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s u m m a r y

Objective: To investigate the effects of different strontium ranelate (SrR) doses alone or in combination
with low-intensity and high-frequency mechanical vibration (MV) on articular cartilage in ovariecto-
mized rats.
Design: Fifty 6-month-old female Wistar rats underwent ovariectomy (OVX) and after 3 months were
divided into: control group (Control); SrR 300 mg/kg/day (SrR300); SrR 625 mg/kg/day (SrR625); MV;
SrR 625 mg/kg/day plus MV (SrR625 þ MV). The vehicle and the SrR were administered by gavage 7
days/week and vibration (0.6 g/60 Hz) was performed for 20 min/day, 5 days/week. Bone mineral density
(BMD) and body composition were evaluated by densitometry. Changes in cartilage were assessed 90
days after treatment by histomorphometry; immunohistochemistry analysis evaluating cell death (cas-
pase-3), tumor necrosis factor-a (TNF-a), metalloproteinase 9 (MMP-9) and type II collagen; Osteoar-
thritis Research Society International (OARSI) grading system and glycosaminoglycans (GAGs) analyses.
Results: SrR-treated groups exhibited a lower OARSI grade, a smaller number of chondrocyte clusters,
increased levels of chondroitin sulfate (CS) and decreased expression of caspase-3. Additionally,
compared to all the groups, SrR300 exhibited increased levels of hyaluronic acid (HA). Vibration applied
alone or in combination accelerated cartilage degradation, as demonstrated by increased OARSI grade,
reduced number of chondrocytes, increased number of clusters, elevated expression of type II collagen
and cell death, and was accompanied by decreased amounts of CS and HA; however, MV alone was able
to reduce MMP-9.
Conclusions: SrR and vibration modulate distinct responses in cartilage. Combined treatment accelerates
degeneration. In contrast, SrR treatment at 300 mg/kg/day attenuates osteoarthritis (OA) progression,
improving cartilage matrix quality and preserving cell viability in ovariectomized rats.

© 2017 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Osteoarthritis (OA) is a degenerative joint disease characterized
by progressive cartilage erosion, subchondral bone alteration and
chronic inflammation, leading to changes in structural, biome-
chanical and biochemical properties1,2. It is considered the most
common musculoskeletal disorder and is a major cause of pain,
disability, and impaired quality of life3,4. The incidence of OA
gradually increases with age in both genders; however, in women,
the prevalence of OA increases with the onset of menopause2.
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During disease progression, chondrocytes (the unique cells that
compose the cartilage), are exposed to abnormal injury, including
biomechanical stress, inflammatory cytokines and matrix metal-
loproteinases (MMPs), which lead to extensive changes in the
extracellular matrix (ECM)5. Furthermore, alterations in sub-
chondral bone resorption were observed in the early stages of the
OA process6. Due to interdependence of cartilage and bone, anti-
resorptive therapies have been used to prevent bone loss and
consequently decrease cartilage damage7.

Strontium ranelate (SrR) has been proposed as an anti-
osteoporotic agent, as it can promote a dual effect on bones, i.e.,
stimulating bone formation while inhibiting bone resorption8.
Moreover, the beneficial effects of SrR have also been correlated
with cartilaginous tissue, in a post-menopausal trial, and this drug
was found to reduce the urinary levels of type II collagen degra-
dation biomarker (CTX-II) in womenwith different clinical levels of
OA9. A randomized clinical trial in patients with knee OA, showed a
decrease in the progression of this pathology after 3 years of SrR
treatment10. In a canine OA model induced by the anterior cruciate
ligament, SrR reduced the progression of OA, inhibiting the
expression of MMPs in cartilage and interleukin 1b in the syno-
vium11. In addition, SrR showed a protective effect against cartilage
degeneration and was responsible for decreasing chondrocyte
apoptosis in male rats subjected to a medial meniscal tear12.

Physical exercise is classified as a non-pharmacological therapy
which plays a crucial role in musculoskeletal disorders13. Low-
intensity and high-frequency mechanical vibration (MV) is a non-
invasive biophysical modality that promotes a systemic vibration
of the whole body14.

Whole-body MV has been clinically implemented as a therapy
for a variety of musculoskeletal diseases, including osteoporosis15

and OA16. A number of studies report beneficial effects of me-
chanical stimulation in bone15,17,18, muscle19 and cartilage16,20,21.
Vibration provides improvements in muscle strength16,22, pain
reduction16,23 and decreased plasma concentrations of inflamma-
tory markers23 in OA patients. Studies in vitro have indicated that
vibration can enhance matrix components24 and attenuate in-
flammatory cytokines20. However, some studies have indicated
controversial effects of MV in joint tissues14,25,26.

