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Objectives:

The purpose of this systematic review was to determine the potential interest of parathyroid hormone as an adjunct to periodontal treatment based on studies performed in rodents.

Materials & methods: Electronic databases (MEDLINE, Web of Science) were searched up to December 2019. Studies assessing the impact of PTH administration in experimental periodontitis in rodents have been identified.

Results: Amongst the 247 identified articles, 10 met the inclusion criteria and were included in this systematic review. Experimental periodontitis was mainly induced by ligature placement or surgically with a dental bur. All studies considered bone healing after PTH administration at different frequencies as primary outcome. Results showed that an intermittent administration of PTH promoted bone healing and neovascularization. Nevertheless, a decrease of soft tissue inflammation was also observed.

Conclusion:

Intermittent administration of PTH appears to enhance significantly periodontal healing and to promote alveolar bone regeneration. However, due to the risk of side effects, the development of scaffolds allowing its local and time-controlled delivery is of importance.

Introduction

Periodontal diseases are inflammatory diseases of infectious origin with a high prevalence worldwide [START_REF] Kinane | Periodontal diseases[END_REF]. Amongst them, periodontitis, is characterized by inflammation and destruction of tooth supporting tissues and was linked to several systemic diseases such as cardiovascular diseases [START_REF] Huck | Evaluating periodontal risk for patients at risk of or suffering from atherosclerosis: recent biological hypotheses and therapeutic consequences[END_REF], diabetes [START_REF] Chapple | Diabetes and periodontal diseases: consensus report of the Joint EFP/AAP Workshop on Periodontitis and Systemic Diseases[END_REF], obesity [START_REF] Keller | The Association Between Periodontal Disease and Overweight and Obesity: A Systematic Review[END_REF] and rheumatoid arthritis [START_REF] Fuggle | Hand to Mouth: A Systematic Review and Meta-Analysis of the Association between Rheumatoid Arthritis and Periodontitis[END_REF]. Its impact on oral health-related quality of life and masticatory function [START_REF] Pereira | Treatment of chronic periodontitis and its impact on mastication[END_REF][START_REF] Sulaiman | Impact of Severe Chronic Periodontitis on Oral Health-related Quality of Life[END_REF] emphasizes the need of efficient treatment. Currently, periodontal treatment aims to control periodontal inflammation through restoration of an imbalance between periodontal flora and host-response. It consists of mechanical removal of supra and sub-gingival biofilms with potential adjunct of chemotherapy such as the use of antibiotics, antiseptics or anti-inflammatory drugs through systemic or local delivery in most severe cases [START_REF] Agossa | Systemic Application of Anti-inflammatory Agents in Periodontal Treatment[END_REF][START_REF] Pretzl | Administration of systemic antibiotics during non-surgical periodontal therapy-a consensus report[END_REF][START_REF] Quirynen | Topical antiseptics and antibiotics in the initial therapy of chronic adult periodontitis: microbiological aspects[END_REF]. Current periodontal strategies are, in most of the clinical scenario effective, however, in severe cases with presence of infrabony defects, non-surgical periodontal treatment outcomes may be decreased and correlated with the establishment of a long junctional epithelium rather than ad integrum regeneration of periodontal tissues [START_REF] Lsf Sculean | Wound models for periodontal and bone regeneration: the role of biologic research[END_REF].

