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Background. Strontium ranelate (StR) is an antiosteoporotic agent previously utilized for the enhancement of fracture union. We
investigated the effects of StR on fracture healing using a rabbit model. Methods. Forty adult female rabbits were included in the
study and were divided in 2 equal groups, according to StR treatment or untreated controls. All animals were subjected to
osteotomy of the ulna, while the contralateral ulna remained intact and served as a control for the biomechanical assessment of
fracture healing. Animals in the study group received 600 mg/kg/day of StR orally. All animals received ordinary food. At 2 and
4 weeks, all animals were euthanatized and the osteotomy sites were evaluated for healing through radiological, biomechanical,
and histopathological studies. Results. The treatment group presented statistically significant higher callus diameter, total callus
area, percentage of fibrous tissue (p < 0.001), vessels/mm?, number of total vessels, and lower osteoclast number/mm? (p<0.05)
than the control group at 2 weeks. Additionally, the treatment group presented significantly higher percentages of new
trabecular bone, vessels/mm?, osteoclast number/mm?, and lower values for callus diameter, as well as total callus area (p <0.05),
than the control group at 4 weeks. At 4 weeks, in the treatment group, force applied (p = 0.003), energy at failure (p = 0.004), and
load at failure (p=0.003) were all significantly higher in the forearm specimens with the osteotomized ulnae compared to those
without. Radiological bone union was demonstrated for animals receiving StR at 4 weeks compared with controls (p =0.045).
Conclusion. StR appears to enhance fracture healing but further studies are warranted in order to better elucidate the mechanisms
and benefits of StR treatment.

1. Introduction ment [1, 2]. The healing potential depends on several factors,

such as displacement of the fracture ends, vascularity and
Fracture healing is a complex biological and biomechanical =~ hematoma formation, method of stabilization, patient’s
process, and the successful completion of which significantly ~ age, and presence of comorbidities, including diabetes,
reduces the economic burden of healthcare on fracture treat-  tobacco smoking, and poor dietary habits [3]. Approximately
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5-10% of bone fractures lead to nonunion and incomplete
healing [4].

Fracture healing complications are associated with con-
siderable healthcare resource expenditure, functional impair-
ment, and increased use of opioid medications [5]. Thus,
enhancement of fracture healing is an important parameter
of the management of bone fractures. Over the years, there
is an increasing interest regarding the effect of agents used
in the treatment of osteoporosis in the fracture healing
process [6].

Strontium ranelate (StR) is composed of two atoms of
stable strontium (Sr*?) and the ranelic acid organic molecule
[7]. It is an extensively studied drug, mainly used in the treat-
ment of osteoporosis [8]. Unlike other antiosteoporosis
compounds, StR presents a dual effect on bone metabolism,
inhibiting bone resorption, and maintaining bone formation
[9]. In particular, in vitro studies have shown that StR
inhibits osteoclast activity and stimulates osteoblast prolifer-
ation and collagen synthesis [9]. Furthermore, it has been
shown to increase the expression and protein levels of osteo-
protegerin as well as reducing the expression and protein
levels of RANKL [10, 11]. In cultured osteoblasts, StR
increased osteoblast formation and expression of mature
osteoblast markers in primary osteoblasts and promoted
bone nodule formation [9]. In experimental animal studies,
long-term StR treatment has been shown to increase bone
strength and bone mass and reduce the number of osteoclasts
[12-14]. The effect of StR in healing fractures has been a sub-
ject of previous preclinical studies, often producing contra-
dicting results [15, 16].

This study is aimed at investigating the effects of StR on
fracture healing in normal mature female rabbits after two
and four weeks of treatment. For this purpose, we used an
ulnar fracture model and evaluated the healing process with
a combination of histopathological, biomechanical, and
radiological methods.

2. Materials and Methods

2.1. Study Design. The protocol for this experiment was
approved by the Veterinary Authority, Directorate of Veter-
inary Medicine of the Prefecture of Evros, Greece (Licence
Reference Number: T/2958/9-11-2010). Research was con-
ducted in conformity with the National and European guide-
lines of laboratory animal care.

