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The aim of this studywas to investigate the effects of strength training (ST) and raloxifene (Ral), alone or in com-
bination, on the prevention of bone loss in an aging estrogen-deficient rat model. AgingWistar female rats were
ovariectomized at 14 months and allocated to four groups: (1) non-trained and treated with vehicle, NT-Veh;
(2) strength training and treated with vehicle, ST-Veh; (3) non-trained and treated with raloxifene, NT-Ral;
and (4) strength training and treated with raloxifene, ST-Ral. ST was performed on a ladder three times per
week and Ral was administered daily by gavage (1 mg/kg/day), both for 120 days. Areal bone mineral density
(aBMD), strength, microarchitecture, and biomarkers (osteocalcin, OCN; osteoprotegerin, OPG; and tartrate-
resistant acid phosphatase, TRAP) were assessed. Immunohistochemistry was performed for runt-related tran-
scription factor 2 (RUNX2), osterix (OSX), OCN, OPG, TRAP, and receptor activator of nuclear factor kappa-B
ligand (RANKL). The rats that performed ST (ST-Veh) or were treated with Ral (NT-Ral) showed significant im-
provements in aBMD (p=0.001 and 0.004), bone strength (p=0.001), and bonemicroarchitecture, such as BV/
TV (%) (p = 0.001), BS/TV (mm2/mm3) (p = 0.023 and 0.002), Conn.Dn (1/mm3) (p = 0.001), Tb.N (1/mm)
(p = 0.012 and 0.011), Tb.Th (1/mm) (p = 0.001), SMI (p = 0.001 and 0.002), Tb.Sp (p = 0.001), and DA
(p = 0.002 and 0.007); there was also a significant decrease in plasma levels of OCN (p = 0.001 and 0.002) and
OPG (p = 0.003 and 0.014), compared with animals in the NT-Veh group. Ral, with or without ST, promoted an
increased immunolabeling pattern for RUNX2 (p=0.0105 and p=0.0006) and OSX (p=0.0105), but a reduced
immunolabeling pattern for TRAP (p = 0.0056) and RANKL (p = 0.033 and 0.004). ST increased the
immunolabeling pattern for RUNX2 (p = 0.0105), and association with Ral resulted in an increased
immunolabeling pattern for OPG (p = 0.0034) and OCN (p = 0.0024). In summary, ST and Ral administration
in aged, estrogen-deficient Wistar female rats is associated with a decrease in bone turnover marker plasma
levels, increased activity of cells that promote osteoblastogenesis, and decreased activity of cells that promote
osteoclastogenesis; these are correlated with higher aBMD, bone strength, and bone microarchitecture at the
femoral neck. The results indicate that strength training and Ral are potential tools to reduce the risk of fractures
at clinically relevant sites.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Osteoporosis is a bone disease characterized by increased risk of
fracture. Its prevalence is increasing as a result of longer life expectan-
cies and population aging; consequently, it is responsible for a rise in
nces, Araçatuba Dental School,
5, Araçatuba, SP, Brazil.
etta-Garcia).
social and public health problems [1,2]. Osteoporosis arises from chang-
es in bone homeostasis, which result in impairments to the remodeling
cycle [3]. Hip fractures are one of the most common types of fracture
that affect people with osteoporosis, and are associated with a higher
level of disability and health care costs than all other osteoporotic frac-
tures [4,5]. Fourteen percent of the total number of fractures in the USA
are femoral neck fractures, which account for 72% of the total cost of
treating osteoporotic fractures [6].

Among local and systemic factors that contribute to an imbalance in
the activity of bone cells, estrogen has an important role to play in bone
health as a result of both direct and indirect activity [7]. Postmenopausal
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women have an increased risk of fragility fractures related to changes in
hormonal levels [8]; these changes result in a decrease in bone mineral
density (BMD), due to an increase in bone resorption relative to
bone formation [9]. Preventive and therapeutic interventions for
maintaining bone health are therefore extremely important given
the impact on functional independence and quality of life in older
people. In recent years, several studies have identified pathways in-
volved in themaintenance and formation of bone that can be used for
targeting drug therapy, such as the use of anabolic agents (parathyroid
hormone) [10], and antiresorptive treatments, such as immunological
(RANKL antibody) [11], hormone replacement [12], and bisphospho-
nate therapy [13].

