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Abstract Background: Heterotopic ossification (HO) is a pathological condition of abnormal
bone formation in soft tissue, which causes pain and restricted range of motion in patients.
There are two broad categories of HO, hereditary and acquired. Although different types of
HO do not use identical mechanistic pathways of pathogenesis, muscle injury appears to be
a unifying feature for all types of HO. However, little is known about the mechanisms by which
muscle injury facilitates HO formation.
Objective and method: This study aimed to explore the cellular and molecular mechanisms
linking muscle injury to HO by using cardiotoxin to induce muscle injury in a bone morphoge-
netic protein-2 (BMP-2)einduced HO mouse model.
Results: We found that muscle injury augmented HO formation and that this effect was corre-
lated with BMP signalling activation and upregulation of BMP-7 expression at the early phase of
HO progression. We further demonstrated that inhibition of BMP-7 activity in vitro suppressed
the osteogenesis-promoting effect of conditioned medium derived from injured muscle
tissue and in vivo reduced the volume of HO formation. We also showed that antiinflammatory
drug treatment reduced the volume of HO with concomitant reduction in BMP-7 production.
Conclusion: In summary, our study has identified BMP-7 as a key osteoinductive factor in
injured muscle that facilitates HO formation.
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The translational potential of this article: Our results provide a candidate mechanistic ratio-
nale for the use of antiinflammatory drugs in the prevention of HO.
ª 2019 Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking Orthopaedic
Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Heterotopic ossification (HO) is a pathological condition of
abnormal bone formation in soft tissue, which causes pain
and restricted range of motion in patients [1]. HO can be
generally divided into two broad categories: hereditary and
acquired. Hereditary HO, also known as fibrodysplasia
ossificans progressiva, results from activin A receptor type I
(ACVR1) gene mutation, a bone morphogenetic protein
(BMP) type I receptor that renders constitutive activation of
BMP signalling [2]. Acquired HO typically follows central
nervous system injury (neurogenic HO) or direct muscular
trauma (traumatic HO) [3]. Although these different types
of HO do not use identical mechanistic pathways of path-
ogenesis, muscle injury appears to be a unifying feature for
all types of HO. In patients with fibrodysplasia ossificans
progressiva, low levels of muscular trauma after childhood
immunizations or play-related falls can result in HO [4]. In
neurogenic HO, microtrauma to muscles resulting from
forced passive movements after a period of immobilization
will lead to an increased risk of HO [5]. In traumatic HO,
more severe levels of muscular trauma, as in cases of
arthroplasty and blast trauma, can lead to an HO incidence
of 20% and 64.6%, respectively [6,7]. Muscle injury usually
incurs an inflammatory response, and antiinflammatory
drugs have been used as prophylaxis in HO-susceptible pa-
tients [8,9]. However, the precise mechanism by which
muscle injury facilitates HO formation and the mechanistic
rationale for the use of antiinflammatory drugs in the pre-
vention of HO are still largely unknown.

In experimental animal HO models, cardiotoxin (CTX)
injection has been commonly used to induce muscle injury
and subsequent HO. CTX belongs to the family of snake
venom polypeptide toxins that cause depolarization and
contraction of muscle fibres [10]. Eventually, CTX causes
muscle degeneration through myocyte death, which sub-
sequently elicits a regenerative response thought to be
mediated by infiltrating inflammatory cells [11,12]. CTX has
been widely used in a large number of mouse HO models,
such as the BMP-4 overexpression HO model [13,14],
constitutively active activin receptor-like kinase-2 (caALK2)
HO model [15e18], spinal cord injury neurogenic HO model
[19], plasminogen deficiency HO model [20] and burn injury
HO model [21]. Similar to human HO conditions, muscle
injury seems to be indispensable for HO development in
these experimental animal models. However, given the
importance of muscle injury in HO pathogenesis, it is
striking that few studies have justified the usage of CTX and
explained by which mechanisms CTX-induced muscle injury
facilitates HO formation.

This study examines the underlying cellular and molecu-
lar mechanisms linking muscle injury to HO by using CTX to
induce muscle injury in a BMP-2einduced HO mouse model.
Members of the BMP family have been the most popular
agents in the study of HO since the identification of BMPs as
the biologically active component(s) responsible for the
osteoinductive capacity of demineralized bone matrix. HO
mouse models based on injection, implantation and over-
expression of BMPs in muscle, although nonphysiological,
still represent reproducible models for studying HO pro-
gression and the cellular origins of HO. Studies based on
these models suggest a population of fibrogeinc/adipogenic
progenitors (FAPs) residing within the skeletal muscle
interstitium as the cell origin for HO formation [22,23].
Human counterpart to these progenitor cells was also found
and was shown to be involved in the pathogenesis of HO
[24e27]. Mesenchymal progenitor cells corresponding to this
lineage can be isolated by enzymatic digestion in vitro and
may share common origin and characteristics of cells previ-
ously named muscle-derived stromal cells (MDSCs) [28,29].

