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Abstract: Duchenne muscular dystrophy (DMD) patients have a high fracture risk and poor fracture healing. The 
dystrophin-/- (mdx) mouse is a murine model of DMD and exhibits delayed bone fracture healing. Since our research 
team has shown that adult stem cells, such as muscle-derived stem cells, display a gender difference in their osteo-
genic potential with the male cells being more osteogenic, we hypothesize that a potential gender differences may 
exist during bone healing in normal and mdx mice. To test this hypothesis, wild-type (WT) and mdx mice underwent 
tibial fracture surgery and microCT live scanning biweekly. The mice were sacrificed at 6 weeks post-surgery and 
the calluses were collected for histological analysis. To further investigate the mechanism, another two sets of mice 
were sacrificed at 10 days after fracture for RNA extraction and gene expression analysis and histology. MicroCT 
results showed, at 6 weeks post- surgery, the calluses were larger but showed less remodeling in both normal and 
mdx male mice when compared to females, at the same time point. However, females had higher callus bone vol-
ume density and an increase in osteoclast (OCs) number. At 10 days after fracture surgery, male mice had formed 
larger calluses, whereas females formed well-remodeled calluses with more osteoblasts and a greater bone area 
for both WT and mdx mice. Higher IGF-1 expression was observed in male mdx mice when compared to their female 
counterparts, whereas female WT mice had higher BMP-9 expression when compared to WT males. In conclusion, 
male mice formed larger bone calluses than females during tibial fracture healing for both WT and mdx mice. This 
may be attributed to higher IGF-1 expression, activation of Wnt/β-catennin signaling pathway and greater OB num-
bers during callus formation. Female mice achieved better bone remodeling in the regenerated bone with higher 
bone quality due to increased OC numbers that promote faster remodeling of the fracture calluses, and higher 
BMP-9 expression levels. Therefore, gender is one of many factors that need to be considered for both animal and 
human bone research.
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Introduction

Duchenne muscular dystrophy (DMD) is an 
X-linked, recessive, degenerative muscle disor-
der caused by the lack of dystrophin express- 
ion at the sarcolemma of muscle fibers. DMD 
patients develop progressive muscular weak-
ness, and cardiac and respiratory failure, whi- 
ch usually leads to premature death [1]. DMD 
patients exhibited scoliosis, osteopenia, osteo-
porosis, and decreased build-up of cortices in 
long and flat bones, resulting in an increase in 
the occurrence of fractures [2, 3]. One previous 
study reported that, of 71 DMD boys studied, 
44% overall and 67% of those over 16 had  
suffered at least one fracture [4].

Dystrophin-deficient (mdx) mice are a widely 
used mouse model for studying human DMD  
[5, 6]. This animal model exhibits myopathogen-
ic lesions characteristic of those seen in DMD 
patients [7]. The mdx mice also exhibit inferi- 
or bone quality [8]. Furthermore, it has been 
reported that fracture healing is delayed in mdx 
mice, which is caused by chronic inflammati- 
on and decreased vascularization in the early 
stage of repair [6]. 

Previous studies in our lab have shown that 
there are gender differences in the differentia-
tion potential of murine muscle-derived stem 
cell (MDSC)-mediated bone formation. Male 
MDSCs are more osteogenic and chondrogenic 
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in vitro, and regenerate more bone and carti-
lage in vivo [9-11]. In fact, we have observed 
that male MDSCs form more ectopic bone 
when stimulated with BMP4 and show improv- 
ed calavarial defect healing compared to MD- 
SCs from females, independent of the gender 
of the host or sex hormones. However, the con-
tribution of gender to fracture healing differ-
ences in normal and mdx mice has not been 
extensively studied. Therefore, the purpose of 
this study was to investigate gender differenc-
es in tibial fracture healing in normal and mdx 
mice and to identify potential mechanisms 
which might be involved in the gender differen- 
ce.

Materials and methods

Animals

Two-month-old wild type C57BL/10J (WT) and 
mdx (Dystrophin-/-) mice were purchased from 
the Jackson Laboratory and then housed and 
bred in the animal facility in the University of 
Texas Health Science Center at Houston, Hou- 
ston, Texas (UTHealth). The Institutional Animal 
Care and Use Committee of UTHealth approved 
all animal procedures (AWC 15-0073). 

