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ABSTRACT

Objective: To study the effect of low intensity pulsed ultrasound (LIPUS) on the
expression of tissue inhibitor of metalloproteinase-2 (TIMP-2) in the serum and
expression of matrix metallopeptidase 13 (MMP-13) in the articular cartilage cells of
rabbits with knee osteoarthritis (OA).
Methods: Inner patellar ligament defect method was used to establish the model of knee
OA. Four weeks after the modeling, the arterial blood was drawn from the ear of each
rabbit, while ELISA was employed to detect the expression of TIMP-2 in the serum. The
chondrocytes were separated from animals in each group and then cultured in vitro. All
rabbits were divided into control group, OA model group and OA + LIPUS group. Cells
in the control and OA groups were not treated, while cells in the OA + LIPUS group were
treated with LIPUS (40 mW/cm2, 1 time/day). Cells were collected 7 d later and the RNA
and total protein were extracted respectively. Real-time PCR and Western blotting were
employed to analyze the expression of MMP-13 in chondrocytes at the mRNA and
protein level, respectively.
Results: The success rate of establishment of OA model was 83%. The results of ELISA
showed that the content of TIMP-2 in the serum of animals with OA was 22.3%, lower
than the one in the control group (P < 0.05). Compared with the normal control group,
the expression of TIMP-2 in the OA model group was significantly increased, while the
expression of MMP-13 was significantly increased (P < 0.05). After the stimulation of
LIPUS, the expression of TIMP-2 and MMP-13 was close to the one in the normal
control group.
Conclusions: The inner patellar ligament defect method is a mature method to establish
the rabbit OA model, with high success rate. The expression of serum TIMP-2 in the OA
model group is significantly decreased. LIPUS can up-regulate TIMP-2 and down-
regulate MMP-13.
1. Introduction

Osteoarthritis (OA) is also named degenerative osteo-
arthropathy, a common disease that frequently occurs in the
middle-aged and elderly people. The pathological features of
OA include the atrophy and degeneration of articular cartilage,
osteophyte formation and bone and synovial hyperplasia on the
edge and surface of joints. Most of patients would suffer from
the limitation or loss of joint function finally, which greatly
limits the activities of patients and affected their quality of life
[1,2]. There are limited measures in the clinical treatment of
osteoarthritis. The drug therapy is mainly to make use of anti-
inflammatory and analgesic drugs to relieve or control the
symptoms, but it cannot change the progression of diseases, only
provide the temporary solutions to the acute pain episode. The
injection of prednisolone (prednisolone acetate) or hydrocorti-
sone acetate in the joints could control the symptoms [3]. The
ultrasound-based physical therapy is to make use of the phys-
ical effect of clinical significance that is caused by the me-
chanical and elastic vibration to apply the miniature pressure to
the tissues, which has been widely applied in the treatment of
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neurologic, muscular and bone diseases and traumas [4,5]. The
frequency of low intensity pulsed ultrasound (LIPUS) is
usually 1–3 MHz, with the strength less than 100 mW/cm2.
LIPUS could stimulate the healing of fracture and thus shorten
the healing time of fracture. Its mechanism is that LIPUS can
promote the chondrogenesis and endochondral ossification and
also the secretion of collagen Ⅱ and proteoglycan (especially
the 6-chondroitin sulfate) by the transparent chondrocytes, as
well as the secretion of many cytokines [6–8].

Matrix metallopeptidase (MMPs) play a key role in the
physiological and pathological degradation of extracellular ma-
trix (ECM). The previous researches also indicate that MMPs
are of critical importance in the degradation of ECM of articular
cartilage [9]. As the member of MMPs, MMP-13 can degrade the
collagen Ⅱ and also help other subtypes of MMPs to degrade the
collagen Ⅱ. Accordingly, the change of MMP-13 could reflect
the change in the metabolism of collagen Ⅱ and proteoglycan in
the cartilage matrix [10]. The excessive secretion of MMPs by
the chondrocytes break the balance between the MMPs and
the tissue inhibitor of metallo proteinases (TIMPs) and then
cause the excessive degradation and degeneration of cartilage.
Therefore, the balance adjustment of MMPs-TIMPs plays the
critical role in the occurrence and development of OA [11,12].
2. Materials and methods

2.1. Materials and reagents

A total of 40 SPF New Zealand male rabbits with the weight
of (1.0 ± 0.5) kg and age of 1 month were purchased from
Institute of Laboratory Animal Sciences, CAMS & PUMC.
Rabbits were given the diet and water freely. The ventilation was
good, with the natural lighting day and night. The culture tem-
perature was maintained at 18–25 �C.

