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Background: The association between osteoporosis (OP) and gut microbiota (GM) has been extensively investigated to identify
novel probiotics for disease management for effective OP treatment remains imperative. Ursolic acid (UA), a natural triterpenoid
compound, has been shown to reduce bone loss caused by ovariectomy (OVX); however, the contribution of GM in this reduction
remains unclear. Therefore, this study investigates the impact of UA on OP and demonstrates that it ameliorates disease by
remodeling the GM, with metagenomic sequencing identifying potential probiotics that likely mediate these effects.
Methods: OVX mice received daily UA (200 mg/kg) or vehicle for 7 weeks. Bone mass and microarchitecture were assessed via
microcomputed tomography (micro-CT) and Alisin Blue Haematoxylin/Orange G (ABH) staining. Bone formation (Runx2, alka-
line phosphatase (ALP), osteocalcin (OCN) immunohistochemistry) and resorption (tartrate-resistant acid phosphatase (TRAP)
staining) were evaluated in these treated mice. Fecal microbiota transplantation (FMT) from UA-treated donors to antibiotic-
pre-treated OVX recipients was performed to test GM causality. The gut microbial composition was analyzed usingmetagenomic
sequencing, with key species identified via Linear Discriminant Analysis Effect Size (LEfSe) and correlated with bone parame-
ters. To further investigate the impact of Parabacteroides goldsteinii (P. goldsteinii) on bone mass, OVX mice were administered
either live P. goldsteinii, pasteurized P. goldsteinii or PBS via oral gavage daily for 6 weeks. Micro-CT analysis was used to
evaluate the effect of P. goldsteinii on bone mass.
Results: UA treatment significantly increased bonemineral density (BMD, p< 0.01), bone volume fraction (BV/TV, p< 0.05), and
trabecular thickness (Tb.Th, p< 0.001), while decreasing trabecular separation (Tb.Sp, p< 0.01) in OVX mice. Critically, FMT
from UA-treated donors recapitulated these osteoprotective effects in recipient OVXmice, confirming the mediating role of GM.
Metagenomic analysis revealed that UA significantly altered GM structure, enriching Akkermansia muciniphila (A. muciniphila,
p < 0.01) and P. goldsteinii (p < 0.01). Abundance of A. muciniphila strongly correlated with improved BV/TV (p < 0.01), and
Tb.Th (p< 0.05), and reduced Tb.Sp (p< 0.01). P. goldsteinii abundance also showed a significant positive correlation with BMD
(p < 0.05) and a negative correlation with Tb.Sp (p < 0.01). Furthermore, P. goldsteinii significantly increased the BMD of the
distal femur (p < 0.05), BV/TV (p < 0.05), and Tb.Th (p < 0.01), while decreasing Tb.Sp (p < 0.001) in OVX mice.
Conclusion: GM contributes to the protective effect of UA against osteoporosis, mediated by the enrichment of specific probiotics
such as A. muciniphila and P. goldsteinii. This study provides the first direct evidence that P. goldsteinii supplementation protects
against bone loss, making it a promising probiotic candidate for managing OP.
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Introduction

Osteoporosis (OP) is a common metabolic bone dis-
ease among elderly individuals, characterized by reduced
bone mass, compromised bone microstructure, and a high
risk of osteoporotic fractures [1–3]. The incidence of
OP continues to rise with population aging, and a recent

study reported a global prevalence of approximately 21.7%
among older adults [4]. Given its high prevalence and the
substantial costs associated with management, OP imposes
significant medical and economic burdens on patients and
society. While studies on pathogenesis have focused on
bone tissue, increasing evidence, in recent years, links the
gut microbiota (GM) to the development and progression of
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OP. Furthermore, the emerging gut-bone axis concept un-
derscores the GM as a promising therapeutic target for OP
[5].

The GM, often referred to as the “second human
genome”, constitutes the most complex microbial system,
comprising approximately 10–100 trillion microorganisms.
Its composition is highly individualized and is significantly
influenced by host genotype, age, sex, dietary habits, phys-
ical activity, and environmental exposures. The GM in-
fluences the development of various diseases through sev-
eral mechanisms, including effects on digestion, nutrient
absorption, energy homeostasis, immune regulation, essen-
tial vitamin synthesis, andmaintenance of the intestinal bar-
rier [6,7]. Importantly, depletion of the microbiota has been
shown to protect mice from bone loss induced by sex hor-
mone deficiency [8], whereas transplanting gut microbiota
from mice with normal bone mass restores bone mass in
depleted recipients [9].

