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Abstract: Background: Strontium (Sr) enriched biomaterials have been used to improve bone
regeneration in vivo. However, most studies provide only two experimental groups. The aim of our
study was to compare eleven different bone sample groups from osteoporotic and healthy rabbits’
femoral neck, as it is the most frequent osteoporotic fracture in humans. Methods: Osteoporotic
bone defects were filled with hydroxyapatite 30% (HA) and tricalcium phosphate 70% (TCP), 5%
Sr-enriched HA30/TCP70, HA70/TCP30, or Sr-HA70/TCP30 granules and were compared with intact
leg, sham surgery and healthy non-operated bone. Expression of osteoprotegerin (OPG), nuclear
factor kappa beta 105 (NFkB-105), osteocalcin (OC), bone morphogenetic protein 2/4 (BMP-2/4),
collagen I (Col-1α), matrix metalloproteinase 2 (MMP-2), tissue inhibitor of matrix metalloproteinase
2 (TIMP-2), interleukin 1 (IL-1) and interleukin 10 (IL-10) was analyzed by histomorphometry and
immunohistochemistry. Results: Our study showed that Sr-HA70/TCP30 induced higher expression
of all above-mentioned factors compared to intact leg and even higher expression of OC, MMP-2
and NFkB-105 compared to Sr-HA30/TCP70. HA70/TCP30 induced higher level of NFkB-105 and
IL-1 compared to HA30/TCP70. Conclusion: Sr-enriched biomaterials improved bone regeneration at
molecular level in severe osteoporosis and induced activity of the factors was higher than after pure
ceramic, sham or even healthy rabbits.
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1. Introduction

Osteoporosis is defined as a generalized skeletal disease with micro architectural bone changes
and low mineral density, which leads to fragility and risk of fractures [1]. In the field of orthopedics,
an osteoporotic femoral neck fracture is one of the most common and devastating injuries and, despite
correct surgical fixation, avascular necrosis or metal implant dislocations can occur in up to 22.5% of
bone surgery cases [2]. To overcome those complications, many attempts have been made to improve
bone healing and mechanical stability of the prosthesis by creating physiologically active implant
induced bone remodeling [3]. Bone tissue engineering (BTE) is a promising approach for treating bone
defects by providing a template to guide bone regeneration [4]. Local support and stimulation of bone
healing with good experimental and clinical results have been published before. For example, Herford
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et al. found that addition of recombinant human bone morphogenetic protein type 2 to a collagen
matrix, which is applied during distraction osteogeneis, increases faster bone tissue regeneration [5].
Poli et al. also reported that guided BTE, using titanium micromesh filled with bone grafts, provides
sufficient bone volume correction in humans with severe alveolar atrophies [6]. Furthermore, clinical
study by Chen et al. found an increase of bone healing and good bone to implant incorporation when
biphasic calcium phosphate ceramics were used as a local treatment for comminuted fractures and
fracture nonunion [7].

Bone tissue exist in a continual state of dynamic balance during the replacement of an old bone
with a new one via a bone remodeling process [8]. One of the most popular recently studied metal
is strontium (Sr), which has shown a unique activity in bone cells [9]. Sr can simultaneously affect
antagonistic processes by increasing osteoblastogenesis and new bone formation, while decreasing
osteoclastogenesis and bone resorption [10]. Animal studies have shown encouraging results when
using biomaterials enriched with metallic ions providing local treatment of osteoporosis [11]. Rabbits
have shown advantages over other species studied due to the faster bone turnover and active Haversian
channel system, which is similar to humans’ bone and crucial for evaluation of regenerative processes
of the bone [12].

It is important to understand precise interactions between different morphogens, growth factors,
cell activity indicators and immunity cytokines. In our study, we investigated the following markers:
OPG, OC, NFkB-105, Col-1α, BMP-2/4, MMP-2, TIMP-2, IL-1, and IL-10. Osteoprotegerin (OPG) is a
very important regulatory factor in the bone remodeling and it is secreted by osteoblasts inhibiting
RANKL (receptor activator of nuclear factor kappa beta ligand) induced osteoclastogenesis [8].
Osteocalcin (OC) is a major non-collagenous protein with high affinity for calcium ions, which
promotes absorption to hydroxyapatite in bone matrix, thus regulating bone mineralization process [13].
Nuclear factor kappa beta 105 (NFkB-105) is a member of the transcriptional factor family and is
involved in many signaling pathways essential for normal cellular functions and RANKL induced
osteoclastogenesis [14]. Moreover, others have reported that NFkB is responsible for production
and mediation of such cytokines as TNF-α and IL-1 [15]. Collagen type Iα (Col-1α) is the most
abundant protein in the extracellular matrix (ECM) of the bone [16] and during bone formation its
molecules arrange into fibrils, which undergo mineralization via apatite crystal formation [17]. Bone
morphogenetic proteins 2/4 (BMP-2/4) belong to the transforming growth factor family and play
important roles during bone tissue development and regeneration, and, due to the osteoinductivity,
can enhance new bone formation via activation of cell proliferation and differentiation [18]. Matrix
metalloproteinases (MMP) belong to the major proteinase enzyme family responsible for degradation
and turnover of the ECM in normal physiological conditions and in skeletal pathologies such as
osteoporosis and rheumatoid arthritis [19]. MMP-2 or gelatinase A can cleave collagen, aggrecans,
gelatins, fibronectin, laminin, tenascin-C, elastin and its up-regulation is found inside the fracture callus,
mediating bone regeneration during fracture healing [20]. Tissue inhibitor of matrix metalloproteinase
2 (TIMP-2) belongs to the multifunctional protein family, which inhibits the catalytic activity of MMP-2
in the ECM space [21]. Highest activity of the TIMP-2 is found during bone matrix mineralization in
mature osteoblasts, where it directly stimulates bone resorbing activity of osteoclasts [20]. A variety
of cellular and tissue functions are regulated by interleukin 1 (IL-1), which is a pro-inflammatory
cytokine that participates in the development, activity and survival of the osteoclasts and activates
bone destruction in osteoporosis [22]. Contrarily, interleukin 10 (IL-10), as an anti-inflammatory
cytokine, can inhibit bone resorption and reduce inflammatory reactions via downregulation of the
pro-inflammatory cytokine synthesis [23].

