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Background: Estrogen levels regulate changes in osteoarthritis (OA) by inhibiting degradation of the extracellular matrix.
Recent in vitro studies have also shown the role of microRNA-140-5p (miR-140-5p). This study aimed to inves-
tigate the role of estrogen deficiency, selective modulation of expression of the estrogen receptor (ER), and ex-
pression of miR-140-5p in cartilage and subchondral bone remodeling in an ovariectomized rat model of post-
menopausal OA.

Material/Methods: Female Sprague-Dawley rats included two model groups, ovariectomized (OVX) rats and rats with destabiliza-
tion of the medial meniscus (DMM) rats. Two months after surgery, estrogen levels were measured by the en-
zyme-linked immunosorbent assay (ELISA). Three-dimensional (3D) micro-computed tomography (micro-CT)
was used to image the knee joints. Rats were treated with subcutaneous injection of estrogen (E2) or the se-
lective estrogen receptor modulator (SERM), raloxifene (RAL), for one month. Quantitative real-time polymerase
chain reaction (qRT-PCR) was used to detect miR-140-5p in serum, and histology of the knee joint cartilage and
bone was performed.

Results: In the ovariectomized rat model of OA, estrogen therapy reduced the degree of cartilaginous degeneration,
while treatment with raloxifene showed no significant effect. Expression levels of miR-140-5p in the OA model
group were significantly lower than the control group. Micro-CT showed that in the model group, anterior cru-
ciate ligament dislocation and subchondral bone density were significantly reduced.

Conclusions: In an ovariectomized rat model of postmenopausal OA, estrogen deficiency resulted in resorption of subchon-
dral bone and degeneration of articular cartilage.
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Background

Osteoarthritis (OA) is characterized by a progressive loss of
cartilage and bone that occurs more commonly in the elderly,
particularly in postmenopausal women [1,2]. In the population
aged more than 60 years, 18% of women and 9.6% of men suf-
fer from OA [3]. Previous studies have shown that the patho-
genesis and progression of OA involve degradation of the joint
and also subchondral bone [4,5]. Because cartilage lacks blood
vessels, lymphatics, and nerves, cartilage is primarily supplied
by vessels in the subchondral bone [6]. Multiple factors have
been found to influence the development of OA, including ge-
netics, age, gender, sex hormones, dietary intake, bone mineral
density, muscle weakness, obesity, and joint laxity. Currently,
increasing attention has been paid to the role of sex hormones
in OA and epidemiological studies have shown that a low level
of estrogen may result in OA [7,8].

Estrogen therapy carries more health risks than benefits and
studies have shown that women using estrogens after the
menopause have an increased risk of developing breast can-
cer and ovarian cancer [9-11]. Therefore, synthetic nonste-
roidal agents with a different chemical structure have been
developed, selective estrogen receptor modulators (SERMs).
SERMs act as estrogen agonists, especially in joint tissues
and have been shown to have fewer and less severe adverse
effects compared with estrogen when used to prevent post-
menopausal OA.

Few previous studies have been performed to investigate the
in vivo effect of estrogen and SERMS on subchondral bone
and cartilage matrix remodeling. Previous studies from our
research group have indicated that estrogen inhibits the ca-
tabolism of cartilage extracellular matrix by estrogen recep-
tors (ERs) and miR-140-5p [12]. Therefore, this study aimed to
investigate the role of estrogen deficiency, selective modula-
tion of expression of the estrogen receptor (ER), and expres-
sion of miR-140-5p in cartilage and subchondral bone remod-
eling in an ovariectomized rat model of postmenopausal OA.

Material and Methods

Animals

Six-month-old female Sprague-Dawley rats were purchased
from the Experimental Animal Center of Guangzhou Medical
University. The experimental protocol was conducted in accor-
dance with the guidelines for the care of laboratory animals
and was approved by the Institutional Animal Care and Use
Committee of Shenzhen Second Peoples’ Hospital.

