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Abstract

:

Macrolides are used to treat various infectious diseases, including periodontitis. Furthermore, macrolides are known to have immunomodulatory effects; however, the underlying mechanism of their action remains unclear. DEL-1 has emerged as an important factor in homeostatic immunity and osteoclastogenesis. Specifically, DEL-1 is downregulated in periodontitis tissues. Therefore, in the present study, we investigated whether the osteoclastogenesis inhibitory effects of erythromycin (ERM) are mediated through upregulation of DEL-1 expression. We used a ligature-induced periodontitis model in C57BL/6Ncrl wild-type or DEL-1-deficient mice and in vitro cell-based mechanistic studies to investigate how ERM inhibits alveolar bone resorption. As a result of measuring alveolar bone resorption and gene expression in the tooth ligation model, ERM treatment reduced bone loss by increasing DEL-1 expression and decreasing the expression of osteoclast-related factors in wild-type mice. In DEL-1-deficient mice, ERM failed to suppress bone loss and gene expression of osteoclast-related factors. In addition, ERM treatment downregulated osteoclast differentiation and calcium resorption in in vitro experiments with mouse bone marrow-derived macrophages. In conclusion, ERM promotes the induction of DEL-1 in periodontal tissue, which may regulate osteoclastogenesis and decrease inflammatory bone resorption. These findings suggest that ERM may exert immunomodulatory effects in a DEL-1-dependent manner.
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1. Introduction


Periodontitis is a disease characterized by inflammation and bone resorption caused by dysbiotic oral microflora, which in turn affects the periodontal tissue, resulting in tooth loss [1]. Periodontopathic bacteria activate the inflammatory response via neutrophils excessively migrating into the periodontal tissue and promoting the production of inflammatory cytokines [2]. In addition, bone resorption is mediated by host immune cells and inflammatory cytokines, which promote osteoclast activity, particularly in states of inflammatory osteolysis such as periodontitis [3]. Therefore, in periodontitis treatment, in addition to the removal of dental biofilms, it is important to control inflammation and bone resorption by osteoclasts [4,5]. However, a method to control inflammation and bone resorption has not been established, and hence, it is necessary to search for a drug that can control inflammation and bone resorption. Therefore, various anti-inflammatory substances that suppress alveolar bone resorption have been reported as candidate substances for the treatment of periodontitis, for instance plant-derived ingredients with anti-inflammatory properties, such as polyphenols, hinokitiol, baicalin, and rice peptides [6,7,8,9,10].



Macrolides are a large family of protein synthesis inhibitors with broad-spectrum antibacterial activity and are used to treat various infectious diseases [11], such as skin infections, pneumonia, pyelonephritis, infectious enterocolitis, and periodontitis [12]. Furthermore, macrolides affect a wide range of immunological mechanisms, thereby providing immunomodulatory effects [13]. In respiratory infections such as pneumonia and rhinitis, macrolides are commonly used in anticipation of anti-inflammatory effects and used to inhibit bacterial pathogens in some cases [14,15]. Furthermore, macrolides are used to treat noninfectious diseases, such as chronic obstructive pulmonary disease (COPD) [16,17], diffuse panbronchiolitis [18], and certain forms of asthma [19].



In some clinical studies, beneficial clinical effects have been reported in the treatment of chronic periodontitis with macrolides [12]. Furthermore, azithromycin has been demonstrated to suppress osteoclast resorptive activity and osteoclast formation by regulating nuclear factor of activated T cells (NFATc1), a key osteoclast transcription factor [20]. However, the exact mechanism that suppresses the osteoclast differentiation effect of macrolides remains unclear.



We demonstrated that developmental endothelial locus-1 (DEL-1) is a protein that is induced by macrolides and exerts immunomodulatory effects such as suppression of neutrophil migration [21]. DEL-1 has emerged as an important factor in neutrophil regulation in the context of both the initiation and resolution of inflammation [22,23,24]. In addition, DEL-1 affects osteoclasts by regulating their differentiation. Mechanistically, DEL-1 was reported to inhibit the expression of NFATc1 in a Mac-1 integrin-dependent manner [25]. We recently reported that erythromycin (ERM) exerts its immunomodulatory effects by regulating the local homeostatic factor DEL-1 and reduces bone resorption by inhibiting excessive infiltration of neutrophils in a mouse model [21]. However, it is not clear whether ERM-induced DEL-1 actually acts on osteoclasts. In this study, we hypothesized that ERM-induced DEL-1 directly regulates osteoclasts and is involved in the suppression of alveolar bone resorption. The effects of ERM and DEL-1 on osteoclast differentiation and bone resorption activity were investigated both in vitro and in vivo using wild-type (WT) or DEL-1-deficient mice.




2. Results


2.1. Oral Administration of Antibacterial Drugs Significantly Suppresses Periodontal Bone Loss Induced by Tooth Ligation


We previously established a mouse model of ligature-induced periodontitis that could mimic dysbiosis of the human biofilm in periodontitis [26,27,28]. To examine whether ERM, josamycin (JSM), and penicillin (PC) inhibit inflammatory alveolar bone resorption in this model, we administered antibacterial drugs orally to the mice. This mouse model of periodontitis showed significantly increased alveolar bone loss compared to the unligated (UL) group (Figure 1a). Figure S1a shows that in comparison to the UL group, alveolar bone resorption was significantly suppressed by treatment with any of the tested antibacterial drugs. In addition, treatment with antibacterial drugs significantly decreased the number of aerobic and anaerobic bacteria attached to the ligature compared to that of the distilled water group (Figure S1b,c). These findings clearly indicate that the antibacterial property suppressed alveolar bone resorption in periodontitis.




2.2. Intraperitoneal Injection of Erythromycin Significantly Suppresses Periodontal Bone Loss Induced by Tooth Ligation


Based on these results, the experimental method was changed to intraperitoneal administration, which may be suitable for evaluating the anti-inflammatory effect of these antibiotics. In contrast to oral administration, intraperitoneal injection of these antibiotics did not significantly affect the number of aerobic and anaerobic bacteria attached to the ligature (Figure 1a). However, these antibiotics significantly reduced bone loss compared to the ethanol (EtOH) group. Additionally, the ERM treatment significantly reduced bone loss compared to the PC and JSM treatment groups (Figure 1b,c). Compared to the EtOH group, ERM, JSM, and PC treatment significantly decreased the gene expression of Nfatc1 and RANK, which are osteoclast differentiation-related factors in the gingiva (Figure 2a,b). Furthermore, ERM and JSM treatment significantly downregulated the expression of bone resorption activity-related factors (Acp5, Ctsk) (Figure 2c,d). Interestingly, ERM treatment significantly upregulated Del1 expression, compared to the EtOH group (Figure 2e).




2.3. ERM Treatment Reduces the Number of Osteoclasts in Periodontal Ligament Tissue


Figure 3a,b show that the number of tartrate-resistant acid phosphatase-reactive (TRAP+) mononuclear cells (MNCs) around the second molar was significantly increased in the ligated group compared to the unligated control group. Consistent with the bone loss measurements, intraperitoneal injection of ERM, JSM, and PC caused a significant reduction in the number of TRAP+ MNCs in bone tissue sections (Figure 3a,b).




