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Gut microbiota can affect bone  
quality by regulating serum estrogen levels
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Abstract: Germ-free (GF) animals and animal models of the antibiotic disruption of gut microbiota are widely used 
to explore studies of gut microbiota-host interactions. The role of gut microbiota in bone growth and development 
has been well explained in studies on GF mice, indicating that changes in the gut microbiota may affect normal 
bone developmental processes. The mechanisms, however, are yet unclear. This study aims to clarify the effect of 
antibiotic treatment disrupting the gut microbiota on bone development in mice and investigate the possible causes 
of this effect. Our results show that long-term antibiotic feeding significantly alters gut microbiota composition in 
mice, reduces the bone mineral density of the spinal region, and leads to changes in trabecular microstructure. 
Interestingly, we found a significant decrease in the serum estrogen levels in mice treated with antibiotics, sug-
gesting that gut microbiota may affect bone quality by regulating serum estrogen levels. These results may help 
understand how gut ecological dysregulation affects sex hormones and provide a new conception for the clinical 
treatments of osteoporosis.
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Introduction

Osteoporosis is a common metabolic disease 
of the skeletal system characterized by de- 
creased bone mass and changes in bone 
microstructure [1]. The current anti-osteoporo-
sis treatment consists mainly of calcium, estro-
gen, or bisphosphonates, but the therapeutic 
effect of these drugs is unsatisfactory, and 
there are safety and tolerance problems in 
long-term treatment [2, 3].

For the past few years, the gut microbiota (GM) 
has been a vital regulator for host physiology, 
including bone health. The GM is defined as “all 
microorganisms that colonize our intestine, 
including bacteria, viruses, fungi, and protozoa” 
[4, 5]. GM is acquired from the mother during 
birth, then established in the first few years of 
life, and composition remains relatively stable 
[5, 6]. However, many factors (i.e., diet, age, 
travel, and medications) can shift or change the 
gut microbiota composition. Previous studies 
have revealed that GM can be thought of as a 

multicellular organ that interacts with and  
influences the host in multiple ways, including 
gut physiology, metabolic and immune-system 
functions, inflammatory processes, etc. [7-10]. 
Alterations in the composition of the GM have 
been associated with bone remodeling, for 
example, GF mice have lower levels of osteo-
clastogenesis and higher bone mass [11], and 
male mice with intestinal infections caused by 
pathogenic bacteria have increased bone loss 
[12]. Further, probiotic treatment reduces bone 
loss in ovariectomized female mice [13, 14], 
and type 1 diabetic male mice [15]. These stud-
ies suggest that GM dysbiosis can cause bone 
loss, and probiotic treatment can prevent bone 
loss due to some factors.

Estrogen is an essential regulator of bone 
mass, and postmenopausal osteoporosis is the 
most common type of osteoporosis, caused 
mainly by the cessation of ovarian function, in 
which decreased estrogen levels lead to the 
stimulation of bone resorption and bone forma-
tion. Bone resorption, however, is stimulated to 
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a much greater degree than bone formation, 
which leads to rapid bone loss [16]. It is known 
that bone loss in mice due to ovariectomy is 
associated with dysbiosis of the GM and that 
probiotic treatment can alleviate this bone loss 
[13, 17]. A recent study has shown that estro-
gen deficiency does not cause bone loss in GF 
mice but can lead to significant bone loss in GF 
mice with recolonized gut microbiota, which 
implies the regulation of bone mass by estro-
gen is dependent on GM [18]. Therefore, we 
hypothesized that bone loss due to gut micro-
biota dysbiosis is correlates with estrogen lev-
els and may cause osteoporosis in mice by 
decreasing serum estrogen levels.

The purpose of this study is to explore whether 
bone loss caused by dysbiosis of the gut mic- 
robiota is correlated with estrogen levels. 
Although previous studies have used germ-free 
mice as a standard tool to demonstrate the 
effects that gut microbiota has on bone struc-
ture and density, defects in the immune system 
development in germ-free mice are an unavoid-
able problem [11]. To have a better characteri-
zation the effects of gut microbiota on bone 
density, some laboratories have used antibiot-
ics to disrupt the GM [19-22]. For this reason, 
we use an antibiotic-treated animal model in 
this study. Our results demonstrate that long-
term antibiotic treatment leads to significant 
changes in the gut microbiota composition with 
bone loss. Furthermore, we present evidence 
that serum estrogen levels decrease following 
gut microbiota dysbiosis, which suggests a 
strong correlation between gut microbiota, 
estrogen, and osteoporosis.

