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Abstract
Purpose Osteoporosis is a condition characterized by decreased bone density and bone strength, commonly observed among
older individuals. Caveolin-3 (CAV3) is a principal structural protein of the caveolae membrane domains, which has been
reported to participate in cell signaling as well as the maintenance of cell structure. The aim of the current study was to
investigate the effects involved with the silencing of CAV3 on bone formation among osteoporotic rat models via the Wnt
signaling pathway.
Methods Osteoporosis was initially induced by means of ovariotomy among rat models in order to determine the expression
of CAV3. Then, to confirm the specific function and mechanism of CAV3 from an osteoporosis perspective, the CAV3
expression vector was constructed and transfected into the osteoblasts of the osteoporotic rats. Afterward, the mRNA and
protein expressions of CAV3, β-catenin, low-density lipoprotein receptor-related protein 5 (LRP5), T-cell factor (TCF), and
Wnt3a in addition to cell proliferation and apoptosis were detected accordingly.
Results Positive expression of CAV3 exhibited diminished levels in the bone tissues of osteoporotic rats. The osteoblasts of
the osteoporotic rats treated with overexpressed CAV3 displayed elevated mRNA and protein expression levels of β-catenin,
LRP5, TCF, and Wnt3a. Increased cell proliferation and decreased cell apoptosis were also observed, while the osteoblasts
of the osteoporotic rats treated with si-CAV3 exhibited an opposite result.
Conclusion Overexpressed CAV3 promotes bone formation and suppresses the osteoporosis progression via the activation
of the Wnt signaling in rat models, suggesting CAV3 as a potential target biomarker in the treatment of osteoporosis.
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Introduction

Osteoporosis is widely considered to be a significant public
health stumbling block, often increasing an individual’s

susceptibility to fracture risk, particularly among the aged
population, with the hip, humerus, and vertebrae particu-
larly at risk [1]. Osteoporosis represents a disease resulting
in decreased bone density and diminishing bone strength
affecting bone support function [2]. Current literature has
indicated that approximately 49 million people suffer from
osteoporosis in a total of 9 industrialized regions with a
higher female incidence than that of their male counterparts
[3]. In China, various traditional agents with varying
potencies have previously been employed throughout his-
tory tasked with preventing and treating osteoporosis,
however, superior results have been observed when these
agents are administered in combination with other drugs [4].
The progressive loss of bone mass inflicted by osteoporosis
results in more fractures, highlighting the urgent need for
novel treatments, approaches, and strategies [5]. Fresh
perspectives from a genetic and molecular point of view are
required in order to develop a more effective long-term
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model for chronic disorders such as osteoporosis on the
basis of recent insights into bone cell functions [6].

Caveolin-3 (CAV3) is one of the six subsets of the
protein caveolins (CAV-1, 2, 3), and also important for the
formation of caveolae [7]. Caveolae are a subset of small
(50–100 nm) plasma membrane invaginations that have
been defined in the literature as “cave-like” structures,
which are particularly abundant in most cell types partici-
pating in the cell response [8]. Existing literature has indi-
cated that CAV2 is involved in the immune-response of
bone marrow-derived macrophages [9]. Wnts are a type of
Cys-rich protein encoded by 19 genes in humans, which in
combination with an array of receptors act to induce dif-
ferent downstream pathways [10]. Research into the com-
plex role of Wnt signaling has increased dramatically since
its initial discovery, however a large degree of uncertainty
remains regarding the function of Wnt’s on different types
of cancer [11]. For many years, Wnt signaling pathways
have attached much importance in the recent research of
bone biology owing to their critical role in the maintenance
and development of bone mass and skeletal development
[12]. Wnt6 has previously been verified as a novel target of
caveolin-1 in gastric cancer cell [13], the complex crosstalk
between caveolins and Wnt signaling still remains to be
identified, especially in the field of osteoporosis. Based on
our exploration of literature, the central objective of the
current study was to explore the effects involved in the
silencing of CAV3 on the formation of bone in osteoporotic
rats via the Wnt signaling pathway.

Materials and methods

Study subjects

A total of 50 normal female SPF grade Wistar rats were
recruited for the purposes of this study (age: 11 weeks old;
mean weight: 247 ± 24.75 g; license number: SCXK Shan-
dong Province 20170008; Experimental Animal Center of
Zhongshan School of Medicine). The rats were permitted
free access to feeding and water under conditions of
50–60% and humidity at 22–24 °C with a controlled day-
night cycle of 12 h. All animal procedures during this study
were performed in strict accordance with the local principles
of management and use of experimental animals. Extensive
efforts were made in order to minimize both the number of
animals used as well as their respective suffering.