Here, we hypothesized that soluble, proosteogenesis
factors present in damaged muscle tissue are able to push
MDSCs towards osteoblastic differentiation to facilitate HO
formation. In this study, we sought to identify the
osteoinductive factors actively involved in this process and
demonstrated that locally produced BMP-7 after muscle
injury could be a key factor in facilitating HO formation.

Methods

In vivo induction of HO

Using a protocol approved by the Institutional Animal Care
and Use Committee (Protocol No. 18032493), the calf
muscle of the right leg of 8- to 12-week-old male C57BL/6 J
mice (Jackson laboratory, Bar Harbor, ME, USA) (N Z 4)
were first injected with 50 mL of 10 mM CTX (Calbiochem,
San Diego, CA, USA). One day later, the calf muscles of both
legs were injected with 0.5 mg of BMP-2 (R&D Systems,
Minneapolis, MN, USA) encapsulated in 50 mL of photo-
crosslinked methacrylated 8% (w/v) gelatin hydrogel scaf-
fold [30]. Two weeks later, mice were euthanized for
imaging by microecompute tomography (microCT) (vivaCT
40; Scanco Medical, Brüttisellen, Switzerland) to detect HO
formation. Scans were acquired at 45 kVp, 88 mA, 300 ms
integration time and at an isotropic voxel size of 35 mm.
Region of volume was selected by including the whole
length of the calf muscle, and region of interest was
selected by drawing contour at each two-dimensional (2D)
slice. Specifically, contours were drawn to include the
opaque area of HO but to exclude the tibia and fibula areas.
HO was defined by setting threshold to 212e1000. Bone
density was calculated as mg hydroxyapatite (HA)/volume
(cubic centimetre, ccm).
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A separate group of mice (N Z 4) were subcutaneously
injected with 1 mg/kg dexamethasone daily (Vedco Inc.,
Saint Joseph, MO, USA) for seven days after CTX and BMP-2
injection to suppress inflammation. Two weeks later, mice
were euthanized for microCT analysis of HO formation.

CTX-injured muscle tissue sample collection

Sample collection for CTX injectionealone group was per-
formed as follows. The calf muscles of both legs of C57BL/
6 J mice were injected with CTX as described earlier. At Day
3, Day 7 and Day 14 time points, mice were sacrificed and
calf muscles from left and right sides were immediately
harvested and snap-frozen in liquid nitrogen for later muscle
tissue RNA and protein isolation, respectively. Uninjected
mice served as Day 0 control (N Z 3 for each time point).

A separate group of mice were used for muscle
tissueederived conditioned medium (CM) collection. The
calf muscle of the right leg of C57 BL/6 J mice was injected
with CTX as described earlier. On Day 2, mice were sacri-
ficed and the calf muscles of both legs were processed as
follows. Briefly, pooled muscle tissue samples (1 g) from
either the control left leg or the CTX-injured right leg were
cut into 3-mm pieces and cultured in 10 mL of growth
medium [GM, high-glucose Dulbecco’s Modified Eagle’s
Medium (Gibco, Gaithersburg, MD, USA) supplemented with
20% foetal bovine serum (Gemini Bio Products, West Sac-
ramento, CA, USA) and 1% penicillin/streptomycin (Gibco)].
CM was changed and collected every day for three days and
stored at �80 �C for later use.

In vitro osteogenesis induction with muscle
tissueederived CM

CM (NZ 3) derived from CTX-injured muscle tissue (CTX CM)
and CM derived from control muscle tissue (CTL CM) were
used to culture MDSCs at a dilution of 1:2 in GM for three
days. MDSCs (N Z 3) were harvested from another cohort of
mice according to a previously described protocol [28]. On
culture Day 3, MDSCs were collected either for quantitative
real-time reverse-transcription polymerase chain reaction
analysis or Western blot analysis. PCR data and Western blot
data were normalized to MDSCs cultured in GM only.

