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Abstract: Bone morphogenetic protein (BMP) and platelet-derived growth factor (PDGF) are known 
to regulate and stimulate osteogenesis, both proteins playing an important role in bone homeostasis, 
constituting good candidates for osteoporosis´ treatment. Herein we aim to evaluate the effects of 
recombinant human BMP-7 (rhBMP7) and PDGF-BB (rhPDGF-BB) in oophorectomy-induced 
osteoporosis in rats. To this end, 40 Sprague-Dawley rats were submitted to oophorectomy surgery 
and treatments were started at the 100th day after the surgery, when all animals showed signs of 
osteoporosis. These peptide growth factors were applied intravenously once or twice a week and 
animals were followed for a total of five weeks. Two weeks after the end of the treatments, the 
animals were euthanized, the tissues were collected and Alkaline Phosphatase, X-ray, micro-CT and 
histology were assessed. The results indicate that the most promising treatments are: 20 µg/kg 
PDGF-BB + 30 µg/kg BMP-7 2x/week and 30 µg/kg BMP-7 2x/week, presenting an increase of 15% 
(p<0.05) and 13% (p<0.05) in bone volume fraction and 21% (p<0.05) and 23% (p<0.05) in trabecular 
number, respectively. In conclusion, rhPDGF-BB and rhBMP-7 are capable of inducing an increase 
in bone volume and density in this osteoporotic animal model, constituting interesting candidates 
for osteoporosis treatment. 

Keywords: osteoporosis; BMP-7; PDGF-BB; peptide growth factors; bone repair 
 

1. Introduction 

Osteoporosis is a degenerative disease, whose main characteristic is the loss of bone mass and 
degeneration of the tissue microarchitecture, generating an increased risk of fractures, being 
considered as a serious public health problem [1]. Osteoporosis occurs in about 200 million people in 
the World, affecting mainly post-menopausal women and elderly men [2], being the cause of more 
than 8.9 million fractures annually worldwide. In Europe, the disease causes more debilitation than 
tumors, with the exception of lung cancer [3]. Osteoporotic patients have greater morbidity and 
mortality as a result of fractures and due to compromised bone tissue regeneration [4]. Moreover, 
fractures of the hip and vertebrae are related to increased risk of death, with about 20% of the people 
who suffer a hip fracture dying within six months of the injury [5]. 
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Bones are among the few organs capable of regenerating, being a tissue that continually 
remodels itself throughout life [6]. The main cells that participate in this process, which are associated 
to maintenance of tissue homeostasis are: osteoclasts, which are responsible for bone resorption, 
osteoblasts that secrete bone matrix and osteocytes, which maintain tissue homeostasis [7]. When an 
imbalance between bone formation and resorption occurs as a result of the activity of osteoblasts and 
osteoclasts, respectively, loss of bone tissue mass and degeneration of the trabecular bone 
microarchitecture ensue [8,9]. Thus, when filling of the bone pores caused by resorption is 
incomplete, a progressive decrease in bone density occurs, leading to the development of 
osteoporosis [7]. Since antiresorptive drugs have no effect in bone tissue regeneration, development 
of anabolic drugs to recover bone mass is needed [6]. Therefore, new treatments are being developed, 
with the class of molecules displaying the potential to stimulate an increase in bone density being 
peptide growth factors, which affect bone regeneration and osteogenesis [10]. 

BMPs are proteins which belong to the TGF-β superfamily, participating in regulation of bone 
and cartilage repair and formation, embryonic development maintenance, bone tissue homeostasis 
[11], organogenesis, apoptosis, cell proliferation and differentiation, chemotaxis, as well as repair of 
various types of tissues [12] and in stem cell biology. They are the most powerful osteoinductive 
growth factors, their role in regulating the formation of new bones being widely studied [6]. BMP-7 
induces the differentiation of mesenchymal stem cells into the osteoblastic lineage, thereby inducing 
endochondral/intramembranous ossification and chondrogenesis [13]. In addition, there is evidence 
of the efficacy of this protein in accelerating bone tissue regeneration and injury recovery in vitro, in 

vivo and in preclinical studies [6,7,11]. 
PDGF is a chemoattractant protein, displaying mitogenic activity for tissues of mesodermal 

origin and acting as a vascular anchorage agent, playing an important role in bone and soft tissue 
wound healing [14]. It also promotes the development of the central nervous system, acting together 
with embryonic and developmental factors to promote organogenesis [15]. PDGF-BB is expressed 
during the fracture repair process by promoting infiltration of mesenchymal and angiogenic 
progenitor cells and regulating the chondrogenic and osteogenic responses. PDGF-BB is also related 
to regulation of osteoblast chemotaxis and cell proliferation and differentiation, resulting in rapid 
bone formation [14,16]. In addition, PDGF-BB is an angiogenic factor related to angiogenesis and 
osteogenesis, affecting bone shaping in the periosteum region and in trabecular bone. Furthermore, 
its downregulation generates loss of trabecular and cortical bone mass [17]. 

