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Periodontal disease (PD) is a prevalent inflammatory disease with the most severe consequence being the loss of the alveolar bone and teeth. We therefore aimed to evaluate the effects of telmisartan (TELM), an angiotensin II type 1 receptor (Agtr1) antagonist, on the PD-induced alveolar bone loss, in Wistar (W) and Spontaneous Hypertensive Rats (SHRs). PD was induced by ligating the lower first molars with silk, and 10 mg/kg TELM was concomitantly administered for 15 days. The hemimandibles were subjected to microtomography, ELISA was used for detecting tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), CXCL3, and CCL2, while qRT-PCR was used for analyzing expression of components of renin-angiotensin system (RAS) (Agt, Ace, Agt1r, Agt2r, Ace2, and Masr), and bone markers (Runx2, Osx, Catnb, Alp, Col1a1, Opn, Ocn, Bsp, Bmp2, Trap, Rank, Rankl, CtsK, Mmp-2, Mmp-9, and osteoclast-associated receptor (Oscar)). The SHR + PD group showed greater alveolar bone loss than the W + PD group, what was significantly inhibited by treatment with TELM, especially in the SHR group. Additionally, TELM reduced the production of TNF-α, IL-1β, and CXCL3 in the SHR group. The expression of Agt increased in the groups with PD, while Agtr2 reduced, and TELM reduced the expression of Agtr1 and increased the expression of Agtr2, in W and SHRs. PD did not induce major changes in the expression of bone formation markers, except for the expression of Alp, which decreased in the PD groups. The bone resorption markers expression, Mmp9, Ctsk, and Vtn, was higher in the SHR + PD group, compared to the respective control and W + PD group. However, TELM attenuated these changes and increased the expression of Runx2 and Alp. Our study suggested that TELM has a protective effect on the progression of PD, especially in hypertensive animals, as evaluated by the resorption of the lower alveolar bone. This can be partly explained by the modulation in the expression of Angiotensin II receptors (AT1R and AT2R), reduced production of inflammatory mediators, the reduced expression of resorption markers, and the increased expression of the bone formation markers.
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INTRODUCTION
Periodontal disease (PD) is the most prevalent inflammatory disease worldwide, affecting the structures that support the teeth, including the gingiva, periodontal ligament, and alveolar bone (Pihlstrom et al., 2005). Without proper care, it can eventually lead to loss of teeth, resulting in a poor quality of life, impaired masticatory function, and speech impairment, and is therefore considered to be a public health issue. PD is initiated by gingival inflammation from the accumulation of a biofilm on the teeth. However, the progression of PD not only depends on microbial virulence, but also on the inflammatory response of the host, which plays a major role in tissue disruption. Comorbidities, such as hypertension, can significantly affect disease severity by increasing the inflammatory burden of the host, inducing alterations such as increased oxidative stress, causing endothelial dysfunction, and activating the renin-angiotensin system (RAS) (Paizan and Vilela-Martin, 2014).
The RAS is an endocrine system that governs electrolyte balance and blood pressure, and has a central role in the pathogenesis of hypertension. However, it is presently being studied due to its important role in inflammation. Briefly, angiotensinogen (Agt) is cleaved by renin to angiotensin (Ang) I, which is in turn cleaved to Ang II by the Ang-converting enzyme (Ace). The major effects of Ang II, including vasoconstriction, oxidative stress, increased blood pressure, and increased inflammation, are mediated via the type 1 receptor (At1r) (Paul et al., 2006; Capettini et al., 2012). Ang II type 2 receptor (At2r) has opposing effects, and induces vasodilation, reduces blood pressure, and attenuates inflammation (Paz Ocaranza et al., 2020). The non-canonical RAS axis comprises the Ang-converting enzyme 2 (Ace2), which directly cleaves Ang II to Ang 1–7, or Ang I to Ang 1–9, and the latter are further processed by Ace to Ang 1–7. Ang 1–9 can activate At2r, while Ang 1–7 binds to the Mas receptor (MasR). They have opposing effects on At1r signaling, which are mediated via counterregulatory mechanisms (Simões e Silva et al., 2013).
Substantial evidence indicates that the components of the RAS are locally expressed in numerous tissues, including the liver, kidneys, lungs, adipose tissues, adrenal tissues, and bone. These components act partially independently of systemic RAS, and are collectively known as local RAS (Shimizu et al., 2008; Giese and Speth, 2014). Previous studies have demonstrated that the components of the RAS are expressed in the local milieu of bones (Asaba et al., 2009; Izu et al., 2009; Yongtao et al., 2014; Zhang et al., 2014), and in vitro studies have demonstrated that Ang II receptors are expressed in cultured osteoblasts and osteoclasts (Asaba et al., 2009; Izu et al., 2009).
Telmisartan (TELM) is as potent At1r blocker that is clinically used to treat hypertension. It has numerous advantages over the other angiotensin receptors blockers (ARB), including a high volume of distribution, longer half-life, and consequently long-lasting effects, and can therefore be administered in single daily doses (Deppe et al., 2010; Frampton, 2011). TELM also acts as a partial agonist of peroxisome proliferator-activated receptor-γ (Fujimura et al., 2013; Kakuta et al., 2014). The effects of TELM on bone metabolism have already been studied; however, the results of these studies are controversial. Aydoğan et al. (2019) observed that TELM has no effects on the markers of bone turnover in patients with newly diagnosed stage I hypertension. However, another study by Ma et al. (2010), demonstrated that treatment with TELM reduces the bone loss induced by rosiglitazone in ovariectomized spontaneous hypertensive rats (SHRs). On the contrary, Birocale et al. (2016) observed that treatment with TELM negatively affected the bone quality of male SHRs.
We have previously reported that SHRs suffer from more severe periodontal inflammation (Bonato et al., 2012), and the inhibition of the RAS can attenuate the resorption of alveolar bone (Dionisio et al., 2019; Oliveira et al., 2019). In this study, we aimed to evaluate the local bone metabolism of normotensive and hypertensive animals with PD following treatment with TELM, as the effects of TELM on bone metabolism are yet to be clearly understood.
MATERIALS AND METHODS
Animals, Ethical Aspects, and Experimental Groups
Experimental protocols were in accordance with Brazil’s National Council for Animal Experiments Control and were approved by the Ethics Committee on Animal Use from the School of Dentistry of Araçatuba (Unesp) (Process FOA-00686-2016). A total of 66 age matched (10-week-old) male rats from Wistar and SHR strains (Rattus norvegicus albinus) from the Central Animal Facility of School of Dentistry of Araçatuba (Unesp) were used. Animals were housed in a controlled light, temperature, and humidity environment (12 h light/dark cycle, 22°C ± 2°C, and 55% ± 5%), and offered a standard pellet diet and drinking water ad libitum. Animals from each strain (Wistar, W; and SHR, S) were randomly divided into the following experimental groups: Control (C), animals with periodontal disease (PD) and animals treated with telmisartan with PD (Telm + PD).
Telmisartan Treatment
Animals were treated with TELM; 10 mg/kg (Micardis®; Boehringer Ingelheim, São Paulo, Brazil) dissolved in phosphate-buffered saline (vehicle), administered by oral gavage once daily for 15 days, beginning 1 day before PD induction. As the study main goal was to evaluate the local RAS role in the inflammation-induced bone alteration, drug treatment protocol was based on literature evidences of the anti-hypertensive effectiveness and anti-inflammatory properties in the periodontium of 10 mg/kg TELM in the rodent model (Wienen et al., 2001; Araújo et al., 2013).
Periodontal Disease Induction
PD was induced by ligature inserted around the lower first molars, kept for 15 days. Briefly, animals were anesthetized (ketamine and xylazine hydrochloride association, 80 and 10 mg/kg) and placed in ventral decubitus on a dental table for rodents, with oral retractors supported on incisive teeth. A 4-0 silk thread (Shalon; Goiânia, Goiás, Brazil) was wrapped around the first inferior molars, carefully pushed into the gingival sulcus, and knotted medially.
Non-Invasive Blood Pressure Measurement
To confirm the hypertensive phenotype and treatment effectiveness, systolic blood pressure (SBP) was verified by tail plethysmography (NIBP and PowerLab System; ADInstruments; Sydney, Australia) after the 15 days of PD and TELM treatment, and animals were considered hypertensive when SBP ≥150 mmHg (Potje et al., 2014).
Euthanasia and Sample Harvest
On day 15 after PD induction, the animals were euthanized by inhalational anesthetic overdose (Isoflurane, Cristália, Itapina, SP, Brazil), the presence of bilateral ligature was evaluated, and animals in which it was absent were excluded from the study. To obtain samples for microtomography and histological analysis (n = 5/group), hemi-mandibles were surgically collected, and the right-sided specimens were stored in PBS at −20°C, and left-sided specimens were fixed in 10% buffered formaldehyde, respectively. To obtain samples for qRT-PCR (right-sided specimens) and ELISA (left-sided specimens) (n = 6/group) hemi-mandibles were surgically collected, immediately frozen in liquid nitrogen and stored at −80°C. Blood was also collected from animals, in heparinized flasks, and the plasma was separated by centrifugation (1,500 rcf; 10 min; 4°C) and stored at −80°C.
