
Int J Clin Exp Med 2016;9(10):20231-20241
www.ijcem.com /ISSN:1940-5901/IJCEM0031951

Original Article 
Effects of low-intensity focused  
ultrasound on cartilage and synovium in  
an experimental model of osteoarthritis in rabbits

Deng Xiao1,2*, Pu Wang1*, Wen Zhou2,3*, Chengqi He1*

1Rehabilitation Center, West China Hospital, Sichuan University, Chengdu, Sichuan Province, P. R. China; Key 
Laboratory of Rehabilitation Medicine in Sichuan, Chengdu, Sichuan Province, P. R. China; 2Department of 
Rehabilitation Medicine, University-Town Hospital of Chongqing Medical University, Chongqing Medical University, 
Chongqing, P. R. China; 3Department of Rehabilitation Medicine, The Affiliated Rehabilitation Hospital of 
Chongqing Medical University, Chongqing Medical University, Chongqing, P. R. China. *Equal contributors.

Received May 10, 2016; Accepted July 26, 2016; Epub October 15, 2016; Published October 30, 2016

Abstract: Objective: To analyze the effects of low-intensity focused ultrasound (LIFUS) on cartilage and synovium 
and the underlying mechanism in the knee joints in an experimental rabbit model of osteoarthritis (OA). Methods: 
Adult male New Zealand white rabbits (n = 36) were divided into three groups (LIFUS, ACLT and Control). The LIFUS 
group and the ACLT group received unilateral anterior cruciate ligament transection (ACLT). Eight weeks after sur-
gery, the LIFUS group was treated with LIFUS (300 mW/cm2, 50% duty cycle, 1.5 MHz, 30 s per location, 6 locations 
per session, 5 sessions of 15 min daily), five times a week for 4 weeks. All rabbits were euthanized after the last 
treatment. The effects of LIFUS on gross morphology, cytokine and gene expression were evaluated by histology, 
ELISA and real-time quantitative PCR analyses, respectively. Results: Macroscopic morphologic assessment and 
histological observation showed that the damage to the cartilage and synovium in the LIFUS group was less than 
that in the in the ACLT group. Levels of IL-1β, TNF-α and PGE2 in the synovial fluids in the LIFUS group were lower 
than those in the ACLT group. Compared with the ACLT group, MMP-1, MMP-3, and MMP-13 mRNA in cartilage and 
synovium decreased significantly in the LIFUS group, while TIMP-1 mRNA increased significantly. Conclusion: LIFUS 
may protect against cartilage degradation and synovitis in rabbits with OA via a mechanism that may include regu-
lation of MMP-1, MMP-3, MMP-13, TIMP-1, IL-1β, TNF-α and PGE2 gene expression in the cartilage and synovium.
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Introduction

Osteoarthritis (OA) represents a group of over-
lapping disorders in the whole joint caused by 
multiple confounding etiological factors. OA 
occurs primarily in older individuals and gradu-
ally leads to typical clinical symptoms such as 
pain, stiffness and limitation in functional activ-
ities [1]. In the USA, symptomatic knee OA 
occurs in approximately 10% of men and 13% 
of women aged 60 years or older [2], while in 
China, the prevalence is 55% in the elderly pop-
ulation aged over 60 (approximately 130 mil-
lion people are currently affected by OA) [3]. OA 
is characterized by erosion and damage of the 
articular cartilage, formation of osteophytes at 
the margins and subchondral sclerosis, in addi-
tion to a battery of biochemical and morpho-
logic alterations in the synovial membrane [4].

Several treatments are available for the man-
agement of OA, which involve the most conser-
vative therapies for symptomatic relief in the 
early stages and surgical intervention in the 
final, severe stage [5]. Conservative methods 
include modifications of lifestyle, pharmacolog-
ic treatment and physical therapy, such as regu-
lar exercise, transcutaneous electrical neural 
stimulation, acupuncture and thermal modali-
ties [6]. Conventional physical therapies could 
represent an alternative for bridging the gap 
between the disease onset and operative ther-
apy. Some physical therapies are offered main-
ly to relieve or control symptoms but (influent) 
on damaged structure and function of cartilage 
and inflammatory process in advanced OA [7].

