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Objective: To analyze the characteristics of the intestinal microbiota of polycystic ovarian
syndrome with insulin resistance (PCOS-IR) and explore the possible mechanism of
modified Banxia Xiexin Decoction in the treatment of PCOS-IR.

Methods: A total of 17 specific pathogen-free (SPF) female Sprague-Dawley (SD) rats,
aged 21 days, were selected and randomly divided into the control group (group Z, n = 6),
model group (group M, n = 6), and treatment group (group A, n = 5). Letrozole combined
with a high-fat diet was used to induce the PCOS-IR model. Rats in group A were treated
with modified Banxia Xiexin Decoction for 2 weeks after the end of modeling; then the
characteristics of reproductive, metabolic, inflammatory, and intestinal microbiota were
compared among three groups.

Results: The PCOS-IR model had an imbalance of intestinal microbiota, and the enriched
microbiota was mainly class Coriobacteria, order Clostridiales, and genus
Clostridium_sensu_stricto_1. Modified Banxia Xiexin Decoction can regulate the
disorder of intestinal microbiota diversity, significantly increase the abundance of phyla
Verrucomicrobiota Proteobacteria and genera Akkermansia and Blautia, and decrease the
abundance of genus Clostridium_sensu_stricto_1.

Conclusion: Genus Clostridium_sensu_stricto_1 might be the pivotal pathogenic
bacteria of PCOS-IR. Modified Banxia Xiexin Decoction may ameliorate PCOS-IR by
regulating intestinal microbiota imbalance and improving metabolic disorders.

Keywords: polycystic ovary syndrome, insulin resistance, intestinal microbiota, modified Banxia Xiexin Decoction,
inflammation, metabolism
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is one of the common
gynecological diseases combined with abnormalities of
reproduction and metabolism, which is characterized by
ovulation dysfunction, hyperandrogenism, and insulin
resistance (IR). It is also the main cause resulting in female
anovulatory infertility (Gupta et al., 2019; Cunha and Povoa,
2021). The incidence rate of PCOS is about 5% to 20% in
reproductive-aged women (Barthelmess and Naz, 2014; Ding
etal,, 2017). PCOS not only affects reproductive function but also
increases the risk of long-term complications such as
hyperlipidemia, diabetes, metabolic syndrome, cardiovascular
disease, and endometrial cancer (Wehr et al., 2011), which
seriously endanger women’s physical and mental health
(Karjula et al., 2017; Brutocao et al., 2018). IR occurs in about
50%~70% of patients with PCOS (Al-Jefout et al., 2017; Dahan
et al,, 2019), and although it is not one of the diagnostic criteria
of PCOS, it plays an important role in the pathogenesis of PCOS
(He and Li, 2020). IR is not merely an important
pathophysiological change but also a vital hub connecting
reproductive abnormalities and metabolic disorders of
PCOS (Carreau and Baillargeon, 2015). IR and its
resulting compensatory hyperinsulinism are linked to
hyperandrogenemia in various ways; for instance, they
stimulate the pituitary to secrete luteinizing hormone (LH)
(Teede et al., 2007; Szeliga et al,, 2022) and decrease hepatic
production of sex hormone-binding globulin (SHBG)
(Calcaterra et al.,, 2021). It can also affect the metabolic
function of the body by aftecting the level of blood lipids and a
variety of adipocytokines (Teede et al., 2007; Zheng et al., 2017;
Calcaterra et al., 2021). Therefore, taking IR as the starting point
to research PCOS has great significance.

In recent years, a number of studies have shown that the
intestinal microbiota, also known as the “second genome of the
human body,” may play an important role in the pathogenesis of
polycystic ovarian syndrome with IR (PCOS-IR) (Thackray,
2019; Starling, 2021). Tremellen et al. firstly proposed the
hypothesis of “gut barrier-endotoxemia-inflammation”,
considering that changes in dietary conditions can lead to
intestinal microbiota disorders, impaired gut mucosal barrier,
and increased intestinal mucosal permeability, which allow the
produced “lipopolysaccharide (LPS)” to enter the bloodstream
and then cause IR and PCOS (Vrieze et al., 2010; Tremellen and
Pearce, 2012). The disturbance of the microbiota can induce
abnormal glucose metabolism, hyperandrogenemia, and
abnormal follicular development in PCOS (Xie et al., 2016; Qi
et al., 2019; Han et al, 2021), and a healthy gut microbiota
protects against reproductive and metabolic dysregulation
(Torres et al., 2019; Liyanage et al., 2021).

Modern research shows that Banxia Xiexin Decoction derived
from “Typhoid Theory” can regulate intestinal microbiota
disorder, reduce blood glucose, and improve IR (Yang et al,
2019; Yang et al, 2021). Preliminary clinical studies of our
research group have shown that Banxia Xiexin Decoction is an
effective prescription for the treatment of PCOS, which can
enhance insulin sensitivity, correct glucose metabolism

disorders, and promote the recovery of ovulation and
spontaneous menstruation (Liu et al., 2016). Therefore, this
study used a high-fat diet combined with letrozole to induce
PCOS-IR model rats, then intervened with modified Banxia
Xiexin Decoction, and analyzed the changes in the
reproductive hormone, glucose metabolism, inflammatory
factors, and intestinal microbiota. This study could help to
better understand the potential mechanisms of modified
Banxia Xiexin Decoction in the therapy of PCOS-IR from the
perspective of gut microbiota.