Establishment of osteoporotic rat models

After 1 week of adaptive feeding, the rats were randomly
assigned into the osteoporosis group and sham group with
25 rats in each one. Ovariotomy was performed on the rats

in order to establish osteoporosis rat models [14]. The
model rats were anesthetized with 2% pentobarbital sodium
at a dosage of 45 mg/kg under sterile conditions. After the
bilateral ovariectomy was operated using the 1/3 position on
either side of the abdomen, the abdomen, muscle, and skin
were all successively sutured in two layers with complete
hemostasis confirmed. Next, with the exception of the
mesentery tissues the remaining structures were removed
with the same weight, the rats in the sham group were
operated on using the same incisions followed by the use of
identical preoperative and postoperative procedures as the
model establishment. Rats from both the groups had their
respective stitches removed 1-week post operation, with
stain smearing conducted over the next 7 days in order to
ascertain as to whether cyclic variation occurred. 12 weeks
later, the bone density of the entire body, femur and tibia
was recorded. The rats in the osteoporosis and sham groups
were fed under identical conditions.

Measurement of osteoblast and osteoclast

12 weeks post model establishment, 4 rats in each group
were causally executed by means of cervical dislocation.
The free bones at metaphysis distal to right-side femurs
were cut into 5 mm thick sections and fixed with 10%
formaldehyde for 4 h. After that, the bone tissue samples
were immersed into the decalcifying fluid (5 ml of hydro-
chloric acid, 10 ml of formaldehyde and 85 ml of distilled
water were reacted together) for 20 h till they became sof-
tened. Next, the samples were washed and filtered using
running water, dehydrated, embedded, sectioned and
stained with HE. The sections were obtained with each two
made from one sample, followed by secondary dehydration
and cleaning. Six fields (10 × 40) in each section were used
to record the quantity of the osteoblasts and osteoclasts in
the cancellous bone region of the metaphysis distal to the
femur.

Measurement of serum alkaline phosphatase (ALP)
and tartrate-resistant acid phosphatase (TRAP)
levels

The rats were anesthetized with 200 g/L urethane at a dose
of 10 ml/kg for exsanguination purposes from the arteriae
coeliaea prior to execution. Next, the serum was centrifuged
from drawn blood at 4000 rpm at room temperature for
detecting the levels of ALP and TRAP. The ALP value was
evaluated using an ALP detection kit and full-automatic
biochemistry analyzer (Shanghai Manpu Biotechnology
Co., Ltd., Shanghai, China) over a 2 h period, with detection
conducted under strict accordance with the kit instructions.
TRAP activity was measured under preconditions of
80 mmol/L sodium tartrate (pH 5.5) at 37 °C, and a unit of
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enzyme activity subsequently classed with a yield of
1 µmoL of sodium tartrate to the quantity of nitrophenol.

Hematoxylin and eosin (HE) staining

At the 12th-week post model establishment, the bone tissue
samples of 4 rats from each group that had been executed by
cervical dislocation were extracted and fixed with 4% par-
aformaldehyde for 24 h. Following dehydration with 80%,
90%, 100% ethanol and n-butyl alcohol in a successive
manner, the samples were immersed in 60 °C wax box,
embedded and sectioned into 5 μm thick sections, spread
out at 45 °C, picked up, roasted at 60 °C for 1 h and
dewaxed using xylene. HE staining was then conducted
after hydration. The sections were dewaxed, hydrated with
gradient alcohol and stained with hematoxylin (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China)
for a 2 min period. After washing with water for 10 s, 1%
hydrochloric acid-ethanol was used for color-separation
purposes for 10 s. The sections were washed with distilled
water for 1 min, stained with eosin for 1 min, and then
distilled with water again for light washing for 10 s. Fol-
lowing alcohol dehydration and xylene cleaning, the sec-
tions were examined for morphological bone tissue
morphological changes under an optical microscope (XP-
330, Shanghai Bingyu Optical Instrument Co., Ltd.,
Shanghai, China) after sealing with neutral balsam.

Immunocytochemistry

A total of 6 rat bone tissue samples were extracted, fixed
with formaldehyde, embedded with paraffin, made into
4 μm serial sections. The sections were baked in a 60 °C
incubator for 1 h, dewaxed by xylene, dehydrated with
gradient alcohol, then immersed in 3% H2O2 for 10 min and
washed with distilled water. Antigen repair under high-
pressure conditions was used for 90 s, and the sections were
washed with phosphate buffered solution (PBS) when the
sections were cooled at room temperature. Subsequently,
5% bovine serum albumin (BSA) sealing solution was
added and incubated for 30 min at 37 °C. Diluted primary
rabbit antibody CAV3 (1:100–1:200, ab2912, Abcam, Inc.,
MA, USA) was added into sections for incubation at 4 °C
overnight. After PBS washing, the sections were added with
the diluted secondary goat antibody against rabbit labeled
biotin (1:100, HY90046, Shanghai Heng Yuan Bio-
technology Co., Ltd., Shanghai, China) for incubation at
37 °C for 30 min. Streptomycin anti-biotin protein-perox-
idase solution (Beijing Zhongshan Biotechnology Co., Ltd.,
Beijing, China) was added for 30-min incubation at 37 °C
after an additional round of PBS washing. The sections
were then developed by diaminobenzidine (DAB) (Beijing
Bioss Biotechnology Co., Ltd., Beijing, China) at room

