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Delayed bone regeneration is linked to chronic inflammation in
murine muscular dystrophy

Rana Abou-Khalil, PhDa,1, Frank Yang, BSb,1, Marie Mortreux, MSb, Shirley Lieu, BSb, Yan-
Yiu Yu, PhDb, Maud Wurmser, BSb, Catia Pereira, BSa, Frédéric Relaix, PhDc, Theodore
Miclau, MDb, Ralph S. Marcucio, PhDb, and Céline Colnot, PhDa,d

aINSERM U781, Université Paris Descartes-Sorbonne Paris Cité, Institut Imagine, Hôpital Necker
Enfants Malades, Paris, France
bDepartment of Orthopaedic Surgery, University of California at San Francisco, San Francisco,
USA
cINSERM, UMR-S 787, UPMC Paris VI, Institut de Myologie, Faculté de Médecine Pitié-
Salpétrière, Paris, France

Abstract
Duchenne muscular dystrophy (DMD) patients exhibit skeletal muscle weakness with continuous
cycles of muscle fiber degeneration/regeneration, chronic inflammation, low bone mineral density
and increased risks of fracture. Fragility fractures and associated complications are considered as a
consequence of the osteoporotic condition in these patients. Here, we aimed to establish the
relationship between muscular dystrophy and fracture healing by assessing bone regeneration in
mdx mice, a model of DMD with absence of osteoporosis. Our results illustrate that muscle
defects in mdx mice impact the process of bone regeneration at various levels. In mdx fracture
calluses, both cartilage and bone deposition were delayed followed by a delay in cartilage and
bone remodeling. Vascularization of mdx fracture calluses was also decreased during the early
stages of repair. Dystrophic muscles are known to contain elevated numbers of macrophages
contributing to muscle degeneration. Accordingly, we observed increased macrophage recruitment
in the mdx fracture calluses and abnormal macrophage accumulation throughout the process of
bone regeneration. These changes in the inflammatory environment subsequently had an impact
on the recruitment of osteoclasts and the remodeling phase of repair. Further damage to the mdx
muscles, using a novel model of muscle trauma, amplified both the chronic inflammatory response
and the delay in bone regeneration. In addition, PLX3397 treatment of mdx mice, a cFMS
inhibitor in monocytes, partially rescued the bone repair defect through increasing cartilage
deposition and decreasing macrophage number. In conclusion, chronic inflammation in mdx mice
contributes to the fracture healing delay and is associated with a decrease in angiogenesis and a
transient delay in osteoclast recruitment. By revealing the role of dystrophic muscle in regulating
the inflammatory response during bone repair, our results emphasize the implication of muscle in
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the normal bone repair process and may lead to improved treatment of fragility fractures in DMD
patients.

Keywords
Bone; regeneration; chronic inflammation; macrophage; cartilage; muscle regeneration; muscular
dystrophy; angiogenesis; osteoclastogenesis

Introduction
Many clinical and experimental observations suggest that skeletal muscle plays a role in
bone regeneration. Open fractures associated with soft tissue damage and caused by severe
trauma have a high incidence of non-union (1). Also, soft tissue grafting such as muscle or
fasciocutaneous flaps, is known to be beneficial for the treatment of open fractures (2).
Intact muscle around the bone is key to bone repair (2–4). Yet, it is not clear whether the
muscle vasculature, the inflammatory cells or other muscle components support bone repair.
Bone regeneration involves numerous molecular pathways and cell types that may come
from various sources including muscle (5–11). The inflammatory response following injury
is essential to initiate the regenerative process and can be triggered by bone tissue damage as
well as damage to the vasculature and muscle. Inflammation is important for callus
formation and for the subsequent phases of healing during cartilage/ bone deposition and
callus remodeling (12–15). The extent of injury to bone and adjacent muscle can therefore
impact the inflammatory response and the overall healing process leading to delayed
consolidation. Perturbations in the normal phases of repair can also be caused by age,
chronic inflammation and other pathological conditions (16).

In Duchenne muscular dystrophy (DMD) patients, who lack the dystrophin gene, fractures
often occur following minimal trauma. This muscular dystrophy is characterized by chronic
muscle tissue damage that is associated with numerous centrally nucleated fibers and
continuous cycles of myofiber degeneration/necrosis and regeneration. This genetic disease
primarily affects the assembly of muscle fibers leading to the exhaustion of the pool of
muscle-resident stem cells or satellite cells. Initially, satellite cells increase in activation and
efficiently regenerate the dystrophic muscle, to likely compensate for the defects (17–19).
Subsequently, the pathologic environment of DMD muscles leads to chronic inflammation,
fibrosis, fat infiltration and impaired vasoregulation. This pathologic environment prompts a
non-permissive satellite cell-mediated regeneration, resulting in a complete loss of muscle
function (17–19). DMD patients also exhibit bone defects with reduced bone mass, higher
bone resorption and increased susceptibility to bone fracture (20–23). The loss of bone
density is primarily due to loss of ambulation and is sharpened with the progression of the
disease (23–27). Although fractures in DMD patients generally heal, it is not clear whether
healing complications are mainly associated with osteoporosis or possibly related to the
muscular disorder and skeletal muscle weakness. In this study, we aimed to determine the
association between muscular dystrophy and bone healing independent of osteoporosis. We
used the mdx mouse model of human DMD pathology. The muscle regenerative capacities
of mdx mice only decline at very advanced age, but they exhibit increased inflammation and
numerous centrally-nucleated fibers as early as 21 days of life. By 3 months of age, all of the
muscle fibers are centro-nucleated and associated with repeated cycles of degeneration and
regeneration (28–31). Like DMD patients, mdx mice show low bone mineral density and
reduced mechanical resistance with osteopenia but do not exhibit osteoporosis or
spontaneous fractures (20–22, 32). The reduced bone quality may be directly or indirectly
related to the lack of dystrophin and muscle weakness or unknown intrinsic factors.
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However, it is still unknown whether a continuously regenerative muscle could affect bone
quality and bone regeneration.

