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Background: Previous studies had reported that vitamin D receptor (VDR) gene polymorphisms were related to the development of several inflammatory disorders. However, potential links between such variations and the risk of developing a bone infection and underlying mechanisms remain unclear. This study aimed to analyze potential associations between VDR genetic variations and susceptibility to extremity osteomyelitis (OM) in a Chinese Han population and investigate potential mechanisms.
Methods: Between January 2016 and August 2020, altogether 398 OM patients and 368 healthy controls were genotyped for six VDR gene polymorphisms, including ApaI (rs7975232), BsmI (rs1544410), FokI (rs2228570), TaqI (rs731236), GATA (rs4516035), and Cdx-2 (rs11568820) by the SNaPshot genotyping method. Then, male C57BL/6 mice were randomly divided into vitamin D–standard, –excess, –deficient, and –rescued groups. One week after making the model surgery, OM occurrence and severity were assessed using the bacterial count and histopathological staining. In vitro, phagocytosis, apoptosis, and bactericidal ability of macrophages were evaluated by overexpression or knockdown of VDR protein.
Results: Significant associations were found among rs7975232, rs1544410, and OM development by the recessive model (AA vs. AC + CC, p = 0.037, OR = 0.594), homozygous model (AA vs. CC, p = 0.033, OR = 0.575), and heterozygous model (CT vs. CC, p = 0.049, OR = 0.610), respectively. Patients with the AA genotype of rs7975232 had a relatively higher mean level of vitamin D than those with AC and CC genotypes (22.5 vs. 20.7 vs. 19.0 ng/ml). Similarly, patients with CT genotype of rs1544410 had a relatively higher mean vitamin D level than those with CC genotype (20.94 vs. 19.89 ng/ml). Outcomes of in vivo experiments showed that the femoral bacterial load of vitamin D–deficient mice was highest among different vitamin D dose groups, with the most severe histopathological features of infection, and vitamin D supplementation partly reversed the changes. While in vitro experiment results revealed that active vitamin D promoted phagocytosis and sterilization of macrophages and inhibited apoptosis during infection. Reactive oxygen species (ROS) inhibitor inhibited apoptosis of macrophages induced by bacterial infection. Active vitamin D inhibited excessive ROS production in macrophages via the VDR-Bmi1 signaling pathway.
Conclusion: In this Chinese cohort, ApaI and BsmI are associated with a decreased risk of OM development by influencing serological vitamin D level, the latter of which reduced macrophage apoptosis with inhibition of excessive ROS production via the VDR-Bmi1 signaling pathway.
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INTRODUCTION
Bone infection, also known as osteomyelitis (OM), is a progressive inflammatory process leading to the destruction and necrosis of the bone (Birt et al., 2017). According to different pathogenic mechanisms, this disorder can occur following either an exogenous approach or hematogenous spread. The former refers to direct contamination of osseous tissue secondary to open fracture, orthopedic surgery with or without implants, or local spread from contiguous sites of infection (Arshad et al., 2021), with fracture-related infection (FRI) as a representative. While hematogenous OM means the nidation of microorganisms present in the systemic circulation into the bone. Despite different etiologies, in the present, OM still represents one of the most challenging disorders for orthopedic surgeons, not only owing to non-specific symptoms of the patients but also attributing to the unsatisfying clinical efficacy. Currently, OM brings both physical and psychological pressures to the patients (Tseng et al., 2014; Hung et al., 2020). Even in some patients with long-term skin ulcers and sinus drainage, malignant transformation of squamous cell carcinoma is not seldom (Jiang et al., 2020a). Therefore, how to decrease the OM incidence is of great clinical significance, which is built on a comprehensive understanding of its pathogenesis.
It is known that OM occurrence is associated with both external and internal factors. While most previous studies analyzed its pathogenesis from the perspective of environmental factors. Recently, growing evidence has shown that single nucleotide polymorphism (SNP) also plays an important role in OM development. Several SNP sites have been found to be associated with the risk of OM development, such as rs16944, rs2234663, rs1143627, rs4251961, and rs1800796 (interleukin, IL genes) (Alves De Souza et al., 2017; Jiang et al., 2020b), rs45567233 (cathepsin G, CTSG gene) (Pérez-Is et al., 2019), rs1799750, and rs1144393 (matrix metalloproteinase-1, MMP-1 gene) (Kong et al., 2017), implying SNPs participate in OM pathogenesis.
Vitamin D involves an extensive variety of biological processes, such as bone metabolism, regulation of cell proliferation and differentiation, and modulation of the immune response. With respect to the potential role of vitamin D in osteoarticular infection, a previous study reported that vitamin D deficiency might increase the risk of prosthetic joint infection (PJI) after primary arthroplasty (Maier et al., 2014). Also, an in vivo experiment showed vitamin D deficiency resulted in increased bacterial burden, which could be reversed with preoperative repletion of vitamin D. Meanwhile, vitamin D deficiency also significantly reduced the activated tissue macrophage recruitment in the infection site (Hegde et al., 2017a). These suggest that vitamin D may have a protective effect in case of bone and joint infection; however, the detailed mechanisms remain largely unclear.
