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Abstract 

Background This study aimed to compare the characteristics of the gut microbiota and their metabolite profiles 
between polycystic ovary syndrome (PCOS) and orlistat-treated PCOS rats (ORL-PCOS), which could help to better 
understand the underlying mechanism of the effect of orlistat on PCOS.

Methods PCOS rat models were established using letrozole combined with a high-fat diet. Ten rats were randomly 
selected as a PCOS control group (PCOS). The other three groups (n = 10/group) were additionally supplemented with 
different doses of orlistat (low, medium, high). Then, fecal samples of the PCOS and ORL-PCOS groups were analysed 
by 16S rRNA gene sequencing and untargeted metabolomics. Blood samples were collected to detect serum sex 
hormones and lipids.

Results The results showed that orlistat attenuated the body weight gain, decreased the levels of T, LH, the LH/
FSH ratio, TC, TG and LDL-C; increased the level of E2; and improved estrous cycle disorder in PCOS rats. The bacterial 
richness and diversity of the gut microbiota in the ORL-PCOS group were higher than those in the PCOS group. The 
ratio of Firmicutes to Bacteroidetes was decreased with orlistat treatment. Moreover, orlistat treatment led to a signifi-
cant decrease in the relative abundance of Ruminococcaceae and Lactobacillaceae, and increases in the abundances 
of Muribaculaceae and Bacteroidaceae. Metabolic analysis identified 216 differential fecal metabolites in total and 
6 enriched KEGG pathways between the two groups, including steroid hormone biosynthesis, neuroactive ligand-
receptor interaction and vitamin digestion and absorption. Steroid hormone biosynthesis was the pathway with the 
most significant enrichment. The correlations between the gut microbiota and differential metabolites were calcu-
lated, which may provide a basis for understanding the composition and function of microbial communities.

Conclusions Our data suggested that orlistat exerts a PCOS treatment effect, which may be mediated by modifying 
the structure and composition of the gut microbiota, as well as the metabolite profiles of PCOS rats.
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Introduction
Polycystic ovary syndrome (PCOS), a complex gynaeco-
logical endocrine and metabolic disorder, is characterized 
by polycystic ovarian morphology (PCOM), infrequent 
ovulation or anovulation, clinical or biochemical hyper-
androgenism, and at least 2 of 3 features are needed to 
establish a diagnosis [1, 2]. PCOS is also associated with 
several metabolic disturbances, such as insulin resistance 
(IR), increased risk of type 2 diabetes mellitus (T2DM) 
and obesity [1, 3]. The prevalence of PCOS is between 
8 and 13% according to the population studied and the 
definitions used [4].

Studies have found that metabolic factors play impor-
tant roles in PCOS pathological mechanisms. Some 
PCOS related genes were found to be related to carbo-
hydrate metabolism and steroid synthesis pathway [5]. 
Metabolic imbalance could lead to PCOS development 
[6]. Several studies have shown that PCOS patients 
have abnormal metabolite composition, including bile 
acids, short-chain fatty acids and branched-chain amino 
acids [7, 8]. In addition, gut microbiota (GM) dysbiosis 
was also found in PCOS development. The GM plays a 
key role in human and animal health, and maintains a 
dynamic balance to prevent the development of various 
diseases. In recent years, evidence has been provided on 
the correlation between the GM and the development of 
metabolic diseases, such as obesity and T2DM [9], which 
accordingly leads to the hypothesis that the GM is closely 
associated with the aetiology and pathological mecha-
nisms of PCOS [6, 10, 11]. Many studies have investi-
gated this relationship. For example, compared with 
healthy women, PCOS patients had lower α diversity of 
the GM, which correlated with the increase in androgens 
[12]. Sun et al. found that plasma dimethylamine, a prod-
uct of choline metabolism by the GM, was significantly 
increased in PCOS patients, demonstrating that GM 
growth was increased in the group of women with PCOS 
[13]. In addition, it seems that abnormal short-chain fatty 
acid  (SCFA) metabolism caused by an abnormal GM is 
associated with IR and hyperandrogenaemia in PCOS 
patients [14]. These studies have confirmed the close 
relationship between the GM, metabolites and PCOS.