Pountos et al. (2010) demonstrated that BMP-7 and PDGF-BB were able to increase mesenchymal 
stem cells´ proliferation and enable osteogenic differentiation, when applied separately, promoting 
bone regeneration in an in vitro model [18]. Therefore, we reasoned that co-treatment of osteoporotic 
animals with these two proteins could promote the recovery of affected tissue in an in vivo model of 
osteoporosis and possibly result in disease regression or attenuation. 

Considering the large number of osteoporosis cases in Brazil and worldwide, the impact of this 
disease in patient morbidity and mortality, the difficulty in repairing and regenerating osteoporotic 
fractures and the high costs for the public health system, it is important to pursue a treatment capable 
of strengthening the patients' bones, thus preventing fractures and promoting bone tissue repair more 
rapidly and effectively. PDGF-BB and BMP-7 peptide growth factors play an important role in 
regulating bone formation and tissue regeneration. Therefore, these proteins are potential candidates 
for osteoporosis´ treatment, since they are able to stimulate bone formation and promote increased 
tissue density, rendering this tissue more robust and less prone to fractures. Therefore, the main aim 
of the present study was to evaluate the effects of rhBMP7 and rhPDGF-BB in oophorectomy-induced 
osteoporosis in rats. Our results indicate that the osteoporosis animal model was successfully 
established one hundred days after the surgery, and, also, that the systemic treatment with both 
recombinant proteins for five weeks (two weekly applications of 30µg/kg of BMP-7 and 20µg/kg of 
PDGF -BB) was effective to increase bone volume and density in this osteoporotic animal model, 
constituting interesting candidates for osteoporosis treatment. 
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2. Materials and Methods 

2.1. Growth Factors   

The growth factors used in this work, namely: recombinant human platelet-derived growth 
factor (rhPDGF-BB) and recombinant human bone morphogenetic protein (rhBMP-7) were 
previously produced in our laboratory in mammalian cells (293T), according to previously 
established protocols, presenting high biological activity [19].  

2.2. Animals and Treatment   

For this study, 44 female Sprague-Dawley rats aged 12 weeks, weighing around 270g, were used. 
The animals were acclimatized for one week and maintained under constant conditions of 
temperature (22 ± 1°C) and light (12h- light/dark cycle) with ad libitum access to food and water. The 
oophorectomy surgery was performed based on the literature [20–22]. The study protocol was 
approved by the Ethics Committee on Animal Use (CEUA) of the School of Veterinary Medicine and 
Animal Science of the University of São Paulo) (FMVZ-USP), protocol number 8033260918. The 
animals were divided into eleven groups as described in Table 1.  

Table 1. Group treatment´s division. 