To achieve periodontal regeneration and to improve treatment outcomes, new pharmacological approaches have been suggested. Indeed, the local administration of signaling molecules such as growth factors, anti-cytokines or hormones has been evaluated due to their modulating effects on inflammation and bone metabolism [START_REF] Oortgiesen | Periodontal regeneration using an injectable bone cement combined with BMP-2 or FGF-2[END_REF][START_REF] Del Amo | Biologic Agents for Periodontal Regeneration and Implant Site Development[END_REF]. An increasing interest has also been made on parathyroid hormone (PTH) or parathyroid hormone-related protein (PTHrP) based on clinical evidences demonstrating interactions between thyroid disorders and periodontal diseases [START_REF] Zahid | The effects of thyroid hormone abnormalities on periodontal disease status[END_REF]. Endogenous PTH and PTHrP play a crucial role in the development of trabecular bone mass and cartilaginous growth plate especially in the fetus and the neonate [START_REF] Goltzman | Studies on the mechanisms of the skeletal anabolic action of endogenous and exogenous parathyroid hormone[END_REF]. PTH is secreted by the parathyroid glands and is considered as one of the major systemic regulator of calcium metabolism and bone remodeling [START_REF] Goltzman | Physiology of the Calcium-Parathyroid Hormone-Vitamin D Axis[END_REF]. PTH structure includes 84 amino acids with its biological activity associated to the NH2-terminal 34 residues ). This NH2terminal domain interacts with a G-protein-coupled receptor called the PTH/PTHrP receptor type 1 (PTHR-1) expressed notably in bone [START_REF] Taylor | From parathyroid hormone to cytosolic Ca2+ signals[END_REF] (Figure 1). PTH binding to this receptor activates different types of G protein subclasses, Gαs and Gαq/11 resulting in the activation of protein kinase A or protein kinase C respectively [START_REF] Goltzman | Physiology of the Calcium-Parathyroid Hormone-Vitamin D Axis[END_REF], both contributing to the modulation of bone metabolism associated pathways involving RANK/RANKL/OPG, Wnt/β-catenin [START_REF] Silva | Catabolic and anabolic actions of parathyroid hormone on the skeleton[END_REF] and MAPK [START_REF] Miao | Parathyroid hormone-related peptide stimulates osteogenic cell proliferation through protein kinase C activation of the Ras/mitogen-activated protein kinase signaling pathway[END_REF]. PTH is physiologically involved in the regulation of RANKL secretion via the PI3K/AKT/STAT5 signaling pathway [START_REF] Sun | Endogenous parathyroid hormone (PTH) signals through osteoblasts via RANKL during fracture healing to affect osteoclasts[END_REF]. Bone remodeling is a physiological process which occurs constantly throughout human life, orchestrated notably by RANKL/OPG ratio. The modification of the bone remodeling cycles could lead to bone destruction as observed in the context of periodontitis [START_REF] Xu | Disturbed bone remodeling activity varies in different stages of experimental, gradually progressive apical periodontitis in rats[END_REF][START_REF] Yan | Substance P participates in periodontitis by upregulating HIF-1α and RANKL/OPG ratio[END_REF]. Endogenous PTH is mainly involved in the bone formation phase by regulating the expression of transcriptional regulator of osteoblastic differentiation factors such as RUNX2 [START_REF] Goltzman | Studies on the mechanisms of the skeletal anabolic action of endogenous and exogenous parathyroid hormone[END_REF]. The anabolic role of endogenous PTH and PTHrP on bone remodeling process was demonstrated in animals deficient in PTH or/and PTHrP as they exhibit skeletal abnormalities [START_REF] Siddiqui | Physiological Bone Remodeling: Systemic Regulation and Growth Factor Involvement[END_REF].

Based on its properties, this hormone has already been approved as an anabolic treatment for osteoporosis by Food & Drug Administration [START_REF] Wojda | Parathyroid hormone for bone regeneration[END_REF]. Its administration stimulates bone remodeling and reduces the risk of vertebral and non-vertebral fractures especially in postmenopausal osteoporotic women [START_REF] Leder | Parathyroid Hormone and Parathyroid Hormone-Related Protein Analogs in Osteoporosis Therapy[END_REF]. Interestingly, PTH has two opposite effects depending on the frequency of administration. Intermittent administration increases bone formation and promotes bone mineral density. At contrary, continuous administration of PTH increases bone resorption through regulation of RANKL and OPG. Such catabolic effect is correlated to an increased risk of vertebral and hip fracture [START_REF] Silva | Parathyroid hormone: anabolic and catabolic actions on the skeleton[END_REF]. As alveolar bone is a major component of periodontium and is significantly destroyed during periodontitis, PTH administration has been suggested to be used in periodontal lesion management. This systematic review aims to evaluate the effect of PTH administration on periodontal healing in experimental periodontitis induced in rodents to determine the therapeutic potential of PTH and the most effective route and protocol of administration.

Materials and methods

Focused question

In this systematic review, the following question was addressed:

• Is PTH influencing periodontal healing in experimentally induced periodontitis in rodent models?

Screening and selection criteria

The results of this systematic review were reported following the PRISMA guidelines [START_REF] Moher | Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement[END_REF]. Studies were identified independently by two blinded researchers from the following databases: MEDLINE and Web of Science up to December 2019. An additional hand search was also performed in references list of included articles and reviews. The following strategy was used in the search using Boolean operators and an asterisk symbol (*) as truncation to identify papers using MesH, keywords and other free terms: ((PTH) OR (parathyroid hormone) AND (periodontitis OR alveolar bone OR periodontal treatment OR periodontal healing OR periodontal destruction)) AND (mouse OR rat). Only articles published in English language have been considered. After titles and abstracts screening by two reviewers (C.S., O.H.), studies were categorized as suitable or not for inclusion. Full-texts were then evaluated to allow clear decision and disagreements between reviewers were resolved after discussion.

