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Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis
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Introduction: Postmenopausal osteoporosis (PMOP) is a common chronic disease, and the loss of bone density and bone strength after menopause are its main symptoms. Effective treatments for PMOP are still uncertain, but Chinese medicine has some advantages in slowing down bone loss. Shengu granules are often used clinically to treat PMOP. It has been shown to be an effective prescription for the treatment of PMOP, and there is evidence that gut flora may play an important role. However, whether Shengu granules attenuate PMOP by modulating gut flora and related mechanisms remains unclear.

Methods: In this study, we mainly examined the bone strength of the femur, the structure of the intestinal microbiota, SCFAs in the feces and the level of FOXP3 cells in the colon. To further learn about the inflammation response, the condition of the mucosa and the level of cytokines in the serum also included in the testing. In addition, to get the information of the protein expression, the protein expression of OPG and RANKL in the femur and the protein expression of ZO-1 and Occludin in the colon were taken into account.

Results: The osteoporosis was significantly improved in the SG group compared with the OVX group, and the diversity of intestinal flora, the secretion level of SCFAs and the expression level of FOXP3 were significantly increased compared with the OVX group. In terms of inflammatory indicators, the intestinal inflammation scores of the SG group was significantly lower than those in the OVX group. Additionally, the serum expression levels of IL-10 and TGF-β in the SG group were significantly increased compared with the OVX group, and the expression levels of IL-17 and TNF-α were significantly decreased compared with the OVX group. In terms of protein expression, the expression levels of ZO-1, Occluding and OPG were significantly increased in the SG group compared with the OVX group, and the expression level of RANKL was significantly decreased compared with the OVX group.

Discussion: Shengu granules treatment can improve the imbalance of intestinal flora, increase the secretion of SCFAs and the expression of FOXP3, which reduces the inflammatory response and repairs the intestinal barrier, as well as regulates the expression of OPG/RANKL signaling axis. Overall, Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis.
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GRAPHICAL ABSTRACT
 



1 Introduction

Postmenopausal osteoporosis (PMOP) is a common systemic metabolic bone disease in elderly women, characterized by the decline of ovarian function and insufficient secretion of estrogen (E2) after menopause, resulting in bone loss and bone microstructural deterioration. With aging and a decline in E2 secretion, postmenopausal women lose 15% to 20% more bone than men (Huidrom et al., 2021). Nearly 30%–50% of menopausal women will bring about osteoporosis, and its incidence will increase with the prolongation of menopausal time (Arceo-Mendoza and Camacho, 2021). Osteoporosis can also be called a “silent killer” because patients often have no discomfort or symptoms until serious consequences like fractures happen. The rapid decline in estrogen in postmenopausal older women has led to a rapid increase in the incidence of PMOP, which has become an significant global public health issue (Clynes et al., 2020). Currently PMOP is mostly treated and prevented with medication (Johnston and Dagar, 2020). Current mainstream drugs include dual-acting agents, bone resorption inhibitors, osteogenesis promoters, and medications with different mechanisms (Ayariga et al., 2022). Prolonged use of these medications can easily result in a wide range of negative effects (Johnston and Dagar, 2020), therefore there is an urgent need for innovative preventative and therapeutic approaches. In recent years, the “gut-bone” axis has been put out as a novel approach for the prevention and treatment of PMOP. Hormones, immunity, nutrient metabolism, gut flora metabolites, and intestinal permeability have been recognized as potential mechanisms linking gut flora and PMOP (Xu et al., 2022). The gut flora and its byproducts play a major role in the development and incidence of disease (Zhou et al., 2020; Ibrahim et al., 2022). When dietary fiber is broken down and fermented by the beneficial bacteria in the colon, a particular type of metabolite known as SCFAs is produced (Wallimann et al., 2021). It has been found that SCFAs have immunomodulatory attribution, and there is a close relationship between immune function and bone homeostasis. It has been demonstrated that propionate (C3) and butyrate (C4) induce metabolic reprogramming in osteoclasts, which downregulates the expression of osteoclast genes such as TRAF6 and NFATc1 and promotes glycolysis at the expense of oxidative phosphorylation (Lucas et al., 2018). Osteocytes are impacted by numerous immune cells, either directly or indirectly, through OPG/RANKL and other mechanisms. In a normal state, osteoblasts secrete RANKL, a cytokine receptor activator of NF-κB ligand, which precisely controls osteoclast activity (McDonald et al., 2021). Numerous signaling molecules increase the synthesis of RANKL, which binds to RANK on osteoclast precursors to promote osteoclast development; These molecules include TNF-α, IL-6, IL-17, and others (Fischer and Haffner-Luntzer, 2022). By stimulating the synthesis of SCFAs, gut flora may reduce intestinal inflammation and thereby osteoporosis.

According to traditional Chinese medicine theory, Shengu granule are a commonly prescribed medication for treating PMOP of spleen deficiency and dampness trapped type. It also has the effect of strengthening tendons and bones and tonifying the kidney and spleen (Xuyan et al., 2023).

The active components of Shengu granules extract include Luteolin, Sitosterol, Soybean Sterol, Kaempferol, Icariin, and others. Of these, Quercitrin plays a significant regulatory role in bone transformation through a variety of action mechanisms, such as stimulating and inhibiting the osteocyte population, inhibiting matrix metalloproteinase (MMP-9), controlling mesenchymal cell differentiation, and controlling gene expression (RANK; Inchingolo et al., 2022). Mitogen-activated protein kinase (MAPK), NF-ĸb, Wnt/β-catenin, and bone morphogenetic protein2/SMAD (BMP2/SMAD) signaling pathways are all impacted by Luteolin, Kaempferol, and other Flavonoids. Apoptosis pathways also have an impact on bone remodeling (Ramesh et al., 2021).

Zhong Zhuobei’s clinical research has demonstrated that Shengu granules can boost calcium and phosphorus levels, which in turn increases bone metabolism and density (Bei, 2019), however exact mechanism of action of these granules is yet unknown. In our clinic, we found that PMOP patients in South China are often accompanied by gastrointestinal problems, and taking Shengu granules can frequently decrease gastrointestinal problems while improving PMOP, so we hypothesize that Shengu granules may improve PMOP through the gut-bone-immune axis.



2 Animals and materials


2.1 Production of Shengu granules

Shengu granule herbs were purchased from Guangdong Second Traditional Chinese Medicine Hospital. Prescription as follows:

Dangshen (Dangshen, Lot No.220300721, Origin: Gansu, China),

Gusuibu (Gusuibu, Lot No.220100081, Origin: Zhejiang, China),

Baizhu (Baizhu, Lot No.220160791, Origin: Zhejiang, China),

Xuduan (Xuduan, Lot No.220201, Origin: Sichuan, China),

Fuling (Fuling, Lot No.211204171, Origin: Hunan, China),

Yiyiren (Yiyiren, Lot No.220403291, Origin: Guizhou, China),

Huangbai (Huangbai, Lot No.220103871, Origin: Sichuan, China),

Cangzhu (Cangzhu, Lot No.2203005, Origin: Neimenggu, China),

Niuxi (Niuxi, Lot No.221202641, Origin: Sichuan, China),

Mudanpi (Mudanpi, Lot No.211200139, Origin: Anwei, China),

Shanzhuyu (Shanzhuyu, Lot No.211001601, Origin: Zhejiang, China),

Yanhusuo (Yanhusuo, Lot No.220107, Origin: Zhejiang, China),

Biejia (Biejia, Lot No.220305732, Origin: Hubei, China).

