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Abstract
Summary Alendronate therapy has been associated with seri-
ous side effects. Altering the alendronate concentration and
combining with high-frequency loading as mechanical inter-
vention was explored in this animal study as a treatment for
osteoporosis. The bone anabolic potency of high-frequency
loading was overruled by the different alendronate dosages
applied in the present study. Further exploration of reduced
hormonal therapy associated with mechanical interventions in
osteoporosis treatment should be sought.
Introduction The aim of the present study was to investigate
the effect of alendronate (ALN) administration at two different
dosages, associated or not with high-frequency (HF) loading,
on the bone microstructural response.
Methods Sixty-four femaleWistar rats were used, of which 48
were ovariectomized (OVX) and 16 were sham-operated
(shOVX). The OVX animals were divided into three groups:
two groups were treated with alendronate, at a dosage of
2 mg/kg (ALN(2)) or at a reduced dosage of 1 mg/kg
(ALN(1)) three times per week. A third OVX group did not
receive pharmaceutical treatment. All four groups were me-
chanically stimulated via whole body vibration (WBV) at HF

(up to 150 Hz) or left untreated (shWBV). ALN and HF were
administered for 6 weeks, starting at 10-week post-(sh)OVX.
Tibia bone structural parameters were analyzed using ex vivo
microcomputed tomography.
Results Trabecular bone loss and structural deterioration
resulting from ovariectomy were partially restored by ALN
administration, demonstrated by the improvement of trabecu-
lar patter factor (Tb.Pf), trabecular separation (Tb.Sp), and
structure model index (SMI) of the ALN groups compared
to that of the OVX group, regardless of the applied dosage
[ALN(2) or ALN(1)] or mechanical loading regime (shWBV
orWBV). However, a significant positive effect of the ALN(1)
administration on trabecular (decrease of Tb.Sp and SMI) and
cortical bone (increase of cortical thickness) microarchitecture
compared to that of the OVX status group was observed for
both loading regimes was not seen for ALN(2). Furthermore,
HF loading resulted in cortical bone changes, with an in-
creased trabeculary area and endocortical perimeter. Finally,
the benefits of a combined therapy of ALN with HF loading
could not be discerned in the present experimental conditions.
Conclusions The bone anabolic potency of HF loading was
overruled by the ALN dosages applied in the present study.
Further altering the ALN dosage combined with robust me-
chanical stimuli needs to be considered in osteoporosis re-
search and eventually therapy.

Keywords Bisphosphonates dosages . Bone
microarchitecture . High-frequency loading . Ovariectomy

Introduction

Osteoporosis is a disease characterized by a systemic impair-
ment of bone mass and bone microarchitecture [1]. In 2012,
22 million women and 5.5 million men were diagnosed as
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having osteoporosis in Europe [2]. The prevalence of osteo-
porosis in women over the age of 50 years is three to four
times greater than inmen [1]. This is explained by the estrogen
deficiency at the menopausal age, deregulating the rates of
osteoblastogenesis and osteoclastogenesis, which results in a
mismatch between the formation and resorption of bone [3].

Pharmacological treatment with antiresorptive drugs has
been routinely used for osteoporosis treatment. The bisphospho-
nate drug alendronate (ALN) is used primarily in the treatment
of osteoporosis as a potent bone antiresorptive agent [4].
Furthermore, the suppression of bone remodeling also changes
the bone material properties, thereby making the bone tissue
more mineralized and as a consequence more brittle and suscep-
tible to microdamage [5]. Consequently, ALN long-term thera-
py has been associated with the incidence of side effects such as
osteonecrosis of jaw bone and atypical bone fractures [6].

Administration of a high dosage of ALN (7 mg/kg/week
during 6 or 4 weeks in early or late osteoporosis treatment,
respectively) has been reported as successful in osteoporosis
treatment in rats, enhancing the bone microstructure and im-
proving the bone quality [7]. However, as a downside, ALN
concentrations of 10 μM (2,7 mg/ml) have been reported as
cytotoxic for the human bone marrow mesenchymal stem
cells [8]. Based on the above-mentioned, two dosages of
ALN were proposed to be administered to osteoporotic rats
in the present study, one used in previous studies (6 mg/kg/
week) [9–11] and another relatively reduced dosage
(Breduced^ dosage 3 mg/kg/week).