Vitamin D mediates its function by binding to the vitamin D receptor (VDR), encoded by the VDR gene, which is highly polymorphic. The most frequently reported VDR genetic variations include ApaI (rs7975232), BsmI (rs1544410), FokI (rs2228570), TaqI (rs731236), GATA (rs4516035), and Cdx-2 (rs11568820). Previous studies found that these SNPs are associated with the susceptibilities to many inflammatory disorders, such as COVID-19 (Apaydin et al., 2021), dengue (Singh et al., 2021), and community-acquired pneumonia (Awasthi et al., 2021). With regard to OM, our previous study found that TaqI (rs731236) and FokI (rs2228570) increased the risks of developing chronic OM in the Chinese population (Jiang et al., 2016). However, the sample size was limited. More important, potential relationships between different genotypes and serum vitamin D levels were not explored, and thus, the effects of genotype on vitamin D level in OM patients is still unknown. While in a subsequent study (Zhao et al., 2022), positive links were found between VDR gene polymorphisms and susceptibilities to FRI, and definite relationships were also obtained between different genotypes and serum vitamin D levels.
Based on recent literature and our previous outcomes, we speculated that one underlying mechanism that VDR SNPs involve in the OM development rests with the possibility that such genetic variations may influence serological vitamin D levels, the latter of which may affect VDR protein expression. Different VDR levels in macrophages may influence macrophage functions, involved in the pathogenesis of OM.
MATERIALS AND METHODS
Definition, Inclusion and Exclusion Criteria, and Study Registration
The first part of this study was designed as a case-control investigation, with comparisons conducted between OM patients and healthy controls. OM is defined as bone infection with or without the surrounding soft tissue infection following an exogenous approach and hematogenous spread (Arshad et al., 2021). OM diagnosis was established based on any of the following confirmatory criteria, including wound breakdown or sinus or fistula connecting the bone or the implant, positive pathogen culture, and histology test outcomes (McNally et al., 2020). Participants included in the patient group were those who had been diagnosed with OM (following exogenous approach and hematogenous spread) in the Southern Medical University Nanfang Hospital, between 1 January 2016 and 31 August 2020. Patients who were receiving vitamin D supplementation, or received vitamin D supplementation within 1 month or relevant diet were excluded. Eligible participants of the control group were healthy individuals after thorough examinations in our hospital. All the included participants signed the informed consent and this study was in accordance with the tenets of the Helsinki declaration. This study had been approved by the medical ethics committee of the hospital (NFEC-2019-087).
DNA Extraction and Single Nucleotide Polymorphism Genotype
Ethylene diamine tetraacetic acid (EDTA) prepared peripheral blood samples (5 ml for each) were collected and stored at −80°C. Then, the genomic DNA of each sample was extracted from the peripheral blood leukocytes according to instructions of the Flexi Gene-DNA Kit (Qiagen, Valencia, CA, United States). The six tag SNPs of the VDR gene (rs7975232, rs1544410, rs2228570, rs731236, rs4516035, and rs11568820) were genotyped using the Multiplex SNaPshot system (Applied Biosystems, Foster City, United States). The forward (F), reverse (R), and extension primers used for polymerase chain reaction (PCR) and extension reactions of the six SNPs were listed in Table 1. Detailed procedures of SNaPshot genotyping method were described previously (Jiang et al., 2016).
TABLE 1 | PCR primers and extension primers of the six VDR genetic polymorphisms.
[image: Table 1]Animal and Vitamin D Protocols
Eight-week-old male C57BL/6 mice were used in the in vivo experiments, which were originally obtained from the Animal Center of our hospital, bred, and maintained under specific pathogen-free conditions at an American Association for the Accreditation of Laboratory Animal Care–accredited animal facility at Southern Medical University. The mice were kept three mice per cage and fed either a standard Ain-93G diet (1,000 IU vitamin D per kg of feed), a vitamin D–excess diet (5,000 IU vitamin D per kg of feed), or a vitamin D–deficient diet (0 IU vitamin D added) with access to bottled water. Veterinary staff carried out daily evaluations. All the animal experiments were approved by Southern Medical University Nanfang Hospital Animal Ethics Committee and were conducted in accordance with the relevant ethical principles and guidelines set by the Animal Welfare Act and the NIH Guide for Care and Use of Laboratory Animals.
The mice were randomized to receive either a standard Ain-93G (n = 9), vitamin D–excess (n = 9) or vitamin D–deficient (n = 18) diet. Mice were fed the chosen diet for 10 weeks before surgery to ensure vitamin D sufficiency or deficiency. Three days before the surgery, the “rescued” group (n = 9) was created from the mice being fed a deficient diet by injecting 80 ng of vitamin D (Sigma-Aldrich) intraperitoneally, as previously described (Hegde et al., 2017b); these mice were also switched over to a vitamin D–excess diet.