2.4. ERM Treatment Does Not Affect Alveolar Bone Resorption in Del1−/− Mice


Based on these findings, we hypothesized that ERM treatment inhibits alveolar bone resorption in a DEL-1-dependent manner. Therefore, we further examined whether ERM suppresses ligature-induced alveolar bone resorption in Del1−/− mice. In contrast to WT mice, ERM failed to reduce bone loss in Del1−/− mice (Figure 4a,b). Interestingly, there was no difference in Nfatc1 and RANK gene expression between the EtOH group and ERM-treated Del1−/− mice (Figure 5a,b). Additionally, the expression of these genes was significantly upregulated in the UL group of Del1−/− mice compared to that in the UL group of WT mice (Figure 5a,b). The expression of Acp5 and Ctsk was not upregulated in unligated Del1−/− mice, and the expression of these genes did not affect the ERM treatment (Figure 5c,d). These results suggest that DEL-1 is significantly involved in osteoclast differentiation and that ERM may exert its inhibitory effect in a DEL-1-dependent manner.



Although the number of TRAP+ MNCs around the second molar was significantly higher in the ligated + EtOH group than in the UL group in Del1−/− mice, ERM treatment did not decrease the number of TRAP+ MNCs (Figure 6a,b). These results suggest that ERM may suppress osteoclast differentiation by inducing DEL-1.




2.5. ERM Treatment Suppresses Osteoclast Differentiation in Bone Marrow-Derived Macrophages


We next examined the effect of ERM on osteoclast differentiation of mouse bone marrow-derived macrophages (BMM) in vitro. Figure S2a,b show that treatment of WT-BMM with ERM significantly decreased TRAP+ MNCs in a dose-dependent manner. Subsequently, we investigated the effect of ERM on the bone-resorbing activity of WT-BMM using fluoresceinamine-labeled sodium chondroitin poly-sulfate/calcium phosphate (FACPS/CaP)-coated plates. ERM treatment decreased the fluorescence intensity of the culture supernatant (Figure 7a). Neither ERM nor PC showed cytotoxicity toward BMMs at the tested concentrations (Figure S3). We next investigated the effect of ERM and recombinant DEL-1 on the osteoclastogenesis of Del1−/− mice. In both WT and Del1−/− mice, ERM and DEL-1 treatment significantly decreased the number of TRAP+ MNCs. However, the effect was significantly stronger in the BMM of the WT mice than in the BMM of the Del1−/− mice. (Figure 7b,c). Consequently, ERM may partly suppress osteoclast differentiation in a DEL-1-dependent manner.





3. Discussion


Macrolides have the characteristic structural features of a macrocyclic lactone ring to which various deoxy sugars, generally cladinose and desosamine, are attached [29]. Furthermore, macrolide antibiotics are classified into several types according to their structural differences; the most common substances are 14-, 15-, and 16-member rings. Typical drugs include ERM, clarithromycin (CAM), and roxithromycin (RXM) for the 14-membered rings, azithromycin (AZM) for the 15-membered rings, and spiramycin and JSM for the 16-membered rings. ERM, RXM, CAM, and AZM have been reported to have immunomodulatory effects, whereas the 16-membered ring JSM has no reports of such effects [13,30]. Therefore, JSM was used in our study as a negative control together with PC. Indeed, ERM exerted a stronger bone resorption inhibitory effect than JSM. In addition, several effects of 14-membered ring macrolides on inflammatory bone disease have been reported; 14-membered ring macrolides have been shown to be effective in the treatment of rheumatoid arthritis [31,32]. Furthermore, there are several reports that ERM is effective in preventing postoperative infection after artificial joint replacement by suppressing osteoclast differentiation [33,34]. However, little is known about the immunomodulatory and osteoclast-inhibitory mechanisms of macrolides. In this study, we showed that DEL-1 plays an important role in the immunomodulatory effect of ERM in a mouse model of periodontitis. Although several papers suggested that the composition of subgingival bacteria is a key factor of periodontitis in both human and mouse models [35,36,37], in the present study, we evaluated the total number of bacteria. We revealed that intraperitoneal injection of ERM notably decreased alveolar bone loss without a significant reduction in the number of viable bacteria attached to the ligature in a WT mouse model of periodontitis. These results indicate that ERM may suppress alveolar bone resorption via an immunomodulatory effect by inducing DEL-1, which regulates osteoclast differentiation in the ligature-induced periodontitis mouse model, although not excluding other models.



Various antibacterial drugs are used to treat periodontitis, including beta-lactam derivatives, macrolides, nitroimidazole, and tetracyclines. Based on the results of meta-analyses, beneficial therapeutic effects of macrolides with immunomodulatory effects have been reported [38,39,40]. It has been reported that a subantibiotic dose of the 15-membered macrolide AZM attenuates alveolar bone loss in a rat model of experimental periodontitis [41]. The suppression of alveolar bone resorption by ERM treatment in the mouse periodontitis model in the present study is consistent with the mentioned findings. Macrolide antibiotics have different characteristics from other antibiotics in the concentration of inflamed tissue. The administered macrolides containing ERM are present in high concentrations in the blood, extracellular interstitial fluid, and intracellularly [42]. Moreover, inflammatory cells accumulate macrolides and transport them to tissues that release chemoattractant molecules. Inflammatory cells that accumulate macrolides release macrolides by activating bacterial components in the inflamed tissue [43,44]. These facts indicate that high levels of ERM in the inflamed tissue may affect surrounding cells such as endothelial cells, osteolineage cells, and certain macrophage subsets in the periodontal tissue. In a previous study, we reported that ERM modulates DEL-1 expression by activating GHSR/JAK2 signaling in vascular endothelial cells [21]. Consequently, it was suggested that ERM may exert an inhibitory effect on osteoclast differentiation by increasing the expression of DEL-1 in the cells of the periodontal tissue.



Several side effects and issues with resistant bacteria have been reported with the use of erythromycin in periodontal treatment. Among the reported side effects with erythromycin are gastrointestinal problems, skin allergies, and central nervous system problems. In addition, administration of erythromycin should be avoided in patients with renal impairment and in patients taking oral digoxin [45,46]. Although the cause remains unclear, several hypotheses have been suggested, including changes in the colonic bacterial flora and in the host immunity [47]. Increased levels of resistance to erythromycin between clinical and symbiotic isolates have been a challenge for a long time. Furthermore, these increases were reported to correlate with increased use of this class of antibiotics. Specifically, it has been reported that 7% of the culturable microflora from 20 samples is erythromycin resistant and carries the erythromycin resistance gene [48]. In addition, it was reported that the erythromycin resistance genes erm (B) and erm (F) were detected by PCR in 58 of 100 clinical oral Prevotella isolates [49]. Long-term use of macrolide antibiotics, which are expected to have immunomodulatory effects, may promote the growth of drug-resistant bacteria. Therefore, the development of macrolide antibiotics that have no antibacterial activity is expected [50]. We expect that the present study’s partial elucidation of the immunomodulatory mechanism of macrolide antibacterial agents will lead to their development in the future.



