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Objectives

To investigate the effect of gut microbiota from postmenopausal osteoporosis patients on bone mass in mice.





Methods

Fecal samples were collected from postmenopausal women with normal bone mass (Con, n=5) and postmenopausal women with osteoporosis (Op, n=5). Microbial composition was identified by shallow shotgun sequencing. Then fecal samples were transplanted into pseudo-sterile mice previously treated with antibiotics for 4 weeks. These mice were categorized into two groups: the Vehicle group (n=7) received fecal samples from individuals with normal bone mass, and the FMT group (n=7) received fecal samples from individuals with osteoporosis. After 8 weeks, bone mass, intestinal microbial composition, intestinal permeability and inflammation were assessed, followed by a correlation analysis.





Results

The bone mass was significantly reduced in the FMT group. Microbiota sequencing showed that Shannon index (p < 0.05) and Simpson index (p < 0.05) were significantly increased in Op groups, and β diversity showed significant differences. the recipient mice were similar. linear discriminant analysis effect size (LEfSe) analysis of mice showed that Halobiforma, Enterorhabdus, Alistipes, and Butyricimonas were significantly enriched in the FMT group. Lachnospiraceae and Oscillibacter were significantly enriched in the Vehicle group. H&E staining of intestinal tissues showed obvious intestinal mucosal injury in mice. Intestinal immunohistochemistry showed that the expression of Claudin and ZO-1 in the intestinal tissue of the FMT group mice was decreased. The FITC-Dextran (FD-4) absorption rate and serum soluble CD14 (sCD14) content were increased in FMT mice. Correlation analysis showed that these dominant genera were significantly associated with bone metabolism and intestinal permeability, and were associated with the enrichment of specific enzymes. Serum and bone tissue inflammatory cytokines detection showed that the expression of TNF-α and IL-17A in the FMT group were significantly increased.





Conclusion

Overall, our findings suggested gut microbiota from postmenopausal osteoporosis patients accelerate bone mass loss in mice. Aberrant gut microbiota might play a causal role in the process of bone mass loss mediated by inflammation after the destruction of the intestinal barrier.
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Introduction

Postmenopausal osteoporosis is a systemic bone disease caused by estrogen deficiency, characterized by decreased bone mineral density, bone microstructure changes, and increased bone fragility (Walker and Shane, 2023). Fragility fractures occur in approximately 50% of postmenopausal women (Dyer et al., 2016). Studies showed that the annual healthcare costs associated with postmenopausal osteoporotic fractures in the United States in 2023 are projected to exceed US $95 billion by 2040 (Lewiecki et al., 2019). This would put a heavy burden on the health of middle-aged and elderly women and the medical expenditure of society.

Previous studies demonstrated the critical influence of the gut-bone axis on bone metabolism (Guss et al., 2017; Villa et al., 2017; Tyagi et al., 2018). A direct relationship between gut microbiota and bone mineral density had been reported (Sjögren et al., 2012; Chevalier et al., 2020). Intestinal immune status is an important cause of bone loss in estrogen deficiency (Li et al., 2016). Therefore, it is of great significance to study the regulation of gut microbiota on bone mass.

Fecal microbiota transplantation (FMT) is a promising strategy to modulate gut microbiota (Kelly, 2013). Transfer gut microbiota of hypertensive patients into germ-free mice observed elevated blood pressure characterized by microbial transfer (Li et al., 2017). A depressive state could be transferred to germ-free mice via gut microbiota from patients with major depressive disorder (Zheng et al., 2016). In addition, manifestations of liver disease, obesity, type 2 diabetes mellitus, and ischemic stroke have also been reported to be transferred to mice by gut microbiota (Fei and Zhao, 2013; Le Roy et al., 2013; Benakis et al., 2016; Llopis et al., 2016; Gurung et al., 2020). However, whether osteoporosis patient characterization could be transferred by gut microbiota has not been reported.

Here, we first transplanted the gut microbiota from postmenopausal osteoporosis patients into mice to investigate the role of gut microbiota in bone regulation. We found that postmenopausal osteoporosis bone mass loss characterization was transferred to ABX mice, which exhibited gut microbiota alterations and gut barrier impairment.





Methods




Subject characteristics and sample collection

Fecal samples were collected from postmenopausal women, and all experimental procedures were ethically approved by the Medical Ethics Committee of Shanghai Ninth People’s Hospital (SH9H-2019-T101-2). Participants were recruited from the Osteoporosis Clinic of Shanghai Ninth People’s Hospital. Informed written consent was obtained from all participants, adhering to the Declaration of Helsinki.

All the subjects in the current work were strictly enrolled. They were from a relatively concentrated environment, the differences in the diets were relatively small. Inclusion criteria for postmenopausal women were as follows: age older than 50 years and at least 12 months since their last menstrual period. Exclusion criteria encompassed cancer, chronic liver disease, heart disease, renal disease, diabetes, and secondary osteoporosis-related conditions (hyperthyroidism, steroid abuse, Cushing’s syndrome, hyperparathyroidism, etc.). The participants using antibiotics or affected bone metabolism drugs (such as estrogen and glucocorticoids) over the past three months, or are currently were excluded. Unclear primary osteoporosis diagnosis, untreated osteoporosis, or a history of brittle fracture of individuals are excluded. Besides, factors that might affect the gut microbiome were taken into account. Participants taking probiotics were excluded. After the age and weight matching. Finally, five postmenopausal osteoporosis women and five healthy controls were included.

Dual-energy X-ray absorptiometry (DXA, Hologic Discovery A, United States) was then utilized to measure bone mineral density (BMD) and T-score in the postmenopausal women donors. The two groups were defined based on the T-score threshold corresponding to BMD. Following the World Health Organization’s definition of osteoporosis, a T score of ≤ -2.5 indicates osteoporosis, while a T score of ≥ -1 indicates normal bone mass (Kanis, 1994; Compston et al., 2019). Subjects were categorized into the postmenopausal osteoporosis group (n=5) and the healthy control group with normal bone mass (n=5) as donors for fecal microbiota transplantation.

Fresh stool samples were collected from each participant within 15 minutes of excretion, then promptly frozen and preserved in liquid nitrogen for subsequent fecal microbiota transplantation.





Experimental animals

Fourteen 7-week-old female C57BL/6 mice were procured from Shanghai Jiesijie Laboratory Animal Co., LTD. The mice were housed in a specific pathogen-free (SPF) environment with a 12-hour light-dark cycle, and they had ad libitum access to pelleted rodent feed and autoclaved water. After one week of acclimation, the mice were randomly assigned to two groups: the Vehicle group (n=7) received intestinal bacteria transplantation from the healthy control group, and the FMT group (n=7) received intestinal bacteria transplantation from postmenopausal osteoporosis patients. All animal experiments were ethically approved by the Ethical Committee of the Ninth People’s Hospital of Shanghai Jiao Tong University School of Medicine and adhered to the recommendations of the Guide for the Care and Use of Laboratory Animals by the Chinese Association for Laboratory Animal Science.





Antibiotic cocktail treatment

Based on previous studies, both groups of mice were treated with an antibiotic cocktail (ABX) to establish a pseudo-sterile mouse model (Borody et al., 2013; Liu et al., 2020; Wang et al., 2020). C57BL/6 mice received a mixture of antibiotics (Vancomycin, 100 mg/kg; Neomycin sulfate 200 mg/kg; Metronidazole 200 mg/kg; Ampicillin 200 mg/kg) via gavage for 14 days, with the drinking solution changed every other day to deplete the gut microbiota. Fresh fecal samples were collected on day 15.





Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) was conducted following established methods (Hamilton et al., 2012; Borody et al., 2013). The feces (1.5 g) of five humans collected from each group were mixed, steeped, and shaken in sterile PBS (pH 7.4, 10 mL) and then filtered through a 100 μm pore mesh. Centrifugation at 800G for 3 minutes was performed to obtain two sets of supernatants, which were subsequently frozen at −80°C. At 8 weeks of age in the pseudo-sterile mice, the diluted supernatant (200μL per mouse) was administered to recipient mice daily via gavage for 8 weeks. The body weight of the two groups of mice was monitored weekly. One day before euthanasia, the mice were fasted for 12 hours, and fecal samples were collected and stored at −80°C. Then, the mice were weighed after anesthesia. And femur, serum, and colon tissues were collected from each mouse for subsequent analysis. The operation flow chart was created using Adobe Illustrator 2020 (V24.0.1.341).





Serum, intestinal, and bone tissues collection

At the end of the experiment, mice were fasted for 12 h and then given sodium pentobarbital (100 mg/kg). Mice were sacrificed (Euthanasia by CO2 inhalation) after blood collection from the abdominal aorta. Serum was obtained by centrifuging the blood for 10 min at 4000 rpm/min (4°C). Bilateral femoris were dissected, removed, and fixed in 4% paraformaldehyde. Approximately 2 cm of small intestine was removed and washed with PBS. A portion of the small intestine was frozen at − 80 °C and the remainder was fixed in 4% paraformaldehyde, for subsequent analyses.





Bone mineral density measurement and micro-CT analysis

Ipsilateral femur samples from each group were collected and fixed in 4% paraformaldehyde. The bone structure of mouse femurs was evaluated using a high-resolution CT81 system (Scanco Medical AG, Bruettiselien, Switzerland) (Fu et al., 2020). The structural parameters of the femur were further analyzed using program CTAn (Bruker, Karlsruhe, Germany). 3D reconstruction of the tibial metaphyseal was performed using the built-in Scanco software.





Enzyme-linked immunosorbent assay

Mice serums were separated by centrifugation (2500 × g, 10 min) and stored at – 80°C. CTX-1 elisa assay kits (LSBio cat. no. LS-F21349), Soluble Cluster of Differentiation 14 (sCD14) elisa assay kits (Cell Sciences cat. #: CKM034), TNF-α elisa assay kits (Beyotime, China. cat. no.PT512), IL-17A elisa assay kits (Beyotime, China. cat. no. PI545) were used to ELISA measured. All procedures were performed according to the manufacturer’s instructions.





