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Abstract. Bone fractures, as a global public health issue, 
lead to disability and reduce the quality of life for patients. 
Chinese patent drug Osteoking has efficacy in bone fracture 
therapy. However, its therapeutic properties and underlying 
mechanisms remain unclear. In the present study, a rat model 
of bone fracture was established to evaluate the pharmaco‑
logical effects of Osteoking by behavioral feature detection 
including mechanical pain threshold measurement, inclined 
plate and hindlimb weight‑bearing test and CatWalk XT gait 
analysis, as well as X‑ray scanning and micro‑computed 
tomography 3D reconstruction. Transcriptomics profiling, 
network analysis and in vivo western blotting, immuno‑
histochemistry and immunofluorescence assessment were 
performed to determine the potential targets of Osteoking in 
promoting bone fracture healing. Osteoking effectively short‑
ened the fracture healing time primarily by accelerating the 
process of endochondral ossification, decreasing the number 
of osteoclasts, increasing the levels of bone growth factors and 
bone formation biomarkers, and decreasing the level of bone 

resorption biomarkers. Following construction and analysis of 
the disease gene‑drug target network, it was hypothesized that 
EGF‑EGFR‑histone deacetylase 1 (HDAC1)‑Wnt/β‑catenin 
axis‑mediated adipogenesis‑angiogenesis‑osteogenesis cross‑
talk may be a candidate target of Osteoking in bone fracture. 
Osteoking significantly decreased expression levels of EGF, 
phosphorylated‑EGFR and HDAC1 protein and activated 
Wnt/β‑catenin signaling, which subsequently elevated the 
expression of VEGFA, Osterix (OSX) and CD31 proteins, 
increased the RUNX2/PPARγ ratio, decreased the receptor 
activator of nuclear factor κB ligand/osteoprotegerin ratio and 
reduced the serum levels of total cholesterol (TC), low‑density 
lipoprotein cholesterol (LDL‑C) and high‑density lipoprotein 
cholesterol (HDL‑C). There was a negative association between 
VEGFA, OSX, TC and LDL‑C levels. In conclusion, Osteoking 
may effectively reverse the disturbance of adipogenesis‑angio‑
genesis‑osteogenesis homeostasis and promote the fracture 
healing by regulating the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin 
axis. These findings may offer guidance for the clinical 
application of Osteoking in bone fracture therapy.

Introduction

Bone fractures are a global public health issue. The Global 
Burden of Diseases, Injuries, and Risk Factors Study (GBD) 
shows the large burden of fractures worldwide, with 178 million 
new fractures, 455 million prevalent fractures, and 25.8 million 
lived with disability due to fractures in 2019 (1). Delayed 
healing or failure of healing is the most common complication 
of fractures. Studies have reported that >10% of patients with 
postoperative fracture fail to heal completely (2‑4). The tibia is 
the most susceptible site in the whole body for delayed healing 
and non‑healing due to lack of soft tissue coverage and poor 
blood supply (5,6).

There is a limited number of drugs to promote fracture 
healing, and these drugs usually act on only one part of 
the bone regeneration process and have a specific optimal 
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therapeutic window. Accumulating studies have reported 
that the clinical efficacy of several existing drugs to 
promote fracture healing is unclear and often accompa‑
nied by a variety of complications and side effects, such 
as heterotopic ossification and increased risk of infection 
or cancer (7‑11). Thus, it is necessary to develop more 
efficient therapeutics for promoting bone formation and 
regeneration during bone fracture management.

Growing clinical evidence has shown satisfying effica‑
cies of traditional Chinese medicine (TCM) in promoting 
fracture healing (12‑14). Osteoking (Sailing Pharmaceutical 
Technology Group Co., Ltd.), a Chinese patent drug, has been 
extensively used in the treatment bone conditions, such as bone 
fractures, osteoporosis and lumbar disc herniation (15‑18). Our 
previous study indicated that Osteoking may exert clinical 
efficacy in relieving the joint pain and improving life quality 
of patients with knee osteoarthritis without any adverse reac‑
tions (19). Ling et al (20) identified five chemical components 
contained in Osteoking by ultra‑performance liquid chromato‑
graph (UPLC). Our previous study established a rat model of 
tibial bone defect to simulate the pathological changes and 
healing characteristics of incomplete fracture (21). Following 
the integration of transcriptome detection, network analysis 
and in vivo experimental validations, our data suggested that 
Osteoking may promote bone formation and defect repair by 
regulating the Z‑DNA binding protein 1‑signal transducer 
and activator of transcription 1‑protein kinase R (PKR) axis, 
leading to inhibition of receptor‑interacting serine threo‑
nine‑protein kinase 1 (RIPK1)/RIPK3/mixed lineage kinase 
domain‑like protein (MLKL) activation‑mediated necroptosis, 
and reversing the disturbance of bone metabolism. However, 
the therapeutic characteristics and underlying mechanisms of 
Osteoking against the complete fracture remain unclear.