Bacteria Strain and Cultures
Staphylococcus aureus (S. aureus) strain ATCC 25923 provided by the Infectious Diseases Department of our hospital was verified by PCR amplification. S. aureus was cultured in tryptic soy broth (TSB) (BD Biosciences, San Jose, CA, United States) at 37°C in a shaking incubator at 200 rpm overnight for 16 h. Bacteria in the log phase were harvested by centrifugation at 3,000 rpm for 10 min, resuspended in sterile phosphate-buffered saline (PBS), and washed for three times. S. aureus concentration was determined by measuring the absorbance at 600 nm, combined with serial dilution on tryptone soy agar (TSA) (BD Biosciences, San Jose, CA, United States) containing 5% sheep blood. Colony-forming units (CFUs) were verified after overnight culture of plates.
Surgical Procedures
Surgical procedures of implant-associated infection (IAI), which resembled OM, were modified based on previous work (Bernthal et al., 2010; Hegde et al., 2017b; Wang et al., 2017). Briefly, mice (18 weeks old) were anesthetized via intraperitoneal injection of tribromoethanol (1.25%). The skin around the right knee joint was prepared and disinfected. After the femoral intercondylar notch was located, a disposable insulin syringe with a 29-gauge needle (KRUUSE, China) was percutaneously inserted into the femoral intramedullary canal. The needle position was confirmed via X-ray, followed by manual reaming. An inoculum of 1 × 102 CFUs of S. aureus in 2 µl of normal saline solution was pipetted into the intramedullary canal. After a stainless-steel acupuncture needle (femoral prosthesis, length 10 mm, diameter 0.2 mm; Zhongyan Taihe Medical Instrument, Beijing, China) was surgically placed in a retrograde fashion, its tail end was cut off after withdrawal by 2 mm. Passive movement of the mouse knee joint was maintained to ensure that the needle had completely entered the intramedullary canal. X-rays were retaken to check the position of the femoral prosthesis. No antibiotics were given throughout the study period. One week after surgery, the animals were examined for signs of infection.
Implant-Associated Infection Occurrence and Severity Evaluation
Part of the femurs was used for bacterial load evaluation, with the rest for severity evaluation. The bacterial load (CFUs) at the right femur was used to assess the occurrence of IAI. After the femoral prosthesis removal, the right femur was collected and weighed, placed in 2 ml of sterile PBS, and homogenized for 5 min. The resulting homogenized solution was diluted with 4°C TSB and plated in triplicate for overnight culture to achieve tissue bacterial load. As for the infection severity evaluation, the femurs were decalcified in 10% ethylenediaminetetraacetic acid (pH 8.0) at room temperature for 1 week, dehydrated through a graded ethanol series, and embedded in paraffin. Sections (4 μm) were cut longitudinally and processed for staining with hematoxylin and eosin (H&E) staining. Smeltzer’s scoring (Smeltzer et al., 1997) was used to evaluate the severity of IAI by two blinded observers according to H&E staining results. Each section was assigned a score, which is the sum of intraosseous acute inflammation (0–4), intraosseous chronic inflammation (0–4), periosteal inflammation (0–4), and bone necrosis (0–4).
Immunofluorescence Analysis
For immunofluorescence analysis, sections were blocked with 10% goat serum (Vector Laboratories, Burlingame, CA, United States) at room temperature for 1 h and incubated with primary antibody against S. aureus (ab20920, Abcam) and macrophages (Anti-F4/80 antibody, RT1212, HuaBio) overnight at 4°C. The secondary antibodies, Alexa Fluor 594-conjugated goat anti-rabbit IgG (Proteintech, Wuhan, China) and FITC-conjugated goat anti-rat IgG (AP183F, Sigma-Aldrich) were used to visualize signals, and the sections were subsequently stained with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, United States) in the dark. Images were acquired using a fluorescence microscope (Olympus BX63). Quantitative analysis was conducted in a blinded fashion using ImageJ software (ImageJ 1.51j8).
Activated Vitamin D–Mediated Vitamin D Receptor Overexpression in Macrophages
After stimulated adherence, the original medium of macrophages was discarded and replaced with a complete medium containing active vitamin D (Sigma-Aldrich) concentrations of 0 M, 10−9 M, 10−8 M, and 10−7 M. After 24 h of culture, the medium was discarded and washed three times with PBS to obtain macrophages and extract total proteins. Western blotting (WB) was used to detect VDR protein expression. If other in vitro experiments were needed, a new medium was replaced with the same active vitamin D concentration.
siRNA-Mediated Vitamin D Receptor Knockdown in Macrophages
The VDR siRNAs were purchased from Ribobio Biology, with siVDR1 (genOFFTM st-h-VDR_001) targeting AGC​GCA​TCA​TTG​CCA​TAC​T, siVDR2 (genOFFTM st-h-VDR_002) targeting GTCAGTTACAGCATCCA AA, and siVDR3 (genOFFTM st-h-VDR_003) targeting CCC​ACC​ATA​AGA​CCT​ACG​A. Macrophages were transfected with 1.25 μl 20 μM siRNA using riboFECT™ CP transfection reagent. After 24 h, macrophages were harvested and protein expressions were detected.