Forty skeletally mature New Zealand white female rabbits
(age: 6-7 months; weight: 3.6-4.0 kg) were used for this study.
Anesthesia induction was obtained with atropine sulfate at
0.04 mg/kg, ketamine hydrochloride (Imalgene®, Merial,
Lyon-France) at 50 mg/kg, and xylazine (Rompun®, Bayer
Corporation, Kansas-USA) at 5mg/kg. All injections were
given intramuscularly. If necessary, one-half of the induction
dose was given intramuscularly to maintain anesthesia dur-
ing surgery. After the rabbits were anaesthetized, a posterior
longitudinal incision was made aseptically over the left ulna,
the subcutaneous tissues were dissected, and the muscles
were retracted exposing the middiaphysis of the underlying
ulna. The periosteum on the osteotomy site was not elevated
from the bone. An oscillating saw was used to create a trans-
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verse (width 1-2 mm) osteotomy at the middiaphysis of the
ulna (45 mm distal to the olecranon process) on all animals.
The osteotomies were not stabilized internally or externally.
The subcutaneous tissues were closed primarily using a 3-0
PDS suture in a simple continuous pattern, taking care to
bury all knots. The skin was closed in the same way. Full-
weight bearing was allowed from the postoperative day 1 to
the end of the study. After surgery, the animals were at
random divided as follows: the study group consisted of 20
rabbits in which strontium ranelate (Protelos®, Les Labora-
toires Servier, France) was administered at a dose of
600 mg/kg/day orally, for a period of two and four weeks.
The control group consisted of 20 rabbits in which no StR
was administered. Ten rabbits from each group were ran-
domly euthanatized at 2 weeks and the remaining ten at
4 weeks after surgery using 5mL of thiopental sodium
(Pentothal®, Hospira UK Ltd, Warwickshire, UK) intrave-
nous euthanasia solution and 10mL potassium chloride
endocardially. The bony specimens were harvested after
removing muscles and soft tissues. The osteotomized fore-
arms underwent radiographic examination. All osteotomized
forearms were prepared for histopathological examination,
while both intact and osteotomized bones underwent biome-
chanical testing. Samples for histopathological evaluation
were stored in 10% neutral buffered formalin whereas ulnae
for biomechanical examination were frozen at —20°C.

2.2. Radiography. Serial lateral and anteroposterior radio-
graphs were taken postoperatively using a Siemens X-ray
machine (Siemens, Erlangen, Germany). Callus maturity
was evaluated at the second and fourth weeks. Union was
considered complete when two cortices were bridging the site
of the osteotomy, incomplete when only one cortex was
bridging the osteotomy site, and nonunion when no bridging
the osteotomy was present [17].

2.3. Biomechanical Testing. A four-point bending test was
performed at 2 and 4 weeks after study initiation. For both
study groups, osteotomized and intact forearms were tested
separately for each animal. A four-point bending test was
carried out using a mechanical testing machine equipped
with Load Cell ILC 2500N (MECMESIN, UK: S/N: 03-
1016-08; max travel = 500 mm; max load =2500N) [18].
Ten aluminum moulds, for accurate and reproducible speci-
men fixation, equipped with miniature setting screws for
specimen holding were used. These moulds allow acrylic
resin fixation of proximal and distal ulnar ends, ensuring a
final specimen configuration compatible to the four-point
bending setup. Specimens were first aligned and stabilized
within the mould, so that the midpoint of the ulnar diaphysis
(meant to be the host callus centerline) was centrally located.
Subsequently, using soft modeling putty, the middle diaphy-
seal portion was carefully isolated from the proximal and dis-
tal bone compartments, where acrylic resin was poured for
fixation. The moulds were specially designed and manufac-
tured for this study, to ensure final specimen configuration
compatible to the four-point bending setup of the laboratory.
The mechanical testing machine is presented in Figure 1. The
benefit of utilizing a four-point bending test is that the
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FIGURE 1: Mechanical testing machine for 4-point bending test.

middle diaphyseal bone length is only subjected to a constant
pure bending moment and is completely free of any shear
contact that may unpredictably challenge or disturb the
diaphyseal callus (as in the case of a three-point bending).

