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Abstract

Osteoporosis is an osteometabolic disease that affects more than 200 million individuals worldwide and is considered a public 
health problem. This study evaluates whether a new approach using formulations containing microstructured strontium can 
be advantageous in cases of glucocorticoid- induced osteoporosis. Zebrafish (Danio rerio) was tested to detect changes in 
the osteoporotic picture focusing on mineralization and calcification efficiency. Data were accessed through bone-specific 
morphometric, staining, cytochemistry, and radiopharmaceutical techniques. Our results show that zebrafish specimens 
treated with a single dose of Sr-containing phosphate- based microstructure composite showed significant improvement in 
scale and skeletal mineralization, reaching the same values observed in the control group. Thus, these data reinforce that the 
cellular pathway induced by low strontium dosage can be explored as a possible therapeutic approach for osteoporosis.
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Summary Map: This article brings a perspective of microstructured phosphate containing strontium in the treatment of 
osteoporosis, since there are reports that low concentrations are related to improvements this pathological condition.
Microstructured phosphate containing strontium applied in a in single dose in experimental model display effectiveness in 
the treatment of osteoporosis pathological condition



Introduction

Osteoporosis is a skeletal disorder that affects more than 10 million Brazilians [1], characterized by impaired bone resistance. It is 
classified as an of the main public health problems, having as cause disorders that affect bone microarchitecture, which may result 
in increased porosity, making the bone more susceptible to fractures [2, 3, 4]. In a complement is estimated by [5],  an expense for 
Brazil in 2018 at US$310 million.

Currently, the clinical condition of osteoporosis can be classified according to bone mineral densitometry (BMD) examination, 
where it is recommended that if the standard deviation varies between -1 and -2.5 the patient exhibits an osteopenia, and when this 
value is less than -2.5 the patient is osteoporotic [6]. This evaluation is performed by comparing the data obtained by densitometry 
of standardized bone regions, such as vertebrates, humerus and femur [7,8] of the patient, in relation to an individual control of the 
same sex and age. Another applied methodology is the Fracture Risk Assessment Tool - FRAX, where the individual anamnesis is 
performed together with the values of BMD and the existence or absence of fractures [9].

Once identified, the treatment of osteoporosis can be done using anabolic therapies that are premised on the increase of osteoblast 
activity [10,11,12]and/or anti-resorptive therapies that have as its principle the reduction of osteoclast activity [8,13,14]. Knowing 
this, and that the strontium presents antiresorptive and anabolic impacts on the bone matrix [15], given its similarity with calcium 
ion, its use was proposed as a possible therapy. However, its recommended dosage could be dangerous to human health [11,16].

Considering that zebrafish recently have their bone metabolism well characterized and also knowledge improvements on 
therapeutic efficacy obtained by microstructure phosphate use, in this study we display that the effect of microparticles delivering 
low strontium content, could be an efficient strategy in the treatment of osteoporosis induced by the use of glucocorticoids in 
zebrafish animal model [17,18,19].

Materials and Methods

Methodological processing of biological materials analysis

In this study, we used a total n= 40 specimens of wild zebrafish (Danio rerio), weight 0.277 ± 0.05 g and length of 3.7 ± 0.3 cm, 
divided into 4 aquariums (n = 10 individuals per group, 5 males and 5 females) with 2.1L of water and kept at a temperature of 26 
± 1 °C according by [20]. This experiment has total duration the of 9 days.

The 10 animals of the CT (control group) were not exposed to prednisone and treated. The other (n= 30) were submerged 24 hours 
before the beginning of the treatments (T-1) the aqueous solution containing 25 μM or 8.96 mg/L of prednisone (prednisolone-21-
phosphate, Brainfarma Chemistry and Pharmaceutic Industries S.A), [21], in order to obtain individuals with phenotype similar 
to osteoporotic clinical condition, (positive control – OPN) to be challenged with treatments with microparticles containing 
strontium (OPN+NM-Sr) and treatment with strontium ranelate solution (OPN+R-Sr).

