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Background

Apical periodontitis (AP) is a highly prevalent inflammatory condition that affects the tissue surrounding the apex of a tooth root. 7ND protein, a mutant form of monocyte chemoattractant protein-1 (MCP-1), functions as a dominant negative inhibitor of MCP-1. Previous studies have shown that 7ND protein can suppress osteoclast differentiation in peripheral blood mononuclear cells, suggesting its potential to prevent inflammatory bone destruction. However, whether 7ND protein can inhibit AP-induced osteolysis remains unknown.





Methods

To investigate the effects of 7ND protein on osteoclast differentiation, we utilized RAW264.7 macrophage cells and an AP rat model. Western blotting analysis was employed to assess MCP-1 expression in RAW264.7 cells treated with 7ND protein. The impact of 7ND protein on osteoclast formation was evaluated both in vitro (using RAW264.7 cells) and in vivo (in AP rats). Additionally, X-ray imaging and micro-computed tomography were used to compare the lesion volume and area in the periapical regions of AP rats treated with 7ND protein versus those treated with PBS.





Results

Western blotting analysis revealed that 7ND protein reduced MCP-1 expression in RAW264.7 macrophage cells without affecting their proliferation. Furthermore, 7ND protein significantly inhibited osteoclast formation in both RAW264.7 cells and AP rats. In AP rats treated with 7ND protein, X-ray imaging and micro-computed tomography demonstrated a significant decrease in lesion volume and area in the periapical regions compared to AP rats treated with PBS.





Conclusion

Our study demonstrates that 7ND protein has the potential to inhibit osteoclast differentiation and reduce bone loss associated with apical periodontitis. These findings suggest that 7ND protein may serve as a valuable therapeutic option for the treatment of AP-related osteolysis.
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1 Introduction

Apical periodontitis (AP) is a common inflammatory disease affecting the dental pulp and surrounding tissues, which is characterized by the destruction of alveolar bone and the formation of a periapical lesion (Li et al., 2024). It is commonly caused by dental pulp bacterial infection, which induces a complex interplay of immune cells, inflammatory mediators, bone-resorbing osteoclasts, and results in alveolar bone defect and tooth loss (Liu et al., 2012; Wang et al., 2023). AP can develop when microorganisms infect the pulp through entries provided by dental caries, trauma, and defective dental restorations (Austah et al., 2016; Wang et al., 2022; Li et al., 2023). Bacterial invasion into the pulp tissue leads to periapical lesions, which then initiate a chronic infection as well as an inflammatory process; this results in periapical lesions development (de Oliveira et al., 2017; Ricucci et al., 2021). The inflammatory process in endodontic-origin lesions incorporates various cell activation contributing to bone tissue destruction, such as endothelial cells, neutrophils, macrophages, lymphocytes, mesenchymal stem cells, as well as osteoclasts (de Oliveira et al., 2017; Fan et al., 2023). The presence of bacteria and the products they produce trigger pro-inflammatory cytokines production, so inducing as well as maintaining an inflammatory response (Zymovets et al., 2023; Yekani et al., 2025). Due to impaired immune function, alveolar bone loss and tissue healing are exacerbated as a result of periodontal infections, leading to the formation of periapical lesions, which are often associated with significant bone resorption (Ricucci et al., 2021; Cui et al., 2025). The management of AP-induced bone resorption is critical for preserving tooth function and maintaining oral health. Conventional treatments for AP, such as root canal therapy, aim to eliminate the source of infection and reduce inflammation; however, they may not always be sufficient to halt or reverse the bone resorption process (Fang et al., 2021; Lasica et al., 2024). Therefore, the development of novel therapeutic strategies targeting the osteoclastogenic pathway represents a promising approach to mitigate the bone destructive effects of AP.

During times of acute inflammation, monocyte chemoattractant protein-1 (MCP-1) is a major released inflammatory cytokine, which is responsible for monocytes’ recruitment and activation (Melgarejo et al., 2009; Hao et al., 2020). Moreover, MCP-1 significantly promotes multinuclear cell fusion into osteoclasts and increases tartrate-resistant acid phosphatase (TRAP)-positive multinuclear bone-resorbing osteoclasts’ number in vitro (Kim et al., 2005, 2006). Osteoclasts are crucial in the bone destruction observed in cases of apical periodontitis, while RANKL (receptor activator of nuclear factor-κB ligand) is the key cytokine that promotes osteoclastogenesis (Hong et al., 2024). During apical periodontitis, RANKL expression is upregulated in response to inflammatory stimuli, leading to an increase in osteoclast formation and bone resorption. Therefore, targeting RANKL-mediated osteoclastogenesis represents a promising therapeutic strategy for managing AP and its associated bone loss.

A mutant form of MCP-1, called 7ND protein, lacks amino acids 2 through 8 on the N-terminal, which acts as an MCP-1 dominant negative inhibitor (Quan et al., 2014; Mulholland et al., 2019). The 7ND protein effectively reduces MCP-1-induced a human monocytic cell line (THP-1 macrophages) migration in vitro (Yao et al., 2014). Moreover, 7ND protein treatment significantly suppressed osteolysis induced by wear particles in vivo (Keeney et al., 2013; Jiang et al., 2016). Recently, Luo et al. found that 7ND functioned in vitro for osteoclast differentiation inhibition as well as for bone invasion progression reduction by oral squamous cell carcinoma in vivo (Luo et al., 2018). These results indicate that 7ND has emerged as a potential inhibitor of RANKL-mediated osteoclastogenesis. They further found that 7ND effectively forms inactive heterodimers with wild-type MCP-1, thereby blocking the recruitment of monocytes and macrophages to inflammatory sites. This was evidenced by the finding that local delivery of 7ND could significantly reduce osteoclast differentiation as well as alleviate lipopolysaccharide-induced osteolysis (Long et al., 2020). However, the role of 7ND in the context of apical periodontitis and its specific effects on RANKL-mediated osteoclastogenesis have not been fully elucidated. Here, we aim to examine the effects of 7ND on osteoclasts differentiation from RAW264.7 cells. Then we will investigate whether 7ND could reduce AP-induced bone erosion in an experimental rat model.




2 Materials and methods



2.1 Reagents

Recombinant mouse cytokine of RANKL (mRANKL) was purchased from PeproTech (Cranbury, NJ). Dulbecco’s Modified Eagle Medium (DMEM), phosphate-buffered saline (PBS) without calcium and magnesium, penicillin-streptomycin solution, fetal bovine serum (FBS), and rhodamine-conjugated phalloidin were obtained from Grand Island Biological Company (Grand Island, NY). The TRAP staining kit was acquired from Sigma-Aldrich (St. Louis, MO), and the Cell Counting Kit-8 (CCK-8) reagent was purchased from Dojindo Laboratories (Kumamoto, Japan).