For inhibition of BMP-7 in vitro (N Z 3), MDSCs were
maintained for three days in GM or muscle tissueederived CM
with the supplementation of either 1 mg/mL of BMP-
7eneutralizing antibody (ab27569; Abcam, Cambridge, MA,
USA) or 1 mg/mL of isotype control antibody (ab171870;
Abcam). On culture Day 3, MDSCs were collected for mea-
surement of either alkaline phosphatase activity using an
Alkaline Phosphatase Assay kit (ab83369; Abcam) or phos-
phorylated Smad1 level using a SMAD1 (pS463/S465) ELISA Kit
(ab186036; Abcam). For the phosphorylated Smad1 ELISA,
protein was extracted 1 h after the change of Day 3 CM.

Quantitative real-time reverse-transcription
polymerase chain reaction analysis

Tissues or cells were lysed in QIAzol Lysis Reagent and
isolated using the RNeasy Mini Kit according to the manu-
facturer’s instructions (QIAGEN, Hilden, Germany). RNA
was then converted to cDNA using the SuperScript IV First-
Strand Synthesis System (Invitrogen, Carlsbad, CA, USA).
Quantitative real-time PCR was performed with a StepOne
Plus Real-Time PCR system using PowerUp SYBR Green
Master Mix (Applied Biosystems, Foster City, CA, USA). The
relative level of gene expression was calculated using the 2-
delta delta Ct method. Primer sequences for actin, runt-
related transcription factor 2 (Runx2), osterix (OSX ),
alkaline phosphatase (ALP), bone sialoprotein I (BSP-1),
BMPRIA, BMPRIB and ACVR1 are listed in Table 1.
Western blot

Total protein from tissues or cells was extracted using lysis
buffer provided in the phosphorylated Smad1 ELISA kit.
Protein concentration was determined using the bicincho-
ninic acid assay (ThermoFisher Scientific, Waltham, MA,
USA), and equal loads of reduced protein samples were
electrophoretically separated on NuPAGE 4e12% Bis-Tris
Gel (Invitrogen) and then transferred to a polyvinylidene
difluoride (PVDF) membrane using the iBlot Dry Blotting
System (Invitrogen). Primary antibodies directed against
BMP-2 (ab14933; Abcam), BMP-4 (ab39973; Abcam), BMP-7
(ab56023; Abcam), BMP-9 (ab35088; Abcam), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (CST5174; Cell
Signaling Technology, Danvers, MA, USA), total Smad1
(CST6944; Cell Signaling Technology) and phosphorylated
Smad1/5 (CST9516; Cell Signaling Technology) were incu-
bated at 4 �C overnight, followed by horseradish
peroxidaseeconjugated secondary antibody (GE Healthcare
Life Sciences, Marlborough, MA, USA) incubation. Western
blots were developed using SuperSignal West Dura
Extended Duration Substrate (ThermoFisher Scientific) and
visualized using a FOTO/Analyst 1 Fx CCD imaging system
(Fotodyne, Hartland, WI, USA).
Histology and immunostaining

Muscle tissues were fixed in methanol and embedded in
paraffin. For histology, sections (9 mm thick) were collected
on Colorfrost Plus Microscope Slides (ThermoFisher Scien-
tific) and rehydrated, and hematoxylin and eosin (H&E)
staining was performed according to a routine Harris He-
matoxylin and Eosin protocol. Immunohistochemistry (IHC)
was performed according to protocols described for the
Vectastain Elite ABC Kit (Vector Laboratories Inc., Burlin-
game, CA, USA). Images were taken using a CKX41 micro-
scope (Olympus, Tokyo, Japan) equipped with a DFC 3200
camera (Leica, Wetzlar, Germany). For immunofluores-
cence staining, tissue sections were blocked in 10% bovine
serum albumin for 20 min and then incubated overnight at
4 �C with mixed primary antibodies against BMP-7 (ab56023;
Abcam) and CD68 (ab53444; Abcam). On the second day,
sections were incubated with mixed secondary antibodies
against rabbit IgG (ab150077; Abcam) and rat IgG
(ab150158; Abcam) at room temperature for 1 h. After
washing, the slides were mounted with 40,6-diamidino-2-
phenylindole (DAPI)-containing mounting medium (Vector
Laboratories). Slides were viewed using an inverted IX81
microscope (Olympus) equipped with a Retiga EXi cooled



Table 1 PCR primer sequences.

