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Abstract

Ischemia predisposes orthopaedic trauma patients to delayed fracture healing or non-union. The
goal of this study was to test the ability of bone morphogenetic protein 7 (BMP7) to stimulate
fracture repair in an ischemic environment. Ischemic fractures were generated in male adult mice
by resecting the femoral artery prior to the creation of a non-stabilized tibia fracture. Recombinant
human BMP7 (rhBMP7, 50ug) was injected into the fracture site immediately after surgery.
Histomorphometric analyses revealed that rhBMP7 induced more cartilage at day 7, more callus
and bone at days 14 and 28, and more adipose tissue and fibrous tissue at days 7, 14 and 28
compared to controls (n=5/group/time). At day 28, all fractures treated with rhBMP7 (50ug, n=5)
healed, whereas only 3 of 5 control fractures exhibited slight bony bridging. In addition, we found
that rhBMP7 (both 10 and 50ug) significantly increased the amount of cartilage compared to
controls in stabilized fractures, confirming its chondrogenic effect. No significant effects of
rhBMP7 on tissue vascularization were observed at 3 days after fracture. Lastly, using bone
marrow transplantation we determined that no donor-derived osteocytes or chondrocytes were
present in rhBMP7 treated fractures, suggesting rhBMP7 did not recruit mesenchymal stem cells
from the bone marrow to the fracture site. In conclusion, our results indicate that rhBMP7 is a
promising treatment for fractures with severely disrupted blood supply.
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Introduction

Inadequate blood supply is a major cause of delayed- and non-union during fracture healing.
The rate of impaired bone healing is nearly 50% in patients with concomitant vascular
injuries or when fractures occur in areas with decreased perfusionl, and this is significantly
higher than the 10% non-union rate observed in general fractures2. Therefore, developing
therapies to enhance fracture healing in ischemic environments is of great importance.
Previously, we developed an ischemic fracture model by resecting the femoral artery prior to
creating a tibial fracture. In this model, the blood supply slowly returns to the lower limb via
collateral blood vessel formation 3. However, femoral artery resection creates an anoxic
environment during the early stages of repair 4 that leads to cell death within the periosteum,
delayed chondrocyte and osteoblast differentiation, and ultimately, delayed bone repair 3.
Therefore, this model is ideal for testing novel interventions for treating fractures that are
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accompanied by acute severe ischemia, such as those with extensive vascular damage that is
beyond repair or those resulting from crush injuries.

A number of candidate molecules could be used for treating ischemic fractures. We chose to
focus on bone morphogenetic protein 7 (BMP7, also named osteogenic protein 1 (OP-1)),
because this molecule has been used to treat other non-union fracture models in rodents 5
and is approved as a humanitarian device to treat recalcitrant fractures in humans. BMP7
induces cartilage and bone formation, and the effect of BMP7 on fracture healing and spinal
fusion has been illustrated experimentally 679 and clinically (See a review by White et al.
10). However, these studies were performed in tissues with adequate blood supply, and the
capacity of BMP7 to improve bone repair in an ischemic environment has not been assessed.
In this work, we hypothesized that rhBMP7 can accelerate fracture healing in severe
ischemic fractures by inducing bone and cartilage formation, improving tissue
vascularization, and recruiting circulating stem cells. We first tested the ability of BMP7 to
enhance bone repair in our model of ischemic fracture. We then examined potential
mechanisms by analyzing the effects of BMP7 on cartilage formation and tissue
vascularization in stabilized fractures and stem cell recruitment in chimeric mice created by
bone marrow transplantation.