Group Surgery Treatment 
Number of 

injections 
Dose/Injection 

Euthanas

ia 

Control 
Not 

performed 
None Not applicable Not applicable 150 days 

Sham 

Surgery 
without 
ovaries 

remotion 

None Not applicable Not applicable 150 days 

Zoledronic 

Acid 
Oophorecto

my 
Zoledronic 

acid 

Two injections 
with 22 days 

interval 
100 µg/kg 150 days 

Vehicle 
Oophorecto

my 
None 2x/week 

20mM Tris-HCl 
pH 7.2 + 300 mM 

NaCl 
150 days 

PDGF-BB 2x 
Oophorecto

my 
PDGF-BB 2x/week 20 µg/kg 150 days 

BMP-7 2x 
Oophorecto

my 
BMP-7 2x/week 30 µg/kg 150 days 

PDGF-BB + 

BMP-7 2x 
Oophorecto

my 
PDGF-BB + 

BMP-7 
2x/week 

20 µg/kg of 
PDGF-BB + 30 

µg/kg of BMP-7 
150 days 

PDGF-BB 1x 
Oophorecto

my 
PDGF-BB 1x/week 20 µg/kg 150 days 

BMP-7 2x 
Oophorecto

my 
BMP-7 1x/week 30 µg/kg 150 days 

PDGF-BB + 

BMP-7 1x 
Oophorecto

my 
PDGF-BB + 

BMP-7 
1x/week 

20 µg/kg of 
PDGF-BB + 30 

µg/kg of BMP-7 
150 days 

Oophorectomy 
Oophorecto

my 
None Not applicable Not applicable 100 days 
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The surgery was carried out in the Experimental Animal Facility using a horizontal laminar flow 
hood. The surgery area was disinfected with 70% ethanol and Povidone iodine. The animals were 
anesthetized by inhalation with 2% isoflurane. The transverse abdominal muscle was accessed after 
the skin incision and, after the muscle was dissected, the peritoneal space was exposed. After 
accessing the peritoneal cavity, the uterus and ovaries were exposed and excess organ adipose tissue 
was removed. The uterus was ligated and both ovaries were removed. After reinserting the uterus 
into the peritoneal cavity, the surgical wound was closed, and the internal planes were sutured. The 
rats were weighed weekly and blood was collected at days 0, 100, 115, 130 and 150. 

After 100 days of surgery, the animals in the oophorectomy group were euthanized using an 
overdose of xylazine and ketamine by intraperitoneal injection, to confirm establishment of the 
disease (oophorectomy). Treatments of the other groups were also started on the 100th day after 
surgery by injection of 30 µg/kg of rhBMP7, 20 µg/kg of rhPDGF-BB or a combination of both, as 
described in Table 1. 

The treatments were administered intravenously once or twice a week, according to the 
established experimental groups (Table 1), in a total volume of 150 µl through the animals' retro-
orbital plexus. The solution used as the vehicle for all injections was PBSA (saline-phosphate solution 
without calcium or magnesium) and treatment was maintained for five weeks. 

Two weeks after the end of treatments, the animals were euthanized using an overdose of 
xylazine and ketamine by intraperitoneal injection, thus totaling 150 days after the osteoporosis 
induction surgery. Femurs were collected and kept in 10% formaldehyde for histological (and micro-
CT) analysis.  

2.3. Blood and serum collection   

On days 0 and 100 after oophorectomy surgery, the animals' blood was gingivally collected in 
tubes containing separating gel in a total volume of 500 µl. About half an hour after collection, the 
blood was centrifuged at 1,250xg for 10 minutes at 4ºC (Eppendorf centrifuge-5810R). Serum was 
isolated and about 250 µl was collected and stored at -80 ºC.  

2.4. Quantification of Alkaline Phosphatase (ALP)   

ALP is an enzyme associated with bone metabolism and may therefore be used as a marker for 
osteoporosis. ALP quantification was performed using the LabTest kit (Brazil) following the 
manufacturer's recommendations and adapting the protocol to the volume of solutions in 96-well 
plates. The results were assessed using a spectrophotometer (SpectraMax Paradigm) at 590 nm 
wavelength.  

2.5. X-ray   

On the 100th day after the oophorectomy surgery, the animals were scanned using the In-Vivo 
Imaging System FX PRO (Carestream Molecular Imaging) device. X-ray images were generated and 
then analyzed by selecting the region of interest, named ROI. The selected region was the left femur 
neck, the same region commonly used to perform bone densitometry in humans. The bone volume 
content variables (g/cm3) were analyzed to quantify the animals' BMD (Bone Mineral Density).  

2.6. Micro CT   

The left femurs were analyzed in a microtomography equipment (SkyScan 1176 In Vivo 
Microtomograph, Bruker) and the data obtained were analyzed in the CT Analyzer software (Bruker). 
The region of the femur selected was the proximal portion of the femoral epiphysis and 10 sections 
were analyzed, totaling an area of about 10 µm thick and the ROI was used to select for the region of 
the cancellous bone and then cortical bone. Bone Mineral Density (BMD), Bone Volume Fraction 
(BV/TV; bone volume/total volume), trabecular thickness, and trabecular separation were quantified. 
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2.7. Histology  

48h after collection, the tissues collected from the animals were washed in running water to 
remove the fixative and then stored in 70% ethanol. The right femurs were sent for decalcification, 
processing, paraffinization, cutting and staining with HE and Masson's Trichrome at the Histotech 
company (São Paulo, SP, Brazil). 

The microscopic analysis and morphological diagnosis of the slides were carried out blindly. 
The microscopic findings were classified into a score, as defined in Table 2. In addition, the findings 
of each slide resulted in the suggestion of a clinical condition, which was also classified according to 
a score, described in Table 3 [23–25]. 

Table 2. Trabecular thickness observed in the histomorphological analysis and respective score. 

Score Trabecular Thickness 

0 Normal 
1 Discrete reduction 
2 Moderate reduction 
3 Pronounced reduction 

Table 3. Clinical characteristics resulting from the microscopic findings e their respective score. 

