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The interaction between the gut microbiota and the host has been described
experimentally by germ-free animals or by antibiotic-disturbed gut microbiota.
Studies on germ-free mice have shown that gut microbiota is critical for bone
growth and development in mice, emphasizing that microbiota dysbiosis may
interfere with normal bone development processes. This study aimed to clarify
the effect of antibiotic treatment on disturbed gut microbiota on bone
development in mice and to investigate the effect of probiotic treatment on
fracture healing in mice with dysbiosis. Our results showed that 4 weeks old
female Kunming mice showed significantly lower abundance and diversity of
the gut microbiota and significantly lower bone mineral density after 12 weeks
of antibiotic treatment and significantly increased levels of RANKL and Ang Il in
serum (p<0.05). Mice with dysbiosis received 5 mL of Lactobacillus casei
fermented milk by daily gavage after internal fixation of femoral fractures,
and postoperative fracture healing was evaluated by X-ray, micro-CT scan, and
HE staining, which showed faster growth of the broken ends of the femur and
the presence of more callus. Serological tests showed decreased levels of
RANKL and Ang Il (p<0.05). Similarly, immunohistochemical results also
showed increased expression of o smooth muscle actin in callus tissue.
These results suggest that oral antibiotics can lead to dysbiosis of the gut
microbiota in mice, which in turn leads to the development of osteoporosis. In
contrast, probiotic treatment promoted fracture healing in osteoporotic mice
after dysbiosis, and the probiotic effect on fracture healing may be produced by
inhibiting the RAS/RANKL/RANK pathway.
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Introduction

Bacteria, viruses, fungi, and protozoa colonized in the gut
together form the gut microbiota. In recent years, these
microorganisms have been shown to have a strong association
with the host, including intestinal physiology, metabolic
function, immune system function, and inflammatory
processes (1-4). And surprisingly, the gut microbiota has also
been found to influence bone growth and development, for
example, germ-free mice have lower levels of osteoclastogenic
and higher bone mass (5), while male mice with intestinal
infections caused by pathogenic bacteria were shown to have
increased bone loss (6), and probiotic treatment reduced bone
loss in ovariectomized female mice (7, 8) and type 1 diabetic
male (9). These studies suggest that dysbiosis of the gut
microbiota can lead to bone loss and that probiotic treatment
can prevent bone loss due to some factors. However, the effect of
antibiotic treatment on bone growth and development in mice
remains unclear, and this effect seems to be related to the strain,
sex, and age of the mice. Therefore, in this study, female
Kunming mice at 4 weeks were selected for study, and
antibiotic treatment was applied for 12 weeks to clarify the
effect of antibiotic treatment on bone metabolism.

Oral probiotics are currently the most commonly used
treatment for gut microbiota dysbiosis, and available studies
have shown that probiotic therapy can alleviate multiple causes
of osteoporosis, such as glucocorticoid-induced osteoporosis
(10), postmenopausal osteoporosis (7, 11) and alveolar bone
loss due to periodontitis (12). It is well known that osteoporosis
can lead to the slow growth of fracture ends and is an important
cause of delayed fracture healing. The effect of probiotic therapy
on fracture healing in osteoporotic states is still unclear and
deserves further study.

Lactobacillus casei, one of the most widely researched and
used probiotics, the Lactobacillus casei treatment has been
shown to alleviate bone loss due to a variety of factors such as
type 1 diabetes (13), rheumatoid arthritis (14), ovariectomized
(15), etc. Experiments have demonstrated that Lactobacillus
fermented milk can affect bone metabolisms, such as
promoting osteoblast bone formation in vitro and alleviating
osteoporosis in spontaneously hypertensive rats and de-ovulated
rats (16-18). Studies have shown that Lactobacillus fermented
milk produces valinyl-prolinyl-proline (VPP) and the bioactive
peptide isoleucine-prolinyl-proline (IPP), and in addition, these
small peptides have angiotensin-converting enzyme (ACE)
inhibitory activity that blocks the conversion of angiotensin I
(Angl) to angiotensin IT (AnglI) and inhibits the breakdown of
bradykinin by inhibiting ACE (16-18). Recent studies have
shown that the expression of components of the renin-
angiotensin system (RAS), such as renin, ACE, and Ang II
receptors, are present in the local bone microenvironment and
callus and are important for bone growth and development (19-
21). Activation of RAS in the bone microenvironment has been
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shown to contribute to osteoporosis by stimulating the release of
receptor activator for nuclear factor-x B Ligand (RANKL) from
osteoblasts (22-24), while inhibition of local RAS activation can
alleviate bone loss and accelerate bone healing and remodeling
(21, 25). Therefore, we hypothesized that dysbiosis of the gut
microbiota due to antibiotic treatment could lead to osteoporosis
in mice and that oral treatment with Lactobacillus casei
fermented milk could alleviate bone loss and accelerate
fracture healing in mice, and this effect might be produced by
modulating the local RAS.