Raloxifene (Ral), a selective estrogen receptor modulator (SERM), is
an example of a class of pharmacological compounds with beneficial ef-
fects on bone tissue [14] and that lower the risk of breast cancer [15].
Clinical studies have demonstrated that Ral prevents bone loss and
lowers the risk of fracture by modulating bone turnover [16]. Ral has
been described as an antiresorptive drug, but the presence of estrogen
receptors in osteoblasts and bone marrow stromal cells suggests that
Ral can have a direct role in the regulation of osteoblast lineage cells
as well as an osteoblast stimulatory role [17,18]. However, the mecha-
nism by which this SERM exerts its effect on bone cells has yet to be
fully elucidated [17], and no in vivo study has documented an effect of
Ral on osteoblasts.

Strength training (ST) has been proposed as an alternative to drug
therapy in the prevention and treatment of osteoporosis, as a means
of preventing deterioration of bone mass. ST exercises are known to
increase bone strength and bone mass [19], and improve bone
microarchitecture [20], whereas a sedentary lifestyle has been associated
with increased bone resorption [21]. Mechanical loading also influences
a range of tissues, includingmuscle, tendons, and ligaments, and repre-
sents a means of protecting skeletal integrity in a nonpharmacological
fashion [22]. In the postmenopausal period, there is decreased activity
of estrogen receptor α in bone cells, with a concurrent decline in the
responsiveness of bone to mechanical load, which further exacerbates
deterioration of bone quality [23–25]. This is a possible explanation
for bone loss in postmenopausal women in amounts comparable to
that associated with disuse [26].

Considering bone fragility in old age, it is essential to propose
interventions that can minimize bone loss and validate preventive
measures for primary osteoporosis. Thus, the aim of this study was to
investigate the effects of ST and Ral, alone or in combination, on the
prevention of bone loss in an aged estrogen-deficient rat model.
Fig. 1. Strength training in rats. Ladder used in strength training and animal performing streng
percentage of loading weight (C).
2. Material and methods

2.1. Animals

All animal procedures were approved (Process number 001,397–
2010) by the Institutional Animal Care and Use Committee of the
Faculty of Dentistry (Univ. Estadual Paulista – UNESP, Araçatuba,
SP, Brazil) and complied with the Guide for Care and Use of Laboratory
Animals.

FemaleWistar rats aged 13–18monthswere obtained from the cen-
tral animal facility of the Faculty of Dentistry of Araçatuba, and were
housed at 22 °C (±2 °C) under a 12:12 h light:dark cycle. The animals
were allowed free access to water and a commercial pellet diet
(Presence® Ratos e Camundongos, Paulínia, SP, Brazil). All female rats
were multiparous as this was an inclusion criterion. The reproductive
life of these animals began on average at 2 to 8 months of age, reaching
3 to 4 pregnancies. The general health of the rats was monitored on a
daily basis and the estrus cycle was checked during the 13th month,
to determine acyclicity. In female rats, the incidence of regular estrous
cyclicity decreases progressively during aging and their estrous cycles
tend to become irregular, usually with prolonged estrus and diestrus,
characterizing peri-estropause. This period is similar to perimenopause
inwomen [27–29]. Thus, ratswere ovariectomized to decrease estradiol
plasma concentrations evenmore, similar towhat occurs atmenopause,
and to study changes at the beginning of this new phase in naturally
aging female rats.

At 14 months of age, acyclic animals were submitted to a bilateral
ovariectomy [30]. For the ovariectomy procedure, animals were anes-
thetized with ketamine (Vetaset®, Fort Dodge Saude Animal Ltda,
Brazil) at a dose of 50 mg/kg of body weight, in combination with
xylazine (Coopazine, Coopers Brazil Ltda) at a dose of 25 mg/kg of
body weight, by intraperitoneal injection. Incisions were made at the
side of the abdomen to enable removal of the ovaries. Animals were su-
tured and received a prophylactic intramuscular dose of antibiotic
(1 mL/kg; Veterinary Pentabiotic; Fort Dodge Animal Health Ltd.).
Ten days after surgery, ovariectomized (OVX) rats were randomly
assigned to one of four groups: (1) non-trained and treatedwith vehicle
(NT-Veh, n = 10), (2) strength training and treated with vehicle
(ST-Veh, n = 10), (3) non-trained and treated with raloxifene
(NT-Ral, n = 10), and (4) strength training plus raloxifene (ST-
Ral, n = 10). After 120 days, the animals were sacrificed with anes-
thetic overdose; the uterus was collected and weighed to verify the
success of ovariectomy.
th training (A-B). Loading weight program in relation to duration of strength training, and



Fig. 2. Characterization of 3Dmorphometric analysis. Scanned image of proximal epiphysis, with dimensions of region of interest (femoral neck) indicated (A). Grayscale slice of proximal
epiphysis, with region of interest marked by red line (B). The 3D images show a typical example of trabecular bone in the femoral neck of animals who did not undergo strength training
(C; NT-Veh), animals who underwent strength training (D; ST-Veh), animals who did not undergo strength training but received raloxifene (E; NT-Ral), and animals who underwent
strength training and received raloxifene (F; ST-Ral).
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2.2. Raloxifene and vehicle administration

Ten days after the ovariectomy, animals in the NT-Ral and ST-Ral
groups received 1 mg/kg/day Ral (Sigma Aldrich, Munich, Germany)
in 0.3 mL of physiological saline solution [31,32] administered daily by
gavage for 120 days. Animals in the other treatment groups received
physiological saline solution (0.3 mL) daily by gavage for the same
period.