To functionally address the effects of muscle degeneration on bone repair, we assessed the
bone regenerative capacities of mdx mice and showed a delay in fracture healing associated
with increased macrophage recruitment and, decreased angiogenesis and osteoclastogenesis.
Severe damage to the muscle at the time of fracture amplified the state of chronic
inflammation and further delayed bone regeneration, while inhibition of macrophages
improved bone regeneration in mdx mice.

Materials and Methods
Animals

C57BL/10ScNj and mdx (C57BL/10ScSn-Dmdmdx/J X-linked dystrophin gene) mice were
obtained from Jackson Laboratory (Bar Harbor, ME). Animals were bred and all procedures
were conducted according to the UCSF Institutional Animal Care and Use Committee.
Three-month-old mdx males and age-matched wild type C57 BL/10 mice were used to
conduct all experiments.

Non-stabilized fractures
Mdx and wild type males were anesthetized with an intraperitoneal injection of a 1:1
solution of 50mg/ml ketamine and 0.5mg/ml dexmedetomidine (50mg/kg body weight). A
non-stabilized tibial fracture was created in the mid-diaphysis of the right tibia via three-
point bending as previously described in Colnot et al. (14). Briefly, the tibia was placed on
the fracture jig, and a 500g weight was dropped from 3.5 cm to create the fracture. Mice
were revived with an intraperitoneal injection of 5mg/ml atipamezole (50mg/kg body
weight) and were then monitored for signs of physical discomfort following a subcutaneous
injection of 0.03mg/ml buprenorphine (0.05mg/kg body weight).

Non-stabilized fractures and muscle injuries
Closed fractures were induced via three-point bending as described above. Just prior to
fracture, the muscles adjacent to the tibia were placed on the fracture jig, and the weight was
dropped from 3.5 cm to induce 3 impacts distributed equally along the muscle. Mice were
revived and monitored closely until sacrifice as described above. Longitudinal sections and
hematoxylin and eosin (H&E) staining were performed to visualize centro-nucleated fibers
and muscle regeneration. Transversal sections and hematoxylin and eosin (H&E) staining
were also performed to assess muscle regeneration in wild type mice (n=3). Normal and
centro-nucleated regenerating myofibers were quantified using ImageJ (National Institutes
of Health, USA) (33).

Histological and histomorphometric analyses
Mice were sacrificed by cervical dislocation following an overdose intraperitoneal injection
of 4% tribromoethanol and callus tissues were collected at days 5, 7, 14, 21 and 28 days
post-fracture (n=5 or 6 per group). Samples were fixed in 4% paraformaldehyde overnight,
decalcified in 19% EDTA (pH 7.4) for 14 days at 4°C and, subsequently, embedded in
paraffin. Serial 10µm longitudinal sections were collected throughout the entire callus tissue
using a Leica microtome (Leica Microsystems GmbH, Wetzler, Germany). To compare
fracture repair rates between mdx and wild type mice, histomorphometric analyses of total
callus, cartilage, and trabecular bone volumes were performed via Adobe Photoshop as
previously described in Colnot et. al. (14) and Lu et. al. (34). A minimum of seven
equidistant sections spaced at 300 µm apart throughout the callus was evaluated. To
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visualize cartilage within each callus, every tenth section was stained with Safranin-O/Fast
Green, which stains cartilage as red and all other tissues as green. To visualize trabecular
bone within each callus, adjacent sections were stained with modified Milligan’s Trichrome,
which stains trabecular and cortical bone as blue and soft tissues as red. Images of stained
sections were captured using a Leica DM 5000 B light microscope (Leica Microsystems
GmbH, Wetzler, Germany) with an attached high-resolution digital c-mount camera
(Diagnostic Instruments, Inc., Sterling Heights, MI). The number of pixels comprising each
tissue was used to estimate area. Callus area was determined by selecting all pixels within
the callus excluding cortical bone and bone marrow compartments. Cartilage area was
determined by selecting all pixels stained by Safranin-O. Trabecular bone area was
determined by selecting all pixels stained as blue after modified Milligan’s Trichrome and
then deselecting those within cortical bone. The total area of the callus, cartilage, and
trabecular bone in mm2 was determined by dividing the total pixels by the numeric value of
pixels/mm2, which was found using a 1mm scale bar. The total volumes of the callus,
cartilage, and trabecular bone were calculated in mm3 using the equation for a conical

frustum and Cavalieri’s Principle:  was the
distance between sections and equal to 300 µm, n was the total number of sections analyzed
for each callus sample, Ai and Ai+1 were the areas of callus, cartilage, or bone in sequential
sections.

