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Background: Astragaloside IV (AS-IV) is one of the most potent components of Astragalus. It has been reported to promote bone formation and inhibit osteoclastogenesis, suggesting its potential as a candidate for the prevention and treatment of postmenopausal osteoporosis (PMOP). The gut microbiota may play a crucial role in mediating the effects of AS-IV.Objective: To investigate the impact of gut microbiota on the efficacy of AS-IV in treating PMOP.Methods: Mice were randomly divided into three groups: Sham, ovariectomy (OVX), and AS-IV-treated OVX group (80 mg/kg). Bone loss was evaluated using Micro-CT and histopathology. Immunohistochemistry assessed specific bone markers. Inflammatory levels were measured by enzyme-linked immunosorbent assay (ELISA). Intestinal barrier function was examined via colonic histopathology and immunohistochemistry. Gut microbiota composition was analyzed by 16S rDNA sequencing, while metabolomic profiling identified key metabolites. Correlation analysis was performed to explore relationships between differential bacteria, key metabolites, and bone loss.Results: AS-IV improved the femur microarchitecture and modulated bone turnover in OVX mice. AS-IV treatment strengthened the intestinal barrier function and decreased gut permeability. This compound reduced colonic oxidative stress and serum and bone marrow inflammatory cytokine production. 16S rDNA sequencing revealed that AS-IV modulated the gut microbiota composition, while metabolomic analysis showed its effects on pathways related to hormone biosynthesis, D-amino acid metabolism, and galactose metabolism.Conclusion: This study provides new insights into the use of AS-IV for treating PMOP, highlighting the gut microbiota and its metabolites as key regulatory factors in AS-IV’s therapeutic effects.[image: Graphical Abstract]Keywords: astragaloside IV, osteoporosis, gut microbiota, metabolism, intestinal barrier, oxidative stress
INTRODUCTION
Postmenopausal osteoporosis (PMOP) is a prevalent form of primary osteoporosis (POP) caused by decreased estrogen levels (Rosen, 2000). Bisphosphonates, such as alendronate, are currently the most widely used treatments for PMOP. However, their use is limited by potential side effects such as nephrotoxicity, poor patient adherence, various adverse reactions, risk of jaw osteonecrosis, and high costs (Reid and Billington, 2022; LeBoff et al., 2022). Therefore, Due to these limitations, there is a strong focus on further understanding the pathophysiology of PMOP and developing safer, more effective therapeutic options to meet clinical needs.
In the pathogenesis of PMOP, estrogen deficiency-induced pro-inflammatory phenotype and oxidative stress are key contributors to bone loss (Li et al., 2020). Specifically, the decline in estrogen levels leads to elevated levels of inflammatory mediators, including interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α), which not only promote osteoclastogenesis but also enhance bone resorption (Zhu et al., 2018). Furthermore, the absence of estrogen triggers oxidative stress, evidenced by reduced antioxidant enzyme activity in ovariectomized (OVX) animal models and postmenopausal women (Zhang et al., 2023a). The excessive accumulation of reactive oxygen species (ROS) further amplifies osteoclast activity by stimulating cytokine production, including IL-1, IL-6 and IL-7 (Bonaccorsi et al., 2018). Additionally, oxidative stress and elevated ROS levels reduce osteoblast lifespan in OVX and aged mice by inducing apoptosis (Almeida et al., 2007). Thus, targeting chronic inflammation and oxidative stress is crucial in the prevention and treatment of PMOP.
Natural products play a crucial role in drug discovery (Gray et al., 2012), yet the unclear mechanisms of many natural compounds limit their therapeutic development (Soares, 2010). Astragaloside IV (AS-IV), a triterpenoid saponin extracted and purified from Astragalus membranaceus, exhibits a wide range of pharmacological effects, including antioxidant, cardioprotective, anti-inflammatory, antiviral, antibacterial, antifibrotic, antidiabetic, and immunomodulatory activities (Chen et al., 2020; Shi et al., 2021; Zhong et al., 2022). In vitro studies have demonstrated that AS-IV reduces levels of pro-inflammatory mediators, including myeloperoxidase (MPO), TNF-α, IL-1β, IL-6, and nitric oxide (NO) (Wu and Chen, 2019). AS-IV also targets PRDX6 to inhibit PLA2 activity, reducing ROS production and alleviating oxidative stress damage (Cheng et al., 2023). Additionally, in a lipopolysaccharide (LPS)-induced acute respiratory distress syndrome model in pulmonary endothelial cells, AS-IV was shown to reduce inflammation and autophagy by inhibiting oxidative stress and inflammatory responses (Zhang et al., 2020). Recent studies have further revealed that AS-IV promotes osteoblastogenesis and inhibits osteoclastogenesis (Li et al., 2015; Bian et al., 2011), indicating its potential as an anti-osteoporotic agent for preventing and treating PMOP. These findings highlight the therapeutic potential of AS-IV in addressing both inflammatory and oxidative stress pathways in osteoporosis.
Despite these broad therapeutic effects, AS-IV suffers from poor oral bioavailability and membrane permeability, limiting its ability to enter the bloodstream and brain (Li et al., 2023). Researchers hypothesize that key regulatory factors mediate the therapeutic efficacy of AS-IV in treating postmenopausal osteoporosis (PMOP). According to the “gut-bone axis” hypothesis, there is a strong connection between gut microbiota and PMOP (Hansen and Frost, 2022), and beneficial changes in the gut microbiome can improve bone metabolism by reducing systemic inflammation and enhancing antioxidant activity (Li et al., 2019; Tanabe et al., 2019). It is speculated that AS-IV may exert its bone-protective effects by modulating gut microbiota and microbial products, despite its low absorption rate. This study systematically investigates the efficacy of AS-IV in treating PMOP and evaluates its impact on gut microbiota composition and intestinal metabolic pathways in an OVX mouse model.
