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Introduction

Hydroxyapatite (HA) is widely used as biomaterials to filled bone defect or to coat metal parts of prosthesis. The early dissolution of the amorphous phase of the coating during the bone remodelling leads to the release of calcium phosphate particles having various characteristics and compositions [START_REF] Bloebaum | Osteolysis from press-fit hydroxyapatite-coated implant[END_REF][START_REF] Bloebaum | Complications with hydroxyapatite particulate separation in total hip arthoplasty[END_REF][START_REF] Bloebaum | Analysis of particulates in acetabular components from patient with osteolysis[END_REF], even when dense HA is used [START_REF] Benhayoune | Integration of HA dense rods into cortical bone[END_REF]. It has been demonstrated that the interaction between HA particles and human monocytes leaded to the release of inflammatory cytokines such as Tumor Necrosis Factor alpha (TNF-α), Interleukin 6 (IL-6) [START_REF] Laquerriere | Importance of hydroxyapatite particles characteristics on cytokines production by human monocytes in vitro[END_REF] or Interleukin 18 (IL-18) [START_REF] Grandjean-Laquerriere | IL-18 production by human monocytes in vitro in presence of differents hydroxyapatite particles : importance of physical characteristics[END_REF] and metalloproteinases [START_REF] Laquerriere | MMP-2, MMP-9 and their inhibitors TIMP-2 and TIMP-1 production by human monocytes in vitro in presence of differents hydroxyapatite : importance of particle physical characteristics[END_REF]. Anti-inflammatory cytokines like Interleukin 10 (IL-10) are also produced [START_REF] Laquerriere | Importance of hydroxyapatite particles characteristics on cytokines production by human monocytes in vitro[END_REF] and it was shown to inhibit IL-6 and TNF-α production following phagocytosis of polymethymetacrylate particles by monocytes/macrophages [START_REF] Trindade | Interleukin-10 inhibits polymethymethacrylate particle induced interleukin-6 and tumor necrosis factor-α release by human monocytes/macrophages in vitro[END_REF].

Monocytes were used for those studies because analysis of retrieved tissues associated with failed implants, suggest that phagocytosis of HA wear debris provides a potent stimulus for the release of a variety of cytokines [START_REF] Bloebaum | Complications with hydroxyapatite particulate separation in total hip arthoplasty[END_REF]. These products are likely responsible for the granulomatous inflammation and disturbance in the bone remodelling that lead to the local osteolytic process. This could potentially lead to the induction of a local particle-induced inflammatory reaction that could adversely affect the integrity of the bone-implant interface [START_REF] Haynes | The differences in toxicity and release of bone-resorbing mediators induced by titanium and cobalt-chromium-alloy wear particles[END_REF].

To decrease the inflammatory reaction induced by the phagocytosis of HA particles, we have elaborated zinc-substituted hydroxyapatite. Zinc is naturally present in bone [START_REF] Jallot | Resorption cinetics of four hydroxyapatite-based ceramics by PIXE and neutron activation analysis[END_REF]. It has been demonstrated that zinc stimulates bone growth and bone mineralization [START_REF] Yamaguchi | Effect of essential trace metals on bone metabolism in weanling rats: comparison with zinc and other metals' actions[END_REF][START_REF] Yamaguchi | Stimulatory effect of zinc on bone formation in tissue culture[END_REF][START_REF] Yamaguchi | Zinc stimulation of bone protein synthesis in tissue culture. Activation of aminoacyl-tRNA synthetase[END_REF]. Zinc has a direct effect on osteoblastic cells in vitro [START_REF] Hashizume | Stimulatory effect of beta-alanyl-L-histidinato zinc on cell proliferation is dependent on protein synthesis in osteoblastic MC3T3-E1 cells[END_REF] and a potent inhibitory effect on osteoclatic bone resorption [START_REF] Kishi | Inhibitory effect of zinc compounds on osteoclast-like cell formation in mouse marrow cultures[END_REF]. Zinc is also known to modify the production of cytokines [START_REF] Bao | Zinc modulates mRNA levels of cytokines[END_REF].

Moreover, it has been demonstrated using zinc-substituted HA that the bioactivity was modify by the presence of 5% of zinc [START_REF] Jallot | STEM and EDXS characterisation of physico-chemical reactions at the periphery of zinc-substituted hydroxyapatite during interactions with biological fluids[END_REF].