temperature with a final round of PBS washing, immersed
in hematoxylin for 5 min and washed under running tap
water. Next, the sections were dipped with 1% hydrochloric
ethanol for 4 s and turned back to blue for 20 min via tap-
water washing. Verification was obtained regarding the
positive expression of the CAV3 protein in the event a
brown color was observed. Image-Proplus analyzed soft-
ware (Media Cybernetics, Inc., Rockville, MD, USA) was
used to detect the mean optical density (OD) of the positive
CAV3 under a high powered lens for quantitative analyses
purposes [15].

CAV3 adenovirus expression vector construction

Disposed by RNAi technology, siRNA-CAV3 adenovirus
expression vector, NC-siRNA-CAV3 vector, overexpressed
adenovirus vector of Ad-CMA-cav-1-eGFP and blank
adenovirus vector of Ad-CMV-eGFP were constructed by
plasmid pLenR-GFP employed as a vector. The specific
siRNA sequence that targeted CAV3 gene was designed to
synthesize the double-strand DNA oligo containing inter-
ference sequence based on the mRNA sequence of the
NCBI nucleotide CAV3, which was directly linked to
enzyme digested vector (Engreen Biosystem Co., Ltd.,
Beijing, China).

Cell culture in vitro and transfection

The parietal bone of the model mice was extracted at the
12th-week post model establishment, and sheared with soft
tissue in surface curettage. The samples were detached
using 0.25% trypsin at 37 °C with the solution abandoned
after 30 min, followed by continual detaching with 0.1%
collagenase of I type and selected through a 100-mesh metal
sieve. After washing with Hank’s solution, the cell con-
centration of l × 105 cells/ml was attained using 10% Dul-
becco’s modified eagle medium (DMEM). Next, the cells
were inoculated into a 48-well plate with a total of 45 wells
used and 0.5 ml placed in each one, followed by incubation
under saturated humidity conditions at 37 °C with 5% CO2.
The medium was replaced at regular intervals on alternate
days. Following that, the medium was replaced on the 3–4 d
of passaged osteoblast, and the passage was continued when
cell confluency had reached 80%. The 3rd–4th generation
osteoblasts were appropriately adopted in the experiment.

The above cultured osteoblasts were divided into six
groups: normal group (normal rat osteoblasts without any
treatment), normal+ si-CVA3 group (normal rat osteoblasts
transfected with si-CVA3), control group (osteoporotic rat
osteoblasts without any treatment), blank group (osteo-
porotic rat osteoblasts transfected with blank vector), NC
group (osteoporotic rat osteoblasts with transfected with NC
vector), si-CAV3 group (osteoporotic rat osteoblasts
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transfected with siRNA-CAV3), oe-CAV3 group (osteo-
porotic rat osteoblasts with transfected CAV3 over-
expression vector). The osteoblasts were passaged on the
day before transfection, and inoculated to a 6-well plate
with 1 × 105 cells/well. Cell confluency was confirmed to
have reached 70–80% on the day of transfection. The pre-
pared adenovirus particle solution was used to transfect the
cells, which were later incubated in a 5% CO2 incubator at
37 °C, with the medium changed after 6–8 h followed by
continued culturing for 24–48 h.

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

The right-side femur of rats that had the muscle and tendon
removed was added with liquid nitrogen and ground to fine
powder. Total RNA was extracted using the Trizol (No:
15596-018, Invitrogen Inc., Carlsbad, CA, USA) method
for concentration and purity determination purposes. RNA
was reversed to cDNA in a total of 25 μl in accordance with
the instructions of the Primescript™ RT Reagent kit reverse
transcription kit (TaKaRa Engineering Co., Ltd., Liaoning,
China). Next, 65 μl of diethylpyrocarbonate (DEPC) water
was added to dilute the cDNA and then mixed completely.
Fluorescent quantitative PCR was then employed with the
cDNA according to the instructions of SYBR® Premix Ex
TaqTM II kit (TaKaRa Engineering Co., Ltd., Liaoning,
China). The reaction system (50 μl) included 25 μl of
SYBR® Premix Ex TaqTM II (2×), 2 μl of PCR upstream
primer, 2 μl of PCR downstream primer, l μl of ROX
Reference Dye (50×), 4 μl of DNA template and 16 μl of
dH2O. Fluorescent quantitative PCR was subsequently
performed in the system of ABI PRISM® 7300 (ABI