The high glucose DMEM was purchased from GIBCO
(America, item No. 12491-015); the fetal bovine serum from
GIBCO (America, item No. 10082147); the total RNA extrac-
tion kit from QIAGEN (Germany, item No. 74134); the reverse
transcription kit (iScript cDNA Synthesis Kit) from Bio-Rad
(America, item No. 1708891); Real-time PCR fluorescent
quantitative kit (SsoAdvanced SYBR Green Super mix) from
Bio-Rad (America, item No. 1708882); ReadyPrep protein
extraction kit from Bio-Rad (America); BCA protein quantita-
tive kit from Vazyme Biotech (China, item No. E112-01); b-
actin and MMP-13 monoclonal antibody from Santa Cruz
Biotechnology (America, item No. sc-47778 and 30073); TIMP-
2 monoclonal antibody from Abcam (Britain, item No. ab1828);
horseradish peroxidase (HRP) labeled secondary antibody from
Beijing Zhongshan Jinqiao Biotechnology; ECL Chemilumi-
nescent Substrate Reagent Kit from Life Technologies (America,
item No. WP20005); and PVDF film from Millipore (America).

The LIPUS instrument was Ito-HT2009-1; DNA/RNA
analyzer was Qubit Fluorometer; CO2 cell culture incubator was
Thermo Scientific Series 8000; and the fluorescent quantitative
PCR system was Bio-Rad-CFX96 Touch.
2.2. Methods

2.2.1. Modeling of knee OA rabbits
The inner patellar ligament defect method was used to

establish the model of knee OA rabbits. After one week of
adaptive feeding, the laboratory rabbits were given the intra-
venous injection of 3% sodium pentobarbital (1 mL/kg) at the
edge of ear for the anesthesia. They were fixed on the labo-
ratory table at the supine position. The hair around the knee
joints of two hind limbs were sheared using the shearing
scissors. The povidone-iodine was used for the disinfection of
skin. The incision was performed in the tubercle between the
patella and tibia along the medial margin of patellar ligament
of inner knee joint to cause the inner patellar ligament defect
of two hind limbs. It was washed with the sterile saline solu-
tion. After the surface of wound was stitched layer by layer,
rabbits were put back to the cage. After the operation, the
intramuscular injection of 200000 units of penicillin was
performed every day to avoid the infection. One week after the
operation, the model animals were forced to take activities for
1 h every day. Rabbits in the control group did not receive the
treatment, while other feeding conditions were the same as the
model group.
2.2.2. Separation and culture of primary chondrocytes
Four weeks after the modeling, the animals were executed by

the air embolism method. Knee joints were taken out under
sterile conditions rapidly (the joint capsule should not be
broken). After being washed with the normal saline, it was
immersed in the normal saline containing 1% streptomycin and
penicillin. The soft tissues around the knee joint were removed.
After opening the joint capsule, the ligament and soft tissues
around were also removed. The cartilage on the surface of knee
joint was separated using the sterile scalpel blade. It was then put
in the sterile Petri dish that contained the phosphate buffer so-
lution (PBS). The cartilage was cut into about 1 mm3 bone sli-
ces. It was washed with PBS twice. After adding 0.25% trypsin,
it was digested at 4 �C for 4 h. Afterwards, the fetal bovine
serum was added and the digested was stopped. It was centri-
fuged at 1500 rmp for 5 min and then washed with high glucose
DMEM twice. After being centrifuged, the supernatant was
removed. The cells were resuspended and the suspension was
seeded on 75 cm2 tissue culture flask. 15% fetal bovine serum
was added in the high glucose DMEM and it was then cultured
at 5% CO2 and 37 �C. When cells were paved on the bottom of
flask about 60%–70%, the subculture was performed by the ratio
of 1:4.
2.2.3. Stimulation of LIPUS
LIPUS instrument in this study was HT2009-1, with the

double-probe output (same power). Cells in the control and OA
groups were not treated, while cells in the OA + LIPUS group
were treated with LIPUS during the culture (40 mW/cm2, 1 time/
day), lasting for 7 d.

