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Abstract. The advantages of combining local delivery of 
bone morphogenetic protein (BMP)‑2 with systemic or 
local anti‑osteoporosis treatments have also been studied for 
enhancing osteoporotic fracture healing. The aim of the present 
study was to evaluate the effect of combination therapy with 
BMP‑2 and psoralen on fracture repair in ovariectomized mice. 
At 6 weeks after bilateral ovariectomy, mice (n=30) under-
went unilateral transverse osteotomy on the femur and were 
divided into 3 groups. In the model group (n=10), animals were 
implanted with an absorbable collagen sponge (ACS) alone 
and administered physiological saline intragastrically (i.g.). 
In the recombinant human (rh)BMP‑2 group (n=10), animals 
were implanted with an ACS loaded with 2.5 µg rhBMP‑2 and 
administered physiological saline i.g. In the psoralen + rhBMP‑2 
group (n=10) animals were implanted with an ACS loaded 
with 2.5  µg rhBMP‑2 and administered psoralen i.g. The 
mice were euthanized after 21 days and their fractured femurs 
were assessed by micro computed tomography, histological 
analysis and biomechanical testing. Furthermore, the serum of 
the animals was analyzed. Psoralen + rhBMP‑2 exerted more 
beneficial effects on callus consolidation and biomechanical 
strength. In addition, increased bone‑specific alkaline phos-
phatase levels and decreased C‑terminal telopeptide of type‑1 
collagen were observed in the Psoralen +  rhBMP‑2 group. 
However, no difference in estrogen levels was detected between 
the groups. In conclusion, the present study demonstrated that in 

ovariectomized mice, combination of locally delivered BMP‑2 
and systemically administered psoralen improved bone healing 
compared with BMP‑2 alone.

Introduction

Osteoporosis is a major public health problem due to its 
association with bone fragility and fracture, particularly as the 
aging population has grown in recent years. Osteoporosis is 
caused by an imbalance between bone resorption and formation, 
which leads to a reduction in osteogenic ability as well as to 
excessive bone resorption. These adverse processes may result 
in delayed bone healing or nonunion of fractures (1‑3). The 
identification of osteopromotive and inductive agents with the 
potential to stimulate bone formation has raised hope for the 
augmentation of osteoporotic fracture healing (4,5). Local 
delivery of recombinant human bone morphogenetic protein 
(rhBMP‑2) has been approved by the U.S. Food and Drug 
Administration for the promotion of spinal fusion and fracture 
healing (6). In in vivo studies, local application of BMP‑2 in 
animal models of osteoporotic bone fracture was demonstrated 
to be a promising therapeutic approach (7‑9). In spite of the 
success of its clinical application (10,11), administration of 
BMP‑2 has a number of drawbacks. The optimum release 
pattern of rhBMP‑2 has remained to be established, and 
excessive dosages of BMP may be dangerous, as they have 
other effects in processes including organogenesis, cell 
differentiation, cell proliferation and apoptosis. Furthermore, 
the production and purification of the recombinant protein is 
costly, making this therapy expensive (12‑14).

Considering that the side effects of rhBMP‑2 are 
dose‑dependent, it may be reasonable to reduce the large doses 
of BMP‑2 that are currently used. One possible alternative to 
overcome this problem is synchronous drug combinations to 
enhance the potency of the BMP‑2 used. The combination 
of systemic or local anti‑osteoporosis treatments with local 
delivery of BMP‑2 has also been studied for enhancing bone 
formation (15,16). As osteoporosis is a systemic skeletal disease, 
appropriate simultaneous management of the osteoporotic 
fracture and osteoporosis is adequate and essential.

The current clinical treatment regimens for osteoporosis 
are anti‑resorptive drugs, including estrogen, estrogen receptor 
analogues, calcitonin and bisphosphates, which maintain 
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the bone mass by inhibiting osteoclast function. However, 
studies on the negative effects of fracture healing treatments 
and potential complications, including breast cancer, uterine 
bleeding and cardiovascular events, have raised concerns 
regarding their long‑term use (17,18).

