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Abstract. Negative pressure wound therapy (NPWT) has 
been recognized as an effective method for the treatment of 
intractable wounds. However, its effects on bone healing remain 
to be elucidated. Our previous study demonstrated that NPWT 
induced cell proliferation and osteoblastic differentiation of 
rat periosteum‑derived mesenchymal stem cells (P‑MSCs). It 
was reported that following NPWT treatment, the expression 
of the mechanotransduction molecule integrin β5 is increased, 
indicating that NPWT may serve an active role in fracture 
healing by enhancing bone formation and reducing bone 
resorption. The present study sought to further investigate 
the efficacy of NPWT on the bone regeneration process in a 
rabbit radial gap‑healing model. All rabbits with radial defects 
were randomly divided into two groups: NPWT and control 
groups. Continuous negative pressure at ‑125  mmHg was 
applied to all rabbits. Furthermore, X‑ray imaging and scoring 
on day  7, 14, 21 and  28 postoperatively were performed 
to evaluate new bone formation. Histological changes 
were determined via hematoxylin and eosin and Masson's 
trichrome staining at 2‑ and 4‑weeks following surgery. In 
addition, vimentin‑positive cells located in the periosteum 
were detected via immunohistochemical examination on day 
3 post operation. Finally, protein expression levels of vascular 
endothelial growth factor (VEGF), bone morphogenetic 
protein (BMP)‑2 and osteopontin (OPN) were evaluated 

using western blot analysis on the 2nd and 4th week following 
NPWT. X‑ray and histological examination revealed that 
the bone‑healing processes in the NPWT group were faster 
compared with the control group. Additionally, compared with 
the control group, the NPWT group exhibited higher X‑ray 
scores, increased percentage of positive vimentin‑stained 
cells and upregulated expression of VEGF, BMP‑2 and OPN 
proteins. The aforementioned findings suggest that NPWT, 
under a continuous negative pressure of ‑125 mmHg, may 
accelerate bone regeneration by enhancing MSC proliferation, 
osteoblastic differentiation and VEGF, BMP‑2 and OPN 
expression.

Introduction

To date, effective treatments, such as negative pressure wound 
therapy (NPWT), are commonly used to treat various intractable 
wounds (1‑4). NPWT produces a conducive microenvironment 
for the stimulation of granulation tissue and subsequent wound 
healing via open‑cell foam dressing and negative pressure (5). 
Several mechanisms of action underlying NPWT have been 
proposed, including the reduction of wound tissue edema and 
bacterial colonization, promotion of cell proliferation and 
increased local blood perfusion  (5‑8). In addition, NPWT 
is used as an adjuvant therapy in orthopedic surgery for the 
treatment of traumatic wounds and surgical incisions (9‑12). 
However, the role of NPWT in bone tissue healing remains to 
be elucidated.

Bone repair process represents a highly orchestrated 
series of physiological events, including cellular recruitment, 
proliferation and differentiation and the involvement of 
many growth factors (13). Mesenchymal stem cells (MSCs) 
serve a critical role in fracture healing. Endogenous MSCs 
are primarily derived from the periosteum, endosteum and 
marrow cavity (13). Furthermore, MSCs are differentiated 
into osteoblasts and chondrocytes, which in turn release 
soluble factors to regulate bone regeneration, ultimately 
inducing local and distant osteoprogenitor cell activation (13). 
In addition, mechanical stimulation serves a key role in 
bone regeneration and remodeling (14,15). A previous study 
revealed that porous polyurethane foam and suction of NPWT 
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induce microdeformations of the wound surface and cellular 
mechanotransduction. These micromechanical forces may 
alter the cell shape and increase fibroblast proliferation and 
differentiation (16). Another study reported that mechanical 
strain, caused by NPWT, might affect mature dura matter, 
resulting in activation of bone tissue formation in a rabbit cranial 
critical‑sized defect model. The results revealed that negative 
pressure‑induced mechanical signals (tissue stretching) 
may promote the differentiation of progenitor cells from the 
dura to osteoblasts, and then synthesize bone matrix with 
subsequent mineralization (17). In our previous study, where 
an in vitro NPWT bioreactor was used, it was demonstrated 
that short‑term NPWT application at ‑125 mmHg promoted 
periosteal‑derived mesenchymal stem cell (P‑MSCs) and 
osteogenic differentiation in rats. Additionally, when NPWT 
is adopted, expression levels of the mechanotransduction 
molecule integrin β5 are increased, suggesting that NPWT 
promotes bone formation while concurrently reducing bone 
resorption and inducing fracture healing (18). These findings 
support the hypothesis that NPWT may result in mechanical 
strain transduction to the underlying periosteum, mechanical 
stretching of osteoprogenitor cells and stimulated bone 
regeneration in traumatic wounds with fractures or segmental 
bone defects. 