Genes Forward (50 to 30) Reverse (50 to 30)

Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Runx2 ATGATGACACTGCCACCTCTGAC ACTGCCTGGGGTCTGAAAAAGG
OSX GATGGCGTCCTCTCTGCTT CGTATGGCTTCTTTGTGCCT
ALP ATCGGAACAACCTGACTGACCCTT ACCCTCATGATGTCCGTGGTCAAT
BSP-1 TGCCCTCTGATCAGGACAAC ATCCGACTGATCGGCACTCT
BMPRIA ACCAGACGGTGTTAATGCGT CTCGATGAGCAATTGCAGGC
BMPRIB CCCTCGGCCCAAGATCCTA CAACAGGCATTCCAGAGTCATC
ACVR1 GTGGAAGATTACAAGCCACCA GGGTCTGAGAACCATCTGTTAGG

PCR Z polymerase chain reaction.
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CCD camera (Qimaging, Surrey, BC, Canada) and MetaMorph
software (Molecular Devices, San Jose, CA, USA).

Inhibition of BMP-7 in vivo

The calf muscle of the right leg of C57 BL/6 J mice was
injected with CTX as described earlier. One day later, the
calf muscles of both legs were injected with 0.5 mg of BMP-2
(R&D Systems) either with 5 mg of BMP-7eneutralizing anti-
body (ab27569; Abcam) (N Z 4) or 5 mg of isotype control
antibody (ab171870; Abcam) (N Z 4) coencapsulated in
50 mL of photocrosslinked methacrylated 8% (w/v) gelatin
hydrogel scaffold. Two weeks later, mice were euthanized
for imaging by microCT to detect the change in HO volume.
Same scan setting was used as previously described.

Statistical analysis

All data were expressed as mean � standard deviation.
Student t test was used to make comparisons between two
groups, while one-way analysis of variance followed by the
Tukey multiple comparisons test was used for comparisons
of three or more groups. Statistical significance (*) was
considered at p < 0.05. Statistical analyses were performed
using GraphPad Prism 7.0 software (GraphPad Software
Inc., La Jolla, CA, USA).

Results

CTX-induced muscle injury significantly increased
HO volume

To determine the role of muscle injury in HO formation,
CTX was injected into the calf muscle of the right leg of the
animal one day before BMP-2 injection into the calf muscles
of both legs. Two weeks later, microCT imaging and analysis
showed significantly larger bone volume in the right legs
that were coinjected with CTX and BMP-2
(3.458 � 0.994 mm3), than in the left legs that were
injected with BMP-2 alone (1.573 � 0.577 mm3)
(p Z 0.0168) (Fig. 1A). Histology revealed severe inflam-
matory cell infiltration into the muscle tissue of the CTX-
injured leg, while such infiltration was absent in the
group with BMP-2 injection alone (Fig. 1B). Bone tissue
became evident after two weeks when most of the hydrogel
vehicle had been degraded. There were no morphological
differences (Supplemental Fig. 1) between the bone
formed in the different groups and no qualitative differ-
ences in bone mineral density (p Z 0.1493) (Fig. 1A).

CTX-induced muscle injury generated an
osteoinductive environment with BMP signalling
activation

CTX administration alone was not sufficient for the induc-
tion of HO, and the inflammatory response was resolved
after two weeks (data not shown). However, during this
regeneration process, BMP signalling was activated with
significantly higher phosphorylated Smad1 level observed 7
days after muscle injury (p Z 0.0046) (Fig. 2A). Osteogenic
marker genes were also found to be upregulated with the
expression of different genes peaking at different time
points (Runx2, p Z 0.0202; BSP-1, p < 0.0001; OSX,
p Z 0.0022) (Fig. 2B), suggesting the generation of a
proosteogenesis environment with highly coordinated gene
regulation after muscle injury.

To explore how this proosteogenesis environment could
promote HO formation, muscle tissueederived CM was
collected and applied to MDSCs in culture. After exposure
to either GM or CM for two days, MDSC cultures were
extracted for total protein at various time points after the
change of medium on Day 3. BMP signalling activation was
observed immediately after the application of GM and CM
(Fig. 2C). However, the phosphorylation of Smad1/5 protein
level diminished in the GM group quickly but persisted in CM
groups for an extended period of time. Phosphorylation of
Smad1/5 protein level in CM groups peaked at the 1-h time
point and remained the highest in the CTX CM treatment
group thereafter (Fig. 2C). Exposure to CTX CM was also
found to greatly enhance osteogenic marker gene expres-
sion in MDSCs compared with exposure to CTL CM (OSX,
p Z 0.0328; ALP, p Z 0.0240; BSP-1, p Z 0.9301) (Fig. 2D).
Concomitantly, BMPRIB gene expression increased signifi-
cantly in MDSCs cultured in CTX CM (BMPRIA, p Z 0.7269;
BMPRIB, p Z 0.0411; ACVR1, p Z 0.6717) (Fig. 2D). Taken
together, these results suggested that soluble factor(s)
present in injured muscle tissue were able to promote MDSC
osteogenesis via BMP signalling pathway.