Tibia fracture surgery

The tibia fracture surgery was performed ac- 
cording to a protocol previously reported with 
modifications [12]. Briefly, WT and mdx mice 
were anesthetized by 2% isoflurane, the right 
tibia was exposed and muscles were dissociat-
ed. A pilot hole was made with 0.7 mm drill burr 
in the proximal tibia distal from the growth 
plate. Then, the tibia were cut in the mid-shaft 
using a 0.7-mm drill burr, with saline irrigation 
during the drilling process to avoid overheating. 
After the tibia was broken, a sterile 28-gauge 
needle was inserted into the tibial medullary 
cavity for internal fixation through the pilot hole, 
and the broken bone ends were aligned to  
normal anatomical orientation. Buprenorphine 
(0.05 mg/kg subcutaneously) was applied for 
post-surgical analgesia at postoperative day 1 
and 3.

MicroCT scanning and analysis for fracture 
healing

The mice were anesthetized by 2% inhaled iso-
flurane and then the fracture sites were ana-
lyzed by live microCT scan via a Scanco Viva CT 

40 system (Scanco Medical, Switzerland) at 
day 1 and weeks 2, 4, and 6 post-surgery. The 
scanning parameters were 30 µm resolution, 
70 kVP and 112 µA. To analyze the fracture 
healing, 150 continuous slices (75 slices up 
and 75 slices down from the fracture site) 
(breaking point) covering the middle part of  
the newly formed bone callus were segement-
ed from the native cortical bone by manually 
drawing contours to define the view of inter- 
est of the calluses. 3D images of both the en- 
tire fractured tibia and the segmented newly 
formed bone callus were reconstructed. The 
bone microarchitectural parameters for callus 
trabecular bone, including total volume (TV), 
bone volume (BV), bone volume fraction (BV/
TV), bone volume density, trabecular number 
(Tb.N), and trabecular separation (Tb.Sp) were 
automatically generated by microCT software. 
Nomenclature followed the guidelines of the 
American Society of Bone and Mineral Rese- 
arch [13, 14]. A micro CT Gauss=0.8, Sigma= 
1, and threshold of 163 were used for all  
samples for quantification. 

Histology

The mice were sacrificed at 10 days or 6 weeks 
post-surgery, and the entire tibia was dissect-
ed. Then, tissues were fixed in 10% neutral 
buffered formalin (NBF) for 72 hrs. The fixed tis-
sues were decalcified using 10% ethylenedi-
aminete traacetic acid (EDTA) plus 1% sodium 
hydroxide for 4 weeks, the internal fixation pins 
were carefully removed, and then tissues were 
processed by dehydrating in ethanol, infiltrating 
with xylene, and paraffin-embedding. Sections 
were cut at 5-μm thickness using a microtome, 
deparaffinized using xylene, and hydrated via 
ethanol gradient and water for further histo- 
logy.

Hematoxylin and eosin (H&E) staining was per-
formed to reveal the general morphology of the 
fracture site. Herovici’s staining was used to 
measure the major bone matrix collagen type I. 
In brief, slides were deparaffinized and incubat-
ed in polychrome solution for 5 min at RT. Then, 
the slides were removed and immediately 
placed in 1% acetic acid for 2 min, rinsed with 
100% ethanol, and then dehydrated to xylene 
[15-18]. Alcian blue staining (IHC World; http://
www.ihcworld.com/_protocols/special_stains/
alcian_blue.htm) was performed to investigate 
the endochondral bone repair of the fractured 
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tibia. Cartilage formation was measured by the 
ratio of cartilage area (blue stained) over callus 
area (red stained) in each section using Image 
J software, according to the literature [19, 20].