Measurement of fasting blood glucose content

Fasting blood glucose from mice was measured with the use of a handheld glucose meter, FreeStyle Lite Glucose strip (Abbott Laboratories), from serum samples obtained by centrifugation after a 12-hours fast.





In vivo intestinal permeability measurements

After fasting for 4 h, mice were given 200 μl FITC-dextran (FD4) (440 mg/kg body weight) by gavage, and blood samples were collected 4 h later. The concentration of FITC-dextran was determined using a fluorometer with an excitation wavelength of 490nm and an emission wavelength of 530 nm. Fitc-dextran in serum was serially diluted. It was used to establish a standard curve.





DNA extraction, amplification, and shallow shotgun sequencing

Microbial DNA was extracted from the stool samples using the QIAamp DNA Stool Mini Kit (QIAGEN, USA). The DNA was subsequently fragmented into 400 bp readings and processed with the Biomek® FXp (Bio Scientific, USA) compatible NEXTflex™ DNA sequencing kit to construct a paired-end genomic library. Paired-end reads were generated using an Illumina HiseqTM2500 platform. Raw FASTQ files were filtered using the FASTX-Toolkit. The high-quality reads were then subjected to splicing and assembly using Mothur software (V1.44.1) with the main splicing parameter Kmer values set between 55 and 85. Scaffolds exceeding 500 bp were selected for bioinformatics analysis in preparation for shallow shotgun sequencing.

Shallow shotgun sequencing was conducted using the Illumina NovaSeq sequencing platform. Predicted gene sequences in the stool samples were clustered using CD-HIT (version 4.6.1) with parameters set to 90% identity and 90% coverage to construct non-redundant gene sets. The high-quality readings of each sample were then aligned with the non-redundant gene set (95% identity) using SOAPaligner software (version 2.21), and the abundance of genes in each sample was calculated. Sequences of the non-redundant gene sets were compared with the database RefSeq version 82 using Diamond (version 0.8.35) with an expected value of 10-5 for blastp alignment. Species annotations were obtained through the corresponding taxonomic information database of the database RefSeq, and species abundances were determined by summing the abundances of the corresponding genes for each species (Wang et al., 2022b).





Bioinformatic analysis

Alpha diversity analysis (ACE, Chao, Shannon, and Simpson indices) were conducted using Mothur software (V1.44.1). Principal component analysis (PCOA) was employed to visualize the similarities or differences between the two groups by calculating ecological distance. LEfSe (linear discriminant analysis effect size) was utilized to compare the two groups, and the Kruskal-Wallis test and paired Wilcoxon rank-sum test and linear discriminant analysis (LDA) were employed to identify biomarkers with both statistical differences and biological significance, aiming to identify features with different abundances and related categories. The enzyme functions were classified based on the NC-IUBMB classification and nomenclature of enzymes (commonly known as the Enzyme List, an officially recognized functional classification system). Enzyme data can be found in IntEnz (http://www.ebi.ac.uk/intenz), supported by NC-IUBMB (Fleischmann et al., 2004). Enzyme abundances between groups were compared by Benjamini-Hochberg FDR. Corrected p < 0.05 was considered significant in predicting pathway status across the community (Hillmann et al., 2018).

The α diversity visualization, columnar stacking maps at the phylum, genus, and species levels, principal coordinate analysis, and correlation heat map were generated using R software (V4.2.2). Enzyme enrichment analysis visualization was performed using stamp (V2.1.1.0). Welch’s t-test and White’s non-parametric t-test were used to compare profiles between the two groups, and the effect size was measured using the difference in mean proportion along with Welch’s confidence intervals. Principal component analysis (PCA) plots and extended error bar plots were created based on corrected p-values (Parks et al., 2014). LEfse analysis and linear discriminant analysis visualization by Galaxy cloud Platform implementation (galaxy Platform, http://huttenhower.sph.harvard.edu/galaxy) (Boekel et al., 2015).





Femoral and ileum section staining

Bilateral femoral samples were collected and fixed in 4% paraformaldehyde. Decalcification was performed with a decalcification solution containing EDTA for 2 weeks at room temperature. After decalcification, the femoral tissue was embedded in paraffin and cut longitudinally into 5 μm thick sections. The sections were subjected to H&E (Hematoxylin-eosin) and TRAP (Tartrate resistant acid phosphatase) staining using the TRAP staining kit (Servicebio, Wuhan, China). After washing off the staining solution, the HE-stained and TRAP-stained femur sections were observed under an optical inverted microscope (Olympus, Japan), and the number of TRAP-positive osteoclasts was quantified using ImageJ software (NIH, Bethesda, MD, USA).

After fixation with 4% (v/v) paraformaldehyde, the distal ileum of mice was embedded in paraffin and cut into 4 µm thick sections. The sections were stained with H&E to observe the morphological features of the two groups under an Olympus light microscope (Japan).





Immunohistochemistry and immunofluorescence staining

After blocking sections with 0.3% triton X-100, in Tris-hcl buffer (0.1 M) containing 5% fetal bovine serum, Incubation with anti-ZO-1 (1:100, NOVUS), anti-claudin (1:100, SAB signaling pathway antibody), and anti-occludin (1:100, Proteinbtech) primary antibodies was performed overnight at 4 °C. Jackson Immunology Research Laboratories LTD), secondary antibody was FITC-labeled goat anti-rabbit and Fluor 488-conjugated goat anti-mouse (GeneTex, Irvine, CA, USA). Nuclei were counterstained with 40, 6-diamidino-2-phenylindole (DAPI) (1:30 000 Roche Biochemistry, Monza, IT). A laser scanning confocal microscope (Olympus, Japan) was used for image acquisition. ImageJ software was used for quantification (NIH, Bethesda, Maryland, USA).

For immunofluorescence of femora, the primary antibodies were anti-TNF-α (Servicebio, China) and IL-17A (Servicebio, China), the secondary antibodies were Cy3-labeled goat anti-mouse IgG (Servicebio, China), Fluorescence intensity quantification was done using Image J. The remaining procedures were the same as above.

For OCN staining, femur sections were antigen repaired and then blocked with 100%BSA and Triton 3. The sections were then treated with primary anti-osteocalcin antibodies (catalog M173; Takara) at 4°C overnight. Immunoreactivity was determined using HRP-DAB cells in the tissue staining kit according to the manufacturer’s instructions (Yang et al., 2019).





Statistical analysis

GraphPad Prism 9.0 statistical software was used to visualize body weight gain, all skeletal parameters, and count data of osteoblasts and osteoclasts in mice. SPSS (SPSS®Statistics v26) was used for independent-samples T test to analyze statistical differences. The overall quantified data were presented as mean ± standard deviation (SE). P-value < 0.05 was considered statistically significant.






Results




Basic information on donor population and recipient mice

Ten female subjects provided fecal samples, including 5 postmenopausal women without osteoporosis as healthy controls (Con group) and 5 postmenopausal women diagnosed with osteoporosis (Op group). The inclusion and exclusion criteria were detailed in the Methods section. The age and body weight of the two groups were comparable (P > 0.05). The mean bone mineral density (BMD) was significantly lower in the Op group (P < 0.05) (Table 1).


Table 1 | Human donor demographics.



The FMT process was depicted in Figure 1A. Colony counts before and after ABX treatment indicated a significant impact of antibiotic administration before FMT, successfully establishing a pseudo-sterile mouse model (Figure 1B). The body weight of the mice during FMT was recorded. The FMT group showed faster weight gain after receiving the gut microbiota of Op patients, showing a statistically significant difference from 4 weeks after receiving gut microbiota transplantation (p < 0.05, Figure 1C). After 8 weeks, compared with the weight before fecal microbiota transplantation, the weight gain of the mice in the FMT group was significantly higher than that in the Vehicle group (p < 0.01, Figure 1D).




Figure 1 | Operation flow chart and basic information in mice. (A) Overall schematic representation of fecal microbiota transplantation. C57BL/6J mice were acclimated for 1 week followed by oral administration of antibiotics for 2 weeks followed by oral inoculation with prepared fecal contents from two different populations (Con, Op). After successful colonization of the gut microbiome, feces, bone tissues, intestinal tissues, and inflammation were collected for further analysis. (B) Colony counts of mice before and after ABX treatment showed significant differences before and after antibiotic treatment in mice. (C) Weight growth curves of mice in each group. (D) The weight gain of mice in both groups, and the difference between the two groups was significant, * stands for P<0.05, ** stands for P<0.01, and *** stands for P<0.001. (B–D) Independent-Samples t-test.







Mice received gut microbiota from osteoporosis patients had a significant reduction in bone mass

We first analyzed mouse bone tissue to verify the transfer of osteoporosis representations. Micro-CT analysis was conducted to assess changes in the trabecular bone structure of the distal femur in mice inoculated with the intestinal flora of postmenopausal osteoporosis patients. Three-dimensional images (Figure 2A) revealed evident bone loss in the FMT group, with an enlarged medullary cavity and reduced bone trabeculae in the distal femur. Furthermore, the common bone parameters showed that the FMT group had significantly lower bone mineral density (BMD, p < 0.05), bone volume (BV, p < 0.01), and bone volume fraction (BV/TV, p < 0.05). (Figure 2B). Then, we analyzed bone microstructural parameters to assess bone condition. FMT group had less trabecular number (Tb. N, p > 0.05), smaller trabecular thickness (Tb. Th, p < 0.05), and higher trabecular separation (Tb. Sp, p < 0.05) (Figure 2C). To obtain a more comprehensive understanding of the bone condition during fecal microbiota transplantation, the related parameters of cortical bone were analyzed. The results showed that cortical bone thickness (Ct. Th, p < 0.05) was significantly decreased in the FMT group. There was no significant difference in cortical bone area (Ct. Ar, p > 0.05) between the two groups. However, the ratio of cortical bone area and total cortical bone area (Ct. Ar/Tt. Ar, p < 0.05) was significantly higher in the FMT group (Figure 2D). These results indicate that the bone loss and bone microstructural changes in the FMT group of mice, which were similar to those in osteoporosis patients.