Over 50% of PCOS cases are overweight [15]. Evidence 
implies that obesity worsens some features of PCOS, 
such as infertility, hyperandrogenaemia and IR [16–18]. 
Obesity prevention and treatment will benefit patients 
with PCOS [18]. Weight loss is the first-line treatment 
for overweight women with PCOS [19]. Orlistat, an anti-
obesity drug approved by the U.S. FDA, has been used 
to improve or reverse the pathological characteristics of 
PCOS [20]. Kumar et al. found that orlistat in PCOS is as 
effective as metformin in reducing weight with improve-
ment in the lipid profile and pregnancy rates [21]. Orlistat 

could also combine with a low-calorie diet to improve 
IR and reduce circulating androgens [22]. There is rela-
tively little research on the mechanism by which orlistat 
improves PCOS. Considering the relationship between 
the GM, metabolites and PCOS, in the current study, 
we therefore aimed to compare the characteristics of the 
gut microbiota and their metabolite profiles between the 
PCOS and ORL-PCOS groups, which could help to bet-
ter understand the mechanism of the effect of orlistat on 
PCOS.

Materials and methods
This study was performed in accordance with the ethical 
standards laid down in the Declaration of Helsinki, and 
the Medical Ethics Committee of Lunan Pharmaceuti-
cal Group Co., Ltd approved all procedures (Permit No. 
AN-IACUC-2021–067).

Animals
Specific pathogen-free female rats (5–6  weeks, 
145–165  g, Animal Qualification Certificate 
No.370726211100731686) were purchased from Bei-
jing Vital River Laboratory Animal Technology Co., 
Ltd. (Certificate No. SCXK, 2016–0006; Beijing, China). 
Before the experiment, all the rats were fed adaptively 
and quarantined for 1 week. Rats were housed in a breed-
ing room under standard conditions (20–26 °C, 40–70% 
relative humidity, centralized ventilation of central air 
conditioner ≥ 15 times per hour, 12-h dark/light cycle). 
During the experiment, ten rats were randomly selected 
as a control group (control) and were fed a high-fat diet 
with 45% of kcal from fat (OpenSource Diets™ Research 
Diets #D12451). The other rats had free access to water 
and were fed a high-fat diet (HFD) with 45% of kcal from 
fat combined with letrozole (1 mg/kg/d. Jiangsu Hengrui 
Pharmaceutical Co., Ltd; Jiangsu, China) for 28  days to 
generate a PCOS model [23]. Forty successfully letrozole-
induced PCOS rats were randomly selected and divided 
into four groups (n = 10/group). Ten rats were randomly 
selected as a PCOS control group (PCOS). The remain-
ing thirty rats were randomly allocated into three groups, 
which were then supplemented with different doses of 
orlistat (low-20  mg/kg/d; medium-40  mg/kg/d; high-
80  mg/kg/d; Lunan Pharmaceutical Group Corporation; 
Shandong, Linyi, China.) over the next 12  weeks. The 
dose of orlistat was selected based on a previous study 
[24]. Letrozole was given throughout the experiment 
(12 weeks) to the forty PCOS rats. The control group and 
PCOS group were given the same volume of solvent with-
out orlistat. Orlistat or solvent was administered by oral 
gavage. Vaginal epithelial cell smears were taken daily for 
10 consecutive days to analyse the estrous-cycle stage. 
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Schematic diagram of the animal experiment design and 
timeline is listed in Fig. 1.

Sample collection
After orlistat treatment, the rats were weighed. At the 
end of the experiment, Lee’s index was calculated as 
previously described [25]. Rats in each group fasted for 
24 h after the last administration. Blood was taken from 
the abdominal aorta after sacrificing the rat. Blood sam-
ples were collected and then centrifuged at 4,000 rpm for 
10 min at 4 °C. The levels of serum sex hormones includ-
ing testosterone (T), oestradiol (E2), follicle stimulat-
ing hormone (FSH) and luteinizing hormone (LH) were 
tested using radioimmunoassay (Beijing North Institute 
of Biotechnology Co., Ltd. Beijing, China) according to 
the specifications for each kit. Biochemical assays were 
used to analyse lipids, including total cholesterol (TC), 
triglycerides (TGs), high- density lipoprotein choles-
terol (HDL-C) and low-density lipoprotein cholesterol 
(LDL-C). Data were analysed with SPSS 18.0 (IBM SPSS, 
Armonk, NY, USA) using the Mann–Whitney U test 
and expressed as the mean ± standard deviation (SD). A 

p value of < 0.05 was considered statistically significant. 
Fresh fecal samples (1–3 g) of the PCOS group and the 
high-doses orlistat treatment PCOS group (ORL-PCOS) 
were collected in sterile plastic tubes, and then stored at 
-80 °C for subsequent analyses.