2.2 Cell lines and culture

RAW264.7 macrophage cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). RAW264.7 cells were cultured in DMEM supplemented with 10% fetal bovine serum and antibiotics (100 U/mL penicillin G and 100 μg/mL streptomycin) at 37°C in an incubator with 5% CO2 and 20% O2.




2.3 Isolation, expression, and purification of the 7ND protein

The 7ND was cloned and subsequently purified using the previously described method. Simply, the 7ND gene was amplified using MCP-1-based primers (GenBank: S71513.1) and cloned into the pMCSG7 vector (NovoPro Bioscience Inc., Shanghai, China). The recombinant plasmid harboring the 7ND gene was transformed into BL21 (DE3) E. coli cells, which were cultured in LB medium (Boster Biological Technologies, Ltd., Wuhan, China) with ampicillin at 37°C until OD600 reached 0.8. Induction with IPTG (0.2 mmol/L) was carried out at 16°C for 20 hours. Cells were harvested, lysed, and clarified by centrifugation. The supernatant was applied to a Ni-NTA column pre-equilibrated with PBS, washed, and eluted with imidazole. After buffer exchange, the His-tag was removed using tobacco etch virus protease. The protein fractions were pooled, concentrated, and purified by size exclusion chromatography.




2.4 Cell viability assay

RAW264.7 cells were incubated for 1day in 96-well plates at a density of 1×105 cells/well. Subsequently, the medium (DMEM supplemented with 10% FBS and 1% penicillin/streptomycin) was completely replaced, and 7ND was added at increasing concentrations (0 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL). Following 24, 48, and 72 hours, 10 microliters of CCK-8 reagent were added to each well, and the plates were then incubated for 3 hours in the dark. The absorbance was measured at 450 nm using a microplate reader (BioTek, Swindon, UK). To clarify the normalization procedure, the data were indeed standardized relative to the untreated control group (0 ng/mL 7ND) to ensure consistency with conventional reporting standards. The absorbance values at 450 nm for each experimental group (25 ng/mL, 50 ng/mL, and 100 ng/mL 7ND) were divided by the mean absorbance of the corresponding time point in the untreated control group (0 ng/mL).




2.5 Western blot analysis

A RIPA lysis and extraction buffer (Cat. No. 89900, Thermo Fisher Scientific Inc.) was used to extract the total protein from RAW264.7 cells. The lysate was clarified by centrifugation at 12,000 × g for 20 minutes at 4°C. After separation on an SDS-PAGE gel (Bio-Rad Laboratories, Hercules, CA), the samples were subsequently transferred to polyvinylidene fluoride membranes and blocked with dry skimmed milk (5%) in Tris-buffer saline for one hour at room temperature. The membranes were then incubated overnight at 4°C with primary antibodies against MCP-1 and GAPDH (cat. no. ab8101 and ab8245; 1:10,000 dilution), rinsed twice with PBST, and then incubated for 1 hour at room temperature with the HRP-conjugated secondary antibodies (cat. no. STAR137P; 1:3,000). The protein bands were visualized and captured via VersaDoc-MP Imaging System (Bio-Rad Laboratories, Hercules, CA). MCP-1 protein levels were quantified using ImageJ by normalizing the integrated density of MCP-1 bands to GAPDH. Background subtraction was performed with a rolling ball radius of 50 pixels, and only bands within the linear detection range were analyzed. Data are presented as MCP-1/GAPDH ratios.




2.6 Osteoclast differentiation and identification

RAW264.7 cells were plated in 24-well plates with mRANKL (40 ng/mL) for osteoclast differentiation induction. The experimental groups were as follows: Group 1, RAW264.7 cells only; Group 2, RAW264.7 cells with mRANKL (40 ng/mL); Group 3, RAW264.7 cells with mRANKL (40 ng/mL) plus 7ND (25 ng/mL). Both medium and all cytokines had been changed out every 3 days for 10 days, with osteoclasts identified as follows.

Cells of RAW264.7 first underwent 20 min 4% paraformaldehyde fixation then TRAP staining was performed as per manufacturer’s guides. Cells that were positive for the TRAP and contained three or more nuclei were regarded as multinucleated osteoclasts. In order to stain the actin cytoskeleton, RAW264.7 cells were rinsed 3 times with PBS, permeabilized for 10 minutes with 0.2% Triton X-100 in PBS, then stained with fluorescent phalloidin (1:200) for 20 minutes at room temperature before being observed by a fluorescence microscopy (Zeiss, Germany). The F-actin rings were defined as closed, circular F-actin structures at the cell periphery. Four random fields were selected and counted by two independent evaluators to determine both osteoclasts as well as F-actins numbers.




2.7 Animal model of AP and treatment

The animal experiments conducted in accordance with (ARRIVE) guidelines and laboratory animal care protocols approved by the Anhui Medical University Ethics Committee (approval number: LLSC20200801). Eighteen male Wistar rats (average weight of 210 g) were acquired from the Experimental Animal Center of Anhui Province maintained under temperature (20°C to 22°C), humidity (55% to 60%) with 12 h light/dark cycles. Rats were randomly assigned to three groups: Blank control group (Blank + PBS), AP control group (AP + PBS), and AP + 7ND treatment group (AP + 7ND). While the rats were undergoing ketamine anesthesia (90 mg/kg, intraperitoneal), a periapical lesion was induced by exposing right mandibular pulp first molar pulp via occlusion, as described previously (Xiao et al., 2015). On day 28 after lesion induction, six rats from each group were sacrificed. In rats of the AP + 7ND treatment group and the AP control group, 7ND or PBS was injected into right mandibular first molar periapical tissue every 2 days until day 28. The dosage of 7ND (3 μg/100 μl PBS) treatment for the AP model was determined based on prior studies (Luo et al., 2018; Long et al., 2020).




2.8 High-resolution X-ray imaging and micro-computed tomography analysis

To analyze rats’ bone intensity distribution of periapical lesions, high-resolution X-ray images were taken using a digital radiography system. The light dark region around the right mandibular first molar distal root apex indicates fairly low bone density; this area was assessed via Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD). All mandibles underwent scan by a micro-CT scanner (microCT µCT50, Scanco Medical AG, Zurich, Switzerland), at 8 W, 70 kV, 114 µA, 360° rotations, and 20 µm pixel size. Then the reconstructed 3D images were converted into graphic images. By two independent assessors, region of interest resorption areas in the right mandibular bones were delineated by Adobe Photoshop (Adobe Systems, Inc., San Jose, CA). Periapical region volume was measured as previously described (Xiao et al., 2015).