Materials and methods

Animals and study design

Four week-old Kunming mice (n=36) were ob- 
tained from Southwest Medical University and 
randomized into two groups, the treated group 
(n=18) and the control group (n=18). Mice were 
maintained in a special pathogen-free environ-
ment and fed with sterilized food and auto-
claved water, ad libitum. In the treatment group, 
starting from 4 weeks of age, broad-spectrum 
antibiotics (0.5 g/L neomycin, 1.0 g/L ampicil-
lin) were added to the drinking water [20, 22]. 
The bioavailability of ampicillin and neomycin is 
very low, limiting their effect outside the intes-
tine [23]. The drinking water, with or without 
antibiotics, was renewed every two days. After 

a treatment of 12 weeks (mice age: 16 weeks), 
the animals reached skeletal maturity [23], 
mice were euthanized by cervical dislocation, 
and femurs were collected immediately after 
euthanasia. Blood and fecal samples were col-
lected one hour before euthanasia. All animal 
experiments were approved by the Southwest 
Medical University Ethics Committee (SWMU- 
20220045).

Bone mineral density (BMD) measurement 

BMD of the lumbar spine (L3-L4) in mice was 
measured using a dual-energy X-ray (GE Heal- 
thcare, Piscataway, NJ, USA) with a scanning 
speed of 1 mm/s and a resolution of 0.5×0.5 
mm. before measurement, the instrument was 
calibrated using a companion model. The mean 
BMD of L3 and L4 was considered to be the 
BMD of the lumbar spine.

Micro-computed tomography (μCT) bone imag-
ing

Six mice randomly selected from each group 
were used for a micro-CT assay. The femurs 
were collected on the day of harvesting, fixed in 
10% formalin for 24 h, and the bone was trans-
ferred to a 70% ethanol solution and scanned 
using the Siemens Inveon Micro-PET/CT sys-
tem, with a voxel resolution of 20 μm. Each run 
included skeletons from mice under experi-
mental conditions and a calibration model to 
standardize grayscale values and maintain con-
sistency between the analyses. Separation of 
bone from bone marrow was made with a fixa-
tion threshold (980). Bone mineral density 
(BMD), trabecular bone thickness (Tb.Th), tra-
becular bone number (Tb.N), and spacing (Tb.
Sp) were assessed in the secondary trabecu- 
lar regions at 2-4 mm away from the growth 
plate, and hand-drawn contours were used to 
separate the metaphyseal region of interest 
from the trabecular compartment. The data 
were then analyzed and recorded using Inveon 
Research Workplace Software (Siemens, USA). 
Surface images such as femoral trabeculae 
were taken from an area of the femur and 1.0 
mm in length and 1.0 mm in diameter were 
analyzed. All bone analyses were performed 
without regard to experimental conditions.

Microbial community analysis

Fresh fecal samples (>0.1 g per animal) were 
collected in sterile tubes from 12 mice (n=6 per 
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group) and immediately stored at -80°C. The 
absolute quantification of 16S rRNA gene se- 
quencing was conducted by TinyGene Bio Inc. 
(Shanghai, China). The samples were sent for 
16S rRNA [25] sequencing using MiSeq tech-
nology. Briefly, the DNA was extracted, and 16S 
‘V4-V5’ region was amplified using the specific 
primer (515F 5’-GTG CCA GCM GCCGCG GTAA-
3’; 926R 5’-CCG TCA ATT CMT TTG AGT TT-3’). 
The amplified products were purified, quanti-
fied to establish a 16S rRNA library, and 
sequenced (Illumina). Quality trimming of se- 
quences using Trimmomatic and mothur was 
done to identify and remove chimeric sequenc-
es. Sequences were classified using USEARCH 
software, and those classified as Eukarya, 
Archaea, chloroplast, mitochondria, or unknown 
were removed. The sequence data were then 
filtered to remove any sequence appearing only 
once in the data set. The clean tags processed 
above were subjected to OTU clustering, and 
the sequences were clustered into operable 
classification units (OTUs) with 97% similarity 
using USEARCH.

Serum estrogen

Twelve mice (n=6 per group) were randomly 
selected for an analysis of their serum estrogen 
levels. Whole blood was collected by cardiac 
puncture at the time of euthanasia. After com-
plete coagulation, the tube was centrifuged 
(2500 rpm, 15 min), and the serum layer was 
collected and kept at -20°C. For estrogen 
assays, the samples were thawed, maintained 
at room temperature for 0.5 h, and assayed 
with mouse 17α-E2 ELISA kits (Qiao-Du Biotech, 
Shanghai, China) following the manufacturer’s 
instructions.

Bone histology 

Six mice randomly selected from each group 
were used for the histomorphometric assay. 
The distal parts of the collected femurs were 
stripped of soft tissues and fixed in 10% neu-
tral formalin for 4 h. Subsequently, they were 
rinsed repeatedly with physiological saline and 
immersed in an ethylenediaminetetraacetic 
acid solution (10%) for one month (sample 
volume:solution volume >20:1), with the solu-
tion changed once every 3 days. The decalci-
fied samples were embedded in paraffin, cut 
into slices (thickness: 10 µm; 1 slice/sample), 
and stained with hematoxylin-eosin (H&E). The 
stained sections were studied with a light 
microscope and analyzed for histomorpho- 
metric indices (Image-Pro Plus 6.0, Media 
Cybernetics, Bethesda, MD, USA), including the 
percentage of bone trabecula (%.Tb.Ar), trabec-
ular bone area (Tb.Ar), average bone trabecular 
spacing (Tb.Sp), and average bone trabecular 
width (Tb.Wi) [33].