Figure 2 | Micro-CT and bone tissue parameters in mice. (A) Micro-CT image of the trabecular bone structure of the distal femur. The scale bar represents 0.4mm. (B) Common bone parameters of mouse femurs. Including bone mineral density (BMD), bone volume (BV), and bone volume fraction (BV/TV). (C) Trabecular bone parameters of the femur in mice. Including the number of trabecular bone (Tb. N), the average thickness of trabecular bone (Tb. Th), and trabecular bone separation (Tb. Sp). (D) Cortical bone parameters. Cortical bone thickness (Ct. Th), cortical bone area (Ct. Ar), and the ratio of cortical bone area to total bone area (Ct. Ar/Tt. Ar). * stands for P<0.05, and ** stands for P<0.01. (B-D) Independent-Samples t-test.



The differences in bone mass could be directly reflected by the staining of bone tissue sections. H&E staining of the femur showed a decrease in the area of trabecular bone and trabecular bone itself in the FMT group, indicating obvious bone mass loss (Figure 3A). We subsequently examined the concentration of serum CTX-1 in mice and found a significant increase in the FMT group (Figure 3B). To further clarify the effect of enterobacteria transplantation on bone mass, Trap staining was performed on femoral samples of mice. Trap staining revealed significant osteoclast differentiation in the FMT group, and the quantitative results of Trap staining indicated a notable increase in the number of osteoclasts along the trabecular bone (Figure 3C). At the same time, we analyzed the performance of bone formation in mice. In the analysis of immunohistochemical results, OCN staining of the femur in the FMT group showed a reduction in the number of osteoblasts and attenuated bone formation (Figure 3D). These results demonstrated that the bone metabolic status of the mice was changed, as reflected by the enhanced bone resorption and decreased bone formation in the FMT group.




Figure 3 | Bone metabolism-related assays and staining. (A) Representative H&E stained picture of the proximal femoral region, scale bar 400μm. (B) The concentrations of serum CTX-I were detected by ELISA. (C) Representative picture and quantification of TRAP staining in the proximal femoral region, red is TRAP staining positive cells. (D) Representative picture of OCN staining, brown is osteocalcin positive staining cells. * stands for P<0.05. (B–D) Independent-Samples t-test.







Gut microbiome profiles of donor population and recipient mice

Previous studies demonstrated the important influence of gut microbiota on osteoporosis. We asked about the role of the gut microbiota in altered bone metabolism. To clarify the changes of bacterial flora during FMT. We first used shallow shotgun sequencing to collect data on the donor gut microbiota. Among postmenopausal women, Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Verrucomicrobes were dominant phyla (Figure 4A). In addition, the relative abundance of the microbiota at genus level was characterized in the two groups of donors, Bacteroides (0.40 vs 0.079, p < 0.01) were significantly enriched in the Con group, while Lachnospiraceae (0.0080 vs 0.12, p < 0.05) and Eubacterium (0.019 vs 0.062, p < 0.05) were significantly enriched in the Op group (Figure 4B). To further analyze the differences and similarities of the microbiota between the two groups, Bray-Curtis based principal coordinate analysis (PCOA) was used, and the results showed that the distribution of the microbiota was significantly different between the two groups (Figure 4C). Alpha diversity showed that there was no significant difference in ACE index and Chao 1 index between the two groups. The Shannon index and Simpson index of intestinal bacteria in Op group were significantly increased (Figures 4D–G). These results showed the gut microbiota increased richness and the significant changes in gut microbiota composition and structure of the Op group.




Figure 4 | Characteristics of gut microbiota in donor postmenopausal women. (A) Stacked bar plots of relative abundance at the phylum level. (B) Stacked bar plots of relative abundance at the genus level. (C) Principal component analysis. The abscissa represents the first principal component, the ordinate represents the second principal component, and the percentage represents the contribution to the sample variance. Each point represents a sample. (D-G) The alpha diversity of intestinal flora in the two groups was described according to ACE index, Chao1 index, Shannon index, and Simpson index. Con, normal bone mass control; Op, postmenopausal osteoporosis group. ns, no statistical difference, ** stands for P<0.01. (D–G), Independent-Samples t-test.



To elucidate the colonization of intestinal flora in mice after transplantation, Venn diagram was used to visualize intestinal bacterial colonization. Among the bacterial genera in the FMT group, 257 (60.05%) were consistent with those in the Op group (The total number of genus-level bacteria was 428), and 252 (60.58%) were consistent with those in the Vehicle group (The total number of genus-level bacteria was 416), which showed that the two groups of mice had comparable colonization effect (Figure 5A). Similarly, we further analyzed the differences in bacterial abundance at the genus level in mice. We found that among the top 30 bacterial genera in relative abundance, Lachnospiraceae (0.38 vs 0.17, p < 0.05), Oscillibacter (0.036 vs 0.019, p < 0.05), and Firmicutes (0.0093 vs 0.0046, p < 0.05) were significantly increased in the Vehicle group, while Halobiforma (0.096 vs 0.16, p < 0.05), Enterorhabdus (0.021 vs 0.10, p < 0.05), Alistipes (0.010 vs 0.026, p < 0.01), Butyricimonas (0.0026 vs 0.020, p < 0.01), Natronorubrum (0.0065 vs 0.011, p < 0.05), and Streptomyces (0.0020 vs 0.0027, p < 0.05) were significantly increased in the FMT group (Figure 5B). To further clarify whether the changes in microbiota richness in human subjects were successfully replicated in mice, we analyzed the alpha diversity of the two groups of mice. The results showed that ACE index, Chao 1 index, Shannon index, and Simpson index were significantly increased in the FMT group (Figures 5C–F). PCOA analysis also showed a significant difference in the microbiota composition between the two mice groups (Figure 5D). These results indicated that the composition and structure of gut microbiota in FMT mice were altered similarly to those in Op mice, as reflected by the increased richness of microbiota and the significant increase in the relative abundance of specific bacterial groups.




Figure 5 | Characteristics of gut microbiota in recipient mice. (A) Venn diagram comparing the shared number in gut microbiome of human donors (n = 5 for Con, n = 5 for Op) and recipient mice (n = 7 for Vehicle, n = 7 for FMT) at the genus level. (B) Stacked bar plot of relative abundance at the genus level, with a significant difference in red between Vehicle and FMT groups. (C-F) Alpha diversity of gut microbiota including ACE index, Chao1 index, Shannon index, and Simpson index. (G) The β diversity of the two groups was represented by principal component analysis. * stands for P<0.05. (C–F), Independent-Samples t-test.







The changes of bacterial flora at genus and species levels reveal the characteristic changes of bacterial flora in mice after FMT

To further identify the intestinal flora affecting bone mass metabolism. LEfSe analysis was employed to identify statistically and biologically significant species. The cladogram revealed significantly enriched genera, seventeen bacterial genera were enriched in the FMT group and 3 bacterial genera were enriched in the Vehicle group (Figure 6A). To screen out the final differential bacteria (biomarker), we set the LDA value to >3.5. The enriched bacterial genera were visualized as LDA histograms. Finally, we identified 4 dominant genera that were significantly enriched in the FMT group, including Halobiforma (0.096 vs 0.16, p < 0.05), Enterorhabdus (0.021 vs 0.10, p < 0.05), Alistipes (0.010 vs 0.026, p < 0.01), Butyricimonas (0.0026 vs 0.020, p < 0.01). Besides, two dominant genera in the Vehicle group, including Lachnospiraceae (0.38 vs 0.17, p < 0.05), Oscillibacter (0.036 vs 0.019, p < 0.05) (Figures 6B–H).




Figure 6 | Analysis of differences in bacterial flora structure at the genus level in mice. (A) The Least discriminant analysis (LDA) effect size taxonomic cladogram, with radiation circles from inside to outside indicating taxonomic level from phylum to species. Each small circle represents a classification at that level, and the diameter of the small circle is proportional to the corresponding relative abundance. Where yellow is the species with no significant difference, red nodes represent the microbiome that plays an important role in the Vehicle group. Green nodes represent the microbiome that plays an important role in the FMT group. The species names represented by the English letters in the figure are shown on the right. (B) Histogram of LDA value distribution showing statistical differences (LDA score>3.5). The histogram length indicates the effect of different species (LDA score). (C-H) At the genus level, six dominant bacteria were significantly enriched in the FMT group with statistical differences and biological significance. * stands for P<0.05, and ** stands for P<0.01. (B–H), Kruskal-Wallis test and paired Wilcoxon rank-sum test.







Changes in intestinal permeability

The underlying mechanisms of bone loss induced by these dominant species were further explored. Our previous work had demonstrated the critical role of gut barrier impairment in the gut microbiota-osteoporosis axis (Wang et al., 2022a). We therefore first asked whether gut microbiota derived from human donors could contribute to gut barrier damage in mice. H&E staining showed obvious intestinal mucosa damage in the FMT group, with aggravated swelling and disordered villus structure (Figure 7A). In line with these observations, FMT group mice showed increased small intestine permeability for FITC-dextran MW 4000 (FD4) (Figure 7B). To add more evidence of intestinal barrier dysfunction, we analyzed serum sCD14 levels, which has been described as a marker of microbial translocation. ELISA results showed that the serum sCD14 content of mice in the FMT group was significantly increased (Figure 7C). To obtain further direct evidence of intestinal permeability impairment, immunohistochemical staining was used to detect the content of Claudin, Occludin, and ZO-1 related to intestinal permeability. Immunohistochemical staining revealed significantly reduced expression of claudin, occludin, and ZO-1, which were related to the integrity of the intestinal epithelial barrier, compared with the Vehicle group. Staining quantification demonstrated statistically significant differences in the expression of claudin and ZO-1 between the two groups (Figures 7D-F). These results demonstrated significantly damage to the intestinal barrier in mice transplanted with gut bacteria from osteoporosis patients.