2.9 Histologic evaluation of osteolysis

All mandibles underwent fixation with 4% paraformaldehyde for 1 day, after which the soft tissue was detached. The remaining bones were decalcified for 3 weeks with 10% ethylenediaminetetraacetic acid (pH 7.4), then dehydrated and embedded in paraffin. Sections were sectioned at 5-µm thickness by a microtome, including the 7ND injection site. The slides were stained with TRAP in accordance with the instructions provided by the manufacturer. Two separate assessors carried out an analysis of osteoclasts numbers that were TRAP positive.




2.10 Statistical analysis

Data are expressed as mean ± SEM and evaluated for normal distribution by Shapiro–Wilk test. The differences among groups were tested by one-way analysis of variance test followed by a post-hoc Bonferroni correction. Statistical significance was determined by a P-value of 0.05 in all cases.





3 Results



3.1 7ND protein decreased MCP-1 amount but not affected the proliferation of RAW264.7 cells

The 7ND gene was engineered, cloned into the pMCSG7 vector, expressed, and the resulting 7ND protein was purified (Figure 1A). A CCK-8 assay was used to evaluate proliferation of RAW264.7 cells with or without 7ND protein. We found that the 7ND protein did not affect the proliferation of RAW264.7 cells over a period of 1 to 3 days as the concentrations of 7ND were increased (0 ng/mL, 25 ng/mL, 50 ng/mL, and 100 ng/mL, Figure 1B). The results of western blotting showed that 7ND protein reduced the amount of MCP-1 in RAW264.7 cells (Figure 1C). Concentrations of 25 ng/mL and 50 ng/mL of 7ND could efficiently reduce the protein amount of MCP-1 in RAW264.7 cells (F (3, 20) = 36.45, P < 0.01). However, the higher concentration of 7ND (100 ng/mL) showed no significant effect on MCP-1 expression (Figure 1D). These results suggest that RAW264.7 cells express MCP-1, and its negative inhibitor, 7ND reduces the expression of MCP-1 without affect the proliferation of RAW264.7 cells.

[image: Diagram A shows the pMCSG7 plasmid map labeled with various components such as AmpR promoter, T7 terminator, and CAP binding site, among others. Chart B is a bar graph comparing normalized OD values at different times with various concentrations of 7ND showing no significant differences. Image C displays a Western blot for MCP-1 and GAPDH at different 7ND concentrations. Graph D is a bar chart showing significant differences in the MCP-1/GAPDH ratio at varying concentrations of 7ND, with significance indicated by asterisks.]
Figure 1 | Effect of 7ND on cell viability and MCP-1 levels in RAW264.7 cells. (A) The 7ND gene was cloned into the pMCSG7 vector. (B) A CCK-8 assay showed that 7ND had no significant effect on the proliferation of RAW264.7 cells over 1 to 3 days as concentration of 7ND was increased (0 ng/mL, 25 ng/mL, 50 ng/mL, 100 ng/mL). Data are presented as the viability relative to untreated cells (0 ng/mL 7ND) and are displayed as the mean ± SEM. (C) Representative blots show the expression of MCP-1 in the absence or presence of 7ND treatment. (D) Western blotting results confirmed that the amount of MCP-1 in RAW264.7 cells was reduced after treatment with 7ND at concentrations of 25 ng/mL and 50 ng/mL. * P <0.05, ** P < 0.01 compared to all test groups, n = 6. ns, not significant.




3.2 7ND protein inhibited osteoclast differentiation from RAW264.7 cells

When RAW264.7 cells were inducted to differentiate into osteoclasts by mRANKL for 14 days, the effect of 7ND protein at a concentration of 25 ng/mL on osteoclast differentiation was tested. The representative images of TRAP staining are shown in Figure 2A. The results revealed that significantly fewer osteoclasts were formed in the presence of 7ND treatment, while significantly more osteoclasts were formed in the presence of mRANKL alone (F (2, 15) = 108.1, P < 0.01, Figure 2B). Immunofluorescence staining with phalloidin showed similar findings, with significantly less F-actin staining of osteoclasts observed in the presence of 7ND. No osteoclasts were observed in the blank control group, which contained RAW264.7 cells only (Figure 2C). Quantification of F-actin staining results is shown in Figure 2D (F (2, 15) = 222.6, P < 0.01). These results indicated that the osteoclast differentiation from RAW264.7 cells was inhibited by 7ND protein.

[image: Microscopic images and bar graphs demonstrate the effect of RANKL and a compound on RAW264.7 cells. Panel A shows stained cell cultures with varying conditions: RAW264.7, RAW264.7 + mRANKL, and RAW264.7 + mRANKL + 7ND. Panel B displays a bar graph indicating osteoclast numbers, highlighting increased levels with mRANKL treatment. Panel C presents fluorescent staining showing F-actin formation in similar conditions. Panel D provides a bar graph depicting F-actin numbers, indicating significant changes with treatments. Arrows and dashed lines in images emphasize notable areas under different conditions. Scale bars indicate 50 micrometers.]
Figure 2 | 7ND protein inhibits osteoclast differentiation in RAW264.7 cells. (A) Representative TRAP staining images demonstrate the effect of 7ND protein administration on osteoclast differentiation. The black arrows indicate TRAP-positive cells (outlined by black dashed circles in the images). (B) Quantification of osteoclast numbers in four randomly selected fields. (C) Immunofluorescence staining reveals phalloidin for F-actin rings (outlined by white dashed circles in the images). The white arrows indicate cells with dense F-actin. (D) Quantification of F-actin ring numbers in four randomly selected fields. ** P < 0.01 compared with RAW264.7; ## P < 0.01 compared with RAW264.7 + mRNAKL. n = 6.




3.3 7ND protein reduced periapical lesions in rats

The area and volume of the periapical region of right mandibular first molar was detected using high-resolution X-ray imaging. In the Blank control rats, there were no periapical lesions observed around the distal apex of the right mandibular first molar (Figure 3A). However, in the AP rats, periapical lesions of increasing size were observed. After the 7ND treatment, the size of periapical lesions was reduced in the AP+7ND rats. The quantitative analysis of lesion area showed that the size of the periapical region in the AP + 7ND group was significantly smaller than that in the AP + PBS group (F (2, 15) = 299.3, P < 0.01, Figure 3B). These results suggest that the lesion area of the periapical regions was significantly decreased after the administration of 7ND in AP rats.