Eligibility criteria

A study was considered eligible for inclusion in this systematic review if it met the following criteria: (1) in vivo study, (2) experimental induced periodontitis, (3) rodent model, (4) administration of PTH. Reviews, clinical trials in Humans and studies not focusing on periodontitis related outcomes were excluded. All the preselected articles were analyzed in accordance with the predefined eligibility criteria.

Outcomes

Quantitative and qualitative outcomes measurements relative to bone formation, bone loss and modulation of inflammatory markers were extracted from the included studies.

Risk of bias assessment

Risk of bias was determined using SYRCLE's RoB tool based on the Cochrane RoB tool [START_REF] Hooijmans | SYRCLE's risk of bias tool for animal studies[END_REF]. This tool contains 10 entries to assign a judgment of low, high or unclear risk of bias for each study. The tool provides a score based on the following questions:

Was the allocation sequence adequately generated and applied? Were the groups similar at baseline or were they adjusted for confounders in the analysis? Was the allocation to the different groups adequately concealed during the study? Were the animals randomly housed during the experiment? Were the caregivers and/or investigators blinded from knowledge which intervention each animal received during the experiment? Were animals selected randomly for outcome assessment? Was the outcome assessor blinded? Were incomplete outcome data adequately addressed? Are reports of the study free of selective outcome reporting? Was the study apparently free of other problems that could result in high risk of bias? Risk of bias was evaluated by two reviewers (C. S., O.H.). Disagreements between reviewers were resolved after discussion

Results

Studies selection

The flow diagram of the literature search is presented in Figure 2. Overall, 247 articles were identified by querying selected databases (Medline/Pubmed and Web of Sciences). After removal of duplicates, 183 articles were screened. 158 articles were excluded based on title and abstract. Amongst the 25 remaining articles, 10 were selected for full-text review. Three studies were excluded as they evaluated socket healing after teeth extraction, 8 because PTH was used in combination with other therapeutic modality or hormone and 4 were excluded because they were not focused on periodontal healing. Regarding the 10 included studies, 5 used a model of periodontitis induced by ligatures, 4 analyzed bone healing after a periodontal defect created by dental bur or orthodontic forces and one used streptozotocin-induced diabetic periodontitis.

Studies characteristics

All the identified studies were published between 2003 and 2019. Nine studies were performed in male rats aged 4 weeks to 3 months and one study used 8 weeks old male mice [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF][START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF][START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF][START_REF] Otawa | Intermittent administration of parathyroid hormone ameliorates periapical lesions in mice[END_REF][START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF][START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF][START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF][START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF][START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF]. Otawa et al. have used mice mutant for lymphotoxin A (LTA) [START_REF] Otawa | Intermittent administration of parathyroid hormone ameliorates periapical lesions in mice[END_REF]. Characteristics of the included studies are presented in Tables 1234. Risk of bias amongst included studies ranged from 2 [START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF] to 6 [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF] (Table 5).

Induction of periodontal defect

Several models have been used to induce periodontal destruction. In some studies, periodontal defects were surgically created with dental bur [START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF][START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF][START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF] (Table 1) while in two others, experimental periodontitis was induced by ligature placement [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF] (Table 3). In Lossdörfer et al. study, an orthodontic force was applied on first and second molars to induce the development of an interdental defect [START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF] (Table 4). Interestingly, three studies evaluated the effect of PTH administration on alveolar bone loss in streptozotocin-induced diabetic rats [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF][START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF] (Table 2).

Mode of PTH administration and dose

In included studies, PTH was in most of the cases administered by subcutaneous injections [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF][START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF][START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF][START_REF] Otawa | Intermittent administration of parathyroid hormone ameliorates periapical lesions in mice[END_REF][START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF][START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF][START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF][START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF]. A local injection at the gingival level was performed solely in the study of [START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF]. Several concentrations of PTH were used ranging from 5 μg/kg [START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF] to 160 μg/kg [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF].

Timing and duration of PTH administration

In all studies, intermittent protocol of administration was performed. However, the frequency of administration as well as the treatment duration varied between studies. Different timing and duration of PTH administration protocols have been used. Indeed, most of the studies injected PTH each 2 days [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF][START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF][START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF][START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF][START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF][START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF]. The duration of administration varies between 3 [START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF] and 84 days [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF].