Herein, our results show that 12 weeks of antibiotic
treatment leads to osteoporosis in mice. Oral treatment with
Lactobacillus fermented milk significantly reduced Ang II and
RANKL levels in serum, alleviated osteoporosis, and promoted
fracture healing in mice.

Materials and methods
Animals and study design

Eighty-4-week-old female Kunming mice from Chengdu
Dasuo Experimental Animal Co., Ltd. were randomly divided
into control (n=40) and experimental groups (n=40). Mice were
kept in a special pathogen-free environment with free access to
sterilized food and autoclaved water. In the experimental group,
broad-spectrum antibiotics (0.5 g/l neomycin, 1.0 g/l ampicillin)
were added to the drinking water starting at 4 weeks of age, and
the water with or without antibiotics was renewed every two days.
After 12 weeks of treatment (age: 16 weeks), the bone mineral
density of the lumbar vertebrae (L3-4) of mice was measured by
dual-energy X-ray scanning to clarify the effect of antibiotic
treatment on bone metabolism in mice and to establish a model
of osteoporosis after gut microbiota dysbiosis (Figure 1A). After
confirming the model establishment, the mice were anesthetized
by intraperitoneal injection of 1% sodium pentobarbital solution
at a dose of 50 mg/Kg, and the right femur of the mice was
surgically exposed to the middle segment, and the femoral stem
was cut off transversely and flatly with a scalpel to cause transverse
fracture of the femur. Then the femoral stem was repositioned so
that both ends were fixed and the knee joint was in a flexion-
neutral position, and a 1 mL sterile syringe needle was inserted
into the medullary cavity parallel to the femoral stem using the
center of the intercondylar fossa as the entry point to confirm that
the fracture end was well aligned and the needle was firmly fixed,
and the remaining needle was cut to make it completely fixed in
the femur. After surgery, the experimental mice were divided into
the Water group (n=11), Milk group (n=11), and Lactobacillus
casei fermented milk group (n=11), and were gavaged with sterile
water, milk and Lactobacillus casei fermented milk (5mL/d) for
four weeks (Figure 1B). All animal experiments were approved by
the Animal Research and Care Committee of Southwestern
Medical University.
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FIGURE 1

Schematic diagram of the process designed for this study. (A) Antibiotic feeding induced osteoporosis model establishment in mice. (B) Antibiotic group
mice were randomly divided into 3 groups and given different interventions, and the corresponding indexes were tested after 4 weeks.

Preparation of probiotics-fermented milk

Briefly, Lactobacillus casei ATCC393 was added to sterile
MRS broth medium for expanded culture and added to skim
milk powder solution (11%) at 4% concentration (1.5x10® CFU/
mL) and cultured at 37°C for 24 hours. After the skim milk
powder solution changed from liquid to viscous, the solution
was centrifuged at 4°C for 10 min at 2500 rpm and the
supernatant was taken. The pH of the supernatant was then
adjusted to 7.5 with a 10% sodium hydroxide solution.

