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Bone morphogenetic protein-7 accelerates fracture 
healing in osteoporotic rats

Ashish D Diwan1,2, Anthony Leong2, Richard Appleyard1, Divya Bhargav1, Zhi Ming Fang1, Aiqun Wei1

abstract
Background: Osteoporosis is characterized by low bone mass, bone fragility and increased susceptibility to fracture. Fracture 
healing in osteoporosis is delayed and rates of implant failure are high with few biological treatment options available. This study 
aimed to determine whether a single dose of bone morphogenetic protein-7 (BMP-7) in a collagen/carboxy-methyl cellulose (CMC) 
composite enhanced fracture healing in an osteoporotic rat model.
Materials and Methods: An open femoral midshaft osteotomy was performed in female rats 3 months post-ovarectomy. Rats were 
randomized to receive either BMP-7 composite (n = 30) or composite alone (n = 30) at the fracture site during surgery. Thereafter 
calluses were collected on days 12, 20 and 31. Callus cross-sectional area, bone mineral density, biomechanical stiffness and 
maximum torque, radiographic bony union and histological callus maturity were evaluated at each time point.
Results: There were statistically significant increases in bone mineral density and callus cross-section area at all time points in 
the BMP-7 group as compared to controls and biomechanical readings showed stronger bones at day 31 in the BMP-7 group. 
Histological and radiographic evaluation indicated significant acceleration of bony union in the BMP-7 group as compared to controls.
Conclusion: This study demonstrated that BMP-7 accelerates fracture healing in an oestrogen-deficient environment in a rat 
femoral fracture healing model to scientific relevance level I. The use of BMP-7 composite could offer orthopedic surgeons an 
advantage over oestrogen therapy, enhancing osteoporotic fracture healing with a single, locally applied dose at the time of 
surgery, potentially overcoming delays in healing caused by the osteoporotic state.
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intrOductiOn

Osteoporosis is a significant health problem, 
particularly in postmenopausal women and the 
geriatric population, in whom oestrogen withdrawal 

results in further decreases in bone density. Low bone mass 
and micro-architectural deterioration of osteoporotic bone 
structure leads to bone fragility and increased susceptibility 
to fractures, the healing of which is often biomechanically 
impaired.1 Indeed, a lack of oestrogen has been shown to 

retard bone formation in studies of spinal fusion or fracture 
in an osteoporotic rat model.2,3 The ability to enhance 
the healing process in osteoporotic fractures is desirable, 
particularly in view of the frequent failure of metallic 
instrumentation in fragile osteoporotic bones.4,5

Bone morphogenetic proteins (BMPs) play a critical role in 
new bone formation.6 Initially discovered as components 
of demineralized bone extracts that promote bone growth,7 
BMPs form a family of related proteins with wide ranging 
effects on developing and regenerating tissues,8 including 
stimulation of osteoblast differentiation and function.6,9,10 
Furthermore, BMPs appear to mediate cell migration,11 and 
influence the expression of multiple target genes through 
receptor-mediated triggering of complex intracellular 
signaling pathways.12

Studies have shown recombinant human BMP-7 (rhBMP-7) 
promotes fracture healing in animal models13-16 and in 
humans.17-19 Distal tibial fractures, which are difficult to treat, 
heal slowly and often lead to complications; when treated 
with BMP-7, they showed significantly faster healing rates 
and required fewer secondary interventions as compared 
to controls.19 BMP-7 also proved beneficial in complex 
and persistent cases of pelvic ring instability, where the 
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application of BMP-7 produced 89% successful fusions 
in a small number of patients who had received at least 
one prior unsuccessful operation.17 BMP-7 application has 
also reportedly aided successful bone fusion in open tibial 
shaft fractures and nonunions of the scaphoid, diaphyseal 
humerus and other long bones.18,20

Significantly higher posterolateral fusion rates have 
been achieved using BMP-7 composite application in 
the spines of ovarectomised rats.21 Furthermore, BMP-7 
stimulated proliferation, osteogenic differentiation and 
mineralization in vitro in human osteoporotic tissues22 and 
in oestrogen-deficient rat fracture callus explant cultures.23 
With few therapeutic options and a high frequency of 
implant failure in osteoporotic fractures, we hypothesized 
that the application of a single dose of BMP-7 composite 
to fractured femur sites would promote enhanced fracture 
healing in an osteoporotic fracture. This was studied in a 
prospective randomized placebo-controlled rat femoral 
fracture model with blinded assessors.