METHODS

Animals

Twenty-one-day-old female Sprague-Dawley (SD) rats (specific
pathogen-free (SPF) grade) were raised in the Animal
Experiment Center of Guang’anmen Hospital, Chinese
Academy of Chinese Medical Sciences, and their experimental
animal license number is SCXK (Beijing) 2019-0008. The feeding
conditions were as follows: room temperature, 22°C + 2°C;
relative humidity, 50% + 10%; and 12-h light/12-h darkness,
alternating cycles. All rats drank and ate freely. There were two
kinds of feed, namely, ordinary feed (energy supply ratio: protein
22.47%, fat 12.11%, and carbohydrate 65.42%) and high-fat feed
(energy supply ratio: protein 19.5%, fat 23.8%, and carbohydrate
56.7%); the main ingredients are casein, starch, maltodextrin,
sucrose, fiber vegetarian, soybean oil, etc. The rats and feed were
provided by Beijing Huafukang Biotechnology Co., Ltd. This
experiment was reviewed by the Experimental Animal Ethics
Committee of the China Academy of Chinese Medicine
(Approval Number: IACUC-GAMH-2017-002).

Herbal Materials

Modified Banxia Xiexin Decoction (ingredients: Rhizoma
Pinelliae (Qing Banxia) 9 g, Scutellaria (Huangin) 20 g,
Rhizoma Coptidis (Huanlian) 10 g, Rhizoma Zingiberis
(Ganjiang) 9 g, Codonopsis pilosula (Dangshen) 12 g, Licorice
(Gancao) 12 g, Fructus Ziziphi Jujubae (Dazao) 9 g, Epimedium
(Xianlingpi) 15 g, and Fruit of Chinese woltberry (Gougqizi) 30 g.
All Chinese herbs were supplied by the pharmacy of
Guang’anmen Hospital, Chinese Academy of Chinese Medical
Sciences, and then made into Banxia Xiexin Tang extract (3.9 g of
crude drug per ml of extract); the extract was stored in a
refrigerator at 4°C for later use.

Establishment of Polycystic Ovarian
Syndrome With Insulin Resistance Model
Seventeen rats were randomly allocated to 3 groups: control
group (group Z, n = 6), model group (group M, n = 6), and
treatment group (group A, n = 5). To induce the PCOS-IR
model, rats in the model group and treatment group were
gavaged with 2 ml LET-CMC solution (1 mg/kg/day of
letrozole dissolved in 1% carboxymethyl cellulose), while the
control group was gavaged with 2 ml of normal saline, lasting 3
weeks. Then group A was given modified Banxia Xiexin
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Decoction (26.46 g/kg/day) for 2 weeks; at the same time, two
other groups were given the same volume of normal saline. The
dose was calculated according to the “equivalent dose conversion
of body surface area,” (Xu et al., 2002) and it is administered at 2
times the clinically equivalent dose.

Serum Sample Collection and Analysis

The morning after 2 weeks of treatment, blood samples were
collected from the abdominal aorta of anesthetized rats using a
procoagulation tube and centrifuged at 3,000 rpm for 20 min
using the 4°C centrifuge (ICT15RE, Hitachi, Tokyo, Japan). Then
the upper supernatants were carefully transferred to the EP tube
using a pipette gun and immediately stored at a —80°C
refrigerator for further detection. The levels of estradiol (E2,
JEB-13691, Jinyibo, Wuxi, China), testosterone (T, ab10866,
Abcam, Cambridge, MA, USA), LH (JEB-13706, Jinyibo,
China), follicle-stimulating hormone (FSH; JEB-13680, Jinyibo,
China), fasting insulin (FINS, ab100578, Abcam, USA), LPS
(JEB-13984, Jinyibo, China), and tumor necrosis factor-o
(TNF-a, ERC102a.96, Xinbosheng, China) were analyzed by
ELISA kits, which were operated in strict accordance with each
instruction manual. Blood glucose (Glu) was measured using
Roche glucometer before anesthesia. The homeostasis model
assessment of IR index (HOMA-IR) and HOMA of beta-cell
function index (HOMA-beta) was calculated using the following
formulas:

HOMA - IR = Glu (mmol/L) x FINS(mIU/L)/22.5.

HOMA - beta = 20 x FINS (mIU/L)/[FPG (mM) — 3.5]

x 100% .

Ovarian Tissue Collection and Observation
Rats were euthanized by cervical dislocation after anesthesia. The
left ovaries of rats were collected, then fixed with 4%
paraformaldehyde solution, embedded in conventional paraffin
(EG140H, Leica, Wetzlar, Germany), sectioned at a thickness of
5 wm (RM2135, Leica), and processed according to the standard
procedure of H&E staining, and ovary morphological changes
were observed using a light microscope (Olympus,
Tokyo, Japan).