Gut microbiota 16sRNA sequencing

After 12 weeks of feeding, feces were collected from all mice
using sterile tubes with at least two feces per mouse (>0.1g/
serving) and stored immediately at -80°C. Fecal samples from 8
mice in the experimental and control groups were randomly
selected for 16S rRNA sequencing using MiSeq technology (26).
Briefly, DNA was extracted and the 165V4-V5’ region was
amplified using specific primers (515F 5-GTG CCA GCM
GCCGCG GTAA-3% 926R 5-CCG TCA ATT CMT TTG
AGT TT-3’). The amplified products were purified and
quantified to create a 16S rRNA library and sequenced
(lumina). Sequences were then quality trimmed to identify
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and remove chimeric sequences (Trimmomatic and mothur),
and sequences were classified using USEARCH software to
remove those classified as eukaryotic, archaeal, chloroplast,
mitochondrial, or unknown. Finally, the sequence data were
filtered to remove any sequences that appeared only once in the
dataset, and the clean tags processed above were clustered OTU,
and the sequences were clustered to operational taxonomic units
(OTUs) with a 97% similarity using USEARCH. The community
richness and diversity were analyzed by Mothur to explore the
alpha diversity of mouse gut microbiota and the community
richness was assessed by ACE estimator and CHO estimator,
and the community richness was assessed by Shannon estimator
and Simpson estimator. To visually investigate the similarity or
difference of the data, the eigenvalues and eigenvectors between
samples were determined by calculating ecological distances to
perform a principal coordinate analysis based on evolutionary
relationships and to create a matrix heat map.

Bone mineral density measurement
Mice were anesthetized and fixed on a test bench, and bone
mineral density of the lumbar spine was measured (scan speed 1

mm/s, resolution 0.5x0.5 mm) using dual-energy X-rays (GE
Healthcare, Piscataway, NJ, USA). The instrument was calibrated
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with a companion model before each measurement. the mean
BMD of L3 and L4 was considered to be the BMD of the
lumbar spine.

ELISA

After 8 weeks of antibiotic feeding and 4 weeks after femur
fracture surgery, 1 mL of blood was taken from the heart under
anesthesia, placed at 4°C overnight, and then centrifuged at 4°C for
10 min at 8000 rpm. The supernatant was extracted and tested for
mouse Angiotensin II (Ang II), and Receptor Activator for Nuclear
Factor-k B Ligand (RANKL) ELISA kits (Elabscience Biotechnology
Co., Wuhan, Hubei, China) after returning to room temperature
according to the manufacturer’s instructions (27).

Micro-CT

Tibial and femoral samples were collected 4 weeks after femoral
fracture surgery, after execution of the mice, the intramedullary pins
were removed and immediately placed in 10 formalin for 24 hours for
fixation, and the bone was then transferred to a 70% ethanol solution
for scanning with a Siemens Inveon Micro-PET/CT system. Voxel
resolution was 20 um. each run included the bones of mice under
experimental conditions and calibrated models to standardize
grayscale values and maintain consistency between analyses. The
growth of the callus at the fracture was assessed by imaging and 3D
reconstruction. The bone was also separated from the bone marrow
using a fixation threshold (980), and bone mineral density (BMD),
trabecular thickness (Tb. Th), trabecular number (Tb. N), and
spacing (Tb. Sp) were assessed in the area of secondary trabeculae
1-1.5 mm from the proximal tibial growth plate, using hand-drawn
contour lines to identify the area of interest. The data were then
analyzed and recorded using Inveon Research Workplace software
(Siemens, Germany). Surface images such as femoral trabeculae were
taken from an area of the femur with a length of 1.0 mm and a
diameter of 1.0 mm for analysis. All bone analyses were performed
without regard to experimental conditions.

Postoperative X-ray examination

At weeks 1, 2, and 4 after femoral fracture surgery, mice were
anesthetized with 1% sodium pentobarbital solution and fixed on a
test bench, and the growth of bone callus was evaluated using X-ray
scans. The scoring criteria used were the Radiological United Score
of the Tibial(RUST) (28) fracture healing score as follows: visible
fracture line without callus Score = 1; visible fracture line with
healing tissue formation Score = 2; no visible fracture line with
bridging callus Score = 3. The above criteria were evaluated at the
anterior, posterior, medial, and lateral aspects of the fracture site,
with a total score of 4-12.
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HE staining of the femur

Four weeks after femoral fracture surgery, femoral specimens
were collected after execution of the mice, the intramedullary pins
were removed, repeatedly rinsed with saline, and immersed in
ethylenediaminetetraacetic acid solution (10%) for one month
(sample volume: solution volume >20:1), and the solution was
changed every 3 days. The decalcified samples were embedded in
paraffin, cut into slices (thickness: 10 um; 1 slice/sample), and
stained with hematoxylin-eosin (H&E). Histological evaluation of
stained sections of fracture ends using light microscopy.