PLX3397 treatment
Mdx mice were fed with PLX3397 chow (provided by Plexxikon Inc., Berkeley, CA) or
control diet for 7 days prior to non-stabilized fracture and throughout the fracture healing
process (n=5 or 6 per group). Samples were harvested 7 days post-fracture and processed for
histomorphometric analyses as described above.

Antibodies
Affinity-purified rat anti-mouse CD31/PECAM antibody was purchased from BD
Pharmingen (San Diego, CA) to detect endothelial cells. Affinity-purified rat anti-mouse
F4/80 antibody was purchased from eBioscience (San Diego, CA) to detect macrophages.

Immunohistochemistry and TRAP staining
Immunohistochemistry staining was performed for each antibody on slides prepared from
sections located 300µm apart throughout the callus. After deparaffinization and rehydration,
sections were washed with 0.3% Triton X-100 in PBS 1X. Sections were subsequently
treated with 10 µg/mL proteinase K at 37°C for retrieval of antigenicity. Endogenous
peroxidase activity and non-specific binding sites were blocked by incubating the sections in
0.3% H2O2 in PBS 1X and 5% goat serum in PBS 1X, respectively. Sections were then
incubated with diluted primary antibody in 5% goat serum (1:100) at 4°C overnight.
Sections were next incubated with diluted biotinylated anti-rat secondary antibody (BD
Pharmingen, San Diego, CA) in 5% goat serum (1:250). Subsequently, sections were
incubated with avidin/biotin enzyme complex (Vector Laboratories, Inc., Burlingame, CA)
in PBS 1X. Staining was detected using diaminobenzidine, and the tissue was counterstained
with 0.1% Fast Green. On adjacent sections, tartrate resistant acid phosphatase (TRAP)
staining was performed to detect osteoclasts using a leukocyte acid phosphatase kit (Sigma,
St. Louis, MO).

Image analysis and stereology
PECAM+ endothelial cells, F4/80+ macrophages, and TRAP+ osteoclasts in callus tissues
were quantified via stereology as previously described in (35–39). Equidistant sections
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spaced at 300 µm apart were evaluated using an Olympus CAST system (Olympus, Center
Valley, PA) and software by Visiopharm (Visiopharm, Hørsholm, Denmark)(n=5 or 6 per
group). To compare vascular functionality between mdx and wild type mice, the outer
surface area of endothelial cells within the callus was estimated by analyzing surface density
(Sv). The fracture callus was outlined using low magnification (20x) to restrict sampling to
the callus area. Surface density was determined under high magnification (200x) using a
count frame probe that covered 50% of the area within a field of view. High-magnification
fields that covered a minimum of 20% of the callus area were systematically acquired using
uniform random sampling. A minimum of 200 total high-magnification fields per sample
was evaluated to ensure accuracy. Randomly oriented line probes with points were then
applied to each count frame probe. The line probes with points that fell onto callus tissue ()
and the number of intersections (i) between the outer surfaces of endothelial cells and the
line probes within the count frame probes were quantified. Using this configuration, the
length per line probe (1/p1) was 44.41 µm, the spacing of the line probes was 131.85 µm,
and the area per count frame probe was 45903.95 µm. The estimated surface density was
calculated as followed: Sv = 2 * Σ (i)/[(1/p1) * Σ (p1)].

To compare the inflammatory response and bone remodeling activity, the populations of
macrophages and osteoclasts within the callus were estimated by analyzing numerical
density (Nv). The fracture callus was outlined and sampling was restricted as described
above. Numerical density was determined under high magnification (200x) using a count
frame probe that covered 50% of the area within a field of view. High-magnification fields
that covered a minimum of 20% of the callus area were systematically acquired using
uniform random sampling. A minimum of 200 total high-magnification fields per sample
was evaluated to ensure accuracy. Frame-associated point probes were then applied to each
count frame probe. The number of point probes that fell onto callus tissue and the number of
macrophages or osteoclasts within the count frame probes were quantified. Using this
configuration, the area per count frame probe was 23420.38 µm and the dissector height
between evaluated sections was 300 µm. The estimated numerical density was calculated as
followed: Nv = Σ(q)/[(a/f) * (h) * Σ(p2)].