2.4. Histopathology. Bones were fixed in 10% formalin solu-
tion and decalcified for two weeks. Five transverse consecu-
tive sections from the callus area were taken and processed
routinely to paraffin wax. Transverse sections were chosen
for achieving the best measurement of the callus diameter.
They were subsequently cut into 3 ym sections and stained
with hematoxylin and eosin. Tissues were examined and
photographed under a light microscope (Nikon, Japan,
model Eclipce E400). As previously suggested by Gerstenfeld
et al. [19], the variables evaluated were as follows: (a) the cal-
lus diameter (mean value, in two orthogonal planes); (b) the
total callus area (mean value for measurements of the total
callus area); (c) the cartilaginous, fibrous, and osseous callus
area, expressed as the percent of the total callus volume;
(d) the number of osteoclasts per unit area of callus (mean
value for all section measurements); (e) the number of oste-
oblasts per unit area of new trabecular bone (mean value for
measurements made at three high power fields, for each sec-
tion); and (f) the number of vessels per callus area (mean
value for all section measurements) (Figure 2).

2.5. Statistical Analysis. Data are expressed as mean +
standard deviation (S.D.) or median (in case of violation of
normality) for continuous variables and as percentages for
categorical data. The Kolmogorov-Smirnov test was utilized
for normality analysis of the parameters. The analysis of
histomorphometric markers was performed using a two-
way ANOVA model without repeated measurements, with
the factors “intervention” (control vs. drug) and “time” (2
weeks vs. 4 weeks), to evaluate mean differences between
groups. We performed multiple comparison tests adjusted
by Bonferroni corrections.

The comparison of variables between groups at each leg
(with and without osteotomy) was performed using the inde-
pendent samples ¢-test or the Mann-Whitney test in case of
violation of normality. The paired samples t-test was used
for the comparison of the leg with and without osteotomy
for each group. We calculated the new variables with using
the formula osteotomy/without osteotomy x100 in order to
adjust our results to the normal leg. Comparison of the per-
centage ratio between the two groups was analyzed using
the independent samples ¢-test or Mann-Whitney test in case
of violation of normality. The analysis of radiological
markers was performed using the Fisher exact test. All tests
are two-sided, and statistical significance was set at p < 0.05.
All analyses were carried out using the statistical package
SPSS v.16.00 (Statistical Package for the Social Sciences, SPSS
Inc., Chicago, IIL., USA).

3. Results

All animals completed the observation/treatment periods,
and no deaths occurred prior to the designated euthanasia
period of 2-4 weeks. During the entire study period, no
wound infections were noted.

3.1. Histopathology Results. The treatment group presented
statistically significant higher values of callus diameter
(p < 0.001), total callus area (p < 0.001), percentage of fibrous
tissue (p <0.001), vessels/mm? (p < 0.05), total vessel num-
ber (p <0.05), and lower values for osteoclast number/mm?
(p < 0.05) compared with the control group at 2 weeks. Addi-
tionally, the treatment group presented statistically signifi-
cant higher values of the percentage of new trabecular bone
(p <0.05), vessels/mm* (p < 0.05), osteoclast number/mm”
(p <0.05), and lower values for callus diameter (p <0.05)
and total callus area (p < 0.05) compared to the control group
at 4 weeks. StR seems to reduce the number of osteoclasts
during the early phase of fracture healing, while it increases
both the diameter and callus area, as well as the percentage
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F1GURE 2: Total vessel number at 2 weeks in control and StR group (a, b) and New trabecular bone at 4 weeks in control and StR group (c, d).
(a) Total vessel number in control group (magnification x10, hematoxylin-eosin). (b) Total vessel number in StR group (magnification x10,
hematoxylin-eosin). (c) New trabecular bone in control group (magnification x10, hematoxylin-eosin). (d) New trabecular bone in StR group
(magnification x10, hematoxylin-eosin). At 2 weeks, a significant increase of total vessel number was observed in the StR treatment group. At
4 weeks, a significant increase of new trabecular bone was observed after StR treatment.