Immunohistochemistry

After preparing the femoral sections using the same
procedure as above, the sections were immunohistochemically
processed using an anti-alpha smooth muscle actin antibody
according to the manufacturer’s instructions (Abcam, United
Kingdom). Briefly, sections were washed with TBS solution
containing 0.025% Triton X-100 and then closed for 2 h at
room temperature using TBS solution containing 10% normal
serum and 1% BSA. rabbit antisera against mouse alpha-smooth
muscle (Abcam, United Kingdom) applied to sections overnight
at 4°C. To visualize the antigen-antibody reaction, the slides
were incubated in a TBS solution containing 0.3% H202 for
15 min. Finally, sections were counterstained with hematoxylin.

Statistical analysis

Statistical analysis was performed by using Graph Pad
Prism. Measurements that conformed to a normal distribution
were compared between two groups using the t-test and between
three groups using one-way ANOVA. For measurements that
did not conform to a normal distribution, the Wilcoxon test was
used to make comparisons between the two groups. Differences
of P<0.05 were considered statistically significant.

Results

Antibiotic treatment significantly alters
the composition of the intestinal
microbiota in mice

To investigate the effect of antibiotic treatment on the gut
microbiota of mice, we performed 16S RNA sequencing of fecal
samples to analyze the composition of the mouse gut microbiota
at three levels: phylum, class, and order (Figure 2). The results
showed that after 12 weeks of antibiotic treatment, profound
changes in the composition of the gut microbiota occurred at all
three levels. Compared with the control group, the antibiotic
group showed a significant increase in the relative abundance of
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Bacteroidetes phylum and a significant decrease in the relative
abundance of Firmicutes phylum at the phylum level, and an
increase in the relative abundance of Bacteroidales and a decrease
in the relative abundance of Clostridiales at the class level, as well
as an increase in the relative abundance of Bacteroidales and a
decrease in the relative abundance of Clostridiales at the order
level. (Figure 2A). The non-parametric test results also showed
that the above populations were the most diverse at their
corresponding levels (Figure 2B).To further investigate the effect
of antibiotic treatment on the species richness of the gut
microbiota, we used the Shannon, Simpson, Ace, and Chao
estimators to explore the alpha diversity of the mouse GM, and
the results showed that antibiotic treatment significantly reduced
the Shannon, Ace and Chao indices, while the Simpson index was
significantly increased, suggesting that antibiotics treatment
significantly decreased the species richness of mouse GM
(Figure 2C). In addition, we also multi-beta diversity was
analyzed, as shown in Figure 2D The thermal matrix plot and
PCoA analysis both showed dispersed samples from different
groups and concentrated samples from the same group. In
conclusion, the above results suggest that antibiotic treatment
significantly altered the composition and reduced the complexity
of the gut microbiota in mice.

Antibiotic treatment leads to the
development of osteoporosis in mice

To investigate the effect of antibiotic treatment on bone quality in
mice, we assessed bone mineral density (BMD) of the spine using
dual-energy X-rays. Dual-energy radiographs showed that the
grayness of the spine was significantly lower in antibiotic-treated
mice than in controls (Figure 3A). Correspondingly, the quantitative
analysis of L3-L4 showed a significant decrease in BMD in the
antibiotic group compared to the control group (Figure 3B).

Antibiotic treatment leads to increased
Ang Il and RANKL in mice serum

To investigate whether antibiotic-induced osteoporosis is
related to RAS, we measured the serum RAS fractions and
RANKL levels in mice after 12 weeks of antibiotic treatment. The
results showed that Ang IT and RANKL levels were significantly
increased in the serum of mice in the antibiotic group, suggesting
that osteoporosis caused by antibiotic treatment may be produced
by activating the RAS (Figure 4).

Lactobacillus casei fermented milk may
improve fracture healing in
osteoporotic mice

To investigate the effect of Lactobacillus casei fermented milk

on fracture healing in osteoporotic mice, we performed X-ray scans
onmiceat 1,7, 14, and 28 days after surgery to assess postoperative
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fracture healing. As shown in Figure 5A, the fracture alignment was
satisfactory and there was no obvious displacement of the
intramedullary pin on postoperative day 1; on postoperative day
7, the fracture line was visible and healing tissue formation was
visible in some mice, but no obvious callus growth was observed; on
a postoperative day 14, the fracture line was still clearly visible and
callus formation was observed in the stress measurement, and callus
formation was significantly more in the Lactobacillus casei
fermented milk group; on postoperative day 28, the fracture line
was slightly blurred and the callus formation was significantly
increased. Significant callus formation was observed in the milk and
Lactobacillus casei fermented milk groups on both the stress side
and the tension side, but more pronounced callus formation was
observed in the water group only on the stress side. We
quantitatively assessed the fracture healing using the RUST scale,
and the results showed that the fracture healing was significantly
better in the Lactobacillus casei fermented milk group than in the
water group at all time points (Figure 5B). In addition, we
performed the histological assessment of fracture healing in mice
by HE staining, as shown in Figure 6. The bone trabeculae in the
callus at the fracture in the water group were sparsely and
irregularly arranged, those in the callus in the milk group were
slightly dense and regular, and the fibrous callus in the Lactobacillus
casei fermented milk group disappeared and the bone marrow
cavity was partially recanalized, which was significantly better than
the water and milk groups.