517.52 g/mol (C12H6N2O8SSr2 – PROTOS, Les Laboratories Servier Industries).

Twenty-four hours after the induction period (T0), all animals (n= 40) were packed in a semi-static system renewing 1/3 of the water 
every 24 hours. The treatments in the OPN+NM-Sr and OPN+R-Sr groups were started after 24 hours (T0). For this, the animals were 
contained with the reduction of water temperature (17 °C) and with the support of a nylon net. The injections were performed in the 
celomatic cavity using 31-gauge insulin syringes (0.25 mm, BD Ultra-FineTM), containing a volume of 10 μL per dose. The OPN+NM-
Sr group received a single dose (T0) intracelomic, from an aqueous suspension containing 10 μg/10 μL obtained from a stock suspension 
(1 mg/mL of NM-Sr). The OPN+R-Sr group underwent the same containment procedure and received 3 intracoelomic doses of solution 
containing strontium ranelate, at a concentration of 173 μg/10 μL per dose [22] at T0, T3 and T6.
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This experiment was approved by the Ethics Committee for the Use of Animals of the Federal University of Minas Gerais, under 
protocol 388/2018.

Osteogenic evaluation of Zebrafish scales

At the end of the experiment (T7), about n= 10 scales were removed from the anterior lateral part of each animal, from each 
experimental group (CT, OPN, OPN+NM-Sr and OPN+R-Sr) with the aid of surgical forceps and maintained in properly identified 
conical tubes containing aqueous solution of alcohol 70%. After being deposited on histological slides, were submitted to the 
cytochemical method.

Labelled calcium distribution

To evidence the calcium distribution in the scales, the slides of everyone were cordoned for 10 minutes, using Alizarine red S 
technique adapted from [23]. After the scales dry (n= 5 scales per animal) on histological slides into an oven at 60 oC for at least 24 
hours, these were flushed for 10 minutes in aqueous solution containing 0.1% alizarin red (Sigma, Brazil) (0.02 g in 2 mL of distilled 
water), followed by 3 washes in distilled water, and subsequent removal of lipid pigments, dripping 20% hydrogen peroxide solution 
(Reagen, Brazil) and washed in distilled water.

Tartrate Resistant Acid Phosphatase (TRAP)

To evidence the activity of tartrate resistant acid phosphatase in the scales, we submitted the slides obtained as previously described 
and adapted cytochemical method from[24]. Histological slides (n= 5 scales per animal) were pre-incubated at room temperature in 
2 mL of aqueous solution containing 5% sucrose, 20 mM of sodium tartrate (Synth, Brazil) in 0.1 M acetate buffer (Synth, Brazil) pH 
5.2 for 15 minutes at room temperature. After this time, they were incubated in a humid chamber for another 1 hour, in a solution 
containing for every 0.5 mL of distilled water, 1% sodium sulfate (Synth, Brazil), 1 mM of Beta-glycerol phosphate (Sigma, Brazil) 
and 2 mM of lead nitrate Pb (NO3)2, (Dynamic, Brazil). They were then washed 3 times in distilled water.

After being ready, the scales of the techniques mentioned above were analyzed in an eclipse E1 optical microscope (Nikon), attached 
to an imaging system (Zeiss). The scanned images obtained with a 10x lens were calibrated with a micrometric ruler and processed 
for morphometric analysis, in the form of percent average of the marking area and mean intensity, using the computer programs 
ImageJ (FIJI), Excel (Microsoft) and Prims5 (GraphPad).

