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Editorial on the Research Topic 
Alveolar Bone: A Pivotal Role in Periodontal Disease Pathobiology and Treatment

The periodontal disease (PD) is a complex disease of multifactorial etiology, mainly characterized by a gingival inflammation and an alveolar bone destruction (Albandar, 2005). The major etiological factor appears to be the chronic exposure to germs of the oral bacterial flora (Haffajee et al., 2008) but bacteria do not cause the destruction of periodontal tissues by themselves. Bacteria stimulate an inflammatory immune response accountable for such destruction. So, a cascade of cellular and biochemical events take their place in the pathological progression leading to PD with the final disruption of connective and bone tissues homeostasis (Hajishengallis and Sahingur, 2014). The local inflammatory response may be either attenuated or inversely amplified by several risk factors from genetic or environmental origins as well as patient lifestyle (Albandar, 2005; Nikolopoulos et al., 2008).
The aim of the present Research Topic was to assemble manuscripts addressing the questions relating to the alveolar bone physiopathology in the PD from the pathogenesis to the therapeutic approaches. In fine, this Research Topic assembles nine original research manuscripts and one mini-review manuscript.
Regarding the alveolar bone physiopathology, the manuscript by Kwack et al. and collaborators demonstrates the presence of a myeloid cell heterogeneity profile in the bone marrow of the alveolar bone that is distinct from what is observed in the bone marrow of long bones. Indeed, a reduced myeloid-derived suppressor cell population was reported that, however, evidences an increased immunosuppressive activity. In parallel, an increased B lymphocyte population was evidenced. Interestingly, to put in perspective to such B lymphocyte population increase, the manuscript by Settem et al. and collaborators, using an elegant model of conditional invalidation in mouse, demonstrated that RANKL expression by B lymphocyte contributes to the alveolar bone loss characteristic of the PD. The study presented by Yamada et al. and collaborators reports, using also a mouse model, that the Loeys-Dietz syndrome corresponding to alterations of the TGFβ signaling favors the occurrence and progression of periodontitis. This increased susceptibility associated to TGFβ signaling dysfunction may be linked to the critical part played by the TGFβ signaling in the proliferation and differentiation of osteogenic progenitor cells during the postnatal alveolar bone formation presented here by Xu et al. and collaborators. This study, with TGFβ-RII conditionally invalidated mice, at early or late stages of the osteoblast differentiation using the CRE expression driven respectively by Gli1 and Col1a1 promotors, outlines the requirement of the TGFβ signaling for a functional alveolo-periodontal-dental complex formation.
Regarding the part of the periodontal ligament compartment in the PD, the manuscript by Li et al. and collaborators evidenced that epithelial cell rests of Malassez provide a favorable microenvironment to enforce the osteogenic potential of human periodontal ligament stem cells that was impaired in the periodontitis pathological or aged context. The manuscript by Mayr et al. and collaborators demonstrated that autophagy induces the expression of IL-6 by human periodontal ligament fibroblasts in response to mechanical load and overload with impact on the osteoclastogenesis and consequently the alveolar bone loss. Interestingly, Aljohani et al. and collaborators evidenced that the Methylsulfonylmethane, a naturally occurring anti-inflammatory compound, was able to increase the alveolar bone density in aged mice and so it may be of use as complementary treatment to improve bone loss-associated diseases, including PD. Finally, the mini-review presented by Syazana et al. and collaborators concerns another promising approach for PD treatment, up to now misestimated, the salivary exosomes. These exosomes provide miRNA, proteins, lipids and signaling molecules that may enable to protect the periodontal tissues and maintain the alveolar bone in the inflammatory context of PD.
The last but not least two manuscripts are relative to the osseointegration which is a key process of the restoration of a functional alveolo-periodontal-dental complex following the loss of teeth frequently due to the PD. The manuscript by Wang et al. and collaborators evidenced that high-altitude induced hypoxia has a negative effect on early osseointegration of titanium implants but such effect can be mitigated by the use of implants with rough surfaces, found to increase the expression osteogenesis-related genes in MG-63 cells under hypoxic conditions. The manuscript by Huang et al. and collaborators reported that Adipodon, an oral active synthetic small molecule with biological functions similar to adiponectin, was able to improve bone micro-architecture and to enhance the osseointegration in the diabetes mellitus-impaired bone microenvironment, which may open new perspectives for the treatment of PD and its consequences in diabetic patients.
To conclude this Research Topic underlines the dynamism of the researches on the periodontal disease with progresses in our understanding of the molecular and cellular mechanisms subjacent to the disease initiation and progression, but also in the therapeutic management of the disease whatever its stage of development. In perspective, there is no doubt that on the one hand an earlier and efficient management of the periodontal disease will be possible thanks to actual breakthrough in the molecular deciphering of this multifactorial pathology, and on the other hand that new treatments and therapeutic approaches will be available for patients in more advanced stages of the pathology.
The guest Editors want to thank all the authors for sharing their highly interesting results in this topic and all the Reviewers that kingly give their time and make this research topic possible.
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Loeys–Dietz syndrome (LDS) is a syndromic connective tissue disorder caused by a heterozygous missense mutation in genes that encode transforming growth factor (TGF)-β receptor (TGFBR) 1 and 2. We encountered a patient with LDS, who had severe periodontal tissue destruction indicative of aggressive periodontitis. The patient had a missense mutation in the glycine and serine-rich domain of TGFBR1 exon 3. This G-to-T mutation at base 563 converted glycine to valine. We established an LDS model knock-in mouse that recapitulated the LDS phenotype. Homozygosity of the mutation caused embryonic lethality and heterozygous knock-in mice showed distorted and ruptured elastic fibers in the aorta at 24 weeks of age and died earlier than wildtype (WT) mice. We stimulated mouse embryonic fibroblasts (MEFs) from the knock-in mouse with TGF-β and examined their responses. The knock-in MEFs showed downregulated Serpine 1 mRNA expression and phosphorylation of Smad2 to TGF-β compared with WT MEFs. To clarify the influence of TGF-β signaling abnormalities on the pathogenesis or progression of periodontitis, we performed pathomolecular analysis of the knock-in mouse. There were no structural differences in periodontal tissues between WT and LDS model mice at 6 or 24 weeks of age. Micro-computed tomography revealed no significant difference in alveolar bone resorption between WT and knock-in mice at 6 or 24 weeks of age. However, TGF-β-related gene expression was increased significantly in periodontal tissues of the knock-in mouse compared with WT mice. Next, we assessed a mouse periodontitis model in which periodontal bone loss was induced by oral inoculation with the bacterial strain Porphyromonas gingivalis W83. After inoculation, we collected alveolar bone and carried out morphometric analysis. P. gingivalis-induced alveolar bone loss was significantly greater in LDS model mice than in WT mice. Peritoneal macrophages isolated from Tgfbr1G188V/+ mice showed upregulation of inflammatory cytokine mRNA expression induced by P. gingivalis lipopolysaccharide compared with WT macrophages. In this study, we established an LDS mouse model and demonstrated that LDS model mice had elevated susceptibility to P. gingivalis-induced periodontitis, probably through TGF-β signal dysfunction. This suggests that TGF-β signaling abnormalities accelerate the pathogenesis or progression of periodontitis.

Keywords: TGF-beta, periodontal ligament, extracelluar matix, periodontitis, knock-in mice


INTRODUCTION

Marfan syndrome (MFS) is an autosomal dominant connective tissue disease caused by a mutation in fibrillin-1 (Dietz et al., 1991), which leads to systemic diseases with various phenotypes. It affects approximately 1 in 5,000 people and includes patients with mild disease (Dietz et al., 1991). In particular, MFS causes characteristic signs in the skeletal system (e.g., bone hyperplasia, joint relaxation, height, arachnoid finger, and spinal scoliosis), cardiovascular system (e.g., aortic aneurysm and mitral valve deviation), and ocular system (e.g., lens subluxation) (Schorr et al., 1951). Fibrillin-1 is a component of microfibrils in the extracellular matrix (Godfrey et al., 1990) and is involved in the control of transforming growth factor (TGF)-β expression and function (Neptune et al., 2003). TGF-β is a cytokine involved in the regulation of cell proliferation, differentiation, and death (Huang and Chen, 2012). In particular, it promotes collagen production and extracellular matrix remodeling (Dietz, 2007). Various MFS symptoms result from excessive TGF-β in serum caused by fibrillin-1 mutations (Matt et al., 2009). Additionally, various MFS-related diseases are caused by abnormalities in TGF-β signaling, which include Beals syndrome caused by mutations in fibrillin-2 (Putnam et al., 1995), Loeys–Dietz syndrome (LDS) caused by mutations in TGF-β receptor (TGFBR) 1 or TGFBR2 (Mizuguchi et al., 2004; Loeys et al., 2005, 2006), juvenile polyposis syndrome caused by mutations in Smad4, a TGF-β signaling factor (Howe et al., 1998), and Shprintzen–Goldberg syndrome caused by mutations in SKI, a gene that suppresses Smad signaling (Doyle et al., 2012).

There have been reports of patients with MFS and severe periodontitis (De Coster et al., 2002; Straub et al., 2002; Jain and Pandey, 2013; Staufenbiel et al., 2013). Patients with MFS have greater morbidity and severity of periodontitis than otherwise healthy individuals (Suzuki et al., 2015). In patients who exhibit MFS, severe chronic periodontitis has been reported with periodontitis substantial palatal and dental irregularities. To our knowledge, details of the relationships between genetic mutations and periodontitis in MFS patients and its related diseases are unclear. Thus, in this study, we first investigated the relationships between MFS, related diseases, and periodontitis. We identified a patient with LDS, who had an aggressive periodontitis-like pathology. Periodontitis progresses under a range of conditions that include environmental and genetic factors. Periodontitis is broadly divided into chronic and aggressive periodontitis, with aggressive periodontitis assumed to be more closely related to genetic factors (Meng et al., 2007). Recently, a new periodontitis classification scheme has been adopted, in which forms of the disease recognized as “chronic” or “aggressive” are now characterized by a multi-dimensional staging and grading system (Papapanou et al., 2018).

LDS is caused by mutations in TGFBR1 or TGFBR2 (Loeys et al., 2005). LDS and MFS share many common clinical symptoms that include aortic lesions (e.g., basal dilatation, aortic aneurysm, and aortic dissection) and skeletal system lesions (e.g., scoliosis, joint laxity, and spider finger). However, features not evident in patients with MFS (i.e., characteristic facial features such as cleft palate, dichotomy uvula, interocular dissociation, systemic blood vessel meandering, craniosynostosis, congenital heart disease, and intellectual disability) are observed at high rates in patients with LDS (Loeys et al., 2006). In vascular smooth muscle cells collected from patients with LDS, TGF-β levels are low (Gallo et al., 2014). However, a compensatory change comprises TGF-β overexpression in aortic tissues. This likely results in the onset of cardiovascular symptoms such as aortic aneurysms and aortic dissection (Loeys et al., 2005; Gallo et al., 2014). On the basis of the data collected from the LDS patient who had aggressive periodontitis, we developed genetically modified mice with the candidate genetic mutation to analyze the disease state and the effects of a mutation in a TGF-β-related gene on periodontitis.



MATERIALS AND METHODS


Patients and Mutation Analysis

All human experiments were approved by the Institutional Ethics Committee of Osaka University Graduate School of Dentistry (No. H22-E10) and the National Cerebral and Cardiovascular Center (No. M22-34). The epidemiological study included 120 patients who had visited the National Cerebral and Cardiovascular Center Hospital in Osaka, Japan, and were diagnosed with Marfan syndrome or Marfan-related syndrome by the revised Ghent nosology (Loeys et al., 2010) to survey the prevalence rate of periodontal disease in Marfan syndrome and Marfan-related syndrome patients. Informed consent was obtained from all patients involved in the study. Genomic DNA isolated from peripheral white blood cells was amplified by polymerase chain reaction (PCR) using primers in the flanking introns of TGFBR1 and TGFBR2. Sequence analyses were performed using Applied Biosystems automated DNA sequencer (ABI3770, Waltham, MA, United States) in accordance with the manufacturer’s protocol.



Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee of Osaka University Graduate School of Dentistry and complied with the guidelines for the care and use of laboratory animals at Osaka University. This study was carried out in compliance with the ARRIVE guidelines, where applicable. To generate Tgfbr1G188V/+ mice, site-directed mutagenesis was performed to replace glycine with valine at codon 188 of Tgfbr1 (guanine to thymine at nucleotide 563). This mutated Tgfbr1 cDNA was cloned into pBSIISK + with a floxed neomycin resistance cassette (NeoR). Bac-based long-range PCR was used to amplify murine genomic fragments of Tgfbr1. The long arm (6 kb, exon 3 with G188V) and short arm (2.8 kb, exon 4) were cloned into pBS-DTA and pBS-LNL, respectively. The final targeting vector was constructed and then linearized. The targeting vector DNA was electroporated into C57BL/6 ES cells. Homologous recombination-positive ES cells were identified by Southern blot analysis. Positive clones were injected into BALB/c blastocysts and transferred into pseudopregnant female mice. Chimeric offspring were mated with C57BL/6 mice and germline transmission was confirmed by RT-PCR. The loxP-flanked NeoR was removed by mating Tgfbr1G188V/+ founder mice with CAG-Cre recombinase transgenic mice (Sakai and Miyazaki, 1997). Experimental mice were backcrossed with C57BL/6 mice to remove the CAG-Cre transgene. Genotype analysis of Tgfbr1G188V/+ mice was performed by genomic PCR using flanking loxP site-specific primers (5′CTAAGAGAAGTGTGCCTCCTTTACA-3′ and 5′-CCAAAGTCATAGAGCATGTGTTAGA-3′).



Cell Culture and Gene Transfection

Wildtype (WT) and Tgfbr1G188V/+ mouse embryonic fibroblasts (MEFs) were isolated from embryos on day 13.5 by a previously described method (Awata et al., 2015). MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 60 μg/mL kanamycin. MEFs from passages 3–5 were used in this study. Each genotype of MEFs (WT, Tgfbr1G188V/+, and Tgfbr1G188V/G188V) was cultured in a 12-well plate until confluency. The next day, the medium was replaced with serum-free DMEM. After serum deprivation for 24 h, the cells were stimulated with TGF-β (R&D Systems, Minneapolis, MN, United States) in serum-free DMEM for 30 min for western blot analysis and 12 h for quantitative PCR analysis.

cDNA of the mouse Tgfbr1 gene was cloned into the p3XFLAG-CMV-14 expression vector (Sigma-Aldrich, St. Louis, MO, United States). cDNA for the Tgfbr1 mutation (G188V: Tgfbr1G188V) was ligated to Tgfbr1 cDNA by the Quick Change Site-Directed Mutagenesis kit (Stratagene, LA Jolla, CA, United States) in accordance with the manufacturer’s protocol. The sequence was verified by DNA sequencing. For luciferase assays, human embryonic kidney (HEK) 293 cells were seeded in a 12-well plate. After 24 h, the cells were transfected with the Tgfbr1G188V/3XFLAG-CMV-14 expression vector or wildtype Tgfbr1/3XFLAG-CMV-14 expression vector mixed with Transcription Factor Reporter using a Signal SMAD Reporter Assay kit (Polyscience, Inc., Warrington, PA, United States) in accordance with the manufacturer’s protocol. At 48 h after transfection, the medium was replaced with serum-free DMEM. After serum deprivation for 24 h, the cells were stimulated with 0–5 ng/ml TGF-β in serum-free DMEM for 8 h. Luciferase activity was measured by a GloMax 96 Microplate Luminometer (Promega, Madison, WI, United States).



Histological Analysis

Thoracic aortae were collected from WT and Tgfbr1G188V/+ mice at 24 weeks of age and fixed overnight in 4% paraformaldehyde (PFA)/phosphate buffer (Wako Pure Chemical Industries, Osaka, Japan). Samples were embedded in paraffin and sectioned at 5 μm thicknesses using a LEICA RM2245 microtome (Leica Microsystems, Wetzlar, Germany). Sections were stained with Elastica van Gieson (EVG) for elastin staining. Maxillae from WT and Tgfbr1G188V/+ mice at 6 and 24 weeks of age were fixed in 4% PFA/phosphate-buffered saline (PBS) (Wako Pure Chemical Industries) overnight at 4°C and decalcified in 0.5 M EDTA (Wako) for 1 week. After decalcification, periodontal tissues were dehydrated using 15, 20, and 25% sucrose in PBS. Then, periodontal tissues were embedded in O.C.T. Compound (Sakura Finetek, Tokyo, Japan). They were frozen and sectioned at 5 μm thicknesses in a mesiodistal orientation using the LEICA RM2245 microtome. Sections were stained with hematoxylin-eosin (HE) or using a Tartrate-Resistance Acid Phosphatase (TRAP) Staining Kit (Wako) in accordance with the manufacturer’s protocol.



RNA Extraction and Quantitative PCR Analysis

Thoracic aortae, maxillae, and periodontal tissues were extracted from 6-week-old male WT and Tgfbr1G188V/+ mice. Total RNA from tissues or MEFs was extracted using a PureLink RNA Mini Kit (Life Technologies, Carlsbad, CA, United States). Total RNA was reversed transcribed to cDNA using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA, United States). Quantitative PCR was performed with the StepOnePlus Real-time PCR system (Applied Biosystems) using Fast SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, United States) and gene-specific primers (Table 1).


TABLE 1. Primer sequences.
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Western Blot Analysis

Cells were lysed with RIPA buffer (Millipore, Billerica, MA, United States) that contained phosphatase and proteinase inhibitors. The protein concentration of the lysates was measured by the Bradford assay (Bio-Rad, Hercules, CA, United States). Aliquots of lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subjected to western blot analysis. Primary antibodies included a rabbit anti-TGFBR1 antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, United States), mouse anti-beta actin antibody (1:10,000, Sigma-Aldrich), rabbit anti-phospho-Smad2 antibody (1:1,000, Millipore), and rabbit anti-Smad2 antibody (1:1,000, Cell Signaling Technology, Danvers, MA, United States). Secondary antibodies were a horseradish peroxidase (HRP)-linked anti-mouse IgG antibody (1:10,000, GE Healthcare, Piscataway, NJ, United States) and HRP-linked anti-rabbit IgG antibody (1:10,000, GE Healthcare). Immunoreactive proteins were detected by SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, United States) with an ImageQuant LAS4,000 (GE Healthcare).



Quantitative Analysis of Alveolar Bone Resorption

Maxillae were collected from WT and Tgfbr1G188V/+ mice at 6 and 24 weeks of age and imaged by a 3D micro X-ray CT R_mCT2 (Rigaku, Tokyo, Japan). The images were analyzed using TRI/3D-BON software (RATOC System Engineering, Tokyo, Japan). The root surface area between the alveolar bone crest and cementoenamel junction was measured using WinROOF software (Mitani, Fukui, Japan). The total value of these three distances was regarded as alveolar bone resorption. Alveolar bone resorption was measured in the root surface area between the alveolar apex from the cementoenamel junction.



Porphyromonas gingivalis Bacterial Culture and Establishment of Oral Infection

Porphyromonas gingivalis strain W83 was cultured in modified Gifu anaerobic medium broth (Nissui, Tokyo, Japan) in an anaerobic jar (Becton Dickinson Microbiology System, Cockeysville, MD, United States) in the presence of an AnaeroPack (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan) for 48 h at 37°C. Bacterial suspensions were prepared in PBS without Mg2+/Ca2+ using established growth curves and spectrophotometric analysis. The number of CFUs was standardized by measuring optical density at 600 nm. The murine experimental periodontal infection model was established in accordance with a previously described method (Aoki-Nonaka et al., 2013). The 8-week-old male mice received sulfamethoxazole and trimethoprim at final concentrations of 700 and 400 μg/mL, respectively, in water bottles administered ad libitum for 10 days. This treatment was followed by 3 days without antibiotics. The experimental group was then infected as follows. In total, 1 × 109 CFUs of live P. gingivalis were suspended in 100 μL PBS with 2% carboxymethyl cellulose (Sigma−Aldrich) and administered to each mouse through a feeding needle 10 times at 3-day intervals. The control group received the same pretreatment and was sham infected without P. gingivalis. At 1 day after the final treatment, the mice were sacrificed with CO2 affixation and their maxillae were collected for micro-CT and histological analyses.



P. gingivalis Stimulation of Peritoneal Macrophages Derived From Tgfbr1G188V/+ Mice

Macrophages were harvested from the peritoneal cavity of 8-week-old male WT and Tgfbr1G188V/+ mice at 3 days after injection of thioglycollate (Yamaba et al., 2015) and seeded on 6-well plates. After 2 h of incubation, non-adherent cells were washed out and the remaining cells were subjected to further analysis. The peritoneal macrophages were stimulated with 1 Uμg/ml P. gingivalis lipopolysaccharide (LPS) (InvivoGen, Inc., San Diego, CA, United States) for the indicated times and then total RNA was isolated for quantitative PCR analysis.



Statistical Analysis

Data are represented as the mean ± SD. Statistical analyses were performed using the Student’s t-test for paired comparisons and one-way analysis of variance for multiple comparisons using Bonferroni’s post hoc test with Excel statistics software (Bellcurve, Tokyo, Japan). A value of P < 0.05 was considered statistically significant.



RESULTS


Mutation Analysis of the LDS Patient With Periodontitis

We surveyed 120 patients with Marfan syndrome or Marfan-related syndrome to determine the prevalence rate of periodontal disease in these syndromes. We found that the prevalence of chronic periodontitis in Marfan syndrome and Marfan-related syndrome patients was significantly higher compared with that in healthy controls (manuscript in preparation). In this clinical study, we encountered a 44-year-old Japanese female with LDS, who had localized vertical bone loss around molars in spite of good oral hygiene (O’Leary’s plaque control record: 13.0%) as shown in Figure 1. She was only one patient diagnosed with aggressive periodontitis (new classification: stage III and grade B). She was diagnosed with familial thoracic aortic aneurysms and dissections. She was treated by total arch aortic and descending aorta replacement. Systemic features of the patient were a tall height (−), down slanting palpebral fissures (+), retrognathia (+), pectus carinatum deformity (−), pneumothorax (−), myopia (−), hypertelorism (+), and bifid uvula (−). Genomic sequencing of the patient revealed a mutation in the glycine and serine-rich domain of TGFBR1 exon 3 (referred to as the GS domain). This G-to-T mutation at base 563 converted glycine to valine at residue 188 (G188V) (Figure 2A). To assess the effects of the G188V mutation on TGF-β signaling, we introduced mouse Tgfbr1WT and Tgfbr1G188V expression vectors into HEK293 cells. We confirmed that the TGF-β type I receptor was sufficiently expressed in both groups (Figure 2B). Next, we performed luciferase assays and found that TGF-β-induced luciferase activity was significantly elevated in the group with high levels of Tgfbr1WT and significantly suppressed in the group with Tgfbr1G188V (Figure 2C). These results suggested that the G188V mutation resulted in loss of TGF-β signaling.
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FIGURE 1. (A) Front view of the dentition of a patient with LDS and aggressive periodontitis. (B) Orthopantomograph of the patient. Note the presence of localized vertical bone loss around molars.
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FIGURE 2. Mutation in exon 3 of TGFBR1 isolated from a patient with LDS and aggressive periodontitis diminishes the response to TGF-β (G188V mutation). (A) Location of the mutation in exon 3 of TGFBR1. (B) HEK293 cells were transfected with a vector alone, wildtype mouse Tgfbr1 (Tgfbr1WT), or mouse Tgfbr1 with the G188V mutation (Tgfbr1G188V). Lysates of transfected cells were subjected to western blot analysis using an anti-TGFBR1 antibody. (C) TGF-β-induced promoter activity was assessed by the dual luciferase reporter assay system. Values represent the mean ± SD in triplicate assays. ∗P < 0.05, compared with the indicated TGF-β concentration.




Generation of Tgfbr1G188V Knock-In Mice

To introduce the G188V mutation into mice, we generated a knock-in construct (Figure 3A). Tgfbr1G188V/+ mice were delivered spontaneously, able to breed, and were fertile with no apparent abnormalities at 6 weeks of age (Figure 3B). Mouse genotyping was performed using genomic DNA by PCR with a primer to identify the Tgfbr1 allele and mutant Tgfbr1 allele that contained the loxP sequence (Figure 3C). After generation of Tgfbr1G188V/+ mice, genotyping was performed using embryos on days 13.5 and 14.5, and after birth. WT, Tgfbr1G188V/+, and Tgfbr1G188V/G188V embryos were obtained at day 14.5 (Figure 3D). We observed no conspicuous morphological or patterning defects, although some Tgfbr1G188V/G188V embryos at day 14.5 showed fewer bloodstreams in craniofacial, trunk, and spinal cord regions. Among embryos on days 13.5 and 14.5, WT, Tgfbr1G188V/+, and Tgfbr1G188V/G188V mice had survived. However, with respect to the number of births, only one Tgfbr1G188V/G188V mouse was obtained. Moreover, the Tgfbr1G188V/G188V mutation caused embryonic lethality after day 14.5 (Table 2). Therefore, the Tgfbr1G188V/+ mouse was analyzed as an LDS model.


[image: image]

FIGURE 3. Generation of knock-in mice with the Tgfbr1 G188V mutation. (A) Structure of the Tgfbr1 G188V mutant allele. (B) No clear differences in 6-week-old Tgfbr1G188V/+ mice. (C) PCR genotyping of genomic DNA using tail specimens collected from Tgfbr1G188V/+ and WT mice. (D) Embryos of WT, Tgfbr1G188V/+, and Tgfbr1G188V/G188V at embryonic day 14.5.



TABLE 2. Number of mice with each genotype.
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Pathophysiological Analysis of LDS Model Mice and Analysis of TGF-β Signaling in Response to the Tgfbr1 G188V Mutation

The survival rate of Tgfbr1G188V/+ mice was observed over 180 days by a Kaplan–Meier survival curve. Mutant mice had died substantially earlier than WT mice (Figure 4A). To analyze the cause of premature death in Tgfbr1G188V/+ mice, tissue sections of the aorta were prepared, and elastic fibers were observed. Aortae were collected from 24-week-old male WT and Tgfbr1G188V/+ mice. Thinly sectioned axial specimens were prepared for EVG staining. In aortic samples from Tgfbr1G188V/+ mice, elastic fibers appeared to be distorted (Figure 4B, arrow) and fine rupture of elastic fibers was observed (Figure 4B, arrowhead). Next, TGF-β-related gene expression was analyzed in aortae from Tgfbr1G188V/+ mice. The thoracic aortae of 24-week-old male WT and Tgfbr1G188V/+ mice were collected. mRNA expression levels of Tgfb1, Tgfb2, and Tgfb3, TGF-β receptor genes Tgfbr1 and Tgfbr2, and TGF-β targets Col1a1 and Serpine1 were analyzed by real-time PCR. Although the differences were not statistically significant, the mRNA levels of Tgfb1, Tgfb3, Tgfbr1, Tgfbr2, Col1a1, and Serpine1 tended to be higher in Tgfbr1G188V/+ mice than in WT mice (Figure 4C). Using MEFs, we analyzed changes in TGF-β activity caused by the Tgfbr1 G188V mutation. MEFs of each genotype were cultured for 24 h in the absence of FBS and then stimulated with TGF-β (0–5 ng/mL). The expression levels of TGF-β-induced Serpine1 were evaluated after 12 h (Figure 4D). In WT MEFs, Serpine1 expression was increased in a TGF-β concentration-dependent manner. In Tgfbr1G188V/+ and Tgfbr1G188V/G188V MEFs, the increase in Serpine1 expression induced by TGF-β was reduced significantly. Next, we performed intracellular signal transduction analysis of TGF-β in MEFs. MEFs were cultured for 24 h in the absence of FBS and then stimulated with TGF-β (0–10 ng/mL). Cells were recovered after 30 min and Smad2 phosphorylation was examined by western blotting. Although phosphorylation of Smad2 in WT MEFs was increased in a TGF-β concentration-dependent manner, the levels of Smad2 phosphorylation were lower in Tgfbr1G188V/+ and Tgfbr1G188V/G188V MEFs than in WT MEFs (Figure 4E). These findings demonstrated that cellular TGF-β responses had decreased because of the Tgfbr1 G188V mutation.
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FIGURE 4. Tgfbr1G188V/+ mice recapitulate vascular LDS phenotypes. (A) Kaplan–Meier survival curve showing a diminishing lifespan of Tgfbr1G188V/+ mice. ∗P < 0.05. (B) Representative aortic wall sections of Tgfbr1G188V/+ mice at 24 weeks of age stained with EVG to identify elastin fibers. Scale bar: 25 μm. Arrows show elastic fiber distortion. Arrowheads show elastic fiber fragmentation. (C) Analysis of TGF-β-related genes in aortic tissues derived from wildtype and Tgfbr1G188V/+ mice (n = 4). Data represent means ± SD in triplicate assays. (D) Serpine1 gene expression in MEFs derived from wildtype, Tgfbr1G188V/+, and Tgfbr1G188V/G188V embryos at embryonic day 13.5 stimulated with TGF-β (0–5 ng/mL). Data represent means ± SD in triplicate assays. ∗P < 0.05, compared with the indicated TGF-β concentration. (E) Phospho-Smad2 (pSmad2) in MEFs derived from wildtype, Tgfbr1G188V/+, and Tgfbr1G188V/G188V embryos at embryonic day 13.5 stimulated with TGF-β (0–10 ng/mL). Quantitative western blot analysis is shown as the ratios of the intensities of phospho-Smad2 to Smad2.




Analysis of Phenotypes in Periodontal Tissues of LDS Model Mice

Micro-CT contrast imaging was performed to evaluate maxillary alveolar bones collected from WT and Tgfbr1G188V/+ mice. Alveolar bone resorption was measured in the area between the alveolar apex from the cementoenamel boundary (Figure 5A, red line). The sums of values obtained for the first, second, and third molars were calculated. WT and Tgfbr1G188V/+ mice showed significant increases in bone resorption with aging. However, there was no significant difference in alveolar bone resorption between WT and Tgfbr1G188V/+ mice (Figure 5B). HE staining of periodontal tissues derived from WT and Tgfbr1G188V/+ mice at 6 and 24 weeks of age revealed no structural differences between WT and Tgfbr1G188V/+ mice (Figure 5C). Next, TGF-β-related gene expression was analyzed in periodontal tissues from Tgfbr1G188V/+ mice. Periodontal tissues were collected from 6-week-old male WT and Tgfbr1G188V/+ mice, and mRNA expression levels of TGF-β-related genes were analyzed by real-time PCR. Expression levels of Tgfb1, Tgfb2, Tgfb3, Col1a1, Serpine1, and Plap-1 were significantly higher in Tgfbr1G188V/+ mice than in WT mice (Figure 5D).
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FIGURE 5. Analysis of phenotypes in periodontal tissues of Tgfbr1G188V/+ mice. (A) Representative images from micro-CT analysis of maxillary alveolar bones in Tgfbr1G188V/+ mice. Scale bar: 1 mm. (B) Alveolar bone resorption was measured in the root surface area between the alveolar apex from the cementoenamel junction (red line in Figure 4A). Data represent means ± SD. Six-week-old wildtype: n = 6, 6-week-old Tgfbr1G188V/+: n = 8, 24-week-old wildtype: n = 20, and 24-week-old Tgfbr1G188V/+: n = 14. (C) Representative images of HE staining of the periodontium from WT and Tgfbr1G188V/+ mice at 6 and 24 weeks of age. AB, alveolar bone; PDL, periodontal ligament; D, dentin. Scale bar: 50 μm. (D) Analysis of TGF-β-related gene expression in periodontal tissues derived from wildtype and Tgfbr1G188V/+ mice (n = 4). Data represent means ± SD in triplicate assays. ∗P < 0.05, ∗∗P < 0.01, compared with wildtype.




Alveolar Bone Resorption in Tgfbr1G188V/+ Mice in Response to Oral Infection

To analyze changes in periodontal tissue caused by bacterial invasion in WT and Tgfbr1G188V/+ mice, P. gingivalis was orally administered to generate an experimental periodontitis model. After P. gingivalis administration, the maxillary bones of the mice were recovered, micro-CT contrast imaging of periodontal tissues was performed (Figure 6A), and sections were prepared. Bone resorption after P. gingivalis administration was significantly greater in Tgfbr1G188V/+ mice than in control mice (Figure 6B). Periodontal tissue sections were prepared and subjected to HE staining. Multinucleated cells near the alveolar bone were observed in WT and Tgfbr1G188V/+ mice in the P. gingivalis treatment group (Figure 6C). To observe osteoclasts in close proximity to the alveolar bone, sections of each periodontal tissue were prepared, and TRAP staining was performed. In the P. gingivalis treatment group, osteoclasts were found near the alveolar bone (Figure 6D, arrowhead). For quantitative analysis, the numbers of osteoclasts in close proximity to the alveolar bone were counted between the first and second molars and between the second and third molars. These values were divided by the length of the alveolar bone surface for comparison (Figure 6D, red line). In Tgfbr1G188V/+ mice, the number of osteoclasts was increased significantly after P. gingivalis administration (Figure 6E).
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FIGURE 6. Oral infection with P. gingivalis induces alveolar bone resorption in Tgfbr1G188V/+ mice. (A) Representative images from micro-CT analysis of maxillary alveolar bones in P. gingivalis-infected WT and Tgfbr1G188V/+ mice. Scale bar: 1 mm. (B) Alveolar bone resorption was measured in the root surface area between the alveolar apex from the cementoenamel junction (red line in A). Data represent means ± SD in triplicate assays. ∗∗P < 0.01. Wildtype: n = 11 in vehicle, n = 6 in P. gingivalis infection. (C) Representative images of HE staining of the periodontium from P. gingivalis-infected wildtype and Tgfbr1G188V/+ mice. Right panel shows a high magnification images of the rectangular area indicated in the left panel. Scale bar: 200 μm. Arrowheads indicate multinucleated cells. AB, alveolar bone; PDL, periodontal ligament; D, dentin. (D) Representative images of TRAP-stained periodontium from P. gingivalis-infected wildtype and Tgfbr1G188V/+ mice. Right panel shows a high magnification image of the rectangular area indicated in the left panel. Scale bar: 200 μm. Arrowheads indicate TRAP-positive multinucleated cells. (E) Quantification of TRAP-positive cell numbers in each group. TRAP-positive cell numbers on the surface of alveolar bone were counted and divided by the length of the alveolar bone (red line in D). Data represent means ± SD in wildtype: n = 3 in vehicle, n = 5 in P. gingivalis infection. Tgfbr1G188V/+: n = 4 in vehicle, n = 6 in P. gingivalis infection. Vehicle: sham control, P.g, P. gingivalis infection, AB, alveolar bone; D, dentin; PDL, periodontal ligament. ∗P < 0.05, compared with Vehicle.




Upregulation of Inflammatory Cytokine mRNA Expression in Peritoneal Macrophages From Tgfbr1G188V/+ Mice

To assess the innate immunological response of Tgfbr1G188V/+ mice to P. gingivalis, we isolated peritoneal macrophages from WT and Tgfbr1G188V/+ mice, stimulated these cells with P. gingivalis LPS, and then analyzed inflammatory cytokine expression by quantitative PCR (Figure 7). We found that mRNA expression of Cxcl10, Il6 and Tnf was significantly upregulated in Tgfbr1G188V/+ macrophages compared with WT macrophages.
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FIGURE 7. Upregulation of inflammatory cytokine mRNA expression in peritoneal macrophages from Tgfbr1G188V/+ mice. Macrophages were harvested from the peritoneal cavity of 8-week-old male WT and Tgfbr1G188V/+ mice at 3 days after injection of thioglycolate. The peritoneal macrophages were stimulated with 1 μg/ml P. gingivalis LPS for the indicated times and then total RNA was isolated for quantitative PCR analysis. Data represent means ± SD in triplicate assays. ∗∗P < 0.01, compared with wildtype.




DISCUSSION

In this study, we generated a knock-in mouse that reproduced the TGFBR1 gene mutation in an LDS patient who exhibited localized and remarkable vertical bone resorption, despite generally good plaque control. We then analyzed the phenotypes of this mouse model. Aggressive periodontitis is strongly affected by genetic factors and the morbidity rate in Japan is 0.05–1% (Takahashi et al., 2011). More than 40 genetic variants associated with LDS have been reported thus far (Loeys et al., 2006). However, the patient in this study had a previously unreported mutation, namely a novel G188V mutation in the GS domain of TGFBR1. TGF-β binds to type 2 receptors on cell membranes, thereby forming a complex with type 1 receptors. Type 2 receptors have serine–threonine kinase activity in the intracellular region and phosphorylate the GS domain of bound type 1 receptors. The GS domain of type 1 receptors is phosphorylated and kinase activation results in signal transmission to cells via R-Smad, an intracellular signal transduction molecule (Doyle et al., 2012). The genetic mutation identified in the LDS patient in this study attenuated Smad signaling. Structural changes in the GS domain of TGFBR1 may prevent phosphorylation of the GS domain and inhibit signal transduction. However, distinct point mutations in TGFBR1, which spontaneously activate TGF-β signaling, have been reported as the cause of multiple self-healing squamous epithelioma, also known as Ferguson–Smith disease (Goudie et al., 2011). The detailed changes in receptor locality and the three-dimensional structure are unclear and should be examined in future studies.