Company, Oyster Bay, NY, USA). The reaction conditions
employed were as follows: pre-denaturation at 95 °C for
4 min, 40 cycles of denaturation at 94 °C for 30 s, annealing
at 58 °C for 30 s, elongation at 72 °C for 1 min and elon-
gation at 72 °C for 7 min in the last cycle. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was considered to be
the internal reference with all the primers designed and
synthesized by Wuhan Bojie Bioengineering Company
(Wuhan Bojie Bioengineering Co., Ltd., Hubei, China)
(Table 1). The relationship of multiple proportions of gene
expression between experiment group and control group
was assessed in accordance with the 2-ΔΔCt and the formulas
were as the following: ΔΔCt=ΔCtexperiment group−ΔCtcontrol
group and ΔCt = Cttarget gene-CtGAPDH. The experiment was
repeated 3 times (this assay also appropriate for cell
experiment).

Western blot analysis

The right-side femur of rats that had the muscle and tendon
removed was added with liquid nitrogen and ground to fine
powder. After that, lysate (C0481; Sigma-Aldrich Chemical
Company, Ltd., St Louis MO, USA) was added for cen-
trifugation purposes at 13,000 rpm at 4 °C for 15 min, fol-
lowed by extraction of the supernatant. Protein quantitative
analysis was performed by bicinchoninic acid (BCA). A
10% sodium dodecyl sulfate (SDS) separation gel and
spacer gel was generated. The sample and the buffer were
mixed, boiled at 100 °C for 5 min, ice bathed, centrifuged
and added into each lane using a micropipette for electro-
phoresis purposes. The protein on the gel was then trans-
ferred onto a nitrocellulose membrane prior to processing
5% skimmed milk powder at 4 °C and sealing overnight.
The primary antibodies CAV3 (1:1000, ab93952), β-catenin
(1:5000, ab32572), LRP5 (1: 1000, ab38311), TCF
(1:25000, ab76151) and Wnt3a (1:10,000, ab172612,
Abcam, Inc., Cambridge, MA, USA) were added for incu-
bation overnight, after which the sample was washed 3
times (5 min for each time) with PBS at room temperature.
After the dropwise addition of horse reddish peroxidase
(HRP) labeled IgG secondary antibody (1:1000), the
membrane was incubated for 1 h at 37 °C, followed by 3
additional PBS washes. Later, the reactive membrane was
completely soaked in electrochemiluminescence (ECL)
solution (No: 36208ES60, Shanghai Yeasen Biotechnology
Co., Ltd., Shanghai, China). Finally, images were acquired
in order to evaluate the results by means of exposure in a
dark room. With GAPDH as the internal reference, the ratio
of grey value between target bands and reference bands was
considered to be reflective of the comparative expression of
proteins. The experiment was repeated 3 times using
3 samples from each group (this assay also appropriate for
cell experiment).

Table 1 Primer sequence for RT-qPCR

Gene Primer sequence (5’-3’)

CAV3 Forward: CTGGTCGGTCTACCTCTTCTC

Reverse: CGACCACGACCACAAACA

β-catenin Forward: GGAGTTGGACATGGCCATGG

Reverse: TCCACATCCTCTTCCTCAGG

LRP5 Forward: GATACAGGCACTGACAGAATTG

Reverse: CCGCTTTGTCCCGTCTAT

TCF Forward: GTTCACCCACCCGTCCTT

Reverse: GGCTTCTTCGCCTCCTTCT

Wnt3a Forward: GTGGTCGCAGCCTGACTT

Reverse: GCTCTGTGGGCACCTTGA

GAPDH Forward: CCTGGAGAAACCTGCCAAGTAT

Reverse: AGCCCAGGATGCCCTTTAGT

RT-qPCR reverse transcription quantitative polymerase chain reaction,
GAPDH glyceraldehyde-3-phosphate dehydrogenase, CAV3 caveolin-
3, LRP5 low-density lipoprotein receptor-related protein 5, TCF T-cell
factor
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Immunofluorescence double-labeling assay