[image: Three X-ray images and a bar graph depict lesion studies in different conditions: Blank+PBS, AP+PBS, and AP+7ND. Red arrows indicate lesion sites. The bar graph shows lesion area measurements in square millimeters, with AP+PBS having the largest, followed by AP+7ND. Statistical significance is indicated with symbols.]
Figure 3 | 7ND protein reduces AP-induced periapical lesions in rats. (A) Representative X-ray images show periapical lesions in experimental rats. In the Blank + PBS group, no periapical lesions were observed around the distal root apex of the right mandibular first molar (arrow). In the AP + PBS group, periapical lesions of increasing size (arrow) were observed. In the AP + 7ND group, the size of the periapical lesions was reduced (arrow). (B) Quantification of the lesion area in the periapical regions of the Blank + PBS, AP + PBS and AP+7ND groups. ** P < 0.01 compared with Blank + PBS group; # P < 0.05 compared with AP + PBS group; n = 6.




3.4 7ND protein reduced osteolysis in rats

The lesion volume of the periapical regions was used to quantify the degree of bone loss in rats. Fewer defects were observed in the periapical region of the right mandibular first molar in the mandible bone in the AP + 7ND group compared to the AP + PBS group, as assessed by micro-CT imaging (Figure 4A). Following 7ND treatment, the lesion volume in the periapical regions was significantly reduced in the AP+7ND rats compared to the AP + PBS rats (F (2, 15) = 545.1, P < 0.01, Figure 4B). These results suggest that 7ND has a protective effect on the periapical lesions and osteolysis in AP rats.

[image: Three micro-CT 3D images of a rat jaw, each labeled “Blank+PBS,” “AP+PBS,” and “AP+7ND,” showing lesion areas circled in red. A corresponding bar chart displays lesion volume in cubic millimeters. Bars for “AP+PBS” and “AP+7ND” are significantly higher compared to “Blank+PBS,” with “AP+7ND” having a lower volume than “AP+PBS.” Statistical significance is indicated with asterisks and hash symbols.]
Figure 4 | 7ND treatment reduces AP-induced osteolysis in the calvaria. (A) Representative micro-CT images show the osteolysis in rats. Notably, bone defects in the mandible bone of the periapical region of the right mandibular first molar were less prevalent in the AP + 7ND group compared to the AP + PBS group (red circle). (B) Quantification of lesion volume in the periapical regions of the Blank + PBS, AP + PBS and AP + 7ND groups. ** P < 0.01 compared with Blank + PBS group; # P < 0.05 compared with AP + PBS group; n = 6.




3.5 7ND reduced the number of osteoclasts in the bone resorption lacunae

To evaluate the effect of 7ND on osteoclasts in bone resorption lacunae, TRAP staining was performed to locate and subsequently quantify the osteoclasts accumulating in these lacunae (Figure 5A). The number of osteoclasts significantly increased in the AP + PBS group and decreased following 7ND treatment (F (2, 15) = 39.75, P < 0.01, Figure 5B). In addition, body weight was monitored to assess the health status of rats during the experimental procedure. There were no significant differences in body weight between the Blank + PBS, AP + PBS and AP + 7ND groups over the 28-day period of establishing the animal model (F (2, 15) = 0.77, P = 0.48, Figure 5C). These results demonstrate that osteoclasts are more abundant in AP rats and that 7ND protein reduce the number of osteoclasts in bone resorption lacunae.

[image: Panel A shows histological images with arrows indicating osteoclasts in various treatments: Blank+PBS, AP+PBS, and AP+7ND, each with a scale bar of fifty micrometers. Panel B presents a bar graph of osteoclast numbers, showing an increase in AP+PBS compared to Blank+PBS, with AP+7ND showing reduced osteoclast numbers. Panel C displays body weight bar graphs, indicating similar weights across all treatments: Blank+PBS, AP+PBS, and AP+7ND.]
Figure 5 | 7ND reduces the number of osteoclasts in bone resorption lacunae. (A) TRAP staining was employed to locate and count osteoclasts accumulating in the resorption lacunae (black arrow). (B) Quantification of osteoclast numbers in the Blank + PBS, AP + PBS and AP + 7ND groups. (C) The body weight of rats over the 28 days of establishing the animal model in the Blank + PBS, AP + PBS and AP + 7ND groups. * P < 0.05, compared with Blank + PBS group; # P < 0.05 compared with AP + PBS group; n = 6.





4 Discussion

The present study has demonstrated that 7ND effectively inhibits RANKL-mediated osteoclastogenesis in RAW264.7 cells. Moreover, the results from the animal experiments provide further evidence of the therapeutic potential of 7ND. Specifically, the observed reductions in alveolar bone resorption and osteoclast numbers in the AP + 7ND group compared to the AP + PBS group suggest that 7ND may be effective in mitigating the bone destructive effects of apical periodontitis (Figure 6).

[image: Diagram illustrating the process of apical periodontitis involving monocytes converting to preosteoclasts, influenced by MCP-1. 7ND inhibits this process. Preosteoclasts become multinucleated osteoclasts through cytokinesis and RANK/RANKL interaction, leading to bone resorption.]
Figure 6 | Schematic illustrating the inhibitory mechanisms of 7ND protein in attenuating apical periodontitis-associated bone resorption. MCP-1 facilitates monocyte recruitment to inflammatory sites and promotes their differentiation into osteoclast precursor cells. RANKL binding to RANK receptors on precursor cells triggers their fusion into multinucleated osteoclasts, initiating bone resorption. The 7ND protein exerts therapeutic effects through: MCP-1 sequestration via heterodimer formation, which disrupts chemotactic signaling and limits monocyte infiltration/osteoclast precursor expansion; and indirect suppression of osteoclastogenesis by reducing precursor cell availability. This sequential inhibitory strategy ultimately mitigates pathological bone destruction.

The significance of managing AP-induced bone resorption cannot be overstated, as it not only affects the integrity of the dental arch but also has broader implications for oral health and quality of life (Zhou et al., 2024). Alveolar bone loss, if left untreated, can lead to tooth mobility, eventual tooth loss, and impaired masticatory function (Marcello-MaChado et al., 2017; Kononen et al., 2019). Furthermore, the inflammatory process associated with AP can contribute to systemic inflammation, which has been linked to various systemic diseases, including cardiovascular disease and diabetes (Poornima et al., 2021; Li et al., 2025).