Alkaline Phosphatase and Tartrate-Resistant Acid Phosphatase Activity Determination
Enzymes activities were determined by colorimetric assay in the plasma, as described by Fernandes et al. (2020). Briefly, for ALP assay reaction comprised 2.5 mM L p-nitrophenyl phosphate (pNPP), 2 mM MgCl2 and 25 mM glycine buffer (pH 9.4). TRAP assay reaction comprised 10 mM of pNPP, 50 mM sodium tartrate, 1 mM of p-hydroxy-mercury benzoate and 100 mM sodium acetate buffer (pH 5.8). Enzyme activity was calculated by the amount of hydrolyzed substrate (pNPP) per minute at 37 °C, and normalized by the total protein content, determined by the Lowry method (Lowry et al., 1951).
Micro-Computed Tomography Analysis
Tomographic images from left hemi-mandibles were acquired using a SkyScan 1272 system (Bruker microCT; Kontich, Belgium) [70 kVp and 142 μA; 0.5 mm aluminum filter; 9 µm isotropic voxel; 1,100 ms exposure time, two frame averaging, and 180° rotation (0.5° rotation step)], and three-dimensionally reconstructed (NRecon software; v1.6; Bruker microCT). Alveolar bone loss was evaluated in the first molar region, and a region of interest (ROI) was standardized from defined anatomical points (upper limit: furcation roof; lower limit: proximal root apex; distal limit: second molar proximal root; proximal limit: first molar proximal root, and vestibular and lingual limits: limits of the alveolar bone). A volume of interest (VOI) was automatically delimited by the bone edges and the tooth volume exclusion. The bone percentage (%BV/TV), trabecular number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp) were analyzed (Bouxsein et al., 2010).
Gene Expression Analysis
Left hemi-mandibles were sectioned excluding the mandibular branch and the incisor tooth and cleaned from adjacent soft tissue. The specimens were then powdered in liquid nitrogen, and total RNA was extracted using TRIzol reagent (Invitrogen, Thermo Fisher Scientific; Carlsbad, CA, USA) following the manufacturer's instructions. RNA purity was assessed by 260/280 and 260/230 spectrophotometry ratio (satisfactory between 1.8–2.0, and 2.0–2.2, respectively). Samples were treated with DNAse I (Sigma-Aldrich), RNA was quantified (Quant-iT RiboGreen RNA Assay Kit, Invitrogen), and 2 µg of total RNA were reverse transcribed to complementary DNA (High Capacity RNA-to-cDNA™ Kit; Applied Biosystems, ThemoFisher Scientific; Foster City, CA, USA), according to manufacturer's instructions.
Gene expression analysis of bone markers was performed by quantitative real time-polymerase chain reaction (qRT-PCR), in StepOne PlusTM Real-Time PCR Systems, with TaqMan™ Gene Expression Assays (FAM fluorophore reporter/non-fluorescent quencher MGB) (Applied Biosystems, Thermo Fisher Scientific). Assay references are listed in Supplementary Table S1. Targets expression were normalized by Actb expression, as reference gene, and relative transcripts abundance was determined by the 2(−∆∆Ct) method (Livak and Schmittgen, 2001).
Immunohistochemical Assays and Analysis
Formaldehyde fixed mandibles were decalcified in 10% EDTA-buffered solution (Titriplex® III; Merck Millipore; Burlington, MA, USA), for paraffin histological processing. Hemi-mandibles 3-µm thick sagittal sections were obtained (three to four tissue section per slide) and used for immunostaining of local RAS components. Briefly, tissue sections were deparaffinized, rehydrated, and were submitted to endogenous peroxidase blocking (Hydrogen Peroxide Block, DHP-125; Spring Bioscience Corp.; Pleasanton, CA, USA; 30 min incubation), and hot citric acid buffer antigen retrieval (10 mM citrate buffer, pH 6.0 at 55°C for 20 min, followed by cooling to room temperature for 20 min). Immunolabeling was performed by primary antibody incubation (described in Supplementary Table S2), and detected by Histofine® Simple Stain™ kit (Nichirei Biosciences Inc.; Tokyo, Japan), followed by chromogenic substrate (3,3’-diaminobenzidine-tetrahydrochloride; Dako Corp., Carpinteria, CA, USA), according to manufactures instruction, and Harry’s hematoxylin was used as counterstaining. IHC assay batches (targets) were accompanied by negative control slides, which were submitted to the same procedures, but incubated with the antibody diluent solution only (Antibody Diluent, DHP-125; Spring Bioscience Corp.; Pleasanton, CA, USA), to ensure the absence of nonspecific staining in the tissue sections.
For IHC analysis, slides were blindly analyzed (n = 5/group) in 400× magnification bright-field microscopy (Olympus, BX53, Tokyo, Japan) in the region of interest (middle third of the first molar furcation region), and expression was based on the immunostaining pattern [negative (−); low staining (+); moderate staining (++); strong staining (+++)] (Oliveira et al., 2019). To compose the presented image boards, a representative section was photographed (Olympus, XC50, Tokyo, Japan), in the analyzed region of interest (400× magnification and detailed 1,000× magnification). Images were corrected for brightness and contrast, and black arrow indicate positive-stained bone cells.
Cytokine Quantification
The left hemi-mandibles were sectioned from mandibular branch and incisor teeth and cleaned from adjacent soft tissues. The specimens were powdered in liquid nitrogen and subsequently homogenized with lysis buffer [cOmplete™ Protease Inhibitor Cocktail Tablet (Roche©), Tris-HCl 100 mM, NaCl 150 mM, Tween 20 1%, sodium deoxycholate 0.5%] in a tissue homogenizer (Omni TH, Omni International, Tulsa, OK, USA). The samples were centrifuged and in the recovered supernatant, and TNF-α, IL-6, IL-1β, CXCL3/CINC-2 and CCL20/MIP-3α were quantified by enzyme-linked immunosorbent assay (ELISA), with DuoSet® ELISA (in order: DY510, DY506, DY501, DY540, and DY516; R&D Systems, Minneapolis, MN, USA). Results were normalized by the total protein content, determined by the Lowry method (Lowry et al., 1951).
Statistical Analysis
Data are expressed as mean and standard error of the mean (SEM), and were analyzed by one-way ANOVA, followed by Šidak post hoc test, after being tested for normality distribution by Shapiro-Wilk test. Statistical differences are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. TELM + PD, and Wistar vs. SHR in the same experimental condition. All analysis was performed on Graph Pad Prism v7.0 (GraphPad Software Inc.; San Diego, CA, USA).
RESULTS
Telmisartan Reverted the Spontaneous Hypertensive Rat Hypertensive Phenotype by Reducing the Systolic Blood Pressure
To confirm the TELM effectiveness of treated and non-treated animals, SBP was measured (Figure 1A). SHRs had increased blood pressure compared to Wistar rats, confirming the hypertensive phenotype, and PD induction did not significantly alter its values. As expected, TELM treatment led to a significant reduction in SBP in both the W and STelm + PD groups.
[image: Figure 1]FIGURE 1 | Systolic blood pressure (SBP) and systemic bone turnover biochemical markers of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. SBP (A) measured by tail plethysmography, and plasma activity of alkaline phosphatase, ALP (B) and tartrate-resistant acid phosphatase, TRAP (C) determined by enzymatic colorimetric methods. All graphs shown mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition.
Spontaneous Hypertensive Rat Presents Increased Alkaline Phosphatase and Tartrate-Resistant Acid Phosphatase Plasma Activity
ALP and TRAP activity were measured in the plasma as a bone forming and resorption biochemical marker (Figures 1B,C) to assess the proposed animal model's systemic bone dynamics and experimental conditions. SHR groups presented significantly higher ALP and TRAP plasma activity than the Wistar groups, suggesting increased bone turnover activity in the hypertensive strain. However, neither PD induction nor TELM treatment altered the systemic markers.
Telmisartan Reduces Periodontal Disease-Induced Alveolar Bone Loss in Spontaneous Hypertensive Rats
We first analyzed the effects of treatment with TELM on the loss of the alveolar bone in W and SHRs with PD, using microCT. The bone percentages and architectural parameters of the Wistar control (WC) and SHR control (SC) groups were similar, as expected (Figure 2A). However, the Wistar with PD (WPD) and SHR with PD (SPD) groups showed a significant bone loss, as evidenced by the reduced bone percentage (%BV/TV) (Figure 2B). It was noted that alveolar bone loss was more severe in the SPD group and was accompanied by the reduced trabecular thickness (Tb.Th) (Figure 2C), while the changes in the trabecular number (Tb.Nb) and trabecular separation (Tb.Sp) were not significant (Figures 2D,E). Treatment with TELM did not significantly alter the trabecular architecture but prevented bone loss in the Wistar with PD pretreated by TEMP (WTelm + PD) group, and the effect was more significant in the STelm + PD group.
[image: Figure 2]FIGURE 2 | Microtomography analysis of mandible of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. Mandible three-dimensional reconstruction in lingual view with cut in the furcation region (white arrow indicate sites of significant bone resorption) (A), and graphs showing %BV/TV (B), Tb.Nb (C), Tb.Th (D), and Tb.Sp (E) as mean ± SEM (n = 5). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition.
Telmisartan Reduces Agt1r Expression, and Increases the Expression of Agt2r in the Alveolar Bone
To gain a better understanding of the participation of the local RAS in the protective effects of TELM, we analyzed the mandibular expression of the components of the RAS. The SC group had a higher Agt constitutive gene expression, and PD led to a significant increase in Agt expression, which was also confirmed by an increased immunostaining pattern in bone cells (black arrows) and adjacent connective tissue (white arrows) (Figures 3A,B).