Score Clinical condition 

0 Normal 
1 Mild osteoporosis 
2 Moderate osteoporosis  
3 Severe osteoporosis 

3. Results 

3.1. Oophorectomy causes body mass gain  

The oophorectomized animals gained expressive and significant weight 30 days after surgery 
(Figure 1). Treatment with the recombinant proteins did not cause significant changes in the animals' 
body mass, with no statistical difference between groups (Figure 2). 

 

Figure 1. Comparison of weight gain on day 0 between oophorectomized animals, the control groups 
and the Sham group. Two-way ANOVA test, p<0.001. N. Control: 4; N. Sham: 4; N. Oophorectomy: 
36. 
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Figure 2. Comparison of weight gain during treatment, between the different treatments studied. 
Two-way ANOVA test. N.: 4. Zol. Ac.: Zoledronic Acid. 

3.2. Oophorectomized animals show increased serum ALP concentration 

Upon comparing the ALP concentration in animals´ serum at the oophorectomy day (D0) and 
100 days after this procedure (D100), a significant increase (p<0.05) of 3U/l is observed, which 
represents 7% (Figure 3). This increase is expected, being an indication that the animals are displaying 
alteration in their bone metabolism.   

 

Figure 3. Alkaline phosphatase (ALP) concentration in animal serum on days 0 (D0) and 100 (D100) 
after oophorectomy surgery. U/L= Units per liter. Paired T-test, *: p<0.05. N.: 32. 

3.3. In vivo X-Ray Analysis 

The data obtained from the in vivo X-ray analysis showed that at 100 days after the 
oophorectomy surgery the animals significantly lose bone density, when compared to the animals 
from the Sham group (Figure 4). Therefore, the animals were considered to be osteoporotic after the 
100th day of surgery. 

 
Figure 4. X-Ray Analysis. On the 100th day after surgery (D100) the Bone Mineral Density of the 
femoral neck of the oophorectomized animals showed a significant reduction compared to the Sham 
group. Unpaired t-test, *: p<0.05. N. Oophorectomy: 32, N. Sham: 4. 
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3.4. Micro-CT Analysis 

The results obtained with Micro-CT reinforce the data from the X-ray analysis and confirm that 
after 100 days of surgery the animals are osteoporotic. The oophorectomized animals have a 
significantly lower fraction of bone volume in the trabecular region, when compared to animals in 
the Sham group, with a decrease of 33% in the analyzed region (Figure 5). These values represent a 
35% reduction in bone fraction, respectively, relative to the Sham group. 

 
Figure 5. Comparison of the bone volume fraction (BV/TV) of the trabecular region between animals 
in the Sham and Oophorectomy group, expressed in percentage. Unpaired t-test, **: p<0.01. N=4. 

Upon observing the cortical bone, we found that oophorectomized animals presented a decrease 
in the bone volume fraction with a 12% reduction, representing a 14% bone loss, when compared to 
the sham group (p<0.01) (Figure 6). 

 

Figure 6. Comparison of the bone volume fraction of the cortical region between the animals in the 
Sham and Oophorectomy groups, expressed in percentage. Unpaired t-test, *: p<0.05. N=4. 

Upon analyzing the effects of the different treatments, we found that the fraction of bone volume 
in the groups treated with BMP-7 2x/week and PDGF-BB + BMP-7 2x/week showed a significant 
increase, corresponding to 13% and 15%, respectively (Figure 7-A). Treatment with BMP-7 2x/week 
and PDGF-BB + BMP-7 2x/week also caused a significant increase (p<0.05) in the number of trabeculae 
(Figure 7-C), equivalent to 21% and 23%, respectively. Upon observing the BMD of treated animals 
relative to the Vehicle group, it can be noted that the treatments with and PDGF-BB + BMP-7 2x/week 
and Zoledronic Acid show a tendency to increase the animals' BMD, although no statistical 
significance was found (Figure 7-E). 
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Figure 7. Micro-CT analysis of the proximal portion of the femoral epiphysis (1st Region). [A]: Bone 
volume fraction; [B]: Thickness of trabeculae; [C]: Number of trabeculae; [D]: Separation of trabeculae; 
[E]: Bone mineral density (BMD). One way ANOVA Test and Dunnett's Test against Vehicle, *: p<0.05, 
**: p<0.01. N=4. Zol. Acid: Zoledronic Acid. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 November 2023                   doi:10.20944/preprints202311.1030.v1

https://doi.org/10.20944/preprints202311.1030.v1


 9 

 

3.5. Histology 

Histological slides were prepared from the animals' right femur and stained with HE, 
pink/reddish indicating the cytoplasmic region and collagen fibers and in purple are the cell nuclei 
and the extracellular matrix of the cartilage. Masson's Trichrome stain indicates collagen in blue, 
cytoplasm in red, and cell nuclei in purple. For this analysis, the animals in the Control group were 
used as a reference for the other groups. 