Lactobacillus casei fermented milk
improves bone microstructure and
promotes callus formation

To further investigate the effect of Lactobacillus casei on fracture
healing, we performed Micro-CT scans of the tibia and femur of mice
at 28 days postoperatively and performed 3D reconstruction to assess
callus growth and bone trabecular microparameters. The results
showed that only a few calluses formed at the fracture in the water
group and partial separation of the fracture were observed, whereas
the calluses at the fracture in the mice in the Lactobacillus casei
fermented milk group were significantly more numerous and
connected into pieces, which was significantly better than the milk
and water groups (Figure 7A). In addition, the evaluation of tibial
trabecular parameters in mice showed that the BV/TV, Tb. Th, and
Tb. N of mice in the Lactobacillus casei fermented milk group was
significantly higher than those in the water and milk groups, and the
corresponding Tb. Sp was significantly lower than that in the water
and milk groups(Figure 7B).

Lactobacillus casei fermented milk
significantly increased the expression of
o smooth muscle actin in the callus

o smooth muscle actin (aSMA), a specific marker of
osteochondral progenitor cells during fracture healing,
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FIGURE 2
antibiotics altered gut microbiota. (A) Comparison of two groups of gut microbiota. (B) Difference of gut microbiota between two groups. (C)
Alpha Diversity Analysis. (D) Beta diversity analysis based on evolutionary relationships, matrix heat map and POCA analysis of Weightedunifrac
and unweightedunifrac. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

is one of the important indicators for assessing fracture
healing (29). We explored its expression in callus by
immunohistochemistry, and the results showed that aSMA
expression was significantly higher in bone scabs of mice in the
Lactobacillus casei fermented milk group compared to the
water and milk groups (Figure 8).
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Lactobacillus casei fermented milk
reduces Ang Il and RANKL levels in
mice serum

To investigate whether the osteoprotective effect of
Lactobacillus casei fermented milk was related to RAS, we
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measured the serum levels of Ang IT and RANKL in mice 28 days
after surgery. The results showed that the serum levels of Ang II
and RANKL were significantly lower in the Lactobacillus casei
fermented milk group compared with the water and milk
groups. It is suggested that the osteoprotective effect of
Lactobacillus casei fermented milk may be related to the
inhibition of RAS activity (Figure 9).
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Discussion

Our study showed that antibiotic treatment for 12 weeks led
to significant changes in the gut microbiota and osteoporosis in
mice, and the levels of Ang II and RANKL in serum were
significantly increased, suggesting that RAS may play an
important role in bone loss due to gut microbiota dysbiosis.
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And that Lactobacillus casei fermented milk treatment alleviated
osteoporosis and promoted fracture healing in mice, and that
this effect may have been produced by inhibiting Ang II and
RANKL production.

The gut microbiota has recently been shown to affect multiple
systems in the host, including the skeleton (1-5). Studies on germ-
free mice have shown the importance of gut microbiota for bone
metabolism, but the problem of defective immune system
development in germ-free mice cannot be avoided (5).
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Therefore, perturbing the gut microbiota through antibiotic
therapy may be a better option (30-33) It is well known that
antibiotics are widely used to treat and prevent bacterial
infections. However, it has been shown that antibiotic treatment
can have lasting negative effects on the host by depleting
commensal bacteria leading to dysbiosis and long-term changes
in the gut microbiota (34-36). This provides an effective means for
exploring the link between gut microbiota and bone metabolism.
However, the gut microbiota is usually in a dynamic homeostatic
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Representative HE stained images of the fracture site 28 days after surgery
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Micro-CT images and microparametric analysis of tibial trabeculae at 28 days postoperatively. (A) Representative Micro-CT images. (B) Quantitative analysis
of bone trabecular number (Tb. N), bone value/total value (BV/TV), bone trabecular thickness (Tb. Th), and bone trabecular space (Tb. Sp). *p<0.05