Furthermore, the intestinal microbiota can enhance
bone mass through various mechanisms, including modula-
tion of immune homeostasis [10], production of short-chain
fatty acids [11], restoration of intestinal barrier integrity
[12], and secretion of extracellular vesicles [13]. Collec-
tively, these findings suggest that modulating the GM and
identifying probiotics that improve bone metabolism repre-
sent promising therapeutic strategies for OP. However, the
clinical translation of these probiotics remains hindered by
challenges such as competitive exclusion by the host intesti-
nal flora and inadequate acid and bile salt tolerance in some
strains [14]. Identifying robust, novel probiotics candidates
for effective OP treatment is therefore crucial.

Owing to the severe side effects and complications as-
sociated with several current osteoporosis drugs, long-term
use is often discouraged. Consequently, there is a press-
ing demand for safer andmore efficacious anti-osteoporotic
agents. Ursolic acid (UA), a naturally occurring pentacyclic
triterpenoid, is widely distributed in the plants, notably in
the fruit peels (such as apple), common culinary herbs (e.g.,
rosemary, thyme, and oregano), and the leaves, flowers,
bark, or epicuticular waxes of numerous plants, includ-
ing lavender, eucalyptus, black elder, hawthorn, and coffee
[15]. Evidence demonstrates that UA ameliorates bone loss
and microstructural deterioration induced by ovariectomy
(OVX) or retinoic acid in rats, enhancing osteoblast activ-
ity while inhibiting osteoclast activity [16,17]. Its osteopro-
tective effects may involve inhibiting autophagy-mediated
osteoclast differentiation and activating signaling pathways
such as mitogen-activated protein kinases (MAPKs), nu-
clear factor-kappa B (NF-κB), and activator protein-1 (AP-
1) to induce osteoblast-specific gene expression [18]. Re-
cent evidence further indicates that UA can ameliorate gut
microbiota dysbiosis in various disease models [19].

However, whether the beneficial effects of UA on
bone metabolism depend on the modulation of the gut
microbiota remains unclear. Therefore, this study aimed

to determine whether UA-induced improvements in bone
metabolism are associated with alterations in the gut micro-
biota. We employed metagenomic sequencing to identify
potential probiotics that could mediate therapeutic effects,
thereby investigating the mechanism of UA in OP treatment
from the perspective of gut microbiota regulation.

Methods

Experimental Animal Model
Eight-week-old female C57BL/6J mice were obtained

from the Experimental Animal Research Center of Zhe-
jiang University of Traditional Chinese Medicine and were
housed individually under controlled conditions (24± 1 °C,
12/12-h light/dark) with free access to sterile chow and wa-
ter. Following a 2-week acclimation period, all mice re-
ceived an intramuscular atropine (0.04 mg/kg), followed by
intraperitoneal anesthesia with zolertil (50 mg/kg) 15 min
later. Mice were categorized as the Vehicle and UA groups
and then underwent bilateral ovariectomy as previously de-
scribed [20].

Briefly, a dorsal midline incision was made, the
ovaries were exposed, ligated, and then resected bilater-
ally. Mice in the SHAM group underwent the same surgi-
cal procedure without ovary removal. To assess the thera-
peutic effect of UA, mice in the UA group received daily
oral gavage of 200 mg/kg UA (#U6753, Sigma-Aldrich)
in corn oil initiated one week after surgery. The SHAM
and Vehicle groups received an equivalent volume of corn
oil via oral gavage. Treatment continued for 7 weeks, and
mice were euthanized by intraperitoneal injection of pento-
barbital sodium (150 mg/kg). Bilateral distal femurs were
scanned using micro-CT. For subsequent bone histology
and immunohistochemical staining, femurs were fixed in
4% paraformaldehyde (PFA)(#J19943.K2, Thermo Fisher
Scientific), then decalcified.

For the Parabacteroides goldsteinii (P. goldsteinii) ef-
ficiency assay in OVX mice, mice were divided into three
groups. One treatment group was administered orally with
live P. goldsteinii (LPG) at 2 × 108 cfu per mouse. The
second treatment group received pasteurized P. goldsteinii
(PPG; 2 × 108 cfu) suspended in 0.2 mL of sterile anaero-
bic PBS, administered daily by mouth. The vehicle group
received an equivalent volume of sterile anaerobic PBS by
gavage. These treatments continued for 6 weeks.