2.2.4. ELISA
The blood samples were kept still at 37 �C for 1 h. After

being centrifuged at 1000 rmp and 4 �C for 20 min, the su-
pernatant was drawn. Samples were labeled and then diluted. It
set the standard wells, samples wells to be tested and blank
wells. There were 7 standard wells. The standard samples with
the different concentrations were added at one time. Then the
serum samples to be tested were added. The ELISA plate was
covered with the film and then incubated at 37 �C for 2 h. A total
of 100 mL biotinylated primary antibodies were added in each
well. It was than incubated at 37 �C for 1 h. The solution in the
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well was removed and each well was washed with 350 mL
cleaning solution for 1–2 min. The plate was washed repeated 3
times. A total of 100 mL HRP-labeled secondary antibodies were
added in each well. The ELISA plate was covered with the film
and then incubated at 37 �C for 30 min. A total of 90 mL TMB
substrates were added in each well. The ELISA plate was
covered with the film and then colored at 37 �C and in a dark
place for 15–25 min. When the first 3–4 of standard wells
showed the obvious gradient blue, the reaction stopped. A total
of 50 mL 2M H2SO4 was then added. The plate reader was
employed to measure the OD value of each well at 450 nm.
Taking X-axis as the OD value and Y-axis as the log of con-
centration, the standard curve was drawn. According to the OD
value of samples, the log of related concentration could be
calculated from the standard curve; afterwards, the concentration
value could be calculated according to the log of concentration;
multiplying by the dilution factor, the actual concentration of
samples could be obtained.
2.2.5. Western blotting
The collected cells were washed with PBS twice. After being

centrifuged, the supernatant was removed. The precipitated
cells were lysed with the protein extraction kit. After being put
on the ice for 30 min, the probe-type ultrasound was used to
produce the short impact with the appropriate frequency on the
ice. The lysis mixture was centrifuged at 4 �C and 13000 rpm/
Table 1

Synthetic system of reverse transcription.

Components Volume per reaction

5 × iScript reaction mix 4 mL
iScript reverse transcriptase 1 mL
RNA template (1 mg RNA) 1 mg
Nuclease-free water Up to 20 mL

iScript reaction mix was purchased from Bio-Rad; Nuclease-free water
from Invitrogen.

Table 2

Synthetic system of PCR.

Components Volume per reaction

SsoAdvanced SYBR Green
Super mix 5 mL
Forward primer (10 mM) 0.3 mL (300 nM)
Reverse primer (10 mM) 0.3 mL (300 nM)
cDNA template 100 ng
Nuclease-free water Up to 10 mL

SsoAdvanced SYBR Green Super mix was purchased from Bio-Rad.

Table 3

Primers used in real-time PCR.

Gene GenBank accession NO. Primer (50-

MMP-13 NM_001082037.1 For: ACTG
Rev: GAA

TIMP-2 NM_021989.2 For: AAGC
Rev:GGGG

b-actin NM_007393.4 For: GACA
Rev: GCCA

For, forward; Rev, reverse.
min for 20 min. The supernatant was transferred to the new
centrifuge tube. BCA kit was employed to detect the protein
concentration.

SDS-PAGE electrophoresis was performed on the protein
samples. The gel was soaked in the transfer buffer for 10 min of
equilibrium. It was installed with the transfer ‘sandwich’, the
transfer buffer was added and the electrodes were inserted,
100 V and 45–60 min. After the transfer, PVDF film was
washed with TBS for 10–15 min. The film was placed in TBS/T
blocking buffer containing 5% (w/v) skimmed milk powder and
shaken at the room temperature for 1 h. Then the primary
antibody with the appropriate degree of dilution was added
[diluted with TBST containing 1% (w/v) skimmed milk pow-
der]. It was incubated at the room temperature for 2 h and then
the film was washed with TBST for 3 times. The film was
incubated with the secondary antibody (1:10000, HRP-labeled)
that was diluted with TBST containing 0.05% (w/v) skimmed
milk powder. It was incubated at the room temperature for 1 h
and then the film was washed with TBST for 3 times. It was
exposed and then photographed to save the experimental results.
Quantity one v4.62 was used to measure the gray value of
molecular band (trace tracking). The optical density curve could
be drawn according to the optical density of different electro-
phoretic bands. The area under the curve of optical density was
then calculated as the quantitative basis of electrophoretic bands
(namely the semi-quantitative value of protein
expression = optical density of protein band/related reference
optical density). The statistical analysis was performed as well.
2.2.6. Real-time PCR
The collected cells were washed with PBS (RNase free).