METHODS AND MATERIALS
AS-IV preparation
AS-IV with a purity of ≥98% and a molecular weight of 784.97 was purchased from Yuan Ye Biotech, Shanghai, China.
OVX mouse model
A total of 30 six-week-old female C57BL mice were obtained from the Model Animal Research Center of Shanghai, China, for use in an OVX mouse model. Surgical procedures were performed under sodium pentobarbital anesthesia, with mice undergoing either a sham operation or bilateral ovariectomy following previously described methods (Boyd et al., 2006). The mice were randomly assigned to one of three groups (n = 10 per group): Group I (Sham group), where the mice underwent a sham operation; Group II (OVX group), consisting of mice that underwent ovariectomy; and Group III (AS_OVX group), consisting of OVX mice treated with AS-IV. All mice were housed under standard laboratory conditions with ad libitum access to food and water. The study duration was 12 weeks, with the AS_OVX group receiving daily oral AS-IV starting in the second week, while the Sham and OVX groups were administered distilled water.
Sample collection
Sample collection was performed 12 weeks post-surgery. Fecal samples were collected individually from each mouse and stored at −80°C for subsequent gut microbiota and metabolomic analyses. At the end of the experiment, blood samples were collected following a 12-h fasting period. The mice were anesthetized using sodium pentobarbital, and blood was collected from the retro-orbital venous plexus. The serum was isolated and stored at −80°C for future biochemical assessments. Bone samples were also collected: the right femur was dissected, and the bone marrow cavity was flushed with pre-cooled PBS until the bone appeared white. The left femur was dissected and placed in 10% neutral buffered formalin for subsequent micro-CT and histopathological evaluations. Additionally, organs such as the uterus, spleen, and thymus were weighed and stored at −80°C for future investigations. For colonic tissue, a segment of 1–1.5 cm was excised, rinsed with PBS, and divided, with one portion frozen at −80°C and the remaining tissue fixed in 10% neutral buffered formalin for further examination.
Micro-CT analysis
Femur samples were fixed in 4% paraformaldehyde (PFA) for 24 h prior to analysis. Micro-computed tomography (micro-CT) scans were performed using a Bruker micro-CT system (Bruker Corp., Billerica, MA, USA). Quantitative analysis of the reconstructed bone images was conducted to assess key parameters, including bone mineral density (BMD), bone volume fraction (BV/TV), bone surface area to total volume ratio (BS/TV), trabecular number (Tb·N), trabecular thickness (Tb·Th), and trabecular separation (Tb·Sp). These metrics were used to evaluate bone microarchitecture.
ROS detection
Reactive oxygen species (ROS) detection was performed using MitoSOX Red and CellROX Green fluorescent dyes to detect mitochondrial and cytoplasmic ROS, respectively (Invitrogen, CA, United States). Colon sections were exposed to 5 µM of each dye and incubated for 30 min at 37°C. Images were captured using an LSM T-PMT confocal microscope (Zeiss).
Assessment of oxidative stress markers
Oxidative stress markers were assessed by measuring reduced glutathione (GSH) using a commercial kit (Servicebio, G4305, Wuhan, Hubei, China). GSH activity was expressed in μM per kilogram of tissue. Superoxide dismutase (SOD) activity was determined using the xanthine oxidase assay kit (Servicebio, G4306, Wuhan, Hubei, China).
HE staining
Tissue fixation was performed by placing femur and colon samples from all groups in 4% paraformaldehyde (Servicebio, Wuhan, Hubei, China) for 24 h. Femurs were decalcified using 12.5% EDTA (Servicebio) for 3-4 weeks. Decalcified samples were then embedded in paraffin, and 5 µm thick tissue sections were prepared. Hematoxylin and eosin (H&E) staining was applied to both femur and colon sections for histological analysis.
AB-PAS staining
Colon tissue sections were stained using the Alcian Blue-Periodic Acid Schiff (AB-PAS) method to assess pathological changes. After dehydration through an ethanol gradient, sections were stained with AB-PAS solution. Under microscopy, acidic mucus appears blue, neutral mucus red, and mixed mucus purple-red. Staining followed previously established protocols (Guo et al., 2023).
TRAP staining
Femur sections were treated using tartrate-resistant acid phosphatase (TRAP) stain to identify osteoclasts. TRAP specifically labels osteoclasts due to their high acid phosphatase activity. Quantification of osteoclasts was performed using ImageJ software (National Institutes of Health, Bethesda, MD, United States), a widely used tool for image processing and analysis.
Immunohistological analysis
Tissue sections were equilibrated in 0.1 M Tris-buffered saline for 10 min. Blocking was performed by incubating the sections in phosphate-buffered saline (PBS) containing 10% normal goat serum for 1 h. For primary antibody step, femur sections were incubated with anti-osteocalcin (OCN) antibody (1:200 dilution, Proteintech, 23418-1-AP, United States), while colon sections were incubated with anti-Occludin, anti-ZO-1, and anti-Claudin 1 antibodies (AF0321 diluted 1:200 and AF6504 diluted 1:50, Beyotime, China). All sections were incubated with the primary antibodies overnight at 4°C. Horseradish peroxidase (HRP)-conjugated secondary antibodies (1:50 dilution, Beyotime, A0208, China), were applied for 1 h at room temperature. Visualization of Occludin, ZO-1, and Claudin 1 was achieved using 3,3′-diaminobenzidine (DAB). Quantitative analysis of positive signals was performed using ImageJ software (NIH, United States) in six randomly selected high-power fields (HPF) per sample to assess the expression of these markers.
