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Summary

The time course and cellular localization of myostatin expression following musculoskeletal injury are not well understood;
therefore, the authors evaluated the temporal and spatial localization of myostatin during muscle and bone repair following
deep penetrant injury in a mouse model. They then used hydrogel delivery of exogenous myostatin in the same injury model
to determine the effects of myostatin exposure on muscle and bone healing. Results showed that a “pool” of intense myostatin
staining was observed among injured skeletal muscle fibers 12-24 hr postsurgery and that myostatin was also expressed
in the soft callus chondrocytes 4 days following osteotomy. Hydrogel delivery of 10 or 100 pg/ml recombinant myostatin
decreased fracture callus cartilage area relative to total callus area in a dose-dependent manner by 41% and 80% (p<0.05),
respectively, compared to vehicle treatment. Myostatin treatment also decreased fracture callus total bone volume by 30.6%
and 38.8% (p<0.05), with the higher dose of recombinant myostatin yielding the greatest decrease in callus bone volume.
Finally, exogenous myostatin treatment caused a significant dose-dependent increase in fibrous tissue formation in skeletal
muscle. Together; these findings suggest that early pharmacological inhibition of myostatin is likely to improve the regenerative
potential of both muscle and bone following deep penetrant musculoskeletal injury. () Histochem Cytochem 60:22-30,2012)
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Myostatin (GDF-8) is most well recognized as a factor that has
potent catabolic and anti-anabolic effects on skeletal muscle
(Lee 2004). Myostatin levels are elevated in conditions associ-
ated with muscle atrophy, such as cancer cachexia (Zimmers
etal. 2002; Reisz-Porszasz et al. 2003) and unloading (Wehling
et al. 2000; Allen et al. 2009), and blocking myostatin function
can increase muscle mass and improve muscle regeneration
(McPherron et al. 1997; Whittemore et al. 2003; Wagner,
2005). Skeletal muscle is known to have important effects on
bone healing (Stein et al. 2002; Hamrick, McNeil, et al. 2010;
Hamrick, 2011). For example, muscle flaps are often used to
promote and accelerate fracture repair (Gopal et al. 2000), and
significant damage to muscle tissue following traumatic ortho-
paedic injury is believed to delay and retard the normal fracture

healing process (Utvag et al. 2002). Thus, while muscle is
known to play a key role in fracture healing and myostatin
plays an important role in muscle regeneration, the role of
myostatin in regulating musculoskeletal injury repair remains
poorly understood.

Myostatin was previously found to be highly expressed
during the early stages of fracture healing (Cho et al. 2002),
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Figure I. (A) General phases of fracture healing and time points examined for immunohistochemical staining of myostatin. (B) Negative
control sections of skeletal muscle stained with FITC-conjugated secondary antibody but not primary antibody. Scale bar = 100 uym.

and fracture callus size was observed to be significantly
greater in myostatin-deficient mice compared to wild-type
controls (Kellum et al. 2009). Moreover, blocking myo-
statin signaling using a recombinant myostatin propeptide
appears to enhance muscle and bone healing following fib-
ula osteotomy and muscle injury in mice (Hamrick,
Arounleut, et al. 2010). These findings all point to an impor-
tant role for myostatin in muscle and bone regeneration, but
several outstanding questions remain. First, it is well estab-
lished that the receptor for myostatin, the type IIB activin
receptor (ActRIIB, or Acvr2b), is expressed in bone
marrow—derived stromal cells (Hamrick et al. 2007), osteo-
blasts (Shuto et al. 1997), myoblasts (Ostebye et al. 2007),
fibroblasts (Li et al. 2008; Mendias et al., 2008; Fulzele
et al., 2010), and chondrocytes (Nagamine et al. 1998), but
what is the source of myostatin? In other words, is myo-
statin expressed in an autocrine fashion by marrow stromal
cells and chondrocytes, or is myostatin secreted primarily
by muscle cells, which affect chondro- and osteoprogeni-
tors in a paracrine fashion? Second, what is the time course
of myostatin expression following musculoskeletal injury?
This question is particularly relevant because if myostatin
inhibitors are to be delivered as potential therapeutics, then
their efficacy may be highly dependent upon the time at
which they are administered. Finally, what are the effects of
exogenous myostatin on muscle and bone healing? If block-
ing myostatin is thought to enhance tissue repair and regen-
eration, then the converse is also expected to be true. That

is, exposure to recombinant myostatin would be expected to
suppress or impair normal healing.