Fecal Microbiota Transplantation (FMT)
Fecal samples were collected from the UA and Ve-

hicle groups of mice daily for 4 weeks before euthanasia
and stored at –80 °C. Before fecal microbiota transplan-
tation (FMT), the fecal samples were diluted in anaero-
bic PBS to 40 mg/mL, homogenized, and filtered through
a 0.25-mm stainless steel sieve. Recipient mice re-
ceived a broad-spectrum antibiotic cocktail in drinking
water for one week, containing ampicillin (1 g/L)(#HY-
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B0522, MCE), metronidazole (1 g/L)(#HY-B0318, MCE),
neomycin (1 g/L)(#N1420253, Aladdin), and vancomycin
(0.5 g/L)(#V421514, Aladdin). Following a 24-hwashout
with regular water, each recipient mouse received 200 µL
of donor fecal mixture by oral gavage three times per week
for 6 weeks. Recipient mice in the antibiotic (Abx) group
received sterile PBS via gavage.

Microcomputed Tomography (Micro-CT)
Distal femur samples were scanned using a micro-

computed tomography (micro-CT) system (SkyScan1176;
Bruker, Kontich, Belgium) at 45 kV, 500 µA, with an ex-
posure time of 770 ms. Images were visualized and re-
constructed in three dimensions with the SkyScan software
(CTVolx v3.0, Bruker microCT, Kontich, Belgium). Tra-
becular parameters, including bone mineral density (BMD,
mg/cm3), trabecular bone volume fraction (BV/TV, %), tra-
becular thickness (Tb.Th, mm), and trabecular separation
(Tb.Sp, mm), were quantified with CTAn software (v1.15,
CTVolx v3.0, Bruker microCT, Kontich, Belgium).

Bone Tissue Morphometry and
Immunohistochemistry

For bone morphometry and immunohistochemistry,
distal femur samples were demineralized in 14%EDTA (pH
7.2)(#A500838-0500, Sangon Biotech) for 15 days follow-
ing micro-CT scanning, then dehydrated using a gradient
of alcohol. Samples were embedded in paraffin in a sagit-
tal orientation and sectioned at 3-µm using a microtome
(#HM355S, Thermo Fisher Scientific) for all histologic and
immunohistochemical procedures.

Bone microstructure was assessed via Alisin Blue
Haematoxylin/Orange G (ABH) staining. Briefly, sections
were deparaffinized, washed three times in PBS, immersed
in 1% hydrochloric acid alcohol for 30 s, and then stained
with Alisin Blue dye for 1 h. The samples were immersed
in 1% hydrochloric acid for 5 s, washed in purified water,
neutralized in 0.5% ammonia for 15 s, washed again, im-
mersed in 95% alcohol for 1 min, stained with Orange G
dye for 90 s, washed, and dried at 37 °C. Changes in bone
microstructure were then observed and photographed under
light microscopy.

The number of osteoclasts along the trabecular sur-
face was evaluated by tartrate-resistant acid phosphatase
(TRAP) staining (Kit #387-1KT, Sigma-Aldrich). Briefly,
tissue sections were rehydrated and incubated at 37 °C for
1 h in a basic stock solution containing naphthol AS-BI
phosphate (0.2 mg/mL). Sections were then incubated at 37
°C for 10 min in a mixture of sodium nitrite (0.8 mg/mL)
and pararosaniline (1.0 mg/mL), followed by hematoxylin
counterstaining. Multinuclear TRAP-positive cells adja-
cent to the distal femoral growth plate were quantified using
ImageJ software (version 1.5, National Institutes of Health,
Bethesda, MD, USA). The quantitative analysis was per-
formed according to the standard principles of bone histo-

morphometry. Specifically, only TRAP-positive cells that
were located in direct contact with and firmly attached to the
trabecular bone surface were identified and counted as ma-
ture osteoclasts. The raw osteoclast count was then normal-
ized to the total length of the trabecular bone surface over
which the counting was performed, yielding the parame-
ter N.Oc/BS (Number of Osteoclasts per unit Bone Surface,
units: #/mm).

Immunohistochemical staining was performed to
evaluate the expression levels of Runx2, osteocalcin
(OCN), and alkaline phosphatase (ALP) in bone tissue.
Sections were deparaffinized in xylene (#534056,Sigma-
Aldrich) (3 × 10 min) and rehydrated through a graded
ethanol series (100%, 100%, 95%, 85%, 75%; 5 min each),
then washed with distilled water. Antigen retrieval was
achieved in 10 mM sodium citrate buffer (#C7254, Sigma-
Aldrich) (pH 6.0) at 65 °C for 4 h. Endogenous peroxi-
dase activity was blocked with 3% H2O2 (#H1009, Sigma-
Aldrich) at 25 °C for 10 min, followed by three 3-min PBS
washes. Non-specific binding was inhibited with 10% nor-
mal goat serum (#ZLI-9056, ZSGB-BIO) at 37 °C for 30
min. After three PBS washes, tissue sections were incu-
bated with primary antibodies at 4 °C overnight.