In the present study, a rabbit radial gap‑healing model 
was used to investigate the efficacy of NPWT on the bone 
regeneration process. Following treatment with negative pres‑
sure, changes in the expression levels of several critical factors 
involved in bone formation, such as bone morphogenetic 
protein (BMP)‑2, osteopontin (OPN) and vascular endothelial 
growth factor (VEGF) were measured. The findings of the 
present study may provide additional insights regarding the 
potential mechanism of NPWT action in bone healing. 

Materials and methods

Establishment of an animal model. The present study was 
approved by the Institutional Animal Care and Use Committee 
of Huazhong University of Science and Technology. A total 
of 2  New Zealand rabbits (age, 21‑23 weeks; body weight, 
3.0‑3.5 kg; sex, 18 males and 10  females) were purchased 
from the experimental animal center of Huazhong University 
of Science and Technology (Wuhan, China). The rabbits 
were housed in a light (12 h light/dark cycle), temperature 
(16˚C) and relative humidity (40%) controlled room with 
free access to food and water for at least 1 week prior to any 
procedures. All rabbits exhibited mature bone tissue and were 
intramuscularly anesthetized using 5 mg/kg xylazine and 
35 mg/kg ketamine (19). The skin preparation and disinfection 
of the left forelimb were performed according to standard 
protocols (20). In brief, a 2‑3 cm vertical skin incision was 
performed on the lateral side of the limb at approximately the 
same distance from the elbow and carpal joint. Subsequently, 
the surrounding muscles were detached with artery forceps 
and the radial bone was exposed. A 6‑mm long bone section 
of the central diaphysis of the radius was cut using an electric 
saw and removed to create a segmental defect (Fig. 1). In 
addition, the osteotomy site was thoroughly rinsed with saline 
to remove residual tissue, including fascia, bone and muscle, in 
the gap. The soft tissue was then reapproximated and the skin 

was not closed. All wounds were randomly divided into two 
groups. In the first and second group, the wound was covered 
with vacuum sealing drainage (VSD) foam (Wuhan VSD 
Medical Science & Technology Co., Ltd.) and sterile gauze 
(control group), respectively. A continuous negative pressure 
of ‑125 mmHg was applied using a tubular suction pump 
and drainage collection system. For VSD‑covered wounds, 
dressings were replaced on days 3, 7 and 14 following surgery 
and every 3  days for the gauze‑covered wounds. Finally, 
all rabbits were treated with intramuscular injections of 
400,000 units of penicillin daily for 3 days to prevent infection 
and for analgesia.

X‑ray imaging and scoring. Mediolateral radiography of the 
affected sites was performed immediately after surgery and 
subsequently on days 7, 14, 21 and 28. Each radiography was 
performed under the same conditions (1.2 sec, 50 kV, 5.4 mA, 
50 cm film‑focus distance) using a standard protocol  (20). 
The Lane‑Sandhu X‑ray scoring system (19) was used for 
quantitative analysis of new bone formation, extent and size 
of the callus, bridging of the gap and remodeling signs (n=5).

Histological examination. The bones were collected on 
the 2nd and 4th week following surgery. The rabbits were 
sacrificed via air embolism, during which all rabbits were 
anesthetized by xylazine and ketamine as described earlier. At 
10 min after anesthesia, 10 ml/kg air was injected into the ear 
vein. Animal death was confirmed by checking respiration and 
palpebral, pedal and postural reflexes. A 2.5‑cm long section 
of the radius, including the sites with bone defect and normal 
bone tissue on both sides, was removed. Subsequently, saline 
and 10% neutral formalin solutions were used to rinse and 
fix samples at 4˚C for 24 h, respectively. The samples were 
incubated at 4˚C for one week and decalcified using 20% 
EDTA. The samples were then dehydrated using a gradient of 
ethanol solutions. Following paraffin embedding, the samples 
were longitudinally cut into 5 µm‑thick sections and were 
subsequently stained with hematoxylin and eosin (H&E) and 
Masson's trichrome staining at room temperature for 5 min. 
Finally, the stained sections were observed using an optical 
microscope (magnification, x100).