Chinese herbal medicines have been widely used to prevent 
and treat diseases for thousands of years. Psoralen (molecular 
structure displayed in Fig.  1A) is a coumarin derivative 
extracted from the dried fruit of Psoralen Corylifolia L., which 
is a well‑known medicine with ascribed properties of ‘bone 
strengthening’ based on The Traditional Chinese Medicine 
theory. In an ex vivo study, psoralen increased the osteogenic 
potential of bone marrow mesenchymal stem cells (bMSCs), 
and stimulated the differentiation of bMSCs to osteoblasts, 
with enhanced alkaline phosphatase (ALP) activity (19). It has 
been reported that psoralen promotes bone mass formation, 
increases bone strength and improves the trabecular bone 
microstructure in ovariectomized (OVX) mice, suggesting 
that it may be used as a natural compound for the treatment of 
osteoporosis (20).

The aim of the present study was to evaluate the effects 
of combination therapy with BMP‑2 and psoralen on fracture 
repair in OVX mice. Serum analyses of substances including 
bone‑specific ALP (BALP) and C‑terminal telopeptide of 
type‑1 collagen (CTX-1) were also performed to study bone 
metabolism.

Materials and methods

Animals. In total, 40 female C57BL/6 mice (body weight, 
20.7±1.3 g; age, 12 weeks) were purchased from the Hubei 
Research Center of Laboratory Animal (Wuhan, China). They 
were housed and acclimatized at the experimental animal 
laboratory of Yangtze University (Jingzhou, China) under 
controlled temperature (25˚C) and humidity (55%) with a 12‑h 
light/dark cycle, with free access to food and water.

Establishment of osteoporotic model. Female mice (n=35) 
were subjected to OVX and those in the sham group (n=5) 
received a sham surgery. After 6 weeks, the establishment 
of the standard osteoporotic animal models was confirmed 
prior to bone fracture surgery. To verify the success of OVX, 
5  randomly selected OVX mice and the 5 sham‑operated 
mice were euthanized to measure the estrogen levels, and the 
femoral metaphysis was harvested for histological evaluation.

Study design. All OVX animals were randomly stratified into 
one of the following groups: Model group, rhBMP‑2 group and 
Psoralen + rhBMP‑2 group (Table I). According to previous 
studies, fracture bridging appeared to occur at 21 days after 
the fracture (21). Therefore, the mice of the present study were 
sacrificed on day 21 after injury and their limbs and blood 
were harvested for further analysis [micro computed tomog-
raphy (CT), histological, mechanical and serum analysis].

Drug treatments. The doses of psoralen and rhBMP‑2 were 
selected based on previous studies  (20,22). Psoralen and 
rhBMP‑2 were purchased from Yongjian Pharmaceutical Co. 
(Taizhou, China) and Amylet Scientific (PeproTech, Inc., Rocky 
Hill, NJ, USA), respectively. Psoralen powder was ground and 

suspended in physiological saline to achieve a final concentra-
tion of 4 mg/ml. rhBMP‑2 protein (2.5 µg) was reconstituted 
with 50 µl PBS to produce a 50 µg/ml solution. The rhBMP‑2 
solution was soaked onto a 4x4x5  mm‑sized absorbable 
collagen sponge (ACS; type‑I collagen derived from bovine 
tendon; MEDECHI Medical Group, Shanghai, China) for a 
minimum of 15 min prior to implantation. A single implant was 
placed through the soft‑tissue wound as an onlay bridging the 
fracture site. The mice were administered psoralen or physi-
ological saline by oral gavage at a dose of 20 mg/kg per day 
from the first post‑operative day (n=10 in each group).

Surgical protocol. All surgical equipment was sterilized in an 
autoclave. Sterile gowns, gloves, surgical masks and theater 
caps were used. Mice were anesthetized by intraperitoneal 
injection of ketamine hydrochloride (100 mg/kg body weight) 
and xylazine (4 mg/kg body weight). A standardized fracture 
was created on the mid‑diaphysis of the left femur in each 
mouse and stabilized with marrow‑nailing. Next, an ACS 
carrier saturated with 2.5 µg rhBMP‑2 or PBS alone was 
inserted into the fracture. The muscles were subsequently 
repositioned and the skin was closed with suture. All of the 
animals received an intramuscular antibiotic and analgesic 
injection for 3 post‑operative days. Unrestricted activity was 
allowed after the mice woke up from anesthesia.