transient state, with strong resistance to external influences.
Studies have shown that while short-term antibiotic treatment
(1-2 weeks) can perturb the gut microbiota, the gut microbiota
can quickly return to its pre-treatment state after antibiotic
treatment is discontinued (37). For this reason, our study used
neomycin and ampicillin for a longer-term (12 weeks) antibiotic
treatment to cause long-term and sustained disruption of the gut
microbiota (38). To effectively limit the parenteral effects of
antibiotic treatment, two antibiotics, neomycin, and ampicillin,
with low intestinal absorption in rodents, were used in this study
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to minimize parenteral effects (39, 40). Although it is rare for a
human to be treated with antibiotics throughout growth and
development, there are cases of long-term and significant changes
in the gut microbiota due to diet or metabolism (37).

Previous studies have demonstrated that antibiotic
treatment can have a significant effect on the gut microbiota
(30-33), and our findings similarly demonstrate this. Comparing
the differences in gut microbiota structure between the
antibiotic-treated and control groups by 16s RNA sequencing,
our results showed significant alterations in the gut microbiota
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FIGURE 8
Representative immunohistochemical staining images (400x).
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Comparison of serum Ang Il and RANKL levels in the water and milk groups with the Lactobacillus casei fermented milk group. (A) Serum
angiotensin Il (Ang I1); (B) Receptor Activator for Nuclear Factor-x B Ligand (RANKL). *p<0.05, ***p<0.001

of mice after antibiotic treatment at multiple levels from phylum
to order. Previous studies have shown that antibiotic treatment
can cause a decrease in the abundance of the phylum
Bacteroidetes, a major phylum in healthy mice and humans
and that a decrease in the abundance of Bacteroidetes is
associated with many diseases, including IBD and type 2
diabetes (41, 42). And interestingly, in our study, alterations in
the gut microbiota of mice after antibiotic treatment were mainly
manifested at the phylum level by an increase in the relative
abundance of the Bacteroidetes phylum and a decrease in the
relative abundance of the Firmicutes phylum. We note the
presence of Lactobacillus, a widely studied and used bacterium
in the Firmicutes phylum, and studies have shown that
Lactobacillus treatment is beneficial in increasing bone mineral
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density (7, 10, 43). And the relative abundance of Lactobacillus
also showed a significant decrease in our study. Therefore, we
speculate that the decrease in the relative abundance of
Lactobacillus may be one of the reasons for bone loss due to
antibiotic treatment. However, it is noteworthy that the altered
abundance of the Bacteroidetes phylum in our study appeared
significantly different from previous studies, which we believe
may be related to the type of antibiotic, dose, duration of
treatment, strain, sex, and survival environment of the mice.
Many studies have shown that the gut microbiota is critical
to bone metabolism and that dysbiosis of the gut microbiota can
lead to bone loss (6). This was also demonstrated in our study,
where antibiotic treatment resulted in a significant reduction in
spinal bone mineral density in mice. Although antibiotic therapy
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has been widely used to explore the link between gut microbiota
and bone metabolism, we note that many studies have shown
mixed results. For example, female mice (C57BL/6]) showed a
significant increase in BMD after 3 weeks of antibiotic treatment,
but no effect after 7 weeks (30); Low doses of penicillin increased
BMD in female mice, while males receiving the same treatment
showed decreased BMD (44). In conclusion, antibiotic treatment
can affect bone metabolism, but the effect depends on the
duration of antibiotic treatment as well as the age, sex, and
strain of the mice.

Oral probiotics are the most common treatment for gut
microbiota dysbiosis, and many studies have demonstrated that
probiotic therapy can alleviate multiple factors contributing to
osteoporosis (7, 8, 45). Lactobacillus is the most widely studied
and used, and is available through diet (e.g., yogurt). Therefore,
for our study, we chose to use Lactobacillus casei ATCC393 for
the treatment of osteoporotic mice after dysbiosis, and in
addition, we added Lactobacillus casei to skim milk to make
Lactobacillus casei fermented milk to imitate the most common
way of obtaining Lactobacillus in humans. Our study showed
that Lactobacillus casei fermented milk treatment significantly
improved the microstructure of bone trabeculae in osteoporotic
mice caused by dysbiosis of the gut microbiota, furthermore, it
had a significant effect on the healing of fractures in osteoporotic
mice. Our data showed that BV/TV, Tb. Th and Tb. N was
significantly higher and Tb. Sp was significantly lower in mice
treated with Lactobacillus casei fermented milk, and
histomorphology and imaging showed significantly faster and
more callus formation and significantly faster healing at the
femur fracture. And the expression of oSMA in callus was
significantly increased in mouse callus after Lactobacillus casei
fermented milk treatment.