The well-growing cells were inoculated in a culture dish
covered by the 1 cm × 1 cm cover glass with 2 × 104 cells/ml
for 1 h. When the cells were confirmed to be fully covered by
the glide under a microscope, the culture fluid was removed
and the cells were washed twice using 0.01M PBS and fixed
in 4% paraformaldehyde for 30min. The prepared cell slide
was preserved at 20 °C. The cell slides were washed three
times PBS (5min each), sealed with 2% normal goat serum at
room temperature for 20min, incubated with rabbit antibody
against CAV3 (1:20, ab2912, Abcam, Inc, MA, USA) and
goat antibody against LRP5 (1:50, ab36121, Abcam, Inc,
MA, USA) at 37 °C for 1 h followed by PBS shaking and
washing. The cells were then incubated with fluorescent-
labeled sheep antibody against rabbit IgG (1:100) at 37 °C for
1 h followed by PBS shaking and washing 3 times (5min
each). The cells were added with diamidino-phenyl-indole
(DAPI) (ab104139, 1:100, Abcam, Inc, MA, USA) at room
temperature for 10 min under conditions void of light, fol-
lowed by 3 PBS washes (5 min each), sealing and laser
scanning confocal microscopy observation.

MTT assay

After transfection, 100 µl of cell suspension was inoculated
into a 96-well plate (2 × 103 cells in each well) and incubated
in a 5% CO2 incubator at 37 °C. After a 48 h period of
incubation, serum-free medium was added for culture con-
tinuation at 37 °C with 5% CO2. At the 0 h, 24 h, 48 h, and
72 h time points, 20 μl of MTT (5 mg/ml) was added to the
wells accordingly. After an additional 4 h period of cultur-
ing, the supernatant was discarded. Dimethyl sulfoxide
(DMSO) was subsequently added into wells (100 µl/well)
and well mixed. After 5 min, microplate reader (Multiskan
FC; Thermo Fisher Scientific Inc., NY, USA) was employed
to detect OD at a wavelength of 490 nm. The mean was
acquired based on the values obtained from ten parallel wells
in each group. The above experiment was repeated 3 times
and performed by the same individual. A figure of cell
viability was drawn with the x-axis representing time and the
y-axis representing OD value. The intra-assay and inter-
assay coefficient of variation was less than 5%.

Flow cytometry

After 48 h of transfection, the culture medium was removed,
with the cells subsequently washed once with PBS solution.
Next, 0.25% trypsin was used to digest the cells until they
were confirmed to have assumed a round shape under
microscope observation, after which the trypsin was
removed. The culture medium containing serum was added
to terminate digestion. The cell suspension was obtained

after the isolation of cell from cytoderm and then centrifuged
at 1000 rpm for 5 min with the supernatant removed
accordingly. After two PBS solution washes, the cells were
fixed using precooled 70% ethanol for 30 min, centrifuged
and collected. After additional PBS washing, the cells were
stained with 1% propidium iodide (PI) containing RNA
enzyme for 30 min. PI was washed off by means of two PBS
washes, with its volume then adjusted to 1 ml by PBS.
Finally, cell cycle was calculated by placing the samples into
BD-Aria FACS Calibur flow cytometry (FACSCalibur;
Beckman Coulter, Inc., Chaska, MN, USA) (3 samples in
each group and the experiments were repeated 3 times).

After 48 h of transfection, the cells were detached using
trypsin with no ethylenediamine tetraacetic acid (EDTA),
collected into a flow tube and centrifuged, after which the
supernatant was abandoned. Following 3 PBS washes, the
cells were centrifuged with the supernatant abandoned
again. As per the instructions of the Annexin-V-fluorescein
isothiocyanate (Annexin-V-FITC) cell apoptosis kit
(APOAF, Sigma-Aldrich Chemical Company, San Fran-
cisco, California, USA) Annexin-V-FITC, PI and hydro-
xyethyl piperazine ethanesulfonic acid (HEPES) buffer
solutions were used to prepare the Annexin-V-FITC/PI
staining solution at the ratio of 1:2:50. And then, 1 × 106

cells were resuspended within every 100 µl of staining
solution. After mixing, the cells were incubated for 15 min
at room temperature, followed by the addition of 1 ml of
HEPES and even mixing. The FITC and PI fluorescence
was detected at excitation of 525 and 620 nm bandpass filter
for cell apoptosis detection purposes. The experiment was
repeated 3 times with 3 samples from each group selected in
order to calculate the mean value using the following for-
mula: Apoptosis index (AI)= apoptosis cells / (apoptosis
cells+ normal cells).

Statistical analysis

SPSS 22.0 (IBM Corp. Armonk, NY, USA) statistical
analysis software was used for all experimental data pro-
cessing. Measurement data were expressed as the mean ±
standard deviation, and the comparisons between two
groups were analyzed using the t-test, while one-way ana-
lysis of variance was used for comparisons among multiple
groups. p < 0.05 was considered to be indicative of statis-
tical significance.