In addition to the pharmacological treatment, themechanical
treatment of high-frequency (HF) loading via whole body vi-
bration (WBV) has been related to promoting bone formation,
increasing bone strength, and even recovering bone loss arising
from disabling or osteoporotic conditions [9, 10, 12]. Hence, in
order to achieve an efficient osteoporosis treatment with low
levels of side effects and toxicity, moderate or reduced ALN
concentrations combined with HF loading has been suggested
as a potential Bcombi-treatment^ to target an anabolic effect on
bone [13]. The research hypothesis was that the alendronate
dosage can be altered when combined with high-frequency
mechanical loading in osteoporosis treatment. Therefore, the
aim of the present study was to evaluate the impact of the
combined treatment of mechanical (HF loading) and pharma-
ceutical (ALN) treatment at differing dosages on the trabecular
and cortical bone microarchitecture of osteoporotic rats.

Material and methods

Animals and experimental design

The protocol of the animal experiment was approved by the
ethical committee of KU Leuven (P050/2011), complied with
ARRIVE guidelines for preclinical studies, and was

performed according to the Belgian animal welfare regula-
tions and guidelines.

A total of 64 female Wistar rats at 12 weeks of age were
used in the present study. Forty-eight animals underwent
ovariectomy surgery (OVX). The remaining 16 animals were
subjected to sham-ovariectomy surgery (shOVX). Rats ar-
rived at 5-day postsurgery, with a body weight ranging be-
tween 200 and 223 g. In an attempt to control the body weight
changes, pair-feeding regimen was installed throughout the
study. The animals were fed with standard laboratory diet
(or chow) containing 0.7% phosphorus and 1% calcium
(SSNIFF, Soest, Germany) and allowed tap water. In addition,
no supplements with Vitamin D were provided to the animals.
The average daily food consumption of the shOVX animals
was determined and the quantified amount was then provided
to all ovariectomized animals in an attempt to control the
weight gain for all the groups throughout the study.

After ovariectomy, rats were left untreated for a period of
10 weeks. This time lapse was considered to be adequate for
inducing significant bone changes in the rat long bones in re-
sponse to ovariectomy [12, 14]. Thereafter, the OVX group was
divided into three groups: one untreated group [OVX] (n = 16),
one group treatedwith a previously usedALNdosage of 2mg/kg
(ALN(2)) [10] (n = 16), and one group treated with ALN at a
reduced dosage of 1 mg/kg (ALN(1)) (n = 16). Alendronate
sodium trihydrate (A4978-100MG, Sigma-Aldrich, Bornem,
Belgium) was injected subcutaneously 3 days/week during
6 weeks. At the same time, saline (0.9% NaCl) was adminis-
trated to the rats of the OVX and shOVX groups. All injec-
tions were performed until the day of euthanasia.

The HF WBV loading was administered via a custom-
made vibration device during 6 weeks for 10 min/day accord-
ing to a protocol that consisted of ten consecutive frequency
steps (130, 135, 140, 145, 150, 130, 135, 140, 145, and
150 Hz), each of these applied for 1 min at an acceleration
of 0.3 g. WBV was applied to the animals individually, taking
into account the animal’s body weight. Intervals of 24 h be-
tween the loading sessions were respected [9, 10]. The ani-
mals of OVX, ALN(2), and ALN(1) groups were further di-
vided into subgroups relative to the mechanical treatment by
whole body vibration. The animals which did not receive the
WBV were placed onto the same vibrating platform, for the
same duration but without WBV (sham-WBV), resulting in
six experimental groups [OVX-shWBV; OVX-WBV;
ALN(2)-shWBV; ALN(2)-WBV; ALN(1)-shWBV; ALN(1)-
WBV] as shown in Fig. 1.

As outlined above, the pharmacological treatment with
ALN combined or not with the mechanical treatment via HF
mechanical loading started at 10-week post-(sham) ovariecto-
my and lasted for a 6-week period. The seventh group, namely
the shOVX group, did not receive mechanical stimulation and
served as a negative control to illustrate normal bone charac-
teristics over the course of the experiment. The OVX-shWBV
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group was pointed out as positive control to demonstrate the
changes occurring during the development of an osteoporotic
condition following ovariectomy.

Specimen preparation and micro-X-ray computed
tomography analysis

The specimen preparation and the micro-CT acquisition of rat
tibiae were performed according to the protocol described
previously by Hatori and coworkers [10]. Subsequently, the
reconstructed 3D data sets were quantified using CTAn auto-
mated image analysis system (Bruker, Kontich, Belgium). To
do so, the volume of interest (VOI) for trabecular and cortical
analyses was defined in the axial direction by using the growth
plate as reference. For trabecular bone analysis, the VOI
started at a distance of 1.5 mm distally from the growth plate
and extended towards the diaphysis over a distance of 2.4 mm
(400 slices). For cortical bone analysis, the VOI started at a
distance of 4.2 mm distally from the growth plate and extend-
ed towards the diaphysis over a distance of 1.5 mm (250
slices). On every tenth transverse slice of the VOI, the ROI
was delineated manually matching with the area occupied by
the trabecular bone. For the cortical bone, the ROIwas defined
automatically for the selected VOI (Fig. 2).

