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Abstract: The aim of this work was to study the effects on bone quality produced by long-range treatment with zoledronic acid 
(ZA) or strontium ranelate (SrR) in ovariectomized rats. Sixty 6-month-old female Wistar rats were divided: SHAM (n=15), 
simulated intervention; OVX (n=15), ovariectomized; OVX+ZA (n=15), ovariectomized treated with ZA (0.083 mg/kg i. v. at the 
beginning of the study); and OVX+SrR (n=15), ovariectomized treated with SrR (0.033 g/kg/day by oral gavage). Rats were 
sacrificed 8 months later. Femoral (F) and lumbar (L) bone mineral density (BMD), trabecular and cortical microstructure, 
biomechanical testing and Raman spectrometry were performed. FBMD and LBMD decreased in OVX rats with no changes with 
SrR. ZA treatment prevented changes to BMD. Ovariectomy produced a reduction in micro-CT parameters, while SrR treatment 
did not avoid these changes. ZA treatment increased micro-CT parameters with respect to the SHAM group. The microstructural 
parameters of the cortical region were not modified in any of the groups. Ovariectomy produced a decrease in biomechanical 
parameters that was maintained with SrR. ZA treatment produced an increase in these parameters being higher than those of the 
SHAM group. Ovariectomy and treatments did not produce differences in crystallinity or substitution index. Mineralization index 
(MI) decreased in the OVX group. SrR did not revert this effect though ZA avoided it. According to our results preventive 
treatment with SrR did not revert the alterations in bone quality due to ovariectomy in rats. Treatment with ZA not only reverted 
the effects of ovariectomy, but also improved bone quality with respect to control rats. 

Keywords: Ovariectomized Rats, Zoledronic Acid, Strontium Ranelate 

 

1. Introduction 

Due to the prevalence and severe consequences of 
postmenopausal osteoporosis, many pharmacological 

treatments have been developed to prevent or treat the 
disease. The drugs developed for these purposes can be 
classified into 3 main groups: bone resorption inhibitors, 
formation stimulators, and those with dual effects, which 



 American Journal of Clinical and Experimental Medicine 2016; 4(6): 191-200 192 
 

inhibit bone resorption and stimulate bone formation. 
Within the group of agents that inhibit bone resorption, 

oral bisphosphonates have gained consideration over recent 
years as a first-line treatment option for osteoporosis, binding 
to bone and inhibiting osteoclast function. Of these, 
etidronate, alendronate, risedronate, and ibandronate are 
employed most frequently. 

Poor adherence is a well-known problem with osteoporosis 
treatment [1]. For this reason, administration of 
bisphosphonates has been changed to weekly or monthly 
dosing, and ibandronate is also available as an intravenous 
injection every 3 months. Zoledronic acid (ZA) is the only 
bisphosphonate that has been developed exclusively for 
intravenous use, featuring an attractive regimen of annual 
infusions for the treatment of osteoporosis, thereby ensuring 
therapeutic adherence [2]. 

Strontium ranelate has a dual mechanism of action, 
activating bone formation and decreasing bone resorption [3]. 

The above-mentioned treatments produce a significant 
decrease in fracture risk. However, more studies addressing the 
effects of these therapies on bone quality are required [4]. 
Bone quality is the result of the association between bone mass 
amount (BMD), microstructural parameters e.g., trabecular 
number, separation, thickness, cortical structure, trabecular 
pattern factor, degree of anisotropy and mineralization, among 
others. Bone remodeling is also responsible for mineralization 
degree depending of a high or low activity. Bisphosphonates 
produce a significant decrease in bone remodeling, and 
strontium ranelate increases bone formation and decreases 
bone resorption. These different actions on bone remodeling 
may affect bone structure in different ways. The end point 
would be different extrinsic and intrinsic biomechanical 
properties. Previous works evaluated which structural 
parameters (other than bone mass) are the best predictors for 
changes in the mechanical properties of bone [5]. 

The ovariectomized rat can be an appropriate experimental 
model to study the effects of postmenopausal osteoporosis 
treatments on bone. 