Results

Indications of establishing osteoporotic rat models

After 3 weeks of modeling, rats in the osteoporosis group
exhibited progressive sluggish activity with sparse hair and
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drooping spirit. In contrast, the sham group was observed to
have thick hair and normal activity and spirit. After
12 weeks of modeling, bone density (including whole-body
bone, femur, and tibia) of osteoporotic rats markedly
decreased compared with the sham group. Based on the
aforementioned observations we concluded that the osteo-
porotic rat model had been successfully established (Fig. 1).

Osteoporotic rats exhibit decreased numbers of
osteoblast and increased osteoclast

The number of osteoblasts in the cancellous bone area at
metaphysis distal to left-side femurs detected was as fol-
lows: the sham group (22.11 ± 2.21), the osteoporosis group
(6.31 ± 0.63). And the number of osteoclasts in the can-
cellous bone area at metaphysis distal to left-side femurs
was: the sham group (1.11 ± 0.49), the osteoporosis group
(7.81 ± 0.81). The obtained results indicated that the num-
ber of osteoblasts was reduced while that of the osteoclasts

was increased in the osteoporosis group when compared
with sham-operated rats (p < 0.05) (Fig. 2).

Osteoporotic rats display decreased serum ALP and
TRAP levels

In the sham group, serum ALP and TRAP levels were
respectively (361.89 ± 36.18) U/L and (22.56 ± 3.35) U/L.
In the osteoporosis group, serum ALP and TRAP levels
were confirmed to have reached (153.84 ± 15.38) U/L and
(13.71 ± 2.22) respectively, highlighting decreased serum
ALP and TRAP levels in the osteoporosis group compared
with the sham group (p < 0.05) (Fig. 3).

Pathological changes in rat bone tissues

In an attempt to further ascertain as to whether the rat model
of osteoporosis had been successfully established, the bone
tissues of the rats were analyzed. In the sham group, the
bone trabecula of the femur was thick and large, with a
compact structure and scarce bone lacuna, in addition to
widening of the cartilage of the femur epiphyseal plate and
a large number of cartilage cells (Fig. 4a). In relation to the
osteoporosis group, reduced, thinner, and even fractured
bone trabecula was observed, in addition to a greater dis-
tance among bone trabecula. Besides, a narrower cartilage
of the femur epiphyseal plate was presented and the number
of cartilages decreased with a dissolved columnar arrange-
ment (Fig. 4b).

Modeled rats exhibit a lower positive expression
rate of CAV3

Immunochemistry methods were performed to detect the
positive expression of CAV3 in bone tissues of the modeled
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rats, the results of which revealed that the positive expres-
sion rate of CAV3 protein was 69.08% ± 6.92% in the sham
group, while 37.69% ± 3.79% in the osteoporosis group.
The results obtained indicated there to be a lower positive
expression rate of CAV3 protein in the osteoporosis group
when compared with the sham group (Fig. 5a, b).

Cell transfection effectiveness

After cell transfection, no green fluorescence expression
was detected in the normal and control groups when ana-
lyzed under a fluorescence microscope, while the amount
of green fluorescence expression was detected in the nor-
mal+ si-CAV3, blank, NC, si-CAV3 and oe-CAV3 groups
(over 80% expression rate was achieved). There was no
significant difference observed in relation to the transfec-
tion efficacy of the normal+ si-CAV3, blank, NC, si-
CAV3 and oe-CAV3 groups (p > 0.05). The aforemen-
tioned findings suggested that the vectors of siRNA-CAV3,
NC-siRNA-CAV3, Ad-CMV-cav-3-eGFP, and Ad-CMV-
eGFP had indeed been successfully transfected into the
bone cells which was accompanied by efficacy expression
(Fig. 6a–c).

si-CAV3 in osteoporotic rats decreases the mRNA
and protein expression of CAV3, β-catenin, LRP5,
TCF, and Wnt3a

The mRNA and protein expression of CAV3, β-catenin,
LRP5, TCF, and Wnt3a among the osteoblasts was detected
by means of RT-qPCR and western blot analysis. Compared
with the normal group, lower levels of mRNA and protein
expressions of CAV3, β-catenin, LRP5, TCF, and Wnt3a
were detected in the normal+ si-CAV3, control, blank, NC
and si-CAV3 and oe-CAV3 groups. The mRNA and protein
expression of CAV3, β-catenin, LRP5, TCF, and Wnt3a
exhibited markedly decreased levels in the si-CAV3 group
when compared with the control group, while a distinct
increase in terms of the mRNA and protein expression of
CAV3, β-catenin, LRP5, TCF, and Wnt3a was detected in
the oe-CAV3 group (all p < 0.05). No significant difference
was observed between the control group and the blank and
NC groups (p > 0.05) (Fig. 7a–c). Immunofluorescence
double-labeling assay demonstrated that CAV3 and LRP5
were co-localized in the cell membrane (Fig. 7d). The above
results suggested that overexpressed CAV3 could activate
the Wnt signaling pathway in the presence of osteoporosis.