Figure 7 | Recipient mice showed increased intestinal permeability. (A) H&E staining of ileal tissues. In the FMT group, the villi were arranged disorderly, swelling was obvious, and the intestinal epithelial barrier was damaged. (B, C) The concentrations of serum LPS and sCD 14 were detected by ELISA. (D-F) The Claudin, Occludin, and ZO-1 immunohistochemical staining and quantification of ileum tissue sections. The scale bar was 50μm. * stands for P<0.05, ** stands for P<0.01, and *** stands for P<0.001. (B-F), Independent-Samples t-test.







Bone loss and impaired intestinal barrier were significantly correlated with gut microbiota

To clarify the role of gut microbiota disorder in bone loss and intestinal barrier damage, the correlation of bone loss and impaired intestinal barrier with gut microbiota was visualized as heatmaps based on Spearman analysis. We found a significant positive correlation between Lachnospiraceae and Ct.Th, and a significant negative correlation between Lachnospiraceae and CTX-1. Oscillibacter was significantly positively correlated with BV and BV/TV, and negatively correlated with Tb.Sp, Ct.ar/Tt.ar. Enterorhabdus was negatively correlated with BMD, Tb.Th, and Ct.Th, and positively correlated with Ct.ar/Tt.ar, sCD14, and CTX-1. Alistipes was significantly negatively correlated with Ct.Th. Butyricimonas was negatively correlated with Ct.Th and positively correlated with FD-4 (Figure 8A). These results suggested that bone loss and gut barrier impairment are significantly associated with dysbiosis.




Figure 8 | Functional analysis and correlation analysis. (A) Correlation between dominant bacteria and bone tissue parameters. (B) PCA plot, comparing the classification profiles of enzymes in all samples of the two groups of mice. (C) Differentially expressed enzymes between the two groups by STAMP analysis. Each bar on the left represents the mean value of each enriched enzymes in each group with significant differences. Differences between the confidence levels of the groups are shown on the right. The two ends of each circle in the figure indicate the upper and lower 95% confidence intervals of the mean differences. The center of the circle indicates the difference in the means. (Corrected P value < 0.05 is defined as a significant difference. Orange, Vehicle; Blue, FMT. Red indicates significantly enriched enzymes in the FMT group.). (D) Correlation between dominant bacteria and enriched pathways. * stands for P<0.05, and ** stands for P<0.01. Correlations analysis were performed by Spearman Analysis.







The enzyme expression profile of recipient mice was changed and related to intestinal bacteria

To investigate the effect of gut microbiota on the expression function of specific genes, we utilized PICRUST to predict the function of sequencing data based on the integrated relational enzyme database IntEnz. This approach helped identify biologically relevant differences between the two groups. Principal coordinate analysis revealed significant differences in the enzyme expression functions of the two groups under the three principal components (Figure 8B). Expanded error bar plots were used to characterize the differentially expressed enzymes between the two groups, and 10 enzymes were significantly up-regulated. In contrast, 13 enzymes were significantly down-regulated in the FMT group (Figure 8C). Furthermore, Spearman correlation analysis based on heatmap was performed to determine the correlation between the differentially expressed enzymes and the gut microbiota (Figure 8D). Overall, Lachnospiraceae was strongly associated with the detected enzymes whose expression were significantly upregulated in the FMT group. Enterorhabdus and Butyricimonas also played important roles in regulating the characteristic enzyme profile. In addition, Oscillibacter interacts with the enzyme with a disulfide as acceptor (1.2.4), and there was a significant negative correlation between the expression of enzymes with NAD+ or NADP+ as acceptor (1.5.1) and enzymes transferring alkyl or aryl groups (2.5.1). Halobiforma was positively correlated with Endodeoxyribonucleases producing 5-phosphomonoesters (3.1.21) and the enzymes in cyclic amidines (3.5.4). Alistipes were positively correlated with the enzymes with an iron-sulfur protein as acceptor (1.17.7). These results suggest that the transplanted gut microbiota altered the expressed enzyme profile of the mice, which has important implications for the regulation of metabolic reactions in which the enzymes are involved.





Biochemical changes in blood and bone after microbiota transplantation

To explore whether the bacterial translocation caused inflammation after the change of intestinal barrier after transplantation, we used immunofluorescence to detect the expression of TNF-α and IL-17A in the proximal femur of mice. The immunofluorescence results showed that the inflammatory markers (TNF-α and IL-17A) in the femur of mice in the FMT group were significantly up-regulated. Quantitative results showed that expression levels were significantly different between the two groups (Figures 9A, B).




Figure 9 | Biochemical changes in blood and bone after microbiota transplantation. (A, B) Immunofluorescence staining and quantification of TNF-α and IL-17A in the proximal femur of mice. TNF-α+ or IL-17A+ cells are shown in red, nuclei are shown in blue DAPI, scale bars 100 μm. (C, D) ELISA for mice serum TNF-α and IL-17A. (E) Fasting blood glucose of mice. ** stands for P<0.01, and *** stands for P<0.001. (B–E), Independent-Samples t-test.



Bacterial translocation and femoral inflammation are usually accompanied by inflammatory changes in the blood of mice, which may be the connection mechanism of intestinal barrier and bone mass loss. Therefore, we detected the changes of TNF-α and IL-17A in the serum of mice, and the results showed that the serum TNF-α and IL-17A in the FMT group were significantly increased (Figures 9C, D).

In addition, the fasting blood glucose content of the two groups of mice was examined, and the results showed no statistically significant difference in blood glucose between the two groups of mice (Figure 9E), which ruled out impaired glucose tolerance after fecal microbiota transplantation.






Discussion

The pathogenic role of intestinal flora has been reported. In patients with hypertension, the dysregulated intestinal flora produces excessive lipopolysaccharide (LPS), which was considered to be directly related to the occurrence of hypertension (Li et al., 2017), Endotoxin-producing bacteria transplanted into germ-free mice induced obesity and insulin resistance (Le Roy et al., 2013). Here, we demonstrated the following findings: (1) Transplantation of gut microbiota from postmenopausal osteoporosis patients into pseudo-sterile mice resulted in accelerated bone loss; (2) Intestinal microbiota transplantation from postmenopausal osteoporosis patients to pseudo-sterile mice increased intestinal permeability, caused intestinal mucosa damage, and reduced the expression of tight junction proteins ZO-1 and claudin in the intestinal barrier; (3) Changes in bone metabolism, intestinal permeability and specific enzyme functions were associated with changes in the abundance of Lachnospiraceae, Enterorhabdus, Butyricimonas, Oscillibacter, Alistipes, and Halobiforma. (4) The inflammation of blood and bone caused by bacterial translocation after intestinal barrier damage may be a potential connection mechanism between the gut and bone. These findings suggested that these bacteria may be associated with postmenopausal osteoporosis, contributing to accelerated bone mass loss in pseudo-sterile mice.

We obtained pseudo-sterile mice using ABX treatment, which led to significant changes in the diversity and composition of the host gut microbiota (Becattini et al., 2016). While host mice did not eliminate bacteria after ABX treatment, colony counting before and after ABX treatment indicated a significant reduction in bacterial load, leading to changes in signaling pathways, organ morphology, and cell population, similar to germ-free mice (Kennedy et al., 2018), therefore, the results of ABX treatment were considered to be acceptable. Specifically, in this study, differences in gut microbiota distribution between the donors and recipient groups coincided with significant differences in bone mass changes between the corresponding FMT and vehicle groups. However, certain human-specific bacteria, such as Mitsuokella, Megasphaera, and Dialister, failed to colonize mice due to differences in diet, environment, and gut characteristics (Nguyen et al., 2015).

We found alterations in body weight after transplantation of bacteria from postmenopausal osteoporotic mice. Some previous articles related to fecal microbiota transplantation in disease models did not mention the weight change of mice (Kelly et al., 2016; Li et al., 2017; Kim et al., 2021), which proved that the weight change caused by fecal microbiota transplantation was not universal. Body weight changes in postmenopausal osteoporosis models had been reported in previous work (Zhang et al., 2022; Huang et al., 2024), so we believe that the body weight changes in the mice in the present study were specific. We examined the fasting blood glucose content in the serum of the mice and showed that there was no significant difference in fasting blood glucose between the two groups of mice, preliminarily excluding the problem of insulin function in the mice. One of the causes of weight change in postmenopausal osteoporosis was abnormal lipid metabolism (Huang et al., 2024). Microbiota transplantation transferred some of the features of postmenopausal osteoporosis, so we thought that weight gain after microbiota transplantation might be due to increased fat mass in the mice.

To assess bone metabolic status, we performed Micro-CT and obtained bone tissue parameters for the two groups of mice. Previous studies had demonstrated that mice with bone mass loss exhibit significant damage to the bone microstructure, with an enlarged medullary cavity and thinner cortical bone (Liu et al., 2021). Our three-dimensional reconstruction of the FMT group was consistent with these findings. We further confirmed statistical differences in bone tissue parameters between the two groups. BMD was generally regarded as a predictor of fracture risk in clinical practice (Barron et al., 2020). The significant decrease in BMD, BV, and BV/TV in mice receiving osteoporotic enterobacteria transplantation indicated that the mice in the FMT group had substantial bone loss. Reduced trabecular thickness and increased trabecular separation were significant features of osteoporosis (Akhter et al., 2007). This was consistent with our study. Combined with serum CTX-1, HE, and histochemistry, we believed that the characterization of accelerated bone loss in postmenopausal osteoporosis patients was successfully transferred to mice.