of fibrous tissue formation. The increase of vascularization
was also significant compared with the control group. There-
fore, early treatment with StR may beneficially affect fracture
healing when compared with controls. In addition, as the
healing progresses at 4 weeks, StR positively affects new tra-
becular bone formation and simultaneously decreases the
callus size, thus promoting the physiological process of sec-
ondary fracture healing. Also, there was a statistically signif-
icant increase of callus diameter (p < 0.05), total callus area
(p < 0.001), percentage of osseous tissue (p < 0.05), and total
vessel number (p < 0.05) and decrease of percentage of carti-
lage (p < 0.05) and osteoclast number/mm?® (p < 0.05) in the
specimen at 4 weeks compared with those at 2 weeks for
the control group. Moreover, there was a statistically signifi-
cant increase of the percentage of osseous tissue (p < 0.001),
the percentage of new trabecular bone (p < 0.05), and the
osteoclast number/mm? (p < 0.05) in specimens at 4 weeks
compared with those at 2 weeks and a decrease of callus
diameter (p < 0.001), percentage of fibrous tissue (p < 0.001),

and total osteoblast number/HPF (p < 0.05) in specimens at
4 weeks compared to those at 2 weeks for the treatment group.
The histopathological results are presented in Table 1.

3.2. Biomechanical Results. At 2 weeks, biomechanical analy-
sis was not feasible because all osteotomized samples failed
immediately after load was applied. At 4 weeks, in the treat-
ment group, force applied (p=0.003), energy at failure
(p=0.004), and load at failure (p =0.003) were all statisti-
cally significantly higher in the forearm specimens with
osteotomized ulnae compared to those without. No signifi-
cant differences were observed in the same parameters
regarding the forearm specimens with and without osteoto-
mized ulnae in the control group.

Moreover, no differences were observed between the con-
trol and treatment groups for all the above parameters in
relation to forearm specimens with and without osteoto-
mized ulnae except energy at failure for forearm specimen
without osteotomized ulnae (p = 0.016).
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TaBLE 1: Comparison of histopathological results between groups receiving StR and controls at 2 and 4 weeks after study initiation.
Control 2w Control 4 w StR2w StR 4w Phetween 4 groups
Callus diameter (mm) 8.81+0.75 11.06 + 2.56* 11.55+ 1.34** 8.38 + 1.16%* <0.0001
Total callus area (mm?) 46.13 +15.58 104.88 + 26.25** 88.10 +26.94° 72.25 +16.60** <0.0001
% cartilage 24.38 +18.01 5.00 +7.07* 13.00+9.19 5.00 + 10.04" 0.007
% fibrous tissue 23.75+7.91 21.88+6.51 38.00 + 6.32**%° 19.38 +9.43% <0.0001
% osseous tissue 48.13+18.31 66.88 + 10.67" 45.00 + 9.43° 71.88 +12.52*** <0.0001
% new trabecular bone 60.00 + 15.20 70.00 + 13.10 73.00 +13.37 85.00 + 5.35%+* 0.004
Total osteoclast number 43.63 +16.28 63.00 +26.39 52.60 £+ 24.69 59.38 + 36.98 0.502
Osteoclast number/mm? 0.99+0.39 0.59+0.19" 0.61+0.21" 0.86 + 0.45" 0.041
Osteoblast number/HPF 26.38+7.7 19.38 £11.20 35.30 + 12.38° 18.50 + 7.76" 0.005
Total vessel number 18.38 +12.34 46,50 + 34.84" 77.40 + 50.24*% 59.88 +22.54"" 0.001
Vessels/mm?® 0.38+0.16 0.46 +0.31 0.74+0.33" 0.93 +0.48*% 0.012

We used the two-way ANOVA model without repeated measurements, with factors the “intervention” (control vs. drug) and “time” (2 weeks vs. 4 weeks).
Multiple comparisons were performed using the Bonferroni test. Abbreviations: HPF: high-power field. *p < 0.05 vs. control 2 weeks and **p < 0.001 vs.
control 2 w. *p < 0.05 vs. control 4 weeks and **p < 0.001 vs. control 4w. “p < 0.05 vs. StR 2 weeks and **p < 0.001 vs. StR 2 w.