In the mouse model established in this study, the Tgfbr1 G188V/G188V mutation was lethal in embryos. Similarly, this mutation has not been identified in human homozygous patients with LDS. Therefore, Tgfbr1 is considered to be essential for survival. Some Tgfbr1G188V/G188V embryos collected at day 14.5 showed fewer bloodstreams in craniofacial, trunk, and spinal cord regions. It is important to investigate the effects of the Tgfbr1 G188V/G188V mutation on cardiovascular development during embryogenesis to reveal the mechanisms of embryonic lethality. In Tgfbr1G188V/+ mice, distortion and fine tearing of elastic fibers in aortic tissue were confirmed and a tendency toward premature death was observed. Structural abnormalities of the elastic fibers of the aorta trigger pathological diseases (e.g., aortic aneurysm, aortic dissection, hemorrhage, and fibrosis) and premature death. However, because the relationship between aortic structural abnormalities and aortic aneurysm was not examined, additional studies are necessary.

In this study, Tgfbr1G188V/+ MEFs showed attenuation of TGF-β signaling, but had elevated TGF-β-related gene expression in aortic tissues. In studies of aortic tissues, overexpression of TGF-β has been reported in patients with LDS and an LDS mouse model (Loeys et al., 2005, 2006; Gallo et al., 2014). TGF-β signaling involves canonical pathways via Smad and non-canonical pathways via ERK, JNK, and other molecules. Their expression patterns are regulated by a feedback mechanism that involves Smad (Lindsay and Dietz, 2011). In LDS, mutations in TGF-β receptors selectively attenuate the canonical pathway, thereby inhibiting the negative feedback mechanism that underlies TGF-β expression. Accordingly, increased levels of TGF-β in tissues contribute to excessive canonical pathway signaling. Non-canonical pathways are also presumed to cause aortic lesions by excessive activation (Lindsay and Dietz, 2011). In Tgfbr1G188V/+ mice, aortic elastic fiber abnormalities likely occurred through the same mechanism.

Periodontal tissues showed significantly higher expression levels of TGF-β-related genes in Tgfbr1G188V/+ mice than in WT mice, with no obvious differences in alveolar bone resorption or periodontal tissue status. TGF-β overexpression in tissues was presumed to compensate for the decrease in TGF-β signaling at the cellular level similar to the findings in aortic tissues. However, no apparent periodontal tissue-specific structural abnormalities were observed by HE staining. Therefore, abnormalities related to excessive TGF-β signaling were not triggered in periodontal tissues without pathological stimulation. In the future, detailed analyses at cellular and molecular levels are needed to evaluate structural abnormalities in periodontal tissues.

In the P. gingivalis-induced periodontitis model, significantly more osteoclasts were present in Tgfbr1G188V/+ mice than in WT mice. Moreover, alveolar bone resorption was significantly increased in Tgfbr1G188V/+ mice. P. gingivalis is commonly used to induce periodontitis (Baker et al., 1994; Suda et al., 2013; Arimatsu et al., 2014; Papathanasiou et al., 2016). In this experimental periodontitis model, the oral administration of P. gingivalis causes changes in the intestinal flora, which leads to systemic inflammation and subsequent bone resorption through immune cell responses in the oral cavity (Baker et al., 1994; Arimatsu et al., 2014). Notably, the oral administration of P. gingivalis may have triggered systemic inflammation in Tgfbr1G188V/+ mice. A previous report has demonstrated that TGF-β signaling in macrophages suppresses Toll-like receptor (TLR) signaling through myeloid differentiation factor 88 (Naiki et al., 2005). In Tgfbr1G188V/+ mouse macrophages, the mutation in Tgfbr1 may promote TLR signaling by attenuation of TGF-β signaling, thereby increasing the macrophage response to P. gingivalis LPS intrinsically. In the future, more details of the mechanisms that underlie osteoclastogenesis induced by P. gingivalis in Tgfbr1G188V/+ mice should be analyzed to understand the pathophysiology of periodontal disease caused by the Tgfbr1G188V/+ mutation.

Smad-mediated TGF-β signaling inhibits osteoblast differentiation (Borton et al., 2001). In periodontal tissues of Tgfbr1G188V/+ mice, excessive TGF-β signaling may suppress osteoblast differentiation. In LDS model mice with mutations in TGF-β II receptors, the femur is thinner and bone mass decreases, thereby increasing fragility (Dewan et al., 2015). In Tgfbr1G188V/+ mice, cell differentiation into osteoblasts and osteocytes may be suppressed, which suggests that the alveolar bone tends to be susceptible to resorption.



CONCLUSION

In conclusion we established an LDS mouse model that showed elevated susceptibility to P. gingivalis-induced periodontitis, probably through TGF-β signal dysfunction. This suggests that TGF-β signaling abnormalities accelerate the pathogenesis or progression of periodontitis.
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Autophagy Induces Expression of IL-6 in Human Periodontal Ligament Fibroblasts Under Mechanical Load and Overload and Effects Osteoclastogenesis in vitro
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Objective: Autophagy is an important cellular adaptation mechanism to mechanical stress. In animal experiments, inhibition of autophagy during orthodontic tooth movement triggered increased expression of inflammation-related genes and decreased bone density. The aim of this study was to investigate how autophagy affects cytokine levels of interleukin 6 (IL-6) in human periodontal ligament (hPDL) fibroblasts under mechanical pressure and the resulting influence on osteoblast communication.

Methods: hPDL fibroblasts were subjected to physiologic mechanical load, constant overload, or rapamycin treatment for 16 to 24 h ± autophagy inhibitor 3-MA. Autophagosomes were quantified by flow cytometry. Gene expression of il-6 as well as IL-6 levels in the supernatant were determined with rtPCR and ELISA. To investigate the influence of mechanically-induced autophagy on cell-cell communication, an osteoblast-culture was subjected to supernatant from stimulated hPDL fibroblasts ± soluble IL-6 receptor (sIL-6R). After 24 h, osteoprotegerin (opg) and receptor activator of nuclear factor κB ligand (rankl) gene expressions were detected with rtPCR. Gene expression of a disintegrin and metalloproteinases (adam) 10 and 17 in stimulated hPDL fibroblasts was examined via rtPCR.

Results: Autophagy was induced by biomechanical stress in hPDL fibroblasts in a dose-dependent manner. Mechanical load and overload increased IL-6 expression at gene and protein level. Autophagy inhibition further enhanced the effects of mechanical stimulation on IL-6 expression. Mechanical stimulation of hPDL fibroblasts downregulated adam10 and adam17 expressions. Inhibition of autophagy had stimulus-intensity depending effects: autophagy inhibition alone or additional application of physiological stress enhanced adam10 and adam17 expressions, whereas mechanical overload had adverse effects. Osteoblasts showed significantly reduced opg expression in the presence of supernatant derived of hPDL fibroblasts treated with autophagy inhibitor and sIL-6R.

Conclusion: IL-6 levels were increased in response to pressure in hPDL fibroblasts, which was further enhanced by autophagy inhibition. This caused a decrease in opg expression in osteoblasts. This may serve as an explanatory model for accelerated tooth movement observed under autophagy inhibition, but may also represent a risk factor for uncontrolled bone loss.

Keywords: autophagy, cell-cell communication, IL-6, ADAM10, ADAM17, mechanical load, mechanical overload, human periodontal ligament fibroblasts


1. INTRODUCTION

Orthodontic tooth movement (OTM) is based on the principle that teeth are moved through bone. To assess processes involved in OTM at molecular level the interplay of two key tissues, periodontal ligament (PDL) and alveolar bone, needs to be examined.

The PDL, a connective tissue in which PDL fibroblasts account for approximately 50–60% of the total cell number, has two main functions: first, the transmission and absorption of mechanical load, and second, providing vascular and nutrient supply to the cementum, the alveolar bone and the PDL itself (Storey, 1973; McCulloch and Bordin, 1991). According to the “pressure-tension theory” the PDL responds to changes in mechanical loading within the bony socket. The theory proposes that PDL fibroblasts play an important role in osteoclastic resorption and/or osteoblastic apposition in accordance with the mechanical stimulus (Sandstedt, 1904; Oppenheim, 1911; Schwarz, 1932). Thus, OTM is induced by application of mechanical forces to the periodontium, resulting in a biomechanical load on cells and tissues, which is subsequently followed by a sterile inflammation involving the release of multiple inflammatory cytokines including interleukin-6 (IL-6) (Li et al., 2018).

IL-6 is a cytokine with important functions in the body's systemic defense response to injury. However, its functions also include influencing bone metabolism. It is produced by various cell types (Garman et al., 1987; Lotz et al., 1988; Gauldie et al., 1992; Ogawa, 1992). For interaction of IL-6 with its target cell, there is a classical signaling pathway and a trans-signaling pathway. The classical pathway is only important in specific cell types, such as macrophages, neutrophils, hepatocytes and some type of T-cells, whereas the trans pathway has a widespread occurrence (Scheller et al., 2011). However, activation of the trans pathway is dependent on the presence of sIL-6R, which is, among others, cleaved from cell surfaces by specific A Disintegrin And Metalloproteinases 10 and 17 (ADAM10 and ADAM17) (Müllberg et al., 1994; Matthews et al., 2003; Chalaris et al., 2007, 2010). However, the tissue reaction is dependent on the amount of biomechanical load – whereas moderate pressure is an integral part of periodontal tissue homeostasis, mechanical overload leads to cell damage associated with an increased PDL fibroblasts death rate and dysregulated bone remodeling (Tang et al., 2006; Marchesan et al., 2011; Blawat et al., 2020).

Remodeling of the alveolar bone is performed by two different types of cells – osteoblasts and osteoclasts. Osteoblasts constitute bone apposition but also control osteoclast differentiation (Karsenty, 2003). Osteoclasts are responsible for degradation of the organic matrix through dissolution of minerals in an acidic environment as well as enzymatic resorption. These multinucleated cells are formed by the union of multiple monocytic precursors (Teitelbaum, 2000; Boyle et al., 2003). Osteoblasts promote osteoclast differentiation by expression of receptor activator of nuclear factor κB ligand (RANKL) on the surface, which interacts with receptor activator of nuclear factor κB (RANK) expressed on osteoclast progenitor cells (Udagawa et al., 1995; Palmqvist et al., 2002). However, they also express osteoprotegerin (OPG), a decoy receptor for nuclear factor κB ligand (RANKL). By binding RANKL, OPG inhibits the activation of NF-κB, a central and fast-acting transcription factor for immune activation and differentiation of precursor cells into osteoclasts (Theoleyre et al., 2004). Cytokines, especially IL-6, have been reported to influence the RANK-RANKL-OPG system in favor of osteoclast differentiation (Udagawa et al., 1995).

Autophagy, the process of self-consumption, has already been proven to be an important process during OTM. In rodents, inhibition of autophagy during mechanically induced tooth movement increased the gene expression of inflammatory markers and decreased alveolar bone density thereby accelerating tooth movement (Chen and Hua, 2021). Autophagy is essential for adaption to cellular stress, including nutrient, hypoxic, inflammatory and mechanical stress signals (King, 2012; Antonioli et al., 2017). In dependence of the stress threshold, autophagy controls cell fate; it can ensure cell survival, but also induce cell death (Mariño et al., 2014). In previous studies we emphasized the importance of autophagy for periodontal stress regulation. Autophagy was induced by tensile strain as well as by pressure in PDL fibroblasts in a dose-dependent manner (Memmert et al., 2019, 2020; Blawat et al., 2020). The modulation of autophagy by cytokines is known and widely studied. Th1 cytokines are suspected to function as inducers of autophagy, whereas Th2 cytokines act as autophagy inhibitors. The downstream influence of autophagy on cytokine expression on the other hand has been much less studied so far. However, how exactly autophagy interferes with periodontal stress regulation and the subsequent effects on cell-cell communication are still unknown, although we know from different cell types that autophagy affects cytokine expression and therefore cell communication (Harris, 2011; Lapaquette et al., 2015).

Therefore, this study aimed to investigate how autophagy affects cytokine expression of PDL fibroblasts under biomechanical load and overload, with a special focus on IL-6 expression. Furthermore, the impact of autophagy on PDL fibroblast communication with osteoblasts was studied with emphasis on osteoclastogenesis.



2. MATERIALS AND METHODS


2.1. Culture and Treatment of Cells

Human PDL (hPDL) fibroblasts were purchased in second passage (Lonza, Basel, Switzerland) and cultured in 75 cm2 cell culture flasks (CellstarⓇ, Greiner Bio-One, Frickenhausen, Germany) in Dulbecco's minimal essential medium, supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin (all purchased from Invitrogen, Karlsruhe, Germany) at 37°C in a humidified atmosphere of 5% CO2. Medium was changed every 3–4 days. For experiments, hPDL fibroblasts were used between passages three and five. 100,000 cells per well were seeded on ultra-thin gas-permeable cell-culture dishes (lumoxⓇ dish 35, Sarstedt, Nümbrecht, Germany), which were previously coated with attachment factor (Biologics Attachment Factor 1x, Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, MA, USA), and grown to 80% confluence. One day prior to stimulation, FBS concentration was reduced to 1%.

After approval of the Ethics Committee of the University of Bonn and written informed consent by the patients or legal guardians (#117/15 Memmert), primary human alveolar osteoblasts (phAOBs) were explanted from alveolar bone fragments, which would have been discarded otherwise. These alveolar bone fragments were obtained of donors (n = 3), who underwent extractions of third molars.

For cell characterization, cells were cultured on cover slips in osteogenic medium (DMEM supplemented with 1% FBS, 1% penicillin/streptomycin, 10 nM dexamethasone, 280 μM ascorbic acid and 5 mM β-glycerophosphate (Sigma-Aldrich, Munich, Germany). The medium was replaced every 3 days. After 28 d, cells were incubated with 4% paraformaldehyde (Merck, Darmstadt, Germany) for 20 min and 0.05% TritonⓇ X-100 (Merck) for 5 min to fix the cells for subsequent staining. Cell morphology and cell viability was confirmed by a double DAPI/Phalloidin staining: cell monolayers were incubated with fluorescent conjugates of Phalloidin (Sigma-Aldrich, 100 μM) for 40 min, followed by DAPI working solution (Sigma-Aldrich, 1 μg/ml) for 5 min. Stained cells were analyzed with the ZOETM Fluorescent Cell Imager (Bio-Rad, Hertfordshire, Great Britain) (Figure 1A).
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FIGURE 1. (A) Cytoskeleton and cell viability of phAOBs were confirmed by DAPI/Phalloidin staining. (B) Expression of type I collagen visualized by immunofluorescence. (C) Immunofluorescence staining of osteocalcin. (D) Positive mineralization was confirmed by alizarin red staining. Scale bars indicate 100 μm. Experiments were performed in triplicates and representative images of cells from one donor are shown.


For immunocytochemistry, cells were blocked with 5% bovine serum albumin fraction V (Roche Diagnostics, Indianapolis, USA) in 1x PBS for 40 min followed by overnight incubation with primary antibodies: monoclonal anti-collagen I antibody ab21286 (rabbit, Abcam, Cambride, UK) and monoclonal anti-bovine osteocalcin antibody M041 (mouse, TaKaRa Bio Europe, Saint-Germain-en-Laye, France). After rinsing with 1x PBS, secondary antibodies Goat pAb to Rb igG (CY3) ab6939 (Abcam) or Texas Red-X goat anti-mouse #T6390 (Invitrogen), respectively, were incubated for 1 h. Stained cells were analyzed with the ZOETM Fluorescent Cell Imager (Bio-Rad) as described above (Figures 1B,C).

For analysis of mineralization, 2% alizarin solution was added for 20 min, followed by 5 washing cycles with ddH2O. Cells were analyzed by light microscopy (Axioskop 2, Axiocam MRc, Axiovision 4.7/ AutMess, Zeiss) (Figure 1D).

For experiments phAOBs were used between passages three and five, seeded on 6-well cell culture plates (CellstarⓇ, Greiner Bio-One) and grown to 80% confluence.

hPDL fibroblasts were subjected to physiologic sustained mechanical load (2 g/cm2) or constant overload (8 g/cm2) for 16 or 24 h using glass weights with or without the autophagy inhibitor 3-Methyladenine (3-MA, 5 mM, Sigma-Aldrich). Pharmacological induction of autophagy by addition of rapamycin (50 nM, Enzo Life Sciences, Farmingdale, NY, USA) served as positive control. Rapamycin and 3-MA were added 1 h prior to mechanical stimulation.

phAOBs were cultured 24 h with supernatant from stimulated hPDL fibroblasts with or without additional soluble IL-6-receptor (sIL-6R, 100 ng/ml, Abcam, Cambridge, United Kingdom).



2.2. Autophagosome Quantification

Autophagosomes were quantified in hPDL fibroblasts using the Cyto-IDⓇ Autophagy Detection Kit (#ENZ-51031, Enzo Life Sciences, Farmingdale, NY, USA) as described earlier (Memmert et al., 2019; Blawat et al., 2020). In short, cells were stimulated with load, overload or rapamycin and with or without 3-MA (Sigma-Aldrich). After 16 h of stimulation, cells were carefully detached from the bottom of the well with trypsin-EDTA (Biochrom GmbH, Berlin, Germany). Detached cells were stained according to the manufacturer's instructions with Cyto-IDⓇ Green Detection Reagent (Enzo Life Sciences) for 30 min in the dark at room temperature. Stained autophagosomes were measured by flow cytometry (BD FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using Flowing Software (http://flowingsoftware.btk.fi/).



2.3. Analysis of Protein Expression

In order to obtain information about the influence of autophagy on cytokine expression under mechanical stimulation, a simultaneous analysis of several proinflammatory cytokines in stimulated hPDL fibroblast culture supernatants at 16 h was performed by a commercially available enzyme-linked immunoassay (ELISA) kit. The Human Common Cytokines Multi-Analyte ELISArrayTM Kit (MEH-004A, Qiagen, Hilden, Germany) was used according to the manufacturer's instructions. Absorbance was measured with a microplate reader (PowerWave x, BioTek Instruments, Winooski, VT, USA) at 450 nm with a 570 nm correction wavelength. For validation of regulated IL-6 protein expression, protein-concentration of IL-6 in hPDL fibroblast culture supernatants after 16 and 24 h stimulation was analyzed by a commercially available enzyme-linked immunoassay (ELISA) kit (IL6 Single Analyte ELISA Kit, SEH00560A, Qiagen). The protocol provided by the manufacturer was performed as followes: absorbance was assessed with the same microplate reader (PowerWave x) at the same conditions as mentioned above (450 nm with a 570 nm correction wavelength). Cell number was counted, using an automatic cell counter (Moelab, Hilden, Germany), and used for data normalization.



2.4. Analysis of Gene Expression

Gene expressions of il-6 and membrane-bound proteases adam10 and adam17 (both purchased from Qiagen) in hPDL fibroblasts as well as expressions of opg and rankl in phAOBs were analyzed by real-time polymerase chain reaction (rtPCR). RNA was isolated using the commercially available RNeasy Protect Mini Kit (Qiagen) according to the manufacturer's instructions. RNA concentration was measured using a NanoDropⓇND-1000 spectrophotometer at 260 nm wavelength (NanoDrop Technologies, Wilmington, DE, USA) and consecutively transcribed to cDNA using the iScriptTM Select cDNA Synthesis Kit (Bio-Rad Laboratories, Munich, Germany). Afterwards, 1 μl of cDNA, 2.5 μl of the specific primer (Metabion, Martinsried, Germany or Qiagen according to Table 1), 12.5 μl of QuantiTect SYBR Green Master Mix (Qiagen) and 9 μl of nuclease free water were mixed and gene expression was detected in the iCycler iQTM real-time PCR detection system (Bio-Rad Laboratories). Protocol for rtPCR was as follows: an initial denaturation step at 95°C for 5 min was followed by 40 cycles of 10 s at 95°C, 30 s at annealing temperatures specific for the primers, and 30 s at 72°C for elongation. Glycerinaldehyd-3-phosphate dehydrogenase (gapdh) in phAOBs and ribosomal protein L22 (rpl22) in hPDL fibroblasts served as housekeeping genes for data normalization.


Table 1. List of primers used for rtPCR.
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2.5. Statistical Analysis

Experiments were repeated at least three times. Descriptive analyses of data were presented as means ± standard errors of the mean (SEM). Statistical analyses were performed with GraphPad Prism (Version 7.00 for Windows, GraphPad Software, San Diego, California USA, www.graphpad.com). Multiple comparisons were conducted using Kruskal-Wallis test followed by Dunnett's T-tests. Significance between two groups was calculated by the Mann-Whitney-Test. P < 0.05 were considered statistically significant.




3. RESULTS


3.1. Effects of 3-MA on Mechanical Stimulation of Autophagy

Induction of autophagy was measured by the accumulation of stained autophagosomes in hPDL fibroblasts after stimulation with sustained mechanical stress. Pharmacological induction of autophagy via rapamycin served as positive control, whereas unstained hPDL fibroblasts served as negative control. Mechanical overload of 8 g/cm2, as well as the addition of rapamycin, for 16 h led to a significant increase in autophagosome accumulation, whereas stimulation with physiological pressure of 2 g/cm2 did not lead to significant changes in fluorescence intensity. Addition of 3-MA to stimulated cells reliably inhibited autophagosome formation and led to a significant decrease in fluorescence intensity in all groups assessed (Figure 2).


[image: Figure 2]
FIGURE 2. Autophagosome accumulation, indicated by fluorescence, after 16 h of treatment with 2 g/cm2, 8 g/cm2 or Rapamycin (Rapa; 50 nM) with or without autophagy inhibitor 3-MA. Untreated cells served as control. Unstained cells served as negative control (not shown). Fluorescence intensity is shown as fold of control. Mean ± SEM (n = 8 replicates); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test.




3.2. Effects of Autophagy on Mechanical Induced IL-6 Expression in hPDL Fibroblasts

We were able to obtain initial indications of how cytokine expression was affected by mechanically induced autophagy using the Human Common Cytokines Multi-Analyte ELISArrayTM Kit (Figure 3A and Table 2). On the basis of these preliminary experiments, focus was set on targeting IL-6, the protein regulated most strongly, with a commercially available ELISA-Assay. IL-6 was significantly upregulated in hPDL fibroblasts subjected to both magnitudes of mechanical stress for 16 (Figure 3B) and 24 h (Figure 3C). Induction of autophagy via rapamycin showed no effect on IL-6-levels. Autophagy inhibition, however, led to significant increases in IL-6 protein levels in nearly all tested groups. One exception was the stimulation of physiologic sustained mechanical load over 24 h, where 3-MA addition did not enhance IL-6 levels any further. IL-6 showed a similar pattern of expression in the supernatant at both time points, although the overall amount measured at 24 h appeared to be lower. Gene expression of il-6 was also significantly upregulated by sustained mechanical stress after 16 h in hPDL fibroblasts (Figure 4A). Similar to results obtained on protein level, induction of autophagy via rapamycin had no significant effect on il-6 gene expression. But again, autophagy inhibition resulted in a significant increase of il-6 levels in all groups. After 24 h, a significant increase in il-6 gene expression was detected in the overload group (Figure 4B). Again, chemical induction of autophagy had no effect on il-6 gene expression, whereas inhibition of autophagy again elicited an increase in il-6 gene expression in the mechanically simulated groups.
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FIGURE 3. (A) Absorbance ratios of examined cytokines with control groups above detection limit. Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) on cytokine levels in supernatants with or without autophagy inhibitor 3-MA at 16 h as determined by the Human Common Cytokines Multi-Analyte ELISArrayTM Kit (Qiagen). Untreated cells served as control. (B) Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) on IL-6 protein level in supernatants with or without autophagy inhibitor 3-MA at 16 h as determined by ELISA. Untreated cells served as control. Mean ± SEM (n = 12); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test. (C) Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) on IL-6 protein level in supernatants with or without autophagy inhibitor 3-MA at 24 h as determined by ELISA. Untreated cells served as control. Mean ± SEM (n = 12); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test.



Table 2. Absorbance values of tested cytokines.
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FIGURE 4. (A) Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) with or without autophagy inhibitor 3-MA on il-6 gene expression at 16 h as determined by rtPCR. Untreated cells served as control. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test. (B) Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) with or without autophagy inhibitor 3-MA on il-6 gene expression at 24 h as determined by rtPCR. Untreated cells served as control. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test.




3.3. Effects of Autophagy and Mechanical Stimulation on Cell-Cell Communication

In order to analyze the effect that autophagy exerts on cell-cell communication via the regulation of IL-6 expression, phAOBs were cultured with supernatant of stimulated hPDL fibroblasts with and without the addition of sIL-6R. Gene expression of rankl and opg was analyzed in phAOBs cultured without additional sIL-6R (Figures 5A,B). Without the receptor, opg expression did not change significantly (Figure 5A). Interestingly, even in the absence of the receptor, autophagy inhibition in hPDL fibroblasts under control and physiological conditions significantly reduced rankl gene expression (Figure 5B). The addition of sIL-6R to hPDL fibroblast supernatant led to a marked effect on opg gene expression in phAOBs (Figure 5C). Inhibition of autophagy resulted in a significant decrease of opg gene expression in all groups assessed. However, application of mechanical pressure to hPDL fibroblasts as well as autophagy induction resulted in no significant changes in opg expression levels. Opg antagonist rankl showed almost no response to the addition of soluble IL-6 receptor (Figure 5D). A significant decrease in rankl expression in phOABs was observed when autophagy was pharmacologically induced in hPDL fibroblasts by rapamycin.
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FIGURE 5. (A) Effects on opg gene expression in phAOBs after 24 h cultivation without sIL-6R and with supernatant from hPDL fibroblasts with or without autophagy inhibitor 3-MA, treated with mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) for 16 h. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test. (B) Effects on rankl gene expression in phAOBs after 24 h cultivation without sIL-6R and with supernatant from hPDL fibroblasts with or without autophagy inhibitor 3-MA, treated with mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) for 16 h. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test. (C,D) Panels show the graphs respective to (A,B) with addition of sIL-6R.




3.4. Effects of Autophagy and Mechanical Stimulation on the Expression of ADAM Proteases

The effects of mechanical stimulation as well as autophagy on the expression of ADAM proteases, responsible for cleavage of the IL-6 receptor from cell surfaces, were also investigated in hPDL fibroblasts. The expression of both ADAM protases, adam10 (Figure 6A) and adam17 (Figure 6B), were significantly inhibited by both magnitudes of mechanical pressure as well as by autophagy induction. Interestingly, autophagy inhibition under control and physiological conditions resulted in a significant increase in gene expression of both ADAM proteases. Autophagy inhibition under overload, on the other hand, led to a significant decrease in gene expression of both ADAM proteases. Autophagy inhibition following chemical autophagy induction also reduced adam10 expression levels significantly (Figure 6A), whereas adam17 levels showed no significant changes (Figure 6B).
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FIGURE 6. (A) Effects of mechanical stimulation (2 g/cm2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) with or without autophagy inhibitor 3-MA on adam10 gene expression at 16 h as determined by rtPCR. Untreated cells served as control. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test. (B) Effects of mechanical stimulation (2 or 8 g/cm2) or Rapamycin (Rapa; 50 nM) with or without autophagy inhibitor 3-MA on adam17 gene expression at 16 h as determined by rtPCR. Untreated cells served as control. Mean ± SEM (n = 6); # significant (p < 0.05) difference between groups as determined by Dunnett's T-test. * significant (p < 0.05) difference between two groups (uninhibited and inhibited) as determined by the Mann-Whitney-Test.





4. DISCUSSION

The present study adressed the influence of autophagy on IL-6 production in hPDL fibroblasts during mechanical load and overload and addresses the consequences of this regulation with respect to osteoclastogenesis in vitro.

The autophagic response was dose-dependent in respect to mechanical pressure stimulation and was shown to be reliably inhibited by 3-MA. Our results suggest that mechanical pressure stimulation leads to a significant upregulation of IL-6 expression on gene and protein level. Autophagy inhibition further enhanced the effects of mechanical stimulation on IL-6 expression. These regulations also had consequences on cell-cell communication. Inhibition of autophagy in hPDL fibroblasts restrained opg gene expression in phAOBs via IL-6 secretion. Although being interrelated, we could not demonstrate an IL-6 related effect on the expression of rankl. We further found that the expression of proteases adam10 and adam17 were significantly downregulated in hPDL fibroblasts in response to mechanical stimulation. The response to autophagy inhibition seemed to be dependent on stimulus intensity. Inhibition of autophagy in combination without additional stress or physiological load led to upregulation in adam expressions. Enhanced stress stimulation due to overload and chemical induction of autophagy in combination with autophagy inhibition led to reduced adam expressions.

We demonstrated in the current as well as in earlier studies that autophagy in hPDL fibroblasts is regulated by pressure in a dose-dependent manner (Blawat et al., 2020). Autophagy is an important adaptive mechanism to mechanical forces in periodontal cells and tissues, this has already been shown by our group and others (Memmert et al., 2019, 2020; Blawat et al., 2020; Chen and Hua, 2021). In a previous study by our group, we focused on how autophagy is activated by stimulation with mechanical load and overload. For qualitative protein phosphorylation profiling of the mTOR signaling pathway, a human mTOR Signaling Phospho Specific Antibody Array was used. The influence of mechanical stimulation on the PI3K/AKT pathway was shown to be dose dependent. We were able to identify phosphorylation sites Thr308 and Thr474 of AKT pathway to be influenced by mechanical loading. Our results suggest at least a partial influence of mTOR on autophagy regulation via the PI3K/AKT signal pathway (Blawat et al., 2020). In this study, we focused on the effects that autophagy excites under mechanical stimulation in hPDL fibroblasts. Therefore, it was important to show in advance that with our pharmacological inhibitors and inducers, autophagy is reliably affected in hPDL fibroblasts.

The consequences of autophagy regulation and dysregulation under mechanical stimulation, especially with respect to cell-cell communication, are still unclear. Cytokines are important cell messengers and play a decisive role in cellular interactions. IL-6 is a central mediator of the body's systemic defense response to injury. It is produced in vast amounts by various cell types and reaches high circulatory levels. Its main roles include regulation of immune and inflammatory responses, hematopoiesis, control of acute phase protein synthesis and influence on bone metabolism (Garman et al., 1987; Lotz et al., 1988; Gauldie et al., 1992; Ogawa, 1992). Bone metabolism relies on the interplay of bone formation by osteoblasts and resorption by osteoclasts. IL-6 appears to stimulate resorption of bone and also regulate the activity of both cell types (Tamura et al., 1993; Xiong et al., 2011, 2015). IL-6 has been suggested to be involved in the pathogenesis of osteoporosis after estrogen loss via stimulation of osteoclast differentiation. Estrogens have been shown to inhibit IL-6 production (Jilka et al., 1992; Poli et al., 1994). We demonstrated that the production of IL-6 by hPDL fibroblasts is affected by mechanical pressure in vitro at both the gene and protein levels. Our research group has previously shown that inducing OTM using a 25 gram nickel-titanium coil, over a period of 3 days, resulted in an increased expression of IL-6 in rats. However, this upregulation was not found to be statistically significant (Rath-Deschner et al., 2021). A significant increase in IL-6 expression was shown in OTM experiments with mice using higher force intensities (Mo and Hua, 2018). Using our in vivo experimental setup to simulate physiological pressure and overload on hPDL fibroblasts during OTM, we were able to demonstrate that after both 16 and 24 h of cell stimulation, a significant increase in IL-6 expression occurred at both magnitudes of mechanical stimulation. Tension on the other hand had no significant effect on IL-6 levels, as demonstrated earlier (Rath-Deschner et al., 2021). Thus, our results suggest that the mode of mechanical stimulation rather than stimulation intensity influences the expression of this cytokine in hPDL fibroblasts.

In our in vitro setup, we were able to demonstrate that inhibition of autophagy using 3-MA during application of mechanical pressure causes a sharp increase of IL-6 expression in hPDL fibroblasts on gene and protein level. This observation is consistent with mouse experiments, where gene expression of inflammatory factors il-1, il-6, and TNF-α increased in periodontal tissues after concomitant administration of OTM and 3-MA (Mo and Hua, 2018; Chen and Hua, 2021). This response to inhibition suggests that autophagic processes may play a major role in controlling cell-cell communication, which was the focus of our study. Our findings expand and deepen the conclusions of the animal experiment. We were able to demonstrate that hPDL fibroblasts are, at least in part, responsible for the increase of IL-6 in periodontal tissues. One explanation for this observation could be that inhibition of autophagy deprives the cell of a key adaptive mechanism.

Since IL-6 plays an important role in cell-cell communication, we wanted to determine how sustained mechanical stress on hPDL fibroblasts affects osteoblast-osteoclast communication. IL-6 is thought to play a positive regulatory role in osteoclast differentiation (Palmqvist et al., 2002). However, for IL-6 interaction with its target cell, the so-called trans-signaling pathway is particularly important in addition to the classical signaling pathway. The latter is executed via a membrane-bound IL-6R on a few specific cells, like macrophages, neutrophils, hepatocytes and some type of T-cells. This trans-signaling pathway depends on cleaved sIL-6R, which enables signal transduction between IL-6 and the ubiquitous membrane protein gp130 (Rose-John and Heinrich, 1994; Rose-John et al., 2007; Scheller et al., 2011). In our experiments, supernatant of stimulated hPDL fibroblasts was initially added to phAOBs without sIL-6R. Subsequently, gene expression of rankl and opg were evaluated. As IL-6 signaling with osteoclasts requires interaction of IL-6 with its receptor, as expected, we did not see any effect on gene expression of opg in phAOBs. Therefore, all observed changes after addition of the receptor can be attributed to IL-6 secreted by hPDL fibroblasts. External addition of soluble IL-6 receptor resulted in significant decreases in opg expression by phAOBs in all of the groups studied. OPG functions as a decoy receptor for RANKL. By binding RANKL, OPG inhibits the activation of NF-κB, a central and fast-acting transcription factor for immune activation and differentiation of precursor cells into osteoclasts (Theoleyre et al., 2004). Our work sheds light on the background and underlying mechanisms at cellular level and highlights the cross-talk between fibroblasts and osteoblasts. Therefore, our results can be used as an explanatory model for findings of in vivo studies performed on mice, where micro-CT scanning demonstrated that inhibition of autophagy with simultaneous performance of OTM, resulted in a significant reduction in bone density (Chen and Hua, 2021).

When rankl expression was examined in stimulated phAOBs, it was found that autophagy inhibition in combination with no stress stimulus or physiological load to hPDL fibroblasts resulted in significant downregulation of rankl in phAOBs. However, because of the absence of soluble IL-6 receptor this effect does not appear to be dependent on IL-6-signaling. Further experimental studies are needed to investigate this observation in more detail. The only effect on rankl expression in phAOBs when sIL-6R was added was observed after pharmacologically induced autophagy in hPDL fibroblasts. As IL-6 was not upregulated by rapamycin stimulation in hPDL fibroblasts and a similar trend was observed without sIL-6R, we do not attribute this effect to IL-6 but to other processes triggered by autophagy induction, which will be investigated in further experiments. Interestingly in other in vitro studies IL-6/sIL-6R complex induced the expression of RANKL by mouse osteoblasts (Udagawa et al., 1995; Palmqvist et al., 2002). In these studies, osteoclast activity was controlled by osteoblasts through RANKL expression rather than OPG expression. However, our results suggest that in hPDL fibroblasts, osteoclast activity is more likely to be controlled via the reduction of OPG expression upon autophagy inhibition.

Next we investigated whether the expression of ADAM10 and ADAM17 is modulated by both pressure and autophagy. ADAMs play a crucial role in the trans-signaling pathway. They are able to cleave the membrane-bound IL-6 receptor, making its soluble form available, which enables signal transduction between IL-6 and the ubiquitous membrane protein gp130 (Müllberg et al., 1994; Matthews et al., 2003; Chalaris et al., 2007, 2010). ADAM10 is responsible for a slow and steady release of sIL-6R, whereas ADAM17 is responsible for rapid, short-term shedding of sIL-6R (Matthews et al., 2003). Interestingly, especially adam10 was shown to be regulated by mechanical stimulation in a human chondrocytic cell line (Kobayakawa et al., 2016). Mechanical regulation of adam17 has already been described in mechanically stretched rat cardiomyocytes (Niu et al., 2015). Since ADAMs influence the amount of soluble IL-6 receptor available, and ADAM17 has been shown to be strongly expressed in other periodontal cells – namely in the epithelium of gingival tissues – we investigated whether autophagy has an effect on mRNA expression of adam10 or adam17 in stimulated hPDL fibroblasts (Hirayama et al., 2017). We noted a significant decrease in mRNA expression for both adam10 and adam17 upon induction of autophagy by load, overload, and rapamycin. This was particularly evident in the pressure groups. Our results suggest that compression has a downregulatory effect on ADAM proteases while the existing literature contains evidence of upregulation of ADAM proteases during tensile strain (Niu et al., 2015; Kobayakawa et al., 2016). However, that ADAM17 plays a central role in the transduction of compressive stress has already been shown in murine tracheal epithelial cells (Shiomi et al., 2011). Autophagy inhibition in the control group and under physiological mechanical stress resulted in a significant increase in mRNA expression of both proteases. A significant inhibition, on the other hand, was observed under mechanical overload as well as induction of autophagy via rapamycin. This suggests that here again autophagy, depending on the size of the stress stimulus, has different regulatory effects on expression at different stress intensities through its bifurcated role as a cell protector and cell death inducer. To our knowledge, regulation of mRNA expression of adam10 and adam17 by mechanical load, overload and especially by autophagy have not been described in hPDL fibroblasts, yet. In the context of our study, our results suggest that the sIL-6R required for IL-6-induced osteoclast activation during OTM probably does not originate from hPDL fibroblasts. This suggests the involvement of other cell types in cell-cell communication of hPDL fibroblasts, phAOBs and osteoclasts. This interesting question will be investigated in further studies.