Ultrasound (US) is one type of physical therapy 
that has been employed for many decades 
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based on its documented safety and efficacy in 
numerous clinical applications and its capacity 
to induce a broad profile of systematic bio-
effects [8]. Accumulating evidence from in vivo 
and in vitro studies as well as clinical research 
and systematic reviews have indicated the ben-
efits of US in the treatment and management of 
OA [9]. Reports of animal trials and experimen-
tal studies consistently show that low-intensity 
pulsed unfocused therapeutic US in the range 
of 200-400 mW/cm2 optimally promotes the 
cartilage and chondrocyte metabolism, stimu-
lates the chondrocyte proliferation of suppress-
es cartilage degeneration [10].

Focused US, which is also one modality of ther-
apeutic ultrasound, can be applied as high-
intensity focused ultrasound (HIFUS) and low-
intensity focused ultrasound (LIFUS). The for-
mer is an approved therapeutic procedure to 
treat tumors, such as uterine fibroids, breast 
cancer, and prostate cancer, while the latter 
utilizes low-energy US waves (intensity range, 
1-1,000 mW/cm2; frequency range, 1-3 MHz) 
that pass through the skin and skull without 
surgery and which can be focused almost any-
where in the body, but especially in the brain 
[11]. Currently, low-power focused US is regard-
ed as a safe alternative for brain neuromodula-
tion [12]; however, studies of the application of 
LIFUS in other tissues or disorders are rare. 
LIFUS has positive effects on inflammation and 
tissue restoration [11]. Considering the known 
characteristics and mechanisms of LIFUS, we 
hypothesized that LIFUS may be effective for 
suppressing cartilage degeneration and con-
trolling synovitis in OA.

In this study, we investigated the effect of LIFUS 
on cartilage and synovium in the knee joints of 
an experimental rabbit model of OA induced by 
transection of the anterior cruciate ligament 
(ACLT) and studied the mechanisms.

Materials and methods

Animal model and treatment

All procedures were conducted according to the 
guidelines of the Institutional Animal Care and 
Use Committee of West China School of 
Medicine of Sichuan University (China), and 
were approved by the Animal Experimentation 
Ethics Committee of the West China School of 
Medicine of Sichuan University. Thirty-six adult 

male New Zealand white rabbits (Science 
Center of West China hospital, Chengdu, China) 
aged 7 months and weighing approximately 3 
to 3.5 kg were randomly divided into three 
groups (n = 12 per group): ACLT, LIFUS and 
Control. Animals were housed individually (cage 
dimensions, 70×70×50 cm) under a specific 
pathogen-free conditions (controlled tempera-
ture, 24±3°C and humidity, 45±15%) and fed a 
standard laboratory diet.

Surgical anterior cruciate ligament transection 
of the left knee was performed in the LIFUS and 
ACLT groups [13]. This model of surgically-
induced OA produces cartilage lesions similar 
to those observed in human OA [14]. The 24 
rabbits from the two groups were anesthetized 
by intravenous injection of sodium pentobarbi-
tal (30 mg/kg) via the marginal ear vein. The 
left knee was shaved and disinfected with 
iodine before incision of the medial patella 
through the skin and fascia. The patella was 
dislocated laterally, and the knee was placed in 
full flexion. After the articular capsule was 
opened, the anterior cruciate ligament (ACL) 
was transected with ophthalmic scissors. The 
joint was closed after irrigation with sterile 
saline. The capsule and the skin were closed by 
nylon mattress. The animals were returned to 
the cage after analepsia without immobiliza-
tion. The Control group did not receive any sur-
gery or treatment throughout the whole course 
of this experiment.

Eight weeks after surgery, 12 rabbits from the 
LIFUS group received low-intensity focused 
ultrasound treatment five times a week for 4 
weeks. Before every treatment, the left knee of 
the rabbit was shaved. The specifications of  
the low-intensity focused ultrasound used (a 
focused ultrasound device, CZG200 made by 
Chongqing Haifu Medical Technology Co., Ltd, 
Chongqing, China) are based on previous stud-
ies and adjusted moderately according to 
requirements of this study [12]. All rabbits were 
euthanized after the last treatment.

