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Xihua Yu®?', Gao Tian**, Yi Wang'?, Liuruolan Li*?,
Liming Huang®**, Yurong Zhao3#, Ling Feng**, Yuhao Zhao3*,
Haigin Fang®, Wenwei Lu**¢, Shourong Lu’* and Hongchao Wang>#*

Sinopharm Xingsha Pharmaceutical (Xiamen) Co., Ltd., Xiamen, China, 2Xiamen Key Laboratory of
Maternal and Infant Health and Nutrition Products, Xiamen, China, *State Key Laboratory of Food
Science and Resources, Jiangnan University, Wuxi, China, “School of Food Science and Technology,
Jiangnan University, Wuxi, China, >°NHC Key Laboratory of Food Safety Assessment, Chinese Academy of
Medical Science Research Unit (2019RU014), China National Center for Food Safety Risk Assessment,
Beijing, China, ®National Engineering Research Center for Functional Food, Jiangnan University, Beijing,
China, "The Affiliated Wuxi People’s Hospital of Nanjing Medical University, Wuxi People’s Hospital, Wuxi
Medical Center, Nanjing Medical University, Wuxi, China

Introduction: Elderly individuals exhibit heightened susceptibility to osteoporosis,
largely attributable to age-related declines in skin, liver, and kidney function.
While vitamin D (VD) supplementation is common, its efficacy is often limited,
necessitating reliance on pharmaceutical interventions. Research indicates that
the intestinal flora significantly influences intestinal VD metabolism, with probiotic
supplementation demonstrably impacting circulating VD levels.

Methods: We employed an fecal fermentation model to screen bacterial
strains. After introducing these strains into osteoporotic mice, we tested the
mice’s serum and skeletal indicators. We then conducted a correlation analysis
between the mice’s key intestinal microbiota and serum and skeletal indicators.
Results and discussion: We identify Bifidobacterium adolescentis CCFM1447
for its capacity to elevate VD metabolite levels within fermented supernatants.
It significantly elevated serum concentrations of 1,25-dihydroxyvitamin D.
Furthermore, this intervention improved bone microarchitecture, evidenced by
increased trabecular number and bone volume fraction. In addition, the intestinal
flora of the osteoporotic mice was disturbed. CCFM1447 intervention increased
the relative abundance of beneficial bacteria such as Adlercreutzia equolifaciens,
Akkermansia muciniphila and Pediococcus acidilactici. And it is enriched with a part
of strains that have the ability to transform VD such as Enterococcus faecalis and
Pediococcus acidilactici. The above results suggest that B. adolescentis CCFM1447
may alleviate retinoic acid-induced osteoporosis symptoms by modulating the
intestinal flora and increasing the level of active vitamin D.

KEYWORDS

osteoporosis, intestinal flora, vitamin D, active vitamins, probiotics

1 Introduction

Osteoporosis is a disorder characterized by decreased bone mass and deterioration of bone
microarchitecture. It collectively contributes to a heightened risk of fractures in affected
individuals (1). Common clinical manifestations include skeletal pain, loss of stature, kyphosis,
fractures, and impaired pulmonary function. Although calcium supplementation is considered
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a fundamental therapeutic strategy, it is insufficient as a standalone
treatment, necessitating pharmacologic intervention tailored to the
patient’s clinical profile.

Currently, the therapeutic arsenal for osteoporosis includes
bisphosphonates, selective estrogen receptor modulators (SERMs),
estrogen, and calcitonin. These agents are effective in promoting
osteoblast activity while suppressing osteoclast-mediated bone
resorption. Nevertheless, bisphosphonates are associated with renal
toxicity and may induce or worsen hypocalcemia (2). Raloxifene, a
SERM, has been linked to an increased risk of stroke. Estrogen therapy
elevates the risk of endometrial malignancy in women with an intact
uterus, and is associated with higher rates of gallstone formation and
thromboembolic events (3, 4). Similarly, the RANKL inhibitor
denosumab shares adverse effect profiles with bisphosphonates.
Calcitonin use can provoke allergic reactions and, in rare cases,
anaphylaxis; high doses may induce hypocalcemia and have been
implicated in a potential increase in cancer risk (5). Importantly, none
of these anti-fracture treatments are curative, and bone degeneration
tends to recur following cessation of therapy. Alarmingly, 85% of
patients discharged after hip fracture repair do not receive continued
anti-fracture management or pharmacologic therapy (6-8). This
underscores the pressing need for new treatment modalities that are
both effective and free from long-term complications.

Vitamin D (VD) is a vital micronutrient necessary for normal
bone physiology, growth, and mineral ion regulation. Its significance
in maintaining skeletal integrity and mineral balance is well-
documented. Epidemiological studies have also linked VD deficiency
to a heightened risk of various diseases, including musculoskeletal,
metabolic, cardiovascular, autoimmune, malignant, and infectious
conditions (9-11). The biologically active form of VD,
1,25-dihydroxyvitamin D [1,25(OH),D], functions as a ligand for the
vitamin D receptor (VDR), playing a critical role in calcium
homeostasis and immune modulation (12). Supplementation with
VD is particularly beneficial for children and older adults,
contributing to improved muscle strength, enhanced postural
balance, and overall bone health.