Immunohistochemistry

For immunohistochemistry staining, after depa-
raffinization, different antigen retrieval meth-
ods were used for different primary antibodies. 
For osteocalcin and beta-catenin staining, we 
used 10 ng/ml proteinase K in Tris-EDTA buffer 
(pH=8.0) for 20 min in a 37°C water bath. For 
pSMAD5 and proliferation cell nuclear anti- 
gen (PCNA) immunohistochemistry staining, we 
used heat-mediated antigen retrieval in 10 mM 
citrate buffer (pH=6.0) in a 96°C water bath for 
20 minutes. After antigen retrieval, slides were 
washed in phosphate buffered saline (PBS, 
pH=7.4) and blocked with 5% donkey serum. 
Then, primary antibodies were applied and in- 
cubated overnight at 4°C. The primary antibod-
ies and dilutions used in this study were as fol-
lows: goat anti-mouse osteocalcin (1:50, sc23- 
790, Santa Cruz Biotechnology, Inc.), rabbit 
anti-mouse pSMAD5 (1:200, ab92698, Abcam), 
and anti-mouse β-catenin (1:500, ab16051, 
Abcam) and rabbit anti-PCNA (1:4000, ab18- 
197, Abcam). The following day, after PBS wash-
ing, slides were incubated with 0.5% H2O2 for 
30 min at room temperature (RT), then washed 
in PBS, and the corresponding secondary anti-
goat (BA-9500) or anti-rabbit (1:200, BA-1000, 
Vector Laboratories, Burlingame, CA, USA) bio-
tin-labeled antibodies was applied and incubat-
ed for 2 h at RT. After washing with PBS, each 
slide was incubated in ABC reagent (PK 7200, 
Elite ABC kits, Vector Laboratories) for 1 h at 
RT. Then, a DAB staining kit (SK-4100, Vector 
Laboratories) was used to reveal the positive 
cells (brown color). Hematoxylin (H-3404, Ve- 
ctor Laboratories) was used to counterstain the 
nuclei. Finally, each slide was hydrated through 
an ethanol gradient, cleared with xylene, and 
mounted in Cytoseal mount medium. 

Tartrate-resistant acid phosphatase (TRAP) 
staining for OCs was also performed on the 
decalcified paraffin sections using a 387A kit 
(Sigma, Milwaukee, USA) [18]. Briefly, slides 
were incubated with solution mixed with fast 
Garnet solution, acetate solution, Naphthol 
AS-BI phosphatase solution and Tartrate acid 
solution for 1 hour at 37°C, then the slides 
were counterstained for 2 min with hematoxy- 

lin and mounted with Permafluor aqueous mo- 
unt medium (TA-030-FM, Thermo-Fisher Sci- 
entific). The microscopic images were obtain- 
ed using NIKON NIS software (Nikon, Melville, 
NY, USA). 

pSMAD5 staining was used to detect BMP sig-
naling. β-catenin staining was used to reveal 
Wnt/β-catenin signaling. Osteocalcin and TRAP 
staining were performed for detection of OBs 
and OCs, respectively.

For the 6-week calluses, H&E, Herocivi’s, TRAP, 
and osteocalcin staining were performed to 
investigate the fracture healing. H&E, Alcian 
blue, Herocivi’s, osteocalcin, pSMAD5, and 
β-catenin staining were performed on the 10- 
day samples to explore the mechanisms of  
gender differences during fracture healing. To 
quantify the positive-staining cell numbers, 6-8 
200× images were taken to cover the whole 
view of the callus for 6-week calluses. For the 
10-day calluses, TRAP-positive and osteocal-
cin-positive cells were counted on the regener-
ated bone surface using Image J. The number 
of positive cells was normalized to 200× bone 
area for each sample for statistical analysis 
between groups.

RNA isolation and RT-qPCR

Total RNA was extracted from the 10-day callus 
homogenate (6 male and 6 female per group) 
using Trizol Reagent (Invitrogen, Life Techno- 
logies, Carlsbad, CA). For real-time quantitative 
RT-PCR (RT-qPCR) analysis, RNA was reverse-
transcribed to cDNA using an iScript Reverse 
Transcription Supermix for RT-qPCR kit (170- 
8841, Bio-Rad). The qPCR was carried out to 
detect expression of several osteogenic-relat-
ed gene markers using the SsoAdvanced™ 
Universal SYBR® Green Supermix (BIO-RAD) 
and using the CFX Connect™ Real-Time PCR 
Detection System (Bio-Rad, Inc., Hercules,  
CA). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as an internal control 
for each sample. Primers were designed using 
Primer 3 Input according to literature [21, 22]. 
Primer sequences are listed in Table 1. Tar- 
get gene mRNA expression was normalized to 
GAPDH expression and expressed as the fold 
change versus male group of control or mdx 
group for each experimental group.



