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�� HiP

Ultrasound- targeted simvastatin- loaded 
microbubble destruction promotes 
OA cartilage repair by modulating the 
cholesterol efflux pathway mediated by 
PPARγ in rabbits

Aims
To evaluate the effect of ultrasound- targeted simvastatin- loaded microbubble destruction 
(UTMDSV) for alleviation of the progression of osteoarthritis (OA) in rabbits through modula-
tion of the peroxisome proliferator- activated receptor (PPARγ).

Methods
In vitro, OA chondrocytes were treated with ultrasound (US), US- targeted microbubble de-
struction (UTMD), simvastatin (SV), and UTMDSV on alternate days for  four weeks. Chondro-
cytes were also treated with PPARγ inhibitor, PPARγ inhibitor+ UTMDSV, and UTMDSV. The 
cholesterol efflux rate and triglyceride levels were measured using an assay kit and oil red 
O staining, respectively. In vivo, the OA rabbits were treated with a single intra- articular 
injection of UTMD, SV, and UTMDSV every  seven days for  four weeks. Cartilage histopathol-
ogy was assessed by safranin- O staining and the Mankin score. Total cholesterol (TC) and 
high- density lipoprotein- cholesterol (HDL- C) in rabbit knee synovial fluid were detected by 
enzyme- marker assay. Aggrecan, collagen II, and PPARγ expression levels were analyzed by 
Western blotting (WB).

Results
In vitro, UTMDSV significantly increased the cholesterol efflux rate and aggrecan, collagen II, 
and PPARγ levels in OA chondrocytes; these effects were blocked by the PPARγ inhibitor. In 
vivo, UTMDSV significantly increased aggrecan, collagen II, PPARγ, and HDL- C levels, while 
TC levels and Mankin scores were decreased compared with the UTMD, SV, OA, and control 
groups.

Conclusion
UTMDSV promotes cartilage extracellular matrix synthesis by modulating the PPARγ-mediat-
ed cholesterol efflux pathway in OA rabbits.

Cite this article: Bone Joint Res 2021;10(10):693–703.

Keywords: Osteoarthritis, Simvastatin, Microbubble, Cholesterol efflux, Cartilage repair

Article focus
�� This study investigated the role of 

ultrasound- targeted simvastatin- loaded 
microbubble destruction (UTMDSV) in 
the treatment for osteoarthritis (OA) and 
explored the underlying mechanisms.

Key messages
�� UTMDSV promotes the expression of 

aggrecan and collagen II, and prevents 
the degradation of articular cartilage in a 
rabbit knee OA model.
�� UTMDSV increases the cholesterol efflux 

rate and attenuates lipid deposition in OA 
chondrocytes.
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Strengths and limitations
�� Our study shows that UTMDSV reduces drug side- 

effects and improves the efficacy of ultrasound 
therapy, which highlights a promising therapeutic 
strategy for OA.
�� The exact molecular mechanisms by which UTMDSV 

alleviates OA requires further investigation.

introduction
Osteoarthritis (OA) is a clinically chronic and degenera-
tive disease of articular cartilage. The main symptoms of 
OA are joint pain, stiffness, and dysfunction, which are 
the main causes of physical disability in the elderly.1 It is 
generally believed that the pathogenesis of OA is mainly 
due to the degenerative changes in cartilage caused by 
chronic joint wear.2 As the epidemiological and molec-
ular biological research related to OA has advanced, it has 
been found that lipid metabolism disorders play a key 
role in the process of OA cartilage degeneration.3,4 There-
fore, OA has been considered a metabolic disease.

Cholesterol reverse transport (CRT) represents the 
process by which excessive cholesterol flows from periph-
eral cells and combines with high- density lipoprotein 
(HDL) to form high- density lipoprotein- cholesterol (HDL- 
C), which is then transported to the liver for metabolic 
excretion.5 Several studies have demonstrated choles-
terol efflux disorders in OA chondrocytes. This decrease 
in CRT function leads to excessive accumulation of lipids 
in chondrocytes, leading to hypertrophy and ossification, 
which exacerbate the degree of cartilage degeneration 
in OA.6,7 Peroxisome proliferator- activated receptor γ 
(PPARγ) performs an important role in the mechanism by 
which CRT is regulated.8 PPARγ knockout rats have severe 
growth and development defects, and are more likely to 
suffer from cardiovascular and joint diseases.9- 11 These 
studies suggested that PPARγ protects against the devel-
opment of OA in articular cartilage by affecting choles-
terol efflux.