Individuals with osteoporosis often exhibit impaired VD
metabolism. As a fat-soluble vitamin, VD can be synthesized
endogenously through dermal exposure to ultraviolet radiation and
acquired exogenously through diet (13). To become biologically
active, VD undergoes two hydroxylation steps: converting it to
25-hydroxyvitamin D [25(OH)D] in the liver (14), and then in the
kidneys to form 1,25(OH).D (15). VD metabolites are excreted in
bile and reabsorbed in the terminal ileum. Therefore, conditions such
as ileal disease, malabsorption syndromes, or intestinal resection can
reduce serum 25(OH)D levels. The decline in VD metabolism among
osteoporotic patients is frequently attributed to aging and diminished
renal function. Aging reduces the skin’s capacity for VD synthesis,
leading to lower circulating 25(OH)D, while renal impairment
hampers conversion to the active 1,25(0OH),D form (16). Hence,
older adults and osteoporotic patients often require supplemental VD
to counteract these physiological limitations. Interestingly, the
American Endocrine Society recently recommended against routine
screening or empirical VD supplementation in the general population
(17), which further emphasizes the need to explore strategies that
effectively elevate 1,25(OH),D levels to achieve its biological effects.

In this study, we identified Bifidobacterium adolescentis
CCFM1447, a strain that significantly increases VD metabolite levels
in fermentation supernatants, as demonstrated through an fecal
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fermentation model. We examined the effects of CCFM1447 on mice
which have osteoporosis induced by retinoic acid (RA). Then
we explored potential mechanisms underlying its action using
Micro-CT scanning and analysis of intestinal microbiota. Findings of
this study suggest that probiotics, such as Bifidobacterium adolescentis
CCFM1447, have the potential to enhance VD activity levels, offering
a promising approach for the management of osteoporosis.

2 Materials and methods

2.1 In vitro fermentation model screening
strains

Dissolve feces in sterile PBS (1:10 w/v), mix thoroughly to
homogenize. Filter the fecal slurry through two layers of gauze to
remove insoluble particulate matter. This step is performed inside an
anaerobic chamber. Prepare the fecal slurry. Using a 24-well plate,
add 0.1 ml of bacterial solution and 0.3 ml of fecal slurry into each
well. Then, add 1.6 ml of mGAM into each well. Incubate
anaerobically for 36 h. Each sample is set up in triplicates. Use 0.4 ml
of fecal slurry in some wells and 0.3 ml of fecal slurry and 0.1 ml of
another bacterial strain in the blank controls. The entire 24-h
fermentation process is conducted inside the anaerobic chamber. After
fermentation, remove the 24-well plate and place it on ice for 15 min
to stop fermentation. Transfer the fermented samples to 2 ml sterile
centrifuge tubes. Centrifuge at 10,000 rpm for 10 min to separate the
supernatant and pellet. Store the supernatant at —20°C. The levels of
25(OH)D and 1,25(0OH),D in the supernatant are detected by
commercial assay Kkits.

2.2 Preparation of gavage strains for
experimentation

The strain is stored in MRS medium supplemented with 30%
(v/v) glycerol at —80°C. Before experimental use, the strain undergoes
three consecutive activations. The bacterial suspension is centrifuged
at 8,000 x g for 10 min to remove the supernatant. The pellet is
washed three times with sterile physiological saline solution and
resuspended in a solution of defatted milk powder at a concentration
of 120 g/L. The resuspended culture is stored at —80°C. Before use,
dilute the bacterial suspension with sterile physiological saline
solution to a concentration of 10A9 CFU/ml for further applications.
All strains used in this chapter were obtained from Culture collection
of food microorganisms (CCFM), Biotechnology Centre of Jiangnan
University. Bifidobacterium adolescentis CCFM1447 has been
conserved in Guangdong Microbial Strain Conservation Centre
(GDMCC No: 65382) on 31st October, 2024.

2.3 Mice experimental design

The study employed SPF-grade male C57BL/6 ] mice, aged 7 weeks
and weighing (20 + 5) g, procured from Zhejiang Vital River Laboratory
Animal Technology Co., Ltd. The animals were kept in a controlled
environment at a temperature of (23 + 2) °C and a relative humidity of
(50 + 10)%, with free access to standard rodent chow in accordance
with national guidelines. All experiments were carried out at the
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Animal Experiment Center of Jiangnan University (Wuxi, China), with
approval from the Jiangnan University Experimental Animal Ethics
Committee (Ethics Approval No: JN.N020231030c1360128[515] and
No: JN.N020241015¢1041215[533]).

The volume of the gastric lavage solution was 200 pl. The bacterial
solution was removed from the refrigerator and centrifuged to remove
the supernatant. It was resuspended in saline to a final concentration
of 1 x10° CFU/ml. This was used as the bacterial group gastric
lavage solution.