Zebrafish Body Osteogenic Evaluation

In T7 the specimens of each group (CT, OPN, OPN+NM-Sr and OPN+R- Sr)   were anesthetized in 2 moments: (i) mild sedation 
in a solution containing 50 μL of eugenol (Biodynamics, Brazil) in 100 mL of distilled water, adapted from Grush (NOAKES & 
MOCCIA, 2004), for application of intracoelomic injection containing 10 μL of the radiopharmaceutical 99mTechnetium-methylene 
diphosphonate (99mTc-MDP) with activity of 0,111 MBq (3 μCi), and (ii) 1 hour after the injection of the 99mTc-MDP, a new anesthesia 
was performed in adapted [25] containing 700 μL of eugenol (Biodynamic, Brazil) in 100 mL of distilled water and the animals were 
taken to the gamma camera (NuclideTM TH 22, Mediso, Hungary) in order to obtain the images. Scintigraphic images were acquired 
using a 256 × 256 × 16 matrix size with a 20% energy window set at 140 keV for a period of 5 min and an orientation of the animal on 
a 90º axis. After obtaining the images, the animals were euthanized in a solution also adapted from [25], containing 2 mg of eugenol 
(Biodynamics, Brazil) in 100 mL of distilled water, for 10 minutes. After confirmation of death, the animals were dissected, separating 
the head from the body and removing the viscera. These materials were then weighed and placed in appropriate previously tared 
tubes for radioactivity determination. All tubes were counted in an automated gamma counter (Wizard 1480, PerkinElmer, Finland). 
Results are expressed as counts per minute (cpm).
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Statistical analysis

The recorded data were expressed as mean ± standard mean error. The results obtained were tested by ONE Way: one-way ANOVA, 
considering statistically different values with p.<0.05.

Results and Discussion

Osteogenic evaluation of Zebrafish scales

Once two staining techniques would be performed with these, the final n of scales obtained (FIG.1) was divided equally into groups.

As well as the results obtained by [21], our trials also demonstrated that the OPN group presented by the technique of alizarin red S, 
reduction of mineralized areas, accompanied by the decrease in the intensity of marking in the red channel for calcium, associated 
with the increase of areas of bone resorption in zebrafish scales, evidenced by TRAP technique (Figure 2A).

On the other hand, the groups treated with strontium showed significant results in relation to the OPN group and similar to the CT 
group, indicating that both (OPN+NM-Sr and OPN+R-Sr) had the bone dynamics influenced. These showed an increase in miner-
alized areas and intensity of red channel marking for calcium and decrease in bone resorption areas (Figure 2).

at significance level p< 0.05 as determined by One Way method: Tukey’s multiple comparison 

test, followed by paired t-test, mean ± standard error.

Figure 1: Determination of the minimum number of Zebrafish scales

Test n of Scales  Groups

CT OPN

% Calcium labelled 30 0.39 ± 0.01 0.36 ± 0.01a

Rate bone resorption %
35 0.15 ± 0.009 0.10 ± 0.003a

TRAP

A
Test Groups
  CT OPN OPN+NM-Sr OPN+R-Sr
% Calcium labelled 0.64 ± 0.06 a 0.39 ± 0.07 b 0.74 ± 0.04a 0.61 ± 0.06 a.b

Intensity of Red Channel 3802 ± 405.7a 2304 ± 424.3b 4329 ± 244.5a 3574 ± 364.7

U.I.       a,b

Bone resorption % TRAP 0.45 ± 0.03 a 0.66 ± 0.01 b 0.44 ± 0.02 a 0.49 ± 0.02a
a, b significance level p < 0.05 as determined by One Way method: Tukey’s 

multiple comparison test, followed by paired t-test, mean ± standard error.
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The 99mTc-MDP can be used for the diagnosis and follow-up of osteoporosis [16] due to its interaction with the bone matrix where 
remodeling is taking place; and as prednisone induces a picture similar to osteoporosis in Zebrafish was is possible to observe a 
greater uptake in these groups.