We addressed these outstanding questions using the fol-
lowing approaches. First, we used a time course immuno-
histochemical study in normal wild-type mice to localize
those cells expressing myostatin in situ following musculo-
skeletal injury. We then used an experimental approach to
deliver exogenous myostatin directly to the injury site fol-
lowing surgery. These studies shed new light on the role of
myostatin in musculoskeletal tissue repair.

Materials And Methods
Animals

Thirty-six wild-type (CD-1) mice 3—4 months of age were
used to analyze the temporal and spatial expression of myo-
statin during fracture healing using immunohistochemistry.
Mice were randomly divided into nine groups, each undergo-
ing fibular osteotomy on one leg with transection of the sur-
rounding lateral compartment muscles. Mice were then
euthanized at different time points spanning the inflammatory,
chondrogenic, and early osteogenic phases of fracture healing:
6, 12, 18, 24, 48 hr and 4, 6, 10, 14 days after fracture (Fig.
1A). Thirty-three adult wild-type (CD-1) mice 3—4 months of
age were used for experiments where myostatin was injected
directly into the injury site following osteotomy and muscle
transection. For these experiments, mice were randomly
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divided into three groups, each group receiving an increasing
dose (0, 10, 100 pg/ml) of recombinant myostatin (cat. No.
AF788; R&D Systems) loaded in a biodegradable hydrogel
injection at the fracture site. Details of the hydrogel formula-
tion are provided below. Mice were euthanized 15 days after
surgery using CO, overdose followed by thoracotomy. Body
weights were measured before surgery and following sacrifice.
Mice were purchased from Charles River Laboratories and
were housed in the same room and given food and water ad
libitum. All procedures were performed with Institutional
Animal Care and Use Committee approval.

Fibular Osteotomy and Tissue Preparation

The fibula osteotomy procedure with injury to surrounding
lateral compartment muscles follows the general procedure
that we have described elsewhere (Hamrick, Arounleut,
et al. 2010b). Briefly, mice were anesthetized using isoflu-
rane, and the lateral side of the hind leg was shaved with a
hair clipper and disinfected with Betadine, followed by
70% ethyl alcohol. A longitudinal 5-mm skin incision was
made along the lateral side of the right leg approximately
10—12 mm proximal to the calcaneal tuberosity, and the
fibularis longus and brevis were cut transversely to expose
the fibula. A transverse fracture was made at the middle of
the fibula using microtenotomy scissors, and the surgical
wound was closed using skin glue (3M Vetbond). Twenty
mg/kg of anti-inflammatory Ketorolac was administered
intraperitoneally immediately and 24 hr after surgery (for
groups 48 hr postfracture and later). Mice were euthanized
using CO, overdose, followed by thoracotomy; legs were
disarticulated at the knee and ankle joints; and skin was
removed gently to avoid disrupting the callus. Specimens
were then fixed in 4% paraformaldehyde at 4C. After 24 hr,
the specimens were washed in 1x PBS and preserved in
70% ethyl alcohol at 4C. Following microcomputed tomog-
raphy (microCT), the specimens were then decalcified by
immersing in 0.1M EDTA at pH 7.4 for 5 weeks at 4C.
Tissues were dehydrated in graded ethyl alcohol, embedded
in paraffin, sectioned transversely at the center of fracture
at 7-um thickness, and mounted on Frost Plus glass slides
(Fisher).

Immunohistochemistry

Paraffin sections were deparaffinized, hydrated, permeabilized
in 0.2% Triton X100 in a 1x PBS solution for 10 min, and
heated for epitope retrieval in citrate buffer solution pH 6.0
(Invitrogen) on a hot plate (95C) for 15 min. Nonspecific bind-
ing was blocked with 10% normal goat serum (Vector
Laboratories) in 0.1% Triton x100 in a 1x PBS solution for 1
hr at room temperature in a humidifying chamber. Serial sec-
tions were incubated with primary polyclonal antibodies
against myostatin (rabbit anti-myostatin; AB3239, Millipore)