Biochemical analysis
Biochemical analyses were conducted to measure the expression levels of procollagen type I N-terminal propeptide (PINP) and C-terminal telopeptide of type I collagen (CTX-I) in mice. Inflammatory cytokines, including interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-10 (IL-10), were also measured in bone marrow tissue and serum. All measurements were carried out using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer’s protocols. ELISA kits were obtained from DO Biological (Shanghai, China).
16S rRNA sequencing and bioinformatics analysis
Total genomic DNA was extracted using a DNA extraction kit following the manufacturer’s instructions. PCR amplification was performed using barcoded primers and Tks Gflex DNA polymerase (Takara) with the extracted genomic DNA as the template. The V3-V4 variable region of the 16S rRNA gene was selected for bacterial diversity analysis, amplified using universal primers F343/R798 with a dual-index method. Sequencing was conducted on the Illumina NovaSeq6000 platform, generating paired-end 250-base reads for each sample. Sequencing services were provided by Illumina (San Diego, CA, United States) and OE Biotech (Shanghai, China).
Fecal metabolomics analysis and metabolites identification
Fecal metabolomics analysis was conducted using gas chromatography-mass spectrometry (GC-MS) with an Agilent 7890B GC system and Agilent 5977B MSD system (Shanghai Lu-Ming Biotech Corp., Shanghai, China). Data analysis included partial least-squares discriminant analysis (PLS-DA) and orthogonal PLS-DA (OPLS-DA). Differential metabolites were identified based on log2(FC) >2 and p-value <0.05. Metabolic pathway enrichment analysis was performed using MetaboAnalyst software with the KEGG database.
Statistical analysis
The data were processed using GraphPad Prism 8 software and expressed as mean ± standard deviation (SD). Statistical comparisons were made using one-way ANOVA or Student’s t-test, depending on the context. Correlation analyses utilized Pearson’s correlation coefficient, and chi-square tests were used for comparing categorical data. A p-value of less than 0.05 was considered statistically significant, ensuring rigorous evaluation of the experimental results and their implications.
RESULTS
AS-IV improved the femur microarchitecture in OVX mice
As exhibited in Figure 1A, the OVX group and AS-IV group of mice showed a greater increase in body weight compared to the sham-operated (Sham) group. Additionally, the uterine index (uterine weight/body weight) markedly decreased in the OVX group, confirming the successful establishment of the ovariectomy model. AS-IV treatment did not increase the uterine index compared to OVX group (Figure 1B). Overall, AS-IV had no significant effect on the estrogen deficiency-induced weight gain or uterine atrophy in the treated mice.
[image: Figure 1]FIGURE 1 | AS-IV treatment regulated phenotypic features in OVX mice. (A) Changes in body weight of experimental animals over the course of the experimental period. (B) Differences in uterine index (uterine weight/body weight) among groups.
Micro-CT scanning was used to reconstruct the trabecular distribution in the femurs of different groups, with the results were shown in Figure 2A. In the Sham group, the trabeculae were uniformly distributed, well-organized, and formed a compact network structure. In contrast, the OVX group exhibited significant disruption of bone microarchitecture, with noticeable voids at the trabecular connections. The AS_OVX group showed a reduction in marrow cavity size, partial restoration of trabecular number, width, length, and shape, and an increase in the density of the trabecular network.
[image: Figure 2]FIGURE 2 | AS-IV treatment improved the femur microarchitecture in OVX mice. (A) the femur distal metaphyseal region of rats was analyzed using micro-computed tomography (CT). (B–G) Comparison of BMD, BV/TV, BS/TV, Tb.N, Tb.Th, and Tb.Sp between groups. Data are expressed as mean ± standard deviation. (n = 7). BMD, bone mineral density; BV/TV, bone volume/total volume; BS/TV, bone surface area/total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation.
Quantitative morphometric measurements based on scanning images (Figure 2B–G) revealed significant changes in bone parameters in the OVX group. BMD, BV/TV, BS/TV, and Tb.N were significantly reduced, while Tb.Sp increased. In the AS-IV-treated group, BMD, BV/TV, BS/TV, and Tb.N were significantly higher, and Tb.Sp was lower compared to the OVX group. However, these parameters in the AS-IV group were still lower than in the Sham group, with Tb.Sp remaining higher. These findings suggest that AS-IV treatment partially improved the femoral microstructure in OVX mice.
AS-IV treatment modulated bone turnover induced by estrogen deficiency
Serum markers of bone metabolism were assessed by measuring the bone formation marker procollagen type I N-terminal propeptide (PINP) and the bone resorption marker C-terminal telopeptide of type I collagen (CTX-1). In the OVX group, serum PINP levels were significantly reduced, while CTX-1 levels were significantly elevated compared to the Sham group. AS-IV treatment significantly increased PINP levels and decreased CTX-1 levels compared to the OVX group. However, despite these improvements, PINP remained lower and CTX-1 higher in the AS-IV group compared to the Sham group (Figure 3A, B).