Bone healing

In all included studies, bone healing after PTH administration was evaluated as primary outcome. Different methods were used to compare bone regeneration, such as Micro-CT analysis [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF][START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF], histomorphometric analysis [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF][START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF][START_REF] Otawa | Intermittent administration of parathyroid hormone ameliorates periapical lesions in mice[END_REF][START_REF] Tokunaga | Topical and intermittent application of parathyroid hormone recovers alveolar bone loss in rat experimental periodontitis[END_REF], immunohistochemistry [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF][START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF][START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF], enzymohistochemistry [START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF] and polarizing light microscopy [START_REF] Vasconcelos | Intermittent Parathyroid Hormone Administration Improves Periodontal Healing in Rats[END_REF]. In all studies, an increase of newly formed bone was measured independently of the duration of administration [START_REF] Wang | PTH/SDF-1α cotherapy induces CD90+CD34-stromal cells migration and promotes tissue regeneration in a rat periodontal defect model[END_REF] and up to 84 days of treatment [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF]. Interestingly, Lossdörfer et al. have studied the effect of PTH administration during the early and late phase of periodontal repair in a rat model. They have shown that the re-establishment of the imbalance of OPG/RANKL ratio induced by intermittent injection of PTH promoted hard tissue repair [START_REF] Lossdörfer | Anabolic effect of intermittent PTH(1-34) on the local microenvironment during the late phase of periodontal repair in a rat model of tooth root resorption[END_REF] (Tables 1234).

Inflammation response and vascularization

As periodontitis is an inflammatory disease, the influence of adjunctive treatment, i.e PTH administration, on soft tissue inflammation and inflammatory cytokines secretion is of importance. A decrease in inflammatory cell infiltration was observed following PTH treatment [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF][START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Otawa | Intermittent administration of parathyroid hormone ameliorates periapical lesions in mice[END_REF]. Indeed, low, middle and high doses of PTHrP (1-34) could prevent upregulation of IL-1β and IL-6 secretion [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF].

Interestingly, PTH may prevent or reverse the pro-inflammatory effects associated with lipopolysaccharide (LPS) stimulation emphasizing its anti-inflammatory properties [START_REF] Barros | Parathyroid Hormone Protects against Periodontitis-associated Bone Loss[END_REF].

Vascularization is a key phenomenon of wound healing as blood supply and development of micro-vascularization are mandatory. In the included studies, PTH administration induced an increase of VEGF-positive cells near blood vessels within the connective tissues and capillary ingrowth [START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF].

Diabetes and PTH

Three studies have evaluated the influence of PTH treatment in bone healing in diabetics rats (streptozomicin-induced diabetes model) [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF][START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF]. In this specific model, periodontitis was induced by ligature placement [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF][START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF] or solely associated with the diabetes development [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF]. Results

showed that PTH administration could decrease the periodontal damage caused by ligature placement and streptozocin-induced diabetes. Moreover, PTH injections seemed to decrease osteoclastogenesis in the alveolar bone tissue in periodontally-affected diabetic rats. Indeed, the number of osteoclasts in the diabetic group was more important than in control independently of the dosage of PTH [START_REF] Zhang | Parathyroid hormone-related peptide (1-34) reduces alveolar bone loss in type 1 diabetic rats[END_REF] (Table 2).

Discussion

This systematic review demonstrated that administration of PTH in the context of experimental periodontitis could be an interesting host-modulatory therapy that may be used as an adjuvant to periodontal treatment. However, mode and frequency of administration influence significantly the periodontal healing outcomes as PTH displays both anabolic (bone formation) and catabolic (bone resorption) properties.