The following day, tissue sections underwent three
PBS washes, followed by incubation at 37 °C for 30 min
with horseradish peroxidase-conjugated secondary antibod-
ies (PV-9001, ZSGB-BIO, Beijing, China). Color develop-
ment was achieved with DAB chromogen (Dako) (#K3468,
Agilent Dako) under microscopic monitoring. Nuclei
were counterstained with hematoxylin (#MHS32, Sigma-
Aldrich) to enhance morphological visualization. Sec-
tions were then dehydrated through an ascending ethanol
gradient (75%–100%), cleared in xylene (3 × 5 min),
and mounted with neutral gum under cover slips. Slides
were observed under a light microscope, and images were
recorded.

Primary antibodies used in the present study were as
follows: anti-ALP antibody (1:200, #ARG57422, Arigo),
anti-OCN antibody (1:200, #A20800, ABclonal), and anti-
Runx2 antibody (1:200, #ab236639, Abcam). Positively
stained areas were quantified using ImageJ software (ver-
sion 5.0, National Institutes of Health, Bethesda, MD,
USA).

Macrogenome Sequencing
Genomic DNA was extracted from fecal samples us-

ing the Fecal Genome DNA Extraction Kit (AU46111-
96, BioTeke). DNA libraries were prepared using the
TruSeq Nano DNA Library Preparation Kit (Set #FC-121-
4001), following the manufacturer’s instructions. Metage-
nomic sequencing was conducted on an Illumina NovaSeq
6000 platform (PE150) at LC-Bio Technology Co., Ltd.
(Hangzhou, China).

Raw reads were processed with Fastp (v0.23.4) to
eliminate adapter sequences, low-quality bases (Q < 20),
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Fig. 1. UA alters bone mass and bone microarchitecture in OVX mice. (A) Experimental design timeline. The mice underwent
sham or OVX surgery, followed by daily oral gavage of UA (200 mg/kg) or corn oil (vehicle) from postoperative week 1 to week 8. (B)
Micro-CT results showing trabecular bone architecture in the distal femur. (C,D) Micro-CT scanning and ABH staining of the trabecular
bone microarchitecture. The graphs present the means ± SDs (n = 7). ***p < 0.001, **p < 0.01, *p < 0.05. UA, ursolic acid; OVX,
ovariectomy; micro-CT, microcomputed tomography; ABH, Alisin Blue Haematoxylin/Orange G.
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and ambiguous bases. Host DNA contamination was fil-
tered by aligning quality-control reads to the mouse refer-
ence genome (Mus_musculus, Ensembl release 101) using
Bowtie2 (v2.2). De novo assembly of the remaining reads
was performed per sample with MEGAHIT (v1.2.9) and
resulting contigs were used for microbial taxonomic and
functional analyses. Coding sequences (CDSs) were pre-
dicted with MetaGeneMark (v3.26) and clustered across all
samples into unigenes using MMseq2 (v15-6f452). Tax-
onomic assignment of the microbiota was performed by
aligning protein sequences to the NCBI nonredundant (NR)
database with DIAMOND (v0.9.14). Species-level differ-
ential abundance was assessed using the Wilcoxon rank-
sum test, with statistical significance set at p < 0.05 and
a |log2-fold change| threshold>1. Alpha diversity indices,
including the Chao1 index (estimating richness), Shannon
index (estimating evenness and richness), and the num-
ber of observed species, were calculated from the species
abundance profile of each sample using QIIME2 (version
2023.5). The statistical differences in these alpha diversity
indices between the UA-treated and Vehicle-treated groups
were assessed using the Wilcoxon rank-sum test in R soft-
ware (version 4.2.1, R Foundation for Statistical Comput-
ing, Vienna, Austria). A p-value of less than 0.05 was con-
sidered statistically significant. For beta diversity analysis,
principal coordinate analysis (PCoA) was performed based
on the Bray-Curtis distance matrix to visualize the overall
structural dissimilarity of microbial communities between
groups. The statistical significance of the group cluster-
ing observed in the PCoA was tested using permutational
multivariate analysis of variance (PERMANOVA)with 999
permutations, implemented in the R package ‘vegan’ (ver-
sion 2.6-4). Furthermore, to identify differentially abun-
dant taxa across multiple taxonomic levels (from phylum
to species) that were statistically significant and biologi-
cally consistent, we conducted Linear Discriminant Anal-
ysis Effect Size (LEfSe) analysis. The analysis utilized the
non-parametric factorial Kruskal-Wallis sum-rank test (α =
0.05) followed by Linear Discriminant Analysis (LDA) to
estimate the effect size of each differentially abundant fea-
ture. An LDA score threshold of >2.0 was set for identify-
ing biomarkers with meaningful biological effect.