PDL fibroblasts, due to their position in the periodontium, are of particular importance for OTM and thus for the transmission of mechanical stimulation (de Araujo et al., 2014; Li et al., 2018; Memmert et al., 2019, 2020). Their central role makes it necessary to take a close look at them at cellular level in order to uncover their functions and the influence of important processes on their role in OTM. Therefore, we used established models for in vitro application of mechanical stress (Ullrich et al., 2019; Blawat et al., 2020). The approach of breaking down OTM to individual in vitro models offers the possibility of a differentiated view on different stress stimulations. This is particular relevant for autophagy analysis, as autophagy can be induced by different types of cellular stress, which are also involved in OTM (King, 2012; Li et al., 2018; Memmert et al., 2019, 2020). Especially hypoxia is a known autophagy inducer. To eliminate the risk of limited oxygen supply to hPDL fibroblasts in our study, pressure experiments were performed exclusively on dedicated cell culture wells with gas-permeable bottoms. This ensured proper oxygen supply to the cells at all times (Ullrich et al., 2019). Autophagy usually happens rapidly. We based the selection of our time points on an earlier study by our group, which focusses on autophagy regulation by mechanical load and overload. In this study we also included earlier time points, i.e. 4 h, but our results show that autophagy regulation was most pronounced after 16 h under mechanical stimulation in PDL fibroblasts (Blawat et al., 2020). Mechanical stimulation was performed by means of physiological load on the one hand as well as by overload on the other hand. In previous experiments we have used various load magnitudes for the mechanical stimulation of hPDL fibroblasts (Blawat et al., 2020). It has been reported that cells treated with a pressure of 4 g/cm2 suffer cell damage due to the applied excessive pressure (Kanzaki et al., 2002). In our experiments, however, increased cell death could only be reliably induced with the application of 8 g/cm2 (Blawat et al., 2020). Therefore, our previous results suggest, that stimulation with 8 g/cm2 exceeds a critical threshold and is rightfully termed overload. However, a load of 2 g/cm2 was established as physiological pressure in different studies and was also used in our experimental setup (Kanzaki et al., 2002; Schröder et al., 2018; Kirschneck et al., 2019; Blawat et al., 2020). In earlier experiments by our group a mechanical load of 2 g/cm2 appeared to have cell-protective effects (Blawat et al., 2020).

Pharmacologically, autophagy can be affected in terms of induction with the mTOR inhibitor rapamycin and inhibited by inhibitors of autophagosome formation such as 3-MA (Klionsky et al., 2016). To assess the influence of autophagy on cytokine expression and therefore on cell-cell communication a Cytokine Multi-Analyte ELISArray Kit, i.e. an unbiased approach was used. Since IL-6 was detected as the most strongly regulated cytokine, we further focused on the influence of autophagy on mechanically induced IL-6 expression. The upregulation of IL-6 protein expression due to autophagy inhibition under mechanical stimulation could be confirmed by ELISA and also on gene expression level by rtPCR. Consideration of other cytokines regulated by autophagy is beyond the scope of the manuscript and will therefore be addressed in separate studies. It should be further noted that we only analyzed the gene expression of ADAM proteases in our experiments. This is not to be equated with enzyme activity. However, other studies have also investigated ADAM10 and ADAM17 only on gene expression level, as evidence suggests that their gene expression correlates with their activity (Kinoshita et al., 2013; Cheng et al., 2021; Couselo-Seijas et al., 2021).



5. CONCLUSION

In summary, our results provide novel insights into the effects induced by autophagy regulation and deregulation in hPDL fibroblasts during mechanical load and overload. In response to pressure, IL-6 expression was induced in hPDL fibroblasts, which was further enhanced by autophagy inhibition. This led to a reduction in opg expression in phAOBs, which in turn could be responsible for the observed shift in the balance of bone formation and resorption during OTM under autophagy inhibition. While this could serve as an explanatory model for the accelerated tooth movement observed under autophagy inhibition, it could also represent a risk factor for unregulated bone loss.
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AdipoRon Promotes the Osseointegration of Dental Implants in Mice With Type 2 Diabetes Mellitus
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AdipoRon is an oral active synthetic small molecule with biological functions similar to adiponectin (APN). It is an APN receptor agonist that can improve insulin resistance and glucose intolerance. However, the role of AdipoRon in bone metabolism and related molecular mechanisms remains to be investigated. To explore the effect of AdipoRon on bone absorption and bone integration of type 2 diabetes mellitus (T2DM) mice with implants, we established surgery-induced model of osseointegration of dental implantation in T2DM mice of C57BL/6 db/db and normal mice homologous to diabetic mice. Micro-CT was used to analyze the femurs with the implant in the mice to detect the bone mass, H&E, and tartrate-resistant acid phosphatase (TRAP), and Safranin O-fast green staining was performed to analyze the bone formation and bone resorption. Bone integration-related markers as Rankl, bone morphogenetic protein 2 (BMP2), osteoprotegerin (OPG), osteopontin (OPN), and runt-related transcription factor 2 (Runx2) were also measured using immunohistochemistry. Our results indicated that diabetic mice showed a lower bone mass and decreased the osteoblast differentiation. AdipoRon attenuated diabetes-impaired bone volume (BV)/total volume (TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), and bone integration-related markers variation and promoted bone hyperplasia as well as repressed the osteoclast formation, especially in diabetic mice. AdipoRon may improve the osseointegration of dental implants in mice with T2DM by promoting osteogenesis and inhibiting bone resorption, and AdipoRon may serve as a promising oral strategy to improve the osseointegration ability of patients with diabetes.
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INTRODUCTION

Dental implants are applied for the rehabilitation of partially edentulous patients. Poor oral hygiene along with smoking and a history of periodontitis correlated with peri-implant disease strongly. Moreover, periodontitis with diabetes has been considered as the sixth major complication of diabetes, and it will lead to loosening and falling out of the teeth of patients and seriously affect their physiological functions such as chewing, swallowing, nutritional intake, speech, and facial expression (Chee et al., 2013). For tooth loss caused by periodontitis, implant treatment is the most comfortable and convenient way to repair it. As previously reported, the implant-supported restorations survival rates are related to complicated factors (Tatarakis et al., 2014). The implants may be affected by many biological complications after the initial integration phase, among which the progressive implant bone loss is generally caused by peri-implant diseases, especially by peri-implantitis with increasing high prevalence as implant therapy is implemented widespread (Lindhe et al., 2008). Moreover, there are studies concerning that type 2 diabetes mellitus (T2DM) patients with dental implants showed very similar psychosocial profiles, clinical as well as microbiological, and salivary biomarkers to those of non-diabetic individuals (Tatarakis et al., 2014), and previous researchers have confirmed that diabetic patients with poor blood glucose control have a higher failure rate of implant repair (Mellado-Valero et al., 2007).

Type 2 diabetes mellitus is a metabolic disorder characterized by hyperglycemia and lipid metabolism changes along with many complications. At present, a lot of patients with T2DM arose with an aging population and the increasing prevalence of obesity (Zheng et al., 2018; Ortega et al., 2020). Numerous previous studies indicate that macrophages in the adipose tissue interstitium of T2DM might produce a large number of pro-inflammatory factors (Chawla et al., 2011; Esser et al., 2014), which may affect bone integration. Moreover, hyperglycemia may change the biological function of bone cells to affect bone formation, bone mineralization, and bone reconstruction (Javed and Romanos, 2009), increasing the osteoclast activity and promoting the bone resorption (Catalfamo et al., 2013) to weaken the osseointegration ability of implants in patients with T2DM (Mellado-Valero et al., 2007). Therefore, poor blood glucose control is a high-risk factor for oral implant treatment, and the development of an intervention strategy that can not only effectively control blood sugar but also improve the function of damaged bone cells, so as to improve the osseointegration ability of implants, is particularly important for improving the probability of implantation success in patients with diabetes.

AdipoRon is an oral synthetic small molecular compound that was reported to bind to adiponectin (APN) receptors, specifically, AdipoR1 and AdipoR2. APN was considered to improve insulin resistance and antagonize diabetes, and it acted as an anti-inflammatory factor. APN is reported to play an important role in bone and associated with whole-body energy homeostasis, and it acts as a regulator of bone metabolism to negatively correlate with bone mineral density (Naot et al., 2017). AdipoRon can act as a potent APN receptor agonist and a potential alternative to replace APN. It was reported as an anticancer molecule to affect cell cycle progression and promote cell death in osteosarcoma cells (Sapio et al., 2020). In another report, AdipoRon can promote apoptosis while suppressing cell proliferation in myeloma cell lines (Wang S.J. et al., 2020). According to the study by Wang Z. et al. (2020), AdipoRon promoted new bone formation in diabetes mediated by impaired endochondral ossification (ECO)-induced delayed bone repair. In our previous study, we also found that AdipoRon could activate the endogenous receptors of APN to affect bone anabolism in mice with T2DM-related periodontitis and may serve as an effective multipronged approach to target periodontitis correlated with T2DM (Wu Y.C. et al., 2019). The role of AdipoRon in the osseointegration of T2DM individuals with dental implants has not been reported so far.

In the present study, the effect of AdipoRon on bone absorption and bone integration in diabetic mice along with normal control animals implanted with dental implants in the femur was explored, which may provide a new idea for enhancing the oral osseointegration ability of patients with diabetes.



MATERIALS AND METHODS


Model of Osseointegration of Dental Implantation Induced by Surgery in Mice and Group

All the animal experiments were conducted and approved by the Animal Ethics Committees of Fudan University. Surgery-induced osseointegration of dental implantation model using male C57BL/6 db/db mice (diabetes), 6–8 weeks old, 28 ± 2 g, with fasting blood glucose (FBG) (16 h) higher than 7.0 mmol/L (FBG: 7.7 ± 1.8), and wild-type born within the same brood as control (FBG: 4.9 ± 1.3). The mice were intraperitoneally injected ketamine (100 mg/kg)/xylazine (10 mg/kg) for anesthesia and then surgical procedures were performed under sterile conditions. According to the previous study (Liu et al., 2017) with some modifications, the mice were fixed on the operating table in the supine position with skin on the lower one-third of the femur and the upper one-third of the tibia on both sides of the mouse being prepared, and the operation area was disinfected. Then a longitudinal incision of about 10 mm was made from the distal end of the femur on the medial side of the knee joint, and the incision reached the bone surface (BS). The skin and subcutaneous tissue were bluntly separated to expose the articular surface of the epiphysis, whereas the femoral periosteum was fully protected. The joint of mice was bent and the intercondylar fossa was selected as the implantation site. The implant socket with a parallel direction to the long axis of the femur and toward the proximal medullary cavity was prepared using a 25G needle under the cold condition of physiological saline. Later, the implant titanium rod with 0.5 mm in diameter and 10 mm in length from Straumann A.G. Co. (Basel, Switzerland) was tapped until its end entered slightly below the joint surface 1 mm with initial stability as well as without loosening. The peeled structure around the knee joint was reset, layered, and tightly sutured, and the window was closed. Mice were given intramuscular injections of antibiotics for three consecutive days after the operation to prevent infection.

Three days after implantation, 14 diabetic mice were divided into 2 groups with 7 mice in each group, i.e., diabetes control (D-control) with the equal volume of vehicle and diabetic mice were given 75 mg/kg/day AdipoRon (Life Sciences, United States) by intravenous administration for 2 weeks (D-AdipoRon) (Wu X. et al., 2019), and 14 wild-type mice (normal mice) were divided into 2 groups with 7 mice in each group, i.e., wild control (W-control) with the equal volume of vehicle and wild-type mice were intragastrically administrated with 75 mg/kg/day AdipoRon for 2 weeks (W-AdipoRon).

After the treatment of 2 weeks, the femurs of mice were fixed in 4% paraformaldehyde and then maintained in 75% ethanol according to the previous study (Du et al., 2020). Bone mass of femurs with the plant in the mice was analyzed using micro-CT (SkyScan 1172, Bruker) and then the femurs were harvested, fixed, decalcified, paraffin-embedded, and sectioned for pathological examination. The sections in the region surrounding the explant were selected for analysis.



Micro-CT

Micro-CT (SkyScan 1172, Bruker) was used to analyze the femurs with the plant in the mice among all the groups to detect the volume and structure of trabecular bone. The micro-CT parameters were as follows: diameter, 21.5 mm; pixel size, 10 μm per pixel; high resolution; 212 tier; temporal integration, 250 ms; and continuous beam rotation. Set thresholds to distinguish between different organizations are as follows: gray scale values between 215 and 700 indicate trabeculae, values between 700 and 1,000 is the implant, and values less than 215 indicate non-mineralized tissue. After scanning, CT-analyzer (version: 1.15.4.0)1 was used for 3D reconstruction. The 0.5 mm tubular area around the implant was selected as the area of interest, the rebuild threshold to 1,000 was set. The CT-analyzer was used to perform bone histometric analysis, including trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), BS/bone volume (BV), and BV/total volume (BV/TV).



H&E Staining

After micro-CT scan, femurs were decalcified in ethylenediaminetetraacetic acid (EDTA) (10%) for 3 weeks with implant, the implant was removed and embedded in paraffin, and 5 μm sections were obtained. H&E staining was performed according to the previous study (Yang et al., 2011). In brief, the sections of femurs were dewaxed and hydrated, and then hematoxylin staining was performed. Finally, images were obtained under a microscope (Eclipse Ci-L; Nikon, Tokyo, Japan).



Tartrate-Resistant Acid Phosphatase Staining

Based on the previous study (Du et al., 2020), sections of femur samples from mice were stained using a commercial kit of tartrate-resistant acid phosphatase (TRAP) (Sigma) according to the instruction of the manufacturer. Preosteoclasts and osteoclasts were identified by TRAP-positive cells and then counted and photographs were taken using a microscope (Nikon, Eclipse Ci-L, Japan). TRAP-positive cells in the peri-implant were detected by the presence of dark-purple staining granules in the cytoplasm. Image-Pro Plus 6.0 was used for TRAP staining analysis, and five fields of vision were randomly selected in each section. The percentage of TRAP-positive cells is calculated as the TRAP-positive stained area/total area × 100%, which is used to indicate osteoclasts.



Safranin O-Fast Green Staining

Safranin O-fast green staining was performed to observe osteogenesis as reported in a previous study (Pritzker et al., 2006). In brief, the sections of femur samples from mice were stained in fast green dye solution for 5–10 min and then washed followed by staining in safflower dye solution for 15–30 s. After being sealed, the sections were observed under a microscope along with images acquisition and analysis. The cartilage is red or salmon-red with a green background. CaseViewer2.2 Scanning Browser software was used to select the target area of the tissue for imaging. The Safranin O-positive cartilage was analyzed by ImagePro Plus 6.0 (Media Cybernetics, Bethesda, MD, United States).



Immunohistochemistry

Immunohistochemistry was used to detect the expressions of Rankl, bone morphogenetic protein 2 (BMP2), osteoprotegerin (OPG), osteopontin (OPN), and runt-related transcription factor 2 (Runx2) in femoral bone with dental implants in mice. The sections of femur samples from mice were incubated in hyaluronidase and skimmed milk for blocking. And then the sections were incubated with primary rabbit polyclonal antibodies to Rankl (Abcam, CN. ab216484, 1:100), BMP2 (ZEN BIO, CN. 500231, 1:100), OPG (Abcam, CN. ab183910,1:100), OPN (SANTA CRUZ, CN. sc-21742, 1:100), or Runx2 (Abcam, CN. ab192256, 1:100) at 4°C overnight. After washing in phosphate-buffered saline, sections were incubated with the corresponding horseradish peroxidase (HRP) conjugated secondary antibody (1:3,000) at room temperature for 30 min followed by visualization using diaminobenzidine (DAB) and counterstaining with hematoxylin. Images were obtained using an Eclipse Ci-L microscope. Image-Pro Plus 6.0 software was used to analyze images. All proteins were categorized based on a histochemical score (H-score), and positive comprehensive scores were obtained from five visual fields in each section according to the same criteria. A numerical value from a weighted summation of percentage staining accounts for both the staining intensity and the percentage of cells at that intensity.



Data Statistics

GraphPad Prism (8.0, United States) was used to analyze the data that were obtained from at least three independent samples and presented as the mean ± standard deviation (SD). Two-way repeated-measures analysis of variance (ANOVA) was used to analyze the data from three or more groups and an unpaired t-test was used to analyze the data from two groups. When p-value is ≤0.05, differences were considered statistically.



RESULTS


AdipoRon Promotes Bone Formation Around Dental Implants in Mice

Bone morphology and formation of mice were observed using micro-CT. Results of micro-CT detection are shown in Figure 1. Diabetic mice (Diabetes-control, D-control) showed lower bone mass around dental implants compared with the normal mice (Wild-control, W-control). The 3D reconstruction images from micro-CT are shown in Figure 1A, BV/TV in Figure 1B, and Tb.Th in Figure 1D. Also, Tb.N (Figure 1F) was significantly decreased, whereas Tb.Sp (Figure 1E) was increased in diabetic mice compared with normal mice. AdipoRon could attenuate the induction of diabetes in BV/TV, Tb.Th, Tb.N, and Tb.Sp. Although there was almost no difference between diabetic mice and the normal mice, AdipoRon treatment decreased BS/BV (Figure 1C) along with increased BV (Figure 1G) of diabetic mice. Diabetic mice showed lower bone mass around dental implants compared with normal mice, which may be attenuated by AdipoRon.
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FIGURE 1. Evaluation of femoral bone structure with dental implants in mice. Femoral bone structure with dental implants in mice was assessed using micro-CT (n = 7). Normal mice (Wild-control, W-control), normal mice treated with AdipoRon (Wild + AdipoRon, W + AdipoRon), diabetic mice (Diabetes-control, D-control), and diabetic mice treated with (Diabetes + AdipoRon, D + AdipoRon) were involved. (A) 3D reconstruction images of femoral bone structure with dental implants in mice are shown. Values of bone volume/tissue volume (BV/TV) (B), bone surface/bone volume (BS/BV) (C), trabecular thickness (Tb.Th) (D), trabecular separation (Tb.Sp) (E), trabecular number (Tb.N) (F), and bone volume (BV) (G) were analyzed.




AdipoRon Promotes the Osteoblast Differentiation and Inhibits Osteoclast

Pathological exploration of femoral bone after dental implantation and AdipoRon treatment in mice was performed. As shown in Figure 2A, bone hyperplasia mediated by the osteoblast differentiation was significantly decreased in diabetic mice (Diabetes-control, D-control) compared with normal mice (Wild-control, W-control). AdipoRon promoted bone hyperplasia both in normal and diabetic mice, especially in the latter. The osteoclast formation indicated by TRAP-positive staining was significantly increased in D-control compared with W-control, whereas the osteoclast formation decreased significantly (p < 0.05) in both the AdipoRon-treated diabetic mice (Diabetes + AdipoRon, D + AdipoRon) and the normal mice (Wild + AdipoRon, W + AdipoRon) (Figures 2B,C).
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FIGURE 2. Pathological examinations of femoral bone with dental implants in mice. Femoral bone pathology was observed. Normal mice (Wild-control, W-control), normal mice treated with AdipoRon (Wild + AdipoRon, W + AdipoRon), diabetic mice (Diabetes-control, D-control), and diabetic mice treated with (Diabetes + AdipoRon, D + AdipoRon) were involved. n = 7. (A) H&E staining of femoral bone with dental implants in mice was shown. One section in the region surrounding the explant of each sample was selected for analysis and five fields of vision were randomly selected in each section. The green arrow indicates bone hyperplasia mediated by the osteoblast differentiation. (B) TRAP staining of femoral bone with dental implants in mice is shown. The blue arrow indicates the osteoclast formation. (C) TRAP-positive cells of osteoclast were analyzed.




AdipoRon Represses the Osteoclast Formation of Safranin O-Fast Green Staining

The osteoclast formation in femoral bone with dental implants in mice was further investigated using Safranin O-fast green staining. Results were shown in Figure 3 that Tb.N was decreased in diabetic mice (Diabetes-control, D-control) compared with normal mice (Wild-control, W-control) (Figures 3A,D) although there was no difference in the percentage of the trabecular area (Tb.Ar) (Figure 3B), Tb.Th (Figure 3C), and Tb.Sp (Figure 3E) among all the mice involved in W-control and D-control which was slightly different from the results from micro-CT. AdipoRon increased the values of Tb.Ar, Tb.Th, and Tb.N, but decreased Tb.Sp in diabetic mice. Safranin O-fast green staining results confirmed that AdipoRon may suppress the osteoclast formation.
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FIGURE 3. The osteoclast formation was measured using Safranin O-fast green staining. Normal mice (Wild-control, W-control), normal mice treated with AdipoRon (Wild + AdipoRon, W + AdipoRon), diabetic mice (Diabetes-control, D-control), and diabetic mice treated with (Diabetes + AdipoRon, D + AdipoRon) were involved (n = 7). (A) Femoral bone with dental implants in mice was stained using Safranin O-fast green. One section in the region surrounding the explant of each sample was selected for analysis and five fields of vision were randomly selected in each section. Percentage of trabecular area (Tb.Ar) (B), trabecular thickness (Tb.Th) (C), trabecular number (Tb.N) (D), and trabecular separation (Tb.Sp) (E) were analyzed.




AdipoRon Suppresses Proteins of Rankl as Well as Promotes the Expressions of BMP2, OPG, OPN, and Runx2 in Diabetic Mice

The expressions of proteins, such as Rankl, BMP2, OPG, OPN, and Runx2, in femoral bone with dental implants in mice were measured using immunohistochemical staining. As shown in Figure 4, the expression of protein Rankl (Figures 4A,B) was significantly increased and the expressions of proteins BMP2 (Figures 4A,C), OPG (Figures 4A,D), OPN (Figures 4A,E), and Runx2 (Figures 4A,F) were significantly decreased in diabetic mice (Diabetes-control, D-control) compared with normal mice (Wild-control, W-control) (p < 0.05). However, AdipoRon inhibited the expression of protein Rankl along with the promoted expressions of BMP2, OPG, OPN, and Runx2 significantly in diabetic mice (p < 0.05). Results of examination of protein expression suggested that AdipoRon suppressed the osteoclast formation and promoted the osteoblast differentiation in diabetic mice.
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FIGURE 4. Proteins of Rankl, BMP2, OPG, OPN, and Runx2 in femoral bone with dental implants in mice were quantized using immunohistochemical staining. Normal mice (Wild-control, W-control), normal mice treated with AdipoRon (Wild + AdipoRon, W + AdipoRon), diabetic mice (Diabetes-control, D-control), and diabetic mice treated with (Diabetes + AdipoRon, D + AdipoRon) were involved (n = 7). (A) Femoral bone with dental implants in mice was immunohistochemically stained. One section in the region surrounding the explant of each sample was selected for analysis and five fields of vision were randomly selected in each section. Quantitation of Rankl (B), BMP2 (C), OPG (D), OPN (E), and Runx2 (F) are indicated using histochemical scores.




DISCUSSION

Type 2 diabetes mellitus with a lot of complications affects human life and health expenditures along with rapid economic development and urbanization (Onyango and Onyango, 2018). Periodontitis is one of the major complications of diabetes including teeth loosening and falling, which affects the physiological functions of teeth of patients seriously (Chee et al., 2013). Although implant treatment is the most important way to repair the lost tooth, hyperglycemia induced a higher failure rate of implant repair (Mellado-Valero et al., 2007). Macrophages in the adipose tissue of T2DM patients correlated with bone integration including bone formation, bone mineralization, and bone reconstruction (Javed and Romanos, 2009) as well as osteoclast activity and promote bone resorption (Catalfamo et al., 2013) and hyperglycemia may impair bone integration of T2DM patients with implants. Along with imposing restrictions on hyperglycemia, improving the function of damaged bone cells and the osseointegration ability of implants is particularly important for implantation success in patients with diabetes. We established the surgery-induced model of osseointegration of dental implantation in mice to investigate the difference in bone formation and bone resorption between diabetic mice (C57BL/6 db/db, T2DM mice) and the normal mice homologous to diabetic mice and tend to found an effective intervention strategy to implant repair loss tooth under hyperglycemia.

As one of the insulin-sensitizing fatty factors, APN is secreted by fat cells to improve insulin resistance and attenuate hyperglycemia as well as impair RANKL-stimulated RAW264.7 cells through its receptors as AdipoR1, AdipoR2 (Okada-Iwabu et al., 2013), and T-Cadherin (Denzel et al., 2010; Parker-Duffen et al., 2013) and its downstream factors of cohesive protein APPL1 (Mao et al., 2006). APN can also promote osteogenic differentiation (Chen et al., 2015; Pu et al., 2016). However, the clinical application of APN was limited as potential adverse immune reactions, deserving high-dose intravenous administration and complex protein structures are not conducive to industrial production. AdipoRon is an oral synthetic small molecular compound as it has a feasible effect on reducing insulin resistance and blood glucose tolerance in high-fat diet mice by specifically binding to APN receptors AdipoR1 and AdipoR2. AdipoRon might exert similar antidiabetic effects to APN through AMPK and PPAR-α pathway. Some studies also indicated that AdipoRon could promote diabetic fracture repair, enhance alveolar bone regeneration, and increase the survival and migration of BMSCs. According to a recent study, AdipoRon appears to have a pro-osteogenic, anti-adipogenic, and anti-osteoclastogenic effect in young mice (Liu et al., 2021).

We explored the effect of AdipoRon on bone formation and bone resorption in diabetic mice. Micro-CT and pathological examination using H&E, TRAP, and Safranin O-fast green staining were performed to evaluate bone integration. Our results indicated that diabetic mice showed lower bone mass around dental implants compared with the normal mice as BV/TV, Tb.Th, and Tb.N was significantly decreased compared with normal mice. Results of pathological exploration by H&E staining of femoral bone showed that bone hyperplasia mediated by the osteoblast differentiation was significantly decreased in diabetic mice compared with normal mice. As shown in Safranin O-fast green staining results, the osteoclast formation in femoral bone with dental implants in diabetic mice was improved as Tb.N was decreased compared with normal mice. AdipoRon attenuated diabetes-impaired BV/TV, Tb.Th, Tb.N, and Tb.Sp variation and promoted bone hyperplasia as well as repressed the osteoclast formation, especially in diabetic mice.

Rankl is positively related to osteoclast differentiation in periodontitis (Li et al., 2020). Down expression of BMP2 and RUNX2 is involved in reducing osteogenic differentiation (Kang et al., 2020). OPG is a physiological inhibitor of RANKL, both of which regulated the delicate bone balance involving the interplay of soluble mediators. As a decoy receptor, OPG could prevent RANKL from binding to RANK exerting an osteoprotective effect (Dereka et al., 2010). OPG was also reported as one of the factors in predicting the severity of gestational diabetes mellitus, and it is considered as OPG presents a high precision potential in the identification of periodontal disease destruction (Hernandez et al., 2020). OPN accompanied with RUNX2 showed an increased expression as high glucose-inhibited osteogenesis of periodontal ligament stem cells was reversed (Yan et al., 2020). Therefore, bone formation and osteogenic differentiation-related markers of the expressions of Rankl, BMP2, OPG, OPN, and Runx2 were assayed in femoral bone with dental implants in mice. The expression of protein Rankl was significantly increased as well as the expressions of BMP2, OPG, OPN, and Runx2 were significantly decreased in diabetic mice compared with normal mice (p < 0.05). AdipoRon suppressed the expression of protein Rankl and promoted the expressions of BMP2, OPG, OPN, and Runx2 in diabetic mice significantly (p < 0.05), which suggested that AdipoRon suppressed the diabetes-induced osteoclast formation and promoted the osteoblast differentiation in diabetic mice. These results were consistent with our previous study (Wu Y.C. et al., 2019). AdipoRon may improve insulin resistance by activating AdipoR1/AMPK/PGC1α signaling pathways (Kim and Park, 2019). In addition, AMPK is an important molecular target to metabolic diseases, such as diabetes, to enhance the recovery of osteoblast function and osseointegration around implants. It is necessary for us to perform further study to expound whether AdipoRon can regulate the expression of bone-related proteins through AMPK. Taking together, our results confirmed that AdipoRon may improve the osseointegration of dental implants in mice with T2DM for 2 weeks through promoting osteogenesis and inhibiting bone resorption mediated by the regulation of bone formation-related markers such as Rankl, BMP2, OPG, OPN, and Runx2. However, the enduring effect of AdipoRon and the specific molecular mechanism remains to be explored in further long-term studies. Overall, AdipoRon may serve as a promising oral strategy to improve the osseointegration ability of patients with diabetes.
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Periodontitis is a bacterially-induced inflammatory disease that leads to tooth loss. It results from the damaging effects of a dysregulated immune response, mediated largely by neutrophils, macrophages, T cells and B cells, on the tooth-supporting tissues including the alveolar bone. Specifically, infiltrating B cells at inflamed gingival sites with an ability to secrete RANKL and inflammatory cytokines are thought to play roles in alveolar bone resorption. However, the direct contribution of B cells in alveolar bone resorption has not been fully appreciated. In this study we sought to define the contribution of RANKL expressing B cells in periodontitis by employing a mouse model of pathogen-induced periodontitis that used conditional knockout mice with B cell-targeted RANKL deletion. Briefly, alveolar bone loss was assessed in the wild-type, B-cell deficient (Jh), or B-cell-RANKL deleted (RANKLΔB) mice orally infected with the periodontal pathogen Tannerella forsythia. The RANKLΔB mice were obtained by crossing Cd19-Cre knock-in mice with mice homozygous for conditional RANKL-flox allele (RANKLflox/flox). The alveolar bone resorption was determined by morphometric analysis and osteoclastic activity of the jaw bone. In addition, the bone resorptive potential of the activated effector B cells was assessed ex vivo. The data showed that the RANKL producing B cells increased significantly in the T. forsythia-infected wild-type mice compared to the sham-infected mice. Moreover, T. forsythia-infection induced higher alveolar bone loss in the wild-type and RANKLflox/flox mice compared to infection either in the B cell deficient (Jh) or the B-cell specific RANKL deletion (RANKLΔB) mice. These data established that the oral-pathogen activated B cells contribute significantly to alveolar bone resorption via RANKL production.
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INTRODUCTION

Periodontitis (PD) is a chronic inflammatory disease affecting over 50% of the United States adult population that results in the loss of tooth supporting tissues including the alveolar bone (Pihlstrom et al., 2005; Darveau, 2010). PD is caused by a dysregulated immune response orchestrated by the supra- and sub-gingival microbes which collectively constitute the oral microbiome (Kumar et al., 2006). PD is also a risk factor for many systemic diseases including diabetes, Alzheimer’s, obesity, and rheumatoid arthritis (Pischon et al., 2007; Seymour et al., 2007). Multiple clinical and experimental studies have shown that both innate and adaptive immune cells (monocytes, macrophages, neutrophils, T and B-cells) play critical roles in the maintenance of periodontal health as well as progression of the disease (Dutzan et al., 2016). Particularly, specific B cell subtypes have been shown to be associated with the disease severity (Nikolajczyk, 2010). Studies have shown that the B cell stimulatory cytokines BLyS (B lymphocyte stimulator) and APRIL (a proliferation-inducing ligand) have been shown to be elevated in periodontitis and required for B cell-dependent alveolar bone loss in a murine model (Abe et al., 2015). Further support for the pathological role of B cells in periodontitis comes from the findings that show that the B cell-deficient mice are protected from P. gingivalis-induced alveolar bone loss (Abe et al., 2015; Oliver-Bell et al., 2015). Moreover, studies have shown that the B cells in gingival tissues of individuals with periodontitis express RANKL (the receptor activator of NF-κB ligand), a key osteoclastogenic cytokine (Kawai et al., 2006). A more direct evidence for the role of B cells and their RANKL in periodontitis comes from the studies that showed that bacterially-activated B cells expressed RANKL and adoptive transfer of these cells promoted alveolar bone resorption in a rodent model (Han et al., 2006, 2009). B cells with an anti-inflammatory role also exist in the gingival tissues. For example, a subset of B-regs (B regulatory cells), B10, has been suggested to play anti-inflammatory and anti-bone resorbing functions due its ability to secrete IL-10 (Dai et al., 2017; Hu et al., 2017; Wang et al., 2017), The adoptive transfer of B10 cells in mice has been shown to suppress the RANKL/OPG (osteoprotegerin, a soluble decoy receptor of RANKL) ratio and increase IL-10 production in gingival tissues, and thus these cells may play a regulatory role in osteoclastogenesis (Wang et al., 2017). The bone-damaging effects of B cell secreted RANKL has been shown in other bone diseases as well such as rheumatoid arthritis (Yeo et al., 2011) and osteoporosis (Onal et al., 2012). However, the evidence in favor of B cell-RANKL role in bacterially-induced periodontitis is so far indirect. In our laboratory we study the pathogenesis of the periodontal pathogen Tannerella forsythia. Our studies have demonstrated that the TLR2-Th2 inflammatory axis drives the alveolar bone resorption upon T. forsythia infection in mice (Myneni et al., 2011).

The purpose of the present study was to determine the contribution of B cell expressed RANKL in periodontitis. We utilized T. forsythia as a periodontal pathogen of choice in inducing periodontitis (alveolar bone loss) in a murine model using the wild-type and the conditional knockout mice having B cell specific RANKL deficiency (RANKLΔB). Our results established that RANKL expressing effector B cells are involved in alveolar bone resorption in response to the pathogen infection.



EXPERIMENTAL PROCEDURES


Animals and Bacterial Infection

Tannerella forsythia was grown in broth or on agar plates (1.5% agar in Broth) under anaerobic conditions as described previously (Chinthamani et al., 2021). Specific-pathogen free wild-type BALB/cJ and C57BL/6J mice, and CD19-Cre mice were purchased from Jackson Laboratory (Bar Harbor, ME, United States). B cell deficient mice (Jh; Igh–/–) were purchased from Taconic Biosciences. Mice harboring a conditional RANKL allele (RANKL-flox) generated previously (Onal et al., 2012) were obtained as gift from Charles O’Brien at the University of Arkansas. B cell-specific RANKL deletion mice were generated by crossing conditional RANKL-floxed mice with CD19-Cre mice by a three-step breeding strategy. Briefly, homozygous CD19-Cre (Cre inserted into B cell CD19 gene) transgenic mice were crossed with heterozygous RANKL-flox mice (RANKLflox/+) to generate heterozygous RANKL-flox offspring with and without a Cre allele. These offspring were then intercrossed to generate homozygous RANKL-flox (RANKLflox/flox) mice with and without a Cre allele. Lastly, RANKLflox/flox mice with or without a Cre allele were intercrossed, generating progeny (50%) with the required genotype (homozygous RANKL-flox mice with hemizygous transgenic Cre) and 50% with homozygous RANKL-flox allele serving as littermate controls. Offspring were genotyped by PCR by using the following primer sequences as described before. Cre-for, 5′-GCGGTCTGGCAGTAAAAACTATC-3′; Cre-rev, 5′-GTGAAACAGCATTGCTGTCACTT-3′, product size 102 bp; RANKLflox-for, 5′-CTGGGAGCGCAGGTTAAATA-3′; RANKLflox-rev, 5′-GCCAATAATTAAAATA CTGCAGGAAA-3′, product size 108 bp (wild-type) and 251 bp (floxed allele). The DNA fragment pattern for each genotype is shown in Supplementary Figure 1. Mice were maintained in HEPA-filtered cages with autoclaved food, water, and bedding. Animals (eight male mice per group; housed as 2 littermates per cage) within an experimental group were age matched (n = 8, 6–8 weeks old). All procedures were performed in accordance with protocols approved by the University at Buffalo Institutional Animal Care and Use Committee (IACUC). Mice were infected with T. forsythia as previously described with following modifications (Myneni et al., 2011). Briefly, mice were first treated with kanamycin (1 mg/mL) in drinking water for 7 days followed by a 3-day antibiotic-free period to suppress resident flora. This was followed by infection with live bacteria (T. forsythia) through oral gavage using a feeding needle. Infection was given as 100 μL bacterial suspension (1010 c.f.u./mL) in 2% carboxymethyl cellulose (CMC) six times at 48 h intervals. Infection was monitored and confirmed by swabbing gingival tissues around teeth followed by PCR with T. forsythia 16S rRNA gene primers (5′-GCGTATGTAACCTGCCCGCA-3′ and 5′-TGCTTCAGTTCAGTTATACCT-3′, amplifying a 641-bp amplicon) as described previously (Settem et al., 2012). The control sham-infected mice received antibiotic pre-treatment and 100 μL of 2% carboxymethyl cellulose only. PCR analysis of oral swabs confirmed that all mice infected with T. forsythia were positive for the T. forsythia-specific 620-bp 16S rRNA gene product and the sham-infected were negative (data not shown). After 6 weeks of the first infection mice were sacrificed to assess the alveolar bone loss morphometrically, serum antibody response by ELISA and B cell RANKL expression by flow cytometry.