ANIMAL STUDY

All the rats were maintained for one week before the experi-
ments began at 23+1°C with a 12-hourly light/dark cycle and
were given free access to food and water. No more than three
rats were kept in each cage to ensure they had enough activity
and to avoid biting. The experiment included two steps. The
first step was to establish the OA animal model. The ovariec-
tomized (OVX) rat model and the destabilization of the me-
dial meniscus (DMM) rat model were used to study OA. Two
months after the models were successfully established, rats
were injected with estrogen (0.1mg/kg/day) (Sigma-Aldrich,
St. Louis MO, USA) or raloxifene (3mg/kg/day) (MedChem
Express, Monmouth Junction, NJ, USA) for one month.

Establishment of the rat model of OA

Rats were randomly divided into two groups. The rats in the
model group were subjected to ovariectomy and medial menis-
cectomy. The rats in the control group were treated with a mock
operation. Anesthesia was performed by intraperitoneal injec-
tion of aqueous chloral hydrate (40 mg/kg). Ovariectomy was
performed according to the method previously described. Firstly,
an electric razor was used to remove hair from the knee area
and the surgical site was disinfected with povidone-iodine so-
lution and 75% ethanol. Ovariectomy was performed via bilat-
eral incisions in the skin and small bilateral sections through
the muscle layer at the angle between the last rib and ver-
tebral column. The skin was incised together with the dorsal
muscles and the peritoneal cavity was accessed. The ovary was
identified, surrounded by a variable amount of fat. After vas-
cular ligation, the connection between the fallopian tube and
the uterine horn was cut and the ovary removed. The surgical
approach for DMM was a 3 mm longitudinal incision over the
distal patella to the proximal tibial plateau. The joint capsule
immediately medial to the patellar tendon was incised. The
joint capsule was opened with microsurgery scissors. Blunt
dissection of the fat pad over the intercondylar area was used
to expose the intercondylar region. The medial meniscus was
surgically removed. The surgical incisions were closed in two
layers using absorbable sutures. After surgery, the rats were
divided into a control group, the OA model group, the estro-
gen treatment group (OVX/DMM+E2), and the raloxifene treat-
ment (RAL) group.

Micro-computed tomography (micro-CT) joint imaging

The isolated tibia was imaged using a Skyscan 1176 Micro-CT
(Bruker, Billerica, MA, USA). Scans were performed using
a PANalytica Microfocus X-ray tube (Malvern Panalytica,
Malvern, UK) and 18 um voxel size, 60 KV, 385 pA, and 0.5°
rotation step (180° angular range). The 3D images were re-
constructed using SkyScan volumetric NRecon reconstruction
software version 1.6 (Bruker, Billerica, MA, USA). After 3D re-
construction, the region of interest (ROI) of subchondral bone
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Table 1. The primer sequences used for real-time polymerase chain reaction (RT-PCR) of miR-16-5p and miR-140-5p.

Genes Forward primer (5’-3’)
miR-16-5p GGGTAGCAGCACGTAAATA
miR-140-5p GGGCAGTGGTTTTACCCTA

Reverse primer (5°-3)

in the tibial epiphysis was selected. The ROl included all tra-
becular bone enclosed by the growth plate and included 1 mm
to 4 mm of the distal tibia. The bone mineral density (BMD)
was measured within the ROL.

Estrogen or raloxifene injection

Two months after the models were successfully established,
rats were injected intraperitoneally with estrogen (0.1mg/kg/
day) or raloxifene (3mg/kg/day) for one month.

Histology

After one month of intraperitoneal injections, all rats were eu-
thanized and all the knees were harvested. The rat knee speci-
men was fixed with 10% neutral buffered formalin for 48 hours
and decalcified with EDTA for one month. All specimens were
processed and sectioned at 4 pm thickness and stained with
hematoxylin and eosin (H&E) and observed by light microscopy.