at 1:50 dilution in 0.1% Triton x100 in a 1x PBS solution
overnight at 4C in the humidifying chamber. Before undertak-
ing this study, we compared four myostatin antibodies from
three manufacturers: Santa-Cruz, Millipore, and R&D
Systems. We selected the Millipore antibody for two reasons.
First, this antibody is immunoaffinity purified; second, it is
well documented (e.g., Gonzalez-Cadavid et al. 1998; Hittel
et al. 2010) to recognize the mature form of myostatin. After
being washed with 1x PBS three times for 3 min, sections
were incubated with secondary antibody (goat anti-rabbit;
AlexaFluor-488, Invitrogen) for 1 hr at room temperature in
the humidifying chamber. Finally, the sections were stained
with 4',6-diamidino-2-phenylindole (Vector Laboratories)
nuclear stain and coverslipped with Vectashield mounting
medium (Vector Laboratories). Primary antibody was omitted
for sections used as negative controls (Fig 1B). Serial sections
were stained with hematoxylin and eosin. Images were cap-
tured ona Carl Zeiss fluorescence microscope using Axio Vision
Image Analysis software, version 08.2008.

Hydrogel Delivery of Exogenous Myostatin
to the Fibula Osteotomy Site In Vivo

The fibular osteotomy procedure was performed as
described above, and a gastight glass syringe (Luer tip;
1700 Series, Hamilton Syringes) was used to inject 30 pl of
hydrogel loaded with 0 (1x PBS), 10, or 100 pg/ml recom-
binant myostatin at the fracture site immediately following
osteotomy. The hydrogel consisted of a proprietary formu-
lation of thiolated hyalyronan, thiolated gelatin, thiolated
chitosan, and poly (ethylene glycol) tetraacrylate. The gela-
tion was triggered by adding the crosslinker [poly (ethylene
glycol) tetraacrylate] to the mixture of thiolated hyalyro-
nan, thiolated gelatin, and thiolated chitosan. A protease
inhibitor cocktail was added to prevent degradation of the
recombinant myostatin. The 1x protease inhibitor cocktail
consists of PIC1 and PIC2 (1000%; PIC1: 1 mg/ml of leu-
peptin, 2 mg/ml of antipain, and 10 mg/ml of benzamidine
dissolved in 10,000 U/ml of aprotinin; PIC2: 1 mg/ml of
chymostatin and 1 mg/ml of pepstatin dissolved in dimethyl
sulfoxide). Before the addition of the crosslinker, recombi-
nant myostatin was added to the mixture at myostatin con-
centrations of 0 (1x PBS), 10, or 100 pg/ml. After 15 days,
mice were euthanized with Institutional Animal Care and
Use Committee protocol approval, using CO 5 overdose fol-
lowed by thoracotomy. Legs were fixed and processed for
microCT imaging and histology as described above.

MicroCT Analysis of Fracture Healing

MicroCT imaging was performed at the Savannah River
Site National Laboratory (Aiken, South Carolina) using a
160-kV microfocus X-ray machine (Model 16010, Kevex
Inc), a four-axis positioning system (Series 300, New



Role of Myostatin (GDF-8) in Muscle and Bone Healing

25

With DAPI

Figure 2. Immunohistochemistry staining (green fluorescence) of myostatin in transverse section of fracture site. Left-panel figures
indicate plane of section and area of interest shown in micrograph. Injured skeletal muscle fibers highly express myostatin at 12 hr
(A; scale bar = 25 pm) and 24 hr (B; scale bar = 10 um) following surgery. Six days postfracture, high myostatin expression (arrow) is
restricted to the nuclei of regenerating myotubes (C; scale bar = 25 pm). Four days postfracture, round, mature soft callus chondrocytes
(red arrow) and flat proliferating chondrocytes (white arrow) express myostatin (D; scale bar = 50 pm). Sections are counterstained with
DAPI, and blue DAPI staining is abundant in the bottom right quadrant of the image (D). f, fibula; MSTN, myostatin; sc, soft callus.Yellow
arrows indicate chondroprogenitor cells.Yellow staining represents autofluorescence.

England Affiliated Technologies), and an amorphous sili-
con imager (Paxscan 4030; Varian Inc) at 12-pum resolution
as described previously (Kellum et al. 2009; Hamrick,
Arounleut, et al. 2010). Measurements of total callus vol-
ume and callus bone mineral density were calculated 0.5
mm on either side of the callus center.