Several studies have shown that statins can delay the 
degeneration of OA chondrocytes by activating PPARγ 
and promoting cholesterol efflux.12- 14 Therefore, statins 
are expected to change the course of OA, although long- 
term oral administration can lead to severe side effects 
such as abnormal blood sugar levels, liver enzyme abnor-
malities, myopathy, and memory impairment. Choosing 
an appropriate route of administration, and shortening 
the course of treatment to reduce side effects and enhance 
the efficacy of statins, is a focus of future research.

Ultrasound- targeted microbubble destruction (UTMD) 
has become a promising clinical technology. It involves 
the delivery of microbubble contrast agents carrying 
drugs via peripheral veins or local injection followed by 
the application of ultrasound (US) when flowing through 
the target site. US produces cavitation that disrupts the 
microbubbles, which increases the cell permeability at 
the target site and promotes the rapid release and delivery 
of drugs, thereby enhancing the therapeutic effect.15 

Currently, research into the application of this technology 
is focused mainly on the fields of cardiovascular disease, 
and tumour and stem cell therapy.16 Although a few 
studies have confirmed that UTMD can be used for the 
treatment of rheumatoid arthritis,17,18 there are no rele-
vant studies investigating the application of US- targeted 
simvastatin- loaded microbubble destruction (UTMDSV) 
for the treatment of OA. In this study, we explored the 
effect and mechanism of UTMDSV on OA cartilage degen-
eration by modulating the PPARγ-mediated cholesterol 
efflux pathway.

