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Abstract 

Postmenopausal osteoporosis (PMOP) is a common primary osteoporosis. With the 

aging of the population, it is becoming a major disease that endangers health and 

quality of life. The purpose of this study was to explore the effect of gut microbiota 

on PMOP by observing the changes in the levels of estradiol, bone density, and gut 

microbiota diversity in rats after 3 months of OVX surgery. 60 female SD rats were 

randomly divided into four groups: baseline group (6 rats), sham-operated group (18 

rats), model group (18 rats), and estrogen-treated group (18 rats). The ovariectomy 

model of postmenopausal osteoporosis was established by performing bilateral ova-

riectomy. After surgery, 6 rats from each group were randomly selected for sacrifice 

every 30 days and subsequent assessment. At the end of 90 days, all rats were 

sacrificed for evaluation of body weight, bone mineral density (BMD), tissue mineral 

density (TMD), trabecular bone parameters, femoral bone morphology, hormone 

levels, and gut microbiota diversity. The analysis revealed that OVX led to a decrease 

in BMD, TMD, and serum estradiol levels in rats, and increased TNF-α levels. The 

bone micro-architecture and tissue morphology were also changed, with trabecular 

fractures, thinning, and decreased numbers. Meanwhile, there was also a shift in the 

diversity of gut microbiota. The administration of estrogen could potentially ameliorate 

these alterations. Overall, OVX leads to a persistent decline in estrogen levels in rats. 

This results in gradual bone loss, which is related to gut microbiota imbalance.

1  Introduction

Osteoporosis is a systemic metabolic bone disorder characterized by reduced bone 
mass and deterioration of bone microarchitecture, resulting in increased bone fragility 
and susceptibility to fractures, this condition is predominantly observed in post-
menopausal women due to estrogen deficiency [1]. As the global population ages, 
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postmenopausal osteoporosis is becoming a major public health problem, with a 
significant impact on health and economic costs [2,3].

Postmenopausal estrogen deficiency is the leading cause of postmenopausal 
osteoporosis (PMOP). Estrogen directly impacts osteoblasts, osteoclasts, and 
osteocytes, which are the three types of cells composing bone tissue. Estrogen defi-
ciency may lead to an increase in bone resorption and a decrease in bone formation, 
resulting in alterations in bone microstructure and subsequent bone loss [4,5]. The 
interaction between immune cells, inflammatory factors, and bone metabolism is an 
important part of the pathogenesis of osteoporosis [6,7]. In postmenopausal women, 
circulating T-cell levels are usually normal or elevated, which can lead to enhanced 
expression of tumor necrosis factor-alpha (TNF-ɑ), induction of osteoblast apopto-
sis, and indirect stimulation of osteoclastogenesis through the Receptor Activator of 
Nuclear Factor-κ B Ligand (RANKL) pathway, and these changes can cause bone 
loss [8,9].

Gut microbiota(GM), the general term for microorganisms that colonize the human 
gut, plays an important role in the pathogenesis of PMOP [10]. The gut microbiome 
of postmenopausal women has been found to undergo significant changes that are 
closely linked to BMD and clinical outcomes [11]. GM can interfere with bone metab-
olism and affect bone health through various pathways such as the immune system, 
intestinal calcium absorption, and neurotransmitter release [11–13]. For example, GM 
may optimize the longitudinal growth of the skeleton, including femur length, cortical 
thickness, and the trabecular fraction of the femur, by improving growth hormone 
sensitivity and consequently increasing IGF-1 activity in bone[14]. Animal research[15] 
demonstrated that germ-free mice showed increased trabecular and cortical bone 
mass compared to normal mice, as well as reduced expression of inflammatory 
factors in the bone marrow. These differences were restored to normal levels after 
receiving gut microbiota transplantation from normal mice. Additionally, it was noted 
that germ-free mice exhibited resistance to bone loss induced by estrogen defi-
ciency [14]. Obviously, GM plays an important role in bone loss caused by estrogen 
deficiency.