In the present study, we address three questions: (i) what is the effect of the zinc concentration on the inflammatory reaction, (ii) on the down regulation by IL-10 of the inflammatory reaction, (iii) and on the chemotaxis process (i.e. Interleukin 8 (IL-8) production).

Materials and methods

Cell culture

THP-1 human monocytes were used to evaluate cytokines synthesis. Cells were maintained in RPMI-1640 medium (Lifetechnology, USA) supplemented with 10% fetal calf serum (Lifetechnology, USA), 2mM glutamine, penicillin (5000 U.ml -1 ) and streptomycin (25 µg.ml -1 ) at 37°C in a saturated 5% CO 2 95% air atmosphere. The cells were cultured in 6wells plates (Lifetechnology, USA). The density was 2.10 5 cells.ml -1 in a 5-ml total volume. Cells were exposed or not (control cells) during 6 or 24 hours (time chosen to have an interaction between cells and particles) to the different particles described below. Experiments were made in triplicate. THP-1 were exposed to LPS (1 µg.ml -1 ) (Sigma, USA) as a positive control and to evaluate the effect of zinc-substituted HA on stimulated cells.

The viability of cells was evaluated by trypan blue exclusion test. The viability was >95% in all of the experiments (before and after exposure to particles).

Preparation and characterisation of Zn-substituted hydroxyapatite

To produce 2 mg of pure HA powder, 4.7 g of Ca(NO 3 ) 2 .4H 2 O (Aldrich, USA), 0.84 g of P 2 O 5 (Avocado Research chemicals, UK) were dissolved in ethanol under stirring and under reflux at 85°C during 24 h. Then, this solution was heated at 55°C during 24 h, to obtain a white consistent gel and at 80°C during 10 h to obtain a white powder. Finally, the powder was heated at 1100°C during 15 h. To prepare Zn-substituted hydroxyapatite, Zn(NO 3 ) 2 .6H 2 O (Acros Oraganics, UK) was added to the solution. Four Zn-substituted hydroxyapatites were prepared with Zn-substitution of 0.5, 1, 2 and 5% (respectively noted: HA0.5%, HA1%, HA2%, HA5%).

The chemical composition of the hydroxyapatite powders (Table 1) were determined by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry).

The nature of the crystal phase was determined by powder X-ray diffraction (XRD) using a monochromatic Cu K α radiation. The samples were scanned in the 2θ range of 10-70°. X-ray diffraction patterns exhibited the peaks corresponding to hydroxyapatite. A small amount of tricalcium phosphate was observed.

Surface area ratio method

In the present work, the surface area ratio (SAR = surface area of material/surface area of cell) method was used. Using this method, a non-uniform challenge may result if particles of varying sizes and surface area are being compared. Since monocytes-macrophages interact with surfaces of both non-phagocytable and phagocytable materials, it is more logical to challenge cells based on the surface areas of the particles. Some authors used a weight percentage, volume percentage or number of particles to perform their studies. Previous studies used this methods with good results [START_REF] Laquerriere | Influence of Hydroxyapatite Particle Characteristics on the [K]/[Na] ratio : a Human Monocytes In Vitro Study[END_REF][START_REF] Grandjean-Laquerriere | Importance of the surface area ratio on cytokines production by human monocytes in vitro induced by various hydroxyapatite particles[END_REF]. From all these data, we have chosen a surface area ratio equal to 1 for our experiments.

Quantitation of cytokines by ELISA

After 6 and 24 hours, TNFα, IL-1β, IL-6, IL-8 and IL-10 determinations in cell culture supernatants were performed using commercially available ELISA kits (Quantikine, R&D Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions. The sensitivity of each kit was 4.4 pg.ml -1 for TNF-α, 2.2 pg.ml -1 for IL-1β, 0.70 pg.ml -1 for IL-6, 10 pg.ml -1 for IL-8 and 3.9 pg.ml -1 for IL-10. Results are presented in pg.ml -1 for each cytokine studied.

No statistical analysis was performed because three experiments are not enough even for a non-parametrical test.

Results

Effect of HA particles on TNF-α production

In order to investigate how zinc-substituted HA particles with zinc at different concentrations modulate TNF-α synthesis, THP-1 cells were incubated with different HA particles for 6 and 24 hours. After 6 and 24 hours, the level of TNF-α protein was not detected in control cells (figure 1a). Using LPS, the production of TNF-α was maximum at both 6 and 24 hours. The production of TNF-α by THP-1 increased when cells were exposed to pure HA and zincsubstituted HA particles. But the production induced by the particles remained 20 times less than the production induced by LPS.

