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Abstract Osteoporosis is a systemic skeletal disease
characterized by a disorder between bone reabsorption and
formation with increase in bone fragility. The aim of this
study was to evaluate the bone mass loss using solid-state
techniques and biochemical assays to characterized bone
samples of ovariectomized rats (OVX) and control group
(CTR). The in vivo assays were carried out using bio-
chemical analyses and bone mineral density (BMD) mea-
surements. After the animals were euthanized, the femurs
were examined using simultaneous differential thermal
analysis (DTA), thermogravimetry/derivative thermo-
gravimetry (TG/DTG) and atomic absorption spectromet-
ric. The microstructure was examined using scanning
electron microscopy (SEM). OVX had statistically higher
averages (p < 0.05) for alkaline phosphatase activity in the
serum. Therefore, our results demonstrated that the com-
parison of the OVX with the CTR showed no evidence of
significant differences in the serum calcium and phos-
phorus levels (p > 0.05); however, OVX showed a sig-
nificant weight gain (p < 0.0001) with a body mass
increase of 30.23 £ 6.45 %. BMD results presented sig-
nificant differences (p = 0.01985) between CTR and
OVX. The total mass loss (TG) was 39.12 £+ 0.45 % in
OVX, while in CTR groups, it was the 32.45 + 1.01 %
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(p = 0.0038). The results of the calcium amount in the
bones of OVX (199.86 + 8.08) were lower than the CTR
(229.62 £ 10.02). SEM micrographs showed that OVX
presented bone porosity, while CTR showed denser tra-
becular structure; this result corroborated with bone mass
loss in OVX. The ovariectomy-induced bone loss in the
rodent model can be evaluated using physical-chemical
techniques based on thermal analysis, atomic absorption
spectrometry and scanning electronic microscopy.
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Abbreviations

OovX Ovariectomized rats

CTR Control group

BMD Bone mineral density

DTA Differential thermal analysis
TG/ Thermogravimetry/derivative
DTG thermogravimetry

SEM Scanning electron microscopy
PTH Parathyroid hormone
Introduction

The bone is a complex composite material consisting of
approximately 10 % water, 30 % organic phase (mainly
collagen fibrils) and 60 % inorganic material (predomi-
nantly carbonated hydroxyapatite) [1]. Bone is one of the
most important biological structures in the field of
biomineralization. There is a clear relationship between the
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weight fraction of the mineral phase in bone and its
mechanical properties [2].

Osteoporosis is a progressive systemic disease that is
associated with a diminution of bone mass and the deteri-
oration of the microarchitecture, causing bone fragility and
increasing the risk of fractures [3]. This disorder is
characterized by an imbalance in bone remodeling in
which the rate of bone reabsorption exceeds that of bone
formation [4, 5].

Osteoporosis is a common metabolic disease that affects
postmenopausal women as a result of a decrease in estro-
gen levels secondary to the loss of ovarian function. A
deficiency in estrogen increases bone turnover rates such
that bone reabsorption exceeds bone formation, which
compromises trabecular bone [6]. Postmenopausal osteo-
porosis typically affects more than 80 % of the female
population above 50 years [7] and is characterized by a
rapid loss of mineralized bone tissue, disruption of the
trabecular architecture of the bone and changes in the
crystalline properties of mineral deposits, which result in
the structural failure (fracture) of sites rich in cancellous
bone [8]. Most fractures in postmenopausal women are
associated with a mild-to-moderate trauma superimposed
on a low bone mass [9], on changes in bone architecture
and collagen fiber orientation or, as recently suggested, on
changes in the chemical composition of collagenic and
non-collagenic bone matrix [10].

The ovariectomization of the female rat is the most
common experimental model used in research on post-
menopausal osteoporosis. It has been reported that
ovariectomy-induced bone loss is observed in the proximal
tibial metaphysis after approximately 2 weeks, in the
femoral neck after 4 weeks and in the lumbar vertebral
body after 8 weeks [11].

Bone densitometry has been widely used in preclinical
research to assess bone mass and mineral content in animal
models of osteoporosis [11]. However, it has been reported
that the analysis of bone densitometry can be challenging
in growing animals because in these cases, apparent
changes in bone mass may be a reflection of growth and
size and not of changes in true mineral density [12, 13].