Methods
Ethical statement. The experimental protocol relat-
ing to rabbits was in accordance with the USA National 
Institutes of Health’s Guidelines of Laboratory Animal Use 
and approved by the hospital. We adhered to the ARRIVE 
Guidelines and have included the appropriate ARRIVE 
checklist.
OA model establishment in rabbits. A total of 41 male 
New Zealand white rabbits ( six weeks, 2.5 kg to 3.0 kg) 
were raised in separate cages, with ad libitum access to 
food and water. Overall, 34 rabbits underwent anterior 
cruciate ligament transection (ACLT) surgery of the right 
knee to establish the OA model.19 The remaining seven 
rabbits were treated as control groups by only cutting the 
knee joint capsule. After surgery, penicillin (200,000 IU) 
was delivered via intramuscular injection twice a day for 
three consecutive days.
The isolation and culture of chondrocytes. Rabbit chon-
drocytes from the OA model group (n = 10) and con-
trol group (n = 1) were isolated from the surface of the 
femoral condyle joint and tibial plateau, and cells from 
each rabbit were divided into three groups. The cartilage 
tissue was minced aseptically and then digested with 
trypsin and type II collagenase (Gibco, USA). After diges-
tion, chondrocytes were seeded in T25 flasks (5 × 106) 
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with penicillin (50 U/ml), 10% fetal bovine serum 
(FBS), and streptomycin and cultured at 37°C under 5% 
CO2. At 80% to 90% confluence, the chondrocytes were 
subcultured in a six- well plate (2 × 106 cells/well) for use 
in experiments.
Preparation of simvastatin-loaded microbub-
bles. Simvastatin- loaded microbubbles were customized 
in Nanjing Tranmedical Biosciences (China). A mixture of 
dipalmitoylphosphatidylcholine, cholesterol, distearoylp
hosphatidylethanolamine- polyethylene glycol 2000, and 
α-tocopherol lipids was prepared at a ratio of 3:1:1:0.004 
in aseptic conditions. Simvastatin was added to the lipid 
mixture (0.1 mg/ml). The mixture was then dried in a ro-
tary evaporator flask and a uniform lipid film produced 
by steam equipment (RE- 3002, RuiDe, China). The sus-
pension was transferred to a fresh vial filled with C3F8 
gas, which was vibrated using a mechanical oscillator 
(LY- YKZ- 04, JTLIANGYOU, China) to form 0.1 mg/ml sim-
vastatin microbubbles. The remaining space in the vial 
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was filled with high- pressure C3F8 gas and sealed, then 
stored at 4 °C for later use. The microbubbles were spher-
ical with a mean diameter of 1,221.9 nm.
in vitro UTMDSV intervention experiment. For optimiza-
tion, the chondrocytes (2 × 106) were treated with US 
(Artison Corporation 74036, USA) at different intensities 
(0 W/cm2, 0.3 W/cm2, 0.6 W/cm2, and 1.0 W/cm2) and 
different concentrations of simvastatin- loaded micro-
bubbles (1  µM, 10  µM, and 100  µM). This preliminary 
experiment showed that 1 µM simvastatin- loaded micro-
bubbles produced the best effect under the parameters 
of 1 MHz and 0.3 W/cm2 US irradiation for 30 seconds. 
Subsequently, the chondrocytes were treated as follows: 
1) Control group- unloaded microbubbles without US; 2) 
US group - US irradiation (1 MHz, 0.3 W/cm2) for 30 sec-
onds; 3) UTMD group- unloaded microbubbles under 1 
MHz, 0.3 W/cm2 US for 30  seconds; 4) SV group- 1 μM 
simvastatin; and 5) UTMDSV group- 1 µM simvastatin- 
loaded microbubbles under 1 MHz, 0.3 W/cm2 US for 
30 seconds. All groups were treated once every  two days 
for  four weeks.
in vitro PPARγ inhibitor intervention. In the preliminary 
experiments, we explored the effects of different con-
centrations of PPARγ inhibitor (T0070907, Selleckchem, 
USA) on extracellular matrix proteins in chondrocytes. 
Finally, 12.5 µM T0070907 was selected for use in sub-
sequent experiments. The chondrocytes were seeded in 
six- well plates (2 × 106 cells/well) and treated as follows: 
1) Control group - 0.1% DMSO; 2) PPARγ inhibitor group 
- treated with 12.5 µM T0070907 for 48 hours at 37°C; 
3) PPARγ inhibitor+ UTMDSV group - treated with 12.5 µM 
T0070907 and 1  µM simvastatin- loaded microbubbles 
under US (1 MHz, 0.3 W/cm2) for 30 seconds, and con-
tinued cultivation for 48 hours at 37°C; 4) UTMDSV group- 
treated with 1 µM simvastatin- loaded microbubbles un-
der US (1 MHz, 0.3 W/cm2) for 30 seconds and continued 
cultivation for 48 hours at 37°C.
in vivo intra-articular injection experiment. The OA mod-
el rabbits were randomly divided into four groups using 
a random number table method (n = 6/group) based on 
the following treatments: OA group, UTMD group, SV 
group, and UTMDSV group. The sham operation rabbits 
were used as a control group (n = 6). The treatments 
were delivered by injection into the right knee joint cavity 
as follows: UTMD group - unloaded microbubbles un-
der US irradiation (1 MHz, 2 W/cm2) for  five minutes; SV 
group - 0.1 mg/ml simvastatin; UTMDSV group - 0.1 mg/
ml simvastatin- loaded microbubbles under US irradiation 
(1 MHz, 2 W/cm2) for  five minutes; control and OA model 
groups - equivalent volume of saline. Each group received 
0.2 ml/kg. All groups were treated once every  seven days 
for  four weeks, and the rabbits were killed by air embo-
lism for histological and WB analyses after treatment.
immunofluorescence. OA chondrocytes were identified by 
immunofluorescence staining of aggrecan (MA3- 16888, 
Thermo Fisher Scientific, USA), collagen II (Origene, USA), 
and PPARγ (LifeSpan, USA).20 Chondrocytes were fixed 
with 4% paraformaldehyde for   ten minutes, and then 