Real-time RT-PCR
Non-stabilized tibial fractures were created as described above. Mice were sacrificed as
described above at days 7 and 14 post-fracture (n=3 per group). Following removal of
surrounding skin, callus tissues and all adjacent tissues located 0.5 cm distal and proximal to
the callus boundaries were collected. RNA was extracted from the tissues using Trizol
reagent (Life Technologies, Carlsbad, CA), and the quantity of extracted RNA was
confirmed using a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific,
Wilmington, DE). Commercially available primers (Table 1) were purchased from Qiagen
(Germantown, MD). cDNA synthesis was performed using an iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA). Real-time PCR was performed using a QuantiTect SYBR Green
PCR Kit (Qiagen, Germantown, MD) and detected using a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA). GAPDH was used as an internal control for all
genes.

Statistical analyses
A minimum of 5 samples (3 samples for gene expression analyses) was used for each group.
Statistical significance was calculated with GraphPad Prism v6.0a. Unpaired Student's t-test,
One-way and Two-way ANOVA were used for statistical analyses. In all experiments, p
values <0.05 were considered significant.
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Results
Delayed fracture repair in a murine model of muscular dystrophy

In order to assess the effects of muscular dystrophy on bone regeneration, non-stabilized
tibial fractures were induced in wild type and mdx mice. At 7 days post-fracture,
histomorphometric analyses showed that cartilage and bone volumes were significantly
decreased in the callus of mdx compared to wild type mice, while callus size was not
affected (Fig1A–C). The proportions of cartilage and bone within the callus were also
significantly decreased in mdx mice compared to wild type mice (data not shown, p<0.01
and p<0.05, respectively). At 14 days post-fracture, cartilage matrix is actively resorbed
(14). In wild type mice, no significant difference in cartilage volume was detected between
day 7 and day 14 of bone regeneration (Fig1A). In mdx mice, we observed a significant
increase in total cartilage volume at day 14 compared to day 7 (Fig1A), indicating a delay in
cartilage remodeling. ANOVA analyses throughout the entire healing process confirmed the
delay in cartilage remodeling (p<0.0001). By day 14, bone deposition normally parallels
cartilage resorption. A significant decrease in total bone volume was observed in mdx
calluses compared to wild type, although callus sizes were comparable (Fig1B–C). By day
21, the cartilage was almost completely resorbed in the callus of both wild type and mdx
mice (Fig1A). Day 21 is marked by active bone remodeling as shown by a significant
decrease in callus and bone volume in wild type mice compared to day 14 (Fig1B–C). In
mdx mice, total bone volume and callus volume were significantly increased compared to
d14 (Fig1B–C). Consequently, total bone volume and total callus volume were significantly
increased in mdx compared to wild type mice (Fig1B–C). ANOVA analyses confirmed
these differences in osteogenesis and bone remodeling during the course of bone repair
(p<0.0001). By day 28, total cartilage, bone and callus volumes, as well as the proportions
of bone and cartilage within the callus, were comparable between mdx and wild type mice
(Fig1A–C and data not shown). Moreover, callus volume was significantly decreased in
mdx mice at day 28 compared to day 21 (Fig1C), indicating that remodeling eventually
occurred in the callus of muscular dystrophic mice.

The delay in chondrogenesis, osteogenesis and remodeling of cartilage and bone in mdx
fracture calluses were confirmed via histological and gene expression analyses. Safranin-O
(SO) staining illustrated the decrease in cartilage matrix deposition in mdx compared to wild
type calluses at day 7 (Fig 1D). This was accompanied by a delay in the time course of
chondrogenic maturation and differentiation as well as osteogenesis at day 7 of bone
regeneration. At day 7, expression of collagen 2 (col2), a marker of proliferative and mature
chondrocytes, and collagen 10 (col10) as well as vascular endothelial growth factor (vegf),
markers of hypertrophic chondrocytes, were significantly decreased within mdx callus
compared to wild type callus (Fig1E and FigS1A). Expression of collagen 1 (col1) and
osteocalcin (oc) were also significantly decreased in mdx callus compared to wild type by
day 7 of bone regeneration (FigS1B). Subsequently, there was a delay in the resorption of
cartilage matrix and in the formation of bone trabeculae in mdx calluses as shown by
Milligan’s Trichrome staining by d14 (Fig1F). This was confirmed by a significant decrease
in col1 and oc expression within mdx callus compared to wild type (Fig1G). By day 21,
these bone trabeculae were remodeling and replaced by hematopoietic tissue in wild type
calluses but were still present in mdx calluses (Fig1H).

Angiogenesis is impaired during bone regeneration in mdx mice
Delayed bone repair in mdx mice may be due to impaired angiogenesis, a key process for
successful bone regeneration (14, 40). We assessed vascular invasion of fracture calluses
using PECAM immunohistochemical staining (Fig2A). After 5 and 7 days of bone
regeneration, stereological analyses of PECAM+ blood vessels revealed a significant
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decrease in blood vessel surface density in mdx mice compared to wild type mice (Fig2A–
B). This was paralleled with a significant decrease in vegf expression within mdx callus
compared to wild type (FigS1A).

