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Abstract: Objective: We investigated the effects of intermittent negative pressure on osteogenesis in human bone marrowderived stroma cells (BMSCs) in vitro. Methods: BMSCs were isolated from adult marrow donated by a hip osteoarthritis patient
with prosthetic replacement and cultured in vitro. The third passage cells were divided into negative pressure treatment group and
control group. The treatment group was induced by negative pressure intermittently (pressure: 50 kPa, 30 min/times, and twice
daily). The control was cultured in conventional condition. The osteogenesis of BMSCs was examined by phase-contrast microscopy, the determination of alkaline phosphatase (ALP) activities, and the immunohistochemistry of collagen type I. The
mRNA expressions of osteoprotegerin (OPG) and osteoprotegerin ligand (OPGL) in BMSCs were analyzed by real-time polymerase chain reaction (PCR). Results: BMSCs showed a typical appearance of osteoblast after 2 weeks of induction by intermittent negative pressure, the activity of ALP increased significantly, and the expression of collagen type I was positive. In the
treatment group, the mRNA expression of OPG increased significantly (P<0.05) and the mRNA expression of OPGL decreased
significantly (P<0.05) after 2 weeks, compared with the control. Conclusion: Intermittent negative pressure could promote osteogenesis in human BMSCs in vitro.
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INTRODUCTION
Topical negative pressure (TNP) therapy that
can stimulate angiogenesis and local blood flow is
used routinely in clinical practice to treat and manage
a variety of wounds (Heller et al., 2006; Kanakaris et
al., 2007; Thompson and Marks, 2007; Loos et al.,
2007), but very few reports have explored the effects
of negative pressure on bone tissues. To date, only a
few investigators have studied the responses of open
fracture and lower-extremity wounds with exposed
bone to negative pressure (Greer et al., 1998;
‡
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DeFranzo et al., 2001). These studies provided evidence that their successes were due to reduction of
tissue edema, thereby decreasing wound surface area
and the stimulation of profuse granulation tissue
formation, and covering bone. One of the major effects of negative pressure on the wound occurs to the
mechanical stress mediated at the foam-wound interface. Mechanical stress has direct effects on angiogenesis (Ichioka et al., 1997). Angiogenesis in
skeletogenesis, of which the importance was first
recognized more than 50 years ago, plays an active
role in bone formation and remodeling. In view of
these characteristic features, we presume that negative pressure could potentially promote bone growth.
Bone marrow-derived stroma cells (BMSCs) are
the main source of osteoblasts and they play a very
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important role during the bone tissue repair process.
In addition, they are the commonly used seed cells for
bone tissue engineering. Shang et al.(2001) have
successfully repaired bone defects by osteogenically
induced BMSCs in a sheep model. BMSCs have a
wide range of sources, a high degree of self-renewal
capacity, and multiple differentiation potential, and
they are also easier to be cultured in vitro. Therefore,
as an initial step to better understand the effects of
negative pressure on bone tissues, we examined the
responsiveness of BMSCs to negative pressure and
determined the mechanism of negative pressure on
bone remodeling at the cellular and molecular levels.

MATERIALS AND METHODS
Cell culture
BMSCs were isolated from adult bone marrow
donated by a hip osteoarthritis patient with prosthetic
replacement, cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)-low glucose supplemented
with 0.1 g/ml fetal bovine serum (FBS) and 0.01 g/ml
penicillin-streptomycin, and maintained in a humidified incubator at 37 °C with 5% CO2. Medium was
replaced every 3~4 d. Passage 3 cells were used.
Phase contrast light microscopy was used to observe
cells morphology on Days 7 and 14.
Application of intermittent negative pressure
The CO2 incubator (ASTEC, Japan) was technically customized to produce the intermittent negative pressure. A pressure sensor was installed in the
incubator to precisely control and adjust the level of
the negative pressure between −60 and 0 kPa. Passage
3 cells were plated in 6-well tissue culture plates at a
density of 3×104 cells/well, and were divided into
negative pressure treatment group and control group.
After overnight attachment, in the treatment group,
the medium was discarded, the cap of 6-well plates
was opened, and negative pressure was intermittently
administered for 2 weeks (pressure: 50 kPa, 30
min/times, and twice daily). Medium was replenished
after each induction.
Cell growth assay
BMSCs were plated onto 60-mm dishes, in triplicate, in the presence of expansion medium, and at
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1500 cells/cm2. The cells were incubated at negative
pressure as indicated above. At the end of assays on
Days 1~7, the cells were rinsed with phosphate buffered saline (PBS), detached with trypsin-ethylene
diamine tetraacetic acid (EDTA), and then counted
with a hemacytometer.