Macroscopic morphologic assessment of car-
tilage

Macroscopic scoring of each left medial and 
lateral femoral condyle (MFC and LFC) and the 
medial and lateral tibial plateaus (MTP and LTP) 
was performed in a blinded manner according 
to previously described scoring systems [15]. 
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Digital images (Canon EOS1100D) of speci-
mens with a scale marker were used to guide 
the selection of sections containing the most 
severe lesions in each compartment. The crite-
ria used were as follows: 0 (normal), 1 (focal 
surface roughness), 2 (widespread surface 
irregularity), 3 (beginning surface fibrillation), 4 
(severe surface fibrillation), 5 (beginning ero-
sion), 6 (severe erosion); 7 (slight ulceration), 
and 8 (severe ulceration). India ink was not 
used in applying this scoring system, which is 
recommended by the Osteoarthritis Research 
Society International (OARSI) [6]. The final score 
corresponds to the score of the most severe 
lesions. After macroscopic scoring, six samples 
of cartilage and synovium from each group 
were evaluated histologically and a further six 
samples of each tissue were used to perform 
gene expression analysis.

Histological examinations of cartilage and 
synovium

Specimens of the condyle of the femur and tib-
ial plateau from six rabbits per group were fixed 
in 10% neutral buffered formalin, and then 
decalcified in 10% ethylenediamine tetraacetic 
acid (EDTA) at 10°C for 5 weeks. After dehydra-
tion, all samples were embedded in paraffin, 
and cut into 5 μm thick sections for histological 
evaluation. Sections were stained with Safranin 
O-fast green and hematoxylin and eosin (HE) 
and then evaluated according to modified 
Mankin’s grading system [16]. Specimens of 
synovium of the suprapatellar pouch that were 
distant from the arthrotomy site were fixed in 
10% neural buffered formalin, embedded in 
paraffin, and cut into 4 μm thick sections for 
histological evaluation. Sections were stained 
with HE and the synovial alterations were 
assessed according to the system of histopath-
ological assessment of OA synoviopathy recom-
mended by the OARSI [17]. The final score cor-
responds to the score of the most severe 
lesions. All sections were graded by two inde-
pendent observers blinded to the treatment 
groups.

Gene expression analysis of cartilage and 
synovium

The cartilage tissues from the femoral condyle, 
tibial plateau and synovium were harvested 
from the left knees and total RNA was extract-
ed using Trizol reagent. For first strand cDNA 

synthesis, 1 µg of RNA was reverse transcribed 
using a Moloney murine leukemia virus reverse 
transcriptase cDNA synthesis kit (Promega, 
USA) at 37°C for 1 h. Gene expression of MMP-
1, MMP-3, MMP-13, and TIMP-1 was quantitat-
ed by real-time quantitative PCR using the iCy-
cler apparatus system (Bio-Rad, USA). The 
quantitative measurement of the expression of 
each gene was normalized to the amount of a 
housekeeping gene (β-actin). To confirm ampli-
fication specificity, the PCR products were sub-
jected to melting curve analysis, and the data 
were analyzed and quantified using software 
for the calculation of relative expression in real-
time PCR with a pairwise fixed reallocation ran-
domization test (Relative Expression Software 
Tool). The ΔCt value for each sample was 
obtained by subtracting the Ct value of β-actin.

Enzyme linked immunoassay (ELISA) of syno-
vial fluids

Saline solution (0.5 ml) was injected into the 
joint space through the patellar tendon. After 
washing, the needle was reinserted and the 
synovial fluid was aspirated; samples were 
stored at -80°C until the levels of interleukin-
1β, tumor necrosis factor-α and prostaglandin 
E2 (PGE2) were assessed using ELISA kits 
(Boster Co., Wuhan, China).

Statistical analysis

The data obtained in this study were analyzed 
with SPSS 17.0 software for Windows. All data 
were expressed as the mean ± SD and ana-
lyzed using Student’s t-test, with P < 0.05 con-
sidered to indicate statistical significance.