2.3.1 Experiment 1: CCFM1447 osteoporosis relief
efficacy verification

Mice were acclimatized for 1 week. Afterward, they were randomly
assigned to one of four groups (n=6): Control, Model, VD, and
CCFM1447. In 1-3 weeks, all groups, except the Control group, were
orally gavaged with 90 mg/kg RA daily to induce osteoporosis. Following
this induction period, mice were assigned to three groups: Model, VD,
and CCFM1447. In 4-6 weeks, the VD group received a daily oral dose
of 0.06 pg/kg of VD. The CCFM1447 group was treated with an oral
gavage of Bifidobacterium adolescentis CCFM1447 suspension. The
Control and Model groups were orally gavaged with saline daily.

2.3.2 Experiment 2: individual effects of key
differential strains

Mice were acclimatized for 1 week. They were then randomly
assigned to one of eight groups (n=6): Control, Model, Abx,
Abx + Model, E.f, Abx + E.f, Pa, and Abx + Pa. In 1-3 weeks, all
groups, except the Control, were given 90 mg/kg RA via oral gavage
daily to induce osteoporosis. Concurrently, all antibiotic-treated
groups were administered a combination of antibiotics during the last
week of the modeling phase to mitigate intestinal microbiota
disruption. The antibiotic cocktail included 100 mg/kg vancomycin,
200 mg/kg neomycin, 200 mg/kg ampicillin and 200 mg/kg
metronidazole. In 4-6 weeks, the strain-treatment groups received an
oral gavage of the corresponding bacterial strain. The remaining
groups were given of saline.

At the conclusion of the study, fresh fecal samples were collected
and stored at —80°C for microbiota diversity analysis. Mice were
fasted for 12 h prior to being anesthetized with isoflurane, followed by
euthanasia via orbital sinus puncture. Blood samples were quickly
obtained from the orbital sinus, centrifuged at 5,000 g for 15 min at
4°C, and the serum was stored at —80°C. The femurs and tibias were
carefully excised, connective tissues were removed, and the left bones
were fixed in 4% paraformaldehyde in 5 ml sterile Eppendorf tubes for
Micro-CT imaging. The right bones were stored at —80°C.

2.4 Determination of structural indices of
mouse femur

After excising the right tibia from each mouse and fixing it in 4%
paraformaldehyde, the sample was left to allow the liquid to evaporate
for subsequent detection. The samples were then scanned using a
Micro-CT scanner (Lateta LCT200, Hitachi-Aloka, Tokyo, Japan). The
right femur from each mouse was properly positioned in the micro-CT
imaging system for X-ray scanning. The scanning parameters were set
as follows: 90 kV, 88 pA, a field of view of 18 mm, an acquisition time
of 14 min, and a pixel size of 36 pm. Each femur underwent a 360°
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rotation to collect data, which were then imported into Analyze
software (Version 12.0; AnalyzeDirect, Overland Park, KS, USA) for
3D reconstruction and analysis. A region of interest (ROI) 1 mm thick
was selected starting 0.2 mm below the growth plate for bone
parameter calculations. The following parameters were analyzed: Bone
Mean (BM), Cortex Mean (CM), Trabeculae Mean (TM), trabecular
separation (Tb.Sp), trabecular thickness (Tb.Th), trabecular number
(Tb.N), trabecular connectivity density (Conn.D), bone surface (BS),
bone volume (BV), and bone volume fraction (BV/TV).

2.5 Biochemical analysis

Serum calcium and alkaline phosphatase (ALP) levels were
measured using commercial detection kits (Nanjing Jianjian
Bioengineering Institute). Serum 25(OH)D and serum 1,25(0OH),D were
measured using commercial Mouse ELISA kits (Beyotime Biotechnology,
Shanghai, China). Osteocalcin (OCN) and Procollagen type
I N-propeptide (PINP) levels were measured using commercial Mouse
ELISA kits (E-EL-M0864, E-EL-M0233, Elabscience Biotechnology).

2.6 Metagenomic data processing and
quality control

Metagenomic sequencing was conducted on the Illumina
NovaSeq 6,000 platform (Illumina Inc., San Diego, CA, USA) at
Beijing Nuohe Biomedical Technology Co., Ltd. (Beijing, China). The
initial sequence data underwent preprocessing, which involved several
steps: Trimmomatic (version 0.39) was used to eliminate low-quality
reads (18). Sequences with an average base quality score lower than 30
were trimmed, and only sequences longer than 60 bp after trimming
were retained as part of the high-quality output. The filtered sequences
were then aligned to the human reference genome (GRCh38/hg38)
using BWA (version 0.7.17), Samtools (version 1.9), and BEDTools
(version 2.30.0), successfully removing any host-derived sequences
from the data [H. (19, 20)].

2.7 Detection of metabolites in supernatant
from in vitro single-bacterium culture

After the strain frozen at —80°C was taken out, it was connected
to MRS liquid medium containing 0.05% (w/v) L-cysteine at 4%
inoculum in an ultra-clean bench, and placed in an anaerobic
chamber at 37°C for 18~ 24 h. Subsequently, the plate was scribed
and a single colony was selected to the liquid medium, and the liquid
was cultured for one generation, then strain preservation and
identification were performed to ensure that there was no error in the
identification and then activation was repeated, and the activation
was repeated twice. After activation for two times, the culture was
expanded, and the culture conditions were the same as above. After
the activation and identification were completed, the culture was
continued and incubated in an anaerobic chamber at 37°C for 16 h.
VD3 was added to each tube of bacterial liquid to a final concentration
of 10 pM. After incubation in the anaerobic chamber for 2 h, the
bacterial liquid was taken out and centrifuged at 10,000 r/min for
10 min at 4°C, and the supernatant was retained at —80°C in the
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refrigerator for assaying, which would be reserved for the subsequent
metabolite assay.