To determine whether at the 100th day after the oophorectomy, the animals are, in fact, 
osteoporotic, the animals in the Oophorectomy and Sham groups were compared, relative to the 
Control (Figure 8-A to F). We observed that the Sham group has normal trabecular thickness (Figure 
8-G) and the number of trabeculae and medullary cellularity are within the expected range for the 
animals’ age, indicating that the bone tissue is within the expected parameters and its clinical 
condition is normal. Animals in the Oophorectomy group show a pronounced to moderate reduction 
in trabecular thickness, compared to the Control group (Figure 8-G), in addition to a reduction in the 
number of trabeculae, reduction in medullary cellularity and considerable increase in the amount of 
intramedullary adipocytes, in some cases even showing a reduction in cortical thickness. These 
microscopic findings indicate an osteoporotic condition, which varies from mild to severe (Figure 8-
H), confirming that 100 days after the oophorectomy surgery, the animals indeed present the 
development of osteoporosis. 

 

 

Figure 8. Histological data indicating the development of osteoporosis in oophorectomized animals. 
[A]: Control stained with HE; [B]: Sham stained with HE stained; [C]: Oophorectomy stained with HE 
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stained; [D]: Control stained with Masson's Trichrome; [E]: Sham stained with Masson's Trichrome; 
[F]: Masson's Trichrome stained oophorectomy; [G]: Score of the clinical status of controls referring 
to histopathological analysis; [H]: Controls trabecular reduction score for histopathological analysis. 
N.: 4. Scale bar: 200µm. Ad: Adipocytes; BM: Bone Marrow; Tr: Trabeculae; EL: Epiphyseal Line. 

In addition, in the histological analysis, all groups of oophorectomy surgery showed an increase 
in the number of intramedullary adipocytes and a reduction in medullary cellularity, which is more 
pronounced in animals with greater reduction in trabecular bone thickness and more severe 
osteoporosis (Figure 9 A-G, Figure 10 A-G). 

 

Figure 9. Masson's Trichrome stained histological slides comparing the different treatments. [A]: 
Vehicle; [B]: Zoledronic acid; [C]: PDGF-BB 2x/week; [D]: PDGF-BB 1x/week; [E]: BMP-7 2x/week [F]: 
BMP-7 1/week; [G]: PDGF-BB + BMP-7 2x/week [H]: PDGF-BB + BMP-7 1x/week. Scale bar: 200µm. 
In blue are collagen fibers, cytoplasm in red and cell nuclei in purple. Ad: Adipocytes; BM: Bone 
Marrow; Tr: Trabeculae; EL: Epiphyseal Line. 
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Figure 10. HE stained histological slides comparing the different treatments. [A]: Vehicle; [B]: 
Zoledronic acid; [C]: PDGF-BB 2x/week; [D]: PDGF-BB 1x/week; [E]: BMP-7 2x/week [F]: BMP-7 
1/week; [G]: PDGF-BB + BMP-7 2x/week [H]: PDGF-BB + BMP-7 1x/week. Scale bar: 100µm. In 
pink/reddish are the cytoplasms and collagen fibers, in purple were stained the cell nuclei. Ad: 
Adipocytes; BM: Bone Marrow; Tr: Trabeculae; EL: Epiphyseal Line. 

The animals from the Vehicle group showed mild to moderate reduction of the articular cartilage 
(Figure 11), and some animals also displayed erosion (Figure 9-A). Based on the microscopic findings, 
the animals clinical condition indicates moderate osteoporosis and one case of severe osteoporosis 
(Figure 12). The group treated with Zoledronic acid, the positive control in this study, presented one 
animal with pronounced reduction in trabecular thickness, one animal with a discrete reduction and 
two with normal trabecular thickness (Figure 11). The clinical condition follows the pattern of 
thickness reduction, with one animal with severe osteoporosis, one with mild osteoporosis and two 
animals with normal clinical condition (Figure 12).  
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Figure 11. Trabecular thickness scores of different treatment groups referring to histomorphological 
analysis. 

 

Figure 12. Scores of the clinical picture of the different treatment groups regarding the 
histopathological analysis. 