Results

Effect of LIFUS on macroscopic morphologic 
assessment of cartilage

All specimens from the ACLT and LIFUS groups 
(n = 12 per group) showed complete transec-
tion of the ACL at the time of euthanization. In 
the ACLT and LIFUS groups, the most severe 
area (fibrillation, erosion and ulceration) of car-
tilage degeneration was observed predomi-
nantly in the MFC. Lesions in the femoral con-
dyles were more severe than those in the tibial 
plateau. Generally, condyles and plateaus in 
the LIFUS group showed less severe cartilage 
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damage than those in the ACLT group. Severe 
ulceration (score 8) and slight ulceration (score 
7) of the MFC were observed in three ACLT rab-
bits and one LIFUS rabbit, respectively. Severe 
erosion (score 6) of the MFC was observed in 
four ACLT rabbits and two LIFUS rabbits. Only 
one rabbit in the ACLT group showed severe 
fibrillation (score 4) on the MFC surface, while 

crease in the severity of lesions was observed 
in the MFC and MTP of the LIFUS group (P < 
0.05). The decrease in the severity of structural 
changes and loss of matrix shown in Safranin O 
staining were the main reason for the reduction 
in the histological score. Figure 2 shows the 
histological characteristics of the cartilage in 
the three groups.

Figure 1. A: Femoral condyle of control group, intact surface of MFC and LFC; 
B: Tibial plateau of control group, intact surface of MTP and LTP; C: Femoral 
condyle of ACLT group, severe erosion extending into the deep layers on MFC 
with complete cartilage ulceration with subchondral bone exposure on LFC; 
D: Tibial plateau of ACLT group, slight ulceration on the caudal and anterior 
aspect of the MTP with severe fibrillation and adhesions on LTP; E: Femoral 
condyle of LIFUS group, severe surface fibrillation occurred on the MFC and 
LFC; F: Tibial plateau of LIFUS group, erosion starting to appear on the MTP 
with slight fibrillation on the LTP.

the MFC of 50% (6/12) the 
rabbits in the LIFUS group 
scored 4. This difference was 
statistically significant (P < 
0.01). The lesions in the MTP 
of the LIFUS group exhibited 
significantly lower grades of 
than those in the ACLT group 
(P < 0.05). The extent and 
grade of the damage to the 
cartilage in other compart-
ments (LFC and LTP) in the 
LIFUS group were less seve- 
re than in the ACLT group, 
although this difference was 
not statistically significant (P 
< 0.05). Figure 1 shows the 
macroscopic characteristics 
of the three groups.

Histological examinations of 
cartilage and synovium

Specimens of cartilage from 
the ACLT group (n = 6) exhib-
ited morphologic changes, in- 
cluding loss of staining in all 
the hyaline cartilage of the 
condyle and plateau, full-
depth erosion of the hyaline 
cartilage as well as calcifica-
tion and hypocellularity of the 
cartilage to the subchondral 
bone. Specimens of cartilage 
from the LIFUS group (n = 6) 
showed loss of hyaline carti-
lage from the upper two-thirds 
of the superficial zone, fibrilla-
tion, clusters of chondrocytes, 
and reduced matrix staining 
in the radial layer. Lesions in 
the femoral condyles were 
more severe than those in the 
tibial plateau, which was con-
sistent with the results of 
macroscopic morphology ex- 
aminations. A significant de- 
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Specimens of synovium from the ACLT group (n 
= 6) exhibited progression from moderate to 
severe lesions, including synoviocyte prolifera-
tion and hypertrophy, fibroblast proliferation, 
lymphoplasmacytic infiltration, proliferation of 
blood vessels, fragments of bone matrix par-
tially embedded in the synovium and marked 

hemosiderosis with many macrophages con-
taining hemosiderin. Specimens of cartilage 
from the LIFUS group (n = 6) showed progres-
sion from slight to moderate lesions. There 
were significant differences between the ACLT 
group and the LIFUS group in half of the inflam-
mation parameters studied. The decrease in 