Remove the sample stored at low temperature, equilibrate to room
temperature, accurately pipette 0.5ml of the sample into a 2.0 ml
Eppendorf centrifuge tube, add 1 ml of extraction solvent (hexane-ethyl
acetate = 90:10), vortex vigorously for 1 min, and centrifuge at 4°C at
12,000 g for 15 min. Transfer 0.9 ml of the supernatant to a clean
Eppendorf centrifuge tube, centrifuge at 37°C until dry, and redissolve the
residue in 100 pl of methanol-water solution (methanol-water = 75:25).

Injection volume: 50 pl. Chromatography column: Phermon C18
column (Kinetex 2.6 pm, 100 x 3.0 mm). Mobile phase B: methanol
solution containing 0.2 mM ammonium sulphate; mobile phase A:
aqueous solution containing 0.2 mM ammonium sulphate. Flow rate:
0.5 ml/min. Detection time: 10 min. Column temperature: 40°C. The
detection method used was ESI source positive ion mode MRM, with
the MRM monitoring ion being m/z 423.1 — 369.0.

Prepare a series of mixed standard solutions by diluting the
1a,25(0OH),D standard with methanol in a 1:1 ratio. Using Analyst
1.6.2 software, plot the standard solution concentration on the X-axis
and the peak area of the standard as the Y-axis. A linear regression
analysis was performed, and the regression equation was obtained
using the ‘1/X” weighting. The peak area of the sample was substituted
into the standard curve equation to calculate the concentration of
1a,25(0OH).D in the serum sample.

10.3389/fnut.2025.1647671

2.8 Statistical analysis

Statistical and analytical evaluations were performed using
GraphPad Prism 6 and SPSS software. Both control and treatment
groups will be compared with the model group. Differences between
groups will be assessed by one-way analysis of variance (ANOVA). A
p-value of less than 0.05 was considered statistically significant. For
macrogenomic data, analysis was carried out using the psych and
ggplot2 packages in R. * indicates significant differences from the
model group: *p < 0.05, **p < 0.01, and ***p < 0.001.

Due to the skewed distribution of the raw microbial quantification
data, data from Figures 1B,C were log-transformed (log10) to a base
of 10 to meet the assumption of normality for subsequent statistical
analyses. Undetected values were assigned a value of 0.001 for
statistical analyses.

3 Results

3.1 Effect on VD metabolites in
fermentation supernatants

We have found through recent research that some probiotics,
especially Bifidobacterium and Lactobacillus, have the ability to
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improve bone health. We conjecture that this may be related to the
promotion of VD metabolism by probiotics. Therefore, we selected
some species of Bifidobacterium genus and Lactobacillus genus for
in vitro fermentation experiments, including Bifidobacterium longum,
Bifidobacterium adolescentis, and Bifidobacterium. longum subsp.
Infantis, et al.

A total of 23 strains from 10 different species bacterial were
selected for in-vitro fecal fermentation, and the levels of the active
vitamin D form, 1,25(OH),D, in the supernatant were evaluated
(Figure 2A). The addition of Bifidobacterium adolescentis CCFM1447
to the model resulted in a significant increase in the levels of the
1,25(0OH),D in the supernatant, when compared to the Control
group, which did not receive bacterial inoculation.1,25(OH),D acts
as a direct agonist of the VDR. Its binding regulates gene expression
crucial for maintaining skeletal health. Additionally, it is utilized as a
treatment for osteoporosis. Given its superior ability to elevate
1,25(0OH),D levels, B. adolescentis CCFM1447 was chosen to explore
its potential therapeutic effects on osteoporosis in mice.

3.2 Effects on bone structures

Bone mineral density (BMD) is the main indicator for the
diagnosis of osteoporosis, and its value reflects the bone metabolism
of the organism. After 3 weeks of modeling and 3 weeks of strain
gavage intervention, the same parts of the distal femur of the mice
were taken and examined by Mirco-CT scanning. The results showed
that the BM and TM of mice in the Model group decreased
significantly. It indicated the successful establishment of RA-induced
osteoporosis model and poor natural recovery. After gavage
intervention with CCFM 1447 strain, the BM, CM and TM of mice
were significantly increased. The results showed superior outcomes
in the BM and CM indexes compared to the VD group. Further bone
microstructural analysis is presented in Figures 2B-K. In the Model
group, values for Tb.Th, Tb.N, and BV/TV were lower than those in
the Control group. Conn.D, BS, and BV were significantly reduced,
with a notable increase in TbSp. Following treatment with
CCFM1447, Tb.Th and Tb.N showed an increase. Conn.D, BS, BV,
and BV/TV were significantly enhanced, while Tb.Sp decreased
significantly. VD supplementation led to significant improvements
only in CM, TM, Tb.N and Tb.Sp. These results suggest that RA
effectively induces osteoporotic changes and decreases BMD in mice,
while CCFM1447 exhibited more pronounced beneficial effects
compared to VD treatment in mitigating these conditions (Figure 3).