A pronounced reduction in trabecular bone thickness was found in two animals of the group 
that received PDGF-BB 2x/week, one with moderate reduction and one with normal thickness of the 
trabeculae (Figure 11). Analysis of the clinical condition of these animals indicated that both of them 
displayed severe osteoporosis, one had a moderate condition of the disease and the other one as was 
considered normal (Figure 12). There were signs of trabecular fractures, cartilage erosion and a 
considerable increase in the number of adipocytes throughout the animals of this group. The group 
that received PDGF-BB 1x/week showed a moderate reduction in the thickness of the bone trabeculae 
in two animals and the other two presented a discrete reduction in trabecular tissue (Figure 11). 
Regarding their clinical condition, two of these animals displayed moderate osteoporosis, another 
one displayed mild osteoporosis and one animal had a normal clinical condition (Figure 12). The 
histological slides showed occasional cementation lines, which are the boundaries between the old 
and new bone matrix, neoformation of bone tissue, apparently intact cortical bone and a focus of 
clustered regenerative chondrocytes, in addition to a considerable increase in intramedullary 
adipocytes (Figure 9-D). 

Treatment with BMP-7 2x/week resulted in a very distinct reduction in trabecular thickness, with 
each animal presenting a different score (Figure 11). Areas of neoformed trabecular bone tissue and 
cementing lines were observed. Regarding the clinical condition, two animals were considered 
normal, one had moderate osteoporosis and the other one displayed severe osteoporosis (Figure 12). 
When treated with BMP-7 1x/week, the animals showed a moderate reduction in trabecular thickness 
and one animal had a discrete reduction (Figure 11). This group also presented regions of newly 
formed bone with young osteocytes and an increase in osteoblasts and osteoclasts, even in animals 
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with moderate reduction. However, one of the animals presented fragmentation of the bone 
trabeculae. Upon observing the results (Figure 12), it may be noted that one of the animals in this 
group had severe osteoporosis, two animals displayed moderate osteoporosis and one had a clinical 
condition of mild osteoporosis (Figure 12). 

By associating the two recombinant proteins, namely, PDGF-BB and BMP-7 2x/week, in the 
treatment of the animals, one of the animals displayed a pronounced reduction in trabecular 
thickness, another one a moderate reduction and the last two had only a discrete reduction (Figure 
11). Histological analysis showed that the group that received PDGF-BB and BMP-7 1x/week was the 
one showing the best performance among those treated with recombinant proteins, with three 
animals being classified as mild reduction in trabecular thickness and one as a moderate reduction 
(Figure 11). The presence of cementation lines and areas of bone neoformation, increased amount of 
adipocytes and erosion in the articular cartilage were also observed. 

4. Discussion 

Osteoporosis is a disease characterized by loss of bone mass and tissue microarchitecture, 
rendering it more fragile and prone to fractures, being difficult to repair due to changes in bone 
metabolism. The disease affects mainly menopaused women and men over 70 years of age. It is 
caused by the imbalance between bone formation and resorption, which causes pores formation in 
the tissue, being responsible for its lower resistance [26]. 

Among the available therapies, bisphosphonates are anti-resorptive drugs that act on osteoclasts 
inhibiting their activity, being more widely used. However, these drugs only stabilize the loss of bone 
tissue, being uncapable of treating the disease and inducing the replacement of the bone mass lost 
[27]. In search for new therapies which are able to increase tissue volume and density, there are 
treatments with growth factors, including BMP-7 and PDGF-BB whose functions involve 
proliferation and differentiation of osteoblasts that participate in tissue formation through the 
secretion of bone matrix. Therefore, we set out to investigate the role of recombinant human proteins 
PDGF-BB and BMP-7 in the progression of osteoporosis in oophorectomized animals. 

After performing the oophorectomy surgery, the animals showed a marked and significant 
increase in weight, especially 30 days after the procedure (Figure 1). This characteristic of 
oophorectomized rats is described in the literature, indicating the success of the surgery and 
establishment of the disease [28]. After 90 days of the surgery, the animals weight reached a plateau, 
with minimal variation thereafter, both for the oophorectomized animals and for the surgical control 
animals (Sham). 

At the 100th day after surgery, the animals' serum ALP levels showed a significant increase, as 
expected after the onset of the disease, being an indication of bone metabolism disorder [29–31]. The 
predominant inorganic component in the bone matrix is hydroxyapatite, whose synthesis is inhibited 
by the presence of pyrophosphate. ALP is synthesized by osteoblasts, acting by hydrolyzing 
pyrophosphate and releasing inorganic phosphate, which participates in the synthesis of 
hydroxyapatite [32]. In osteoporosis, when an imbalance between tissue formation and resorption 
ensues, an attempt to increase osteoblast-mediated bone formation is expected and the concentration 
of ALP reflects the activity of these cells [29]. Moreover, it is possible to use the total quantification of 
the enzyme activity as a complement test to diagnose osteoporosis. 