The present study established a rat model of tibial bone 
fracture simulating the pathological changes and healing 
characteristics of complete fracture to evaluate the therapeutic 
effects of Osteoking. Transcriptomics profiling, network 
analysis and in vivo experimental validation was performed 
to determine the potential targets of Osteoking in promoting 
bone fracture healing.

Materials and methods

Animals. Male Sprague‑Dawley rats (age, 6 weeks; 
weight 220±20 g; n=50) were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (license 
no. SCXK 2021‑0011, Beijing, China) and were housed 
(n=5/cage) under specific pathogen‑free conditions at a 
constant temperature of 24±1˚C and relative humidity of 
50‑65% on a 12/12‑h light/dark cycle and water and food 
ad libitum. Prior to the experiments, the rats were allowed 
a 1 week acclimatization period. All animal experiments 
were approved by Experimental Animal Ethics Committee 
of Institute of Chinese Materia Medica, China Academy 
of Chinese Medical Sciences (Beijing, China; approval 
no. IBTCMCACMS21‑2304‑05).

Tibial bone fracture model. Rat model of tibial bone 
fracture was induced as described by Sun et al (22). Rats 
were anesthetized through intraperitoneal injection (i.p) of 

pentobarbital (2%, 2 ml/kg) and the modeling procedure 
was completed under sterile conditions. After removing the 
hair on the medial side of the right hind leg and disinfecting 
with iodine, a 3.0 cm longitudinal incision was made on the 
medial aspect of the mid tibia. Following separation of the 
surrounding muscles, a high‑speed rotary hacksaw cutter was 
used to create a complete bone fracture in the middle of the 
tibia. A 1.0 mm Kirschner wire (K‑wire) was inserted retro‑
grade into the bone marrow cavity from the fracture ends. 
When the tip of the K‑wire penetrated below the medial tibial 
condyle, excess K‑wire was cut and bent against the cortical 
surface of the bone to allow removal after sacrifice and the 
blunt end of the K‑wire was passed through the injured site 
and fixed in the lower end of the tibial marrow cavity. The 
incision was cleaned with 0.9% sodium chloride solution, 
sutured and covered with sterile patches. Penicillin sodium 
solution (40,000 U/kg, dissolved in sterilized; Hongbao 
Veterinary Medicine Co., Ltd.) was injected intramuscularly 
into the healthy hind leg for 3 consecutive days postopera‑
tively to prevent infection.

Grouping and treatment. A total of 50 rats were randomly 
divided into five groups (n=10/group): Normal control, 
bone fracture model and Osteoking low‑(1.3125 ml/kg), 
medium‑(2.625 ml/kg) and high‑dose (5.25 ml/kg), which 
were equivalent to 0.5, 1.0 and 2.0 times the daily dosage 
for patients with fractures in clinics, respectively. Both 
normal control and bone fracture model groups received 
the same volume of saline. All treatments were performed 
once/day for 3 weeks via oral administration from the day 
after surgery. Rats were sacrificed by overdose of anesthesia 
(5% pentobarbital, i.p, 2 ml/kg). Death was confirmed by loss 
of pulse, respiratory arrest and lack of response to squeezing 
of toes and tail root. Blood was collected by abdominal aortic 
puncture.

X‑ray imaging. X‑ray imaging was performed as previously 
described (21). In brief, X‑ray images were analyzed using 
the Modified radiographic union score for tibia fractures 
scoring scale (23). Because only lateral radiographs were 
captured, healing was determined only in the anterior and 
posterior cortex; scores for the cortices were summed 
to give a final score ranging from 2 (not healed) to 8 
(maximally healed).

Assessment of severity of fracture
General evaluation. The diet, hair color change and general 

activity of rats were monitored daily following surgery. The 
rats were weighed and the diameters of the right middle tibia 
were measured using electronic vernier caliper every 3 days.

Mechanical pain threshold measurement. Fracture pain 
levels were assessed by mechanical‑induced hyperalgesia as 
previously described (24). The experiment was performed 
every 5 days (three times/rat) and the mean value was 
calculated.

Inclined plate test. A layer of foam pad was attached to 
the surface of the inclined plate. The rats were placed on the 
inclined plate with the head at the top end. An angle sensor 
was attached and the inclined plate was raised from 0˚ in 
increments of 5˚ until the rat was able to stay on the inclined 
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plate for ~5 sec. The experiment was performed every 5 days 
(three times/rat) and the mean value was calculated.

Hindlimb weight‑bearing test. Rats were placed in a small 
restrictive container with forelimbs placed on an inclined plate 
so that the majority of weight had to be placed on the hindlimbs. 
Both hindlimbs were placed on the left and right test plates of 
the gauge. Floor sensors were attached to measure the weight 
on each hind limb individually. The greater the difference 
in weight distribution across hindlimbs, the worse the static 
weight‑bearing capacity of the fractured limb. The experiment 
was performed every 3 days (three times/rat) and the mean 
value was calculated.