Immunohistochemical examination. The periosteum adjacent 
to the radial gap was collected on day 3 post‑surgery. The 
specimens were fixed, embedded and sectioned using 
conventional methods  (18). Subsequently, specimens were 
permeabilized with 0.5% Triton X‑100 for 10 min at room 
temperature and non‑specific epitopes were blocked using 
10% goat serum for 1 h at 4˚C. Finally, the samples were first 
incubated with a specific rabbit anti‑vimentin antibody (1:100; 
Wuhan Boster Biological Technology, Ltd. cat. no. M00235‑1) 
overnight at 4˚C and subsequently with a goat anti‑rabbit 
secondary antibody labeled with streptavidin‑biotin 
complex (1:200; Wuhan Boster Biological Technology, Ltd.; 
cat. no. BA1034) for 30 min at 37˚C.

Western blot analysis. Western blot analysis was performed 
as previously described  (18). The bone tissues were 
collected from the radial gaps on the 2nd and 4th week 
post‑surgery. Following freezing of the tissue samples in 
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liquid nitrogen, samples were then ground into powder using 
a pestle and mortar. The cells were lysed using RIPA buffer 
(Beyotime Institute of Biotechnology) supplemented with 
phosphatase‑inhibitor cocktail (Sigma‑Aldrich; Merck KGaA; 
cat. no. 11873580001) and 1 mM phenylmethylsulfonyl fluoride 
(PMSF; both Sigma‑Aldrich; Merck KGaA). The protein 
extracts were separated via 6% SDS‑PAGE and subsequently 
electrotransferred onto PVDF membranes (Hybond‑P; 
GE Healthcare). The membranes were then incubated 
overnight at 4˚C with TBS‑Tween‑20 supplemented with 
one of the following primary antibodies: Mouse anti‑β‑actin 
(1:1,000; Boster Biological Technology; cat.  no.  P60709), 
mouse anti‑VEGF (1:200; Santa Cruz Biotechnology, Inc. 
cat.  no.  sc‑7269), mouse anti‑BMP‑2 (1:400; Santa Cruz 
Biotechnology, Inc. cat. no. sc‑137087) or mouse anti‑OPN 
(1:400; Abcam; cat.  no.  ab228748). Following incubation 
with secondary horseradish peroxidase‑conjugated goat 
anti‑mouse IgG antibody (1:1,000; Santa Cruz Biotechnology, 
Inc. cat.  no.  sc‑2005), protein bands were detected using 
the enhanced chemiluminescence method. The results were 
quantified using ImageJ software (version no. 1.48 National 
Institutes of Health).

Statistical analysis. The results are presented as the mean ± SD. 
Statistically significant differences were determined using 
two‑way ANOVA or mixed ANOVA followed by Bonferroni's 
post hoc test. All statistical analyses were performed using 
GraphPad Prism 6 (GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

X‑ray examination. The fracture gap‑healing processes was 
monitored in all rabbits using radiographic examination on days 
0, 7, 14, 21 and 28 (Fig. 2A). The results revealed that calluses 
were formed around the defects in the NPWT group οn day 14. 
By day 28, callus formation was increased on the proximal and 
distal radial defects. The bone defects were radiographically 
proven to be united. In addition, roentgenographic examination 
of the control group revealed a small number of peripheral 
calluses on day 14 and day 21 following surgery. However, 
on day 28, the bone callus formation was poor and none of 

the bone defects completely healed. Subsequent analysis on 
days 14, 21 and 28 after surgery using the Lane‑Sandhu X‑ray 
scoring system demonstrated a significantly higher score in 
the NPWT group compared with the control group (Fig. 2B). 
The results indicated that compared with the control group, 
the osseointegration rate of the NPWT group was significantly 
increased.

Histological examination. H&E histological staining was 
performed at 2 and 4 weeks following surgery. Histopathological 
examination revealed that in the control group, the majority 
of bone defects were filled with fibrous tissue, while in the 
NPWT group, new bone and cartilage island formation was 
observed (Fig. 3). At the 4th week, small and sparse trabecular 
bones, mixed cartilage islands and new bone tissue formation 
were detected in the control group. However, in the NPWT 
group, the trabecular bones were thicker and denser, with some 
trabecular bone transforming into mature lamellar bone tissue 
(Fig. 3). Furthermore, Masson's trichrome staining revealed 
that connective tissue proliferation occurred at the 2nd week 
post‑operation in the control group (Fig. 4A), while lots of 
cartilage islands emerged in the NPWT group (Fig. 4B). By 
the 4th week, increased mature bone formation (stained red) 
was observed in the NPWT group (Fig. 4D) compared with the 
control group (Fig. 4C). All these outcomes were consistent 
with H&E results.

