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Background: The gut microbiome has a significant impact on human wellness, 
contributing to the emergence and progression of a range of health issues 
including inflammatory and autoimmune conditions, metabolic disorders, 
cardiovascular problems, and psychiatric disorders. Notably, clinical observations 
have revealed that these illnesses can display differences in incidence and 
presentation between genders. The present study aimed to evaluate whether 
the composition of gut microbiota is associated with sex-specific differences 
and to elucidate the mechanism.

Methods: 16S-rRNA-sequencing technology, hormone analysis, gut microbiota 
transplantation, gonadectomy, and hormone treatment were employed 
to investigate the correlation between the gut microbiome and sex or sex 
hormones. Meanwhile, genes and proteins involved bile acid signaling pathway 
were analyzed both in the liver and ileum tissues.

Results: The composition and diversity of the microbiota from the jejunum 
and feces and the level of sex hormones in the serum differed between the 
sexes in young and middle-aged Sprague Dawley (SD) rats. However, no similar 
phenomenon was found in geriatric rats. Interestingly, whether in young, 
middle-aged, or old rats, the composition of the microbiota and bacterial 
diversity differed between the jejunum and feces in rats. Gut microbiota 
transplantation, gonadectomy, and hormone replacement also suggested that 
hormones, particularly testosterone (T), influenced the composition of the gut 
microbiota in rats. Meanwhile, the mRNA and protein level of genes involved 
bile acid signaling pathway (specifically SHP, FXR, CYP7A1, and ASBT) exhibited 
gender-specific differences, and T may play a significant role in mediating the 
expression of this pathway.

Conclusion: Sex-specific differences in the structure of the gut microbiota are 
mediated by T through the bile acid signaling pathway, pointing to potential 
targets for disease prevention and management techniques by indicating that 
sex differences and T levels may alter the composition of the gut microbiota via 
the bile acid signaling pathway.
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Highlights

 • In young and adult SD rats, the composition of the gut 
microbiota, T levels, and mRNA and protein levels of genes 
related to the bile acid signaling pathway were significantly 
gender-specific, with T levels in male rats significantly higher 
than that in females.

 • Gonadectomy, which involves the removal of testicles in male rats 
and ovaries in female rats, along with hormone replacement 
therapy (involving testosterone for male rats with testicular 
removal and estradiol for female rats with ovary removal), has 
been found to impact the gut microbiota, as well as the mRNA 
and protein levels of genes associated with the bile acid signaling 
pathway through mediation by T.

 • The “T-bile acid-gut microbiota” axis, which highlights the role 
of T in modulating the gut microbiota through bile acid signaling, 
suggests promising avenues for disease prevention and 
management strategies.

Introduction

The animal gut serves as a sophisticated digestive system, housing 
a diverse array of microbial communities consisting of bacteria, 
archaea, fungi, protozoa, and viruses (Hallen-Adams and Suhr, 2017). 
Studies have demonstrated a significant and mutually advantageous 
symbiotic relationship between the intestinal flora and the host. The 
host gut microbiota plays a crucial role in various cellular functions 
including immunity, anti-tumor activities, anti-aging properties, 
detoxification, and nutrition (Thaiss et al., 2016; Yu et al., 2024; Wang 
et al., 2024; Shamjana et al., 2024; Li et al., 2024). This highlights the 
essential contribution of gut microbiota to overall host health and 
well-being.

The absorption and digestion of food and drugs in the human 
body occur in the gastrointestinal tract, leading to a significant focus 
on the relationship between these substances and intestinal flora. 
Contemporary research has revealed that the primary modes of 
interaction between food or drugs and intestinal flora 
encompass the mutual regulation of intestinal flora structure by food 
or drugs, the regulation of intestinal flora metabolism by food or 
drugs, and the transformation metabolism of food or drug 
components by the intestinal flora (Qu et al., 2019; Wu and Tan, 2019; 
Zhang et al., 2020; Vich Vila et al., 2020). The bioactive metabolites 
produced by gut microorganisms, such as bile acids (Chávez-Talavera 
et al., 2017; He et al., 2024), trimethylamine-N-oxide (TMAO; Wang 
et al., 2011; Wang et al., 2024a), branched-chain amino acids (BCAAs; 
Solon-Biet et al., 2019), vitamins (Brunkwall and Orho-Melander, 
2017), and short-chain fatty acids (SCFAs; Zhao et al., 2018), play a 
crucial role in maintaining host health. These metabolites are essential 
for various physiological functions and overall well-being. For 
instance, The elevation of total bile acid levels is widely recognized as 
a crucial pathogenic and pathological feature of insulin resistance and 
type 2 diabetes mellitus (T2DM; Kaska et al., 2016; Zhu X. et al., 2024). 
Studies have demonstrated that the gut microbiota can perturb 
intercellular communication by modifying the molecular 
configuration of bile acids, thereby affecting the circulation of bile 
acids between the liver and intestines and subsequently influencing 

the onset and progression of T2DM (Gao et al., 2022; Tian et al., 
2022). In their 2024 study, Lu et al. found a positive linear association 
between elevated levels of unconjugated bile acids, particularly 
secondary bile acids derived from gut microbiota, and increased risk 
of cardiovascular disease (CVD) in individuals. Zhao et al. (2018) also 
found that dietary fiber promotes the increase of intestinal flora that 
produces short-chain fatty acids, maintains blood glucose homeostasis 
by increasing Glucagon peptide 1(GLP-1) levels, and delays the 
progression of T2DM. In addition, small adjustments in BCAA 
metabolism have been implicated in playing a role in a wide range of 
prevalent diseases, such as diabetes, cancer, and heart failure (Gao and 
Hou, 2023; Kang et al., 2024; Wang et al., 2024b). Research has also 
shown that a deficiency in vitamin D is linked to a higher risk of 
developing T2DM, metabolic syndrome (MS), and CVD (Renke et al., 
2023; Zhang et al., 2024; Hu and Yang, 2024). As such, gut dysbiosis 
has become an important target for the treatment of cardiovascular 
diseases, metabolic diseases, malignant tumors, and dementia 
(Donaldson et al., 2018; Rothhammer et al., 2018; Buffa et al., 2022; 
Wong and Yu, 2023; Luqman et al., 2024).

Numerous studies have shown that the gut microbiota is 
influenced by multiple factors, including host genetics, diet, 
medications, age, environment, and host gender (Goodrich et  al., 
2014; Kolodziejczyk et al., 2019; Vich Vila et al., 2020; Rudolph et al., 
2022; Wu et al., 2024; Rio et al., 2024). Clinical studies have revealed 
that individuals of different genders exhibit variations in disease 
prevalence, age of onset, diagnosis, treatment methods, etc., which are 
linked to differences in sex hormones, genes, and behavior. The 
age-adjusted incidence rate (AIR) demonstrates higher rates in men 
for afflictions like tumors and respiratory diseases, while it is higher 
in women for conditions such as endocrine and metabolic disorders 
(Westergaard et al., 2019). Similarly, the composition of gut microbiota 
may be  influenced by sex, and the variations in gut microbiota 
composition between genders may be associated with the levels of sex 
hormones (Org et al., 2016; Hansen et al., 2019; Shin et al., 2019; 
Santos-Marcos et al., 2023; Le Bras, 2024). For example, in pigs, the 
gender of the host significantly influences the phylogenetic 
composition of the gut bacterial community (Xiao et al., 2016). Takagi 
et al. (2019) observed substantial disparities in the composition of the 
intestinal flora between male and female subjects. Specifically, they 
noted elevated levels of Prevotella, Macromonas, Fusobacterium, and 
Micrococcus in the digestive tracts of males. At the same time, the 
relative abundance of Bifidobacterium, Rumenococcus, and 
Akkermansia was higher in females. Gender disparities in the gut 
microbiome play a crucial role in shaping host metabolism (Xie et al., 
2017; Kadyan et al., 2023), influencing the regulation of autoimmunity 
(Markle et al., 2013), and determining responses to various diseases 
(Hokanson et al., 2024). The study conducted by Down et al. (1983) 
concluded that sex hormones impact bile acid metabolism. Robust 
research indicates that metabolites dependent on the gut microbiome 
have the potential to interact with significant biological pathways 
regulated by sex hormones. These pathways include toll-like receptors 
and flavin monooxygenase signaling (Razavi et al., 2019). Nevertheless, 
the precise mechanisms underlying the interplay between gender, gut 
microbiota, and disease pathology remain uncertain, and there is a 
notable absence of clinical cases focused on disease prevention and 
treatment strategies targeting gender-dependent gut microbiota.