Statistical analysis

Statistical analysis was performed by using 
Graph Pad Prism. Measurement data conform-
ing to the normal distribution were compared 
using t-test between two groups. For measure-
ment data that did not meet normal distribu-
tion, the Wilcoxon test was performed for the 
comparison between the two groups. A differ-
ence of P<0.05 was considered statistically 
significant.

Results

Effect of antibiotic treatment on the growth of 
mice

The difference in mean body weight between 
both groups of mice before and after antibiotic 
treatment was not statistically significant. No- 
tably, there was a decreasing trend in body-
weight growth rate in the control mice after 
three weeks (7 weeks of age) of antibiotic treat-
ment and a statistically significant difference 
after six weeks (10 weeks of age); but this dif-
ference disappeared rapidly after two weeks 
(12 weeks of age). These data suggest that 
antibiotic treatment delays weight gain in mice 
(Figure 1).

Figure 1. Bodyweight gain of mice in two groups. 
(Data are presented as mean ± SD).
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Effect of antibiotic treatment on the gut micro-
biota of mice

To investigate the effect of antibiotic treatment 
on the gut microbiota, the composition of the 
mice’s gut microbiota was analyzed by 16S 
RNA sequencing of fecal samples at multiple 
taxonomic levels from phylum to order (Figures 
2-4). The results showed that the composition 
of the gut microbiota changed profoundly at 
several taxonomic levels after 12 weeks of anti-
biotic treatment. At the phylum level, the rela-
tive abundance of Tenericutes phylum signifi-
cantly decreased after antibiotic treatment; at 
the class level, the relative abundance of 
Clostridia significantly increased, while Bacilli 
significantly decreased; at the order level, the 
relative abundance of Clostridiales significantly 
increased, while the relative abundance of 
Lactobacillales significantly decreased (Figure 
2A). Non-parametric test was used to explore 
the populations that differed the most between 
the two groups. The results showed that at the 
phylum level, the greatest differences were 
between Verrucomicrobia and Cyanobacteria; 
at the class level, between Erysipelotrichia and 
Betaproteobacteria; and at the order level, 
between Erysipelotrichales and Burkholderiales 
(Figure 2B).

We first constructed a rarefaction curve to eval-
uate our sequencing depth, and the end of the 
curve flattens out, as shown in Figure 3A, which 
indicates that our sequencing depth is reason-
able. The overall abundance of the gut microbi-
ota was then assessed by rank-abundance 
plots, and no significant difference was found 
between the two groups (Figure 3B). Venn dia-
grams were used to analyze the unique and 
common operative taxonomic units (OTUs) in 
the two groups. We observed 56 and 64 unique 
OTUs in the treatment and control groups, 
respectively, while 244 OTUs were shared by 
both groups (Figure 3C). We then assessed 
alpha diversity with the ACE estimator, Chao 
estimator, and Shannon index and found a 
decreasing trend in the antibiotic-treated 
group, indicating less alpha diversity in the gut 
microbiota after antibiotic treatment (Figure 
3D, 3E). In addition, the increase in the Sim- 
pson’s index indicated less alpha diversity in 
the antibiotic-treated group (Figure 3D, 3E). To 
determine beta diversity after antibiotic treat-
ment, ecological distances were visualized 
using an OTU-based variability matrix heat map 

and Principal Coordinate Analysis (PCoA). We 
found that samples from the same group were 
well-clustered, while samples from different 
groups were well-separated (Figure 4A, 4B). 
Correspondingly, UniFrac trees clustered and 
differentiated equally well (Figure 4C). In con-
clusion, the above data suggest that antibiotic 
treatment significantly alters the gut microbiota 
composition and reduces its complexity.

Effect of antibiotic treatment on bone quality 
in mice

To investigate the effect of antibiotic treatment 
on bone quality in mice, we assessed the bone 
mineral density (BMD) of the spine by using 
dual-energy X-rays and the morphology and 
micro parameters of the femur using H&E stain-
ing and Micro-CT scanning.

Dual-energy radiography showed that the grey-
ness of the spine in the antibiotic-treated mice 
(Figure 5A) was significantly lower than that in 
the control group (Figure 5B). Correspondingly, 
the results of quantitative analysis of the L3-L4 
showed a 24% decrease in BMD in the treated 
group compared to the control group (Figure 
5C).