ELISA for Bacteria-Specific Serum IgG Titers

To determine whether B cell RANKL deficiency had any impact on the antibody response against T. forsythia, enzyme-linked immunosorbent assays (ELISAs) were performed as described previously (Settem et al., 2012). Briefly, 96-well Immuno MaxiSorp plates (Nalgene, Rochester, NY, United States) were coated with formalin-fixed T. forsythia (1 × 108 cells/well). Sera were added in a two-fold serial dilution, and T. forsythia-specific IgG was detected using horseradish peroxidase-conjugated goat anti-mouse IgG (Bethyl Laboratories, Montgomery, TX, United States). ELISA wells were color developed with TMB (3,3′,5,5′-tetramethylbenzidine) microwell enzyme substrate (KPL, Gaithersburg, MD, United States). After stopping the enzyme reaction with 0.1 N H2SO4, plates were read at 495 nm. The antibody titer was defined as the log2 of the highest dilution giving an absorbance 0.1 units above the background.



Assessment of Alveolar Bone Loss

Mice (n = 8) were sacrificed after 6 weeks of the first infection, jaws were autoclaved, de-fleshed and immersed overnight in 3% hydrogen peroxide, and stained with 1% methylene blue. Mouse jaw was then placed horizontally on a platform such that the same plane was analyzed for each mouse. The horizontal bone loss was assessed morphometrically by measuring the distance between the cementoenamel junction (CEJ) and the alveolar bone crest (ABC) at seven buccal sites on the three molars (3, 2 and 2 sites on molars 1, 2, and 3, respectively) on the left side and seven sites on the right side of the maxilla. Measurements at these 14 buccal sites per mouse were made under a stereo zoom microscope (Nikon SMZ1000) with a wide zoom range (0.8×–8×) and a 10x eyepiece, providing an overall magnification of 8×–80×. This microscope was attached to a digital camera (Brook-Anco, Rochester, NY, United States) fitted with an Aquinto imaging measurement system (a4i America). To minimize the effects of any measurement biases, the jaws were independently positioned and read in a random and blinded manner by two evaluators. Total alveolar bone loss per group was calculated by averaging total CEJ-ABC distances (14 sites per mouse) of all mice.



Flow Cytometric Analysis


RANKL Expression on B-Cells

Flow cytometry was performed to assess and compare the level of RANKL expression on B cells from different treatment groups. This analysis was performed to also confirm that conditional deletion of Rankl gene in B cells indeed led to the loss of RANKL expression on B cells. For this purpose, spleens and cervical lymph nodes (cLNs) were collected from each mouse at the time of sacrifice and B cells were purified by using the EasySepTM mouse CD19 Positive Selection Kit II (STEMCELL Technologies, MA, United States) as per manufacturer’s instructions. Purified B lymphocytes were cultured in RPMI medium 1640 (Life Technologies, Grand Island) supplemented with 5% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO, United States), 50 μM 2-ME (Sigma-Aldrich), 2 mM L-glutamine,100 U/mL penicillin, and 100 μg/mL streptomycin (Life Technologies) for 48 h. The cells were stained with APC-conjugated rat-anti-mouse CD19 monoclonal antibody (BD Pharmingen, Clone 1D3) and biotin-conjugated rat anti-mouse RANKL monoclonal antibody (eBioscience, Clone IK22/5) followed by streptavidin-FITC (eBioscience). Appropriate rat IgG2a k isotype controls were used as negative controls (eBiosciences). Data were acquired using a Fortessa flow cytometer (BD Biosciences) and the number of positively stained cells in the total counted cells was analyzed for each sample using FCS express (De Novo software).



RT-qPCR Analysis

Reverse transcription quantitative PCR (RT-qPCR) analysis was performed to assess the levels of RANKL mRNA in B cells in response to T. forsythia infection. For this purpose, B cells from spleens of sham—and T. forsythia—infected mice were purified and then stimulated with T. forsythia at an m.o.i. of 50 and 100 for 48 h. After stimulation, toral RNA was isolated from B cells with an RNAeasy mini kit (Qiagen) incorporating DNase treatment as per the manufacturer’s protocol. Retrotranscription of RNA (500 ng) into cDNA was performed with iScript reverse transcriptase kit (Bio-Rad laboratories). Quantitative real-time PCR was performed with a Bio-Rad iCycler (Bio-Rad) using SYBR Green master mix reagent (Bio-Rad). Two step PCR was performed with 94°C for 15 s and 58°C for 30 s for 40 cycles. Gene expression values were calculated based on the 2–ΔΔCt method using Gapdh expression as an internal control. The primer sequences were: GAPDH, 5′-GGATGCAGGGATGATGTTCT-3′ and 5′-AACTTTGCCATTGTGGAAGG-3′; RANKL, 5′-AGCCATTTGCACACCTCAC-3′ and 5′-CGTGGTACCAAGA GGACAGAGT-3′.



TRAP Staining



Ex vivo Osteoclastogenesis

The ability of activated B cells to induce osteoclastogenesis via RANKL was evaluated by an ex vivo assay utilizing TRAP (tartrate-resistant acid phosphatase) based staining of osteoclasts. Wild type BALB/cJ mice were treated with Kanamycin (1 mg/mL) in drinking water for 1 week to suppress the natural flora effect. After 3 days of antibiotic-free water mice were infected with 100 μL of T. forsythia at 1 × 1010 c.f.u./mL per dose for a total of six doses given at 48 h interval. Sham group received 100 μL of 2% CMC alone. After 2 weeks of the first infection mice were sacrificed and CD19+ B cells were isolated with CD19 positive selection kit (Stemcell Technologies) as per the manufacturer instructions. The CD19+ cells were primed with T. forsythia for 3 days at an m.o.i. of 10 and 50. The primed B cells were washed twice with PBS and co-cultured with mouse bone marrow derived macrophages (BMMs) for 3 days. In some conditions B cell and macrophage co-cultures were incubated in the presence of mouse OPG-Fc at a concentration of 10 μg/mL to confirm that the osteoclastogenesis is mediated by RANKL-RANK interaction. TRAP (tartrate-resistant acid phosphatase) staining for detecting osteoclasts was performed as described previously (Settem et al., 2013). TRAP-positive cells with three or more nuclei were considered as matured osteoclasts and counted microscopically.


In vivo Osteoclastgenesis

For evaluation of in vivo osteoclastic activity, mouse jaw bone sections were TRAP stained. Mice (C57BL6, RANKLΔB and RANKLflox/flox) maxillary and mandibular jaw bones (n = 4) were fixed in 10% phosphate-buffered formalin and decalcified in 10% EDTA. The samples were embedded in paraffin, and sections at 4 μm were prepared and TRAP stained. The stained slides were digitally scanned with a Scan Scope CS system (Aperio) immediately to minimize color fading. The scanned slides were viewed with Image Scope viewing software (Aperio). The right maxillary and mandibular inter-dental areas (average of 10 higher power fields/slide) of the crestal alveolar bone from the first molar to third molar were used to quantify osteoclasts.



Data Analysis

Prism 9 software (GraphPad Software) was used for all statistical analyses. Statistical significance was determined by two-tailed paired or unpaired Student’s t test for two groups or one-way ANOVA with Tukey’s post hoc test for multiple groups. Comparisons of two non-parametric data sets were done by the Mann–Whitney U test. A p value of less than 0.05 was considered statistically significant.



RESULTS


B Cell Deficiency Attenuates Pathogen Induced Alveolar Bone Loss

To evaluate the impact of B cell deficiency on pathogen-induced alveolar bone loss, 6 weeks after the first T. forsythia infection alveolar bone resorption was measured at 14 buccal sites of left and right (7 + 7) maxillary jaw bones. Because cementum is progressively exposed with increasing bone resorption, the distance between the CEJ to ABC was determined as a measure of bone resorption at each site. As shown in Figure 1A the wild-type mice showed a significant elevation in bone resorption at all sites measured when infected with T. forsythia (Figure 1C, top right panel) as compared to sham infection (Figure 1C, top left panel). On the other hand, B cell deficient Jh (Igh–/–) mice exhibited reduced alveolar bone resorption at all molar sites in response to T. forsythia infection (Figure 1C, bottom left, sham; bottom right, Tf infection) as compared to the sham infection (Figure 1B). As seen in Figure 1D the total net bone loss due to T. forsythia infection was significantly higher in the wild-type BALB/cJ as compared to the Jh (Igh–/–) mice. These data showed that T. forsythia-induced bone loss, similar to that by the oral pathogen P. gingivalis shown previously, requires mediation of B cells (Abe et al., 2015; Oliver-Bell et al., 2015). These data confirmed that mature B-cells play a significant role in the pathogen induced alveolar bone resorption.


[image: image]

FIGURE 1. B cell deficiency attenuates pathogen induced alveolar bone loss. Wild type and Jh (Igh–/–) mice (n = 8) were infected by oral gavage either with T. forsythia cells (Tf. Inf) mixed in carboxymethyl cellulose (CMC) or CMC alone (Sham). Alveolar bone destruction was assessed after 6 weeks by measuring the distance from the ABC to the CEJ at 14 maxillary buccal sites per mouse (R1 to R7, right jaw; L1 to L7, left jaw). Average alveolar bone loss at 14 buccal sites wild-type (A) and Jh (mature B-cell deficient) mice (B). (C) Representative images of maxillary jaw bones showing alveolar bone levels at each site measured as distances between ABC to CEJ. (D) Net bone loss calculated as average of total bone loss in T. forsythia infected group—total bone loss in sham group) in wild-type and Jh (Igh–/–) group. As indicated, the net bone loss in the B cell deficient mice is significantly lower as compared to the wild-type mice. Data show means with standard deviations. Statistically significant differences are indicated with asterisks. p–values less than 0.05 were considered significant. (***P < 0.001; *P < 0.05).




Tannerella forsythia Induces RANKL Expression on B Cells

RANKL expression in B cells was assessed by analyzing B cells from spleens and cervical draining lymph nodes (cLN) after infection. B cells were purified from the wild-type or conditional knockout (cKO) mice with B cell specific RANKL deletion (RANKLΔB) 6 weeks after the first T. forsythia—or sham- infection dose. Purified splenic B cells (CD19+) were activated in vitro for 48 h with T. forsythia at an m.o.i. (multiplicity of infection) of 10 and 50. The RT-qPCR data showed a significant fold-increase in RANKL mRNA expression in B cells from T. forsythia-infected wild-type (C57BL/6J) mice in comparison to sham mice (control) (Figure 2A). There was no measurable RANKL mRNA expression in B cells from RANKLΔB mice, sham- or T. forsythia—infected (Data not shown; Ct values were over the range set at 40 cycles). In addition, the flow cytometry data showed that T. forsythia-infected wild-type mice had higher percentages of RANKL+ B cells as compared to the sham-infected mice. On the other hand, RANKLΔB mice exhibited no significant increase in RANKL+ B cell population following infection and the percentages of RANKL+ B cells remained low. As shown, T. forsythia-infected wild-type mice alone showed increased CD19+/RANKL+ cell population (Figure 2B).
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FIGURE 2. T. forsythia infection induces RANKL expression on B cells. Expression levels of RANKL in mouse B cells. T. forsythia infected mouse spleen B cells were purified and re-stimulated with T. forsythia at an MOI of 50 and 100 for 48 h. After re-stimulation, RANKL mRNA and B cell surface expression levels were determined by RT-qPCR (A) and flow cytometry (B), respectively. (A) Data show fold-increase in RANKL expression in B cells from T. forsythia-infected mice versus sham-infected mice. (B) Representative flow cytometry plots of draining cLN B cells showing dual RANKL/CD19 positive cells in the upper right quadrant. Bar graphs on the right show mean (±s.d) percentages of RANKL producing cells in one of two experiments with four mice in each group. Data are presented as means ± s.d. (n = 4 animals/group). ∗∗P < 0.01.




B Cell RANKL Contributes to T. forsythia-Induced Osteoclastogenesis

We assessed the contribution of RANKL induction in B cells due to activation by T. forsythia on osteoclastogenesis. For this purpose, purified splenic B cells from the sham- or T. forsythia- infected wild-type mice were first activated with T. forsythia and then co-incubated with mouse bone marrow derived macrophages. The formation of multinucleated osteoclasts was evaluated by TRAP (tartrate-resistant acid phosphatase) staining. The data showed significantly increased numbers of TRAP positive cells in culture containing B cells from T. forsythia-infected animals as compared to those from the sham-infected mice (Figures 3A,B). In addition, the number of multinucleated TRAP positive cells diminished significantly in the presence of osteoprotegerin (OPG, a RANKL decoy receptor), thereby validating that the ability of activated B cells to promote osteoclast formation was mediated via RANKL.
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FIGURE 3. T. forsythia causes osteoclastogenesis via induction of RANKL+ effector B cells. Evaluation of osteoclastogenesis in vitro by TRAP staining. CD19+ve B cells from mice were co-cultured with bone marrow derived macrophages. In some condition’s co-cultures were performed in the presence of mouse OPG-Fc at a concentration of 10 μg/mL to confirm the osteoclastogenesis is mediated by RANKL-RANK interaction. TRAP staining was performed to determine the number of multinucleated osteoclasts. (A) Representative histological staining showing increased multinucleated TRAP positive cells (magenta-red) in cocultures of bone marrow derived macrophages with B cells from T. forsythia infected (Tf. Inf) versus sham infected mice. (B) Data are means ± s.d. of TRAP+ cells per well for each treatment from a representative experiment performed with three replicates per condition. Inclusion of OPG in cocultures significantly reduced the number of TRAP positive cells. **p < 0.01; ***p < 0.001.




Deletion of RANKL on B Cell Attenuates Pathogen Induced Alveolar Bone Loss

Next, alveolar bone resorption in response to oral infection by T forsythia in the wild-type and B cell specific RANKL deletion mice (RANKLΔB) was compared to confirm the role of B cell produced RANKL in the pathogen-induced alveolar bone resorption. Before analyzing the alveolar bone loss in mice, we assessed the antibody response to T. forsythia in both the wild-type and conditional KO mice to confirm that the B cells’ ability to mount an antibody response was not compromised in any way due to RANKL deletion. The data showed (Figure 4) a significant elevation of serum antibody titers against T. forsythia in both the wild-type and RANKLΔB mice infected with T. forsythia as compared to the respective sham-infected mice. These data suggested that RANKL did not impact the antibody response of B cells. The antibody titers in sham-infected animals against T. forsythia represent cross-reactive anti-bacterial antibodies induced by the mouse resident flora. Next, the total and net alveolar bone loss associated with the maxillary jaw bones was calculated as described above. As shown in Figure 5A, total alveolar bone loss in the wild-type mice infected with T. forsythia was significantly higher as compared to that in the sham-infected wild-type mice. On the other hand, the T. forsythia infected RANKLΔB mice exhibited only a marginal but non-significant increase in bone loss. This marginal increase in bone loos could be attributed to RANKL expression in other cell types as such as the T cells and neutrophils as has been previously shown. Both the homozygous flox and the CD19 heterozygous genotype mice infected with T. forsythia showed a significant alveolar bone loss similar to the T. forsythia infected wild-type mice. The net bone loss for each group (total average alveolar bone loss of the sham-infected mice subtracted from that of the T. forsythia-infected mice). As is evident from the data (Figure 5B), T. forsythia induced similar levels of net alveolar bone loss in the wild-type, RANKLflox/flox, or CD19-Cre heterozygous mice but the RANKLΔB mice were significantly resistant (Figure 5C, panels showing representative maxillae from each group). The alveolar bone loss observed was confirmed by evaluation of the osteoclastic activity in the jaw bones by TRAP staining. The TRAP staining results showed increased numbers of TRAP positive cells in T. forsythia infected wild-type, RANKLflox/flox and CD19-Cre mice as compared to the RANKLΔB mice (Figure 6). Taken together, these data demonstrated that RANKL production by B cells contributes significantly to pathogen infection induced osteoclastogenesis in the jaw bone, culminating in alveolar bone loss in mice.
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FIGURE 4. Deletion of RANKL in B cells did not alter the IgG response. Sera was collected from sham and T. forsythia infected mice (BALB/cJ and RANKLΔB) and analyzed for T. forsythia-specific IgG by ELISA. Antibody levels are presented as log2 titers. Data are the means and standard deviations for each group (n = 8); ∗∗∗P < 0.001 vs the sham-infected group.
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FIGURE 5. Deletion of RANKL in B cells attenuates T. forsythia induced alveolar bone loss. Mice were infected by oral gavage with 6 doses (109 cells/dose) of either T. forsythia (109 cells/dose; Tf WT) or sham-infected and alveolar bone levels were determined. (A) Alveolar bone destruction was assessed by measuring the distance from the ABC to the CEJ at 14 maxillary buccal sites per mouse (n = 8). (A) Total alveolar bone loss per group was calculated by averaging total CEJ-ABC distances (14 sites per mouse) of all mice. (B) The net bone loss, calculated as mean total ABC-CEJ distance of T. forsythia infected group minus mean total ABC-CEJ distance of the sham-infected group, show that the net bone loss caused by T. forsythia is significantly higher in RANKLfl/fl mice than RANKLΔB mice. (C) Representative images of maxillae from each group stained with methylene blue and imaged with a Nikon SMZ 1000 microscope (original magnification X3). Bars indicate means and standard deviations. ∗∗∗p < 0.001.
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FIGURE 6. Alveolar bone loss correlates with osteoclastic activity. (A) Representative histological sections showing TRAP+ cells from T. forsythia (Tf. Inf) and sham (Sham) infected mice (×400). (B) Average number of TRAP+ cells in 10 high-power magnification fields/slide (n = 4 mice/group). **p < 0.01, ***p < 0.001; Tf. Inf vs Sham.




DISCUSSION

In this study we demonstrated that the mature B cell deficient mice and mice deficient specifically in B cell associated RANKL (cKO RANKLΔB) were resistant to pathogen-induced alveolar bone loss. These data confirm that activated B cells via RANKL expression contribute significantly to pathogen associated alveolar bone loss observed in periodontitis. Previous studies have shown that activated T and B cells in gingival tissues of individuals with periodontitis express RANKL (receptor activator of nuclear factor κB ligand, also known as TNFSF11) (Taubman et al., 2005; Han et al., 2006, 2009; Kawai et al., 2006). RANKL is a tumor necrosis factor (TNF) family inflammatory cytokine which is a key positive inducer of osteoclastogenesis due its role in the differentiation, survival, and activation of osteoclasts (Boyce and Xing, 2007; Nakashima et al., 2012). In light of the fact that mice with B cell specific RANKL deficiency exhibited some pathogen-induced alveolar bone loss, albeit minimally, indicates that other RANKL expressing cells in addition to the B cells are likely also involved in driving alveolar bone loss. Nevertheless, our data establishes a significant role and contribution of RANKL expressing effector B cells in driving alveolar bone loss during periodontitis.

In periodontitis, various subtypes of T (Th1, Th2, Th17, and Tregs) and B (plasma cells, B1, B2, and B- regs) lymphocytes with inflammatory or anti-inflammatory properties play a crucial roles in modulating periodontal inflammation and bone loss (Figueredo et al., 2019). In heath and disease, the proportion of each of these subtypes in the gingival tissues has been shown to differs. For instance, with regard to B cells, lower numbers of memory B cells are present in periodontitis lesions compared to gingivitis and the numbers of antibody-secreting CD138+ plasma cells increase in periodontitis compared to healthy or gingivitis tissues (Mahanonda et al., 2016). A recent study showed that RANKL expression increases in all subsets of activated B cell in severe periodontitis (Demoersman et al., 2018). However, the mechanisms by which RANKL expression in B lymphocytes is induced are unclear. Nevertheless, IL-33 has been implicated in the activation of RANKL expression in T and B cells during periodontitis (Malcolm et al., 2015). It was demonstrated that IL-33 treatment along with pathogen infection can significantly increase the population of RANKL-expressing T and B cells compared to pathogen infection alone. Strikingly, IL-33 is an inducer of Th2 cells (Murakami-Satsutani et al., 2014) and a regulator of B cell proliferation and differentiation (Komai-Koma et al., 2011; Stier et al., 2019). How these effects of IL-33 might impact periodontitis remains to be determined. Moreover, B cells in the gingival tissues can also produce inflammatory cytokines (IL-1β and TNF-α) in response to TLR ligands (Jagannathan et al., 2009), that in turn can induce RANKL expression and inflammation to cause alveolar bone loss. We have previously shown that TLR2-Th2 axis is involved in driving the T. forsythia induced alveolar bone loss in mice. However, how this axis is linked to B cell RANKL induction remains to be determined. It is tempting to speculate that in addition to the RANKL induction via TLR2 pathway in B cells mentioned above, Th2 cytokine IL-4 might help to promote B cell proliferation and maturation (Granato et al., 2014).

B cells with an anti-inflammatory role have also been reported in gingival tissues. A subset of B-regs (B regulatory cells), B10, has been found in gingival tissues of patients with and without periodontitis, and has been suggested to play anti-inflammatory and anti-bone resorbing functions due its ability to secrete IL-10 (Dai et al., 2017; Hu et al., 2017; Wang et al., 2017). B10 cells by virtue of IL-10 secretion can potentially regulate osteoclastogenesis by inhibiting the secretion of TNF-α and IL-1β and suppressing the ratio of RANKL/OPG in gingival tissues (Wang et al., 2017). The cKO mouse model for B cell RANKL described in our study serves as a model system for evaluation of the contribution of other B cell cytokines in periodontitis. For instance, the role of B cell secreted OPG (Tnfrsf11b) or 1L-10 can be interrogated by conditional deletion of respective alleles in B cells by employing Tnfrsf11bflox/flox or IL-10flox/flox mice, respectively, bred with CD19-Cre mice.

In summary, we have shown by utilizing B cell-specific conditional knockout mice that activated B cells are significant contributors of RANKL in the oral pathogen-induced alveolar bone loss. However, what kind of B cell subtype(s) becomes RANKL+ effector cell in the gingival tissue in response to the pathogen could not be ascertained with the current study, Finally, our findings indicate that the B cell cKO mouse model described here for RANKL can be adapted for defining the contribution of other B cell mediators in periodontitis progression.
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Transforming growth factor beta (TGFβ) signaling plays an important role during osteogenesis. However, most research in this area focuses on cortical and trabecular bone, whereas alveolar bone is largely overlooked. To address the role of TGFβR2 (the key receptor for TGFβ signaling) during postnatal alveolar bone development, we conditionally deleted Tgfβr2 in early mesenchymal progenitors by crossing Gli1-CreERT2; Tgfβr2flox/flox; R26RtdTomato mice (named early cKO) or in osteoblasts by crossing 3.2kb Col1-CreERT2; Tgfβr2 flox/flox; R26RtdTomato mice (named late cKO). Both cKO lines were induced at postnatal day 5 (P5) and mice were harvested at P28. Compared to the control littermates, early cKO mice exhibited significant reduction in alveolar bone mass and bone mineral density, with drastic defects in the periodontal ligament (PDL); conversely, the late cKO mice displayed very minor changes in alveolar bone. Mechanism studies showed a significant reduction in PCNA+ PDL cell numbers and OSX+ alveolar bone cell numbers, as well as disorganized PDL fibers with a great reduction in periostin (the most abundant extracellular matrix protein) on both mRNA and protein levels. We also showed a drastic reduction in β-catenin in the early cKO PDL and a great increase in SOST (a potent inhibitor of Wnt signaling). Based on these findings, we conclude that TGFβ signaling plays critical roles during early alveolar bone formation via the promotion of PDL mesenchymal progenitor proliferation and differentiation mechanisms.

Keywords: mandible, alveolar bone, GLI1, osteoprogenitor, osteoblast, TGFβR2


INTRODUCTION

The skeleton is formed by two osteogenic processes: endochondral ossification and intramembranous ossification (Long, 2011). Similarly, mandibular bone is considered to be formed by the same processes, with the mandibular body formed through intramembranous ossification and the mandibular ramus built via endochondral ossification (Hinton et al., 2015, 2017; Jing et al., 2015). On the other hand, we have recently begun to gain knowledge on a third type of ossification process within alveolar bone, which holds teeth. Cell lineage tracing studies showed that periodontal ligament (PDL) progenitor cells contribute to alveolar bone formation and regeneration (Ren et al., 2015; Hosoya et al., 2020; Men et al., 2020). This occurrence is distinct from that of other cell sources such as periosteum for the mandible body or chondrocytes for the mandible ramus (Hinton et al., 2015, 2017; Jing et al., 2015). Importantly, alveolar bone displayed a much higher bone formation rate than other types of bones (Ren et al., 2015).

Periodontitis, the most common disorder known to mankind, particularly affects alveolar bone. The advanced form of this condition results in loss of surrounding soft tissue and bone, leading to tooth loss in adults. This severe result was found in 10–15% of adults in population studies (Fox, 1992; Douglass and Fox, 1993; Fox et al., 1994). In addition, several pieces of evidence support a two-way relationship between periodontitis and diabetes (i.e., diabetes increases the risk for periodontitis, while periodontitis negatively disturbs glycemic control) (Hallmon and Mealey, 1992; Khader et al., 2006; Mealey and Ocampo, 2007; Salvi et al., 2008; Chavarry et al., 2009; Preshaw et al., 2012). Research has also demonstrated a close link between osteoporosis and periodontitis (Wang and McCauley, 2016). Experts have long aimed to develop effective treatment methods for the bone loss in these diseases (Pihlstrom et al., 2005). Thus, understanding the mechanism by which alveolar bone formation is regulated will facilitate future drug development.

It has been known that TGFβ signaling plays critical roles in intramembranous bone formation. These roles include bone development and fracture healing processes (Oka et al., 2007; Seo and Serra, 2007, 2009; Tang and Alliston, 2013; Wu et al., 2016; Xia et al., 2020) as well as regulation for the differentiation of osteogenic cells and extracellular matrix synthesis (Tang and Alliston, 2013; Peters et al., 2017).

TGFβR2 is required for the proliferation and differentiation of osteogenic progenitors from embryonic stages (Sasaki et al., 2006; Oka et al., 2007; Seo and Serra, 2009; Chen et al., 2012; Abou-Ezzi et al., 2019). Deletion of Tgfβr2 driven by Prx1-Cre in the mesenchymal cells led to severe skeletal phenotypes characterized by short limbs and absent parietal bones as well as frontal bone at E15.5 (Seo and Serra, 2007). Oka et al. also reported reduced cell proliferation activity in mandibles of Tgfβr2flox/flox; Wnt1-Cre mice at E13.5 (Oka et al., 2007). In addition, TGFβ signaling plays a critical role in osteoblast lineage cells after birth (Meng et al., 2018). Disturbance of TGFβ signaling leads to severe defects in postnatal skeletal development (Peters et al., 2017; Corps et al., 2021). However, there is a debate regarding the exact role of TGFβ signaling in a specific population of cells. For example, Peters et al. reported disturbed differentiation of osteoblasts and reduced bone mass in long bone when Tgfβr2 was removed in OSX+ bone cells (Peters et al., 2017). Abou-Ezzi et al. confirmed similar defects in trabecular bone and cortical bone (Abou-Ezzi et al., 2019). However, a drastic increase in trabecular bone mass was observed when Tgfβr2 was conditionally deleted in OCN+ bone cells (Qiu et al., 2010). Few studies have focused on alveolar bone phenotypes, which require further investigation, especially during postnatal bone formation (Sasaki et al., 2006; Kim et al., 2015).

Given the limitations of non-inducible Cre transgenic mice in early studies and differing results from different studies, we intended to assess the postnatal effects of TGFβ signaling in alveolar bone development using inducible Cre mouse lines. Specifically, we included Gli1 (a marker for mesenchymal progenitor cells in various tissues including PDL and alveolar bone) to target the early progenitor cells (Kitaura et al., 2014; Feng et al., 2017; Shi et al., 2017; Hosoya et al., 2020; Liu et al., 2020; Men et al., 2020; Yi et al., 2021); 3.2 kb Col1 was used to target osteoblasts (Rossert et al., 1995; Qin et al., 2019). Our findings revealed a key role in TGFβ signaling during early postnatal alveolar bone development.



MATERIALS AND METHODS


Breeding Transgenic Mice

All experimental protocols followed ARRIVE (Animal Research Reporting of in vivo Experiments) guidelines and were approved by the Animal Care and Use Committees (IACUC) at Sichuan University West China School of Stomatology and Texas A&M University College of Dentistry.

All mice (background: C57BL/6J) were housed in a temperature-controlled environment with 12-h light/dark cycles. To induce disrupted TGFβ signaling among osteogenic cells at different stages, we generated conditional Tgfβr2 knockout mice (Tgfβr2 cKO) driven by Gli1-CreERT2 (Ahn and Joyner, 2004) and the 3.2 kb Col1-CreERT2 transgene, respectively (Rossert et al., 1995). The Gli1-CreERT2/+ mice were crossed with R26RtdTomato/+ reporter mice (stock number: 007905 from Jackson Laboratory) to trace the Cre activity. Next, we crossed the Gli1-CreERT2/+; R26RtdTomato/+ mice with Tgfβr2flox/+ mice (stock number: 012603 from Jackson Laboratory) to gain Gli1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/+ mice. Then, the Gli1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox mice were obtained by crossing Gli1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/+ mice with the Tgfβr2flox/+ mice. The same strategy was then applied to generate 3.2 kb Col1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox mice. The genotypes of the mice were determined via a PCR analysis of genomic DNA extracted from tail biopsies (primer sequences are listed in Supplementary Table 1). Tamoxifen (75 mg/kg body weight) was prepared as previously described (Wang et al., 2020) and a one-time injection of the drug was administered at postnatal day 5 (P5) to both control mice (CTR: Gli1-CreERT2/+/3.2 kb Col1-CreERT2/+; R26RtdTomato/+) and cKO mice (Gli1-CreERT2/+/3.2 kb Col1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox). The animals were subsequently harvested at either P6 or P28. Mandibles were dissected and fixed in 4% paraformaldehyde (PFA) and decalcified in 10% ethylenediaminetetraacetic acid (EDTA), then stored at 4°C for future use.



Histological Analysis and Immunostaining

Mandibles intended for histological staining were embedded in paraffin using standard histological procedures, then sectioned at 5-μm thickness for Masson's trichrome, Sirius red, and TRAP staining as previously reported (Wang et al., 2017). Samples for cell lineage tracing were dehydrated with 30% sucrose and embedded in OCT. Next, 10-μm-thick sections were prepared with a Leica cryostat equipped with Cryojane as previously reported (Xie et al., 2019). Immunostaining was then carried out as previously described (Wang et al., 2020) using the following primary antibodies: anti-OSX rabbit antibody (1:200, ab22552), anti-PERIOSTIN goat antibody (1:400, AF2955), anti-MEPE rabbit antibody (1:100, LF-155), anti-SOST goat antibody (1:100, AF1589), anti-PCNA rabbit antibody (1:100, Cst13110s). The secondary antibodies used for immunostaining: Goat anti-Rabbit IgG-Alexa Fluor 488 (1:200, Invitrogen); Rabbit anti-Goat IgG-Alexa Fluor 488 (1:200, Invitrogen); and Goat Anti-Rabbit IgG-unconjugated (1:100, Vector laboratories).



Micro–Computed Tomography (μ-CT) and X-Ray Radiography Analysis

Micro-CT analysis by the Scanco μ-CT35 image system and X-ray radiography were performed as previously described (Wang et al., 2017).



RNAscope Assay Procedures for RNA Detection

Mandibles were harvested and fixed in 10% formalin for 24 h at room temperature and then decalcified in 10% ethylenediaminetetraacetic acid (EDTA) for 3 weeks at 4°C. Well-decalcified samples were embedded in paraffin and cut according to previously mentioned standard histological procedures. 5-μm-thick sections were collected and an RNAscope assay was performed following the RNAscope®2.5 BROWN (Advanced Cell Diagnostics, 322300, 322310) for FFPE manufacturer protocol (Wang et al., 2012) with use of the β-catenin RNA probe (537601) and Periostin RNA probe (418581).



Statistical Analysis

Statistical analyses were performed by an independent sample t-test for parametric analysis and the Mann-Whitney test was used for non-parametric analysis using SPSS 19.0 (SPSS Inc, Chicago, IL). A P-value < 0.05 was considered statistically significant.




RESULTS


Removing TGFβ Signaling in Gli1+ Progenitors Resulted in Disturbance of Periodontal Homeostasis and Postnatal Alveolar Bone Loss Due to a Defect in PDL Progenitor Cells

To address the postnatal effects of TGFβ signaling on osteogenic progenitors, we generated Gli1Lin Tgfβr2 cKO mice and performed a one-time injection of tamoxifen in both the control and cKO mice at P5. Mice were harvested at P28 (Figure 1A). Our representative X-ray images showed no obvious differences in hindlimbs between the control and cKO mice (Supplementary Figure 1). However, the sagittal section (Figure 1B, upper panels) and three-dimensional reconstruction (Figure 1B, lower panels) images displayed drastic bone loss in Gli1Lin Tgfβr2 cKO mandibles (Figure 1B, right panels). The overall cKO bone structure was porous in both alveolar bone and cortical bone (Figure 1B, arrows). The quantitative μCT data on alveolar bone (Figure 1C, n = 4) displayed a significant decrease in bone mineral density (BMD, P = 0.0010), bone volume fraction (BV/TV, P = 0.0224), trabecular bone thickness (Tb.Th, P = 0.0003), and trabecular bone separation (Tb.Sp, P < 0.0001). There was a moderate increase in trabecular bone numbers (Tb.N, P = 0.0183) in the cKO mice compared to control mice. These changes support the vital role of TGFβ signaling in control of postnatal alveolar bone formation.
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FIGURE 1. Micro-computed tomography (μCT) analyses showed defective mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice. (A) A schematic illustration of the generation of the Gli1-CreERT2 induced Tgfβr2 cKO mice in the R26RtdTomato tracing background. A one-time tamoxifen injection was administered at P5, and harvested at P28. (B) The cKO mice showed remarkable decrease of bone mass at both trabecular (red arrows) and cortical (white arrows) regions. (C) Quantitative data based on the trabecular bone showed a significant reduction in bone mineral density (BMD) (upper left), the bone volume fraction (BV/TV) (upper right), and trabecular thickness (Tb.Th) (lower left), and trabecular separation (Tb.Sp) (lower middle). Of note, there was significant increase in trabecular number (Tb. N) (lower right). n = 4, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.


To further address the impact of TGFβ signaling on osteogenesis at cellular levels, we first performed Masson's trichrome staining. The test showed a reduction of the cKO alveolar bone mass and collagen fibers in the cKO PDL (Figure 2A). Our representative images of polarized light revealed decreased and disorganized collagen fibers in the cKO PDL (Figure 2B). To elucidate the cell fate of mesenchymal progenitor cells in postnatal alveolar bone formation, we examined the biological features of Gli1Lin cells in the early cKO mice using cell lineage tracing techniques (i.e., removing Tgfβr2 and activating the tdTomato fluorescent protein in Gli1Lin PDL cells at the same time). At P6, there were few tdTomato+ cells in PDL area and in adjacent bone marrow areas after 24-h induction (Supplementary Figure 2A). By P28, there were numerous tdTomato+ cells throughout the entire PDL and alveolar bone, indicating a great contribution of the Gli1Lin PDL progenitor cells to PDL and alveolar bone development during the period from P5 to P28 (Figure 2C, left panel). On the other hand, removing Tgfβr2 in the Gli1Lin cells led to a significant reduction in the number of tdTomato+ PDL cells (Figure 2C, right panels; Figure 2G, left, P = 0.0238, n = 3).
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FIGURE 2. Morphological analyses of mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice at cellular levels. (A) Masson's Trichrome staining showed drastic reduction of alveolar bone mass in cKO mice (right); (B) Polarized light images displayed a decrease in periodontal ligament (PDL) with a disorganized collagen fiber distribution in cKO mice (right); (C) Gli1Lin tracing images revealed pathological changes in the cKO PDL: irregular cell shape and a significant reduction in tdTomato+ PDL cell number compared to the spindle-shape PDL cells in the control (upper right); (D) The immunostaining images of PCNA showed a significant decline in proliferating cells in the cKO PDL; (E) The RNAscope images showed a drastic reduction in β-catenin mRNA level in the cKO PDL (right); and (F) a decrease of Periostin expression at both mRNA level (upper right) and protein level (lower right). (G) Quantitative analyses of the number of tdTomato+ PDL cells (left) and PCNA expressing cells in PDL (right). n = 3–5, *P < 0.05. AB, alveolar bone; PDL, periodontal ligament; D, dentin.


To study the underlying molecular mechanism, we examined expression levels of key molecules essential for PDL and alveolar bone formation. The immunostaining images showed a significant reduction of PCNA+ cells in the cKO PDL in comparison with control group (Figures 2D,G, right, P = 0.0259, n = 5), supporting the key role of TGFβ signaling in maintaining the proliferation rate of mesenchymal cells in PDL. Next, we analyzed the RNA expression level of β-catenin (a critical factor for differentiating of mesenchymal cells into osteoblasts) using RNAscope technique. This expression was sharply decreased in the early cKO PDL, supporting the likely role of TGFβ signaling in regulation of Wnt signaling (Figure 2E, right panel). Finally, we studied expression profiles of Periostin (a key matrix protein essential for PDL function) (Rios et al., 2005, 2008) at both RNA and protein levels. The levels were greatly reduced in cKO PDL (Figure 2F, right panels), suggesting the positive regulation of Periostin by TGFβ signaling in maintaining PDL homeostasis (Figure 2F).