In Vitro Macrophage Infection Model
Human leukemia monocytic cell line (THP-1, ATCC TIB-202) and mouse macrophage cell line (RAW264.7, ATCC TIB-71), infected with S. aureus were used to evaluate the effects of vitamin D on macrophage functions. First, the number of macrophages was adjusted to 2 × 106 cells/ml. After culturing in a 24-well plate (37°C, 5% CO2) for 24 h, the corresponding irritants were added for 24 h, and then S. aureus with multiple of infection (MOI) of 10 was added. Immunofluorescence was performed 15, 30, and 60 min after adding bacteria to observe the phagocytic and bactericidal ability of macrophages. Briefly, at the set point in time, cells were washed with PBS three times, then fixed with 4% formaldehyde, followed by perforation with 0.5% Triton X-100. Sequentially, infected macrophages were blocked with 5% bovine serum albumin (BSA) to prevent nonspecific conjunction and incubated with primary antibody against S. aureus at 4°C overnight. Then the secondary antibody, Alexa Fluor 594-conjugated goat anti-rabbit IgG was used to visualize S. aureus signals, subsequently stained with phalloidin and DAPI in the dark to visualize F-Actin (cytoskeleton) and nucleus signals, respectively. The cells were detected using fluorescent microscopy eventually. Meanwhile, after the bacteria were added for 1 h, Triton X-100 was used to break the cell membrane, and the adherent cells were blown into the supernatant. The collected supernatant was diluted with 4°C PBS and plated in triplicate for overnight culture to obtain the bactericidal ability of macrophages with different irritants.
Apoptosis and Intracellular Reactive Oxygen Species Production Detections
Caspase-3/7 and propidium iodide (PI) fluorescent labeling dye (riboAPO™) were used to detect macrophage apoptosis and necrosis after bacterial infection according to the instructions. Fluorescence of cells was detected through fluorescent microscopy (Zeiss, Axio Imager. D2). Peroxide-sensitive dye H2DCF-DA was used to detect the level of reactive oxygen species (ROS) generation according to the instructions. The fluorescence of cells was detected through fluorescent microscopy.
Western Blotting
After appropriate stimulation, equal amounts of protein (30 μg) extracted from macrophages were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked in Tris-buffered saline Tween-20 containing 5% BSA for 1 h and then incubated overnight at 4°C with primary antibodies against B-cell lymphoma-2 (BCL-2), BCL2-associated X (BAX), pro-casepase-3, casepase-3, and GAPDH. After incubation with a secondary antibody for 1 h at room temperature, the membranes were visualized using the chemiluminescence method. Antibodies against BCL-2 (ET1603-11; Dilution: 1:1,000), BAX (ET603-34; Dilution: 1:1,000), pro-casepase-3 (ET1608-64; Dilution: 1:1,000), casepase3 (ET1602-47; Dilution: 1:1,000), and GAPDH (ET1601-4; Dilution: 1:3,000) were purchased from HuaBio (Hangzhou, China).
Statistical Analysis
Statistical analysis was conducted using the Statistical Product and Service Solutions software (version 17.0, SPSS Inc., Chicago, IL, United States). All the reported values were 2-sided with a p value of lower than 0.05 as a statistical significance. For the case-control study, distributions of continuous variables were first assessed for normality using the Kolmogorov–Smirnov test. Then, the data were presented as mean ± standard deviation (SD) or median with interquartile range (IQR) based on data distribution. For normally distributed data, the Student’s test or one-way analysis of variance (ANOVA) test was used to compare differences between two groups or among three groups. Otherwise, the Mann–Whitney test or Kruskal–Wallis test was applied, respectively. When using an ANOVA analysis, a homogeneity test of variances was also conducted. When the homogeneity of variances assumption was met, the LSD method was used for post hoc multiple comparisons. Otherwise, Welch’s ANOVA test and Dunnett’s T3 method were applied for the whole and post-hoc multiple comparisons, respectively. The genotype distributions of the healthy controls were tested for confirmation of Hardy–Weinberg equilibrium (HWE) using the chi-square test. The chi-square test or Fisher exact test was used to compare the genotype distributions and frequencies of mutant allele, and the four genetic models (dominant, recessive, homozygous, and heterozygous models), with corresponding odds ratios (ORs) and 95% confidence intervals (CIs) between the patients and healthy controls. For the in vivo and in vitro experiments, results were expressed as mean ± standard error (SE). Statistical tests included two-tailed Student’s t-test, ANOVA followed by Tukey’s multiple comparison test for parametric statistics, and Kruskal–Wallis test followed by Dunn’s multiple comparisons for nonparametric statistics.