In the last few decades, physicochemical characteriza-
tion techniques, e.g., atomic absorption spectrometric,
scanning electronic microscopy and thermal analysis, have
been used to assess mineral content in different samples,
such as food, water and soil analysis, as well as in material
engineering [1, 14-16]. Despite the sensitivity of these
methods, their use has not been explored to evaluate bone
loss in bioassay-guided experimental osteoporosis.

Thus, the goal of this study was to characterize the bone
samples of ovariectomized female rats using solid-state
physicochemical techniques. Furthermore, changes in the
serum levels of alkaline phosphatase, phosphorus and
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calcium were assessed and were used as biochemical
parameters of bone loss.

Materials and methods
Animals

Thirteen-week-old female Wistar rats (150-200 g) were
obtained from the Biotherium of Tiradentes University
(Sergipe, Brazil). This study was approved by the Institu-
tional Animal Care of the Tiradentes University
(CEUA/UNIT#110310R), and all procedures were carried
out in accordance with Animal Care. The rats were ran-
domly assigned into two groups: control group, with adult
female rats (CTR; n = 6); ovariectomized group, with
adult female rat that have undergone bilateral ovariectomy
by lumbar access under general anesthesia (OVX; n = 6).
The rats from both groups were weighed at the beginning
of the study and after 60 days.

Biochemical analyses

Sixty days after surgery (ovariectomy), blood samples
(1 mL) were collected by cardiac puncture from all of the
animals. Serum was obtained after centrifugation at
10,000 rpm for 15 min. The alkaline phosphatase, phos-
phorus and calcium levels of the CTR and OVX animals
were assayed using Architect C8000 (Abbott, USA) auto-
mated equipment.

Bone mineral density (BMD)

Sixty days after surgery, bone mass was determined using
bone mineral density (BMD) and expressed in g cm 2. The
measurements were taken with the bone mass of total body
weight using dual X-ray absorptiometry (GE Healthcare
densitometer, USA).

Bone sample

Subsequent to the collection of blood samples and assess-
ment of the BMD measurements, the animals were eutha-
nized in a CO, chamber. The bone samples (femurs) were
removed for the following treatments. Bones were dis-
sected, boiled in distilled water to remove fat and subse-
quently dried in the oven at 80 °C. [1].

Thermal analysis
The bone samples were ground, and the powder was used

for TG/DTA analysis. Simultaneous thermogravimetry
(TG/DTG) and differential thermal analysis (DTA) were
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performed on a thermobalance model TGA 60 (Shimadzu,
Kyoto Japan) using platinum crucibles. The bone samples
were approximately 5 mg and were heated at a rate of
f=20°C min~' in air atmosphere (flow =
100 mL min~") in the temperature range of 20~1100 °C,
according to the method proposed by Jankovic and col-
laborators (2009) [17]. The isothermal thermogravimetric
test of animal bones was performed by 1 h a temperature of
1100 °C.

Atomic absorption spectrometry

The following methods were performed according to the
Official Method 968.08 for determination of minerals in
animal feed and pet food and Official Method 965.09 for
atomic absorption spectrometric method (AOAC), with
slight modifications. Bone digestion was performed by
adding 5.0 mL HNOj to each 0.1 g of the sample. Subse-
quently, the samples were transferred to volumetric flasks,
and Milli-Q water was added to achieve a final volume of
25 mL. Calcium assessment using atomic absorption
spectrometry was performed with air-C,H, burners. Ionic
interference was eliminated by adding La salt stock solu-
tion to the standard and sample solutions so that final
dilutions contained 1 % La. A Perkin-Elmer (Analyst 300,
USA) flame atomic absorption spectrometer equipped with
hollow cathode lamps was used for the analysis. The
instrumental parameters were adjusted according to the
manufacturer’s recommendations. A Ca hallow cathode
lamp operating at 422.7 nm was used as the radiation
source. The lamp current was set at 10 mA. The flame
composition was acetylene (gas pressure 2.94 x 10* Pa)
and air (gas pressure 1.28 x 10° Pa).

