  Systemic blood-borne factors, including in-
terleukin 6, act as important mediators of bone loss in 
DMD [21].  Compared with cortical bone, trabecular 
bone might be more affected by circulating factors 
because of its exposure to more abundant blood flow.  
Bone loss in DMD can be improved with exogenously 
administered bisphosphonates, which works well for 
increasing trabecular bone volume in humans [22, 23] 
and animals [24] alike.
　Dramatic loss of trabecular bone is observed after 
cessation of ambulation in patients with DMD [25].  
Research has shown that, in boys with DMD, trabec-
ular bone density was significantly lower at the me-
taphyseal radius and metaphyseal tibia than it was in 
healthy boys, but cortical bone density was similar at 
the diaphyseal radius and diaphyseal tibia.  Compared 
with healthy boys, boys with DMD had a similar di-
aphyseal cross-sectional area and diaphyseal Ct.Th.  
Differences in cortical parameters were smaller than 
differences in trabecular parameters for boys with 
DMD compared with healthy boys.  Moreover, dur-
ing long-term glucocorticoid treatment, an investi-
gation using high-resolution peripheral quantitative 
computed tomography demonstrated that trabecular 
microstructure indices at the distal radius were signifi-
cantly lower, but that cortical volumetric BMD was 
significantly higher, in boys with DMD compared with 

healthy boys [26].  The findings in the present study, 
showing a greater influence on trabecular bone than on 
cortical bone, suggest that using the rat model of DMD 
reproduces the bone pathology in patients with DMD.
　Our study had several limitations.  First, the WT and 
DMD rats had different mean body weights.  Second, 
no evaluation of muscle volume and strength, physical 
activity, or cytokine production (such as interleukin 6) 
was performed.  Third, bone dynamics such as bone 
formation and bone resorption were not clarified.  But 
despite those limitations, this study is the first to de-
scribe changes in trabecular and cortical bone at two 
age time points in DMD rats.  We believe that our 
study provides useful basic data that will contribute 
to further elucidating the unknown pathology behind 
osteoporosis in DMD.
　In conclusion, the present study clearly demon-
strates that trabecular bone volume decreased signifi-
cantly, with deterioration of trabecular microstructure, 
with age (to 30 weeks from 15 weeks) in a rat model of 
DMD.  Cortical thickness and cortical area/total area 
did not differ between WT rats and DMD rats.
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