TGFβ Signaling Regulates Osteogenic Differentiation of PDL Progenitor Cells

To understand the molecular mechanisms by which the abnormal alveolar bone occurred in early cKO mice, we examined expression levels of various bone markers. Markers were examined in the tracing background using immunostaining confocal techniques. Our data showed a significant reduction in tdTomato+ osteocyte numbers (Figure 3A, P = 0.0131, n = 4) and the ratio of Gli1Lin osteocytes/total osteocytes (Supplementary Figure 2C, right, P = 0.0255, n = 4) in the cKO alveolar bone. The expressions of OSX (a transcriptional molecule essential for osteogenesis) (Zhou et al., 2010) were significantly decreased, which is reflected by the ratio of OSX+-Gli1Lin osteocytes vs. total Gli1Lin osteocytes in the cKO alveolar bone (Figure 3B, P = 0.0458, n = 4). We also showed a significant reduction in the MEPE levels of cKO Gli1Lin osteocytes (Figure 3C, P = 0.0153, n = 4). On the other hand, there was a drastic increase of SOST, an osteocyte marker and potent inhibitor of Wnt signaling (Balemans et al., 2001) in the early cKO group. The ratio of SOST+-Gli1Lin osteocytes vs. total Gli1Lin osteocytes was significantly increased in early cKO mice compared to the control (Figure 3D, P = 0.0280, n = 4). We then performed TRAP staining to exclude the potential impact of removing Tgfβr2 in Gli1Lin PDL cells on osteoclast lineage cells. The staining showed no significant difference between the cKO mice and control (Supplementary Figure 3A, P = 0.0975, n = 4).
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FIGURE 3. Molecular analyses of mandibles from Gli1Lin Tgfβr2 conditional knockout (cKO) mice (A) The confocal images revealed a great reduction in bone volume and number of Gli1lin Ocy in cKO alveolar bone, which is statistically significant from the control (right panel); (B) The OSX immunostaining images showed a significant decrease in the raito of OSX+-Gli1Lin Ocy to the total Gli1lin Ocy; (C) The confocal images of MEPE immunostainings showed a significant reduction in the raito of MEPE+-Gli1Lin Ocy to the total Gli1lin Ocy in the cKO alveolar bone (right panel); (D) The confocal images of SOST immunostainings showed an increase in the raito of SOST+-Gli1Lin Ocy to the total Gli1Lin Ocy in the cKO alveolar bone, which was statistically significant from the control (right panel). n =4. *P < 0.05; Ocy, osteocytes.


Collectively, the above data support the essential role of TGFβ signaling in controlling alveolar bone formation via regulation of Gli1Lin PDL progenitor cell proliferation and differentiation.



TGFβ Signaling Has a Moderate Effect on Osteoblasts

To investigate the effect of TGFβ signaling on osteoblasts, we generated Tgfβr2 cKO mice under the control of 3.2 kb Col1-CreERT2 (Figure 4A). Similar to the Gli1Lin Tgfβr2 cKO mice, removing Tgfβr2 in the 3.2 kb Col1Lin cells had no apparent effects on the overall hindlimb structure (Supplementary Figure 4). Unlike Gli1Lin Tgfbr2 cKO mice, μCT data showed mild changes in alveolar bone of 3.2 kb Col1Lin Tgfβr2 cKO mice (Figure 4B, right panels, arrows). Our representative μCT images showed a mild decrease in BMD (Figure 4C, upper left, P = 0.0513, n = 4) and the BV/TV of trabecular bone (Figure 4C, upper left, P = 0.0224, n = 4) in the late cKO mice. There was also a reduction of Tb.Th in cKO mice (Figure 4C, lower left, P = 0.0043, n = 4) with no statistic changes in Tb.Sp (Figure 4C, P = 0.5634, lower middle, n = 4) or Tb.N (Figure 4C, lower right, P = 0.4558, n = 4). Altogether, disruption of TGFβ signaling in osteoblasts led to a mild reduction in alveolar bone mass and mineral density.
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FIGURE 4. Micro-computed tomography (μCT) analyses of mandibles from 3.2 kb Col1Lin Tgfβr2 conditional knockout (cKO) mice. (A) A schematic illustration of the generation of the 3.2 kb Col1-CreERT2 induced Tgfβr2 mice in the R26RtdTomato tracing background. A one-time tamoxifen injection was administered at P5, and harvested at P28. (B) The cKO mice showed a mild decrease of bone mass at both trabecular (red arrow) and cortical (white arrow) regions. (C) Quantitative data based on the trabecular bone showed a reduction in bone mineral density (BMD) with no statistical significance (upper left), although there was a significant reduction in bone volume fraction (BV/TV) (upper right) and trabecular thickness (Tb. Th) (lower left). Of note, there was no apparent change in trabecular separation (Tb.Sp) (lower middle) and trabecular number (Tb.N) (lower right). n = 4, *P < 0.05; **P < 0.01.


To examine the impact of TGFβ signaling in late cKO mice at the cellular level, we performed Masson's trichrome staining. Our staining results showed no apparent changes in the cKO alveolar bone mass or in the PDL collagen fibers (Figure 5A). The representative images of polarized light revealed a distribution profile of collagen fibers in the cKO PDL, which was similar to that of the control group (Figure 5B). Our cell lineage tracing analyses showed no apparent change in tdTomato+ bone cell numbers or cell distribution pattern in cKO mice (Figure 5C, right panels; Supplementary Figure 2C, left, P = 0.8491, n = 4). We also examined the expression levels of several markers essential for bone function. The immunostaining showed a moderate but significant reduction in the expression ratio of OSX+-3.2 kb Col1Lin osteocytes vs. total 3.2 kb Col1Lin osteocytes in the cKO alveolar bone in comparison with control (Figure 6A; P = 0.0076, n = 4). However, removing Tgfβr2 in the 3.2 kb Col1Lin cells had little impact on the expression ratio of osteocyte markers such as MEPE (Figure 6B, P = 0.1502, n = 4) or SOST (Figure 6C, P = 0.2619, n = 4).
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FIGURE 5. Morphological analyses of mandibles from 3.2 kb Col1Lin Tgfβr2 conditional knockout (cKO) mice at the cellular level. (A) Masson's trichrome staining showed no apparent change of alveolar bone mass in the cKO mice (right). (B) Polarized light images displayed a similar collagen fiber distribution of periodontal ligament (PDL) in the control and cKO group (right). (C) The 3.2 kb Col1Lin tracing images revealed largely similar red cell numbers in both the control and the cKO alveolar bone. AB, alveolar bone; PDL, periodontal ligament; D, dentin.
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FIGURE 6. Molecular analyses of mandibles from 3.2 kb Col1Lin Tgfβr2 conditional knockout (cKO) mice. (A) The confocal images of OSX immunostainings revealed a decrease in the raito of OSX+-3.2 kb Col1Lin Ocy to the total 3.2 kb Col1Lin Ocy in cKO alveolar bone, which was statistically significant from the control (right panel); (B) No apparent change was observed in the MEPE expression of cKO mice; and (C) The images of SOST immunostainings showed no apparent differences in signals between the cKO and control groups. n = 4. **P < 0.01; Ocy, osteocytes.





DISCUSSION

TGFβ signaling plays an essential role in cell proliferation and differentiation of osteogenic cells during both intramembrane and endochondral bone formation. However, the role of TGFβ signaling during mandibular bone development remains largely unclear. In this study, we used inducible Cre mouse lines to remove Tgfβr2 in osteogenic progenitors (Gli1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox; Early cKO) and osteoblasts (3.2 kb Col1-CreERT2/+; R26RtdTomato/+; Tgfβr2flox/flox; Late cKO), respectively. We aimed to provide a better understanding of the roles played by TGFβ signaling during postnatal alveolar bone formation. We used multiple techniques such as radiography, μCT, Masson's trichrome staining, and immunostaining combined with cell lineage tracing methods. Our comprehensive analyses showed drastic defects in the PDL and alveolar bone of early cKO mice but a moderate alveolar bone phenotype in late cKO mice. Our data support the essential role of Tgfβr2 in osteogenic PDL cells during early alveolar bone development with limited impact on later osteogenesis.

The quantitative μCT analyses in our study showed that ablation of Tgfβr2 in Gli1Lin cells led to a significant reduction in alveolar bone volume and mineralization. This outcome was likely caused by a defect that occurred in PDL progenitors based on the following three pieces of information. (1) Molecular immunostaining and cell lineage tracing data revealed a significant reduction of PCNA+ and tdTomato+ PDL cells in the cKO mice; (2) The cell lineage tracing data showed a significant reduction of tdTomato+ bone cell numbers. (3) Masson's trichrome staining and polarized light images displayed defects in PDL and alveolar bone matrices along with a sharp decrease in three key molecules (Periostin in PDL, OSX, and MEPE in alveolar bone). In fact, the current findings of TGFβ signaling controlling cell proliferation and osteoblast differentiation agree with its roles in craniofacial bone and long bone (Sasaki et al., 2006; Peters et al., 2017).

Further mechanism studies using the RNAscope assay and immunostaining analyses showed that TGFβ signaling likely affected Wnt-β-catenin signaling, as shown by a sharp reduction in β-catenin mRNA within early cKO PDL and an increase in SOST (a potent inhibitor of Wnt signaling) within alveolar bone. Currently, we do not know whether there is a direct or indirect connection between the β-catenin in PDL and SOST inside alveolar bone. However, our previous studies demonstrated that removing Periostin in PDL led to severe defects in both PDL and alveolar bone; further deletion of sclerostin in osteocytes or applications of SOST- neutralized antibodies greatly improved both PDL and alveolar bone phenotypes via an interaction between Sharpey's fibers and osteocyte dendrites (Ren et al., 2015). TGFβ signaling may indirectly regulate Sharpey's fibers, a critical bridge between PDL and alveolar bone cells. This idea needs to be part of future studies.

Nevertheless, Gli1-CreERT2 was not only activated in PDL cells but also in cells from bone marrow, as shown from cell lineage tracing date in the present study and previous studies (Feng et al., 2017; Hosoya et al., 2020; Yi et al., 2021). To date, no specific markers could be used to discern differences between PDL-derived and bone-marrow-derived Gli1Lin cells. However, the positive correlation between the Gli1Lin PDL cell numbers and the Gli1Lin alveolar bone cell numbers within the control support the contribution of Gli1Lin PDL progenitor cells for alveolar bone formation. The negative correlation between the Gli1Lin PDL cell numbers and the Gli1Lin alveolar bone cell numbers within the early cKO further support this hypothesis.

It is previously reported that loss of TGFβ signaling in osteoblasts had an indirect effect on osteoclasts by reducing the number of osteoclasts in both long bones and mandibles (Qiu et al., 2010; Wang et al., 2013). However, our study observed no significant differences in either late or early cKO mice compared to their respective control groups. Results were based on TRAP staining, excluding the indirect role of osteoclasts on the bone loss phenotype.

Overall (Figure 7), removing Tgfβr2 in the Gli1+ osteogenic progenitor cells led to significant alveolar bone loss as well as a decrease in OSX, β-catenin, PERIOSTIN, and MEPE. Conversely, there was a drastic increase in SOST (a potent inhibitor of WNT signaling). Deletion of Tgfβr2 in 3.2 kb Col1+ osteoblasts resulted in mild changes in alveolar bone morphology and mild bone loss. Thus, we conclude that TGFβ signaling is essential for regulating the proliferation and differentiation of osteogenic progenitors during early postnatal alveolar bone formation.
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FIGURE 7. Summary: TGFβ signaling plays a stage-dependent role during mandible bone growth based on the loss of Tgfβr2 in Gli1+ osteogenic progenitors and 3.2 kb Col1+ osteoblasts in the R26RtdTomato tracing background, respectively. Removing Tgfβr2 in the Gli1+ progenitor cells at early postnatal stage led to a significant bone loss and a decrease in OSX. Deletion of Tgfβr2 in the 3.2 kb Col1+ osteoblasts at early postnatal stage result in mild changes in alveolar bone morphologies and bone volume.
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The myeloid-derived bone marrow progenitor populations from different anatomical locations are known to have diverse osteoclastogenesis potential. Specifically, myeloid progenitors from the tibia and femur have increased osteoclast differentiation potential compared to myeloid progenitors from the alveolar process. In this study, we explored the differences in the myeloid lineage progenitor cell populations in alveolar (mandibular) bone versus long (femur) bone using flow cytometry and high-throughput single cell RNA sequencing (scRNA-seq) to provide a comprehensive transcriptional landscape. Results indicate that mandibular bone marrow-derived cells exhibit consistent deficits in myeloid differentiation, including significantly fewer myeloid-derived suppressor cell (MDSC)-like populations (CD11b+Ly6C+, CD11b+Ly6G+), as well as macrophages (CD11b+F4/80+). Although significantly fewer in number, MDSCs from mandibular bone exhibited increased immunosuppressive activity compared to MDSCs isolated from long bone. Using flow cytometry panels specific for bone marrow progenitors, analysis of hematopoietic stem cells showed no defects in mandibular bone marrow in LSK (Lin–Sca1+cKit+) cell and LK (Lin–Sca1–cKit+) cell populations. While there was no significant difference in granulocyte progenitors, the granulocyte-monocyte progenitors and monocyte progenitor population were significantly decreased in the mandibular bone marrow. T-lymphocyte subsets were not significantly different between mandibular and femoral bone, except for CD4+CD25+Foxp3+ regulatory T lymphocytes, which were significantly increased in the mandible. In addition, B lymphocytes were significantly increased in mandible. Single cell RNA sequencing from mandible and femur BM revealed distinct differences in transcriptomic profiles in myeloid populations establishing previously unappreciated aspects of mandibular bone marrow populations. These analyses reveal site-specific differences in the myeloid progenitor cellular composition and transcriptional programs providing a deeper appreciation of the complex differences in myeloid cell heterogeneity from different anatomical bone marrow sites.
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INTRODUCTION

Bone mass and shape is continuously adapting to variations in load caused by physical activity, mechanical force, hormones, nutrients, and several additional osteotropic signaling molecules. The adult skeleton is a highly specialized and dynamic organ that undergoes a constant and cyclic bone remodeling process where old bone is removed by bone resorption followed by new bone formation – a process essential for skeleton health maintenance. This sequential process requires bone-forming osteoblasts and bone-resorbing osteoclasts, which in the case of osteoclasts demand a constant pool of progenitor populations. Currently, it has been appreciated that these the bone marrow progenitor cells not only differ depending on anatomic location, but also these progenitor cells respond differently to biological signals (Faloni et al., 2011). Thus, understanding bone marrow progenitor cellular populations may provide new insights into their site-specific function.

Alveolar bone differs morphologically and functionally from another skeletal bones. The adult alveolar bone remodels more rapidly than any other skeletal bones (Huja et al., 2006). This bone turnover distinction is most likely due to the fact that the alveolar bone arises from the neural crest cells of the neuroectoderm germ layer, not from the mesoderm (Chai and Maxson, 2006). Moreover, bone ossification is different in the alveolar process compared to other bones, which proceeds by intramembranous rather than endochondral ossification (Karaplis, 2002). In addition, occlusal stress stimulation and tooth-derived inflammatory responses, which exist only in the alveolar bone, affects metabolism as well as remodeling (Huja et al., 2006; Gruber, 2019; Lerner et al., 2019; Connizzo et al., 2021). The clinical significance of these differences can be appreciated from skeletal diseases that have a greater predilection for the alveolar bone, including hyperparathyroid jaw tumor syndrome, cherubism and osteonecrosis associated with anti-resorptive therapeutics, including bisphosphonates (Ueki et al., 2001; Simonds et al., 2002; Ruggiero et al., 2004). Likewise, there are conditions in which the skeletal bone is affected more than the alveolar process. In the case of malnutrition and ovariectomy, mandibular bone decreases bone mineral density in the trabecular compartment at a lower rate than what is observed in the tibia (Mavropoulos et al., 2007). Additional differences have been observed osteogenic potential where alveolar-derived bone marrow stromal cells or mesenchymal stem cells show exhibit higher osteogenic potential compared to other skeletal bones (Matsubara et al., 2005; Akintoye et al., 2006; Aghaloo et al., 2010; Damek-Poprawa et al., 2010; Yamaza et al., 2011). Thus, fundamental differences exist between mandibular bone and other long bones leading to different physiological and pathological responses and clinical presentations. Consequently, due to the specificity of the mandibular bone and the ease of access cells from long bone versus mandibular bone, there is a relative paucity of data focused on cellular differences between mandibular/oral and long bone.

The bone marrow derived cellular populations that play a major role in bone remodeling are osteoblasts that help generate a mineralized matrix and osteoclasts that resorb this matrix (Crockett et al., 2011). The osteoclastogenic populations are derived with the hematopoietic progenitor stem cell lineage. However, the myeloid progenitor cells are osteoclastogenic precursors that differentiate into highly diverse populations. Mononuclear myeloid cells include monocytes as well as macrophages, dendritic cells (DC) and osteoclasts that terminally differentiate in tissues under physiologic and inflammatory conditions alike. Granulocytic myeloid cells contain populations of eosinophils, basophils, polymorphic nuclear neutrophils, and mast cells. The proliferation and differentiation of myeloid progenitor cells in the bone marrow is strictly controlled according to the physiological and pathological conditions. Hematopoietic stem cells (HSCs) reside in the bone marrow, maintaining a pool of pluripotent stem cells through self-renewal, or progenitor cellular populations capable of differentiation into committed lineages (Seita and Weissman, 2010). The HSC population can be identified based on expression of cell surface markers. Accordingly, HSC/progenitor cells are negative for mature hematopoietic markers (Lineage markers) and positive for the stem cell markers Sca-1 and c-Kit (Lineage–Sca-1+c-Kit+; LSK) (Challen et al., 2009). The myeloid progenitor population downstream of HSC, can be identified as a Sca-1 negative subset of the lineage negative and c-Kit positive population (Lineage–Sca-1–c-Kit+; LK). This fraction is called hematopoietic progenitor cells (HPCs) and can be further divided into subtypes of common myeloid progenitors (CMPs), megakaryocyte-erythroid progenitors (MEPs), and granulocyte-macrophage progenitors (GMPs). Myeloid-derived suppressor cells (MDSCs) are a heterogenous population of myeloid-cell lineage consisting of precursors of myeloid cells and myeloid-cell progenitors. MDSCs include two relatively well characterized subtypes of monocytic (M)-MDSCs and granulocytic (PMN)-MDSCs. In mice, M-MDSC can be defined as CD11b+Ly6G–Ly6Chigh and PMN-MDSC as CD11b+Ly6G+Ly6Clow. These cells have the ability to modulate the innate and adaptive immune response. Under pathologic conditions, the immature myeloid cells (IMCs) generated in the bone marrow are partially blocked from differentiation into mature myeloid cells, resulting in the expansion of the IMC population. And the prolonged and marked expansion of the IMCs lead to the expansion of MDSC population (Gabrilovich and Nagaraj, 2009). Several reports support MDSC plasticity as osteoclast progenitors under various pathological conditions associated with bone destruction (Sawant et al., 2013; Zhang et al., 2015; Kirkwood et al., 2018). Therefore, to study whether the specificity of mandibular bone is due to the heterogeneity of bone marrow cells, it is necessary to explore not only the populations of lineage committed bone marrow cells but also their progenitors.

Single cell RNA sequencing (scRNA-seq) provides a comprehensive transcriptional environment for analyzing tissue heterogeneity at the individual cell level and exploring the contribution of various cell subtypes to physiological function. To date, there are no studies directly comparing the transcriptomic landscape between mandibular and long bone marrow. In this study, we analyzed the heterogeneity of myeloid cells in the mandibular bone and the femur by performing flow cytometry and scRNA-seq. We have found that not only these progenitor cells, but also myeloid cells have distinct transcriptomic profiles.



MATERIALS AND METHODS


Animals

Animal maintenance and experimental protocols were conducted under an approved Institutional Animal Care and Use Committee protocol from the University at Buffalo using ARRIVE guidelines. Male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, United States) at 12 weeks of age. All animals were housed in an environment-controlled conditions of 22 ± 2°C, 40–70% humidity with a light/dark cycle of 12 h.



Bone Marrow Cell Isolation

Soft tissue was dissected from 3-month-old C57BL/6 mouse femurs and mandibles. Long-bone BM cells were flushed from the femurs with RPMI 1640 (Corning Inc., Corning, NY, United States) medium. To obtain the bone marrow cells from mandible, cut the anterior bone along the mental foramen at the mesial of the first molar. Mandibular ramus, including the angular, condylar and coronoid process, was removed along the distal edge of the third molar on the distal side to expose the bone marrow cavity. Bones were then placed in 1.5 ml microfuge tubes supported by 0.5 ml microfuge tube inserts with a lower hole, and centrifuge at 8,000 rpm for 10 min. The bone marrow pellet was resuspended 5 ml of RPMI 1640 culture medium. A single cell suspension was obtained by passing 18-, 21-, and 25-gauge needles in sequence.



Flow Cytometry Analysis

The isolated bone marrow cells were depleted of red blood cells using RBC lysis buffer (Gibco, Invitrogen, United States) and filtered through 70 μm nylon membrane (BD) to make a single cell suspension. Cells were suspended in staining buffer (dPBS + 0.5% BSA + 2 mM EDTA) and treated with Mouse Fc block (BD Biosciences). To characterize the phenotype of bone marrow cells, we stained for various anti-mouse: anti-Ly6C FITC (REA 796), anti-Ly6G PE (REA 526), anti-F4/80 PE-Vio770 (REA 126), anti-CD11b APC (M1/70 15.11.5), anti-CD4-Vioblue (REA 604), anti-CD8-APC-Vio770 (REA 601), anti-CD25-PE-Vio770 (7D4), anti-Foxp3-PE (REA 788), anti-CD19-FITC (6D5), anti-NK1.1-PE (PK136), anti-CD11c-APC (REA 754). Intracellular staining for Foxp3 was performed using Fixation/Permeabilization Solution Kit (BD Biosciences). Stained cells were collected on MACSQuant System (Miltenyi Biotec) and analyzed with FlowJo software (version 10.6).

For the analysis of bone marrow progenitor cells, the following directly conjugated Abs were used for staining: anti-CD16/32 PerCP-Cy5.5 (clone 93), anti-cKit APC/Fire 750 (2B8), anti-CD150 BV605 (TC15-12F12.2), anti-Ly6C Ax700 (HK1.4), anti-Sca1 PECy7 (D7), anti-Flit3 PE (A2F10), anti-CD115 APC (AFS98), anti-Lineage Cocktail Pacific Blue (17A2; RB69C5; RA36B2; Ter119; M1/70), anti-CD105 PeCy5 (MJ7/18). Stained samples were then treated with DAPI (Thermo Fisher Scientific) for dead cell exclusion. Samples were acquired on the LSR II flow cytometer (BD Biosciences) via FACSDiva version 6.1.3 software. Data analysis was performed using FCS Express 7.0 following the bone marrow progenitor markers described in Netherby et al. (2017).



T Cell Proliferation Assay

Monocytic-Myeloid-derived suppressor cells were isolated from the femur/mandible bone marrow using the Myeloid-Derived Suppressor Cell Isolation Kit (Miltenyi Biotec) according to the manufacturer’s instruction. Total T cells were separated from the spleen using the CD3ε MicroBead Kit (Miltenyi Biotec) accordance of the manufacturer’s protocol. Isolated T cells were labeled with CTV (Invitrogen) and plated in a round-bottom 96-well plate at the density of 2 × 105 cells/well. The plated T cells were activated by CD3/CD28 (Thermo Fisher Scientific), and co-cultured with the isolated M-MDSCs. After 3 days, the cells were collected, treated with Fc block and stained with antibodies as follows: CD3-APC (REA641, Miltenyi), CD4-pE-cy7 (GK1.5, eBioscience), and CD8-APC-cy7 (REA601, Miltenyi). Data were collected on MACSQuant System (Miltenyi Biotec) and analyzed with FlowJo 10.6 software.



Single-Cell RNA Sequencing

For detailed scRNA-seq characterization, bone marrow cells isolated from the femur and mandible of the same mouse were obtained and used in these analyses. Cell suspensions were sequenced on the 10x genomics chromium platform. Following library preparation according to manufacturer protocol, libraries were loaded on an Illumina NextSeq in high-output mode, with a general target of 30,000 reads per cell to provide for sufficient depth and transcriptomic saturation. Post sequencing, the data was demultiplexed and provided as input into the 10X Genomics Cell Ranger pipeline (version 5), which quantified the transcriptomic profile of each cell against a reference genome. Sequence saturation, barcodes detected per cell, percent of transcripts in cell, and general alignment statistics were evaluated for quality. Cell Ranger matrix files were then used as input into the R Bioconductor package Seurat version 4 (Stuart et al., 2019).

Mapping rates to the mouse reference genome were above 95% for both samples. Approximately 16,140 cells from the femur and 14,338 cells from the mandible were sequenced. Cells with outlier-status, abnormal gene detection rates (<200 and >6,000), and high mitochondrial transcript load (>15%), which is an indicator of cellular stress, were filtered from the analysis (Supplementary Figure 1). After filtering, the data underwent Seurat normalization, followed by principal component analysis (PCA) and Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction, and the construction of a Shared Nearest Neighbor (SNN) graph to cluster cells with similar transcriptomic profiles.



Cluster Generation and Labeling

Both samples (femur and mandible) were integrated and run through the Seurat pipeline for guided clustering, identifying 19 distinct clusters. Clusters were first annotated through an automated platform for identifying cell types called scCATCH (Shao et al., 2020). scCATCH provided a foundation for identifying cell types, followed by manual review of marker gene on each individual cluster. To identify cell-types of interest that exist as smaller populations within the total bone marrow, individual clusters were isolated, and subjected to further sub clustering. Two initial myeloid populations were identified, which through manual review of expressed markers, were annotated into the populations of GMPs, CMPs, MEPs, and mesenchymal stem cells in total bone marrow.



M-MDSC and PMN-MDSC Composite Score Analysis

Due to the low frequency of MDSCs in bone marrow, particularly under wildtype conditions, a composite gene scoring approach was utilized to define both M-MDSCs and PMN-MDSCs. Gene panels from M-MDSC and PMN-MDSC transcriptomic signatures previously determined through scRNA-seq were used to define these cell types (Alshetaiwi et al., 2020). To identify M-MDSCs, which are even more scarce in total bone marrow. The M-MDSC population was defined as the monocytic cluster with the highest expression of the M-MDSC gene panel (Cxcr2, S100a9, S100a8, Ifitm1, Lrg1, Stfa2l1, Retnlg, Il1b, BC100530, and Gm5483). PMN-MDSCs show similar gene expression profiles to neutrophils and thus the two cell types are grouped together in UMAP (Alshetaiwi et al., 2020). To identify PMN-MDSCs, the neutrophil cluster was subset and new clusters were then called. The PMN-MDSC cluster was identified based on expression of the PMN-MDSC gene panel (Cd84, Ctsd, Arg2, Pla2g7, Il1b, Clec4e, Il1f9, Junb, Wfdc17, Clec4d, BC100530, Ifitm1, Dusp1, Socs3, Ccl6, Srgn, and Cxcr2).



Statistical Analysis

Flow cytometry experiments were analyzed using GraphPad Prism 8.4 (GraphPad Software Inc., La Jolla, CA, United States) with two-tailed unpaired Student’s t test. For scRNA-Seq, per-cell gene expression measurements were log normalized using a scale factor of 10,000 using the Seurat function NormalizeData. Cluster-to-cluster differential expression testing was preformed using the Wilcoxon Rank Sum test, using Seurat’s FindMarkers and FindAllMarkers functions requiring at least a 0.25 log2 fold change and minimum cluster participation of 10%. Heatmap and DotPlot visualization utilized Seurat’s data scaling function, centering mean gene expression values to 0 per-cell and scaling the expression of each gene per-cell to equal variance of 1.



RESULTS


Mandibular Bone Marrow-Derived Cells Exhibit Consistent Deficits in Myeloid Differentiation

To determine whether the mandibular bone marrow-derived cells (mBM) differ from the femoral bone marrow-derived cells (fBM), we first confirmed the myeloid population in each bone marrow cell by flow cytometry (Figure 1A). The frequency of M-MDSC (CD11b+Ly6G–Ly6Chigh), PMN-MDSC (CD11b+Ly6G+Ly6Clow), and macrophage (CD11b+F4/80+) were consistently lower in mandibular bone marrow-derived cells (Figure 1A). Next, we performed a T cell proliferation assay to confirm MDSC functional phenotype (Bronte et al., 2016). As shown in Figure 1B, both MDSCs isolated from fBM and mBM showed the ability to inhibit T cell proliferation, confirming that they were genuine MDSCs. Unexpectedly, although the percentage of MDSC in mBM was lower than that of fBM, MDSCs from the mandible exhibited a much greater capacity to inhibit both CD4+ and CD8+ T cellular proliferation (Figure 1B).


[image: image]

FIGURE 1. Myeloid population of mBM exhibits consistent deficits compared to fBM. (A) Gating strategy (Top) and calculated frequencies (Bottom) of immune cell population from fBM and mBM by flow cytometry. (B) T cell proliferation assay of MDSCs isolated from fBM and mBM. The graph of the statistical analyses is presented. Unpaired t test; data are presented as mean ± SEM of value from four independent experiments from fBM and mBM, ∗P < 0.05, ∗∗∗P < 0.001.




Monocyte Progenitors Are Significantly Reduced in Mandibular Bone Marrow

Next, flow cytometry was employed using an antibody panels specific to bone marrow progenitor populations to determine the difference in the composition of the direct antecedents to differentiated myeloid cell populations. A schematic diagram of the mouse HSC hierarchy is shown to facilitate data presentation (Figure 2A). The LSK (Lin–Sca1+cKit+) and LK (Lin–Sca1–cKit+) populations showed no overall significant difference between fBM and mBM (Figure 2B). The total GMP subset of LK cells contains both the lineage committed granulocyte and monocyte progenitors, as well as their still oligopotent-GMP parent population (Yanez et al., 2015). This oligopotent-GMP is the bifurcation point between granulocytic and monocytic differentiation. Although there was no significant difference in the LK population as a whole, there was a significant decrease in total GMPs and an increase in CMP in the mBM compared to the fBM (Figure 2C). To further explore the difference in total GMPs, we next checked the relative frequencies of the distinct populations downstream of the total GMP. As shown in Figure 2D, MPs significantly decreased in mBM while GPs and oligopotent GMPs were unaffected. Thus, the decrease in MPs seen in mBM appears to account for most of the observed reduction in the classically defined total GMP population. To reflect further on how the total GMP response to the monocytic lineage was skewed in mBM, the ratio of GPs to MPs was calculated, which significantly increased in mBM compared to fBM (Figure 2D). Collectively, these data indicate that the decrease in total GMPs was mainly due to the reduction of the MP subsets, revealing an early instance of myelopoietic deregulation within the mBM monocytic lineage.
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FIGURE 2. Myeloid progenitors show a decrease in the total GMP population in mandibular bone. (A) Schematic view for mouse HSC hierarchy. (B) Percentages of LSK (Lin–Sca1+cKit+) or LK fractions (Lin–Sca1–cKit+) from the bone marrow of same subject-matched fBM and mBM. (C) Calculated frequencies of CMPs, Pre-GMPs, and total GMPs from bone marrow of same subject-matched fBM and mBM. (D) Percentage of GPs, MPs and oligopotent GMPs within the total GMP population (Left). Ratio of GP to MP in fBM and mBM (Right). Unpaired t test; data are presented as mean ± SEM of value from four independent experiments from fBM and mBM, ∗∗P < 0.01, ∗∗∗P < 0.001.




Regulatory T Cells and B Cells Appear Significantly More in Mandibular Bone Marrow-Derived Cells

We next investigated the lymphocytic and dendritic population (Figure 3). There was no significant difference in CD4+ T cells and CD8+ T cells, while there was a significant elevation of regulatory T cells in mBM (Figure 3A). In addition, there were no defects in dendritic cells (CD11c+CD19–) and natural killer (NK) cells (CD11c–NK1.1+), but B cells (CD11c–CD19+) were significantly increased in mBM compared to fBM (Figure 3B).
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FIGURE 3. Regulatory T cell and B cells are present in higher proportions in mandibular bone. (A) Flow cytometry of T cell subpopulation from fBM and mBM. (B) Percentage of B cell, dendritic cell and NK cell from fBM and mBM. Unpaired t test; data are presented as mean ± SEM of value from four independent experiments consisting fBM and mBM, ∗∗P < 0.01, ****P < 0.0001.




Characteristics of Bone Marrow Single Cell Atlas

We performed scRNA-seq to identify cell populations and their transcriptomic signatures in both fBM and mBM. Through manual marker gene analysis, paired with the automated annotation via scCATCH, 19 distinct cell subpopulations were identified in total bone marrow (Figure 4A). Two initial clusters were merged into one monocytic population, based on Ccr2 expression, in addition to other marker genes (Figure 4B). Cell cycle analysis also informed monocyte cluster annotation (Supplementary Figure 2), as this group contained cells in all three phases of the cell cycle. With this approach, erythroblasts based on Hba-a2 expression (Figure 4C) and neutrophils based in Ly6g expression (Figure 4D) were defined. Myeloid progenitor populations were initially identified by Mpo expression (Figure 4E) and then further divided into MEPs, CMPs, and GMPs based on their transcriptomic signature (Paul et al., 2016), paired with scCATCH. Additional markers were used to define and annotate the remaining clusters within the UMAP (Supplementary Figure 3).
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FIGURE 4. Transcriptional profiling of bone marrow-derived cells reveals a differentiation landscape with 19 distinct cell subpopulations. (A) Integrated Seurat analysis of femur and mandible samples from total mouse bone marrow displayed in UMAP. Clusters were annotated based on known marker genes. Feature plots of (B) Ccr2, (C) Hba-a2, (D) of Ly6g, and (E) Mpo expression shown as representative markers of monocytes, erythroblasts, neutrophils, and myeloid progenitor populations, respectively.




Comparisons at the Single-Cell Level of Femoral Bone Marrow-Derived Cells and Mandibular Bone Marrow-Derived Cells

To investigate heterogeneity between fBM and mBM at the level of individual cells, in an unbiased manner, we analyzed both cell population and transcriptomic differences between the two samples. There are notable differences between the distribution of femoral and mandibular bone marrow as seen in UMAP (Figure 5A). To accurately compare the differences seen in UMAP, the percentage of each cell population in the fBM and mBM sample were determined (Figure 5B). As shown by flow cytometry, B cells were increased in the mBM, while monocytes and neutrophils were decreased in the mBM (Figure 5B). However, contrary to the flow cytometry results, the total number of CMP populations reduced in the mouse mBM compared to the fBM (Figure 5B). To examine the CMP and GMP population in more detail, transcriptomic differences were examined (Figure 6). As a result of flow cytometry analysis showed differences in the distribution of CMP and GMP populations, CMP and GMP populations also revealed nuanced transcriptomic differences at the single cell level (Figure 6).
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FIGURE 5. Transcriptional profiling of bone marrow-derived cells reveals slightly distinct differentiation landscapes in fBM and mBM. (A) UMAP of femur and mandible samples displayed individually. (B) The percentage of cells in each annotated cluster for both the femur (orange) and mandible (blue), plotted as a percentage of total cells sequenced in each sample.
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FIGURE 6. CMP and GMP populations show transcriptomic differences in fBM and mBM. (A) Heatmap of the topmost differentially expressed genes in both CMP and GMP populations, as well as between fBM and mBM. (B) DotPlot showing the top genes that are differentially expressed between the femur and the mandible in both CMP and GMP populations.




Comparative Analysis of Heterogeneity Between Mandible and Femur Myeloid-Derived Suppressor Cells

Although we have provided an overall atlas of the immune cell, there may be limitations in detailing the sub-clusters of each immune cell. To further identify M-MDSCs, we first selected and displayed Ccr2-expressing monocyte clusters in UMAP (Figure 7A). The monocyte population was then further divided into nine distinct sub-clusters (Figure 7B) and cluster 7 was identified as the M-MDSC population based on expression of an M-MDSC specific gene panel (Figure 7C). There are notable differences in the M-MDSC population which also correspond to differences in transcriptomic profiles between the femur and the mandible (Figures 7D,E).
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FIGURE 7. scRNA-seq of M-MDSCs in mBM reveals a transcriptional profile distinct from M-MDSCs in fBM. (A) M-MDSCs were identified as a subpopulation of the monocyte cluster marked by Ccr2 expression. (B) The monocytic population was broken into nine distinct clusters. (C) Feature plots showing the M-MDSC composite score in femur and mandible. (D) The top ten most highly expressed genes in each cluster displayed in a heatmap showing expression on a log scale. The M-MDSC cluster seven genes are boxed in pink. (E) The top 20 differentially expressed genes in cluster 7 comparing the femur and mandible displayed in a dotplot, showing M-MDSC transcriptomic differences between the two anatomical locations.


To further identify PMN-MDSCs, we selected and displayed the neutrophil cluster expressing Ly6g gene in UMAP (Figure 8A). 12 different clusters were identified within the neutrophil population (Figure 8B). PMN-MDSCs were identified in cluster 1 based on the expression of the PMN-MDSC gene panel described in the materials and methods (Figure 8C). In the feature map, in both fBM and mBM, the gene expression of PMN-MDSC was most enriched in cluster 1 (Figures 8B,C). Consistent with the flow cytometry results in Figure 1A, the expression of PMN-MDSCs in mBM appeared to be lower (Figure 8C). We identified genes highly expressed in the PMN-MDSC cluster (Figure 8D), including Fth1, Fgl2, Sirpb1c, and Mpeg1, which were not included in our PMN-MDSC gene panel. This analysis also allowed us to pick up nuanced differences in gene expression within the PMN-MDSC sub-cluster between the femur and the mandible (Figure 8E).