Bacterial Culture
P. goldsteinii (BNCC356083) was cultured anaerobi-

cally in Gifu anaerobic medium (GAM,Hopebio, HB8518–
1) at 37 °C. Bacterial cells were collected by centrifugation
at 3200 rpm for 4 min, then resuspended in sterile PBS at
a density of 5 × 108 CFU per 200 µL. Freshly prepared
suspensions were used for daily oral gavage in animal ex-
periments.

Statistical Analysis
Statistical analyses were conducted using GraphPad

Prism 8 (GraphPad Software Inc, San Diego, CA, USA),

unless otherwise specified. Data were presented as means
± SEM, and between-group differences were assessed us-
ing unpaired Student’s t-test or one-way ANOVA. Correla-
tion between microbial abundance and bone microstructure
parameters was evaluated using Pearson or Spearman cor-
relation. All statistical tests were two-tailed, and a p-value
< 0.05 was considered statistically significant.

Results

UA Alters Bone Mass and Bone Microarchitecture in
OVX Mice

To evaluate the protective effect of UA on bone mass
and microstructure in OVX mice, all mice received daily
oral gavage of UA (200 mg/kg) or corn oil (vehicle) for
7 weeks, beginning one week after OVX or sham surgery
(Fig. 1A). The dose was selected based on previous stud-
ies demonstrating efficacy for promoting bone formation
and inhibiting resorption in mice [21]. Distal femoral mi-
crostructure was evaluated by micro-CT and ABH stain-
ing. Three-dimensional (3D) reconstructions revealed that,
compared to the SHAMgroup, the distal femoral trabeculae
in the Vehicle group were thinner, fewer, and more sparsely
arranged with lower overall density. UA treatment amelio-
rated bone loss and improved the microstructure of the bone
trabeculae (Fig. 1B,D).

Trabecular bone volume fraction (BV/TV) can indi-
rectly reflect bone volume and bone metabolism. The num-
ber of trabecular thickness (Tb.Th) and trabecular separa-
tion (Tb.Sp) were used to evaluate the spatial morphologi-
cal structure of trabeculae. As shown in Fig. 1B,C, theVehi-
cle group had significantly decreasedBMD (p< 0.001), tra-
becular BV/TV fraction (p< 0.001), Tb.Th (p< 0.001) and
significantly increased Tb.Sp (p < 0.001) compared with
the SHAM group, indicating severe bone microstructural
damage and confirming successful OVX induction. Com-
pared to the Vehicle group, UA treatment significantly im-
proved BMD (p < 0.01) and trabecular microarchitecture,
increasing BV/TV (p< 0.05) and Tb.Th (p< 0.001), while
reducing Tb.Sp (p < 0.01).

UA Promotes Bone Formation and Inhibits Bone
Resorption in OVX Mice

TRAP staining showed a significant increase in osteo-
clasts within the distal femoralmedullary cavity of theVehi-
cle group compared to the SHAM group (p< 0.001), which
was markedly reversed by UA administration (p < 0.01,
Fig. 2A,B). Furthermore, immunohistochemical analysis
indicated higher number of osteoblasts expressing Runx2
(p < 0.01), ALP (p < 0.01), and OCN (p < 0.01) in the
UA group than in the Vehicle group (Fig. 2C,D). Collec-
tively, these results demonstrate that UA exerts a bidirec-
tional regulatory effect on bone remodeling by suppressing
osteoclast-mediated resorption while enhancing osteoblast-
related formation.
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Fig. 2. UA promotes bone formation and inhibits bone resorption in OVX mice. (A,B) TRAP staining for osteoclasts on trabecular
bone surfaces in the distal femur. (C,D) ALP, OCN, and RUNX2 immunohistochemical staining for labeling osteoblasts on the trabecular
bone surface. Red arrows indicate positive cells. The graphs present the means± SDs (n = 5). ***p< 0.001, **p< 0.01. TRAP, tartrate-
resistant acid phosphatase; ALP, alkaline phosphatase; OCN, osteocalcin.