2.3. Strength training

ST in ST-Veh and ST-Ral groups was carried out by climbing sessions
on a ladder (1.13 × 0.18m, 2 cm grid, 80° angle, with a 20 × 20 × 20 cm
diameter resting area at the top; Fig. 1A and B) three times per week
[33]. Ten days after the ovariectomy, the animals underwent 1 week
of acclimation. Subsequently, the maximum strength of each animal
was evaluated with the use of two weighted tubes (steel spheres) at-
tached to the tail. The maximum strength was measured by attaching
a 50 g weight to the tail; this load was increased by 20 g for each
climb until concentric failure (i.e., when the rat was no longer able to
climb the ladder); the previous load up to this point was considered
the maximum strength. ST began with 20% maximum strength, and
the load was increased by 10% each week to reach 80% maximum
strength, which was maintained until the end of the experiment
(Fig. 1C). Monthly maximum force tests were performed to readjust
Table 1
Final (18months) bodyweight, uterusweight of animals at time of necropsy, and estradiol
plasma concentration.

Group Final Weight (g) Uterus Weight (g) Estradiol (pg/mL)

NT-Veh 368.3 ± 22.41 0.084 ± 0.012 69.21 ± 3.66
ST-Veh 392.0 ± 18.74 0.079 ± 0.006 66.81 ± 3.81
NT-Ral 351.5 ± 8.98 0.091 ± 0.006 77.33 ± 5.18
ST-Ral 356.9 ± 8.80 0.094 ± 0.010 70.08 ± 4.26

Final body weight, uterine weight/100 g of body weight, and estradiol plasma concentra-
tion of aged OVX female Wistar rats with or without strength training, treated for 16
weeks with vehicle or raloxifene. Values represent the mean ± SEM.
NT-Veh = non-trained and treated with vehicle; ST-Veh = strength training and treated
with vehicle; NT-Ral = non-trained and treated with raloxifene; ST-Ral = strength train-
ing and treated with raloxifene.
the load. Increases in load were made gradually, and tailored according
to the characteristics of individual animals. Increments in load took into
account the age of animals and the maximum force test but not their
body weight. The ST protocol consisted of 3 sessions per week for
120 days. Each session consisted of 4 sets of 5 climbs and a rest period
of 2 min between each set. No animals were excluded due to physical
injuries or disorders in the estrous cycle.

2.4. Measurement of plasma levels of osteocalcin, osteoprotegerin, and
tartrate-resistant acid phosphatase

After 120 days of treatment, all animals were anesthetized with ke-
tamine at a dose of 80 mg/kg of bodyweight combined with xylazine at
dose of 10 mg/kg of body weight intraperitoneally. Blood (3 mL) was
collected from the external jugular vein and placed into a centrifuge
tube. The plasma was separated by centrifugation at 2256 g for 15 min
at 4 °C, and stored at −20 °C. Levels of plasma osteocalcin (OCN-
E90471Ra), osteoprotegerin (OPG-E90108Ra), and tartrate-resistant
acid phosphatase (TRAP-E90902Ra) were determined by employing a
rat-specific quantitative sandwich enzyme-linked immunosorbent
assay (ELISA, Uscn Life Science Inc., Wuhan, China).

2.5. Measurement of plasma levels of estradiol

The estradiol levels were measured using a commercial radioimmu-
noassay kit (Estradiol Maia, Adaltis Italia S.p.A., Casalecchio di Reno, BO,
Italy). All samples were assayed in duplicate and in the same assay to
avoid inter-assay error. The minimum detectable dose of estradiol was
5.0 pg/mL, and the intra-assay value was 3.9%.