PTH plays a role in several physiological mechanisms such as tooth eruption, and in periodontal tissue formation, emphasizing its potential application as a therapeutic agent [START_REF] Ono | Parathyroid hormone receptor signalling in osterix-expressing mesenchymal progenitors is essential for tooth root formation[END_REF]. PTH is already employed in the management of post-menopausal, male and cortisonic osteoporosis owing to its anabolic properties [START_REF] Dang | Local pulsatile PTH delivery regenerates bone defects via enhanced bone remodeling in a cell-free scaffold[END_REF]. In osteoporotic patients, administration of PTH and PTHrP analogs has already demonstrated its ability to promote bone formation through release of growth factors from the skeletal matrix and by decreasing apoptosis of osteoblasts [START_REF] Leder | Parathyroid Hormone and Parathyroid Hormone-Related Protein Analogs in Osteoporosis Therapy[END_REF]. Such anabolic effect is mainly related to the activation of cAMPprotein kinase signaling pathway associated with the induction of pro-osteogenic factors' expression [START_REF] Yoshida | Combined effects of systemic parathyroid hormone (1-34) and locally delivered neutral self-assembling peptide hydrogel in the treatment of periodontal defects: An experimental in vivo investigation[END_REF] (Figure 1). Moreover, PTH has also an inhibitory effect on the induction of sclerostin, consequently, contributing to bone formation [START_REF] Kim | Intermittent PTH administration improves alveolar bone formation in type 1 diabetic rats with periodontitis[END_REF]Zhang et al., 2020). Thus, pulsatile administration of PTH increases osteoblastic activity and decreases osteoclastic activity. PTH also reduces the RANKL/OPG ratio [START_REF] Chen | Intermittent administration of parathyroid hormone ameliorated alveolar bone loss in experimental periodontitis in streptozotocin-induced diabetic rats[END_REF]. A new synthetic analog of PTH and PTHrP, named abaloparatide, has been used for the management of osteoporosis [START_REF] Iolascon | Pharmacological Therapy of Osteoporosis: What's New?[END_REF]. The pharmacokinetics profile of PTH, PTHrP and abaloparatide are similar, and an intermittent administration is required for all [START_REF] Hattersley | Binding Selectivity of Abaloparatide for PTH-Type-1-Receptor Conformations and Effects on Downstream Signaling[END_REF]. These three molecules share many of their amino acid residues and abaloparatide exhibits 41% and 76% homology to PTH and PTHrP respectively [START_REF] Tella | Profile of Abaloparatide and Its Potential in the Treatment of Postmenopausal Osteoporosis[END_REF]. Intermittent administration is essential to obtain an anabolic response, resulting in an increase in osteoblast number. Indeed, this type of administration is similar to the physiological cycles of systemic PTH secretion [START_REF] Jilka | Molecular and cellular mechanisms of the anabolic effect of intermittent PTH[END_REF]. Such pulsatile administration of PTH induces a peak of Runx2 expression and anti-apoptotic signaling at each injection. Therefore, it activates short bursts of survival signaling causing repeated delay in apoptosis with an eventual reduction in the prevalence of damaged osteoblasts [START_REF] Jilka | Molecular and cellular mechanisms of the anabolic effect of intermittent PTH[END_REF]. At contrary, continuous PTH administration blocks osteoblastic differentiation (Wang et al., 2004) as observed in primary and secondary hyperthyroidism [START_REF] Rajkumar | Normocalcemic Hyperparathyroidism[END_REF]. This disease leads to skeletal deformities, bone pain and pathological fractures [START_REF] Bandeira | Bone disease in primary hyperparathyroidism[END_REF] associated to increased bone resorption and hypercalcemia [START_REF] Maruyama | Low bone mineral density due to secondary hyperparathyroidism in the Gla tm Tg(CAG-A4GALT) mouse model of Fabry disease[END_REF].

Furthermore, intermittent administration of PTH has already shown its efficiency in calvarial defect healing with a significant increase in bone mineral density (Silva et al., 2015).

Based on the beneficial properties of PTH and positive clinical outcomes obtained in the context of osteoporosis management, the use of PTH was evaluated for periodontal treatment purposes.

To our knowledge, only one randomized clinical trial was performed in Humans [START_REF] Bashutski | Teriparatide and Osseous Regeneration in the Oral Cavity[END_REF]. In this regard, 40 patients with severe chronic periodontitis were treated with periodontal surgery and concomitant teriparatide or placebo administration for 6 weeks. All of them received oral calcium and vitamin D supplementation during the treatment. The group treated with PTH displayed a faster bone healing compared with that of the placebo group. A significant bone gain was observed after 6 months and 1 year (29% in teriparatide treated group and 3% in placebo group). Periodontal probing depth and clinical attachment level were also improved with PTH treatment [START_REF] Bashutski | Teriparatide and Osseous Regeneration in the Oral Cavity[END_REF]. In this systematic review, we focused only on studies performed in experimental periodontitis induced in rodents. All included studies demonstrated a beneficial effect of PTH administration on periodontal and bone healing.

Interestingly, regardless of the periodontal defect, PTH was able to increase bone formation and to limit alveolar bone loss induced by periodontitis, even in case of diabetes. Moreover, PTH had an impact on soft tissue inflammation illustrated by a decrease in inflammatory cells infiltration.