DEL-1 is a 52 kDa protein that is secreted from various tissue-resident cells such as endothelial cells, osteolineage cells, and certain macrophage subsets [23,51,52,53]. DEL-1, which is characterized by functional versatility and homeostatic properties, affects cells and the extracellular matrix in most tissues [54,55,56,57]. For instance, it has been reported that the anti-neutrophil mobilization action of endothelial cell-derived DEL-1 is associated with various respiratory diseases, including allergic asthma, pulmonary fibrosis, and melanoma lung metastasis [58,59,60]. Regarding the effects on osteolineage cells, it has been reported that DEL-1 suppresses the differentiation of and bone resorption by osteoclasts [25]. Furthermore, there are reports that DEL-1 effects on osteoblasts promote bone formation [61]. Thus, it is possible that in our study, ERM strongly suppressed bone resorption by increasing the expression of DEL-1 in the periodontal tissue. Indeed, we previously reported that RvD1 suppresses alveolar bone resorption by inducing DEL-1 [62]. Furthermore, the increased expression of Nfatc1 in the healthy gingival tissue of Del1−/− mice also indicates the strength of the association between DEL-1 and bone resorption. An important substance involved in osteoclast differentiation is Nfatc1, a master regulator of osteoclast formation induced by a nuclear factor-κB ligand receptor activator (RANKL). In addition, transcription factors that negatively regulate Nfatc1 activity are known, such as the interferon regulatory factor-8 (IRF-8), B-cell lymphoma 6 (Bcl6), and v-Maf myoaponeurotic fibrosarcoma oncogene family member protein B (MafB) [63]. DEL-1 suppresses transcription of NFATc1 by binding to Mac-1 and increasing Bcl6 expression. Moreover, DEL-1 with its RGD motif suppresses bone resorption by binding to αvβ3, which is important for the bone resorption function of osteoclasts [25,64]. Consequently, DEL-1 negatively regulates osteoclast differentiation.




4. Materials and Methods


4.1. Reagents


DEL-1 was purchased from R&D Systems (Minneapolis, MN, USA). The following antibacterial drugs were used for the treatment of mice: ERM (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan), JSM (Sigma-Aldrich, St. Louis, MO, USA), and PC (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). Each substance was dissolved in 80% phosphate-buffered saline (PBS) and 20% ethanol.




4.2. Murine Tooth Ligating Model


All animal experiments were approved by the Institutional Animal Care and Use Committee of Niigata University (SA00181). We purchased C57BL/6Ncrl mice from Charles River Laboratories (Japan, Inc., Kanagawa, Japan). The mice were maintained in individually ventilated cages and provided with sterile food and water ad libitum under specific pathogen-free conditions. They were used for experiments at the age of 10–12 weeks. We commissioned Setsuro Tech (Tokushima, Japan) to create a C57BL/6Ncrl Del1−/− mouse strain using the GEEP method [65,66]. CRISPR RNA was designed (Del1 up crRNA: CTGGCTTTGGGCGCCCCCGG; protospacer adjacent motif (PAM): CGG; Del1 down crRNA: GGGGTGCCCCAGTTCGGCAA; PAM:AGG) as described by Choi [24].



To establish the model, a 5–0 silk ligature (Akiyama MEDICAL MFG. CO., LTD., Tokyo, Japan) was tied around the maxillary second molar to generate ligature-induced periodontitis [67]. Antibacterial drugs (ERM; 100 mg/kg body weight, PC; 10,000 unit/kg body weight, JM; 100 mg/kg body weight) or 20% EtOH were administered intraperitoneally once a day for 9 days in the intervention experiments. The mice were euthanized 9 days after ligating the second molar. The gingiva was dissected and processed for real-time quantitative PCR (qPCR) measurements. We analyzed osteoclast-related factors and Del1 mRNA expression levels. A stereoscopic microscope (Leica Microsystems, Wetzlar, Germany) (35×) was used to assess morphologically the periodontal bone resorption of the defleshed maxilla. Specifically, the distance from the cement-enamel junction to the alveolar bone crest (CEJ-ABC) was measured at seven site-predetermined points on the ligated second molar and adjacent affected regions. The bone change was calculated by subtracting the sum of the CEJ-ABC values from the seven corresponding values in the unligated areas. Negative values (in mm) indicate bone loss relative to the baseline (unligated control).




4.3. Histologic Analysis


The following processes were performed to assess the standard histological and quantitative histomorphometric analyses. The maxillae of the tooth ligation model mice were collected 9 days after ligation and fixed in 4% paraformaldehyde PBS (Wako Pure Chemical Industries, Osaka, Japan) for 24 h. Subsequently, the samples were decalcified with Decalcifying Solution B (Wako Pure Chemical Industries) for 1 week at 4 °C. The specimens were then embedded in O.C.T. Compound (Sakura Finetek, Torrance, CA, USA), which was frozen in liquid nitrogen. Coronary sections were cut with a cryostat (Leica Biosystems, Wetzlar, Germany). The sections were stained with TRAP (Wako Pure Chemical Industries), and TRAP-reactive multinuclear giant cells (MNCs) were counted from five random coronal sections of the ligation sites from each mouse.




4.4. Cell Preparation and Culture


Bone marrow-derived cells were collected from the femurs and tibias of mice. After lysis of erythrocytes using RBC lysis buffer (Lonza, Basel, Switzerland), bone marrow-derived cells were cultured in 96-well plates (1.0 × 105 per well) with recombinant murine macrophage colony-stimulating factor (M-CSF) (30 ng/mL; R&D Systems, Minneapolis, MN, USA) for 3 h in minimum essential medium eagle, alpha modification (α-MEM; FUJIFILM Wako Pure Chemical Corporation) with 10% fetal bovine serum (FBS) at 37 °C and 5% CO2. The nonadherent cell population was washed, and adherent cells were further cultured in α-MEM media supplemented with 10% FBS, 100 ng/mL recombinant soluble receptor activator of nuclear factor-kappa B ligand (RANKL; R&D Systems), and 100 ng/mL M-CSF in the presence or absence of ERM (1, 10, and 20 μg/mL) or PC (5 unit/mL). After 7 days, the cells were fixed and stained for TRAP using an acid phosphatase leukocyte diagnostic kit (Sigma-Aldrich), and TRAP-reactive multinucleated (≥3 nuclei) cells per well were counted. To determine the effect of DEL-1 on osteoclastogenesis, BMM from WT mice and Del1−/− mice were cultured in α-MEM containing M-CSF and RANKL in the presence or absence of 20% EtOH, ERM (10 μg/mL), DEL-1 (5 μg/mL), or PC (5 units/mL) for 1 week. Subsequently, the number of TRAP-reactive multinucleated (≥3 nuclei) cells per well was counted. FACPS or calcein solution (100 μg/mL) was added to CaP-coated 48-well plates (0.25 mL/well) and incubated at 37 °C for 2 h. The plates were washed twice with PBS and used for assays (FACPS/CaP-coated plates; PG Research Co., Ltd., Tokyo, Japan) [68]. Bone marrow cells were cultured in α-MEM media supplemented with 10% FBS in the presence of 100 ng/mL soluble recombinant RANKL (R&D Systems) and 100 ng/mL M-CSF to generate osteoclasts. The cells were treated with ERM (1, 10, and 20 μg/mL) or PC. After 7 days, the supernatant was collected, and the fluorescence intensity (Ex: 485 nm, Em: 535 nm) was measured using GloMax (Promega Corporation, Madison, WI, USA).