RESULTS
Demographics and Characteristics of the Included Osteomyelitis Patients
Altogether 398 OM patients (312 males and 86 females) and 368 healthy controls (268 males and 100 females) were included, with no statistical differences regarding sex ratio (3.6 vs. 2.7, p = 0.073) and median age (45 vs. 46 years, p = 0.34) between the two groups. Among the 398 patients, 336 patients were as FRI and 62 patients with infection following hematogenous spread. There were 196 patients with infection on the left body side, with 195 on the right and 7 on bilateral sides. Among the 320 cases with a single lesion of infection, the most frequent site was tibia (174 cases), followed by the femur (56 cases) and calcaneus (33 cases), respectively. The total positive rate of sample culture was 57.5% (158/275), with monomicrobial infection accounting for 68.4% (108/158). The top frequently pathogens were S. aureus (54), Pseudomonas aeruginosa (Singh et al., 2021), Enterobacter cloacae (Maier et al., 2014), Staphylococcus epidermidis (Pérez-Is et al., 2019), and Enterococcus faecalis (Jiang et al., 2020a).
Hardy–Weinberg Equilibrium Test Outcomes of the Healthy Controls
All the genotyped six VDR genetic variations were in HWE among the healthy controls (p = 0.55 of rs7975232; p = 0.77 of rs1544410; p = 0.08 of rs2228570; p = 0.21 of rs731236; p = 0.63 of rs4516035; p = 0.18 of rs11568820), demonstrating participants of the controlled group were representative.
Associations Between Vitamin D Receptor Genetic Polymorphisms and Susceptibilities to Osteomyelitis
Significant links were found between rs7975232 and risk of OM development by recessive model (OR = 0.594, 95% CI 0.362–0.973, p = 0.037) and homozygous model (OR = 0.575, 95% CI 0.344–0.961, p = 0.033), suggesting that people with AA genotype were in a lower risk to develop OM. In addition, a significant association was identified between rs1544410 and susceptibility to OM by the heterozygous model (OR = 0.610, 95% CI 0.371–1.002, p = 0.049), demonstrating CT genotype may have a protective effect against OM. Although no statistical difference was obtained, the potential relationship may exist between rs2228570 and the risk of OM development by the heterozygous model (OR = 0.706, 95% CI 0.487–1.023, p = 0.065), implying that people with AG genotype may in a lower risk of OM development (Table 2).
TABLE 2 | Genotype distribution, allele frequency, and genetic models of the six VDR genetic variations between OM patients and healthy controls.
[image: Table 2]Serum Levels of Total Vitamin D Among Different Genotypes of rs7975232, rs1544410, and rs2228570 in the Osteomyelitis Patients
As shown in Figure 1, a significant difference was found regarding the mean vitamin D level among different genotypes of rs7975232 (p = 0.018), revealing the mean level of vitamin D of the AA genotype as the highest among the three groups (AA vs. AC vs. CC: 22.5 vs. 20.7 vs. 19.0 ng/ml) (Figure 1A). With regard to rs1544410, although no statistical difference was found between CC and CT genotypes (p = 0.477), the mean vitamin D level of the CT genotype was higher than that of the CC genotype (20.9 vs. 19.9 ng/ml) (Figure 1B). As mentioned previously, people with the AG genotype of rs2228570 may be at a lower risk of OM development though no statistical difference was obtained based on the outcomes of dominant and heterozygous models. Interestingly, the mean vitamin D level of the AG genotype was the highest among the three genotypes (AA vs. AG vs. GG: 18.9 vs. 21.1 vs. 18.8 ng/ml) (Figure 1C).
[image: Figure 1]FIGURE 1 | Preoperative serum levels of vitamin D among different genotypes of rs7975232 (A), rs1544410 (B), and rs2228570 (C) in the OM patients. *p < 0.05, **p < 0.01, and ***p < 0.001.
Vitamin D Supplementation Inhibited the Risks of Implant-Associated Infection Occurrence and Severity
After removing the implants, the infected femur was weighed, ground, dissolved, and homogenized in PBS at 4°C aseptically. The bacterial growth after the homogenized solution was coated on the blood plate overnight, which was shown in Figure 2A. CFUs of homogenized solution in each group were drawn in Figure 2B. S. aureus load was significantly higher in the vitamin D–deficient group than that of vitamin D–excess and vitamin D–rescued groups. The trend of Smeltzer’s scores was consistent with that of the bacterial load (Figures 2C,D). These results suggested that vitamin D deficiency increased the risks of IAI occurrence and severity. In addition, S. aureus and macrophages were labeled on femoral tissue sections (Figure 2E). The number of positive bacterial markers was inconsistent with the results of the coating plate after grinding of the femoral tissue (Figure 2F). An interesting phenomenon was also noted that the number of F4/80 positive macrophages in vitamin D–deficient mice was significantly lower after IAI modeling, however, it was significantly improved after vitamin D was remedied (Figure 2G).