Figure 2. A and B: Normal articular with smooth surface of the control group. 
Original magnification ×200; C: Hyaline cartilage matrix loss and erosion in 
the ACLT group. Original magnification ×200; D: Erosion 2/3 hyaline cartilage 
with focal decrease of cells in the ACLT group. Original magnification ×200; 
E: Full-depth erosion hyaline with no cells in the ACLT group. Original mag-
nification ×200; F: Clefts extending to the calcified cartilage with a diffuse 
decrease in cells in the ACLT group. Original magnification ×400; G: Coarse 
cartilage surface with focal decrease in cells in the LIFUS group. Original 
magnification ×200; H: Three superficial clefts on the hyaline cartilage in the 
LIFUS group. Original magnification ×200; I: Diffuse clefts extending into the 
deep zone with focal decrease of cells in the LIFUS group. Original magnifi-
cation ×200; J: Diffuse clefts extending into the deep zone with multifocal 
confluent decrease in cells in the LIFUS group. Original magnification ×200.
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Figure 3. A: Normal synovial membrane in the control group; B: Synovitis in the LIFUS group, moderate synoviocyte 
proliferation and slight hyperplasia, with moderate lymphoplasmacytic infiltration around vessels, slight villous hy-
perplasia and slight fibroblast proliferation, and no cells containing hemosiderin pigments; C: Synovitis in the ACLT 
group, moderate synoviocyte proliferation and moderate hyperplasia, with moderate diffuse lymphoplasmacytic in-
filtration slight villous hyperplasia and moderate fibroblast proliferation, moderate proliferation of blood vessels and 
many cells containing hemosiderin pigments; D: Synovitis in the LIFUS group, moderate proliferation of synoviocytes 
with no hyperplasia, slight lymphoplasmacytic infiltration, some small villi and moderate proliferation of blood ves-
sels; E: Synovitis in the LIFUS group, slight proliferation of synoviocytes with no hyperplasia, slight lymphoplasma-
cytic infiltration, moderate fibroblast proliferation and slight proliferation of blood vessels; F: Synovitis in the LIFUS 
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the severity of synoviocyte proliferation and 
hypertrophy, villous hyperplasia and prolifera-
tion of blood vessels in the synovial stroma and 
hemosiderosis are the main reason for the 
reduction of the histological score. Figure 3 
shows the histological characteristics of the 
synovium in the three groups.

ELISA analysis of inflammatory molecules

Figure 4 show the levels of IL-1β, TNF-α and 
PGE2 in synovial fluid from each group. 
Compared with the ACLT group, the levels of 
IL-1β, TNF-α and PGE2 were significantly 
decreased in the LIFUS group (P < 0.05), 
although the levels were significantly higher 
than those in the Control group (P < 0.01).

Gene expression in the cartilage and synovium

Figure 5 show the expression of MMP-1, MMP-
3, MMP-13 and TIMP-1 in the cartilage and 
synovium. Compared with the ACLT group (n = 
6), MMP-1, MMP-3, MMP-13 expression in car-
tilage and synovium was significantly reduced 
in the LIFUS group (n = 6) (P < 0.05), TIMP-1 (P 
< 0.01) expression was significantly increased 
in the LIFUS group. It is important to note that 
there was a significantly higher expression of 
MMP-1, MMP-3, MMP-13 and lower expression 
of TIMP-1 in the cartilage and synovium in the 
LIFUS group compared with that in the Control 
group. These results indicate that LIFUS direct-
ly suppressed the factors responsible for 
degeneration of the cartilage and synovium 
observed in the ACLT group, thereby preventing 
or reducing the cartilage damage caused by 
ACLT-induced OA.

Discussion

The purpose of our study was to investigate the 
effects of LIFUS on the cartilage and synovium 
of knee joints of rabbits with OA and to clarify 
the underling mechanisms using a model of OA 
induced in rabbits by ACLT. This OA model, 
which has biochemical and pathological fea-
tures similar to those observed in human OA, is 
one of the most commonly used to study the 
pathological changes and treatment options for 
OA [14]. This OA model. We implemented LIFUS 
8 weeks after ACLT surgery, which is the time at 
which fibrosis, fissures or full-depth erosion of 