Postmenopausal osteoporosis was a bone metabolic disease characterized by estrogen deficiency, and previous studies had highlighted the critical role of gut microbiota in bone loss in estrogen-deficient osteoporotic mice (Guan et al., 2023). Estrogen deficiency could lead to the impairment of the intestinal barrier, which in turn leaded to the translocation of gut microbiota, activated the immune response, and ultimately leaded to increased bone resorption (Xu et al., 2017). Epithelial tight junction proteins, including Claudin, Zo-1, and Occludin, were important components of the intestinal barrier (Turner, 2009). In this study, the FMT group showed significant down-regulation of claudin and zo-1 after gut microbiota inoculation, and H&E suggested the appearance of swelling disorder of the intestinal mucosa, indicating impaired intestinal barrier function. The increased intestinal permeability was also confirmed by content of serum FITC-dextran (FD4) and sCD14. Our previous work demonstrated the role of gut microbiota in gut barrier repair by transplanting microbiota from young rats into aged rats (Wang et al., 2022a). Therefore, we hypothesized that gut microbiota dysbiosis was an important factor of gut barrier impairment.

Previous studies had shown that damage to the intestinal epithelial barrier can lead to the translocation of pathogens into the blood, causing inflammatory manifestations (König et al., 2016; Nagao-Kitamoto et al., 2016). The connection between intestinal barrier changes and bone loss after intestinal microbiota transplantation in mice may be achieved through specific inflammatory cells and inflammatory factors. The direct link between intestinal disorders and bone metabolism has been reported, and the gut-immune bone axis was a convincing way for intestinal bacteria to regulate bone metabolism (Lyu et al., 2023; Li et al., 2024). Intestinal flora regulates the balance between Th17 and Treg cells, which was one of the important ways to affect bone metabolism. Th17 cells secrete increased proinflammatory factors (IL-17A, TNF-α), which promoted osteoclast differentiation and lead to increased bone resorption. In contrast, Treg cells inhibit osteoclast formation and promoted bone formation by secreting anti-inflammatory cytokines such as IL-4, IL-10, and TGF-β (Guo et al., 2023). Studies had reported an increase in the content of specific T cells in the peripheral blood of ovariectomized (OVX) mice (Adeel et al., 2013). However, increased TNF-α in osteoporosis patients had been reported (D’Amelio et al., 2008). In our study, we detected an up-regulation of blood TNF-α expression in the FMT group, which was consistent with the occurrence of inflammation after FMT transplantation. The increase of TNF-α mediated by Th17 TNF-α+ T cells was considered to be an important factor in bone loss, and the upregulation of CCL20 expression guided the increased Th17 cells (CD4+ IL-17A+ T cells) in the gut to migrate to the bone marrow (Yu et al., 2020). Yu et al. further elucidated the connection mechanism. They clarified the upregulation of gut Th17 and TNF-α+ T cells in a model of postmenopausal osteoporosis and highlighted that OVX increased their S1P receptor 1-mediated (S1PR1-mediated) outflow from the gut and enhanced their subsequent influx into bone marrow via CXCR3 and CCL20 mediated (Yu et al., 2021). We examined inflammatory changes in mice femurs and found that the expression of IL-17A and TNF-α were upregulated after microbiota transplantation. This was consistent with previous findings. Therefore, we suggested that one possible mechanism of bone mass change after gut microbiota transplantation is inflammation caused by microbiota translocation, thereby activating the gut-immune-bone axis. However, the deeper mechanisms of the intestinal bone junction still needed to be further studied.

The diversity analysis of the two groups of donors showed that the diversity of the postmenopausal osteoporosis group increased, and the difference was significant compared with the Con group. After fecal microbiota transplantation, we examined the alpha diversity of the mice and found that the mice receiving the fecal microbiota from the Op patients showed the same changes in alpha diversity as those from the donors. β diversity analysis also revealed significant differences in the composition and structure of the microbiota between the two groups of mice, this suggests that FMT successfully transferred the characterization of gut microbiota dysbiosis in osteoporosis patients. A growing body of evidence suggests that gut microbiota disturbance is objectively present in postmenopausal osteoporosis.

Lactobacillus reuteri supplementation can reduce intestinal permeability and alleviate bone loss in OVX mice (Collins et al., 2016). This supported the view that specific gut microbiota may play a key role in gut barrier regulation and bone metabolism. Therefore, genus-level analysis was performed to identify the dominant gut microbiota. In previous studies on gut microbiota and osteoporosis, the cutoff for revealing genus-level microbiota characteristics was inconsistent. Wang et al. selected 21 as the cut-off value at the genus level (Wang et al., 2017), and Xu et al. selected 10 (Xu et al., 2020). We optimized for this. Genera with relative abundance above 30 accounted for less than 10% of the total population. We considered the top 30 genera to be the ideal cut-off value. Based on this, six dominant genera were identified and their correlations with bone tissue parameters and intestinal permeability indexes were analyzed our results of correlation analysis of bone tissue parameters and intestinal barrier permeability with the final six dominant genera identified in mice reinforce this view.

In this study, we clarified the significant enrichment of Lachnospiraceae in the control group. Lachnospiraceae was one of the bacteria with high relative abundance in human gut, which played an important role in maintaining host health. Reduced Lachnospiraceae content had been observed in a variety of diseases, including colorectal cancer, type 2 diabetes, and inflammatory bowel disease (Vacca et al., 2020; Zhang et al., 2023). Recent findings also provided direct evidence of skeletal augmentation in Lachnospiraceae (Wang et al., 2024). In addition, the correlation between bone metabolism and intestinal permeability suggested the potential of Lachnospiraceae in the fight against bone loss. Interfering with the composition of Lachnospiraceae in the gut may be a potential approach to regulate bone metabolism.

On the other hand, we identified some enzymes significantly enriched in the experimental group based on their functions, which included oxidation-reduction reactions, hydrolysis reactions, cleavage reactions, and isomerization reactions in mice. These enzymes were involved in the extensive regulation of intestinal microbes in the body. Previous studies had suggested that the influence of intestinal bacteria on bone metabolism was a multi-system and complex regulatory process (Hernandez et al., 2016), which was consistent with our study. We found a significant positive correlation between Alistipes and enzymes with iron-sulfur protein as an acceptor. Iron-sulfur proteins played a fundamental role in mitochondria, assisting many essential cell biological processes (Lill and Freibert, 2020). They were closely related to the maturation and realization of complete functions of mitochondria, and mitochondrial homeostasis played a pivotal role in the regulation of bone resorption and bone formation (Lee et al., 2021; Das et al., 2022). This could be one of the potential mechanisms by which Alistipes affects bone metabolism.

This study has several limitations. First, our study supported a causal relationship between these bacteria and osteoporosis, but the sample size of the human study was relatively small. Therefore, our results may reflect only the specific population tested. A larger cohort of postmenopausal osteoporosis patients and single bacterial colonization with potentially pathogenic bacteria are needed to further elucidate the specific effects of the gut microbiome on osteoporosis. Secondly, although we observed changes in the inflammatory state after microbiota transplantation, we were unable to further perform multi-omics analysis to understand the underlying mechanisms.





Conclusion

Overall, our findings indicated that gut microbiota from osteoporosis patients accelerates bone mass loss in mice, aberrant gut microbiota may play a causal role in the development of bone mass loss by disrupting the gut barrier. Based on the analysis of gut microbiota, Lachnospiraceae, Enterorhabdus, Butyricimonas, Oscillibacter, Alistipes, and Halobiforma may be an important bacterium regulating the bone metabolism and intestinal barrier. Blood and bone inflammation caused by bacterial translocation after intestinal barrier injury may be responsible for bone mass loss. We provided important evidence for a novel role of gut microbiota dysbiosis as a change in bone mass.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: [https://www.ncbi.nlm.nih.gov/, PRJNA1192539].





Ethics statement

The studies involving humans were approved by the Ethics Committee of the Medical Ethical Committee of Shanghai Ninth People’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements (SH9H-2019-T101-2). The participants provided their written informed consent to participate in this study. The animal study was approved by the Animal Ethical Committee of Shanghai Ninth People’s Hospital (SH9H-2022-A3-1). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

TC: Data curation, Formal Analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. NW: Data curation, Formal Analysis, Investigation, Methodology, Project administration, Conceptualization, Writing – original draft. YH: Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing. LF: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by National Natural Science Foundation of China (Grant no. 82172456), Shanghai Clinical Medical Center (Grant no. 2017ZZ01023, 2023ZZ02026), and the Biomaterials and Regenerative Medicine Institute Cooperative Research Project, Shanghai Jiao Tong University School of Medicine (No. 2022LHA01).





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.