blocked with 1% bovine serum (BSA) for  one hour at room 
temperature. The chondrocytes were labelled for   two 
hours at 37°C with antibodies specific for aggrecan, colla-
gen II, and PPARγ at 2 µg/ml in 0.1% BSA. Chondrocytes 
were then incubated with FITC- conjugated secondary an-
tibodies (Agrisera, Sweden; 1:200) for  one hour at 37°C. 
Nuclei were stained with 4’6- diamidino- 2- phenylindole 
(DAPI) (Thermo Fisher Scientific) for  five minutes in the 
absence of light. Following nuclear DAPI counterstaining, 
the number of positive cells among the total were count-
ed in ten randomly selected fields per culture dish.
Western blot analysis. Total protein was extracted using 
lysis buffer (Keygenbio, China).4 After being lysed on ice 
for 20 minutes, the lysate was centrifuged (12,000 rpm 
for 15 minutes, 4°C) and the supernatant was collected. 
The protein concentration was analyzed using a bicin-
choninic acid protein assay kit (Keygenbio), and the re-
maining protein was mixed with 5× sodium- dodecyl 
sulfate- polyacrylamide gel electrophoresis (SDS- PAGE) 
buffer and heated at 100°C for 15 minutes. Proteins were 
then separated by SDS- PAGE and electroblotted onto pol-
yvinylidene fluoride (PVDF) membranes. All membranes 
were blocked with 5% skimmed milk at room tempera-
ture for  one hour. Membranes were incubated overnight 
at 4°C with the following primary detection antibodies: 
anti- aggrecan (Thermo Fisher Scientific, 1:1,000), anti- 
collagen II (Origene, 1:1,000), and anti- PPARγ (LifeSpan, 
1:1,000). Membranes were subsequently washed three 
times with Tween- Tris buffered saline (TBST) and incubat-
ed with secondary detection antibodies (Keygenbio) at 
37°C for  two hours. After washing as described previous-
ly, the proteins were visualized using an enhanced chemi-
luminescence reagent and quantified using the Image 
4000 system (Tanon 6600, China). Glyceraldehyde- 3- 
phosphate dehydrogenase (GAPDH) (Abcam, USA) was 
quantified as an endogenous control protein. Relative 
target protein expression was calculated as a ratio of the 
expression of GAPDH.
Cholesterol efflux analysis. The cholesterol efflux from 
chondrocytes was measured using a fluorometric cho-
lesterol efflux assay kit (Sigma- Aldrich, USA).21 Briefly, the 
chondrocytes were seeded in 96- well plates at a density 
of 2 × 104 cells/well and allowed to adhere overnight at 
37°C under 5% CO2, after which each group of chondro-
cytes was washed with FBS- free Roswell Park Memorial 
Institute (RPMI, Sigma- Aldrich) medium without FBS. The 
cells were then labelled with cholesterol and incubated 
for 16 hours at 37 °C under 5% CO2. Subsequently, chon-
drocytes were incubated for  five hours (37°C, 5% CO2) 
with 100  μl of samples acting as cholesterol acceptors; 
only FBS- free RPMI was added to the blank control wells. 
The supernatants (medium) were then transferred to a 
fresh 96- well plate and the fluorescence was measured 
(Fm, Ex/Em = 482/515 nm) using a SpectraMax M3 mi-
croplate reader (Molecular Devices, USA). The adherent 
cells were solubilized by cell lysis buffer to measure the 
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fluorescence (Fc, Ex/Em = 482/515  nm). The cholester-
ol efflux (%) was calculated according to the following 
formula:

Cholesterol efflux (%) = Fm/(Fc+ Fm) × 100% (Fm = 
fluorescence intensity of the medium; Fc = fluorescence 
intensity of the cell lysate).
Oil red O staining. The triglyceride level in chondrocytes 
was detected using an oil red O staining kit (Keygenbio). 
The chondrocytes in each group were seeded in a six- well 
plate (2 × 106 cells/well) and incubated for 24 hours (37°C 
under 5% CO2). After washing with PBS, the chondrocytes 
were fixed in 10% neutral formaldehyde for 30 minutes, 
and then stained with oil red O staining solution at 60°C 
for  ten minutes. Cells were exposed to decolorizing solu-
tions A and B twice at room temperature. After re- staining 
with haematoxylin for 20 to 60  seconds, the cells were 
rinsed with decolorizing solution B and observed under 
a microscope (Olympus BX43, Japan). The cells in each 
group were dissolved in isopropanol solution (500  µl/
well), and then transferred to a 96- well plate to detect 
absorbance at 490 nm using a TECAN Infinite M200PRO 
microplate reader (Thermo Fisher Scientific).
T-CHO and HDL-C analysis. Synovial fluid was collected 
from the knee joint of rabbits and placed at room temper-
ature for 30 minutes before centrifugation at 4,000 rpm 
for   five minutes. The total cholesterol (TC) and HDL- C 
levels were determined using an oxidase- peroxidase 
coupling (COD- PAP) test kit (JianCheng Bioengineering, 
China). The absorbance was measured at 510  nm and 
546  nm using a TECAN Infinite M200PRO microplate 
reader (Thermo Fisher Scientific).
Histological analysis. Histological analysis of articular car-
tilage was performed for all groups.22 The femoral con-
dyles and tibial plateau of the right knees were fixed in 
10% formaldehyde for  three days. The tissues were then 
sectioned along the sagittal plane, embedded in paraffin, 
and sectioned after decalcification. Sections were stained 
with fresh Weigert iron haematoxylin for   five minutes, 
and then washed in running tap water. After soaking for 
15  seconds in acid alcohol differentiation solution (1% 
hydrochloric acid, 70% alcohol), slides were washed 
with distilled water for  ten minutes before immersion in 
fast green stain for  five minutes. Next, the sections were 
washed briefly with 1% acetic acid for 15 seconds to re-
move residual fast green stain. Subsequently, sections 
were stained with safranin- O for  five minutes, dehydrat-
ed with 95% alcohol, cleared with xylene, and finally 
sealed in optical resin. The following characteristics of the 
sections prepared from each group were graded accord-
ing to Mankin’s scoring principles: the tide- line integri-
ty, the number and structure of chondrocytes, and dye 
intensity. The severity of tissue lesions was graded and 
standardized as a scoring criterion, with higher scores re-
flecting greater severity of the lesion. The sections were 
evaluated independently by two observers (XW, DW) us-
ing a blinded method, and average scores were calculat-
ed as the result.