[image: Figure 3]FIGURE 3 | RAS components expression in mandibles of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. Respectively qRT-PCR and IHC for Agt (A,B), Ace (C,D), Agtr1 (E,F), and Agtr2 (G,H). Graphs show mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition. Board shows representative images, and upper table presents the average immunostaining patter from each experimental group (n = 5). Black arrows point bone forming cells positive stained (osteoblasts and osteocytes), and white arrows indicate positive stained alveolar bone adjacent connective tissue.
Ace gene or protein expression was not significantly altered in the proposed experimental condition (Figures 3C,D). Agt1r expression was not significantly altered by PD, but TELM treatment significantly reduced its gene expression in WTelm and STelm, which was also observed in the lower immunostaining pattern in bone cells and adjacent connective tissue (Figures 3E,F). PD decreased Agt2r gene expression only in non-hypertensive animals (WPD, compared to WC), but TELM treatment increased its gene expression and immunostaining pattern significantly, observed in the bone cells and the adjacent connective tissue (Figures 3G,H).
Regarding the Ace2/Masr axis, W and SPD groups had decreased Ace2 expression, compared to their respective controls, and TELM treatment led to further reductions in the target expression, observed by lower gene expression and lower immunostaining pattern (Figures 4A,B). In contrast, Masr expression was increased in W and SPD, compared to their respective controls, but TELM did not alter this response (Figures 4C,D).
[image: Figure 4]FIGURE 4 | RAS components expression in mandibles of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. Respectively qRT-PCR and IHC for Ace2 (A,B), and Masr (C,D). Graphs show mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition. Board shows representative images, and upper table presents the average immunostaining patter from each experimental group (n = 5). Black arrows point bone forming cells positive stained (osteoblasts and osteocytes), and white arrows indicate positive stained alveolar bone adjacent connective tissue.
Telmisartan Reduces the Production of Inflammatory Cytokines in the Mandibles in Periodontal Disease
To assess the inflammatory response, we quantified inflammatory mediators’ production in the mandibles (Figure 5). PD led to a significant increase in the production of all analyzed pro-inflammatory cytokines, TNF-α, IL-6, and IL-1β, except for TNF-α in the WPD group, and TELM treatment was able to significantly reduce TNF-α and IL-1β production, only in the STelm + PD group than in the SPD group (Figures 5A,C). Regarding the anti-inflammatory cytokine IL-10, WPD presented an increased production, compared to its control, which was inhibited by TELM treatment, while in the SHR groups, it was not significantly altered (Figure 5D).
[image: Figure 5]FIGURE 5 | Inflammatory mediator production in mandibles of Wistar (non-hypertensive) and SHR with PD 15 d, treated with telmisartan. ELISA for TNF-α (A), IL-6 (B), IL-1β (C), IL-10 (D), CXCL3/CINC-2 (E) and CCL20/MIP-1α (F). Graphs shown mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition.
Regarding the analyzed chemokines, PD increased the neutrophil chemoattractant CXCL3, which was more significant in the SPD group than in the SC and WPD groups, and TELM only inhibited its production in the STelm + PD group (Figure 5E). CCL2 production, a macrophage chemoattractant, was not altered by PD or TELM treatment (Figure 5F).
Telmisartan Increased the Mandibular Expression of Runx2 and Alp in Wistar and Spontaneous Hypertensive Rats With Periodontal Disease
To better understand of the local effect of TELM on the PD-induced bone response, we evaluated the gene expression of different bone markers (Figures 6, 7). First, on analyzed transcription factor expression, SC presented a higher constitutive Pparg expression than WC, and PD significantly increased its expression in W and SPD, while Runx2, Osx, and Ctnnb were not altered by PD induction. Interestingly, TELM treatment significantly increased Runx2 expression in W and STelm + PD compared to non-treated animals (Figures 6A–D).
[image: Figure 6]FIGURE 6 | Bone formation markers expression in mandibles of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. qRT-PCR for Runx2(A), Osterix(B), Catnb(C), Pparg(D), Alp(E), Col1a1(F), Opn(G), Ocn(H), Bsp(I), and Bmp2(J). Graphs shown mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition.
[image: Figure 7]FIGURE 7 | Bone remodeling and resorption markers expression in mandibles of Wistar (non-hypertensive) and SHR with PD 15 days, treated with telmisartan. qRT-PCR for Opg(A), Rankl(B), Rank(C), Mmp2(D), Mmp9(E), Trap(F), Ctsk(G), Oscar(H), Vtn(I), Itga5(J), and Itgb5(K). Graphs shown mean ± SEM (n = 6). Statistical difference are represented by brackets labeled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparing Control vs. PD, PD vs. Telm + PD, and Wistar vs. SHR in the same experimental condition.
[image: Figure 8]FIGURE 8 | Main findings summary. (A) Main differences between Wistar (non-hypertensive) and SHR with PD. The blue and red dotted lines illustrate the alveolar bone loss in Wistar and SHR, respectively, the targets differentially expressed between the animal models are listed alongside, and the components of the local renin-angiotensin system altered by the PD are listed below. (B) Main effects of telmisartan in Wistar and SHR with PD. The green dotted line illustrates TELM protective effect in the PD-induced alveolar bone loss in Wistar and SHR, the related mechanisms are listed on the side, and the components of the local renin-angiotensin system altered by the treatment are listed below.
Regarding bone formation markers, only Alp expression was significantly reduced in the W and SPD groups compared to their respective controls, but TELM treatment was able to prevent this response (Figure 6E), and also increased the expression of Opn and Bsp in WTelm + PD, compared to WPD (Figures 6G,I). Additionally, Col1a1 expression was higher in the WTelm + PD group than in the STelm + PD group (Figure 6E).
The Opg/Rankl/Rank Axis Was Differentially Modulated by Telmisartan in the Mandibles of Wistar and Spontaneous Hypertensive Rats With Periodontal Disease
We then analyzed Opg/Rankl/Rank axis expression as essential markers of bone remodeling and dynamics (Figures 7A–C). At first, we noticed a decreased Opn constitutive expression SC, compared to the WC group, while Rankl and Rank expression were similar between the Wistar and SHR controls. PD significantly increased Rankl and Rank expression in the W and SPD groups, compared to their respective controls, while Opg was only increased in SPD, and not significantly altered in the WPD group (Figures 7A–C). TELM treatment, however, increased the expression of Opg only in the WTelm + PD group, and inhibited Rankl expression only in the STelm + PD group (Figures 7A,B), while Rank expression was not altered (Figure 7C).
Telmisartan Reduced the Mandibular Expression of the Markers of Bone Resorption in Wistar and Spontaneous Hypertensive Rats With Periodontal Disease
Finally, bone resorption markers were evaluated, and we noticed a constitutive higher expression of Mmp9, Trap, Ctsk, osteoclast-associated receptor (Oscar), and Vtn in the SC group than in the WC group (Figures 7E–G,I). PD led to the increased expression of Mmp9, Trap, Ctsk, Oscar, and Itga5 in the W and SPD groups, and it was more significant in the SPD group, than that of the WPD group, except for the Trap expression (Figures 7E–J). Mmp2 expression was only increased in the WPD group, while Vtn expression only increased in the SPD group, compared to their respective control groups (Figures 7D,I). TELM treatment prevented the expression of these markers, except for Mmp9, Oscar, and Itga5, and only in the WTelm + PD group (Figures 7E,H,J).
DISCUSSION
The present study results demonstrated that the AT1R blocker, TELM, had a protective effect on PD-induced inflammation and alveolar bone loss in hypertensive animals by decreasing the production of cytokines and reducing the expression of osteoclast markers in hypertensive animals. The action of the local RAS in periodontal tissues has already been described and is associated with periodontal inflammatory damage (Santos et al., 2009; Santos et al., 2015; Dionisio et al., 2019; Oliveira et al., 2019). The SHR strain is known to present alterations in the systemic RAS (Schiffrin et al., 1984; Ohta et al., 1996; Gouldsborough et al., 2003) as well as intrinsic bone impairment associated with the hypertensive genotype and phenotype (Manrique et al., 2012; Landim de Barros et al., 2016; Tiyasatkulkovit et al., 2019). However, possible alveolar bone local RAS alterations and their association with increased susceptibility to inflammation-induced bone damage have not been shown.