Staining of the distal femoral epiphysis was 
used to evaluate its histomorphology; repre-
sentative photomicrographs are shown in 
Figure 6A. Compared with the control group, 
the number of trabeculae in the cancellous 
bone was lower in the treatment group, and the 
cavity area in the medullary cavity was larger. 
The trabeculae were small, sparse, and discon-
nected. In addition, resorption pits produced by 
osteoclast activity were observed on the tiny 
trabeculae in the treated group. Quantitative 
analysis showed a significant decrease in Tb.Ar, 
%Tb.Ar, and Tb.Wi and a significant increase in 
Tb.Sp in the treatment group compared with 
the control group (Figure 6B-E).

A micro-CT scan of the femur showed a signifi-
cantly decreased amount of bone mass in tra-
beculae of the treated group (Figure 7A), and 
analysis of trabecular parameters showed sig-
nificant decrease in BV/TV, Tb.Th, Tb.N in the 
treated group, whereas Tb.Sp (Figure 7B-E) sig-
nificantly increased compared with the control 
group. These data suggest that antibiotic treat-
ment causes bone loss and alters bone trabec-
ular microarchitecture in mice.
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Figure 2. Effect of 12 weeks antibiotics treatment on the composition of gut microbiota in mice (n=6 per group). A. The abundance of fecal bacterial communities at 
the phylum, class, and order levels; B. Wilcoxon test for significance of differences in OTUs between the two groups at the phylum, class, and order levels. *P<0.05, 
**P<0.01. Data are presented as mean ± SD.
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Figure 3. Alterations in the gut microbiota of mice (n=6 per group). A. Multy sample Rarefaction Curves; B. Rank-abundance diagram; C. Venn diagram of OTU with 
97% similarity level; D. Curves of the ACE estimator, Chao estimator, Shannon index, and Simpson index; E. Analysis of variability between the two groups on the ACE 
estimator, Chao estimator, Shannon index, and Simpson index. Values were calculated using one-way ANOVA. Data are presented as mean ± SD.
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Figure 4. Beta diversity assessment of samples (n=6 per group). A. Matrix Heat Map; B. PCoA analysis; C. UniFrac trees. Data are presented as mean ± SD.
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Figure 5. Dual Energy X-Ray images (n=18 per group). Of (A) Treated group and (B) Control group; (C) Comparison 
of bone mineral density between two groups (p<0.0001). Data points are presented as mean ± SD and t-test was 
used for comparison between groups. *P<0.05. 

Figure 6. Histomorphological analysis on femur (n=6 per group). A. Representative photomicrographs of H&E stain-
ing of the femur; B. Trabeculae area (Tb.Ar), (P<0.0001); C. Percentage of trabecular area (%Tb.Ar), (P<0.0001); D. 
Trabeculae width (Tb.Wi), (P=0.0025); E. Trabeculae separation (Tb.Sp), (P<0.0001); Data points are presented as 
mean ± SD and t-test was used for comparison between groups. *P<0.05.
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Effect of antibiotic treatment on serum estro-
gens in mice

To investigate whether antibiotic-induced bone 
loss is estrogen-related, we measured serum 
estrogen levels in mice with an ELISA test. The 
results showed that serum estrogen levels in 
the treated mice decreased by 29% compared 
with the control group (Figure 8A). Notably, 
BMD of mice in the treated group showed the 
same trend as the serum estrogen level, and 
we performed a correlation analysis between 
them, which showed a significant positive cor-
relation between BMD and estrogen level 
(Figure 8B). These data suggest that antibiotic 
treatment can cause bone loss in mice by 
downregulating serum estrogen levels.

Discussion

We report that antibiotic treatment for 12 
weeks leads to changes in the composition of 

gut microbiota and results in bone loss and 
decreased serum estrogen levels. Implying that 
estrogen may play an important role in bone 
loss due to gut microbiota dysbiosis.

It is well known that antibiotics are widely used 
to treat and prevent infections with bacteria. 
Some studies suggest that antibiotics can 
deplete the commensal bacteria in hosts as 
well, resulting in bacteria disorders and long-
term changes and lasting negative effects on 
the host [24-26]. This provides an effective 
means of understanding the impact in microbi-
al dysbiosis on bone health [19-21]. However, 
gut microbiota composition is in a dynamic 
state and is highly resistant to external influ-
ences. It has been shown that although 1-2 
weeks of antibiotic treatment can affect the 
composition of gut microbiota, such changes 
tend to return rapidly to baseline levels after 
the treatment is discontinued [27]. Our study 

Figure 7. Micro-CT analysis on the trabecular architecture of distal femur metaphysis. A. Representative images of 
Two-dimensional images; B. Bone volume over total volume (BV/TV), (P=0.0128); C. Trabecular thickness (Tb.Th), 
(P=0.0156); D. Trabecular number (Tb.N), (P=0.0347); E. Trabeculae separation (Tb.Sp), (P=0.0466); Data points 
are presented as mean ± SD and t-test was used for comparison between groups. *P<0.05.
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used a 12-week treatment with neomycin and 
ampicillin to disrupt the gut microbiota. Long-
term use of antibiotics can lead to prolonged 
and sustained disruption of the gut microbiota 
[28]. 