Histology and Histomorphometric Analysis of
Fracture Healing

Specimens were decalcified using 0.1M EDTA, embedded
in paraffin, and sectioned at 7 um. To quantify the area of
endochondral bone formation, paraffin sections were
stained with safranin O and fast green, which stains the
proteoglycan of cartilage an orange red and the background
green. To quantify the degree of muscle regeneration, serial
sections were stained using Masson’s trichrome, which
stains fibrous collagen-rich tissue blue and skeletal muscle
red. A 0.8-mm?” region of interest was examined lateral to
the fibula fracture callus (Hamrick, Arounleut, et al. 2010),
and the relative fraction of blue to red pixels in each image
was quantified using NIH ImagelJ 1.43r software. A higher-
intensity value for the blue channel indicates that the image
as a whole approximates pure blue; thus, the blue channel
value represents an average of all pixels in that image rather
than a total pixel number. We have estimated the percentage
of fibrotic tissue to muscle as a ratio of the average “blue-
ness” of the area of interest versus the average “redness.”
The images were captured using a QImaging digital camera

at 40x and 100x for the Safranin O and Masson’s trichrome
staining, respectively.

Statistical Analysis

Results were plotted as mean + SE. All statistical analysis
was performed using Prism, version 5.0a. Multiple group
comparisons were performed using one-way ANOVA. Post
hoc analysis was performed using Newman-Keuls multiple
comparison test. In all cases, statistical comparisons were
considered significant at p<0.05.

Results

Myostatin staining is abundant among injured skeletal
muscle fibers during the first 48 hr following surgery and in
chondrocytes of the soft fracture callus 4 days following surgery.
Myostatin expression was particularly noticeable among
injured muscle fibers, both adjacent and away from the
fracture site, 12 hr (Fig. 2A) and 24 hr (Fig. 2B) following
surgery. A secreted “pool” of myostatin was most evident
12 hr following surgery close to injured muscle fibers
around the osteotomy site (Fig. 2A). Muscle fibers that
showed signs of degeneration, such as fragmentation, pyk-
notic nuclei, and disrupted plasma membranes, also showed
marked expression of myostatin 6 days following injury
(Fig. 2C). Occasional staining could be detected in the con-
nective tissue around the fracture site up to 48 hr following
fracture. Very weak signals were sporadically observed in
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some periosteal and endosteal cells. On days 4, 6, and 10,
the soft callus chondrocytes underwent several morphologi-
cal and functional changes over the course of their life cycle
during endochondral bone formation. By day 4, fibroblast-
like spindle chondroprogenitor cells could be noticed
toward the periphery of the cartilage island (Fig. 2D).
Underneath the chondroprogenitor cell layer, flat proliferat-
ing and round mature chondrocytes, which are responsible
for laying down cartilage matrix, could be identified. Myo-
statin was highly expressed in the round mature layer of
chondrocytes and, to a lesser extent, in the flat proliferating
chondrocytes (Fig. 2D). On days 6 and 10 following frac-
ture, mature chondrocytes continued to stain strongly for
myostatin.

Exogenous myostatin reduces chondrogenesis and fracture
callus bone volume and impairs muscle regeneration in vivo.
Hydrogel delivery of recombinant myostatin caused no sig-
nificant decrease in mouse total body mass. The fracture
callus showed a significant dose-dependent decrease in car-
tilage area and staining intensity with myostatin treatment
(Fig. 3A). Cartilage area relative to total callus area
decreased by 41% and 80% with 10 and 100 pg/ml of
recombinant myostatin, respectively (Fig. 3B). MicroCT
data showed a significant dose-dependent decrease in the
bone volume in the fibula fracture callus with myostatin
treatment of 38.8% and 30.6%, with the higher dose of
recombinant myostatin yielding the greatest decrease in cal-
lus bone volume (Fig. 4A). Fracture callus total volume also
decreased by 30% and 47% with 10 and 100 pg/ml of
recombinant myostatin treatments, respectively (Fig. 4B).
Histological sections of the fracture callus and surrounding
muscle tissue stained with Masson’s trichrome displayed
signs of impairment in muscle regeneration, indicated by
the significant increase in the degree of fibrous tissue for-
mation (Fig. 5A). Mpyostatin treatment significantly
decreased the fraction of fibrous tissue relative to muscle
tissue by 16.2% and 10% with the high and low doses,
respectively (Fig. 5B).