However, the development of postmenopausal osteoporosis is a long-term and 
gradual process, during which the dynamics of estrogen, inflammatory factors, and 
gut microbiota remain unclear[17]. Previous studies have mainly focused on changes 
in animals after successful modeling, with little exploration of the evolving trends and 
correlation between gut microbes and bone during the modeling process. Therefore, 
this study employed experimental methods including 16S rRNA sequencing and 
statistical analysis to investigate the dynamic changes of various indicators within 
3 months following ovariectomy in rats. The primary objective was to explore the 
population diversity changes and underlying mechanisms of intestinal flora during 
the development of osteoporosis induced by estrogen deficiency. These findings will 
contribute to a better understanding of the pathogenesis of postmenopausal osteopo-
rosis and facilitate the development of novel treatments for this condition.
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2  Methods

2.1  animals

Sixty SPF-grade female Sprague-Dawley (SD) rats, 6 months old, weighing 337.98 + 33.31 g, were provided by the Animal 
Experiment Center of Sichuan Academy of Chinese Medicine Sciences(SACMS). The rats were housed in SPF-grade 
barriers in the Animal Experiment Center of SACMS. The temperature was maintained at 22 ± 3°C and the light/dark cycle 
was 12 hours. All animals had free access to water and standard food. All procedures were reviewed and approved by 
the Experimental Animal Ethics Committee of SACMS (acceptance number R20220301-1). The procedures were imple-
mented in accordance with the requirements of the Committee.

2.2  Animal model establishment and treatment

After adaptive feeding week, the 60 rats were randomized into four groups: the 6 – rat baseline group (JX), and the 
model (M), sham – operated (J), and estrogen treatment (C) groups, each with 18 rats. These three groups were fur-
ther split into three 6 – rat subgroups: first – month (A), second – month (B), and third – month (C). For example, the 
model group has subgroups MA, MB, and MC. Both the model and estrogen treatment groups underwent bilateral 
ovariectomy. Briefly, following anesthesia induction and prophylactic antibiotic administration, a midline abdominal 
incision was made at the level of the bilateral inguinal regions in rats. Both ovaries were excised via this approach, 
and the vascular pedicle was ligated using a 3−0 surgical suture, followed by layered closure of the abdominal 
wall. The rats in the sham-operated group were subjected to abdominal incision at the same position to expose the 
bilateral ovaries, only a piece of adipose tissue of similar size near the ovaries was excised. The rats were housed 
in pairs and received daily intramuscular injections of sodium penicillin post-surgery to prevent infection. After three 
days of continuous monitoring, it was confirmed that the rats showed no apparent abnormal conditions, and then 
normal feeding was resumed.

In order to gather data on the initial state, rats in the JX group were conventionally fed without any intervention. 
One week after operation, the rats in the estrogen treatment group were treated with estradiol valerate (PROGY-
NOVA, Bayer)by gavage administration, and the rats in the sham-operated group and the model group were given 
the same volume of normal saline. The dosage of E2 (50 μg/kg/ d) was meticulously determined based on the equiv-
alent dose ratio derived from converting the human body surface area to that of rats. In addition, relevant literature 
was thoroughly consulted to ensure the rationality and scientific validity of the dosage determination [15]. The admin-
istration was continued for 3 months. During the treatment period, the rats were kept awake and as comfortable and 
safe as possible.

After 1 – week acclimatization, JX group rats were overnight – fasted, weighed, and anesthetized with 50 mg/kg sodium 
pentobarbital (2% solution) via intraperitoneal injection. Blood was collected from the abdominal aorta, centrifuged at 4°C 
and 3000 rpm for 10 min, and the supernatant stored at −80°C. The left femur, with peeled – off soft tissue, was wrapped 
in saline – moistened gauze and stored at −80°C for histopathological testing. Feces were collected via stress defecation, 
packed into sterile EP tubes, sealed, stored at −80°C, and transported on dry ice. The remaining rats were sacrificed simi-
larly after the feeding period, with samples collected and processed as above (Fig 1a for experimental design).