Scanning electron microscopy (SEM)

The dry samples were coated with 10 nm of gold by
sputtering with a Sputter Coater BAL-TEC MED 20
(Oxford, England). Femur neck microstructures were
examined by scanning electron microscopy (SEM, JEOL
JMS-6360-Lv, Japan; 20 kV) with energy-dispersive
spectrometry (EDS, Oxford, England). An ISI DS-130
LaBg SEM operated at 9-15 kV was employed to inves-
tigate the trabecular architecture (mesostructural level) of
the femur necks. Decalcification was not necessary for
analyzing these structures under SEM, and thus, they all
remained calcified. SEM images were digitally pho-
tographed to best capture the trabecular structure.

Statistical analysis

Student’s ¢ test (GraphPad Prism 5.01 computer program)
was employed for statistical analysis of the results. All

values were expressed as the mean + SD. Differences
below the probability level of 0.05 were considered sta-
tistically significant.

Results and discussion

The ovariectomized rat is the most common animal model
for studying events associated with postmenopausal osteo-
porosis [17]. As shownin Table 1,the OVX presented higher
values of alkaline phosphatase serum levels compared with
CTR (p = 0.0025). Although increased levels of alkaline
phosphatase has been considered to be a marker of bone
formation, it has also been demonstrated that this enzyme is
over stimulated as a compensatory result of decreased serum
levels of estrogen, which is what occurred in OVX [18].
Surprisingly, no significant difference was observed in the
serum calcium and phosphorus levels between experimental
(OVX) and control groups (CTR; p > 0.05).

Plasmatic levels of phosphorus, calcium and alkaline
phosphatase were measured to assess osseous metabolism.
The ovariectomized group showed an increase in alkaline
phosphatase levels and regular calcium and phosphorus
levels. According to Serakides et al. [19], hypogonadism
interferes with the plasmatic characteristics of osseous
metabolism, particularly increasing the levels of alkaline
phosphatase. In contrast, hypogonadism has little effect on
the level of phosphorus. The ovariectomized group showed
that the bone is in the remodeling biochemical process,
represented by high levels of alkaline phosphatase. In
addition, the calcium level was not inversely related to
phosphorus, which may suggest a typical response to the
action of parathyroid hormone (PTH) on bone, demon-
strating the important role of bone in maintaining calcium
levels [20, 28].

The ovariectomized group showed a significant weight
gain (p < 0.0001), with a body mass increase of
30.23 + 6.45 % after 2 months when compared to the rats
before surgery (Fig. 1). The monthly weight gain of the
rats that did not undergo surgery was 10.10 &= 3.2 %. It has
been reported that estrogen deficiency is associated with
atrophy of the uterus and weight gain. Thus, the success of
ovariectomy in reducing estrogen levels can also be
inferred by changes in the body weight of the ovariec-
tomized animals [21, 22].

The combustion of animal bones under isothermal
conditions is a complicated process because many different
molecules are present in the bone samples. Figure 2 shows
the TG curve of CTR and OVX. The TG curves for both
bone samples showed three events with different intensities
that correspond to the considered reaction steps (steps I, II
and III). Water is an abundant component of bone,
accounting for approximately 8.46 £ 1.19 % by mass loss
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Table 1 Serum biochemical findings in females ovariectomized rats

Groups Alkaline phosphatase/U L™ Calcium/mmol L™! Phosphorus
CTR 87.33 £ 10.27%* 9.38 £+ 0.60 5.37 £ 046
ovX 126.33 + 21.59 9.59 + 0.19 5.47 £ 047

Data are expressed as the mean + SD

** Significant difference between the CTR and OVX group p < 0.01 (test ) N = 06
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Fig. 1 Body weight of females rats. *Significant difference from
control group by Student’s ¢ test

in OVX and 9.73 £ 1.4 % in the control group. This mass
loss was associated with loss of water (stage I). In the
interval from 268 to 518 °C, a gradual mass loss (stage II),
19.91 £ 0.81 % in CTR and 25.85 £ 1.13 in OVX, was
observed. A higher mass loss was observed in 268-518 °C.
In this range, mass loss can be associated with thermal
decomposition of the organic phase (stage II). It can be
noted that in this stage, the loss of bulk water can be fol-
lowed by deeper dehydration, with the loss of the ordered
hydration shell that has been proposed to mediate the
interactions between the mineral and collagen components
of bone. Additionally, it can be noted that the samples with
a high organic content usually lost carbon dioxide in two
stages. The mass loss in the temperature range from 518 to