MCP-1, a member of the chemokine (C-C motif) family, plays an essential role in the processing of inflammation by functioning as a potent chemoattractant and activator for monocytes, macrophages, and osteoclast precursors. C-C motif chemokine receptor-2 (CCR2) serves as the primary receptor for MCP-1, and their interaction constitutes a crucial signaling axis that regulates the recruitment and activation of immune cells in various tissues, including bone (Singh et al., 2021). MCP-1 is presented in periapical granuloma samples from humans, as evidenced by immunohistochemical staining (Kabashima et al., 2001). Double immunofluorescence staining reveals that some MCP-1-positive cells also express CCR2, suggesting an interaction between MCP-1 and CCR2 in mediating inflammation and osteoclastogenesis (Liu et al., 2014). Upon injury or infection, the interaction between MCP-1 and CCR2 activates the signal transduction pathway, facilitating the migration and infiltration of macrophages, monocytes, microglia, and memory T lymphocytes in various diseases, including apical diseases (Salcedo et al., 2000; Silva et al., 2005).

Furthermore, MCP-1/CCR2 signaling plays a crucial role in bone remodeling and homeostasis by recruiting osteoclast precursors to the bone surface, where they differentiate into mature osteoclasts, enhancing bone resorption. Additionally, this signaling pathway contributes to the recruitment and activation of inflammatory monocytes and macrophages in periodontal disease, which can either differentiate into osteoclasts or stimulate osteoclastogenesis through RANKL production (Hong et al., 2024).

In the present study, we demonstrated that the expression of MCP-1, a crucial mediator of chemotaxis and inflammation, is constitutively expressed in RAW264.7 cells. A potent negative inhibitor for MCP-1, 7ND protein- a mutant MCP-1 lacking the first 2–8 amino acids at its N-terminus was found to effectively inhibit this expression in RAW264.7 cells. Specifically, the 7ND protein inhibited MCP-1 expression at concentrations of 25 ng/mL and 50 ng/mL, but not at 100 ng/mL. This observed effect may be due to the RAW264.7 cells developing compensatory or feedback mechanisms in response to the intermediate concentrations of the inhibitor. At the higher concentration of 100 ng/mL, the inhibiting effect of 7ND may be overridden, or the higher concentration may lead to non-specific binding of the inhibitor to other cellular components, potentially interfering with its ability to specifically inhibit MCP-1 expression. Consistent with previous findings, the 7ND protein and MCP-1 form a heterodimer that interacts with the CCR2 receptor, completely blocking the monocyte chemotaxis mediated by MCP-1 signal transduction (Quan et al., 2014; Jiang et al., 2016).

We further investigated the role of 7ND protein in osteoclast differentiation. RANKL was used to induce the osteoclast differentiation in RAW264.7 cells, and we found that treatment with 7ND significantly reduced osteoclast formation. In experiments where peripheral blood mononuclear cells were cultured in the presence of varying concentrations of 7ND, it was also observed that 7ND inhibited osteoclast differentiation without affecting cell proliferation, indicating that 7ND protein can effectively interfere with osteoclast differentiation (Long et al., 2020). This inhibition is achieved by blocking the MCP-1 chemokine action, which is crucial for the recruitment and migration of monocytes that eventually differentiate into osteoclasts. In addition, the 7ND protein efficiently prevented RAW264.7 macrophage cells from differentiating into osteoclasts without influencing cell proliferation. Given the possible coexistence and interaction of MCP-1 and RANKL in apical periodontitis, 7ND may indirectly affect RANKL-induced osteoclast differentiation by inhibiting MCP-1 signaling, although the specific mechanism of this indirect impact still needs further research (Long et al., 2020).

Although specific gene expression data related to 7ND’s effect on osteoclastogenesis are not widely available, it is plausible to infer that 7ND may regulate genes involved in the osteoclast differentiation pathway. In our study, we observed that 7ND protein, by inhibiting MCP-1, significantly reduced osteoclast formation both in vitro and in vivo. However, it is important to note that in the RAW264.7 cell experiments, the cells are already present in the culture environment, and thus, the chemotactic effect of MCP-1 is not a confounding factor. The inhibition of osteoclastogenesis by 7ND in this setting is likely due to its direct effects on osteoclast precursor differentiation, rather than its influence on cell recruitment. Furthermore, previous studies have shown that interfering with MCP-1 expression or inhibiting CCR2 could partially abolish SAK-HV-induced migration in RAW264.7 cells, indicating that MCP-1 plays a crucial role in cell migration (Chen et al., 2018). In line with our findings, administration of 7ND protein also significantly decreased the MCP-1-induced migration of THP-1 macrophage cells in a dose-dependent manner and reduced chemotactic effects caused by conditioned media from RAW264.7 cells (Yao et al., 2014). Additionally, previous studies have shown that the 7ND protein binds to MCP-1 without inducing cell activation, dramatically reducing inflammatory cytokines release without causing any significant adverse effects (Zhang and Rollins, 1995). Collectively, these promising results indicate the importance of MCP-1 and its signaling pathway in regulating immune cell recruitment, migration, and osteoclast differentiation, and highlight the potential therapeutic applications of targeting this pathway in diseases such as apical periodontitis and periodontal disease.

On the basis of 7ND’s inhibitory effects on osteoclast differentiation in vitro, we conducted an in vivo study using an animal model of AP. Through X-ray imaging besides micro-CT imaging, we confirmed that 7ND protein injection effectively mitigated AP-induced bone loss in rats. The treatment with 7ND protein significantly decreased osteolysis and preserved natural bone morphology. Histological investigations further revealed that 7ND administration successful lowered the total number of osteoclasts in AP rats. Consistent with these findings, previous studies have demonstrated the involvement of MCP-1 in inflammatory and resorptive processes in the periapical area, with distinct temporal patterns and cellular distributions. Both MCP-1 and TRAP-positive cells are observed in bone resorption lacune during AP progression. MCP-1-positive cells are distributed both centrally and peripherally in the periapical area, with their count correlating significantly with lesion size. Notably, MCP-1 upregulation is also observed in periodontitis patients at both the serum and tissue levels, with significantly elevated serum MCP-1 levels in periodontitis patients compared to healthy controls, as well as higher MCP-1 mRNA and protein expression in periodontitis tissues relative to controls (Gupta et al., 2013; Bostrom et al., 2015). Several pioneer studies have shown that 7ND therapy significantly reduced osteolysis induced by orthopedic implants wear particles (Jiang et al., 2016; Nabeshima et al., 2017; Luo et al., 2018). Wear particles raised the release of pro-inflammatory chemokines number, including MCP-1 (Sul et al., 2012; Yao et al., 2014; Suzuki et al., 2020; Zhu et al., 2021).Consistently, cellular studies have also demonstrated that RANKL treatment significantly increases MCP-1 in human colony forming unit-granulocyte macrophage precursors, while 7ND protein treatment blocks the induction of calcium signaling activator calmodulin 1, transcription factors JUN and NFATc2, dramatically inhibiting osteoclast differentiation (Morrison et al., 2014). These findings suggest that blockage of MCP-1 signaling at an early stage of inflammation-mediated stimulation may inhibit osteoclast differentiation induced by apical periodontitis.