group, moderate synoviocyte proliferation and hyperplasia, slight lymphoplasmacytic infiltration, moderate multifo-
cal villous hyperplasia; G: Synovitis in the ACLT group, severe hyperplasia and hypertrophy of synoviocytes, with 
severe fibroblast proliferation and many cells containing hemosiderin pigments; H: Synovitis the ACLT group, severe 
synoviocyte proliferation and hyperplasia, severe fibroblast proliferation, diffuse lymphoplasmacytic infiltration, and 
severe proliferation of blood vessels; I: Synovitis in the ACLT group, severe synoviocyte proliferation and hyperplasia, 
moderate fibroblast proliferation, slight proliferation of blood vessels and lymophoplasmacytic aggregation; J: Sy-
novitis in the ACLT group, partial embedding of a piece of bone matrix in the synovium; A-C. Original magnification 
×200; D-J. Original magnification ×400. AT: Adipose tissue; Cd: Cartilage/bone-detritus; EC: Epithelioid cells; Fb: 
Fibroblast; Infla: Inflammation; Lc: Lymphocyte; Ms: Synovial membrane; Vb: Blood vessel; VH: Villous hyperplasia.

Figure 4. Levels of IL-1β, TNF-α and PGE2 in synovial 
fluid of the three groups. *P < 0.05, **P < 0.01.
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Figure 5. Expression of MMP-1, MMP-3, MMP-13 and TIMP-1 in cartilage and synovium of the three groups. *P < 
0.05, **P < 0.01.
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the cartilage is observed in this model [18]. The 
cartilage lesions observed in each compart-
ment are focal and usually centered in the 
medial femoral condyles and on the caudal 
aspect of the medial tibial plateau [19], which is 
consistent with the results of the macroscopic 
assessment conducted in our study.

In our study, Safranin O-fast green and HE 
staining revealed loss of proteoglycans in the 
femoral condyle and tibial plateau in this model. 
The modified Mankin’s grading system was 
used to assess The effect of (LIFUS) on carti-
lage was assessed using Mankin’s grading sys-
tem, which offers proven reliability and consis-
tency for grading histological changes observ- 
ed in tissue sections. The histologically stained 
sections were scored by two independent, 
board-certified veterinary researchers who 
were blinded to the treatment groups. Com- 
pared with the ACLT group, there was signifi-
cantly less damage in the MFC and MTP com-
partments in the LIFUS group, which suggests 
that LIFUS protects against cartilage degrada-
tion. However, we also found that LIFUS did not 
protect against erosion of the LFC and LTP car-
tilage. Interestingly, the extent and severity of 
lesions in articular cartilage observed by his- 
tologic examination were consistent with the 
macroscopic findings.

Inflammatory changes induced by ACLT consist 
of synovial effusion, hyperplasia of the synovial 
membrane and infiltration by inflammatory 
cells with sub-synovial fibrosis; these changes 
reflect the degenerative and inflammatory pro-
cesses in joints [20]. HE staining is commonly 
used to analyze for the severity of synovitis. 
Various histological criteria and scores are 
used for the evaluation of the synovial mem-
brane in this model [21]. In this study, we used 
the system of histological assessment of syno-
vitis recommended by the OARSI, which cap-
tures the histological features of synoviopathy 
in OA [17]. Under normal physiological condi-
tions the synovial lining consists of a thin layer 
of cells with phenotypic features of macro-
phages and fibroblasts. These cells and the 
underlying vascularized connective tissue stro-
ma form a complex structure that is an impor-
tant source of synovial fluid (SF) components 
that are essential for normal cartilage and joint 
function. Inflammation of the synovial mem-
brane leads to synthesis and release of a wide 
variety of cytokines and chemokines, which 

have catabolic effects on chondrocytes and 
play a role in the development of OA by promot-
ing degradation of the articular cartilage [22]. 
In this study, we observed a moderate anti-
inflammatory effect of LIFUS with a reduction in 
the severity of synovitis.