Statistical analysis. For the in vitro study, three samples 
of chondrocytes were extracted from one rabbit (total 
11 rabbits), and for the in vivo study, the cartilage sam-
ples were extracted from six rabbits of each group (total 
30 rabbits). Each chondrocyte and cartilage sample was 
repeatedly tested three times. All normally distributed 
data were expressed as means and standard deviations 
(SDs). Independent- samples t- tests and one- way analysis 
of variance (ANOVA) followed by least significant differ-
ence (LSD) tests were used to evaluate the significant dif-
ferences between the groups. All statistical analysis was 
performed using SPSS software (version 21.0, IBM, USA). 
Statistical significance was set at p < 0.05.

Results
Cholesterol efflux and extracellular matrix proteins de-
crease in OA chondrocytes. To test the hypothesis that 
extracellular matrix (ECM) protein is lost and disruption 
of cholesterol metabolism occurs in OA chondrocytes, 
we established the rabbit OA model by ACLT surgery. 
Western blot analysis confirmed that the expression 
levels of aggrecan (p = 0.003, independent- samples 
t- test), collagen II (p = 0.003, independent- samples 
t- test), and PPARγ (p = 0.004, independent- samples 
t- test) were significantly reduced in the OA group com-
pared with those in the control group (Figures  1a and 
1b). The cholesterol efflux rate was also decreased (p = 
0.002, independent- samples t- test) in OA chondrocytes 
(Figure 1c). Immunofluorescence analysis of the expres-
sion of aggrecan (p = 0.002, independent- samples t- test), 
collagen II (p ＜ 0.001, independent- samples t- test), and 
PPARγ (p ＜ 0.001, independent- samples t- test) showed 
that the expression of these proteins was significantly re-
duced in the OA group compared with the control group 
(Figures 1d and 1e).
UTMDsv increases cholesterol efflux and extracellular ma-
trix proteins levels in OA chondrocytes. To investigate 
the effect of UTMDSV on ECM expression and cholesterol 
metabolism in OA chondrocytes, we treated OA chondro-
cytes with US, UTMD, SV, and UTMDSV. Western blot anal-
ysis showed that the expression levels of aggrecan (p < 
0.001, one- way ANOVA), collagen II (p < 0.001, one- way 
ANOVA), and PPARγ (p < 0.001, one- way ANOVA) were 
significantly upregulated in the UTMDSV group compared 
with those in the OA group. Compared with the US or SV 
groups, aggrecan (p < 0.001; p < 0.001, one- way ANOVA), 
collagen II (p < 0.001; p ＜ 0.001, one- way ANOVA) and 
PPARγ (p < 0.001; p < 0.001, one- way ANOVA) expression 
levels were significantly increased in the UTMDSV group 
(Figures  2a to 2c). Triglyceride levels in chondrocytes 
were analyzed by spectrophotometric analysis of oil red 
O staining (Figures  2e and 2f). Compared with the OA 
group, the absorbance was significantly decreased (p 
= 0.027; p = 0.005; p < 0.001, one- way ANOVA) in the 
UTMD, SV, and UTMDSV groups. Compared with the 
UTMD or SV groups, the absorbance was significantly 
reduced (p = 0.004; p = 0.023, one- way ANOVA) in the 
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Fig. 1