Micro‑CT examination. On day 21, five specimens per group 
were scanned by a Scanco MicroCT 60 system (45  kVp; 
114  mA; Scanco Medical, Basserdorf, Switzerland) using 
a 12‑µm voxel size. The intramedullary pin was removed 
prior to scanning. In the callus analysis, the original cortical 
bone was excluded, and region of interest contained only 
new callus tissue. Mineralized tissue was distinguished 
from air or soft tissue at a fixed, global threshold with the 
lower limit corresponding to a mineral density of 421 mg 
hydroxyapatite/cm3 and the upper limit corresponding to 
3,000 mg hydroxyapatite/cm3 (23). Total callus volume (TV), 
mineralized callus volume (BV), and tissue mineral density 
(TMD) were measured, and fraction of mineralized callus 
(BV/TV) was calculated as previously described (24).

Histology. For histological assessments, specimens 
from 5 animals per group were harvested on day 21 after 
fracture and fixed in 10% formalin for 24 h, followed by decal-
cification in 10% EDTA for 2 weeks at room temperature. The 
specimens were then embedded in paraffin and cut longitu-
dinally. Sagittal sections (5 µm) were stained with H&E for 
assessment of basic morphology and with Masson's trichrome 
for analysis of bone and cartilage using a standard histological 
staining protocol (25,26).

Mechanical testing. The mechanical properties of the femurs 
with fracture harvested from 5 animals per group on day 21 
post‑surgery were assessed using a three‑point bending test. 
Prior to mechanical testing, the femurs that had been preserved 
in a fridge (4˚C) for 12 h were warmed overnight at 22˚C. A 
material test machine (Instron‑8841; Instron Corp., Norwood, 
MA, USA) with a 25 N load cell was used to test the femur to 
failure. The femurs were positioned horizontally with the ante-
rior surface facing upwards, centered on the supports 10 mm 
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apart. A constant load was applied at the fracture center with 
a displacement rate of 5  mm/min and directed vertically 
towards the mid‑shaft with the anterior surface facing upward. 
After failure, the load vs. displacement curves were recorded. 
The maximum load and stiffness were calculated from the 
load‑deflection curve recorded by a connected computer.

Serum analysis. On day 21 after fracture, blood (1 ml) was 
drawn from each of 5 animals per group by cardiac puncture 
under isoflurane anesthesia. Following standing in 2 ml centri-
fuge tubes on ice for 10 min, samples were centrifuged to 
separate the serum (10,000 x g for 10 min at 4˚C), which was 
stored at ‑80˚C. The serum samples were analyzed for BALP 
(cat. no.  SEB091Mu), CTX‑1 (cat. no.  CEA665Mu) using 
ELISA kits from Cloud‑Clone Co., Ltd. (Wuhan, China). The 
serum samples were also analyzed for estrogen using Cobas 
6000 e601 Immunology analyzer (Roche Diagnostics GmbH, 
Mannheim, Germany).

Statist ical analyses. Values are expressed as the 
mean ± standard deviation. All statistical comparisons were 
performed using SPSS 17.0 software for Windows (SPSS, Inc., 
Chicago, IL, USA). Data were analyzed by one‑way analysis 
of variance with a least‑significant difference post‑hoc test. 
Differences between means were considered statistically 
significant at the 5% confidence level (P<0.05).

Results

Confirmation of osteoporosis. The bilateral OVX led to a 
significant decrease in estrogen levels compared with those 
measured in sham mice (P<0.05; Fig. 1B). The effects of 
decreased estrogen levels were also observed to result in 
gonadal hypotrophy in OVX mice (Fig.  1C). Compared 
with sham mice, the bone trabeculae of mice in the OVX 
group were arranged sparsely or had disappeared and indi-
cated significant resorption (Fig. 1D and E). These results 

Table I. Animal groups and interventions.

Group	 N	 Intervention

Model	 10	 Fracture, local implant of ACS + oral gavages of saline
rhBMP‑2	 10	 Fracture, local implant of ACS loaded with 2.5 µg rhBMP‑2 and oral gavages of saline
Psoralen + rhBMP‑2	 10	 Fracture, local implant of ACS loaded with 2.5 µg rhBMP‑2 and oral gavages of psoralen

rhBMP‑2, recombinant human bone morphogenetic protein 2; ACS, absorbable collagen sponge.

Figure 1. (A) Chemical structure of psoralen. (B) Bilateral OVX led to a significant decrease in estrogen levels compared with that in the sham mice. 
*P<0.05 vs. sham. (C) Effect of decreased estrogen levels on bone growth and structure as exemplified by gonadal hypotrophy in OVX mice (left) compared 
with control mice (right). (D) Bone loss and trabecular bone deterioration (arrow) were evident in the OVX group (magnification, x40; H&E staining). 
(E) Femoral metaphysis in the sham‑operated mice (magnification, x40; H&E staining). OVX, ovariectomy.
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confirmed the successful establishment of osteoporosis in the 
OVX mice.