2.3  Biochemical analysis

After collecting blood from the abdominal aorta, the obtained whole blood was centrifuged at 3000 rpm for 10 minutes at 
4°C. The supernatant was then collected and stored in EP tubes labeled with corresponding numbers. The samples were 
stored in a −80°C refrigerator and should be thawed before use. Serum estradiol (E2) and inflammatory immune factor 
TNF-α levels were determined by ELISA using corresponding kits (Shanghai Zhuocai Biotechnology Co., Ltd.), according 
to the manufacturer’s instructions.
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Fig 1.  Experimental design,trend of the body weight changebody weight, serum E2, TNF-α, and Bone tissue metrology results. (a) Experimen-
tal design, refer to Section 2.2 in the Methods section. (b) The trend of body weight changes in each group of rats. (c-d) serum levels of estrogen and 
TNF-ɑ. (e-i) Quantitative analysis of BMD, TMD, Tb. N, Tb. Th, and Tb. Sp.*P < 0.05, **P < 0.01.****P < 0.0001.

https://doi.org/10.1371/journal.pone.0330108.g001

https://doi.org/10.1371/journal.pone.0330108.g001
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2.4  Micro-CT scanning and analysis

Calibrated femurs were fixed in 10% neutral buffered formalin for 24 hours, stripped of excess soft tissue, and scanned 
via a Skyscan 1276 micro – CT instrument (Bruker microCT, Kontich, Belgium) at 55 kV source voltage, 200 μA source 
current, with an AI 0.25 mm filter and 6 μm pixel size, and a 0.3 – degree rotation step. Use NRecon software (Bruker 
microCT, Kontich, Belgium) to reconstructed images, with ring artifact correction at 5, smoothing at 3, and beam hardening 
correction at 30%. CTAn program (Bruker microCT, Kontich, Belgium) analyzed trabecular bone parameters (Tb. N, Tb. 
Th, Tb. Sp, BMD, TMD) using the same source voltage, current, filter, pixel size, and rotation step as the scan. A refined 
volume of interest was defined as 1 mm above the growth plate of the distal femur and 3 mm in height. Within this vol-
ume, the trabecular bone ROI was manually delineated, and bone parameters within it were determined using a constant 
80–255 threshold for trabecular bone binarization.

2.5  Hematoxylin-eosin staining

After fixation, the tissue was immersed in a 15% EDTA solution for decalcification, with fresh solution replacement every3 
days until decalcification completion. Decalcification endpoint was confirmed when an acupuncture needle could easily 
penetrate the bone tissue. Subsequently, the tissue underwent dehydration in an automatic processor with the following 
schedule: 75% alcohol for 30 h, 85% alcohol for 4 h, 95% alcohol for 8 h, 100% alcohol for 7 h (in four intervals: 2 h, 2 
h, 1 h, and 1 h), followed by two xylene baths for 45 min each, and three paraffin baths for 5 h each. The dehydrated 
tissue was embedded in paraffin, sectioned at 5 mm thickness, and with stained HE following SOPs. A Panoramic 250 
scanner (3DHISTECH, Hungary) was used to digitize the sections. Initial low-magnification observation assessed overall 
tissue lesions, after which specific areas were selected for 40x and 100x imaging to examine detailed lesions. Evaluation 
focused on the microstructural changes of sliced tissues, including bone trabeculae area, structure, and shape. Histologi-
cal assessment was performed by Zhendong Zhong, a Chinese veterinary pathologist.

2.6  Gut Microbiota biodiversity analysis

The frozen fecal samples were thawed at −4°C and genomic DNA was extracted using the Soil and Feces Genomic 
DNA Extraction Kit with magnetic beads (TIANGEN, Beijing, China; Soil and Feces Genomic DNA Extraction Kit; 
catalog number: DP712). PCR reactions consisted of 15 µL Phusion® High-Fidelity PCR Master Mix, 0.2 µM primers, 
and 10 ng genomic DNA. PCR conditions were 98°C for 1 min, followed by 30 cycles of 98°C for 10 s, 50°C for 30 s, 
and 72 for 30 s, with a final extension at 72°C for 5 min. PCR products were visualized via electrophoresis on a 2% 
agarose gel.