In addition to changes in ALP levels, a reduction in bone volume and density was also observed 
through in vivo X-Ray (Figure 4) and ex vivo Micro-CT (Figures 5 and 6) analysis of the left femur. 
These data are indicative that the animals became osteoporotic and that the model was successfully 
established at the given time point. 

This animal model mimics post-menopausal osteoporosis and, as it occurs in women, the 
animals undergo a drastic reduction in estrogen concentration. This hormone has great importance 
in bone metabolism, being associated with increased expression of RANKL by B lymphocytes. This 
transcription factor acts in the differentiation of osteoclasts, which leads to greater bone resorption. 
Indeed, low estrogen levels are also related to a reduction in the expression of osteoprotegerin (OPG), 
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one of the main RANKL inhibitors [33], further increasing the imbalance between bone resorption 
and formation. 

Among the molecules with potential to treat the disease are the PDGF-BB and BMP-7 peptide 
growth factors. PDGF-BB is a chemotactic and mitogenic growth factor, capable of promoting cell 
proliferation and migration of mesenchymal cells, such as fibroblasts and MSC (mesenchymal stem 
cells) [15]. During their differentiation process, pre-osteoclasts secrete PDGF-BB [34], which acts by 
inducing MSC migration and differentiation into osteoblasts, stimulating cortical bone formation 
during tissue damage and formation of type H vessels, which are important during bone remodeling 
[17]. Furthermore, studies indicate that the use of PDGF-BB induces an increase in osteoclast 
differentiation, both in vitro and in vivo. PDGF-BB is an osteoclast precursor chemotactic agent [35], 
increasing osteoclast resorption activity through the PDGF receptor beta (PDGFR-β) in vitro [36]. 
Therefore, this molecule has an important and complex role in bone remodeling. 

Application of PDGF-BB, 20µg/kg 1x/week, led to a more significant improvement of the 
trabecular tissue, when compared to the 2x/week treatment in all regions. Taking into account the 
functions performed by this factor, its application once a week can stimulate bone remodeling and 
activate osteoclasts proliferation. However, when treated twice/week, PDGF-BB may be a greater 
stimulus for the differentiation of osteoclasts, which act more rapidly on bone tissue than osteoblasts, 
thus leading to an imbalance in bone metabolism, which it is characteristic of osteoporosis. 

BMPs are crucial for bone metabolism and repair [37], playing a mitogenic, chemotactic, 
proliferative activity and being able to induce MSC differentiation into osteoblasts. Among the 
growth factors of this family is BMP-7, which has been shown to have repairing activity in bone 
fractures [38–40] and great capacity to induce osteoblasts differentiation, even greater than that of the 
PTH hormone [18], which is a widely used therapeutic alternative for osteoporosis treatment. 

Considering the role of BMP-7 in osteoblasts, it was expected that treatment with this protein 
would bring benefits and result in an improvement in the osteoporotic condition of animals. Among 
the BMP-7 tested treatments employed in this work, the one that showed the best response was 
application of BMP-7 (30 µg/kg) twice a week, which led to a 15% increase in bone volume fraction 
in the 2nd region. Therefore, only a weekly application of the recombinant protein was not sufficient 
to improve the quality of the bone tissue. 

As for treatment with PDGF-BB (20 µg/kg) and BMP-7 (30 µg/kg) proteins concomitantly, it was 
expected that it would present an increase in bone volume and density, since it is known that, 
separately, PDGF-BB has mitogenic capacity and BMP-7 acts in the differentiation of MSCs into 
osteoblasts. The results indicate that, in two weekly doses, this treatment showed positive results in 
the 1st region analyzed by micro-CT. When only one dose per week is applied, the results are 
significant in all of the regions, indicating that the regimen of treatment applications is a determining 
factor to induce an increase in bone volume and, consequently, positive clinical results. 

Therefore, these results also indicate that with administration of the two proteins 
simultaneously, an antagonistic interaction between the proteins can occur, preventing them from 
performing the functions they execute when used individually. Chan et al. (2010) demonstrated that 
PDGF-BB may have a role as an antagonist of BMPs and the TGF-β family by reducing the expression 
of Trb3 (Tribbles-like protein-3), a modulator of Smad protein expression, which causes a decrease in 
the expression of these proteins and thus reduces the activity of BMPs [41]. 

The work by Bayer et al. (2016) demonstrated that, for in vitro angiogenic repair, the order in 
which the administration of PDGF-BB and BMP-2, which belongs to the same family as BMP-7, is of 
great importance, and must occur following a specific regimen to ensure good results. In addition, 
they also observed an antagonistic effect between the signaling of these two proteins, when they were 
administered simultaneously [42]. 