The extracellular matrix expression and cholesterol efflux rate decreases in osteoarthritis (OA) chondrocytes. a) and b) Western blot analysis of aggrecan, 
collagen II, and peroxisome proliferator- activated receptor (PPARγ) expression in chondrocytes. Glyceraldehyde 3- phosphate dehydrogenase (GAPDH) was 
used as the endogenous control. c) The difference in cholesterol efflux rate between the control and osteoarthritis (OA) groups. d) and e) Representative 
immunofluorescence staining and quantification of the positive cell numbers. Chondrocytes are stained blue and the target proteins are stained red (scale bar 
= 100 µm). DAPI, 4′,6- diamidino- 2- phenylindole. All p- values calculated using independent- samples t- test.

UTMDSV group. To determine if UTMDSV affects cholester-
ol metabolism, we further analyzed cholesterol efflux in 
each group (Figure 2g). Compared with the OA group, 
cholesterol efflux was significantly increased (p = 0.001; 
p < 0.001; p < 0.001, one- way ANOVA) in the UTMD, 
SV, and UTMDSV group respectively. Compared with the 
UTMD group, the cholesterol efflux level was increased (p 
= 0.001, one- way ANOVA) in the UTMDSV group.
The expression level of extracellular matrix proteins af-
ter PPARγ inhibitor and UTMDsv intervention. To inves-
tigate the involvement of PPARγ in the process of OA 
cartilage ECM expression and cholesterol efflux rate, we 
treated chondrocytes with a PPARγ inhibitor (12.5  μM 
T0070907). Compared with the control group, the ex-
pression levels of aggrecan (p < 0.001), collagen II (p < 

0.001), and PPARγ (p < 0.001) and the cholesterol efflux 
rate (p = 0.002) were significantly decreased in the PPARγ 
inhibitor group (Figures 3a to 3e). Further investigation 
of the effect of UTMDSV on chondrocytes showed that ag-
grecan (p< 0.001), collagen II (p < 0.001), and PPARγ (p 
< 0.001) expression levels and the cholesterol efflux rate 
(p < 0.001) were significantly increased in the UTMDSV 
group compared with those in the PPARγ inhibitor groups 
(Figures 3a to 3e); all p- values were calculated using one- 
way ANOVA.
Pathology score and cholesterol level after UTMDSV inter-
vention. We further investigated the activity of aggrecan, 
collagen II, and PPARγ in vivo after intra- articular injection 
of UTMD, SV, or UTMDSV. Safranin- O staining (Figures 4a 
and 4b) showed that the Mankin scores were increased 
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Fig. 2

Effects of UTMDsv on cartilage metabolism and lipid metabolism. a) to d) Representative Western blot and quantification of aggrecan, collagen II, and PPARγ, 
relative to glyceraldehyde- 3- phosphate dehydrogenase (GAPDH) in osteoarthritis (OA) chondrocytes after treatment with ultrasound (US), US- targeted 
microbubble destruction (UTMD), simvastatin (SV), and US- targeted simvastatin- loaded microbubble destruction (UTMDsv). e) Representative oil red images; 
scale bar = 50 μm. f) Triglyceride levels were quantified in chondrocytes by measuring absorbance at 490 nm. g) The difference in cholesterol efflux rate 
between groups.

(p < 0.001) in the OA group compared with those in 
the control group. Compared with the SV group, the 
Mankin scores were decreased (p = 0.044) in the UTMDSV 
group. Enzymatic analysis levels of TC and HDL- C levels in 

synovial fluid showed that the TC level was increased (p < 
0.001) in the OA group compared with that in the control 
group. Compared with the OA group, TC levels were re-
duced (p < 0.001; p < 0.001) in the SV and UTMDSV groups. 
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Fig. 3

Peroxisome proliferator- activated receptor (PPARγ) inhibitor reduces the extracellular matrix production and the cholesterol efflux rate in chondrocytes. 
The chondrocytes were treated with PPARγ inhibitor. a) to d) Western blot and quantification of the relative expression levels of aggrecan, collagen II, and 
PPARγ after PPARγ inhibitor and ultrasound- targeted simvastatin- loaded microbubble destruction (UTMDSV) intervention in osteoarthritis (OA) chondrocytes; 
glyceraldehyde 3- phosphate dehydrogenase (GADPH) was used as the endogenous control. e) The effect of the PPARγ inhibitor and UTMDSV on the 
cholesterol efflux rate. All p- values were calculated using one- way analysis of variance.
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Fig. 4