The NEB Next® Ultra™ II FS DNA PCR-free Library Prep Kit (NEB/E7430L) was used for library construction. Use 
FLASH after truncating the Barcode and primer sequences [16], the reads of each sample are spliced to get the Raw 
Tags. Use fastp software to process the spliced Raw Tags through strict filtering to obtain high-quality Tags data [17]. 
The Tags sequence is compared with the species annotation database (Silva database) to detect the chimera sequence, 
and finally remove the chimera sequence to obtain the Effective Tags [18]. Then use the DADA2 module in the QIIME2 
(Version QIIME2–202006) software to perform noise reduction to obtain the final ASVs (Amplicon Sequence Variants) and 
feature table [19]. The species annotation was conducted using QIIME2 software with the Silva 138.1 database. Subse-
quently, the data from each sample was standardized based on the sample with the lowest amount of data. For diversity 
analyses, standardized data were used. Beta diversity was assessed in QIIME2 via weighted and unweighted Unifrac 
distances. Cluster analysis involved PCA, with three – dimensional PCoA results from QIIME2 and two – dimensional 
results from R’ s ade4 and ggplot2 packages (version 4.0.3). LEfSe analysis was performed with an LDA score threshold 
of 4. MetaStat analysis, via R software, evaluated differences across six taxonomic levels. Species with a p-value less 
than 0.05 were identified as significantly different between groups.
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2.7  Statistical test

Data are presented as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to compare data 
between groups. Post hoc comparisons were performed using the Tukey-Kramer method. Statistical significance was set 
at P < 0.05, and significant differences were denoted by *P < 0.05 and **P < 0.01. SPSS statistical software (version 25.0; 
IBM Corporation, Armonk, NY, USA) was used for all analyses.

3  Results

3.1  OVX osteoporotic rats serum E2, TNF-α, bone mineral density, bone mineral content, bone trabecular 
structure, bone microstructure changes and the influence of estrogen on them

During the experimental feeding period, the body weight of all rats exhibited a significant increase, with the specific 
trend illustrated in Fig 1b. The systemic estrogen level of the rats was significantly lower in the model group than in the 
sham-operated group. The serum estradiol level of the rats in the model group gradually decreased over time and was 
significantly different from the level in the first month. Estrogen treatment significantly restored the serum estradiol levels 
of the rats in the model group (Fig 1c).

We also found that the level of TNF-α in the serum of rats in the model group gradually increased over time, and was 
significantly different from the level in the sham-operated group from the second month (Fig 1d). These results suggest 
that ovariectomy (OVX) causes a gradual decrease in systemic estrogen levels and a gradual increase in TNF-α levels in 
rats, which can be effectively improved by estrogen treatment.

Micro-CT was used to observe the changes in bone loss in ovariectomized (OVX) rats and the therapeutic effect of 
estrogen on it. Bone mineral density (BMD), trabecular mean density (TMD), trabecular number (Tb.N), and trabecu-
lar thickness (Tb.Th) of rats in the model group decreased progressively over time, while trabecular separation (Tb.Sp) 
increased progressively (Fig 1h-1i). Compared to the model group, the estrogen treatment group had significantly higher 
BMD, TMD, Tb. N, Tb. Th, and lower Tb.Sp, suggesting that estrogen treatment can reverse OVX-induced bone loss and 
improve osteoporosis symptoms.

Representative 2D and 3D micro-CT images of rat femurs in each group are shown in Fig 2. The images show that 
rats in the model group had significant bone loss and bone structure deterioration compared to the sham-operated group. 
The femoral head of rats in the model group was more porous, and the bone trabeculae were thinner and more fractured. 
Estrogen treatment significantly improved the bone structure damage caused by OVX.

3.2  Morphological changes in bone tissue of OVX osteoporotic rats and effects of estrogen

The distal femoral metaphysis of rats in each group was stained with HE, and representative histological images 
of each group were selected (Fig 3). Compared with the baseline group and the sham-operated group, the femur 
tissue of the rats in the model group showed obvious morphological changes, including bone trabecular thinning, 
fracture, and number reduction, and obvious osteoporotic changes. These changes became more severe with 
time in all groups. However, the sham-operated group and the estrogen group had less bone loss than the model 
group, with relatively more and thicker bone trabeculae. These results suggest that ovariectomized (OVX) rats 
experience progressive bone loss over time, and that estrogen treatment can delay this change and improve bone 
microarchitecture.