Osteoclastogenesis is impaired during bone regeneration in mdx mice
Bone is constantly remodeling through a balance between bone matrix synthesis by
osteoblasts and bone resorption by osteoclast. An imbalanced number of osteoclasts may
severely affect bone remodeling and subsequently bone regeneration (41). Mdx mice were
previously reported to exhibit increased osteoclast numbers with higher osteoclast resorption
parameters (20). After 5 days of bone regeneration, TRAP+ osteoclasts were quantified
within the callus and stereological analyses showed a significant increase in osteoclast
number in mdx mice compared to wild type mice (Fig3A–B). By day 7, however, we
observed a significant decrease in TRAP+ osteoclast number as well as mmp9 expression
within mdx callus compared to wild type (Fig3A–C). After 14 days of bone regeneration,
the area of new bone formation occupied by osteoclasts was reduced in mdx calluses
compared to wild type, which was correlated with a significant decrease in mmp9 expression
(Fig3C–D). At day 21, delayed bone remodeling in mdx calluses was associated with an
increased TRAP+ bone area compared to wild type calluses (Fig3D).

Enhanced inflammatory response during fracture repair in mdx mice
Chronic muscle tissue damage in muscular dystrophy is marked by an increase and
persistent presence of macrophages (28, 29, 42). The inflammatory response to bone fracture
involves monocytes/macrophages and other inflammatory cells, which are crucial to initiate
bone regeneration (38, 43, 44). To determine whether delayed bone healing in mdx mice is
due to an abnormal inflammatory response, we used F4/80 immunohistochemical staining to
visualize and quantify macrophages at the fracture site. Comparable numbers of F4/80+
macrophages were observed within the muscle of unfractured and day 7 fractured mdx
limbs, suggesting that the fracture did not increase the inflammatory state of the mdx muscle
(FigS2A). Within the fracture callus, however, we observed a significant increase in the
number of F4/80+ macrophages in mdx mice compared to wild type by days 5 and 7 of bone
regeneration (Fig4A–B). This was paralleled with a significant increase in cd68 expression
within mdx callus compared to wild type at day 7 of bone regeneration (Fig4C). By day 14,
cd68 expression was still increased within mdx callus compared to wild type (Fig4C).
F4/80+ macrophages persisted within mdx calluses at later time points of bone regeneration,
whereas, in wild type fracture calluses, macrophages were progressively cleared between
day 14 and day 21 post-fracture (Fig4D). It is to note that, in mdx mice, numerous F4/80+
macrophages were concentrated at the periphery of the callus and at the interface between
bone and muscle (Fig4D, d14 bottom panel).

Muscle injury in muscular dystrophic mice further delays fracture healing through
increasing inflammatory response

Severe muscle damage is known to impair bone healing and mdx muscles have poor healing
capacities (2, 3). Beside, muscle injury is known to induce an inflammatory response
including macrophages, which are essential for normal and complete muscle regeneration
(45). We next induced muscle injury combined with bone fracture and assessed the impact
of muscle injury and resultant inflammatory response on bone regeneration in wild type and
mdx mice. To mimic traumatic injury, the muscle surrounding the fractured tibia was
exposed to three impacts along its length using the fracture apparatus. At day 7, muscle
regeneration was confirmed in wild type muscle with the presence of centrally-nucleated
regenerating myofibers within injured muscle compared to uninjured (FigS3). At 7 days
post-fracture, histomorphometric analyses showed a significant decrease in both cartilage
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and callus size in wild type mice with fracture and muscle injury compared to wild type
mice with fracture alone (Fig5A and Fig5C). At 14 days post fracture, no significant
difference in cartilage volume was detected between the two groups. However, bone volume
and callus size were significantly decreased in wild type fractures with muscle injury
compared to fracture alone, indicating a delay in bone deposition after muscle injury
(Fig5B–C). By day 21, cartilage was completely resorbed in wild type calluses with fracture
injury alone compared to wild type fractures with muscle injury (Fig5A), indicating a
significant delay in cartilage remodeling due to the muscle injury. Muscle injury also had an
impact on bone regeneration in mdx mice, with a significant decrease in callus size at all
stages of repair (Fig5C). By day 21, there was an increase in cartilage volume in mdx mice
with muscle injury compared to mdx without muscle injury (Fig5A). Overall, muscle injury
amplified the delay in the process of bone regeneration in mdx mice through delays in
cartilage and bone deposition as well as cartilage and callus remodeling.

We evaluated muscle regeneration in wild type and mdx mice with bone fracture combined
with muscle injury (Fig5D). After 7 days of regeneration, histology revealed centrally-
nucleated fibers, indicating neo-regenerating fibers in wild type mice with fracture and
muscle injury compared to wild type with fracture alone (Fig5D). In mdx mice with fracture
alone, H&E staining showed centrally-nucleated fibers, which are classic signs of the
pathology (Fig5D). Muscle injury further enhanced the presence of centrally-nucleated
regenerating fibers in mdx mice with combined muscle and bone injuries (Fig5D).