Effects of ultrasound- targeted simvastatin- loaded microbubble destruction (UTMDSV) on cholesterol regulation and cartilage metabolism in osteoarthritic (OA) 
rabbit. Animals were respectively treated with UTMD, SV, and UTMDSV every seven days for four weeks. Equivalent saline was administered into the control 
and OA groups. a) and b) The representative safranin- O images and Mankin scoring of OA parameters (n = 3). c) and d) The levels of total cholesterol (TC) 
and high- density lipoprotein cholesterol (HDL- C) in rabbit knee synovial fluid were detected by an enzyme- marker assay. e) Western blot and quantification of 
aggrecan, collagen II, and peroxisome proliferator- activated receptor (PPARγ) relative to glyceraldehyde 3- phosphate dehydrogenase (GADPH) (n = 3).

Compared with the SV group, TC levels were reduced (p 
= 0.008) in the UTMDSV group (Figure  4c). Compared 
with the control group, HDL- C was decreased (p < 0.001) 
in the OA group. Compared with the OA group, HDL- C 
levels were increased (p < 0.001; p < 0.001) in the SV 
and UTMDSV groups. Compared with the SV group, 
HDL- C was increased (p = 0.004) in the UTMDSV group 
(Figure 4d). Aggrecan (p < 0.001), collagen II (p < 0.001), 
and PPARγ (p < 0.001) expression levels were significantly 
decreased in the OA group compared with those in the 
control group. Compared with the OA group, aggrecan 
(p< 0.001; p < 0.001), collagen II (p < 0.001; p < 0.001), 
and PPARγ (p < 0.001; p < 0.001) expression levels were 
increased in the SV and UTMDSV groups. Compared with 
the SV group, the expression levels of these proteins were 
increased (p < 0.001; p < 0.001; p< 0.001) in the UTMDSV 
group (Figure 4e); all p- values calculated using one- way 
ANOVA.
The mechanism of the cholesterol efflux pathway mediated 
by PPARγ in chondrocytes. As shown in Figure 5, UTMDSV 
promotes excessive cholesterol deposition in OA chon-
drocytes, which combines with HDL to form HDL- C and 
is subsequently transported to the liver for metabolism, a 

process mediated by PPARγ. In addition, PPARγ also acti-
vates the expression of aggrecan and collagen II in chon-
drocytes to achieve the purpose of cartilage protection.

Discussion
In this study, we investigated the ability of UTMDSV to 
regulate the cholesterol efflux rate through PPARγ and 
delay the degeneration of rabbit OA cartilage. We found 
that UTMDSV increased the expression of PPARγ, aggrecan, 
and collagen II in chondrocytes, promoted the choles-
terol efflux rate, and regulated cholesterol metabolism in 
the joint fluid, thereby delaying the process of OA carti-
lage degeneration.

A previous study has shown that aggrecan and collagen 
II, major ECM proteins, are degraded in the development 
of OA.23 In the present study, we used immunofluores-
cence staining to show that the expression of aggrecan 
and collagen II in OA chondrocytes was decreased, indi-
cating damage to the surface of OA cartilage. We showed 
that treatment of OA chondrocytes with UTMDSV acti-
vated ECM expression and subchondral bone pathology 
reconstruction to achieve cartilage repair.
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Fig. 5

Simplified schematic of the cholesterol efflux pathway mediated by peroxisome proliferator- activated receptor (PPARγ) in chondrocytes. HDL, high- density 
lipoprotein; HDL- C, HDL cholesterol; OA, osteoarthritis.

A superabundance of cholesterol in cells can cause 
toxicity, leading to cell rupture, apoptosis, or necrosis, 
and can also degrade aggrecan and collagen II in chon-
drocytes.7,24,25 High- cholesterol diets cause cartilage 
degeneration and the occurrence of OA in a rat experi-
mental model, while reducing cholesterol levels reduces 
the incidence of cartilage degeneration.26 Blood circula-
tion is associated with synovial circulation via the capil-
laries and lymphatic system, which may account for the 
high levels of cholesterol in joint fluid. Under such circum-
stances, chondrocytes are exposed to increased choles-
terol levels in the synovial fluid, which causes damage to 
the cartilage protein in the ECM. Persistently high levels 
of cholesterol levels in the synovial fluid results in chon-
drocyte hypertrophy and cartilage ossification, which 
further exacerbates the severity of OA cartilage degen-
eration.27,28 In our study, we also found that triglycerides 
were excessively deposited in OA chondrocytes, and the 
cholesterol efflux rate was decreased. This is consistent 
with previous research.7