3.3 Effects on serum bone metabolism
markers

Serum 25(OH)D levels serve as an indicator of the body’s VD
reserves, while 1,25(OH),D is one of its most bioactive metabolites.
The oral administration of 1,25(OH),D facilitates the absorption of
calcium in the intestines, thereby addressing hypocalcemia and
normalizing or reducing elevated serum ALP levels. Increased VD
metabolites can also help lower plasma parathyroid hormone
concentrations, contributing to improved bone mineralization. In the
RA-induced osteoporotic mice, there was a significant reduction in
serum levels of both 25(OH)D and 1,25(0OH),D, indicating a decrease
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in both the storage and active forms of VD, impairing its physiological
functions. However, after intervention with strain CCFM 1447, the
levels of 25(OH)D and 1,25(OH),D in the serum were significantly
elevated compared to the Model group, suggesting that the strain
enhanced VD metabolism.

As shown in Figures 4C-F, RA-induced osteoporosis resulted
in significantly higher ALP and calcium levels, indicating bone
calcium loss and damage. This indicates that the retinoic acid-
induced osteoporosis model in mice has been successfully
established. Following intervention, the VD group exhibited a
significant reduction in ALP and calcium levels. Similarly,
CCFM1447 gavage notably reduced serum calcium, though ALP
levels were only marginally decreased. Osteoporosis resulted in a
noticeable decrease in OCN and PINP levels. The VD-treated group
exhibited significantly higher levels of OCN and PINP than the
Model group, indicating improved osteoblast function. Similarly,
CCFM1447 gavage led to enhanced serum OCN and PINP levels,
with a more pronounced improvement han VD treatment,
highlighting its effectiveness  in

superior stimulating

osteoblast activity.

3.4 Effects on the diversity of intestinal
flora

Several previous studies have demonstrated that probiotics can
influence the composition of the intestinal flora, with the potential to
regulate its function. The alpha diversity indices (Shannon, Simpson,
and Pielou) are presented in Figures 5A-C. However, the observed
differences were not statistically significant. After VD and CCFM 1447
gavage, there were no significant changes in Pielou’s homogeneity
index, Shannon’s index, and Simpson’s index of the intestinal flora of
mice. The reason why the diversity indices of mice in the VD and
CCFM1447 groups were not significantly different from those of the
model group may be related to the increase in the relative abundance
of specific beneficial flora. This increase in selectivity modulates the
structure of the intestinal flora as a whole and may lead to a relative
decrease in other non-target microbiota, ultimately resulting in no
significant change in the number of species types in the community.

This method helps to assess the differences or similarities in the
intestinal flora composition between subjects. As shown in Figure 5D,
the Principal coordinate analysis (PCoA) analysis revealed a marked
difference in the intestinal flora structure between osteoporotic mice
and healthy mice. Additionally, mice in the CCFM1447 and VD
groups exhibited significant differences in microbiota composition
compared to the Model group, suggesting that Bifidobacterium
adolescentis CCFM 1447 treatment effectively remodeled the intestinal
flora structure in osteoporotic mice.

3.5 Effects on the structural composition of
intestinal flora

The effects of VD and Bifidobacterium adolescentis CCFM 1447
interventions on differential species of intestinal flora in osteoporotic
mice were explored by LEfSe and RF analyses. As shown in Figure 6,
same as the previous changes in relative abundance, there was a
change in the relative abundance of Faecalibaculum rodentium in the
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(A) Concentration of 1,25(0H),D in fermentation supernatants. BMD analysis of (B) total, (C) cortical, and (D) trabecular bone in the distal femur. Micro-
CT-based analysis of (E) Conn.D, (F) Tb.Sp, (G) Tb.Th, and (H) Tb.N. Additional bone parameters: (I) BS, (J) BV, and (K) BV/TV. * indicates significant
differences from the model group: *p < 0.05, **p < 0.01, and ***p < 0.001.

VD group and Pediococcus acidilactici in the CCFM1447 group. And
two-by-two comparison showed that there was a notable change in the
relative abundance of Parasutterella excrementihominis in the intestinal
flora of the model mice. These results suggest that VD and CCFM1447
decreased the relative abundance of some specific flora and increased the
relative abundance of specific beneficial flora. This regulation of
intestinal flora structure overall shifted the disrupted intestinal flora
structure toward Control group mice. In contrast, VD and
Bifidobacterium adolescentis CCFM1447 increased the relative
abundance of specific beneficial flora in the intestinal flora and may also
play a role in alleviating osteoporosis.
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3.6 Correlation analysis of intestinal flora
with physiological and biochemical
markers