Due to the low production of TNF-α induced by the HA particles, we have stimulated cells with LPS to investigate if the concentration of zinc had an influence on TNF-α production (figure 1b). The addition of pure HA particles to THP-1 stimulated by LPS increase the production of TNF-α at both 6 and 24 hours. But using zinc-substituted HA particles, the production of TNF-α did not change compared to cells stimulated with LPS without any HA particles.

So the presence of pure HA particles increase slightly the production of TNF-α by THP-1.

The presence of zinc-substituted HA particles slightly decreased the production of TNF-α by unstimulated cells.

Effect of HA particles on IL-1β production

We next studied how HA particles modulate another inflammatory cytokine, IL-1β : THP-1 were incubated with different HA particles during 6 and 24 hours.

We did not detect the production of IL-1β in the control cells (figure 2a). The production of IL-1β was important using THP-1 stimulated by LPS at both 6 and 24 hours. When cells were exposed to zinc-substituted HA or to pure HA a particle, the production of IL-1β was not detected.

When cells were stimulated by LPS, the most important production was obtained at both 6 and 24 hours using pure HA particles, it was even higher than LPS-stimulated cells (figure 2b). At 6 and 24 hours, the production of IL-1β by THP-1 cells was the same whatever was the zinc concentration and it was lower than using pure HA particles.

So the presence of HA particles did not modify the production of IL-1β by unstimulated THP-1. But the production of IL-1β by LPS-stimulated THP-1 was increased by addition of pure HA particles and it decreased when zinc-substituted HA was used.

Effect of HA particles on IL-6 production

We next adressed the role of HA particles on the production of IL-6 by THP-1 and LPSstimulated THP-1.

We did not detect the production of IL-6 in the control cells (figure 3a). The production of IL-6 was important using THP-1 stimulated by LPS at both 6 and 24 hours. The production of IL-6 was not detected when cells were exposed to pure HA or zinc-substituted HA at 6 and 24 hours. At 6 hours, when cells were stimulated by LPS, the production of IL-6 was the same with all kind of HA particles (figure 3b). At 24 hours, the production of IL-6 was the same using pure HA, zinc-substituted HA with 0.5, 1, and 2% of zinc. The production decreased using HA containing 5% of zinc.

In summary, pure HA or zinc-substituted HA particles did not modify the production of IL-6 by stimulated or not-stimulated THP-1 except at the concentration of 5%. In this case, the IL-6 production was decreased.

Effect of HA particles on IL-10 production

The production of IL-10 was next studied to evaluate if the presence of HA particles modulate the anti-inflammatory cytokine production. At 6 and 24 hours, IL-10 production was not detected in the control cells (figure 4a). Addition of LPS allow the production of IL-10 by THP-1. At 6 and 24 hours, no production of IL-10 was detected when cells were exposed to pure HA or zinc-substituted HA particles.

Using HA particles, the production of IL-10 by LPS-stimulated THP-1 increased and was different in function of the concentration of zinc (figure 4b). At 6 and 24 hours, the concentration of IL-10 was almost the same using zinc-substituted HA with 0.5%, 1%, and 2% of zinc. It slightly increased using pure HA and the concentration was maximum using zinc-substituted HA particles containing 5% of zinc.

To summarize, the production of IL-10 was not detected when unstimulated THP-1 was used.

After stimulation, addition of pure HA or zinc-substituted HA particles increased the production. The maximum was obtained using a zinc concentration of 5%.

Effect of HA particles on IL-8 production

Finally, we studied the production of the chemokine IL-8 by THP-1 using HA particles to evaluate the recruitment of cells induced by the presence of the various HA particles.

After 6 and 24 hours, the production of IL-8 by cells without any stimulation was low (figure 5a). Using LPS, the production was important. At 6 and 24 hours, the production of IL-8 seemed to be a function of the zinc concentration in HA particles: the lowest production was observed without zinc and the production increased with the concentration of zinc.

The production of IL-8 by LPS-stimulated cells was the same using pure HA or zincsubstituted HA particles at both 6 and 24 hours (figure 5b).

In conclusion, the production of IL-8 by unstimulated THP-1 increased with the concentration of zinc. No modification of the production of IL-8 was observed when LPS-stimulated cells were exposed or not to HA particles.