Generation of ischemic tibia fractures and treatment with rhnBMP7

Three-month-old male 129J/B6 mice (25-30g) were used in this study. All procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University
of California at San Francisco. Animals were anesthetized by intraperitoneal injection of
Ketamine/Medetomidine. Femoral artery resection was performed as described previously 3.
Briefly, the right femoral artery and its branches between the inguinal ligament and
saphenous/popliteal bifurcation were separated and removed. A closed transverse mid-
diaphyseal tibial fracture was then created by three-point bending. Animals were allowed to
move freely after recovery from anesthesia. This model of non-stabilized tibia fracture
allows us to study intramembranous ossification and endochondral ossification in the same
animal 3. Pre-operative antibiotic (Ancef, 25mg/kg) and post-operative pain killer
(Buprenex, 0.01mg/kg) were provided. Recombinant human BMP7 (rhBMP7 (OP-1, Stryker
Biotech, Hopkinton, MA)) was suspended in 10% lactose solution at a concentrations of
0.33 or 1.66pg /pl. Thirty microliters of rhBMP7 solutions, equivalent to 10 or 50ug, was
injected directly into the fracture site immediately after the creation of fractures. Control
animals received 30l of 10% lactose solution only. Animals were sacrificed at 7, 14, and 28
days (n=4-5/time/group) for histological analysis. Two mice treated with rhBMP7 died at 4
and 23 days after surgery and one animal from the control group developed foot necrosis.
These animals were excluded from further analyses.

Generation of stabilized tibia fractures and treatment with rhBMP7

Animals were anesthetized as described above. Two sets of insect pins were place in the
proximal and distal ends of tibia, 11mm apart. An external fixator was then applied to these
pins as previously described 11. Closed transverse mid-diaphyseal fractures of the tibia were
created with a three-point bending apparatus. Radiographs were taken immediately after
injury to confirm the extent of fracture. The external fixator provides rigid fixation of the
tibial fracture. After recovery, animals were allowed to ambulate ad libitum and analgesics
were provided for the first 48 hours (Buprenorphine, ZT Sigma, St. Louis, MO). No femoral
artery resection was performed in this set of animals. Immediately after fracture, the fracture
site was injected with 10 or 50ug of rhBMP7 or 10% lactose as control. Animals were
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sacrificed at 3 days after fracture for blood vessel quantification and 10 days post-fracture
for histological analysis of bone repair (n=5/group/time).

Tissue processing and histological analyses

Fractured tibiae were fixed in 4% paraformaldehyde (PFA) at 4°C overnight, decalcified in
19% EDTA, dehydrated, and embedded in paraffin. Sagittal sections (10um) through the
entire block were prepared. To analyze the effects of rhBMP7 on fracture healing, every
tenth slide, or every twentieth slide for samples with large calluses, was stained by the Hall’s
and Brunt’s Quadruple (HBQ) staining (bone is red and cartilage is blue) 12.
Histomorphometry was performed using stereology. The volume of callus (Vcallus) and the
volumes of bone (Vbone), cartilage (Vcartilage), fibrous tissue (\Vfibrous), and adipose
tissue (Vadipose) within the callus were estimated using the Cavalier method 13. To assess
chondrocyte differentiation and maturation, in situ hybridization using probes to Collagen
type 11 and Collagen type X, markers of chondrocytes and hypertrophic chondrocytes
respectively, was performed on sections adjacent to those used by histological staining 14.

Immunohistochemistry of members of BMP signaling pathway

Goat polyclonal antibodies against BMP7 and BMP receptors (BMPR-IA, BMPR-IB,
BMPR-I11) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
polyclonal antibody against p-Smad-1/5/8 was purchased from Chemicon (Millipore,
Billerica, MA). Paraffin sections (10um thick) were dewaxed, rehydrated, and incubated
with primary antibodies in PBS (1:100 dilution) at 4°C overnight. Sections were then
incubated with a biotinylated secondary antibody (Vector Labs) for 30 min at room
temperature followed by staining with Vectastain ABC Reagent (Vector Labs). Antibody
complex was visualized with DAB reaction. Sections incubated with secondary antibody
only without primary antibodies were used as controls.