For the trabecular region, the percent of bone volume frac-
tion (BV/TV), trabecular thickness (Tb.Th), trabecular sepa-
ration (Tb.Sp), trabecular number (Tb.N), trabecular pattern
factor (Tb.Pf), and structural model index (SMI) were calcu-
lated as measurements of bone mass and its distribution. For
the cortical region, the cortical thickness (Ct.Th), porosity
(Ct.Po), periosteal perimeter (Ps.Pm), trabeculary area
(Ma.Ar), endocortical perimeter (Ec.Pm), mean polar moment
inertia (MMI), and mean eccentricity (Ecc) were quantified.

Statistical analysis

Results of the bonemicrostructural parameters were expressed
as means ± standard deviation (SD). The software SPSS
(SPSS ver.13.0, Chicago, IL, USA) was used to perform the
statistical analysis. The data were analyzed by two-way anal-
ysis of variance (ANOVA) and pairwise comparison tests in
order to assess the effect of the hormonal status and of the

mechanical status (two independent variables) and their inter-
actions on the trabecular and cortical bone microarchitectural
changes. Pairwise comparisonwas performed on cases when a
positive relationship was found with Bonferroni adjustment
and differences were considered significant at p < 0.05.

Results

Interaction mechanical and hormonal status

Two-way ANOVAwas performed and the interaction between
the mechanical status and the hormonal status on the trabecu-
lar region analysis was positive for the parameter Tb.Sp. For
the other trabecular parameters and for all the parameters of
the cortical bone, an interaction was not found.

Mechanical status

For the trabecular bone region, HF loading did not exert an
effect on the bone microarchitecture, proven by the absence
of statistical differences comparing WBV with shWBV for all
quantified parameters (Fig. 3). In contrast, HF loading did have
an effect on the cortical bone microarchitecture, in particular on
Ma.Ar and Ec.Pm with an increase of 8.56% ± 16.66 and
9.65% ± 21.96, respectively (Fig. 4).

Hormonal status

Marked deterioration of the trabecular bone mass and micro-
structure was found as a result of ovariectomy (OVX versus
shOVX), manifested as a significant decrease in BV/TV
(−59.02% ± 10.61) and Tb.N (−68.28% ± 9.76) and an increase
in Tb.Sp (197.73% ± 116.12), Tb.Pf (103.54% ± 25.88), and
SMI (168.64% ± 49.52). Simultaneously, as a compensatory
mechanism after ovariectomy, an increase in Tb.Th
(30.7% ± 20.12) was noticed (Fig. 3).

The ALN treatment exerted a positive impact on the tra-
becular bone microarchitecture after ovariectomy, with some
microarchitectural parameters of the trabecular bone in the
same range as the one in the normal bone condition
(shOVX). This can be observed in the Tb.Th parameter where
the value of ALN(2) and ALN(1) were statistically equal to
those presented by the shOVX. In addition, partial recovering
of the bone loss caused by OVX through ALN administration
was observed, demonstrated by the improvement of specific
parameters such as Tb.Pf for both dosages [ALN(1) or
ALN(2)] and Tb.Sp and SMI for the reduced dosage
[ALN(1)] compared to that of the OVX group, as shown in
the Fig. 3. In general, the quantified trabecular bone parame-
ters were similar for both dosages of ALN [ALN(2) versus
ALN(1)], without a statistically significant difference between
these dosages (Fig. 3).

Fig. 1 Schematic representation of the experimental groups (n sample size)
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OVX did not cause marked cortical bone deterioration
(OVX versus shOVX), statistical difference was found on-
ly for Ct.Po with a significant decrease for Ct.Po for the
OVX cortical bone compared to that for the shOVX bone
(−34.01% ± 39.26) as shown in Fig. 4. The ALN treatment
at both concentrations was able to restore the decreased
cortical bone porosity (Ct.Po) caused by ovariectomy,
resulting in values for Ct.Po no longer differing from the

shOVX values. Furthermore, the thickness of the cortical
bone increased when administrating ALN(1), differing sig-
nificantly from the OVX Ct.Th values, although without a
difference from the Ct.Th values of the shOVX group. In
addition, the dosage of ALN [ALN(2) versus ALN(1)] did
not result in a significant difference related to the quanti-
fied cortical bone parameters, in line with the trabecular
region results (Fig. 4).