Neomycin and ampicillin are poorly absorbed in 
the intestine of rodents and can be effective in 
limiting extra-intestinal effects [23, 29] and, 
when used together, are effective in killing 
broad-spectrum bacteria and depleting the gut 
microbiota, establishing a new intestinal envi-
ronment [30]. Although long-term treatment 
with antibiotics is rarely used in humans during 
the whole period of growth and development, 
the human gut microbiota does undergo less 
dramatic changes over longer periods due to 
diet or metabolic status [27].

Previous studies have demonstrated that treat-
ment with antibiotics leads to changes in the 
composition of the gut microbiota [19-22]. The 
results of our study similarly demonstrate this. 
We have applied a long-term antibiotic treat-
ment to mice and have used a 16s RNA analy-
sis to examine the composition of the gut 
microbiota of mice. Our results showed that the 
composition of the gut microbiota of treated 
groups was significantly altered at the phylum 
level, and the relative abundance of Lactoba- 
cillales was significantly lower in the treated 
group than in the control group at the level of 

order and class, while the relative abundance 
of Clostridia was significantly higher. Previous 
studies have shown that antibiotic treatment 
can cause a decrease in the abundance of the 
Bacteroidetes phylum, which is the major phy-
lum in healthy mice and humans, and a de- 
crease in Bacteroidetes abundance is related 
to many diseases, including IBD and type 2  
diabetes [31, 32]. In our study, however, the 
change in the abundance of Bacteroidetes  
was not significant, while the abundance of 
Lactobacillus was significantly altered; further, 
antibiotic treatment significantly lowered the 
abundance of Lactobacillus. Many studies have 
demonstrated the benefit of different Lacto- 
bacillus treatments for bone density [13, 33, 
34]. Therefore, we speculate that the decrease 
in the abundance of Lactobacillus may be one 
of the reasons for the bone loss due to antibi-
otic treatment. However, we did not observe 
significant changes in the abundance of Bac- 
teroidetes in our study, and we believe that this 
may be related to the type of antibiotic, the 
dose, the duration of treatment and the mice’s 
strain, sex, and age.

It is now well known that dysbiosis of the gut 
microbiota can lead to bone loss, our study 
shows the same result. Our data show that anti-
biotic treatment significantly affects both bone 
mineral density (BMD) and trabecular parame-
ters. BMD, BV/TV, Tb.Th, and Tb.N significantly 

Figure 8. T-test of serum estrogen levels between groups and pearson correlation analysis with bone mineral den-
sity. Data points are presented as mean ± SD. *P<0.05.
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decreased, while Tb.Sp significantly increased. 
The histomorphological results were similarly to 
the micro-CT results, showing a decrease in 
Tb.Ar, %Tb.Ar and Tb.Wi, and an increase in 
Tb.Sp. Antibiotics have been used in different 
animal models to investigate its effects on 
bone, but we observe that different models 
have led to different conclusions. For example, 
Zhao et al. demonstrated female mice 
(C57BL/6J) showed a significant increase in 
BMD after 3 weeks of antibiotic treatment, but 
no effect after 7 weeks [19]. Another study 
showed that penicillin at low doses increas- 
ed bone mineral density in female mice. 
Interestingly, male mice receiving the same 
treatment showed decreased bone mineral 
density [35]. In conclusion, these studies sug-
gest that the administration of antibiotics 
affects bone mineral density, but the effect 
depends on the duration of antibiotic treatment 
and the age, sex, and strain of the mice.

How does dysbiosis caused by antibiotic treat-
ments favor bone loss? There is no conclusive 
evidence. Previous studies have suggested 
that this phenomenon is related to intestinal 
permeability, inflammatory factors, and the 
immune system [22, 36]. However, in the pre-
sent study, we surprisingly found that serum 
estrogen levels in mice showed a significant 
decrease after antibiotic treatment. Estrogen is 
known to play an essential role in the regulation 
of bone metabolism, and previous studies have 
found that bone loss due to estrogen depriva-
tion requires the involvement of the gut micro-
biota and that probiotic treatment can alleviate 
this bone loss [18]. Another study thoroughly 
described changes in the gut microbiota in ova-
riectomized mice. It showed that the gut micro-
biota composition was significantly altered in 
the ovariectomized rats and that osteoporosis 
due to estrogen deprivation was associated 
with dysbiosis of the gut microbiota [37]. These 
studies suggest a strong correlation between 
gut microbiota and estrogen, and our findings 
suggest that estrogen may play an essential 
role in bone loss due to gut microbiota dysbio-
sis. However, it is unclear how intestinal micro-
biota dysbiosis leads to decreased serum 
estrogen levels. We speculate that this may be 
related to microorganism-associated molecular 
patterns (MAMP) and the role of the gut micro-
biota in the transformation of host metabolites. 
MAMP is a conserved component of microbial 
cells (e.g., peptidoglycan and lipopolysaccha-