[image: Figure 3]FIGURE 3 | AS-IV treatment improved expression of bone turnover markers in ovariectomized mice. (A, B) The changes of serum CTX and PINP were observed among the groups. (n = 7). (C) Representative images of tartrate-resistant acid phosphatase (TRAP) staining and osteocalcin (OCN) staining in femurs (scale bars, 50 μm). (D) Quantification of relative area of Trap+ cells in femurs (n = 5). (E) Quantification of relative area of OCN+ cells in femurs (n = 5). Data are expressed as mean ± standard deviation. CTX, C-telopeptide of type I collagen; PINP, N-terminal propeptide of type I procollagen.
TRAP staining revealed a significant increase in TRAP-positive areas, indicating elevated osteoclast activity in femur sections from OVX mice (Figure 3C, D). AS-IV treatment reduced the TRAP-positive areas compared to the OVX group, suggesting a decrease in osteoclast activity. OCN staining showed a significant reduction in OCN-positive areas, reflecting decreased osteoblast activity in OVX mice. AS-IV treatment increased the OCN-positive areas, indicating enhanced osteoblast activity (Figure 3C, E). However, despite these positive effects on bone metabolism, the AS-IV-treated group still had lower PINP levels and higher CTX-1 levels compared to the Sham group, indicating incomplete restoration of bone metabolism to normal levels.
In conclusion, AS-IV treatment can prevent OVX-induced bone loss by decreasing bone resorption and increasing bone formation.
AS-IV treatment strengthened the intestinal barrier function and decreased gut permeability
H&E staining revealed impaired intestinal structural integrity in OVX mice, characterized by mucosal damage, distorted crypt morphology, and inflammatory cell infiltration. AS-IV treatment significantly alleviated these pathological changes compared to the OVX group (Figures 4A, B). AB-PAS staining showed mucus-secreting goblet cells stained purple (Figure 4C). The OVX group exhibited marked goblet cell atrophy, with fewer goblet cells in the crypts and reduced mucus production. AS-IV treatment improved goblet cell atrophy and increased the goblet cell area in the crypts (Figure 4D). The AB-PAS-positive cell area was markedly decreased in the OVX group (p < 0.0001), while AS-IV treatment increased the AB-PAS-positive cell area (p < 0.05, Figure 4D).
[image: Figure 4]FIGURE 4 | The effects of astragaloside IV (AS-IV) on intestinal barrier integrity in OVX mice. (A) Representative images of Hematoxylin and eosin (H&E) staining in colon sections. Scale bar: 50 µm. (B) Intestinal morphology studies measure cumulative scores including inflammation infiltration and crypt damage and goblet cells damage. The scoring criteria are shown in Supplementary Table S1. (C) Representative images of AB-PAS staining. Scale bar: 50 µm. (D) The quantification of goblet cells in AB -PAS staining (n = 3). (E) Immunohistochemistry analysis of ZO-1, Occludin and Claudin (scale bar, 50 µm) (n = 3). (F–H) Immunohistochemical analysis (n = 3).
Immunohistochemical analysis showed a significant reduction in the expression of tight junction proteins ZO-1 and claudin-1 in the colon of OVX group compared to the Sham group. AS-IV treatment significantly enhanced the levels of ZO-1 and claudin-1 compared to the OVX group, although the levels remained lower than in the Sham group. Quantitative analysis of the immunohistochemical images indicated that the decreased expression of ZO-1 and claudin-1 in the OVX group might contribute to increased intestinal permeability (Figures 4E–H). AS-IV treatment not only increase the occludin expression along with ZO-1 and claudin compared to OVX group (Figures 4E–H). These results indicated that AS-IV treatment may help maintain epithelial integrity by preserving TJ protein expression in the colon.
AS-IV treatment alleviated oxidative stress and inflammatory cytokine production induced by estrogen deficiency
The aim of this study was to evaluate the effects of AS-IV on intestinal oxidative stress in OVX group. Oxidative stress markers were assessed by measuring reactive oxygen species (ROS), reduced glutathione (GSH), and superoxide dismutase (SOD) activity. A significant accumulation of ROS was detected in the intestines of OVX mice. AS-IV treatment significantly reduced ROS accumulation (Figure 5A). Total SOD (T-SOD) and GSH levels were notably decreased in the OVX group when compared to the Sham group. However, AS-IV treatment significantly increased T-SOD and GSH levels compared to the OVX group (Figures 5B, C).
[image: Figure 5]FIGURE 5 | AS-IV treatment alleviated oxidative stress and inflammatory cytokine production induced by estrogen deficiency. (A) Images of intestinal reactive oxygen species (ROS) staining. Scale bar: 50 µm. (B, C) Total superoxide dismutase (T-SOD) activity and reduced glutathione (GSH) concentrations in intestinal tissues (n = 3). (D, E) Thymus and spleen index (organ weight/body weight) (n = 7). (F–I) The inflammatory IL-1β, IL-6, TNF-α, and IL-10 levels in serum (n = 7). (J–M) The inflammatory IL-1β, IL-6, TNF-α, and IL-10 levels in bone marrow (BM) (n = 7).
In this study, thymus index (thymus weight/body weight) was significantly elevated in OVX group, indicating the potential presence of systemic inflammation. AS-IV treatment significantly reduced the thymus index. However, no significant differences were observed in the spleen index (spleen weight/body weight) among the three groups (Figure 5D, E). Serum inflammatory cytokine analysis revealed that pro-inflammatory cytokines such as IL-1, IL-6, and TNF-α were significantly upregulated in the OVX group compared to the sham-operated (Sham) group, while the anti-inflammatory cytokine IL-10 was downregulated (Figure 5F–I). AS-IV treatment significantly suppressed the levels of pro-inflammatory cytokines and increased IL-10 levels.