Based on previous findings, it is plausible that 7ND’s therapeutic effect in AP is mediated through its inhibition of MCP-1 signaling. Additionally, 7ND’s antagonist activity on CCR2, a receptor for chemokines like C-C Motif Chemokine Ligand 2 (CCL2), suggests that it could potentially block the migration of CCR2-positive cells, such as monocytes and macrophages, towards these chemokines. Although the specific influence of 7ND on the migration of CCR2-positive cells in periapical lesions has not been directly addressed, its antagonist activity on CCR2 implies a potential modulation of the immune response associated with periapical lesions. However, further investigations are needed to reveal the precise molecular mechanisms of 7ND protein function on osteoclast differentiation and to explore its potential therapeutic applications in the treatment of periapical lesions.




5 Conclusions

The current study demonstrates 7ND protein’s therapeutic potential in inhibiting RANKL-mediated osteoclastogenesis and reducing alveolar bone resorption in apical periodontitis. Our results obtained from both cell experiments and animal models suggest that 7ND represents a promising therapeutic candidate for the treatment of apical periodontitis and related osteolytic disorders. Future research will conduct rigorous preclinical studies to optimize 7ND protein regimens, assess long-term safety, efficacy, and validate translational applications in subsequent clinical trials.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by the Anhui Medical University Ethics Committee (approval number: LLSC20200801). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

Z-ZJ: Conceptualization, Methodology, Writing – original draft, Writing – review & editing. X-MX: Writing – review & editing, Formal analysis, Methodology. Y-LL: Methodology, Writing – review & editing. R-ZZ: Formal analysis, Writing – review & editing. YZ: Writing – review & editing, Formal analysis. Z-HZ: Formal analysis, Writing – review & editing. QX: Writing – original draft, Conceptualization, Writing – review & editing, Funding acquisition.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Natural Science Foundation of Anhui Province (grant number 2208085MH225); The Key Program in the Youth Elite Support Plan in Universities of Anhui Province (grant number gxyqZD2018020); Foundational and Clinical Collaborative Research Project from Anhui Medical University (grant number 2019xkjT013).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1597604/full#supplementary-material




References

	 Austah, O. N., Ruparel, N. B., Henry, M. A., Fajardo, R. J., Schmitz, J. E., and Diogenes, A. (2016). Capsaicin-sensitive innervation modulates the development of apical periodontitis. J. Endod. 42, 1496–1502. doi: 10.1016/j.joen.2016.06.009


	 Bostrom, E. A., Kindstedt, E., Sulniute, R., Palmqvist, P., Majster, M., Holm, C. K., et al. (2015). Increased eotaxin and MCP-1 levels in serum from individuals with periodontitis and in human gingival fibroblasts exposed to pro-inflammatory cytokines. PloS One 10, e0134608. doi: 10.1371/journal.pone.0134608


	 Chen, Y., Fu, W. L., Gan, X. D., Xing, W. W., Xia, W. R., Zou, M. J., et al. (2018). SAK-HV Promotes RAW264.7 cells Migration Mediated by MCP-1 via JNK and NF-kappaB Pathways. Int. J. Biol. Sci. 14, 1993–2002. doi: 10.7150/ijbs.27459


	 Cui, Z., Wang, P., and Gao, W. (2025). Microbial dysbiosis in periodontitis and peri-implantitis: pathogenesis, immune responses, and therapeutic. Front. Cell Infect. Microbiol. 15. doi: 10.3389/fcimb.2025.1517154


	 de Oliveira, K. M. H., Garlet, G. P., De Rossi, A., Barreiros, D., Queiroz, A. M., da Silva, L. A. B., et al. (2017). Effects of rosiglitazone on the outcome of experimental periapical lesions in mice. J. Endod. 43, 2061–2069. doi: 10.1016/j.joen.2017.06.026


	 Fan, Y., Lyu, P., Bi, R., Cui, C., Xu, R., Rosen, C. J., et al. (2023). Creating an atlas of the bone microenvironment during oral inflammatory-related bone disease using single-cell profiling. Elife 12. doi: 10.7554/eLife.82537


	 Fang, F., Gao, B., He, T., and Lin, Y. (2021). Efficacy of root canal therapy combined with basic periodontal therapy and its impact on inflammatory responses in patients with combined periodontal-endodontic lesions. Am. J. Transl. Res. 13, 14149–14156.


	 Gupta, M., Chaturvedi, R., and Jain, A. (2013). Role of monocyte chemoattractant protein-1 (MCP-1) as an immune-diagnostic biomarker in the pathogenesis of chronic periodontal disease. Cytokine 61, 892–897. doi: 10.1016/j.cyto.2012.12.012


	 Hao, Q., Vadgama, J. V., and Wang, P. (2020). CCL2/CCR2 signaling in cancer pathogenesis. Cell Commun. Signal 18, 82. doi: 10.1186/s12964-020-00589-8


	 Hong, J., Luo, F., Du, X., Xian, F., and Li, X. (2024). The immune cells in modulating osteoclast formation and bone metabolism. Int. Immunopharmacol 133, 112151. doi: 10.1016/j.intimp.2024.112151


	 Jiang, X., Sato, T., Yao, Z., Keeney, M., Pajarinen, J., Lin, T. H., et al. (2016). Local delivery of mutant CCL2 protein-reduced orthopaedic implant wear particle-induced osteolysis and inflammation in vivo. J. Orthop Res. 34, 58–64. doi: 10.1002/jor.22977


	 Kabashima, H., Yoneda, M., Nagata, K., Hirofuji, T., Ishihara, Y., Yamashita, M., et al. (2001). The presence of chemokine receptor (CCR5, CXCR3, CCR3)-positive cells and chemokine (MCP1, MIP-1alpha, MIP-1beta, IP-10)-positive cells in human periapical granulomas. Cytokine 16, 62–66. doi: 10.1006/cyto.2001.0947


	 Keeney, M., Waters, H., Barcay, K., Jiang, X., Yao, Z., Pajarinen, J., et al. (2013). Mutant MCP-1 protein delivery from layer-by-layer coatings on orthopedic implants to modulate inflammatory response. Biomaterials 34, 10287–10295. doi: 10.1016/j.biomaterials.2013.09.028