CatWalk XT gait analysis. At day 20 after the fracture 
operation, all rats received track acclimatization training 
and were placed at the start of the light‑avoidance track (25). 
A successful gait recording was defined as the rat was able 
to reach the end of the track at a uniform speed without 
stopping or turning around. The test was repeated three 
times/rat and the mean values of the following parameters 
were calculated: Stand, swing, swing speed, print area and 
mean intensity.

Micro‑computed tomography (CT) examination. K‑wire 
was removed before micro‑CT examination and the region 
of interest was defined as a total of 7 mm (220 slides) of 
bone tissue centered on the fracture line. Micro‑CT was 
performed as previously described (21), and the following 
parameters were calculated: Bone mineral density (BMD), 
bone volume/tissue volume ratio (BV/TV), trabecular number 
(Tb.N), trabecular thickness (Tb.Th), trabecular separa‑
tion (Tb.Sp), cortical bone thickness (Ct.Th), cortical bone 
area (Ct.Ar), structure model index (SMI) and connectivity 
density (Conn.D).

Histopathological evaluation. The right tibia of rats was 
embedded in paraffin, cut into 4‑µm coronal sections and the 
pathological changes of the callus tissue were observed by 
hematoxylin and eosin (H&E), safranin O‑fast green, Masson 
and TRAP staining as previously described (26,27).

Biomechanical test. Three‑point bending experiments were 
performed at the same position of each specimen using a 
WDT‑20 universal materials testing machine (Changchun 
Second Material Testing Machine Factory; Data S1).

Bone metabolism biochemical indicator assay. The following 
indicators were detected by ELISA: Bone morphogenetic 
protein‑2 (BMP‑2), transforming growth factor‑β (TGF‑β), 
bone specific alkaline phosphatase (BALP), type I procollagen 
N‑terminal peptide (PINP), osteocalcin (OCN), type I collagen 
carboxy‑terminal peptide (β‑CTX) and anti‑tartrate acid 
phosphatase 5b (TRACP‑5b; cat. nos. ml003415, ml038224, 
ml102832, ml002856, ml058528, ml003177 and ml038228, 
respectively; all Shanghai Enzyme‑linked Biotechnology 
Co., Ltd.) as previously described (21).

Visceral index. The visceral index was calculated to evaluate 
the safety of Osteoking as previously described (27). Briefly, 
the weight fractions of the thymus, spleen, liver and kidney 
relative to the weight of the brain were calculated.

Data collection and network analysis. Bone fracture‑related 
genes and the Osteoking targets were identified by tran‑
scriptome expression profiling sequencing and genome‑wide 
expression profiling microarray assay based on whole blood 
samples and the affected right tibia tissue of bone defect 
rats as previously described (21). Clinical transcriptome 
microarray data based on affected bone tissue of patients 
with fracture were retrieved from Gene Expression Omnibus 
(accession no. GSE494, ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE494). The differentially expressed genes between 
fracture and healthy control groups were screened using the 
criteria of P<0.05 and |log2 fold‑change|>1. Putative targets 
of Osteoking were obtained from ETCM 2.0 database 
(tcmip.cn/ETCM2/front/#/) (28) using quantitative estimate 
of drug‑likeness ≥0.49 and Food and Drug Administration 
recommended maximum daily dose <0.7.

Disease‑related gene‑drug putative target interaction 
network was constructed using links between bone frac‑
ture‑related genes and Osteoking effective targets collected 
from the STRING database (version 12.0; string‑db.org/). 
The topological features of each node were calculated using 
CytoHubba plug‑in of Cytoscape (version 3.8.2; cytoscape.
org), and nodes ranked in the top 50 for betweenness, closeness 
and degree were defined as hub genes. Furthermore, the key 
network targets were defined as hub genes with the shortest 
path value of 1, which is calculated by Pesca (version 3.0.8) (29) 
to evaluate the network association between Osteoking targets 
and bone fracture‑associated genes. The biological functions 
of the key network targets were determined by pathway enrich‑
ment analysis based on the DAVID database (version 2024q2; 
david.ncifcrf.gov/home.jsp). Finally, the molecular signaling 
axis was identified through a literature review on PubMed 
(pubmed.ncbi.nlm.nih.gov). The molecular names were used 
as the search keywords, and the search results were limited to 
literature published within the past 10 years.

Immunohistochemistry and immunofluorescence assessment. 
The expression levels of proteins were detected using immu‑
nohistochemistry: the receptor activator of nuclear factor κB 
ligand (RANKL), osteoprotegerin (OPG), runt‑related tran‑
scription factor 2 (RUNX2), peroxisome proliferator‑activated 
receptor γ (PPARγ), platelet endothelial cell adhesion 
molecule (CD31), and the expression levels of the following 
proteins were detected using immunofluorescence: Vascular 
endothelial growth factor A (VEGFA) and osterix (OSX) as 
previously described (Table SI) (21,26,30). DAPI was used as 
a fluorescent dye for labeling and observation of cell nuclei.