In addition, several cross-population studies have compared the 
gut microbiome of females with males in humans or mice (Schnorr 
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et al., 2014; Org et al., 2016; Hansen et al., 2019; Santos-Marcos et al., 
2023; Ortiz-Alvarez de la Campa et al., 2024). However, there is no 
consensus on whether the microbiome is sex-related. Some research 
reports suggest that although sex differences influence physiology and 
behavior, sex has been shown to have no or limited impact on the 
intestinal flora (Lay et  al., 2005; Kovacs et  al., 2011; Human 
Microbiome Project Consortium, 2012). Previous studies have found 
differences in the intestinal flora between sexes only in certain areas 
or genotypes (Org et al., 2016; Hansen et al., 2019). Other studies have 
suggested that there are significant differences in the gut microbiota 
composition between sexes and that the composition of the gut flora 
can influence sex hormone levels (Qin et al., 2010; Markle et al., 2013; 
Bolnick et al., 2014; Shastri et al., 2015; Lledós et al., 2023; Rio et al., 
2024). However, the mechanism underlying sex hormone influence 
on gut microbiota is not yet clear.

Our study employed 16S-rRNA-sequencing technology, hormone 
analysis, gut microbiota transplantation, gonadectomy, and hormone 
treatment to investigate the correlation between the gut microbiome 
and sex or sex hormones. We observed that the composition of the 
microbiota from the jejunum and feces, bacterial diversity per 
individual, and the levels of estradiol (E2) and testosterone (T) from 
serum differed between male and female adult SD rats. In younger 
rats, there were significant differences in the composition of the 
jejunal microbiota and serum levels of E2 and T between sexes, 
whereas, in geriatric rats, there were no significant differences in the 
composition of the jejunal and fecal microbiota and serum T levels 
between the sexes. Interestingly, whether in young, middle-aged, or 
old rats, the composition of the microbiota and bacterial diversity 
differed between the jejunum and feces. Gut microbiota 
transplantation, as well as gonadectomy (Testicle extraction in male 
rats and ovaries extraction in female rats) and hormone replacement 
therapy (Male rats with testicular removal were treated with T, and 
female rats with ovary removal were treated with E2), also suggested 
that hormones, particularly T, influenced the composition of the gut 
microbiota in rats. mRNA and protein analyses showed that genes, 
such as small heterodimer partner (SHP), farnesoid X receptor (FXR), 
cholesterol 7α-hydroxylase (CYP7A1), and apical Na+-bile acid 
transport (ASBT), involved in the bile acid signaling pathway exhibited 
gender-specific differences and that T may affect the expression of 
genes involved in the bile acid signaling pathway. Thus, altering 
metabolic signaling pathways is one potential way T influences gut 
microbiota composition.

Materials and methods

Sample collection

Specific-pathogen free (SPF) SD (Sprague Dawley; SD) female and 
male rats were used to determine age-and gender-specific differences 
in the gut microbiota. The rats were divided into three groups: 20 rats 
(n = 10 rats/sex) were in the young age group, which were purchased 
at the age of 1 week and fed until 2 weeks of age; 20 rats (n = 10/sex) 
were in the middle age group—purchased at 1 week of age and fed 
until 8 weeks of age; and 18 rats (n = 9 rats/sex) were in the old group, 
which were purchased at 1 week of age and fed until 92 weeks of age 
(old). For gonadectomy, sex hormone therapy, and fecal microbiota 
transplantation, SD rats were purchased at 7 weeks of age and fed until 

8 weeks of age (middle age). All SPF animals were purchased from 
Shanghai Kilton Laboratory Animal Technology Co., Ltd. [license No. 
SCXK (shanghai) 2017–0005] and were maintained on a 12-h light/
dark schedule in separate cages in a room with a temperature of 
23 ± 2°C and humidity of 40–70%. The animals had access to chow 
and water ad libitum. Additionally, the rats received regular 
replacement of their bedding and sterile drinking water. Rats were 
euthanized by exsanguination under anesthesia by intraperitoneal 
injection of urethane (1,000 mg/kg; Hrapkiewicz et al., 1998).

Liver tissue, ileum, jejunum, and fecal samples were snap-frozen 
with liquid nitrogen and stored at −80°C. The blood samples for 
hormonal measurements were obtained from the heart following deep 
anesthesia. Blood samples were centrifuged at 3000 rpm for 10 min at 
4°C, and the supernatant (serum) was collected and stored at −80°C 
until use. Unless otherwise specified, the animals were raised at the 
Experimental Animal Center of Guizhou University of Traditional 
Chinese Medicine [License No. SYXK (Guizhou) 2021–0005]. All 
animal-related operations involved in this study have been approved 
by the Animal Ethics Committee of Guizhou University of Traditional 
Chinese Medicine (Approval No. 2020002).

16S rRNA gene sequencing and analysis

Microbial DNA was extracted, and the 16S rRNA gene of isolated 
DNA was sequenced by the Illumina MiSeq platform as described in 
a previous study (Org et  al., 2015). The open-source pipeline 
Quantitative Insights Into Microbial Ecology (QIIME) version 1.7.0 
was used to perform de-multiplexing 16S rRNA gene sequences, 
quality control, and operational taxonomic unit (OTU) binning 
(Bokulich et al., 2013). Sequences were binned into OTUs based on 
97% identity using UCLUST31 against the Greengenes reference 
database (McDonald et al., 2012). In QIIME, the summarized taxa 
function was used to define microbial composition at each taxonomic 
level. Beta diversity (Bray-Curtis) dissimilarity and Principal 
Coordinates Analysis (PCoA) were evaluated using the QIIME 
program. Comparison of group differences in the microbiota within 
and between intestine (jejunum and feces) and gender (male and 
female) was performed using the Adonis function for permutational 
multivariate analysis of variance (PERMANOVA) and multivariate 
analysis of variance (MANOVA). Significant differences in taxa 
modulated by sex and specific intestinal location were determined by 
linear discriminant analysis effect size (LefSe; Org et al., 2015). The 
above work related to 16S rRNA sequencing was completed by 
Shanghai Zhejiang Bioengineering Co., LTD.

Sex hormonal analysis

A rat-specific ELISA kit was used to measure blood sera levels of 
E2 and T (Wuhan Aidi Anti-biological Technology Co., LTD., Batch 
no. CSB-E11162r).

Gonadectomy and sex hormone therapy

A total of 32, 1-week-old SD rats (16 females and 16 males) were 
randomly divided into a female sham group (F-sham), male sham 
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group (M-sham), female operation group (OVX), male operation 
group (CAS), female operation + hormone group (OVX + E2), and 
male operation + hormone group (CAS + T), with five or six rats in 
each group. The operations related to gonadectomy and sex hormone 
therapy were performed based on previous protocols (Benedek et al., 
2017; van der Giessen et al., 2019). Male and female SD strain rats 
were subjected to gonadectomy at 1 week of age under isoflurane 
anesthesia. In male rats, bilateral incisions were made in the scrotal 
region, the testes were removed, and the incisions were closed with 
wound clips. In female rats, the ovaries were removed through an 
incision just below the rib cage, followed by suturing of the muscle 
layer and closure of the incision with wound clips. Sham-operated 
control rats underwent the same incisions and closures, with brief 
manipulation of the gonads but without removal. The OVX + E2 
group received estradiol valerate tablets via intragastric 
administration, with a calculated daily dosage of 1 mg for adults with 
a body weight of 60 kg. The conversion coefficient of administration 
between rats and adults was 6.3 times, and the dose of estradiol 
valerate tablets was 0.1 mg/kg, with sterile water configuration and an 
intragastric volume of 1 mL/100 g. The CAS + T group was 
administered testosterone undecanoate soft gel via intragastric 
administration, with a dosage calculated as 160 mg daily for a 60 kg 
adult body weight. The conversion coefficient between rats and adults 
was 6.3 times, and the dosage of testosterone undecanoate soft gel was 
16.8 mg/kg, configured with sterile water. The intragastric volume was 
1 mL/100 g. The M-sham and F-sham groups, as well as the OVX and 
CAS groups, were given the same volume of sterile water once a day. 
After 7 weeks, at 8 weeks of age, the rats were examined for changes in 
their gut microbiota in each group. The conditions under which the 
gut microbiota were sampled were consistent with the 
previous experiment.

Fecal microbiota transplantation

A total of 20, 1-week-old female and male SD rats were fed for 
2 weeks and randomly divided into female (F) and male (M) blank 
control group (donor), and female (M → F) and male (F → M) 
transplantation group (recipient), with four or five rats in each group. 
The recipient group was administered an antibiotic mixture for 
pseudo-sterile rat modeling, and the donor group was administered 
an equal volume of sterile water (Kolodziejczyk et  al., 2019). The 
operations related to fecal microbiota transplantation were performed 
as previously reported by Zhao et  al. (2018). Fecal samples were 
obtained from rats that had been fasted for 12 h. Each group provided 
80–100 mg of feces, which was then mixed with 600 uL of PBS buffer. 
The fecal material was thoroughly suspended by vortexing for 5 min 
and allowed to settle by gravity for an additional 5 min. Following 
centrifugation at 2500 rpm for 1 min, the clear supernatant was 
carefully transferred to a clean tube, and an equal volume of 20% (w/v) 
skimmed milk (LP0031, Oxoid, United Kingdom) was added. The 
inoculum was freshly prepared on the day of the experiment. Regular 
bacteriological examinations of feces, food, and fillings were 
conducted. Transplantation was carried out at 8:00 a.m. once daily. 
After 6 weeks, at 8 weeks of age, the rats were examined for changes in 
their gut microbiota in each group. The conditions under which the 
gut microbiota were sampled were consistent with the 
previous experiment.