The above herbs by ultra-centrifugation, ultrafiltration to remove impurities, made Shengu granule concentrated granules.



2.2 Animal models and group

12-week-old Sprague–Dawley female rats (SCXK(YUE)2013-0002) were purchased from the Guangdong Medical Laboratory Animal Center (Lot No.44007200100399), which were housed at a specialized pathogen-free environment with conventional laboratory settings (25°C ± 2°C, 50% ± 5% humidity, and a 12/12 h light/dark cycle). Following a week of adaptation to their new surroundings, Three groups (n = 12 per group) were randomly assigned to all the mice: the Sham group, the Ovariectomy (OVX) group, and the SG group. Sham group is as blank control group, OVX group is as PMOP model group, and SG group is as taking Shengu granules group. Rats in the SG and OVX groups underwent bilateral ovariectomy, while the rats in the Sham group only underwent removal the same size of fat near the ovary. Beginning on the tenth day after the bilateral ovariectomy procedure and ending with sacrifice, the rats in the SG group were given Shengu granules (12 g/kg.d) orally for 14 weeks. Rats were administered the concentration using the conversion method of body surface area, which was based on the concentration of Shengu granules used in the clinic for adults weighing 60 kg. Rats in both the Sham group and the OVX group were given the same volume of regular distilled water. Rats’ body weight was recorded once a week, and the body surface area was used to modify the gavage dosage. Every group of rats had unrestricted access to food and water. Following a 14-week treatment period, the rats underwent a 12-h fast, followed by weighing and an injection of a 2% sodium pentobarbital solution (40 mg/kg). All rats’ femur, colon tissue, serum, and feces samples were collected for further analysis.



2.3 Chemicals and reagents

The purity of the standards: Acetic acid (Aladdin, United States), Butyric acid (Sigma, United States), Hexanoic acid (Dr. Ehrenstorfer, United States), Isobutyric acid (Toronto Research Chemicals, Canada), Isovaleric acid (Shanghai yuanhe Bio-Technology Co., Ltd., China), Pentanoic acid (NU-CHEK, United States), Propionic acid (Sigma, United States), is above 99% according to the gas chromatography (GC) assay.

Other chemical reagents: Methyl alcohol (Fisher, United States), Purified water (Hangzhou Wahaha Group Co., Ltd., China), Formic acid (Fisher, United States), Acetonitrile (Fisher, United States), 3-nitrophenylhydrazine hydrochloride (Sigma, United States), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (Aladdin) are at chromatographic grade purity.



2.4 Biochemical analysis

Commercial ELISA kits were used to measure the serum levels of bone turnover markers (BTMs) and inflammatory markers. The kits used in this study were ELISA for blood β-CTX and PINP (Elabscience Biotechnology Co., Ltd., China). Additionally, the serum inflammatory markers like TNF-α, TGF-β, IL-10 (Elabscience Biotechnology Co., Ltd., China), and IL-17 (ELK Biotechnology Ltd., China) were included.



2.5 Bone analysis

The mouse right femurs were collected and removed the muscles around the bone. After fixed with 4% paraformaldehyde solution, the right femurs were fixed in a Micro-CT sample detection plate. A Quantum GX μ-CT system (Bruker micro-CT, United States) scanned them. To obtain sequential planar μCT images of the distal femur, the distal femur was scanned at a resolution of 10 μm along its long axis at an angle of 360°. After scanning, a 1.5 mm area of the distal femur was selected as the region of interest on the mainframe. Three-dimensional image reconstruction of the trabecular were performed, which were analyzed by the DataViewer software.



2.6 Analysis of gut microbiota sequencing

Fresh fecal samples per group were gathered and put in liquid nitrogen-sealed tubes. According to the manufacturer’s instructions, the HiPure fecal DNA kit (Ma River, Guangzhou, China) was used to extract DNA from feces samples, and gel electrophoresis was used to identify the bacterial genomic DNA. The study of 16S rDNA genes was used to identify the composition of the gut flora. Through the use of barcode-specific primers during sample DNA amplification, the 16S V3-V4 rRNA region of bacteria was enriched. Test every sample twice in parallel. The UPGMA technique is used to cluster the data and create a sample clustering tree so that the similarity between various samples can be examined. The PICRUSt 2 program projected the community’s function, and the KEGG pathway data of the genes was used to estimate the pathway state of the entire community. Detailed instructions for sequencing rat feces are available in Supplementary material.



2.7 SCFAs analysis

The SCFAs (Acetic acid, Butyric acid, Hexanoic acid, Isobutyric acid, Isovaleric acid, Pentanoic acid) in the feces of the rats were identified by GC analysis. Gas chromatography is performed after combining the proper amounts of feces by centrifuging and spinning five times the volume of water. After that, the supernatant was combined with one-tenth of the formic acid’s volume. A 0.45 μm-diameter microporous membrane was used to filter the mixture. The Nexera High-performance liquid chromatography LC-30A gas chromatograph was used to fill the filter. A fused silica gel column (100*2.1 mm, 1.7 μm, ACQUITY UPLC BEH C18, Waters Corporation) was utilized to separate SCFAs. To obtain a standard curve for SCFAs, we carried out a comprehensive methodological analysis. The target’s peak size, peak form, and retention time were all measured in addition to its peak area. The Supplemental material include the detailed procedures.



2.8 Histological evaluation

After the colon was fixed in 10% neutral formalin fixative for 48 h, the tissues were routinely dehydrated, embedded in paraffin, sectioned, and stained with H&E. the H&E-stained sections of the colon tissues were scored for histological damage. The evaluation was done in the dark. Three criteria were used to determine the score: the severity of inflammation (0–3: none, mild, moderate, severe), degree of damage (0–3: none, mucosal, mucosal and submucosal, transmural), and crypt damage (0–4: none, 1/3 basal invasion damage, 2/3 basal invasion damage, surface epithelium intact only, loss of the entire crypt and epithelium). The scores were finally summed up as the histological damage score for H&E stained sections. Supplementary Table 1 contain a detailed explanation of the scoring rules.



2.9 Immunofluorescence

Colon sections were paraffin dewatered and restored for antigen. Sections were rinsed with PBS, incubated overnight at 4°C with FOXP3 antigen (1:200; Servicebio Technology Ltd., China), and then incubated with secondary antibody (Servicebio Technology Ltd., China) for 30 min at 37°C. Sections were rinsed again with PBS and color developed by adding a drop of DAB colorant. Sections were washed again with PBS and color developed dropwise with DAB color solution. Colon sections were counterstained with hematoxylin at 25°C for 30 s. The expression of FOXP3 in the colon was observed. A fluorescence microscope (Olympus BX43 + DP27, Japan) was used for observation under different wavelengths of light sources.