The additional delay in bone regeneration in the presence of muscle injury was caused by
amplified defects in vascularization and inflammatory response. At day 7 post-muscle and
fracture injuries, stereological analyses of PECAM immunohistochemical staining showed a
significant decrease in blood vessel surface density within the calluses of mdx fractures with
muscle injury compared to those of wild type fractures with muscle injury and of mdx
fractures without muscle injury (Fig5E). The number of F4/80+ macrophages was
significantly increased in the mdx fracture with muscle injury compared to wild type
fractures with muscle injury and of mdx fractures without muscle injury (Fig5F). These
defects in vascularization and inflammation further impacted bone regeneration in muscular
dystrophy.

Reduced macrophage recruitment and improved fracture healing in mdx mice treated with
PLX3397

To confirm the role of chronic inflammation in the delay of fracture healing in mdx mice,
we blocked inflammation using PLX3397, a potent inhibitor of cFMS, (46). Mdx mice were
fed with PLX3397 chow for 7 days prior to fracture and until sacrifice. At day 7 post-
fracture, cartilage volume, col2 and col10 expression were significantly increased in
PLX3397- treated mdx mice compared to control mdx mice fed with a normal diet, as
shown by histomorphometric and gene expression analyses (Fig6A–B). We did not observe
any significant effects of PLX3397 treatment on bone and callus volumes (data not shown).
Moreover, there was no significant difference in cartilage volume between PLX3397-
treated mdx mice and wild type mice, suggesting that PLX3397 treatment rescued the
chondrogenic delay observed in mdx mice (p>0.05). In parallel, we quantified F4/80+ cells
and confirmed a significant decrease in macrophage number within mdx callus after
PLX3397 treatment (Fig6B–C). This was confirmed by a significant decrease in cd68
expression within mdx callus after PLX3397 treatment (Fig6D), providing strong evidence
for a link between the increased inflammatory state of mdx muscle and the delay in bone
healing. We did not observe any significant difference in the number of TRAP+ osteoclasts
as well as mmp9 expression between control mdx callus and PLX- treated mdx callus at day
7 of bone regeneration (Fig6E).
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Discussion
In order to define the relationship between muscular dystrophy and bone healing, we
explored bone regeneration in adult mdx mice, a model of Duchenne muscular dystrophy
(DMD) with absence of osteoporosis. We show that the chronic and pathologic
inflammatory environment of mdx mice affects bone regeneration. During the early stages
of bone regeneration, mdx mice exhibit a significant delay in chondrogenesis and
osteogenesis. Not only cartilage differentiation was delayed but also cartilage hypertrophy,
which is essential for endochondral ossification. The osteogenic defect may result from a
decrease in endochondral ossification as well as from a decrease in the osteogenic capacities
of skeletal precursors (20, 47). The delay in cartilage and bone formation may also be linked
to the decrease of blood vessel invasion that we have identified. Despite the normal blood
vessel development in mdx mice, dystrophin deficiency in vascular smooth muscle cells has
been reported to cause impaired vasoregulation (48, 49). Interestingly, blood vessel walls
have recently been proposed as a source of skeletal progenitors for bone repair (50). The
angiogenesis defect in mdx calluses may thus affect the recruitment of osteoblast and
chondrocyte precursors at the fracture site.

DMD and mdx muscles exhibit chronic inflammation with an increased and persistent
presence of macrophages, which are not found in normal healthy steady state muscle (28,
29, 42, 51, 52). Acute and chronic inflammatory responses are detrimental to normal bone
repair (12, 53). Following tibial fracture, we observed an increased recruitment of
macrophages in the callus of mdx mice. Macrophages have been associated with positive
effects on bone repair (39, 54), but in this chronic inflammatory environment, abnormal
recruitment of macrophages may impair the initial phase of bone regeneration. This chronic
inflammatory environment may perturb the balance between proliferation and differentiation
of skeletal stem cells as well as chondrocyte and osteoblast differentiation during bone
regeneration (38, 55). Indeed, mdx mice display increased serum levels of IL6, which has
been shown to inhibit the proliferation of mesenchymal stem cells (20, 56). To support the
link between abnormal inflammation and delayed bone repair, we showed that severe
muscle injury increases macrophage infiltration and further delays callus formation.
Conversely, macrophage inhibition with PLX3397 partially rescued the fracture healing
delay in mdx mice by increasing cartilage deposition, which supports endochondral
ossification at later stages of repair. PLX3397 treatment specifically inhibited macrophages
within mdx callus and did not affect the number of osteoclasts within mdx callus,
emphasizing the role of macrophages in the mdx fracture healing phenotype.