[image: image]

FIGURE 8. scRNA-seq of PMN-MDSCs in mBM reveals transcriptional profile distinct from PMN-MDSCs in fBM. (A) To identify PMN-MDSCs, the neutrophil cluster marked by Ly6g expression (B) was divided into 12 clusters. (C) A feature map of the PMN-MDSC composite genes show cluster 1 is enriched for PMN-MDSC genes. (D) Heatmap of the top 10 most highly expressed genes in each cluster. PMN-MDSC genes from cluster 1 are boxed in orange. (E) The top 20 differentially expressed genes in cluster 1 between femur and mandible displayed in a dotplot, showing PMN-MDSC specific transcriptomic differences.




DISCUSSION

Alveolar bone is the only osseous tissue continuously exposed to a complex array of microbial oral flora found within dental plaque biofilms. Indeed, periodontal homeostasis is maintained by a balanced host immune response to polymicrobial oral biofilms (Hathaway-Schrader and Novince, 2021). However, during disease states periodontal pathogenic microorganisms can penetrate the periodontal barrier to the reside in intimate contact with alveolar bone (Lamont et al., 2018). Therefore, the immune homeostasis of alveolar bone is more likely to be directly affected by microorganisms than any other osseous tissue. To highlight the need for alveolar bone to maintain homeostasis in this microbial laden microenvironment, stem/progenitor cells in the craniofacial region found in the mesenchymal compartment including dental pulp, periodontal ligament and alveolar bone have a higher osteoblastic capacity (Li et al., 2012). While other studies have suggested that neural crest-derived HSC harbor in the mandible (Jiang et al., 2016), in-depth studies of HSC have been lacking to better comprehend alveolar bone homeostasis in addition to understanding HSC in pathological conditions, including osteonecrosis and oral infection. The BM cell population may vary depending on the difference in developmental origin as well as the environmental niche. The differentiation and maturation of steady-state HPSCs is tightly regulated by intrinsic/extrinsic signals from a microenvironment called the niche. In this study, we found that immune cells in the mouse mandibular microenvironment have distinctive myeloid cell population differences with clearly different transcriptomic landscapes compared to femoral bone.

We observed that myeloid populations from murine mandibular bone marrow exhibit were consistently lower percentage of the total bone marrow population compared to long bone marrow myeloid cell populations. These data are consistent with published data indicating that monocytes (CD31–/Ly6Chigh) and myeloid blasts (CD31+/Ly6C+) were reduced in mBM (Faloni et al., 2011). Using flow cytometry to compare mandibular bone marrow and femur, we found that not only macrophage, but also M-MDSC populations, which are osteoclastic progenitors, are reduced in the mandibular bone. From scRNA-seq analyses, monocytes and neutrophils also showed lower percentages in mBM compared to fBM. The heterogeneity of myeloid cells between femur and mandible was additionally supported by detailed flow cytometry analysis of myeloid cell progenitor populations. Total GMP, a precursor of monoblast and myeloblast, was found in reduced percentage in mBM compared to fBM. Further analysis of macrophage progenitor (MP) populations indicated that this population was significantly reduced in the mandible compared to femur, indicating that the overall myeloid cell was deficient in mBM.

In this study, results between flow cytometry and scRNA-seq analyses were largely consistent except for observations made in the CMP population. Discrepancies in flow cytometry and scRNA-seq results have also been reported in previous study using bone marrow cells from healthy individuals (Oetjen et al., 2018). We suspect that the reason for these inconsistent results may be due to the small number within the CMP populations and the low number of distinct genes with overlapping transcriptional programs. This phenomenon is particularly likely to occur in cells from healthy mice that would not have expanded bone marrow populations due to infectious disease or tumor burden. Thus, fewer activated cells in this homeostatic system may limit the data set with fewer distinct differentiated cellular populations. Although most of the results were consistent, opportunities for further refinement should be highlighted as the use of single-cell technology expands.

Unexpectedly, we observed that M-MDSC isolated from the mandible had stronger immunosuppressive capacity than M-MDSC isolated from femur despite having fewer cellular percentage of this myeloid cell population. From a functional perspective, MDSCs isolated from normal healthy individuals have much lower immunosuppressive properties than those with pathological activation (Cheng et al., 2008; Huang et al., 2014; Heine et al., 2017). Although the mandibular bone is not a pathological condition per se, it is closer to a pathological condition than the femoral bone since the oral cavity is frequently exposed to foreign substances. As alveolar bone is bearing mechanical loads, whose force is two times higher than that of long bones (Ehrlich and Lanyon, 2002), coupled with a recent data indicating that mechanical stimulation promotes activation of myeloid-derived monocytes (Lin et al., 2021), implies that occlusal forces might lead to the difference of the immune microenvironment between alveolar bone and long bone. Thus, it is likely that M-MDSCs from mandibular bone are more activated and participating in immune surveillance, which may explain why M-MDSCs from mandible shows higher immunosuppressive capabilities than M-MDSCs from long bone. These data support an new and perhaps underappreciated function of MDSCs in the maintenance of alveolar bone homeostasis.

Myeloid-derived suppressor cells, as potent immunosuppressive cell populations, inhibit immune responses through complex mechanisms (Gabrilovich and Nagaraj, 2009; Ma et al., 2018; Consonni et al., 2019; Groth et al., 2019). The most widely accepted mechanism for MDSCs’ immunosuppressive ability by TGF-β, an immunosuppressive molecule, which can induce Foxp3 expression in T cells (Chen et al., 2003; Fantini et al., 2004; Fu et al., 2004). Regulatory T cell also exhibits immunosuppression with various immunosuppressive molecules (Vignali et al., 2008). Based on this information, it is possible to postulate that mandibular M-MDSCs are more activated than in long bone M-MDSCs and induce regulatory T-cells by immunosuppressive molecules such as TGF-β to have stronger immunosuppressive properties. Indeed, we looked at mandibular M-MDSC transcriptomic profiles for Tgfb and other genes that would inhibit T-cell proliferation/function in our scRNAseq data set, but cell number and expression profile was too low to draw definitive conclusions (data not presented). This experimental limitation, due to number of mandibular bone M-MDSCs in healthy mice, necessitates additional studies to determine the immunosuppressive mechanisms within homeostatic mandibular bone.

Several studies have shown that osteoclasts, including the dynamics of osteoclastogenesis, exhibit different characteristics between mandibular and long bone (Aghaloo et al., 2010; Faloni et al., 2011). In experiments to differentiate progenitor cells into osteoclasts, it was reported that progenitor cells within mandibular and long bone undergo distinct differentiation processes. When we examined differentially expressed genes in the two groups for the CMP and GMP clusters, we observed that mandibular bone marrow myeloid progenitor populations have distinct transcriptomic programs. Several differences in gene expression profiling suggest that there could be differences in the transcriptional program of these osteoclastic progenitors in homeostatic mandibular bone. Indeed, early stage osteoclast differentiation in mandibular bone showed more osteoclast-like cells compared to long bone with increased multinucleation with increased number of large osteoclasts having greater than 10 nuclei in alveolar bone, although no differences in resorptive capacity were noted (Faloni et al., 2011).

In summary, we provide reference data sets for cell populations in the mandibular bone compared to long bone by multiple cell analysis approaches. Our study provides the possibility that the nature myeloid directed immune response and cellular fate in both oral health and disease may be due to the myeloid heterogeneity of the mandibular bone. These studies indicate the mandibular bone has a distinct transcriptional landscape compared to femoral bone with MDSCs that exhibit a more immunosuppressive phenotype. This highlights the need to investigate site-specific immune response in mandibular bone marrow populations during both homeostasis as well as pathological conditions, including periodontitis. Through better appreciation of the unique myeloid lineage microenvironment in the mandibular bone, more precise immunomodulatory targets for the treatment of oral-specific diseases are envisioned.
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Methylsulfonylmethane (MSM) is a naturally occurring anti-inflammatory compound that effectively treats multiple degenerative diseases such as osteoarthritis and acute pancreatitis. Our previous studies have demonstrated the ability of MSM to differentiate stem cells from human exfoliated deciduous (SHED) teeth into osteoblast-like cells. This study examined the systemic effect of MSM in 36-week-old aging C57BL/6 female mice in vivo by injecting MSM for 13 weeks. Serum analyses showed an increase in expression levels of bone formation markers [osteocalcin (OCN) and procollagen type 1 intact N-terminal propeptide (P1NP)] and a reduction in bone resorption markers [tartrate-resistant acid phosphatase (TRAP) and C-terminal telopeptide of type I collag (CTX-I)] in MSM-injected animals. Micro-computed tomographic images demonstrated an increase in trabecular bone density in mandibles. The trabecular bone density tended to be higher in the femur, although the increase was not significantly different between the MSM- and phosphate-buffered saline (PBS)-injected mice. In mandibles, an increase in bone density with a corresponding decrease in the marrow cavity was observed in the MSM-injected mice. Furthermore, immunohistochemical analyses of the mandibles for the osteoblast-specific marker – OCN, and the mesenchymal stem cell-specific marker – CD105 showed a significant increase and decrease in OCN and CD105 positive cells, respectively. Areas of bone loss were observed in the inter-radicular region of mandibles in control mice. However, this loss was considerably decreased due to stimulation of bone formation in response to MSM injection. In conclusion, our study has demonstrated the ability of MSM to induce osteoblast formation and function in vivo, resulting in increased bone formation in the mandible. Hence, the application of MSM and stem cells of interest may be the right combination in alveolar bone regeneration under periodontal or other related diseases that demonstrate bone loss.

Keywords: osteoblasts, aging mice, bone formation, osteoclasts, methylsulfonylmethane


INTRODUCTION

Bone loss associated with osteoporosis represents a significant health care problem, and it is related to increased activation of osteoclast bone resorption function (Mundy, 2007; Khosla et al., 2012; Soysa and Alles, 2016; Cai et al., 2017). Many contributing factors can cause osteoporosis, and one such aspect is aging (Demontiero et al., 2012). Increased pro-inflammatory markers in older adults represent aging-related osteoporosis (Weitzmann and Pacifici, 2006; Pacifici, 2008). Increased inflammation in aged mammals is correlated with higher circulating pro-inflammatory cytokines than young adults (Abdelmagid et al., 2015). The reason is that increased circulating pro-inflammatory mediators could induce molecular changes in the periodontal tissue and exaggerate bone loss in older adults (Liang et al., 2010). In addition, tooth loss in older adults is linked with periodontal disease (Koduganti et al., 2009).

Experiments with animals and studies with humans have implicated pro-inflammatory cytokines (e.g., interleukin-1, tumor necrosis factor-alpha, and interleukin-6) as primary mediators of physiologic and pathological bone remodeling (Goldring, 2003). Chronic inflammation in aging is specified by increased inflammatory mediators, osteoclast activation, and bone loss. Furthermore, aging leads to underlying modifications in the differentiation of mesenchymal stem cells (MSCs) and therefore impaired osteoblast differentiation and bone formation (Abdelmagid et al., 2015). The deregulation of the balance between bone formation and bone resorption causes age-related osteoporosis. The deregulation is related to increase osteoclast formation and bone resorption and decrease osteoblast differentiation and bone formation. Appropriate alteration of the inflammatory condition is required for typical bone remodeling. Therefore, it is essential to identify a new anti-inflammatory agent to increase osteoblast function and bone formation.

Methylsulfonylmethane (MSM) is a naturally occurring organosulfur compound with several health benefits. It is a potent anti-inflammatory compound, which reduces chronic inflammation and relieves pain. It is used as a dietary supplement with glucosamine and chondroitin sulfate to treat arthritis (Usha and Naidu, 2004; Kim et al., 2006; Gregory et al., 2008; Lubis et al., 2017). An increase in pro-inflammatory cytokines (e.g., IL-6 and TNF-α) has been observed due to activation of the transcriptional factor NF-κB. It is worth noting that MSM reduced the expression of these cytokines by inhibiting NF-κB activity (Kim et al., 2009; Ahn et al., 2015). Moreover, MSM is a selective inhibitor of the NLRP3 inflammasome activation in human macrophages in vitro; analyses in mice corroborated this observation in vivo (Ahn et al., 2015).

Studies by others and we elucidated MSM’s effect on bone formation using stem cells such as MSCs, human periodontal ligament stem cells (hPDLSCs), and stem cells from human exfoliated deciduous teeth (SHED) (Joung et al., 2012; Aljohani et al., 2019; Ha and Choung, 2020). MSM induces osteoblast differentiation via activating the JAK2/STAT5b pathway in MSCs (Joung et al., 2012). We found that MSM significantly increases transglutaminase-2 (TG-2) activity and its interaction with extracellular matrix (ECM) proteins such as collagen type 1 and osteopontin (Aljohani et al., 2019). An increase in the expression of osteogenic markers and mineralization by MSM in PDLSCs and SHED suggests that MSM is suitable not only for the inhibition of inflammatory-related events (Kim et al., 2009; Ahn et al., 2015) and diseases but also for increasing bone formation (Joung et al., 2012; Aljohani et al., 2019; Ha and Choung, 2020). In vivo analysis with hPDLSCs in calvarial defect and transplantation models indicate that MSM could be used with stem cells for bone regeneration in vivo (Ha and Choung, 2020). Mice naturally develop accelerated periodontal bone loss as a function of age (Liang et al., 2010). In addition, aging can cause bone loss in trabecular bone microarchitecture, leading to bone fracture and tooth loss (Huttner et al., 2009; Koduganti et al., 2009; Willinghamm et al., 2010; Eastell et al., 2016). Thus, we believed that the aging mouse model represents a genuinely chronic model to study possible periodontal tissue loss and restoration or remodeling mechanisms. Therefore, we proceeded to identify the effect of MSM on bone formation by osteoblasts in the aging mouse model. Here, we aim to relate the influence of MSM on the trabecular bone density of the femoral head to the mandible. Female C57BL/6 mice at 36 weeks of age were used for aging-related studies (Jilka, 2013). Histological and immunohistochemical analyses demonstrated that MSM could be an applicable osteogenic element in treating bone loss under inflammation, including aging and post-menopausal osteoporosis conditions.



MATERIALS AND METHODS


Osteoblast Studies


Cell Culture

MC3T3-E1 (mouse mesenchyme stem cells) and UMR-106 (rat osteoblast-like cells) were obtained from American Type Culture Collection (ATCC, Manassas, VA, United States). SHED were a kind gift from Dr. Jacques Nör (University of Michigan, Ann Arbor, MI, United States). Briefly, SHED were collected from exfoliated deciduous incisors of 7- to 8-year-old children. Guidelines set and approved by the National Institutes of Health Office of Human Subjects Research were followed during the isolation procedure (Bento et al., 2013). Briefly, the pulp from a remnant crown was digested in a solution containing 3 mg/ml collagenase type I and 4 mg/ml dispase (Worthington Biochem, Freehold, NJ, United States and Roche Molecular Biochemicals, Pleasanton, CA, United States, respectively) for 1 h at 37°C. After digestion, the solution was passed through a 70-μm strainer (Falcon) to obtain a single-cell suspension as described (Gronthos et al., 2000).

UMR-106 cells were cultured in DMEM media containing 10% FBS, 1% penicillin/streptomycin, and 0.05% Gentamicin. In contrast, MC3T3-E1 cells and SHED were maintained in α-minimal essential medium (MEM) with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells were maintained at 37°C in 5% CO2, and the media was changed every 3 days. For osteogenic differentiation, cells were incubated with osteogenic medium (OM), consisting of osteogenic factors, such as 50 μM ascorbic acid, 5 mM β-glycerophosphate, and 0.05% Gentamicin. In addition, some cultures were treated with MSM in the basal medium (BM) with no osteogenic factors.



Alkaline Phosphatase Activity Analysis

Alkaline phosphatase (ALP) activity was measured using the colorimetric assay (Aljohani et al., 2019). Cells were seeded in a six-well plate in MSM (20 mM) presence or absence for 7 days, and lysates were made as described (Aljohani et al., 2019). An equal amount of protein was used in triplicates in a 96-well plate to measure the activity. The absorbance was measured (405 nm) in a microplate reader (Cytation3 image) with integrated imaging software (Gen5 version 2.09) after the addition of p-nitrophenyl phosphate (10 μl; Sigma, St. Louis, MO, United States) to each well.



Alizarin Red S Staining and Von Kossa Staining

UMR-106 cells seeded and incubated for 7 days in a six-well plate in the presence and absence of MSM (20 mM) were used to determine the effect of MSM on matrix mineralization. Cells without any MSM but grown in the OM were used as controls. Alizarin red S (ARS) is used to stain cells after washing with phosphate-buffered saline (PBS) three times. Absolute ethanol was used to fix the cells for 30 min at room temperature. After ethanol aspiration, 2% ARS solution was added to each well and processed as described previously (Aljohani et al., 2019). For Von Kossa staining, cells were washed with PBS three times and fixed with 10% paraformaldehyde for 10 min at room temperature. After the aspiration of fixative and washing with PBS, a 5% silver nitrate solution was used as described previously (Aljohani et al., 2019). Scanning the culture plates stained for ARS and Von Kossa was done in the scanner (EPSON Perfection V200). Nikon Eclipse TE 2000-inverted light microscope were used to obtain magnified images (10× objective).



Animals and Experimental Procedures

Thirty-six-week-old female C57BL6 mice weighing an average of 30 g were obtained from Charles River (MD, United States). Mice were maintained in the animal facility at the University of Maryland, Baltimore (School of Dentistry) animal care facility at room temperature (21 ± 1°C), with a 12 h light/12 h dark cycle. Pelleted mouse diet was fed ad libitum, and the mouse had free access to water. IACUC of the University of Maryland, Baltimore reviewed and approved the experimental procedures (approval number #417006, MD, United States). All experiments were performed under the relevant guidelines and regulations.

The mice were kept in the facility for a week for acclimatization before the injection. Mice were divided at random into two groups: a control group, injected with PBS (n = 6) as Group-1, and MSM injected mice (n = 6) as Group-2. Methylsulfonylmethane (PHR1346-1G, Sigma, St. Louis, MO, United States) was dissolved in PBS and injected subcutaneously (100 mg/kg) in a final volume of 100 μl. The injections were administered three times (i.e., alternate days) per week for 13 weeks. The animal weight was recorded every 4 weeks at the initial phase for 8 weeks and then after 3 and 2 weeks until the sacrifice time at 13 weeks. The mice were 49 weeks old at the time of sacrifice. Soft organs such as the heart, kidney, and liver have been isolated, and histological sections were prepared to assess any abnormalities caused by injections in these organs. Histological sections of these organs were stained with hematoxylin and eosin (H&E). Aperio ScanScope CS System (Vista, CA, United States) was used to scan the histological sections (bone and other tissues) (Aljohani et al., 2021). The assessment was performed blindly by a pathologist.



Bone Histology and Histomorphometry Analysis

Bone histomorphometry analysis was performed as described previously (Chellaiah et al., 2003; Aljohani et al., 2021). The tibia and mandibles were stained with H&E and tartrate-resistant acid phosphatase (TRAP) staining according to the manufacturer’s protocols (Sigma, St. Louis, MO, United States). Stained sections were scanned and analyzed using the Aperio Scanscope CS instrument (Aperio Scanscope CS system, Vista, CA, United States). The number of TRAP-positive osteoclasts and cuboidal osteoblasts adherent to the bone surface were counted using the Fiji (ImageJ) software.



Immunohistochemistry Analyses in Bone Sections

Immunohistochemistry was performed as described (Gupta et al., 2012). After blocking the sections with the blocking solution (2.5% BSA or horse serum in PBS) for 60 min, at 4°C, the slides were incubated overnight at 4°C with the primary antibody (Abcam, Cambridge, MA, United States) of interest [e.g., OCN (rabbit polyclonal), or CD105 (Mouse monoclonal)] which was diluted (1:100) in blocking solution. After washing with PBS, the sections were then incubated with the corresponding secondary antibodies for 60 min. The slides were then washed and developed as previously described (Gupta et al., 2012). Finally, immunostained sections were scanned using an Aperio Scanscope CS instrument (Aperio Scanscope CS system, Vista, CA, United States).



Microcomputed Tomography Analysis

The femurs and mandibles were dissected from mice, and the soft tissues from the bones were removed. Bones were fixed in 4% paraformaldehyde for 2 days and then washed with PBS. Subsequently, bones were wrapped with gauze soaked in PBS and kept at 4°C. Three-dimensional microcomputed tomography (micro-CT) was performed on the femurs and mandibles (n = 6) using a Bruker Skyscan 1172 micro-CT scanner (Carteret, NJ, United States). Specimens were scanned with a 20 K resolution, 10 μm voxel size, 0.5 Al filter at 55 kV, and 167 μA, as described previously (Moorer et al., 2017). Bone morphology and microarchitecture were assessed at the distal femoral metaphysis in a region of interest (ROI) chosen for a range of 0.2–2.0 mm proximal to the distal femoral growth plate. For the mandibles, the ROI was selected in the inter-radicular area of the first molar. The skeletal parameters assessed by micro-CT followed published nomenclature guidelines (Dempster et al., 2013).



Enzyme-Linked Immunosorbent Assay

Serum was separated from blood samples and frozen at −80°C until use. Serum markers of bone resorption (TRAP); (C-terminal telopeptide of type I collag, CTX-I) and of bone formation (osteocalcin, OCN); (procollagen type 1 intact N-terminal propeptide, P1NP), were measured in duplicate using enzyme-linked immunosorbent assay (ELISA) kits (Immunodiagnostics Systems, and LS-Bio Systems) according to the manufacturer’s instructions. In addition, serum calcium levels were also measured using a calcium detection kit (Biovision, Inc., Milpitas, CA, United States).



Osteoclast Studies


Differentiation of Osteoclasts From RAW 264.7 Macrophage-Like Cell Line

Recombinant GST-RANKL was purified as described previously (Ma et al., 2010). Osteoclasts were generated from RAW 264.7 (ATCC® TIB-71TM) cells as described (AlQranei et al., 2020). Mature multinucleated osteoclasts were observed from day three onward and used for various analyses.



Tartrate-Resistant Acid Phosphatase-Staining

For TRAP staining, undifferentiated macrophages were gently removed with a cell stripper solution, and multinucleated osteoclasts attached to the culture plates were used for staining as described previously (AlQranei et al., 2020). In brief, osteoclasts were fixed with 4% paraformaldehyde and washed three times with PBS. TRAP staining was done using the Leukocyte Acid Phosphatase Kit as described in the manufacturer’s protocol (Sigma, St. Louis, MO, United States; 387-A). Stained cells were photographed, and the number of mature osteoclasts was measured using Cytation5 image reader with software (Gen5 version 2.09).



Dentine Resorption Assay

Dentine slices were processed as described previously (Chellaiah et al., 2000). After processing, dentine slices were incubated overnight at 37°C in a serum-free α-MEM medium. The next day, an osteoclast suspension containing 2 × 104 cells was gently added to the dentine slices. After adherence for 2 h, the culture media were replaced with serum-containing α-MEM containing RANKL with or without MSM at different concentrations (20 and 40 mM). After incubation for 48 h, dentine slices were processed and stained with acid hematoxylin (Sigma, St. Louis, MO, United States) for 6 min and washed well with water. Images of resorption pits were captured using a Nikon Eclipse TE 2000 inverted light microscope using a 20× and 40× objective (24).



Statistical Analysis

All data are presented as mean ± SEM. Student’s t-test or Mann–Whitney U test was used to determine the statistical significance (Graph Pad Software, Graph Pad Inc., San Diego, CA, United States). The p-value < 0.05 is considered statistically significant.



RESULTS


Analysis of the Effect of Methylsulfonylmethane on Bone Mineralization in vitro

To demonstrate the effect of MSM on ALP activity, we used MC3T3-E1 and UMR-106 osteoblastic cell lines. Consistent with the observation shown in SHED (Aljohani et al., 2019), MSM increased ALP activity in these cells in the basal growth medium (BM) in vitro. This increase was equivalent to an OM containing osteogenic factors (Supplementary Figure 1).



Effects of Subcutaneous Injection of Methylsulfonylmethane on Body Weight Measurements and Soft Organs

We subsequently sought to determine the effect of MSM on bone formation in vivo using an aging mouse model. The injection was performed for 13 weeks, as described in section “Materials and Methods.” During the injection period, the mice looked healthy and exhibited normal behavior. Some mice exhibited hair loss when they first arrived at our facility. However, after 6 weeks of injection with MSM, these mice displayed hair growth compared to the PBS-injected control group. At the end of the injection period of 13 weeks, the mice injected with PBS demonstrated hair loss patches (Supplementary Figure 2A, white arrows) compared to the MSM group. The hair loss was reduced, and hair growth was observed in MSM injected group (Supplementary Figure 2A). No severe abnormalities were observed in the mice injected with PBS or MSM at the end of the injection period. It was also observed that MSM did not affect body weight changes compared to the PBS-injected mice (Supplementary Figure 2B). In histological sections, all soft organs (heart, kidney, and liver) showed normal histology with no signs of damage, inflammation, or defects (Supplementary Figure 3).



Depiction of the Region of Interest Chosen for Microcomputed Tomography Analyses in Femoral and Mandibular Bones

A two-dimensional (2D) model of the bones dissected from the injected mice was performed using the micro-CT. The ROI used in the femur and mandible is shown in Figure 1. In the femur, the chosen ROI for the trabecular bone lies below the growth plate region (i.e., in the metaphyseal area), where the cancellous or trabecular bones are present. In the mandible, the ROI was chosen in the inter-radicular area between the first molar roots. As depicted in Figure 1A, blue brackets in the femur and squares inside the sagittal (Figure 1B) and coronal (Figure 1C) sections indicate the ROI for scanning in micro-CT.
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FIGURE 1. Representative micro-CT image of a femur and mandible of a mouse showing the region of interest (ROI) for subsequent analyses. Micro-CT of (A) femur in the axial plane showing the selected ROI in blue brackets, and mandible shows the chosen ROI, outlined in blue in the (B) sagittal and (C) coronal sections; white arrow points to the outline. In the femur, the ROI for the trabecular bone lies just below the growth plate region, which is called the metaphyseal area, where cancellous or trabecular bones are present. In the mandible, the ROI was chosen in the inter-radicular area between the roots of the first molar.




Microcomputed Tomography Analyses in the Right Femurs of Mice Injected With Phosphate-Buffered Saline and Methylsulfonylmethane

Microcomputed tomography images partially reveal the trabecular bone microarchitecture and cortical bone morphology (Figures 2A,B). The 3D reconstruction of the bone (Figure 2C) provides the visualization of trabecular bone density in the ROI chosen for scanning (Figure 1A). Although trabecular bone density appeared to be more in MSM-injected mice (Figure 2C; right panel) than PBS-injected controls, statistical analyses showed no significant changes in the trabecular number (Tb. N) (Figure 2E). Bone volume to tissue volume (BV/TV) tended to be higher in the MSM-treated mice than the control mice (Figures 2D–G), but the difference was not statistically significant. There also were no significant changes in the Tb. N, trabecular thickness (Tb. Th), and trabecular separation or spacing (Tb. S) in mice injected with MSM compared with PBS controls (Figures 2D–G).
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FIGURE 2. Microcomputed tomography analysis of trabecular and cortical bone isolated from mice femurs injected with PBS and MSM. (A) Representative longitudinal sections of the femur are shown in two different planes, i.e., the sagittal and coronal, (B) The ROI indicated in Figure 1 was used for transverse plane scanning, and (C) For three-dimensional (3D) construction. The micro-CT parameters were compared in six mice femurs injected with PBS and MSM. Statistical analyses were performed using the Mann–Whitney U test for morphometric parameters, including (D) bone volume to tissue volume (BV/TV), (E) trabecular number (Tb. N) and (F) trabecular thickness (Tb. Th), and (G) trabecular spacing (Tb. S), all shown as bar graphs. Data are shown as the mean ± SEM; NS, not statistically significant.




Microcomputed Tomography Analyses in the Mandible From Mice Injected With Phosphate-Buffered Saline and Methylsulfonylmethane

Microcomputed tomography scanning analyses of the alveolar bone of the mandibles showed a considerable increase in BV/TV, Tb. N, and Tb. Th accompanied by a decrease in the Tb. S in MSM-injected mice (Figure 3) compared with the PBS control mice. The ROI of the inter-radicular bone is projected with a blue rectangle in Figure 1C. Inter-radicular bones or septa are thin plates of bones that separate the roots of multi-rooted teeth. The 3D construction of inter-radicular bone is shown in Figures 3C″,D″. As can be seen, the bone density is higher in MSM-injected mice (Figure 3D″) compared to the control group. An increase was also observed in the inter-radicular bone of the mandible. These observations suggest that MSM can systematically induce bone formation, but its effect is more prominent in the bones in the mandibular region than in the long bones.
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FIGURE 3. Microcomputed tomography analysis of mandibular bone in mice injected with PBS and MSM. (A,B) A 3D construction of the (A) whole mandible and a sagittal section displaying the (B) teeth inside their respective sockets are shown. Representative sagittal (C,D) and coronal (C′,D′) planes of mandibles isolated from mice injected with (C) PBS and (D) MSM are shown. For the micro-CT scanning of the panels (C′,D′,C′′, and D′′), the ROI outlined (blue) in the (B) sagittal and (C) coronal planes are shown in Figure 1 were used. The micro-CT parameters were compared in six mice per group, and statistical analyses were performed using the Mann–Whitney U test for the indicated morphometric parameters (E–H). The data are shown as mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, vs. PBS-injected mice (BV/TV, bone volume-to-tissue volume; Tb. N, trabecular number; Tb, Th, trabecular thickness; Tb. S, trabecular spacing, or separation).




Morphometric Analysis of the Tibial and Mandibular Bone Sections

Methylsulfonylmethane injection appears to have increased the Tb. N in MSM-injected mice (Figures 4B,B′,B″) compared with PBS injected mice (Figures 4A,A′,A″). As detected by the micro-CT morphometry analyses, static histomorphometric measurements exhibited no significant femoral Tb. N or density changes in mice injected with MSM (Figure 2) compared to the control mice. Although no significant differences were noted in the number of the trabecular bone or its density, a considerable increase in the number of osteoblasts with no changes in the number of osteoclasts was observed between the two groups (Figures 4C,D).
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FIGURE 4. Histological assessment of the proximal right tibial bone sections in mice injected with PBS (A) and MSM (B) for 13 weeks. (A,A′,B,B′) Hematoxylin and Eosin (H&E) stained and (A″,B″) TRAP-stained proximal right tibial sections are shown in triplicate for each injection. Black squares in panels (A,B) indicate the region enlarged in panels (A′,B′). The same area of the magnified bone section stained for TRAP is shown in panels (A″,B″). Dark purple-stained cells seen attached to the bone surface are TRAP-positive osteoclasts [panels in (A″,B″)]. Scale bars represent 800 μm in panels (A,B); 200 μm in the magnified H&E (A′,B′) and TRAP- (A′,B′) stained panels. Quantification of the number of osteoblasts (N. Ob) and osteoclasts (N. Oc) was performed in the tibial metaphyseal bone surface (BS) region. Quantification was performed using the Fiji (ImageJ) software, and the results are shown as the mean ± SEM of six mice per injection. A standard Student’s t-test was used to analyze p-values. ∗∗p < 0.01.


As seen in the micro-CT analyses (Figure 3D″), TRAP-stained mandibular bone sections of MSM-injected mice also exhibited an increase in bone density and a decrease in the marrow cavity (Figure 5B′, arrow) as compared with PBS-injected mice. Although the marrow cavity is wider in PBS-injected mice (Figure 5A′, arrow), the osteoclast number is not significantly different in mice injected with PBS or MSM (Figure 5C). Thus, an increase in the marrow cavity in PBS-injected mice may result from increased osteoclast activity and decreased or normal osteoblast function. While these findings support the prominent effect of MSM in bone formation, further studies are needed to confirm the exact mechanism by which MSM exerts its osteoinductive effects. Furthermore, in vitro experiments with osteoclasts derived from RAW cells demonstrated that MSM did not affect osteoclast differentiation or function in vitro (Supplementary Figure 4).
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FIGURE 5. Tartrate-resistant acid phosphatase-stained mandible bone sections in mice injected with PBS (A) and MSM (B). Representative TRAP-stained mandible sections for each injection are shown. Black circles in panels (A,B) indicate an enlarged view of the bone section in panels (A′,B′). Arrowheads and arrows point to the inter-radicular bone and the bone marrow cavity, respectively, in PBS- and MSM-injected mice. Asterisks (∗) denote the dentine of adjacent teeth roots. Scale bars: 2 mm in panels (A,B) and 200 μm in panels (A′,B′). Quantification of the number of osteoclasts (N.Oc) (C) was performed in six mice per group using Fiji software (ImageJ). A standard Student’s t-test was used to analyze the data. The number of osteoclasts was not significantly (NS) different between the experimental groups tested.




Immunohistochemistry Analyses With Osteocalcin and CD105 Antibody

We then used the mandible sections for immunohistochemistry analyses with OCN, a biomarker for osteoblast activity, and CD105, a stem cell marker. Immunostained sections demonstrated an increase in bone density in the inter-radicular bone region of the mandible with a significant rise in OCN-positive bone cells and a decline in CD105 positive stem cells in MSM injected mice (Figures 6,B,B′,C,D). In addition, as compared with PBS-injected mice (Figures 6A,A′), the inter-radicular bone width (IRB) is more in MSM injected mice (Figures 6B,B′). Thus, these observations indicate that MSM increases bone formation and the differentiation of CD105 positive stem cells into OCN-positive osteoblast-like cells.
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FIGURE 6. Immunohistochemistry analysis in mandible sections. Bone sections were stained with an antibody against (A,B) OCN or (A′,B′) CD105. Inter-radicular bone and dentine are abbreviated as IRB and De; arrows point to cells stained for CD105 (A′,B′). Quantification of (C) OCN- and (D) CD105-positive cells was performed using Fiji (ImageJ) software, and the results are shown as the mean ± SEM of six mice per injection. A standard Student’s t-test was used to analyze p-values. ∗∗p < 0.01 and ∗p < 0.05. Scale bar: 300 μm.




Analysis of Serum Biomarkers for Bone Formation and Resorption by Enzyme-Linked Immunosorbent Assay

Serum was analyzed by ELISA for bone resorption (TRAP and CTX-I) and bone formation (OCN, P1NP) markers (Figure 7). An increase in osteoblast markers such as OCN and P1NP was observed in mice injected with MSM compared to PBS-injected mice (Figures 7B,D). Interestingly, we also detected a notable decrease in the levels of TRAP and CTX-I in the MSM-injected mice group as compared to the control group, which suggests that osteoclast activity may be reduced by MSM (Figures 7A,C) even though the osteoclast number was not significantly different between PBS- and MSM-injected mice (Figure 5C).
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FIGURE 7. Analysis of the serum levels of indicated biomarkers of bone formation and resorption in mice injected with PBS and MSM. The serum levels of (A) TRAP, (B) OCN, (C) CTX-I, (D) P1NP, and (E) calcium were measured using ELISA kits. Serum from six mice per injection was used for the analyses, and each analysis was performed in triplicates. The results are presented as mean ± SEM; standard Student’s t-test was used to analyze the p-value; ∗p < 0.05; N.S., not statistically significant.




DISCUSSION

Our previous studies have shown that MSM influences the differentiation of SHED into osteoblast-like cells and their osteogenic potential. In SHED, TG-2 enzyme is involved in the cross-linking of ECM proteins (collagen and osteopontin) and the mineralization process in vitro in the presence of MSM (Aljohani et al., 2019). MC3T3 and UMR-106 cells are commonly used for in vitro studies. Validating the results of our earlier studies in SHED (Aljohani et al., 2019), here we showed that MSM increased ALP activity and mineralization in UMR-106 cells. Furthermore, besides MC3T3, SHED, and UMR-106 cells, MSM also increased the expression levels of osteogenic specific markers (ALP, osteopontin, OCN, RUNX2, and osterix) in hPDLSCs (Ha and Choung, 2020). We experimented with aging mice to comprehend whether in vitro findings of increased bone formation by MSM in vitro are also relevant in vivo. We performed a series of observations in aging mice, especially in the mandibular bone area, to elucidate whether MSM is an attractive therapeutic compound for the treatment of bone loss.

Bone loss occurs under conditions of periodontitis and osteoporosis, and both progress with increasing age (Jonasson and Rythen, 2016). Most clinical studies on the effects of human aging on periodontal tissues suggest a significant correlation between the aging and incidence of periodontal disease (Papapanou et al., 1989; Ismail et al., 1990; Haffajee et al., 1991; Huttner et al., 2009). MSM is commonly used as a supplement to treat arthritis and other inflammatory conditions (Butawan et al., 2017). Aging itself has been considered a chronic inflammatory state (Gibon et al., 2017). Periodontal tissues of aged mice have increased inflammation and elevated alveolar bone loss compared to young mice (Liang et al., 2010). Therefore, we used the aging mice model to identify the effect of MSM on bone cells. Mice were injected with MSM subcutaneously for 13 weeks. Our study demonstrated more bone loss in control mice which is diminished in MSM injected mice in the mandibular region.