Bone marrow cytokine analysis using ELISA yielded results consistent with the serum findings, showing significant differences in IL-1, IL-6, and IL-10 levels between the OVX and AS-IV treatment groups (Figure 5J–M). Specifically, AS-IV resulted in a significant reduction in IL-1 and IL-6 levels and an increase in IL-10 levels (p < 0.05), though TNF-α levels did not differ significantly between the OVX and AS-IV groups.
In serum, IL-1 and TNF-α levels were significantly elevated in the OVX group compared to the Sham group, but other inflammatory cytokines did not exhibit significant differences (p > 0.05). In conclusion, AS-IV treatment significantly reduced inflammatory cytokines in both serum and bone marrow and attenuated oxidative stress within the colon (p < 0.05).
AS-IV treatment regulated gut microbiota
Changes in the gut microbiota were analyzed to assess the impact of (AS-IV treatment on the gut microbiota of OVX-induced osteoporotic mice. The composition of the gut microbiota in the Sham, OVX, and AS_OVX groups was evaluated. The microbiota community structure in each sample is depicted in Figure 6A, and the ranked abundance curve flattened, indicating sufficient sequencing depth to cover the diversity of transcripts (Figure 6B). Alpha diversity indices showed a slight increase in ACE and Chao1 indices in the OVX group compared to the Sham group (Figures 6C, D). Following AS-IV treatment, these alpha diversity indices further increased, with the Simpson and Shannon indices being significantly higher in the AS_OVX group compared to both the Sham and OVX groups (p < 0.05) (Figures 6E, F). Beta diversity was analyzed using Non-metric Multidimensional Scaling (NMDS) and Principal Coordinates Analysis (PCoA) based on Operational Taxonomic Units (OTUs), to visualize the similarities between microbiota communities. The results demonstrated clear separation between the Sham, OVX, and AS_OVX groups by week 12 post-AS-IV treatment (Figure 6G, H). Hierarchical clustering based on weighted UniFrac distances further confirmed the differences between samples (Figure 6I). The gut microbiota of AS-IV-treated mice displayed significant alterations compared to both the OVX and Sham groups.In conclusion, OVX and AS-IV treatment induced significant changes in the bacterial community, suggesting that AS-IV may improve osteoporosis by modulating the gut microbiota. These findings highlight the potential role of gut microbiota in the therapeutic effects of AS-IV on bone health.
[image: Figure 6]FIGURE 6 | AS-IV treatment improved the gut microbiota disorder in ovariectomized mice. (A) The microbial community structure of each sample. Rank abundance curve (B), ACE estimator (C), Cho 1 estimator (D), Simpson index (E) and Shannon index (F). (G, H) Beta diversity analysis of intestinal microbiota among the four groups using the NMDS and PCoA method. (I) Clustering analysis of gut microbiota among samples. Data are shown as the mean ± SD. *p < 0.05, **p < 0.01.
At the phylum level, Firmicutes, Bacteroidota and Desulfobacterota were the dominant bacterial phyla across all groups (Supplementary Figure S1A). At the class level, Bacteroidia, Clostridia, and Bacilli accounted for over 95% of the total microbiota in all groups (Supplementary Figure S1B). At the order level, Bacteroidia, Clostridia and Bacilli were the most abundant (Supplementary Figure S1C). No notable differences were detected in the abundance of Bacteroidota and Firmicutes, nor in the Firmicutes and Bacteroidota ratio (F/B) between the groups (Supplementary Figures S1D–F).
At the family level, the most abundant bacterial families across all groups were Muribaculaceae, Prevotellaceae, and Lachnospiraceae (Supplementary Figure S2A). Compared to the Sham group, the OVX group indicated a significant enrichment in Prevotellaceae, F082 and Tannerellaceae, but a reduction in Muribaculaceae (Supplementary Figures S2B, C, F, H). AS-IV treatment reversed some of bacteria abundances, such as Prevotellaceae and Tannerellaceae (Supplementary Figures S2C, H). In addition, AS-IV group showed significant enrichment in Lactobacillaceae and Rikenellaceae compared to Sham group (Supplementary Figures S2D, E). Additionally, F082, Enterococcaceae and Monoglobaceae were significantly more abundant in the AS-IV group compared to both the Sham and OVX groups (Supplementary Figures S2F, G, I).
At the genus level, the most abundant genera in both the Sham and OVX groups were Muribaculaceae and Prevotellaceae_UCG-003 (Supplementary Figure S3). In the AS_OVX group, Muribaculaceae and Lactobacillus were the dominant genera. The OVX and AS_OVX groups were significantly lower than the Sham group in the abundance of Muribaculaceae and Muribaculum, but higher in the abundance of Prevotella and F082. Compared with OVX group, AS-IV treatment significantly increased the abundance of F082 and Enterococcus, while decreasing Prevotellaceae_UCG-003. These findings suggest that AS-IV treatment modulates the diversity of gut microbiota in OVX mice.