BMP-7 level increased in CTX-injured muscle

To identify the soluble factor(s) involved in BMP signalling
activation, Western blotting was performed to examine the



Figure 1 CTX-induced muscle injury significantly increased HO volume. (A) microCT imaging and analysis. Significantly larger
HO volume was observed in the BMP-2/CTX coinjection group (right leg) compared with the group receiving BMP-2 injection alone
(left leg) (*, p < 0.05; nZ 4). No significant difference in bone mineral density was found between the two groups. (B) H&E staining
illustrating the time course of HO progression. Severe inflammatory response in muscle tissue was seen at the early time points in
the CTX-injured groups. Scale bar Z 200 mm.
BMP-2 Z bone morphogenetic protein-2; CTX Z cardiotoxin; HO Z heterotopic ossification; H&E Z hematoxylin and eosin.

Figure 2 CTX-inducedmuscle injury generated an osteoinductive environment. (A) Phosphorylated Smad1 level inmuscle tissue
lysates measured by pSMAD1 ELISA at different time points after CTX injection demonstrated the activation of BMP signalling (**,
p< 0.01; nZ 3). (B) PCR analysis showed the upregulation of osteogenic marker gene expression in muscle tissue after CTX injection
with the expression of different genes peaking at different time points. (*, p < 0.05; **, p < 0.01; ****, p < 0.0001; n Z 3). Data are
normalized to uninjected Day 0 control mice. (C) Western blot analysis of phosphorylated Smad1/5 protein and total Smad1 levels
revealed the time course of BMP signalling activation in MDSCs cultured in GM and muscle tissueederived CM. (D) PCR analysis of
osteogenic marker gene and BMP type I receptor gene expression in MDSCs. Significantly higher OSX, ALP and BMPR1B expression was
detected in MDSCs cultured in CTX CM compared with CTL CM (*, p < 0.05; n Z 3). Data are normalized to MDSCs cultured in GM.
BMPZ bonemorphogenetic protein; CMZ conditionedmedium; CTXZ cardiotoxin; CTL CM, CM derived from control muscle tissue;
CTX CM, CM derived from CTX-injured muscle tissue; ELISAZ enzyme-linked immunosorbent assay; GMZ growth medium; MDSCsZ
muscle-derived stromal cells; PCR Z polymerase chain reaction.
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expression profile of several BMP ligands that have been
reported to exhibit significant osteoinductive potential
[31]. Among these BMP subtypes, we found that BMP-7
expression changed drastically with substantially
increased expression 3 days after muscle injury, whereas
BMP-2, BMP-4 and BMP-9 expression remained relatively
constant during the muscle regeneration period (Fig. 3A).
Histology confirmed the expression of BMP-7 on CTX-injured
muscle tissue at 48 h after CTX injury, but not on control
uninjured muscle tissue (Fig. 3B). Histology also revealed
severe inflammatory cell infiltration into the muscle tissue,
suggesting the possibility that BMP-7 could be derived from
the infiltrating inflammatory cells. Double immunofluores-
cence staining indeed demonstrated the presence of the
macrophage marker, CD68, localized in close proximity to
BMP-7 signals (Fig. 3C). There were double positive cells
and single positive cells for either marker in CTX-injured
muscle tissue.

Inhibiting BMP-7 activity in vitro suppressed the
osteogenesis-promoting effect of CM derived from
CTX-injured muscle tissue

To assess the functional involvement of BMP-7, the effect of
supplementing BMP-7eneutralizing antibody on muscle
tissue CM was tested on the promotion of MDSC
Figure 3 BMP-7 level increased in CTX-injured muscle. (A) W
ligands aftermuscle injury. (B)H&E and IHC images showing the prese
after CTX injury. Bar Z 200 mm. (C) Immunofluorescence staining s
marker CD68 (red) in CTX-injured muscle tissue. Arrowheads indicat
BarZ 20 mm.
BMPZ bone morphogenetic protein; CTXZ cardiotoxin; H&EZ hem
osteogenesis, based on ALP activity and phosphorylated
Smad1 level. Our results showed that ALP activity increased
significantly in MDSCs cultured in CTX CM compared with
CTL CM (p < 0.0001) and that this osteogenesis-promoting
effect of CTX CM was significantly inhibited in the pres-
ence of BMP-7eneutralizing antibody (p Z 0.0017)
(Fig. 4A). Concomitantly, addition of BMP-7eneutralizing
antibody to CM resulted in the reduction of phosphorylated
Smad1 to a nearly basal level (Fig. 4B), validating the
functional involvement of BMP-7 in BMP signalling activa-
tion in vitro.