2.10 Western blotting

The total protein of colon and femur tissue were separately extracted using Rapid In-Process Lysis of Cellular Tissues (RIPA). The BCA technique, Protein Assay Kit (Thermo Technology Ltd., United States), were used to determine the protein concentration. Gel preparation was performed according to the Accutane Gel Rapid Preparation Kit. Protein samples were divided, a polyvinylidene difluoride membrane was transferred, and the membrane was sealed. Total protein samples extracted from colon tissue were incubated with ZO-1 (Servicebio Technology Ltd., China) and Occludin (Servicebio Technology Ltd., China) primary and secondary antibodies, and total protein samples extracted from femur tissue were incubated with OPG (Servicebio Technology Ltd., China) and RANKL (Servicebio Technology Ltd., China) primary and secondary antibodies. Then they were exposed to color development, and the intensity of the bands was quantified by ImageJ software, which was used for data analysis.



2.11 Statistical analysis

The data was reported as mean ± SD. The statistical software SPSS 25.0 was used for the analyses. One-way ANOVA was used to analyze statistical differences, and the Tukey test was then performed. Pearson’s correlation was used to show the correlations among the parameters. p < 0.05 was deemed statistically significant.




3 Result


3.1 The effect of Shengu granules on the expression of bone microarchitecture, bone metabolism biomarkers, and inflammatory factors

The micro-CT results of femur (Figure 1A) showed that the bone trabeculae in Sham group were homogeneously spread, arranged regularly, organized and intertwined into a mesh. The OVX group’s bone trabeculae had an elongated shape, were loosely organized, and had a notable decrease in both number and density as well as an increase in luminal space. After the intervention of Shengu granules, the number and shape of the bone trabeculae were remarkably increased compared with OVX group (Figures 1B–F). The SG group enhanced bone density (BMD) and tissue density (TMD) compared to the VOX group (Figure 1B). Comparing SG group to OVX group, SG group’s the ratio of bone volume/tissue volume (BV/TV) increased (Figure 1C), and the proportion of bone trabecular area enhanced (Figure 1F). The concentrations of pro-inflammatory factors, IL-17 and TNF-α, significantly decreased in the SG group compared to the OVX group (Figures 1J,K, Sham), and the concentrations of anti-inflammatory factors IL-10 and TGF-β, increased remarkably in SG group relative to OVX group (Figures 1I,L), which showed that Shengu granules could regulate the balance of pro-inflammatory and anti-inflammatory factors. Additionally the bone formation marker PINP, increased significantly in SG group compared to OVX group (Figure 1G), and the bone degeneration marker, β-CTX, was notably decreased in SG group compared to OVX group (Figure 1H). In summary, Shengu granules can increase the density of bone trabeculae and decrease osteoporosis, and at the same time, the anti-inflammatory factors are raised and the pro-inflammatory factors are decreased.
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FIGURE 1
 The effect of Shengu granules on the expression of bone microarchitecture, bone metabolism biomarkers and inflammatory factors. Transverse, sagittal, and coronal views of every group rats femur micro-CT (A). Bone mineral density (B), bone volume/tissue volume ratio (C), average thickness of bone trabecular (D), average width of medullary cavity between trabecular bone (E), number of trabecular bone (F). Content of PINP (G), β-CTX (H), IL-10 (I), IL-17 (J), TNF-α (K), and TGF-β (L), in serum. n = 7, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SD.




3.2 The effect of Shengu granules on OVX rats’ intestinal microbiota

The alpha diversity is calculated as the diversity index of the sample flora, which is commonly expressed as Chao1, Shannon, Simpson and observed_species. Chao1 represents the total number of species (Figure 2A). The total number of flora in the OVX group was significantly lower than that in the Sham group, while the Shengu granules group was significantly higher than the OVX group (Figure 2A). observed_species indicates species type (Figure 2C). The OVX group had significantly lower flora species than the Sham group, while the SG group was significantly higher than the OVX group (Figure 2C). Simpson and Shannon indicated the diversity of microbial species (Figures 2B,D). The diversity of flora in the OVX group was significantly lower than that in the Sham group, while the SG group was significantly higher than the OVX group (Figures 2B,D). Therefore Shengu granules can recover the structure of gut microbiota to normalization.
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FIGURE 2
 The effect of Shengu granules on OVX rats’ intestinal microbiota. The diversity indices, such as Chao1 (A), Shannon (B), observed_species (C) and Simpson (D); 15 most abundant bacteria at phylum (E), family (F) and genus (G) levels. Cladogram (H): node diameter size is in proportion to relative abundance size, node in each layer represents phylum/class/order/family/genus from inside to outside. LDA (I) score diagram: the Sham group is red bars indicate species with relatively high abundance, the OVX group is green bars indicate species with relatively high abundance, and the SG group is blue bars indicate species with relatively high abundance. n = 5, *p < 0.05; **p < 0.01. Data are represented as mean ± SD.


In order to explore the ways in which Shengu granules influence certain modifications in the gut microbiota, we analyzed the top 15 bacterium at various classification levels. At the phylum level, as shown in Figure 2E, the trend of Bacteroidota, Firmicutes, Proteobacteria and Desulfobacterota in the SG group was the same as that in the Sham group. Of these, Bacteroidota, Firmicutes and Proteobacteria increased in comparison to the OVX group, while Desulfobacterota decreased. Bacteroidota, Firmicutes were the most abundant phylum among all microbial groups in fecal samples. It is well known that the ratio of Firmicutes to Bacteroidota (F/B ratio) is used as a commonly used parameter to assess the influence of gut microbes in many diseases (such as obesity, gene expression). It was found that the OVX group had a remarkably higher F/B ratio compared to the SG group. At the family level, as shown in Figure 2F, the change trend of Muribaculaceae, Prevotellaceae, Lachnospiraceae, and Oscillospiraceae in SG group is similar to that in Sham group. In OVX group, the relative abundances of Muribaculaceae, Lachnospiraceae, and Oscillospiraceae were lower than those of the Sham and SG groups, and the relative abundances of Bacteroidaceae in SG group were higher than those in Sham and OVX groups. At the genus level, as shown in Figure 2G, Muribaculaceae, [Eubacterium]_coprostanoligenes_group decreased in OVX group compared to Sham group, while SG group reversed these changes, the relative abundance of Alloprevotella was much lower in SG group than in Sham and OVX groups.

To further analyze the significant bacterial community markers of postmenopausal osteoporosis regulated by Shengu granules, LefSe analysis (Linear discriminant analysis Effect Size) was performed on the results (Figures 2H,I), and there were 16 dominant bacterial communities in the Sham group: f_Oscillospiraceae, g_Oscillibacter, g_Colidextribacter, g_Desulfovibrio f_Peptococcaceae, o_Peptococcales, o_Fusobacteriales, p_Fusobacteriota, f_Fusobacteriaceae, c_Fusobacteriia, g_Fusobacterium, f_Bacteroidales_RF16_group, g_Peptococcus, g_Anaerovorax, g_Tuzzerella, g_Harryflintia. There were 7 dominant bacterial groups in the OVX group, including p_Proteobacteria, F_Enterobacteriaceae, o_Enterobacterales, g_Escherichia_Shigella and o_Clostridiales f_ Clostridiaceae, g_Clostridium_sensu_stricto_1. The SG group has 11 dominant bacterial groups: g_Oscillospira, o_Eubacteriales, g_Anaerofustis, f_Anaerofustaceae, g_Frisingicoccus g_Shuttleworthia,g_Lachnospiraceae_UCG_004,g_Butyricicoccus,g_Collinsella, f_Coriobacteriaceae, g_Lachnospiraceae_NK4B4_group. And 11 genera in the SG group can be used as biomarkers for Shengu granules to improve osteoporosis.