When investigating new biomaterials in the field of regenerative medicine for the improvement
of bone healing, it is necessarily to establish systemic bone conditions in vitro that are similar to those
found in humans. None of the previously published studies on Sr-enriched biomaterial implantation
provide more than two experimental groups and there is a lack of severe osteoporotic condition animal
group in most of the studies. Therefore, we focused on simulating an analogous level of constant and
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severe osteoporosis similar to postmenopausal bone disease. The femoral neck area was chosen as
a bone defect area, as it is the most common osteoporotic fracture site. The aim of our study was to
analyze previously described marker activity in eleven different bone conditions from osteoporotic
and healthy rabbits’ femoral neck to investigate the potential use of 5% Sr-enriched hydroxyapatite
(HA, mass ratio: 30% and 70%) and tricalcium phosphate (TCP, mass ratio: 70% and 30%) biphasic
ceramic applications for the local treatment of osteoporosis. Bone samples were also obtained from
rabbits’ femoral neck area of healthy, sham surgery-affected and intact leg of all operated animals. We
found that Sr-HA70/TCP30 biomaterials induce most noticeable local changes of bone regeneration,
improving expression of all analyzed markers. All changes were found in molecular level, while new
bone formation stayed similar for 12 weeks in severe osteoporosis.

2. Results

During the experiment, two rabbits died. Both died after the second stage of the study—one
after Sr-HA70/TCP30 implantation and the other after the sham surgery. Pathological examination of
visceral organs did not show any correlation between the implantation and the cause of death. No
other rabbits showed any sign of suffering from pain or any other pathological conditions.

2.1. Trabecular Bone Area

All operated rabbits showed significantly reduced trabecular bone area (TBA) compared to the
healthy rabbits’ bone (Figure 1). However, no statistical difference of TBA was found between operated
and non-operated legs of all operated animals (Table 1). Similarly, in the group of Sr-HA30/TCP70, TBA
was decreased by 40.4% compared to the healthy rabbits. TBA of pure HA30/TCP70 was decreased
by 42.5%, in Sr-HA70/TCP30 by 47.6% and pure HA70/TCP30 by 43.3%. In the sham group, TBA was
decreased by 38.4% compared to the healthy rabbits’ bone.

4 
 

0.02, U = 0.500; p = 0.06, U = 1.000; p = 0.012, U = 3.000; p = 0.003, U = 0.500; p = 0.004, U = 0.500; 
p = 0.005, U = 1.500; p = 0.024, U = 4.500; p = 0.005, U = 1.000; p = 0.02, U = 4.000). 
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(HA70/TCP30); and (F) (sham). G, granules; blue dot, bone trabeculae; H&E staining; 
magnification X 100; scale bar, 100 µm. 
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Col-1α (p = 0.029, U = 15.000; p = 0.001, U = 2.500; p = 0.011, U = 10.000; p = 0.001, U = 1.000; p = 
0.004, U = 6.000; p = 0.001, U = 1.500; p = 0.001, U = 0.500; p = 0.016, U = 10.000; p = 0.003, U = 
5.000). 

Sr-HA70/TCP30 induced higher expression of OPG rather than pure HA70/TCP30 (p = 0.025, 
U = 8.000).  

2.2.3. Group C 

Numerous Col-1α positive osteocytes were found after sham surgery, while only 
moderate number of them were found in non-operated leg (p = 0.044, U = 6.000). 

2.2.4. Healthy Bone Compared to Operated Bone Samples 
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Both biomaterial subgroups with or without strontium showed similar results and 

expression of the following factors were higher than in healthy bone samples: BMP 2/4, TIMP-
2, IL-1 and Col-1α (p = 0.004, U = 6.500; p = 0.031, U = 14.500; p = 0.002, U = 6.000; p = 0.004, U = 
7.000; p = 0.016, U = 12.000; p = 0.032, U = 0.500 p = 0.001, U = 0.500; p = 0.001, U = 0.500).  

Number of OPG and NFkB105 positive bone cells were higher in healthy bone compared 
to HA30/TCP70 bone samples (p = 0.033, U = 14.500; p = 0.007, U = 9.500). 

Group B 
Slight difference between Sr-HA70/TCP30 and HA70/TCP30 bone samples were detected 

when compared to healthy bone. Only OPG positive bone cells were higher in healthy bone 
compared to pure biomaterial (p = 0.049, U = 19.500).  

Figure 1. Trabecular bone area between study groups: (A) healthy rabbits’ bone with nearly double
TBA compared to: (B) (Sr-HA30/TCP70); (C) (HA30/TCP70); (D) (Sr-HA70/TCP30); (E) (HA70/TCP30);
and (F) (sham). G, granules; blue dot, bone trabeculae; H&E staining; magnification × 100; scale bar,
100 µm.
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Table 1. Summary of trabecular bone area and semi-quantitative analysis.