ride (LPS)). These microbial molecules can 
affect host bone metabolic processes by in- 
fluencing the development of the immune sys-
tem or activating systemic inflammation and 
cytokine production [38]. Studies on GF mice 
have shown that defective immune system 
development is the leading cause of their 
increased bone mass [11], and recently it has 
been shown that the defective immune system 
development in GF mice is caused by a lack of 
MAMPs [39]. In addition, inflammatory factors 
are one of the important regulatory mecha-
nisms of bone metabolism, and it has been 
shown that LPS can contribute to the develop-
ment of osteoporosis in rats by promoting the 
expression of inflammatory factors [40]. The 
presence, composition, and immunomodulato-
ry activity of MAMPs are related to the species 
of bacteria, so alterations in GM composition 
may affect the bone metabolic activity of the 
host by affecting the levels of specific MPMAs. 
The role of the gut microbiota in the conversion 
of host metabolites should not be neglected. 
Estrogens are excreted into the gut after inacti-
vation, and GM can reactivate estrogens with 
certain hydrolytic enzymes (e.g., β-glucuroni- 
dase) to continue their circulation and activity 
[41]. However, antibiotic treatment leads to dys-
biosis of the gut microbiota, in which case the 
loss of enzymes may impair the recovery of this 
estrogen while increasing its excretion, leading 
to a decrease in serum estrogen and bone loss. 
Nevertheless, other factors related to the gut 
microbiota cannot be ignored, such as intesti-
nal permeability, immune system, etc. [11, 18]. 
Therefore, the cause of the decrease in serum 
estrogen levels due to gut microbiota dysbiosis 
needs further investigation.

This study has several limitations. First, only 
one concentration of antibiotic treatment has 
been studied, which does not adequately deter-
mine the relationship between antibiotic treat-
ment and bone loss/estrogen levels. Second, 
our results contradict previous studies. The 
effect of 12 weeks of antibiotic treatment on 
gut microbiota composition needs further 
investigation. Further, we did not measure the 
water consumption during the treatment period 
but only visually observed its approximate 
value to monitor the compliance of the treated 
group with the antibiotic treatment. Therefore, 
we suggest cautiously that gut microbiota can 
affect bone quality by regulating serum estro-
gen levels.
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Conclusion

This study showed that chronic administration 
of antibiotics in mice results in gut microbiota 
disorder, reduced serum estrogen levels, and 
increased bone loss. These changes suggest 
that gut microbiota may affect bone quality by 
regulating serum estrogen levels.

Disclosure of conflict of interest

None.

Address correspondence to: Meiyun Tan, Depart- 
ment of Orthopedic Surgery, The Affiliated Hospital 
of Southwest Medical University, No. 25 Taiping 
Road, Luzhou 646000, Sichuan, People’s Republic 
of China. E-mail: drtmy169@swmu.edu.cn

References

[1] Kanis JA and Glüer CC. An update on the diag-
nosis and assessment of osteoporosis with 
densitometry. Committee of scientific advisors, 
international osteoporosis foundation. Osteo- 
poros Int 2000; 11: 192-202.

[2] Bowring CE and Francis RM. National osteopo-
rosis society’s position statement on hormone 
replacement therapy in the prevention and 
treatment of osteoporosis. Menopause Int 
2011; 17: 63-65.

[3] Kotian P, Boloor A and Sreenivasan S. Study of 
adverse effect profile of parenteral zoledronic 
acid in female patients with osteoporosis. J 
Clin Diagn Res 2016; 10: Oc04-06.

[4] D’Amelio P and Sassi F. Gut Microbiota, im-
mune system, and bone. Calcif Tissue Int 
2018; 102: 415-425.

[5] Chen YC, Greenbaum J, Shen H and Deng HW. 
Association between gut microbiota and bone 
health: potential mechanisms and prospec-
tive. J Clin Endocrinol Metab 2017; 102: 3635-
3646.

[6] Behera J, Ison J, Tyagi SC and Tyagi N. The role 
of gut microbiota in bone homeostasis. Bone 
2020; 135: 115317.

[7] Collins SM. A role for the gut microbiota in IBS. 
Nat Rev Gastroenterol Hepatol 2014; 11: 497-
505.

[8] Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, 
Ramey RR, Bircher JS, Schlegel ML, Tucker TA, 
Schrenzel MD, Knight R and Gordon JI. Evolu-
tion of mammals and their gut microbes. Sci-
ence 2008; 320: 1647-1651.

[9] Tremaroli V and Bäckhed F. Functional interac-
tions between the gut microbiota and host me-
tabolism. Nature 2012; 489: 242-249.