3.3 The effect of Shengu granules on the production of SCFAs

SCFAs are important metabolites of intestinal microorganisms, which not only help intestinal mucosal cells to convert energy and promote cellular metabolism (van der Hee and Wells, 2021), but also regulate various inflammatory responses in intestinal epithelial cells and intestinal mucosal tissues, thus maintaining intestinal barrier homeostasis. In our study, we found that the OVX group decreased the content of SCFAs compared with the Sham group. Besides, the SG group increased the content of SCFAs compared with the OVX group, Which showed different degrees in Acetic acid, Butyric acid, Hexanoic acid, Isobutyric acid, Isovaleric acid, Pentanoic acid and Propionic acid (Figure 3). The administration of Shengu granules improved such decreases to different degrees. This indicates that the administration of Shengu granules can reverse the changes in SCFAs.
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FIGURE 3
 The effect of Shengu granules on the production of SCFAs. Acetic acid (A), Butyric acid (B), Hexanoic acid (C), Isobutyric acid (D), Isovalerate acid (E) and Pentanoic acid (F), Propionic acid (G) in the feces of rats. n = 5, *p < 0.05; **p < 0.01; ***p < 0.001. Data are represented as mean ± SD.




3.4 The effects of Shengu granules on intestinal barrier, FOXP3 cells and OPG/RANKL signaling pathway protein expression

In recent years, relevant studies have found (Zhou et al., 2023) that the decline in human bone mass is frequently associated with the deterioration of the intestinal barrier and the increasing in inflammatory substances generated by the immune system. In our study, representative H&E-stained histological sections and histopathology showed focal erosions and a higher amount of lymphocyte infiltration in HE-stained intestinal tissue sections in OVX group compared to SG group, accompanied by significant epithelial cell damage/loss or cellular mucin consumption (Figure 4A). According to the colitis score, Shengu granules repaired ovariectomy-induced morphological damage to colonic tissue (p < 0.05; Figure 4C). FOXP3 regulatory T (Treg) cells maintain immune homeostasis by producing anti-inflammatory factors like IL-10 and the transforming growth factor TGF-β to suppress excessive immune responses, and their dysregulation has been associated with a wide range of human diseases, such as autoimmune disorders allergies and cancer (Jung et al., 2017). FOXP3 cells expression were notably lower in the OVX group compared to the Sham group (Figures 4B,D). FOXP3 cells were remarkably higher in the SG group compared to the OVX group (p < 0.05; Figure 4D). From this we learn about that Shengu granules can promote the repair of FOXP3 cells in the colon epithelium.
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FIGURE 4
 The effect of Shengu granules on intestinal barrier, FOXP3 cells and OPG/RANKL Signaling pathway protein expression. The colon pathological sections of the Sham, OVX and SG group, the former one (magnification, 40X), the latter one (magnification, 200X) (A). Necrosis and exfoliation of mucosal epithelial cells (brown arrow), lymphocyte infiltration (red arrow), and nuclear fragmentation (black arrow) in Sham group; Nuclei were fragmented (black arrow), and more lymphocytes were found in the lamina propria (red arrow) in OVX group. Small focal infiltration of lymphocytes (red arrows) in SG group (A). The Immunofluorescence results of each group (magnification, 200X) (B). Histological score (C). Percentage of mean Immunofluorescence intensity of FOXP3 cells in the three groups (D). Protein blot analysis, semiquantitative analysis of protein blotting results of ZO-1 and Occludin in colon biopsy, OPG and RANKL in tibia tissue (E). The ZO-1 and Occludin protein expression in colon tissue (F,G). The OPG and RANKL protein expression ratio (H). The OPG and RANKL protein expression in tibia tissue (I,J). Statistical significance was evaluated using one-way ANOVA procedure and Tukey test. Different letters represent significant differences between groups (p < 0.05) vs. OVX group. n = 5, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SD.


According to previous studies, postmenopausal osteoporosis patients develop an imbalance of intestinal flora, which often manifests the destruction in the intestinal structure and a risen trend in inflammatory indicators. We chose to observe the effect of Shengu granules on intestinal structure by using structural connectivity proteins ZO-1 and Occludin in colon biopsy. From the data, we can know about that ZO-1 and Occludin protein expression of the Sham group was remarkably higher than the OVX group (Figures 4F,G). Besides, ZO-1 and Occludin protein expression of the SG group was remarkably higher than the OVX group, which shows that Shengu granules can restore intestinal barriers by reversing intestinal structural disruption. OPG/RANKL is an important pathway for the induced osteoblastic cell differentiation. And after restoring the intestinal barrier by taking Shengu granules, the OPG protein expression of SG group was elevated compared with OVX group, and the RANKL protein expression of SG group was remarkably reduced compared to OVX group (Figures 4I,J). OPG could competitively bind with RANK, blocking the interaction between RANKL and RANK, thus inhibiting the activation, differentiation and maturation of osteoclasts (Kenkre and Bassett, 2018). As we all know, the ratio of OPG and RANKL protein expression plays an important role in osteoclast differentiation. The ratio of OPG and RANKL protein expression of SG group was remarkably higher compared with OVX group (Figure 4H). Apparently, Shengu granules increased the OPG and decreased the RANKL protein expression. Therefore, Shengu granules reversed the intestinal barrier disruption caused by ovariectomy, reduced intestinal inflammation, and decreased bone protein loss (Figure 4E).



3.5 Correlation analysis between important differential intestinal species and SCFAs, immune factors, and bone metabolism

Overall, these results indicated that Shengu granules regulated the gut microbiota in OVX rats (Figure 5). To further understand the potential role of each essential gut microbiota, pearson correlation analysis was performed to verify the essential flora, SCFAs, inflammatory factors and bone metabolism.
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FIGURE 5
 Correlation analysis between important differential intestinal species and SCFAs, immune factors, and bone metabolism. Heat map shows the correlation values between important differential intestinal species and biomarkers. Correlation coefficient |R| ≥ 0.5 indicates strong correlation. Red indicates a positive correlation and blue indicates a negative correlation. The darker the color, the stronger the correlation. Each row shows information about the bacterial taxa (phylum, class, family, and genus).


In these species, [Eubacterium]_coprostanoligenes_group and Isovaleric acid, PINP had strong positive correlation (|R| ≥ 0.5 or higher). Muribaculaceae was significantly positive correlated with Propionic acid, Acetic acid, Butyric acid, Isovaleric acid, Pentanoic acid, Hexanoic acid, PINP and IL-10, while shown a quite strong negative correlation (|R| ≥ 0.5 or higher) with β-CTX, TNF-ɑ and IL-17. It is shown that there was a noticeable positive correlation (|R| ≥ 0.5 or higher) between Clostridiacea and Propionic acid, Acetic acid, Butyric acid, Isovaleric acid, Pentanoic acid, IL-10. Between Oscillibacter and TNF-ɑ, IL-17 shown a quite strong negative correlation (|R| ≥ 0.5 or higher). When considered collectively, these results suggest that correlation analysis further reveals that potential significant bacterial changes play a significant role in improving osteoporosis which induced by Shengu granules, and that further studies are necessary to figure out how these bacterium play the effect on the host and participate in amelioration osteoporosis.