2.6. Bone mineral density measurements

Animals were euthanized with an overdose of anesthetic. Femurs
were extracted, cleaned with soft tissue, kept frozen at −20 °C, and
slowly thawed and maintained immersed in saline solution until test-
ing. For the areal bone mineral density (aBMD), femurs were thawed
and positioned in the frontal plane and anterior posterior view on the
scanner table, all oriented the same way, and were fully scanned in a
bowl with 2 cm of water, according to manufacturer instructions. The
aBMD of femurs was assessed using dual energy X-ray absorptiometry



Fig. 3. Ex vivo areal bone mineral density (aBMD – A: data of the femoral neck assessed by DXA). Ex vivomaximum load data of the femoral neck assessed by biomechanical compression
bending testing (B). Ex vivo bone microarchitecture: BV/TV (C), BS/TV (D), Conn.Dn (E), Tb.Th (F), Tb.N (G), Tb.Sp (H), SMI (I), and DA (J) data of the femoral neck assessed by micro-CT.
Each column representsmean± standard error of themean (SEM). Statistical analysiswas performedwith two-way ANOVA, followed by Bonferroni post-hoc testing (p b 0.05) to analyze
the effect of strength training (ST) and raloxifene (Ral) treatment and any interactions (ST*Ral). Abbreviations and symbols:+= indicates a significantmain effect for ST.++= indicates
a significant main effect for Ral, NT-Veh= non-trained and treated with vehicle, ST-Veh= strength training and treated with vehicle, NT-Ral = non-trained and treated with raloxifene,
ST-Ral = strength training and treated with raloxifene.
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(Lunar DPX Alpha, WI, USA) and software for measuring BMD in small
animals. The equipment was calibrated according to manufacturer in-
structions. The same investigator analyzed all scans. For analysis of the
femoral neck, a region of interest (ROI), was identified using a square
with a known area (0.72 mm2), which was positioned in the femoral
neck region of all specimens.
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2.7. Biomechanical compression bending testing

The biomechanical properties of the femur were assessed by the
compression test, using a Universal Testing Machine (DL 3000, EMIC®,
São José dos Pinhais, PR, Brazil). Each femur was placed in a metallic
apparatus and maintained vertically (long axis). Load was applied to
the area of the femoral head whose vector line of action force is parallel
to the long axis of the femur, causing bending moment in the femoral
neck region. The deformation rate was 5 mm/min with standardized
parameters of loaded cells to 2000 N of capacity [34] until the bone
fractured. The load and displacement of the machine crossbar was
monitored and recorded using the device software.
2.8. Microtomography

Microtomography (micro-computed tomography [CT]) of the fe-
murs was performed using a SkyScan 1172 device (SkyScan, Belgium)
at 50 kV and 800 mA. Each femur was positioned in the craniocaudal
orientation to obtain slices with a resolution of 12 × 12 × 12 μm [35].
The images were imported into NRecon software (SkyScan, Leuven,
Belgium) and converted from gray scale into Digital Imaging and Com-
munications in Medicine (DICOM) format. To obtain the trabecular
bone of the femoral neck, we quantified the volume of interest (VOI),
of three-dimensional (3D) structures of trabecular bone in the femoral
neck of all animals and extracted the measurements from each dataset
in CT-Analyzer (SkyScan, Leuven, Belgium) software (Fig. 2A and B).
The internal margin of the cortical bone surrounding the trabecular
bone of the femoral neck was defined using the polygon selection tool.
The interpolation tool was used on the selected region of trabecular
bone. Trabecular bone of the femoral neck is limited by cortical bone
in the mediolateral direction. Therefore, greater fidelity for the selected
area was acquired using the dynamic interpolation tool. Trabecular
bonewas selected and inspected using the binary images tool to ensure
the use of appropriate threshold values, which were used for all subse-
quent morphometric analyses. Image processing was required for 3D
analysis of the bone morphometric parameters that influence mechan-
ical and structural properties. These parameters were calculated using
the CT-Analyzer (SkyScan, Leuven, Belgium) 3D software based on a
volume model. Segmentation of each femoral neck was performed
using the same software.

The abbreviations below were used for 3D bone morphometric
analysis [36]. The measurement parameters of micro-CT analyses
were: bone volume fraction (BV/TV; %), specific bone surface
(BS/TV; mm2/mm3), trabecular thickness (Tb.Th; μm), trabecular
Fig. 4. Effect of strength training (ST) and/or raloxifene (Ral) treatment on plasma bone tu
(A), osteocalcin (B), tartrate-resistant acid phosphatase (C). Each column represents mean ± st
followed by Bonferroni post-hoc testing (p b 0.05) to analyze the effect of ST and Ral treatmen
interaction was found between ST and Ral, += indicates a significant main effect for ST, ++=
ST-Veh = strength training and treated with vehicle, NT-Ral = non-trained and treated with ralo
number (Tb.N; 1/mm), trabecular separation (Tb.Sp; μm), structure
model index (SMI), degree of anisotropy (DA), and connectivity density
(Conn. Dn; 1/mm3) [37]. The SMI is an index for evaluatingwhether tra-
becular bone is rod-like or plate-like. An SMI value of 0 indicates an
ideal plate-like structure, while an SMI value of 3 indicates a rod-like
structure; a smaller value means a more plate-like structure. The
Conn. Dn is a parameter describing trabecular connectivity, with a
higher value denoting greater connectivity [38].
2.9. Immunohistochemistry