MatErials and MEtHOds

Animal model
All experimental protocols and procedures were approved 
by	 the	 appropriate	University	 Animal	Care	 and	Ethics	
Committee	(ACEC).	Sprague‑Dawley	rats	(2‑months‑old,	
female) were surgically ovarectomised at the University 
Biological Resources Centre facility and obtained 3-months 
postovarectomy. Surgical procedures were conducted under 
halothane inhalation anesthesia. A mid-shaft osteotomy 
was performed with a Gigli saw and fixed with a 1.6-mm 
diameter stainless steel Kirchner wire-passed retrograde into 
the proximal fragment and then into the medullary canal 
of the distal fragment.

Rats were randomized to receive either a BMP-7 + collagen-I/
CMC composite (BMP-7 Group, n = 30) at a dose of 69 mg/
fracture (0.23 mg BMP-7 per 68.77 mg collagen-I) or 
collagen-I/CMC composite alone (0.2 ml, Control Group, 
n = 30) implanted at the fracture site. The BMP-7 is bound 
to bovine type I collagen and commercially available as 
OP-1. OP-1 and carboxy-methyl-cellulose (CMC) were 
provided by Stryker Biotech (Hopkinton, MA). The 
CMC, when mixed with saline, becomes putty-like and 
holds the sand-grain-like OP-I (BMP-7 + Collagen-I) 
more effectively. The dose of BMP-7 protein averaged 
0.9 mg/kg, which was within the recommended human 
dosing range (0.5-1 mg/kg). The muscle and skin were then 
closed at the end of the procedure.

Rats from each group (n = 10) were euthanized at days 
12, 20 and 31 postsurgery and then bilateral femora were 
harvested for experimental analyses. All assessments were 

performed in a blinded manner regarding the source of 
the tissue.

DEXA Scan
Bone mineral density (BMD) measurements were 
performed	using	a	Lunar	densitometer	(Expert	XL	model	
with small animal research software options). Thawed 
specimens of both femora were evaluated by hand regional 
high-resolution mode (line spacing 0.254 and point 
resolution 0.89 mm). Point types were marked to delineate 
the bone and exclude soft tissue. The region of interest 
included the entire right femur without the K-wire, a 0.6 cm2 
rectangle centered on the fracture site and the entire left 
femur as an internal control.

Radiological examination
Specimens were radiographed in a frontal projection using 
a	 Faxitron	X‑ray	 apparatus	 (Model	 8050‑010;	 Faxitron	
X‑ray	Corporation,	Wheeling,	IL).	For	optimal	observation	
of callus formation, bony continuity and remodeling, the 
specimens were exposed for 60 s at 20 kV. Images were 
examined qualitatively by three independent blinded 
observers who used two measurement tools devised 
for Faxitron assessment of fracture healing.24 First, the 
radiographs were graded according to the following system 
and	the	mean	±	SEM	calculated:	Grade	1‑no	callus	visible;	
Grade 2-Small amounts of fluffy callus present at bone 
ends; Grade 3-external bridging callus visible with no new 
bone between bone ends; Grade 4-Bridging callus visible 
with callus between bone ends of specimens. Second, the 
following characteristics were observed on each radiograph 
and each was assigned one point, not to exceed the 
maximum points shown in parentheses: 1. Visible callus on 
one side of the fracture at one bone end (4); 2. Bridging 
callus on one side (2); 3. Callus between fracture fragments 
on	one	side	(2);	4.	Evidence	of	remodeling	of	callus	on	one	
side (2). The points were then added to produce a score 
between 0 and 10 for each radiograph.

Callus morphometry
Following	the	DEXA	scanning,	all	femora	were	dissected	
clean from the surrounding soft tissue and the diameter of 
the callus was measured in two planes in the region where 
the callus is thickest using a Vernier calliper. Cross-sectional 
area of the fusion mass was calculated.