4 Discussion

Up to now, Shengu granules have been used and about 7,000 people take them every year in the Guangdong Provincial Second Hospital of Traditional Chinese Medicine, China. In the preliminary clinical trial, we collected clinical data to provide objective data support for verifying the role of Shengu granule in improving PMOP symptoms and bone metabolism, but the mechanism has not yet been clarified. The study of the intestinal flora and its metabolites in osteoporotic rats received Shengu granules, we confirmed that Shengu granules associated with regulation of gut microbiota and its metabolite SCFAs to restore intestinal immune-skeletal signaling axis, thus improving bone loss.

The homeostasis of PMOP is closely related to the intestinal flora and also has a complex relationship with inflammatory cytokines. More and more evidence proves the gut-bone-immune axis is an important research direction in osteoporosis (Chen et al., 2023). As we all know, the treatment of PMOP is mainly based on the administration of western medicines such as calcium agents that promote bone growth. The drugs that promote osteogenesis and inhibit bone resorption in order to control the occurrence of osteoporosis. With the in-depth study of Chinese traditional medicine, there are many studies show that Chinese herbal formulations can restore the intestinal barrier and thus ameliorate osteoporosis by the gut-bone-immune axis (Tang et al., 2021; Sun et al., 2022; Xie et al., 2022). This study focused on the anti-osteoporosis mechanism of Shengu granule by the gut-bone-immune axis.

In our results, we analyzed that the structural populations of intestinal flora of rats taking Shengu granules differed from the rats in OVX group, and the diversity of intestinal microbial communities were increased after taking Shengu granules, and at the same time osteoporosis indexes in the SG group were decreased compared with the OVX group. According to the LefSe results, we analyzed the changes of significant bacterium in each group. Proteobacteria, Enterobacteriaceae, Enterobacterales, Escherichia_Shigella are intestinal pathogenic bacterium, these pathogenic bacteria can trigger inflammatory response, which will lead to intestinal disruption of the mucosal barrier in OVX group (Lupp et al., 2007; Veziant et al., 2016; Peng et al., 2020). This suggests that Shengu granules can reduce intestinal inflammatory bacteria in osteoporotic rats. Eubacteriales, the dominant group in SG group, is a core group of Gram-positive bacteria in the intestinal tract, which Bacterium affiliated may produce large amounts of butyrate, propionate, and acetate. In addition, Oscillibacter is strongly associated with obesity and intestinal diseases, which is the main microorganism producing butyrate, and inversely associated with the development of colitis. An increase in the relative abundance of Oscillibacter positively ameliorates the inflammatory response and attenuates osteoporosis (Ng et al., 2014; Gamallat et al., 2019; Xu et al., 2019, 2021). Oscillospira, a plentiful component of the human gut flora, can decrease inflammation response through fermentating the complex of plant carbohydrates to produce butyrate, thereby ameliorating the inflammatory response (Carding et al., 2015). Lachnospiraceae family are abundant and widespread bacteria in the intestinal microbiota of healthy individuals, and they are the main butyrate producers (Hamer et al., 2008). In turn, butyrate is an essential energy source for intestinal epithelial cells, which strengthens the intestinal epithelium and reduces the risk of inflammation and carcinogenesis (Zhang et al., 2021). In a related study, Lachnospiraceae_UCG_004 was found to increase the concentration of intestinal SCFAs (Ma et al., 2022). Butyricoccus is a probiotic known bacteria to produce SCFAs, especially butyrate, and has significant intestinal immunomodulatory property, which can significantly ameliorate intestinal damage and intestinal mucosal disorders; Thus Butyricoccus has become a popular bacterial group to analyze the host’s intestinal stationary for beneficial effects (Houtman et al., 2022). Eubacteriales, Oscillibacter, Oscillospira, Lachnospiraceae_UCG_004 and Butyricoccus are as the important component of the intestinal flora in the SG group. They are the dominant flora that promote the production of SCFAs. Apparently, the Shengu granules may promote an increase in the number of dominant flora that produce SCFAs. SCFAs interact with G-protein-coupled receptors to regulate inflammation, intestinal barrier integrity, glucose response, energy homeostasis, and other host responses (van der Hee and Wells, 2021). Additionally, SCFAs can be utilized to lower the risk of intestinal inflammation by inhibiting NSAIDs, which have the potential to trigger inflammatory reactions in the gastrointestinal tract; Specifically, SCFAs reduce inflammation mainly by blocking the NF-κB pathway and/or histone deacetylase function (HDACI; Lucas et al., 2018). This lead to the downregulation of pro-inflammatory molecules like TNF-α, IL-6, IL-12, and IFN-γ and the upregulation of anti-inflammatory factors like IL-10 and TGF-β (Mukherjee et al., 2020). Therefore, the ability of Shengu granules to promote the production of SCFAs by intestinal flora may be a potential mechanism for Shengu granules to ameliorate inflammation response.

Furthermore, SCFAs produced in the gut which have immunomodulatory and anti-inflammatory capabilities, inhibit pathogen growth by maintaining low pH, and stimulate butyrate-producing bacteria to enhance the intestinal immune barrier (Smith et al., 2013). Butyrate regulates IL-10 receptor junction protein claudin-1 transcription, decreases the permeability of epithelial tissue, and increases the thickness of the intestinal mucosal layer (Wang et al., 2012; Zheng et al., 2017). Considering the results of intestinal sections, epithelial cell damage/loss or cellular mucin consumption in the OVX group provided evidence for inflammatory factor production and intestinal barrier disruption. The SG group greatly decreased the damage to the intestinal mucosal barrier compared to the OVX group, because the increasing of SCFAs in the intestines and protein expression of Occludin (membrane integrative protein) and ZO-1 (scaffolding protein). In addition, pro-inflammatory factors like IL-17 and TNF-α were reduced, and anti-inflammatory factors like TGF-β and IL-10 were elevated, which decrease inflammatory responses. Shengu granules play a significant role in reducing inflammatory response and restoring intestinal barrier. In the gut-bone-immune axis, FOXP3 is an important cytokine that promotes the transformation of Treg, which is an anti-inflammatory and pro-inflammatory factor (Round and Mazmanian, 2010). Some studies have found that the production and function of Treg are closely related to the regulation of bacterial flora, whereas SCFAs promote the differentiation of naïve T-lymphocytes into Treg (Round and Mazmanian, 2010; Furusawa et al., 2014; Park et al., 2015). Some related studies have shown that butyrate and propionate increase the acetylation of the FOXP3 promoter in the transcript; Promoter acetylation is critical for promoting Treg differentiation (Round and Mazmanian, 2010; Furusawa et al., 2014). In the SG group, the rise of the SCFAs content was accompanied by an increase in mucosal regulatory FOXP3 T cells and was consistent with the corresponding upregulation of IL-10. SCFAs decrease IL-17 production in T cells (including Th10, Th1, and Treg cells), and the cytokine milieu directly promote the conversion of naïve T cells into Th1 or Th17 (Park et al., 2015), and IL-17 is a significant cytokine that induces Th17 production (Gaffen, 2011). Bone immune disorders caused by the cellular imbalance of the Th17/Treg axis and the associated cytokines are a major risk factor of osteoporosis (Okamoto, 2017). These may indicate that the Shengu granules may have increased FOXP3 expression regulating treg conversion and increased SCFA regulating Th17 conversion, thus ameliorating the effect of the Th17/treg axis on osteoporosis. According to related studies, the balance of inflammatory cytokines produced by the Th17/Treg axis regulates the OPG/RANKL signaling axis (Yang et al., 2015). The OPG/RANKL ratio is an important differentiation indicator of osteoblast and osteoclast (Boyce and Xing, 2008). The RANKL is blocked and bound by OPG which can enhances osteoblast differentiation and inhibits osteoclast differentiation (Boyce and Xing, 2008). In the SG group, the levels of pro-inflammatory factors IL-17 and TNF-α decreased, the levels of anti-inflammatory factors IL-10 and TGF-β increased, the expression of OPG proteins increased, the expression of RANKL proteins decreased, and the OPG/RANKL ratio increased. The results showed that Shengu granules decreased bone loss by enriching SCFAs-producing probiotics, decreasing intestinal epithelial permeability, and restoring the balance of IL-10 and TGF-β with IL-17 and TNF-α inflammatory factors that regulated the balance of the OPG and RANKL signaling axis. In summary, Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis.