3.3  Change trend of gut microbiota diversity in ovariectomized (OVX) osteoporotic rats and the effect of estrogen 
on it

To explore the trend of intestinal microbial changes in ovariectomized (OVX) osteoporotic rats, we performed 16S rRNA 
sequencing to analyze the composition of intestinal microbial taxa after OVX.
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Alpha diversity: In the second month, the Chao1 and Shannon indexes were significantly different between the model 
group and the sham-operated group, but there was no significant difference between the estrogen treatment group and 
the sham-operated group (Fig 4a–4c). This suggests that OVX may have a significant effect on the species richness of the 
microbiota, which may be ameliorated by estrogen treatment. However, this difference was not reflected in the third month 
or the first month, and the Simpson index did not reflect a significant difference.

Fig 2.  Representative samples from each group showing 2D mapping and 3D structural models of trabecular bone within the metaphyseal 
region of the distal femur. The group information is located at the top of the picture, and the 2D or 3D picture annotations are located below each 
picture.thinner bone regions (↑).

https://doi.org/10.1371/journal.pone.0330108.g002

https://doi.org/10.1371/journal.pone.0330108.g002
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Beta diversity: To detect the degree of similarity among different microbiota, we also analyzed β-diversity using PCoA 
and NMDS. The results (shown in Fig 4d) showed that the microbiota of each group showed obvious clustering, indicating 
that the model rats were significantly different from the sham-operated group and the estrogen treatment group, and this 
difference gradually increased over time.

Fig 3.  Representative images of tissue sections of the metaphyseal region of the distal femur stained with hematoxylin-eosin (HE). The 
magnification of the optical microscope is displayed beneath the image. The notable areas are indicated by three colored arrows, specifically: trabecular 
thinning(↑) trabecular fracture(↑) and Decreased number of trabecular(↑).

https://doi.org/10.1371/journal.pone.0330108.g003

https://doi.org/10.1371/journal.pone.0330108.g003
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Fig 4.  Gut microbial diversity measurements in ovariectomized rats. (a-c) The Alpha test results, Chao1, Shannon and simpson are located 
in the three panel a, b and c respectively. (d) The PoCA results of Beta detection. (e-g) The differences in biodiversity at the three levels of phylum 



PLOS One | https://doi.org/10.1371/journal.pone.0330108  September 4, 2025 10 / 16

Then, to assess specific changes in microbial species, we further analyzed the relative abundance of major taxa. At the 
phylum level, there were differential changes in Campylobacter, Actinomycetes, Cyanobacteria, Firmicutes, and Bacteroi-
des in the first month and second months in the model group. However, by the third month, this difference was not obvi-
ous. At the class level, the number of bacillus changes significantly. At the order level, Bacteroides, Oscillating Spirilles, 
Lachnospira, Clostridia_UCG-014, and Lactobacillus are the largest bacterial orders. In addition, in order to further study 
the phylogenetic relationship of species at the genus level, the representative sequences of the top 100 genera were 
obtained through multiple sequence alignment, and are shown in Fig 4e, 4f, 4g, 4h.

Using the LEfSe tool, we analyzed the changes in intestinal microorganisms in the model group rats within three 
months of modeling. We found that at the order level, Erysipelotrichales, Lactobacillales, and Clostridiales all had signifi-
cant changes in the second month. Mycoplasmatales had significant changes in the third month. Notably, this longitudinal 
difference was relatively small in both the sham and estrogen-treated groups. These findings once again demonstrate that 
OVX induces gut microbial imbalance in rats and that estrogen treatment can improve this condition to some extent. The 
results are shown in Fig 5a, 5b, 5c.