Biomechanical testing
Soft tissue was removed and each end of the femora 
was embedded into 12 × 8 mm aluminum cylinders 
using polymethyl methacrylate. Thawed specimens were 
subjected to a torsional load with a 20 Nm reaction 
torque cell and tested to failure at a rate of 2.0 degree/s 
on	 an	AG‑50KNE	materials	 testing	machine.	 The	 load	
displacement curves were acquired with a low load cell. The 
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force to failure, energy, stress and stiffness were measured 
from the resulting load-deformation curves.

Histological evaluation
Two rats from each group were randomized for histological 
analysis. At sacrifice, all soft tissue was removed from the right 
femur. The specimens were fixed in 10% buffered formalin 
for 48 h and decalcified with Rapid Decalcifier (48 h) (Lomb 
Scientific, Australia). The specimens were sectioned along 
the length of the femur and paraffin embedded. The 
blocks were cut into 4-mm thin sections and stained with 
hematoxylin‑eosin	 (H	and	E),	Alizarin	Red‑S	 stains	 and	
then evaluated under light microscopy.

Statistical analysis
Data analysis among multiple experimental groups was 
performed with analysis of variance (ANOVA) and unpaired 
Students t test using the statistical program SPSS (SPSS Inc., 
San	Rafael,	CA).	All	results	are	reported	as	a	mean	±	SEM	
(standard error of mean). Differences were considered 
significant at P < 0.05.

rEsults

Increased bone formation in bone morphogenetic 
protein-7 treated femurs visualized radiographically
Radiographs of rat femurs from BMP-7 treated and control 
groups were examined qualitatively using specific grading 
schemes to numerically describe the visual grade of callus 
formed. Visually, the radiographs in Figure 1a showed that 
more bone was present in the BMP-7 group as compared 
to the controls at both time points shown (days 12 and 31). 
This was particularly impressive at day 12 in the BMP-7 
group, while little evidence of new bone material was visible 
in the control [Figure 1a].

When the grading scheme was applied, the results 
showed a significant enhancement in callus maturity 
in the BMP-7-treated group at all time points [Table 1]. 
Observations of bridging callus location and evidence of 
fracture remodeling are also visible in the radiographs, 
indicating more active fracture healing in the presence of 
BMP-7 than in the controls [Figure 1a].

BMP-7 increased BMD in an oestrogen-deficient 
environment
Dexa scanning of bone density showed that newly formed 
bone material present in the radiographs was more 
highly mineralized in the BMP-7 group. Administration 

Table 1: Radiological evaluation
Days Treatment Grade (1‑4) Score (0‑10)
12 BMP-7 composite 3.54±0.40* 6.29±1.20*

Control 1.08±0.24 0.13±0.35
20 BMP-7 composite 3.79±0.40* 7.21±2.04*

Control 1.58±0.50 1.38±1.10
31 BMP-7 composite 3.88±0.35* 7.75±1.43*

Control 1.92±0.50 2.83±1.38
Data demonstrates enhanced callus maturity in the BMP-7 treated group, The radiological 
grade determined by three independent observers was at least 2-fold higher in the BMP-7 
treated group as compared to the controls (*P≤0.05), BMP-7 = Bone morphogenetic protein-7

Figure 1: (a) Radiographic images of fractured rat femurs. 
Representative radiological images of fractured femurs from BMP-7 
treated (left panels) or control (right panels) groups from days 
12 (upper panels) and 31 (lower panels). Enhanced callus formation 
was consistently observed in the BMP-7 treatment group at both time 
points. (b) Fracture callus bone mineral density. The bone mineral 
density (BMD) of calluses as measured using a Lunar Expert XL 
densitometer centered on the fracture site. The entire left femur was 
used as an internal control (n = 6, mean ± SEM, *P < 0.01)

b

a
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of the BMP-7 composite to fractured femurs resulted in 
significant increases in BMD measurements as compared 
to controls (P < 0.01, Figure 1b), particularly at the 
earliest time point (day 12), where a 5.5-fold increase was 
measured.