We then did a series of studies in aging mice and analyzed the bone by micro-CT and histomorphometry analyses. We determined the quantitative differences in PBS- and MSM-injected mice by measuring BV/TV, Tb. Th, trabecular spacing, and Tb. N. Although bone loss was observed in both long bones and mandibular bones due to aging in PBS-injected mice, bone formation by MSM was more significant in the mandibular bones than in long bones. Since MSM is an anti-inflammatory compound, injection of MSM may have reduced the inflammatory events in the mandibular area and improved bone density. Clark et al. reported depletion of macrophages in old mice resulted in decreased inflammatory cytokines within the gingiva and reduced bone loss (Clark et al., 2021).

Furthermore, as suggested by others, it may be due to the unique characteristics of collagen in the mandible compared to the long bones (Matsuura et al., 2014). The uniqueness may include a more significant amount of collagen with a smaller amount of mature cross-links and a lower extent of Lysine hydroxylation. These structures support the mandibular matrix’s distinct interactions with bone remodeling cells, including osteoblasts, osteoclasts, and precursors (Matsuura et al., 2014). Moreover, the differentiation of osteoblasts occurs in optimal collagen cross-linking (Turecek et al., 2008). Studies have also shown that proteinases used for bone resorption in mandible displayed different properties from long bones (Azari et al., 2011; de Souza Faloni et al., 2011; Vermeer et al., 2013). Furthermore, the bone formation rate decreases with age in femoral bones, whereas it remains elevated in the jawbones (Huja and Beck, 2008). Nevertheless, irrespective of the mechanism, it is possible that the arrangement of collagen in mandibular bone may assist in bone remodeling via their interaction with bone remodeling cells. Therefore, the collagen matrix structure and its interaction with bone cells in the mandible may provide a notable difference in the remodeling process compared with long bones.

Studies have shown that inter-radicular bone loss is associated with the progression of bone loss in multirooted teeth in patients with chronic periodontitis (Desai and Shinde, 2012). Inter-radicular alveolar bone is exposed to occlusal stimuli and is often used for alveolar bone histomorphometry. Here, in the TRAP-stained mandibular bone sections, we have shown a significant bone loss in the inter-radicular bone region of PBS-injected mice (Figures 5A,A′); however, although the osteoclast number remains the same in both PBS- and MSM-injected mice, a considerable decrease in the bone loss was observed in MSM-injected mice (Figures 5B,B′). In vitro experiments with osteoclasts also demonstrated no changes in osteoclast number in MSM untreated or treated osteoclasts. We then raised the question, Is this related to an increase in bone formation?

To further determine that MSM stimulated bone formation, we analyzed the serum for bone resorption (TRAP and CTX-1) and formation (OCN and P1NP) markers. Although MSM did not affect the bone resorption of osteoclasts from RAW cells in vitro, a significant decrease in the bone resorption markers was observed in the serum of mice injected with MSM compared with PBS-injected mice. The levels of TRAP and CTX1 represent the measurement of enzymes and peptides released during bone resorption. As indicated by others (Milne et al., 2009), serum phosphatase levels (TRAP) can be used as an alternative measure to validate osteoclast activity. We found that MSM can reduce bone resorption. The measurement of serum levels of P1NP is precisely comparative to the amount of new collagen produced by osteoblasts. Osteocalcin level is a valid marker of bone formation and represents osteoid formation rather than mineralized bone formation. Both P1NP and OCN are currently the best and widely used indicators of bone formation (Melkko et al., 1996; Huja and Beck, 2008; Chavassieux et al., 2015). In addition to reducing bone resorption by osteoclasts, an increase in bone formation by osteoblasts may have contributed to the rise in bone density in the inter-radicular bone region of the bone.

Consistent with an increase in serum levels of OCN, immunohistochemistry analyses also displayed more OCN-positive cells in the mandibular area. The intriguing observation in the immunohistochemistry analyses is a decrease in CD105 positive cells and a corresponding increase in OCN-positive cells in the mandibular bone sections of MSM-injected mice. Several types of stem cells (DPSCs, SHED, PDLSCs, SCAPs, and DFPCs) are present in the dental tissue (Gronthos et al., 2000; Sonoyama et al., 2006, 2008; Morsczeck et al., 2009; Morsczeck and Schmalz, 2010; Morsczeck, 2015), and these stem cells can provide novel therapies in dentistry and support bone formation in vitro and in vivo. The expression of CD105 (aka endoglin) in MSC is necessary for self-renewal. These cells are shown to form bone in vivo and are a promising tool for bone regeneration (Aslan et al., 2006). A decrease in CD105 positive cells and a corresponding increase in OCN-positive osteoblast-like cells in MSM-injected mice strongly suggest that MSM can induce osteogenic differentiation of stem cells in vivo. Future studies will evaluate the mechanism and potential of CD105 positive cells to differentiate into osteoblast-like cells in the presence of MSM.

We showed in this study the initial characterization of the effects of MSM on bone formation in aging mice. Yet, we recognize that this study has limitations, and our future studies will address these limitations. More specifically, our further investigation includes analyzing the effects of MSM on: (1) bone formation using dynamic histomorphometry as shown previously (Jilka et al., 1996; Weinstein et al., 1997; Chellaiah et al., 2000) and (2) the differentiation of CD105 positive cells into OCN-positive osteoclast-like cells in vitro and in vivo. In vitro analysis will also focus on the molecular mechanisms by which MSM induces the osteogenic differentiation of stem cells (SHED) and increases bone formation. For example, is there any role for the Wnt pathway to stimulate the differentiation of SHED into osteoblast-like cells and bone formation?



CONCLUSION

Based on histomorphometry, micro-CT, biochemical, and immunohistochemistry analyses, we have found that MSM increases bone formation in the inter-radicular region of the mandible of the aging mice. Furthermore, OCN-positive osteoblast-like cells were more in the inter-radicular areas of bone, where more bone density was observed. A decrease in CD105 positive stem cells with a concomitant increase in osteoblast-like cells suggests that MSM can induce the differentiation process in vivo based on the needs. Although these findings additionally support the bone remodeling effect of MSM, more studies are necessary to identify the molecular mechanisms involved in this differentiation process in vitro and in vivo. We suggest that the therapeutic effect of MSM on bone loss could go beyond alveolar bone loss that occurs in periodontitis Studies have shown that estrogen loss promotes continual inflammation, which supports post-menopausal osteoporosis (PMO). Pro-inflammatory cytokines (e.g., TNF-alpha and IL-17A) contribute to osteoclast activation and bone loss in PMO. Thus, the potent anti-inflammatory MSM can be used as a therapeutic agent to improve bone loss-associated diseases, including periodontitis, PMO, and rheumatoid arthritis.
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Human periodontal ligament stromal/stem cells (PDLSCs) are ideal candidates for periodontal regeneration and are of significant importance in clinical practice. However, PDLSCs derived from diseased microenvironments exert impaired behavior, which leads to the failure of periodontal regeneration. The epithelial cell rests of Malassez (ERM), which are involved in periodontal homeostasis, are residual cells from Hertwig's epithelial root sheath (HERS). However, the function of ERM remains largely unknown. Therefore, the aim of this study was to evaluate the effect of ERM on the osteogenic potential of PDLSCs from an impaired microenvironment. PDLSCs from healthy donors (H-PDLSCs), periodontitis donors (P-PDLSCs) and human ERM were harvested. Osteogenic evaluation showed a lower osteogenic potential of P-PDLSCs compared to that of H-PDLSCs. Then, we co-cultured ERM with P-PDLSCs, and the data showed that ERM promoted the expression of osteogenic genes and proteins in P-PDLSCs. In addition, we collected the PDLSCs from aged donors (A-PDLSCs) and analyzed the osteogenesis capacity of the A-PDLSCs and A-PDLSCs + ERM groups, which displayed similar results to P-PDLSCs. Finally, we evaluated the Wnt pathway, which is associated with osteogenic differentiation of stromal/stem cells, in A-PDLSCs + ERM and P-PDLSCs + ERM groups, which indicated that suppression of the Wnt pathway may result in an increase in the osteogenic properties of A-PDLSCs + ERM and P-PDLSCs + ERM groups. Taken together, the above findings shed new light on the function of ERM and provide a novel therapeutic for optimizing PDLSCs-based periodontal regeneration.

Keywords: periodontal ligament stromal/stem cells, epithelial cell rests of Malassez, osteogenesis, co-culture, Wnt pathway


INTRODUCTION

Periodontal regeneration has always been widely investigated in periodontal field (Liu et al., 2018; Behm et al., 2020; Wang et al., 2020). Due to the complex periodontal ligament structure and oral environment, satisfactory periodontal regeneration still has not achieved (Li et al., 2020; Nibali et al., 2021; Shang et al., 2021a). Human periodontal ligament stromal/stem cells (PDLSCs), which are a kind of mesenchymal stromal/stem cells (MSCs) have been widely used in periodontal tissue regeneration (Liu et al., 2018). However, studies have recognized that purely applying PDLSCs barely regenerates ideal periodontal tissue. Therefore, numerous studies have focused on facilitating the capacities of PDLSCs to improve the effect of periodontal regeneration (Shang et al., 2017, 2021b; Abdelaziz et al., 2021).

The periodontal ligament is a complex tissue that maintains various cell types such as PDLSCs, fibroblasts and epithelial cell rests of Malassez (ERM) (LeBlanc et al., 2020). Among them, ERM are the remaining epithelial cells of Hertwig's epithelial root sheath (HERS), which play important roles in maintaining the homeostasis of periodontal tissue (Yang et al., 2015) and preventing root resorption (Tsunematsu et al., 2016). However, it remains unclear how ERM impacts PDLSCs. The microenvironment is involved in regulating the biological behavior of stromal/stem cells (Sui et al., 2019). For instance, the osteogenic capacity of PDLSCs derived from the inflammatory microenvironment is lower than that of PDLSCs from a healthy microenvironment (Tang et al., 2016). Thus, the alleviation of the impaired microenvironment would be helpful for enhancing the results of periodontal regeneration.

In this study, we established a co-culture system to observe the effect of ERM on the osteogenesis of PDLSCs derived from an impaired microenvironment., thereby providing a theoretical basis for further optimization of periodontal regeneration.



MATERIALS AND METHODS


Cell Isolation and Culture

Healthy PDLSCs (H-PDLSCs) were obtained by culturing explants of healthy periodontal tissues from patients (24–35 years of age) whose premolar or third molar was extracted for orthodontic reasons. Periodontitis PDLSCs (P-PDLSCs) were obtained from patients (24–35 years of age) diagnosed with periodontitis who exhibited 2/3 alveolar bone loss and more than one pocket with a depth ≥5 mm. Aged PDLSCs (A-PDLSCs) were collected from patients aged 52–65 years. Periodontal tissues were gently separated from the root surface. After washing in sterile phosphate-buffered solution (PBS), the tissues were digested with type I collagenase (0.66 mg/mL; Sigma, USA) for 20 min. Single cell suspensions were generated and cultured in culture medium containing α-minimum essential medium (α-MEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Electron, USA), 0.292 mg/mL glutamine (Invitrogen, USA), 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco, USA) at 37°C in a humidified atmosphere of 5% CO2 and 95% air.

To obtain human ERM, 15 systemically healthy donors aged between 11 and 30 years were recruited. Healthy premolars or third molars were extracted for orthodontic reasons. The first third of the tooth which proximately to the crown was removed. After thoroughly scraping the periodontal tissue of upper 1/3 of root to remove the gingival tissue, the tooth was washed in sterile PBS and totally digested with type I collagenase (0.66 mg/mL; Sigma, USA) for 2 h at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Single cell suspensions were generated by filtration using a 70 μm strainer, then washed and re-suspended in α-MEM (Gibco, USA) supplemented with 15% FBS (Thermo Electron, USA), 0.292 mg/mL glutamine (Invitrogen, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco, USA). The culture medium was changed every 3 days. The explants were maintained in 6-well culture dishes for 2 weeks until cell clusters were formed. After digestion, cells were seeded and cultured with epithelial cell medium consisting of α-MEM (Gibco, USA), 2% FBS (Thermo Electron, USA), 1% epithelial cell growth supplement (Gibco, USA), and 1% penicillin/streptomycin (Gibco, USA) for 7 days. Then, differential digestion was performed using trypsin-EDTA (9:1) for 10 min to detach the fibroblast-like-cells.

All samples were collected at the School of Stomatology, The Fourth Military Medical University. Written informed consent was provided by all participants, and the study was approved by the hospital's ethics committee.



Osteogenic Differentiation Assay

The induction of osteogenic differentiation was performed as previously described (Li et al., 2016). Briefly, PDLSCs in passage 3–4 were used for osteogenic differentiation assay. 2 × 105 cells per well were maintained in 6-well plates with culture medium. When the cells reached ~90% confluence, the culture medium was changed to osteoinductive medium which supplemented with 100 nM dexamethasone, 50 mg/ml ascorbic acid, and 5 mM b-glycerophosphate (Sigma, USA).

After 7 days of osteogenic induction, cells were fixed in 4% paraformaldehyde for 30 min. Subsequently, alkaline phosphatase (ALP) staining was performed using the BCIP/NBT Alkaline Phosphatase Kit (Beyotime, China). In addition, total RNA and protein were extracted and analyzed for the expression of osteogenic genes (ALP and RUNX2) and proteins (ALP and RUNX2).



Immunofluorescence Staining

ERM were fixed in 4% paraformaldehyde and incubated in 0.1% Triton X-100 for 15 min. Next, the cells were incubated overnight with a rabbit anti-human CK14 primary antibody (Abcam, 1:200) at 4°C and then the secondary antibody (Jackson, 1:200) was applied to react with the primary antibody. The cell nuclei were stained with DAPI (Sigma, 1:200) and observed under fluorescence microscope.



Co-culture System

The coculture system was established as previously described (Liu et al., 2014a). Cell coculture assay was assessed using 12-well inserts with 0.4-μm pores (Corning, China) according to the manufacturer's protocol. Briefly, ERM were loaded into the upper chamber (5.5 × 103), while P-PDLSCs or A-PDLSCs were loaded into the lower chamber (4.0 × 104) in osteoinductive medium.



Quantitative Real-Time PCR (qRT-PCR)

To compare gene expression, qRT-PCR was used according to protocol. After 7 days of osteogenic induction, cells were washed with PBS and total RNA was extracted. Synthesis of cDNA was performed using SYBR1 Premix Ex Taq II (Perfect Real Time kit; TaKaRa, Japan). The primers are listed below:

GAPDH: Forward 5′- TCT GCA TCA TCC AGG AGC TTA TT−3′, Reverse 5′- TGA TAC AGA AGG CAG GTT CAC AA−3′; ALP: Forward 5′- AGC TTT CGA AGA ACA ACG GA−3′, Reverse 5′- TCT TGA AAT GCT TTG GGT CC-3′; RUNX2: Forward 5′- CCC GTG GCC TTC AAG GT−3′, Reverse 5′- CGT TAC CCG CCA AGA CAG TA-3′.



Western Blot Analysis

After 7 days of osteogenic induction, cells were washed with PBS and total protein was obtained by RIPA lysis buffer (Beyotime, China). Quantitative analysis was performed using BCA (Sigma, USA). Next, proteins were isolated on NuPAGE 10–12% polyacrylamide gel and transferred to a PVDF membrane (Millipore, USA). The membrane was blocked with 5% milk for 2 h and then incubated with primary antibodies overnight. The following primary antibodies were used: ALP (Abcam, 1:400), RUNX2 (Abcam, 1:400), total-β-catenin (Abcam, 1:1000), active-β-catenin (Cell Signaling, 1:500), GSK-3β (Abcam, 1:1000), p-GSK-3β (Santa Cruz, 1:500) and GAPDH (Cwbiotech, 1:500). The secondary antibody (Corning, 1:5000) was incubated according to the source of primary antibody, and the chemiluminescence ECL kit (Sigma, USA) was used for protein detection. ImageJ was used to analyze the corresponding spectral band intensity of scanned images.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0. The results are expressed as the mean ± SD from at least three independent experiments and analyzed by two-tailed unpaired Student's t-test. A value of P < 0.05 was considered statistically significant.




RESULTS


PDLSCs From the Inflammatory Microenvironment Display Impaired Osteogenic Potential

First, to identify the MSCs properties of PDLSCs, we analyzed the surface markers of PDLSCs from healthy (H-PDLSCs) and inflammatory (P-PDLSCs) microenvironments. Flow cytometry evaluation showed that H-PDLSCs and P-PDLSCs were both positive for the MSCs surface markers CD105, CD90 and CD29, but were negative for the hematopoietic marker CD45 (Supplementary Figure S1A). In addition, they both possessed colony-formation capacity (Supplementary Figure S1B), positive for ALP activity staining (Supplementary Figure S1C) and formed osteogenic nodules, as shown through Alizarin red S staining (Supplementary Figure S1D).

Next, the osteogenic capacity of H-PDLSCs and P-PDLSCs was compared after 7 days of osteogenic induction. There were four groups: H-PDSLCs with (H-ost) or without osteogenic induction (H-con) and P-PDSLCs with (P-ost) or without osteogenic induction (P-con). ALP staining showed that the expression level of ALP increased after osteogenic induction in both H-PDLSCs and P-PDLSCs. The ALP expression level was obviously decreased in the P-ost group compared with the H-ost group (Figure 1A). Additionally, mRNA expression of the osteogenic genes ALP and RUNX2, which are classical markers of osteogenesis, was determined by qRT-PCR, and their protein expression levels were assessed by Western blot. The results showed that osteogenic induction enhanced the ALP and RUNX2 gene expression of PDLSCs and that the P-PDLSCs exhibited lower gene expression levels than H-PDLSCs after osteogenic induction (P < 0.001; Figure 1B), which is consistent with the Western blot results (*P < 0.05, ***P < 0.001; Figures 1C,D). The findings revealed that the P-PDLSCs showed impaired osteogenic ability, which was consistent with previous results (Sun et al., 2017), thereby indicating that the inflammatory microenvironment impairs the osteogenic capacity of PDLSCs.


[image: Figure 1]
FIGURE 1. PDLSCs from the inflammatory microenvironment display impaired osteogenic potential. (A) ALP staining shows that ALP positive staining reduced in P-PDLSCs, comparing to H-PDLSCs, after 7 days of osteogenic induction (n = 3). (B) The qRT-PCR results display higher expression levels of the osteogenic genes ALP and RUNX2 after osteogenic induction in both P-PDLSCs and H-PDLSCs than in PDLSCs without osteogenic induction, while the expression of ALP and RUNX2 decrease in P-PDLSCs after 7 days of osteogenic induction (n = 3). (C) Expression of ALP and RUNX2 are examined by Western blot analysis. (D) The quantitative evaluation of Western blot demonstrates that compare to H-PDLSCs, the expression levels of ALP and RUNX2 reduce in P-PDLSCs (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.




ERM Promote the Osteogenic Potential of PDLSCs From Inflammatory Microenvironment

It has been reported that ERM express extracellular matrix proteins that regulate the function of PDLSCs and maintain PDL homeostasis (Keinan and Cohen, 2013; Xiong et al., 2013). In this study, ERM were successfully isolated and purified from periodontal tissues and displayed a “paving stone” shape (Figure 2A). Immunofluorescence showed ERM were positive for the epithelial marker cytokeratin 14 (CK14) (Figure 2B). qRT-PCR showed high expression levels of the epithelial markers amelogenin, CK14, cytokeratin 5 E-cadherin in ERM, but these were poorly detected in PDLSCs. Additionally, ERM barely expressed in MSCs marker vimentin which was highly expressed in PDLSCs (P < 0.001; Figure 2C). The findings showed that the ERM we cultured possessed the characteristics of epithelial cells which can be applied for further studies.


[image: Figure 2]
FIGURE 2. Culture and Identification of epithelial rests of Malassez (ERM). (A) Representative morphologies of ERM. (a) Low magnification of ERM. Scale bar, 200 mm; (b) High magnification of ERM; Scale bar, 20 mm. (B) Immunofluorescence staining shows that the cells are positive for the epithelial specific marker CK14. Scale bar, 50 mm. (C) qRT-PCR reveals that ERM cells express epithelial specific markers CK14, CK5 and E-cadrin, but barely express PDLSCs specific marker vimentin (n = 3). ***P < 0.001.


To assess the effect of ERM on P-PDLSCs, we established an osteogenic co-culture system. ALP staining showed that higher ALP expression in the P-PDLSCs and ERM co-culture group (P-PDLSCs + ERM) than P-PDLSCs group (Figure 3A). The mRNA expression of ALP and RUNX2, which are associated with osteogenesis, increased in P-PDLSCs + ERM group (**P < 0.01, ***P < 0.001; Figure 3B). However, the fold change of RUNX2 is lower than that of ALP after statistical analysis which we will confirm in future studies. The Western blot findings also displayed increased expression levels of ALP and RUNX2 in the P-PDLSCs + ERM group, consisting with qRT-PCR findings (*P < 0.05, **P < 0.01; Figures 3C,D). The data above first determined that ERM co-cultured with P-PDLSCs enhanced the osteogenic capacity of P-PDLSCs, implying that ERM may create a favorable microenvironment to rescue the impaired osteogenic properties of P-PDLSCs.


[image: Figure 3]
FIGURE 3. ERM promote the osteogenic potential of PDLSCs from inflammatory microenvironment. (A) ALP staining exhibits that co-cultured with ERM elevates the ALP expression of P-PDLSCs after osteogenic induction. (B) qRT-PCR analysis shows P-PDLSCs + ERM group expresses higher levels of osteogenic genes ALP and RUNX2 than P-PDLSCs group (n = 3). (C) Protein expression levels of ALP and RUNX2 also increase in P-PDLSCs + ERM group. (D) The quantitative evaluation of Western blot (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.




ERM Enhance the Osteogenic Ability of PDLSCs From Aged Microenvironment

Given that cells from unfavorable microenvironment exhibited impaired biological characteristics (Sui et al., 2019), we further analyzed osteogenic capacity of PDLSCs from aged microenvironment (A-PDLSCs). Flow cytometry analysis showed that A-PDLSCs were positive for the MSCs surface markers CD105, CD90 and CD29, but were negative for the hematopoietic marker CD45 (Supplementary Figure S2A). Besides, A-PDLSCs possessed colony-formation (Supplementary Figure S2B), ALP positive staining (Supplementary Figure S2C), and osteogenic nodule formation potential (Supplementary Figure S2D). After seven days of osteogenic induction, the ALP staining showed the reduced expression of ALP in A-PDLSCs compared to H-PDLSCs (Figure 4A). The gene and protein expression of ALP and RUNX2, which are classical markers of osteogenesis, were both decreased in A-PDLSCs (*P < 0.05, **P < 0.01; Figures 4B-D). The data determined that PDLSCs from aged microenvironment exhibit impaired osteogenic potential, consistent with previous findings.


[image: Figure 4]
FIGURE 4. The PDLSCs from aged microenvironment exhibit impaired osteogenic capacity. (A) ALP staining shows that after osteogenic induction, ALP positive staining reduced in A-PDLSCs, comparing to H-PDLSCs (n = 3). (B) qRT-PCR demonstrates lower expression of osteogenic genes ALP and RUNX2 in A-PDLSCs than H-PDLSCs (n = 3). (C) Expression of the ALP and RUNX2 are examined by Western blot analysis. (D) The quantitative evaluation of Western blot shows that P-PDLSCs express lower level of ALP and RUNX2 than H-PDLSCs (n = 3). *P < 0.05, **P < 0.01.


Since ERM co-cultured with P-PDLSCs alleviated the reduced osteogenic property of P-PDLSCs, we next analyzed the osteogenesis capacity of A-PDLSCs + ERM. ALP staining displayed an increase in ALP expression in the A-PDLSCs + ERM group after 7 days of osteogenic induction (Figure 5A). Comparing to A-PDLSCs group, the gene and protein expression levels of ALP and RUNX2 also increased in A-PDLSCs + ERM group (*P < 0.05, **P < 0.01; Figures 5B-D). The results first showed that ERM promote the osteogenic ability of PDLSCs from aged microenvironment, indicating that ERM may provide a beneficial microenvironment for PDLSCs to elevate their impaired properties.


[image: Figure 5]
FIGURE 5. ERM enhance the osteogenic ability of PDLSCs from aged microenvironment. (A) ALP staining exhibits that co-cultured with ERM elevates the ALP expression of A-PDLSCs after osteogenic induction. (B) qRT-PCR analysis shows that the A-PDLSCs + ERM group expresses higher levels of ALP and RUNX2 than the A-PDLSCs group (n = 3). (C) Protein expression levels of ALP and RUNX2 also increase in the A-PDLSCs + ERM group. (D) The quantitative evaluation of Western blot (n = 3). *P < 0.05, **P < 0.01.




ERM Alleviate the Osteogenic Property of PDLSCs From Impaired Microenvironment via Suppressing the Wnt Pathway

Recent studies have demonstrated that the Wnt signaling pathway plays an important role in the osteogenic differentiation of PDLSCs (Liu et al., 2011a). However, it is still elusive whether ERM alleviate the impaired osteogenic ability of PDLSCs which were from unfavorable microenvironment via Wnt signaling. In this study, we evaluated β-catenin and GSK-3β, which are key proteins in the Wnt pathway. The findings showed that the GSK-3β and total-β-catenin expression levels were essentially unchanged, while P-GSK-3β and active-β-catenin protein expression levels in the P-PDLSCs + ERM group were lower than those in the P-PDLSCs group (P < 0.05; Figures 6A,B). Furthermore, the Wnt pathway in A-PDLSCs + ERM and A-PDLSCs group was also analyzed. The results displayed that there was no significant difference in GSK-3β and total-β-catenin expression levels, but that P-GSK-3β and active-β-catenin protein expression levels decreased in the A-PDLSCs + ERM group (P < 0.05; Figures 6C,D). The results revealed that the Wnt pathway was inhibited in PDLSCs from impaired microenvironment when they were co-cultured with ERM, which may be associated with their enhanced osteogenic properties. However, further studies are needed to confirm the findings.


[image: Figure 6]
FIGURE 6. ERM alleviate the osteogenic property of PDLSCs from impaired microenvironment via suppressing the Wnt pathway. (A) Western blot analysis exhibits that the expression levels of active-β-catenin and P-GSK-3β decrease in P-PDLSCs + ERM group. (B) Quantitative evaluation of Western blot (n = 3). (C) Western blot analysis shows that the expression levels of active-β-catenin and P-GSK-3β also decrease in the A-PDLSCs + ERM group. (D) Quantitative evaluation of Western blot (n = 3). *P < 0.05.





DISCUSSION

A favorable microenvironment promotes the biological properties of PDLSCs, which leads to better outcomes of periodontal regeneration (Liu et al., 2018; Zhou et al., 2021). Our results first found that ERM enhance the osteogenic capacity of PDLSCs from inflammatory and aging microenvironments, providing a novel role of ERM and a new thought for optimizing periodontal regeneration.

The extracellular microenvironment tightly regulates the biological behavior of resident stem cells (Sui et al., 2019). For instance, the efficacy of periodontal regeneration declines in diabetes compared with healthy animals (Kim et al., 2020; Nguyen et al., 2020). Furthermore, PDLSCs from aged microenvironment exhibited reduced colony-forming ability, proliferative, migratory and osteogenic potential than PDLSCs from healthy PDL (Zheng et al., 2009; Wu et al., 2015; Aung et al., 2020). For PDLSCs isolated from periodontitis, our team previously found that the proliferative capacity of them increased but the osteogenic potential of them was significantly lower than that of PDLSCs isolated from healthy PDL (Liu et al., 2011; Tang et al., 2016; Sun et al., 2017). In this study, flow cytometry analysis and colony-forming assays showed the PDLSCs we cultured from different origins expressed MSCs surface markers and owed self-renew potential, suggesting the PDLSCs we collected displayed MSCs properties (Supplementary Figures S1, S2). Then, we analyzed the osteogenic potential of PDLSCs derived from periodontitis and older donors. The findings demonstrated dysfunctional osteogenic potential, which was consistent with previous studies (Figures 1, 3A–D) (Tang et al., 2016; Sun et al., 2017).

ERM, as the descendant of HERS which are crucial in root formation, play an important role in cementum repair and periodontal homeostasis (Keinan and Cohen, 2013; Nam et al., 2014; Yang et al., 2020). During root dentine formation, HERS cells dislocate and disintegrate from the root, which allows the attachment of cementum-forming cells to the newly formed root dentin surface (Duan et al., 2020). The remaining epithelial cells are further removed from the root surface and retained in the developing periodontal membrane, which are known as ERM. Through HERS act as a transient structure, their epithelial residue ERM exist throughout life with a fish net structure surrounded the root surface (Ohshima et al., 2008). Compared with HERS, ERM cells derive from a wider variety of sources, which are ideal cells to investigate the biological function of epithelial cells in periodontal ligament (Nam et al., 2014; Athanassiou-Papaefthymiou et al., 2015). Since there are only a small amount of the ERM cells in PDL, it is difficult to obtain and culture human ERM cells. While several studies have cultured the human ERM cells in vitro and evaluated their characteristics (Nam et al., 2011; Lee et al., 2012; Kitajima et al., 2019). As the ERM coexist with PDL cells and close to gingival cells, the improvement of purification of the ERM is a matter of considerable interest in order to clarify the function of this subpopulation (Athanassiou-Papaefthymiou et al., 2015). Summarizing the methods of others, we mechanically scraping the periodontal tissue of upper 1/3 of root to avoid the effects of gingival epithelial cells. Additionally, enzymatic digestion of the explants culture, which contains PDL cells and ERM, allows the less-adherent periodontal ligament fibroblasts to be released and separated from the more-adherent ERM (Nam et al., 2014; Kitajima et al., 2019). However, eliminating any residual other cells from the remaining adherent ERM remains difficult which needs advanced technology such as flow cytometry sorting. Given that heterogeneity of cell types exists throughout the evolution in every functional entity (Krivanek et al., 2017), the heterogeneity in the ERM population we isolated still exists. For example, some cell tracing studies have uncovered the critical role of biomarkers such as Sox2+ dental epithelial stem cells in renewal of continuously growing mouse incisor (Juuri et al., 2012). Our team found that Gli1+ cells in PDL can sense mechanical forces and participated in periodontal remodeling (Liu et al., 2020). In the future, we will further investigate the specific biomarkers in ERM and their function. In this study, based on the experimental methods of others, we successfully obtained high purity ERM through expression of CK14+ cells and gene expression of epithelial markers. Our results showed that high purity ERM were obtained from human periodontal tissues which can be applied for further studies (Figure 2).

A co-culture system provides an ideal model to mimic the microenvironment in vivo, facilitating cell communication (Liu et al., 2014a). Several previous in vitro studies have demonstrated that ERM are capable of expressing extracellular matrix proteins that are involved in regulating mineralization such as osteopontin, bone sialoprotein and osteoprotegerin (Xiong et al., 2013; Yang et al., 2015). Furthermore, the osteogenic ability of PDLSCs can be enhanced by co-culture with HERS (Sonoyama et al., 2007). However, whether ERM inherit HERS function and how ERM impact PDLSCs remain largely unknown. In this study, we examined ALP and RUNX-2 as classical osteogenic markers. Although ALP and RUNX-2 are considered as early osteogenic markers, studies have showed that in the process of new bone formation, the expression of oteocalcin (OCN) which is considered as late osteogenic marker parallels with the expression of ALP. They both increase with the bone formation process and decrease with the maturation process (Diemar et al., 2021). Even so, further examination of the osteogenic markers such as OCN and osterix (OSX) are needed to confirm the influence of ERM in osteogenic differentiation of PDLSCs and the ALP activity also needs analysis. Besides, functional experiments in vitro and in vivo such as Aizarin red S staining and ectopic osteogenesis assay are also needed in future investigation.

In this study, we established a co-culture system of ERM and PDLSCs derived from different microenvironment. The data first showed that both P-PDLSCs and A-PDLSCs possessed a higher expression of ALP and RUNX-2 after co-cultured with ERM, which suggests that ERM may create a beneficial microenvironment for ameliorating the impaired osteogenic capacity of PDLSCs from an unfavorable microenvironment (Figures 3, 5). However, since the experiments were lack of the H-PDLSC control, the findings only implied that ERM could increase the impaired osteogenic capacity of PDLSCs, whether ERM improved osteogenic capacity of H-PDLSC needs further investigation.

Wnt signaling is putatively involved in various developmental processes such as skeletal development and tooth formation (Hu et al., 2019; Wang et al., 2019). It has been shown in various report that canonical Wnt signaling is activated during osteogenic differentiation in human bone marrow mesenchymal stem cells (BMMSCs) (Matsushita et al., 2020; Xiang et al., 2020). Our group has observed that a diverse regulation of the BMMSCs and PDLSCs via canonical Wnt pathway modulation (Liu et al., 2014a,b). The osteogenic differentiation process of BMMSCs activated the canonical Wnt signaling with increased level of active β-catenin and P-GSK-3β. While the osteogenic differentiation process of PDLSCs inhibited the canonical Wnt signaling with decreased level of active β-catenin and P-GSK-3β (Liu et al., 2011b; Li et al., 2016, 2018). It has been reported that the microenvironment influents the Wnt pathway (Liu et al., 2011a). For example, PDLSCs treated with the inflammatory factor TNF-α under osteogenic induction conditions exhibit the upregulation of Wnt signaling (Fang et al., 2020). Our team also detected that the application of the Wnt signaling antagonist DKK1 led to an increase in osteogenic differentiation in PDLSCs derived from the inflammatory microenvironment (Sun et al., 2017). Earlier studies have found that aging is also a chronic inflammatory process (Zhang et al., 2012; Aung et al., 2020), which implicates similar trends of cells from donors with periodontitis and aged donors. In this study, the results showed that P-GSK-3β and active-β-catenin decreased in the co-culture system, while GSK-3β and total-β-catenin remained unmodified, suggesting the suppression of the Wnt pathway in PDLSCs from an impaired microenvironment after co-cultured with ERM (Figure 6). Whereas more in-depth mechanism exploration is needed such as wheather ERM release factors to effect PDLSCs proliferation or differentiation.

In conclusion, we first found that ERM alleviated the osteogenic potential of PDLSCs from inflammatory and aged microenvironments, providing a novel function of ERM and a novel therapeutic to optimize PDLSCs derived from unfavorable microenvironments for better periodontal regenerative outcomes.
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Nowadays, the bone osseointegration in different environments is comparable, but the mechanism is unclear. This study aimed to investigate the osseointegration of different bioactive titanium surfaces under normoxic or high-altitude hypoxic environments. Titanium implants were subjected to one of two surface treatments: (1) sanding, blasting, and acid etching to obtain a rough surface, or (2) extensive polishing to obtain a smooth surface. Changes in the morphology, proliferation, and protein expression of osteoblasts on the rough and smooth surfaces were examined, and bone formation was studied through western blotting and animal-based experiments. Our findings found that a hypoxic environment and rough titanium implant surface promoted the osteogenic differentiation of osteoblasts and activated the JAK1/STAT1/HIF-1α pathway in vitro. The animal study revealed that following implant insertion in tibia of rabbit, bone repair at high altitudes was slower than that at low altitudes (i.e., in plains) after 2weeks; however, bone formation did not differ significantly after 4weeks. The results of our study showed that: (1) The altitude hypoxia environment would affect the early osseointegration of titanium implants while titanium implants with rough surfaces can mitigate the effects of this hypoxic environment on osseointegration, (2) the mechanism may be related to the activation of JAK1/STAT1/HIF-1α pathway, and (3) our results suggest the osteogenesis of titanium implants, such as oral implants, is closely related to the oxygen environment. Clinical doctors, especially dentists, should pay attention to the influence of hypoxia on early osseointegration in patients with high altitude. For example, it is better to choose an implant system with rough implant surface in the oral cavity of patients with tooth loss at high altitude.

Keywords: osseointegration, bioactive titanium, hypoxia, normoxia, osteoblast


INTRODUCTION

The theory of “osseointegration” has existed for more than 50 years (Lee and Bance, 2019). Several basic and clinical studies have confirmed that formation of the osseointegration interface of dental implants is the basis for successful implant restoration (Chen et al., 2019; Lee and Bance, 2019). Although the current success rate of implant restoration in plains and flatlands is relatively high, approximately 1–2% of patients experience implant failure due to the lack of binding at the initial stage of implant insertion (Guglielmotti et al., 2019). Meanwhile, the hypoxic atmosphere characteristic of high-altitude environments in plateau regions is associated with a higher risk of osteoporosis and a longer healing time of bone fractures in the elderly population compared to those from regions of low altitudes, such as plains (Bernardi et al., 2020; Feng et al., 2020). This suggests that oxygen concentration is an important factor for bone defect repair. However, to date, the success rate of oral planting and relevant clinical guidelines in plateaus remains unreported. Thus, the only available clinical guidelines related to planting are specific to plains regions with constant oxygen (Guglielmotti et al., 2019). In this study, the osteogenesis of implants in different environment was evaluated in Xizang, China (highland zone, altitude near 3,000m, severe cold; Liu et al., 2021) and Guangzhou, China (plain zone, altitude near 1,000m, Warm and rainy; Liu et al., 2020a).

Bone defect repair is a complex and multifactorial interactive process (Mavrogenis et al., 2009; Dashnyam et al., 2019). Bone trauma and bone defects lead to local vascular rupture followed by bleeding, which leads to tissue ischemia, hypoxia, and acidosis (Ma et al., 2020; Wu et al., 2020a). This pathological process is not conducive to the growth and repair of bone tissue; thus, the application of tissue engineering to repair and restore bone defects has become a popular and important research topic (Wu et al., 2020b). Current research is focused on establishing a suitable microenvironment for the growth and proliferation of osteoblasts in bone defects and promoting the growth and differentiation of new bone to ultimately form a normal structure with normal function (Bernardi et al., 2020; Feng et al., 2020; Wen and Lv, 2020).