To investigate the possible mechanism of gut microbiota
affecting bone metabolism in this study, we measured the levels
of Ang II and RANKL in mice serum, and the results showed
that the levels of Ang II and RANKL in mice serum were
significantly increased after antibiotic treatment, while
Lactobacillus casei fermented milk treatment significantly
decreased the levels of Ang II and RANKL in serum. Ang II
acts as a major effector protein of RAS, and our results suggest
that RAS may have an important role in osteoporosis caused by
dysbiosis of the gut microbiota. Tissue localized RAS is called
tissue RAS (46), studies have shown that the local RAS is thought
to be involved in a variety of physiological and pathological
processes, such as insulin secretion, glomerulosclerosis,
nephritis, and atherosclerosis (47-50). Recent studies have
found that RAS components such as ACE and Ang II
receptors are expressed in the local environment of bone tissue
and callus (19-21). Many studies have shown that local RAS
activation was found to be involved in age-related osteoporosis
in mice (22), onset and development of postmenopausal
osteoporosis in an ovariectomy model (23, 24), and
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osteoporosis due to overuse of glucocorticoids (20), suggesting
an important role for RAS in the development of osteoporosis.
In addition, Shimizu (23) and Zhou (24) found that Ang II
promotes osteoclast proliferation and differentiation by inducing
RANKL release from osteoblasts, which in turn leads to
osteoporosis. Our results also show that alterations in the gut
microbiota result in significant changes in serum Ang II and
RANKL with the same trend and, more importantly, that these
changes can affect bone mineral density and fracture healing
rate. This suggests that RAS may be one of the important
pathways through which the gut microbiota affects bone
metabolism. We note that studies have shown that
Lactobacillus fermented milk produces valinyl-prolinyl-proline
(VPP) and the bioactive peptide isoleucine-prolinyl-proline
(IPP), and in addition, these small peptides have angiotensin-
converting enzyme (ACE) inhibitory activity that blocks the
conversion of Ang I to Ang II and inhibits the breakdown of
bradykinin by inhibiting ACE (16-18). We believe that this may
be one of the reasons why gut microbiota affects RAS. And in our
study, we found a significant reduction of Lactobacillus with
osteoporosis after antibiotic treatment, while Lactobacillus casei
fermented milk treatment resulted in significant improvement of
bone trabecular microparameters, alleviation of osteoporosis,
and a significant acceleration of fracture healing, which seems to
corroborate this view, but further studies are needed. And in our
study, we found a significant reduction of Lactobacillus with
osteoporosis after antibiotic treatment, while Lactobacillus casei
fermented milk treatment resulted in significant improvement of
bone trabecular microparameters, alleviation of osteoporotic
symptoms, and a significant acceleration of fracture healing,
which seems to corroborate this view, but further studies
are needed.

In conclusion, our study shows that antibiotic treatment
leads to significant alterations in the gut microbiota and causes
the development of osteoporosis in mice, that Lactobacillus casei
fermented milk treatment alleviates this osteoporosis and
accelerates fracture healing, and that this effect is produced by
modulating RAS activity and thus affecting RANKL release.
However, this study has several limitations. First, only one
concentration of antibiotic treatment was studied, which does
not adequately determine the relationship between antibiotic
treatment and bone loss and RAS. Second, our results contradict
previous studies. The effect of antibiotic treatment on the gut
microbiota still needs further study. Third, although 16s RNA
sequencing of fecal specimens is currently the predominant way
to assess the composition of the gut microbiota, there is a
possibility that the fecal microbiota does not reflect the entire
gut microbial environment. In addition, we only examined the
circulating RAS fractions and RANKL in mice and did not
perform the local examination of bone tissue. Therefore, our
findings still require further studies to better elucidate the link
between gut microbiota and bone metabolism.
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