	 Kim, M. S., Day, C. J., and Morrison, N. A. (2005). MCP-1 is induced by receptor activator of nuclear factor-{kappa}B ligand, promotes human osteoclast fusion, and rescues granulocyte macrophage colony-stimulating factor suppression of osteoclast formation. J. Biol. Chem. 280, 16163–16169. doi: 10.1074/jbc.M412713200


	 Kim, M. S., Day, C. J., Selinger, C. I., Magno, C. L., Stephens, S. R., and Morrison, N. A. (2006). MCP-1-induced human osteoclast-like cells are tartrate-resistant acid phosphatase, NFATc1, and calcitonin receptor-positive but require receptor activator of NFkappaB ligand for bone resorption. J. Biol. Chem. 281, 1274–1285. doi: 10.1074/jbc.M510156200


	 Kononen, E., Gursoy, M., and Gursoy, U. K. (2019). Periodontitis: A multifaceted disease of tooth-supporting tissues. J. Clin. Med. 8. doi: 10.3390/jcm8081135


	 Lasica, A., Golec, P., Laskus, A., Zalewska, M., Gedaj, M., and Popowska, M. (2024). Periodontitis: etiology, conventional treatments, and emerging bacteriophage and predatory bacteria therapies. Front. Microbiol. 15. doi: 10.3389/fmicb.2024.1469414


	 Li, H., Li, J., Hu, J., Chen, J., and Zhou, W. (2024). High-performing cross-dataset machine learning reveals robust microbiota alteration in secondary apical periodontitis. Front. Cell Infect. Microbiol. 14. doi: 10.3389/fcimb.2024.1393108


	 Li, Y., Wu, S., Zhang, Y., Zhang, T., Hu, C., Zhang, P., et al. (2025). Analysis of the diversity and function of the microbiota in infected root canals of type 2 diabetes mellitus with apical periodontitis. Front. Cell Infect. Microbiol. 15. doi: 10.3389/fcimb.2025.1514510


	 Li, L., Yang, X., Ju, W., Li, J., and Yang, X. (2023). Impact of primary molars with periapical disease on permanent successors: A retrospective radiographic study. Heliyon 9, e15854. doi: 10.1016/j.heliyon.2023.e15854


	 Liu, L., Wang, L., Wu, Y., and Peng, B. (2014). The expression of MCP-1 and CCR2 in induced rats periapical lesions. Arch. Oral. Biol. 59, 492–499. doi: 10.1016/j.archoralbio.2014.02.008


	 Liu, L., Zhang, C., Hu, Y., and Peng, B. (2012). Protective effect of metformin on periapical lesions in rats by decreasing the ratio of receptor activator of nuclear factor kappa B ligand/osteoprotegerin. J. Endod. 38, 943–947. doi: 10.1016/j.joen.2012.03.010


	 Long, W., Quan, J., Liu, Y., Li, J., Gong, Q., and Jiang, H. (2020). 7ND protein exerts inhibitory effects on both osteoclast differentiation in vitro and lipopolysaccharideinduced bone erosion in vivo. Mol. Med. Rep. 22, 97–104. doi: 10.3892/mmr.2020.11119


	 Luo, S., Zhou, C., Zhang, J., Chen, M., Li, H., Zheng, S., et al. (2018). Mutant monocyte chemoattractant protein-1 protein (7ND) inhibits osteoclast differentiation and reduces oral squamous carcinoma cell bone invasion. Oncol. Lett. 15, 7760–7768. doi: 10.3892/ol.2018.8308


	 Marcello-MaChado, R. M., Bielemann, A. M., Nascimento, G. G., Pinto, L. R., Del Bel Cury, A. A., and Faot, F. (2017). Masticatory function parameters in patients with varying degree of mandibular bone resorption. J. Prosthodont Res. 61, 315–323. doi: 10.1016/j.jpor.2016.12.002


	 Melgarejo, E., Medina, M. A., Sanchez-Jimenez, F., and Urdiales, J. L. (2009). Monocyte chemoattractant protein-1: a key mediator in inflammatory processes. Int. J. Biochem. Cell Biol. 41, 998–1001. doi: 10.1016/j.biocel.2008.07.018


	 Morrison, N. A., Day, C. J., and Nicholson, G. C. (2014). Dominant negative MCP-1 blocks human osteoclast differentiation. J. Cell Biochem. 115, 303–312. doi: 10.1002/jcb.24663


	 Mulholland, B. S., Forwood, M. R., and Morrison, N. A. (2019). Monocyte chemoattractant protein-1 (MCP-1/CCL2) drives activation of bone remodelling and skeletal metastasis. Curr. Osteoporos Rep. 17, 538–547. doi: 10.1007/s11914-019-00545-7


	 Nabeshima, A., Pajarinen, J., Lin, T. H., Jiang, X., Gibon, E., Cordova, L. A., et al. (2017). Mutant CCL2 protein coating mitigates wear particle-induced bone loss in a murine continuous polyethylene infusion model. Biomaterials 117, 1–9. doi: 10.1016/j.biomaterials.2016.11.039


	 Poornima, L., Ravishankar, P., Abbott, P. V., Subbiya, A., and PradeepKumar, A. R. (2021). Impact of root canal treatment on high-sensitivity C-reactive protein levels in systemically healthy adults with apical periodontitis - a preliminary prospective, longitudinal interventional study. Int. Endod. J. 54, 501–508. doi: 10.1111/iej.13444


	 Quan, J., Morrison, N. A., Johnson, N. W., and Gao, J. (2014). MCP-1 as a potential target to inhibit the bone invasion by oral squamous cell carcinoma. J. Cell Biochem. 115, 1787–1798. doi: 10.1002/jcb.24849


	 Ricucci, D., Siqueira, J. F. Jr., Abdelsayed, R. A., Lio, S. G., and Rocas, I. N. (2021). Bacterial invasion of pulp blood vessels in teeth with symptomatic irreversible pulpitis. J. Endod. 47, 1854–1864. doi: 10.1016/j.joen.2021.09.010


	 Salcedo, R., Ponce, M. L., Young, H. A., Wasserman, K., Ward, J. M., Kleinman, H. K., et al. (2000). Human endothelial cells express CCR2 and respond to MCP-1: direct role of MCP-1 in angiogenesis and tumor progression. Blood 96, 34–40. doi: 10.1182/blood.V96.1.34