Fig. 4 Pathologic changes of
bone tissues detected by HE
staining in the sham and
osteoporosis groups ( × 400).
HE, hematoxylin-eosin

Fig. 5 Lower positive expression rate of CAV3 was found in the
osteoporosis group. a immunohistochemical map of CAV3 ( × 400); b
the positive expression rate of CAV3 protein; *p < 0.05 vs. the sham

group. N= 6; the data were presented as the mean ± standard devia-
tion, and the comparisons between two groups were analyzed using t-
test
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Fig. 6 Successful transfection of adenovirus vector into bone tissues
( × 100). a Bright field of cells in six groups; b fluorography of cells in
six groups; c the cell transfection efficacy in each group. *p < 0.05 vs.
the normal and blank groups. Measurement data were expressed as the

mean ± standard deviation, one-way analysis of variance was used for
comparisons among multiple groups. The experiment was conducted
independently 3 times

Fig. 7 Overexpression of CAV3 increased the expression of β-catenin,
LRP5, TCF, and Wnt3a. a mRNA expression of CAV3, β-catenin,
LRP5, TCF, and Wnt3a; b protein expression of CAV3, β-catenin,
LRP5, TCF, and Wnt3a; c western blot analysis of CAV3, β-catenin,
LRP5, TCF, and Wnt3a; CAV3, caveolin-3; d immunofluorescence
double-labeling detection of CAV3 and LRP5 ( × 400). Measurement

data were expressed as the mean ± standard deviation, one-way ana-
lysis of variance was used for comparisons among multiple groups.
The experiment was conducted independently 3 times.LRP-5, low-
density lipoprotein receptor-related protein-5; TCF, T cell factor; *p <
0.05 vs. the normal group; #p < 0.05 vs. the control group
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CAV3 silencing inhibits cell proliferation

In order to determine the effect of CAV3 on the osteoblast
proliferation in osteoporosis, MTT assay was employed to
determine cell viability, the results of which indicated there
to be no significant differences at 0 h. Compared with the
normal group, cell viability exhibited slowed rates in the

groups at 24 h, 48 h, and 72 h (p < 0.05). Compared with the
control group, decreased cell viability was detected in the
si-CAV3 group while an opposite trend was observed in the
oe-CAV3 group (p < 0.05). There was no obvious differ-
ence between the control group and the blank and NC
groups (p > 0.05). The above results suggested over-
expressed CAV3 promoted osteoblast proliferation mark-
edly (Fig. 8).

CAV3 silencing arrests cells at the G1 phase

PI single staining was applied in order to detect the effect of
CAV3 on osteoblast cycle in osteoporosis. In comparison
with the normal group, the rat bone cell ratio was elevated at
the G1 phase while diminished numbers were detected at
the S phase in all the other groups (p < 0.05). Compared
with the control group, higher cell ratio at the G1 phase and
a smaller cell ratio at the S phase were observed in the si-
CAV3 group while contrasting trends were observed in the
oe-CAV3 group (p < 0.05). No significant differences
between the control blank and NC groups were detected (p
> 0.05) (Fig. 9a, b). Overexpressed CAV3 was subse-
quently confirmed to arrest osteoblasts at the S phase in
osteoporosis.

CAV3 silencing increased cell apoptosis

Annexin V-FITC/PI staining was employed to determine
the effect of CAV3 on osteoblast apoptosis in osteoporosis.
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Compared with the normal group, increased cell apoptosis
was detected in the other groups (p < 0.05). No significant
difference was found between the control group and the
blank and NC groups. Compared with the control group,
increased cell apoptosis was detected in the si-CAV3 group
while a reduced rate of apoptosis was observed in the oe-
CAV3 group (p < 0.05) (Fig. 10a, b). Overexpressed CAV3
may inhibit osteoblast apoptosis in osteoporosis.

Discussion

Osteoporosis continues to plague millions of individuals
worldwide on an annual basis. The condition is character-
ized by an impairment of bone mass that results in declined
bone formation and a higher incidence of fragility fractures,
significantly threatening the quality of life particularly
among the aging population. Deeper investigations into the
reaction involving bone biology, molecular mechanism, and
signaling network may well provide greater insight and
greater identification of novel therapies [16]. During the
current study, the central objective was to elucidate the
mechanism by which the silencing of CAV3 influences
bone formation and osteoporosis precession via the Wnt
signaling pathway in an ovariectomized rat model of
osteoporosis, in order to identify the possible role of CAV3

in human cellular and molecular microenvironment of
osteoporosis.