Quantitative real-time PCR

qRT-PCR reactions were carried out in an optical 96-well plate in 
a CFX96 instrument (Bio-Rad, United States). The primers used for 
quantitative PCR analysis are listed in Supplementary Table S10. 
mRNA was extracted from the liver and ileum of SPF SD female and 
male rats at the age of 12 days (young), 8 weeks (middle age), and 
92 weeks (old) following common feeding. Additionally, mRNA was 
extracted from the same organs at the age of 8 weeks (middle age) after 
fecal microbiota transplantation and hormone therapy. The RNA 
extraction was performed using a bacterial RNA kit (Omega, Lot no. 
R6828-02), and complementary DNA (cDNA) was synthesized from 
1 μg of the total RNA utilizing a reverse transcription kit (Beijing Kang 
Wei Century Biotechnology Co., LTD., Batch no. CW2582M) in a 
total volume of 20 μL. Subsequently, the transcription levels of genes 
associated with the bile acid signaling pathway were determined by 
qRT-PCR. The qRT-PCR reaction comprised 25 μL 2× TransStartTM 
SYBR Top Green qPCR SuperMix (Beijing Kang Wei Century 
Biotechnology Co., LTD., Batch no. CW0957M), 1 μL forward primer 
(10 mM), 1 μL reverse primer (10 mM), and 1 μL of 1:10 diluted 
cDNAs, with ultrapure water used to make up the total volume to 
50 μL. The qRT-PCR was conducted under the following conditions: 
1 cycle at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 
60°C for 1 min. The data analysis was performed using Bio-Rad CFX 
Manager v.2.1 software, with the expression levels of different genes 
normalized by β-actin and GAPDH. The methods and data evaluation 
of qRT-PCR analysis were executed following the approach reported 
by Pfaffl (2001). The mRNA levels of individual genes were normalized 
and calculated using the 2ΔΔCT method, where the relative expression 
level of a target gene is represented in a sample versus a control in 
comparison to a reference gene. ΔCt target is the Ct value of the 
control - sample of the target gene transcript. ΔCt reference is the Ct 
value of the control - sample of reference gene transcript. The relative 
expression level of a target gene = 2ΔCt target/2ΔCt 
reference = 2ΔΔCT. It is noteworthy that three technical replicates 
were carried out for each cDNA sample, with more than three 
biological replicates (derived from different rats growing under the 
same conditions) performed for sample repeat analyses.

Western blots

Liver tissue (80–90 mg) or ileum tissue (20–25 mg) was lysed in 
1000 μL or 300 μL RIPA lysis buffer (Epizyme PC101), respectively, 
containing 1% territory NP-40 solution, 1% sodium deoxycholate, 
0.1% sodium dodecyl sulfate, and 1% protease inhibitor diluted in Tris 
base buffered with HCl (pH 7.4) before being sonicated. The 
homogenate was centrifuged at 12,000 rpm for 5 min at −4°C as 
previously described (Alves et al., 2011), and the supernatants were 
transferred to new tubes and stored at −80°C until use. Protein 
concentrations were determined according to the BCA Protein 
Quantitation Kit (ZJ 101). Western blotting was performed as a 
routine, with proteins separated on 12% SDS-polyacrylamide gels 
(Bio-Rad) at 80 V for 90 min and then transferred to polyvinylidene 
fluoride membranes (Bio-Rad) at 120 V for 90 min. The membranes 
were blocked with a solution of 5% non-fat dry milk and 0.05% 
Tween-20 (TBS-T; Sigma) for 15 min. Subsequently, the primary 
antibodies targeting eight putative constitutively expressed proteins 
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were added and left to incubate at 4°C overnight. After incubation, the 
membrane was washed with 1 × TBST using an oscillating method for 
10 min, repeated 3 times. Following this, a secondary antibody 
(HRP-conjugated Goat Polyclonal antibody) was applied and 
incubated at 37°C for 1 h, and the membrane was washed again with 
1 × TBST using an oscillating method for 10 min, repeated 3 times. The 
working concentrations and relevant information of all antibodies 
used in this study can be found in Supplementary Table S11. The ECL 
luminescent developer was prepared and the PVDF film was 
completely immersed in the ECL luminescent developer in a dark 
environment, with development lasting 30 s. Immunoblots were 
developed with Luminata (Millipore) as per the manufacturer’s 
instructions, and densitometric results were analyzed using Image J 
software. Coefficients of variance were calculated by determining the 
ratio between standard deviation and mean. Band densities of the 
target protein were normalized using β-actin Rabbit mAb. The 
antibodies utilized in this study were procured from Shanghai Uning 
Life Science and Technology Co., LTD.

Immunofluorescence

Liver sections were incubated with CYP7A1, FXR, and SHP 
(rabbit, Santa Cruz, 1: 50) at 4°C for 12 h, and then incubated with an 
Alexa fluor 488-conjugated goat anti-rabbit IgG and DAPI for 90 min 
and 10 min, respectively.

Statistical analysis

GraphPad Prism V8.0 (San Diego, California, United States) was 
used for analysis and graph preparation. For the graph data related to 
16S rRNA gene sequencing, the results are expressed as mean ± SD 
and statistical analyses were performed using the two-tailed 
non-parametric Mann–Whitney U test or Kruskal-Wallis test with 
Benjamini-Hochberg FDR multiple comparison. Statistical 
significance of sample grouping for beta-diversity analysis was 
performed using the Permanova method (999 permutations) and 
multivariate analysis of variance (MANOVA). The remaining data was 
shown as means ± SEM. Differences were assessed by the Students’ 
t-test or a one-way ANOVA, and denoted as follows: *p < 0.05; 
**p < 0.01; ***p < 0.001; and ns p > 0.05.

Results

Gender-specific gut microbiota 
composition in middle-aged rats

To assess whether the microbiome is sex-related, we compared 
the bacterial composition of fecal and jejunal samples from middle-
aged female and male rats. We found significant sex differences in 
the composition of the microbiome from the jejunum and feces 
(Figure  1A). Fecal or jejunal samples varied in gut microbial 
α-diversity (bacterial diversity, or bacterial richness and evenness, 
within each group) between the sexes in rats, as quantified with the 
Shannon diversity index [a minimum of seven individuals per sex 
for the Mann–Whitney U (MWU) test; Figure  1B]. Principal 

coordinate analysis (PCoA) plot of Bray-Curtis distances of fecal and 
jejunal samples also showed clear patterns differentiating samples 
between males and females (Figure  1C). Moreover, analysis of 
similarity (ANOSIM) and permutational multivariate analysis of 
covariance (PERMANOVA) also indicated that a matrix of major 
PCoA axes was dependent on sex (Figure  1C; 
Supplementary Tables S1, S2). The above results suggested that the 
gut microbiota composition had significant gender specificity in 
SD rats.

To gain insights into this variation, we  employed linear 
discriminant analysis (LDA) to pinpoint the specific genus-level taxa 
that exhibited sex-related changes in middle-aged rats. (Figures 1D,E). 
In the analysis of fecal samples, it was observed that several genera 
exhibited higher abundance in male rats compared to female rats. 
These genera included Staphylococcus, Jeotgalicoccus, 
Acetanaerobacterium, Sporobacter, Turicibacter, and Brevibacterium. 
Conversely, the abundance of Aerococcus, Akkermansia, and 
Lactobacillus genera in female rats was significantly higher than in 
males, as indicated in Figure 1D and Supplementary Table S3. In the 
jejunal samples, the abundance of certain genera such as Romboutsia, 
Turicibacter, Sporobacter, Streptococcus, Eisenbergiella, 
Corynebacterium, Lachnospiracea-incertae-sedis, Brevibacterium, 
Facklamia, Desulfovibrio, Jeotgalicoccus, Gemella, Staphylococcus, and 
Intestinimonas was significantly higher in male rats compared to 
female rats. On the other hand, the abundance of genera including 
Clostridium-XIVB, Escherichia-Shigella, Burkholderia, Parabacteroides, 
Acetanaerobacterium, Dorea, Megamonas, Holdemanella, Bacteroides, 
Anaerobacterium, Phascolarctobacterium, Butyricimonas, 
Eubacterium, Candidatus-Saccharibacteria, Saccharibacteria-genera-
incertae-sedis was significantly higher in female rats than in male rats 
(Figure 1E; Supplementary Table S3).

The effect of sex hormones on the 
microbiota

In a follow-up study, we examined the serum levels of T and E2 in 
males and females in middle-aged rats. We found that there were 
significant differences in both T and E2 levels between male and 
female rats (Figures 1F,G).