Inhibiting BMP-7 activity in vivo reduced HO
volume

To assess the in vivo relevance of the in vitro findings, BMP-
7eneutralizing antibody was coencapsulated in hydrogel
scaffold at the time of BMP-2 injection in the mouse HO
model. microCT imaging and analysis at two weeks showed
significantly reduced bone volume in both legs of animals
receiving BMP-7eneutralizing antibody treatment (left leg:
0.3715 � 0.1016 mm3; right leg: 1.642 � 0.5055 mm3)
compared with animals receiving isotype control antibody
treatment (left leg: 1.557 � 0.4149 mm3; right leg:
3.875 � 0.6129 mm3) (left leg: p Z 0.0332; right leg:
p Z 0.0365) (Fig. 4C). No qualitative differences in bone
estern blot analysis of the expression profile of selected BMP
nce and distribution of BMP-7 in CTX-injuredmuscle tissue at 48 h
howing the location of BMP-7 (green) in relation to macrophage
e the double positive cells present in CTX-injured muscle tissue.

atoxylin and eosin; IHCZ immunohistochemistry.



Figure 4 Inhibition of BMP-7 activity suppressed osteogenesis in vitro and reduced HO formation in vivo. (A) Osteogenesis of
MDSCs in vitro. ALP activity measured in different groups of cell lysates showed that treatment with BMP-7eneutralizing antibody
suppressed the osteogenesis-promoting effect of CTXCM (*,p< 0.05; **,p< 0.01; ****,p< 0.0001; nZ 3). Iso: isotype control antibody
treatment group; Ab: BMP-7eneutralizing antibody treatment group. (B) BMP signalling in vitro. Phosphorylated Smad1 level in cell
lysates measured by pSMAD1 ELISA showed that activation of BMP signalling was inhibited with addition of BMP-7eneutralizing
antibody (****, p< 0.0001; nZ 3). (C) HO formation in vivo.microCT imaging and analysis showed significant reduction in HO volume
upon BMP-7eneutralizing antibody treatment compared with isotype control antibody treatment (*, p < 0.05; nZ 4). No significant
difference in bone mineral density was found between BMP-7eneutralizing antibody and isotype control antibody treatment groups.
ALPZ alkaline phosphatase; BMPZbonemorphogenetic protein; CMZ conditionedmedium;CTXZ cardiotoxin; CTLCM,CMderived
from control muscle tissue; CTX CM, CM derived fromCTX-injuredmuscle tissue; ELISAZ enzyme-linked immunosorbent assay; GMZ
growth medium; HOZ heterotopic ossification; MDSCsZ muscle-derived stromal cells; microCT Zmicroecomputed tomography.
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mineral density were found between BMP-7eneutralizing
antibody and isotype control antibody treatment groups
(left leg: p Z 0.7326; right leg: p Z 0.6567) (Fig. 4C).
Suppression of inflammation reduced HO volume
with concomitant reduction of BMP-7 production in
CTX-injured muscle

To assess the involvement of inflammation in HO formation,
the antiinflammatory drug, dexamethasone, was adminis-
tered to the animals for 7 days to suppress the inflamma-
tory response induced by muscle injury. microCT imaging
and analysis at two weeks showed significantly reduced
bone volume in both legs (left leg: 0.0803 � 0.119 mm3;
right leg: 0.717 � 0.396 mm3) (Fig. 5A) compared with an-
imals that did not receive antiinflammatory drug treatment
(left leg: 1.573 � 0.577 mm3; right leg: 3.458 � 0.994 mm3)
(Fig. 1A) (left leg: p Z 0.0023; right leg: p Z 0.0022).
Histological observation showed that with dexamethasone
administration, severe inflammatory cell infiltration into
damaged muscle tissue was no longer evident in CTX-
injured legs at the early time points (Fig. 5B). In addition,
the HO formed was less mineralized in both legs after
dexamethasone treatment (left leg: 219.2 � 44.94 mg HA/
ccm; right leg: 296.8 � 8.453 mg HA/ccm) (Fig. 5A) than in
animals that did not receive antiinflammatory drug treat-
ment (left leg: 348.1 � 10.45 mg HA/ccm; right leg:



Figure 5 Suppression of inflammation reduced HO volume in vivo. (A) microCT imaging and analysis. Reduction of HO volume
and bone mineral density was observed in animals treated with the antiinflammatory drug dexamethasone (DEX) (*, p < 0.05;
n Z 4). (B) H&E staining illustrating the time course of HO progression in animals treated with antiinflammatory drug. A diminished
inflammatory response was found in CTX-injured muscle. Bar Z 200 mm.
CTX Z cardiotoxin; H&E Z hematoxylin and eosin; HO Z heterotopic ossification; microCT Z microecomputed tomography.
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370 � 8.133 mg HA/ccm) (Fig. 1A) (left leg: p Z 0.0225;
right leg: p Z 0.0017).