Fig. 3 Micro-CT results of trabecular bone structural parameters
according to the hormonal and mechanical status, for the percent of
bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), trabecular number (Tb.N), trabecular pattern factor
(Tb.Pf), and structural model index (SMI). Means and standard

deviations are shown. Connected bars with one asterisk denote
statistically significant difference relative to the hormonal groups
shOVX, OVX, ALN(2), and ALN(1). The mechanical groups (shWBV
versus WBV) did not show statistically significant differences for the
trabecular bone parameters

Fig. 2 Representative μCT
images of the rat tibia with the
region of interest (ROI) started at
a distance of 1.5 mm distally from
the growth plate and extended
towards the diaphysis over a
distance of 2.4 mm (400 slices).
For cortical bone analysis, the
ROI started at a distance of
4.2 mm distally from the growth
plate and extended towards the
diaphysis over a distance of
1.5 mm (250 slices). Automatic
delineating of volume of interest
(VOI) for the cortical region and
manual delineating of VOI for the
trabecular region
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Discussion

Osteoporosis is caused primarily by the estrogen deficiency in
elderly women [15]. The ovariectomized rat is an appropriate
model to simulate postmenopausal osteoporosis [14]. The
withdrawal of estrogen following ovariectomy surgery in-
duces a rapid increase in bone turnover associated with a sub-
stantial bone loss [14, 16–18]. Indeed, substantial trabecular
bone deterioration was observed in the OVX group, demon-
strated in the present study at the trabecular bone level by the
decrease in BV/TV, Tb.N, and the increase in Tb.Sp, Tb.Pf,
Tb.Th, and SMI, in line with the literature on the effects of
OVX in rat tibia [14, 18, 19].

Concerning Tb.Th, opposite results have been reported in
literature. Some authors observed a decrease of Tb.Th after
OVX [20], whereas the present study is in agreement with the
studies reporting an increase of Tb.Th [19, 21, 22]. Bone
remodeling process associated with estrogen depletion in
ovariectomized rats not only result in bone loss but also in
the formation of new bones, as concluded by Waarsing et al.
after 54 weeks of follow-up [22]. Thin trabeculae are more
prone to performation by osteoclast activity and subsequent
complete resorption than thicker ones [19, 22]. Furthermore,

existing trabeculae merge together to form new and thicker
trabecular structures as a result of mechanical adaptation [23].
Since the thicker trabeculae remain present, the average Tb.Th
will increase.

At the cortical level, no apparent effect of OVX (10 weeks
post-surgery) compared to that of shOVX was observed. It is
hypothesized that periods of evaluation longer than those ap-
plied in this study are necessary to assess the cortical bone
changes in response to ovariectomy since the cortical bone
is more mineralized and presents a decreased surface ratio
compared to the trabecular bone [24], resulting in a lower
resorption rate.

The mechanical treatment with HF loading via WBV was
not able to substantially oppose the established (10 weeks
without treatment following the OVX surgery) negative ef-
fects of ovariectomy on the trabecular bone. The lack of a
bone-inducing effect of HF treatment in trabecular bone was
also demonstrated previously by Hatori et al. using a different
loading protocol (same loading frequency applied for 2 weeks
starting at 6 weeks post-ovariectomy) [10]. Thus, the trabec-
ular bone response to loading seems to be more related to the
role of estrogen receptors than to loading. At these regions, the
α-form of estrogen receptor (ER-α) is involved in the

Fig. 4 Micro-CT results of cortical bone structural parameters according
to the hormonal and mechanical status, for the cortical thickness (Ct.Th),
porosity (Ct.Po), periosteal perimeter (Ps.Pm), medullary area (Ma.Ar),
endocortical perimeter (Ec.Pm), mean polar moment inertia (MMI), and
mean eccentricity (Ecc). Means and standard deviations are shown.

Connected bars with one asterisk denote a statistically significant
difference relative to the hormonal groups shOVX, OVX, ALN(2), and
ALN(1). Connected bars with two asterisks denote a statistically
significant difference relative to the mechanical groups shWBV and
WBV
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mechanosensing pathway of bone cells and its expression in
osteoblasts and osteocytes depends on the estrogen concentra-
tion [25–27]. Thus, a failure to maintain bone mass after es-
trogen withdrawal might be due to a reduction in the activity
or number of ER-α in bone cells limiting their anabolic re-
sponse to mechanical loading and allowing bone loss compa-
rable to that associated with disuse [25]. While at the perios-
teal surface of cortical bone, the lack of inhibitory ER-β sig-
naling might activate a compensatory mechanism promoting
an osteogenic response [28, 29], represented in this study by a
slightly but not statistically significant increase in Ps.Pm
(OVX-shWBV versus OVX-WBV).