[image: Figure 2]FIGURE 2 | Vitamin D supplementation inhibited the risks of IAI occurrence and severity. (A) After the femoral implant was removed, the infected femur was ground and made into a homogenized solution. Representative images after coating the plate with the homogenized solution overnight. (B) CFUs of homogenized solution in each group. (C) Representative images of H&E staining. Magnification, ×40. (D) Smeltzer’s score. Mean value of two experienced reviewers’ scores. (E) Double immunofluorescence staining for S. aureus (red) and F4/80+ macrophages (green). Magnification, ×200. (F) Count of S. aureus in view. (G) Count of F4/80+ macrophages in view.
Vitamin D Enhanced Macrophage Phagocytosis and Bactericidal Ability
In order to clarify the effect of vitamin D on macrophage functions after infection, the THP-1 cell line was first stimulated to differentiate into adherent macrophages using phorbol 12-myristate 13-acetate (PMA). The adherent macrophages were pretreated with active vitamin D or small interfering RNA (siRNA) to overexpress or knockdown the expression of the VDR gene and protein followed by S. aureus infection. As shown in Figure 3A, VDR protein expression increased with the elevation of active vitamin D concentration. Meanwhile, all of the three siRNAs inhibited the expression of VDR protein, and the inhibitory effect of siVDR3 was the most obvious (Figure 3B). Thus, we selected siVDR3 as an inhibitor of VDR expression in subsequent experiments.
[image: Figure 3]FIGURE 3 | Vitamin D enhanced macrophage phagocytosis and bactericidal ability. (A) Active vitamin D gradient promoted VDR protein expression. (B) siRNAs inhibited the expression of VDR protein, and the inhibitory effect of siVDR3 was the most obvious. (C) Representative images after coating the plate with overexpression or knockdown of VDR protein levels. (D) CFUs of 1 hour after bacterial infection. (E) Double immunofluorescence staining for S. aureus (red) and F-Actin (cytoskeleton, green). Magnification, ×2,000. (F) Count of S. aureus intracellular or extracellular. “ns” for not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
One hour after macrophages were infected with S. aureus, the bacterial coating was conducted. Results showed significantly increased CFUs in the group pretreated with siVDR3, while the effect of the group pretreated with active vitamin D (Sigma-Aldrich, 10−7 M) was not obvious (Figures 3C,D). As shown in Figures 3E,F, active vitamin D had a greater influence on macrophage function at an early stage (15 min) after infection. In the first 15 min, macrophages pretreated with vitamin D swallowed a large number of S. aureus, and this effect was significantly inhibited after decreased VDR protein expression. Sixty minutes after infection, the fluorescence signal of S. aureus was still almost invisible in macrophages, whose VDR protein expression was inhibited (Figures 3E,F). These results suggested that the preventive effect of vitamin D on IAI may achieve by affecting the phagocytic and bactericidal functions of macrophages.
Vitamin D Inhibited Macrophage Apoptosis Induced by S. aureus Associated Infection
Combined with the decrease of macrophages in vitamin D–deficient mice in Figure 2, and the decrease of the number of macrophages after pretreatment of siVDR in Figure 3, it is speculated that vitamin D may also affect the viability of macrophages. In order to determine whether vitamin D could affect macrophage apoptosis following infection, fluorescence staining of Caspase-3/7 and PI at 15 min after S. aureus infection was performed. As shown in Figure 4A, a large number of fluorescence signals of apoptosis and necrosis appeared after macrophages were pretreated with siVDR, and the application of active vitamin D could partly inhibit apoptosis and necrosis. In addition, expressions of proapoptotic-related proteins, such as BAX and caspase 3, also significantly increased in siVDR pretreated group. However, compared with PBS pretreated group, expressions of proapoptotic-related proteins were significantly decreased, while the expression of anti-apoptotic protein, BCL-2, was significantly increased in vitamin D pretreated group (Figure 4B). These results demonstrated that vitamin D effectively inhibited macrophage apoptosis following an infection caused by S. aureus.
[image: Figure 4]FIGURE 4 | Vitamin D inhibited macrophage apoptosis induced by S. aureus associated infection. (A) Apoptosis detection, Caspase-3/7 (green) and PI (red). Magnification, ×200. (B) Result of western blotting for apoptosis-related proteins. “ns” for not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
Vitamin D Inhibited Excessive Reactive Oxygen Species Expression in S. aureus Associated Infection
Fluorescence detection of ROS production after pretreatment with different stimuli showed that active vitamin D significantly inhibited ROS production in macrophages after infection (Figures 5A,B). The inhibitory effect of active vitamin D on ROS production was similar to that of ROS production inhibitor NAC (#A9165; Sigma-Aldrich), while pretreatment with siVDR significantly increased ROS production (Figures 5A,B). In addition, inhibition of ROS production significantly inhibited macrophages apoptosis (Figures 5C,D). These results suggested that vitamin D inhibited macrophages apoptosis by inhibiting excessive ROS production.