Immunofluorescence staining showed decreased CD68-
positive macrophage numbers in CTX-injured muscle of
dexamethasone-treated animals compared with animals
without dexamethasone treatment, at both the Day 3 and
Day 7 time points (Day 3: p Z 0.0027; Day 7: p Z 0.0099)
(Fig. 6). Importantly, in addition to decreased macrophage
number in the dexamethasone-treated group, BMP-7 level
in CTX-injured muscle tissue was also greatly reduced at
the Day 3 time point (p Z 0.0111) (Fig. 6A&B). BMP-7
expression was only detectable within 3 days after CTX
injury and was undetectable beyond the acute inflamma-
tory phase (Fig. 6A&C).
Discussion

In this study, we first set out to determine the role of
muscle injury in HO formation by using CTX to induce
muscle injury in a BMP-2einduced HO mouse model. Our
results showed that CTX-induced muscle injury significantly
increased the volume of BMP-2-induced HO (Fig. 1A)
together with increased osteogenic marker gene expression
(Fig. 2B) and increased level of phosphorylated Smad1
(Fig. 2A), suggesting the generation of a proosteogenesis
environment after CTX treatment.

Then, we sought to explore by which mechanism muscle
injury facilitates HO formation. To test the possibility that
soluble factors present in damaged muscle tissue have an
osteogenesis-promoting effect, we compared the effect of
exposing MDSCs to culture medium conditioned by explan-
ted control muscle tissue (CTL CM) versus those conditioned
by explanted CTX-injured muscle tissue (CTX CM). MDSCs
are likely the same cell type identified as the muscle
interstitialeresident FAPs previously found to mediate BMP-
2einduced HO in vivo [22,23]. The MDSCs used in this study
are positive for the surface markers Sca-1 and PDGFRa,
have strong osteogenic potential and are highly responsive
to BMP signal in vitro (Supplemental Fig. 2). Our data
showed that CTX CM is capable of promoting osteogenesis
by upregulating osteogenic marker gene and BMP receptor
gene expression in MDSCs (Fig. 2D) along with BMP signalling
activation (Fig. 2C), suggesting that certain BMP family
proteins are present in the damaged muscle milieu and are
capable of exerting an osteogenesis-promoting effect on
MDSCs. Notably, we also found that CTL CM is also capable
of promoting MDSCs osteogenesis and activates BMP sig-
nalling compared with GM, but to a lesser extent than CTX
CM. We speculate that this is because either certain



Figure 6 Suppression of inflammation in vivo reduced BMP-7 level in CTX-injured muscle. (A) Immunofluorescence staining
showing decreased macrophage number (CD68, red) and reduced BMP-7 level (green) in CTX-injured muscle in animals treated with
the antiinflammatory drug dexamethasone (DEX). Bar Z 200 mm. (B and C) Quantitative analysis of BMP-7þ and CD68 þ cells at the
interface of hydrogel scaffold and muscle. BMP-7þ and CD68 þ cells were counted on 6 independent fields of view (FOV,
20 � magnification). (B) On Day 3, significant decrease in the number of BMP-7þ and CD68 þ cells was observed in dexamethasone-
treated animals (*, p < 0.05; **, p < 0.01). (C) On Day 7, significant decrease in the number of CD68 þ cells was observed in
dexamethasone-treated animals (**, p < 0.01), while BMP-7þ cells were not detected.
BMP-7 Z bone morphogenetic protein-7; CTX Z cardiotoxin.
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proosteogenesis factors are present at basal level in unin-
jured muscle tissue or the muscle tissue was unavoidably
injured during its collection process resulting from incision
and cutting. In summary, our findings suggest a general
mechanism by which muscle injury facilitates HO formation
via the soluble factors present in injured muscle that act to
induce MDSC osteogenesis through BMP signalling pathway.
To identify which soluble factor is responsible for BMP
signalling activation after muscle injury, Western blotting
was performed against selected BMP subtypes that have
been reported with great osteoinductive potential. We
found that BMP-7 expression was highly upregulated at
early time points after muscle injury and that its expression
was localized only to inflamed areas of muscle tissue highly
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populated by CD68-positive macrophages (Fig. 3). We did
not observe the change in expression of other BMP subtypes
in injured muscle tissue. As ligand specificity of BMP sig-
nalling is mainly dictated by BMP type I receptor, with BMP-
2/BMP-4 having a higher affinity for BMPRIA and BMP-6/
BMP-7 for BMPRIB [32], the upregulation of BMP-7 was
consistent with our in vitro finding that among the BMP type
I receptors, only BMPRIB expression was significantly
upregulated in MDSCs after being exposed to muscle tissue
CM (Fig. 2D). To confirm the functional involvement of BMP-
7, we performed BMP-7 inhibition experiment both in vitro
and in vivo. Treatment with BMP-7eneutralizing antibody
significantly inhibited the osteogenesis-promoting effect of
CTX CM in vitro and reduced HO volume in vivo (Fig. 4),
strongly implicating the role of BMP-7 as a key osteoin-
ductive factor responsible for the osteogenesis-promoting
effect of muscle injury.