Western blotting. The expression levels of proteins in the 
affected right tibia tissues of rats, including epidermal growth 
factor (EGF), EGF receptor (EGFR), histone deacetylase 1 
(HDAC1), Wnt5a, Catenin Beta 1 (CTNNB1) and β‑actin 
were detected using western blotting as previously described 
(Table SI) (31,32).

Biochemical testing. Serum levels of triglyceride (TG), 
total cholesterol (TC), low‑density lipoprotein cholesterol 
(LDL‑C) and high‑density lipoprotein cholesterol (HDL‑C) 
were detected using a BC‑5800 CBC hematology analyzer 
(Mindray) according to the manufacturer's instructions.
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ZHANG et al:  OSTEOKING PROMOTES BONE FRACTURE HEALING4

Statistical analysis. Statistical differences were analyzed 
using GraphPad Prism software (version 8.0.2; Dotmatics). 
All experiments were repeated at least three times. Data 
are presented as the mean ± SD. For comparisons between 
multiple groups, one‑way ANOVA was employed, while for 
comparisons of data between groups at different time points, 
repeated measures ANOVA was utilized. ANOVA was 
followed by Dunnett's or Bonferroni's post hoc test. Pearson 
correlation analysis was used to assess correlation between 
indicators. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Osteoking promotes recovery of muscle strength and 
weight‑bearing function of the affected limb in bone fracture 
rats. A rat tibial bone fracture model was successfully estab‑
lished (Fig. 1A). Fracture rats showed dark hair, poor mental 
state, lameness, decreased activity and food intake, slow 
weight gain, significant swelling of the affected limb and a 
significant decrease in mechanical pain threshold during the 
first postoperative week (Fig. 1B‑D), which decreased in the 
second week and disappeared in the third week. Osteoking 

effectively accelerated recovery of the general state of the rats 
but exerted no significant effects on the improvement of the 
swelling degree and pain intensity of the affected limbs in 
bone fracture rats (Fig. 1B‑D).

In addition, the muscle strength and static weight‑bearing 
capacity of the affected limbs of rats in the fracture model 
group were significantly decreased and improved by 
Osteoking (Fig. 1E and F). Compared with the control group, 
the stand time of the affected limb in the fracture model group 
was significantly shortened, the swing time was significantly 
prolonged and the swing speed, area and mean intensity of 
print were all significantly reduced (Fig. 1H‑L). Moreover, 
there were no significant differences in the visceral brain 
index of the rats, suggesting that Osteoking may have good 
safety (Fig. 1G).

Osteoking accelerates bone healing in bone fracture rats. 
According to X‑ray imaging on days 7, 14 and 21, healing 
speed of bone fracture rats was faster in all Osteoking treat‑
ment than in the model group. Notably, the high‑dose group 
had a blurred fracture line with bridging callus formation 
visible around the fracture break on day 14, which was defined 
as radiographic healing, and the fracture line disappeared and 

Figure 1. OK promotes recovery of muscle strength and weight‑bearing function of affected limbs in bone fracture rats. (A) Experimental process and timeline. 
(B) Body weight. (C) Right hindlimb diameter. (D) 50% paw withdrawal threshold. (E) Inclined plate angle. (F) Gravity difference of hind limbs after fracture 
modeling. (G) Visceral brain index. CatWalk XT gait parameters including (H) mean intensity, (I) stand, (J) swing, (K) swing speed and (L) print area. #P<0.05, 
##P<0.01 and ###P<0.001 vs. CON; *P<0.05, **P<0.01 and ***P<0.001 vs. MOD; &&P<0.01 and &&&P<0.001 vs. healthy side. SD, Sprague‑Dawley; K‑wire, 
Kirschner wire; CON, control; MOD, model; OK, Osteoking; L, low; M, medium; H, high.
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the bridging scab was resorbed on day 21, which was defined 
as healed (Fig. 2A). The high‑dose group displayed the highest 
scores on days 7, 14, and 21 (Fig. 2B).

Osteoking significantly elevated serum levels of BMP‑2, 
TGF‑β, BALP and OCN in fracture rats, suggesting its potential 
to promote bone formation. There were increased levels of PINP, 
TRACP‑5b and β‑CTX in serum obtained from the bone fracture 
rats, which were all decreased by the treatment of Osteoking, 
suggesting its potential to inhibit bone resorption (Fig. 2C).

Osteoking improves trabecular microarchitecture and 
promotes the cortical bone remodeling and mechanical 
recovery of the affected limbs in bone fracture rats. At day 22, 

stiffness, maximum fracture energy and maximum load of 
the callus in bone fracture rats were significantly decreased 
comparing with control, and were effectively improved by 
Osteoking at medium and high dosages (Fig. 3A and B), 
suggesting its potential to promote the recovery of 
the mechanical properties of the affected limbs of bone 
fracture rats.