Fig 5.  The longitudinal changes in the intestinal microbiota of the model group rats over three months of modeling. (a) The overall changes in 
the model group over time. (b) Major species that changed over three months in the estrogen-treated group. (c) The major species that changed over 
three months in the sham group.

https://doi.org/10.1371/journal.pone.0330108.g005

(e), class (f), and order (g). (h)The species phylogenetic tree of the Top100 species. Statistical differences are indicated by * above the boxplots, 
*P < 0.05.

https://doi.org/10.1371/journal.pone.0330108.g004

https://doi.org/10.1371/journal.pone.0330108.g005
https://doi.org/10.1371/journal.pone.0330108.g004


PLOS One | https://doi.org/10.1371/journal.pone.0330108  September 4, 2025 11 / 16

Comparing the rats in the model group and the rats in the sham-operated group in the second month, we found sig-
nificant differences in the abundance of Firmicutes, Bacteroidota, Campilobacterota, Cyanobacteria, Actinobacteria, and 
Desulfobacterota at the phylum level. In the third month, only Proteobacteria and Elusimicrobiota had significant differ-
ences. The difference between the model group and the estrogen group was smaller than that between the model group 
and the sham-operated group. The results are shown in Fig 6–8.

4  Discussion

Population aging is a major challenge for hospice care worldwide. As the population aging process intensifies, osteopo-
rosis is becoming an increasingly major burden on global healthcare [20]. Studies have shown that about 1/3 of women 
and 1/5 of men in Western societies will suffer from osteoporotic fractures after the age of 50 [21]. The situation is even 
worse in East Asian countries [22,23]. With the deepening of research, gut microbiome dysbiosis has been considered an 
indispensable and important link in the process of estrogen deficiency leading to osteoporosis [11,24,25]. In this investi-
gation, we established a rat model of postmenopausal osteoporosis through OVX surgery. Within 3 months post-surgery, 
we monitored alterations in serum estrogen, TNF-α, BMD, bone tissue morphology, and intestinal microbiota diversity. Our 
findings indicate that OVX surgery led to a progressive decline in serum estrogen levels and an imbalance in gut microbi-
ota. This imbalance led to an increase in serum inflammatory immune factors, which in turn led to bone loss and PMOP. 
Estrogen therapy could improve this to some extent, which is consistent with previous studies [26,27].

After menopause, estrogen deficiency does not immediately cause osteoporosis. Bone loss is usually gradual and 
progressive, and it goes through two stages: a rapid loss in the first 5 years before menopause and a more gradual loss in 

Fig 6.  MetaStat analysis results at the order classification level. Differences between the MC group and CC group.

https://doi.org/10.1371/journal.pone.0330108.g006

https://doi.org/10.1371/journal.pone.0330108.g006
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the 10 years after menopause [28–29]. Estrogen plays a critical role in maintaining bone health by promoting bone forma-
tion and inhibiting bone resorption. Postmenopausal estrogen deficiency is the main mechanism of PMOP [30]. Estrogen 
deficiency can increase the levels of immune factors, which can interfere with bone metabolism through mechanisms such 
as the OPG/RANKL pathway. This can lead to bone metabolism imbalance, bone loss, and eventually the development of 
postmenopausal osteoporosis [8,31,32]. The data from this study revealed a progressive decline in estrogen levels and a 
concomitant increase in inflammatory factors following ovariectomy. Additionally, the rats exhibited a gradual reduction in 
bone density, with significant loss observed within the first month and a slower rate of bone loss over the subsequent two 
months, and this situation is more closely aligned with the human condition. Treatment with estrogen effectively inhibited 
both bone loss and the elevation of inflammatory factors in the rats.