Besides mechanical treatment, pharmacological treatment
with bisphosphonate alendronate is still the most widely used
therapy for the treatment of postmenopausal osteoporosis. In
the present study, the ALN treatment, regardless of the dosage
used, was able to fully recover one specific trabecular bone
microstructure: the trabecular thickness after ALN treatment
reaching the same values as the ones presented by that of the
shOVX group. Furthermore, compared to the OVX group,
positive changes could be observed for Tb.Sp and SMI in
ALN(1) group and for Tb.Pf in both ALN(1) and ALN(2)
groups, indicating a partial reconstitution of the bone micro-
structure by bone apposition on the existing topology [18].

At the cortical bone level, differences between the shOVX
and the ALN groups were not observed for none of the pa-
rameters. However, when comparing OVX with the ALN(1)
group, a slightly but significant increase in cortical thickness
was noticed as a possible anabolic response to the administra-
tion of alendronate. The same trend, i.e., an increase in Ct.Th,
is also seen for the other ALN dosage. Future longitudinal
studies are necessary to assess the role of alendronate dosage
on the cortical bone. In general, the few changes in the cortical
region can be explained by the cortical anatomy that limits the
accessibility of the mineralized cortical bonematrix volume to
being remodeled and may limit the accessibility of drugs. The
opposite is found in the trabecular region, which has a high
surface area/bone matrix volume configuration and provides a
large area facilitating the initiation of remodeling or facilitat-
ing the accessibility of drugs [24].

As no significant difference was observed between the dif-
ferent alendronate dosages [ALN(2) or ALN(1)] for bone
microarchitecture parameters evaluated, the selection of a re-
duced dosage can be considered in the treatment of osteopo-
rosis. Furthermore, a reduced alendronate dosage [ALN(1)]
showed additional effects on Tb.Sp (trabeculae closer to each
other), SMI (change of rod-like shape to plate-like shape) and
Ct.Th (cortical thickening). Using a lower dose seems to pro-
vide adequate but less complete suppression of bone turnover
and is likely to provide an equal fracture and osteonecrosis
risk reduction compared to a higher dose [30]. In addition, the
combination of ALN administration with HF loading did not
produce any additive effect on bone microstructural

parameters, regardless of ALN dosage employed. It seems that
the anabolic effect of HF loading was masked by the major
influence of ALN, even when a moderate ALN dosage
(3 mg/kg/week), twofold reduction standard ALN dosage
(6 mg/kg/week) [10], was considered. Further studies using
less elevated ALN dosages than those used in present study
(e.g., tenfold reduction of standard ALN dosage of 6 mg/kg/
week) should be performed to clarify what is the optimal ef-
fective dose of alendronate which, when combined with HF
loading, is able to enhance bone microstructural parameters
after ovariectomy with good treatment cost-effectiveness and
safety. Besides microstructural analysis, an evaluation at cel-
lular and molecular levels should be addressed in future stud-
ies. This could give a better insight of HF loading anabolic
effects on bone, once structural bone changes in response to
mechanical stimulation take more time to be detected at the
microstructural level than those induced by alendronate ad-
ministration considering its potent and immediate
antiresorptive effect.

The limitations of the present study should not be denied.
First, only evaluations at the bone microstructural level were
included, as discussed above. In addition, the study period
was limited to 17 weeks, including 10-week post-ovariectomy
surgery prior to treatment and 6 weeks of treatment. Longer
periods than 10-week post-ovariectomy surgery should be
performed to test the efficacy of the treatment in a severe
osteoporotic bone. Also, extended periods (>6 weeks) of treat-
ment are advised to further the effects of HF loading and ALN
administration on osteoporotic bone (especially at the cortical
level), considering the different mechanisms of action of both
treatments. To the author’s knowledge, the present report is
the first evaluating the effect of specific ALN dosage associ-
ated or not with HF loading on bone microstructure.
Therefore, a reduction twofold (50%) of the ALN dosage
applied by the author’s group in previous studies was selected
[7, 10]. Further studies using longer evaluation periods and
lower ALN dosages combined with HF are necessary to elu-
cidate the role of this combined treatment in osteoporotic
conditions.

Conclusion

Considering the results and the limitations of the present
study, the use of a reduced ALN dosage in the ovariectomy-
induced osteoporotic rat model displayed the same efficacy as
a standard ALN dosage on bone, with further positive effects
on the trabecular bone microarchitecture. Additionally, the
bone anabolic potency of HF loading was overruled by ALN
dosages applied in the present study. Further reducing the
ALN dosage combined with robust mechanical stimuli is
worth considering in osteoporosis research and therapy.
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