Stereology analysis of tissue vascularization

Stereology is a widely used technique to analyze blood vessels. It gives unbiased estimation
of the length density (the length per unit volume of the reference space, Lv) and surface
density (the surface area of the endothelium per unit volume of the reference space, Sv) of
tissue vasculature 13: 15. Mice with femoral artery resection and tibial fracture were treated
with 50pg of rhBMP-7 or lactose solution as control. Animals were sacrificed at 7 days after
fracture (n=6/group). The entire tissue including fractured bone and surrounding muscles
between the knee joint and ankle was collected, fixed in 4% PFA, and decalcified in 19%
EDTA. Tissues were embedded in OCT and vertical, uniform, and random sections (10pum)
were prepared through the whole block. For each sample, 6-9 sections were selected using
systematic random sampling for blood vessel analysis. Immunohistochemistry was
performed to visualize blood vessels using an anti-PECAM (Platelet Endothelial Cell
Adhesion Molecule, a marker of endothelial cells) antibody. The length density and surface
density of blood vessels were quantified as described 16. The total volume of tissues
between the knee and ankle (Vref) was estimated using the Cavalieri method 13. The total
length and surface area of vasculature were calculated by multiplying Lv and Vref or Sv and
Vref respectively.

Generating bone marrow chimeras for lineage analysis

We created chimeric mice in which host bone marrow was replaced by bone marrow from
Rosa26 mice as previously described 17. Briefly, bone marrow was collected from tibiae
and femora of 6-week old male Rosa26 mice (Jackson Laboratories, Bar Harbor, ME) that
express the B-galactosidase transgene ubiquitously. Red blood cells were lysed (RBC lysis
buffer, Sigma, St. Louis, MO), and the remaining cells were washed and suspended in PBS.
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Six-week-old male congenic C57BL/6J mice were irradiated (12 Gray, y-ray, 137Cs
irradiator), and then donor bone marrow was injected into lateral tail vein (107 cells/ mouse).
Fractures were created in the chimeric animals 4 weeks after bone marrow transplantation.
Donor cells were distinguished from hosts by standard X-gal staining to detect f3-
galactosidase activity as described 17.

Assessing osteogenic and chondrogenic capacity of transplanted bone marrow from
chimeric mice

To determine whether donor bone marrow mesenchymal stem cells (MSCs) were present in
chimeric animals, bone marrow cells were isolated from chimeric mice 6 weeks after
transplantation. The ability of the adherent cells to undergo osteogenesis and chondrogenesis
in vitro was tested. The standard practice of isolating cells that adhere to plastic was used to
isolate and culture the putative MSCs 18720. Briefly, bone marrow cells were collected
from femora and tibiae. Cells were plated and cultured for three days. The adherent cells
were allowed to form colonies (CFU-F) and expanded through 3 passages. X-gal staining
was performed on these cells to test whether they are donor—derived.

The capacity of these adherent cells to form bone in vitro was tested. Cells were collected,
seeded (10° cells/well) in a 24-well plate, and cultured in low-glucose DMEM containing
10% FBS, 0.1 uM Dexamethasone, 0.2 mM Ascorbic Acid 2-Phosphate and 10 mM
Glycerol 2-Phosphate in a humidified incubator at 37°C and 5% CO,. The medium was
changed every 3 days for 21 days. Then the cells were fixed in 0.2% Glutaraldehyde at room
temperature for 15 minutes and stained with Alizarin Red to assess mineralization and/or X-
gal staining solution to determine if the osteoblasts were derived from the donor bone
marrow.

The capacity of these adherent cells to form cartilage in vitro was also tested. Once adherent
cells had reached the 3rd passage, they were collected, centrifuged at 300g for 5 minutes to
form a cell pellet in a 15-ml polypropylene tube, then cultured in a low-glucose DMEM
medium containing 10% FBS, 0.1 pM Dexamethasone, 0.2 mM Ascorbic Acid 2-Phosphate,
10ng/ml TGF-B1, 10pg/ml insulin and ITS (insulin-transferrin-selenium) premix (Sigma).
The media was changed every 3 days for 21 days. Then the cell pellet was fixed in 0.2%
Glutaraldehyde at room temperature for 30 minutes and then embedded in OCT (Sakura
Finetechnical Co., Tokyo, Japan). Frozen sections were prepared and stained with X-gal to
assess the presence of donor cells and Safranin O/Fast Green to visualize cartilage matrix.