[10] Belkaid Y and Hand TW. Role of the microbiota 
in immunity and inflammation. Cell 2014; 157: 
121-141.

[11] Sjögren K, Engdahl C, Henning P, Lerner UH, 
Tremaroli V, Lagerquist MK, Bäckhed F and 
Ohlsson C. The gut microbiota regulates bone 
mass in mice. J Bone Miner Res 2012; 27: 
1357-1367.

[12] Irwin R, Lee T, Young VB, Parameswaran N and 
McCabe LR. Colitis-induced bone loss is gen-
der dependent and associated with increased 
inflammation. Inflamm Bowel Dis 2013; 19: 
1586-1597.

[13] Ohlsson C, Engdahl C, Fåk F, Andersson A, Win-
dahl SH, Farman HH, Movérare-Skrtic S, Is-
lander U and Sjögren K. Probiotics protect 
mice from ovariectomy-induced cortical bone 
loss. PLoS One 2014; 9: e92368.  

[14] Britton RA, Irwin R, Quach D, Schaefer L, Zhang 
J, Lee T, Parameswaran N and McCabe LR. 
Probiotic L. reuteri treatment prevents bone 
loss in a menopausal ovariectomized mouse 
model. J Cell Physiol 2014; 229: 1822-1830.

[15] Zhang J, Motyl KJ, Irwin R, MacDougald OA, 
Britton RA and McCabe LR. Loss of bone and 
Wnt10b expression in male type 1 diabetic 
mice is blocked by the probiotic lactobacillus 
reuteri. Endocrinology 2015; 156: 3169-3182.

[16] Zaidi M. Skeletal remodeling in health and dis-
ease. Nat Med 2007; 13: 791-801.

[17] Yuan S and Shen J. Bacteroides vulgatus di-
minishes colonic microbiota dysbiosis amelio-
rating lumbar bone loss in ovariectomized 
mice. Bone 2021; 142: 115710.

[18] Li JY, Chassaing B, Tyagi AM, Vaccaro C, Luo T, 
Adams J, Darby TM, Weitzmann MN, Mulle JG, 
Gewirtz AT, Jones RM and Pacifici R. Sex ste-
roid deficiency-associated bone loss is micro-
biota dependent and prevented by probiotics. 
Journal of Clinical Investigation 2016; 126: 
2049-2063.

[19] Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, 
Li K, Gao Z, Mahana D, Raju K, Teitler I, Li H, 
Alekseyenko AV and Blaser MJ. Antibiotics in 
early life alter the murine colonic microbiome 
and adiposity. Nature 2012; 488: 621-626.

[20] Guss JD, Horsfield MW, Fontenele FF, Sandoval 
TN, Luna M, Apoorva F, Lima SF, Bicalho RC, 
Singh A, Ley RE, van der Meulen MC, Goldring 
SR and Hernandez CJ. Alterations to the gut 
microbiome impair bone strength and tissue 
material properties. J Bone Miner Res 2017; 
32: 1343-1353.

[21] Hathaway-Schrader JD, Steinkamp HM, Chavez 
MB, Poulides NA, Kirkpatrick JE, Chew ME, 
Huang E, Alekseyenko AV, Aguirre JI and Nov-
ince CM. Antibiotic perturbation of gut micro-
biota dysregulates osteoimmune cross talk  
in postpubertal skeletal development. Am J 
Pathol 2019; 189: 370-390.

[22] Rios-Arce ND, Schepper JD, Dagenais A, 
Schaefer L, Daly-Seiler CS, Gardinier JD, Brit-
ton RA, McCabe LR and Parameswaran N. 
Post-antibiotic gut dysbiosis-induced trabecu-



Gut microbiota, bone quality and estrogen levels

6055 Am J Transl Res 2022;14(9):6043-6055

lar bone loss is dependent on lymphocytes. 
Bone 2020; 134: 115269.

[23] Vijay-Kumar M, Aitken JD, Carvalho FA, Cullen-
der TC, Mwangi S, Srinivasan S, Sitaraman SV, 
Knight R, Ley RE and Gewirtz AT. Metabolic 
syndrome and altered gut microbiota in mice 
lacking toll-like receptor 5. Science 2010; 328: 
228-231.

[24] Scott NA, Andrusaite A, Andersen P, Lawson M, 
Alcon-Giner C, Leclaire C, Caim S, Le Gall G, 
Shaw T, Connolly JPR, Roe AJ, Wessel H, Bravo-
Blas A, Thomson CA, Kästele V, Wang P, Peter-
son DA, Bancroft A, Li X, Grencis R, Mowat AM, 
Hall LJ, Travis MA, Milling SWF and Mann ER. 
Antibiotics induce sustained dysregulation of 
intestinal T cell immunity by perturbing macro-
phage homeostasis. Sci Transl Med 2018; 10: 
eaao4755.