Micro‑CT scanning showed a large fracture gap, disconti‑
nuity of cortical bone, little extracellular callus formation and 
abnormal, dense, short and disorganized trabecular structure 
in the model group. Following the treatment with Osteoking, 
the fracture gap filled with trabeculae, volume of callus 
enlarged and connected the cortical bone on both sides of 

Figure 2. OK accelerates bone healing in bone fracture rats. (A) X‑ray images and (B) scoring (scale bar, 2 cm). (C) Serum levels of bone growth factors and 
turnover markers. ##P<0.01 and ###P<0.001 vs. CON; *P<0.05, **P<0.01 and ***P<0.001 vs. MOD. CON, control; MOD, model; OK, Osteoking; L, low; M, 
medium; H, high; BALP, bone specific alkaline phosphatase; OCN, osteocalcin; PINP, type I procollagen N‑terminal peptide; BMP‑2, bone morphogenetic 
protein‑2; TRACP‑5b, anti‑tartrate acid phosphatase 5b; β‑CTX, type I collagen carboxy terminal peptide β special sequence.
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the fracture and the trabeculae in the medullary cavity were 
thickened and fused to the cortical bone. Notably, the callus 
tissue in the high‑dose group was resorbed and similar to the 
morphology and structure of control rats (Fig. 3C‑F).

Among bone morphometric parameters based on the 
Micro‑CT scanning data, BMD, Tb.Th Tb.Sp and Ct.Th were 
significantly decreased, while BV/TV, SMI, Tb.N, Ct.Ar and 
Conn.D were significantly increased in the model group, 
which were all reversed by Osteoking in a dose‑dependent 
manner (Fig. 3G), suggesting its potentials to improve the 
microstructure of bone trabeculae and promote remodeling of 
callus tissue and cortical bone.

Osteoking promotes endochondral ossification and callus 
resorption at the fracture site. H&E staining showed a large 
area of fibrocartilaginous callus tissue in the model group, 
and a small amount of neovascular tissue in the low‑dose 
group, which invaded into the internal cartilaginous callus 
tissue. In medium‑ and high‑dose groups, extensive remod‑
eling of vascular tissue and the formation of bony healing 
tissues were observed; area of bony tissues was enlarged in a 
dose‑dependent manner (Fig. 4A and B).

As chondrogenesis and endochondral ossification are 
key steps in the healing process of long bone fractures (33), 
cartilage area at the fracture site was compared on day 22 

Figure 3. OK improves trabecular microarchitecture and promotes cortical bone remodeling and mechanical recovery of affected limbs in bone fracture rats. 
(A) Anatomical appearance of the right tibia 3 weeks after the drug administration (scale bar, 7 mm). (B) Biomechanical test results at the callus site. Micro‑CT 
three‑dimensional reconstruction image of fracture site including (C) overall surface (scale bar, 7 mm), (D) local surface (scale bar, 2 mm), (E) local coronal 
plane (scale bar, 2 mm), (F) cross‑section of tibial marrow cavity (scale bar, 2 mm) and (G) quantitative analysis of bone morphometric parameters. ###P<0.001 
vs. CON; *P<0.05, **P<0.01 and ***P<0.001 vs. MOD. CON, control; MOD, model; OK, Osteoking; L, low; M, medium; H, high; BMD, bone mineral density; 
BV/TV, bone volume/tissue volume ratio; Ct.Th, cortical bone thickness; Ct.Ar, cortical bone area; Conn.D, connectivity density; SMI, structure model index; 
Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; Tb.N, trabecular number.
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after bone fracture modeling. Control group showed mature 
bone tissue; large areas of cartilage tissue with a large number 
of neonatal chondrocytes were observed in the model group 
(Fig. 4C and D). By contrast, the area of cartilage tissue was 
decreased, a small number of chondrocytes calcified and 
died, and cartilage matrix was mineralized in the low‑dose 
group; no cartilage tissue was observed and mineralization of 
the bone matrix was increased in the medium‑ and high‑dose 
groups (Fig. 4C and D). Masson's trichrome staining showed 
significantly increased collagen fiber staining in the callus 
tissue of Osteoking treatment groups (Fig. 4E and F).

To determine whether callus tissues were resorbed by 
osteoclasts in the coupled remodeling phase, TRAP staining 
was performed to characterize the number and location 
of osteoclasts. Osteoclasts were primarily concentrated at 
the edge of callus tissue and the number of osteoclasts was 
increased in the model group, while number of osteoclasts 
was significantly decreased by Osteoking in a dose‑dependent 
manner (Fig. 4G and H).