Assessing the ability of rhBMP7 to stimulate donor MSCs in ischemic fractures

Statistics

Six weeks after bone marrow transplantation, ischemic tibial fractures were created in
chimeric mice, and then rhBMP7 (50ug) was injected directly into the fracture site
immediately after the creation of ischemic fractures. The mice were sacrificed at 14 days
after fracture. The tibias and surrounding callus tissues were collected and fixed in 4%
paraformaldehyde solution at 4 °C for 24 hours. The samples were decalcified in 19%
EDTA at 4 °C for 10-14 days, then cryo-embedded in OCT. Consecutive frozen sections
(10um) were cut through the entire callus and stored at —20°C. Sections were subjected to
Safranin O/Fast Green staining for histological analysis and X-gal staining for cell lineage
analysis.

Single factor ANOVA and t-test were used to determine the effects of rhBMP7 on fracture
healing. Data are presented as mean + one standard deviation.
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Results

RhBMP7 improves early fracture healing in an severe ischemic environment

Non-stabilized, ischemic tibial fractures were created and treated with a single injection of
rhBMP7 (50ug) or control solution at the time of injury. At 7 days after injury, rhBMP7-
treated fractures exhibited significantly more cartilage, fibrous, and adipose tissues
compared to controls (Fig. 1). RhBMP7 also increased callus and bone formation at this
time point, but this increase was not statistically significant (Fig.1). Histological analysis
revealed a large amount of dead muscles at the fracture site in both treated and control
fractures (Fig. 2B, F). Cartilage was observed in the area of periosteal reaction and at the
periphery of dead muscles (Fig. 2C, G). Further molecular analysis using in situ
hybridization showed similar expression patterns of Collagen Il and X transcripts between
treated and control fractures (data not shown), suggesting the maturation of cartilage was not
significantly affected.

Activation of the BMP signaling pathway appeared to be enhanced in response to the
exogenous rhBMP7 at 7 days after treatment. Bmp receptors (1A, 1B, and 11) and
phosphorylated Smad-1-5-8 were detected in chondrocytes within fracture calluses, and the
immunostaining appeared more intense in fractures treated with rhBMP7 (Fig. 2). In
addition, stronger intracellular BMP7 staining was observed in chondrocytes in treated
animals (Fig. 2L, P), indicating there was an increase in the expression of endogenous
Bmp7. These results demonstrate that exogenous rhBMP7 enhances the early stages of
ischemic fracture healing and activates the Bmp signaling pathway directly and/or
indirectly. The increased pSmad and Bmp7 expression could be also due to the increased
amount of cartilage (Fig. 1).

RhBMP7 improves late fracture healing in an severe ischemic environment

The next objective was to determine if treating ischemic fractures with rhBMP7 had long-
term effects on the process of bone healing. At 14 days after fracture, dead muscle fibers
were observed in both control and treated fractures. In treated fractures, rhBMP7 led to the
formation of significantly larger calluses, more bone, fibrous tissue, and adipose tissues
within the fracture calluses compared to controls (Fig. 1). Interestingly, equal amounts of
cartilage were observed between the treated and control animals at this time (Fig. 1).
Considering rhBMP7 treated fractures had significantly more cartilage at day 7, the equal
amounts of cartilage at day 14 may suggest that rhBMP7 accelerated endochondral
ossification during this period. There were also signs of ectopic bone and cartilage formation
in rhBMP7 treated fractures. In control ischemic fractures, newly formed bone was usually
observed adjacent to periosteum (Fig. 3B) and fibrous tissue was present between dead
muscle fibers within fracture callus (Fig. 3C). In comparison, rhBMP7 treated fractures
exhibited new trabecular bone within fibrous tissue (Fig. 3E) and cartilage islands between
dead muscle fibers (Fig. 3F).

Normally, tibial fractures in mice heal by day 28, but resection of the femoral artery prior to
injury delays healing beyond this time point 3. Therefore, we wanted to assess the ability of
rhBMP?7 to restore the normal time course of healing in ischemic fractures. Indeed, at 28
days after injury, ischemic fractures treated with 50pg of rhBMP7 had significantly larger
calluses and more bone within the callus compared to controls (Fig. 1). All rhBMP7 treated
fractures (n=5) exhibited a large bony callus that bridged the fractured bone ends, whereas
only 3 of 5 control fractures exhibited some degree of bony bridging with a large amount of
fibrous tissue in the fracture gap (Fig. 4).