[25] Zarrinpar A, Chaix A, Xu ZZ, Chang MW, Marotz 
CA, Saghatelian A, Knight R and Panda S. An- 
tibiotic-induced microbiome depletion alters 
metabolic homeostasis by affecting gut signal-
ing and colonic metabolism. Nat Commun 
2018; 9: 2872.

[26] Ubeda C and Pamer EG. Antibiotics, microbio-
ta, and immune defense. Trends Immunol 
2012; 33: 459-466.

[27] Lozupone CA, Stombaugh JI, Gordon JI, Jans-
son JK and Knight R. Diversity, stability and 
resilience of the human gut microbiota. Nature 
2012; 489: 220-230.

[28] Laukens D, Brinkman BM, Raes J, De Vos M 
and Vandenabeele P. Heterogeneity of the gut 
microbiome in mice: guidelines for optimizing 
experimental design. FEMS Microbiol Rev 
2016; 40: 117-132.

[29] MacGregor RR and Graziani AL. Oral adminis-
tration of antibiotics: a rational alternative to 
the parenteral route. Clin Infect Dis 1997; 24: 
457-467.

[30] Ferrier L, Bérard F, Debrauwer L, Chabo C, Lan-
gella P, Buéno L and Fioramonti J. Impairment 
of the intestinal barrier by ethanol involves en-
teric microflora and mast cell activation in ro-
dents. Am J Pathol 2006; 168: 1148-1154.

[31] Tamboli CP, Neut C, Desreumaux P and Colom-
bel JF. Dysbiosis in inflammatory bowel dis-
ease. Gut 2004; 53: 1-4.

[32] Larsen N, Vogensen FK, van den Berg FW, 
Nielsen DS, Andreasen AS, Pedersen BK, Al-
Soud WA, Sørensen SJ, Hansen LH and Jakob-
sen M. Gut microbiota in human adults with 
type 2 diabetes differs from non-diabetic 
adults. PLoS One 2010; 5: e9085.

[33] Li JY, Chassaing B, Tyagi AM, Vaccaro C, Luo T, 
Adams J, Darby TM, Weitzmann MN, Mulle JG, 
Gewirtz AT, Jones RM and Pacifici R. Sex ste-
roid deficiency-associated bone loss is micro-
biota dependent and prevented by probiotics. J 
Clin Invest 2016; 126: 2049-2063.

[34] Schepper JD, Collins F, Rios-Arce ND, Kang  
HJ, Schaefer L, Gardinier JD, Raghuvanshi R, 
Quinn RA, Britton R, Parameswaran N and Mc-
Cabe LR. Involvement of the gut microbiota 
and barrier function in glucocorticoid-induced 
osteoporosis. J Bone Miner Res 2020; 35: 
801-820.

[35] Cox LM, Yamanishi S, Sohn J, Alekseyenko AV, 
Leung JM, Cho I, Kim SG, Li H, Gao Z, Mahana 
D, Zárate Rodriguez JG, Rogers AB, Robine N, 
Loke P and Blaser MJ. Altering the intestinal 
microbiota during a critical developmental win-
dow has lasting metabolic consequences. Cell 
2014; 158: 705-721.

[36] Schepper JD, Collins FL, Rios-Arce ND, Raehtz 
S, Schaefer L, Gardinier JD, Britton RA, Pa- 
rameswaran N and McCabe LR. Probiotic lac-
tobacillus reuteri prevents postantibiotic bone 
loss by reducing intestinal dysbiosis and pre-
venting barrier disruption. J Bone Miner Res 
2019; 34: 681-698.

[37] Ma S, Qin J, Hao Y, Shi Y and Fu L. Structural 
and functional changes of gut microbiota in 
ovariectomized rats and their correlations with 
altered bone mass. Aging (Albany NY) 2020; 
12: 10736-10753.

[38] Needham BD, Kaddurah-Daouk R and Mazma-
nian SK. Gut microbial molecules in behav-
ioural and neurodegenerative conditions. Nat 
Rev Neurosci 2020; 21: 717-731.

[39] Skaper SD, Facci L, Zusso M and Giusti P. An 
inflammation-centric view of neurological dis-
ease: beyond the neuron. Front Cell Neurosci 
2018; 12: 72.

[40] Smith BJ, Lerner MR, Bu SY, Lucas EA, Hanas 
JS, Lightfoot SA, Postier RG, Bronze MS and 
Brackett DJ. Systemic bone loss and induction 
of coronary vessel disease in a rat model of 
chronic inflammation. Bone 2006; 38: 378-
386.

[41] Ito M, Ohishi K, Yoshida Y, Yokoi W and Sawada 
H. Antioxidative effects of lactic acid bacteria 
on the colonic mucosa of iron-overloaded 
mice. J Agric Food Chem 2003; 51: 4456-
4460.