LEfSe analysis was performed to identify biomarkers among the three groups using Linear Discriminant Analysis (LDA) Effect Size (LEfSe) (Figure 7A). In the Sham group, the enriched bacterial taxa were predominantly from Muribaculaceae. Meanwhile, the OVX group-compromised taxons were Prevotellaceae_UCG_003 and Prevotellaceae (Figure 7B). In the AS_OVX group, enriched bacterial taxa included Alloprovotella, Lactobacillales, Bacilli, Lactobacillaceae, Lactobacillus and Prevotella (Figure 7B). Functional predictions of the gut microbiota were conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Figure 7C). When comparing the OVX group to the Sham group, significant differences were observed in genes associated with translation, energy metabolism, coenzyme and vitamin metabolism, replication and repair, amino acid metabolism, and global and overview maps (Figure 7D). Comparing the AS_OVX group to the OVX group, significant differences were noted in genes related to the biosynthesis of other secondary metabolites, amino acid metabolism, coenzyme and vitamin metabolism, carbohydrate biosynthesis and metabolism, lipid metabolism, and energy metabolism (Figure 7E). In terms of metabolic pathways, the OVX group showed an upward trend in key pathways such as aging, lipid metabolism, other amino acid metabolism, and energy metabolism. AS-IV treatment in the AS_OVX group mitigated these upregulated trends compared to the OVX group (Figure 7F).
[image: Figure 7]FIGURE 7 | Changes in the composition and function of gut microorganisms. (A) Linear discriminant analysis effect size; (B) microorganisms with LDA scores greater than four in the three groups; (C) KEGG metabolic pathway composition in the gut microorganisms of mice; (D) significant differences in the KEGG metabolic pathway between the OVX and Sham groups; (E) significant differences in the KEGG metabolic pathway between the AS_OVX and OVX groups; and (F) the heatmaps reflect the similarities and differences in the KEGG metabolic pathway different groups.
Association analysis of gut microbiota and bone phenotypes indicators and inflammation cytokines in OVX mice
At the family level, Muribaculaceae and [Eubacterium]_coprostanoligenes_group were positively correlated with the bone formation markers (BMD, Tb.N, BV/TB, and PINP, etc.). Prevotellaceae, F082, Erysipelotrichaceae, Tannerellaceae, Rs-E47_termite_group and Rikenellaceae were positively correlated with the bone resorption markers (CTX and Tb.Sp) and inflammatory cytokine IL-1, IL-6 and TNF-α (Figure 8A). At the genus level, similar correlations were observed (Figure 8B). These findings suggest that AS-IV treatment may help reduce osteoporosis caused by estrogen deficiency through the regulation of the gut microbiota.
[image: Figure 8]FIGURE 8 | Association analysis of gut microorganisms and bone phenotypes. (A) The heat map of the Pearson correlation coefficient between microbe families and bone phenotypes. (B) The heat map of the Pearson correlation coefficient between microbe genera and bone phenotypes. *P < 0.05, **P < 0.01 and ***P < 0.001.
AS-IV treatment regulated metabolic profiles
Principal component analysis (PCA) was performed for each group to evaluate overall metabolic variations, and partial least squares discriminant analysis (PLS-DA) was used for sample classification and validation. Significant differences in metabolism were identified across the groups, with AS-IV treatment inducing distinct metabolic changes in OVX mice (Figure 9A). Differentially expressed metabolites were selected using a p-value threshold <0.05 and an absolute fold change (FC) >4. A total of 601 metabolites were differentially expressed between the OVX and Sham groups, 565 between the AS_OVX and OVX groups, and 747 between the AS_OVX and Sham groups (Figure 9B). A hierarchical clustering heatmap was generated to visualize these metabolic changes, revealing significant metabolic differences among the three groups (Figure 9C). These findings indicate that AS-IV treatment significantly alters the metabolic profile in OVX mice.
[image: Figure 9]FIGURE 9 | The effects of AS-IV on metabolic pathways. (A) Partial least squares discriminant analysis (PLS-DA) of the three groups. (B) Venn diagram of the differential metabolites between each other group. (C) Heatmap of the differential metabolites. Cluster analysis was carried out by Euclidean Distance. (D) The bubble diagram of pathway enrichment analysis of significant metabolites. Node size is based on metabolite number in the pathway. N = 7. Statistical significance was determined by t-test or Mann-Whitney U test.
Differentially expressed metabolites were visualized using volcano plots (Supplementary Figures S4A–C). The amounts of the Carbacyclin, PG(PGE1/a-17:0), Thiamine, 11-deoxy-11-methylene-15-keto-PGD2 and Drostanolone were decrease in OVX group, while Rociletinib, Val His Ile, Melagatran, 19-hydroxybufalin-3-(16-hydroxy-palmitate) and 9S-HpHtrE were increased, compared to Sham group. The amounts of the Rociletinib, 4-Ethylphenol glucuronide, Val His Ile, Melagatran, and Indoxyl sulfate were decrease in AS_OVX group, while Enkephalin L, 17-Dimethylaminogeldanamycin, Ganoderic acid G, Astragaloside A and B-Octylglucoside were increased, compared to OVX group.
Differentially expressed metabolites analyzed using the KEGG database to explore their functions. A total of 11 metabolic pathways were significantly regulated (p < 0.05), including steroid hormone biosynthesis, D-amino acid metabolism, aminoacyl-tRNA biosynthesis, lysosome, galactose metabolism, ABC transporters, pentose and glucuronate interconversions, and valine, leucine, and isoleucine biosynthesis. The pathway regulation is visualized in Figure 9D, with additional KEGG analysis between OVX and Sham group, AS_OVX and OVX group were shown in Supplementary Figure S5.