The values obtained of 99mTc-MDP show that there is an uptake increased in the cranial region of the OPN and OPN+NM-Sr 
groups when compared to CT group. On the other hand, the OPN+R-Sr group showed intermediate values when compared to CT 
group (FIG 3). The increased uptake rate may be related to the propensity to microfractures due to osteoporosis in the skull and 
vertebral areas of zebrafish, a characteristic similar to that observed in mice and humans [13, 3, 28]. The data showed also significant 
decreases of the 99mTc-MDP uptake in the body and visceral.

Figure 2: Bone remodeling in scale of Zebrafish scales, 8 days treatment. (A) histochemical 

quantification of marked scales and (B) image scales in the groups/treatment.

Figure 3: Biodistribution of the 99mTc-MDP in the skeletal part of Zebrafish in 8 

days of treatment. (A) image in the groups, and (B) quantification of the radiation 

count per minute (cpm) in the groups related to each region investigated.
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However, in total body radiation, the osteoporotic effect in the OPN, OPN+ NM-Sr and OPN + R-Sr groups is not evident because 
the data did not show any differences among the groups investigated, although it is observed that the 99mTc-MDP complex has a 
wide biodistribution, as described by [30].

Although so far there is no evaluation of 99mTc-MDP pathway in fish in the literature, it is possible to observe that the values and 
biodistribution obtained are similar to the results in mice[31]. This complex can be associated with plasma albumin [32] and mono-
nuclear cells [33] resulting on its gradual transport.

The reduction in the uptake rate may be an indication of the effectiveness of the treatment since it has the ultimate goal of benefiting 
bone regeneration.

Another factor visualized is the reduction in the uptake rate in the viscera of the OPN, OPN+NM-Sr and OPN+R-Sr groups in 
relation to CT, since the exposure time to the 99mTc-MDP complex was 1 hour for all the groups. This finding raises the hypothesis 
that, as the complex does not easily bind to the bone matrix due to the bone tissue being mature [26] in the CT group, the com-
pound tends to move through the bloodstream until its excretion, and this occurs and a period of time longer than 1 hour, with the 
visceral part being as well irrigated as the other regions of the body, ends up presenting a greater uptake of the complex in the CT 
group, when compared to the other groups.

Although the OPN+R-Sr group is different from the CT group, it should be remembered that high concentrations of strontium 
were considered harmful to health [16]. So, the effect observed in the OPN+NM-Sr group indicates the successful on elemental 
mobilization and targeting mediated biologically. This approach may be more effective in the osteoporosis remission without the 
compromise and/or unwanted development of properties related to bone metabolism or other systems like cardiovascular. Moreo-
ver, due to Sr use in a single low dose, highlights the possible advantages on prospection of bone cells metabolism new therapies 
aproaches using the Sr pathway knowledge [34].

Conclusion

We demonstrate that the NM-Sr microstructured has a possible therapeutic action in the framework developed in zebrafish, in 
addition to opening a window, regarding the use of this model for other techniques and analysis, in order to assess the developed 
osteoporotic condition.

Thus, this assay is the first in which single dose of nanostructured phosphated particles are injected in celomatic cavity are success-
fully associated to histological, histochemical and 99mTc-MDP evaluation are used in zebrafish with an osteoporotic phenotype.

B  
  Groups
Test   
  CT OPN OPN+NM-Sr OPN+R-Sr
Total Animal cpm        
  1.64 ± 0.01 1.64 ± 0.03 1.61 ± 0.06 1.60 ± 0.04
(LOG)        
Head cpm (LOG) 5.18 ± 0.22a 5.85 ± 0.06b 5.75 ± 0.08b 5.54 ± 0.11a.b
Body cpm (LOG) 5.89 ± 0.08a.b 6.00 ± 0.06a 5.64 ± 0.07b.c 5.58 ± 0.08c
Viscera cpm (LOG) 5.54 ± 0,26a 4.68 ± 0,27b 4.31 ± 0,19b 4.15 ± 0,15b

a, b, c significance level p< 0.05 as determined by One Way method: Dunnett’s multiple 

comparison test, followed by paired t-test, mean ± standard error, n= 8.
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