Enzyme-linked immunosorbent assay (ELISA)

To determine the changes in estrogen levels after surgery, the
estrogen levels in the rat serum were determined using an es-
tradiol (rat) ELISA kit (Biovision Inc., Milpitas, CA, USA). The
protein concentration was quantified by BCA before ELISA,
and the same amount of protein from different culture condi-
tions was loaded. Absorbance was measured at a wavelength
of 450 and 550 nm. The 450 nm values were subtracted from
the 550nm values for correction of the optical errors.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

RNA was extracted from serum samples using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. cDNA was synthesized from total RNA using an
Omniscript RT kit (Qiagen, Hilden, Germany). The gRT-PCR
was performed in a ViiA 7 Real-time PCR System (Applied
Biosystems, Foster City, CA, USA) using qRT-PCR SYBR Green
master mix (CloudSeq Pte Ltd). Gene expression was quantified
by the comparative 224t method using miR-16-5p as a nor-
malization control. Melting curves were used to check for PCR
specificity. The primer sequences used for stem-loop RT-PCR
of miR-16-5p and miR-140-5p are listed in Table 1.

CAGTGCGTGTCGTGGAGT
CAGTGCGTGTCGTGGAGT
Serum E2 levels
*¥
300
= 200
;(-g *¥%
& 100+
0 -
Control OVX/DMM OVX/DMM
+E2

Figure 1. Enzyme-linked immunosorbent assay (ELISA) for
the detection of changes in serum estrogen levels
in the rats. One month after injection, the serum
levels of estrogen are compared between the
ovariectomized/destabilization of the medial meniscus
(OVX/DMM) rat group and the normal rat group
(** P<0.01).

Statistical analysis

Data were analyzed using SPSS version18.0 (IBM Corp,
Armonk, NY, USA). All experiments were performed in tripli-
cate. Statistical analysis was performed using two-way anal-
ysis of variance (ANOVA) with Bonferroni’s post hoc analy-
sis when more than two groups were compared, or one-way
ANOVA when more than two groups were compared. All data
were presented as the mean +SE. P<0.05 was considered sta-
tistically significant.

Results

Establishment of the rat model of osteoarthritis (OA)

Serum estrogen level decreased after ovariectomy when com-
pared with serum estrogen levels in the normal rats. Three
months after surgery, the serum estrogen levels in the OA
model group (OVX/DMM) decreased significantly. The levels of
serum estrogen in the OVX/DMM+E2 group were significantly
higher compared with the control group and the OVX/DMM
group (P<0.01) (Figure 1). Ovariectomy was found to reduce
the plasma levels of estrogen and estrogen injection increased
the serum estrogen levels.
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Figure 2. Three-dimensional (3D) micro-computed tomography (micro-CT) images of the rat knee joints. (A) The normal rat knee joint.
(B-D) The rat knee joints after ovariectomy. Osteophyte formation and joint space narrowing are seen in the joints.

A Control B OVX/DMM

Figure 3. The representative three-dimensional (3D) micro-computed tomography (micro-CT) images of the control rat group and
the ovariectomized/destabilization of the medial meniscus (OVX/DMM) rat group. (A) Images of the knee joints from the
control group induced by the sham operation. The structural integrity of subchondral bone is not changed. (B) Images of
the knee joints from the ovariectomized/destabilization of the medial meniscus (OVX/DMM) rat group. Osteoporosis of the
subchondral bone and destroyed areas of the cartilage are shown.

Radiographic signs of OA after surgery in the rat model Three-dimensional (3D) reconstruction of the damaged
subchondral bone after surgery

Two months after ovariectomy, radiographic signs of OA were

present in the OVX/DMM group (Figure 2). Degenerative There were significant differences in the subchondral bone be-

changes in the joint cartilage, osteophyte formation, and joint tween the control group (Figure 3A) and the OVX/DMM group

space narrowing were observed in the OA model group. (Figure 3B). In the OVX/DMM group, a large amount of bone
loss was observed in the subchondral bone, and the normal
bone structure was lost.
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OVX/DMM

2 weeks

4 weeks

OVX/DMM+E2

OVX/DMM+RAL

Figure 4. Three-dimensional (3D) micro-computed tomography (micro-CT) images of the subchondral bone in the ovariectomized/
destabilization of the medial meniscus (OVX/DMM) rat group with and without estrogen (E2) and raloxifene (RAL) treatment
and the control group. (A) Severe bone erosion, cyst formation, and bone sclerosis are shown in the OVX/DMM group.

(B) Near-normal subchondral bone in the OVX/DMM+E2 group. (C) The subchondral bone shows osteoporosis and the bone
structure is destroyed in the OVX/DMM+RAL group. (D-F) The degree of osteoporosis in the subchondral bone was increased.