Gender differences in mdx mouse tibial fractures

2643	 Am J Transl Res 2020;12(6):2640-2651

ality of callus when compared to that of male 
mdx mice (Figure 1E, 1F). Higher Tb.N and 
lower Tb.Sp was observed in females, which 
indicates that their calluses contain more tra-
becular bone compared to male mice (Figure 
1G, 1H). Likewise, in WT mice, males had high-
er TV and BV at 4 and 6 weeks (Figure 1C, 1D), 
while females had higher BV density at 2 and 4 
weeks (Figure 1F). However, the calluses in 
female mice demonstrated superior remodel-
ing when compared to those in male mice for 
both WT and mdx mice. 

Callus of female mice remodeled better due to 
a high number of OCs when compared to male 
mice

At 6 weeks after fracture, H&E staining showed 
that calluses of the male mice were larger, but 
mostly consisted of trabecular bone, when 
compared to female for both WT and mdx mice. 
The calluses of female mice (WT and mdx) were 
relatively smaller in size, but contained more 
cortical bone-like architecture than those of 
male mice (Figure 2A). Consequently, the cor- 
tical bone in calluses in male groups was thin-
ner than in the female groups for both WT and 
mdx mice as revealed by Herovici’s staining 
(Figure 2B). TRAP staining indicated more 
TRAP-positive OCs in the calluses of female  
WT and mdx mice than their male counter- 
parts (Figure 2C, 2E). No gender differences 
were found in the number of osteocalcin-posi-
tive OBs in WT and mdx mice.

Male mice formed larger calluses but female 
mice showed faster bone formation

At 10 days after fracture, similar to findings at 6 
weeks, H&E staining demonstrated that, in 
both WT and mdx mice, male mice always had 

Table 1. Primer information 
Gene Names Accession numbers Forward primers (5’-3’) Reverse Primers (5’-3’) Product size (bp)
IGF1 NM_010512.5 tggatgctcttcagttcgtg gcaacactcatccacaatgc 173
IGF2 NM_010514.3 gtcgatgttggtgcttctca aagcagcactcttccacgat 185
OSX AF184902 actcatccctatggctcgtg ggtagggagctgggttaagg 238
ALP BC065175 gctgatcattcccacgtttt ctgggcctggtagttgttgt 204
BMP2 BC100344.1 tgcaccaagatgaacacagc gtgccacgatccagtcattc 201
BMP4 BC052846 ggttcctggacacctcatca ctgattctgacatgctggcc 195
BMP6 BC138593 tctacaacgccctgtccaat tgtcgttgatgtggggagaa 283
BMP7 BC010771 cccagaacaagcaacccttc tggtcactgctgctgttttc 169
BMP9 AF188286 gacagtgagacttgggacca ctggtctccttggtcccatt 275

Statistical analysis

All values are expressed as the mean ± stan-
dard deviation (SD). The Student’s t-test was 
used to determine differences between two 
groups. P<0.05 was considered statistically 
significant. For the data that had high standard 
deviations, the Wilcoxon Rank sum non-para-
metric test was utilized by ranking the values  
of all groups and referring the Wilcoxon rank 
sum table according to each group’s sample 
number. If the sum is larger than the upper tail 
or smaller than the lower tail probability value 
(0.05 or less), they are considered statistically 
different. 

Results

Male mice formed larger bone callus with low-
er density when compared to female mice