References

 Adeel, S., Singh, K., Vydareny, K. H., Kumari, M., Shah, E., Weitzmann, M. N., et al. (2013). Bone loss in surgically ovariectomized premenopausal women is associated with T lymphocyte activation and thymic hypertrophy. J. Investig. Med. 61, 1178–1183. doi: 10.2310/JIM.0000000000000016

 Akhter, M. P., Lappe, J. M., Davies, K. M., and Recker, R. R. (2007). Transmenopausal changes in the trabecular bone structure. Bone 41, 111–116. doi: 10.1016/j.bone.2007.03.019

 Barron, R. L., Oster, G., Grauer, A., Crittenden, D. B., and Weycker, D. (2020). Determinants of imminent fracture risk in postmenopausal women with osteoporosis. Osteo. Int. 31, 2103–2111. doi: 10.1007/s00198-020-05294-3

 Becattini, S., Taur, Y., and Pamer, E. G. (2016). Antibiotic-induced changes in the intestinal microbiota and disease. Trends Mol. Med. 22, 458–478. doi: 10.1016/j.molmed.2016.04.003

 Benakis, C., Brea, D., Caballero, S., Faraco, G., Moore, J., Murphy, M., et al. (2016). Commensal microbiota affects ischemic stroke outcome by regulating intestinal γδ T cells. Nat. Med. 22, 516–523. doi: 10.1038/nm.4068

 Boekel, J., Chilton, J. M., Cooke, I. R., Horvatovich, P. L., Jagtap, P. D., Käll, L., et al. (2015). Multi-omic data analysis using Galaxy. Nat. Biotechnol. 33, 137–139. doi: 10.1038/nbt.3134

 Borody, T. J., Paramsothy, S., and Agrawal, G. (2013). Fecal microbiota transplantation: indications, methods, evidence, and future directions. Curr. Gastroenterol. Rep. 15, 337. doi: 10.1007/s11894-013-0337-1

 Chevalier, C., Kieser, S., Çolakoğlu, M., Hadadi, N., Brun, J., Rigo, D., et al. (2020). Warmth prevents bone loss through the gut microbiota. Cell Metab. 32, 575–590.e577. doi: 10.1016/j.cmet.2020.08.012

 Collins, F. L., Irwin, R., Bierhalter, H., Schepper, J., Britton, R. A., Parameswaran, N., et al. (2016). Lactobacillus reuteri 6475 Increases Bone Density in Intact Females Only under an Inflammatory Setting. PloS One 11, e0153180. doi: 10.1371/journal.pone.0153180

 Compston, J. E., McClung, M. R., and Leslie, W. D. (2019). Osteoporosis. Lancet 393, 364–376. doi: 10.1016/S0140-6736(18)32112-3

 D’Amelio, P., Grimaldi, A., Di Bella, S., Brianza, S. Z. M., Cristofaro, M. A., Tamone, C., et al. (2008). Estrogen deficiency increases osteoclastogenesis up-regulating T cells activity: a key mechanism in osteoporosis. Bone 43, 92–100. doi: 10.1016/j.bone.2008.02.017

 Das, B. K., Wang, L., Fujiwara, T., Zhou, J., Aykin-Burns, N., Krager, K. J., et al. (2022). Transferrin receptor 1-mediated iron uptake regulates bone mass in mice via osteoclast mitochondria and cytoskeleton. Elife 11, e73539. doi: 10.7554/eLife.73539.sa2

 Dyer, S. M., Crotty, M., Fairhall, N., Magaziner, J., Beaupre, L. A., Cameron, I. D., et al. (2016). A critical review of the long-term disability outcomes following hip fracture. BMC Geriatr. 16, 158. doi: 10.1186/s12877-016-0332-0

 Fei, N., and Zhao, L. (2013). An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. Isme J. 7, 880–884. doi: 10.1038/ismej.2012.153

 Fleischmann, A., Darsow, M., Degtyarenko, K., Fleischmann, W., Boyce, S., Axelsen, K. B., et al. (2004). IntEnz, the integrated relational enzyme database. Nucleic Acids Res. 32, D434–D437. doi: 10.1093/nar/gkh119

 Fu, L., Wu, W., Sun, X., and Zhang, P. (2020). Glucocorticoids enhanced osteoclast autophagy through the PI3K/akt/mTOR signaling pathway. Calcif. Tissue Int. 107, 60–71. doi: 10.1007/s00223-020-00687-2

 Guan, Z., Xuanqi, Z., Zhu, J., Yuan, W., Jia, J., Zhang, C., et al. (2023). Estrogen deficiency induces bone loss through the gut microbiota. Pharmacol. Res. 196, 106930. doi: 10.1016/j.phrs.2023.106930

 Guo, M., Liu, H., Yu, Y., Zhu, X., Xie, H., Wei, C., et al. (2023). Lactobacillus rhamnosus GG ameliorates osteoporosis in ovariectomized rats by regulating the Th17/Treg balance and gut microbiota structure. Gut Microbes 15, 2190304. doi: 10.1080/19490976.2023.2190304

 Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D. B., Morgun, A., et al. (2020). Role of gut microbiota in type 2 diabetes pathophysiology. EBioMedicine 51, 102590. doi: 10.1016/j.ebiom.2019.11.051

 Guss, J. D., Horsfield, M. W., Fontenele, F. F., Sandoval, T. N., Luna, M., Apoorva, F., et al. (2017). Alterations to the gut microbiome impair bone strength and tissue material properties. J. Bone Miner Res. 32, 1343–1353. doi: 10.1002/jbmr.v32.6

 Hamilton, M. J., Weingarden, A. R., Sadowsky, M. J., and Khoruts, A. (2012). Standardized frozen preparation for transplantation of fecal microbiota for recurrent Clostridium difficile infection. Am. J. Gastroenterol. 107, 761–767. doi: 10.1038/ajg.2011.482

 Hernandez, C. J., Guss, J. D., Luna, M., and Goldring, S. R. (2016). Links between the microbiome and bone. J. Bone Miner Res. 31, 1638–1646. doi: 10.1002/jbmr.2887

 Hillmann, B., Al-Ghalith, G. A., Shields-Cutler, R. R., Zhu, Q., Gohl, D. M., Beckman, K. B., et al. (2018). Evaluating the information content of shallow shotgun metagenomics. mSystems 3 (6), e00069-18. doi: 10.1128/msystems.00069-18

 Huang, F., Gao, J., Li, A., Mizokami, A., Matsuda, M., Aoki, K., et al. (2024). Activation of NF-κB signaling regulates ovariectomy-induced bone loss and weight gain. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1870 (7), 167320. doi: 10.1016/j.bbadis.2024.167320

 Kanis, J. A. (1994). Assessment of fracture risk and its application to screening for postmenopausal osteoporosis: synopsis of a WHO report. WHO Study Group. Osteoporos Int. 4 (6), 368–381. doi: 10.1007/BF01622200

 Kelly, C. P. (2013). Fecal microbiota transplantation–an old therapy comes of age. N Engl. J. Med. 368, 474–475. doi: 10.1056/NEJMe1214816

 Kelly, J. R., Borre Y, C., O’Brien, C., Patterson, E., El Aidy, S., Deane, J., et al. (2016). Transferring the blues: Depression-associated gut microbiota induces neurobehavioural changes in the rat. J. Psychiatr. Res. 82, 109–118. doi: 10.1016/j.jpsychires.2016.07.019

 Kennedy, E. A., King, K. Y., and Baldridge, M. T. (2018). Mouse microbiota models: comparing germ-free mice and antibiotics treatment as tools for modifying gut bacteria. Front. Physiol. 9, 1534. doi: 10.3389/fphys.2018.01534

 Kim, N., Jeon, S. H., Ju, I. G., Gee, M. S., Do, J., Oh, M. S., et al. (2021). Transplantation of gut microbiota derived from Alzheimer’s disease mouse model impairs memory function and neurogenesis in C57BL/6 mice. Brain Behav. Immun. 98, 357–365. doi: 10.1016/j.bbi.2021.09.002

 König, J., Wells, J., Cani, P. D., García-Ródenas, C. L., MacDonald, T., Mercenier, A., et al. (2016). Human intestinal barrier function in health and disease. Clin. Transl. Gastroenterol. 7, e196. doi: 10.1038/ctg.2016.54

 Lee, S. Y., An, H. J., Kim, J. M., Sung, M. J., Kim, D. K., Kim, H. K., et al. (2021). PINK1 deficiency impairs osteoblast differentiation through aberrant mitochondrial homeostasis. Stem Cell Res. Ther. 12, 589. doi: 10.1186/s13287-021-02656-4

 Le Roy, T., Llopis, M., Lepage, P., Bruneau, A., Rabot, S., Bevilacqua, C., et al. (2013). Intestinal microbiota determines development of non-alcoholic fatty liver disease in mice. Gut 62, 1787–1794. doi: 10.1136/gutjnl-2012-303816

 Lewiecki, E. M., Ortendahl, J. D., Vanderpuye-Orgle, J., Grauer, A., Arellano, J., Lemay, J., et al. (2019). Healthcare policy changes in osteoporosis can improve outcomes and reduce costs in the United States. JBMR Plus 3, e10192. doi: 10.1002/jbm4.10192

 Li, J. Y., Chassaing, B., Tyagi, A. M., Vaccaro, C., Luo, T., Adams, J., et al. (2016). Sex steroid deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J. Clin. Invest. 126, 2049–2063. doi: 10.1172/JCI86062

 Li, Z., Wang, Q., Huang, X., Wu, Y., and Shan, D. (2024). Microbiome’s role in musculoskeletal health through the gut-bone axis insights. Gut Microbes 16, 2410478. doi: 10.1080/19490976.2024.2410478

 Li, J., Zhao, F., Wang, Y., Chen, J., Tao, J., Tian, G., et al. (2017). Gut microbiota dysbiosis contributes to the development of hypertension. Microbiome 5, 14. doi: 10.1186/s40168-016-0222-x

 Lill, R., and Freibert, S. A. (2020). Mechanisms of mitochondrial iron-sulfur protein biogenesis. Annu. Rev. Biochem. 89, 471–499. doi: 10.1146/annurev-biochem-013118-111540

 Liu, J. H., Chen, C. Y., Liu, Z. Z., Luo, Z. W., Rao, S. S., Jin, L., et al. (2021). Extracellular vesicles from child gut microbiota enter into bone to preserve bone mass and strength. Adv. Sci. (Weinh) 8, 2004831. doi: 10.1002/advs.202004831