The correlation analysis of intestinal flora with physiological and
biochemical markers is depicted in Figure 6. Pediococcus acidilactici
was found to be positively correlated with beneficial indicators and
negatively correlated with calcium loss and trabecular bone spacing.
This aligns with the previously observed increase in Pediococcus
acidilactici relative abundance following CCFM 1447 intervention. An
increase in the abundance of Pediococcus acidilactici may help alleviate
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FIGURE 3
The three-dimensional reconstructions of mouse tibia. (A) Group Control; (B) group Model; (C) group VD; (D) group CCFM1447.
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Effects on serum (A) 25(OH)D, (B) 1,25(OH),D, (C) ALP, (D) Ca*, (E) OCN, (F) PINP concentration in mice. * indicates significant differences from the
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index; (D) p-diversity based on PCoA algorithm.

osteoporosis symptoms. Conversely, the relative abundance of various

Bacteroides species, including Bacteroides thetaiotaomicron,
Bacteroidales bacterium, and Bacteroidaceae bacterium, showed a
significant negative correlation with the levels of vitamin D metabolites,
while being positively correlated with serum calcium levels and
trabecular bone gap indices. These findings also corresponded to a
notable decrease in the relative abundance of Bacteroidales bacterium
after both vitamin D and CCFM1447 interventions. These results
provide insight into the potential role of vitamin D and Bifidobacterium
adolescentis CCFM 1447 in modulating intestinal flora, offering a
mechanism for their protective effects against osteoporosis through the

regulation of specific microbial populations.

3.7 Enterococcus faecalis and Pediococcus
acidilactici are probably the main strains in
which CCFM1447 functions

Taking the intersection of LEfSe analyses, RF analyses, and
association analyses of the differential groups, we found that
CCFM1447 may promote VD transformation by enriching
Pediococcus acidilactici and Enterococcus feacium. This was supported
by the relative abundance in different groups as shown in
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Figures 1B,C. Gavage of CCFMI1447 significantly increased
P, acidilactici and E. feacium abundance compared to the model group.
And this enrichment only appeared in the group with CCFM1447.
This suggests that CCFM 1447 may promote VD transformation and
alleviate OP by specifically enriching P acidilactici as well as
E. feacium.

3.8 Functional validation of Enterococcus
faecalis and Pediococcus acidilactici

Based on the key differential flora obtained in the above
macrogenomic analysis, in vitro culture alone was performed, and the
supernatant was taken for 1,25(0OH),D assay at the end. The results are
shown in Figure 7A, there was no significant change in 1,25(0OH),D
level in the supernatant of the medium of CCFM 1447 after individual
culture compared with the blank group. In contrast, both Enterococcus
faecalis and Pediococcus acidilactici significantly increased the
1,25(0OH),D level in the supernatant of the culture medium. This
suggests that CCFM 1447 itself does not have the ability to transform
VD, and may be able to increase the ability of the intestinal flora to
transform VD by increasing the abundance of E. faecalis and
P, acidilactici in the intestinal flora.
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Therefore, we induced pseudo-sterile mice by quadruple antibiotic
treatment to exclude the interference of intestinal flora for further
functional evaluation and validation of key differential strains. The
results are shown in Figures 7B-E. Compared with the Control group,
the levels of 25(OH)D and 1,25(OH),D were reduced in the Model
group and Abx + Model group, but not significantly. This indicates
that the intestinal flora has a certain VD conversion ability, and after
the disappearance of intestinal flora, the main VD metabolism
function still exists in the organism, although it will be affected to
some extent. Meanwhile, the 1,25(OH),D level was more stable,
probably due to the body regulation brought about by osteoporosis
symptoms, which induced the depletion of the storage form 25(OH)
D to be converted into 1,25(OH),D, thus maintaining the stability of
1,25(0OH),D level.

And compared to the model group, E. faecalis, Abx + E. faecalis
and P, acidilactici group significantly increased the 25(OH)D and
E. faecalis, Abx + E. faecalis and Abx + P, acidilactici group significantly
increased the 1,25(0OH),D levels. This suggests that E. faecalis and
P, acidilactici are able to function individually in transforming VD in
the presence of removal of intestinal flora, with E. faecalis having the
most significant effect, increasing both 25(OH)D and 1,25(OH),D
levels in Abx-treated mice. Similarly, the serum levels of type
I procollagen amino-terminal procollagen peptide and osteocalcin
were examined in the present study in all groups of mice to investigate
the effect of key differential flora on the improvement of bone health
in mice. Compared with the Control group, the PINP level was
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significantly reduced in the model group, and the OCN level was also
reduced, but not significantly. And compared with the model group,
the E. faecalis, P. acidilactici, Abx + E. faecalis and Abx + P, acidilactici
group all showed more significant improvement in PINP and OCN
levels. The above results further demonstrated that the mechanism by
which CCFM1447 exerts its OP-relieving effect may be through the
regulation of E. faecalis and P. acidilactici in the intestinal flora.