Variables TBA,
mm2 OPG OC NFkB-105 BMP-2/4 Col-1α MMP-2 TIMP-2 IL-1 IL-10Group

A
Sr-HA30/TCP70 0.234 3c (2.5–3) 3c (2–3) 2c (1.5–2) 2.5c (1.5–3) 3c (2–3) 2 (1–3) 3 (2.5–3) 1c (0.5–1.5) 2 (1.5–2.5)

Intact leg 0.226 2 (2–2.5) 2 (2–2.5) 1 (1–1.5) 1.5 (1–2) 2 (2–3) 1 (1–2) 3 (2–3) 0.5 (0–1) 1.5 (1–2)

HA30/TCP70 0.226 2a (2–3)b 2.5 (2–3) 1.5c (1–2) 2 (1–2) 3 (2–3) 2c (1.5–3) 3 (2–3) 1 (0–1.5) 2 (2–2.5)
Intact leg 0.198 2 (1.5–2.5) 2 (1.5–3) 1 (0–1.5) 2 (1–2) 2.5 (2–3) 1.5 (1–1.5) 2.5 (2–3) 0.5 (0–1) 2 (1.5–2.5)

B
Sr-HA70/TCP30 0.206 3c (2.5–3) 3.5c (2.5–4) 3c (2–3.5) 2.5c (2–3) 3c (2–3.5) 2.5c (2–3) 3c (2.5–3) 1.5c (1–2) 2.5c (2–3)

Intact leg 0.222 2 (1.5–2) 1.5 (1–3) 2 (1.5–2) 0.5 (0.5–1) 1.5 (1–3) 1.5 (1–2) 2 (1.5–2.5) 0.5 (0.5–1) 1.5 (1–2)

HA70/TCP30 0.223 2c (2–3) 3c (2–4) 2c (2–3) 2c (1.5–2.5) 2.5c (2.5–3) 2.5c (2.5–3.5) 3c (2.5–3.5) 2c (1.5–2.5) 2.5c (2–3)
Intact leg 0.212 1.5 (1.5–2) 2 (1–2) 1.5 (1–2) 0.5 (0.5–1.5) 2 (1–2.5) 1.5 (1–2) 2 (1.5–2) 0.5 (0.5–1) 2 (1.5–2.5)

C
Sham 0.242 2 (2–2.5) 2.5 (2–3) 1.5 (1–2) 2 (1.5–2) 3c (2–3) 2 (1–3) 3 (2–3) 1 (0.5–2) 2.5 (2–3)

Intact leg 0.207 2 (2–2.5) 2 (2–2.5) 1.5 (1–3) 1.5 (1–2) 2 (1.5–3) 1.5 (1–3) 3 (2–3) 1 (0.5–2) 2 (1–3)

D
Healthy 0.393 2.5 (2–3) 3 (2.5–3) 2 (1.5–2) 1.5 (1–2) 1.5 (1–2) 2 (1–3) 2.5 (2–2.5) 0.5 (0–1) 2 (1–2.5)

a Numbers in bold are the adjusted mean values of semi-quantitative method; b Minimum and maximum
value of immunopositive bone cells; c Statistically significant difference between operated leg and intact leg
of analyzed factors.

2.2. Immunohistochemical Analysis

The study found a variability of analyzed factors among study groups. An overview of the
obtained results is shown in the Table 1 and the appearance of positive bone cells is shown in Figure 2.
Partial results and comparison within Groups A and B have been separately published before [24,25].
Only statistically significant results are reflected in the further paragraphs.

2.2.1. Group A

A higher appearance of OPG, OC, NFkB-105, BMP 2/4, IL-1 and Col-1α immunopositive
osteocytes was found in bone samples after Sr-HA30/TCP70 granule implantation compared to intact
leg (p = 0.007, U = 5.000; p = 0.005, U = 4.500; p = 0.001, U = 0.500; p = 0.021, U = 7.000; p = 0.022,
U = 7.500; p = 0.015, U = 7.500).

Only a few factors were found to be higher after implantation of HA30/TCP70 granules compared
to intact leg—NFkB-105 and MMP-2 (p = 0.03, U = 9.000; p = 0.002, U = 1.500).

Presence of Sr induced higher expression of OPG and NFkB 105 rather than pure HA30/TCP70

(p = 0.04, U = 9.500; p = 0.01, U = 6.000).

2.2.2. Group B

Sr-HA70/TCP30 induced a higher appearance of positive osteocytes of all factors compared to the
intact leg: OPG, OC, NFkB-105, BMP 2/4, MMP-2, TIMP-2, IL-1, IL-10 and Col-1α (p = 0.02, U = 0.500;
p = 0.06, U = 1.000; p = 0.012, U = 3.000; p = 0.003, U = 0.500; p = 0.004, U = 0.500; p = 0.005, U = 1.500;
p = 0.024, U = 4.500; p = 0.005, U = 1.000; p = 0.02, U = 4.000).

Pure HA70/TCP30 showed similar outcome and higher appearance of immunopositive bone cells
of all factors were found: OPG, OC, NFkB-105, BMP 2/4, MMP-2, TIMP-2, IL-1, IL-10 and Col-1α
(p = 0.029, U = 15.000; p = 0.001, U = 2.500; p = 0.011, U = 10.000; p = 0.001, U = 1.000; p = 0.004, U = 6.000;
p = 0.001, U = 1.500; p = 0.001, U = 0.500; p = 0.016, U = 10.000; p = 0.003, U = 5.000).

Sr-HA70/TCP30 induced higher expression of OPG rather than pure HA70/TCP30 (p = 0.025,
U = 8.000).

2.2.3. Group C

Numerous Col-1α positive osteocytes were found after sham surgery, while only moderate
number of them were found in non-operated leg (p = 0.044, U = 6.000).
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(p = 0.003, U = 1.500; p = 0.049, U = 8.000), while Sr-HA30/TCP70 showed higher appearance of 
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showed interrelation correlations.  

Figure 2. Distribution overview of the immunohistochemically analyzed factors. G, granules; red
arrow, immunopositive bone cells. Numbers in lower right sided text box are quantified according
to semi-quantitative method and are graded as follows: 0, no positive bone cells; 0.5, no to few
positive bone cells; 1, few positive bone cells; 1.5, few to moderate bone cells; 2, moderate number of
immunopositive bone cells; 2.5, moderate to numerous bone cells; 3, numerous immunopositive bone
cells. IMH, magnification × 100, scale bar 25 µm.