Transplantation of the Gut Microbial From
UA-Treated Donor Ameliorates OVX-Induced Bone
Loss and Destruction of the Bone Microarchitecture

To determine whether UA alleviates osteoporosis by
modulating the GM, we assessed the effects of fecal micro-
biota transplantation (FMT) from UA-treated donor mice
on bone mineral density and microstructure in recipient
mice. All recipient mice received broad-spectrum antibi-
otics (Abx) for 1 week, followed by FMT with microbiota
from donor mice gavaged with UA or corn oil for 6 weeks
(Fig. 3A). Consistent with the previous findings, the distal
femoral structure was evaluated using micro-CT and ABH
staining, trabecular microstructure was visualized in 3D im-

ages. Compared with mice receiving vehicle-derived mi-
crobiota, recipient mice colonized with UA-derived micro-
biota exhibited significantly ameliorated bone loss, demon-
strating thicker, more numerous, and more densely ar-
ranged trabeculae with reduced spacing (Fig. 3B,C). Quan-
titatively, BMD (p< 0.001), BV/TV (p< 0.01), and Tb.Th
(p < 0.01) were substantially increased, while Tb.Sp was
significantly decreased (p < 0.001, Fig. 3B). These find-
ings indicate that GM transplantation fromUA-treatedmice
ameliorates the osteoporotic phenotype.
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Fig. 3. Transplantation of gut microbial from UA-treated donors ameliorates OVX-induced bone loss and destruction of bone
microarchitecture. (A) Recipient mice received a 1-week Abx course to deplete the gut microbiota, followed by 6 weeks of FMT from
UA- or vehicle-treated donors. Bone analysis was performed at the endpoint. (B) Micro-CT results showing trabecular bone architecture
in the distal femur. (C) ABH staining of the trabecular bone microarchitecture in the distal femur. The graphs present the means ± SDs
(n = 5). ***p < 0.001, **p < 0.01, and ns means no significant difference.
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Fig. 4. Transplantation of the intestinal flora from UA-treated donor promotes bone formation and inhibits bone resorption in
OVXmice. (A,B) TRAP staining for labeling osteoclasts on trabecular bone surfaces in the distal femur. (C,D) ALP, OCN, and RUNX2
immunohistochemical staining for labeling osteoblasts on the trabecular bone surface. Red arrows indicate positive cells. The graphs
present the means ± SDs (n = 5). ***p < 0.001, *p < 0.05, and ns means no significant difference.

Transplantation of the Gut Microbial From
UA-Treated Donor Promotes Bone Formation and
Inhibits Bone Resorption in OVX Mice

Furthermore, we examined whether FMT from UA-
treated donors directly affect bone formation and resorp-
tion. TRAP staining revealed fewer osteoclasts in the dis-
tal femurs of the UA-FMT group than in the Vehicle-FMT
group (p< 0.05, Fig. 4A,B). Moreover, immunohistochem-

istry revealed an increased number of ALP-positive (p <

0.001), OCN-positive (p < 0.05), and Runx2-positive (p
< 0.001) osteoblasts in the UA-FMT group (Fig. 4C,D).
These results demonstrate that GM from UA-treated mice
promotes bone formation and inhibits bone resorption, sug-
gesting that the beneficial effects of UA on osteoporosis are
at least partially mediated through modulation of the GM.
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Fig. 5. Ursolic acid alters the gut microbial structure in OVX mice. (A) Alpha diversity indices (Chao1, Shannon, and observed
species indices) differ significantly between the UA- and vehicle-treated groups. (B) PCoA plot of beta diversity confirming the struc-
tural divergence of the gut microbiota. (C) Species composition abundance maps at the genus level. (D) Bar chart showing the relative
abundance of the top 30 microbiota at the species level in the fecal samples. (E) Linear discriminant analysis effect size (LEfSe) re-
vealed significant differences in bacterial species abundance between the UA- and vehicle-treated groups. (F) Correlations between A.
muciniphila and bone parameters. (G) Correlations between P. goldsteinii and bone parameters. The graphs present the means ± SDs
((A–E) n = 5, (F,G) n = 10). **p < 0.01, *p < 0.05.
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Fig. 6. LPP ameliorates OVX-induced bone loss and destruction of the bone microarchitecture. (A) OVX mice received a 6-week
daily oral gavage of live P. goldsteinii, pasteurized P. goldsteinii, or PBS, followed by bone analysis at the endpoint. (B,C) Micro-CT
results showing trabecular bone architecture in the distal femur. The graphs present the means± SDs (n = 5). ***p< 0.001, **p< 0.01,
*p < 0.05, and ns means no significant difference.
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Ursolic Acid Alters the Gut Microbial Structure in
OVX Mice