To explore the causes of sex differences in the gut microbiota 
composition, we  surveyed the bacterial composition of fecal and 
jejunal samples and tested the serum levels of T and E2 from young 
and old male and female rats (Figure 2). Our results indicated that 
although there were no significant differences in the microbiota 
composition of fecal samples from young rats between the sexes, there 
were significant gender differences in jejunal samples (Figure 2A). 
PCoA plots of Bray-Curtis distances of fecal and jejunal samples also 
indicated that no clear patterns differentiated fecal samples from 
males and females, whereas clear patterns differentiated jejunal 
samples from males and females in young rats (Figures  2C,D). 
ANOSIM and PERMANOVA were also used to test whether a matrix 
of major PCoA axes was dependent on sex. We observed that sex has 
significant effects on the microbiota of jejunal samples (ANOSIM: 
p = 6.00 × 10−3; PERMANOVA: p = 9.00 × 10−3), but no significant 
differences in fecal samples (ANOSIM: p = 0.08; PERMANOVA: 
p = 0.25) between sexes in young rats (Figures  2C,D; 
Supplementary Tables S4, S5). Additionally, we observed that both T 
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and E2 levels were significantly different between the sexes in young 
rats (Figures 2G,H).

However, in the case of old rats, no significant differences in the 
microbiota composition of both fecal samples and jejunal samples 

were noted between the sexes (Figure 2B). A PCoA plot of Bray-Curtis 
distances of fecal and jejunal samples also indicated that no clear 
patterns differentiated fecal samples and jejunal samples between the 
sexes (Figures 2E,F). In addition, Both ANOSIM and PERMANOVA 

FIGURE 1

Sex differences in the gut microbiota composition and hormone level of middle-aged rats. (A) The relative abundance per individual for fecal and 
jejunal samples from middle-aged female and male rats, shown for the bacterial taxonomic rank of species; (B) within group mean α diversity, p values 
from Mann–Whitney U test; (C) Principal coordinate analysis (PCoA) plot of Bray-Curtis distances, analysis of similarity (ANOSIM) and permutational 
multivariate analysis of variance (PERMANOVA) of the microbial communities between sexes. p values from ANOSIM and PERMANOVA are shown for 
sex. (D,E) Linear discriminant analysis (LDA) of gut microbiota composition of rats. The LDA coupled with effect size measurements identified the most 
differentially abundant taxa between females and males in fecal or jejunal samples from rats, all taxa detected at the phylum to genus level. (F,G) The 
analysis for the levels of estradiol (E2) and testosterone (T) from serum samples. Student’s t tests were used to generate the p-values. n  =  10 per group; 
F stands for fecal samples; J stands for jejunal samples.
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FIGURE 2

The gut microbiota composition and hormone level of young and old rats. (A,B) The relative abundance per individual for fecal and jejunal samples 
from female and male rats, shown for the bacterial taxonomic rank of genus. (C–F) PCoA plot of Bray-Curtis distances, ANOSIM, and PERMANOVA of 
the microbial communities between sexes. p values from ANOSIM and PERMANOVA are shown for sex. The relative analysis for fecal samples (C,E) and 
jejunal samples (D and F) from male and female rats. (G–J) Detection of serum testosterone (T) and estradiol (E2) levels in male and female rats. 
Student’s t tests were used to generate the p-values. Young and old rats were used in this experiment. F stands for fecal samples; J stands for jejunal 
samples; n =  9–10 per group.
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of the matrix of major PCoA axes showed no significant β-diversity 
distance between the sexes (Figures 2C,D; Supplementary Tables S4, 
S5). Interestingly, there were significant differences in E2 levels 
between the sexes in older rats (p = 0.03; Figure 2J), while there were 
no significant differences in T levels differences between the sexes 
(p > 0.05; Figure 2I). Based on the above observations, we inferred that 
sex hormones, particularly T, may affect the gut microbiota.

Spatial specificity of the gut microbiota 
composition

In this study, we also compared the gut microbiota composition 
of fecal samples and jejunal samples from middle-aged female and 
male rats. Analysis of the taxonomic composition and Shannon 
diversity index of the gut microbiota indicated that there were 
significant differences in the microbiota composition between the 
jejunum and feces in both male and female rats (Figure 1A). Both 
PCoA of Bray-Curtis distances of fecal and jejunal samples from male 
and female rats, as well as ANOSIM and PERMANOVA of the matrix 
of major PCoA axes, indicated that there were significant β-diversity 
distances between fecal samples and jejunal samples in both male and 
female rats (Figures 1B,C; Supplementary Tables S1, S2). For middle-
aged rats, we also performed Linear Discriminant Analysis (LDA) 
coupled with effect size measure (LefSe), which showed that there 
were significant differences in the microbiota composition between 
jejunum and feces in both male and female rats 
(Supplementary Figure S1).

To further identify the microbial taxa that accounted for the 
greatest differences between fecal samples and jejunal samples, 
we surveyed the bacterial composition of samples from young and old 
female and male rats (Supplementary Figure S2). Both α-diversity 
(as quantified with the Shannon diversity index; 
Supplementary Figures S2A,B) and β-diversity (as quantified with 
PCoA plot of Bray-Curtis distances; Supplementary Figures S2C,D) 
were significantly different between fecal samples and jejunal samples 
in both male and female rats, with the degree of compositional 
difference between samples assessed with ANOSIM and 
PERMANOVA test of Bray-Curtis distances (p = 1.00 × 10−3; 
Supplementary Figure S2C,D; Supplementary Tables S4, S5). 
Furthermore, we  performed a cladogram coupled with effect size 
measure to identify specific taxa that changed between fecal samples 
and jejunal samples (LefSe, at the phylum to genus level; 
Supplementary Figure S3). In young rats, the results indicated that 
increases in jejunal samples from both females and males were in the 
phylum Proteobacteria, class Epsilonproteobacteria, and class 
Alphaproteobacteria—all of which appeared to drive overall 
differences between fecal samples and jejunal samples 
(Supplementary Figures S3A,B). In old rats, however, increases in 
jejunal samples from females in the class Bacilli and genus 
Abiotropphia appeared to drive overall differences between fecal and 
jejunal samples, and increases in jejunal samples from males in the 
class Bacilli and genus Granulicatella appeared to drive overall 
differences (Supplementary Figures S3C,D). In addition, we found 
that the abundance of the phylum Bacteroidates and genus Bacteroides 
in fecal samples was higher compared to jejunal samples in both 
females and males. This phenomenon was consistent with what was 
observed in middle-aged rats (Supplementary Figure S1). These 

results suggested that the composition of intestinal flora also has 
spatial specificity.

T-mediated shifts in the microbiota

To confirm that sex differences were mediated by sex hormones 
in gut microbiota composition, we performed gonadectomy (GDX) 
with female and male rats and examined the gut microbiota 
composition after 8 weeks. The analysis of α-diversity and PCoA 
revealed that the gut microbiota composition had a clear separation 
between sham control and GDX in both females and males. 
Interestingly, in male rats, the analysis of α-diversity showed that 
administration of T following gonadectomy prevented significant 
gonadectomy-associated changes in the gut microbiota composition, 
particularly in the jejunum. Nevertheless, the PCoA analysis indicated 
that while there was still a distinct separation between the sham 
control and CAS + T group after T administration following 
gonadectomy, the introduction of T post-gonadectomy seemed to 
mitigate the pronounced alterations typically associated with 
gonadectomy on the composition of the gut microbiota. 
(Figures  3A,B,G,H; Supplementary Tables S6, S7). In the case of 
specific taxa (at the genus level), sham control males exhibited more 
abundant Staphylococcus and reduced abundance of Prevotella, 
Anaerobacterium, and Blautia than GDX males in feces, and the 
abundance of Actinomyces, Escherichia/Shigella, Streptococcus, and 
Romboutsia were more abundant in sham controls as compared to 
GDX males in the jejunum. Again, when administration of T following 
gonadectomy was performed, there was no significant difference in 
the abundance of these specific taxa between GDX + T males 
compared to sham controls (Figures  3C–F,I). However, this 
phenomenon did not occur in female rats (Figures  3A,G; 
Supplementary Figure S4; relevant results of microbial taxa are 
not shown).

Furthermore, we  performed fecal microbiota transplantation 
(FMT) treatment with female and male rats and examined the gut 
microbiota composition after 12 weeks. Significant sex differences 
were observed in the composition of the microbiome 
(Supplementary Figure S5A; Supplementary Tables S8, S9). When 
fecal microbes from female rats were transplanted into males (F → M), 
the Bray-Curtis distances were very close between the F → M group 
and the male group. When fecal microbes from male rats were 
transplanted into females (M → F), the Bray-Curtis distances were 
significantly larger between the M → F group and the male or female 
groups (Supplementary Figure S5B). When analyzing the microbial 
taxa (at the genus level), the abundance of Paraprevotella and 
Ruminococcus in the F → M group was more prevalent in response to 
males, although the abundance of Paraprevotella and Ruminococcus 
was different between the sexes (Supplementary Figures S5C,D). In 
summary, the above results suggested that the gut microbiota 
correlates with both sex and sex hormones, particularly T, in rats.