2.2.4. Healthy Bone Compared to Operated Bone Samples

Group A
Both biomaterial subgroups with or without strontium showed similar results and expression of

the following factors were higher than in healthy bone samples: BMP 2/4, TIMP-2, IL-1 and Col-1α
(p = 0.004, U = 6.500; p = 0.031, U = 14.500; p = 0.002, U = 6.000; p = 0.004, U = 7.000; p = 0.016, U = 12.000;
p = 0.032, U = 0.500 p = 0.001, U = 0.500; p = 0.001, U = 0.500).

Number of OPG and NFkB105 positive bone cells were higher in healthy bone compared to
HA30/TCP70 bone samples (p = 0.033, U = 14.500; p = 0.007, U = 9.500).

Group B
Slight difference between Sr-HA70/TCP30 and HA70/TCP30 bone samples were detected when

compared to healthy bone. Only OPG positive bone cells were higher in healthy bone compared to
pure biomaterial (p = 0.049, U = 19.500).
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HA70/TCP30 induced higher expression of immunopositive bone cells of BMP 2/4, TIMP-2, IL-1,
IL-10, and Col-1α compared to healthy bone (p = 0.009, U = 12.000; p = 0.003, U = 9.000; p = 0.0001,
U = 0.500; p = 0.025, U = 16.000; p = 0.0001, U = 0.500).

Sr-HA70/TCP30 showed higher amount of OC, NFkB-105, BMP 2/4, TIMP-2, IL-1 and Col-1α
immunopositive osteocytes compared to healthy bone (p = 0.023, U = 10.500; p = 0.016, U = 10.000;
p = 0.002, U = 3.000; p = 0.002, U = 3.000; p = 0.002, U = 3.000; p = 0.001, U = 0.500)

Group C
Sham bone showed higher expression of TIMP-2, IL-1 and Col-1α compared to healthy bone

(p = 0.010, U = 7.00; p = 0.023, U = 10.500; p = 0.001, U = 0.500), while OPG and OC immunopositive
osteocytes were higher in healthy group (p = 0.018, U = 10.000; p = 0.047, U = 15.000).

2.2.5. Comparison Between Operated Groups

Group A and Group B
After the implantation of Sr-HA70/TCP30 ceramics OC, NFkB-105 and MMP-2 immunopositive

bone cells were significantly higher compared to Sr-HA30/TCP70 granule implantation (p = 0.022,
U = 5.500; p = 0.014, U = 6.00; p = 0.033, U = 6.500).

Similarly, only a few factors showed difference between pure biomaterial implantation, where
HA70/TCP30 showed higher appearance of NFkB-105 and IL-1 immunopositive osteocytes compared
to HA30/TCP70 (p = 0.002, U = 2.500; p = 0.037, U = 11.00).

Group A and Group C
Only OPG immunopositive osteocytes were higher after Sr-HA30/TCP70 biomaterial implantation

compared to sham surgery (p = 0.023, U = 6.000).
Group B and Group C
Similarly, Sr-HA70/TCP30 biomaterials induced higher expression of OPG and OC compared to

sham surgery without implantation (p = 0.027, U = 1.000; p = 0.034, U = 1.000).
Numerous NFkB-105 positive osteocytes were found after sham surgery compared to moderate

to numerous after pure HA70/TCP30 (p = 0.042, U = 3.000).

2.2.6. Comparison Between Intact Leg Bone Samples of the Operated Groups

In Groups A and B, no statistical difference was obtained between intact leg bone samples.
Sham bone samples showed higher expression of NFkB-105 and TIMP-2 compared to

Sr-HA30/TCP70 (p = 0.04, U = 8.500; p = 0.015, U = 3.500).
Sr-HA70/TCP30 showed higher expression of NFkB-105 and TIMP-2 compared to Sr-HA30/TCP70

(p = 0.003, U = 1.500; p = 0.049, U = 8.000), while Sr-HA30/TCP70 showed higher appearance of
immunopositive BMP 2/4 osteocytes (p = 0.01, U = 4.000).

2.3. Correlation Between the Analyzed Factors

Statistically significant correlations are shown in Table 2. Strong and very strong either positive or
negative correlations were considered relevant. All analyzed bone samples, except Sr-HA70/TCP30

showed interrelation correlations.
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Table 2. Spearman rank correlation within groups.

Group Variables Correlation Coefficient p value

A

Sr-HA30/TCP70
NFkB-105 and Col-1α SP rs = 0.734 p = 0.046

TBA and Col-1α VSP rs = 0.809 p = 0.028

HA30/TCP70

OC and NFkB-105 VSP rs = 0.833 p = 0.020
OC and IL-1 SP rs = 0.772 p = 0.042

NFkB-105 and Il-1 VSP rs= 0.814 p = 0.026
MMP-2 and TIMP-2 SN rs = −0.764 p = 0.046

Col-1α and Il-1 VSP rs = 0.814 p = 0.026
NFkB-105 and Col-1α SP rs = 0.767 p = 0.044

OC and TBA VSN rs = −0.837 p = 0.019

B
Sr-HA70/TCP30 - - - -

HA70/TCP30

OC and MMP-2 SP rs = 0.736 p = 0.037
OPG and IL-10 VSN rs = −0.816 p = 0.013
OC and Col-1α SN rs = −0.732 p = 0.039

C

Sham
NFkB-105 and MMP-2 VSP rs = 0.939 p = 0.005

NFkB-105 and IL-1 VSP rs = 0.833 p = 0.039
OPG and IL-10 VSN rs= −0.880 p = 0.021

D

Healthy

BMP 2/4 and Col-1α VSP rs = 0.829 p = 0.003
OC and BMP 2/4 SP rs = 0.634 p = 0.049
MMP-2 and IL-10 SP rs = 0.650 p = 0.042

TBA and NFkB-105 SP rs = 0.657 p = 0.039
NFkB-105 and MMP-2 SN rs = −0.670 p = 0.034
NFkB-105 and Col-1α SN rs = −0.646 p = 0.044

TBA and TIMP-2 SN rs = −0.690 p = 0.027
TBA and IL-1 SN rs = −0.783 p = 0.007

TBA, trabecular bone area; SP, strong positive; VSP, very strong positive; SN, strong negative; VSN, very
strong negative.