Finally, we assessed the ability of lower doses of rhBMP?7 to facilitate repair of ischemic
fractures. We treated ischemic animals with 10ug of rhBMP7 and analyzed fracture healing
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at day 28. All animals (n=5) receiving this low dose of rhBMP7 exhibited bony bridging
between fracture ends. Further histomorphometric analysis showed that 10pg of rhBMP7
had efficacy that was similar to 50ug, inducing a large amount of callus and bone formation
(See supplemental Fig. 1).

RhBMP7 induces bone and cartilage formation in stabilized fractures

While our findings demonstrated that rhBMP7 increased cartilage formation and enhances
endochondral ossification in ischemic fractures, these data do not provide direct evidence
that rh-BMP7 directs stem cells to differentiate along chondrogenic pathways in vivo. Those
ischemic fractures were not stabilized and a non-stable environment allows stem cells to
differentiate into chondrocytes. Therefore, to test the ability of rhBMP7 to directly induce
chondrogenesis and endochondral ossification during fracture healing, we assessed fracture
healing in a rigidly stabilized environment. In this model, healing occurs primarily through
intramembranous ossification (11 and see Fig. 5). Tibial fractures were rigidly stabilized
with an external fixator and treated with 10 or 50ug of rh-BMP7 or control solution. At 10
days after injury, control fractures exhibited a small callus and little newly formed bone at
the fracture sites (Fig. 5). Cartilage was not detected in 2 out of 5 control fractures and the
other 3 animals had a minimal amount of cartilage. In contrast, both doses of rh-BMP7
induced formation of large calluses comprised of a large amount of bone and cartilage at 10
days after fracture (Fig. 5 and data not shown). Histomorphometric analyses illustrate that
the volumes of callus, bone, cartilage, and fibrous tissue in rhBMP?7 treated fractures are all
significantly higher than those in the controls (Fig. 5C).

RhBMP?7 increases tissue vascularization

To assess the effects of rhBMP7 on vascular repair, ischemic fractures were treated with 50
pg of rhBMP7 and vascularization of the fractured limbs were analyzed at 7 days after
injury using stereology techniques. No significant difference in length density or surface
density of vasculature was detected between rhBMP7 treated and control fractures (Table 1).
However, rhBMP7 treated mice exhibited larger volume of tissue in the fractured lower hind
limbs. The total length and surface area of vasculature in rhBMP7 treated fractures were
significant larger than those in the controls (Table 1).

Transplanted bone marrow cells do not contribute to bone and cartilage formation in
rhBMP7 treated ischemic fractures

In our final experiment we wanted to assess the extent to which rhBMP7 was able to recruit
mesenchymal stem cells (MSCs) from the bone marrow cavity. To achieve this we created
chimeric animals by transplanting bone marrow that was genetically labeled with the -
galactosidase transgene into wild type animals. As a first step, we assessed whether donor
MSCs were present in these chimeric animals by examining the extent to which donor cells
could be isolated from the chimeric marrow and form colonies in vitro (CFU-F). Cells were
harvested from the bone marrow of chimeric animals 6 weeks after transplantation and
cultured. The adherent cells formed colonies (CFU-F), and B-galactosidase activity was
detected in these cells indicating that they were derived from the transplanted donor bone
marrow cells (Fig. 6A). Further, when cultured in osteogenic or chondrogenic media, these
cells exhibited ability to differentiate into osteoblasts (Fig. 6B) and chondrocytes (Fig. 6C)
respectively. Hence, donor-derived MSCs were present in the chimeric animals at the time
that we created fractures in these animals.

Using this model of bone marrow transplantation, we assessed whether rhBMP7 could
recruit donor mesenchymal stem cells from the bone marrow and induce them to form bone
and cartilage during fracture repair. Ischemic fractures were created in chimeric mice, and at
the time of fracture rhBMP7 or lactose was injected into the fracture site. At 14 days after
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injury, we did not detect osteocytes or chondrocytes that expressed p-galatosidase in the
fracture callus of animals injected with the control lactose solution (data not shown). As
expected, when we injected rhBMP7, we observed a larger fracture callus. However, the
osteocytes and chondrocytes in the callus remained negative for X-gal staining (Fig. 6D).
These results suggest that transplanted bone marrow mesenchymal stem cells did not
contribute to bone or cartilage formation during the repair of ischemic fractures, and that
these cells were not induced to form bone or cartilage in the presence of rhBMP7.