Gender-specific expression of genes 
related to bile acid signaling

Recent studies have demonstrated that bile acids can affect the 
gut microbiota (Benedek et  al., 2017; Zhao et  al., 2018; 

https://doi.org/10.3389/fmicb.2024.1421608
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Duan et al. 10.3389/fmicb.2024.1421608

Frontiers in Microbiology 09 frontiersin.org

FIGURE 3

The effect of gonadectomy on the gut microbiota in middle-aged rats. (A) and (G) α diversity analyses of the microbial communities. (B) and 
(H) Principal coordinate analysis (PCoA) plot of Bray-Curtis distances of the microbial communities. (C–F) and (I–L) Box plots of relative abundance 
distributions per group for the taxa in male rats, where individuals are grouped by Sham, CAS, and CAS  +  T. In A–F, the data are derived from fecal 
samples; In G–L, the data are derived from jejunum samples. In the α--diversity analysis and analysis of relative abundance distributions per group for 
the taxa, the MWU test was used to generate the p-values. In PCoA analysis, p values from ANOSIM and PERMANOVA are shown. In this experiment, 
individuals were grouped by F-Sham, OVX, OVX  +  E2, M-Sham, CAS and CAS  +  T; n  =  5–6 per group.

https://doi.org/10.3389/fmicb.2024.1421608
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Duan et al. 10.3389/fmicb.2024.1421608

Frontiers in Microbiology 10 frontiersin.org

Kolodziejczyk et al., 2019). Our study compared the mRNA level of 
genes related to bile acid signaling between the sexes among young, 
middle-aged, and old rats. In liver tissue from middle-aged rats, 
we determined that the mRNA levels of the FXR, SHP, and ASBT 
in male rats were significantly higher than that in females, while the 
mRNA level of CYP7A1 in male rats was significantly lower than 
that in females. However, the mRNA levels of other genes, including 
bile salt export pump (BSEP), sterol regulatory element-binding 
proteins 2 (SREBP2), Na+/taurocholate co-transporting polypeptide 
(NTCP), and G protein-coupled receptor (TGR5), were not 
significantly different between the sexes. In the ileum, we found 
that the mRNA level of TGR5 (but not FXR, BSEP, SHP, SREBP2, 
NTCP, ASBT, or CYP7A1) in middle-aged male rats was also 
significantly higher than that in middle-aged females. In the liver 
tissue from young male rats, only the mRNA level of CYP7A1 was 
significantly lower as compared to female rats, but the mRNA levels 
of FXR and SHP in male rats were also significantly higher than that 
in females in the ileum. Moreover, the mRNA level of NTCP in 
male rats was significantly lower than that in the ileum of young 
female rats. However, no similar phenomenon occurred in both the 
liver and ileum tissues of old rats, except the mRNA level of ASBT 
being higher in male rats compared to females in liver tissues 
(Figure 4).

As shown by Western blots analysis (Figure  5; 
Supplementary Figure S6), in liver tissue from middle-aged rats, the 
protein levels of FXR, SHP, and ASBT in male rats were also 
significantly higher than that in females, with the protein level of 
CYP7A1  in male rats significantly lower than that in females. 
However, the levels of other proteins, including BSEP, SREBP2, NTCP, 
and TGR5, were not significantly different between sexes. In the ileum 
from middle-aged rats, the protein levels of SHP and TGR5 in male 
rats were also significantly higher than that in females, while the 
protein level of ASBT in male rats was significantly lower than that in 
females. However, the protein levels of NTCP and FXR were not 
significantly different between the sexes. In liver tissue from young 
male rats, only the protein level of CYP7A1 was significantly lower 
than in female rats, with the protein levels of SHP and NTCP in male 
rats significantly higher than that in females. The levels of other 
proteins, including ASBT, FXR, BSEP, SREBP2, and TGR5, were not 
significantly different between the sexes. In ileum tissue from young 
rats, the protein levels of SHP and FXR (but not ASBT, NTCP, and 
TGR5) in male rats were also significantly higher than that in females. 
However, in old rats, the levels of proteins related to the bile acid 
signaling pathway, including CYP7A1, SHP, FXR, ASBT, BSEP, 
SREBP2, NTCP, and TGR5, were not significantly different between 
the sexes in liver tissue. Additionally, the levels of proteins in the bile 
acid signaling pathway, including SHP, FXR, ASBT, NTCP, and TGR5, 
were also not significantly different between the sexes in ileum tissue.

In addition, immunofluorescent analysis of liver tissue showed 
that the protein level of CYP7A1 in male rats was significantly lower 
than that in females in both young and middle-aged rats, and it also 
showed that the protein level of SHP in male rats was significantly 
higher than that in females. In ileum tissue, the protein level of SHP 
in male rats was also significantly higher than that in females in both 
young and middle-aged rats. However, no similar phenomenon 
occurred in old rats (Figure 6). Furthermore, the mRNA levels of most 
genes related to the bile acid signaling pathway (especially SHP, FXR, 
CYP7A1, and ASBT) matched the levels of their corresponding proteins.

The above results suggested that there are significant sex 
differences in the mRNA and protein levels of the bile acid signaling 
pathway in SD rats, particularly FXR, SHP, CYP7A1, and ASBT.

T regulated the expression of genes related 
to the bile acid signaling pathway

To determine the basis for this variation in gene expression 
between the sexes related to the bile acid signaling pathway, 
we detected the mRNA and protein levels of these genes among the 
sham groups, GDX groups, and GDX + hormone groups in middle-
aged rats. As shown in Figure 7, compared with the male sham group, 
the mRNA levels of FXR, SHP, and ASBT gene in liver tissue were 
significantly reduced in the castration (CAS) group, while the mRNA 
level of the CYP7A1 gene was significantly increased in CAS group, 
and the expression of these genes was restored or partially restored 
following the addition of T to CAS group. Additionally, a significant 
decrease in the mRNA level of ASBT in the ileum was observed in the 
CAS group when compared to the male sham group. However, the 
inclusion of T in the CAS group led to a restoration of the ASBT gene 
expression. However, no similar phenomenon occurred among the 
female sham group, ovariectomy (OVX) group, and OVX + E2 group 
in either the liver tissue or ileum from rats.

As shown by Western blots analysis (Figure  8; 
Supplementary Figure S7), compared with the male sham group, the 
protein levels of FXR and SHP in liver tissue were also significantly 
reduced in CAS group, while the protein level of the CYP7A1 was 
significantly increased in CAS group, and the protein expression of 
these genes was restored or partially restored following the addition 
of T to CAS group. Investigation into the protein level of ASBT in liver 
tissue revealed that, when comparing the male sham group with the 
CAS group, no appreciable difference was noted in the protein 
expression of ASBT. Yet, a notable upsurge in ASBT protein expression 
was observed in the CAS + T group, in contrast to the CAS group. 
Conversely, when juxtaposed with the male sham group, the CAS + T 
group did not exhibit a significant alteration in the ASBT protein level. 
Moreover, as compared with the male sham group, the protein levels 
of FXR and SHP in the ileum were significantly reduced in the CAS 
group, and the protein expression of these genes was restored 
following the addition of T to the CAS group. The protein levels of the 
TGR5 and ASBT were significantly increased in CAS and restored 
following the addition of T to CAS. However, no similar phenomenon 
occurred among the female sham group, OVX group, and OVX + E2 
group in either the liver tissue or ileum from rats.

Furthermore, in immunofluorescent analysis of liver and ileum 
tissues, the protein level of SHP was significantly reduced in the CAS 
group as compared with the male sham group, and the expression of 
the protein was restored following the addition of T to CAS. Compared 
with the male sham group, the protein level of CYP7A1 was also 
significantly increased in CAS, and the protein expression of CYP7A1 
was restored following the addition of T to CAS in liver tissue 
(Supplementary Figure S8).

In summary, the introduction of T enhanced the expression of 
genes such as FXR, SHP, and ASBT at both the mRNA and protein 
levels in liver tissue of SD rats, while concurrently decreasing the levels 
of CYP7A1 mRNA and protein. Additionally, T treatment upregulated 
the protein expression of FXR and SHP in the ileum of SD rats and 
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FIGURE 4

Gender-specific mRNA level of genes related to bile acid signaling pathway in liver and ileum tissue from young, middle-aged and old rats (females and 
males). Cholesterol 7α-hydroxylase (CYP7A1), bile salt export pump (BSEP), sterol regulatory element-binding proteins 2 (SREBP2), Na+/taurocholate 
co-transporting polypeptide (NTCP), small heterodimer partner (SHP), farnesoid X receptor (FXR), apical Na+-bile acid transport (ASBT), and G protein-

(Continued)
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downregulated the protein levels of ASBT in the same region. The 
above results suggested that sex differences and T might affect the 
structure of the gut microbiota by regulating the mRNA and protein 
expression of genes related to the bile acid signaling pathway in SD 
rats (Figure 9).