3. Discussion

Preclinical evaluation of the safety and effectiveness of new experimental biomaterials for
the local treatment of osteoporosis requires investigation of dynamic trabecular and cortical bone
remodeling [26]. Moreover, the evaluation of the mechanical properties and biocompatibility of the
biomaterial is a crucial step for choosing a suitable animal model [27].

Almost every animal model has its own advantages and disadvantages, therefore relevant aspects
about bone type, remodeling, life span, adaptability to experimental manipulation and economic
factors should be considered. Smaller animals, such as rats or mice, are suitable for housing, but have
a short lifespan and their bone homeostasis is completely different form human bone [28]. Wancket et
al. evaluated most commonly used animal models and found that dogs are preferably used in dental
studies due to the spontaneous periodontitis, but the main disadvantages are that the bone remodeling
and apposition can vary within and between the dogs. In pigs’ bone anatomy, remodeling rate and
bone mineral density are similar to human bone, but the limitations are pigs’ excessive body weight,
difficult handling of the animal and relatively short extremities, which could affect the evaluation of
orthopedic implants. Sheep and goat experimental models have increased during the last years due
to relatively vertical alignment of the cervical vertebrae, which provides similar axial compression
and rotation forces to the human spine. However, the main drawbacks are that sheep cortical bone
remains predominant at 7–9 years of age, it undergoes seasonal bone loss and sheep and goats have
more dense and stronger bones when compared to humans bone [29].
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Rabbits lately have been the most widely used experimental animals for the evaluation of bone
regenerative properties after different biomaterial implantation [30]. This is because the maturity of
rabbits is achieved at 7–8 months, which is faster than for other medium-sized animals [31]. Rabbits’
bone shows quite rapid bone resorption and formation, and intracortical remodeling with active
Haversian channel system is similar to humans’ bone. Moreover, rabbits are easy to handle, while
induction of osteoporosis is relatively short and technically uncomplicated [26]. Others have reported
that fracture toughness and bone mineral density are proportionally similar to humans’ physiological
and pathological conditions [32]. Human osteoporosis is defined as reduction of bone mineral density
of more than 25%. Baofeng et al. conducted a study to establish a consistent osteoporosis model,
where combination of ovarectomy and corticosteroid treatment in a dose of 1 mg/kg/day was used.
Such dose of methylprednisolone was used because it has no side effects to other bone structures,
for example, higher dose could induce cartilage damage. They found that ovarectomy and systemic
injections of corticosteroids decrease bone mineral density by about 36% [26]. This protocol nowadays
is used to induce constant osteoporosis, similar to our study. We found noticeable decrease in TBA
between healthy rabbits and the experimental ones: the mean TBA in healthy rabbits was 0.393 mm2,
and in operated animals it was from 0.206 mm2 to 0.242 mm2, which is a 38–48% decrease. Our findings
suggest that the established level of osteoporosis inducing bone remodeling changes was severe. If real
orthopedic implants are investigated, the disadvantage of using rabbits could be the small size of the
rabbits’ bone [27]. In our study, we chose to establish a non-critical bone defect in rabbits femoral neck
area, as it is an increasing problem for humans, being the most affected osteoporotic fracture. Other
authors have used mandible, tibial or distal femur critical or non-critical bone defects for biomaterial
applications [33,34].

Our study included four main groups: two biphasic calcium phosphate ceramics with different
mass ratio of HA30/TCP70 and HA70/TCP30, a sham group with constant osteoporotic conditions,
and healthy intact bone controls. The first two groups were further divided into Sr-enriched and pure
ceramic bone. Bone samples from contralateral intact leg in osteoporotic animals were also evaluated,
thus local peri-implant and generalized condition changes were analyzed. In total, 11 different bone
sample groups were analyzed. None of the previously published studies on Sr-enriched biomaterials
provide analysis of so many sample groups using the same methodology.

In a systematic review, Neves et al. presented a summary of Sr-enriched biomaterial applications
for bone regeneration. They included 27 in vivo original studies where at least two groups with
identical biomaterials with and without Sr were evaluated. The authors concluded that Sr-enriched
biomaterials are safe and effective for the stimulation of bone remodeling. However, analyzed studies
differ one from other by animal model, biomaterial, analyzed measurements and study methods.
Only 9 out of 27 were done on rabbits and none used osteoporotic animal model (Table 3) [10]. This
makes further comparison with other studies difficult due to the lack of osteoporotic condition of the
experimental group.

Table 3. Profile of studies using Sr-enriched biomaterials in rabbits.

Author Status
Number Defect,

mm Localization Material Time,
Weeks

New
Bone

Bone
RemodelingE C

Dagang [35] H 2 2 2.2 distal femur Sr-HA 24 similar increased
Gu [36] H 12 12 15 radius Sr-CPP 16 increased increased

Mohan [37] H 6 6 15 ulna Sr-CP 12 increased increased
Tian [38] H 24 24 15 radius Sr-CPP 16 increased similar
Kang [39] ON 18 18 3 proximal femur Sr-CPP and MNC 12 increased increased

Tarafder [40] H 2 2 5.5 distal femur B-TCP-MgO/SrO 12 increased increased
Xie [41] H 9 9 15 femoral shaft K/Sr-CPP 12 increased increased

Zhang [42] H 6 6 6 distal femur Sr-BBG 8 increased increased

H, healthy; ON, osteonecrosis; E, experimental; C, control; Sr, strontium; HA, hydroxyapatite; CPP, calcium
polyphosphate; CP, calcium phosphate; MNC, mononuclear cells; TCP, tricalcium phosphate; Mg, magnesium; BBG,
bioactive borate glass.