The aim of this work was to study the effects of treatments to 
ovariectomized rats at a long range with a bisphosphonate (ZA) 
and with strontium ranelate. Treatments were administered 
immediately after ovariectomy and over a period of 8 months. 
Subsequently, BMD, trabecular and cortical microstructure, 
mineralization and biomechanics will be studied. 

2. Materials and Methods 

Sixty 6-month-old female Wistar rats weighing 325±54 g 
(mean ± SD) were used in this study. The animals were kept 
under constant living conditions (22°C, 12-hour light-dark 
cycles per day), and food (standard laboratory chow) and 
water were available ad libitum. 

The animals were randomized into the following groups: 
SHAM (n=15), simulated intervention; OVX (n=15), 
ovariectomized; OVX+ZA (n=15), ovariectomized and treated 
with ZA (0.083 mg/kg i.v, 1 time the first day of treatment); 
OVX+SrR (n=15) ovariectomized treated with SrR (0.033 

g/kg/day by oral gavage). Treatments started 1 day after 
ovariectomy and were maintained over 8 months. 

One day after the last treatment, the experimental animals 
were weighed and killed by exsanguination under ether 
anesthesia. Once the blood was collected, the animals were 
frozen at –20°C until determination of bone mineral density 
(BMD) in previously thawed animals. Prior to BMD 
analyses, the left femurs were excised and cleaned of 
adjacent tissue for BMD determination and computerized 
microtomography (micro-CT) and biomechanical testing. 
The right femur was also excised and cleaned for Raman 
studies. Lumbar spine BMD was determined in situ. 
Repeated freeze-thaw cycles have been shown to not 
influence the mechanical properties of bone [6]. All 
procedures were carried out in accordance with European 
Community standards on the care and use of laboratory 
animals and after approval of the Ethics Committee of 
Instituto de Investigación Sanitaria Fundación Jiménez Díaz. 

2.1. Bone Mineral Density 

BMD was determined in situ in the lumbar spine (L2, L3, 
and L4) and in the entire right femur by dual-energy x-ray 
densitometry (DEXA) using a HOLOGIC QDR-1000 TM 
(S/N 277) (Hologic, Inc., Waltham, MA, USA) with small-
animal software [7]. Intra- and inter-assay coefficients of 
variation (CV) were <0.53% and <1.2%, respectively. The 
scans of the femur were analyzed to determine the BMD of 
the whole femur. The scans of the L2, L3, and L4 vertebrae 
were analyzed for BMD and the results were expressed as the 
mean of the values obtained. 

2.2. Trabecular and Cortical Microarchitecture Analysis of 

Femur by Micro-CT 

The distal region of the left femur was analyzed by 
micro-CT (Skyscan N.V., Aartselaar, Belgium), imaged 
with an x-ray tube voltage of 50 kV and a current of 200 µA 
and with a 0.5-mm aluminum filter. The scanning angular 
rotation was 185° and the angular increment was 0.40°. The 
nominal resolution was 8 µm. Data sets were reconstructed 
using a modified Feldkamp algorithm [8]. For analysis of 
the microarchitectural properties of trabecular and cortical 
bone regions, femora specimens were evaluated within a 
conforming volume of interest (VOI). Both trabecular and 
cortical bone regions were obtained by free-drawing regions 
of interest and analyzed using the commercial software 
provided with the equipment from the microtomography 
data sets (integrated over a VOI) using direct 3D 
morphometry. Total volume of VOI (tissue volume (TV), 
mm3) and trabecular bone volume ((BV), mm3) were 
calculated based on the hexahedral marching cubes volume 
model of the VOI. Trabecular BV/TV (%) was calculated 
directly. Trabecular thickness (Tb. Th; µm), trabecular 
separation (Tb. Sp; µm), and trabecular number (Tb. N; 
1/mm) were measured directly on 3D images using methods 
previously described [9, 10]. Measurements of trabecular 
thickness were calibrated by scanning and analyzing 3 
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aluminum foils with thicknesses of 50, 125, and 250 µm. 
The non-metric indices, structure model index (SMI), and 
the connectivity density (Conn. D) were also calculated 
using the direct 3D model. The SMI parameter indicates the 
relative prevalence of rods and plates in a 3D structure [11]. 
It is a dimensionless parameter. The Conn. D is an index of 
the number of connections between trabecular structures by 
volume unit, expressed in mm3 [12]. 