The underlying mechanisms induced by the action of PTH on inflammation remain unclear.

However, PTH seems to cause a rapid decrease in the expression of inflammatory cytokines such as IL-1, IL-6, and TNF-α [START_REF] Dohke | Teriparatide rapidly improves pain-like behavior in ovariectomized mice in association with the downregulation of inflammatory cytokine expression[END_REF]. Such effect was also observed in a model of tooth extraction in rats, where intermittent PTH administration suppressed inflammation, promoted collagen synthesis and induced new blood vessels formation in addition to its pro-osteogenic properties [START_REF] Kuroshima | Distinctive toothextraction socket healing: bisphosphonate versus parathyroid hormone therapy[END_REF].

The use of PTH is associated to potential side effects such as nausea, vomiting, hypertension, dizziness and allergic reaction [START_REF] Valderrama | Evaluation of Parathyroid Hormone Bound to a Synthetic Matrix for Guided Bone Regeneration Around Dental Implants: A Histomorphometric Study in Dogs[END_REF]. A mild hypercalcemia could also be observed inducing the need of plasmatic calcium level monitoring [START_REF] Thiruchelvam | Teriparatide Induced Delayed Persistent Hypercalcemia[END_REF]. Therefore, mode of PTH administration appears to be of high importance. In the context of periodontal treatment, local administration appears the most promising due to increased anabolic effect on bone while reducing the risk of side effects [START_REF] Dang | Local pulsatile PTH delivery regenerates bone defects via enhanced bone remodeling in a cell-free scaffold[END_REF]. For local application, the relatively short half-life of PTH (8 minutes) induces the need of quick release of active molecule from the scaffold [START_REF] Dang | Local pulsatile PTH delivery regenerates bone defects via enhanced bone remodeling in a cell-free scaffold[END_REF]. Several strategies have been developed and evaluated to obtain a local delivery of the hormone in large bone defects [START_REF] Lopes | Bone physiology as inspiration for tissue regenerative therapies[END_REF] or around dental implants for bone regeneration [START_REF] Valderrama | Evaluation of Parathyroid Hormone Bound to a Synthetic Matrix for Guided Bone Regeneration Around Dental Implants: A Histomorphometric Study in Dogs[END_REF]. In these studies, new scaffolds such as hydrogel matrix and membranes were synthesized that induced significant bone regeneration [START_REF] Dang | Local pulsatile PTH delivery regenerates bone defects via enhanced bone remodeling in a cell-free scaffold[END_REF][START_REF] Wojda | Thiolene Hydrogels for Local Delivery of PTH for Bone Regeneration in Critical Size defects[END_REF]. Recently, a biodegradable 3D nanofibrous scaffold was developed to deliver locally the PTH intermittently for 21 days. This local pulsatile delivery decreased the risk of side effects, commonly observed in case of systemic administration and induced bone healing in a critical size calvarial defect [START_REF] Dang | Local pulsatile PTH delivery regenerates bone defects via enhanced bone remodeling in a cell-free scaffold[END_REF].

Rodents are often used to investigate molecular mechanisms involved in periodontitis and to validate potential treatment strategies [START_REF] Batool | Periodontal Tissues, Maxillary Jaw Bone, and Tooth Regeneration Approaches: From Animal Models Analyses to Clinical Applications[END_REF][START_REF] Graves | Animal models to study host-bacteria interactions involved in periodontitis[END_REF]. Indeed, their use can overcome the limitations associated with in vitro studies, especially, owing to their multicellular aspects and the lack of complexity in the mechanisms involved. In the context of PTH administration as adjuvant to periodontal treatment, several models were used in the identified studies. In most of the studies, periodontal lesion was induced either surgically or by mechanical trauma induced by ligature placement. Such models are of interest as they are well characterized and extensively used, however, they did not incorporate the infectious component found in periodontitis. Such parameter is of paramount importance as the presence of periodontal pathogens may alter the response to a potential treatment and bone regeneration as observed for Porphyromonas gingivalis [START_REF] Okumura | Experimental arthritis and Porphyromonas gingivalis administration synergistically decrease bone regeneration in femoral cortical defects[END_REF]. Nevertheless, a specific focus should be made on the PTH doses administered to the rodents. In the studies analyzing the impact of PTH on periodontal healing, PTH doses used ranged from 5 to 160 µg/kg. As observed in studies assessing the impact of PTH on long bone fracture healing in rats, the PTH doses used in these studies were high when compared to human equivalent doses. While using the Body Surface Area normalization method, 5, 40, 75, 80 and 160 µg/kg are comparable to 49, 390, 730, 778 and 1557 µg respectively for a human weighing 60 kg [START_REF] Reagan-Shaw | Dose translation from animal to human studies revisited[END_REF] which are high, considering the recommended dose for osteoporosis management (Tsai et al., 2019). As some studies demonstrated a dose-response effect, such parameter should be considered in future studies to allow translation of the results to Humans.