Then QIAGEN total RNA extraction kit was used to extract the
total RNA and Qubit Fluorometer system to detect the concen-
tration and purity of RNA. The total RNA was reversely tran-
scripted to cDNA following the instruction manual of reverse
transcription kit. The Real-time PCR was employed to detect the
expression of related genes (Tables 1 and 2). The mRNA
sequence of MMP-13 and b-actin genes could be referred to
NCBI database and then the real-time PCR primers could be
designed. All primers were synthesized by Shanghai Sangon
Biotech, with the specific sequence shown in Table 3. The
double △Ct method was adopted to calculate the relative
expression of target gene: the mean of three parallel repeated
experiments was treated as the Ct value of each sample,
△Ct = Ct (Target gene)−Ct (reference), △△Ct = △Ct
(sample)−△Ct (contro1). Therefore, the relative expression of
target gene = 2−△△Ct and the relative expression of control
group was 20 = 1.
30) Length of product (bp)

AGAGGCTCCGAGAAATG
CCCCGCATCTTGGCTT

214

GGTCAGTGAGAAGGAAG
CCGTGTAGATAAACTCTAT

201

GGATGCAGAAGGAGAT
TGCCAATGTTGTCTCTTA

273
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2.3. Statistical analysis

The experimental data was treated with SPSS16.0. The
measurement data was expressed by mean ± SD. The student-t
test was employed for the comparison between groups, with the
significant level of a = 0.05.

3. Results

3.1. Modeling of knee OA

Four weeks after the modeling, the animals were executed by
the air embolism method. There were 10 rabbits in the normal
Figure 1. Expression of serum TIMP-2.

Figure 2. Effect of LIPUS on expression of TIMP-2 and MMP-13 in rabbit chondrocytes.
control group, with no obvious effusion in the knee joint. The
separated cartilage showed the transparent and smooth bone
surface, without any defect or new organism. Mankin's score of
cartilage structure was 0, which indicated that the form of knee
joint before the modeling was normal. There were 30 rabbits in
the model group, where 25 rabbits had the successful modeling
(among 30 rabbits in the model group, 2 died because of the
postoperative infection and 3 had no obvious OA feature). There
was the effusion in the left knee joint of rabbits with the suc-
cessful modeling. The separated cartilage showed the dim and
grayish yellow surface, with the ulcers occurred on the coarse
surface. According to Mankin's scores of cartilage structure, 4
rabbits got 4 points, 12 ones got 3 points and 9 ones got 2 points.

3.2. Expression of serum TIMP-2

The results showed that the expression of TIMP-2 was
(24.86 ± 6.45) ng/mL and (19.31 ± 4.45) ng/mL in the normal
control group and OA model group, respectively (Figure 1).
According to the results, compared with the control group, the
expression of TIMP-2 was significantly decreased in the OA
model group (P < 0.05), where the expression of TIMP-2 in the
serum of OA rabbits was 22.3% lower than that of the control
group.

3.3. Effect of LIPUS on expression of TIMP-2 and
MMP-13 in rabbit chondrocytes

The results showed that (Figure 2), compared with the normal
control group, the expression of TIMP-2 was significantly
decreased and the expression of MMP-13 was significantly
increased in the OA model group. After the stimulation of
LIPUS, the expression of TIMP-2 and MMP-13 was close to the
one in the normal control group (P < 0.05).
4. Discussion

The apoptosis of chondrocytes and progressive degradation
of ECM are main pathological features of OA. The degree of
differentiation for chondrocytes is relatively high. As the main
component of articular cartilage, its cellular activity is of critical
importance to maintain the metabolism of cartilage and normal
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micro-environment of joint. The main component of ECM is
aggrecan, which mainly maintains the elasticity and viscosity of
transparent cartilage. The excessive hydrolysis of cartilage ECM
by the protease was regarded as the early manifestation of
destructive process of osteoarthritis [13,14]. MMPs belong to the
zinc ion-dependent proteolytic enzyme family, as the most
important proteolytic system for the degradation of ECM [15].
MMPs are mainly divided into the subfamilies of collagenases
(MMP-1, MMP-8 and MMP-13), gelatinases (MMP-MMP-9)
and stromelysins (MMP-3, MMP-7, MMP-10 and MMP-11).
Where, MMP-13 can degrade the collagen II that is represen-
tative and has the highest content in the cartilage matrix. Be-
sides, many other subtypes of MMPs will rely on it to play their
role in the degradation of collagen II. Therefore, the change of
MMP-13 is closely related to the metabolism of collagen II in
the cartilage matrix. As the member of MMPs family, MMP-13
is the most effective degrading enzyme of collagen II. Espe-
cially, in the pathological situation, because of abundant MMPs
secreted by chondrocytes, it could degrade collagen II and cause
the loss of proteoglycan to result in the destroy and defect of
cartilage and then the occurrence of osteoarthritis [16].