TaBLE 2: Comparison of biomechanical results between groups receiving StR and controls in forearms with and without osteotomy at 4 weeks

after study initiation.

Without osteotomy Osteotomy Puithin group % (O/WO) Py(orwo)
Control 666.58 £ 162.83 663.30 + 205.68 NS 100.6 + 21.22
Force StR 552.13 + 82.64 734.91 £ 154.71 0.003 133.6 £ 23.16 0010
Pretween group NS NS
Control 873.25 + 150.62 998.38 +£432.19 NS 112.9+38.4
Energy StR 666.25 + 150.61 1081.00 £ 271.16 0.004 167.9+49.0 0026
Phetween group 0.016 NS
Control 5.00£1.22 5.13+1.55 NS 102.8 +17.8
Moment StR 4.14 +0.62 5.51+1.16 0.003 133.6+23.2 0.010
Phetween group NS NS

The comparison of variables between groups at each leg (with and without osteotomy) was performed using the independent samples t-test or the Mann-
Whitney test in case of violation of normality. The paired samples ¢-test was used for the comparison of the leg with and without osteotomy for each group.
We calculated the variable %(O/WO) = osteotomy/without osteotomy X 100 in order to adjust our results to the normal leg. Comparison of the percentage
ratio between the two groups was analyzed using the independent samples ¢-test or Mann-Whitney test in case of violation of normality. Abbreviations:

O: osteotomy; WO: without osteotomy; NS: nonsignificant.

With regard to the percentage ratio between the osteoto-
mized and intact forearms, the treatment group presented
statistically significantly higher values of force applied
(133.6 £23.16 vs. 100.6 + 21.22, p=0.010), energy at failure
(167.9£49.0 vs. 112.9 + 38.4, p = 0.026), and load at failure
(133.6£23.2 vs. 102.8 +17.8, p=0.010) than the control
group. The biomechanical results are presented in Table 2.

3.3. Radiological Results. No statistically significant differ-
ences were observed between the groups regarding radiolog-
ically observed bone union at 2 weeks (12.5% vs. 50%,
p =0.152). However, a greater statistical possibility of radio-
logical bone union was demonstrated for animals receiving
StR at 4 weeks compared with controls (62.5% vs. 26.7%,
p=0.045). Animals treated with StR presented a four-

fold higher possibility of successful bone union compared
with controls at 4 weeks after therapy (OR=4.58; 95%
CI: 1.03-15.06) (Figure 3).

4. Discussion

The effect of StR on fracture healing has been the subject of
numerous studies. In the current study, evidence from histo-
pathological, radiological, and biomechanical evaluations
suggests that treatment with StR positively contributes to
fracture healing.

Histopathological findings at 2 and 4 weeks demonstrate
a beneficial effect of StR in fracture healing. In particular, at 2
weeks, an increase in callus diameter, total callus area, fibrous
tissue formation, and vessel density and a decrease in
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FIGURE 3: Fracture healing in control group at (a) 2 and (b) 4 weeks and StR group at (c) 2 and (d) 4 weeks.

osteoclast number/mm” were observed in the study group
receiving StR compared with the control group. At 4 weeks,
a progressive reduction of the callus diameter, fibrous tissue,
and osteoblast number/HPF, as well as an increase in bony
tissue, such as osseous tissue and new trabecular bone, was
observed in the study group compared to the study group
at 2 weeks. These results suggest an enhancement of callus
formation and maturity through the effects of StR on osteo-
blast/osteoclast function. These findings are in line with
those found by Ammann et al. [14].