Discussion

Myostatin is widely recognized as a potent suppressor of
muscle growth, development, and regeneration. Recent stud-
ies have also noted a link between myostatin and bone for-
mation. For example, mice lacking myostatin show an
increase in bone density and strength (Elkasrawy and
Hamrick 2010); blocking myostatin using systemic injec-
tions of a myostatin inhibitor causes enhanced bone regen-
eration (Hamrick, Arounleut, et al. 2010b); and fracture
callus volume is increased in myostatin-deficient mice
(Kellum et al. 2009). However, our knowledge of the mecha-
nism by which myostatin regulates bone formation is lack-
ing. A major question that remains unanswered is whether
such effects on bone formation are indirect manifestations of
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Figure 3. Endochondral ossification (orange stain, yellow arrows)
is apparent at |5 days after fracture and is decreased by local
treatment with recombinant myostatin. Light microscopic images
of transverse sections in the center of |5-day-old fracture callus
of myostatin-treated mice, stained with Safranin O and fast green.
Fracture callus outline is indicated by open white arrows and
cortical bone of the fractured fibula by the solid black arrow (A;
scale bar = 500 pm). Cartilage area relative to total callus area
decreased in a dose-dependent manner with myostatin treatment
(B; n=5-7 per group). MSTN, myostatin.

increased muscle mass or are direct effects of myostatin on
bone tissue. The data presented here point to both autocrine
and paracrine effects of myostatin during fracture healing.
Specifically, the early and consistent expression of myostatin
in the injured muscles immediately adjacent to the fractured
bone suggests that myostatin is made available in the milieu
of the fracture site by injured muscle fibers and regenerating
myotubes. This finding is consistent with results showing
that extensive muscle tissue defects have a negative impact
on early bone healing (Utvag et al. 2002) and with previous
data demonstrating that peak levels of myostatin expression



Role of Myostatin (GDF-8) in Muscle and Bone Healing

27

10ug/ml GDF-8 100ug/ml GDF-8

N

p<0.05, ANOVA

T
*
E 03y ———
° -
£
E]
S 02
Q
c
o
o
S 04
3
o
o
é o. r
o < & &
e &
2 06@ )
& &
N N
o o

Figure 4. Fracture callus bony union (non-lamellar) is formed at
I5 days after fracture and is decreased by local treatment with
recombinant myostatin. Microcomputed tomography images of
the fracture callus in the mouse fibula, treated with increasing
doses of myostatin. Mediolateral (left) and anteroposterior
(right) views (A; scale bar = 2 mm). Fracture callus bone volume
decreased with myostatin treatment (B; n=9—1| per group). GDF-
8, myostatin.

are observed in muscle 5 days following injury in rats (Kirk
et al. 2000). Moreover, our data show for the first time that
myostatin is also strongly expressed in the mature and prolif-
erating chondrocytes during endochondral ossification. We
and others (Nagamine et al. 1998) have observed the myo-
statin receptor, Acvr2b, to be expressed in these cells as well.
Taken together, these results point to an autocrine function of
myostatin in soft callus chondrocytes and suggest that myo-
statin is a factor that is expressed in a variety of tissues
besides muscle. On one hand, this result is not necessarily
unexpected since other TGF-P ligands, such as GDF-5, are
involved in bone healing (Axelrad et al. 2007). On the other,
these findings underscore the integrated nature of musculo-
skeletal regeneration and point to some basic similarities in
the molecules involved in both muscle and bone repair.

The decrease in endochondral bone area as well as callus
bone volume with localized exogenous myostatin treatment
was independent of a decrease in body mass. Although sys-
temic myostatin treatment is known to induce cachexia in
rodents (Zimmers et al. 2002) and muscle-specific overex-
pression of myostatin decreases muscle mass in mice
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Figure 5. Fibrous tissue formation in local myostatin-treated
mice. Histological sections stained with Masson’s trichrome
showing a dose-dependent increase in fibrous tissue formation
(blue stain, arrow) during muscle repair with myostatin treatment
(A; scale bar = 500 pm). Myostatin treatment (10 or 100 pg/
ml) significantly increased the relative fraction of fibrous tissue
staining blue in trichrome sections relative to vehicle treatment
(B; n=5-7 per group).