Osteoking promotes fracture healing by modulating the adipo‑
genesis‑angiogenesis‑osteogenesis crosstalk mediated by the 
EGF‑EGFR‑HDAC1‑Wnt/β‑catenin signaling axis. To inves‑
tigate the pharmacological mechanisms of Osteoking against 
bone fracture, a total of 500 disease‑related genes and 778 
drug candidate targets were identified by transcriptome expres‑
sion profiling and bioinformatics database analysis (Fig. 5A). 
Following construction of the disease‑related gene‑drug 
effective target interaction network, 31 hub genes with 
topological importance were screened, among which 23 key 
network targets had the shortest path value of 1, including five 
bone fracture‑related genes and 17 Osteoking targets such as 
EGFR, HDAC1, and PPARG. Functionally, these key network 
targets were significantly associated with pathways involved 
in ‘bone metabolism’, ‘angiogenesis’, ‘lipid metabolism’ and 
‘immune‑inflammation’. Notably, EGFR had the most interac‑
tions with other nodes, and the largest number of the key network 
targets was enriched in Wnt signaling (Fig. 5B; Tables SII and 
SIII). Expression of EGF, EGFR and HDAC1 mRNA in the 

Figure 4. OK promotes endochondral ossification and callus resorption at the fracture site. (A) Representative H&E staining and (B) quantitative analysis. 
(C) Representative SOFG staining and (D) quantitative analysis. (E) Representative Masson's Trichrome staining and (F) quantitative analysis. Magnification, 
x40 and x200; scale bar, 200 and 40 µm. (G) Representative TRAP staining of osteoclasts and (H) quantitative analysis. Magnification, x100 and x200; scale 
bar, 80 and 40 µm. ##P<0.01 and ###P<0.001 vs. CON; *P<0.05 and ***P<0.001 vs. MOD. CON, control; MOD, model; OK, Osteoking; L, low; M, medium; H, 
high; H&E, hematoxylin and eosin; SOFG, safranin O‑fast green; TRAP, tartrate resistant acid phosphatase.
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Figure 5. OK promotes fracture healing through modulating the adipogenesis‑angiogenesis‑osteogenesis crosstalk mediated by the EGF‑EGFR‑HDAC1‑Wnt/
β‑catenin signaling axis. (A) Flowchart of network analysis. (B) Key network targets and pathways. Blue border, OK targets. (C) mRNA expression of key 
network targets involved in the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin signaling axis based on transcriptome profiling of affected bone fracture tissues. (D) OK 
may promote fracture healing through modulating adipogenesis‑angiogenesis‑osteogenesis crosstalk mediated by the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin 
signaling axis. ##P<0.01 and ###P<0.001 vs. CON; ***P<0.001 vs. MOD. CON, control; MOD, model; OK, Osteoking; L, low; M, medium; H, high; GEO, Gene 
Expression Omnibus; seq, sequencing; SP, shortest path; EGFR, epidermal growth factor receptor; HDAC1, histone deacetylase 1; CTNNB1, catenin β1; ns, 
no significance; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor κB ligand; OSX, Osterix; VEGFA, vascular endothelial growth factor A.
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model group increased compared with control group, with a 
statistically significant difference in HDAC1, whereas expres‑
sion levels of Wnt5a and CTNNB1 mRNA showed a tendency 
to decrease, with a significant difference in CTNNB1; these 
changes were also reversed by Osteoking (Fig. 5C). It was 
hypothesized that Osteoking may promote fracture healing 
through modulating adipogenesis‑angiogenesis‑osteogenesis 
crosstalk mediated by the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin 

signaling axis (Fig. 5D). Osteoking significantly decreased 
expression of EGF, phosphorylated (p‑)EGFR and HDAC1 
and enhanced the expression of Wnt5 and β‑catenin 
proteins in the affected bone fracture tissue (Fig. 6A and B). 
Immunofluorescence double‑labeling results indicated that 
Osteoking dose‑dependently increased the VEGFA and OSX 
expression levels and the positive expression regions of the two 
proteins overlapped (Fig. 6C and D). Immunohistochemical 

Figure 6. OK modulates the disrupted EGF‑EGFR‑HDAC1‑Wnt/β‑catenin axis and promotes coupling of vascular and bone tissues during bone fracture healing. 
(A) Western blot detection of EGF, p‑EGFR, HDAC1, Wnt5 and β‑catenin protein expression and (B) quantitative analyses. (C) VEGFA and OSX expression 
detected by (D) immunofluorescence staining (scale bar, 50 µm). ##P<0.01 and ###P<0.001 vs. CON; *P<0.05, **P<0.01 and ***P<0.001 vs. MOD. CON, control; 
MOD, model; OK, Osteoking; L, low; M, medium; H, high; EGFR, epidermal growth factor receptor; HDAC1, histone deacetylase 1; p‑, phosphorylated; VEGFA, 
vascular endothelial growth factor A; OSX, Osterix.
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staining showed that medium‑ and high‑dose Osteoking 
significantly elevated the expression of CD31 protein in the 
callus tissues of bone fracture rats (Fig. 7A and B). Osteoking 
significantly decreased the serum levels of TC, LDL‑C, and 
HDL‑C, which were all abnormally elevated in the bone frac‑
ture rats, but did not significantly ameliorate abnormal serum 
levels of TG (Fig. 7C). Expression of VEGFA (angiogenesis 
marker) and OSX (osteogenesis marker) were significantly 
negatively correlated with the levels of TC and LDL‑C (both 
adipogenesis markers; Fig. 7D and E).