Immunohistochemical evaluation of the expression of runt-
related transcription factor 2 (RUNX2), osterix (OSX), OPG, OCN,
receptor activator of nuclear factor-kappa B ligand (RANKL), and
TRAP were performed by fixing specimens in 4% buffered formalde-
hyde for 24 h at room temperature, and decalcifying in 10%
ethylenediaminetetraacetic acid (changed weekly) for 8 weeks.
Decalcified samples were processed in conventional manner, em-
bedded in paraffin, and submitted to microtomy (3 μm thick), so
that the sections were performed along the coronal plane of the
proximal femur.

Histology slides with samples of all experimental groups were
then submitted to indirect immunoperoxidase technique and the
following primary antibodies (Santa Cruz Laboratories, CA, USA, or
Abcam, MA USA): anti-RUNX2 (1:100; SC8566), anti-OSX (1:200;
AB22552), anti-OCN (1:180; SC18319), anti-OPG (1:150; SC11383),
anti-RANKL (1:100; SC7627), and anti-TRAP (1:100, SC30832). The
dilution of primary antibodies was based on a titration test. Immuno-
histochemical processing followed the protocol described by Garcia
et al. [39].

Histological sections were examined under bright field illumination
on a light microscope (Optiphot-2, Nikon, Japan) by investigators who
were blind to treatment assignments. Four consecutive areas were ana-
lyzed at the central portion of the femoral neck. Each of these areas was
300 × 400 μm, comprising a total area of 1200 × 400 μm, 0.48 mm2.
Immunolabeling was defined as a brownish staining present in the
nuclear (RUNX2, OSX) or cytosolic (OCN, OPG, RANKL, and TRAP) cell
compartments. The scores for RUNX2, OSX, and TRAP immunolabeling
pattern were modified from Faria et al. [40]: score 3 indicates high
pattern, over 8 immunoreactive (IR) cells per area; score 2 indicates
moderate pattern, 3 to 7 IR cells per area; score 1 indicates low pat-
tern, less than 3 IR cells per area; and score 0 indicates the absence
of immunolabeling. Only multinucleated TRAP-positive cells near a
bone surface were quantified. The scores for OCN, OPG, and RANKL
rnover markers in aged female Wistar rats. Plasma concentration of osteoprotegerin
andard error of the mean (SEM). Statistical analysis was performed with two-way ANOVA,
t and any interactions (ST*Ral). Abbreviations and symbols:* = indicates that a significant
indicates a significant main effect for Ral, NT-Veh = non-trained and treated with vehicle,
xifene, ST-Ral = strength training and treated with raloxifene.
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immunolabeling patterns were adapted from Garcia et al. [39]: score
3, high pattern, approximately 75% of IR cells per area; score 2, mod-
erate pattern, approximately 50% IR cells per area; score 1, low
pattern, approximately 25% IR cells per area; and score 0, absence
of immunolabeling. These immunolabeling scores were compared
among experimental groups.
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2.10. Statistical analysis

All data are presented as means ± standard errors of the mean
(SEM). Significant differences were determined by two-way analysis
of variance (ANOVA) followed by Bonferroni post-hoc tests to iden-
tify significant differences between two variables in multiple groups.
Significant differences in immunohistochemical analyses were iden-
tified by the nonparametric Kruskal-Wallis test followed by the
Newman–Keuls post-hoc test. For all analyses, p b 0.05 was consid-
ered statistically significant. Statistical analyses were conducted
using SigmaPlot v12 (SYSTAT, San Jose, CA, USA) and Biostat V5.3
for immunohistochemical analyses. All animal groups comprised
ten animals.

3. Results

3.1. Effect of ST and Ral treatment on body weight, uterus weight, and
estradiol plasma concentration

After the 120-day intervention, there were no significant main ef-
fects for Ral or ST, and no significant interactions between Ral and ST
for body weight (p N 0.05, Table 1). Successful OVX was confirmed at
sacrifice, using uterus weight and estradiol plasma concentration.
Therewere no significant effects for ST or Ral, and no significant interac-
tions between ST and Ral for uterus weight and estradiol plasma con-
centration (p N 0.05, Table 1).