3D microCT images showed that fracture sites 
were almost healed at 6 weeks after surgery in 
WT and mdx mice independent of the gender. 
The fractures in female mice healed faster and 
remodeled better compared to males for both 
WT and mdx mice (Figure 1A). The microCT 3D 
images showed that, while the calluses in 
males were larger in size, the newly regenerat-
ed bone was thin and sparse when compared 
to that of female mice. Conversely, the bone 
calluses in female mice were thicker and dens-
er compared to the calluses in male mice for 
both WT and mdx mice (Figure 1B). MicroCT 
quantification indicated the male mdx mice  
had higher total volume (TV) at all time points 
(Figure 1C) and higher bone volume (BV) at 6 
weeks (Figure 1D), which means larger callus 
size than female mdx mice. However, the 
female mdx mice had a higher BV/TV ratio and 
density at all time points, indicating better qu- 
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larger calluses, which consisted of mainly tra-
becular bone surrounding the broken native 
bone. The soft callus showed light blue stain- 
ing while native bone showed red staining. The 
broken ends of the bone were not connected 

male mice (Figure 4C, 4D). We investigated the 
BMP/pSMAD signaling pathway by performing 
pSMAD 5 staining. No gender differences were 
found for the numbers of pSMAD5-positive 
cells in both WT and mdx mice (Figure 4E, 4F). 

Figure 1. MicroCT 3D images and quantification of tibial fracture healing of 
male and female wild-type (WT) and mdx mice at different time points after 
injury. A. MicroCT 3D images showed the tibial fractures in female mice 
healed faster and remodeled better compared to males for both WT and 
mdx mice at all time points. B. MicroCT 3D images of calluses showed that 
the calluses in males were larger in size with lower density, while the cal-
luses in female mice were smaller but with higher density for both WT and 
mdx mice at all time points. C. MicroCT quantification indicated the male 
mdx mice had higher total volume (TV) at all time points while male normal 
and mdx mice showed significantly bigger calluses at 4 and 6 weeks after 
surgery. D. The male mdx mice had higher bone volume (BV) at 6 weeks. 
E. The male mdx mice had lower BV/TV ratio at all time points. F. The male 
mdx mice had lower density at all time points. G. The male mdx mice had 
lower trabecular number (Tb.N) at all time points. H. The male mdx mice 
showed higher trabecular separation (Tb.Sp) at all time points. *P<0.05, 
**P<0.01, ***P<0.001.

yet for both male and female 
mice (Figure 3A). Herovici’s 
staining showed red bone 
matrices formed surrounding 
the broken end of the tibia in 
both groups at the 10-day time 
point, but the female mice 
showed more trabecular bone 
(red color) than male mice in 
both WT and mdx mice (Figure 
3B). Alcian blue staining sh- 
owed endochondral bone for-
mation in both groups inde- 
pendent of gender. The callus-
es from WT male contained a 
higher percentage of mesen-
chyme, while the calluses from 
the female counterparts con-
tained a lower percentage of 
bone. In mdx mice, the percent-
age of cartilage was smaller  
in the calluses of female mice 
than those of male mice, while 
no differences were found for 
the percentage of bone and 
mesenchyme in female mdx 
mice compared to male mdx 
mice (Figure 3C, 3D). 

The Wnt/β-catenin signaling 
pathway was upregulated 
which contributed to the higher 
number of OBs 

We further investigated what 
signaling pathways contributed 
to the gender difference. We 
found, more OBs in the callus-
es of male mice compared to 
those of females in WT and 
mdx mice in 10-day calluses 
(Figure 4A, 4B). More β-caten- 
in-positive cells (activated non-
phosphorylated form) were al- 
so detected in the male WT  
and mdx mice, indicating a 
higher level of activation of the 
Wnt/β-catenin signaling path-
way during callus formation in 
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No difference with cell proliferation between 
male and female mice for either WT or mdx 
mice

We further performed PCNA immunohistoch- 
emistry staining to investigate cell proliferation 
for 10 days tibia fracture tissues. We quantified 
the PCNA positive cells for bone area and carti-
lage area in the calluses. We found a trend of 
increase of PCNA positive cells in the bone area 
of WT female mice than the male mice (P= 
0.062), but not reach statisitical difference 
(Figure 5A, 5C). No statisitical difference was 
detected for the number of PCNA positive cells 
between mdx male and female mice. We also 
found no significant differences of the number 

faster rate with a more complete remodelling 
when compared to their male counterparts in 
both WT and mdx groups. This was revealed by 
higher BV/TV ratio, density, and Tb.N as mea-
sured by microCT analyses. Male mice exhibit-
ed larger callus size with higher TV and BV val-
ues than their female counterparts in both WT 
and mdx mice at 4 and 6 weeks after fracture. 
At 6 weeks after fracture, histology revealed 
that, although male mice (both WT and mdx) 
had larger calluses, the female calluses had 
thicker cortical bone, which showed superior 
remodeling and increased bone matrix collagen 
I expression. The improved remodeling of bone 
calluses in female mice may be attributed to 
more OCs generated during fracture healing. 