Association analysis of gut microbiota, metabolites, and bone phenotypes, serum inflammatory cytokines
Correlation analysis of differential metabolites with bone phenotypes and serum inflammatory cytokines is shown in Figure 10A. Metabolites positively correlated with bone formation markers (e.g., BMD, Tb.N, BV/TV, and PINP) included PE (0:0/15:0) and PE [14:0(13Me)/0:0]. Conversely, metabolites such as D-Mannose, D-Lyxose, and Ecabet were positively correlated with bone resorption markers (CTX, Tb.Sp) and pro-inflammatory cytokine TNF-α.
[image: Figure 10]FIGURE 10 | The relationship between gut microbiota, metabolites and bone phenotypes, serum inflammatory cytokines. (A) The heat map of the Pearson correlation coefficient between gut metabolites and bone phenotypes, serum inflammatory cytokines. (B) Network diagram between bacteria and metabolites. (C) The heat map of the Pearson correlation coefficient between bacteria and metabolites. *p < 0.05, **p < 0.01, ***p < 0.001.
Correlation analysis revealed a strong association between specific bacteria and key metabolites (Figures 10B, C). Prevotellaceae_UCG_001, F082, Prevotella, Paraprevotella and Coriobateriaceae_UCG_002 had the highest centrality scores (degree of node connectivity) (Figure 10B). Prevotella and F082 were positively correlated with D-Lyxose, Xylose, L-Leucine and L-Alloisoleucine, but were negatively correlated with PE (0:0/15:0) and PE [14:0(13Me)/0:0]. Muribaculum and Lachnospiraceae_NK4A136_group were negatively correlated with D-Lyxose, Xylose, and L-Alloisoleucine, but were positively correlated with Gallic acid (Figure 10C). These metabolites may represent key targets through which AS-IV exerts its beneficial effects on osteoporosis in ovariectomized rats.
DISCUSSION
AS-IV treatment effectively mitigated bone loss after OVX, via increasing bone formation and decreasing bone resorption. AS-IV treatment strengthened the intestinal barrier function and decreased gut permeability. AS-IV alleviated oxidative stress in colon and lowered serum levels of IL-1, IL-6 and INF-α in serum. In addition, AS-IV modifies the composition of gut microbiota. Specifically, AS-IV induced significant changes in the gut microbiota, increasing the abundance of Alloprovotella, Lactobacillales, Bacilli, Lactobacillaceae, Lactobacillus and Prevotella, simultaneously downregulates that of Tannerellaceae and Prevotellaceae_UCG-003. Furthermore, AS-IV altered the gut metabolic profile, affecting amino acids and phosphatidylethanolamine (PE) derivatives. These metabolic changes were closely associated with the abundance of bacteria such as Prevotellaceae_UCG_001, F082, Prevotella, Muribaculum and Lachnospiraceae_NK4A136_group etc.
The intestinal mucosal barrier is crucial for regulating systemic inflammatory responses. Previous studies have shown that the ovariectomy (OVX) model impairs gut barrier function and is strongly associated with inflammation (Guo et al., 2023; Zhang et al., 2022). AS-IV was indicated to promote intestinal barrier function (Li et al., 2023). Tight junction proteins (TJs) such as ZO-1, claudin-1, and occludin are key to maintaining intestinal permeability (Zhang et al., 2022). In this study, AS-IV treatment significantly improved the expression of these TJs and alleviated gut barrier damage compared to the OVX group, highlighting its protective role in intestinal function.
PMOP is closely associated with oxidative damage and systemic chronic inflammation. Estrogen deficiency leads to excessive accumulation of reactive oxygen species (ROS) and free radicals, which activate inflammatory pathways. AS-IV has demonstrated anti-inflammatory and antioxidant properties (Zhou et al., 2020), mitigating OVX-induced oxidative stress by enhancing the levels of SOD) and glutathione (GSH) while reducing ROS levels. PMOP is characterized by a chronic inflammatory state, with increased levels of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, along with reduced levels of anti-inflammatory cytokines like IL-10 (Li et al., 2020). ELISA analysis in this study revealed that compared to the Sham group, the OVX group exhibited significantly elevated levels of IL-1β, IL-6, and TNF-α in both serum and bone marrow, while IL-10 levels were significantly reduced. AS-IV treatment effectively alleviated the inflammation induced by OVX by lowering IL-1β, IL-6, and TNF-α levels and increasing IL-10 levels. These findings suggest that AS-IV not only reduces oxidative stress but also suppresses the inflammatory response in OVX mice, thereby attenuating bone loss. The dual antioxidant and anti-inflammatory effects of AS-IV highlight its therapeutic potential in treating PMOP by targeting both oxidative damage and chronic inflammation, which are key factors in the pathogenesis of osteoporosis.
In the OVX-induced animal models, significant gut microbiota dysbiosis was observed after surgery (Lan et al., 2022; Lu et al., 2021). The gut-bone axis has been reported in previous studies to play a crucial role in the pathophysiology of osteoporosis. Estrogen deficiency can significantly alter the abundance of various microbial species, contributing to bone loss (Wang et al., 2021b; Zhang et al., 2022). Thus, restoring gut homeostasis has emerged as a novel therapeutic target for osteoporosis (D’Amelio and Sassi, 2018). According to our results, AS-IV treatment increased the abundances of Lactobacillus, Allopreotella, Prevotella and Enterooccus. Numerous studies have reported the beneficial effects of Lactobacillus on bone homeostasis highlighting its potential mechanisms of action. Similarly, Prevotella has been demonstrated to improve bone loss in OVX mice by optimizing gut permeability and inhibiting the release of osteoclast-promoting factors. Guo et al. reported that Lactobacillus alleviated osteoporosis caused by estrogen deficiency by modulating the gut microbiome and strengthening the intestinal barrier, while also promoting the balance between Th17 and Treg cells in both the gut and bone (Guo et al., 2023). Sapra et al. demonstrated that Lactobacillus rhamnosus reduced bone degradation and preserved bone integrity by modulating the balance between Treg and Th17 cells in ovariectomized mice (Sapra et al., 2021). Prevotella was found to mitigate bone loss in ovariectomized mice by enhancing intestinal barrier function and suppressing the release of cytokines that promote osteoclastogenesis (Zhang et al., 2023b; Wang et al., 2021b).