BMP-7, also known as osteogenic protein-1, is a Food and
drug Administrationeapproved osteoinductive adjuvant in
orthopaedic surgery known for its role in triggering stem
cell osteogenic differentiation [33]. However, the physio-
logical role of BMP-7 after muscle injury and its cellular
origin are not clear at this point. Previous studies have
shown that BMP signalling is normally active in muscle and
important in maintaining muscle mass and that inhibition of
BMP signalling leads to muscle atrophy [34,35]. Studies
have also shown that BMP signalling is indispensable for
muscle regeneration after injury and that BMP signalling
activation coincides with the period of satellite cell pro-
liferation [36]. Therefore, BMP-7 may function to promote
satellite cell proliferation in injured muscle [37,38].
Recently, it has become clear that BMP-7 is a highly pleio-
tropic factor [39]. For example, it has been reported that
BMP-7 inhibits inflammation by inducing M2 macrophage
differentiation [40]. It can also act as an antifibrotic cyto-
kine by antagonizing transforming growth factor-b1 (TGF-
b1) [41e43]. Given the close spatial proximity of BMP-7
signal and macrophage signal observed by immunofluores-
cence staining, the upregulation of BMP-7 in injured muscle
may also be a mechanism to counteract muscle
injuryeinduced inflammation and fibrosis. However, in
pathological conditions, such as in our case with supra-
physiological dose of BMP-2, this otherwise physiological
BMP-7 signal may well turn into strong osteogenic signal to
cause aberrant osteogenesis.

Finally, we showed that antiinflammatory drug treat-
ment reduced the volume of HO formation in vivo, with
evident decreases in inflammatory cell infiltration (Fig. 5).
In addition, we found decreased BMP-7 level in CTX-injured
muscle tissue in dexamethasone-treated animals compared
with those not receiving the drug (Fig. 6). The positive
correlation between BMP-7 levels and macrophage numbers
suggests that the osteogenesis-promoting effect of muscle
injury could be largely related to the injury-induced in-
flammatory response. Our results thus provide a possible
rationale for using antiinflammatory drugs as HO preven-
tion. Interestingly, we also observed in our study that either
inhibition of BMP-7 activity or suppression of inflammation
reduced the volume of HO in the left legs subjected only to
BMP-2 injection. This can be explained by the fact that
recombinant BMP triggers dose-dependent inflammatory
reactions in vivo [44], and hydrogel muscle injection may
cause mild muscle tissue injury. Indeed, we observed BMP-7
expression located at the interface of BMP-2 hydrogel and
muscle in the BMP-2 injectionealone group, which became
even less evident in animals receiving antiinflammatory
drug treatment (Supplemental Fig. 3).

The limitation of this study is that the role of other types
of muscle injury in HO pathogenesis was not tested. It is
possible that other factors are responsible for the
osteogenesis-promoting effect of distinct types of muscle
injury or more than one factor may function at different
time points after injury. Of particular relevance is a study
that demonstrated the presence of BMP-4 ligand in human
blast traumatized skeletal muscle tissue [45]. However, we
did not find upregulation of BMP-4 in our system. This may
be due to different injury mechanism, tissue harvest time
and differences between human and mouse. In summary,
our results demonstrate that CTX-induced muscle injury
augments BMP-2einduced HO formation by stimulating
local BMP-7 production and that this osteogenesis-
promoting effect is largely related to the muscle
injuryeinduced inflammatory response. Our findings sug-
gest a universal mechanism by which muscle injury facili-
tates HO formation.
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