Nevertheless, this systematic review presents some limitations. Only few publications related to the evaluation of PTH in the context of periodontal treatment were available.

Moreover, the important variation of defect type and evaluation methods do not allow a metaanalysis.

Conclusion

Periodontal management of deep periodontal defects is challenging and new innovative adjuvant therapies should be developed to improve tissue regeneration. Within the limitations of this systematic review, intermittent administration of PTH appears to enhance significantly the periodontal healing and to promote alveolar bone regeneration. However, local cost-effective mode of intermittent PTH delivery should be developed and evaluated in Human randomized clinical trials. 

Figures legends

Figure 1 :

 1 Figure 1: Implication of PTH and PTHrP on bone remodeling. PTHR-1 is expressed by osteoblast precursors and osteocytes. The binding of PTH to its receptor activates several intracellular pathways such as Gα/cAMP/PKA, Gαq/IPC/PLC, Gα12/13/RhoA/PLD. These signaling pathways lead to an increase in the expression of CREB, cFos, Runx2 and Osx involved in osteogenesis. Osteocytes synthetize ERK1/2 through the activation of MAPK pathways. ERK1/2 promote osteoblastic differentiation, decrease SOST/sclerostin leading to an increase of β-catenin that is involved in osteoblastic differentiation. The binding of PTH to PTHR-1 on osteoblast precursors results in an up-regulation of RANKL and a down-regulation of OPG expression inducing osteoclastic maturation. PTH is also involved in the recruitment of MSC at lesion site. AKT : Protein kinase B, cAMP : cyclic adenosine monophosphate, DAG : diacylglycérol, ERK : extracellular signal-regulated kinase, IP3 : inositol triphosphate, MAPK : mitogen-activated protein kinase, MSC : mesenchymal stem cells, OPG : osteoprotegerin, PKA : Protein kinase A, PKC : Protein kinase C, PI3K : phosphoinositide-3 kinase, PLC : phospholipase C, PTH : Parathyroid hormone, PTHrP : Parathyroid hormone related peptide, RANKL : Receptor activator of nuclear factor kappa-B ligand, SOST : sclerostin precursor, STAT5 : transducer and activator of transcription 5.

Figure 2 :

 2 Figure 2: Selection of the studies.

  

  

Table 1 :

 1 Studies evaluating the effect of PTH treatment after a periodontal defect surgically created with dental bur

	Tables						
	Study	Species, Strain,	Test group(s) (n)	Test period	Type of	PTH / Control	Results
		Sex, Weight (g),		(days)	periodontal	(concentration)	
		Age			defect	Administration	
						mode	
						Frequency	
						Period (days)	
	Yoshida et al.	Rats	PTH/SPG-178 (10)	14/28	Periodontal defect surgically created	PTH (1-34) 40 µg/kg	At 4 weeks, bone volume fraction is
		Wistar	PTH/Unfiled (10)		with dental bur	Combination	significantly
		Male	Saline/SPG-178		(1.8mm)	therapy	greater in the
		250-300g	(10)			Subcutaneous	PTH group
		10 weeks				injections	(p<0.0001).
						Intermittent	Approximately
						Every 2 days	30% increase in
						14 or 28 days	bone volume
							fraction.
							PTH improved
							bone formation
							PTH
							administration
							increased
							significantly
							VEGF-positive
							cells after 2 and 4
							weeks of
							treatment
							(p<0.05-0.0001
							)
	Wang et al.	Rats	SDF-1a only (15)	3/7/14/28/56	Periodontal defect	SDF-1a + PTH	At 2 weeks,
		Wistar	PTH only (15)		(length x height x	(1-34) (40 μg/kg)	increase in newly
		Male	PTH + SDF-1a		depth : 5mm x	Combination	formed bone with
		220-250g	(15)		4mm x 1mm)	therapy	PTH treatment
		8 weeks			surgically created	Intraperitoneal	(p<0.05)
					with dental bur	injection	PTH promotes the
						Intermittent	migration of
						3 days,7	CXCR4+ cells in
						days, 14 days,	periodontal
						28 days, 56days	defects (p<0.05)
	Vasconcelos et al.	Rats	Treated group	14/21	Periodontal defect	PTH (1-34) (40	PTH
		Wistar	T14 (8)		surgically created	μg/kg)	administration
		Male	Treated group		with dental bur	Subcutaneous	increases bone
		254+/-16,6g	T21 (8)		(2mm)	injections	formation
		8 weeks				Intermittent	(p<0.01) and
						administration	decreases
						Every 2 days,	remaining bone
						14 or 21 days	defect extension
							(p<0.01)