Both groups recorded increases in BMD over time, with 
controls increasing from 0.02 g/cm2 to 0.09 g/cm2 at 
31 days [Figure 1b] and the BMP-7 composite increasing 
from 0.12 g/cm2 to 0.16 g/cm2 by day 20. The data was 
normalized using the BMD of the non-operated femurs, 
where no statistical difference between those groups was 
measured.

BMP-7 treatment leads to biomechanically stronger 
healing
The application of BMP-7 composite to fracture sites in 
osteoporotic rats resulted in significantly larger callus 
cross-sectional areas at all time points tested [Figure 2a]. 
The mean cross-sectional area of the control group for all 
time points was approximately 57 mm2, while the BMP-7 
group calluses all measured more than twice this area at 
140 mm2 [Figure 2a]. At later time points, there was a trend 
for decreasing area of callus consistent with effective bone 
remodeling, whereas the non-fractured femurs in both 
groups recorded unchanged cross-sectional areas.

Measurement of biomechanical parameters stiffness 
[Figure 2b] and maximum torque [Figure 2c] showed 
that the fracture callus strength increased significantly in 
the presence of BMP-7 as compared to the controls. In 
particular, at day 31 postsurgery, BMP-7 composite-treated 
calluses had a 5-fold higher stiffness (P < 0.01) and 
3-fold greater torque (P < 0.01) than controls. While the 
enhancement of parameters like callus area and mineral 
density in the BMP-7-treated group was most marked in 
the early stages, the biomechanical strength and torque 
continued to be improved by the single BMP-7 application 
in the later stages of fracture healing [Figures 2b, c]. This is 
an important consideration in an osteoporotic environment, 
where fractures are subject to frequent surgical implant 
failure.4,25

Histological analysis of BMP-7-treated bony unions
The histological appearance of the callus suggests that 
BMP-7 promotes accelerated tissue formation with 
potentially greater extracellular matrix deposition and 
cellularity [Figure 3a]. At day 21 of healing, calcified tissue 
around the fractured sites was visible in the BMP-7 groups, 
but there appeared to be only minor new bone formation 
in the control group. At the later time point (day 31) in the 
BMP-7 group, there was evidence of a bridging fusion mass 
between and around the fractured sites that was absent in 
the control group.

Similarly, reduced Alizarin Red-S staining suggested a 
reduction in calcium mineralization in the early stages of 
bone healing in the control group as compared to the BMP-7 
group [Figure 3b]. Greater positive staining with Alizarin 
Red-S was noticed at day 31 in the BMP-7 group, while 

Figure 2: Bar diagrams showing (a) Fracture callus cross-sectional 
area. Callus cross-sectional area (mm2) calculated from measurements 
of dissected calluses in two planes using a Vernier calliper demonstrates 
a significantly larger callus in the BMP‑7 group (n = 6, mean ± SEM, 
*P < 0.01). (b) Biomechanical strength parameters in fractured rat 
femurs. Forces applied to the fractured femurs at days 12, 20 and 31, 
following fracture illustrate increasing stiffness (Nm/deg) over time. 
Data was collected from deformation curves when specimens were 
subjected to forces in a materials testing machine (n = 6, mean ± SEM, 
*P < 0.01). (c) Biomechanical strength of fractured femurs. Forces 
applied to the fractured femurs at days 12, 20 and 31 postfracture show 
increasing “Maximum Torque” (Nm), determined from load-deformation 
curves when specimens were subjected to forces in a materials testing 
machine (n = 6, mean ± SEM, *P < 0.01)

c

b
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negative staining persisted in the control group [Figure 3b]. 
This staining represents calcium mineralization remaining 
after a 48-h decalcification period.

discussiOn

This study shows the accelerated healing potential of BMP-7 
application in large bone fractures in an osteoporotic 
rat model. BMP-7 stimulated new bone growth, greater 
mineral density and perhaps most importantly, enhanced 
the biomechanical strength of healed fractures as compared 
to the controls.