Discussion

Structural differences of the intestinal flora 
in rats of different sexes

Gender dimorphism is a common feature of immune responses 
and numerous diseases, including inflammation, autoimmune 
diseases, infectious diseases, Parkinson’s disease, T2DM, 
cardiovascular diseases, Alzheimer’s disease, and cancer (Reckelhoff 
and Samson, 2015; Ortona et al., 2016; Dart, 2020; Di Florio et al., 
2020; Gay et al., 2021; Kautzky-Willer et al., 2023; Dai et al., 2023; 
Patel and Kompoliti, 2023; Lopez-Lee et al., 2024; Puttur and Lloyd, 
2024). An abundance of data demonstrates that the gut microbiota 
is involved in many of the diseases mentioned above. However, the 
mechanisms that mediate these connections are poorly understood, 
emphasizing the need to enhance our understanding of the genetic 
and environmental factors that affect microbial composition. 16S 
rRNA gene sequencing technology is an effective and commonly 
used method for detecting bacterial species and can be accurate to 
the genus level (James, 2018; Buetas et al., 2024). In this study, 16S 
rRNA gene sequencing technology was used to analyze structural 
differences in the intestinal microflora of male and female rats. In 
middle-aged rats, it was found that Staphylococcus, Clostridiaceae, 
and Jeotgalicoccus were enriched in male feces, while Akkermansia, 
Lactobacillus, and Verrucomicrobiaceae were enriched in female 
feces (Figure 1D). These microbes are closely related to multiple 
diseases. For example, Staphylococcus is responsible for human and 
animal infections globally, causing serious conditions such as 
bacteremia, wound infections, suppurative lesions, mastitis, and 
others (Stefani and Goglio, 2010; Contreras and Rodríguez, 2011; 
Rocha Balzan et al., 2023; Arumugam and Kielian, 2024; Westgeest 
et al., 2024). Significant effort and resources have been dedicated to 
researching and developing methods and medications to combat this 
bacterium (Chand et al., 2023; Dai et al., 2024). Several studies have 
shown that the lack or decreased abundance of Akkermansia is 
linked with immunologic function and multiple diseases (such as 
obesity, diabetes, liver steatosis, inflammation, and response to 
cancer immunotherapies; Cani et al., 2022; Jensen et al., 2024; Niu 
et al., 2024). Moreover, the bacterial community structure of fecal 
stools and jejunum of middle-aged and young rats of different sexes 
differed (Figure  2). Further, when the samples were taken from 
different parts of rats, the gut microbiota composition also differed 
(Figures 1, 2; Supplementary Figure S1), which may be caused by 
differences in the intestinal environment and other factors. The 
notion that we  have uncovered sex-based disparities in gut 

microbiota is consistent with findings from previous research, 
adding weight to our conclusions (Org et al., 2016; Gan et al., 2023; 
Lledós et al., 2023; Le Bras, 2024; Ortiz-Alvarez de la Campa et al., 
2024). Nevertheless, the evidence regarding the influence of gender 
on the gut microbiota’s composition has yielded mixed results. 
We speculated that the failure of some studies to find significant sex 
effects (Lay et al., 2005; Human Microbiome Project Consortium, 
2012) could be attributed to the interference of variables like diet, 
age, host, and other factors (Costello et al., 2009; Kovacs et al., 2011; 
Carmody et al., 2015; Campaniello et al., 2022; Kawamoto et al., 
2023; McCallum and Tropini, 2024). Indeed, we did not observe 
significant differences in the composition of the intestinal flora for 
both jejunum and stool samples or the level of serum T between 
sexes in old rats (Figures 2B,E,F,I). Org et al. (2016) also reported 
that many differences in composition appeared to be obscured by 
genetic background effects on the microbiota. Besides, other studies 
have also highlighted the significance of gender in the interplay 
between gut microbiota and environmental elements, such as dietary 
habits (Shastri et al., 2015; Bolnick et al., 2014; D'Archivio et al., 
2022). In young rats, PCoA plots of Bray-Curtis distances of fecal 
and jejunal samples showed that no clear patterns differentiated fecal 
samples from males and females. In contrast, clear patterns 
differentiated jejunal samples from males and females 
(Figures 2C,D). The observed changes in gut microbiota composition 
could be  attributed to multiple factors, including age, variations 
across different segments of the intestinal tract, and a range of 
influencing factors. Our prior study has also elucidated that the 
composition of the gut microbiota varies distinctly across different 
regions of the intestinal tract, and the effect of Traditional Chinese 
medicine (TCM) on the gut microbiota of rats had gender differences 
(Duan et al., 2022). Considering the profound interplay between the 
gut microbiome and the body’s immunity, alongside its implications 
for a spectrum of diseases including inflammation, metabolic 
diseases, cardiovascular diseases, tumors, and psychiatric disorders 
(Thaiss et al., 2016; Haneishi et al., 2023; Wang et al., 2023; Liu et al., 
2023; Luqman et al., 2024; Pan et al., 2024; Roje et al., 2024), our 
research offers compelling insights into the gender-specific aspects 
of these conditions. This suggested that therapies aimed at 
modulating the gut microbiota might need to be tailored to each 
gender for optimal efficacy.

For gut microbiota test samples, it is important to note that in 
intestinal flora test samples, the jejunum is a significant part of the 
small intestine, while stool is excreted through the large intestine. The 
small intestine plays a crucial role in the digestion and absorption of 
macro and micronutrients, while the large intestine is essential for 
water absorption, facilitating adequate defecation, and housing 
intestinal microbiota (Ber et al., 2021). Our previous studies have 
demonstrated a significant disparity in the dominant flora between the 
large and small intestines (Duan et  al., 2022; Zhang et  al., 2023). 
Furthermore, research has indicated that the human jejunum 
possesses an indigenous microbiota distinct from that found in the 
oral cavity and colon (Sundin et  al., 2017). Fecal samples are a 

coupled receptor (TGR5) relative mRNA abundances were determined by real-time PCR analysis, and relative gene pressions were normalized with 
β-actin and GAPDH (n  =  9–10). Values are presented as the mean  ±  SEM of three technical repetitions. Differences were assessed by Student’s t tests 
and denoted as follows: *p <  0.05; **p <  0.01; ***p <  0.001; ns p >  0.05. Three biological replications were performed and all results were similar.
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non-invasive and sustainable method for observing animal gut 
microbiota. While fecal samples may not capture the real-time 
dynamic changes in bacterial populations in the animal gut, they 
reflect the overall gut microbiota composition (He et al., 2019). This 

allows for a better understanding of the structure and differences in 
animal gut microbiota. Therefore, to comprehensively reflect sex 
differences in gut microbiota, we selected the jejunum portion of the 
small intestine (along with its contents) and fecal samples excreted by 

FIGURE 5

Gender-specific expression of proteins related to bile acid signaling pathway in liver and ileum tissue from young, middle-aged, and old rats (females 
and males). (A) CYP7A1, BSEP, SREBP2, NTCP, SHP, FXR, TGR5, and ASBT protein abundances were detected by western blot. (B) Quantification of 
CYP7A1, BSEP, SREBP2, NTCP, SHP, FXR, TGR5, and ASBT. The expression of target proteins were normalized to β-actin (n  =  9–10). Values are presented 
as the mean  ±  SEM of three technical repetitions. Differences were assessed by Student’s t tests and denoted as follows: *p <  0.05; **p <  0.01; 
***p <  0.001; ns p >  0.05. Three biological replications were performed and all results were similar.
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the large intestine for analysis. Our previous study showed that TCM’s 
impacts on gut microbiota varied according to the intestinal segment 
and showed distinct quantitative and temporal regularity (Zhang et al., 

2023). Here, we found significant differences in the composition of the 
microbiota between jejunum and feces (Supplementary Figure S1). 
The information provided implies that when developing 

FIGURE 6

Immunofluorescent analysis of CYP7A1 and SHP (red) were performed in liver and ileum tissue from young, middle-aged and old rats (females and 
males). Nuclei were stained with DAPI (blue). Scale bar  =  50  μm. three technical repetitions and three biological replications were performed and all 
results were similar.
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pharmaceutical interventions aimed at modulating the gut microbiota, 
it is crucial to take into account the distinct segments of the intestine. 
This consideration ensures that drugs are effectively delivered to the 
intended sites and that their impact on the gut microbiota is 
appropriately managed across different regions of the gastrointestinal 
tract. In addition, for the sample size problem, a larger sample size is 
crucial for accurately capturing the variations in microbial 
composition among the groups, thereby enhancing the robustness of 
the data. Cost considerations and the imperative to ensure the 
continuity of the experiment led us to initially employ a study design 
involving 12 rats based on pertinent literature (Chen et al., 2018; Zhao 
et al., 2018; Yao et al., 2020; Gan et al., 2023), we acknowledge the 
potential factors leading to attrition, such as surgical interventions and 
inter-rat aggression during the feeding process.