[image: Figure 5]FIGURE 5 | Vitamin D inhibited excessive ROS expression during S. aureus associated infection. (A) ROS generation fluorescence detection, ROS (green). Magnification, 1,000×. (B) Mean grey value of ROS generation. (C) Apoptosis detection, caspase-3/7 (green) and PI (red). Magnification, ×200. (D) Result of western blotting for apoptosis-related proteins. “ns” for not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
Inhibition of Bmi1 Weakened the Protective Effect of Vitamin D on Macrophages
RAW264.7 cells were pretreated with active vitamin D and Bmi1 inhibitor (PTC-209) followed infection. Outcomes revealed that the inhibitory effect of active vitamin D on ROS production was significantly reversed (Figures 5A,B). Meanwhile, the use of PTC-209 significantly increased expressions of proapoptotic proteins and decreased expressions of antiapoptotic proteins (Figure 6A). In addition, PTC-209 led to the loss of such function of active vitamin D in inhibiting macrophage apoptosis. A great number of macrophages died after pretreatment with PTC-209, and the residual macrophages were mostly in the stages of apoptosis and necrosis (Figure 6B). These results indicated that vitamin D might inhibit excessive ROS production in macrophages following infection through the VDR-Bmi1 signaling pathway.
[image: Figure 6]FIGURE 6 | Inhibition of Bmi1 weakened the protective effect of vitamin D on macrophages. (A) Result of western blotting for apoptosis-related proteins. (B) Apoptosis detection, caspase-3/7 (green) and PI (red). Magnification, ×400. “ns” for not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.
DISCUSSION
Many previous studies had reported positive links between VDR genetic variations and susceptibilities to many different inflammatory disorders, such as pulmonary tuberculosis (Xu et al., 2021), sepsis (Yang et al., 2022), and even COVID-19 (Al-Anouti et al., 2021; Apaydin et al., 2021). One of the underlying mechanisms rests with the fact that such genetic polymorphisms may affect the serum vitamin D level (Ferraz et al., 2022; Yang et al., 2022), causing different biological effects. With regard to bone infection, previous reports (Jiang et al., 2016; Zhao et al., 2022) have shown definite relationships between VDR gene polymorphisms and the risks of OM development, however, the detailed mechanisms remain unclear.
The present study, with a larger sample size of 398 OM patients and 368 healthy controls, suggested that VDR genetic polymorphisms ApaI and BsmI were associated with decreased risks of OM development, and people with AA genotype of ApaI and CT genotype of BsmI were in lower susceptibilities to OM. Additionally, patients with the above-mentioned two genotypes had relatively higher levels of vitamin D, implying that a higher vitamin D level may have a protective effect against bone infection. Then, the subsequent in vivo and in vitro experiments were designed from the perspective of different vitamin D levels on functions of the macrophages. Outcomes revealed that such a protective effect of vitamin D against OM may achieve partly by inhibiting macrophage apoptosis through inhibition of excessive ROS production via the VDR-Bmi1 signaling pathway.
Among the six VDR genetic variations, we found that rs7975232 and rs1544410 are associated with decreased risks of developing OM, with genotypes AA and CT as protective factors, respectively. Although no statistical differences were found, outcomes showed that the mutant alleles A of rs7975232 and T of rs1544410 might be protective mutations. Similarly, rs7975232 was also noted to be linked to reduced risks of developing pulmonary tuberculosis in an African population (Areeshi et al., 2017a), and hepatitis C virus infection in a Chinese population (Wu et al., 2016). As for rs1544410, it was found to be associated with progression to AIDS (Torres et al., 2010) and pulmonary tuberculosis (Areeshi et al., 2017b). With regard to another four VDR SNPs, although no statistical differences were found, results suggested that the genotype AG of rs2228570 might be a protective factor against OM. Therefore, further studies with a larger sample size are warranted to obtain more accurate conclusions. The current study failed to find any positive relationships between TaqI, GATA, or Cdx-2 and the risks of developing OM in this Chinese cohort.
With respect to the relationships between VDR SNPs and serum vitamin D levels, we found that the mean level of vitamin D among OM patients with protective genotypes (AA of ApaI and CT of BsmI) was relatively higher than other corresponding genotypes. This suggests that the potential mechanisms of VDR SNPs involved in the pathogenesis of OM may achieve partly via their influences on vitamin D levels, which was similar to several previous investigations. Ferraz et al. (Ferraz et al., 2022) observed that VDR variants may participate in the development of type 1 diabetes mellitus in a Brazilian population by influencing 25(OH)D level. Similarly, Awasthi et al. (2021) indicated that VDR genetic variation, associated with the risk of developing community-acquired pneumonia, also affected peripheral vitamin D levels. It is interesting that, aside from ApaI and BsmI, patients with AG genotype of rs2228570 had a significantly higher mean level of vitamin D than those with AA and GG genotypes, which was inconsistent with the previous finding that AG might be related to a reduced risk of OM development.