Micro‑CT examination. On day 21, the Micro‑CT surface 
analyses indicated that fracture bridging occurred in the rhBMP‑2 
group and the Psoralen + rhBMP‑2 group. Compared with the 
rhBMP‑2 group, the healed bones in the Psoralen + rhBMP‑2 
group exhibited a near‑physiological shape. In the model group, 
the fracture healed inadequately and at the same time, a large 
periosteal callus remained (Fig. 2A and B).

The quantitative results revealed that compared with the 
model group, the Psoralen +  rhBMP‑2 group had a higher 
BV (P=0.001), BV/TV (P=0.001) and TMD (P=0.010), while 
the rhBMP‑2 group exhibited an increase in BV (P=0.022) 
and BV/TV (P=0.008), but no difference in TMD (P=0.814). 
Comparing the two treatment groups, the Psoralen + rhBMP‑2 
group had a significantly greater BV(P=0.024), BV/TV (P=0.009) 
and TMD (P=0.015) than the rhBMP‑2 group (Fig. 2C‑E).

Histology. Representative histological images of fractures 
on day 21 are presented in Fig. 3. The calluses of all groups 
were composed of fibroblasts, cartilage and newly formed 
trabecular bone. Histological analysis of the model group 
samples indicated abundant amounts of chondroid callus 
fracture area and the formation of immature bone (Fig. 3A). 
The rhBMP‑2 and Psoralen  +  rhBMP‑2 groups exhibited 
progressive mineralized callus formation compared with 
the model group. However, the Psoralen + rhBMP‑2 group 
displayed significantly more mineralized and mature callus 
compared with the rhBMP‑2 group (Fig. 3B and C). Fig. 4A‑C 
displays the osteoclasts in the model group, rhBMP‑2 group and 
Psoralen + rhBMP‑2 group, respectively, which were located 
in close association with the bone surface and appeared to be 

actively absorbing bone. In the Psoralen + rhBMP‑2 group, 
osteoclasts were comparatively more sparse, but osteoclasts 
had a similar shape in all groups.

Mechanical testing. At 21 days after fracture, the data from 
the different treatment groups were compared with those 
of the model group. Averaged data regarding the biome-
chanical properties of the fractured femurs in each group are 
presented in Fig. 5. The highest values for maximum load, 
maximum stress and the flexure modulus were seen in the 
Psoralen + rhBMP‑2 group. Compared with the model group, 
the psoralen +  rhBMP‑2 group had a significantly higher 
maximum load (P=0.001; Fig. 5A), maximum stress (P=0.004; 
Fig. 5B) and the flexure modulus (P=0.014; Fig. 5C), while the 
rhBMP‑2 group only exhibited improved in maximum stress 
(P=0.036). The maximum load (P=0.014) and flexure modulus 
(P=0.021) in the Psoralen + rhBMP‑2 group were significantly 
higher compared with those in the rhBMP‑2 group.

Serum analysis. On day 21, the serum levels of BALP and 
CTX‑1 were measured to provide an evaluation of bone forma-
tion and resorption activity after fracture under psoralen and/or 
rhBMP‑2 treatment (Fig. 6). BALP, a bone formation marker, 
was significantly increased in the Psoralen + rhBMP‑2 group 
compared with that in the model group (P=0.004; Fig. 6A). 
BALP was also slightly increased in the rhBMP‑2 group, but 
the difference was not statistically significant compared with 
the model group (P=0.667). Compared with that in the model 
group and the rhBMP‑2 group, the serum levels of CTX‑1, a 
bone resorption marker, were significantly decreased in the 
Psoralen + rhBMP‑2 group (P=0.030 and 0.021, respectively; 
Fig.  6B). Regarding estrogen levels, no differences were 
detected among the groups (Fig. 6C).