DNA extraction and 16S rRNA gene sequencing
Total bacterial DNA was extracted using the CTAB/
SDS method. DNA concentration and purity were moni-
tored on 1% agarose gels. DNA was then diluted to 1 ng/
μl using sterile water. 16S rRNA genes were amplified 
by PCR (98 °C for 1 min, followed by 30 cycles of dena-
turation at 98  °C for 10  s, annealing at 50  °C for 30  s, 
elongation at 72  °C for 60 s, and 72  °C for 5 min) using 
the specific primer (16S V3-V4: 341F-806R). All PCRs 
were carried out in 30 μL reactions with 15 μL of Phu-
sion® High-Fidelity PCR Master Mix (New England 
Biolabs); 0.2  μM of forward and reverse primers, and 
approximately 10  ng of template DNA. PCR products 
were mixed with the same volume of 1X loading buffer 
containing SYBR Green), and electrophoresis was per-
formed on a 2% agarose gel for detection. Samples with 

Fig. 1 Schematic diagram of the animal experiment design and timeline
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bright main bands between 400–450  bp were chosen 
for further experiments. PCR products were mixed in 
equidensity ratios. Then, the mixed PCR products were 
purified with an AxyPrepDNA Gel Extraction Kit (AXY-
GEN). Sequencing libraries were generated using the 
NEB Next®Ultra™DNA Library Prep Kit for Illumina 
(NEB, USA) following the manufacturer’s recommenda-
tions. The library was sequenced on an Illumina MiSeq/
HiSeq2500 platform and 250 bp/300 bp paired-end reads 
were generated.

Analysis of the gut microbiota
Paired-end reads from the original DNA fragments 
were merged using FLASH and assigned to each sam-
ple according to the unique barcodes. Sequence analysis 
was performed by the UPARSE software package using 
the UPARSE-OTU and UPARSE-OTUref algorithms. 
Sequences with ≥ 97% similarity were assigned to the 
same OTUs. In-house Perl scripts were used to analyse 
alpha diversity. Two metrics were calculated: the Chao1 
and Shannon indices. For beta diversity analysis, princi-
pal coordinate analysis (PCoA) between the two groups 
based on both weighted and unweighted UniFrac algo-
rithms was calculated using QIIME. The linear discrimi-
nant analysis (LDA)-effect size (LEfSe) method was used 
for the quantitative analysis of biomarkers within differ-
ent groups. An LDA threshold > 3 was used as a threshold 
to identify the most differentially abundant taxa. Corre-
lations between fecal microbiota and metabolites were 
analysed with R language (R 3.4.2).

Metabolite extraction and LC–MS/MS analysis
Metabolites in the stool samples (60 mg) were extracted 
as previously described [26]. Briefly, sample metabo-
lites were extracted using 400 μL of a methanol: water 
(4:1, v/v) solution. Then, the mixture was treated by a 
high-throughput tissue crusher at -20  °C, and 50 Hz for 
6 min, vortex mixed for 30 s, ultrasonicated at 40 kHz for 
30 min at 5  °C, and placed at -20  °C for 30 min to pre-
cipitate proteins. The mixture was centrifuged for 15 min 
(13,000 g, 4 °C). The supernatant was dried in a vacuum 
centrifuge. For LC–MS analysis, the samples were redis-
solved in 100 μL of acetonitrile/water (1:1, v/v) solvent. 
Analysis was performed using an UHPLC (1290 Infinity 
LC, Agilent Technologies) coupled to a quadrupole time-
of-flight (AB Sciex TripleTOF 6600) at Shanghai Applied 
Protein Technology Co., Ltd. For HILIC separation, sam-
ples were analysed using a 2.1 mm × 100 mm ACQUITY 
UPLC BEH 1.7 µm column (Waters, Ireland). In both ESI 
positive and negative modes, the mobile phase contained 
A = 25 mM ammonium acetate and 25 mM ammonium 
hydroxide in water and B = acetonitrile. The gradient 
was 85% B for 1 min, linearly reduced to 65% in 11 min, 

reduced to 40% in 0.1  min, maintained for 4  min, and 
then increased to 85% in 0.1 min, with a 5 min re-equili-
bration period employed.