Immunohistochemical examination. Histological sections of 
the periosteum adjacent to the defected sites were collected 
following surgery and subsequently incubated with antibodies 
specific against vimentin. On day 3 after surgery, the number 
of vimentin‑positive cells (stained brown) was higher in 
the NPWT group (Fig.  5A) compared with the control 
group (Fig. 5B).

VEGF, BMP‑2 and OPN expression. Western blot analysis 
revealed that the protein expression levels of OPN, VEGF and 
BMP‑2 significantly increased in the NPWT group compared 
with the control group at weeks 2 and 4 post operation (Fig. 6). 
At week 2 following surgery, the expression levels of the 
aforementioned proteins in the NPWT group were 2‑fold 
higher compared with the control group. Furthermore, at week 

Figure 1. Preparation of the rabbit radial segmental bone defect model. (A) A 6‑mm bone defect was created in the central diaphysis of radius. (B) The wounds 
in the negative pressure wound therapy group were covered with vacuum sealing drainage dressing. Negative pressure was applied continuously at ‑125 mmHg.
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4 post‑surgery, the relative expression levels of OPN, VEGF 
and BMP‑2 in the NPWT group were also significantly higher 
than the control group.

Discussion

The NPWT approach was first applied in orthopedic surgery 
in 1993 by Fleischmann et al (21) and was originally used to 
improve gradual treatment of open fractures associated with 
soft‑tissue defects. More specifically, NPWT has been used 
to treat Gustilo type III open fractures to achieve primary 
closure of wounds, which is generally unattainable (22,23). 
Currently, NPWT has been considered an important adjunct 
for the treatment of traumatic wounds and surgical incisions 
associated with orthopedic trauma (9‑12). It was reported that 
NPWT provided wound coverage and maintained incision 
edges, thus eliminating edema, removing cytotoxic factors and 
promoting granulation tissue formation (2,24,25). However, its 
precise mechanism of action needs to be further investigated. 

Although the advantages of NPWT have been reported, 
controversy still exists. A number of systematic reviews 
have reported that NPWT significantly decreases the risk of 
infection and accelerates the wound healing process (26,27). 
However, other studies suggested that negative pressure dress‑
ings do not confer any advantage over conventional wound 
dressings for open fracture treatment  (28‑30). In addition, 
several factors may influence the complication rate of NPWT, 
such as the degree of soft and bone tissue injury, adequate 
debridement, nutritional support, patients' baseline health 
status and antibiotic therapy (27).

To date, few studies have investigated the effects of NPWT 
on bone tissue. Zhang et al (31) demonstrated that intermittent 
negative pressure promoted bone regeneration in a rabbit skull 
defect model. Our previous study demonstrated that NPWT 
induced P‑MSC proliferation and osteogenic differentia‑
tion (18). In the present study, a rabbit radial gap‑healing model 
was employed to further investigate the role of NPWT in bone 
tissue healing. Bone regeneration was detected following 

Figure 2. X‑ray imaging and Lane‑Sandhu scoring. (A) Mediolateral radiographs of the animals in the NPWT group and control group on 0, 7, 14, 21 and 
28 days post‑operation. (B) Comparison of X‑ray scores using the Lane and Sandhu scoring system. Data are presented as the mean ± standard deviation. n=5. 
*P<0.05 and **P<0.01. NPWT, negative pressure wound therapy; VSD, vacuum sealing drainage.
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Figure 4. Masson's trichrome staining for histological evaluation of bone regeneration. At 2 weeks post operation, the bone gaps were filled with fibrous 
connective tissue in the (A) control group, while numerous cartilage islands emerged in the NPWT group (B). At 4 weeks, cartilage islands were found in the 
control group (C), while mature bone emerged in the NPWT group (D). Scale bar, 100 µm. NPWT, negative pressure wound therapy.