Osteoking significantly enhanced the expression of 
RUNX2 protein, reduced the expression of PPARγ protein 
and increased the RUNX2/PPARγ ratio in a dose‑dependent 
manner (Fig. 8A and B). Osteoking effectively upregulated 
OPG and decreased RANKL protein expression and the ratio 
of RANKL/OPG in a dose‑dependent manner (Fig. 8C and D).

Discussion

Growing evidence has shown clinical efficacy of Osteoking 
in promoting fracture healing (15,34‑36). To determine the 

promotive mechanism of Osteoking in bone fractures in 
terms of adipogenesis‑angiogenesis‑osteogenesis crosstalk, 
the present study evaluated the therapeutic effects of this 
Chinese patent drug based on a rat model of tibial bone 
fracture through radiological examination and behavioral 
experiments. Mechanically, transcriptomics profiling, network 
pharmacology and in vivo experiments demonstrated that the 
EGF‑EGFR‑HDAC1‑Wnt/β‑catenin axis was a candidate target 
of Osteoking to promote bone fracture healing. To the best of 
our knowledge, the present study is the first to clarify the phar‑
macological characteristics of Osteoking and the underlying 
molecular mechanisms against bone fracture. These findings 
not only provide a theoretical basis for clinical application of 
Osteoking in treatment of bone fracture but may also facilitate 
development of other effective treatment strategies.

Bone formation and resorption, angiogenesis and adipo‑
genesis are all essential biological events during fracture 
healing (37). Bone is a highly vascularized tissue and bone 
formation is associated with blood vessel growth (38). 
Vascular and bone tissue coordinate regeneration and coupling 
via expression of common transcriptional and morphogenetic 

Figure 7. OK promotes angiogenesis and decreases adipogenesis of bone fracture rats. (A) Representative immunohistochemical staining of CD31 and 
(B) quantitative analysis. Magnification, x100 and x400; scale bar, 200 µm and 50 µm; (C) Serum levels of lipid and lipoprotein. Correlation analysis of 
(D) VEGFA and (E) OSX expression with lipid and lipoprotein levels. #P<0.05, ##P<0.01 vs. CON. *P<0.05, **P<0.01 and ***P<0.001 vs. MOD. CON, control; 
MOD, model; OK, Osteoking; L, low; M, medium; H, high; TG, triglyceride; TC, total cholesterol; LDL‑C, low‑density lipoprotein cholesterol; HDL‑C, 
high‑density lipoprotein cholesterol; VEGFA, vascular endothelial growth factor A; OSX, Osterix.
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factors during fracture healing (39,40). Thus, the successful 
bone regeneration depends on the ratio and spatial expression 
of pro‑osteogenic and pro‑angiogenic growth factors in callus 
tissue (41). VEGFA and OSX are the key regulator of angio‑
genesis and specific transcription factor for bone formation, 
respectively (42,43). Here, Osteoking effectively promoted 
regeneration and coupling of vascular and bone tissue at 
the fracture site. Disturbed lipid metabolism affects bone 
microenvironmental homeostasis via cross‑organ communi‑
cation, promotes differentiation of MSCs to adipocytes and 
osteoclasts and inhibits commitment to osteogenic lineages, 
leading to delayed fracture healing (44). Lipids impair the 
bone remodeling process (45). Elevated levels of TG, TC, 
LDL‑C and HDL‑C are associated with increased fracture 

risk (46‑49) and the underlying mechanisms may be associ‑
ated with inhibition of osteoblast differentiation leading to 
decreased bone formation and inhibition of VEGF‑induced 
neovascularization (48,50). Accordingly, Osteoking exerted 
an inhibitory effect on adipogenesis, which was negatively 
correlated with angiogenesis and osteogenesis in bone 
fracture rats. Notably, serum levels of TG were elevated in 
Osteoking groups but not the model group, implying no asso‑
ciation between serum TG levels and bone fracture severity, 
consistent with previous reports (51,52); the reasons for this 
need to be further explored.

The differentiation of mesenchymal precursors into 
vascular, adipocyte, chondrocyte, osteoclast and osteoblast 
lineages are controlled by transcription factors, each of which 

Figure 8. OK inhibits osteoclast and adipocyte differentiation and promotes osteoblast differentiation of bone fracture rats. (A) Representative immunohis‑
tochemical staining of RANKL and OPG protein and (B) quantitative analysis. (C) Representative immunohistochemical staining of RUNX2 and PPARγ 
proteins and (D) quantitative analysis. Magnification, x100 and x400; scale bar, 200 and 50 µm. ####P<0.001 vs. CON; *P<0.05, **P<0.01 and ***P<0.001 vs. 
MOD. CON, control; MOD, model; OK, Osteoking; L, low; M, medium; H, high; RANKL, receptor activator of nuclear factor κB ligand; OPG, osteoprotegerin.
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contributes to the osteogenic response, and combinations of 
transcription factors stimulate bone regeneration and repair 
and accelerate fracture healing (53). PPARγ is a key regulator 
and mid‑ to late‑stage marker of adipogenesis (54), and RUNX2 
regulates osteogenesis (42). The ratio of RUNX2/PPARγ 
determines the lipogenic or osteogenic differentiation of bone 
marrow mesenchymal stem cells (55). In addition, RANKL is 
a key cytokine for osteoclast formation and activation, and its 
action can be blocked by OPG, a key transcription factor in 
late stages of bone formation and inhibitor of osteoclast differ‑
entiation (56). Thus, the ratio of RANKL/OPG determines 
function of osteoclasts (57). Here, immunohistochemistry 
demonstrated that Osteoking notably inhibited the adipocyte 
and osteoclast differentiation by decreasing expression levels 
of PPARγ, RUNX2, RANKL and OPG proteins, as well as 
their ratios, suggesting its potential in promoting osteoblast 
differentiation.