Metabolomics analysis
The raw MS data were converted to MzXML files using 
ProteoWizard MSConvert before importing into freely 
available XCMS software. After normalization to the 
total peak intensity, the processed data were analysed by 
the R package, where they were subjected to multivariate 
data analysis, including orthogonal partial least-squares 
discriminant analysis (OPLS-DA). The sevenfold cross-
validation and response permutation testing were used to 
evaluate the robustness of the model. The variable impor-
tance in the projection (VIP) value of each variable in the 
OPLS-DA model was calculated to indicate its contribu-
tion to the classification. Metabolites with VIP values > 1 
were further subjected to Student’s t-test at the univariate 
level to measure the significance of each metabolite, and 
a p value of < 0.05 was considered statistically significant. 
For pathway enrichment analysis, the differential metab-
olites were annotated using the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database (https:// www. 
kegg. jp/ kegg/ pathw ay. html).

Statistical analysis
Values are expressed as the mean ± standard deviation 
(SD). All data were analyzed using SPSS 18.0 (Interna-
tional Business Machines Corporation, Armonk, New 
York, USA). The body weight, Lee’s index, serum sex 
hormones, and lipid profiles were analyzed by one-fac-
tor analysis of variance (ANOVA), followed by post-hoc 
the least significance difference (LSD)-t test. p < 0.05 was 
deemed statistically significant in all tests.

Results
Effects of orlistat on weight, sex hormones levels, lipids 
and the estrous cycle
Compared with the control (CON) group, the weight of 
the PCOS rats was significantly higher from week 4 to 
week 16. Meanwhile, the Lee’s index of the PCOS group 
was also significantly increased (Table  1). The weight 
and Lee’s indices of the rats in all the orlistat treatment 
groups were significantly decreased (p < 0.05) compared 
with those of the PCOS group.

Compared with those in the CON group, the levels 
of serum T, and LH, and the ratio of LH/FSH were sig-
nificantly higher (p < 0.05), and E2 was significantly 
lower (p < 0.01) in the PCOS group (Table  2). The rats 
in the high-orlistat group had significantly lower levels 
of T, LH, and the ratio of LH/FSH, and higher levels of 
E2 compared with those of the PCOS group. In addi-
tion, compared with the CON group, the PCOS rats 

https://www.kegg.jp/kegg/pathway.html
https://www.kegg.jp/kegg/pathway.html
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had significantly higher concentrations of TC, TG and 
LDL-C (Table 2). The rats in the high- and medium-orl-
istat group had significantly lower levels of TC, TG and 
LDL-C than those in the PCOS group. No differences in 
HDL-C levels were found.

Estrous cycle assessment revealed that PCOS rats 
experienced a longer dioestrus and shorter proestrus 
and estrous than control rats (Fig.  2). Following orlistat 
treatment, the estrous cycle disorder was restored. The 
improvement effect on the estrous cycle disorder of the 
high-orlistat group was better than that of the low-orl-
istat group and medium-orlistat group.

Effects of orlistat on the gut microbiota in PCOS mice
A total of 3,208 OTUs were obtained in this study 
(Fig.  3A). Then the Shannon index and Chao1 index 
(Fig. 3B and C) were calculated. No significant differences 
were observed between the diversity of the gut microbi-
ota in the ORL-PCOS and PCOS groups. PCoA between 

groups based on the weighted UniFrac (Fig.  3D) algo-
rithms was performed and showed a separation between 
the samples in these two groups. LEfSe (Fig.  4A and B) 
was used to analyse biomarkers in the microbiota of each 
group. The PCOS group was significantly enriched in 
Lactobacillus, Ruminococcaceae_UCG_005 and Rumino-
coccaceae_UCG_014. The ORL-PCOS group was signifi-
cantly enriched in Bacteroides and Muribaculaceae.

Effects of orlistat on fecal metabolomics in PCOS mice
OPLS-DA was performed to verify differential the 
metabolites between the two groups (Fig.  5A and C), 
and was validated by permutation analysis (Fig. 5B and 
D). The results showed clear separation between the 
ORL-PCOS and PCOS groups, suggesting a significant 
difference in fecal metabolites. In this study, VIP > 1.0 
was used to screen metabolite differences, and only 
metabolites identified with a fold change (FC) > 1.5 
or < 1/1.5, p < 0.05 and VIP > 1.0 were considered 

Table 1 Effects of Orlistat on body weight and Lee’s index in PCOS rats

Values are the mean ± SD (n = 10/group)