Duan et al. demonstrated that Prevotella alleviated cognitive impairment in vascular dementia rats by lowering oxidative stress and reducing the release of pro-inflammatory cytokines (Duan et al., 2023). All of these results suggest that the modulating gut microbiota, with increased the abundance of probiotics (Lactobacillus and Prevotella), may play a key role in the therapeutic effects of AS-IV in OVX-induced osteoporosis.
Microbiota-related metabolites act as key mediators between the gut and bone during the process of OVX-induced bone loss. AS-IV significantly alters the production of microbiota-related amino acids and linoleic acid, which play important roles in bone metabolism (Du et al., 2022). Fecal metabolomics revealed that AS-IV treatment markedly changed the metabolic profiles in OVX mice. The different fecal metabolites were enriched in pathways such as steroid hormone biosynthesis, D-amino acid metabolism, galactose metabolism, pentose and glucuronate transformations, as well as the biosynthesis of valine, leucine, and isoleucine. D-Mannose helps to mitigate bone loss in weightless conditions by inhibiting the fusion of osteoclast cells (Gu et al., 2023). Additionally, D-mannose exhibits anti-inflammatory properties, suppressing neutrophil oxidative bursts and oxidative reactions in experimental neuroinflammation (Rest et al., 1988; Wang et al., 2021a). D-mannose was reported to suppress macrophage IL-1B production via the suppression of succinatemediated HIF-1a activation (Torretta et al., 2020). The increased levels of PEs were found in the low bone mineral density patients (Aleidi et al., 2022). Phosphatidylethanolamine (PE), essential components of cell membranes, play critical roles in cellular fusion, mitochondrial stability, and autophagy (Irie et al., 2017; Verma et al., 2018). Some studies in vitro revealed that the intracellular concentration of PEs is linked to osteoclastogenesis, and their levels increase during osteoclast differentiation (Kitano et al., 2020; Irie et al., 2017). Moreover, several metabolites significantly associated with inflammation and bone factors showed strong correlations with the abundance of specific bacterial genera, which was consistent with previous studies. The accumulation of D-galactose derived from the gut microbiota and intestinal dysbiosis is associated with cellular senescence (Gao et al., 2023). Chronic hypoxia leads to a striking reduction in the amount of Lactobacillus and D-galactosedegrading enzymes in the gut, producing excess reactive oxygen species (ROS) and inducing senescence in bone marrow mesenchymal stem cells (Xing et al., 2018). The accumulation of D-galactose can subsequently affect the gut microbiota. For example, D-galactose-induced aging model downregulates the relative abundance of Muribaculaceae (Xu et al., 2024). Gallic acid (GA), 3,4,5-trihydroxybenzoic acid, is a polyphenol compound and has various kinds of biological and pharmacological activities, including antioxidant, antimicrobial, anticancer, anti-inflammatory, and metabolic disease prevention activities (Yang et al., 2020). The effect between the gut microbiota and GA is mutual; intestinal bacteria has the ability to metabolize GA, and GA also can induce changes in the microbiota toward a more favorable composition and activity, including the production of short-chain fatty acids (SCFAs) in the colon (Yang et al., 2020; Pandurangan et al., 2015). These metabolites could represent key targets through which AS-IV exerts its therapeutic effects on osteoporosis. Further studies are needed to explore how these metabolites influence bone health and their interaction with the gut microbiota, which may provide new insights into the treatment of osteoporosis.
This study has several limitations. First, the composition of the gut microbiota is influenced by factors such as diet and ethnicity, which can be controlled in rodent experiments but pose significant challenges in human studies. Second, given the dynamic nature of gut microbiota, longitudinal studies are needed to fully understand the long-term effects of AS-IV on gut microbiota and bone health. Third, the 16S rRNA sequencing technique, which was utilized to analyze the distribution, classification, and diversity of GM in OP diseases, still lacks the ability to differentiate between active and non-active microbiomes, and there is a notable absence of resolution beyond the genus level. Forth, although certain key metabolites (e.g., D-mannose and phosphatidylethanolamine) are suggested to be associated with bone metabolism, further research is required to investigate the detailed mechanisms by which AS-IV modulates gut microbiota and metabolites, and how these changes influence bone health. Fifth, while the results in mice are promising, further clinical trials are necessary to confirm the efficacy and safety of AS-IV in human subjects. While this research provides a preliminary assessment of the potential mechanisms by which AS-IV exerts its effects via the gut microbiota, further studies are necessary to fully elucidate the specific relationship between AS-IV’s anti-osteoporotic effects and the gut microbiome.
CONCLUSION
The findings of this study demonstrate that AS-IV exerts anti-osteoporotic effects in an OVX-induced mouse model of osteoporosis. This effect is likely closely linked to AS-IV’s impact on gut microbiota composition and metabolism. These results provide new insights into AS-IV as a potential therapeutic for osteoporosis and highlight its influence on gut microbiota and serum metabolism.
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