Relationship between the intestinal 
microflora structure and sex hormones in 
rats

Sex hormones play a crucial role in the development and balance 
of the human body, and changes in their levels can impact an 
individual’s internal stability (Rizzetto et al., 2018; Shin et al., 2019; 
Aref et al., 2024). Therefore, it is critical to maintain the body’s balance 
of sex hormones. In our study, except for older rats, the T levels in 
young and adult SD rats were significantly gender-specific, and the T 
levels in male rats were significantly higher than that in females, 
suggesting that T might affect the structure of the gut microbiota. 
However, E2 levels in male rats were also significantly higher than 
those in females, which may be due to hormone secretion related to 

FIGURE 7

T regulated the mRNA level of genes in the bile acid signaling pathway in liver and ileum tissue from middle-aged rats (females and males). Individuals 
were grouped by Sham, castration (CAS), CAS  +  T, ovariectomy (OVX), and OVX  +  E2. CYP7A1, BSEP, SREBP2, NTCP, SHP, FXR, TGR5 and ASBT relative 
mRNA abundances were determined by real-time PCR analysis, and relative gene pressions were normalized with β-actin and GAPDH (n =  5–6). F 
stands for females, and M stands for males. Values are presented as the mean  ±  SEM of three technical repetitions. Differences were assessed by an 
one-way ANOVA and denoted as follows: *p <  0.05; **p <  0.01; ***p <  0.001; ns p >  0.05. Three biological replications were performed and all results 
were similar.
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age, and E2 levels in older female rats were significantly higher than 
those in males. Interestingly, the concentration of T in middle-aged 
rats was higher than that in both young and old rats (Figures 1F, 2G,I), 
which may be caused by all the physiological and pathological changes 
that damage body function accumulated during the aging process, 
which is consistent with the results reported by Decaroli and Rochira 
(2017). In previous studies, hormone replacement therapy (drugs that 

give patients exogenous hormone activity) was used to treat hormone 
deficiency or hypogonadism diseases (Mameli et  al., 2023; 
Heidelbaugh and Belakovskiy, 2024). Estrogen is secreted primarily 
by the ovaries, and androgens are secreted primarily by the testicles. 
Following genital organ resection, the level of sex hormones in the 
body is unbalanced, and hormone replacement therapy is given to 
restore the balance of sex hormones. In the past few years, extensive 

FIGURE 8

T regulated the expression of proteins in the bile acid signaling pathway in liver and ileum tissue from middle-aged male rats. Individuals were grouped 
by Sham, castration (CAS), CAS  +  T, ovariectomy (OVX) and OVX  +  E2. (A) CYP7A1, BSEP, SREBP2, NTCP, SHP, FXR, TGR5, and ASBT protein abundances 
were detected by western blot. (B) Quantification of CYP7A1, BSEP, SREBP2, NTCP, SHP, FXR, TGR5, and ASBT was normalized with β-actin (n =  5–6). 
Values are presented as the mean  ±  SEM of three technical repetitions. Differences were assessed by an one-way ANOVA and denoted as follows: 
*p <  0.05; **p <  0.01; ***p <  0.001; ns p >  0.05. Three biological replications were performed and all results were similar.
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research has also elucidated the pivotal role of sex hormones in the 
etiology and progression of various conditions, including tumors, 
cardiovascular issues, inflammatory responses, and metabolic 
disorders (Costa et al., 2020; Kumar et al., 2022; Hargrove-Wiley and 
Fingleton, 2023; Santos et al., 2023; Kan et al., 2024; Zhu D et al., 
2024). Studies have found that in young and middle-aged people, the 
prevalence of type 2 diabetes is higher in men, but with age, the 
prevalence of women gradually increases and exceeds that of men 
(Kautzky-Willer et al., 2023). This may be related to hormonal changes 
in the body. Garcia-Fernandez et al. (2024) reported that a sex-specific 
dysbiosis in the intestinal microbiota is associated with coronary heart 
disease, potentially contributing to the observed sex disparity in the 
incidence of cardiovascular diseases. Bosch et al. (2024) found that 
sodium oligomeric mannitate has sex-specific effects on gut 
microbiota, reducing amyloidosis and reactive microglia in the brain. 
Therefore, it will be  a trend to consider the involvement of sex 
hormones in the treatment of related diseases.

In our study, the testes of male rats were removed and the ovaries 
of female rats were removed, and then the rats underwent sex 
hormone therapy to observe the changes in the intestinal flora 
structure in each group. 16S rRNA gene sequencing demonstrated 
that the jejunum microflora diversity in the male surgery group was 
significantly reduced compared with that in the sham operation group 
(Figure 3G). The jejunum microflora in the male surgery group was 
similar to that in the sham operation group following T 
supplementation, and there was no significant difference in the 

Shannon index between the sham operation group and the male 
surgery group (Figure 3G). However, the PCoA analysis indicated that 
while the introduction of T post-gonadectomy seemed to mitigate the 
pronounced alterations typically associated with gonadectomy, there 
was still a distinct separation between the sham control group and 
CAS + T group on the composition of the gut microbiota 
(Figures 3B,H; Supplementary Tables S6, S7). The altered composition 
of the gut microbiota following gonadectomy may be influenced by 
factors beyond hormones alone, or it could be a result of the limited 
sample size we examined. These results indicated that T regulates the 
intestinal flora structure and increases the diversity of intestinal flora 
in male rats. In female rats, however, examining the female rat gut 
microbiota following gonadectomy, our analysis of α-diversity and 
PCoA uncovered notable distinctions. Notably, a clear delineation was 
observed between the sham control group and the GDX group. 
However, even after the introduction of E2 post-gonadectomy, a 
further distinct separation was still evident between the sham control 
group and the OVX + E2 group, highlighting persistent 
compositional differences in the gut microbiota (Figures  3A,G; 
Supplementary Figure S4; Supplementary Tables S6, S7), with the 
results confirming that sex hormones, particularly T, affect the 
intestinal microflora structure of rats. This finding is consistent with 
previous studies (Org et al., 2016).

Interestingly, sham control males exhibited more abundance of 
fecal Staphylococcus than GDX males, and the abundance of 
Streptococcus and Romboutsia were more abundant in sham controls 

FIGURE 9

A schematic showing the possible mechanisms of gender-specific gut microbiota composition in SD rats. “↓” represents the decrease in protein levels 
of genes related to the bile acid signaling pathway, while “↑” represents the increase in protein levels of genes related to the bile acid signaling pathway.
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as compared to GDX males in the jejunum, and again, the abundance 
of these microbes was restored or partially restored following the 
addition of T to CAS (Figures 3D,K,L). This is consistent with the 
phenomenon that the abundance of Staphylococcus in males was 
significantly higher than that in female rats in terms of fecal samples, 
and the abundance of Streptococcus and Romboutsia in males was 
significantly higher than that in female rats in terms of jejunal samples 
(Figure 1D). These microbes are closely related to multiple diseases. 
Previous research also has confirmed that Romboutsia was positively 
correlated with indicators of body weight (including waistline and 
body mass index) and serum lipids (including low-density lipoprotein, 
triglyceride, and total cholesterol; Zeng et al., 2019; Yin et al., 2023). 
In addition, T supplementation therapy was a longstanding treatment 
for hypogonadal men with metabolic diseases and atherosclerosis 
(Kumar et al., 2022; Sakamuri et al., 2024). Taken together, these data 
suggested that the gut microbiota may be involved in the regulation of 
sexual dimorphism of diseases.

T regulated the expression of genes related 
to the bile acid signaling pathway and 
affected the gut microbiota structure

Numerous studies have shown that bile acid is a key factor in the 
regulation of the host intestinal microbial population (Wahlström 
et al., 2016; Quinn et al., 2020; Li et al., 2022; He et al., 2023). The 
conversion of cholesterol to bile acids occurs mainly through classical 
pathways in liver cells and alternative (acidic) pathways in tissues. This 
classical pathway is the main pathway of bile acid synthesis in the 
human body, with the bile acid synthesis catalyzed by this pathway 
accounting for 90% of the total bile in the human liver (Vlahcevic 
et al., 1991; Xiao et al., 2023). In the classical pathway, CYP7A1 is a 
key rate-limiting enzyme that catalyzes the conversion of cholesterol 
into primary bile acids, which plays an important role in maintaining 
the stable internal environment of cholesterol (Zhang et al., 2022; Yu 
Cai Lim and Kiat Ho, 2024). The Enterohepatic circulation is an 
important feature of bile acid metabolism; after eating, cholesterol in 
the liver is catalyzed by bile acid production of the classic rate-limiting 
enzyme CYP7A1. Bile acids are then secreted from the liver cells into 
the canaliculi and stored in the gallbladder. During lipid uptake, bile 
flows into the duodenum, which is subsequently absorbed in the 
terminal ileum and transported back to the liver via the portal vein 
(Houten and Auwerx, 2004; Ridlon and Gaskins, 2024). Most bile 
acids at the distal ileum are effectively reabsorbed by ASBT protein 
into intestinal cells and transported back to the liver (Park et al., 2022; 
Xiao et al., 2024). In hepatocytes, activation of FXR protein induces 
the expression of BSEP protein, which is responsible for the secretion 
of bile acids from hepatocytes into the ciliary ducts–an essential step 
for bile flow formation, enterohepatic circulation of bile salts, and lipid 
digestion (Chen et al., 2022; Zhao J. et al., 2023; Yao et al., 2024). 
Conversely, bile acid entry into hepatocytes is mainly accomplished 
by sodium-dependent NTCP transport (Park et  al., 2022). The 
negative feedback of bile acid into the hepato-enteric circulation is 
mediated by SHP protein, which is a downstream target regulated by 
FXR protein. When activated by FXR, SHP can inhibit the expression 
of CYP7A1 and NTCP in liver cells. Moreover, SHP can promote the 
expression of FXR in enterocytes (Quilang et al., 2022; Liu C. et al., 
2024; Yao et al., 2024).