4.5. Quantitative Real-Time PCR


Total RNA was extracted from mouse maxillary palatal gingiva or BMMs using TRI reagent (Molecular Research Center, Inc., Cincinnati, OH) and quantified by spectrophotometry at 260 and 280 nm. The RNA was reverse-transcribed using SuperScript VILO Master Mix (Thermo Fisher Scientific, MA, USA). Quantitative PCR with the cDNA was performed according to the manufacturer’s protocol using the StepOnePlus real-time PCR system (Thermo Fisher Scientific). We analyzed data using the comparative CT (ΔΔCt) method. TaqMan probes, sense primers, and antisense primers for the expression of a housekeeping gene (Gapdh), along with Nfatc1, TNF receptor superfamily member 11a (Tnfrsf11a; RANK), acid phosphatase 5 (Acp5, encoding TRAP), cathepsin K (Ctsk), and EGF-like repeats and discoidin domains 3 (Edil3; del1, encoding DEL-1) were purchased from Thermo Fisher Scientific.




4.6. Statistical Analysis


We evaluated data by analysis of variance and one-way ANOVA with Tukey’s multiple comparisons test using GraphPad, Version 7.03 (GraphPad Software, Inc., La Jolla, CA, USA). A p-value of < 0.05 was considered statistically significant.





5. Conclusions


In conclusion, the in vivo and in vitro evidence suggests that ERM exerts an immunomodulatory effect by inducing DEL-1 and suppressing osteoclast differentiation. In particular, induced DEL-1 suppresses Nfatc1 via Mac-1 and suppresses osteoclast differentiation [25]. Our study supports the use of ERM as an immunomodulatory drug for treating inflammatory bone resorption disease.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-6382/10/3/312/s1, Materials and Methods S1: Supplementary Materials and Methods for supplementary figures. FigureS1: Oral administration of antibacterial drug failed to show immunomodulatory effects. Figure S2: Erythromycin dose-dependently suppresses osteoclast differentiation in vitro. Figure S3: Cytotoxicity of ERM or PC or JSM to osteoclasts.





Author Contributions


Conceptualization, T.M. (Tomoki Maekawa); methodology, T.M. (Tomoki Maekawa) and H.D.; software, H.T. and N.T.; validation, H.T., T.M. (Tomoki Maekawa), and H.D.; formal analysis, T.H. and H.T.; investigation, H.T., T.H., S.H., T.I., K.S. and D.Y.; resources, T.M. (Tomoki Maekawa), T.M. (Takeyasu Maeda), and Y.T.; data curation, N.T., M.O. and K.T.; writing—original draft preparation, H.T.; writing—review and editing, T.M. (Tomoki Maekawa) and H.D.; supervision, K.T. and Y.T.; project administration, T.M. (Tomoki Maekawa); funding acquisition, T.M. (Tomoki Maekawa), H.D. and Y.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants from JSPS KAKENHI (17KK0165, 17K19747, 19H03828, 19K22706), the Takeda Science Foundation, the Uehara Memorial Foundation, the Terumo Life Science Foundation, Kowa Life Science Foundation, and AMED-Interstellar Initiative to Tomoki Maekawa.




Institutional Review Board Statement


Genetic recombination-related mouse procedures were approved by the Genetic Recombination Experiment Safety Committee of Niigata University (SD00861). All animal experiments were approved by the Institutional Animal Care and Use Committee of Niigata University (SA00181).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are contained within the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hajishengallis, G. Periodontitis: From microbial immune subversion to systemic inflammation. Nat. Rev. Immunol. 2015, 15, 30–44. [Google Scholar] [CrossRef]

	



Hajishengallis, G.; Chavakis, T.; Hajishengallis, E.; Lambris, J.D. Neutrophil homeostasis and inflammation: Novel paradigms from studying periodontitis. J. Leukoc. Biol. 2015, 98, 539–548. [Google Scholar] [CrossRef] [PubMed]

	



Hienz, S.A.; Paliwal, S.; Ivanovski, S. Mechanisms of Bone Resorption in Periodontitis. J. Immunol. Res. 2015, 2015, 615486. [Google Scholar] [CrossRef] [PubMed]

	



Lamont, R.J.; Hajishengallis, G. Polymicrobial synergy and dysbiosis in inflammatory disease. Trends Mol. Med. 2015, 21, 172–183. [Google Scholar] [CrossRef]

	



Tsukasaki, M.; Komatsu, N.; Nagashima, K.; Nitta, T.; Pluemsakunthai, W.; Shukunami, C.; Iwakura, Y.; Nakashima, T.; Okamoto, K.; Takayanagi, H. Host defense against oral microbiota by bone-damaging T cells. Nat. Commun. 2018, 9, 701. [Google Scholar] [CrossRef] [PubMed]

	



Basu, A.; Masek, E.; Ebersole, J.L. Dietary Polyphenols and Periodontitis-A Mini-Review of Literature. Molecules 2018, 23, 1786. [Google Scholar] [CrossRef]

	



Hiyoshi, T.; Domon, H.; Maekawa, T.; Yonezawa, D.; Kunitomo, E.; Tabeta, K.; Terao, Y. Protective effect of hinokitiol against periodontal bone loss in ligature-induced experimental periodontitis in mice. Arch. Oral. Biol. 2020, 112, 104679. [Google Scholar] [CrossRef]

	



Ming, J.; Zhuoneng, L.; Guangxun, Z. Protective role of flavonoid baicalin from Scutellaria baicalensis in periodontal disease pathogenesis: A literature review. Complement. Ther. Med. 2018, 38, 11–18. [Google Scholar] [CrossRef]

	



Tamura, H.; Maekawa, T.; Domon, H.; Hiyoshi, T.; Yonezawa, D.; Nagai, K.; Ochiai, A.; Taniguchi, M.; Tabeta, K.; Maeda, T.; et al. Peptides from rice endosperm protein restrain periodontal bone loss in mouse model of periodontitis. Arch. Oral. Biol. 2019, 98, 132–139. [Google Scholar] [CrossRef]

	



Aoki-Nonaka, Y.; Tabeta, K.; Yokoji, M.; Matsugishi, A.; Matsuda, Y.; Takahashi, N.; Sulijaya, B.; Domon, H.; Terao, Y.; Taniguchi, M.; et al. A peptide derived from rice inhibits alveolar bone resorption via suppression of inflammatory cytokine production. J. Periodontol. 2019, 90, 1160–1169. [Google Scholar] [CrossRef]

	



Dinos, G.P. The macrolide antibiotic renaissance. Br. J. Pharmacol. 2017, 174, 2967–2983. [Google Scholar] [CrossRef] [PubMed]

	