Figure 2. Histology of tibial fracture healing of male and female wild-type (WT) 
and mdx mice at 6 weeks after surgery. A. Hematoxylin and eosin (H&E) staining 
showed that calluses of the males were composed mostly of trabecular bone 
whereas, the female groups had already formed cortical bone-like architecture. 
B. Herovici’s staining showed the formation of bone matrix collagen I (red color). 
The collagen I-positive bone calluses were smaller in female mice than male 
mice in both the WT and mdx groups. The cortical bone in the male groups was 
thinner than in the female groups, both in the WT and mdx mice. C, E. TRAP 
staining for osteoclasts (OC) and quantification at 6 weeks after surgery. More 
OCs were observed in calluses of female mice than in male mice in both the WT 
and mdx mice. D, F. Osteocalcin staining for osteoblasts and quantification at 6 
weeks after fracture. No gender differences were found in osteoblasts (OBs) in 
WT and mdx mice. *P<0.05, **P<0.01.

of PCNA positive cells 
between male and female 
mice for either WT or mdx 
mice in the cartilage area 
(Figure 5B, 5C). 

Male mice showed relative 
Higher IGF-1 expression, 
while females mice had 
higher BMP-9 level during 
fracture healing

Next, we performed RT- 
qPCR for osteogenic relat-
ed genes for 10 days frac-
ture calluses. RT-qPCR re- 
sults demonstrated higher 
IGF-1 expression in callus-
es of male mdx mice, while 
females demonstrated hi- 
gher BMP-9 expression in 
WT mice. No gender differ-
ences were found for IGF-
2, OSX, ALP, and BMP 2, 4, 
6, and 7 expression levels 
in either WT or mdx mice 
(Figure 6). 

Discussion

In this study, we found that 
both male and female WT 
and mdx mice achieved 
almost complete healing 
at the fracture site by 6 
weeks after injury. During 
the fracture healing pro-
cess, the bone callus for-
mation in female mice at a 
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No gender differences were found in OB num-
bers in the bone fracture at 6 weeks post-injury 
for either WT or mdx mice. The gender differ-
ences between males and females were not 
attributed to cells proliferation during fracture 
healing. 

Fracture repair requires the mobilization and 
involvement of multiple cell types and signaling 
pathways at the injury site [23]. Long-bone frac-
ture repair occurs through a process of endo-
chondral ossification. Initiation of the fracture 
healing process involves recruitment of mesen-
chymal progenitor cells, especially from the 
periosteum, to the injury site and differentia-
tion. Cells undergo chondrogenesis, connecting 
the gap between the injured bone with a soft 
callus composed of cartilaginous matrix. After 

inferior fracture healing compared to male rats 
in a femur gap model, which was associated 
with decreased bone marrow colony-forming 
units [26]. The discrepancy between this pre- 
vious study and ours might be related to the 
fact that we used a different species or animals 
of different ages [26]. 

The initiation of bone fracture repair requires 
differentiation of MSCs into an osteochondral 
lineage, a process which is tightly regulated by 
canonical Wnt/β-catenin signaling [27, 28]. In 
our study, we found more β-catenin-positive 
cells in the bone fracture area of male mice at 
10 days post-injury in both normal mice and 
mdx mice compared to females at that time 
point, which might explain why males formed 
larger calluses. This finding also correlates with 

Figure 3. Histology of tibial fracture healing at 10 days after surgery. A. Hematox-
ylin and eosin (H&E) staining showed the formation of calluses in each group. Fe-
male mice had smaller calluses than male mice, and none of the fractures were 
healed at this time point. B. Herovici’s staining showed bony calluses (red color) 
in each group surrounding the broken native cortical bone, and female calluses 
appeared to have more trabecular bone formed, which indicated a faster healing 
process than in male mice (red arrows). C, D. Alcian blue staining and quantifica-
tion. Female mice appeared to exhibit smaller cartilage areas (blue matrix) than 
male mice in both wild-type (WT) and mdx groups. The calluses of WT female 
mice showed higher bone percentages and lower mesenchyme percentages 
than those of male mice, which indicated a faster bone healing process. The 
calluses of female mdx mice exhibited lower cartilage percentages than those of 
male mdx mice. No differences were found for bone and mesenchyme percent-
ages between male and female mdx mice. *P<0.05, **P<0.01. 