Discussion

Data presented here show that HA particles can induce cytokine production by THP-1 and LPS-stimulated THP-1 depending on the concentration of zinc. By studying TNF-α, IL-1β, IL-6, IL-8, and IL-10 production by unstimulated and LPS-stimulated cells, we addressed three major questions : (i) what is the effect of the concentration of zinc on the inflammatory reaction (ii) does there exist a down regulation of the inflammatory response by cells and (iii) does the zinc modify the chemotaxis process? Production of inflammatory cytokines by LPS-stimulated or unstimulated cells was modify by the presence of pure HA or zinc-substituted HA particles. When unstimulated cells were used, no IL-1β and IL-6 were detected. Only the production of TNF-α was modified by hydroxyapatite particles substituted with different zinc concentrations. In this case the maximum of TNF-α detected was observed using HA particles without any zinc and its level decreased with the zinc concentration. When LPS-stimulated cells were used, the zinc had an effect on the inflammatory cytokines production: the highest concentration of zinc decreased the production of TNF-α and IL-1β. No quantifiable effect of the zinc concentration was observed on the production of IL-6. Previous study has already demonstrated that zinc modulates mRNA levels of cytokines [START_REF] Bao | Zinc modulates mRNA levels of cytokines[END_REF]. In this paper, the authors observed that zinc deficiency increased the mRNA levels of TNF-α, IL-1β, and IL-8 of PMA-stimulated HL 60 (monocyte-macrophage cell line). They also demonstrated that the effect of zinc depended on the cell lineage. In our work, we can add that the effect of zinc depends also on the cytokine study : zinc had no effect on IL-6 production. Recent work has also demonstrated an effect of zinc concentration (7,5 and 15%) in bioactive glasses on cytokines production [START_REF] Day | Effect of particulate bioactive glasses on human macrophages and monocytes in vitro[END_REF]. They demonstrated that highest concentrations of zinc than used in the present work did not modify the production of TNF-α and IL-6 by unstimulated primary macrophages. But the production of IL-10 slightly increased with the concentration of zinc. Still in this paper, authors also used LPS stimulated macrophages. They observed no difference in the production of TNF-α, IL-6, or IL-10 whatever was the zinc concentration. IL-10 is an important immunoregulatory cytokine produced by several cell populations. Its main biological role is thought to be the limitation and the termination of infmammatory response and the regulation of differentiation and proliferation of immune cells. In the present work, the presence of pure HA or zinc-substituted HA particules did not induce the production of this cytokine. But after LPS stimulation the production of IL-10 increased with the zinc concentration. Day et al [START_REF] Connell | Zinc attenuates tumor necrosis factor-mediated activation of transcription factors in endothelial cells[END_REF] has also observed an increase of IL-10 production by human macrophages/monocytes exposed to bioactif glass particles containing 7.5 and 15% of zinc.

The production of IL-8 was studied to evaluate the recruitment of cells induced by the presence of the different HA particles. The increase of the zinc concentration induced an augmentation of the release of IL-8. So the chemotaxis process might be changed by the presence of zinc in the hydroxyapatite. This is in contradiction with one report that suggested that zinc-sufficient conditions decreased generation of IL-8 in endothelial cells [START_REF] Connell | Zinc attenuates tumor necrosis factor-mediated activation of transcription factors in endothelial cells[END_REF].

It is known that patients with inflammatory diseases such as rheumatoid arthrisis, who have low blood zinc level, show increased TNF-α production [START_REF] Zoli | Serum zinc and copper in active rheumatoid arthritis: correlation with interleukin 1 beta and tumour necrosis factor alpha[END_REF]. But these manifestations can be reversed by zinc supplementation [START_REF] Falchuk | The molecular basis for the role of zinc in developmental biology[END_REF][START_REF] Wellinghausen | The significance of zinc for leukocyte biology[END_REF]. In our study, zinc concentration has positive effects on cytokines production.

In conclusion, zinc-substituted hydroxyapatite had an effect on the production of cytokines by human monocytes cells. The production of TNF-α by unstimulated cells decreased with the zinc concentration. Still on unstimulated cells, the production of IL-8 increased so chemotaxis is improved with the increase of zinc concentration. Using LPS-stimulated cells, the production of IL-1β and IL-6 decreased when zinc-substituted HA particles were used. So the inflammatory reaction is decreased compared to pure hydroxypapatite particles. The production of IL-10 by stimulated cells increased with the concentration of zinc.
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So zinc has positive effects: it decreases the inflammatory reaction, increases the chemotaxis and the down-regulation of the inflammatory reaction.