To identify key GM contributors to the osteoprotec-
tive effects of UA, we performed metagenomic sequencing
of fecal samples from UA- and Vehicle-treated mice. The
Vehicle-treated group demonstrated a significant increase in
alpha diversity indices compared to the UA-treated group,
as evidenced by higher Chao1 (p < 0.01), Shannon (p <

0.05), and observed species (p < 0.01) indices (Fig. 5A).
Beta diversity analysis also revealed significant structural
differences (Fig. 5B), indicating that UA alters both the di-
versity and intrinsic structure of the intestinal microbiota.

Specifically, at the genus level, UA gavage signif-
icantly increased the abundance of Akkermansia (p <

0.01), Hemophilus (p < 0.01), and Lepa Gella (p <

0.01). However, it decreased the abundance of Roseburia
(p < 0.05), Acetatifactor (p < 0.05), Eubacterium (p <

0.01), Pseudoflavonifractor (p < 0.05), Flintibacter (p
< 0.05), and Ruminococcus (p < 0.01, Fig. 5C). At the
species level, UA significantly increased the abundances of
Heminiphilus_faecis (p < 0.01), Akkermansia muciniphila
(A.muciniphila, p < 0.01), Lepagella muris (p < 0.01),
Bacteroides stercorirosoris (p < 0.01), Parabacteroides
goldsteinii (P. goldsteinii, p < 0.01) while reducing the
abundances of Lachnospiraceae bacterium A4 (p < 0.05),
Lachnospiraceae bacterium 1xD42-87 (p < 0.05), Lach-
nospiraceae bacterium 28-4 (p < 0.05), and Acetatifactor
muris (p < 0.05, Fig. 5D). To identify species potentially
mediating the effects of UA, we performed linear discrim-
inant analysis of effect size (LEfSe). Hemiphilus faecis,
A. muciniphila, Bacteroides acidifaciens, Leptagella muris,
Bacteroides stercorirosoris, and P. goldsteinii were iden-
tified as discriminatory taxa distinguishing the UA group
from the vehicle group (Fig. 5E).

We focused on A. muciniphila and P. goldsteinii. Cor-
relation analysis revealed that A. muciniphila abundance
was positively correlated with BV/TV (p< 0.01) and Tb.Th
(p < 0.05), and significantly negatively associated with
Tb.Sp (p < 0.05, Fig. 5F). BDM increased with higher A.
muciniphila abundance, although this trend was not statis-
tically significant. The P. goldsteinii abundance was pos-
itively correlated with the distal femur BMD (p < 0.05)
and negatively correlated with Tb.Sp (p < 0.01, Fig. 5G),
whereas correlations with BV/TV and Tb.Th were not sig-
nificant (Supplementary Fig. 1).

P. goldsteinii Alleviates Bone Mass and Bone
Microarchitecture in OVX Mice

To evaluate the effects of P. goldsteinii on bone loss,
OVX mice received daily oral gavage for 6 weeks with
vehicle (PBS), live P. goldsteinii (LPP), or pasteurized P.
goldsteinii (KPP) (Fig. 6A). Importantly, supplementation
with live, but not pasteurized, P. goldsteinii significantly in-
creased distal femoral BMD (p< 0.05), BV/TV (p< 0.05),
and Tb.Th (p < 0.01), while decreasing Tb.Sp (p < 0.001)

in OVX mice, thereby improving the microstructure of the
bone trabeculae (Fig. 6B,C). These results suggest that the
bone-protective effects may depend on bioactive metabo-
lites produced by P. goldsteinii.

Discussion

Despite increasing interest in the GM in osteoporosis,
the specific contribution of individual bacterial species on
bone metabolism and the identification of novel probiotics
that both improve bone mass and effectively colonize the
host remain unresolved challenges. UA is a natural con-
stituents of many herbal extracts [15]. Over the past decade,
UA has demonstrated a range of pharmacological activities,
including anti-osteoporotic effects. However, whether the
GM contributes to these beneficial effects remains entirely
unexplored.