O’Rourke, V.J. Azithromycin as an adjunct to non-surgical periodontal therapy: A systematic review. Aust. Dent. J. 2017, 62, 14–22. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, P.; Ziesenitz, V.C.; Curtis, N.; Ritz, N. The Immunomodulatory Effects of Macrolides—A Systematic Review of the Underlying Mechanisms. Front. Immunol. 2018, 9, 302. [Google Scholar] [CrossRef] [PubMed]

	



Amsden, G.W. Anti-inflammatory effects of Macrolides—An underappreciated benefit in the treatment of community-acquired respiratory tract infections and chronic inflammatory pulmonary conditions? J. Antimicrob. Chemother. 2005, 55, 10–21. [Google Scholar] [CrossRef]

	



Cervin, A.; Wallwork, B. Macrolide therapy of chronic rhinosinusitis. Rhinology 2007, 45, 259–267. [Google Scholar] [PubMed]

	



Cui, Y.; Luo, L.; Li, C.; Chen, P.; Chen, Y. Long-term macrolide treatment for the prevention of acute exacerbations in COPD: A systematic review and meta-analysis. Int. J. Chron. Obstruct. Pulmon. Dis. 2018, 13, 3813–3829. [Google Scholar] [CrossRef]

	



Albert, R.K.; Connett, J.; Bailey, W.C.; Casaburi, R.; Cooper, J.A., Jr.; Criner, G.J.; Curtis, J.L.; Dransfield, M.T.; Han, M.K.; Lazarus, S.C.; et al. Azithromycin for prevention of exacerbations of COPD. N. Engl. J. Med. 2011, 365, 689–698. [Google Scholar] [CrossRef]

	



Lin, X.; Lu, J.; Yang, M.; Dong, B.R.; Wu, H.M. Macrolides for diffuse panbronchiolitis. Cochrane Database Syst Rev. 2015, 1, CD007716. [Google Scholar] [CrossRef]

	



Rollins, D.R.; Good, J.T., Jr.; Martin, R.J. The role of atypical infections and macrolide therapy in patients with asthma. J. Allergy Clin. Immunol. Pract. 2014, 2, 511–517. [Google Scholar] [CrossRef]

	



Gannon, S.C.; Cantley, M.D.; Haynes, D.R.; Hirsch, R.; Bartold, P.M. Azithromycin suppresses human osteoclast formation and activity in vitro. J. Cell Physiol. 2013, 228, 1098–1107. [Google Scholar] [CrossRef] [PubMed]

	



Maekawa, T.; Tamura, H.; Domon, H.; Hiyoshi, T.; Isono, T.; Yonezawa, D.; Hayashi, N.; Takahashi, N.; Tabeta, K.; Maeda, T.; et al. Erythromycin inhibits neutrophilic inflammation and mucosal disease by upregulating DEL-1. JCI Insight 2020, 5. [Google Scholar] [CrossRef] [PubMed]

	



Hajishengallis, G.; Chavakis, T. DEL-1-Regulated Immune Plasticity and Inflammatory Disorders. Trends Mol. Med. 2019, 25, 444–459. [Google Scholar] [CrossRef] [PubMed]

	



Kourtzelis, I.; Li, X.; Mitroulis, I.; Grosser, D.; Kajikawa, T.; Wang, B.; Grzybek, M.; von Renesse, J.; Czogalla, A.; Troullinaki, M.; et al. DEL-1 promotes macrophage efferocytosis and clearance of inflammation. Nat. Immunol. 2019, 20, 40–49. [Google Scholar] [CrossRef]

	



Choi, E.Y. Inhibition of leukocyte adhesion by developmental endothelial locus-1 (del-1). Immune. Netw. 2009, 9, 153–157. [Google Scholar] [CrossRef]

	



Shin, J.; Maekawa, T.; Abe, T.; Hajishengallis, E.; Hosur, K.; Pyaram, K.; Mitroulis, I.; Chavakis, T.; Hajishengallis, G. DEL-1 restrains osteoclastogenesis and inhibits inflammatory bone loss in nonhuman primates. Sci. Transl. Med. 2015, 7, 307ra155. [Google Scholar] [CrossRef]

	



Lin, M.; Hu, Y.; Wang, Y.; Kawai, T.; Wang, Z.; Han, X. Different engagement of TLR2 and TLR4 in Porphyromonas gingivalis vs. ligature-induced periodontal bone loss. Braz. Oral. Res. 2017, 31, e63. [Google Scholar] [CrossRef] [PubMed]

	



Maekawa, T.; Krauss, J.L.; Abe, T.; Jotwani, R.; Triantafilou, M.; Triantafilou, K.; Hashim, A.; Hoch, S.; Curtis, M.A.; Nussbaum, G.; et al. Porphyromonas gingivalis manipulates complement and TLR signaling to uncouple bacterial clearance from inflammation and promote dysbiosis. Cell Host Microbe. 2014, 15, 768–778. [Google Scholar] [CrossRef]

	



Maekawa, T.; Abe, T.; Hajishengallis, E.; Hosur, K.B.; DeAngelis, R.A.; Ricklin, D.; Lambris, J.D.; Hajishengallis, G. Genetic and intervention studies implicating complement C3 as a major target for the treatment of periodontitis. J. Immunol. 2014, 192, 6020–6027. [Google Scholar] [CrossRef]

	



Steel, H.C.; Theron, A.J.; Cockeran, R.; Anderson, R.; Feldman, C. Pathogen- and host-directed anti-inflammatory activities of macrolide antibiotics. Mediat. Inflamm. 2012, 2012, 584262. [Google Scholar] [CrossRef] [PubMed]

	



Arsic, B.; Barber, J.; Cikos, A.; Mladenovic, M.; Stankovic, N.; Novak, P. 16-membered macrolide antibiotics: A review. Int. J. Antimicrob. Agents 2018, 51, 283–298. [Google Scholar] [CrossRef]

	



Ogrendik, M. Antibiotics for the treatment of rheumatoid arthritis. Int. J. Gen. Med. 2013, 7, 43–47. [Google Scholar] [CrossRef]

	



Ogrendik, M.; Karagoz, N. Treatment of rheumatoid arthritis with roxithromycin: A randomized trial. Postgrad Med. 2011, 123, 220–227. [Google Scholar] [CrossRef]

	



Zhang, P.; Qin, L. Potential use of erythromycin to prevent and treat prosthetic failure. J. Clin. Pharmacol. 2010, 50, 858–860. [Google Scholar] [CrossRef] [PubMed]

	



Ren, W.; Li, X.H.; Chen, B.D.; Wooley, P.H. Erythromycin inhibits wear debris-induced osteoclastogenesis by modulation of murine macrophage NF-kappaB activity. J. Orthop. Res. 2004, 22, 21–29. [Google Scholar] [CrossRef]

	



Boyer, E.; Leroyer, P.; Malherbe, L.; Fong, S.B.; Loreal, O.; Bonnaure Mallet, M.; Meuric, V. Oral dysbiosis induced by Porphyromonas gingivalis is strain-dependent in mice. J. Oral. Microbiol. 2020, 12, 1832837. [Google Scholar] [CrossRef] [PubMed]

	