The animal experiment is the main method to study the
pathogenesis of osteoarthritis. There are two animal models of
OA at present: spontaneous model and induced model. The
spontaneous model mainly refers to the OA animal model that
the genetic mutation is reserved through the genetic breeding,
while the induced model means that OA is induced by the
operation or drugs. As the structure of rabbit's knee joint is
relatively close to the human's, the biochemical indicators of
rabbit OA model are relatively in accordance with the human
OA [17], which is suitable for the experimental studies in the
pathogenesis and medication of OA. Therefore, the inner
patellar ligament defect method was employed in this study to
build the model of rabbit's knee osteoarthritis. The primary
chondrocytes were separated from the cartilage matrix, which
could obtain the abundant chondrocytes with the high purity
in such way [18]. The generation and amplification of primary
cells are limited in vitro. With the increase in times of
generation and amplification, the cellular activity will be
gradually decreased. Thus the amplification was controlled at
3 times in this study to guarantee that the highest biological
activity of chondrocytes that were suitable for the study.

TIMPs are the natural inhibitor of MMPs. The balance dis-
order of MMP-TIMP can result in the excessive degradation of
articular cartilage ECM and then OA. Where, TIMP-2 is some
kind of nonglycosylated protein, as the important metal-
loproteinase inhibitor, which can block the activity of all acti-
vated hydrolase of MMPs [19,20]. The inner patellar ligament
defect method was employed to build the model of knee OA,
where 10 rabbits were chosen in the control group without the
treatment and 30 ones were modeled. Four weeks after the
modeling, 25 New Zealand rabbits had the successful
modeling (among 30 rabbits in the model group, 2 died
because of the postoperative infection and 3 had no obvious
OA feature). Afterwards, the arterial blood was drawn from
the ear of each rabbit. The TIMP-2 ELISA kit was employed
to detect the expression of TIMP-2 in the serum. According to
the results, compared with the control group, the expression of
TIMP-2 was significantly decreased in the OA model group
(P < 0.05), where the expression of TIMP-2 in the serum of OA
rabbits was 22.3% lower than that of the control group.
The application of ultrasound in the medicine could be
traced back to 1942, in which Austrian doctor Dussik used it in
the medical sector for the first time [21]. With the in-depth
research on the mechanism of ultrasound and the progress of
related applied technologies, the ultrasound has been widely
applied in the clinical practice now. The previous researches
reported that the sound wave in the form of pressure wave
could apply the miniature pressure to the bone and its sur-
rounding soft tissues [5,22]. The frequency of LIPUS is usually
1–3 MHz, with the strength less than 100 mW/cm2. According
to the researches in this year, LIPUS could stimulate the healing
of fracture and thus shorten the healing time of fracture. Its
mechanism is that LIPUS can promote the chondrogenesis
and endochondral ossification and also the secretion of II
collagen and proteoglycan (especially the 6-chondroitin
sulfate) by the transparent chondrocytes, as well as the
secretion of many cytokines [6–8]. Therefore, after building
the animal model in this study, the primary cells were
separated and the stimulation of LIPUS was applied at the
cellular level. Real-time PCR and western blot were used to
analyze the expression of TIMP-2 and MMP-13 at mRNA and
protein level respectively. The results showed that, compared
with the normal control group, the expression of TIMP-2 was
significantly decreased and the expression of MMP-13 was
significantly increased in the OA model group. After the
stimulation of LIPUS, the expression of TIMP-2 and MMP-13
was close to the one in the normal control group (P < 0.05).
The results indicate that the balancing relationship between
TIMP-2 and MMP-13 is of critical importance to maintain the
micro-environment of joint, especially the activity of chon-
drocytes. The change in the specific signaling pathway caused
by the stimulation of LIPUS will be the focus in the further
studies.
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