The results obtained in the histological analysis indicate that in all groups of oophorectomized 
animals we observed an expressive increase in intramedullary adipocytes and a reduction in 
cellularity in the bone marrow. The MSCs located in the bone marrow have the ability to differentiate, 
mainly into osteoblasts, adipocytes and chondrocytes [43]. The differentiation of MSCs is finely 
regulated, being mediated by several factors and signaling pathways. Transcription factors play a 
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fundamental role in the cell differentiation process and among the main and essential factors are: 
Runx2, which induces the differentiation of MSCs into osteoblasts and inhibits adipogenesis [44], and 
PPARγ, which promotes the inverse process, inducing differentiation into adipocytes and inhibiting 
osteoblastogenesis [45]. In addition to transcription factors, the signaling pathways of BMPs and 
Wnt/β-catenin play an important role in this process, since they can induce MSC differentiation into 
both cell types. It has been observed that increased concentration of BMP-2 induces 
osteoblastogenesis, while low concentrations of this protein promotes adipogenesis [46], both 
through the canonical pathway, namely, the Smad 1/5/8 proteins and, also, through the MAPK 
signaling. BMPs promote adipogenesis through activation of PPARγ [47]. The Wnt pathway, on the 
other hand, induces the expression of Runx2 and inhibits the expression of PPAR, leading to 
osteoblast differentiation. However, when suppressed, this pathway inhibits osteoblastogenesis and 
promotes the differentiation of MSCs into adipocytes. Among the other factors that regulate cell 
differentiation are miRNAs, a high-fat diet and mechanical stimulation [48]. Studies have observed 
that MSCs derived from patients with osteoporosis present an increased potential to differentiate into 
adipocytes at the expense of osteoblasts [49]. Furthermore, there are studies showing that these 
adipocytes are distinct from others found in the body and, more importantly, these cells express 
RANKL, an important factor for osteoclast differentiation and activity and bone resorption [50]. 

The study by Hu and colleagues made important discoveries about how RANKL expressed by 
intramedullary adipocytes acts on bone remodeling. Using a model of oophorectomized female mice 
with RANKL deletion in adipocytes, they verified that the animals did not show reduction in 
trabecular and cortical bone density, which is observed in oophorectomized control animals. They 
concluded that the RANKL produced by adipocytes has an essential role in bone resorption and 
increased differentiation of osteoclasts in bone tissue, thus having great importance in the 
development of osteoporosis [51]. Also, using a genetically mutated animal model, Yu and colleagues 
observed that, in addition to reducing bone resorption and osteoclastogenesis, deletion of RANKL 
synthesis in these cells results in no change in MSCs differentiation into adipocytes or osteoblasts 
[52]. Therefore, the increase in intramedullary adipogenesis observed in osteoporotic animals is 
expected, and this fact may be related to the imbalance in bone remodeling and the development of 
osteoporosis. 

Furthermore, the histological data obtained also indicate that the best treatments for 
osteoporosis were administration of zoledronic acid and PDGF-BB and BMP-7 1x/week. As in the 
results of micro-CT, it can be observed that the group treated with the commercial drug showed good 
results, even improving the quality of the animals' femurs. Similar results were obtained by Black et 
al. (2007), who observed an increase in BMD in patients using zoledronic acid annually for three 
years, these effects being observed in several places, such as the femur and hip [53].  

Therefore, induction of osteoporosis through oophorectomy was successful, being evidenced by 
the increase in the animals' weight and ALP´s concentration in the blood, reduction in BMD and bone 
volume fraction and by histological analysis, which showed a reduction of trabecular thickness, 
increased intramedullary adipocytes and a clinical condition compatible with that of osteoporosis. 
Regarding the investigated treatments, it was observed that they did not cause changes in the weight 
of the animals and the micro-CT data showed that BMP-7 2x/week and PDGF-BB + BMP-7 2x/week 
led to an increase in the fraction of the bone volume and the number of trabeculae. Finally, 
histomorphology indicated that the best treatments also include zoledronic acid and PDGF-BB + 
BMP-7 1x/week.  

5. Conclusions 

An animal model for osteoporosis was successfully established, since at the 100th day after the 
oophorectomy surgery, the animals displayed a reduction in bone density and volume, in addition 
to an increase in the concentration of ALP, the presence of a high number of intramedullary 
adipocytes and a significant reduction in trabeculae, indicating an osteoporotic state. Systemic 
treatment with recombinant proteins for five weeks (two weekly applications of 30µg/kg of BMP-7 
and 20µg/kg of PDGF -BB) was effective to revert osteoporosis. We hope that this work will contribute 
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to a new and effective treatment regimen and to improve the life quality of individuals affected by 
osteoporosis. 
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