After confirming the SHR hypertensive phenotype by increasing SBP (>150 mmHg) (Potje et al., 2014), we observed that TELM treatment was able to significantly reduce the SBP of Wistar and SHR, verifying the effectiveness of the chosen drug treatment regimen (10 mg/kg/day) to block the Ang II receptor type 1. According to the drug manufacturer information, this dose would represent approximately 1.25 times the maximum recommended human dose (80 mg/day) on an mg/m2 basis (Boehringer-Ingelheim, 2009). Other studies have also reported that this dose has significant antihypertensive and anti-inflammatory properties in rodents, corroborating our data (Wienen et al., 2001; Araújo et al., 2013). Additionally, to determine possible systemic bone alterations caused by PD or TELM treatment, which would affect the observed local response, plasma ALP and TRAP activity, were evaluated as biochemical markers of systemic bone turnover, bone formation, and resorption activity (Bauer et al., 2004; Halleen et al., 2006; Naylor and Eastell, 2012). However, these markers were not altered in the proposed experimental conditions. Interestingly, SHRs presented increased systemic ALP and TRAP activity, suggesting increased bone turnover. Altered systemic bone dynamics have already been reported in this animal strain (Tiyasatkulkovit et al., 2019), which, together with evidence of lower quality bone organic matrix production by SHR osteoblast precursors (Landim de Barros et al., 2016; Chaves Neto et al., 2018), would help to explain, in parts, the SHR increased susceptibility to bone loss.
We then aimed to evaluate the mandibular expression of the RAS components in hypertensive animals with PD in order to better understand this system’s role in the local bone response. We initially observed that Agt was constitutively expressed in SHRs, which increased after PD. Agt is the only precursor of all ANG peptides. Therefore, it is possible to suggest that the levels of active peptides of the RAS increase in inflamed bone tissues, primarily in hypertensive animals. Agt is initially converted to Ang I by renin (Lu et al., 2016); however, the expression of renin was not detected in our study, suggesting that the conversion of local Ang I is mediated by circulating renin, as previously observed (Oliveira et al., 2019). ACE, the enzyme that converts Ang I to Ang II, the most active RAS peptide, was not altered by PD. Numerous studies have previously suggested the role of this enzyme in bone physiology, demonstrating that the bone mineral density of patients increased after ACE inhibitor treatment, as the risk of fracture was reduced (Perez-Castrillon et al., 2003; García-Testal et al., 2006; de Vries et al., 2007; Kwok et al., 2012). Although constitutively expressed in both Wistar and SHRs, we could not associate the increased alveolar bone loss in hypertensive animals, nor the observed protective effects of TELM, to Ace expression modulations.
Similarly, the At1r receptor was constitutively expressed in both groups of animals, and PD did not alter Ang II receptor expression. However, as expected, TELM significantly reduced the expression of At1r, as it is an At1r antagonist, probably explained by At1r signaling inhibition. However, there was no difference in the normotensive and hypertensive animals’ responses, suggesting that its signaling was not related to the bone fragility differences between the Wistar and SHRs. Yu et al. (2019) demonstrated the in vitro anti-inflammatory effect of candesartan in human embryonic kidney epithelial cells (HEK lineage), possibly associated with reduced oxidative stress, independent of the At1r receptor. The present study’s results suggest that other mechanisms could have been involved in the protective effect of TELM on the bone. The protective effect of TELM observed herein could have been associated with the amount of cytokine production in the local lesion. The expression of At2r, which has already been associated with anti-inflammatory effects and tissue repair in different animal models (Namsolleck et al., 2014; Terenzi et al., 2017), was reduced following the induction of PD only in the W group and was similar to that of hypertensive animals following the induction of PD. However, the reduction in the expression of Atr was reversed by TELM in Wistar rats. TELM increased the expression of At2r in hypertensive animals, suggesting that the increased local production of Agt-derived peptides is associated with the inhibition of the At1r receptor. It could promote the activation of At2r, which increases the anti-inflammatory process and tissue repair in hypertensive animals. Previous studies have demonstrated that the activation of At2r antagonizes the harmful effects of AT1R activation (Kumar et al., 2002; Yang et al., 2012), and promotes the anti-inflammatory, anti-fibrotic, and anti-oxidative responses (Okada et al., 2006; Lu et al., 2015; Wang et al., 2017).
Although the expression of Ace remained unaltered during the inflammatory process, the expression of Ace2 decreased after PD induction. The Ace2 enzyme is responsible for converting Ang II to Ang 1–7, which binds to MasR. The Ace2/Ang (1–7)/MasR pathway antagonizes the pro-inflammatory, pro-proliferative, and fibrotic effects induced by the Ace/Ang II/AT1R pathway, and is a novel target for the treatment of hypertension (Jiang et al., 2014). Yang et al. (2013) demonstrated that the expression of ACE increases in SHRs and that the expression of Ace2 is reduced in cardiac tissue compared to that in normotensive animals. It can thus be concluded that the expression of Ace2 depends on the specific tissue. The mechanism of action of Ace2 in the mandibular bone can be different from that of cardiac tissue. The latter may be different due to the differences in the cytokines released in the microenvironment. The induction of PD significantly reduced the expression of Ace2ACE, perhaps due to the increased production of cytokines; however, the expression of MasR increased in W and SHRs, which agreed with the results of other studies that demonstrated a lower Ace2/Ace ratio under inflammatory conditions (Hanafy et al., 2011; Sodhi et al., 2019). The increased expression of MasR suggested that a compensatory mechanism could have opposed the inflammatory process as an attempt to protect or induce tissue repair in the alveolar bone. However, further studies are necessary to understand the underlying mechanism better. Several studies have demonstrated that TELM increases the expression of the Ace2/MasR axis (Soler et al., 2009; Sukumaran et al., 2012; Yi et al., 2012) in myocarditis, renal vasculature, and hepatic fibrosis, but not in the alveolar bone. Thus, the effect can be tissue- and inflammation-dependent. The results of in vivo and in vitro studies have demonstrated that the ACE2/Ang 1–7/MasR axis positively modulates the activity of osteoblasts and inhibits the activity of osteoclasts (Abuohashish et al., 2017; Queiroz-Junior et al., 2019).
The inflammatory process induced by PD was mediated by releasing cytokines and chemokines in the mandibular bone. The expression of IL-6, IL-1β, and CXCL3 was increased by PD in normotensive and hypertensive animals. However, it is important to note that the increase in these mediators’ concentration was more significant in hypertensive animals. TNF-α is also involved in the inflammatory process in the mandibular bone of hypertensive animals, but not in normotensive animals, which confirmed an inflammatory potential in SHRs (Bonato et al., 2012). The cytokines TNF-α, IL-1β, and IL-6, are incredibly significant as they can stimulate osteoblasts by enhancing the expression of Rankl (Souza and Lerner, 2013). This mechanism may have been involved in inducing fragility in the mandibular bone of hypertensive animals after the induction of PD, as a large quantity of these cytokines was released, which increased the expression of Rankl and induced the activation of osteoclasts. The AT1R blocker, TELM, inhibited these cytokines’ production and the increased expression of Rankl strengthened this mechanism via the RAS receptor.
To gain a better understanding of the effect of TELM on alveolar bone resorption, we evaluated the gene expression profile of the markers of bone formation in the mandible. PD did not significantly change the expression of the transcription factors Runx2, Osx, and Ctnnb, but TELM significantly increased the expression of Runx2 in the W and SHRs with PD. Using ROS17/2.8 rat osteosarcoma cells and cell culture experiments, Nakai et al. (2015) demonstrated that Ang II inhibited the differentiation and mineralization of bones in vitro and reduced the expression of Runx2 via AGTR1. It is then suggested that the positive effect of TELM on the expression of Runx2 in animals with PD can be partially explained by its antagonistic effects on Ang II via AGTR1 in osteoblasts and their precursors.
Pparg is an important transcription factor that regulates bone metabolism. SHR presented a constitutively higher expression, which was also reported on in vitro osteogenic differentiation of bone marrow mesenchymal cells from young SHRs, before hypertension development, compared to cells from Wistar rats. This finding suggests an intrinsic alteration associated with the hypertensive genotype (Chaves Neto et al., 2018), which helps explain the SHR increased bone fragility since a sustained increase in Pparg activity can lead to bone impairments (Wan, 2010). In addition to the direct effect of Pparg on bone metabolism, it acts as an anti-inflammatory pathway, which inhibits NFkB and cytokine production (Korbecki et al., 2019). Studies demonstrating the Pparg expression profile in inflamed periodontal tissue are still limited, but we suggest that the increased Pparg expression in the PD group could represent a compensatory protective mechanism. TELM did not alter Pparg expression, despite its known partial Pparg agonist activity (Goyal et al., 2011), which may be explained by its already PD-induced increased expression, but further studies will be necessary to investigate this response further.