3.2. Effect of ST and Ral treatment on bone mass, strength, and trabecular
microarchitecture in the femoral neck

The representative 3D reconstructedmicro-CT images of the trabec-
ular femoral neck bone from each treatment group are shown in Fig. 2
(C-F).

Fig. 3 shows the impact of ST and Ral treatment on bone mass,
strength, and trabecular microarchitecture in the femoral neck of
aged female Wistar rats. Animals in the ST-Veh group had significantly
higher aBMD (p = 0.001), maximum load (p = 0.001), BV/TV (p =
0.001), BS/TV (p = 0.023), Conn.Dn (p = 0.001), Tb.Th (p = 0.001),
and Tb.N (p = 0.012), and lower SMI (p = 0.001), Tb.Sp (p = 0.001),
and DA (p = 0.002), compared with the NT-Veh group. In the NT-Ral
group, Ral treatment for 16weeks significantly improved bone strength,
as indicated by an increase in maximum load (p = 0.001), bone mass
(aBMD, p = 0.004), and parameters of bone microarchitecture,
including BV/TV(p = 0.001), BS/TV(p = 0.002), Conn.Dn (p = 0.001),
Tb.N (p = 0.011), and Tb.Th (p = 0.001), compared with the NT-
Veh group. In this group, the Ral treatment was coupled with
decreases in SMI (p = 0.002), trabecular separation (p = 0.001),
and DA (p = 0.007), compared with the NT-Veh group. The femoral
neck from age- and OVX-related deterioration was positively affect-
ed by ST and Ral treatment in an independent manner.

3.3. Effect of ST and Ral treatment on plasma bone turnover markers

A summary of the plasma bone biomarker levels assessed by
ELISA in each treatment group is shown in Fig. 4. ST (ST-Veh) and Ral
(NT-Ral) significantly reduced the plasma levels of OPG (p = 0.003
and p=0.001) and OCN (p=0.014 and p=0.002), respectively, com-
pared with NT-Veh. Two-way ANOVA showed a significant interaction
between ST and Ral in relation to OPG (F(1,23) = 5.214; p = 0.032)
Fig. 5. Graphics and photomicrographs showing the immunoreactivity pattern for RUNX2 (A)
without strength training, treated for 16 weeks with vehicle or raloxifene. Statistical analysi
Keuls post-hoc test. P b 0.05 was considered statistically significant; a vs. NT-Veh, b vs. ST-Ve
OPG, RANKL, and TRAP. Scale bars: 20 μm. Original magnification: ×1000. Abbreviations and s
OSX = osterix, OCN = osteocalcin, OPG = osteoprotegerin, TRAP = tartrate-resistant acid ph
and treated with vehicle, ST-Veh= strength training and treated with vehicle, NT-Ral = non-tr
and OCN (F(1,25) = 5.652; p = 0.025). The plasma concentration of
TRAP, a biochemical marker of bone resorption, was not affected by ST
and Ral treatment; there was no significant interaction between these
two variables.

3.4. Effect of ST and Ral treatment on bone tissue biomarkers

The immunohistochemical method used to detect RUNX2, OSX,
OCN, OPG, RANKL, and TRAP showed high specificity for these proteins,
which was confirmed by the complete absence of immunolabeling
in the negative control. Immunolabeling for RUNX2 and OSX was
particularly apparent in the nuclear compartment of pre-osteoblasts.
Immunolabeling for OCN, OPG, and RANKL was predominantly
expressed in the cytosol of osteoblasts. Immunolabeling for TRAP was
predominantly expressed in multinucleated osteoclasts. The results of
immunohistochemical analyses and the pattern of immunolabeling for
all biomarkers are shown in Fig. 5.

RUNX2, a transcription factor that regulates osteoblastogenesis,
showed higher immunolabeling in ST-Veh (p = 0.0105), NT-Ral
(p = 0.0105), and ST-Ral (p = 0.0006) groups, compared with the
NT-Veh group. However, Ral treatment, with or without ST, promot-
ed higher immunolabeling to OSX (p = 0.0105), compared with the
NT-Veh group.

For the main local regulators of osteoclastogenesis and osteoclast
activity, RANKL and OPG, we found that the ST-Ral group showed
decreased immunolabeling of RANKL (p = 0.004) and increased
immunolabeling of OPG (p = 0.0034), compared with the NT-Veh
group. Additionally, immunolabeling of RANKL was less in the
NT-Ral (p = 0.033) group compared with the NT-Veh group.
The immunolabeling for TRAP, an osteoclastic biomarker, followed the
same pattern of immunolabeling as RANKL; the NT-Ral (p = 0.0056)
and ST-Ral (p = 0.0056) groups had fewer TRAP-positive cells com-
pared with the NT-Veh group. A marker of mature osteoblast activity,
OCN, showed greater immunolabeling in the ST-Ral (p = 0.0024)
group compared with the NT-Veh group.