Autogenous bone grafts are typically the first choice of material for use on large bone defects; however, their application is restricted due to limited sources, the risk of infection, and adverse immune responses (Gonzaga et al., 2019; Brunello et al., 2020). Titanium and titanium alloys are widely used in the medical field, particularly in orthopedics due to their stable chemical properties, accessibility, and excellent resistance to corrosion (Lee et al., 2017; Talley et al., 2018). Meanwhile, physical, chemical, and biological surface modification methods can improve the roughness of titanium mesh and promote the adhesion and proliferation of osteoblasts (Lee et al., 2017; Talley et al., 2018). However, research on the effects of modified materials under high-altitude hypoxia is still in the exploratory stages.

In the present study, the microenvironment of bone defects was simulated by establishing a hypoxia model and bone defect model of the rabbit tibial plateau. We aimed to observe and compare osteoblasts cultured on titanium disks with different surfaces under normoxic or hypoxic conditions. The effect of these conditions on the morphology, proliferation, and repair of bone defects has the potential to provide a theoretical basis for the clinical application of titanium plate modification in the treatment of bone defects under normoxic or hypoxic conditions.



MATERIALS AND METHODS


Titanium Plate Preparation

Pure industrial TA2 titanium disks (TA2, Baoji, Shanxi Province, China) were customized (10mm diameter and 2mm thickness) and divided into two groups based on their altered surface (smooth and rough) for evaluation. To obtain a smooth surface, the disks were gradually polished using 600#, 800#, 1,200#, and 1,500# metallographic sandpaper and washed in an ultrasonic bath. To obtain a rough surface, the disks were sandblasted using alumina particles (90–250μm in diameter, at 4.5kPa and 90°C for 30s) and treated with a mixture of 18% hydrochloric acid and 49% sulfuric acid at 60°C for 40min to complete the acid etching process.



Cell Culture and Establishment of the Hypoxia Model

MG-63 cells (Sigma, United States) were cultured in minimum Eagle’s medium (MEM, Gibco, NY, United States) supplemented with 10% high-quality fetal bovine serum (FBS, Gibco, United States) and 1% penicillin-streptomycin antibiotic solution (Beyotime, Beijing, China). The culture medium was replaced every 2–3days. Once the cells reached 80% confluence, they were passaged at a ratio of 1:3 and incubated with 5% CO2 at 37°C in a saturated humidity incubator (Sanyo, Toshima-ku, Japan). The MG-63 cell suspension was collected and its concentration adjusted to 1×105 cells/ml. A titanium plate was placed in a 48-well plate (Corning, NY, United States), and 100μl of cell suspension was added to the surface of each disk. The plate was then incubated for 3h, and cell adherence to titanium was confirmed by scanning electron microscopy (SEM). Following cell adherence, 400μl of culture medium was added to each well. The 48-well plate was then transferred into a portable hypoxia cell culture device (Billups-Rothenberg, NY, United States) and continuously supplied with mixed gas (90% N2, 5% CO2, and 5% O2). The hypoxia device was placed in an incubator at 37°C to maintain saturated humidity levels. In osteogenic condition, the osteogenic induction medium was added (MEM with 10% FBS, 10mmol/L, β-glycerophosphate, 10nmol/L dexamethasone, and 50μg/mL ascorbic acid).



Cell Proliferation Assay

MG-63 cell proliferation was determined using the Cell Counting Kit-8 (CCK-8, Sigma, MO, United States) and EdU assay (Sigma). For the CCK-8 assay, the MG-63 cell suspension was adjusted to 1×105 cells/ml and 100μl was seeded on a titanium plate in a 48-well plate. Following adherence, the cells were cultured under normoxia and hypoxia conditions for 24 and 48h. When the hypoxia treatment reached the corresponding time point, the CCK-8 assay was carried out according to the manufacturer’s protocol. Briefly, the CCK-8 solution was added to each well and incubated for 3h. Absorbance was measured at 450nm using a microplate reader.

An EdU assay was performed by treating 5×103 MG-63 cells with 50mM EdU at 37°C for 6h. The cells were stilled attached to the titanium in this assay. After fixation in 4% paraformaldehyde, MG-63 cells were treated with glycine for 10min and 0.5% Triton X-100 for 10min. The cells were then mixed with 4,6-diamidino-2-phenylindole (DAPI) in the dark for 30min, and images were captured by fluorescence microscopy.



Morphological Assessment of the Different Bioactive Titanium Surfaces

Scanning electron microscopy was employed to observe the titanium disk morphologies. MG-63 cells were inoculated on both smooth and rough disks and cultured for 24h, followed by fixing with pre-cooled 3% glutaraldehyde overnight at 4°C. Next, each sample was fixed with pre-cooled 1% acetic acid at 4°C for 1h. The samples were then dehydrated for 10min using acetone/isoamyl acetate (1:1) and dehydrated for 30min with isoamyl acetate. Each dehydrated sample was immersed first in a 520% acetonitrile solution, followed by 15-min immersions in 70, 80, 90, 95, and 100% acetonitrile solutions, and a final transfer to a solution of 100% acetonitrile. The samples were then vacuum-dried for 30min and coated with carbon and gold particles for observation under SEM.



Western Blot Analysis

MG-63 cells cultured on the different bioactive titanium disks under normoxia and hypoxia were collected and fully lysed using RIPA Lysis Buffer (Beyotime, China). Protein content was quantified using a bicinchoninic acid kit (Beyotime, China). After adjusting the sample concentrations, SDS-polyacrylamide gel electrophoresis (Amresco, OH, United States) was carried out using 30μg of protein per sample. The separated protein bands were then transferred to a nitrocellulose membrane and incubated in a blocking buffer solution containing 5% skimmed milk powder (Sangon Biotech, China) overnight at 4°C. Next, the membrane was washed with TBST, incubated with goat anti-human p-JAK1, p-STAT1, JAK1, STAT1, HIF-1α, BMP2, COL-1, and RUNX2 antibodies (Abcam, 1:1000, United States), and visualized using ECL reagent (Pierce, IL, United States). Membranes were cleared with a clearing buffer and re-incubated with GAPDH (Abcam, 1:5,000, United States) for visualization as an internal reference. The results were analyzed using the Chemi-Genius gel imaging system for the expression of the target protein.



RT-qPCR

RNA was extracted using TRIzol and reverse-transcribed into cDNA using a reverse transcription kit (Tiangen, China) according to the manufacturer’s instructions. Next, the RNA content was detected using fluorescence (Bio-Rad, United States). The sequences of the RT-PCR primers used are listed in Table 1. The reaction cycle was carried out at 95°C for 20s, annealing at 60°C for 30s, and extension at 72°C for 30s. The results were calculated using the 2-ΔΔCT method.



TABLE 1. Gene sequences.
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Animal Experiments

The protocol for our animal experiments was approved by the Ethics Committee of Long Gui Xing Ke Animal Farm, Baiyun District, Guangzhou. Titanium implants from different groups (3.45mm×10mm) were implanted into four adult male New Zealand white rabbits (aged 20weeks and weighing approximately 3.0kg). Animal experiments were performed in a plain zone (Guangzhou, China) and a highland zone (Xizang, China). Before experiments, all animals were lived in the correspondent place at least 6months in the SPF environment. Animals were anesthetized using Sumian Xin (Animal Husbandry Research Institute, Jilin, China) at 0.15ml/kg body weight. Preoperatively, 0.6ml of Primacaine (Merignac Cedex, France; 0.2ml/kg of body weight) was locally injected into the surgical site of the tibia. The titanium plates were implanted approximately 7mm–12mm beneath the joint, and a similar operation was performed on the other side of the tibia. The rough plate was placed in one side, and the smooth plate was placed in other side. After the operation, all animals were injected with 0.3mg (Pharmaceutical Company, Sichuan, China) and allowed to move freely. At either 2 or 4weeks post-surgery (n=5 at each time point), the animals were sacrificed by excessive anesthetic (1.5ml/kg) and samples were collected for histological analysis. Bone grafts and soft tissues were collected and fixed in 10% neutral-buffered formalin (Cohen et al., 2020).



Bone-to-Implant Contact Evaluation

Tissue specimens were dehydrated in a gradient dilution of ethanol, immersed in 100% resin, and embedded in methyl methacrylate. They were then cut in the buccolingual direction and parallel to the axis of the implants using a low-speed diamond saw (SP1600, Leica Biosystems, Germany). The section containing the implant was ground until its thickness reached 60–80μm. It was then stained with methylene blue-acid fuchsin. Each specimen was observed under an optical microscope (Olympus BX41, Olympus Co., Japan) and analyzed using the OsteoMeasure™ software. Bone-to-implant contact (BIC) was quantitatively measured as follows: BIC (%)=(sum of the length of BIC)/(circumference of the implant chamber region)×100. BIC was defined as the interface where the bone tissue was located within 20μm of the implant surface without any intervention of the soft tissue.



Statistical Analysis

Each measurement was repeated in triplicate and averaged. Data were collected and reported as the mean±SD. One-way ANOVA was carried out between the compared groups, followed by the Student-Newman-Keuls method. All analyses were conducted using SPSS Statistics 17, and the significance level was set at 0.05.




RESULTS


Morphological Characteristics of the Different Titanium Surfaces

Scanning electron microscopy analysis showed that mechanical polishing resulted in a smooth, “mirror-like” titanium surface (Figure 1A), whereas the sandblasted and acid-etched surface was rough and displayed a “honeycomb” structure with different porosities (Figure 1D). MG-63 cells were inoculated on the two titanium surfaces. Under normoxic or hypoxic conditions, titanium disks with a smooth surface contained numerous cells connected by cell matrix that grew in a single layer and with a flat appearance (Figures 1B,C). Conversely, under normoxic and hypoxic conditions, disks with a rough surface were covered with multiple cell layers connected by the matrix, with fractures at multiple sites, unclear boundaries, and unevenness (Figures 1D–F).
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FIGURE 1. Scanning electron microscopy (SEM) images of titanium plates and osteoblasts. (A) Smooth titanium plate, (B) MG-63 cells on a smooth surface under normoxic conditions, (C) MG-63 cells on a smooth surface under hypoxic conditions, (D) Rough titanium plate, (E) MG-63 cells on a rough surface under normoxic conditions, and (F) MG-63 cells on a rough surface under hypoxic conditions.




Titanium Plates Promote Cell Proliferation Under Hypoxia

At both 24 and 48h, the hypoxic condition was better than the normoxic one in term of proliferation (p<0.05; Figures 2A,B). After 48h, the EdU assay showed that cell proliferation was significantly higher under hypoxia than normoxia. Moreover, cell viability was higher on titanium disks with a rough surface than on those with a smooth surface (Figure 3). Our findings suggest that hypoxic conditions might benefit cell proliferation. Additionally, the two surface treatments improved cell proliferation, with a particularly significant affect induced by the rough surface.

[image: Figure 2]

FIGURE 2. Detection of MG-63 cell proliferation rate using a CCK-8 kit. (A) MG-63 cell proliferation rate at 24h and (B) MG-63 cell proliferation rate at 48h. NS, no significance; *p<0.05, **p<0.01, and ***p<0.001.


[image: Figure 3]

FIGURE 3. EdU staining results for the different groups. The EdU staining results and quantification of different groups under different environment [Blue: 4,6-diamidino-2-phenylindole (DAPI), Green: EdU]. Scale bar=200μm. *p<0.05, **p<0.01.




A Rough Surface Enhances Osteogenic Differentiation Under Hypoxia

To evaluate the osteogenic differentiation of MG-63 cells in environments with different oxygen levels and on different surfaces, the expression of osteogenic-related proteins was detected 14days after culture. The results showed that the expression of osteogenic-related proteins was promoted under hypoxic conditions and further enhanced by the rough surface (Figure 4A; BMP2, p <0.05; COL-1 p <0.05; RUNX2, p <0.01). These results were confirmed by the RT-qPCR findings with the rough surface found to increase the expression of genes associated with osteogenesis in MG-63 cells (Figure 4B).

[image: Figure 4]

FIGURE 4. Osteogenic-related proteins and mRNA (BMP2, COL-1, and RUNX2) expression of MG-63 cells in different groups. (A) Western blotting and (B) RT-qPCR. *p<0.05, **p<0.01, and ***p<0.001, *compared with the corresponding group maintained under normoxic conditions.




JAK1/STAT1/HIF-1α Pathway Activation Under Different Conditions

From the western blot analysis of MG-63 cells, we determined that the JAK1/STAT1/HIF-1α pathway displayed a reduced expression (p-JAK1/JAK1, p-STAT1/STAT1, and HIF-1α/GADPH) under normoxic conditions, but was activated under hypoxic conditions (Figures 5A,B). Although the rough surface promoted activation of the JAK1/STAT1/HIF-1α pathway (p-JAK1/JAK1, p-STAT1/STAT1, and HIF-1α/GADPH) under normoxic conditions, no significant differences were observed in the activation of this pathway between the smooth surface and rough surface groups under hypoxia (Figures 5A,B).

[image: Figure 5]

FIGURE 5. The JAK1/STAT1/HIF-1α pathway activation in different groups. (A) Protein expression of p-JAK1, JAK1, p-STAT1, STAT1, HIF-1α, and GAPDH; (B) Relative protein expression of p-JAK1/JAK1, p-STAT1/STAT1, and HIF-1α/GAPDH. *p<0.05, **p<0.01, and ***p<0.001, *compared with the corresponding group maintained under normoxic conditions.




Histological Analysis

Data collected from our animal-based experiments showed that no implant loss occurred at 2 and 4weeks post-operation. In the high-altitude hypoxic environment, new bone formation was detected on all of the implants, and osseointegration was observed. Compared to implants with a smooth surface, those with a rough surface showed more bone regeneration at 2weeks post-operation. Intimate bone contact with the implant surface was observed in the healing cavity around the implants; only a small amount of new bone tissue was found on implants with a smooth surface. At 4weeks in both high-altitude and plain area, new bone covered most of the implants with rough surfaces, whereas relatively few covered areas were detected on implants with smooth surfaces (Figure 6A). By comparing the BIC (%) of each group, we noted that at week 2, implants with a rough surface showed superior bone formation and osseointegration capacity compared to those with a smooth surface, under both normoxic and hypoxic conditions (Figure 6B). At week 4, significant differences were detected between smooth and rough surface both in plain and highland. Titanium plates with a rough surface had significantly better osteogenesis to the hypoxic microenvironment compared to those with a smooth surface and were able to regenerate and bind bone in a hypoxic environment.
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FIGURE 6. Histological observation of implants and the surrounding tissues [methylene blue-acid fuchsin (A)]; comparison of Bone-to-Implant Contact (BIC; %) at week 2 and 4 (B). NS, no significance; *p<0.05, **p<0.01.





DISCUSSION

Titanium and its alloys are metal materials commonly used in the field of biomedicine (He et al., 2020; Tan et al., 2020), more specifically in the treatment of bone defects, as implant devices to replace damaged or defective tissues. Recent research on titanium surface modifications has focused primarily on slurry spray coating, hydroxyapatite coating, micro-arc oxidation, laser irradiation, and anodic oxidation (Liu et al., 2017; He et al., 2019; Pippenger et al., 2019). Moreover, studies have reported that surface treatment of uncoated grafts is superior to that of coated grafts, for example, in terms of outstanding biocompatibility and osteoconductive properties (Horvathy et al., 2016; Wu et al., 2018a). However, bone formation is not only affected by bone materials, but also by O2 concentration. Indeed, hypoxic environments can promote bone formation and bone healing (Xue et al., 2020; Yu et al., 2020). Therefore, in the present study, we explored the activities of osteoblasts on the surface of different bioactive titanium implants under normoxic and hypoxic conditions.

Currently, sandblasting and acid etching (SLA) is one of the most widely used non-coating surface treatment methods (Corvino et al., 2020; Lu et al., 2020). SLA combines the advantages of physical and chemical etching, while also offering an inexpensive and simple platform (Lu et al., 2020). In our study, irregular honeycomb-shaped holes were formed on the surface of the titanium plate following SLA. Considering that cell adhesion is a prerequisite for the proliferation and differentiation of bone cells, the surface morphology of biomaterials directly affects early adhesion (Kim et al., 2019). Studies have confirmed that SLA not only effectively increases the contact area of osteoblasts, but also enhances their adhesive and proliferative capacity (Bayram et al., 2012; Ding et al., 2015). The results of the CCK-8 and EdU analyses in the current study support that rough surface promotes cell proliferation under hypoxia. Moreover, at 2weeks, the expression of osteogenic-related proteins and genes (BMP2, COL-1, and RUNX2) was promoted under hypoxic conditions (Figure 4). The rough surface further enhanced osteogenic differentiation and hypoxia enhanced the expression of JAK1 and STAT1.

The JAK1/STAT1 pathway plays an integral role in the transmission of hypoxia signals and mediates the effects of hypoxia (Yang et al., 2017; Wu et al., 2018b; Liu et al., 2020b). Moreover, mesenchymal stem cells ameliorate hypoxia and reoxygenation injury in renal tubular epithelial cells through the JAK/STAT signaling pathway (Zhang et al., 2017). In addition, activation of the JAK1/STAT1 pathway can promote HIF-1α expression in hypoxic environments (Yang et al., 2017). Similarly, in our study, activation of the JAK1/STAT1 pathway stimulated HIF-1α expression by western blotting. Overexpression of HIF-1α can upregulate the vascular endothelial growth factor, induce neovascularization, and accelerate bone formation (Du et al., 2018; Liu et al., 2019). Therefore, hypoxia can enhance osteogenic differentiation via the JAK1/STAT1/HIF-1α pathway.

Our animal model revealed that bone formation under high-altitude hypoxic conditions was significantly slower than that under normoxia; this result was consistent with previous studies (Lezon et al., 2016; Suresh et al., 2019). In highland environments, the extent of osteogenesis on both rough and smooth surfaces was lower than that observed in plains at 2weeks. However, no significant difference was observed in the BIC for the rough surface between the two conditions at 4weeks. Moreover, the roughness of the implant surface was positively associated with the amount of newly generated bone. Studies have reported that high-altitude hypoxic environments delay the healing of bone tissue and produce a relatively insufficient mass of new bone, while also affecting the osseointegration efficiency of the implant (Shan et al., 2017; Uhl, 2018). In contrast, hypoxic conditions promote osteogenic differentiation in vitro. This difference may be the result of a complex in vivo environment. For example, in addition to hypoxic conditions, low-pressure conditions also play an important role in osteogenesis in vivo (Wang et al., 2006; Torigoe et al., 2007). In fact, a low-pressure system has been shown to facilitate the perfusion of a larger number of mesenchymal stem cells into the porous scaffold, enhancing bone formation within the composites (Torigoe et al., 2007). The difference of in vitro and in vivo condition caused the discrepancy of osteogenesis results under normoxia and hypoxia environment. To further assess these effects, our future work will include constructing a low-pressure model and determining how different titanium surfaces affect osseointegration.

Collectively, the findings of this study indicate that rough surfaces more effectively promote bone formation in the plains and highlands compared to smooth surfaces. Moreover, under hypoxic conditions, implants with a rough surface enhanced the efficiency of bone binding at an early stage, that is, both at 2 and 4weeks. However, no significant difference was detected between the two conditions in implants with a rough surface at 4weeks, suggesting that implant loading should be performed after 4weeks in highland environments.



CONCLUSION

Compared to a smooth surface, a rough surface was more conducive to the proliferation of osteogenesis and implant osseointegration. The early enhanced osteogenic differentiation detected on tibial implants under hypoxic conditions appears to be associated with upregulation of the JAK1/STAT1/HIF-1α pathway. Meanwhile, long-term observation showed that hypoxia inhibited bone formation and osseointegration.
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Periodontitis is a chronic inflammatory condition that causes tooth loss by destroying the supporting components of the teeth. In most cases, it is difficult to diagnose early and results in severe phases of the disease. Given their endogenous origins, exosomes, which are rich in peptides, lipids, and nucleic acids, have emerged as a cell-free therapeutic approach with low immunogenicity and increased safety. Because the constituents of exosomes can be reprogrammed depending on disease states, exosomes are increasingly being evaluated to act as potential diagnostic biomarkers for dental disease, including periodontitis. Exosomes also have been demonstrated to be involved in inflammatory signal transmission and periodontitis progression in vitro, indicating that they could be used as therapeutic targets for periodontal regeneration. Nevertheless, a review on the involvement of salivary exosomes in periodontitis in impacting the successful diagnosis and treatment of periodontitis is still lacking in the literature. Thus, this review is intended to scrutinize recent advancements of salivary exosomes in periodontitis treatment. We summarize recent research reports on the emerging roles and characteristics of salivary exosomes, emphasizing the different expressions and changed biological roles of exosomes in periodontitis.
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METHODOLOGY AND DELIMITATION

A PubMed database search on July 27, 2021 with the keywords “exosome AND periodontitis” resulted in a total of 86 articles. Only 81 articles remained after applying the “full-text” parameter. A total of 45 articles remained when a second parameter, “free full-text,” was added. Afterward, the articles were manually divided into two groups: original articles and “others” (not related to the topic, reviews, reports, editorials, commentaries, etc.). Here, we are focusing on original articles addressing salivary exosomes and periodontitis. Only six of the original articles on salivary exosomes and periodontitis were selected.



INTRODUCTION

Periodontitis is a major public health concern with a high global prevalence (Papapanou et al., 2018). It is the most frequent osteolytic inflammatory severe disease, and it has been shown to have a detrimental effect on disease states like atherosclerosis, rheumatoid arthritis, and diabetes. The pathology is of an osteoimmune disorder defined by periodontal inflammation and subsequent destruction of the tooth-supporting tissue as alveolar bone, which is a leading cause of tooth loss in adults. Periodontitis is initiated by the accumulation of periodontal bacteria-associated biofilm, but it is not fully adequate to cause the disease since the host immune response is required for its development and progression (Yuki et al., 2021). The creation of high-impact diagnostic biomarkers that have a significant impact on clinical decision-making, patient outcomes, and healthcare providers is one of the goals of periodontology research (Ghallab, 2018). This could be accomplished by utilizing protein-containing exosomes.

Saliva has a variety of functions in the human body, including those that are crucial not only for the oral system and other bodily systems. Several research articles have been published in the last few years describing various salivary components and their distribution, confirming the biochemical composition and physiology of the proteins found in salivary fluids (Schenkels et al., 1995; Marotz et al., 2021). Many researchers have shown that exosomes may be found in human saliva and that they can be used to diagnose and investigate many diseases (Imai et al., 2021).

Exosomes are small vesicles (30–120 nm) that are secreted by all types of cultured cells and found in abundance in body fluids such as blood (Damanti et al., 2021), urine (Blijdorp et al., 2021), ascites (Cai et al., 2021), amniotic fluid (Bellio et al., 2020), and cultured medium of cell cultures (Ivica et al., 2020) including reticulocytes (Jiaqi et al., 2017); cytotoxic T lymphocytes (Chen et al., 2019); B lymphocytes (Calvo and Izquierdo, 2020); dendritic cells (Hosseini et al., 2021) and neoplastic intestinal epithelial cells (Scavo et al., 2020). These tiny vesicles play a key role in intercellular communication, both locally and systemically, allowing proteins, cytokines, and miRNA to be transferred between cells (Hergenreider et al., 2012). A review article comparing whether non-exosomal or exosomal miRNAs are more valid as biomarkers was recently published. Exosomes were chosen as the best origin for miRNAs used in biomarker studies (Nik Mohamed Kamal and Shahidan, 2020). Recently, exosomes have gained interest as a tool in regenerative medicine. They have been shown to be involved in the transmission of inflammatory signals and the development of periodontitis in vitro, indicating that they could be utilized as therapeutic targets for periodontal regeneration (Wang et al., 2020; Xin et al., 2020). Exosomes generated from dental pulp stem cells (DPSCs) have been found to minimize edema and enhance angiogenesis while suppressing inflammation (Pivoraite et al., 2015). Exosome-mediated dental pulp regeneration has only been demonstrated in vitro in the studies mentioned above. On the other hand, exosomes’ effects on the regeneration of dental pulp in situ, are little explored.

We evaluated over a decade of experience with salivary exosome, with an emphasis on the study of periodontitis. We compiled and updated the uses of salivary exosome as it relates to periodontitis from the literature and considered their physiological and clinical significance. We also examine their disease associations and potential clinical applications.



ORIGIN, COMPOSITION, AND POTENTIAL USE OF EXTRACELLULAR VESICLES

Exosomes, microvesicles, and apoptotic bodies are three types of vesicles secreted by cells, surrounded by lipid bilayer, and collectively known as extracellular vesicles (EVs) (Skotland et al., 2020). The vesicles can be distinguished by their sizes, biogenesis, and mechanism of release (Nik Mohamed Kamal and Shahidan, 2020). The diameter of the vesicles is recorded in the range of either 30–150 nm (exosomes), 100–1000 nm (microvesicles), or 1–5 μm (apoptotic bodies) (Rilla et al., 2019). The classical pathway for biogenesis of exosomes starts from the generation of endosomes from endocytoic activity of parent cells, leading to invagination of endosomal limiting membranes and formation of intraluminal vesicles (ILVs) that then mature into multivesicular bodies (MVBs). MVBs that are directed to plasma membranes are released into the extracellular environment as exosomes (Figure 1). Biogenesis of microvesicles is much simpler, where, upon stimulation, the outward parent cells’ membrane blebs. The blebs are then detached from parent cells as microvesicles. Biogenesis of apoptotic bodies starts from parent cells that are undergoing apoptosis (Skotland et al., 2020), leading to cell shrinkage and blebbing. The detached blebs are called apoptotic bodies (Rilla et al., 2019). Previous literature reported the detection of EVs from a variety of body fluids, e.g., bile (Nakashiki et al., 2021), saliva (Comfort et al., 2021), semen, blood (Vojtech et al., 2019), breast milk (Jiang et al., 2021), synovial fluid (Mustonen et al., 2021), urine (Blijdorp et al., 2021), and ascites (Bortot et al., 2021). Generally, these EVs are composed of nucleic acids [e.g., microRNAs (Nakashiki et al., 2021)], proteins (Bortot et al., 2021), lipids (Skotland et al., 2020), and signaling molecules (Vojtech et al., 2019). The contents can vary, depending on the parent cells, as well as the type of vesicles. For example, the existence of proteins in EVs could be influenced by the biogenesis of that particular EV, e.g., exosomes derived from the classical pathway might be enriched with protein associated with the endosomal pathway (e.g., Alix and TSG101) (Bruno et al., 2019). Up till now, many works of literature have been published describing EVs’ potential as biomarkers for diseases [e.g., asthma (Comfort et al., 2021), periodontitis (Kamal et al., 2020)], cargo for drug delivery [e.g., in treating wound healing, tissue repair, and regeneration (Rilla et al., 2019; Cao et al., 2021)], tools in understanding the membranes structure and mechanism for vesicular trafficking (Skotland et al., 2020), parts that function in the immune response system (e.g., source of self-antigens/forming immune complexes/autoantigen presentation) and as well as vesicles that contribute to the coagulation process (Turpin et al., 2016).
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FIGURE 1. Formation of intraluminal vesicles (ILVs) within MVBs. Exosomes are derived from the multivesicular bodies (MVBs) which are known as late endosomes. MVBs are formed during the maturation of early endosomes into late endosomes with the accumulation of intraluminal vesicles. Upon maturation, MVBs are either destined for fusion with lysosomes where their contents will undergo lysosomal degradation, or with the plasma membrane where their contents are released into the extracellular space. The membrane of MVB fuses with the plasma membrane, resulting in the release of ILVs. When secreted, ILVs are called exosomes, release into saliva from submandibular gland cells and play a role in periodontal tissue and cells.


In other studies, the use of mesenchymal stromal cells (MSCs)-derived EV to treat chronic skin ulcers has offered a range of advantages, including accelerating healing and minimizing scar formation. This is the fact that the EV has immunosuppressive and immunomodulatory effects. They can also stimulate angiogenesis, proliferation, migration, and differentiation of the various cell types involved in skin regeneration (Casado-Díaz et al., 2020). In the case of using EVs as cargo for drug delivery systems, Villa et al. (2019) have described three different ways in their review paper. First, using tumor-derived EVs for targeting specific organs where EVs should be delivered to. By using tumor-derived EVs, the tumor-specific integrin expression pattern can be manipulated, which guarantees efficient organotropism (Sun et al., 2010; Hoshino et al., 2015). Secondly, using MSCs’ EVs to avoid oncogenic or immunogenic effects (Lai et al., 2019; Melzer et al., 2019). Thirdly, using light-induced hyperthermia to incorporate hollow gold nanoparticles into MSCs’ EVs to produce EVs that will be targeting specific cell types (Sancho-Albero et al., 2019). Interestingly, their potential application in the previously reported treatments opens the door for the design of new highly effective therapeutic strategies.



SALIVARY EXOSOME

Although the mechanism of exosome biogenesis is still unclear, currently, there are two known ways of exosomal generation (Van der Pol et al., 2012; Gurung et al., 2021; Figure 1). Exosomes were reported to be released into the saliva either from the ductal or acinar cells. The salivary glands have been involved in constitutive-like secretory pathways that are involved in the secretion of vesicles such as exosomes. These secretory vesicles are derived directly from the trans-Golgi or involve elements of the endosomal-lysosomal trafficking pathway (Palanisamy et al., 2010). Exosomes can be shuttled from the systemic circulation into the oral cavity (Cheng et al., 2019).

Although the mechanisms of vesicle secretion in the blood are still unknown, findings from Marie-Pierre et al. (2005) gave strong evidence that exosomes can be secreted by all blood cells and retrieved in blood fluids. Since these EVs can cross the epithelial barriers, they may be essential for transporting components from the blood into saliva. Thus, in comparison with the other bodily fluids, salivary exosomes are probably a better and more accessible tool to examine the function of exosomes in the diagnosis and treatment of disease.



SALIVARY EXOSOME IN PERIODONTITIS

Emerging functional and clinical applications of exosomes in human oral disease such as Oral disease, Oral squamous cell carcinoma, Primary Sjögren’s syndrome, Oral tissue regeneration, including periodontitis has been reported (Peng et al., 2020). The report discussed the role of exosomes in periodontitis, with increasing evidence that using natural nanostructured exosomes as a new disease treatment strategy is feasible. In early periodontal infection, periodontal ligament fibroblasts (PDLFs) are the predominant cell types that come into contact with pathogenic microbes. Human PDLF-derived exosomes enhance the expression of IL-6 and TNF-α in osteoblasts in response to lipopolysaccharide (LPS) stimuli, while simultaneously inhibiting the expression of osteogenesis-related elements such as collagen-I and osteoprotegerin and lowering alkaline phosphatase activity (Zhao et al., 2019). These findings suggest that LPS-pretreated PDLFs secrete exosomes, which cause inflammation and decrease osteogenic activity in osteoblasts. This is important to suggest that localized periodontal inflammation could influence bone remodeling by releasing exosomes. In the oral mechanical environment, PDLFs also help to maintain periodontal tissue homeostasis. When PDLFs were stimulated by cyclic stretch, they produced exosomes that inhibited the NF-κB signaling pathway, which suppressed IL-1 production in LPS-treated macrophages. PDLF cells in mechanical environments contribute to the maintenance of periodontal immune/inflammatory homeostasis by releasing exosomes (Wang et al., 2019). When they interact with their surrounding inflammatory milieu, periodontal ligament stem cells (PDLSCs) exhibit self-renewal ability and multipotency. Exosomes generated from LPS-stimulated PDLSCs contained more miR155 than its downstream target, Sirtuin1, which lowered T17 expression but enhanced Treg expression, relieving inflammation through the T17/Treg/miR1555p/Sirtuin1 regulatory network (Zheng et al., 2019). Periodontitis patients had higher levels of exosomal periodontal ligaments (PD-L1) mRNA in saliva than controls, and high levels of PD-L1 expression were linked to advanced stages of periodontitis. The level of salivary CD9 and CD81 exosomes, on the other hand, was reduced in periodontitis and was adversely linked with the disease state. According to the findings, an assay of exosome-based PD-L1 mRNA in saliva has the capacity to identify periodontitis from the healthy, and its levels correspond with periodontitis severity and stage (Tobón-Arroyave et al., 2019).

Kamal et al. (2021) demonstrated for the first time that miRNAs from plasma and salivary exosomes of chronic periodontitis (CP) patients were shown to be a possible diagnostic biomarker. When compared to prior CP miRNA studies, the profile revealed the most abundant number of miRNAs with a significant differential in expression. hsa-miR-125a-3p [FC = 2.03; AUC = 1; r = 0.91 (p-value = 0.02)] is worth additional investigation using salivary-exosomal samples. Because they were expressed considerably differently, had a good discriminatory value, and strongly correlated with the mean of periodontal pocket depth, these miRNAs can be concluded to be reliable candidates for the development of periodontitis biomarkers (Kamal et al., 2020).

The diagnostic potential of salivary small extracellular-associated (sEV) miRNAs in periodontal disease is being investigated for the first time by Han et al. (2020) in a pilot study. The ultimate goal was to evaluate the diagnostic utility of miRNAs extracted from sEVs to those extracted from total saliva in terms of differentiating between periodontal conditions. Three miRNAs (hsa-miR-140-5p, hsa-miR-146a-5p, and hsa-miR-628-5p) were found to be significantly upregulated (p 0.05) in salivary sEVs from periodontitis patients compared to healthy controls, suggesting that they could be potential periodontitis biomarkers. In microarray analysis of patients with CP, salivary hsa-miR-5571-5p, hsa-let-7f-5p, hsa-miR-99a-5p, hsa-miR-28-5p, and hsa-miR-320d expression was linked to periodontitis development. These salivary miRNAs could be novel biomarkers for periodontitis progression and monitoring them could lead to new periodontal diagnostics and precision therapy (Fujimori et al., 2021).

In various periodontal conditions, the pilot study of Han et al. (2021) gave important insight into the human global DNA methylation profiles of saliva sEVs and Gram-negative bacterial outer membrane vesicles (OMVs) (healthy, gingivitis, and periodontitis). The researchers discovered that periodontitis sEVs have considerably higher levels of LPS + OMVs, global 5mC methylation, and four periodontal pathogen OMVs (Treponema denticola, Eikenella corrodens, Porphyromonas gingivalis, and Fusabacterium nucleatum) than healthy sEVs.



SALIVARY EXOSOMES’ CURRENT AND FUTURE POTENTIAL IN PERIODONTITIS TREATMENT

The expression of PD-L1 mRNA in exosomes obtained from saliva of periodontitis patients was studied, as well as the clinical significance of salivary exosomes PD-L1 mRNA levels in the disease. The level of salivary exosomes PD-L1 mRNA in periodontitis patients differs significantly from non-periodontitis controls, according to one of the study’s key findings. Furthermore, a high amount of salivary exosomes PD-L1 was linked to advanced periodontitis, implying that it can represent disease progression. This is the first study to develop a method for detecting exosomal PD-L1 in saliva, as well as the first salivary exosomal biomarker for periodontitis (Yu et al., 2019). The specimens used in the majority of previous periodontitis biomarker studies have been gingival tissues or gingival crevicular fluids (GCF) (Kebschull et al., 2014). However, sample collection procedures for gingival tissues and GCF are challenging: gingival tissue biopsy requires invasive and limited tissue, while GCF sample collection requires sampling a minute amount of fluid on filter paper strips, which takes much longer.

Our previous study, which involved an easy, non-invasive, and quick collection of salivary specimens, demonstrated that a saliva-based assay overcomes the existing challenges. We also show that salivary exosomes may be used to extract miRNA, confirming the idea that exosome-derived samples protect miRNA from degradation (Kamal et al., 2020). According to recent studies, MSC-derived exosomes are increasingly being recognized as viable techniques to alleviate tissue injury and stimulate tissue regeneration in dental treatments, such as dental pulp regeneration, oral oncotherapy, and periodontal regeneration (Peng et al., 2020). To summarize, salivary exosomes may promote dental pulp regeneration by increasing the expression of specific proteins, promoting vascularization, modulating the interaction between epithelial and mesenchymal cells, and enhancing the abilities of dental pulp cells, all of which could be useful therapeutic methods in the future. Even though the current review focuses on salivary exosomes, some other study mimics the condition of salivary exosomes in vitro by collecting the exosome from the periodontal cell culture (Table 1). From Table 1, exosome research in periodontitis has only recently progressed, even though studies on exosomes and periodontitis have been ongoing for over a decade. Based on this progress, salivary exosomes showed potential as nano biomaterial that needs attention in the dental field.


TABLE 1. List progression of exosome study in periodontitis.
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CONCLUSION

Even though the role of salivary exosomes in periodontitis is very limited, based on growing evidence, exosomes may play a significant role in the regulation of periodontitis. Exosomes derived from saliva act as essential promoters in periodontal regenerators and periodontitis biomarkers, which have been a research focus all along. Exosomes’ effects on oral diseases, such as periodontitis have received increasing attention in recent years, giving us a better understanding of the functions that exosomes play in oral diseases. Furthermore, saliva exosomes are economical, carrying numerous biological components that have a lot of promise for assisting clinical diagnosis and determining prognosis.
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