Quantitative alkaline phosphatase (ALP) activity
measurement
ALP activity was quantified using ALP reagent
(RaiChem, CA, USA) on Day 14 and expressed as
mU/ml, normalized to DNA concentration. The assay
was evaluated using thawed-lysed samples. DNA
content was determined using the fluorescent DNA
quantification kit (Sigma, MO, USA) and expressed
in μg DNA per ml of sample.
Immunocytochemical staining
Mouse monoclonal antibodies against human
recombinant collagen types I (Sigma, MO, USA) were
used in immunocytochemical staining. On Day 14,
cells were fixed with 0.04 g/ml paraformaldehyde in
PBS for 20 min and then rinsed with PBS. Thereafter,
immunocytochemistry was performed using avidinbiotin-peroxidase method according to the manufacturer’s recommendation of the kit (Sigma, MO, USA).
Real-time reverse-transcript polymerase chain
reaction (RT-PCR)
Cells collected on Day 14 and at 3 different time
points following cessation of negative pressure (1, 2,
and 3 d) were lysed and total RNA was isolated using
Tri-Reagent (Sigma, MO, USA). The ratio of absorbance at 260 nm to that at 280 nm was measured
for verification of the purity of RNA. The total RNA
was used for cDNA synthesis by reverse transcriptase
with a cDNA synthesis kit (Sigma, MO, USA).
Quantitative real-time RT-PCR was conducted to
determine the mRNA levels of osteoprotegerin (OPG)
and osteoprotegerin ligand (OPGL) with the following specific PCR primers: OPG, 5′-AATCAACTC
AAAAATGTGGAATAGATGT-3′ (forward), 5′-GC
GTAAACTTTGTAGGAACAGCAA-3′ (reverse);
OPGL, 5′-GTGCAAAAGGAATTACAACATATC
GT-3′ (forward), 5′-AACCATGAGCCATCCACC
AT-3′ (reverse); β-actin, 5′-AGGCACCAGGGCG
TGAT-3′ (forward), 5′-TCGTCCCAGTTGGTGA
CGAT-3′ (reverse).
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Statistical analysis
Statistical analyses of gene expression and ALP
activity were performed using Student’s t-test with
significant difference at P<0.05.

The OPG mRNA level significantly increased
after two weeks of application of negative pressure,
but the OPGL mRNA level decreased. The OPGL/
OPG mRNA ratio significantly deceased in the
treatment group by approximately 70%, compared to
the control group (P<0.05) (Fig.3).

RESULTS
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Fig.1 Negative pressure inhibit BMSC proliferation.
BMSCs were plated in 60-mm dishes in expansion
medium at 1500 cells/cm2 and then allowed to proliferate on Days 1~7
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Fig.2 Immunohistochemical staining for collagen type I
of BMSCs (steptavidin biotin complex method). (a)
Control group; (b) Treatment group
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One day after the exposure to 2-week negative
pressure, the OPGL/OPG mRNA ratio was significantly deceased by approximately 60%, compared to
the control (P<0.05) (Fig.4). However, two days after
the exposure to 2-week negative pressure, the OPGL/
OPG mRNA ratio was no longer significantly different from that of the control (P>0.05), indicating
that negative pressure may contribute to the OPGL/
OPG mRNA ratio difference.
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Fig.3 The change in OPG mRNA, OPGL mRNA, and
OPGL/OPG mRNA ratio after 2 weeks of intermittent
negative pressure exposure. RNA isolation is performed immediately after completion of negative
pressure
n=6 for all groups; *P<0.05, significant difference between
the treatment group and the control group
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The cell proliferation speed of the treatment
group was lower than that of the control group (Fig.1).
The cell morph changed from a shuttle shape to
megagon with some prominences in the treatment
group, but remained the shuttle shape in the control.
On Day 14 of the experiment, positive immunostaining for collagen type I was observed in the treatment
group, but not in the control group (Fig.2). The ALP
activity of the treatment group [(14.56±1.83) mU/ml]
increased by approximately 130% as compared to that
of the control group [(6.26±1.29) mU/ml] (P<0.01).
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Fig.4 Time course study of OPGL/OPG mRNA ratio
after 2 weeks of intermittent negative pressure exposure. RNA isolation is performed 1, 2, and 3 d after
completion of negative pressure
n=6 for all groups; *P<0.05, significant difference between
the treatment group and the control group
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DISCUSSION
The unique features of TNP therapy, which are
thought to contribute to an optimized wound environment, include interstitial fluid flow and exudate
management, oedema reduction, stimulation of angiogenesis and local blood flow, and effects on
wound perfusion, growth factor, cytokine expression,
and cellular activity, all leading to enhancing granulation tissue formation and improving wound-healing
parameters (Petrie et al., 2003; Banwell and Musgrave, 2004; Potter et al., 2008). However, its effect
on bone tissues is poorly understood. In this study, the
effects of negative pressure on osteogenesis in human
BMSCs were investigated. We examined the effects
of negative pressure on ALP activity and the expression of collagen type I. Collagen type I is a major
organic constituent of the extracellular matrix of bone.