Symmetry 2019, 11, 229 9 of 17

Implanted biomaterials interact in chemical, physical and biological ways with the recipient
biological system [43]. Calcium phosphate ceramics (CPC) are similar to natural bone, thereby
providing excellent osteoconductivity, which allows migration, proliferation and differentiation of
the osteoprogenitor cells and deposition of ECM. HA and TCP possess strong osteoinduction: it
allows facilitation of nutrition and oxygen between bone tissue and biomaterial and stimulates
the differentiation of the stem cells due to the released calcium and phosphate ions, which form
environment for cell migration. CPC can form a direct bond between implant and host bone [44].
HA has low solubility and is biocompatible with the bone homeostasis, while TCP improves
osteoconduction due to the rapid degradation [7]. Biodegradation of the implanted biomaterial
occurs simultaneously along with bone formation and remodeling. Calcium phosphate materials
undergo biodegradation via dissolution, but the speed of the dissolution depends on crystallinity and
porosity [45]. Moreover, Wang et al., in a literature review of biomaterials, pointed out that relatively
high Ca/P ratio and crystallinity delay the resorption rate of HA, which is regulated by giant cell
and macrophage mediated processes [11]. Implanted biomaterials trigger a foreign body reaction,
a cascade of complex response of exposed tissue, starting with vascular damage and absorption of
plasma proteins onto the foreign body surface, which initiates activation of macrophage fusion to form
multinucleated giant cells and generation of functional vessels and surround the object by fibrotic
capsule [46]. Biocompatible materials undergo early resolution of acute and chronic inflammatory
responses, usually lasting no longer than two weeks, following by granulation tissue and fibrotic
capsule formation at the biomaterial interface [47]. Biphasic calcium phosphate ceramics increase
high number of giant cells, which is comparable to pure TCP within 15 days after implantation,
while reduction of giant cell formation after 15 days is comparable to properties of pure HA [48].
Tachibana et al. found no intermediate layer of fibrotic tissue between ceramic interface and direct
contact of the bone, while granules with partial contact with existing bone were surrounded by
fibrotic tissue [49]. Similarly, we did not find any specific foreign body reaction around implanted
granules with close contact to bone 12 weeks after implantation. Therefore, biphasic calcium phosphate
overcomes those disadvantages when HA and TCP have been used alone [11].

Strontium can incorporate into ion exchange during bone remodeling via similarity in the size
and behavior to calcium ions, which allows Sr to affect some osteoblast mediated processes by
activating calcium sensing receptors (CaSR) in osteoblasts and stimulating the expression of local
growth factors [3]. Increase of Sr ions around the CPC reduces crystallinity and alters the crystal
lattices, improving solubility of biomaterial [50]. Sr can induce other signaling pathways through CaSR:
activation of ERK1/2 (extracellular signal related kinase) increases the rate of osteoblast replication
and activation of Akt (protein kinase) mediates anti-apoptotic effect on osteoblasts. Osteogenesis
is also improved via Wnt (wingless-related integration site) signaling pathway, where Sr decreases
expression of sclerostin, which is an inhibitor of Wnt. Likewise, osteoblast replication is improved
via activation of NFATc1 (nuclear factor of activated T cells), which is important transcription factor
regulating gene expression in bone remodeling [11]. However, there is no strong evidence based on
human data to confirm the implanted biomaterial biodegradability and involved complex signaling
cascades using enriched bioresorbable materials [51].

Most studies presented in Table 3 show increased bone formation in the experimental groups,
however none of them represent constant osteoporosis similar to our study. We found almost equal
TBA among all experimental groups, as well as similar bone area between operated and non-operated
leg bone samples 12 weeks after surgery. No difference was found also among HA and TCP ratio
(30/70 or 70/30). Baier et al., albeit in osteoporotic rats, found no difference in new bone formation
after 12 weeks, but only after 24 weeks Sr-enriched calcium phosphate cement showed increase of new
bone [50]. These findings suggest that the severity of osteoporosis affects biodegradation and solubility
of HA and TCP, as well as dissolution of Sr ions to increase new bone formation. Thus, prolonged
observation time is needed for proper assessment of new bone formation. In our study, healthy bone
samples showed strong correlation between TBA and higher expression of NFkB-105, which intends



Symmetry 2019, 11, 229 10 of 17

high cell activity within normal homeostatic bone remodeling conditions, as well as lower expression
of Il-1, which clearly indicates its role as inducer of bone resorption. Contrarily, in Sr-HA30/TCP70

bone samples, strong correlations were found among TBA, Col-1α, and Il-1, suggesting its other
mechanisms of participating in new bone formation processes in severe osteoporotic bone conditions.

The immunohistochemical analysis revealed significant changes of analyzed markers between
bone conditions in our study. Induction of local bone tissue response was observed while comparing
intact bone samples versus operated bone samples. Our findings revealed that presence of the Sr
after implantation of Sr-HA30/TCP70 granules showed noticeable increase of OPG, OC, NFkB-105,
BMP 2/4, IL-1, Col-1α and additionally MMP-2, TIMP-2 and IL-10 expressions were higher after Sr-
HA70/TCP30 compared to contralateral femur bone. Much smaller difference was found after the
implantation of pure HA/TCP within both mass ratios. Likewise, after sham surgery, only Col-1α was
higher in the operated leg. This confirms previous findings of Jebahi et al., who detected no difference
of Sr concentration in animal blood serum and excretion, suggesting only local role of Sr effects after
implantation of Sr-enriched biomaterials [52]. Histomorphometric results reveal that systemic release
of Sr from the ceramic implants did not lead to sufficiently high serum strontium levels to induce
significant systemic effects on bone mass in the rat model [50]. In addition, similar expression of IL-1
was found in all experimental groups, even after sham surgery. The level of IL-1 was higher after
surgery compared to healthy bone samples, while stable amount of IL-10 positive bone cells was found
between operated and healthy bone samples.