hypertrophy of the chon-
drocytes and calcification 
of the cartilage callus, os- 
teoprogenitor cells are re- 
cruited to the callus site, 
resulting in osteoblastic 
differentiation and miner-
alization onto the calcifi- 
ed cartilage. The process 
of calcified cartilage remo- 
deling and replacement of 
the soft callus with bony 
callus, results in comple- 
tely new bone tissue that 
mimics the structure, fea-
tures, and components pr- 
ior to injury [24, 25]. 

To determine potential me- 
chanisms of gender differ-
ences of fracture healing, 
we sacrificed mice at an 
early stage (10 days) of 
callus formation post-inju-
ry, and found that female 
calluses contained a high-
er percentage of bone tis-
sue, which indicates a fa- 
ster transformation from 
cartilage to bone. By con-
trast, a lower percentage 
of mesenchyme was de- 
tected in the callus of fe- 
male mice. However, our 
results contradict a pre- 
vious study that demon-
strated female rats had 
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Figure 4. Immunohistochemistry of tibial fracture tissues at 10 days after surgery. A, B. Osteocalcin staining and quantification at 10 days after surgery. Fewer 
osteocalcin-positive osteoblasts (OBs) were detected in the female wild-type (WT) and dystrophic (mdx) mice than in their male counterparts. C, D. β-catenin staining 
and quantification. Fewer β-catenin-positive cells were detected in the female WT and mdx mice than in the male WT and mdx mice. E, F. pSMAD5 staining and quan-
tification. No significant gender differences were observed in the number of pSMAD5-positive cells in either WT or mdx mice. *P<0.05, **P<0.01, ***P<0.001.



Gender differences in mdx mouse tibial fractures

2648	 Am J Transl Res 2020;12(6):2640-2651

more OBs in the male calluses, at this early 
time point post-injury. Previous studies have 
demonstrated the significance of canonical 
Wnt/β-catenin signaling in osteogenesis and 
chondrogenesis by emphasizing that precise le- 
vels of β-catenin stabilization are required du- 

etal development and repair [33]. However, no 
gender differences in numbers of pSMAD5-
positive cells were found in both WT and mdx 
mice, which indicates pSMAD5-BMP signaling 
may not play a key role in the gender differenc-
es in normal and mdx mice bone healing. 

It is known that the BMP/pSMAD5 signaling 
pathway is critical for all bone fracture healing 
[34]. BMP-9 has been shown to be one of the 
most potent BMPs in inducing osteogenic dif-
ferentiation and bone formation of MSCs in 
vitro and in vivo [35, 36]. In this study, we 
detected higher BMP-9 expression in WT 
female 10-day calluses when compared to 
male WT mice. Female mdx mice also exhibit- 
ed relatively higher BMP9 expression levels in 
fracture calluses at 10 days post-surgery. It  
has recently been shown in a study character-
izing circulating BMPs in patients who have 
demonstrated normal or delayed fracture heal-
ing, that circulating BMP concentrations were 
not significantly different between the groups 
[37]. However, they inferred that increased cir-
culating BMP-9 levels seem to be associated 
with faster fracture healing [37]. Thus, the cor-
relation between BMP-9 levels and fracture 
healing needs to be further investigated to elu-

Figure 5. Immunohistochemistry staining of cell proliferation marker PCNA at 
10 days post-fracture. A. PCNA staining of the callus bone area for 4 different 
groups. Brown color showed PCNA positive cells. Insets are the enlarged box area 
in each image. B. PCNA staining of callus cartilage area for 4 different groups. 
Brown color showed PNCA positive cells. Insets are the enlarged box area in each 
image. C. Quantification of PCNA positive cells in the bone and cartilage area of 
tibia fracuture calluses. No statistical difference was found between male and 
female mice for WT and mdx mice groups for either bone or cartilage area. Scale 
bar=100 µm for all images. 