Cortical bone parameters were measured in 2D from 
individual 2D cross-sectional images. A total of 497 slices 
were analyzed, starting at a distance of 6.00 mm from the 
growth plate, and extending a further longitudinal distance of 
2.00 mm. The following parameters were measured in the 
cortical region: 

-Total cross-sectional area inside the periosteum, Tt. Ar: the 
mean value of the area occupied by bone and bone marrow in 
the transversal sections analyzed. It is expressed in mm2. 

-Cortical bone area, Ct. Ar: the mean value of the area 
occupied by bone in the transversal sections analyzed. It is 
expressed in mm2. 

-Marrow area, Ma. Ar: the mean value of the area 
occupied by bone marrow in the transversal sections 
analyzed. It is expressed in mm2. 

-Cortical bone area fraction, Ct. Ar/Tt. Ar: this parameter 
indicates the percentage of total area occupied by bone, 
resembling BV/TV in trabecular bone. 

-Cortical thickness, Ct. Th: a calculation of the thickness 
of the cortical region. 

-Endosteal perimeter, Ec. Pm: the perimeter of the inner 
side of the cortical wall. 

-Periosteal perimeter, Ps. Pm: the perimeter of the outer 
side of the cortical wall. 

-Polar moment of inertia, J: indicates the resistance to 
rotation of a cross-section about a chosen axis being the 
rotational analogue of mass for linear motion. The CV values 
for all these measurements were < 5 %. 

2.3. Biomechanical Testing 

The femora underwent mechanical testing with a Microtest 
EM1/10/FR/m testing machine (Microtest, S. A., Madrid, 
Spain), and 3-point bending strength was measured. Each 
bone was compressed with a constant speed of 10 mm/min 
until failure. A load-displacement curve was obtained and 
used to achieve bone structural parameters (extrinsic). The 
load-displacement curve was normalized and converted into 
a stress-strain curve to obtain bone material properties 
(intrinsic) [13]. The extrinsic biomechanical properties of 
whole bone reported include ultimate load (maximum force 
that the specimen sustained), stiffness (the slope of the linear 
portion of the load-displacement curve), and work to failure 
(the area under the load-displacement curve). In addition, 
bone tissue intrinsic biomechanical properties include 
ultimate stress, apparent Young’s modulus and toughness, 
which are independent of cross-sectional size and shape. 

2.4. Raman Spectrometry 

The middle-cortical zone of the right femur was analyzed 
by Raman spectroscopy with a Horiba Jobin Yvon’s 
LABRam micro-Raman spectrophotometer. Three functional 
groups were detected: PO4

3-, CO3
2-, and an amide group. 

From the peaks of these functional groups, 3 indexes were 
determined: crystallinity index (CI), a wide of band at the 
middle height of phosphate; mineralization index (MI), 
phosphate band intensity/amide band intensity; substitution 
index (SI), phosphate band intensity/carbonate band intensity. 

2.5. Statistical Analysis 

The results of the experiments were expressed as the mean ± 
SD of the different parameters. A non-parametric method, the 
Mann-Whitney test (Medcalc Software Program, Belgium), was 
used to compare the different treatment groups. A p-value <0.05 
was accepted as denoting a significant difference. 

3. Results 

3.1. Bone Mineral Density 

 

Figure 1. BMD (g/cm2) measured in femur (FBMD) and in lumbar vertebrae (LBMD); Sixty 6-month-old female Wistar rats at the beginning of the study, 

distributed into 4 groups: SHAM (n=15), simulated intervention; OVX (n=15), ovariectomized; OVX+ZA (n=15), ovariectomized and treated for 8 months with ZA 

(0.083 mg/kg i.v., one time the first day of treatment); OVX+SrR (n=15) ovariectomized and treated for 8 months with SrR (0.033 g/kg/day by oral gavage). Data 

are expressed as mean ± SD. Statistical significance p<0.05: (a) vs. SHAM; (b) vs. OVX; (c) vs. OVX+ ZA. 
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As compared with the SHAM group, femoral BMD 

(FBMD) and lumbar BMD (LBMD) were significantly 
decreased in OVX rats (p<0.0001 and p<0.0001, 
respectively). Administration of SrR to rats did not produce 
any significant change in FBMD or in LBMD with respect to 
the OVX group. Administration of ZA prevented the decrease 
in FBMD (p<0.001 vs OVX group) and LBMD (p<0.01 vs 
OVX group) due to ovariectomy, and BMD levels were 
higher than those of the SHAM group (Fig. 1). 