Proinflammatory cytokines, such as IL-1β, 
TNF-α and PGE2 have a significant effect on 
chondrocytes, aggravating cartilage destruc-
tion [22], and are considered to be the principal 
inflammatory cytokines in OA. Furthermore, 
their expression in cartilage and SF may reflect 
the degree of inflammation in experimental OA. 
In the present study, analysis of SF showed that 
the expression of IL-1β, TNF-α and PGE2 were 
increased in the ACLT group, while decreased 
expression was observed in the LIFUS group, 
corresponding to alleviated inflammation. This 
result indicates that LIFUS protects against  
cartilage degradation by interfering with the 
release of IL-1β, TNF-α and PGE2 in the synovi-
um or cartilage.

It is widely accepted that an imbalance in the 
synthesis and degradation of the articular 
matrix is a critical factor in the pathogenesis of 
OA [23]. Activation of chondrocytes is regarded 
to be an attempt to repair the cartilage matrix 
in early OA, which leads to upregulation of both 
anabolic and catabolic processes. However, 
this is not always effective and yields an inferior 
quality matrix that is more susceptible to degra-
dation [24]. In the later stages of OA, synthesis 
of the matrix is decreased per chondrocyte, 
with a reduction in cell number that lead to the 
overall degradation of the cartilage [25]. In 
addition to the two catabolic factors (IL-1β, 
TNF-α) previously mentioned, an array of pro- 
teases upregulated by IL-1β and TNF-α are 
involved in the anabolic and catabolic process-
es of OA, particularly matrix metalloproteinases 
(MMPs) [26]. MMP-1 (interstitial collagenase), 
MMP-3 (stromelysin 1) and MMP-13 (collage-
nase-3) are capable of cleaving aggrecan core 
protein [27]. Tissue inhibitor of metalloprotein-
ases (TIMP) is a key enzyme inhibitors, which 
specifically inhibits activated MMPs [28]. In our 
study, expression of MMP-1, MMP-3, and MMP-
13 mRNA in cartilage and synovium decreased 
significantly in the LIFUS group compared with 
that in the ACLT group, while the expression of 
TIMP-1 mRNA increased significantly. Therefore, 
based on the results of our study, we cautiously 
suggest that LIFUS protects against cartilage 
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damage and the development of OA by inhibit-
ing MMPs and the hydrolysis of TIMP-1.

Two previous studies using an animal model of 
OA have demonstrated increased hyaluronan 
absorption into rabbit knee joints under the 
influence of ultrasound phonophoresis [29]. 
However, investigations into the effects of 
LIFUS in OA and the underlying mechanism 
have not yet been reported. For reasons of 
safety, periods of LIFUS shorter than 30 s were 
used in this study to minimize the risk of ther-
mal damage [30]. The safety of the LIFUS 
device relative to the concomitant use of MRI, 
especially when performed at 3 T/128 MHz, is 
crucial for applications in human subjects [30]. 
Unfortunately, we did not compare the effect of 
LIFUS with that of low-intensity pulsed unfo-
cused therapeutic ultrasound at the same 
intensity and frequency and use MRI to guide 
the application of LIFUS in this study. Con- 
sequently, we are unable to determine which 
type of intervention provided better effects for 
OA. Therefore, further work should focus on 
providing a more detailed understanding of the 
effect of LIFUS in OA and the mechanism, as 
well as the application of MRI-guided LIFUS on 
OA, the safety of LIFUS in experimental animals 
and clinical OA patients and comparison of 
LIFUS with low-intensity pulsed unfocused ther-
apeutic ultrasound applied at same intensity 
and frequency. Additionally, clinical trials of 
LIFUS for OA should be conducted in future.

The results of our limited study indicate that 
low-intensity focused ultrasound (LIFUS, 300 
mW/cm2, 50% duty cycle, 1.5 MHz, 30 s per 
location, 6 locations per session, 5 sessions of 
15 min daily, 5 times a week for 4 weeks) pro-
vides protection against cartilage degradation 
and inflammation of the synovium in a rabbit 
model of OA. We cautiously suggest that this 
role may be achieved through the regulation of 
MMP-1, MMP-3, MMP-13, TIMP-1, IL-1β, TNF-α 
and PGE2 gene expression in the cartilage and 
synovium. These findings provide a support for 
the use of LIFUS as a potential therapy in the 
management of knee joint OA.
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