Analysis of the markers of bone formation revealed that PD only reduced Alp’s expression in both W and SHRs. Alp is one of the main enzymes involved in bone formation and plays an important role in matrix mineralization (Orimo, 2010). In this study, we observed that the reduction in Alp’s expression probably reflected the bone damage induced by PD, as evaluated by microCT. This expression could have resulted from the increased production of inflammatory mediators from immune cells during inflammation in the periodontium (Graves et al., 2011). TELM increased the expression of Alp, Opn, and Bsp in the normotensive animals, but only increased Alp’s expression in hypertensive animals. It is then suggested that some of the results observed herein may be related to the increased expression of Runx2, as previously discussed. The expression of Runx2 can modulate Alp, Opn, and Bsp gene expression, as reported by Jonason et al. (2009). Analysis of the bone matrix proteins, Col1a1 and Opn, revealed that their expression remained unaltered following the induction of PD. It is possible that matrix degradation had already taken place in the period evaluated in this study (15 days of PD), and it was therefore not possible to visualize this phenomenon (Almeida et al., 2015). However, TELM increased the expression of Col1a1 in normotensive animals and increased the expression of Opn, suggesting that the AT1R blocker TELM stimulated matrix synthesis by favoring the recruitment and adhesion of various cells, such as osteoblasts.
The Opg/Rankl/Rank axis is one of the primary regulators of osteoblasts and osteoclast activity. We observed that PD reduced the expression of Opg and increased the expression of Rankl and Rank, and the effect was more pronounced in hypertensive animals. As expected, PD induced the processes of alveolar bone resorption in these animals. TELM altered the expression of the Opg/Rankl/Rank axis components in a differential manner. In W rats, TELM treatment significantly increased the expression of Opg, which has an osteoprotective effect but reduced the expression of Rankl in the SHRs, which stimulates osteoclasts. These results suggest that TELM has a protective effect on bone resorption and reduced bone loss in hypertensive animals, possibly by inhibiting AT1R.
Analysis of the markers of bone resorption revealed that the expression of Trap, an enzyme responsible for the degradation of the mineralized matrix and an important marker of the activity of osteoclasts (Boyle et al., 2003), and Oscar, an IgG-type receptor with potent co-stimulatory functions in the differentiation of osteoclasts (Nemeth et al., 2011), significantly increased in the normotensive and hypertensive animals with PD, compared to that of their respective control groups. These results suggest that the inflammatory mediators released in the microenvironment can induce the differentiation and activation of osteoclasts, as Trap is a marker of osteoclast activity. It is important to emphasize that the differentiation of osteoclasts was more pronounced in hypertensive animals. Furthermore, the increase in the expression of Rankl in hypertensive animals induced the differentiation of osteoclasts in the W and SHRs. TELM significantly reduced the expression of Trap in both W and SHRs. However, the expression of Oscar remained unaltered in both the W and SHRs. TELM is thus more effective after maturation, but not in the earlier period during differentiation. Oscar has since been characterized as a costimulatory regulator of osteoclast differentiation (Kim et al., 2002).
Previous studies have demonstrated that the inhibition of matrix proteases reduces the inflammatory process and the destruction of the alveolar bone (Chen et al., 2016). In this study, PD significantly increased Mmp2, Mmp9, and Ctsk in normotensive and hypertensive animals. However, the expression of Mmp2 remained unaltered in hypertensive animals. This finding suggested minor participation of Mmp2 in the loss of the alveolar bone in SHRs, possibly due to the difference in the constitutive expression of Mmp2 between hypertensive and normotensive animals, and may consequently explain the exacerbated periodontal destruction in this model. The inhibition of AT1R reduced the expression of these proteases in animals with PD, and this effect was more pronounced in the SHRs. However, the expression of Mmp2 remained unaltered following treatment with TELM. This finding suggested that the expression of Mmp9 and Ctk depends on the components of the RAS, perhaps by inhibiting AT1R. AT1R modulates the signal by indirectly inducing the connection between Ang II and AT2R, which is responsible for the inhibitory effect on the expression of Mmps. Previous in vitro and in vivo studies have demonstrated that Ang II can stimulate the expression of Mmps via AT1R in different animal models, such as models of osteoblastic differentiation (Nakai et al., 2015). Furthermore, other authors have demonstrated that this inhibition is tissue-dependent (Okada et al., 2009; Okada et al., 2010; Araújo et al., 2013).
Vitronectin (Vtn) is an integrin that mediates cellular adhesion to the extracellular matrix, cellular migration, and cell-cell interactions (Barczyk et al., 2010). The expression of Vtns significantly increased after the induction of PD in hypertensive animals than in normotensive animals. TELM reduced this response, and the results suggested that the increased expression of Vtns depends on AT1R. Lakkakorpi et al. (1991) demonstrated that Vtns play an essential role in regulating osteoclasts and have a possible role in the permanence and migration of these cells. Steffensen et al. (1992) characterized the distribution of Vtns in the periodontium (marginal gingiva, periodontal ligament, endosteum, and periosteum). Although the results are speculative, this suggests that Vtns participate in the PD-induced loss of the alveolar bone, and is one of the factors responsible for the large difference in response between the normotensive and hypertensive animals. The results of this study further suggest that Vtns are modulated via AT1R. The extracellular matrix protein, Vtn, is recognized by at least one of the four known receptors, namely, integrins αvβ1, αvβ3, αvβ5, and αIIbβ3 (Felding-Habermann and Cheresh, 1993). In the present study, PD increased the expression of Itga5, which was more pronounced in hypertensive animals than in normotensive animals. The expression of Itgb5 remained unaltered, which indicated that AT1R did not mediate the expression of Itga5. Moreover, treatment with TELM did not modulate the expression of these receptors in either of the species. Although some studies have demonstrated the role of different adhesion molecules in periodontal tissues (Ghannad et al., 2008; Barczyk et al., 2010), there is very little information regarding the exact role of these proteins in alveolar bone loss during PD despite the evidence of the involvement of integrins in bone physiology (Slany et al., 2014; El Azreq et al., 2015). Additionally, these results suggested the involvement of Itga5 in the loss of the alveolar bone in hypertensive animals with PD (Figure 8).
These results suggest that the AT1R blocker, TELM, had a protective effect on PD-induced loss of the alveolar bone in the proposed experimental model. This effect was possibly due to the reduction in osteoclasts’ markers and the increase in the production of cytokines, which favored the activation of AT2R in hypertensive animals.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by Experimental protocols were in accordance with Brazil’s National Council for Animal Experiments Control and were approved by the Ethics Committee on Animal Use from the School of Dentistry of Araçatuba (Unesp) (Process FOA-00686-2016).
AUTHOR CONTRIBUTIONS
VB, MP, MS, AB, and SF, performed the experiments. VB and SF analyzed the data. VB wrote the paper. SO, CS, and VL contributed reagents/materials/analysis tools. SO conceived, designed the experiments, analyzed the data, and revised the paper.
FUNDING
This work was supported by two types of research grants as follows: The São Paulo Research Foundation‐FAPESP (grant# 2015/03965‐2 (SHPO, CFS, VSL); fellowship: #2018/23676‐3 (VGBB), #2017/02271‐2 (MSP), #2017/07095‐8 (MCJS), #2017/05873‐3 (SCTF)). The Coordination for the Improvement of Higher Education Personnel‐CAPES (finance code 001) (VGBB, AEAB, SHPO, VSL, and CFS), and National Council for Scientific and Technological Development‐ CNPq fellowship (#307603‐2018‐0 (VSL), #304614‐2019‐0 and #305561‐2015‐4 (SHPO), and 307986‐2017‐9 (CFS)).
ACKNOWLEDGMENTS
We thank Professor Cristina Antonialli (São Paulo State University, School of Dentistry of Araçatuba), and Doctor Simone R. Potje (University of São Paulo, School of Pharmaceutical Sciences of Ribeirão Preto) for assistance with the tail plethysmography technique, and Professor Antonio H. Chaves-Neto (São Paulo State University, School of Dentistry of Araçatuba) for kindly provide the protocol for enzyme activity determination.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.579926/full#supplementary-material.
REFERENCES
 Abuohashish, H. M., Ahmed, M. M., Sabry, D., Khattab, M. M., and Al-Rejaie, S. S. (2017). Angiotensin (1-7) ameliorates the structural and biochemical alterations of ovariectomy-induced osteoporosis in rats via activation of ACE-2/Mas receptor axis. Sci. Rep. 7, 2293. doi:10.1038/s41598-017-02570-x
 Almeida, T., Valverde, T., Martins-Júnior, P., Ribeiro, H., Kitten, G., and Carvalhaes, L. (2015). Morphological and quantitative study of collagen fibers in healthy and diseased human gingival tissues. Rom. J. Morphol. Embryol. 56, 33–40. 
 Araújo, A. A., Souza, T. O., Moura, L. M., Brito, G. A. C., Aragão, K. S., Araújo, L. S., et al. (2013). Effect of telmisartan on levels of IL‐1, TNF‐α, down‐regulated COX‐2, MMP‐2, MMP‐9 and RANKL/RANK in an experimental periodontitis model. J. Clin. Periodontol. 40, 1104–1111. doi:10.1111/jcpe.12160
 Asaba, Y., Ito, M., Fumoto, T., Watanabe, K., Fukuhara, R., Takeshita, S., et al. (2009). Activation of renin-angiotensin system induces osteoporosis independently of hypertension. J. Bone Miner. Res. 24, 241–250. doi:10.1359/jbmr.081006