3.2. Trabecular Microarchitecture 

Figure 2 shows bone microstructural parameters. Eight 
months after surgery, most of the variables characterizing 

bone structure from micro-CT were significantly different in 
the OVX group with respect to the SHAM group. OVX rats 
presented a significant decrease in BV/TV in the distal 
femora (p< 0.05). This decrease in BV/TV was due to a 
significant increase in Tb. Sp and a decrease in Tb. N and Tb. 
Th. The administration of SrR did not prevent the changes 
from occurring in OVX, showing similar values of BV/TV, 
Tb. Sp, Tb. N, and Tb. Th to those obtained in the OVX 
group. The administration of ZA prevented all of the changes 
that had occurred in OVX, producing similar values of 
BV/TV, Tb. Th, and Tb. Sp to those obtained in the SHAM 
group and higher levels of Tb. N in treated rats than in the 
SHAM group. 

 

Figure 2. Femoral trabecular microarchitecture analysis: bone volume/total volume (BV/TV), trabecular separation (Tb.Sp), trabecular number (Tb.N), 

trabecular thickness (Tb.Th), structure model index (SMI), and connectivity density (Conn.D). Sixty 6-month-old female Wistar rats at the beginning of the 

study, distributed into 4 groups: SHAM (n=15), simulated intervention; OVX (n=15), ovariectomized; OVX+ZA (n=15), ovariectomized and treated for 8 

months with ZA (0.083 mg/kg i.v., one time the first day of treatment); OVX+SrR (n=15) ovariectomized and treated for 8 months with SrR (0.033 g/kg/day by 

oral gavage). Data are expressed as mean ± SD. Statistical significance p<0.05: (a) vs. SHAM; (b) vs. OVX; (c) vs. OVX+ SrR. 
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Ovariectomy also induced significant changes in non-

metric parameters. SMI was significantly increased due to 
surgery, indicating a transformation of trabecular bone from a 
plate- to a rod-like structure. ZA treatment preserved SHAM 
levels but no differences were observed with respect to the 
OVX group with SrR treatment. Conn. D also decreased in 
OVX group, indicating a decrease in the number of 

connections in trabecular structure. In comparison with the 
OVX group, rats treated with ZA showed a significant 
increase in this parameter even with respect SHAM group. 
SrR treatment did not produce any difference with untreated 
OVX rats (Figure 2). 

Figure 3 shows a representative image of bone trabecular 
microarchitecture in all the studied groups. 

 

Figure 3. Representative images of bone trabecular 3D microarchitecture in femur sections obtained by computed microtomography. Study formed by SHAM-

operated rats (SHAM), castrated rats (ovariectomized: OVX), and castrated rats treated for 8 months with SrR (0.033 g/kg/day by oral gavage) (OVX+ SrR) or 

castrated rats treated for 8 months with ZA (0.083 mg/kg i.v, one time the first day of treatment) (OVX+ZA). 

3.3. Cortical Microarchitecture 

Table 1 shows the microstructural parameters of the cortical region of the femurs of the studied groups. There was no 
modification in any of the studied groups with respect to the SHAM group. (See Table 1 at the end of this work)  

Table 1. Micro-CT cortical properties applied to the femur of ovariectomized rats treated with ZA and SrR. 