Mizraji, G.; Heyman, O.; Van Dyke, T.E.; Wilensky, A. Resolvin D2 Restrains Th1 Immunity and Prevents Alveolar Bone Loss in Murine Periodontitis. Front. Immunol. 2018, 9, 785. [Google Scholar] [CrossRef]

	



Papathanasiou, E.; Kantarci, A.; Konstantinidis, A.; Gao, H.; Van Dyke, T.E. SOCS-3 Regulates Alveolar Bone Loss in Experimental Periodontitis. J. Dent. Res. 2016, 95, 1018–1025. [Google Scholar] [CrossRef]

	



Jepsen, K.; Jepsen, S. Antibiotics/antimicrobials: Systemic and local administration in the therapy of mild to moderately advanced periodontitis. Periodontol. 2000 2016, 71, 82–112. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Zheng, Y.; Bian, X. Clinical effect of azithromycin as an adjunct to non-surgical treatment of chronic periodontitis: A meta-analysis of randomized controlled clinical trials. J. Periodontol. Res. 2016, 51, 275–283. [Google Scholar] [CrossRef]

	



Saleh, A.; Rincon, J.; Tan, A.; Firth, M. Comparison of adjunctive azithromycin and amoxicillin/metronidazole for patients with chronic periodontitis: Preliminary randomized control trial. Aust. Dent. J. 2016, 61, 469–481. [Google Scholar] [CrossRef]

	



Park, H.S.; Lee, Y.S.; Choi, E.Y.; Choi, J.I.; Choi, I.S.; Kim, S.J. Subantibiotic dose of azithromycin attenuates alveolar bone destruction and improves trabecular microarchitectures in a rat model of experimental periodontitis: A study using micro-computed tomography. Int Immunopharmacol. 2017, 47, 212–217. [Google Scholar] [CrossRef]

	



Kobuchi, S.; Kabata, T.; Maeda, K.; Ito, Y.; Sakaeda, T. Pharmacokinetics of Macrolide Antibiotics and Transport into the Interstitial Fluid: Comparison among Erythromycin, Clarithromycin, and Azithromycin. Antibiotics 2020, 9, 199. [Google Scholar] [CrossRef]

	



Amsden, G.W. Advanced-generation macrolides: Tissue-directed antibiotics. Int. J. Antimicrob. Agents 2001, 18 (Suppl. 1), S11–S15. [Google Scholar] [CrossRef]

	



Jelic, D.; Antolovic, R. From Erythromycin to Azithromycin and New Potential Ribosome-Binding Antimicrobials. Antibiotics 2016, 5, 29. [Google Scholar] [CrossRef] [PubMed]

	



Heta, S.; Robo, I. The Side Effects of the Most Commonly Used Group of Antibiotics in Periodontal Treatments. Med. Sci. 2018, 6, 6. [Google Scholar] [CrossRef] [PubMed]

	



Slots, J.; Rams, T.E. Antibiotics in periodontal therapy: Advantages and disadvantages. J. Clin. Periodontol. 1990, 17, 479–493. [Google Scholar] [CrossRef]

	



Konstantinidis, T.; Tsigalou, C.; Karvelas, A.; Stavropoulou, E.; Voidarou, C.; Bezirtzoglou, E. Effects of Antibiotics upon the Gut Microbiome: A Review of the Literature. Biomedicines 2020, 8, 502. [Google Scholar] [CrossRef]

	



Villedieu, A.; Diaz-Torres, M.L.; Roberts, A.P.; Hunt, N.; McNab, R.; Spratt, D.A.; Wilson, M.; Mullany, P. Genetic basis of erythromycin resistance in oral bacteria. Antimicrob. Agents Chemother. 2004, 48, 2298–2301. [Google Scholar] [CrossRef] [PubMed]

	



Arredondo, A.; Blanc, V.; Mor, C.; Nart, J.; Leon, R. Azithromycin and erythromycin susceptibility and macrolide resistance genes in Prevotella from patients with periodontal disease. Oral. Dis. 2019, 25, 860–867. [Google Scholar] [CrossRef] [PubMed]

	



Otsu, K.; Ishinaga, H.; Suzuki, S.; Sugawara, A.; Sunazuka, T.; Omura, S.; Jono, H.; Takeuchi, K. Effects of a novel nonantibiotic macrolide, EM900, on cytokine and mucin gene expression in a human airway epithelial cell line. Pharmacology 2011, 88, 327–332. [Google Scholar] [CrossRef] [PubMed]

	



Hidai, C.; Zupancic, T.; Penta, K.; Mikhail, A.; Kawana, M.; Quertermous, E.E.; Aoka, Y.; Fukagawa, M.; Matsui, Y.; Platika, D.; et al. Cloning and characterization of developmental endothelial locus-1: An embryonic endothelial cell protein that binds the alphavbeta3 integrin receptor. Genes Dev. 1998, 12, 21–33. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.H.; Kim, J.W.; Kim, Y.; Lee, M.N.; Kook, M.S.; Choi, E.Y.; Im, S.Y.; Koh, J.T. The extracellular matrix protein Edil3 stimulates osteoblast differentiation through the integrin alpha5beta1/ERK/Runx2 pathway. PLoS ONE 2017, 12, e0188749. [Google Scholar] [CrossRef]

	



Chavakis, E.; Choi, E.Y.; Chavakis, T. Novel aspects in the regulation of the leukocyte adhesion cascade. Thromb. Haemost. 2009, 102, 191–197. [Google Scholar] [CrossRef]

	



Hidai, C.; Kawana, M.; Kitano, H.; Kokubun, S. Discoidin domain of Del1 protein contributes to its deposition in the extracellular matrix. Cell Tissue Res. 2007, 330, 83–95. [Google Scholar] [CrossRef] [PubMed]

	



Choi, E.Y.; Lim, J.H.; Neuwirth, A.; Economopoulou, M.; Chatzigeorgiou, A.; Chung, K.J.; Bittner, S.; Lee, S.H.; Langer, H.; Samus, M.; et al. Developmental endothelial locus-1 is a homeostatic factor in the central nervous system limiting neuroinflammation and demyelination. Mol. Psychiatry 2015, 20, 880–888. [Google Scholar] [CrossRef] [PubMed]

	



Dasgupta, S.K.; Le, A.; Chavakis, T.; Rumbaut, R.E.; Thiagarajan, P. Developmental endothelial locus-1 (Del-1) mediates clearance of platelet microparticles by the endothelium. Circulation 2012, 125, 1664–1672. [Google Scholar] [CrossRef] [PubMed]

	



Hanayama, R.; Tanaka, M.; Miwa, K.; Nagata, S. Expression of developmental endothelial locus-1 in a subset of macrophages for engulfment of apoptotic cells. J. Immunol. 2004, 172, 3876–3882. [Google Scholar] [CrossRef] [PubMed]

	



Yan, S.; Chen, L.; Zhao, Q.; Liu, Y.N.; Hou, R.; Yu, J.; Zhang, H. Developmental endothelial locus-1 (Del-1) antagonizes Interleukin-17-mediated allergic asthma. Immunol. Cell Biol. 2018, 96, 526–535. [Google Scholar] [CrossRef]

	