4. Discussion

This study clearly demonstrates that ST and Ral can prevent deterio-
ration of bone mineral density, microarchitecture, and strength in the
femoral neck of aged estrogen-deficient Wistar female rats. This
shows that the critical role of estrogen deficiency in bone loss is attenu-
ated to the same extent by ST and Ral.

Femoral neck fractures cause the most morbidity and mortality of
any osteoporotic fracture. As such, a study investigating potential ther-
apeutic interventions for the prevention of bone loss due to osteoporo-
sis is highly relevant [41]. However, most studies evaluate the femur,
the vertebrae, and the tibia of young adult OVX rats [42–45]. Therefore,
appropriate experimental design is crucial for enabling adequate analy-
sis of postmenopausal bone loss. Performing ovariectomy in the 14th
month enables study of a subject with a mature skeleton [46] that has
undergone a change in the estrous cycle, and is therefore an appropriate
animal model for primary osteoporosis. To the best of our knowledge,
this is the first report on the effects of Ral and ST on the femoral neck
of aged rats, as evaluated by micro-CT, aBMD, maximum load, and
immunolabeling of important biomarkers of bone metabolism.

Studies with premenopausal [47] and postmenopausal women [48]
demonstrate the influence of hormonal profile and physical exercise on
BMD. Bassey et al. [47] showed that after high impact exercise,
, OSX (B), OCN (C), OPG (D), RANKL (E), and TRAP (F) in aged female Wistar rats with or
s was performed by the non-parametric Kruskal-Wallis test followed by the Newman–
h. Fast green counterstaining for RUNX2 and OSX. Hematoxylin counterstaining for OCN,
ymbols: bt = bone tissue, Ral = raloxifene, RUNX2= runt-related transcription factor 2,
osphatase, RANKL = receptor activator of nuclear factor kappa-B, NT-Veh = non-trained
ained and treated with raloxifene, ST-Ral = strength training and treated with raloxifene.
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premenopausal women had significantly increased femoral BMD, while
postmenopausal women did not. Wågert et al. [48] evaluated proximal
femur, lumbar spine, and total body BMD in three postmenopausal
women who performed jumping exercises with or without Ral. These
authors showed that exercise without Ral reduced values for trochan-
teric BMD; however, when Ral was added, these values increased.
Thus, this study did not show significant differences in femoral neck
BMD when exercise was performed even with Ral.

In the present study, we demonstrated that ST and Ral interventions
led to the decrease of osteoporosis factors and increase of bone quality
of the femoral neck of aged estrogen-deficientWistar rats. Ralwas anef-
fective treatment, preventing the deterioration of bone mass, strength,
andmicrostructure. Our results are in agreementwith a study by Turner
et al. [49], which showed an increase in BMD and bone strength in the
femoral neck of OVX rats (Sprague–Dawley) after Ral treatment. Ral
has also been shown to improve bone microarchitecture by increasing
BV/TV, Tb.N, and Tb.Th, and decreasing SMI and Tb.S in female C57BL/
6 mice [31]. The ability of Ral to improve bone parameters can be
explained by the ability to stimulate the genesis and activity of osteo-
blasts and reduce the genesis and activity of osteoclasts. We found
that treatmentwith Ral increases immunolabeling of the transcriptional
factors RUNX2 andOSX, demonstrating that the therapymay have stim-
ulated osteoblastogenesis. In addition, Ral decreased the amount of os-
teoclasts (TRAP-positive cells) via downregulation of RANKL and
upregulation of OPG in femoral neck bone. These findings are in accor-
dance with Luvizuto et al. [32], who demonstrated the decrease in
RANKL immunolabeling in alveolar bone repair in females. Further-
more, in this study, we show that serum markers of bone turnover
OCN and OPG were decreased in the NT-Ral group compared to the
NT-Veh group. It is important to note that compared with premeno-
pausal women, levels of both bone formation and resorption markers
are substantially higher in postmenopausal women, and that the higher
state of bone turnover is maintained for many years after menopause
[50]. Together with evidence from a study on postmenopausal women
receiving long-term treatment with Ral, which led to a lower level of
OCN [51], we have demonstrated that in aged OVX female rats, assess-
ment of plasma OCN and OPG can be used to monitor treatment
effectiveness.