 Tt. Ar mm2 Ct. Ar mm2 Ma. Ar mm2 Ct. Ar/Tt. Ar% Ct. Th µm Ps. Pm mm Ec. Pm mm J mm4 
SHAM 10,48 ± 0,81 5,80 ± 0,36 4,63 ± 0,52 55,43 ± 2,07 585,74 ± 25,03 12,66 ± 0,53 10,59 ± 1,39 15,01 ± 2,27 
OVX 10,99 ± 1,08 6,02 ± 0,40 4,95 ± 0,74 54,96 ± 2,91 602,22 ± 19,37 12,98 ± 0,61 9,30 ± 0,70 16,52 ± 2,73 
SrR 11,04 ± 0,93 5,96 ± 0,23 5,07 ± 0,73 54,15 ± 2,82 591,42 ± 20,15 13,03 ± 0,64 9,51 ± 0,84 16,48 ± 2,44 
ZA 10,41 ± 0,82 6,01 ± 0,16 4,35 ± 0,71 58,00 ± 3,63 625,72 ± 25,60 12,52 ± 0,46 9,51 ± 1,12 14,89 ± 1,73 

Sixty 6-month-old female Wistar rats, sham-operated (SHAM), ovariectomized (OVX), OVX and treated with zoledronic acid (ZA) (0.08mg/kg i.v), and OVX 
and treated with strontium ranelate (SrR) (0.033 g/kg/day v. o) for 8 months Tt. Ar: Total cross-sectional area inside the periosteum; Ct. Ar: Cortical bone area; 
Ma. Ar: Marrow area; Ct. Ar/Tt. Ar: Cortical bone area fraction; Ct. Th: Cortical thickness; Ec. Pm: Endosteal perimeter; Ps. Pm: Periosteal perimeter; J: Polar 
moment of inertia. Statistical significance: Mann-Whitney test. No significant statistical differences between groups were observed. 
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Fig. 4 shows a representative image of the cortical bone of the SHAM, SrR, and ZA groups. 

 

Figure 4. Representative images of cortical microarchitecture measured in 2D from individual 2D cross-sectional images. Study formed by SHAM-operated 

rats (SHAM), castrated rats (ovariectomized: OVX) and castrated rats treated for 8 months with SrR (0.033 g/kg/day by oral gavage) (OVX+SrR) or castrated 

rats treated for 8 months with ZA (0.083 mg/kg i.v., one time, the first day of treatment) (OVX+ZA). 

3.4. Biomechanical Testing 

Table 2 shows the extrinsic (structural) and intrinsic (material) biomechanical properties of the femurs of the 4 groups of rats 
studied. Ovariectomy produced a significant decrease in extrinsic stiffness and apparent Young’s modulus, and this decrease 
was maintained in spite of treatment with SrR. ZA treatment produced an increase in ultimate load, extrinsic stiffness, ultimate 
stress, and work to failure, and these values were even higher than those of the SHAM group. (See Table 2 at the end of this 
work)  

Table 2. Extrinsic (structural) and intrinsic (material) biomechanical properties of the femur of ovariectomized rats treated with ZA and SrR. 

 
Extrinsic properties (structural) 

  
SHAM OVX OVX + ZA OVX + SrR 

Ultimate load, N Fult 140.66 ± 21.35 143.53 ± 9.16 163.86 ± 23.44a,b,c 150.32 ± 11.95 

Extrinsic stiffness, N/mm S 151.58 ± 14.35 135.85 ± 16.49a 169.83 ± 9.88b,c 138.9 ± 9.14a 

Work to failure, mJ U 75.22 ± 23.75 91.2 ± 17.22 84.98 ± 19.01 95.00 ± 12.93 

 
Intrinsic properties (material) 

  
SHAM OVX OVX + ZA OVX + SrR 

Ultimate stress, MPa σult 173.96 ± 27.17 164.74 ± 25.49 197.55 ± 29.96 a,b,c 176.54 ± 14.52 

Apparent Young's modulus, MPa E 2484.8 ± 386.56 2053.98 ± 642.16a 2673.09 ± 473.80b,c 2107.13 ± 248.09a 

Toughness, MPa u 7.46 ± 2.88 8.05 ± 1.01 7.93 ± 1.77 8.66 ± 1.13 

Sixty 6-month-old female Wistar rats, sham-operated (SHAM), ovariectomized (OVX), OVX and treated with ZA (0.08mg/kg i.v.) (OVX+ZA) and OVX and 
treated with SrR (0.033 g/kg/day v.o.) (OVX+SrR) for 8 months. Data are expressed as mean ± SD. Statistical significance p <0.05: (a) vs. SHAM; (b) vs. 
OVX; (c) vs. OVX+SrR. 