0 weeks: PCOS modeling start time; 4 weeks: established PCOS model and start time point of Orlistat administration; 8 weeks: 4 weeks after Orlistat administration, 
and so on
* p < 0.05
** p < 0.01 compared with the PCOS group

Group Body mass Lee’s index

0 weeks 4 weeks 8 weeks 12 weeks 16 weeks

Control 180.09 ± 8.75 251.13 ± 19.44** 312.54 ± 30.11** 309.46 ± 27.58** 349.53 ± 26.97** 3.08 ± 0.16*

PCOS 180.54 ± 7.81 316.60 ± 16.18 406.70 ± 25.18 435.97 ± 34.00 466.04 ± 32.81 3.21 ± 0.10

Low- Orlistat 179.97 ± 8.60 307.84 ± 28.22 379.21 ± 19.58* 408.28 ± 22.28* 433.35 ± 20.90* 3.11 ± 0.09*

Medium- Orlistat 179.83 ± 7.36 308.44 ± 22.08 375.92 ± 28.66* 405.68 ± 33.08* 425.75 ± 31.12** 3.09 ± 0.12*

High-Orlistat 180.29 ± 7.94 303.44 ± 18.09 372.59 ± 28.44** 390.93 ± 30.21** 409.00 ± 30.54** 3.08 ± 0.06*

Table 2 Effect of supplementation with orlistat on serum sex hormone and lipids levels in PCOS rats

Values are the mean ± SD (N = 5–7). Data were analyzed by one-factor analysis of variance (ANOVA), followed by post-hoc the least significance difference (LSD)-t test

Abbreviation: T Testosterone, E2 Estradiol, FSH Follicle stimulating hormone, LH luteinizing hormone, TC Total cholesterol, TG Triglycerides, HDL-C High density 
lipoprotein cholesterol, LDL-C Low density lipoprotein cholesterol
* p < 0.05
** p < 0.01 compared with the PCOS group

Group Control PCOS Low- Orlistat Medium- Orlistat High-Orlistat

T (ng/ml) 1.51 ± 0.68* 4.83 ± 2.89 4.64 ± 2.49 3.10 ± 2.73 0.94 ± 0.72*

E2 (pg/ml) 14.40 ± 1.59** 2.47 ± 0.65 2.60 ± 0.84 2.99 ± 0.74 5.13 ± 0.29**

LH (mIU/ml) 5.18 ± 1.05* 7.03 ± 1.47 5.47 ± 1.06* 4.93 ± 0.93** 4.70 ± 1.49**

FSH (mIU/ml) 1.77 ± 0.32 1.71 ± 0.20 1.73 ± 0.31 1.76 ± 0.14 1.81 ± 0.46

LH/FSH 2.95 ± 0.29* 4.17 ± 1.19 3.33 ± 1.15 2.82 ± 0.66* 2.64 ± 0.74*

TC (mmol/L) 1.63 ± 0.29* 2.22 ± 0.50 1.72 ± 0.35 1.41 ± 0.48** 1.31 ± 0.22**

TG (mmol/L) 0.63 ± 0.11** 1.19 ± 0.34 0.84 ± 0.21* 0.70 ± 0.23** 0.65 ± 0.17**

LDL-C (mmol/L) 0.25 ± 0.03* 0.34 ± 0.06 0.25 ± 0.05* 0.24 ± 0.08** 0.21 ± 0.06**

HDL-C(mmol/L) 1.42 ± 0.16 1.30 ± 0.30 1.19 ± 0.23 1.02 ± 0.29 1.04 ± 0.19
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Fig. 2 Effects of orlistat treatment on the estrous cycle. Three rats were randomly selected in each group and representative estrous cycles of the 
different groups are shown. P: Proestrus, E: Estrous, M: Metoestrus, D: Dioestrus

Fig. 3 Characteristics of the gut microbiota after orlistat treatment. A Venn diagram of OTUs. The overlapping section represents the shared OTUs. 
There was no significant difference in the Shannon index. B and Chao1 (C) index between the ORL-PCOS and PCOS groups. D PCoA of the gut 
microbiota of ORL-PCOS and PCOS group based on weighted UniFrac algorithms
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differential. Based on the FC and p values, volcanic 
diagrams were made to illustrate the up- and down-
regulated metabolites between the two groups (Fig. 6A 
and B). All detailed information on the different 

metabolites is listed in Supplementary Table 1. In addi-
tion, the differential metabolites were enriched and 
analysed based on the KEGG database (Fig. 7A). Most 
of the differential metabolites were involved in steroid 

Fig. 4 LEfSe of the gut microbiota of the ORL-PCOS and PCOS groups. A LEfSe taxonomic cladogram. B LDA chart (p = phylum, c = class, o = order, 
f = family, g = genus). LDA scores higher than 3.0 were used as a threshold for significance in LEfSe analyses
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hormone biosynthesis (Fig. 7B), vitamin digestion and 
absorption (Fig.  7C) and neuroactive ligand-receptor 
interaction (Fig. 7D).