BMP-7 is known to stimulate osteogenesis22,26-28 and 
to promote fracture healing in vivo in a number of 
different models,17,19,29,30 including osteoporotic rats.21,31,32 
Furthermore, BMP-7 stimulation of bone cell proliferation, 
osteogenic differentiation and expression of early (alkaline 
phosphatase) and late (calcium mineralisation) markers of 
bone formation have been reported in vitro in an osteoporotic 
environment.22,23 The BMD measurements and histological 
studies shown here provide a relative indication of new 
bone formation at the fracture site, showing accelerated new 
tissue formation and mineralization in the BMP-7 group. 
There may be potential for BMP-7 application to offer an 
alternative approach to osteoporotic fractures where bone 
fragility and instrumentation failure rates are high.

Improved and lasting biomechanical strength for 
osteoporotic fractures represents a considerable advantage 
and evaluation of the long term benefits of BMP-7 
application to fracture sites may be worthy of further study. 
BMP-7 application also has enhanced bone biomechanical 
strength in fractures in chronic infection15 and estrogen 
depletion,32 and such an effect may be dependent on the 
dosage delivered to the fracture site. Doses of 20-30 µg 
BMP-7 in some studies failed to show enhancement in 
spinal fusion2 and in fractures in a diabetic rat model,16 
yet administration of 90-200 µg produced considerable 
improvement in bone fusion.15,21

BMP-7 has well documented effects on bone-forming 
progenitors including stimulation of differentiation,22,28 
chemotactic migration,11 and osteogenic gene expression.28 
Indeed, BMP-7 was superior to other BMPs and growth 
factors in stimulating osteogenesis and enzyme function in 
bone tissue derived from elderly, osteoporotic fractures22 
and induced mineralization in serum-free callus explant 
cultures.23 What remains unknown is whether BMP-7 may 
have the ability to reverse some of the adverse effects of 
oestrogen deficiency, such as osteoblast apoptosis, in the 
later stages of healing, to bring about effective bone repair. 
Certainly, BMP-7 has shown an anti-apoptotic effect in 
cartilaginous cells in vitro.33

The present fracture model tests the effect of BMP-7 on fracture 
healing in osteoporotic rats. The use of ovariectomized 
animals is well-established, providing a powerful approach 
to understand bone healing in osteoporosis.34	 Early	
studies demonstrated that ovariectomized rats showed 
a significant decrease in both serum 17-β-estradiol and 
BMD.35 Bone loss in this model shares many similarities 
with bone loss in early postmenopausal women, including 
an increase in bone turnover with bone resorption in excess 
of formation.36 However, the total loss of BMD is less in 
this model than in humans. The impairment of fracture 
healing is considered to be the result of combined effects 
of prolonged endochondral calcification, highly activated 
osteoclast cells and deceleration of bone mineralization 
density.37 Clearly, there are some biological differences in 
bone composition between the ovariectomised rats and 
osteoporotic humans,38 and the results from these studies 
should be cautiously applied to human osteoporotic 
fractures. However, osteoporosis is a growing health 
problem, characterized by a high risk of bone fracture 
and a retarded healing process and there are only few 

Figure 3a: Histological images of fracture callus tissue. H and E 
stained micrographs (2.5× magnification) showing significant new bone 
formation in the BMP-7 group (left panel) not controls (right panel), 
day-12 post-fracture (upper panels). Complete healing (lower panels) 
shown in day-31 fractures in the BMP-7 group, control group fractures 
remained un-united

Figure 3b:  Histological images of fracture callus tissue stained with 
Alizarin red-S. Images show greater calcium mineralization (red areas) 
in calluses of the BMP-7 group at days 12 (A) and 31 (C) as compared 
to controls (B, D). Tissues were de‑calcified for 48 h prior to staining 
and were captured at 100× magnification
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biological therapeutic options available. While fracture 
prevention strategies are a public health necessity, with an 
aging population, the burden of osteoporotic fractures will 
continue to rise. Given the frequent failure of orthopedic 
implants in osteoporotic bone, it seems promising that 
BMP-7 delivered locally to fracture sites with carrier material 
may be an effective adjunct to the treatment of fractures 
in osteoporosis.
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