On the other hand, estrogen deficiency can also affect intestinal mucosal barrier permeability, leading to bacterial 
translocation and altered gut microbiota diversity, this can then affect various bone properties by modulating the gut-bone 
axis [30,33,34]. The gut mucosal barrier is a physical and biochemical barrier that lines the gut wall and protects the body 
from harmful substances and microorganisms. It is also essential for maintaining a healthy balance of gut microbiota [35]. 
Damage to the intestinal mucosal barrier can lead to bacterial translocation and microbial imbalance, which can cause 
local long-term inflammatory responses in the gut. These inflammatory responses can then affect the levels of immune 
factors in the blood throughout the body [36]. At the same time, pathogens from the gut are more likely to cross the intesti-
nal barrier and enter the body, causing systemic inflammatory responses [37]. The results of 16s rRNA sequencing in this 
study revealed that Campylobacter, Actinomycetes, and Cyanobacteria may play a role in the mechanism of OVX-induced 

Fig 7.  MetaStat analysis results at the order classification level. Differences between the MC group and the JC group.

https://doi.org/10.1371/journal.pone.0330108.g007

https://doi.org/10.1371/journal.pone.0330108.g007
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intestinal microbial imbalance, which has been previously reported to impact bone or bone cells. Furthermore, we 
observed that the microbial imbalance was partially corrected after OVX surgery, but not completely restored to the level 
of rats that did not undergo OVX.

In this study, we observed significant changes in the abundance of intestinal flora in rats during the second month 
following ovariectomy, consistent with previous research. However, by the third month, there was no significant difference 
in intestinal flora abundance in the OVX group, possibly indicating a partial restoration of intestinal microecology over 
time. Furthermore, our findings revealed that firmicutes and Bacteroides remained dominant across all rat groups, and 
the trend of decreasing and then increasing levels of firmicutes in OVX rats differed from those in the sham group, whose 
levels remained constant. Even by the third-month, firmicutes levels in OVX rats did not show a clear increase compared 
to the sham group, which was different from previous studies. This difference likely reflects the establishment of a new 
equilibrium in the rats’ Gut Microbiota by the third month post-surgery, indicating a partial return toward normalcy. How-
ever, given the small sample size, the potential influence of inter-individual variation among the rats cannot be excluded. 
Increasing the sample size would help clarify this point.

In addition, gut microbes can also affect bone metabolism through their metabolites short-chain fatty acids (SCFAs) 
[38,39]. Short-chain fatty acids (SCFAs) constitute a primary group of metabolites generated through the metabolism 
of dietary fiber by intestinal microorganisms. These compounds serve various vital roles, including energy provisioning, 
regulation of intestinal peristalsis, preservation of the intestinal mucosal barrier, and modulation of metabolism [40]. Stud-
ies have shown that SCFAs may interfere with bone metabolism by affecting bone cell activity, regulating inflammatory 

Fig 8.  MetaStat analysis results at the order classification level. Differences between the MC group and the JX group.

https://doi.org/10.1371/journal.pone.0330108.g008
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response, and affecting the absorption of calcium and minerals in the intestine. And then, this has an impact on bone 
health [39,41]. Exploring the relationship between gut microbiota and bone health from the perspective of SCFAs also is 
one of the future directions of this research.

In general, this study aimed to explore the pathogenesis of PMOP from the perspective of intestinal microorganisms. 
The changing trend of various indicators in rats after OVX was analyzed using 16s rRNA sequencing and other methods 
within a 3-month period. However, due to funding and other limitations, this study has some limitations. For example, we 
did not discuss the trend of changes in the levels of intestinal microbial metabolites SCFAs. It is also difficult to explore 
the relationship between intestinal microbial imbalance and bone loss from the perspective of the “gut-bone axis”. Further-
more, This study was relatively small, and further studies with larger sample sizes are needed. Our future studies should 
explore the relationship between estrogen deficiency-induced intestinal mucosal barrier damage, levels of gut microbial 
metabolites, specific bacterial species, and bone loss. These findings will help to further understand the pathogenesis of 
PMOP.

5  Conclusions

In summary, the data reveals the changing trends of estradiol, TNF-α, and gut microbiota in the pathogenesis of 
PMOP. Estrogen deficiency results in a gradual increase in the levels of inflammatory markers in the bloodstream, 
resulting in increased bone resorption. In contrast, disruption of the intestinal microbiota peaked in the second 
month and then gradually returned to a relatively balanced state. Despite estrogen intervention, the gut micro-
biota of the rat could not fully return to its normal state. These findings still need to be verified by further animal 
experiments.
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