Correlation analysis of the fecal microbiota 
with metabolites in orlistat treated PCOS mice
The correlation between the differential metabolites 
and the microbial diversity in orlistat treated PCOS 
mice was analysed to further explore the composi-
tion and function of microorganisms. As shown in 
Fig.  8, we found that steroid hormone biosynthe-
sis pathway related differential metabolites, such as 

3-dehydroepiandrosterone sulfate (DHEAS), and 
5alpha-androstan-17-beta-ol-3-one (dihydrotestos-
terone; DHT), were negatively correlated with the 
abundance of Bacteroides, and positively correlated 
with the abundances of Ruminococcaceae_UCG_014, 
Ruminococcaceae_UCG_005 and Pseudomonas. Pro-
gesterone was positively correlated with the abun-
dance of Bacteroides, and Desulfovibrio and negatively 
correlated with the abundance of Ruminococcaceae_
UCG_014 and Ruminococcaceae_UCG_005 by correla-
tion analysis.

Fig. 5 Multivariate statistical analyses of fecal metabolites in the ORL-PCOS and PCOS groups. A OPLS-DA negative ion mode scatter diagram. 
B Corresponding validation plots of the OPLS-DA negative ion mode obtained from the permutation test. C OPLS-DA positive ion mode scatter 
diagram. D Corresponding validation plots of the OPLS-DA positive ion mode obtained from the permutation test
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Discussion
Orlistat exerts an anti-obesity effect by inhibiting the 
absorption of triglycerides. Multiple clinical studies have 

proven its effect on weight loss [27, 28]. A recent study 
found that orlistat treatment has beneficial effects on 
body weight in HFD-induced obese mice by modifying 

Fig. 6 Volcanic map analysis in negative (A) and positive (B) ion modes. According to the VIP value, p value and FC value, volcano maps were drawn 
to display the overall distribution of the differential metabolites. The blue dots represent significantly downregulated metabolites in the ORL-PCOS 
group, and the red dots represent significantly upregulated differential metabolites. The black dots represent nonsignificant differential metabolites

Fig. 7 KEGG pathway enrichment analysis of differential metabolites. A The ordinate represents the name of the pathway, and the abscissa 
represents the number of differentially expressed metabolites included in each KEGG metabolic pathway. The colour indicates the p value of 
enrichment analysis. The number on the column represents the rich factor. B Heatmap for steroid hormone biosynthesis, C Heatmap for vitamin 
digestion and absorption, D Heatmap for neuroactive ligand-receptor interaction
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the composition of the gut microbiota, presenting as 
reduced total microbial abundance and obviously upreg-
ulated bacteria [29]. In addition, 5% weight loss of ini-
tial body weight has been shown to increase ovulation 
frequency and fertility, and to improve testosterone and 
lipid levels in PCOS patients [30–32]. In this study, the 
gut microbiota and its metabolite profiles were first com-
pared between PCOS mice and orlistat-treated PCOS 
mice, highlighting the critical role of microbiota and 
microbiota metabolites in controlling PCOS develop-
ment, which could help to better understand the interac-
tion between orlistat and PCOS.

Studies have shown that the gut microbiota is related to 
obesity or PCOS, and several phyla of microbiota may be 
involved in the occurrence and development of  obesity 
or PCOS [14, 29, 33]. Firmicutes and Bacteroidetes are 
the two most abundant bacterial phyla in the human gut 

[34]. It has been found that the fecal community of obese 
mice/humans or PCOS patients/mouse models is char-
acterized by an increased ratio of Firmicutes to Bacteroi-
detes (F/B) [35–37]. Changes in the F/B ratio were found 
during PCOS treatment. For example, Lin et al. observed 
a reduced abundance of Firmicutes and an elevated abun-
dance of Bacteroidetes in response to sleeve gastrectomy 
in a dehydroepiandrosterone-induced PCOS rat model 
[38]. Additionally, flaxseed oil  intervention modulated 
the gut microbiota and ameliorated PCOS in rats by 
decreasing  the ratio of  F/B [39]. A recent study found 
that orlistat could further decrease the F/B ratio in HFD-
induced obese mice, exerting beneficial effects on body 
weight [29]. Consistently, in this study, we also found 
that the ORL-PCOS had significant changes in the com-
position of the gut microbiota, such as an increase in the 
abundance of Bacteroidetes and a decrease in Firmicutes. 