Figure 2. Micro‑CT analysis. Representative (A) 3‑dimensional reconstructions and (B) 2‑dimensional coronal slices of the fractured mouse femurs obtained 
at 21 days after surgery. The images display 15‑mm sections of the diaphyses containing the fracture. Obvious differences in the internal and external structure 
of the calluses are present. (C‑E) Graphical analysis of micro‑CT measurements of fractured calluses. (C) BV, (D) BV/TV and (E) TMD. Values are expressed 
as the mean ± standard deviation. *P<0.05 vs. model group; #P<0.05 vs. rhBMP‑2 group. BV/TV, ratio of mineralized callus volume vs. total callus volume; 
TMD, tissue mineral density; rhBMP‑2, recombinant human bone morphogenetic protein 2; CT, computed tomography; BV, volume of mineralized callus.
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Discussion

The present study demonstrated that in OVX mice, combined 
treatment with psoralen + rhBMP‑2 had more potent effects 
on fracture healing than rhBMP‑2 alone, as demonstrated by 
radiological, histological and mechanical analyses, with the 
highest values in micro‑CT and mechanical parameters. These 
results indicate that orally administered psoralen and locally 
supplied rhBMP‑2 had an additive effect on fracture healing 
in osteoporotic mice.

In the present study, at 6 weeks after the bilateral OVX, 
significant decreases in estrogen levels and uterine size were 
identified. Histological analysis of the distal femurs indicated 
that the trabecular bone almost disappeared near the growth 
plate in the OVX model, making it feasible to examine fracture 
healing in osteoporotic mice. Fracture healing is a multi‑stage 

repair process that involves complex yet well‑orchestrated steps 
that are initiated in response to injury, eventually resulting 
in the repair and restoration of function. Although the exact 
mechanism of impaired bone healing in post‑menopausal 
osteoporosis remains to be fully elucidated, clinical studies 
and animal experiments have consistently indicated that 
fracture healing is impaired and delayed in osteoporotic 
bone (27,28). As the aging population is expected to double by 
2050 and the occurrence of osteoporotic fractures is to rise in 
the near future, impairment in osteoporotic fracture healing is 
becoming an emerging public health concern.

In contrast to conventional anti‑resorptive drugs, 
bone‑anabolic drugs build up new bone, which results in a 
faster increase of bone mass and strength. There is a great 
requirement for additional and affordable anabolic treatments 
to remedy impaired fracture healing. The evidence supporting 

Figure 3. Histological analysis. Left and right columns display H&E‑and Masson's trichrome‑stained micrographs, respectively, (magnification, x100) of frac-
ture gaps in (A) the model group, (B) the rhBMP‑2 group and (C) the Psoralen + rhBMP‑2 group. rhBMP‑2, recombinant human bone morphogenetic protein 2.

Figure 4. Histological sections (magnification, x400; H&E staining) of osteoclasts (arrows). (A) Model group, (B) rhBMP‑2 group and (C) Psoralen + rhBMP‑2 
group. rhBMP‑2, recombinant human bone morphogenetic protein 2.
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the close association of BMPs with bone metabolism and the 
identification of the role of BMPs in the process of fracture 
healing and the pathogenesis of osteoporosis makes them 
attractive target molecules for the development of anabolic 
therapies for the prevention as well as for the treatment of 
osteoporotic fractures (29,30). Consistent with other studies, 
which have reported enhanced fracture repair and stimulated 
early new bone formation with rhBMP‑2 treatment in ovariec-
tomized rats (7,8), the present study indicated that rhBMP‑2 
has a positive effect on fracture healing in estrogen‑deficient 
mice.

Certain medications are approved for the treatment of 
osteoporosis, including bisphosphonates, denosumab and 
estrogen replacement therapy; however, their effects on frac-
ture healing in osteoporosis are limited and controversial. 
For instance, bisphosphonates, a major type of anti‑osteopo-
rosis medication used in the clinic, have negative effects of 
excessive suppression of physiological bone turnover, which 
results in inhibition of the bone remodeling process and 
impair of fracture healing (31). Certain studies even suggest 
that suspension of bisphosphonate use should be considered 
during the fracture healing period (32,33). As an alternative 
treatment for osteoporosis and numerous other diseases, the 
therapeutic effects of natural products derived from plants 
have become an attractive research topic (34,35).

Previous study has indicated that psoralen acts via 
activating BMP signaling to promote osteoblast differentia-
tion (36). In the present study, psoralen enhanced anabolic 
bone formation caused by rhBMP‑2. The micro CT imaging 
and histological analysis demonstrated that the group treated 
with a combination of oral psoralen and local rhBMP‑2 
produced more mature mineralized callus than local 
therapy with rhBMP‑2 alone in OVX mice. Furthermore, 

the biomechanical evaluation supported the results of the 
radiological and histological analyses. The highest biome-
chanical stability was measured in the group treated with 
psoralen + rhBMP‑2. One reason for this may be that the 
systemic administration of psoralen and the local application 
of rhBMP‑2 increased the local BMP levels to thereby have 
an additive effect on fracture healing in OVX mice.