4 Discussion

RA has been shown to inhibit bone formation while promoting
bone resorption. When administered to mice, RA induces a
pathological process similar to osteoporosis, leading to altered bone
structure and reduced bone density. In this model, significantly
elevated serum ALP and calcium levels compared to the control group
indicate extensive bone loss and confirm the successful induction of
osteoporosis. Increased serum calcium levels serving as a marker for
osteoporosis reflect indicating severe calcium depletion, reduced bone
calcium reserves, and heightened bone turnover. Similarly, elevated
ALP levels are associated with various bone disorders, including
rickets, bone cancer, and bone metastases. OCN a hormone-like
peptide secreted by osteoblasts, serves as a biochemical indicator of
osteoblast activity. Approximately 20% of OCN produced by
osteoblasts is released into the bloodstream, where its serum levels
correlate with those in bone tissue, providing valuable insight into
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***p < 0.001.

(A) Levels of 1,25(0OH),D in the supernatants of key differential bacteria after separate cultures; Effects of key differential flora on serum (B) 25(0OH)D,
(C) 1,25(0OH),D, (D) OCN, (E) PINP concentration in mice. * indicates significant differences from the model group: *p < 0.05, **p < 0.01, and

osteoblast function. Likewise, the expression of PINP, a marker of new
bone formation, decreases as osteoblast activity diminishes, reflecting
changes in the production of type I collagen.

Bifidobacterium adolescentis CCFM1447 was selected using an
in-vitro fermentation model due to its ability to enhance vitamin D
metabolite levels and alleviate osteoporosis symptoms. The effects of
Bifidobacterium adolescentis CCFM1447 on bone structural
parameters and serum biochemical markers were assessed in the
RA-induced osteoporotic mice. The results demonstrated that
Bifidobacterium adolescentis CCFM1447 significantly elevated the
serum levels of 25(OH)D and 1,25(0OH),D. These findings suggest that
Bifidobacterium adolescentis CCFM 1447 significantly mitigates the
symptoms of RA-induced osteoporosis and plays a regulatory role in
bone metabolism.

The alleviating effect of Bifidobacterium adolescentis CCFM1447
can be attributed to several key factors. First, VD helps with calcium
uptake from the intestines into the bloodstream and directs calcium
into the bones, especially benefiting calcium-deficient individuals
such as children and older adults (21, 22). This function helps prevent
excessive calcium loss from osteoblasts and reduces the risk of
osteoporosis and bone development disorders in children. However,
a large clinical trial revealed that VD supplementation did not
significantly improve health outcomes like heart disease or cancer
(23-26). Interestingly, some individuals are categorized as low,
medium, or high responders to VD3 supplements, with 25% of people
showing minimal response. This suggests that these low responders
may require higher daily doses of VD than the standard
recommendations (27-30). Furthermore, the body’s ability to
metabolize VD is as important as VD supplementation (31).

Bifidobacterium adolescentis CCFM1447 has been shown to
increase the levels of VD metabolites. Clinically, 25(OH)D levels are
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used to assess VD deficiency, with 25-hydroxy VD3 and VD2 being
key indicators (31-33). The activation rate of VD is determined by the
ratio of 1,25(OH),D to 25(OH)D, which helps gauge VD metabolism.
Clinically, measuring 1,25(OH),D levels provides insights into the
active VD status in conditions like metabolic bone disease (34).
Blautia and Ruminococcus have the ability to metabolize VD, and the
levels of active VD in the blood correlate with these microorganisms
(35). This suggests that intestinal flora is importent in the
bioavailability of VD, highlighting the potential of modulating the
intestinal flora to enhance VD function and improve bone health.

VDR is present in various organs throughout the body. This
makes 1,25(OH),D crucial to numerous physiological processes, as
it can perform a variety of functions through the VDR, which is
present throughout the body (36). 1,25(OH),D-VDR complex can
activate the transcription of various genes involved in calcium
absorption (37), parathyroid hormone (PTH), bone formation, and
bone resorption. For example, genes regulating oxidative stress (38),
calcium channels (e.g., TRPV6) (39), fibroblast growth factor 23
(FGF23), and calcium-binding proteins (e.g., calbindin-D28k) are
activated (40), promoting calcium and phosphorus absorption, which
benefits bone health. Additionally, the complex stimulates bone
formation genes such as osteocalcin, promoting osteoblast activity
and bone matrix synthesis, thereby enhancing bone density and
strength (41). Moreover, the complex inhibits genes involved in bone
resorption, such as RANKL and M-CSE reducing osteoclast
formation and minimizing bone destruction (42). The complex also
regulates inflammation-related genes, such as NF-kB. The anti-
inflammatory effects may help protect bone tissue and reduce
osteoporosis symptoms (43).

In addition we detected that VD and Bifidobacterium adolescentis
CCFM1447 intervened to significantly increase the relative
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abundance of Adlercreutzia equolifaciens, Akkermansia muciniphila,
pediococcus acidilactici and Faecalibaculum rodentium. Akkermansia
muciniphila, on the other hand, has been repeatedly reported to
be associated with the gut barrier. Calcium absorption or VDR
expression may be affected by the pro-inflammatory effects and
damage on the intestine because of RA. Akkermansia muciniphila
may play a role in this regard (44). Pediococcus acidilactici is a
beneficial flora in both maintenance of intestinal flora diversity and
intestinal homeostasis (44). Faecalibaculum rodentium plays a key
role in modulating RA signaling to maintain eosinophil-dependent
intestinal epithelial homeostasis, which contributes to the regulation
of the intestinal barrier and overall homeostasis (45).