	 Silva, T. A., Garlet, G. P., Lara, V. S., Martins, W. Jr., Silva, J. S., and Cunha, F. Q. (2005). Differential expression of chemokines and chemokine receptors in inflammatory periapical diseases. Oral. Microbiol. Immunol. 20, 310–316. doi: 10.1111/j.1399-302X.2005.00232.x


	 Singh, S., Anshita, D., and Ravichandiran, V. (2021). MCP-1: Function, regulation, and involvement in disease. Int. Immunopharmacol 101, 107598. doi: 10.1016/j.intimp.2021.107598


	 Sul, O. J., Ke, K., Kim, W. K., Kim, S. H., Lee, S. C., Kim, H. J., et al. (2012). Absence of MCP-1 leads to elevated bone mass via impaired actin ring formation. J. Cell Physiol. 227, 1619–1627. doi: 10.1002/jcp.22879


	 Suzuki, T., Sato, Y., Yamamoto, H., Kato, T., Kitase, Y., Ueda, K., et al. (2020). Mesenchymal stem/stromal cells stably transduced with an inhibitor of CC chemokine ligand 2 ameliorate bronchopulmonary dysplasia and pulmonary hypertension. Cytotherapy 22, 180–192. doi: 10.1016/j.jcyt.2020.01.009


	 Wang, Y., Huang, M., Xu, W., Li, F., Ma, C., and Tang, X. (2022). Calcitriol-enhanced autophagy in gingival epithelium attenuates periodontal inflammation in rats with type 2 diabetes mellitus. Front. Endocrinol. (Lausanne) 13. doi: 10.3389/fendo.2022.1051374


	 Wang, S., Wang, X., Bai, F., Shi, X., Zhou, T., and Li, F. (2023). Effect of endodontic treatment on clinical outcome in type 2 diabetic patients with apical periodontitis. Heliyon 9, e13914. doi: 10.1016/j.heliyon.2023.e13914


	 Xiao, L., Zhu, L., Yang, S., Lei, D., Xiao, Y., and Peng, B. (2015). Different correlation of sphingosine-1-phosphate receptor 1 with receptor activator of nuclear factor kappa B ligand and regulatory T cells in rat periapical lesions. J. Endod. 41, 479–486. doi: 10.1016/j.joen.2014.10.010


	 Yao, Z., Keeney, M., Lin, T. H., Pajarinen, J., Barcay, K., Waters, H., et al. (2014). Mutant monocyte chemoattractant protein 1 protein attenuates migration of and inflammatory cytokine release by macrophages exposed to orthopedic implant wear particles. J. BioMed. Mater Res. A 102, 3291–3297. doi: 10.1002/jbm.a.34981


	 Yekani, M., Dastgir, M., Fattahi, S., Shahi, S., Maleki Dizaj, S., and Memar, M. Y. (2025). Microbiological and molecular aspects of periodontitis pathogenesis: an infection-induced inflammatory condition. Front. Cell Infect. Microbiol. 15. doi: 10.3389/fcimb.2025.1533658


	 Zhang, Y., and Rollins, B. J. (1995). A dominant negative inhibitor indicates that monocyte chemoattractant protein 1 functions as a dimer. Mol. Cell Biol. 15, 4851–4855. doi: 10.1128/MCB.15.9.4851


	 Zhou, B. J., Jiang, C. Q., Jin, Y. L., Au Yeung, S. L., Lam, T. H., Cheng, K. K., et al. (2024). Association of oral health with all-cause and cause-specific mortality in older Chinese adults: A 14-year follow-up of the Guangzhou Biobank Cohort study. J. Glob Health 14, 4111. doi: 10.7189/jogh.14.04111


	 Zhu, S., Liu, M., Bennett, S., Wang, Z., Pfleger, K. D. G., and Xu, J. (2021). The molecular structure and role of CCL2 (MCP-1) and C-C chemokine receptor CCR2 in skeletal biology and diseases. J. Cell Physiol. 236, 7211–7222. doi: 10.1002/jcp.30375


	 Zymovets, V., Rakhimova, O., Wadelius, P., Schmidt, A., Brundin, M., Kelk, P., et al. (2023). Exploring the impact of oral bacteria remnants on stem cells from the Apical papilla: mineralization potential and inflammatory response. Front. Cell Infect. Microbiol. 13. doi: 10.3389/fcimb.2023.1257433







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Ji, Xu, Lu, Zhang, Zhang, Zou and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2025.1597604_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

The inhibitory effects of 7ND protein on
osteoclast differentiation in apical
periodontitis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1597604-g006.jpg
I ® MCP-1
7ND/MCP-1 Dimer » _©

Monocytes Y D

t

Monocytes

Cytokinesis

Preosteoclast \ , > &

o
b
Y
7
P,

Multinucleated osteoclast





OEBPS/Images/fcimb-15-1597604-g004.jpg
k%
#
A

T
g %
7S
%
(04
X
o o o %Qmu
AN ~— \AW

o (sWW) dWN|OA UOISaT

MCT-3D






OEBPS/Images/fcimb-15-1597604-g002.jpg
Osteoclast number &

F-actin number

20 %% %%
#H
10
0
AA A
> M- -
© Q" L "L
¥ oS S
CL LS
A\
20 *%* *%*
i
10
0
A A A
™ &° ™
© A Y
& P P
g @ ¥ @ sy
><(Q xﬁ(\,\ég





OEBPS/Images/fcimb-15-1597604-g005.jpg
(@) o o
< AN

Jaquinu )se|008)sO

o o
o o
< N

¢y (6)brem Apog

o






OEBPS/Images/fcimb-15-1597604-g001.jpg
oy

Normalized OD value

C

/ND Forward, 5-TCGCGAGCTATAGAAGAATCA-3'
Reverse, 5-TGTTCAAGTCTTCGAGTTTES o =

AmpR promoter_I T7 termlnat_cla_r? oromoter

AmpR—— —— lacl promoter GAPDH | cons s s S
pMCSG? - acl
5283bp 7/ND 0 25 50 100
L : (ng/mL)
bo Q & CAP bingding site
. rop D S —
1.5 0
ns L ILI lil
ns — Q 10
ns — o -
' ' 30 <
1.0 5 il Q.
3 25
nom é 0.5
05 3 50 ng/mL
3 100 ng/mL 0.0
0 25 50 100

24 h 48 h 72 h 7ND (ng/mL)





OEBPS/Images/fcimb-15-1597604-g003.jpg
%k k
#
R

ﬂxow\
%@O\xow\
*
W * %@O\x%m\@
_ s
>
o
o
X 2

o
o][S

) eale u

w

(zW

m

X-ray