3.5. Raman Spectrometry 

Figure 5 shows a representative Raman spectrum 
corresponding to a rat of the SHAM group. Functional 
groups (PO4

3-, CO3
2-, and amide) can be observed. Results 

were similar in all the groups. Figure 6 shows the values of 
SI, CI, and MI in the 4 groups of studied rats. With respect to 

SI, there were no significant differences between the studied 
groups. Ovariectomy did not produce significant differences 
in crystallinity, and the values of this parameter were higher 
in groups SrR and ZA, although without significant 
differences. MI decreased significantly in the OVX group. 
Treatment with SrR was not able to prevent this effect, 
though rats treated with ZA presented MI values that were 
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similar to those of SHAM group.  

 

Figure 5. Representative Raman spectrum corresponding to a rat of the SHAM group. Functional groups (PO4
3-, CO3

2- and amide) can be observed. 

 

Figure 6. Values of crystallinity index (CI), mineralization index (MI) and substitution index (SI) derived from the Raman spectrum of the middle-cortical zone 

of femur. 960/1656: Raman intensity (a.u.) of phosphate band (960 cm-1)/ Raman intensity (a.u.) of amide band (1656 cm-1)x100; 960/1070: Raman intensity 

(a.u.) of phosphate band (960 cm-1)/ Raman intensity (a.u.) of carbonate band (1070 cm-1)x100. FWHM: Peak´s full width at half maximum in phosphate 

band. Sixty 6-month-old female Wistar rats at the beginning of the study, distributed into 4 groups: SHAM (n=15), simulated intervention; OVX (n=15), 

ovariectomized; OVX+ZA (n=15), ovariectomized and treated for 8 months with ZA (0.083 mg/kg i.v., one time the first day of treatment); OVX+SrR (n=15) 

ovariectomized and treated for 8 months with SrR (0.033 g/kg/day by oral gavage). Data are expressed as mean ± SD. Statistical significance p <0.05: (a) vs. 

SHAM; (b) vs. OVX; (c) vs. OVX+ SrR. 

4. Discussion 

Postmenopausal osteoporosis is a chronic disease that 
exerts a significant burden on both individuals and the 
community. Hence, there is a need for long-term treatment to 
be associated with a positive benefit-risk balance. 

Strontium ranelate, a therapeutic option for osteoporosis, 
was thought to have a dual mode of action, simultaneously 
stimulating bone formation and reducing resorption [14]. ZA, 
a bisphosphonate, is a potent antirresorptive agent [2]. The 
present work shows that long-term (8 months) treatment with 
these 2 agents produce different effects on BMD in OVX 
rats. While ZA treatment prevented losses of BMD due to 
ovariectomy and moreover led to a more compact bone than 
that of the SHAM group, the effects of SrR were not 
detectable in the BMD of OVX rats. 

Similarly, with respect to bone microstructural parameters, 

in our study SrR administration did not prevent changes 
occurring after ovariectomy that are related to a decrease in 
BV/TV, Tb. N, and the Tb. Th and to an increase in Tb. Sp. 
The administration of ZA totally prevented these changes 
while producing higher levels of Tb. N than in the SHAM 
group. A similar effect was observed in the non-metric 
parameters SMI and Conn. D. 

With respect to the effects of SrR on bone quality in 
ovariectomized rats, there are controversial data in the 
literature. Chen et al. [15] found that the administration of 
SrR (500 mg/kg/day) to 3-month-old ovariectomized rats 
during 12 weeks increased femoral BMD, distal femoral 
bone histomorphometric parameters , and biomechanical 
parameters when compared to the OVX group. The dose of 
SrR used by these authors is 15 times higher than ours and 
this could be the cause of the different effects of SrR 
observed on OVX rats. 