[ Control M OVX/DMM-+E2
M ovxX/sMmm I OVX/DMM+RAL
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Figure 5. The bone mineral density (BMD) of the subchondral
bone at 0, 2, and 4 weeks after surgery. Compared with
the control group, the ovariectomized/destabilization
of the medial meniscus (OVX/DMM) rat group, the
OVX/DMM+estrogen (E2) group, and the raloxifene
(RAL) treated group all show a loss of bone mass.
Maintenance of bone mass showed no significant
difference between the OA group and the OVX/
DMM+RAL group, but the OVX/DMM+E2 group show
significant improvement in bone mass (* P<0.05,

** P<0.01).

Therapeutic effects of estrogen and raloxifene

Estrogen replacement therapy restored the integrity of sub-
chondral bone at the early stage of OA. Significant structural
changes and bone loss in the subchondral bone were observed

157
*%¥

=
2 101
o
£
e
£ 051
=
2

0.0 T

Control OVX/DMM OVX/DMM
+E2

Figure 6. The expression of microRNA-140-5p (miR-140-5p)
determined by quantitative real-time polymerase chain
reaction (qRT-PCR). Compared with the control group,
the expression level of miR-140-5p is significantly
reduced in the OVX/DMM and the OVX/DMM+E2
group. The expression level of miR-140-5p in the
OVX/DMM+E2 group is significantly greater than
in the OVX/DMM group (** P<0.01, *** P<0.001).

in the OVX/DMM group two weeks after injection with estro-
gen (Figure 4A). In the estrogen treatment (E2) group, sub-
chondral bone showed no obvious pathological changes at the
junction with the cartilage (Figure 4B). Changes in bone loss
and bone structure changes were observed in the raloxifene
treatment (RAL) group (Figure 4C). All rats had significant os-
teoporosis after four weeks (Figure 4D-4F).
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Figure 7. Photomicrographs of the histology of the rat knee joints in the groups treated with estrogen (E2) and raloxifene (RAL).
(A) The histology of the knee joint in the normal control rat group. Hematoxylin and eosin (H&E) x100. (B) The histology
of the knee joint in the ovariectomized/destabilization of the medial meniscus (OVX/DMM) rat group. H&E x100.

(€) The histology of the knee joint in the estrogen (E2)-treated rat group. H&E x100. (D) The histology of the knee

joint in the raloxifene (RAL)-treated rat group, H&E x100.

Bone mass density (BMD) of subchondral bone decreased
after ovariectomy

Four weeks after ovariectomy surgery, the BMD of the sub-
chondral bone was significantly greater in the control group
compared with the OVX/DMM group, the OVX/DMM+E2 group,
and the OVX/DMM+RAL group (Figure 5).

Estrogen replacement therapy upregulated the expression
levels of miR-140-5p

The level of miR-140-5p expression was significantly down-
regulated in the OVX/DMM group compared with the control

group (P<0.01). miR-140-5p expression in the OVX/DMM+E2
group was significantly lower than that in the control group
(P<0.01). However, compared with the OVX/DMM group, there
was a significant increase in miR-140-5p expression in the
OVX/DMM+E2 group (Figure 6).

Estrogen replacement therapy maintained the structure of
the joints

Four weeks after ovariectomy surgery, histology showed that the
articular cartilage of the control group was normal and the carti-
lage matrix was uniform in appearance (Figure 7A). In the OVX/
DMM group, the articular cartilage was destroyed (Figure 7B).
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However, the joint structure was maintained and was uniform
in appearance in the estrogen replacement therapy group.
The E2 group showed normal histology of proteoglycans and
a smooth cartilage surface with no osteophyte development
(Figure 7C). After raloxifene treatment, the joint matrix struc-
ture was maintained, but unevenly stained and the cartilage
surface was rough (Figure 7D).

Discussion

There are still mechanisms involved in the pathogenesis of os-
teoarthritis (OA) that remain to be investigated. A complex in-
teraction exists between cartilage and subchondral bone, and
the exact mechanisms remain unknown. Epidemiological stud-
ies have shown a correlation between estrogen levels and ma-
trix remodeling in OA [13]. The aims of the present study were
to investigate the role of estrogen in the development of OA by
establishing an ovariectomized rat model of postmenopausal
OA and the role of the selective estrogen receptor modulator
(SERM), raloxifene, in the treatment of OA.