Figure 6. RT-qPCR to measure expression of osteo-
genesis-related genes in the calluses at 10 days 
after fracture surgery in male and female wild-type 
(WT) and mdx mice. Significantly higher IGF-1 expres-
sion was detected in male compared to female mdx 
mice. IGF-2 also showed trends of elevation in male 
mice compared to female mice in both WT and mdx 
groups. In addition, female WT mice showed signifi-
cant higher BMP-9 expression compared to male WT 
mice. No statistically significant gender differences 
were found for other genes. *P<0.05, **P<0.01.

ring different stages of 
MSC differentiation towa- 
rd the osteochondral lin-
eage [29-31]. Furthermo- 
re, inhibition of the Wnt/ 
β-catenin signaling path-
way delays fracture union, 
which is associated with 
decreased cartilage for-
mation, cartilage hypotro-
phy and, bone formation 
[32]. These results tak- 
en together suggest that 
gender differences in the 
canonical Wnt/β-catenin 
signaling pathway could 
explain the corresponding 
differences in callus for- 
mation. 

Bone morphogenetic pro-
teins (BMPs) were named 
for their ability to induce 
bone and cartilage forma-
tion and they play critical 
roles in cartilage and bo- 
ne formation during skel-
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cidate a role in the differential bone healing 
process between genders.

Interestingly, we found both WT and mdx fe- 
male mice had relatively higher expression of 
osterix (OSX), a key transcription factor of os- 
teogenic differentiation (P=0.066), which has 
been demonstrated playing an important role 
in mediating endochondral ossification during 
fracture repair [38]. The relatively higher OSX 
expression in female mice may indicate faster 
osteogenic differentiation, which correlated wi- 
th better bone quality (BV/TV) in female mice. 

Furthermore, we found IGF-1 expression was 
upregulated in male mdx mice when compared 
to their female counterparts which may play a 
role in the larger callus observed in these male 
mice. IGF-1 expression was also increased in 
WT male mice when compared to their female 
counterpart although the difference was not 
significant. IGF-1 is the most abundant growth 
factor stored in bone matrix, and is involved in 
both bone development and remodeling [39]. 
Impairment of the growth hormone (GH)/IGF-1 
axis affects the quality of fracture healing, indi-
cating it plays an important role in fracture 
healing [40]. Lower concentration of serum 
IGF-1 was detected in non-union groups of tr- 
auma patients compared with union groups 
[40]. IGF-1 is involved in cell proliferation and 
differentiation of mesenchymal cells, perioste-
al cells, OBs, and chondrocytes during fracture 
healing [41]. Evidence accumulates on the 
communication between these cells, which are 
biologically tightly connected to fracture heal-
ing. It has been proven that IGF-1 can regu- 
late proliferation, differentiation, and survival 
of OBs, as well as bone matrix synthesis, whi- 
ch promote fracture repair [41-43]. 

One of the limitations of the current study is 
that the conclusion was based on relatively 
young mice (2-month-old). Additional studies 
would be needed to determine whether this 
gender difference in fracture repair is also 
observed in aged/old mice, and increasing our 
understanding of the effect of age on bone 
healing [44]. Another limitation is that the RT- 
qPCR showed a very high standard deviation 
for the 10-day post-fracture calluses. The in- 
complete removal of the surrounding tissues, 
such as skeletal muscle, may have contribut- 
ed to this high variability. Despite these limita-
tions, our findings confirm gender differences 
during fracture healing in WT and mdx mice.

Conclusions 

Male mice formed larger bone calluses during 
tibial fracture healing in WT and mdx mice, 
which may be attributed to higher IGF-1 expres-
sion, higher activation of Wnt/β-catenin signal-
ing pathway and greater OB numbers during 
callus formation. Female mice achieved better 
morphology in the healed fractured bone with 
higher bone quality due to the greater number 
of OCs increased bone remodeling and higher 
BMP-9 expression levels. These results further 
validate that gender is one of many variables 
that needs to be considered in animal and 
human studies for bone research.
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