In another work, Chen et al. [16], using a similar dose of 
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SrR to that of the previously mentioned work (500 
mg/kg/day orally for 12 weeks), obtained a significant 
increase in distal femoral BMD when compared with the 
OVX group. These authors also administered ZA to a group 
of OVX rats (0.1 mg/kg i.v, a single injection). They 
observed that ZA increased BMD significantly more than 
SrR. They also studied osseointegration of bone implants 
where SrR was inferior to groups ZA and SHAM in bone-to-
implant contact and peri-implant bone fraction. Boyd et al. 
[17] administered a diet containing SrR (900 mg/kg/day) for 
a period of 104 weeks to intact female Fischer rats. SR 
produced a significant improvement in bone 
microarchitecture compared to controls, including a 40%-
higher trabecular thickness, 28%-higher cortical thickness, 
and no significant change in the number of trabeculae. The 
authors’ use of finite element analysis resulted in greater 
bone strength under treatment with strontium ranelate. The 
dose of SrR used in this work is higher than ours, and the 
duration of the treatment is also higher (104 weeks vs 8 
months). With higher doses of SrR than ours (625 mg/kg/day 
vs 33 mg/kg/day) administered over 5 to 7 days, Zacchetti et 
al. [18] demonstrated that treatment with SrR accelerates the 
filling of a bone defect and improves the material level 
properties of the healing bone. Ozturan et al. [19] also 
demonstrated that SrR at 450 mg/kg/day over 6 weeks 
accelerates fracture healing in OVX rats. Yalin et al. [20] 
observed that SrR has a preventive effect on oxidative 
damage in ovariectomized rats starting 4 months after 
ovariectomy. Using a lower dose of SrR (0.026-0.105 
mg/kg/day) that was similar to the one used in our work, 
Marie et al. found that over a period of 6 months this 
treatment prevented trabecular bone loss. 

As in our study, other authors did not find effects of SrR 
on bone. Ma et al. [22], administering 150 or 450 mg/kg/day 
of SrR to 6-month-old OVX rats, found that this compound 
did not enhance bone strength and had no effect on 
histomorphometry of the tibial metaphysis. Brüel et al. [23] 
did not find any effect of SrR on immobilization-induced 
bone loss in a rat model in which immobilization was 
induced by injecting botox into the muscles of the upper 
limbs. 

In the case of treatment with ZA, we did not find 
controversial results in the literature. Khajuria et al. [24], 
using a ZA dose of 50 µg/kg in ovariectomized 3-month-old 
female rats 12 weeks post-surgery and over a period of 12 
weeks thereafter, observed a restoration of BMD and cortical 
and trabecular bone microarchitecture. 

In an interesting article, Brennan et al. [25] quantified the 
distribution parameters of BMD in trabeculae from the 
proximal femora of an ovariectomized sheep model that 
underwent estrogen deficiency for 31 months and after 
receiving ZA. These authors demonstrated that prolonged 
estrogen deficiency leads to decreased mineralization and 
increased heterogeneity. Interestingly, ZA treatment of OVX 
sheep significantly reduced tissue mineral variability, both at 
a trabecular level and between femoral regions. These 
findings indicate that ZA treatment acts to reverse the 

increased mineral heterogeneity occurring during estrogen 
deficiency. 

Palacio et al. [26] showed that 0.1 mg/kg of ZA 
administered intraperitoneally to female ovariectomized rats 
(2 months old) significantly increased biomechanical 
parameters (maximum load and yield point) and reduced the 
stiffness coefficients in the femurs of the rats. 

Wu et al. [27] administered zoledronate-impregnated 
calcium phosphate cement (ZLN/CPC) to OVX rats. The 
animals were implanted with ZLN/CPC containing 0.025 mg 
of ZLN in the greater cementum. After 8 weeks, micro-CT 
scanning and histological examinations of the distal femoral 
metaphyses showed that the cancellous bone architectures 
were restored with a concomitant decrease in bone porosity. 
The bone mineral content in the bone ashes also increased 
significantly. 