The beneficial therapeutic effects of estrogen on the articu-
lar cartilage have been previously recognized, and include the
inhibition of the degradation of the cartilage matrix [14-16].
In the present study, the pathological changes of OA were
shown to occur after a reduction in estrogen levels. Joint his-
tology showed that subchondral bone developed osteoporosis
when estrogen levels were reduced, and after estrogen supple-
mentation, osteoporosis was alleviated. This finding was con-
firmed by evaluation of bone mineral density (BMD). From the
three-dimensional (3D) reconstruction of micro-computed to-
mography (micro-CT) imaging, the basic structure of subchon-
dral bone was retained in the estrogen replacement therapy
group. These findings showed that estrogen had a protective
effect both on cartilage and subchondral bone.

The SERM, raloxifene, is effective for the prevention and treat-
ment of osteoporosis and because it is without the side ef-
fects of estrogen treatment, raloxifene is widely used to pre-
vent osteoporosis in postmenopausal women. Raloxifene acts
on bone and inhibits bone loss and bone fracture risk. In dif-
ferent tissues, raloxifene can bind the two isoforms of ERs,
ERa, and ERP. Ligand-binding structural differences of ERs
determine whether raloxifene act as estrogen agonist or an-
tagonist. In clinical studies, raloxifene has been used for pre-
vention of OA in postmenopausal women. In this study, after
injection of raloxifene in the OA rat model, the lesions in the
cartilage were not reduced, and osteopenia of the subchon-
dral bone was even more apparent. Based on findings from
other studies, three months of treatment of raloxifene can

Xu X. et al.:
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help to prevent osteoporosis in postmenopausal women [17].
In the present study, which used an ovariectomized rat model
of postmenopausal OA, the rats were treated with raloxifene
for only one month, which might have been too short a time
to develop a treatment effect.

The findings of the present study also showed that estrogen
deficiency resulted in subchondral bone loss, and estrogen re-
placement prevented bone loss, as measured by the bone den-
sity index, resulting from estrogen deficiency. Therefore, it may
be hypothesized that the estrogen level was closely related to
the dynamic balance of bone remodeling. Our previous study
showed that estrogen acts on the ER and miR-140-5p to inhibit
the catabolic activity of proteases in the extracellular matrix
of chondrocytes. Reduced levels of estrogen in vivo resulted in
OA and a significant reduction in the levels of miR-140-5p ex-
pression. With estrogen replacement treatment, miR-140-5p
expression was upregulated and cartilage erosions were sig-
nificantly reduced. Therefore, it may be hypothesized that the
signaling pathways of ER/miR-140-5p are involved in the com-
plex effects of estrogen on the cartilage in the in vivo ovariec-
tomized rat model of postmenopausal OA.

Subchondral bone played an important role in the mainte-
nance of the normal structure of cartilage and its physiological
function [18], but the effect of estrogen for subchondral bone
had not been previously well studied. In the present study, an
ovariectomized rat model of postmenopausal OA was estab-
lished, which showed that reduced estrogen levels resulted
in subchondral bone loss and accelerated the degeneration
of articular cartilage. The protective effect of estrogen on car-
tilage was confirmed, while raloxifene had no effect on carti-
lage. These findings support that there should be further stud-
ies to develop new selective estrogen receptor modulators to
provide improved treatment strategies for postmenopausal OA.

Conclusions

This study aimed to investigate the role of estrogen deficiency,
selective modulation of expression of the estrogen receptor
(ER), and expression of miR-140-5p in cartilage and subchon-
dral bone remodeling in an ovariectomized rat model of post-
menopausal osteoarthritis (OA). Estrogen depletion resulted
in increased damage to articular cartilage and abnormal sub-
chondral bone remodeling, leading to the changes of OA.
Estrogen deficiency resulted in resorption of subchondral bone
and degeneration of articular cartilage, but there was a non-
significant protective effect of raloxifene on the development
of osteophytes.
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