Additionally, 1,25(OH),D is recognized not only for its essential
role in maintaining bone health, but also for its involvement in cell
proliferation, differentiation, and immune function (46). Recent
studies have emphasized the essential role of 1,25(OH),D as a key
hormone in immune system regulation, similar to the Vitamin D
Receptor (VDR), which is expressed across various organs.
Additionally, the enzyme 1-alpha hydroxylase (CYP27B1), which is
responsible for converting vitamin D into its active form, 1,25(OH),D,
has been identified in several tissues beyond the kidneys. These
include tumor cell supernatants, monocytes, macrophages, placenta,
keratinocytes, and lymph nodes in individuals with nodal disease (36,
47). Notably, CYP27B1 expression has also been found in colon
epithelial cells (48). Given the multifaceted roles of 1,25(0OH),D in
bone metabolism, immune modulation, and cellular differentiation,
combined with the presence of CYP27B1 and VDR in the colon, it
suggests a deeper and more intricate connection between gut health,
intestinal barrier function, and the physiological effects of active
vitamin D. This connection could provide insight into how
Bifidobacterium adolescentis influences vitamin D metabolism in the
gut by interacting with the intestinal flora. Moreover, the observed
changes in intestinal flora after the intervention with Bifidobacterium
adolescentis CCFM 1447 appear to be closely linked to the regulation
of gut barriers and homeostasis.

In this study, Bifidobacterium adolescentis CCFM1447 was
experimentally found to have an excellent effect on improving OP
symptoms and to enhance VD physiological activity by up-regulating
the abundance of intestinal flora with the ability to transform
VD. However, its mechanism of action to increase the abundance of
these intestinal flora has not been clarified and will be further
explored in depth in the future. In addition, the human body
occupies a more dominant ability to metabolise VD, and further
research is needed to improve VD physiological activity by
regulating the human body and thereby increasing VD physiological
activity. In this paper, we searched for key differential bacterial
groups by analysing group-specific macrogenomes and non-target
metabolomes and verified their functions by in vitro single-bacterial
cultures, but the mechanism of transforming VD by differential
bacterial groups is not clear. Therefore, in the future, these
differential bacterial groups can be subjected to gene matching or
transcriptome sequencing in order to further reveal their mechanism
of transforming VD and lay a theoretical foundation for finding
other strains with the ability to transform VD. These results provide
a novel way of thinking about how probiotics affect VD metabolite
levels by regulating intestinal flora to maintain bone health and
gut homeostasis.
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5 Conclusion

In conclusion, we identified a strain of Bifidobacterium adolescentis
with the ability to enhance the activity of VD. The impact of this strain
was further evaluated in a RA-induced osteoporotic mouse model.
Significant bone loss and reduced serum VD metabolites were
observed in the mice after 3 weeks of RA gavage. However, after
3 weeks of continuous Bifidobacterium adolescentis CCFM1447
intervention, we observed notable improvements in serum calcium,
BMD, Tb. N, levels, decreased ALP levels, enhanced osteoblast
activity, and increased VD metabolite levels, as well as modulation of
intestinal flora. Compared to VD as a positive control, Bifidobacterium
CCFM1447 provided better
osteoporosis-related symptoms. Additionally, the intervention’s effect
on the intestinal flora revealed that CCFM 1447, combined with VD,
significantly increased the abundance of Adlercreutzia equolifaciens,

adolescentis improvements in

Akkermansia muciniphila, Pediococcus acidilactici, and Faecalibaculum
rodentium. These bacteria are closely linked to intestinal barrier
function, the maintenance of gut microbiota balance, and possibly
estramustine production. Given the multifaceted roles of 1,25(0OH),D
in bone health, immune modulation, and cellular differentiation,
along with the presence of CYP27B1 and VDR in the colon, there is
likely a more complex relationship between gut health, intestinal
barrier integrity, and the physiological actions of vitamin D. This
connection suggests that the metabolism of vitamin D, particularly its
active form, may not only influence bone and immune functions but
also play a critical role in preserving gut homeostasis and overall
gastrointestinal health. Further studies are needed to test this
hypothesis and evaluate whether these microbial species could
be targeted to improve VD metabolism. Therefore, we verified their
role in transforming vitamin D from both in vitro monoculture and
antibiotic-treated model mice. We found that one possibility for
CCFM1447 to enhance the physiological activity of VD is through
up-regulation of the abundance of Enterococcus faecalis and
Pediococcus acidilactici in the intestinal flora. These bacteria possess
the capability to metabolize vitamin D and enhance the levels of its
active metabolites, thereby mitigating symptoms of osteoporosis in
mice. This offers a theoretical foundation for boosting vitamin D
activity as a strategy to combat osteoporosis. The potential applications
of this approach are significant, particularly in the development of
products aimed at enhancing the physiological activity of vitamin D
to prevent or treat osteoporosis and bone loss. This area holds great
promise and warrants further investigation.
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