 Liu, Y. J., Tang, B., Wang, F. C., Tang, L., Lei, Y. Y., Luo, Y., et al. (2020). Parthenolide ameliorates colon inflammation through regulating Treg/Th17 balance in a gut microbiota-dependent manner. Theranostics 10, 5225–5241. doi: 10.7150/thno.43716

 Llopis, M., Cassard, A. M., Wrzosek, L., Boschat, L., Bruneau, A., Ferrere, G., et al. (2016). Intestinal microbiota contributes to individual susceptibility to alcoholic liver disease. Gut 65, 830–839. doi: 10.1136/gutjnl-2015-310585

 Lyu, Z., Hu, Y., Guo, Y., and Liu, D. (2023). Modulation of bone remodeling by the gut microbiota: a new therapy for osteoporosis. Bone Res. 11, 31. doi: 10.1038/s41413-023-00264-x

 Nagao-Kitamoto, H., Kitamoto, S., Kuffa, P., and Kamada, N. (2016). Pathogenic role of the gut microbiota in gastrointestinal diseases. Intest. Res. 14, 127–138. doi: 10.5217/ir.2016.14.2.127

 Nguyen, T. L., Vieira-Silva, S., Liston, A., and Raes, J. (2015). How informative is the mouse for human gut microbiota research? Dis. Model. Mech. 8, 1–16. doi: 10.1242/dmm.017400

 Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494

 Sjögren, K., Engdahl, C., Henning, P., Lerner, U. H., Tremaroli, V., Lagerquist, M. K., et al. (2012). The gut microbiota regulates bone mass in mice. J. Bone Miner Res. 27, 1357–1367. doi: 10.1002/jbmr.1588

 Turner, J. R. (2009). Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 9, 799–809. doi: 10.1038/nri2653

 Tyagi, A. M., Yu, M., Darby, T. M., Vaccaro, C., Li, J. Y., Owens, J. A., et al. (2018). The microbial metabolite butyrate stimulates bone formation via T regulatory cell-mediated regulation of WNT10B expression. Immunity 49, 1116–1131.e1117. doi: 10.1016/j.immuni.2018.10.013

 Vacca, M., Celano, G., Calabrese, F. M., Portincasa, P., Gobbetti, M., and De Angelis, M. (2020). The controversial role of human gut lachnospiraceae. Microorganisms 8 (4), 573. doi: 10.3390/microorganisms8040573

 Villa, C. R., Ward, W. E., and Comelli, E. M. (2017). Gut microbiota-bone axis. Crit. Rev. Food Sci. Nutr. 57, 1664–1672. doi: 10.1080/10408398.2015.1010034

 Walker, M. D., and Shane, E. (2023). Postmenopausal osteoporosis. N Engl. J. Med. 389, 1979–1991. doi: 10.1056/NEJMcp2307353

 Wang, D., Cai, J., Pei, Q., Yan, Z., Zhu, F., Zhao, Z., et al. (2024). Gut microbial alterations in arginine metabolism determine bone mechanical adaptation. Cell Metab. 36, 1252–1268.e1258. doi: 10.1016/j.cmet.2024.04.004

 Wang, N., Ma, S., and Fu, L. (2022a). Gut microbiota dysbiosis as one cause of osteoporosis by impairing intestinal barrier function. Calcif. Tissue Int. 110, 225–235. doi: 10.1007/s00223-021-00911-7

 Wang, N., Meng, F., Ma, S., and Fu, L. (2022b). Species-level gut microbiota analysis in ovariectomized osteoporotic rats by Shallow shotgun sequencing. Gene 817, 146205. doi: 10.1016/j.gene.2022.146205

 Wang, S., Qu, Y., Chang, L., Pu, Y., Zhang, K., and Hashimoto, K. (2020). Antibiotic-induced microbiome depletion is associated with resilience in mice after chronic social defeat stress. J. Affect. Disord. 260, 448–457. doi: 10.1016/j.jad.2019.09.064

 Wang, J., Wang, Y., Gao, W., Wang, B., Zhao, H., Zeng, Y., et al. (2017). Diversity analysis of gut microbiota in osteoporosis and osteopenia patients. PeerJ 5, e3450. doi: 10.7717/peerj.3450

 Xu, X., Jia, X., Mo, L., Liu, C., Zheng, L., Yuan, Q., et al. (2017). Intestinal microbiota: a potential target for the treatment of postmenopausal osteoporosis. Bone Res. 5, 17046. doi: 10.1038/boneres.2017.46

 Xu, Z., Xie, Z., Sun, J., Huang, S., Chen, Y., Li, C., et al. (2020). Gut microbiome reveals specific dysbiosis in primary osteoporosis. Front. Cell Infect. Microbiol. 10, 160. doi: 10.3389/fcimb.2020.00160

 Yang, M., Guo, Q., Peng, H., Xiao, Y. Z., Xiao, Y., Huang, Y., et al. (2019). Krüppel-like factor 3 inhibition by mutated lncRNA Reg1cp results in human high bone mass syndrome. J. Exp. Med. 216, 1944–1964. doi: 10.1084/jem.20181554

 Yu, M., Malik Tyagi, A., Li, J. Y., Adams, J., Denning, T. L., Weitzmann, M. N., et al. (2020). PTH induces bone loss via microbial-dependent expansion of intestinal TNF(+) T cells and Th17 cells. Nat. Commun. 11, 468. doi: 10.1038/s41467-019-14148-4

 Yu, M., Pal, S., Paterson, C. W., Li, J. Y., Tyagi, A. M., Adams, J., et al. (2021). Ovariectomy induces bone loss via microbial-dependent trafficking of intestinal TNF+ T cells and Th17 cells. J. Clin. Invest. 131 (4), e143137. doi: 10.1172/JCI143137

 Zhang, Y. W., Cao, M. M., Li, Y. J., Lu, P. P., Dai, G. C., Zhang, M., et al. (2022). Fecal microbiota transplantation ameliorates bone loss in mice with ovariectomy-induced osteoporosis via modulating gut microbiota and metabolic function. J. Orthop. Translat. 37, 46–60. doi: 10.1016/j.jot.2022.08.003

 Zhang, X., Yu, D., Wu, D., Gao, X., Shao, F., Zhao, M., et al. (2023). Tissue-resident Lachnospiraceae family bacteria protect against colorectal carcinogenesis by promoting tumor immune surveillance. Cell Host Microbe 31, 418–432.e418. doi: 10.1016/j.chom.2023.01.013

 Zheng, P., Zeng, B., Zhou, C., Liu, M., Fang, Z., Xu, X., et al. (2016). Gut microbiome remodeling induces depressive-like behaviors through a pathway mediated by the host’s metabolism. Mol. Psychiatry 21, 786–796. doi: 10.1038/mp.2016.44




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

Copyright © 2024 Chen, Wang, Hao and Fu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-14-1488017-g005.jpg
ACE index

400

300

N
=3
=3

Shannon index

@

)

-

o

Vehicle FMT

Vehicle FMT

Chaol index

Vehicle FMT

Vehicle FMT

oo

Relative abundance of genus level(%)

Others
Turicibacter

Candidatus_Arthromitus

Parasutterella

1 Prevotella

1 Flavonifractor
Odoribacter
Escherichia
Ruthenibacterium

Firmicutes

Natronorubrum

Butyricimonas

Lachnoclostridium

Barnesiclla

 Alistipes

~ Eubacterium

M Dorea

Bilophila

_ Oscillibacter

Parabacteroides

Anaerotruncus

Akkermansia

Enterorhabdus

Bacteroides

Lactobacillus

Halobiforma

Lachnospiraceac

PC2 15.52%

=0.24

L 1
ISIFMT o =
!4 Vehicle ’If S o
: } =
-0.50 -0.25 0.00 025
PC143.63%





OEBPS/Images/fcimb.2024.1488017_cover.jpg
, frontiers | Frontiers in Cellular and Infection Microbiology

Fecal microbiota transplantation from
postmenopausal osteoporosis human
donors accelerated bone mass loss in mice





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Fecal microbiota transplantation from postmenopausal osteoporosis human donors accelerated bone mass loss in mice

      

        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Subject characteristics and sample collection

          



          		

            Experimental animals

          



          		

            Antibiotic cocktail treatment

          



          		

            Fecal microbiota transplantation

          



          		

            Serum, intestinal, and bone tissues collection

          



          		

            Bone mineral density measurement and micro-CT analysis

          



          		

            Enzyme-linked immunosorbent assay

          



          		

            Measurement of fasting blood glucose content

          



          		

            In vivo intestinal permeability measurements

          



          		

            DNA extraction, amplification, and shallow shotgun sequencing

          



          		

            Bioinformatic analysis

          



          		

            Femoral and ileum section staining

          



          		

            Immunohistochemistry and immunofluorescence staining

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Basic information on donor population and recipient mice

          



          		

            Mice received gut microbiota from osteoporosis patients had a significant reduction in bone mass

          



          		

            Gut microbiome profiles of donor population and recipient mice

          



          		

            The changes of bacterial flora at genus and species levels reveal the characteristic changes of bacterial flora in mice after FMT

          



          		

            Changes in intestinal permeability

          



          		

            Bone loss and impaired intestinal barrier were significantly correlated with gut microbiota

          



          		

            The enzyme expression profile of recipient mice was changed and related to intestinal bacteria

          



          		

            Biochemical changes in blood and bone after microbiota transplantation

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-14-1488017-g003.jpg
Vehicle FMT

N.Oc/BS(/HPF)
» o

N

Vehicle FMT

N.Ob/BS(/HPF)
» o

N

Vehicle FMT





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1488017-g009.jpg
FMT

Vehicle

% %k %k

© o~ -

(%) P-ANL J0
abelanod eale aAne|dy

i
<3
Z
=

Vehicle FMT

*%
Vehicle FMT

e ] ] 0 =]
o~ - - =) =)