As mentioned previously, VDR genetic variations may involve in the development of OM by affecting peripheral vitamin D levels. Meanwhile, growing evidence has revealed a positive link between vitamin D and the occurrence of bone and joint infections. In 2014, Maier et al. (2014) found a high frequency of vitamin D deficiency in patients being received primary arthroplasty and those with aseptic joint prosthetic loosening and PJI, with vitamin D deficiency being more severe in PJI patients. Later in 2017, Hegde et al. (2017b) conducted a mouse model of PJI and observed that vitamin D deficiency resulted in increased bacterial burden and neutrophil infiltration, which can be reversed with preoperative repletion of vitamin D. In 2018 and 2019, preoperative low vitamin D level has been recognized and listed as a risk factor of PJI (Alamanda and Springer, 2018; Alamanda and Springer, 2019). However, detailed mechanisms of vitamin D in the pathogenesis of osteoarticular infections remain largely unclear. Our subsequent experiments were designed from the perspective of the influences of different vitamin D levels on functions of the immune cells.
It is known that macrophages act as one of the primary immune cells after pathogenic microorganisms invade the human body, we focused on the effects of vitamin D on macrophage functions, with different interventional factors pretreating macrophages followed by infection with S. aureus. Outcomes showed that active vitamin D promoted phagocytosis of macrophages to S. aureus at an early stage following up-regulation of the VDR protein expression. While with the decrease of VDR expression, its bactericidal ability reduced. In addition, as the vitality of immune cells is one of the key factors accounting for bactericidal ability, we noted down-regulation of VDR expression significantly inhibited macrophages viability after the bacterial invasion and its apoptosis obviously increased. This may be one of the reasons for the decreased number of local macrophages in the vitamin D–deficient IAI mice.
Previous studies have indicated that macrophages infected with S. aureus induced increased intracellular ROS production and endoplasmic reticulum (ER) stress response (Kumar et al., 2020). ROS is an important material basis for macrophages to kill invading bacteria (Di Cara et al., 2017). However, excessive ROS production is also an initiating factor of apoptosis (Roca et al., 2019). Previous investigations pointed out that active vitamin D protected renovascular function in hypertension by reducing oxidative stress (Dong et al., 2012). Therefore, we inferred that the inhibitory effect of vitamin D on macrophage apoptosis might achieve by reducing excessive ROS production during bacterial infection. The current results also confirmed our conjecture that excessive ROS production accelerated the self-destruction process of macrophages, and activation of active vitamin D-VDR signal inhibited ROS production, and then improved the phagocytic and bactericidal functions of macrophages by reducing apoptosis.
As for the mechanisms by which VDR reduces ROS generation, a recent study reported that active vitamin D inhibited ROS production in mesenchymal stem cells (MSCs) by activating the VDR-Bmi1 signal pathway, and then inhibited cell oxidative stress, DNA damage, as well as cellular senescence, and finally achieved the effect of anti-osteoporosis (Sun et al., 2020). Thus, we speculated that the VDR-Bmi1 signaling pathway of active vitamin D may also play a role during bacterial infection. In this experiment, we found that when active vitamin D was combined with Bmi1 inhibitor, the improvement effect of active vitamin D on macrophage functions disappeared. After S. aureus infected cells, apoptosis and level of ROS production of macrophages pretreated with Bmi1 inhibitor were significantly up-regulated. Therefore, we considered that during infection, active vitamin D might inhibit excessive ROS through the VDR-Bmi1 signaling pathway.
The present study also has limitations. First, as OM is a disorder of high heterogeneity, the occurrence of which is linked to complex interactions between extrinsic and intrinsic factors, our study only analyzed its pathogenesis from the perspective of genetic predisposition, which is more or less with bias. Second, we only analyzed the potential influences of vitamin D on macrophage functions and states during infection. It is known that bacterial infection is a complex immune response process, which contains combined actions of multiple cells, such as neutrophils, natural killer cells, and plasma cells. Whether vitamin D affects the functions of other immune cells needs to be further explored. Third, although both in vivo and in vitro experiments were conducted to investigate the potential role of vitamin D in the development of OM, there still existed flaws. For example, the signal pathway VDR-Bmi1-ROS was conducted and certified via in-vitro experiments only, which requires to be evaluated in animal studies. In addition, we did not detect vitamin D levels in animals used for the experiment as in a previous study (Hegde et al., 2017b), which confirmed that diet and intraperitoneal vitamin D injection can significantly increase the serum vitamin D level in mice, which is another limitation.
CONCLUSION
In summary, ApaI and BsmI are associated with a decreased risk of OM development, with AA and CT genotypes as protective factors, respectively. Patients with the mentioned two genotypes had relatively higher levels of vitamin D as compared with other corresponding genotypes, implying that the protective role of VDR genetic variations may be achieved partly by influencing peripheric vitamin D levels. Such a protective role may be achieved partly by inhibiting macrophage apoptosis through the inhibition of excessive ROS production via the VDR-Bmi1 signaling pathway.
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