EGF inhibits osteoblast differentiation and bone formation 
by suppressing expression of the osteoblast‑specific transcrip‑
tion factors Runx2 and OSX, as well as the late osteogenic 
hallmark gene OPG, in an EGFR‑dependent manner (58). The 
activation of EGFR signaling leads to decreased bone forma‑
tion and enhanced bone resorption (59), promotes osteoclast 
differentiation and survival and stimulates bone resorption by 
binding RANK and activating RANKL signaling (60). HDAC1 
is a typical human histone deacetylase involved in regulation 
of bone homeostasis by interacting with transcription factors 
controlling gene expression at specific stages of osteogenesis, 
angiogenesis and adipogenesis, and is a key bioactive factor 
in the fracture healing process (61,62). As a co‑suppressor 
interacting with Runx2, HDAC1 decreases transcriptional 
activity of Runx2 during osteoblast maturation by binding 
Runx2, thereby inhibiting osteoblast differentiation and 
suppressing bone formation (62). HDAC1 is a co‑regulator of 
PPARγ transcriptional activation, which supports transcrip‑
tional regulation of PPARγ via histone modification, thereby 
promoting adipogenesis (61). More importantly, the roles of 
Wnt/β‑catenin signaling in osteogenesis, angiogenesis and 
adipogenesis have been widely reported and its interactions 
with various signaling molecules have been well documented 
as a potential gene regulatory network coordinating osteo‑
blast differentiation and bone development (63‑68). OPG is 
a direct target of β‑catenin transcriptional activation and 
Wnt/β‑catenin signaling activation promotes bone forma‑
tion by inducing OPG expression, which may be involved 
in promoting osteoblastogenesis and osteoclast function, 
thereby promoting bone formation (64). Wnt/β‑catenin 
signaling negatively regulates osteoclast differentiation and 
decreases bone resorption (65). In addition, Wnt/β‑catenin 
signaling inhibits adipogenesis by maintaining preadipocytes 
in an undifferentiated state via inhibition of PPARγ (66). 
Wnt‑5a can induce osteoblast differentiation by inducing the 
expression of Runx2, a key osteogenic transcription factor, 
while Wnt‑5a is also a transcriptional co‑repressor of PPARγ, 
which can inhibit adipocyte differentiation by suppressing 
activation of the promoter of endogenous PPARγ target 
genes (67). Wnt is a potent angiogenic factor, while VEGF is 
one of the target genes of Wnt; activation of Wnt/β‑catenin 
signaling promotes transcriptional regulation of VEGF and 
angiogenesis (68).

Following bone fracture, a local ischemic hypoxic microen‑
vironment forms at the end of the fracture, which stimulates the 
expression of EGF by releasing mature soluble EGF‑like domains 
that bind to EGFR. Following autophosphorylation of EGFR, an 
intracellular signaling cascade is trigged and nuclear activity 
of HDAC1 is activated, leading to downregulation of β‑catenin 
and the Wnt ligand dickkopf‑related protein 1. Inhibition of Wnt 
activity leads to increased expression of PPARγ, which induces 
osteoblasts to differentiate into adipocytes, and decreased expres‑
sion of VEGF, which inhibits angiogenesis. Moreover, inhibition 
of β‑catenin reduces OPG expression, elevates RANKL expres‑
sion and enhances osteoclast activity. Accordingly, dysregulation 
of Wnt/β‑catenin signaling may promote the adipogenesis and 
bone resorption and inhibit the angiogenesis and osteogenesis, 
leading to the disturbance of adipogenesis‑angiogenesis‑osteo‑
genesis axis during the occurrence and development of bone 
fracture, which may be reversed by Osteoking. Consistently, the 
present data confirmed the regulatory effects of Osteoking on 
the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin signaling axis in bone 
fracture tissues via inhibiting the expression of EGF, p‑EGFR 
and HDAC1 proteins and enhancing the expression of Wnt5 and 
β‑catenin protein.

In conclusion, Osteoking may reverse the disturbance of 
adipogenesis‑angiogenesis‑osteogenesis homeostasis caused 
by bone fractures and promote fracture healing by regulating 
the EGF‑EGFR‑HDAC1‑Wnt/β‑catenin axis, paving the way 
for clinical application of Osteoking and development of 
potential therapeutic agents for treating bone fractures.
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