The biomechanical properties of the femurs of treated rats 
reflect the findings in terms of BMD and bone microstructure 
as those of rats treated with SrR were similar to those of 
ovariectomized rats and those of rats treated with ZA were 
even better than those of SHAM group. The results of 
Palacio et al. [26] agree with our findings, reporting that 
administration of ZA to OVX rats (0.1 mg/kg 
intraperitoneally) significantly increased the maximum load 
and yield point. Also, according to our results, Ma et al. [22] 
found that SrR did not enhance bone strength relative to age-
matched ovariectomized controls. 

With respect to the Raman study, in this work we did not 
find significant differences in the CI and substitution 
(carbonates/phosphates) index between SHAM, OVX, and 
treated groups. However, ovariectomy decreased the 
mineralization index (MI), and these levels only recovered 
with ZA treatment. 

Querido et al. [28] evaluated the effects of SrR on the 
composition of the crystal structure of biological bone-like 
apatite produced in osteoblast cell cultures. In the study, cells 
were treated with SrR at concentrations of 0.05 and 0.5 µM 
Sr2+. These authors found several changes in the 
mineralization produced under 0.5 µM Sr2+, such as an 
increase in CO3

2-substitutions and changes in Ca/P ratio. 
They did not find these changes under 0.05 µM Sr2+ 
conditions. In the present work, we did not find changes in 
Ca/P ratio or carbonates/phosphates index, possibly because 
our treatment does not reach a concentration of 0.5 µM Sr2+. 
Rossi et al. [29] also found an increase in the number of 
carbonate groups in the evaluation of apatite for the 
mandibles of rats treated with SrR in drinking water. The 
concentration of SrR consumed by the animals compared to 
our experiment cannot be established. 

In a study performed in humans, Doublier et al. [30] 
compared biopsies of osteoporotic women treated with SrR 
or placebo, finding that the quality of bone apatite crystals 
was maintained without changes in crystallinity after 36 
months of treatment with SrR. 

In accordance with the results reported here, Gamsjaeger 
et al. [31], using Raman iliac-crest biopsies from the 
HORIZON-PFT clinical trial, found that once-yearly 
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administration of intravenous ZA for 3 years in humans did 
not exert any adverse effects on the evolution of bone 
material properties. 

It is important to emphasize that the concentrations of the 
drugs used in this work were weight (kg)-adjusted to match 
those used to treat humans (SrR 2 g/day, ZA 5 mg/year). 
With respect to the administration and distribution of 
strontium in rat bone, Dahl et al. [32] found that after 
repeated administration over the previous 4 weeks, strontium 
ranelate reaches a plateau. After treatment withdrawal, 
strontium exchanged onto crystals is rapidly eliminated, but 
not during administration. 

As mentioned, throughout this discussion there are 
discrepancies in the results found by the different authors 
after treatment of ovariectomized rats with SrR and these 
differences can be positive or negative. With respect to the 
studies in humans, in the clinical trials SOTI and TROPOS 
[33] extended to 10 years, positive effects of SrR on BMD 
and fracture risk are found. However, there are also authors 
who reported negative results for treatment with SrR in 
humans [34]. 

Due to the fact that in this work we present a long range 
treatment (8 months in the life of rats), we cannot rule out the 
possibility that SrR had a positive effect on OVX rats during 
the first phase, but that over a longer period of time the 
treatment did not prevent the effects of ovariectomy. 

With respect to treatment with ZA, both, works carried out 
using ovariectomized animals and those conducted in 
patients, the most important the clinical trial, called the 
HORIZON Pivotal Fracture Trial [35], a 10-year trial, 
showed the positive effects of this treatment on bone. The 
findings of this trial revealed that the BMD of treated patients 
was higher than that of controls, thus reflecting our work 
with ovariectomized rats. 

In conclusion, the results of the present work show that 
preventive treatment with SrR at a concentration of 0.033 
g/kg/day for 8 months did not revert the alterations in bone 
quality due to ovariectomy in rats; however, it cannot be 
ruled out that SrR made in a first phase a positive effect on 
OVX rats, although when administered over a longer period 
of time it did not prevent the effects of ovariectomy. On the 
other hand, treatment with ZA (0.083 mg/kg,i.v., single 
injection) not only reverted the effects of the estrogen 
deficiency, but also improved bone quality with respect to 
control rats. 
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