Our study revealed that UA treatment effectively ame-
liorates bone loss and improves trabecular microarchitec-
ture in OVX mice. More importantly, employing FMT, we
observed that the osteoprotective effects of UA are transfer-
able via the GM: recipient mice receiving microbiota from
UA-treated donors recapitulated the improvements in bone
mass and the reduction in bone resorption. These observa-
tions demonstrate that GM remodeling is a key mechanism
underlying UA’s anti-osteoporosis. While previous stud-
ies have indicated that UA ameliorates conditions such as
sarcopenia [22] or neuropathic pain [23] via GM modula-
tion, to our knowledge, this is the first evidence linking UA-
mediated improvement of osteoporosis to GM modulation.

Compared with 16S rRNA gene amplicon sequencing,
metagenomic sequencing provides higher taxonomic reso-
lution, enabling species- or strain-level identification [24],
which is crucial for detecting key microbial contributors to
bone metabolism. Our metagenomic analysis revealed sig-
nificant alteration in the structure of the GM in OVX mice
after UA treatment. Notably, UA treatment decreased alpha
diversity compared with controls, a finding that aligns with
previous evidence but also contrasts with others [25]. This
reduction is likely due to OVX-induced estrogen deficiency
impairing the intestinal environment and the potential direct
antimicrobial effects of UA on certain species [26].

Importantly, UA induced significant shifts in specific
taxa, most prominently enriching Akkermansia (particu-
larly A. muciniphila) and P. goldsteinii. A. muciniphila,
recognized as a promising next-generation probiotic, has
been directly associated with skeletal health [27]. Evi-
dence demonstrates that extracellular vesicles derived from
A. muciniphila localize in bone, enhance osteogenesis,
and suppress osteoclastogenesis, thereby attenuating OVX-
induced osteoporosis [13]. These previous reports align
with our observation that A. muciniphila abundance corre-
lates positively with BMD, BV/TV, and Tb.Th, and nega-
tively with Tb.Sp.
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The significant enrichment of P. goldsteinii by UA
represents a novel observation in the context of osteoporo-
sis. Although direct links between P. goldsteinii and bone
metabolism have not been established, its documented bi-
ological activities suggest plausible mechanisms. P. gold-
steinii possesses anti-inflammatory effects, partly because
its lipopolysaccharide (LPS) antagonizes TLR4 signaling
and ameliorates conditions such as COPD [28]. Fur-
thermore, it improves intestinal barrier integrity and re-
duces obesity in high-fat diet models [29]. Critically,
both TLR4 inhibition and intestinal barrier repair have
been demonstrated to ameliorate osteoporosis progression
[12,30]. Therefore, we hypothesize that P. goldsteinii con-
tributes to the osteoprotective effects of UA by dampening
systemic inflammation via TLR4 modulation and/or by en-
hancing intestinal barrier integrity.

LEfSe analysis identified Akkermansia muciniphila
and P. goldsteinii as discriminative taxa in UA-treated GM.
Correlation analysis further linked A. muciniphila with im-
proved bone metrics. While P. goldsteinii abundance was
positively associated with BMD and negatively with Tb.Sp,
correlations with BV/TV and Tb.Th were not significant,
likely reflecting limited sample size and statistical power.
Hence, larger studies are warranted to validate these asso-
ciations.

To further investigate the impact of P. goldsteinii on
bone mass, OVX mice were administered either live P.
goldsteinii, pasteurized P. goldsteinii, or PBS via oral gav-
age daily for two months. Micro-CT analysis revealed that
only live P. goldsteinii significantly ameliorated bone loss
and preserved bone microarchitecture in OVX mice, sug-
gesting that its osteoprotective effects are likely mediated
by metabolites produced by viable bacterial cells.

A limitation of this study is that the specific metabo-
lite(s) derived from P. goldsteinii responsible for the anti-
osteoporotic effects remain unidentified. To address this,
in our subsequent studies, we plan to perform untargeted
metabolomic sequencing on bone marrow flushes, fecal
samples, and supernatants from both cultured and uncul-
tured P. goldsteinii obtained from P. goldsteinii-colonized
OVX mice. The objective is to identify metabolites show-
ing significant abundance differences across all three sam-
ple types. The impact of these candidate metabolites on
bone mass will then be defined through a structured series
of in vivo and in vitro experiments.

Conclusion

In conclusion, ursolic acid ameliorates osteoporosis
by modulating the gut microbiota. The underlying mech-
anism is likely mediated by an increased abundance of
the probiotic Akkermansia muciniphila. Furthermore, this
study identified P. goldsteinii as a potential probiotic can-
didate for osteoporosis, providing a groundwork for future
mechanistic investigations and translational research.
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