 Aydoğan, B. I., Erarslan, E., Ünlütürk, U., and Güllü, S. (2019). Effects of telmisartan and losartan treatments on bone turnover markers in patients with newly diagnosed stage I hypertension. J. Renin Angiotensin Aldosterone Syst. 20, 1470320319862741. doi:10.1177/1470320319862741
 Barczyk, M., Carracedo, S., and Gullberg, D. (2010). Integrins. Cell Tissue Res. 339, 269–280. doi:10.1007/s00441-009-0834-6
 Bauer, D. C., Black, D. M., Garnero, P., Hochberg, M., Ott, S., Orloff, J., et al. (2004). Change in bone turnover and hip, non-spine, and vertebral fracture in alendronate-treated women: the fracture intervention trial. J. Bone Miner. Res. 19, 1250–1258. doi:10.1359/jbmr.040512
 Birocale, A. M., Medeiros, A. R. S., Ruffoni, L. D. G., Takayama, L., De Oliveira, J. M., Nonaka, K. O., et al. (2016). Bone mineral density is reduced by telmisartan in male spontaneously hypertensive rats. Pharmacol. Rep. 68, 1149–1153. doi:10.1016/j.pharep.2016.06.014
 Boehringer-Ingelheim (2009). NDA 20-850/S-022/S-023. USA: Department of Health and Human Services.
 Bonato, C. F., Do-Amaral, C. C. F., Belini, L., Salzedas, L. M. P., and Oliveira, S. H. P. (2012). Hypertension favors the inflammatory process in rats with experimentally induced periodontitis. J. Periodontal. Res. 47, 783–792. doi:10.1111/j.1600-0765.2012.01496.x
 Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J., and Müller, R. (2010). Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. J. Bone Miner. Res. 25, 1468–1486. doi:10.1002/jbmr.141
 Boyle, W. J., Simonet, W. S., and Lacey, D. L. (2003). Osteoclast differentiation and activation. Nature 423, 337–342. doi:10.1038/nature01658
 Capettini, L. S., Montecucco, F., Mach, F., Stergiopulos, N., Santos, R. A., and Da Silva, R. F. (2012). Role of renin-angiotensin system in inflammation, immunity and aging. Curr. Pharm. Des. 18, 963–970. doi:10.2174/138161212799436593
 Chaves Neto, A. H., Brito, V. G. B., Landim De Barros, T., Do Amaral, C. C. F., Sumida, D. H., and Oliveira, S. H. P. (2018). Chronic high glucose and insulin stimulate bone-marrow stromal cells adipogenic differentiation in young spontaneously hypertensive rats. J. Cell. Physiol. 233, 6853–6865. doi:10.1002/jcp.26445
 Chen, W., Gao, B., Hao, L., Zhu, G., Jules, J., Macdougall, M. J., et al. (2016). The silencing of cathepsin K used in gene therapy for periodontal disease reveals the role of cathepsin K in chronic infection and inflammation. J. Periodontal. Res. 51, 647–660. doi:10.1111/jre.12345
 De Vries, F., Souverein, P. C., Cooper, C., Leufkens, H. G. M., and Van Staa, T. P. (2007). Use of β-blockers and the risk of hip/femur fracture in the United Kingdom and The Netherlands. Calcif. Tissue Int. 80, 69–75. doi:10.1007/s00223-006-0213-1
 Deppe, S., Böger, R. H., Weiss, J., and Benndorf, R. A. (2010). Telmisartan: a review of its pharmacodynamic and pharmacokinetic properties. Expert Opin. Drug Metabol. Toxicol. 6, 863–871. doi:10.1517/17425255.2010.494597
 Dionisio, T. J., Souza, G. P., Colombini-Ishikiriama, B. L., Garbieri, T. F., Parisi, V. A., Oliveira, G. M., et al. (2019). AT1 receptor antagonism promotes bone loss attenuation in experimental periodontitis, block inflammatory mediators, upregulate antioxidant enzymes and bone formation markers. J. Periodontol. 91 (4), 533–544. doi:10.1002/JPER.19-0064
 El Azreq, M.-A., Arseneault, C., Boisvert, M., Pagé, N., Allaeys, I., Poubelle, P. E., et al. (2015). Cooperation between IL-7 receptor and integrin α2β1 (CD49b) drives Th17-mediated bone loss. J. Immunol. 195, 4198–4209. doi:10.4049/jimmunol.1500437
 Felding-Habermann, B., and Cheresh, D. (1993). Vitronectin and its receptors. Curr. Opin. Cell Biol. 5, 864–868. doi:10.1016/0955-0674(93)90036-p
 Fernandes, F., Stringhetta-Garcia, C. T., Peres-Ueno, M. J., Fernandes, F., Nicola, A. C., Castoldi, R. C., et al. (2020). Oxytocin and bone quality in the femoral neck of rats in periestropause. Sci. Rep. 10, 7937. doi:10.1038/s41598-020-64683-0
 Food and Drugs Administration, (1998). Drugs approval package: Micards (Telmisartan) NDA#20-850 (1998). Available at: http://www.acessdata.fda.gov/drugsatfda_doc/nda/98/20850_Micardis.cfm (Accessed September 24, 2020)
 Frampton, J. E. (2011). Telmisartan: a review of its use in cardiovascular disease prevention. Drugs 71, 651–677. doi:10.2165/11206710-000000000-00000
 Fujimura, A., Ushijima, K., and Ando, H. (2013). Does the PPAR-γ-activating property of telmisartan provide a benefit in clinical practice?Hypertens. Res. 36, 183. doi:10.1038/hr.2012.189
 García-Testal, A., Monzó, A., Rabanaque, G., González, A., and Romeu, A. (2006). Evolución de la densidad ósea de mujeres menopáusicas hipertensas en tratamiento con fosinopril. Med. Clín. 127, 692–694. doi:10.1157/13095095
 Ghannad, F., Nica, D., Garcia Fulle, M. I., Grenier, D., Putnins, E. E., Johnston, S., et al. (2008). Absence of αvβ6 integrin is linked to initiation and progression of periodontal disease. Am. J. Pathol. 172, 1271–1286. doi:10.2353/ajpath.2008.071068
 Giese, M. J., and Speth, R. C. (2014). The ocular renin-angiotensin system: a therapeutic target for the treatment of ocular disease. Pharmacol. Ther. 142, 11–32. doi:10.1016/j.pharmthera.2013.11.002
 Gouldsborough, I., Lindop, G. B., and Ashton, N. (2003). Renal renin-angiotensin system activity in naturally reared and cross-fostered spontaneously hypertensive rats. Am. J. Hypertens. 16, 864–869. doi:10.1016/s0895-7061(03)00999-3
 Goyal, S. N., Bharti, S., Bhatia, J., Nag, T. C., Ray, R., and Arya, D. S. (2011). Telmisartan, a dual ARB/partial PPAR-γ agonist, protects myocardium from ischaemic reperfusion injury in experimental diabetes. Diabetes Obes. Metab. 13, 533–541. doi:10.1111/j.1463-1326.2011.01377.x
 Graves, D. T., Li, J., and Cochran, D. L. (2011). Inflammation and uncoupling as mechanisms of periodontal bone loss. J. Dent. Res. 90, 143–153. doi:10.1177/0022034510385236
 Halleen, J. M., Tiitinen, S. L., Ylipahkala, H., Fagerlund, K. M., and Väänänen, H. K. (2006). Tartrate-resistant acid phosphatase 5b (TRACP 5b) as a marker of bone resorption. Clin. Lab. 52, 499–509.
 Hanafy, S., Tavasoli, M., and Jamali, F. (2011). Inflammation alters angiotensin converting enzymes (ACE and ACE-2) balance in rat heart. Inflammation 34, 609–613. doi:10.1007/s10753-010-9269-1
 Izu, Y., Mizoguchi, F., Kawamata, A., Hayata, T., Nakamoto, T., Nakashima, K., et al. (2009). Angiotensin II type 2 receptor blockade increases bone mass. J. Biol. Chem. 284, 4857–4864. doi:10.1074/jbc.m807610200
 Jiang, F., Yang, J., Zhang, Y., Dong, M., Wang, S., Zhang, Q., et al. (2014). Angiotensin-converting enzyme 2 and angiotensin 1-7: novel therapeutic targets. Nat. Rev. Cardiol. 11, 413–426. doi:10.1038/nrcardio.2014.59
 Jonason, J. H., Xiao, G., Zhang, M., Xing, L., and Chen, D. (2009). Post-translational regulation of Runx2 in bone and cartilage. J. Dent. Res. 88, 693–703. doi:10.1177/0022034509341629
 Kakuta, H., Kurosaki, E., Niimi, T., Gato, K., Kawasaki, Y., Suwa, A., et al. (2014). Distinct properties of telmisartan on agonistic activities for peroxisome proliferator-activated receptor γ among clinically used angiotensin II receptor blockers: drug-target interaction analyses. J. Pharmacol. Exp. Ther. 349, 10–20. doi:10.1124/jpet.113.211722
 Kim, N., Takami, M., Rho, J., Josien, R., and Choi, Y. (2020). A novel member of the leukocyte receptor complex regulates osteoclast differentiation.J. Exp. Med. 195, 201–209. doi:10.1084/jem.20011681
 Korbecki, J., Bobiński, R., and Dutka, M. (2019). Self-regulation of the inflammatory response by peroxisome proliferator-activated receptors. Inflamm. Res. 68, 443–458. doi:10.1007/s00011-019-01231-1
 Kumar, V., Knowle, D., Gavini, N., and Pulakat, L. (2002). Identification of the region of AT2 receptor needed for inhibition of the AT1 receptor-mediated inositol 1,4,5-triphosphate generation. FEBS Lett. 532, 379–386. doi:10.1016/s0014-5793(02)03713-4
 Kwok, T., Leung, J., Leung, J., Zhang, Y. F., Bauer, D., Ensrud, K. E., et al. (2012). Does the use of ACE inhibitors or angiotensin receptor blockers affect bone loss in older men?Osteoporos. Int. 23, 2159–2167. doi:10.1007/s00198-011-1831-7
 Lakkakorpi, P. T., Horton, M. A., Helfrich, M. H., Karhukorpi, E. K., and Väänänen, H. K. (1991). Vitronectin receptor has a role in bone resorption but does not mediate tight sealing zone attachment of osteoclasts to the bone surface. J. Cell Biol. 115, 1179–1186. doi:10.1083/jcb.115.4.1179
 Landim De Barros, T., Brito, V. G. B., Do Amaral, C. C. F., Chaves-Neto, A. H., Campanelli, A. P., and Oliveira, S. H. P. (2016). Osteogenic markers are reduced in bone-marrow mesenchymal cells and femoral bone of young spontaneously hypertensive rats. Life Sci. 146, 174–183. doi:10.1016/j.lfs.2016.01.015
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265–275.
 Lu, H., Cassis, L. A., Kooi, C. W. V., and Daugherty, A. (2016). Structure and functions of angiotensinogen. Hypertens. Res. 39, 492–500. doi:10.1038/hr.2016.17
 Lu, J., Wu, L., Jiang, T., Wang, Y., Zhao, H., Gao, Q., et al. (2015). Angiotensin AT2 receptor stimulation inhibits activation of NADPH oxidase and ameliorates oxidative stress in rotenone model of Parkinson's disease in CATH.a cells. Neurotoxicol. Teratol. 47, 16–24. doi:10.1016/j.ntt.2014.11.004
 Ma, L., Ji, J. L., Ji, H., Yu, X., Ding, L. J., Liu, K., et al. (2010). Telmisartan alleviates rosiglitazone-induced bone loss in ovariectomized spontaneous hypertensive rats. Bone 47, 5–11. doi:10.1016/j.bone.2010.03.016
 Manrique, N., Pereira, C. C. S., Garcia, L. M. G., Micaroni, S., Carvalho, A. A. F. d., Perri, S. H. V., et al. (2012). Alveolar bone healing process in spontaneously hypertensive rats (SHR): a radiographic densitometry study. J. Appl. Oral Sci. 20, 222–227. doi:10.1590/s1678-77572012000200017