Correlation analysis revealed that osteoporosis serum indicators, essential intestinal flora (Muribaculaceae, [Eubacterium]_coprostanoligenes_group, Oscillibacter, Epulopiscium), inflammatory factors, and SCFAs were associated with bone metabolism in the function of Shengu granules. There was a significant relationship among inflammatory factors, SCFAs and bone metabolism. To a certain extent, the anti-osteoporosis mechanism of Shengu granules in the gut-bone-immune axis was verified.

In total, Experimental basis for the clinical application of Shengu granules is provided by the present study in PMOP and demonstrates that modulation of the gut-bone-immune axis may be a potential strategy for the treatment of PMOP. However this study has some limitations. This experiment did not directly measure Treg and Th17 cells, and only verified the relevant inflammatory factors, which may be slightly insufficient experimental data, so we will investigate the effect of Treg/Th17 axis in a follow-up study to add a more strong proof of the experiment data.



5 Conclusion

In conclusion, our study found that Shengu granules improved osteoporosis by improving intestinal flora and its metabolites which attenuated intestinal immune response. The experimental results verified that Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis. It not only provides a molecular mechanism for elaborating Shengu granules to treat PMOP, but also provides a pharmaceutical candidate for PMOP treatment.



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 Guangdong Provincial Second Hospital of Traditional Chinese Medicine. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

XC: Data curation, Investigation, Methodology, Software, Visualization, Writing – original draft. WL: Formal analysis, Investigation, Methodology, Visualization. JZ: Software, Visualization, Writing – original draft. YD: Investigation, Software, Visualization. JQ: Data curation, Investigation. BZ: Data curation, Investigation. DW: Data curation, Investigation. JL: Supervision, Validation, Visualization, Writing – review & editing. ZL: Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Science and Technology Program of Guangzhou, China (no. 202102080119).



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.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1320500/full#supplementary-material



References

 Arceo-Mendoza, R. M., and Camacho, P. M. (2021). Postmenopausal Osteoporosis: Latest Guidelines. Endocrinol. Metab. Clin. North Am. 50, 167–178. doi: 10.1016/j.ecl.2021.03.009

 Ayariga, J. A., Huang, H., and Dean, D. (2022). Decellularized avian cartilage, a promising alternative for human cartilage tissue regeneration. Materials 15:974. doi: 10.3390/ma15051974 

 Bei, Z. Z. (2019). Clinical study of shengu granule in the treatment of senile osteoporosis with spleen deficiency and dampness [D]. Guangzhou Univ Tradition Chin Med. doi: 10.27044/d.cnki.ggzzu.2019.000253

 Boyce, B. F., and Xing, L. (2008). Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch. Biochem. Biophys. 473, 139–146. doi: 10.1016/j.abb.2008.03.018 

 Carding, S., Verbeke, K., Vipond, D. T., Corfe, B. M., and Owen, L. J. (2015). Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health Dis. 26:26191. doi: 10.3402/mehd.v26.26191 

 Chen, C., Lei, H., Zhao, Y., Hou, Y., Zheng, H., Zhang, C., et al. (2023). A novel small molecule effectively ameliorates estrogen deficiency-induced osteoporosis by targeting the gut-bone signaling axis. Eur. J. Pharmacol. 954:175868. doi: 10.1016/j.ejphar.2023.175868 

 Clynes, M. A., Harvey, N. C., Curtis, E. M., Fuggle, N. R., Dennison, E. M., and Cooper, C. (2020). The epidemiology of osteoporosis. Br. Med. Bull. 133, 105–117. doi: 10.1093/bmb/ldaa005 

 Fischer, V., and Haffner-Luntzer, M. (2022). Interaction between bone and immune cells:implications for postmenopausal osteoporosis. Semin. Cell Dev. Biol. 123, 14–21. doi: 10.1016/j.semcdb.2021.05.014

 Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al. (2014). Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446–450. doi: 10.1038/nature12721 

 Gaffen, S. L. (2011). (2011) life before seventeen: cloning of the IL-17 receptor. J. Immunol. 187, 4389–4391. doi: 10.4049/jimmunol.1102576 

 Gamallat, Y., Ren, X., Meyiah, A., Li, M., Ren, X., Jamalat, Y., et al. (2019). The immune-modulation and gut microbiome structure modification associated with long-term dietary supplementation of Lactobacillus rhamnosus using 16S rRNA sequencing analysis. J. Funct. Foods 53, 227–236. doi: 10.1016/j.jff.2018.12.029

 Hamer, H. M., Jonkers, D., Venema, K., Vanhoutvin, S., Troost, F. J., and Brummer, R. J. (2008). Review article: the role of butyrate on colonic function. Aliment. Pharmacol. Ther. 27, 104–119. doi: 10.1111/j.1365-2036.2007.03562.x

 Houtman, T. A., Eckermann, H. A., Smidt, H., and de Weerth, C. (2022). Gut microbiota and BMI throughout childhood: the role of firmicutes, bacteroidetes, and short-chain fatty acid producers. Sci. Rep. 12:3140. doi: 10.1038/s41598-022-07176-6 

 Huidrom, S., Beg, M. A., and Masood, T. (2021). Post-menopausal osteoporosis and probiotics. Curr. Drug Targets 22, 816–822. doi: 10.2174/1389450121666201027124947

 Ibrahim, I., Syamala, S., Ayariga, J. A., Xu, J., Robertson, B. K., Meenakshisundaram, S., et al. (2022). Modulatory effect of gut microbiota on the gut-brain, gut-bone axes, and the impact of cannabinoids. Metabolites 12:1247. doi: 10.3390/metabo12121247 