The training program also induced improvements in bone mass,
microarchitecture, and strength. An interesting finding in this study is
that ST with a gradual increase in load was able to affect trabecular
bone parameters of aged OVX rats in a manner similar to pharmacolog-
ical therapy with Ral. The mechanical properties of trabecular bone
depend not only on the amount of bone tissue, but also on its
microarchitecture, which arises from the activity of bone cells. There is
a lack of studies examining the effects of exercise on bone metabolism
of aged rats. Data from Tromp et al. [42] showed that the effects of me-
chanical loading on the trabecular bone of the femoral head in Wistar
OVX young rats were not significant. Lespessailles et al. [52] showed
that running in 6-month-old femaleWistar rats did not prevent trabec-
ular bone loss induced by an ovariectomy. In contrast, with these find-
ings and in agreement with our study, Murai et al. [45] and Renno
et al. [44] showed that femoral BMD and bone strength increased in
adult female OVX Wistar rats that performed exercise training. Our re-
sults agreewith those of Bonnet et al. [43], who found that treadmill ex-
ercise in female Wistar OVX rats resulted in an increase in BV/TV, Tb.N,
and Tb.Th, compared with OVX rats that did not exercise. Thus, our
results suggest that the benefits of ST can be explained by their ability
to exert a positive effect on osteoblastogenesis, via an increase in the
immunolabeling of RUNX2. Furthermore, we found that plasma OCN
and OPG were significantly higher in the NT-Veh group than in the ST-
Veh group. This indicated that an ovariectomy causes high bone turn-
over, which can be reversed with ST, and that these two markers are a
potential basis for monitoring the effectiveness of treatment.

This study showed that both ST and Ral result in a reduction of the
SMI and DA. The implication of a lower SMI is particularly relevant to
studies on osteoporosis in aging females, as it is indicative of more fa-
vorable conditions for transition fromplate-like to rod-like architecture.
Lower SMI values suggest a more plate-like structure and improved
bone strength. Furthermore, the DA is inversely correlated with bone
mass and positively correlatedwith the risk of fracture [53], with higher
values indicating higher anisotropy [54]. These results also highlighted
ST and Ral as a class of antiaging therapeutics that may promote bone
formation and reduce bone loss associated with hypoestrogenism.

ST and Ral showed no interactions in terms of bone micro-
architecture, mass, or strength. Other studies investigating potential in-
teractions with ST have not provided any evidence for interactions.
Murai et al. [45] showed that creatine supplementation with exercise
training did not result in an improvement in bone strength, mass, or
histomorphometric parameters in OVX rats. Lespessailles et al. [52]
showed that running plus infusion of zoledronic acid had no additive
effects on femur bone health. Immunohistochemical analysis showed
that treatment with ST and Ral stimulated osteoblastogenesis while
inhibiting osteoclastogenesis. In addition, treatment increased osteo-
blastic activity, as evidenced by higher OCN immunolabeling in the
femoral neck. Osteoclastic activity was also negatively modulated,
verified by the least amount of TRAP-positive osteoclasts, less
immunolabeling for RANKL, and greater immunolabeling for OPG. How-
ever, plasma bone biomarkers showed an interaction in the ST-Ral
group; the plasma OCN and OPG were significantly lower in this
group compared with the NT-Veh group, and were inversely correlated
with the tissue OPG and OCN biomarkers, showing that when levels of
plasma bone markers decrease, the levels of tissue bone markers in-
crease. This finding is particularly interesting because it again allows
us to use these markers as predictors of effectiveness of treatment.
Our study indicates that ST and Ral interact with each other; therefore,
we are conducting further studies involving gene expression and pro-
tein quantification to analyze this potential interaction.

There are some limitations. The present study explored the effects of
ST and Ral in aged OVX female rats. These interventions may not confer
the same benefits for women with hypoestrogenism. Therefore, future
clinical studies are needed to validate these interventions in women.
Another critical point is that ST was able to prevent osteoporosis-
induced hypoestrogenism as much as Ral, but as a sole treatment in
the prevention of osteoporosis, it should be prescribed and monitored
by health professionals to ensure that achievement and frequency of
training are carried out satisfactorily.
5. Conclusion

We conclude that hypoestrogenism-induced osteopenia during the
aging process can be reversed using ST and Ral. Therefore, we suggest
that physical exercise (ST) and drug treatment (Ral) are effective inter-
ventions in the prevention of osteopenia. They induce an improvement
in bone quality, along with a lower risk of fractures, and consequently a
better quality of life forwomen inwhomhormone replacement therapy
or bisphosphonates are contraindicated.Moreover, ST itself, without as-
sociated drug therapy, was able to improve bone health in a manner
similar to Ral. Therefore, exercise that promotes muscle strength could
be considered as a therapeutic treatment for primary osteoporosis.
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