ALP, which hydrolyzes the ester bond of organic
phosphate compounds under alkaline conditions,
plays an important role in the calcification of bone. In
the present study, ALP activity and the expression of
collagen type I increased significantly in the presence
of negative pressure through 14 d of culture.
Researchers speculate that the impacts of negative pressure to BMSCs were the results of joint
mechanisms where the BMSCs were subjected to the
stretch stress as well as hypoxia in short term. Various
mechanical stimuli have been studied as in vitro
model systems and have been shown to act through
numerous signaling pathways to promote osteogenic
differentiation of BMSCs and osteoblast activities
(Mauney et al., 2004; Tang et al., 2006). Wiesmann et
al.(2006) have reported that mechanical stimulation
could promote the expression of collagen type I and
osteonectin in MSCs. It has been shown that mechanical strain decreases osteoclastogenesis through
OPGL and OPG signaling (Rubin et al., 2000; Kim et
al., 2006). Rubin et al.(2000) have shown that substrate deformation resulted in a drop in OPGL/OPG
mRNA ratio due to a significant change in OPGL
expression but not OPG. Our results indicate that the
decrease in OPGL/OPG mRNA ratio is due to both a
decrease in OPGL mRNA level and an increase in
OPG mRNA level. The drop in OPGL/OPG mRNA
ratio was lost with time after cessation of negative
pressure. This suggests that the effect of negative
pressure on OPGL/OPG mRNA signaling is transient
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and may be cumulative. Lennon et al.(2001) have
reported that cultures of rat MSCs at low oxygen
tension (5% O2) had a greater number of cells and
generated more bone when implanted into rats compared with cultures grown at 21% O2. Cell hypoxia in
the negative pressure treatment group is believed to
be a major stimulus for the expression of hypoxia-inducible factor-1 (HIF-1). HIF is an
αβ-heterodimeric transcription factor that mediates
the adaptation of many multicellular organisms to
molecular oxygen, and is essential for the maintenance of cellular oxygen homeostasis. The expression
of the α subunits is elevated during hypoxia and is
maintained at low levels in most cells under normoxic
conditions (Brown and Wilson, 2004; Lee et al.,
2004). Towler (2007) has reported that strategies that
promote HIF signaling in osteoblasts may augment
bone formation and accelerate fracture repair. The
HIF pathway activation promoted bone formation by
enhancing angiogenesis (Wang et al., 2007). Osteogenesis and angiogenesis are tightly coupled during
bone formation and repair. Activation of the
HIF-pathway by negative pressure triggers hypoxia-responsive gene expression, such as vascular
endothelial growth factor (VEGF), which plays a
critical role in angiogenesis and promotes the osteogenesis in human BMSCs cultured in vitro by our
experimental model system. In this study, the effects
of negative pressure on OPGL and OPG were quantified at the mRNA level, and the expression of OPG
in human BMSCs could be promoted by intermittent
negative pressure, while the expression of OPGL
could be inhibited in the same cells. We confirm that
the change in OPGL/OPG mRNA ratio observed and
the activation of the HIF-pathway in response to
negative pressure directly affect the osteogenesis and
osteoclastogenesis, which is consistent with previous
studies. In conclusion, the effects of negative pressure
on osteogenesis in human BMSCs were the results of
joint mechanisms where the BMSCs were subjected
to the stretch stress as well as hypoxia in short term.
In summary, the application of intermittent
negative pressure induced a significant increase of
OPG and collagen type I synthesis and a decrease of
OPGL mRNA expression in cultured human BMSCs.
This study has yielded important evidence on bone
remodeling by our experimental model system, and the
findings strongly suggest that intermittent negative
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pressure could promote the osteogenesis in human
BMSCs cultured in vitro.
This study revealed the mechanism of intermittent negative pressure to bone cells at the cellular and
molecular levels. However, the expression levels of
OPG mRNA and OPGL mRNA in BMSCs and what
about the experimental model system applied to a
scaffold fabricated by BMSCs and coral in bone tissue engineering need to be studied further, when
BMSCs are induced at different intensity of negative
pressure and different intermittent stimulating time.
Future research could help to identify the optimal
negative pressure intensity, frequency and the effect
of stimulating bone regeneration in bone tissue engineering by the model system. That would lay a
foundation to the research on the effect of negative
pressure to bone tissues and bone tissue engineering.
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