 Inchingolo, A. D., Inchingolo, A. M., Malcangi, G., Avantario, P., Azzollini, D., Buongiorno, S., et al. (2022). Effects of resveratrol, curcumin and quercetin supplementation on bone metabolism-a systematic review. Nutrients 14:3519. doi: 10.3390/nu14173519 

 Johnston, C. B., and Dagar, M. (2020). Osteoporosis in older adults. Med. Clin. North Am. 104, 873–884. doi: 10.1016/j.mcna.2020.06.004

 Jung, M. K., Kwak, J. E., and Shin, E. C. (2017). IL-17A-producing Foxp3<sup>+</sup> regulatory T cells and human diseases. Immune Netw. 17, 276–286. doi: 10.4110/in.2017.17.5.276 

 Kenkre, J. S., and Bassett, J. (2018). The bone remodelling cycle. Ann. Clin. Biochem. 55, 308–327. doi: 10.1177/0004563218759371

 Lucas, S., Omata, Y., Hofmann, J., Böttcher, M., Iljazovic, A., Sarter, K., et al. (2018). Short-chain fatty acids regulate systemic bone mass and protect from pathological bone loss. Nat. Commun. 9:55. doi: 10.1038/s41467-017-02490-4 

 Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, I., Champion, O. L., Gaynor, E. C., et al. (2007). Host-mediated inflammation disrupts the intestinal microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host Microbe 2, 119–129. doi: 10.1016/j.chom.2007.06.010 

 Ma, L., Shen, Q., Lyu, W., lv, L., Wang, W., Yu, M., et al. (2022). Clostridium butyricum and its derived extracellular vesicles modulate gut homeostasis and ameliorate acute experimental colitis. Microbiol Spectr 10:e0136822. doi: 10.1128/spectrum.01368-22 

 McDonald, M. M., Khoo, W. H., Ng, P. Y., Xiao, Y., Zamerli, J., Thatcher, P., et al. (2021). Osteoclasts recycle via osteomorphs during RANKL-stimulated bone resorption. Cell 184, 1330–1347.e13. doi: 10.1016/j.cell.2021.02.002 

 Mukherjee, A., Lordan, C., Ross, R. P., and Cotter, P. D. (2020). Gut microbes from the phylogenetically diverse genus <i>Eubacterium</i> and their various contributions to gut health. Gut Microbes 12:1802866. doi: 10.1080/19490976.2020.1802866 

 Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C., et al. (2014). Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: a systematic analysis for the global burden of disease study 2013. Lancet 384, 766–781. doi: 10.1016/S0140-6736(14)60460-8 

 Okamoto, K. (2017). Regulation of bone by IL-17-producing T cells. Nihon Rinsho Meneki Gakkai Kaishi 40, 361–366. doi: 10.2177/jsci.40.361

 Park, J., Kim, M., Kang, S. G., Jannasch, A. H., Cooper, B., Patterson, J., et al. (2015). Short-chain fatty acids induce both effector and regulatory T cells by suppression of histone deacetylases and regulation of the mTOR-S6K pathway. Mucosal Immunol. 8, 80–93. doi: 10.1038/mi.2014.44 

 Peng, L., Gao, X., Nie, L., Xie, J., Dai, T., Shi, C., et al. (2020). Astragalin attenuates dextran sulfate sodium (DSS)-induced acute experimental colitis by alleviating gut microbiota Dysbiosis and inhibiting NF-κB activation in mice. Front. Immunol. 11:2058. doi: 10.3389/fimmu.2020.02058 

 Ramesh, P., Jagadeesan, R., Sekaran, S., Dhanasekaran, A., and Vimalraj, S. (2021). Flavonoids: classification, function, and molecular mechanisms involved in bone Remodelling. Front. Endocrinol. 12:779638. doi: 10.3389/fendo.2021.779638 

 Round, J. L., and Mazmanian, S. K. (2010). Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal microbiota. Proc. Natl. Acad. Sci. U. S. A. 107, 12204–12209. doi: 10.1073/pnas.0909122107 

 Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly-Y, M., et al. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 341, 569–573. doi: 10.1126/science.1241165 

 Sun, P., Zhang, C., Huang, Y., Yang, J., Zhou, F., Zeng, J., et al. (2022). Jiangu granule ameliorated OVX rats bone loss by modulating gut microbiota-SCFAs-Treg/Th17 axis. Biomed. Pharmacother. 150:112975. doi: 10.1016/j.biopha.2022.112975 

 Tang, X. Y., Gao, M. X., Xiao, H. H., Dai, Z. Q., Yao, Z. H., Dai, Y., et al. (2021). Effects of Xian-Ling-Gu-Bao capsule on the gut microbiota in ovariectomized rats: metabolism and modulation. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 1176:122771. doi: 10.1016/j.jchromb.2021.122771 

 van der Hee, B., and Wells, J. M. (2021). Microbial regulation of host physiology by short-chain fatty acids. Trends Microbiol. 29, 700–712. doi: 10.1016/j.tim.2021.02.001

 Veziant, J., Gagnière, J., Jouberton, E., Bonnin, V., Sauvanet, P., Pezet, D., et al. (2016). Association of colorectal cancer with pathogenic Escherichia coli: focus on mechanisms using optical imaging. World J Clin Oncol. 7, 293–301. doi: 10.5306/wjco.v7.i3.293 

 Wallimann, A., Magrath, W., Thompson, K., Moriarty, T., Richards, R. G., Akdis, C. A., et al. (2021). Gut microbial-derived short-chain fatty acids and bone: a potential role in fracture healing. Eur. Cell. Mater. 41, 454–470. doi: 10.22203/eCM.v041a29 

 Wang, H. B., Wang, P. Y., Wang, X., Wan, Y. L., and Liu, Y. C. (2012). Butyrate enhances intestinal epithelial barrier function via up-regulation of tight junction protein Claudin-1 transcription. Dig. Dis. Sci. 57, 3126–3135. doi: 10.1007/s10620-012-2259-4 

 Xie, H., Hua, Z., Guo, M., Lin, S., Zhou, Y., Weng, Z., et al. (2022). Gut microbiota and metabonomics used to explore the mechanism of Qing'e pills in alleviating osteoporosis. Pharm. Biol. 60, 785–800. doi: 10.1080/13880209.2022.2056208 

 Xu, S. Y., Aweya, J. J., Li, N., Deng, R. Y., Chen, W. Y., Tang, J., et al. (2019). Microbial catabolism of Porphyra haitanensis polysaccharides by human gut microbiota. Food Chem. 289, 177–186. doi: 10.1016/j.foodchem.2019.03.050 

 Xu, N., Bai, X., Cao, X., Yue, W., Jiang, W., and Yu, Z. (2021). Changes in intestinal microbiota and correlation with TLRs in ulcerative colitis in the coastal area of northern China. Microb. Pathog. 150:104707. doi: 10.1016/j.micpath.2020.104707 

 Xu, Q., Li, D., Chen, J., Yang, J., Yan, J., Xia, Y., et al. (2022). Crosstalk between the gut microbiota and postmenopausal osteoporosis: mechanisms and applications. Int. Immunopharmacol. 110:108998. doi: 10.1016/j.int.10.1016/j.intimp.2022.108998 