Animal models of OA have often been used to study the path-
ogenesis of the disease as well as therapeutic treatment efficacy27.
Ovariectomy (OVX) is an established procedure that provides a
useful model to simulate the hormonal condition of post-
menopausal women and is frequently used to simultaneously
reproduce a postmenopausal model of osteoporosis18,28 and OA2,29.

Although some studies have examined the effects of SrR andMV
in different models of OA, the action of these therapies on cartilage
matrix constituents has not been completely elucidated. Moreover,
there is a lack of information about the interaction of both therapies
on articular cartilage. Thus, we aimed to investigate the effects of
different SrR doses alone or in combination with low-intensity and
high-frequency MV on articular cartilage in ovariectomized rats.
This current study demonstrates that SrR treatment at the lowest
dose (300 mg/kg/day) was more effective than treatments per-
formed with MV alone or in combination with SrR.

Materials and methods

Experimental groups and treatments

Fifty 6-month-old femaleWistar rats (270 g) underwent bilateral
OVXunder intraperitoneal anesthesiawith ketamine (80mg/kg) and
xylazine (12 mg/kg) to induce estrogen deficiency within 3 months
after surgery18,28. Vaginal smears were collected during four
consecutive days to confirm the success of the OVX procedure. Rats

were randomly assigned to five groups (n ¼ 10/group): Control,
OVXþ vehicle solution; SrR300, OVXþ low dose of SrR (300mg/kg/
day); SrR625, OVX þ high dose of SrR (625 mg/kg/day); MV,
OVXþMV, and SrR625þMV, OVXþ SrR (625 mg/kg/day) andMV.
The female rats were stimulated byMV for 20min/day, 5 days/week,
for 3 months, and the vibration was provided by an adjustable
vibratory platformadapted to a special cage,whichwas set to impose
a vertical acceleration of 0.6 g at a frequency of 60Hzwith amplitude
less than 1.0 mm. The parameters used in the present experiment
were selected based on previous studies on bones17,18. Strontium
ranelate (5-[bis(carboxy-methyl)amino]-2-carboxy-4-cyano-3 thio-
phenacetic acid, distrontium salt; S12911-PROTOS®, Institut de
Recherches Internationales Servier, Courbevoie, France) was dis-
solved inwater and administered by gavage (3.0 ml/kg/day), 7 days/
week, for 3 months. The adopted doses were based on previous
osteoporosis studies30,31. Afterwards, the rats were euthanized by
anesthesia overdose, and distal femora from the right and left hind
legswere carefully collectedwithout damaging the cartilage surface.

This study was conducted according to the Guiding Principles
for the Care and Use of Laboratory Animals approved by the Animal
Care Committee guidelines at Federal University of S~ao Paulo
(protocol 859292).

Bone mineral density (BMD)

Bone mass was measured using a dual X-ray absorptiometry
device (DXA-Hologic model 4500A, Waltham, MA, USA) at the
beginning and end of treatment. Bone mineral density (BMD, g/
cm2) and body composition (total mass, lean mass, and fat per-
centage) were determined using specific small animal software
(Version 610-0691 for QDR XP). Animals were anesthetized and
placed in prone position for densitometry measurements. The ex-
aminations were performed by an investigator blinded to the
treatment regimens.

Histological preparations

The distal femoral condyles were fixed in 4% formaldehyde
(freshly derived from paraformaldehyde) buffered at pH 7.2 with
0.1 M sodium phosphate for 4 days, and subsequently decalcified in
ethylenediaminetetraacetic acid (EDTA) 10%, (pH 7.0) for 60 days.
Samples were dehydrated in graded concentrations of ethanol and
embedded in paraffin. Consecutive 5-mm-thick sections were made
in a Minot-type microtome (Leica, Model RM 2145) and prepared
for cartilage evaluation, including hematoxylin and eosin (H&E),
safranin O staining and immunohistochemistry.

Histomorphometry analysis and Osteoarthritis Research Society
International (OARSI) score system

Sections stained with H&E (Sigma Chemical Co., St. Louis, MO,
USA) were submitted to histomorphometric analysis performed
with a semiautomatic image system (AxioVision Rel. 4.9., Carl Zeiss,
Germany). To define the region of interest used to count the
number of chondrocytes and clusters, images were captured with a
20� objective lens, and three different regions of the articular
cartilage in both weight-bearing (WB) and non-weight-bearing
(NWB) areas of the femoral condyles were defined by a rectangle
with a standardized area of approximately 15.000 mm2. At least five
articular cartilage sections from each animal were analyzed.

Safranin O sections were evaluated according to the
OARSI grading system for articular cartilage degeneration32. The
system uses a 24-point scale based on a combination of OA grade
(0e6 points) and OA stage (0e4 points). Samples were histopath-
ologically evaluated for the presence of OA grade, OA stage and OA
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