Discussion

Results from the current study demonstrate that rhBMP7 induces both bone and cartilage
formation in un-ischemic stabilized fractures and non-stabilized ischemic fractures. Femoral
artery resection leads to massive cell death in the lower part of the leg 3. Therefore, the
ability of rhBMP7 to stimulate repair in this environment is quite striking. This is
underscored by our observation that even at the lower dose that we used rhBMP7 stimulated
skeletal repair. Several mechanisms may underlie the osteogenic and chondrogenic
potentials of rhBMP7 in a severe ischemic environment. Since we observed a large amount
of dead tissues in both control and rhBMP7 treated fractures at 7 and 14 days after injury, it
is unlikely that rhBMP7 could rescue cells at the fracture site from cell death. Thus, our
further analysis of the underlying mechanisms was focused on the effects of rhBMP7 on
stem cell recruitment and cell fate decision.

Potential effects of BMP7 on skeletal cell recruitment in a severe ischemic fracture

environment

Our data provide significant evidence for the ability of rhBMP7 to stimulate healing of
fractured bone in an ischemic environment. However, the source of the progenitor cells in
this experimental system needs to be determined. We previously demonstrated that in
ischemic environments the periosteum immediately adjacent to the fractured bone end and
cells in the bone marrow undergo apoptosis. Further, the muscles in the ischemic limbs
appeared necrotic 3. Recent reports indicate that there are skeletal progenitor cells in the
circulating blood21. They can form bone lining cells which co-localize with alkaline
phosphatase or osteocalcin staining, suggesting they may be able to differentiate into
osteoblasts 22724. These cells may originate from bone marrow 22. Therefore, rhBMP7
may be able to recruit bone marrow-derived stem cells to the fracture site to contribute to
bone and cartilage formation in an ischemic environment. We chose to address this in our
experiments by examining the contribution of bone marrow-derived MSCs to fracture
healing using a bone marrow transplantation approach. Our in vitro data first demonstrated
that donor cells with characteristics of MSCs were present in the bone marrow in irradiated
and reconstituted chimerae and these cells were able to differentiate into osteogenic and
chondrogenic cells in vitro. Further in vivo experiments illustrated that transplanted bone
marrow cells were recruited to the fracture site. However, these cells did not form osteocytes
or chondrocytes, even in the presence of ischemia and exogenous rhBMP7. These results
suggest that bone marrow derived mesenchymal stem cells might not be a major player in
rhBMP7 induced bone/cartilage formation in our ischemic fracture model.

These results must be interpreted cautiously, because we do not know definitively whether
the donor-derived mesenchymal stem cells were incorporated into a niche from which they
can be recruited. Further, other studies have reported a contribution of circulating and/or
bone marrow-derived cells to the skeletal tissues forming at the fracture site. Other studies
used co-localization of alkaline phosphatase or osteocalcin staining with staining to detect
donor cells 22724. Since strong alkaline phosphatase and osteocalcin staining is observed
along the surface of newly formed bone. We found that it was difficult to unequivocally
distinguish osteoblasts from other cell types such as osteoclasts that also line bone surfaces.
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Hence, we used very strict criterion to determine whether the transplanted bone marrow
cells contributed to bone and cartilage by examining the presence of X-gal positive
osteocytes and chondrocytes. In another study?25, a pluripotent cell line was injected
systemically into mice after femoral fracture and the distribution of these cells was
determined at various times after injury. The investigators found that these cells homed to
the fracture callus and over time cells that remained at the fracture site were encapsulated
into the newly formed bone. However, whether these cells differentiated into osteocytes and
produced bone matrix is not known. Hence, further experiments are required to determine
the role of bone marrow-derived cells as a major source of progenitor cells during fracture
healing.