Adding to the defects of the initial phase of bone regeneration, the pathologic and persistent
inflammatory environment in mdx mice also affected cartilage, bone and callus remodeling.
The remodeling phase of repair was marked with the continuous presence of F4/80+
macrophages within mdx calluses. Macrophages and osteoclasts are derived from a common
hematopoietic lineage, which may tie the increased inflammation and increased
osteoclastogenesis at the early stages of repair (20, 57). Following this initial phase,
however, we observed a decrease in osteoclast numbers in mdx calluses, which may be due
to the delay in bone deposition. Subsequently, callus remodeling was delayed although no
significant differences were detected by day 28, possibly due to increased osteoclast activity
and IL6 levels to compensate for the delay in osteoclast recruitment (20). Hence, the
transient delay in callus remodeling reflects the delay in the entire healing process. Chronic
inflammatory infiltration in dystrophic muscles is usually associated with the replacement of
degenerating muscle by adipose and fibrotic tissue. In mdx mice, fibrosis is developed with
aging (18 months) (51, 52, 58). Here, we did not detect any potential increase in fibrosis at
the fracture site that may be linked to the healing defect (data not shown).
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Altogether, our results show that the abnormal and chronic inflammatory environment at the
site of bone injury in mdx mice is responsible for the delay in bone regeneration. The overall
healing delay is a consequence of the initial delay in chondrogenesis and soft callus
remodeling mainly due to the abnormal angiogenic and inflammatory milieu. Thus, bone
regeneration is negatively affected in a pathologic and inflammatory muscle environment,
revealing the role of healthy normal muscle during bone regeneration. Little is known about
the interactions between muscle and bone in regulating skeletal repair. These results have
relevance to Duchenne muscular dystrophy patients, who often sustain fractures following
minimal trauma. In these patients, post-fracture complications are devastating and often lead
to permanent loss of function (24). The aberrant inflammatory environment of dystrophic
muscle delays both muscle and bone repair. Glucocorticoids and non-steroidal anti-
inflammatory (NSAID) drugs are currently used to treat DMD patients (59–61). NSAID are
known to be potent inhibitors of inflammatory cells and administration of NSAID can
impair fracture healing in animals (62). However, the controlled inhibition of inflammation
may be crucial to stimulate bone repair in pathological conditions such as muscular
dystrophy.
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Figure 1. Effects of muscular dystrophy on tibial fracture repair in mice
Histomorphometric measurements of (A) total cartilage volume, (B) total bone volume and
(C) total callus volume at days 7 (d7), 14 (d14), 21 (d21) and 28 (d28) post-fracture in wild
type (WT) and mdx mice. (D) Safranin-O (SO) staining of longitudinal sections of WT (left)
and mdx (right) callus tissues at day 7 (d7) of bone regeneration illustrate the proteoglycan-
containing cartilage (red, D). (E) Relative quantification (RQ) by RTqPCR of collagen 2
(col2) (left) and collagen 10 (col10) (right) mRNA within wild type (WT) and mdx calluses
at day 7 (d7). Expression level was normalized to GAPDH mRNA. (F–H) Trichrome (TC)
staining of longitudinal sections of WT (left) and mdx (right) callus tissues at (F) day 14
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(d14) and (H) day 21 (d21) of bone regeneration denote bone matrix deposition (Blue, F–H).
B, bone; Cg, cartilage. (G) Relative quantification (RQ) by RTqPCR of the osteogenic
markers collagen 1 (col1) (left) and osteocalcin (oc) (right) mRNA within wild type (WT)
and mdx calluses at day 14 (d14). Expression level was normalized to GAPDH mRNA.
Error bars represent ±SEM. One-way, two-way ANOVA and unpaired Student’s t test, P
values *p<0.05, **p<0.001, ***p<0.0005 (n=5 or 6 per group for histomorphometric
analyses; n=3 for gene expression). Scale bar: 1 mm (D), 50 λm (E), 50 λm (F–G).
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Figure 2. Effects of muscular dystrophy on vascularization of the fracture callus
(A) Stereological quantification of blood vessels within the callus of wild type (WT) and
mdx mice. Blood vessel surface density is significantly decreased in mdx compared to WT
mice after 5 (d5) and 7 days (d7) of bone regeneration. (B) Safranin-O (SO) staining and
PECAM immunohistochemical staining (arrows, area corresponds to dashed box in SO
staining) on adjacent sections of WT and mdx fracture calluses after 5 days (d5) and 7 days
(d7) of bone regeneration. Error bars represent ±SEM. Unpaired student’s t test, P values
**p<0.001, ***p<0.0005 (n=5 or 6 per group). Scale bar: 1mm, 100 µ (B).
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Figure 3. Effects of muscular dystrophy on osteoclasts during fracture repair
(A) Stereological quantification of TRAP+ osteoclasts within wild type (WT) and mdx
calluses after 5 days (d5) and 7 days (d7) of bone regeneration. (B) Safranin-O (SO) staining
and representative TRAP staining (arrows, area corresponds to dashed box in SO staining)