 Nakai, K., Kawato, T., Morita, T., Yamazaki, Y., Tanaka, H., Tonogi, M., et al. (2015). Angiotensin II suppresses osteoblastic differentiation and mineralized nodule formation via AT1 receptor in ROS17/2.8 cells. Arch. Med. Sci. 3, 628–637. doi:10.5114/aoms.2015.52369
 Namsolleck, P., Recarti, C., Foulquier, S., Steckelings, U. M., and Unger, T. (2014). AT(2) receptor and tissue injury: therapeutic implications. Curr. Hypertens. Rep. 16, 416. doi:10.1007/s11906-013-0416-6
 Naylor, K., and Eastell, R. (2012). Bone turnover markers: use in osteoporosis. Nat. Rev. Rheumatol. 8, 379–389. doi:10.1038/nrrheum.2012.86
 Nemeth, K., Schoppet, M., Al-Fakhri, N., Helas, S., Jessberger, R., Hofbauer, L. C., et al. (2011). The role of osteoclast-associated receptor in osteoimmunology. J. Immunol. 186, 13–18. doi:10.4049/jimmunol.1002483
 Ohta, K., Kim, S., and Iwao, H. (1996). Role of angiotensin-converting enzyme, adrenergic receptors, and blood pressure in cardiac gene expression of spontaneously hypertensive rats during development. Hypertension 28, 627–634. doi:10.1161/01.hyp.28.4.627
 Okada, H., Inoue, T., Kikuta, T., Watanabe, Y., Kanno, Y., Ban, S., et al. (2006). A possible anti-inflammatory role of angiotensin II type 2 receptor in immune-mediated glomerulonephritis during type 1 receptor blockade. Am. J. Pathol. 169, 1577–1589. doi:10.2353/ajpath.2006.060178
 Okada, M., Harada, T., Kikuzuki, R., Yamawaki, H., and Hara, Y. (2009). Effects of telmisartan on right ventricular remodeling induced by monocrotaline in rats. J. Pharmacol. Sci. 111, 193–200. doi:10.1254/jphs.09112fp
 Okada, M., Kosaka, N., Hoshino, Y., Yamawaki, H., and Hara, Y. (2010). Effects of captopril and telmisartan on matrix metalloproteinase-2 and -9 expressions and development of left ventricular fibrosis induced by isoprenaline in rats. Biol. Pharm. Bull. 33, 1517–1521. doi:10.1248/bpb.33.1517
 Oliveira, S. H. P., Brito, V. G. B., Frasnelli, S. C. T., Ribeiro, B. D. S., Ferreira, M. N., Queiroz, D. P., et al. (2019). Aliskiren attenuates the inflammatory response and wound healing process in diabetic mice with periodontal disease. Front. Pharmacol. 10, 708. doi:10.3389/fphar.2019.00708
 Orimo, H. (2010). The mechanism of mineralization and the role of alkaline phosphatase in health and disease. J. Nippon Med. Sch. 77, 4–12. doi:10.1272/jnms.77.4
 Paizan, M., and Vilela-Martin, J. (2014). Is there an association between periodontitis and hypertension?Curr. Cardiol. Rev. 10, 355–361. doi:10.2174/1573403x10666140416094901
 Paul, M., Poyan Mehr, A., and Kreutz, R. (2006). Physiology of local renin-angiotensin systems. Physiol. Rev. 86, 747–803. doi:10.1152/physrev.00036.2005
 Paz Ocaranza, M., Riquelme, J. A., García, L., Jalil, J. E., Chiong, M., Santos, R. A. S., et al. (2020). Counter-regulatory renin-angiotensin system in cardiovascular disease. Nat. Rev. Cardiol. 17, 116–129. doi:10.1038/s41569-019-0244-8
 Perez-Castrillon, J., Silva, J., Justo, I., Sanz, A., Martin-Luquero, M., Igea, R., et al. (2003). Effect of quinapril, quinapril-hydrochlorothiazide, and enalapril on the bone mass of hypertensive subjects: relationship with angiotensin converting enzyme polymorphisms. Am. J. Hypertens. 16, 453–459. doi:10.1016/s0895-7061(03)00845-8
 Pihlstrom, B. L., Michalowicz, B. S., and Johnson, N. W. (2005). Periodontal diseases. Lancet 366, 1809–1820. doi:10.1016/s0140-6736(05)67728-8
 Potje, S. R., Munhoz, F. C., Perassa, L. A., Graton, M. E., Pereira, A. A. F., Nakamune, A. C. M. S., et al. (2014). Mechanisms underlying the hypotensive and vasodilator effects of Ru(terpy)(bdq)NO]3+, a nitric oxide donor, differ between normotensive and spontaneously hypertensive rats. Eur. J. Pharmacol. 741, 222–229. doi:10.1016/j.ejphar.2014.08.008
 Queiroz-Junior, C. M., Santos, A. C. P. M., Galvão, I., Souto, G. R., Mesquita, R. A., Sá, M. A., et al. (2019). The angiotensin converting enzyme 2/angiotensin-(1-7)/Mas receptor axis as a key player in alveolar bone remodeling. Bone 128, 115041. doi:10.1016/j.bone.2019.115041
 Santos, C. F., Akashi, A. E., Dionísio, T. J., Sipert, C. R., Didier, D. N., Greene, A. S., et al. (2009). Characterization of a local renin-angiotensin system in rat gingival tissue. J. Periodontol. 80, 130–139. doi:10.1902/jop.2009.080264
 Santos, C. F., Morandini, A. C., Dionisio, T. J., Faria, F. A., Lima, M. C., Figueiredo, C. M., et al. (2015). Functional local renin-angiotensin system in human and rat periodontal tissue. PLoS One 10, e0134601. doi:10.1371/journal.pone.0134601
 Schiffrin, E. L., Thomé, F. S., and Genest, J. (1984). Vascular angiotensin II receptors in SHR. Hypertension 6, 682–688. doi:10.1161/01.hyp.6.5.682
 Shimizu, H., Nakagami, H., Osako, M. K., Hanayama, R., Kunugiza, Y., Kizawa, T., et al. (2008). Angiotensin II accelerates osteoporosis by activating osteoclasts. FASEB J. 22, 2465–2475. doi:10.1096/fj.07-098954
 Simões e Silva, A., Silveira, K., Ferreira, A., and Teixeira, M. (2013). ACE2, angiotensin-(1-7) and Mas receptor axis in inflammation and fibrosis. Br. J. Pharmacol. 169, 477–492. doi:10.1111/bph.12159
 Slany, A., Haudek-Prinz, V., Meshcheryakova, A., Bileck, A., Lamm, W., Zielinski, C., et al. (2014). Extracellular matrix remodeling by bone marrow fibroblast-like cells correlates with disease progression in multiple myeloma. J. Proteome Res. 13, 844–854. doi:10.1021/pr400881p
 Sodhi, C. P., Nguyen, J., Yamaguchi, Y., Werts, A. D., Lu, P., Ladd, M. R., et al. (2019). A dynamic variation of pulmonary ACE2 is required to modulate neutrophilic inflammation in response to pseudomonas aeruginosa lung infection in mice. J. Immunol. 203, 3000–3012. doi:10.4049/jimmunol.1900579
 Soler, M. J., Ye, M., Wysocki, J., William, J., Lloveras, J., and Batlle, D. (2009). Localization of ACE2 in the renal vasculature: amplification by angiotensin II type 1 receptor blockade using telmisartan. Am. J. Physiol. Renal Physiol. 296, F398–F405. doi:10.1152/ajprenal.90488.2008
 Souza, P. P. C., and Lerner, U. H. (2013). The role of cytokines in inflammatory bone loss. Immunol. Invest. 42, 555–622. doi:10.3109/08820139.2013.822766
 Steffensen, B., Duong, A. H., Milam, S. B., Potempa, C. L., Winborn, W. B., Magnuson, V. L., et al. (1992). Immunohistological localization of cell adhesion proteins and integrins in the periodontium. J. Periodontol. 63, 584–592. doi:10.1902/jop.1992.63.7.584
 Sukumaran, V., Veeraveedu, P. T., Gurusamy, N., Lakshmanan, A. P., Yamaguchi, K. I., Ma, M., et al. (2012). Telmisartan acts through the modulation of ACE-2/ANG 1-7/mas receptor in rats with dilated cardiomyopathy induced by experimental autoimmune myocarditis. Life Sci. 90, 289–300. doi:10.1016/j.lfs.2011.11.018
 Terenzi, R., Manetti, M., Rosa, I., Romano, E., Galluccio, F., Guiducci, S., et al. (2017). Angiotensin II type 2 receptor (AT2R) as a novel modulator of inflammation in rheumatoid arthritis synovium. Sci. Rep. 7, 13293. doi:10.1038/s41598-017-13746-w
 Tiyasatkulkovit, W., Promruk, W., Rojviriya, C., Pakawanit, P., Chaimongkolnukul, K., Kengkoom, K., et al. (2019). Impairment of bone microstructure and upregulation of osteoclastogenic markers in spontaneously hypertensive rats. Sci. Rep. 9, 12293. doi:10.1038/s41598-019-48797-8
 Wan, Y. (2010). PPARγ in bone homeostasis. Trends Endocrinol. Metab. 21, 722–728. doi:10.1016/j.tem.2010.08.006
 Wang, Y., Del Borgo, M., Lee, H. W., Baraldi, D., Hirmiz, B., Gaspari, T. A., et al. (2017). Anti-fibrotic potential of AT2 receptor agonists. Front. Pharmacol. 8, 564. doi:10.3389/fphar.2017.00564
 Wienen, W., Richard, S., Champeroux, P., and Audeval-Gerard, C. (2001). Comparative antihypertensive and renoprotective effects of telmisartan and lisinopril after long-term treatment in hypertensive diabetic rats. J. Renin Angiotensin Aldosterone Syst. 2, 31–36. doi:10.3317/jraas.2001.005
 Yang, J., Chen, C., Ren, H., Han, Y., He, D., Zhou, L., et al. (2012). Angiotensin II AT2 receptor decreases AT1 receptor expression and function via nitric oxide/cGMP/Sp1 in renal proximal tubule cells from Wistar-Kyoto rats. J. Hypertens. 30, 1176–1184. doi:10.1097/hjh.0b013e3283532099
 Yang, Z., Yu, X., Cheng, L., Miao, L.-Y., Li, H.-X., Han, L.-H., et al. (2013). Effects of enalapril on the expression of cardiac angiotensin-converting enzyme and angiotensin-converting enzyme 2 in spontaneously hypertensive rats. Arch. Cardiovas. Dis. 106, 196–201. doi:10.1016/j.acvd.2013.01.004
 Yi, E.-T., Liu, R.-X., Wen, Y., and Yin, C.-H. (2012). Telmisartan attenuates hepatic fibrosis in bile duct-ligated rats. Acta Pharmacol. Sin. 33, 1518–1524. doi:10.1038/aps.2012.115
 Yongtao, Z., Kunzheng, W., Jingjing, Z., Hu, S., Jianqiang, K., Ruiyu, L., et al. (2014). Glucocorticoids activate the local renin-angiotensin system in bone: possible mechanism for glucocorticoid-induced osteoporosis. Endocrine 47, 598–608. doi:10.1007/s12020-014-0196-z
 Yu, Y., Jiang, H., Niu, Y., Zhang, X., Zhang, Y., Liu, X. I., et al. (2019). Candesartan inhibits inflammation through an angiotensin II type 1 receptor independent way in human embryonic kidney epithelial cells. An. Acad. Bras. Cienc. 91, e20180699. doi:10.1590/0001-3765201920180699
 Zhang, Y., Wang, K., Song, Q., Liu, R., Ji, W., Ji, L., et al. (2014). Role of the local bone renin-angiotensin system in steroid-induced osteonecrosis in rabbits. Mol. Med. Rep. 9, 1128–1134. doi:10.3892/mmr.2014.1978
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Brito, Patrocinio, Linjardi, Barreto, Frasnelli, Lara, Santos and Oliveira.. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
2015/03965-22017/02271-22017/07095-82017/05873-3Fundação de Amparo à Pesquisa do Estado de São Paulo10.13039/501100001807OPS/images/fphar-11-579926-g005.gif