Kang, Y.Y.; Kim, D.Y.; Lee, S.H.; Choi, E.Y. Deficiency of developmental endothelial locus-1 (Del-1) aggravates bleomycin-induced pulmonary fibrosis in mice. Biochem. Biophys. Res. Commun. 2014, 445, 369–374. [Google Scholar] [CrossRef]

	



Hyun, Y.M.; Seo, S.U.; Choi, W.S.; Kwon, H.J.; Kim, D.Y.; Jeong, S.; Kang, G.Y.; Yi, E.; Kim, M.; Ryu, H.J.; et al. Endogenous DEL-1 restrains melanoma lung metastasis by limiting myeloid cell-associated lung inflammation. Sci. Adv. 2020, 6. [Google Scholar] [CrossRef]

	



Yuh, D.Y.; Maekawa, T.; Li, X.; Kajikawa, T.; Bdeir, K.; Chavakis, T.; Hajishengallis, G. The secreted protein DEL-1 activates a beta3 integrin-FAK-ERK1/2-RUNX2 pathway and promotes osteogenic differentiation and bone regeneration. J. Biol. Chem. 2020, 295, 7261–7273. [Google Scholar] [CrossRef] [PubMed]

	



Maekawa, T.; Hosur, K.; Abe, T.; Kantarci, A.; Ziogas, A.; Wang, B.; Van Dyke, T.E.; Chavakis, T.; Hajishengallis, G. Antagonistic effects of IL-17 and D-resolvins on endothelial Del-1 expression through a GSK-3beta-C/EBPbeta pathway. Nat. Commun. 2015, 6, 8272. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, T.; Hayashi, M.; Takayanagi, H. New insights into osteoclastogenic signaling mechanisms. Trends Endocrinol. Metab. 2012, 23, 582–590. [Google Scholar] [CrossRef]

	



Nakamura, I.; Duong, L.T.; Rodan, S.B.; Rodan, G.A. Involvement of alpha(v)beta3 integrins in osteoclast function. J. Bone Miner. Metab. 2007, 25, 337–344. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, M.; Yamashita, Y.; Takemoto, T. Electroporation of Cas9 protein/sgRNA into early pronuclear zygotes generates non-mosaic mutants in the mouse. Dev. Biol. 2016, 418, 1–9. [Google Scholar] [CrossRef]

	



Hashimoto, M.; Takemoto, T. Electroporation enables the efficient mRNA delivery into the mouse zygotes and facilitates CRISPR/Cas9-based genome editing. Sci. Rep. 2015, 5, 11315. [Google Scholar] [CrossRef]

	



Tamura, H.; Maekawa, T.; Hiyoshi, T.; Terao, Y. Analysis of Experimental Ligature-Induced Periodontitis Model in Mice. Methods Mol. Biol. 2021, 2210, 237–250. [Google Scholar] [CrossRef]

	



Miyazaki, T.; Miyauchi, S.; Anada, T.; Imaizumi, H.; Suzuki, O. Evaluation of osteoclastic resorption activity using calcium phosphate coating combined with labeled polyanion. Anal. Biochem. 2011, 410, 7–12. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 00312 g001 550] 





Figure 1. Peritoneal injection of antibiotics inhibits bone resorption in ligature-induced periodontitis. Periodontal bone loss was induced by ligating the maxillary second molar. The unligated (UL) group was set as the baseline control. Groups of mice were administered intraperitoneally with 20% ethanol (EtOH; control), penicillin (PC), josamycin (JSM), or erythromycin (ERM). (a) Number of aerobic and anaerobic bacteria attached to the silk ligature. (b) The distance from the cement-enamel junction to the pinnacle of the alveolar bone was measured. Negative values (in mm) indicate bone loss relative to the UL control. (c) Representative images of mouse maxillary bones from the indicated groups (scale bars, 0.5 mm). * p < 0.05, compared to the EtOH group; † p < 0.05, compared to the ERM group, means ± SD (n = 5 per group). 
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Figure 2. Effect of antibacterial drugs on the transcription of osteoclast-related factors in the gingiva from ligature-induced periodontitis model mice. (a–e) Real-time qPCR was performed to quantify the mRNA transcription levels of osteoclast-related factors and Del1. * p < 0.05 compared to the phosphate-buffered saline (PBS) group, means ± SD (n = 5 per group). N.S., not significant. 
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Figure 3. Erythromycin inhibits ligature-induced osteoclast differentiation. (a,b) Frozen maxillae sections were stained with tartrate-resistant acid phosphatase (TRAP). (a) Representative images obtained by optical microscopy are shown; arrows indicate TRAP+ osteoclasts. C: cementum; PDL: periodontal ligament; B: alveolar bone. (b) TRAP-reactive multinucleated cells (MNCs) were counted in five coronal sections of ligated sites of each mouse. Scale bars, 50 µm. * p < 0.05 compared to ligated + ethanol (EtOH) group, means ± SD (n = 5 per group). 
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Figure 4. Erythromycin fails to inhibit bone resorption in Del1−/− mice. Periodontal bone loss was induced in Del1−/− mice. The unligated (UL) group was set as the baseline control. Groups of mice after tooth ligation were administered intraperitoneally with 20% ethanol (EtOH; control), penicillin (PC), josamycin (JSM), or erythromycin (ERM). (a) The distance from the cement enamel junction to the pinnacle of the alveolar bone was measured. Negative values (in mm) indicated bone loss relative to the UL control. (b) Representative images of mouse maxillary bones from the indicated groups (scale bars, 0.5 mm). * p < 0.05, compared to the indicated group, means ± SD (n = 5 per group). N.S., not significant. 
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Figure 5. Effect of erythromycin on the transcription of osteoclast-related factors in Del1−/− mice. (a–d) Real-time qPCR was performed to quantify the mRNA transcription levels of osteoclast-related factors in Del1−/− mice. * p < 0.05 compared to the indicated groups, means ± SD (n = 5 per group). N.S., not significant. 
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Figure 6. Erythromycin fails to inhibit ligature-induced osteoclast differentiation in Del1−/− mice. (a,b) Frozen maxillae sections were stained with tartrate-resistant acid phosphatase (TRAP). (a) Representative images obtained by optical microscopy are shown; arrows indicate TRAP+ osteoclasts. (b) TRAP-reactive multinucleated cells (MNCs) were counted in five coronal sections of ligated sites of each mouse. Scale bars, 50 µm. * p < 0.05 compared to ligated + ethanol (EtOH) group, means ± SD (n = 5 per group). N.S., not significant. 






Figure 6. Erythromycin fails to inhibit ligature-induced osteoclast differentiation in Del1−/− mice. (a,b) Frozen maxillae sections were stained with tartrate-resistant acid phosphatase (TRAP). (a) Representative images obtained by optical microscopy are shown; arrows indicate TRAP+ osteoclasts. (b) TRAP-reactive multinucleated cells (MNCs) were counted in five coronal sections of ligated sites of each mouse. Scale bars, 50 µm. * p < 0.05 compared to ligated + ethanol (EtOH) group, means ± SD (n = 5 per group). N.S., not significant.