Can BMP7 re-direct cell differentiation in an ischemic fracture environment?

Other scenarios may explain the cellular mechanism by which rhBMP7 stimulated bone and
cartilage formation in these experiments. We observed a large amount of fibrous tissue in
ischemic fractures treated with rhBMP7, and the majority of the fibrous tissue appeared to
be replaced by bone at later time points (day 28, Fig. 1 and Fig. 4). Application of rhBMP7
may have accelerated the maturation and resorption of these fibrous tissues, which then
allowed bone and cartilage formation to proceed more rapidly than in controls.
Alternatively, rhBMP7 is capable of converting fibroblasts into bone forming cells 26.
Therefore, rhBMP7 may have enhanced tissue granulation and fibrogenesis at early time
points after injury and converted them to bone and cartilage at later time points.
Distinguishing among these possibilities requires a genetic approach to allow definitive fate
mapping of the cells in this model, but there are no adequate models that could be used to
indelibly and exclusively label the fibroblasts that form in ischemic fractures.

We also observed that rhBMP7 treated fractures exhibited more adipose tissue compared to
controls. It’s reported that BMP signaling stimulates the formation of brown adipose tissue
in mice 27. An in vitro study by Chen et al. demonstrated that at low concentrations BMP7
stimulates adipocyte differentiation from mouse bone marrow stromal cells, while at high
concentrations BMP7 favors osteoblast differentiation 28. Thus, the increased amount of
adipose tissue in the rhBMP7 treated fractures could result from enhanced adipogenesis.
However, this conclusion requires careful evaluation. As shown before 3, and as we
observed in this work, ischemia leads to the formation of a large amount of adipose tissue in
injured limbs. Since rhBMP7 induces robust callus formation, more muscle and adipose
tissue could have been encapsulated in the callus resulting in increased volume of adipose
tissue in the fracture calluses of treated animals.

BMP7 may be involved in regulating the differentiation of chondrocytes under distinct
mechanical environments

Mechanical stimulus directs stem cell differentiation during early fracture healing. Unstable
fractures heal via endochondral ossification while stabilized fractures heal through
exclusively intramembranous ossification11. Results from this study revealed that rhBMP7
stimulated bone and cartilage formation in our ischemic fractures, which were mechanically
unstable. We further challenged stabilized fractures with rnBMP7. Our results definitively
show that at both doses tested, rhBMP7 directs chondrocyte differentiation during fracture
healing. These results suggest that differential signaling by BMPs in stable and non-stable
fractures may participate in directing the distinct modes of healing in these two mechanical
environments. The different mechanical environment may activate or suppress expression of
Bmp genes to varying degrees and thereby direct healing via these different modes. This idea
is supported by a recent report that demonstrates expression of Bmp-2, and other osteogenic
genes, can be regulated by mechanical forces 29.
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Effect of rhBMP-7 on Tissue Vascularization

BMPs are involved in angiogenesis, the process of new blood vessel formation and vascular
repair. BMP-7 is capable of inducing new blood vessel formation in chick chorioallantoic
membranes 30, and BMP2, which acts similar to BMP7, can increase vascularization of
tumors 31: 32. In our study, we found that rhBMP7 treatment significantly increased the
total length and surface area of blood vessels in the fractured legs. However, the length
density and surface density of blood vessels were not affected by rhBMP7 treatment.
Therefore, the increased total length and surface area of vasculature in the treated hind limbs
resulted from an increased total volume of tissues after rhBMP7 treatment. These results
suggest that rhBMP7 induced more robust callus formation and vascular repair in the
ischemic fractures. Further work will be required to determine the causal relationship
between increased callus formation and increased vascular repair.