In the present study, systemic administration of psoralen 
in the Psoralen + rhBMP‑2 group exerted a dual regulatory 
effect to mediate osteoblast‑osteoclast interactions. The 
serum analysis revealed that co‑administration of psoralen 
not only increased the BALP levels, but also decreased the 
OVX‑induced CTX‑1 levels in the Psoralen + rhBMP‑2 group. 
The histological analysis also revealed a decreased amount 
of osteoclasts in the Psoralen + rhBMP‑2 group. It has been 
reported that BMPs indirectly stimulate osteoclastogenesis 
through osteoblasts via the receptor activator of nuclear 
factor κ‑Β (RANK)/RANK ligand (RANKL)  pathway, 
which may lead to the premature resorption of BMP‑induced 
bone  (37,38). A preclinical trial reported that BMP‑2 
caused initial resorption when placed in the metaphysis in 
a non‑human primate core defect model in which bisphos-
phonates were successfully used to prevent the unwanted 
catabolic phase induced by BMP‑2 (39). Zhang et al  (40) 
have demonstrated that psoralen markedly inhibits the 
differentiation of osteoclasts by enhancing the expression of 
estrogen receptor and suppressing that of IL‑17R. In another 
in vivo study, psoralen was reported to prevent osteoporosis 
via increasing osteoporogeterin expression and reducing 
RANKL levels to suppress osteoclast differentiation and 
maturity (41). This may provide an explanation for the results 
obtained in the present study, indicating that daily systemic 

Figure 5. The fractured calluses of the model, rhBMP‑2 and 
Psoralen + rhBMP‑2 groups were subjected to 3‑point bending analysis at 
21 days of healing. (A) Maximum load, (B) maximum stress and (C) flexure 
modulus. Values are expressed as the mean ± standard deviation. *P<0.05 
vs. model group; #P<0.05 vs. rhBMP‑2 group. rhBMP‑2, recombinant human 
bone morphogenetic protein 2.

Figure 6. Serum analysis of (A) BALP, (B) CTX‑1 and (C) estrogen. Values 
are expressed as the mean ± standard deviation. *P<0.05 vs. model group; 
#P<0.05 vs. rhBMP‑2 group. rhBMP‑2, recombinant human bone morpho-
genetic protein 2; BALP, bone‑specific alkaline phosphatase; CTX‑1, 
C‑terminal telopeptide of type‑1 collagen.
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administration of psoralen may reduce bone resorption 
produced by increased activity of osteoclasts caused by 
rhBMP‑2.

No matter how complex the mechanisms of action may 
be, the phytoestrogens in psoralen may have an important 
role in the amelioration of post‑menopausal bone loss. To 
determine whether psoralen behaved in a similar manner 
to estradiol in OVX mice, the estrogen levels in the serum 
were determined. The results indicated that treatment of 
OVX mice with psoralen did not significantly improve the 
estrogen levels compared with those in the model group, 
therefore further studies are needed to investigate the effect 
of psoralen on the uterus.

Of note, the present study had several limitations. First, the 
animals were euthanized on day 21, and therefore it was not 
possible to determine the long‑term influence of the treatments 
on bone remodeling. Second, given the saturation of psoralene 
in water, some of the suspended powder may have stuck to 
the syringe. The effective dose of gavage may be lower than 
that expected in the experimental design. Furthermore, only 
one dose of psoralen was assessed in the present study, and 
the observation of the healing in the psoralen group may 
have been better if a range of psoralen doses had been tested. 
In addition, further studies are required to confirm whether 
there is indeed a difference in the local BMPs levels among 
the groups. Finally, the specific molecular mechanisms of the 
synergistic effects of psoralen and rhBMP‑2 in promoting 
osteogenesis are elusive and require further study.

In conclusion, psoralen  +  rhBMP‑2 in combination 
produced better fracture healing than rhBMP‑2 in mice 
with OVX‑induced osteoporosis. While rhBMP‑2 is a costly 
substance, psoralen, as an active component from natural herbs, 
is inexpensive, has been approved worldwide, is well‑tolerated 
and has few side effects. Combining a local osteo‑inductive 
agent with a systemic anabolic agent may be a novel paradigm 
in the treatment of osteoporotic fracture.
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