PPARγ plays a key role in CRT by promoting the choles-
terol efflux rate and maintaining the dynamic balance of 
cholesterol metabolism.29,30 One study has shown that 
PPARγ affects chondrocyte metabolism and lipid metab-
olism, and participates in the occurrence and devel-
opment of OA; direct activation of PPARγ can promote 
cholesterol efflux and reduce lipid deposition in chon-
drocytes.29 In our study, we found that the cholesterol 
efflux rate decreased significantly after inhibiting PPARγ, 
and the cholesterol efflux rate increased after the PPARγ 
combined with UTMDSV intervention. These findings 
indicate that PPARγ is a key factor affecting cholesterol 
efflux, and that UTMDSV not only improves the cholesterol 

efflux rate effectively but also increases the expression of 
aggrecan and collagen II in chondrocytes.

Simvastatin promoted cholesterol efflux by activating 
PPARγ, reducing lipid deposition, and upregulating 
expression of the ECM, thus protecting cartilage.13,14 
Several studies have shown that statins not only reduce 
blood lipids effectively,31 but also protect against chon-
drocyte ageing and degeneration and prevent ECM 
degradation. These functions were shown to protect 
articular cartilage, reducing the overall rate of knee OA 
progression by 50%.32- 36 However, a clinical study showed 
that long- term use of statins can cause myopathy, liver 
dysfunction, diabetes, and cerebral haemorrhage.37,38 To 
avoid the adverse reactions caused by oral statins, some 
studies explored the effect of intra- articular injection of 
different simvastatin concentrations (0.01 mg/ml, 0.1 mg/
ml, and 0.5 mg/ml) on early OA cartilage degeneration in 
rabbits. The results showed that 0.5  mg/ml simvastatin 
has a significantly protective effect on early rabbit OA.39,40 
Previous literature and our research results have shown 
that abnormal cholesterol efflux mainly exists in OA 
chondrocytes. In this study, we also explored the effect 
of simvastatin on the lipid metabolism of OA chondro-
cytes and found that simvastatin can promote cholesterol 
efflux from OA chondrocytes. In addition, we found that 
the injection of 0.1 mg/ml simvastatin microbubbles into 
the joint cavity of OA rabbits significantly reduced the 
Mankin score, while the expression levels of aggrecan, 
collagen Ⅱ, and PPARγ were significantly increased. The 
effects of simvastatin on normal chondrocytes were not 
explored in this study, as our research focused mainly on 
proving the effect of statins on the abnormal cholesterol 
efflux of OA chondrocytes.
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UTMD can cause the continuous compression and 
expansion that induces microbubble rupture, which 
can improve the efficacy of drugs and reduce the 
dosage required.41- 43 Studies have shown that microbub-
bles can improve the delivery of drugs and reduce the 
adverse effects caused in the gastrointestinal tract by 
oral administration.44 In addition, UTMD can reduce the 
required intensity and duration of US and avoid the detri-
mental effects of US cavitation, such as damage to cell 
membranes, breakage of DNA chains, inhibition of cell 
proliferation, promotion of apoptosis, and other adverse 
reactions.45 In our study, US alone did not significantly 
increase the cholesterol efflux rate or reduce TC levels, 
although we found that low- intensity US combined with 
statin microbubbles affected cholesterol efflux. We also 
found that UTMDSV significantly reduced cholesterol efflux 
and increased the expression of collagen II and aggrecan. 
UTMDSV treatment occurred during the phase of surgery- 
induced cartilage degradation. It was not tested whether 
UTMDSV would have a beneficial effect on established OA. 
Furthermore, the statins could have affected processes 
other than just PPARγ or other cells within the mixed cell 
population isolated from OA rabbit knees.

In summary, our results verified that UTMDSV promotes 
the cartilage ECM synthesis in a model of rabbit knee OA. 
The main mechanism may be related to PPARγ-mediated 
regulation of lipid metabolism, promotion of cholesterol 
efflux, and elimination of chondrocyte lipids.

Supplementary material
  An ARRIVE checklist is included to show that the 

ARRIVE guidelines were adhered to in this study.
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