 Xuyan, H., Zixuan, W., Zhaohui, L., et al. (2023). Observations on the efficacy of Shengu concentrated decoction on osteoporosis. Shandong J Tradition Chin Med 42, 357–362. doi: 10.16295/j.cnki.0257-358x.2023.04.010

 Yang, X., Wang, Y., Han, X., Shu, R., Chen, T., Zeng, H., et al. (2015). Effects of TGF-β1 on OPG/RANKL expression of cementoblasts and osteoblasts are similar without stress but different with mechanical compressive stress. ScientificWorldJournal 2015:718180. doi: 10.1155/2015/718180 

 Zhang, Y., Peng, Y., Zhao, L., Zhou, G., and Li, X. (2021). Regulating the gut microbiota and SCFAs in the faeces of T2DM rats should be one of antidiabetic mechanisms of mogrosides in the fruits of Siraitia grosvenorii. J. Ethnopharmacol. 274:114033. doi: 10.1016/j.jep.2021.114033 

 Zheng, L., Kelly, C. J., Battista, K. D., Schaefer, R., Lanis, J. M., Alexeev, E. E., et al. (2017). Microbial-derived butyrate promotes epithelial barrier function through IL-10 receptor-dependent repression of Claudin-2. J. Immunol. 199, 2976–2984. doi: 10.4049/jimmunol.1700105 

 Zhou, J., Cheng, J., Liu, L., Luo, J., and Peng, X. (2023). <i>Lactobacillus acidophilus</i> (LA)fermenting <i>Astragalus</i> polysaccharides (APS) improves calcium absorption and osteoporosis by altering gut microbiota. Food Secur. 12:275. doi: 10.3390/foods12020275 

 Zhou, B., Yuan, Y., Zhang, S., Guo, C., Li, X., Li, G., et al. (2020). Intestinal Flora and Disease mutually shape the regional immune system in the intestinal tract. Front. Immunol. 11:575. doi: 10.3389/fimmu.2020.00575 


Copyright
 © 2024 Chen, Li, Zeng, Dong, Qiu, Zhang, Wang, Liu and Lyu. 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.

OPS/images/fmicb-15-1320500-g005.jpg
Correlation Heatmap

TNF-a
117

10

TGF-§

Isobutyric acid

Propionic acid
Acetic Acid
Butyric Acid

SCFAs

Pentanoic acid
Isovaleric acid
Hexanoic Acid

B-CTX
PINP } BTMs

inflammatory
cytokines





OPS/images/fmicb-15-1320500gr0001.jpg
Shengu granule

odo

SRS . SRS

Gutepithelium Gut microbiota AL000 7 ,l,u

wu\//“\ 1
// /,lln\‘
O, {
b \II 3
W

”’/W:’(”Iﬂ\\\

4 Beneficial bacteria
1 et

OccudinProtens +
70 Protein
FORP3 Potins






OPS/images/fmicb-15-1320500-g003.jpg
¥ B t c
1501 ns
150000 s 00
150000~ = E
- E E
E 2 100000 g 1voo
E - -l
5 100000 3 g
3 8 $ 5000
o £ 50000 S
"E 50000 E 5
5
< @ z
o ol 0
Sham ovx sham OVX SG Sham OVX G
D L] F G *
|—| — ns
200000
_ s0000q 30000 600007 xx = hived
= = E
£ E S 150000
2 oo 2 om0 40000 s
S 2 S 100000,
b H s g
£ 20000 £ 10000 2 20000 £ s0000
2 3 K 5
S H H S
= ol ol L, & ol . o
Sham OVX SG Sham QVX SG Sham OVX SG Sham OVX SG





OPS/images/fmicb-15-1320500-g004.jpg
Hrkk

NS wkkk
RANKL

—
[

Sham oVX SG

2 2 * | 2
* * £
¥ H 3
o x x o * =
2 3 e 5 ¢ nﬁl Mm
* ¥
§ 5 : 5°
& s G
—r— T 1
4 & T & o @ o w o
< ¢ & 3
21005 jeoiFolO1SIH
” a (%)edx04
o
9
*
H a
x : <
I { 53
L
b
: 5
2
&
2 o 9 <
< 2 3 3
. uoissaidxa josg aAgejoY
@

s

ok kK
Sham OVX sG
OPG

sG
—
—

Sham
Z0O-1 (W

actin
OPG

B-

ovx
RANKL WS

Occludin

p-actin

0.0-1

uoissaidxa pjoid aARRIRY

o Q

: » o .
- - ° °

Uoissaldxa ujajoid aneoy

SG

Py
Sham OvVX
OPG/RANKL

0.5

e
°

Uoissaida uidjolq aneloY





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis



		1 Introduction



		2 Animals and materials



		2.1 Production of Shengu granules



		2.2 Animal models and group



		2.3 Chemicals and reagents



		2.4 Biochemical analysis



		2.5 Bone analysis



		2.6 Analysis of gut microbiota sequencing



		2.7 SCFAs analysis



		2.8 Histological evaluation



		2.9 Immunofluorescence



		2.10 Western blotting



		2.11 Statistical analysis









		3 Result



		3.1 The effect of Shengu granules on the expression of bone microarchitecture, bone metabolism biomarkers, and inflammatory factors



		3.2 The effect of Shengu granules on OVX rats’ intestinal microbiota



		3.3 The effect of Shengu granules on the production of SCFAs



		3.4 The effects of Shengu granules on intestinal barrier, FOXP3 cells and OPG/RANKL signaling pathway protein expression



		3.5 Correlation analysis between important differential intestinal species and SCFAs, immune factors, and bone metabolism









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1320500-g001.jpg
B c
Eed "
1
vttt xt!s “’*" .
10 50
£
il s 40
(2] L =3
£ s % 30
g o 5
8 . 10
00 o .
= Sham Sham OVX SG
3 D ok E
I
0.15: 1.5 AR txnz
E ot T 10
E E
z z ﬁ
£ &
S oos 2 s
£ g
000l L . . 00
Sham OVX SG Sham OVX SG
G H
e - -
ek wrrk owkk wrrx
5 oxmr  wx 4000 e .
o T T s
= _ seeed [T = %
e o] [ z = E
G 2 200 g o]
z 2 = 4 + E -
z ﬂ H
L o = % 1000 < 10
o T T T o T T T ;s T
Sham OVX SG Sham oOvX SG Sham  ovx SG
1 ux J K L
s
FREE RARK ,—| 600- R 500
“ T2 " e T e
= =3 - sl 2 E w = oo
£ g = =1 2 = H
H H H = 2w L
E £ " ; 200: g :L
a3 3
o 2 = = 200
. o —L o r T T
Sham OVX Sham OVX SG Sham OVX SG Sham OVX SG





OPS/images/fmicb-15-1320500-g002.jpg
chaot

200

f
HIH

observed_species

Abundance

Y
Sham OVX SG

o
sample

=
E

simpson

Tonomy

1
- t_oactaroiasies 8516, groun
0.1 oucliopracesa.

LDA SCORE (log 10)





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Shengu granules ameliorate
ovariectomy-induced
osteoporosis by intestinal
immune-skeletal signaling axis












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