In our osteoporotic rabbit model, we found an increase of OPG expression after implantation of
both Sr-enriched HA/TCP granules, rather than when pure HA/TCP was used. The level of OPG
was even higher than in healthy bone controls. It is important to emphasize the OPG role in the
bone remodeling, because OPG decreases osteoclast formation and bone resorption activity, which
are the dominant actions in osteoporosis [8]. Increase of osteoprotegerin expression was found by
Thormann et al. in ovariectomized rats’ femur after six weeks of Sr-CPP implantation in comparison
to pure CPP and sham bone. They speculated that improved behavior of the degradation and better
fragmentation of ceramics are related to the multinuclear cells and that the high levels of OPG do not
impair biomaterial degradation due to the anti-osteoclastic effect [53]. In both Sr-enriched biomaterials,
we did not find any significant correlation between OPG and other factors, suggesting its independent
and important role in regulation of osteoclast mediated bone resorption even in severe osteoporosis.

Thormann et al. found significantly higher gene expression of alkaline phosphatase, Col-1 and
OC in Sr-CPC, compared to pure CPC in ovariectomized rats’ femur, while only noticeable increase of
BMP-2 was found [53]. Similarly, our results reveal slight increase of BMP-2/4 and OC after Sr-enriched
biomaterials compared to pure ceramics. Tarafder et al. found higher expression of OC in Sr doped TCP
bone compared to sham surgery in healthy rabbits’ femoral condyle defect [54]. Similarly, we too found
higher expression of OC after Sr-HA70/TCP30 compared to sham, while other biomaterials showed
similar distribution of immunopositive bone cells. Moreover, numerous to abundant OC positive
osteocytes were found after Sr-HA70/TCP30 compared to numerous in Sr-HA30/TCP70 bone samples.

Xie et al. found that higher expression of MMP-2 was found after Sr-CPP scaffolds in healthy
rabbits’ femur, compared to pure CPP ceramics, suggesting higher ECM synthesis and more ECM
repair of the bone defect [41]. In our study, moderate to numerous MMP-2 positive osteocytes were
detected after Sr-HA70/TCP30 implantation, compared to moderate after Sr-HA30/TCP70. We can
therefore speculate that a higher concentration of hydroxyapatite regulates slower dissolution of Sr
ions, thus improving bone mineralization and higher rate of old ECM repair in severe osteoporosis.
These findings are supplemented by results when pure HA/TCP were used: only NFkB-105 and Il-1
were higher after HA70/TCP30 compared to HA30/TCP70 induced bone regenerative cell activity.

Tian et al. found higher expression of Col-1 and BMP after Sr-enriched calcium polyphosphate
implantation compared to pure CPP in healthy rabbits’ bone [38]. Our results revealed similar
distribution of Col-1α between all bone samples after biomaterial implantation. However, healthy
rabbits showed almost two times lower Col-1α immunopositive bone cells compared to Sr-enriched



Symmetry 2019, 11, 229 11 of 17

biomaterials. BMP 2/4 expression was similar within all operated animals, but higher compared to
healthy ones. As BMP-2/4 indicates nearly new bone formation as osteoinductive factor, its equal
distribution is associated with similar trabecular bone area within operated animals, suggesting that
12 weeks are insufficient to overcome suppressed bone regeneration in severe osteoporosis.

Our study possesses several limitations. Firstly, despite some common architectural and
physiological properties between rabbits’ and human bone, the difference is outstanding and obtained
results are only with a predictable value. Secondly, further studies on bigger animals with osteoporotic
femoral neck fracture fixation using Sr-enriched metal implants is needed to obtain more relevant
information on bone regeneration. Thirdly, the use of semi-quantitative method for evaluating
immunohistochemistry data could misinterpret the results as being partly subjective. To overcome
this limitation further study results should be analyzed by polymerized chain reaction, Western
blotting or ELISA. Fourthly, as we obtained similar new trabecular bone area between operated
animals, prolonged experiment time is needed in such severe osteoporotic bone conditions for proper
qualitative and quantitative assessment of the results.

4. Materials and Methods

4.1. Ethics Statement

The experimental animal project was approved with a permission of Animal Ethics Committee of
Food and Veterinary Administration of Latvia (No. 72/2015).

4.2. Biomaterial Preparation

Bioceramic materials were prepared through an aqueous precipitation using calcium oxide
(CaO, puriss., Fluka), strontium oxide obtained from strontium carbonate (SrCO3, reagent-grade,
Sigma-Aldrich) and 2M aqueous solution of orthophosphoric acid (H3PO4, puriss., 75%,
Sigma-Aldrich). The method was adapted from previous works [55,56]. Aqueous solution of 2M
H3PO4 was added to the starting suspensions of Ca(OH)2 or Sr(OH)2/Ca(OH)2. (Ca+Sr)/P molar
ratios were varied to obtain bioceramic materials with desired HAp/β-TCP phase ratios (30/70 or
70/30). Filtered precipitates were used for production of granules by extrusion through a 1.4 mm mesh
with following drying at 80 ◦C for 20 h and sintering at 1150 ◦C for 2 h. After sintering the prepared
granules were sieved and granule fraction between 0.5 and 1 mm were selected for experiments
as potentially usable as a bone filler. Prior to application, the dried granules were sterilized using
steam sterilization. The field emission scanning electron microscopy (FE-SEM) of the sintered ceramic
granules is shown in Figure 3.Symmetry 2018, 10, x FOR PEER REVIEW  7 of 18 
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4.3. Design of the Experiment.