OPS/images/fphar-11-579926-g006.gif





OPS/images/fphar-11-579926-g003.gif





OPS/images/fphar-11-579926-g004.gif





OPS/images/fphar-11-579926-g007.gif
K II






OPS/images/fphar-11-579926-g008.gif
2

+
i






OPS/xhtml/nav.xhtml
Contents

		Cover

		Telmisartan Prevents Alveolar Bone Loss by Decreasing the Expression of Osteoclasts Markers in Hypertensive Rats With Periodontal Disease		Introduction

		Materials and Methods		Animals, Ethical Aspects, and Experimental Groups

		Telmisartan Treatment

		Periodontal Disease Induction

		Non-Invasive Blood Pressure Measurement

		Euthanasia and Sample Harvest

		Alkaline Phosphatase and Tartrate-Resistant Acid Phosphatase Activity Determination

		Micro-Computed Tomography Analysis

		Gene Expression Analysis

		Immunohistochemical Assays and Analysis

		Cytokine Quantification

		Statistical Analysis





		Results		Telmisartan Reverted the Spontaneous Hypertensive Rat Hypertensive Phenotype by Reducing the Systolic Blood Pressure

		Spontaneous Hypertensive Rat Presents Increased Alkaline Phosphatase and Tartrate-Resistant Acid Phosphatase Plasma Activity

		Telmisartan Reduces Periodontal Disease-Induced Alveolar Bone Loss in Spontaneous Hypertensive Rats

		Telmisartan Reduces Agt1r Expression, and Increases the Expression of Agt2r in the Alveolar Bone

		Telmisartan Reduces the Production of Inflammatory Cytokines in the Mandibles in Periodontal Disease

		Telmisartan Increased the Mandibular Expression of Runx2 and Alp in Wistar and Spontaneous Hypertensive Rats With Periodontal Disease

		The Opg/Rankl/Rank Axis Was Differentially Modulated by Telmisartan in the Mandibles of Wistar and Spontaneous Hypertensive Rats With Periodontal Disease

		Telmisartan Reduced the Mandibular Expression of the Markers of Bone Resorption in Wistar and Spontaneous Hypertensive Rats With Periodontal Disease





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Telmisartan Prevents Alveolar Bone
Loss by Decreasing the Expression of
Osteoclasts Markers in Hypertensive
Rats With Periodontal Disease





OPS/images/fphar-11-579926-g001.gif





OPS/images/fphar-11-579926-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