(Reisz-Porszasz et al. 2003), local delivery of myostatin
using a hydrogel appeared to have only local effects with no
systemic changes in body weight or muscle size. The sig-
nificant decrease in callus endochondral bone formation
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after local exogenous myostatin treatment points to a direct
role for myostatin in regulating the early fracture-healing
events where chondroprogenitor cells and chondrocytes are
actively differentiating or proliferating. This finding is con-
sistent with our in vitro studies showing that myostatin
treatment inhibits chondrogenesis and expression of the
chondrogenic factor Sox-9 (Elkasrawy et al. 2011). It is
well established that blocking myostatin signaling increases
muscle mass and improves muscle regeneration, and it
appears that these same inhibitors might have similar effects
in bone (Bialek, 2008; Ferguson et al. 2009; Borgstein et al.
2009), underscoring the tight coupling between muscle and
bone anabolism. Indeed, our earlier study utilizing a myo-
statin propeptide revealed that systemic injections of a
myostatin inhibitor can enhance bone healing as well as
muscle regeneration (Hamrick, Arounleut, et al. 2010).
Evidence shows that extensive muscle tissue injury has a
negative impact on early bone healing (Utvag et al. 2002),
whereas open fractures show improved healing when cov-
ered with an intact muscle flap (Gopal et al. 2000). It has
also been reported that fracture callus size is increased in
regions where there is abundant muscle coverage (Landry
et al. 2000) and that the muscle bed adjacent to the fracture
site may contribute chondroprogenitor cells to the fracture
hematoma (Pritchard and Ruzicka 1950). Studies of muscle
regeneration (Zhu et al. 2007) as well as studies of tendon
and ligament tissue (Mendias et al. 2008; Fulzele et al.
2010) suggest that myostatin is a profibrotic factor in the
sense that myostatin increases the expression of TGF-3 and
type 1 collagen. This is consistent with our findings show-
ing a significant dose-dependent increase in fibrotic tissue
during muscle regeneration with myostatin treatment and
with previous work demonstrating that myostatin treatment
increases muscle fibroblast proliferation and extracellular
matrix synthesis (Li et al. 2008).

The findings reported here and the previous work ref-
erenced above raise the general question of why myo-
statin would be expressed following injury if it appears to
have such detrimental effects on bone and muscle heal-
ing. Myostatin has multiple roles during muscle develop-
ment and regeneration, such as regulating myoblast
proliferation and differentiation (McFarlane et al. 2011).
Thus, within this context, myostatin serves as a “brake”
of sorts that guides muscle growth and development to
keep muscle fiber size and number within a functionally
and metabolically appropriate range. In addition, myo-
statin stimulates the differentiation of myofibroblasts
from myoblasts and enhances the deposition of fibrous
collagenous tissue by these cells (Burks and Cohn 2011).
In this way, myostatin also serves a short-term repair
function by replacing damaged muscle tissue that is
removed by macrophages with a patchwork of mechani-
cally stable fibrous tissue. Myostatin therefore serves
several important functions in normal growth, develop-
ment, and repair of muscle tissue; however, in those cases

where muscle damage is particularly widespread, such as
extremity trauma or dystrophin deficiency, the accumula-
tion of fibrous tissue is likely to significantly impair mus-
cle function in the longer term. In these cases, inhibiting
myostatin may be an effective therapeutic approach for
enhancing muscle repair.

Blocking myostatin has been widely investigated for the
treatment of muscular dystrophy (Wagner 2005; Wagner
et al. 2008). Several myostatin inhibitors, such as myostatin
propeptide, decoy soluble receptor, myostatin antibody, and
follistatin, have been shown to enhance muscle regeneration,
increase myofiber hypertrophy, and decrease fibrosis in heal-
ing muscle (Wagner 2005; Zhu et al. 2011). Our studies sug-
gest that these inhibitors may improve not only muscle
regeneration but also bone healing in cases of orthopaedic
trauma. The time course data presented in this article suggest
that such inhibitors may be most effective during the rela-
tively early stages of fracture healing (e.g., inflammatory and
early chondrogenic phases). Future studies should be directed
at investigating potential synergies between molecules that
may promote muscle repair, such as myostatin inhibitors, and
molecules that may directly stimulate osteogenesis, such as
BMP-2, GDF-5, and BMP-7, as well as factors that stimulate
angiogenesis, such as VEGF. Fracture non-union remains a
significant problem, and this problem is exacerbated in those
cases where soft tissue coverage is not available or where soft
tissues are significantly damaged. Integration of data on mus-
cle healing with that on bone repair is likely to reveal new
therapeutic strategies that may involve administering differ-
ent therapeutics at different stages of the healing process to
more effectively promote successful recovery from complex
musculoskeletal injuries.
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