(%) eLL-11 30
abe1anod eale anne|dy

ns

Vehicle FMT

FMT

o o o o =] o
w < ™ o~ -

(1p/Bw) 8soon|b wnias Bunsey

-
" =
w
* @
%}
s
e
>
© © g o~ o
(lwy6d) ez}-|
()
—
.2
= . [
= . A
*
* o
3]
S
[
>
o (=] (=} o o
< ™« o~ -

(lwy/6d) p-4NL

@)

B
IL-17A





OEBPS/Images/fcimb-14-1488017-g007.jpg
@

1000

800

N

600

400

sCD14 (ng/ml)

200

FITC-Dextran (ng/ml)

Vehicle FMT Vehicle FMT

Claudin

15
Vehicle

* %k

FMT 0.5

50pm

Claudin Relative expression

0.0
Vehicle FMT

Occludin DAPI

E
Vehicle

1.5

ns

0.5

50pum

Occludin Relative expression

0.0
Vehicle FMT

-
o

% % %k

Vehicle

-
o

Z0-1 Relative expression
o
o

50um

o
=)

Vehicle FMT





OEBPS/Images/fcimb-14-1488017-g004.jpg
100

75

50

25

Relative abundance of phylum level(%)

100

=
b

o
3

Relative abundance of genus level(%)

N
bg

il

ConT Con2 Con3 Cond Con3 Opl Op2 Op3  Opd

Op3

. Others

. Bacteria

[ Verrucomicrobia
. Actinobacteria
Proteobacteria
. Bacteroidetes
. Firmicutes

Others

M Bacteria

~ Adlercreutzia

I Ruthenibacterium

W Akkermansia

B Faecalibacterium

M Clostridium

| Oscillibacter

I Flavonifractor

| Collinsella
Shigella
Tyzzerella

W Dorea

[ Parabacteroides

W Streptococcus

I Coprococcus

M Bifidobacterium

| Ruminococcus

- Lachnoclostridium

 Dialister

[ Megamonas

| Lactobacillus
Alistipes

1 Prevotella

| Anaerostipes

I Eubacterium

I Roseburia

| Lachnospiraceae

M Blautia
Escherichia
Bacteroides

Conl Con2 Con3 Cond Cons Opl Op2 Op3 Op4 Ops

PC2 22.68%

E

—0.504

ACE index

Shannon index

400

300

Chaol index

Simpson index

es!
B
o
=3

300

200

100

e
o

(=4
o

=
»

e
N

o
o

ns






OEBPS/Images/fcimb-14-1488017-g001.jpg
Antibiotics Osteoporosis ~ Fecal samples

CS57BL/6 mice pseudo-germ-free mice FMT(n=7)

8 g g ® Osteoporosis assessments

® Microbiome analysis

Antibiotics Healthy control ~ Fecal samples

j ——

® Inflammation assessments

© Gut permeability analysis

C57BL/6 mice pseudo-germ-free mice Vehicle(n=7)
8 * g ‘ 8 * @ Correlation analysis
Normal diet (1 week) ABX treatment (2 weeks) Fecal transplantation (8 weeks) Analysis
8

-e- \/ehicle
-# FMT

N

Colony Forming Units ( 10%)
=S

o

pre-ABX ABX 0 2 4 6 8 Vehicle FMT
Times(week)





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1488017-g002.jpg
o
IS

BMD(g/cm®)
o
S
o
BV(mm ;)
o
o

Vehicle FMT Vehicle FMT Vehicle FMT

£
&
=
b=
2
=

Vehicle FMT Vehicle FMT Vehicle FMT

-

o
N
(=)

Ct.Th(mm)
Ct.Ar (mmz)

o
o
Ct.Ar/Tt.Ar(%)
w
a

w
=]

N
o

Vehicle FMT Vehicle FMT Vehicle

Vehicle FMT





OEBPS/Images/fcimb-14-1488017-g006.jpg
p_Actingbactera
B [y
B a: g_Halobiforma a

9__Natronorubrum o_Enterornabius.
f_Natrialbaceae K iArchoen
o_Natrialbales

f_Actinomycetaceae
EE f: o_Actinomycetales o_Natribales

£
H

g_Corynebacterium ativmacese
% %5 f_Corynebacteriaceae q_Mabbitorma
% g_Streptomyces. =__Holobitorma_nitraireducens.

f_Streptomycetaceae §_Enterorhabdus_cdecimurs
o_Streptomycetales

g_Olsenella 5 Bacteroides faccictinchoe

% Atopobiaceae
o _Collinsella
S, g_Coriobacteriaceae
3 f_Coriobacteriaceae
z o_Coriobacteriales 5 Porabacteroides_distasonis
3 9_Adlercreutzia  Joegotan
s g_Enterorhabdus ;_Suyici
o_Slackia . P
f_Eggerthellaceae
’l N B v: o_Eggerthellales ==
N\ Proteiniphilum N : < iom pixicaudatom
7, ’ N o Butyricimonas I ey
7 TTITINAN ¢ o poraprevatella I . ... it
/, i \\ g_Alistipes N ;_o<ciisocter
I @ B 207 Rkeneloceoe [ ool
P& - a1 iemerella I :ocioacter 5513
b \ B a2: g_Flexistipes ) a
B 23: g_Mucispirillum Y it _ocidophius
B ad: f_Deferribacteraceae ] : _.ochiospioceat._bacterim_28.4
B 5: o_Deferribacterales R . c:5oces¢
B 26: g_Sporosarcina N _»cvoosproceoe
B o7: g_Weissella I :_co:oies
B 28: f_Leuconostocaceae N .
B 29: g_Streptococcus N - - c.cc:
BN b0: f_Streptococcaceae S

-6.0 -4.8 -3.6 -2.4 -1.2 00 12 24 36 438 6.0
LDA SCORE (log 10)

Halobiforma Enterorhabdus Alistipes

D E *x

0.5 * 0.20 0.08

0.06

0.10 0.04

0.2

0.05 0.02

0.1

Relative abundance(%)
Relative abundance(%)
Relative abundance(%)

0.0 0.00 0.00
Vehicle FMT Vehicle FMT Vehicle FMT

Butyricimonas Lachnospiraceae Oscillibacter

G 0.8 H 0.08

0.06

0.06

0.04
0.04

0.02

0.02

o
)

Relative abundance(%)
Relative abundance(%)
Relative abundance(%)

o
=}

0.00
Vehicle FMT Vehicle FMT Vehicle FMT

0.00






OEBPS/Images/table1.jpg
Healthy Postmenopausal
osteoporosis (n=5)

Demographics e

Gender (F/M) 5/0 5/0 1

Age (y) 60.4 +2.97 612 + 4.15 0.242

Weight (kg) 58.6 + 3.51 58.5 + 545 0.973
23.08

BMI (kg/m?) 21.02 + 1.95 0.330
+3.11

BMD 0.95 + 0.04 0.71 + 0.13 0.004

T-score el -3.56 + 0.73 <0.001
+0.26

Independent-samples t-test was used to compare continuous variables. Measurement data
were expressed as mean + standard deviation.





OEBPS/Images/fcimb-14-1488017-g008.jpg
A B oos :' ) :
~ 0.010 ° I a lo @
S oos| o = S .
2 ° i o 1L%e
Lachnospiraceae || 6 g UPE=R=== == T T e TTTT T T a
- 8 -0.005' o =) o o g
Oscillibacter 04 £ 0010 I o 4
Enterorhabdus 02 ‘:g; : . J
0. °
Halobiforma 1 L
0 - SIS Es
Alistipes goow o % 1 e IR
=02 & 0,005 " ! o PC3(9.2%)
Butyricimonas —04 Sooo- - - - o - e te
) £-0.005 o% i .
-0.6 0010 \ =3 FMT =3 Vehicle
C}& -0.015 :.
FF oIS
PC1(70.4%)
C =3 FMT 3 Vehicle 95% confidence intervals D
3.6.3 Acid anhydrides metabolism By | 0.011
2.8.3 CoA-transferases b o 0.014
3.4.19 Omega peptidases | -: 0.013 . 0.6
3.1.21 Endodeoxyribonucleases metabolism F@ | e 0.020 Lachnospiraceae :
1.3.98 With other, known, acceptors | L] 0.016 Oscillibacter 0.4
2.5.1 Transferring alkyl or aryl groups === | —o—si 0.014
1.3.1 With NAD+ or NADP+ as acceptor | Lot 0.013 Enterorhabdus 02
3.5.3 In linear amidines § al 0.017 _ Butyrici 0
5.3.3 Transposing C=C bonds | l: 0.023 g utyricimonas
3.5.4 In cyclic amidines = o 0.023 é Halobiforma -02
4.4.1 Carbon-sulfur lyases B L] 0.024 5 : e
2.7.2 Phosphotransferases metabolism £ o | 0.031 % Alistipes 04
3.4.25 Threonine endopeptidases | o 0.037 % -0.6
2.7.1 With an alcohol group as acceptor Bl ——o—— : 0.035 z'
1.10.3 With oxygen as acceptor f L 0.032
1.5.1 With NAD+ or NADP+ as acceptor B 1ot 0.031 S
4.1.99 Other carbon-carbon lyases I} 0.033 ,e
1.7.1 With NAD+ or NADP+ as acceptor | o 0.032 (SN
5.4.3 Transferring amino groups | b 0.035 Ygx Q«%"
|
1.2.3 With oxygen as acceptor | = 0.045 &é < &e x
1.17.7 With an iron-sulfur protein as acceptor | e 0.043 & .&'yqi‘ 5\ ™ &Q
1.2.4 With a disulfide as acceptor o 0.082 > '\a\‘ oV F
3.2.2 Hydrolysing N-glycosyl compounds By —— | 0.043 \'\\f\‘ R 09"0
£ X0

0.0
mean proportion(%)

5120715 1005 00 05 10 15
Difference in mean proportions(%)