Table 2 :

 2 Studies evaluating the effect of PTH treatment in diabetic animals with periodontitis

	Study	Species, Strain, Sex, Weight(g), Age	Test group(s) (n)	Test period (day)	Type of periodontal defect	PTH / Control Period (day) (concentration) Frequency Administration mode	Results
	Otawa et al.	Mice Homozygous mutant for LTA (Jackson) Male 8 weeks	Periodontitis + VC (7) Periodontitis + PTH (7)	30	Pulp exposure the mandibular molar to assess the effect of plaque contamination Periapical lesions Ligature -periodontitis	PTH(1-34) (40 μg/kg/day) subcutaneous injections Intermittent Daily 21 days	PTH treatment reduced inflammation and protected against tissue destruction by periodontitis (p<0.001)
	Tokunag a et al.	Rats Fischer Male 8 weeks	PTH low dose (6) PTH high dose (6) Control (12)	35/70	Periodontitis -Ligature	PTH (1-34) Low dose (1μg/50μL) High dose (5 μg/50μL) Buccal gingiva injections Intermittent 3 times a week 35 or 70 days	PTH increased significantly mineralized area of bone nodule 56% and 29% of the total bone loss were reversed by treatment with low and high dose of PTH respectively (p<0.005)
			PTH + ligature				
	Barros et al.	Rats Wistar Male 4 weeks	(105) PTH -ligature (10) Placebo + ligature (10)	30	Periodontitis -Ligature	PTH (1-34) (40 μg/kg) Subcutaneous injections Intermittent 3 times/week 28 days	Number of inflammatory cells decreased in PTH-treated group compared with placebo group (p<0.05)

Table 3 :

 3 Studies evaluating the effect of PTH treatment after periodontitis induced by ligature

Table 4 :

 4 Studies evaluating the effect of PTH treatment after orthodontic force induced periodontal lesion

	Study	Species, Strain, Sex, Weight(g), Age	Test group(s) (n)	Test period (d)	Type of periodontal defect	PTH / Control (concentration) Administration mode Frequency Period (d)	
	Lossdör fer et al.	Rats Wistar Male 300g 3 months old	7 groups (10)	8/10/1 4/17/2 1/70	Orthodontic forces (5 days) Periodontal lesions -necrosis -root resorption	PTH (5 μg/kg) Subcutaneous injections Intermittent Every second day for 8,10,14,17,21, 56 and 70 days	PTH administration failed to alter OPG expression in the early phase of periodontal repair but enhanced it significantly in the late phase from day 21

Table 5 :

 5 Quality and risk of bias assessment

		Sequence	Baseline	Allocation	Random	Investigator	Random	Blinding	Incomplete	Selective	Ethical	Score
		generation	characteristics	concealment	housing	blinding	outcome	of	outcome	outcome	consideration	
							assessment	outcome	data	reporting		
	Yoshida et	U	Y	U	Y	U	U	U	Y	Y	Y	5
	al.											
	Kim et al.	U	N	U	U	U	U	U	U	Y	Y	2
	Chen et al.	Y	Y	U	Y	U	U	U	U	Y	Y	5
	Zhang et al.	Y	N	U	U	U	U	U	U	Y	Y	4
	Wang et al.	Y	Y	U	U	U	U	U	U	Y	Y	4
	Otawa et al.	U	Y	U	U	U	U	U	Y	Y	Y	5
	Vasconcelos	U	Y	U	Y	U	U	U	Y	Y	Y	5
	et al.											
	Tokunaga et	U	Y	U	Y	U	U	U	Y	Y	Y	5
	al.											
	Lossdörfer	U	Y	U	Y	U	U	U	N	Y	Y	4
	et al.											
	Barros et al.	Y	Y	U	Y	U	U	U	Y	Y	Y	6
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