Fig. 2 TG and DTG curve of
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OVX and (solid line) CTR
group in a air atmosphere 9%
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Fig. 3 DTA curve of the bone samples (dotted line) OVX and (solid
line) CTR group in a air atmosphere (100 mL min~") and rate heat
20 °C min™"'

1100 °C was 2.8 = 0.33 % in CTR and 4.81 £ 0.19 % in
OVX. At this step, carbon dioxide is released from car-
bonated apatite [14]. The mass loss in this step can be
attributed to adsorbed water and partial dehydration of
hydroxyapatite [15]. The total mass loss was
39.12 £ 0.45 % in OVX, whereas in CTR groups, it was
3245 £ 1.01 %, which shows significant difference
(p = 0.0038) between the groups.

DTA curves (Fig. 3) for the bone sample show an
endothermic peak in the temperature range of approxi-
mately 35-164 °C and exothermic events between 190 and
625 °C. The formation of bone requires hydroxyapatite
(inorganic component), collagen (organic component) and
water. These data confirm the results obtained by TG/DTG
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Fig. 4 SEM surface images (500 pm) of femur for CTR and OVX

showing the first event of water loss. The second stage is
related to the decomposition of the organic phase from 190
to 640 °C. The last exothermic event is related to the
elimination of carbonaceous material and the dissociation
of calcium carbonate (CaCOs;). At this step, the organic
material was separated from the mineral component [15].

The data analysis of bone mineral density (BMD) pre-
sented significant difference (p = 0.01985) between CTR
(0413 £ 0.021 gecm %) and OVX groups (0.347 +
0.009 g cm™?). These data show that after ovariectomy, a
significant bone mineral loss occurred as expected. The
ovariectomy osteoporosis model mimics the bone loss that
occurs with estrogen deficiency in postmenopausal women.
The OVX rat model is widely used as a preclinical model
to evaluate bony changes in postmenopausal osteoporosis
[23, 24].

The calcium bone content was assessed in CTR and
OVX groups, and the comparisons between the two groups
demonstrated significant differences in bone calcium levels
(p = 0.016). The atomic absorption spectrometry results
from the calcium amount in the bones of ovariectomized
rats (199.86 + 8.08 calcium/pg g~ ') were lower than those
observed in the CTR group (229.62 4 10.02 calcium/ug g ).
These findings demonstrate the effectiveness of the
experimental model for osteoporosis, as previously repor-
ted by Netto et al. (2006).

SEM micrographs revealed a structural difference in the
trabecular architecture of the OVX and CTR femur
(Fig. 4). OVX presented bone porosity, whereas CTR
showed denser trabecular structure. The relevance of this
finding lies in the fact that the dense bone structures of
CTR increased bone strength and fracture toughness.
Osteoporosis causes a loosened bone structure with poor
mechanical performance in ovariectomized animals [25].
According to Changa et al. (2011), once bone mineral loss
occurs, the features and arrangements of collagen fibers
and hydroxyapatite crystals are also expected to change
[26, 27]. The porosity observed in OVX may be a result of

shorter and randomly distributed collagen fibers, as well as
loosely packed hydroxyapatite crystals, in comparison with
CTR. Furthermore, the SEM results appear to confirm our
data from the TG/DTA analysis, bone mineral density
(BMD) assay, atomic absorption spectrometry and bio-
chemical assessment of alkaline phosphatase serum levels.

Conclusions

We provide the first evidence that ovariectomy-induced
bone loss in a rodent model can be successfully assessed
using physical-chemical techniques based on thermal
analysis, atomic absorption spectrometry and scanning
electronic microscopy. Therefore, these methods can be
useful in analyzing the loss/gain of bone mass in further
experimental studies on postmenopausal osteoporosis in a
rodent model.
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