on adjacent sections of WT and mdx fracture calluses at day 5 (d5) and day 7 (d7) of bone
regeneration. (C) Relative quantification (RQ) by RTqPCR of matrix metalloproteinase-9
(mmp9) (right) mRNA, marker of osteoclasts, within WT and mdx calluses at day 7 (d7) and
day 14 (d14). Expression level was normalized to GAPDH mRNA. (D) Representative
TRAP staining in WT and mdx fracture calluses at day 14 (d14) and day 21 (d21) of bone
regeneration. Error bars represent ±SEM. Student’s t test, P values *p<0.05, **p<0.001 (n=5
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or 6 per group for TRAP staining, n=3 per group for gene expression). Scale bar: 1mm, 100
µ (B).
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Figure 4. Effects of muscular dystrophy on macrophage recruitment during fracture repair
(A) Stereological quantification of F4/80+ cells within wild type (WT) and mdx calluses
after 5 (d5) and 7 days (d7) of bone regeneration. (B) Safranin-O (SO) staining and
representative F4/80 staining (arrows, area corresponds to dashed box in SO) on adjacent
sections of WT and mdx calluses at day 5 (d5) and day 7 (d7) of bone regeneration. (C)
Relative quantification (RQ) by RTqPCR of cd68 mRNA, marker of macrophages, at days 7
(d7) and 14 (d14) within WT and mdx calluses. Expression level was normalized to GAPDH
mRNA. (D) Trichrome (TC) staining and representative F4/80 staining (arrows, area
corresponds to dashed box in TC staining) on adjacent sections of WT and mdx fracture
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calluses at day 14 (d14) and day 28 (d28) of bone regeneration. By d14, there is an increase
in F4/80+ macrophages at the interface between callus (cal) and muscle (mu) (arrows, area
corresponds to black box in TC staining). Error bars represent ±SEM. Unpaired student’s t
test, P values *p<0.05, **p<0.001 (n=5 or 6 per group for F4/80 immunohistochemical
staining, n=3 per group for gene expression). Scale bar: 1 mm, 100 µ (B).
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Figure 5. Combined effects of muscular dystrophy and muscle injury on fracture repair
Histomorphometric measurements of (A) total cartilage volume, (B) total bone volume and
(C) total callus volume at 7 (d7), 14 (d14), 21 (d21) and 28 (d28) days post-injury in wild
type (WT) and mdx mice (Fx= Bone Fracture alone; Fx+Muscle inj= Fracture combined
with muscle injury). (D) Safranin-O (SO) and Hematoxylin-Eosin (H&E) staining of wild
type (WT) and mdx fracture calluses after fracture alone (top) or fracture combined with
muscle injury (bottom) at day 7 (d7) post-injury. (E–F) Stereological quantification of blood
vessels (E) and F4/80+ macrophages (F) within WT and mdx calluses at day 7 (d7) post
fracture (Fx= Bone Fracture alone; Fx+Muscle inj= Fracture combined with muscle injury).
Error bars represent ±SEM. ANOVA and unpaired Student’s t test, P values *p<0.05,
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**p<0.001, ***p<0.0005, ****p<0.0001 (n=5 or 6 per group, n=3 per group for gene
expression). Scale bar: 1 mm, 100 µ (D).
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Figure 6. Effects of PLX3397 treatment, a cFMs inhibitor, on fracture healing
(A) Histomorphometric measurements of total cartilage volume at 7 days (d7) post-injury in
mdx mice (mdx) and PLX3397-treated mdx mice (mdx/PLX) (left). Relative quantification
(RQ) by RTqPCR of collagen 2 (col2) (center) and collagen 10 (col10) (right) mRNA
within mdx and PLX3397-treated mdx calluses at day 7 (d7) post-fracture. Expression level
was normalized to GAPDH mRNA. (B) Safranin-O (SO) staining and representative F4/80
staining (arrows, area corresponds to dashed box in SO staining) on adjacent sections of
control mdx and PLX3397-treated mdx fracture callus (mdx/PLX) at day 7 (d7) post-injury.
(C) Stereological quantification of F4/80+ cells within mdx and PLX3397-treated mdx
calluses (mdx/PLX) after 7 days (d7) of bone regeneration. (D) Relative quantification (RQ)
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by RTqPCR of cd68 mRNA, marker of macrophages, within mdx and PLX3397-treated
mdx calluses (mdx/PLX) at day 7 (d7). Expression level was normalized to GAPDH mRNA.
(E) Stereological quantification of TRAP+ cells within mdx and PLX3397-treated mdx
calluses (mdx/PLX) after 7 days (d7) of bone regeneration (left). Relative quantification
(RQ) by RTqPCR of matrix metallopeptidase-9 (mmp9) mRNA (right), marker of
osteoclasts, within mdx and PLX3397-treated mdx calluses (mdx/PLX) at day 7 (d7).
Expression level was normalized to GAPDH mRNA. Error bars represent ±SEM. Unpaired
Student’s t test, P values *p<0.05, ***p<0.0005 (n=5 or 6 per group, n=3 per group for gene
expression). Scale bar: 1 mm, 100 µ (B).
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Table 1

Primers

Gene/mRNA Forward Primer Reverse
Primer

Amplicon
Length

GenBank
Accession

BGLAP (OC) Undisclosed Undisclosed 102 bp NM_007541

CD68 Undisclosed Undisclosed 67 bp NM_009853

Col1a1 Undisclosed Undisclosed 98 bp NM_007742

Col2a1 Undisclosed Undisclosed 60 bp NM_001113515
NM_031163

Col10a1 Undisclosed Undisclosed 148 bp NM_009925

MMP9 Undisclosed Undisclosed 84 bp NM_013599

VEGFa Undisclosed Undisclosed 117 bp NM_001025250
NM_001110266
NM_001110267

NM_009505
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