As indicated by our results, the osteoporotic rats dis-
played decreased levels of ALP, TRAP as well as mRNA
and positive expressions of CAV3. It is widely accepted
throughout the literature that sufficient osteoblasts cells are
critical to bone formation, namely, deficient osteoblasts lead
to bone loss, a process which is exaggerated among indi-
viduals troubled with osteoporosis [17]. In addition. accel-
erated osteoclast cell growth was confirmed to be a key
trigger inducing osteoporosis [18]. As one noncollagenous
protein secreted by osteoblast, ALP is essential for bone
mineralization [19]. Increased ALP expression has been
linked to conditions like rapid bone loss and increased risk
of bone fracture [20]. TRAP is highly expressed in osteo-
clasts and reported to be involved in osteoclast-mediated
bone turnover [21]. CAV3 is expressed predominantly in
muscle tissue types, including skeletal muscle, diaphragm,
and heart, and is selectively induced during the differ-
entiation of skeletal C2C12 myoblasts [22]. The afore-
mentioned findings provided elucidation to the intricate
crosstalk between related genes and osteoporosis, laying a
good foundation for a further study on microenvironment
around osteoporosis progression.

Silencing of CAV3 resulted in reduced levels of β-cate-
nin, LRP5, TCF, and Wnt3a in the osteoporotic rat
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Fig. 10 Annexin V-FITC/PI double standard staining demonstrated
that cell apoptosis was promoted following the transfection of si-
CAV3. a cell apoptosis profile in six groups; b histogram of apoptosis
in six groups; *p < 0.05 vs. the normal group; #p < 0.05 vs. the control

group. Measurement data were expressed as the mean ± standard
deviation, one-way analysis of variance was used for comparisons
among multiple groups. The experiment was conducted independently
3 times
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osteoblasts, which means that CAV3 is able to activate the
Wnt signaling pathway. Correspondingly, evidence has
been presented in the literature indicating that silenced
CAV1, which is a family member of CVA3, could reduce β-
catenin pathway from a mechanistic and clinical investiga-
tion perspective [23]. CAV3 has been reported to down-
regulate the activity of the Wnt signaling pathway and has
been implicated as a key factor behind the reduced bone
formation. LRP5, is a type of Wnt signaling pathway
component that is impaired in osteoporosis [24, 25]. What’s
more, Wnt3a has been suggested to share a positive corre-
lation with Wnt/β-catenin signaling as it was an activator of
the Wnt/β-catenin signaling pathway [26]. In addition, it has
been revealed that the deleted β-catenin significantly influ-
ences the reduction of bone formation [27]. Convicted
evidence suggests that mutant components of the β-catenin
complex or included in the β-catenin gene account for the
functional performance of β-catenin and Wnt/β-catenin
pathway [28], which essentially suggests there to be a
similar trend between Wnt and β-catenin. Investigation into
the Wnt proteins during our study revealed that it is closely
related to LRP5, one of its cell surface receptors [29].
Besides, TCF signaling was a promotor to the bone for-
mation [30], thus the loss of TCF had the positive effects on
osteoporosis. What’s more, β-catenin has been shown to
play a key role through Wnt-mediated regulation in the
presence of the cytoplasm, interacting with the TCF of
transcription factors to stimulate downstream gene expres-
sion [31] ultimately suggesting that the loss of CAV3
downregulates Wnt signaling and the factors activating in it,
straightening out the relations of these cell factors.

Finally, downregulated CAV3 could inhibit bone cell
proliferation and accelerate the apoptosis of the osteoporotic
rats via regulating positively the Wnt signaling pathway.
Caveolin-1 and CVA3 could act as scaffolding proteins that
negatively mediate the activity or the release of many
molecules, including pro-proliferative, oncogenic, and
antiapoptotic proteins [32]. From another perspective,
Wnt1-inducible signaling protein-3 (WISP3) silencing has
been demonstrated to reduce gastric cancer cell proliferation
by weakening β-catenin activity and suppressing Wnt/β-
catenin pathway and its target gene in downstream, similar
to LRP5, and TCF which we previously mentioned [33].
The activity of Wnt signaling has been indicated in recent
literature to affect the processes of apoptosis, either by
accelerating or inhibiting it in relation to specific cellular
conditions [34]. Furthermore, our study highlighted the key
role played by caveolin in the activation of the Wnt/β-
catenin pathway [35].

At present, the function of CAV3 has rarely been
investigated, Our study, to a certain degree, highlights a
novel perspective in relation to this sorely underexplored
field, indicating that CAV3 can accelerate bone formation

which results in a reduction in the incidence of osteoporosis
via the activation of the Wnt signaling pathway. Based on
the key findings of our study, we concluded that the inhi-
bitors of CAV3 have the potential to be developed for the
future treatment of osteoporosis.
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