Fig. 8 Correlation heatmap analysis of the differential fecal metabolites and gut microbiota between the PCOS and ORL-PCOS groups. A significant 
positive correlation is shown in red; a significant negative correlation is shown in blue, with darker colours indicating stronger correlations. * p < 0.05, 
** p < 0.01, *** p < 0.001
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Bacteroidetes exert immunomodulatory effects on the 
host, and its elevation has been shown to be associated 
with weight loss in humans and animal models [40, 41]. 
Additionally, the Bacteroides genus belonging to the Bac-
teroidetes phylum was negatively associated with T2DM 
[42]. Firmicutes, which is closely related to obesity and 
metabolic syndrome, play a role in energy resorption 
and facilitate fat storage in the host body [11]. A previ-
ous study showed that orlistat is a reversible gastric and 
pancreatic lipase inhibitor and could promote weight 
loss by partially preventing intestinal fat absorption [43]. 
Weight loss is associated with changes in the gut micro-
biota [44]. Therefore, we speculated that orlistat may 
exert beneficial effects on body weight by modifying the 
gut microbiota, such as the decreased abundance of Fir-
micutes, which may help reduce fat storage and weight 
loss.

At the family level, we observed that orlistat treatment 
led to a significant decrease in the relative abundance of 
Ruminococcaceae and Lactobacillaceae, and an elevation 
of Muribaculaceae and Bacteroidaceae. Previous studies 
have found that the relative abundance of Ruminococ-
caceae was higher in obese patients with PCOS and letro-
zole-induced PCOS rat models [37, 45, 46]. Furthermore, 
the Ruminococcaceae abundance was reported to be 
associated with diabetes and testosterone levels. Mokkala 
et  al. revealed that the relative abundance of Rumino-
coccaceae increased twofold in women with gestational 
diabetes compared to healthy controls [47]. The Rumi-
nococcus genus can increase inflammatory cytokine pro-
duction, which is positively associated with T2DM [42]. 
Eyupoglu et  al. reported that Ruminococcaceae appears 
to be associated with clinical androgen excess in patients 
with PCOS [45]. Lactobacillaceae can ferment carbohy-
drates, including pectin and glucose, to produce formic 
acid, lactic acid, acetic acid and ethanol. Although Lacto-
bacillaceae is commonly used as a probiotic, studies have 
shown that Lactobacillaceae is positively correlated with 
weight gain, and a higher level of Lactobacillaceae was 
detected in obese children and adults than in lean con-
trol individuals [48, 49], suggesting that the effect of Lac-
tobacillaceae  on metabolism may be species and strain 
specific  [50]. Moreover, a significantly increased relative 
abundance of the Lactobacillus genus was observed in 
PCOS with insulin resistance  rat models [46]. A lower 
level of Lactobacillaceae could alleviate obesity in HFD-
induced obese mice. Ye et al. suggested that ripened pu-
erh tea serves as a great candidate to alleviate obesity by 
increasing the abundance of Bacteroidaceae, Muribacu-
laceae and decreasing the abundance of Lactobacillaceae 
in HFD-induced obese mice [51], which is consistent 
with the results of the present study. Bacteroidaceae 
could promote cytokine production and have a potential 

role in inhibiting autoimmune disease [51]. Obese ado-
lescents with PCOS had a lower relative abundance of the 
family Bacteroidaceae, which conferred a 4.4-fold higher 
likehood ratio of taxa predictive of PCOS diagnosis [52]. 
Muribaculaceae could degrade dietary components 
and polysaccharides to produce short chain fatty acids 
(SCFAs) that play key roles in anti-inflammatory and gly-
colipid homeostasis balance [53]. PCOS has been proven 
to be a chronic inflammatory disease, and obesity, insu-
lin resistance, T2DM and hyperandrogenemia are com-
mon symptoms [26]. In the present study, we speculated 
that orlistat may improve the above PCOS symptoms by 
changing the gut microbiota composition, indicating that 
these bacteria might be the most efficient taxa contribut-
ing to preventing the development of PCOS.