[image: Antibiotics 10 00312 g006]







[image: Antibiotics 10 00312 g007 550] 





Figure 7. Erythromycin suppresses osteoclast differentiation in vitro in a DEL-1-dependent manner in wild-type mice. RANKL-induced osteoclastogenesis and bone resorption activity were determined in wild-type (WT) or Del1−/− mouse bone marrow-derived osteoclast precursors in the presence of ethanol (EtOH; control), erythromycin (ERM; 10, 20 μg/mL), penicillin (PC; 5 units/mL), and DEL-1-Fc (DEL-1; 5 μg/mL). (a) Osteoclasts were cultured on a fluoresceinamine-labeled sodium chondroitin poly-sulfate/calcium phosphate (FACPS/CaP)-coated plate, and the absorption activity was examined by measuring the fluorescence intensity of the culture supernatant. (b) Representative images of TRAP+ osteoclasts obtained by optical microscopy are shown. Scale bars, 100 μm. (c) Cells were stained for tartrate-resistant acid phosphatase (TRAP) to detect osteoclasts, and TRAP-reactive MNCs were counted. * p < 0.05, compared to the indicated group, means ± SD (n = 5 per group). 






Figure 7. Erythromycin suppresses osteoclast differentiation in vitro in a DEL-1-dependent manner in wild-type mice. RANKL-induced osteoclastogenesis and bone resorption activity were determined in wild-type (WT) or Del1−/− mouse bone marrow-derived osteoclast precursors in the presence of ethanol (EtOH; control), erythromycin (ERM; 10, 20 μg/mL), penicillin (PC; 5 units/mL), and DEL-1-Fc (DEL-1; 5 μg/mL). (a) Osteoclasts were cultured on a fluoresceinamine-labeled sodium chondroitin poly-sulfate/calcium phosphate (FACPS/CaP)-coated plate, and the absorption activity was examined by measuring the fluorescence intensity of the culture supernatant. (b) Representative images of TRAP+ osteoclasts obtained by optical microscopy are shown. Scale bars, 100 μm. (c) Cells were stained for tartrate-resistant acid phosphatase (TRAP) to detect osteoclasts, and TRAP-reactive MNCs were counted. * p < 0.05, compared to the indicated group, means ± SD (n = 5 per group).



[image: Antibiotics 10 00312 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
w *
w 51
™
= H
fm
- H t
S TR Dills 2% % Y
EeMisoml) EOH  ERM  DEL-1  pC
b wr E1OH ERM (10 pg/mL) DEL-1

ERM (10 pg/mL)

5






media/file4.png
— s
| —  BEElZ
—ae—o—1%, m
L A =

© < o«
o  uonduosuen YN W JANR[Y

— ot |2

o — el
| -
|0T0IW|_0 M

L W

©  uonduosuen yNYW 2ANR[Y

— e
>

R O
S Ik
o_.ol_dal_o M

| =

< uonduosuer) YN W dAIR[Y

Ligated

Ligated

Ligated

PC

mﬁiﬁﬁ

UL EtOH ERM JSM

Nt n N — O
O  uonduosuen YNRW AR

PC

N.S.

Ctsk
*
]

UL EtOH ERM JSM

N
5 uonduosuen YNJW dATR[OY

Ligated

Ligated





nav.xhtml


  antibiotics-10-00312


  
    		
      antibiotics-10-00312
    


  




  





media/file2.png
D
S

[Em—Y
()]
2

CFU/mm ( X 105)
S~
n o

Aerobic bacteria

%
OC T s
3 [
EtOH ERM JSM PC

Anaerobic bacteria . { _T_Jr
£ v
o QO
) o T
. F
| e & ;&
® °® §
O

|
()

1
%

Ligated + EtOH

EtOH ERM JSM  PC

UL EtOH ERM JSM PC

Ligated

Ligated + ERM





media/file5.jpg
UL EIOH ERM JSM_PC
Ligated





media/file3.jpg
UL EIOH ERM JSM_PC

UL FIOH ERM JSM_PC OH ERM JSM_ PC
Tigacd Tigaed Tigaed
Cisk © Dell
5 .

UL EOHERM JSM_pC
e

UL EIOH ERM JSM_PC
Tigwed





media/file1.jpg
cbactea
p 2

Sis] &20

I L s

MR = ﬁf’ﬁ
Sos :

- 0 0

GO ERM ISM PO BOI ERM UM PC

UL N ERM ISM_pe
Ligatad

Ligated + ECOH Ligated + ERM

Ligated + JSM Ligated + PC





media/file7.jpg
Change in bone (mm)

oL

Unligated

Ligated + Ethanol

Ligated + ERM






media/file10.png
a

Relative mRNA transcription

Relative mRNA transcription

Nfatcl
151
NS
04 " NS o NS. |
1
o9 0
0122
Dell + — — —
UL UL EtOH ERM
Ligated
Acpd
15
%
10+ e N.S. |
°
Sh NS, y
1
0 [%"  fSewse
Dell + — — —

UL UL EOH ERM

Ligated

Relative mRNA transcription

Relative mRNA transcription

RANK

401 .
o NS ‘
301 || |
°
20- ‘
*
— ®
101 |
(1l —msesa | |
Dell + — — —
UL UL EtOH ERM
Ligated
Ctsk
150-
&
100+ NS o
501 N.S.
| |
O'—““‘—&
Dell + — — —

UL UL EtOH ERM

Ligated





media/file12.png
UL EtOH
C C
Y
PDL e
~ PDL . --
%
£
B B
80 1 % NS,
I | I
%60' . ¥ .3
5 40 °
S0l
0 I I
UL EtOH ERM

Ligated





media/file9.jpg
o

Nfatel

P

§ 28 =2 °

wonduasues) IO

Tz = A

wondisUE VW AN

UL EOH ERM

uL

EOH ERM

uL

uL

Cisk

5

+
g g8 & °4

uonduosuE VN o

-]

uondusUE VNHW ARy

EOH_ERM

ut

uL

EOHERM

UL

ul

Ligated

Ligated





media/file0.png





media/file14.png
o

Fluoroescence Intensity

WT .

600- I% ‘
500 ‘i‘

400 A °

300

EtOH 10 20 PC

ERM (nug/mL)

WT

Dell”

. 200- % = — o
7 . . =
ol || B »

EtOH ERM DEL-1 PC

Wy

ERM (10 pg/mL)

-






media/file8.png
a
&
s 0%
& ®
Q
e
g
SO 1 o d
: €
=
@) °
® s
-2
UL EtOH ERM
Ligated

Unligated

Ligated + Ethanol

Ligated + ERM






media/file11.jpg
uL EOH ERM

c ' A
PDL g

Y &

80 * Ns

60

40

0] =«

0

UL

E(OH
Li

ERM

ated






media/file6.png
UL EtOH ERM ISM -
L --h.:.;_,._-;‘._. : )
3 5 ¢ C : >
3 : ‘ o
; PDL 3 : 7
& PDL W L o b S | s
. = '-I -'# ¥ o -'.1' bt
B\ el Cahop 2 B e B
o EL ——y r ’h‘ e | g". L By | B
b
%
80- .
— I l
S
5 40
= 20- m ‘5 \ ﬂ

UL EtOH ERM JSM PC

Ligated