Biomechanical testing, which was performed using a
four-point bending test, at 4 weeks revealed that all fractured
ulnae broke away from the callus area, suggesting a beneficial
effect of StR therapy on callus formation and resistance.
Additionally, in the study group, the osteotomized forearms
exhibited better mechanical properties compared with their
nonosteotomized counterparts. This finding suggests that
the effects of StR vary in healthy and fractured bone tissue.
In the latter, StR seems to enhance the biomechanical vari-
ables of the callous compared to those of the intact bone.
These results are in contrast to those of Bruel et al. [20] and
Vegger et al. [21], who failed to show any biomechanical ben-
efits of StR therapy. In particular, in the study of Bruel et al.
[20], a three-point bending test showed that all fractured tib-
iae broke at the healing fracture site. These results support
the superiority of utilizing a four-point bending test. This test
has the benefit that only the middle diaphyseal bone length is
subjected to a constant pure bending moment and is
completely free of any shear contact that may unpredictably
challenge and disturb diaphyseal callus (as in the case of a
three-point bending). The four-point bending test was
thought to better replicate the in vivo loading [22].

In the present study, radiological findings suggest an
increased probability of callus formation, as evidenced by
radiologic examination, in the group of animals receiving
StR compared with controls in contrast to the study of Cebe-
soy et al. [23], where no such difference was noted.

Increasing evidence from clinical and experimental stud-
ies supports the beneficial effects of StR in enhancing fracture

healing. In vitro studies demonstrated that StR reduces bone
resorption [24, 25] and enhances bone formation [26]. In
particular StR decreases the activity of osteoclasts and stimu-
lates osteoblast multiplication and collagen synthesis [26]. In
vivo studies also showed that StR inhibited bone resorption
[27] and induced bone formation, as evidenced by histo-
morphometric investigation in rodents [28-30]. Similarly,
Buehler et al. [12] found that treatment with StR decreased
the histomorphometrical indices of bone resorption (osteo-
clast surface and number) and maintained bone formation
in the alveolar bone in monkeys. Long-term treatment with
StR increased bone mechanical properties by producing
dose-dependent increases of bone strength and bone mass
and improved bone microarchitecture, as assessed by
increases of trabecular and cortical bone volumes and trabec-
ular number and thickness [14]. In addition, treatment with
StR prevented bone loss and microarchitecture degradation
and improved intrinsic bone quality and endochondral ossi-
fication [31, 32]. Similar results were observed by Delannoy
et al. [13] and Marie [33]. Moreover, results from preclinical
studies demonstrated that StR therapy improves fracture
healing by increasing callus formation, callus maturity, and
mineralization, as well as by increasing callus volume and
ameliorating biomechanical properties and bone quality
[32, 34-38]. If only the parameter “energy at failure” is con-
sidered, it may not be safe to reach a safe conclusion regard-
ing a negative effect of StR on healthy bone metabolism. One
could hypothesize that StR may alter the crystalline structure
of healthy bones, since an interchange, even though limited,
occurs between StR and calcium with a maximum exchange
of 1 molecule of StR to 10 molecules of calcium, when the for-
mer is administered in high dosages [39]. However, further
research is needed in order to evaluate the effect of StR on
healthy, nonosteotomized bones.

StR presents different activities, in terms of bone forma-
tion and healing procedure, in the normal mature bone com-
pared with the fractured bone. In the study by Lavet et al.
[40], proximal tibia bone defects were created in healthy rats
and the animals were treated with StR for a period of 4, 8, or
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12 weeks. The results showed that in the healing zone,
treatment enhanced bone formation and decreased bone
resorption, thus improving the healing process of both the
cortical and trabecular compartments, with no deleterious
effects on the newly formed bone. However, in the metaphy-
seal compartment, StR only decreased bone resorption with-
out affecting bone formation.