In summary, results of the current study demonstrate that rhBMP7 enhances fracture healing
in an ischemic environment. We demonstrated that rhBMP7 induces bone and cartilage
formation, increases tissue vascularization, may convert fibroblasts to osteoblasts, and
regulates adipogenesis. We did not observe a contribution of bone marrow derived
mesenchymal stem cells in rhBMP7-accelerated fracture healing, and we found cartilage in
the muscle beds. Whether this ectopic ossification impacts functional outcomes was not
directly assessed and remains unknown. Finally, further exploration is required to determine
the extent to which BMP signaling affects recruitment and differentiation of skeletal
progenitor cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Histomorphometric analyses of fracture healing in rhBMP7 treated ischemic fractures
Animals with tibia fracture and femoral artery resection were treated with 50pg of rhBMP7.
* p<0.05, ** p<0.01.
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Fig. 2. Increased activation of Bmp signaling pathway after 50ug of rhBMP7 treatment: 7 days
after fracture and femoral artery resection
(A-D, I-L) Representative micrographs of control fractures. (A) A fracture callus stained by

Hall’s and Brunt’s Quadruple stain method (HBQ). Cartilage appears blue. (B) Necrotic
myofibers at the fracture site. (C) A cartilage island formed in the callus. (D, I-L) Bmp
receptors IA (BMPR |A), IB, Il, phosphorylated Smad-1-5-8, and Bmp7 are detected in
chondrocytes. Insert in (K) is a high magnification of the box area, showing p-Smad-1-5-8
positive cells (arrows). (E-H, M-P) Representative micrographs of ischemic fractures treated
with rhBMP7. (E) A fracture callus of rhBMP7 treated fracture. (F) Necrotic myofibers at
the fracture site. (G) A cartilage island. (H, M-P) rhBMP7 treated fractures have stronger
immunostaining for Bmp receptors 1A, IB, Il, phosphorylated Smad-1-5-8, and Bmp?7 in
chondrocytes compared to the control. Insert in (O) is a high magnification of the box area,
showing p-Smad-1-5-8 positive cells (arrows). Scale bars: (A, E) = 1mm, (B-D, F-H, I-L,
M-P) = 100um, inserts in (K and O) = 50 um.
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Fig. 3. Histology of rhBMP?7 treated ischemic fractures at 14 days after injury: HBQ staining
(A) A representative fracture callus of control animals. (B) New bone (red) in control
fractures is well organized. (C) Fibrous tissue is present between dead muscle fibers (m).
(D) A representative fracture callus of rhBMP7 treated animals. (E) rhBMP7-induced new
bone has a different morphology compared to trabeculae in control fractures (B). (F)
Cartilage islands (blue) are observed between dead muscle fibers (m). Scale bars: (A and D)
=2mm, (B, E) = 200um, (C, F) = 100um.
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Fig. 4. Histology of rhBMP7 treated ischemic fractures at 28 days after injury: HBQ staining
(A) In the controls, fibrous tissue (outlined areas with solid line) and cartilage (blue) are
present in callus. (B) rhBMP7 treated fractures have large bony calluses with minimal
amount of fibrous tissue and cartilage. Area outlined with dashed line is fracture callus.
Scale bar = 2mm.
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Fig. 5. Stabilized fractures treated with rhBMP7

Fracture healing was analyzed at 10 days after injury. (A) A representative callus of the
controls showing minimal bone formation at fracture site. (B) Fifty micrograms of rhBMP7
induces a large amount of bone and cartilage formation. (C) Histomorphometric analyses.
Scale bar = 1mm. * p<0.05, ** p<0.01.
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Fig. 6. Osteogenic/chondrogenic progenitor cells are not recruited from bone marrow in
rhBMP7 treated fractures

(A) Bone marrow cells harvested from chimeric mice formed colonies. A majority of cells in
the colony are positive for X-gal staining (blue staining). (B) These colony forming cells
differentiated into osteogenic cells, producing mineralized matrix which is stained red by
Alizarin Red solution. (C) These colony forming cells were also capable of differentiating
into chondrocytes (arrows, Safranin O/Fast Green staining). (D) Ischemic tibia fracture was
created in chimeric mice and treated with 50ug of rhBMP7. At 14 days after injury, blood
vessels (brown, PECAM immunohistochemistry) invaded a cartilage island (cartilage), with
new bone forming (bone). Chondrocytes in the cartilage, osteocytes in the new bone, and
endothelial cells (brown staining) are negative for X-gal staining. Some X-gal positive cells
(blue) are present at the endochondral front. Scale bars: A, C = 50um, B = 200um, D =
100um.
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