In our investigation, the administration of T significantly 
amplified the expression of FXR, SHP, and ASBT genes at both the 
mRNA and protein levels within the liver tissue of middle-aged rats. 
Simultaneously, the expression of the CYP7A1 gene was suppressed. 
Moreover, in the ileum of these same rats, T continued to augment the 
expression of FXR and SHP genes at both the mRNA and protein 
levels, while specifically inhibiting the expression of the ASBT gene at 
the protein level (Figures  7, 8; Supplementary Figure S8). These 
findings align with the observed gender-specific differences in the 
expression of these genes in male and female rats (Figures 4–6). This 
phenomenon may be because FXR can promote the expression of SHP 
and activation of FXR can inhibit the expression of CYP7A1. Jonker 
et al. determined that SHP can inhibit the expression of ASBT in 
enterocytes (Jonker et al., 2012). Interestingly, in the ileum, the mRNA 
level of SHP had no gender differences, but the protein level of SHP 
was higher in male rats compared to females in middle-aged rats. in 
middle-aged rats. In young rats, the mRNA level of SHP had no 
gender differences, but the protein level of SHP was higher in male 
rats compared to females in liver tissue. The expression of the CYP7A1 
gene also had a similar phenomenon in the ileum tissue of young rats. 
Notably, the mRNA level of ASBT was higher in male rats compared 
to females in liver tissues, but the protein level of ASBT had no gender 
differences in older rats (Figures 4, 6). Moreover, research conducted 
within the context of gonadectomy and hormone replacement therapy 
experiments revealed discordance between the mRNA and protein 
levels of the ASBT gene in the ileum tissue of middle-aged male rats 
(Figures 7, 8). The observed discrepancies between the mRNA level 
and protein level of ASBT in liver tissue from older rats, SHP in the 
ileum of middle-aged rats, and CYP7A1 in the ileum of young rats, as 
well as ASBT in the ileum tissue of middle-aged male rats, could 
be attributed to the occurrence of post-transcriptional modifications. 
Additionally, in middle-aged rats in T promoted the expression of 
ASBT in liver tissue and inhibited the expression of ASBT in the ileum, 
and compared with the male sham groups, the mRNA and protein 
levels of the TGR5 gene in the ileum were significantly increased in 
CAS, which was restored following the addition of T to CAS. This may 
be because bile acid promotes the expression of enterocyte TGR5 
when bile acid enters the intestine, and when too much intestinal bile 
acid is accumulated, the secretion of liver ASBT increases. This can 
allow bile acid to be reabsorbed from the intestine back to the liver to 
participate in hepatoenteric circulation. This mechanism ensures that 
these important compounds, which are essential for digestion and the 
absorption of dietary fats, are not lost but rather recycled and utilized 
efficiently by the body.

An imbalance in the gut microbiota and disruptions in bile acid 
metabolism interact in a detrimental cycle, potentially contributing to 
the development of metabolic disorders, cardiovascular issues, and 
cognitive decline (Mahmoudian Dehkordi et al., 2019; Wei et al., 2020; 
Chen B. et al., 2023; Lu et al., 2024). Fang et al. (2015) found that bile 
acids changed the composition of gut microbiota by activating FXR, 
reducing body weight, and improving insulin sensitivity. FXR agonists 
have been shown to prevent diseases such as cardiometabolic diseases, 
cholestasis, atherosclerosis, T2DM, obesity, and liver disease 
(Hambruch et al., 2012; Fang et al., 2015; Zhang et al., 2016; Li et al., 
2020; Ghosh et al., 2023; Huang et al., 2024; Kim et al., 2024). When 
gut microbiota is disturbed, the ASBT-mediated reabsorption process 
of bile acid will be destroyed, and the expression of liver acetyl-CoA 
carboxylase 2 will be  increased, thus aggravating the metabolic 
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damage of the body (Agus et  al., 2021). Secondary bile acids can 
effectively activate TGR5 signaling and induce the release of glucagon-
like peptide-1, thereby improving glucose homeostasis (Liu R, et al., 
2024; Yue et al., 2024).

Furthermore, whether it pertains to pharmaceuticals or 
groundbreaking research on the gut microbiota, exemplified by the 
study presented here, the ultimate aim is to drive forward the 
prevention and treatment of related diseases with unwavering 
determination and innovation. Traditional biological experiments 
often require time-consuming and labor-intensive approaches in their 
search for mechanisms of disease. However, in recent years, a plethora 
of cutting-edge models and techniques have revolutionized drug 
development and the treatment of associated diseases (Badkas et al., 
2021; Yang et al., 2022; Chen Z.H. et al., 2023b; Qu et al., 2024). For 
instance, Zhao B.W. et al. (2023) integrated higher and lower-order 
biological information for drug repositioning using graph 
representation learning. Additionally, Zhao B.W. et  al. (2024a) 
proposed a heterogeneous information network learning model with 
neighborhood-level structural representation for predicting lncRNA-
miRNA interactions, which are closely related to the treatment of 
human diseases. Furthermore, Zhao B.W. et al. (2024b) introduced a 
novel motif-aware miRNA-disease association (MDA) prediction 
model, namely MotifMD, to predict the association between miRNAs 
and diseases. Moreover, the identification of proteins that interact with 
drug compounds has been recognized as an important aspect of the 
drug discovery process. In silico prediction of self-interacting proteins 
(SIPs) has become a crucial component of proteomics (Chen 
Z.H. et al., 2023b). Chen Z.H. et al. (2023b) proposed GraphCPIs: A 
novel graph-based computational model for potential compound-
protein interactions. This computer-aided approach can identify high-
quality compound-protein interaction candidates in real time. In 
conclusion, in future studies related to drugs, gut microbiota, and 
diseases, the signal pathway of drug regulation of gut microbiota and 
its interaction with proteins, small molecule RNAs, genes, and other 
related diseases will be predicted in advance through network-based 
computing methods and models. Subsequently, the relevant signal 
pathway and intermolecular interaction will be  verified through 
biological experiments. This approach accurately and swiftly 
determines how drugs, gut microbiota, and disease interact, thereby 
facilitating research.

In summary, except for a few studies (Lay et al., 2005; Kovacs 
et al., 2011; Human Microbiome Project Consortium, 2012), most 
studies have found sex differences in gut microbiota (Org et al., 2016; 
Hansen et al., 2019; Shin et al., 2019; Gan et al., 2023, Santos-Marcos 
et  al., 2023; Le Bras, 2024). Moreover, Org et  al. (2016) also 
speculated that sex hormones interfere with the composition of 
intestinal flora. However, the exact mechanism remains unclear. 
Here, A study of SD rats reaffirmed the presence of sex differences in 
gut microbiota, particularly in middle-aged and young rats. This 
study compared the gut microbiota structure and levels of T and 
E2 in middle-aged, young, and old rats. The findings revealed that 
the gut microbiota structure of rats with sex differences in serum T 
levels also exhibited sex differences, and vice versa. Moreover, the 
intervention of sex hormones in the gut microbiota structure was 
confirmed through gonadectomy and hormone replacement therapy 
experiments. Finally, the study also compared the expression of 
genes and proteins associated with bile acid signaling pathways in 
the liver and ileum for the first time in middle-aged, elderly, young, 

gonadectomized, and hormone replacement therapy-treated rats. 
Our results provide one possible mechanism for sex differences in 
gut microbiota, shedding light on the strategic targeting of the 
“T-bile acid-gut microbiota” axis for disease prevention and 
management strategies.

Conclusion

In young and adult SD rats, the composition of the gut 
microbiota, T levels, and mRNA and protein levels of genes related 
to the bile acid signaling pathway were significantly gender-
specific. T levels in male rats were significantly higher than that in 
females. Moreover, gonadectomy and hormone replacement 
therapy indicated that the differences in the gut microbiota and 
mRNA and protein levels of genes related to the bile acid signaling 
pathway were mediated by T. These findings point to potential 
targets for disease prevention and management techniques by 
indicating that sex differences and T levels may alter the 
composition of the gut microbiota via the bile acid 
signaling pathway.
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