It is well-known that metabolic conditions in osteopo-
rotic bones differ from those in healthy bones. In osteoporo-
sis, the rate of bone remodeling is augmented, causing
increased bone resorption and decreased new bone forma-
tion. It is important to mention that in 2014, the European
Medicines Agency’s Pharmacovigilance Risk Assessment
Committee (PRAC) has recommended that the medications
Protelos and Osseor (strontium ranelate) should no longer
be used to treat osteoporosis. The reason for this was a nega-
tive effect-benefit ratio of strontium ranelate, because these
drugs show serious side effects. However, our study is aimed
at evaluating the effects of short-term treatment with stron-
tium ranelate on fracture healing in an animal model without
osteoporosis. A recent study by Leiblein et al. [41] performed
in healthy rats with femur fracture demonstrated that stron-
tium ranelate presented a similar effect to parathormone
(PTH) regarding new bone formation but shows low values
for mineralization and biomechanical strength. In the cur-
rent literature, data on the effect of strontium ranelate on
fracture healing in humans is scarce; therefore, conclusions
should be extrapolated with caution [34, 36, 42, 43], and
obviously more research is needed.

Consequently, in the early phase of fracture healing,
inhibition of extreme bone resorption and enhancement
of bone formation from StR treatment may contribute to
increased callus volume and bone density [32]. In the
majority of animal studies, there is evidence of a beneficial
effect of StR on fracture healing [32, 35, 37, 44, 45]. How-
ever, in some studies, treatment with StR failed to create
the appropriate conditions in order to achieve effective
fracture healing [46].

Additionally, the procedure of fracture healing is signifi-
cantly different when fracture ends are in close contact (gap
of 1-2 mm) compared with fractures with a larger gap. Evi-
dence regarding the effect of StR in the healing of fractures
presenting a considerable gap has been conflicting. Results
from the studies of Zacchetti et al. [38] and Lavet et al. [40]
reveal that treatment with StR in fractures with a standard-
ized drill hole defect (2.5 mm wide and 2 mm deep) leads to
an acceleration of fracture healing, filling of bone defect,
and increased bone volume. Conversely, Ibrahim et al. [16]
suggested that the effects of StR treatment in rabbits with a
5mm bone fracture gap begun slowly and probably caused
a delay in the acute stage of fracture healing. Similar results
were also observed by Vegger et al. [21]. In our study, we used
healthy, adult, female rabbits and we induced an ulnar frac-
ture, which is 45 mm below the olecranon, without creating
a gap. The integrity of the periosteum was preserved. The
periosteum represents an important source of pluripotent
cells and provides approximately 1/3 of the cortical blood
flow, making it indispensable for the bone healing process
[47]. Additionally, the total absence of the periosteum and

lesions of the intramedullary vascular network has been asso-
ciated with fracture nonunion [47].

The strength of our study is that the effect of StR on frac-
ture healing was evaluated using a combination of 3 separate
methods: radiological, histopathological, and biomechanical.
To date, this is the only study evaluating the effect of StR
treatment on fracture healing using a 4-point bending test,
since this type of biomechanical analysis better approaches
the physiologic loading conditions, in comparison to a
three-point bending test. No internal or external fixation
was used for fracture stabilization. Fixation of the osteotomy
was not required because of the particularly strong inteross-
eous membrane of the rabbit’s forearms [48]. Additionally,
the intact radius acted as an immobilization splint on the
osteotomy [49, 50]. Moreover, during the daily observation,
it was noted that the osteotomized legs were loaded equally
to the healthy legs.

In contrast with other studies [13, 14, 20], in our study,
StR was administered in each rabbit orally through a syringe
and not mixed in the food; thus, a precise daily dose of the
drug, as defined by the study protocol, was guaranteed. The
treatment dose used was proportional to that used in humans
for the treatment of osteoporosis [32].

Our study presents certain limitations. The administered
StR dose (600 mg/kg/day) should create mean serum StR
concentrations that correspond to the clinical dose of
2g/day, but the actual serum StR concentration was not
determined in our study. In addition, the observation time
of 2 and 4 weeks did not provide adequate data regarding
the early stages of fracture healing. Finally, there was no addi-
tional evaluation of the callus size using microcomputed
tomography or nanoindentation.

5. Conclusion

In conclusion, the present study demonstrates a potentially
beneficial effect of StR in fracture healing. These results create
new alternatives for the use of StR as a pharmacologic agent
with a potential role on bone defect repair. Further studies
evaluating its possible role in promoting fracture healing
are necessary.
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