4.3.1. Animal Model

Forty-six California female matured rabbits (8 months old) were used for the experiment.
Thirty-six of them underwent experimentally induced osteoporosis, while 10 formed control group of
healthy animals. During the observational period all rabbits were kept in conformable fencings with
unrestricted movements and nutrition ad libitum. Daily behavior habits, appearance and nutrition
were evaluated.

4.3.2. Induction of Osteoporosis

In the first stage, simulation of postmenopausal osteoporosis was created by elimination of
feminine gonads to decline estrogen hormone levels, which increase activation of bone remodeling
in favor of bone resorption. Surgery was done under general anesthesia with 30 mg/kg ketamine,
3 mg/kg xylazine and 0.1–0.5 mg/kg atropine. Abdomen of rabbits was opened through a midline
of linea alba and bilateral ovarectomy was done by ligation of both ovaries. The abdominal wall
was closed without any tension. Postoperatively subcutaneous ketoprofen 1–3 mg/kg injections
were used for pain management and stiches from skin were removed on the 10th day after surgery.
Assessment of the rabbits was done on 14th day to convince properly healed wound without any signs
of inflammation. During the following six weeks, intramuscular injections of methylprednisolone at a
dose of 1 mg/kg were done every day to create severe osteoporosis with weak regenerative potential.

4.3.3. Biomaterial Implantation

After six-week continuous glucocorticoid administration, all rabbits underwent a second surgery.
A 2 cm longitudinal incision was made in the right trochanter major area of the femur bone. Under
controlled hemostasis, thigh muscles and periosteal tissue were divided until bone cortex. Trephine
burr drill was used to create 5 mm wide non-critical bone defect (4 mm in depth) in the femoral neck
area. All rabbits were divided into three groups: in Group A, bone defect was filled with HA/TCP
(ratio 30/70), while, in Group B, with HA/TCP (ratio 70/30), and both groups with and without 5% Sr.
In Group C, bone defect was left unfilled for secondary healing. Subgrouping of experimental animals
are shown in Table 4. All surgical steps were performed by the same specialists for all groups.

Table 4. Distribution of rabbits between the groups.

Californian Female Rabbits

Group A B C D

Status Sr-HA/TCPHA/TCP Sr-HA/TCPHA/TCP sham healthy
Ceramic ratio 30/70 30/70 70/30 70/30 - -

Number 7 7 7 8 7 10

4.3.4. Harvest of Bone Samples

Twelve weeks after the implantation surgery, euthanasia was performed using general anesthesia
by intrapulmonal T-61 administration. For further bone analysis, samples were taken from the operated
leg for the assessment of local tissue quantitative and qualitative changes and from non-operated legs
femoral neck area to evaluate systemic bone tissue changes. Bone samples from the same area were
harvested from healthy rabbits.

4.4. Routine Morphology and Immunohistochemistry

All bone samples were preserved in Stefanini’s solution directly after the harvest. The next stages
were performed in the Laboratory of Morphology of the Institute of Anatomy and Anthropology,
Riga, Latvia by certified specialists. Bone samples were decalcified, dehydrated, embedded in paraffin
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and 3–5 µm tissue sections were made and prepared for hematoxylin and eosin (H&E) staining
reactions [57]. Immunohistochemistry (IMH) was performed using biotin-streptavidin standard
protocol [58]. Immunostaining was done using the following antibodies: OPG (obtained from
rabbit, 1:100 dilution, Biorbyt, USA), OC (obtained from rabbit, 1:100 dilution, Biorbyt, USA), COL-1
(obtained from rabbit, 1:100 dilution, Biorbyt, USA), NFkB-105 (obtained from rabbit, 1:100 dilution,
Abcam, UK), BMP-2/4 (obtained from goat, 1:100 dilution, R&D systems, UK), MMP-2 (obtained
from rabbit, 1:100 dilution, Biorbyt, USA), TIMP-2 (obtained from mouse, 1:100 dilution, SANTA
CRUZ BIOTECHNOLOGY, USA), IL-1 (obtained from rabbit, 1:100 dilution, Biorbyt, USA) and IL-10
(obtained from rabbit, 1:100 dilution, ABBIOTEC, LLC, USA).

A semi-quantitative method was used for the evaluation of the relative amount of immunostaining
positive bone cells and was graded as follows: “0” (0), no positive structures; “+” (1), few positive
structures; “++” (2), moderate number of positive structures; “+++” (3), numerous positive structures;
and “++++” (4), abundance of positive structures seen in visual field [59]. Numbers in brackets were
adjusted for the statistical analysis.

Trabecular bone area was calculated by randomly choosing three equal fields of view (0.975 mm2)
and measured using Image Pro plus 7 program.

4.5. Statistics

IBM SPSS v23 (USA) statistical program was used for statistical analysis using the Mann–Whitney
U tests and Spearman’s rank correlation coefficient. All evaluations were two-tailed and statistical
significance was detected if value of p < 0.05.

5. Conclusions

Sr-enriched biomaterials induced most noticeable local activity of biomarkers relevant for bone
remodeling even in severe constant osteoporotic bone. Sr-HA70/TCP30 showed superior impact on
bone remodeling and regeneration compared to other biomaterials or sham. It increased expression of
OPG, OC, NFkB-105, BMP-2/4, MMP-2, TIMP-2, Col-1α, Il-1 and Il-10 compared to intact leg bone
and improved mineralization, extracellular matrix turnover and cellular activity in comparison to
Sr-HA30/TCP70. Our findings suggest that implantation of biomaterials with or without strontium
induced higher activity of bone regeneration than in healthy animals, excluding trauma role for
induction of regeneration. The mass ratio of HA and TCP had an impact on release of Sr ions
during biomaterial solubility in favor of HA70/TCP30 mass ratio. After 12 weeks of implantation, in
severe osteoporotic conditions, bone regenerative properties were induced at molecular level, while
quantitative increase of new trabecular bone is not confirmed yet.
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