Lipid metabolism is dysregulated in women with 
PCOS. Lipids are involved in various metabolic path-
ways, such as steroid hormone biosynthesis, and fatty 
acid metabolism [54]. In this study, based on the KEGG 
enrichment analysis, steroid hormone biosynthesis was 
the pathway in which the differential metabolites were 
most significantly enriched, such as DHEAS, dihydrotes-
tosterone (DHT), progesterone and tetrahydrocorticos-
terone. The levels of DHEAS and DHT were significantly 
downregulated  0.40-fold and 0.16-fold respectively in 
orlistat treated PCOS mice compared with the con-
trol group. Correlation analysis revealed that both were 
negatively correlated with the abundance of Bacteroides, 
and positively correlated with the abundance of Rumi-
nococcaceae_UCG_014, Ruminococcaceae_UCG_005 
and Pseudomonas. In a study on the fecal metabolites 
and gut microbiota in obese patients with PCOS, several 
fecal metabolites were used as characteristic metabolites, 
including DHEAS, which was significantly and positively 
correlated with the serum testosterone level and nega-
tively correlated with body mass index (BMI) or fasting 
insulin among PCOS patients [26, 55]. DHEAS is a kind 
of androgen mainly secreted by the adrenal cortex, and 
found to be high in 22–25% of patients with PCOS [56]. 
Higher  DHEAS could increase incidence of degener-
ated oocytes and early miscarriage rates in women with 
PCOS [57]. In addition, the prevalence of adrenal hyper-
androgenaemia, which is defined as elevated circulating 
DHEAS levels, in women with PCOS is 15% to 45% [58]. 
Similar to DHEAS, the concentration of DHT, a potent 
androgen, was significantly higher in PCOS patients 
[59]. The DHT-induced PCOS model is one of the three 
typically used androgen-based PCOS models [60]. DHT 
exposure could cause the key reproductive characteris-
tics (aperiodic, anovulatory and multifollicular ovaries) 
and metabolic characteristics (increased body weight and 
visceral adiposity) of PCOS [61]. Moreover, in this study, 
the level of progesterone was significantly upregulated by 
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6.74-fold in orlistat treated PCOS mice. Progesterone 
was positively correlated with the abundance of Bac-
teroides, and Desulfovibrio and negatively correlated 
with the abundance of Ruminococcaceae_UCG_014 
and Ruminococcaceae_UCG_005 by correlation analy-
sis. Progesterone is a key steroid hormone and is abso-
lutely required for uterine implantation, decidualization, 
and maintenance of pregnancy [62]. PCOS women have 
lower progesterone levels during the luteal phase which 
overstimulates the immune system that produces more 
estrogen [63]. The chronic anovulation seen in PCOS 
implies long-term oestrogen excess or a lack of proges-
terone [64].  PCOS is a state of altered steroid hormone 
production and activity, and there is a close relationship 
between gut microbiota and sex hormones in PCOS [65]. 
Therefore, we speculated that orlistat may modify the gut 
microbiota of obese rats with PCOS, which has an impact 
on sex hormones, including decreased levels of DHEAS, 
and DHT and increased progesterone levels, to improve 
the steroid hormone state in PCOS.

Conclusions
There are several limitations in this study. The number 
of samples was relatively small, a negative control group 
in the gut microbiome analysis was lacking, and the cor-
relations were not verified. It is necessary to expand the 
sample size and verification in further research. This 
study was the first to use fecal microbiota combined with 
its metabolite profiles to explore the differences between 
PCOS mice and orlistat-treated PCOS mice, which may 
offer more specific mechanisms of orlistat treatment 
on PCOS and its related pathways. Based on 16S rRNA 
gene sequencing and untargeted metabolomics analysis, 
orlistat intervention modified the structure and com-
position of the gut microbiota, as well as the metabolite 
profiles of PCOS mice. Decreased abundance of Fir-
micutes and increased Bacteroidetes were observed in 
orlistat treated PCOS mice. Some families, such as Rumi-
nococcaceae and Lactobacillaceae, which are associated 
with diabetes and testosterone levels or obesity, were 
decreased by orlistat intervention. Muribaculaceae and 
Bacteroidaceae which play anti-inflammatory roles, were 
notably enhanced by orlistat. The gut microbiota, fecal 
metabolites, and hormones were closely correlated. Ster-
oid hormone biosynthesis was the pathway in which the 
differential metabolites were most significantly enriched.
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