Figure 3. Hematoxylin and eosin staining for histological evaluation of bone regeneration. At 2 weeks post operation, the bone defects were filled with fibrous 
tissues in the control group, while cartilage islands and new bone were observed in the NPWT group. At 4 weeks post operation, the proportion of trabecular 
bone in the control group was small, sparse and mixed with cartilage islands and new bone tissues. In the NPWT group, the trabecular bone became thick and 
dense. Some had become lamellar bone (white arrows). Scale bar, 50 µm. NPWT, negative pressure wound therapy.
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surgery using X‑ray and histological staining. The results 
showed that NPWT, with a continuous suction at ‑125 mmHg, 
significantly accelerated bone regeneration compared with 
the conventional gauze approach. In addition, on the 3rd day 
following surgery, immunohistochemical staining revealed 
that the number of vimentin‑positive cells was higher in the 

NPWT group compared with the control group. Vimentin is 
an intermediate filament protein that is typically expressed in 
MSCs and is considered a main marker of rabbit MSCs (32). 
These findings indicated that NPWT may enhance MSC 
proliferation in the periosteum, which is consistent with our 
previous in vitro study (18).

Figure 6. VEGF, BMP‑2 and OPN protein expression. (A) Representative western blot image and quantification of (B) VEGF, (C) BMP‑2 and (D) OPN protein 
expression at each time point examined in the NPWT and control groups. *P<0.05 and **P<0.01. VEGF, vascular endothelial growth factor; BMP‑2, bone 
morphogenetic protein 2; OPN, osteopontin; NPWT, negative pressure wound therapy; 2W, week 2; 4W, week 4.

Figure 5. Immunohistochemical observation for MSCs in periosteum. Vimentin‑positive cells in (A) the negative pressure wound therapy group and (B) the 
control group 3 days post‑operation. Scale bar, 100 µm.
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Western blot analysis results revealed that VEGF protein 
expression was significantly increased during the bone healing 
process following negative pressure application. VEGF‑induced 
angiogenesis serves a critical role in bone regeneration and 
fracture repair. The new capillaries provide the cells in the 
fracture site with the necessary nutrients to mediate the healing 
process (33). In addition, it was previously demonstrated that 
VEGF serves a key role in the recruitment and differentiation of 
osteoclasts and osteoblasts, respectively (33). The present study 
also revealed that NPWT upregulated BMP‑2 expression during 
the bone healing process (on the 3rd‑4th week post‑surgery). 
BMPs belong to the transforming growth factor‑β superfamily. 
Among the members of the superfamily, BMP‑7, BMP‑4 and 
BMP‑2 are the best‑characterized BMPs with osteoinduc‑
tive properties (34). The aforementioned proteins influence 
the induction of osteoblasts and chondrocytes differentiation, 
resulting in membrane enhancement and cartilage ossifica‑
tion, which in turn accelerate bone formation (34). OPN, a key 
non‑collagenous protein, is involved in bone remodeling and 
mediates the binding of osteoclasts to the bone surface (35). In 
addition, OPN serves several important roles in the biomineral‑
ization process, including modulation of osteoclastic function, 
osseous cell adherence and matrix mineralization (35). The 
results of the present study indicate that protein expression 
levels were increased in the NPWT group compared with the 
control group at three weeks after surgery. This finding indi‑
cated that NPWT‑mediated OPN upregulation may influence 
bone remodeling. Furthermore, OPN and BMP‑2 are considered 
as markers of different stages of MSC differentiation into osteo‑
blasts (36,37). Therefore, NPWT may induce bone formation 
and osteoblastic differentiation of MSCs via upregulating VEGF, 
BMP‑2 and OPN expression in a rabbit bone healing model. 

In the present study, the rabbit segmental bone defect 
model was directly established using a sharp saw. In patients 
with open fracture, a high‑energy trauma is often associated 
with severe soft tissue injury, extensive contamination 
and decreased viability  (38). Therefore, further studies on 
NPWT‑mediated bone formation in an open fracture model 
under high‑energy trauma should be performed to verify its 
osteoinductive effects. Although NPWT exhibits beneficial 
effects on bone tissue regeneration in rabbits, further research 
on its mechanisms of action is required. It is also essential to 
test other pressure values and effect time of NPWT to find 
optimal conditions for promoting osteogenesis. 

In conclusion, the present study revealed that NPWT, with 
a continuous ‑125 mmHg suction, accelerated bone regen‑
eration by upregulating VEGF, BMP‑2 and OPN expression 
levels, and promoting osteoblast differentiation and MSC 
proliferation. NPWT is considered a promising technique that 
may be advantageous for wound healing treatment. Finally, 
further basic and clinical studies focusing on optimizing 
NPWT are required. It is also important to try other negative 
pressure waveforms and find the most beneficial conditions 
for osteogenesis. The current study may help to confirm the 
effectiveness and elucidate the clinical indications for NPWT 
in open fracture treatment.
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