Fecal Sample Collection

Fecal samples were collected by rectal pressing method before the
rats were anesthetized; 3-5 fecal samples were collected from
each rat and immediately stored at —80°C.

DNA Extraction and PCR Amplification

Microbial community genomic DNA was extracted from rat
fecal samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-Tek,
Norcross, GA, USA) according to the manufacturer’s
instructions. The DNA extract was checked on 1% agarose gel,
and DNA concentration and purity were determined with
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,

Wilmington, DE, USA). The hypervariable region V3-V4 of the
bacterial 16S rRNA gene was amplified with primer pairs 338F
(5"-ACTCCTACGGGAGGCAGCAG-3") and 806R (5'-
GGACTACHVGGGTWTCTAAT-3') by an ABI GeneAmp®
9700 PCR thermocycler (ABI, Los Angeles, CA, USA). The
PCR amplification of 16S rRNA gene was performed, as
follows: initial denaturation at 95°C for 3 min, followed by 27
cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s,
extension at 72°C for 45 s, single extension at 72°C for 10 min,
and end at 4°C.

lllumina MiSeq Sequencing and
Processing of Data

Purified amplicons were pooled in equimolar and paired-end
sequenced on an Illumina MiSeq PE300 platform (Illumina, San
Diego, CA, USA) according to the standard protocols by Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw 16S
rRNA gene sequencing reads were demultiplexed, quality-filtered
by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH
version 1.2.7 (Magoc and Salzberg, 2011). Operational taxonomic
units (OTUs) were clustered by UPARSE version 7.1 with 297%
similarity (Edgar, 2013), and chimeric sequences were identified
and removed. The taxonomy of each OTU representative
sequence was analyzed by RDP Classifier version 2.2 (Wang
et al.,, 2007) against the 16S rRNA database (silval38/
16s_bacteria) using a confidence threshold of 0.7. In order to
observe the a-diversity of the intestinal microbial community,
including richness and diversity, the number of Ace and Shannon
indexes was calculated by the built-in commands of Mothur
(https://www.mothur.org/wiki/Download_mothur). Principal
coordinate analysis (PCoA), based on weighted UniFrac
distance, and partial least squares discriminant analysis (PLS-
DA) were used to reflect the B-diversity of intestinal microbiota,
which mainly express the significance of intestinal microbiota
difference among groups. To obtain significantly different bacterial
species among groups, linear discriminant analysis (LDA) effect
size (LEfSe) was applied. Here, LDA values >4.0 were set as the
thresholds for biomarker identification. Meanwhile, in order to
predict the functional profile of the intestinal microbiota
community, the Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt, http://picrust.
github.io/picrust/) was applied to perform microbiota functional
prediction. After OTU sequences were clustered according to 97%
similarity, the OTU abundance was standardized by PICRUS,
which meant that the influence of copy number of 16S marker
gene in species genome was removed, and the information of
Clusters of Orthologous Groups of proteins (COG) family and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
corresponding to each OTU was obtained through the
Greengene ID (http://greengenes.secondgenome.com/) and then
according to the different databases, i.e., EggNOG (evolutionary
genealogy of genes: Non-supervised Orthologous Groups, http://
eggnog.embl.de/) and KEGG (http://www.genome.jp/kegg/); the
COG function and each hierarchy level of KEGG pathways could
be obtained.
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Data Statistical Analysis

SPSS statistical package 22.0 and GraphPad Prism version 8.3.0
were used for the statistical analysis of clinical data, and all data
were expressed as means + SD or as medians with interquartile
ranges. The Kolmogorov-Smirnov test of normality was applied
to all data. One-way ANOVA was used to evaluate the statistical
significance of differences for normally distributed data. Then
homogeneity of variances was tested, and if the variances were
homogeneous, Scheffe’s test was used; if not, Dunnett’s method
was used. For non-normally distributed data, the Mann-
Whitney U-test (two-group comparison) and the Kruskal-
Wallis test (more than two groups) can be used.

For bioinformatics analysis, Wilcoxon rank-sum test was
used to analyze the differences in o-diversity index (including
Ace and Shannon indexes) and the abundance of intestinal
microbiota community between two groups. To analyze the
significant difference in intestinal microbiota community (i.e.,
B-diversity) among groups, analysis of similarity (ANOSIM),
based on weighted UniFrac distance, was performed with 999
iterations. p < 0.05 was considered statistically significant.

RESULTS

General Characteristics of the
Experimental Rats

The general characteristics of all rats, including body weight, female
hormones, and related indicators of glucose metabolism, are
summarized in Table 1 and Figure 1. Compared with those in
the control group, the body weight, serum T, and Glu significantly
increased in the model group (p = 0.000, 0.004, and 0.04); FSH, LH,
HOMA-IR, and LPS had an increasing trend (p > 0.05); HOMA-
beta had a downward trend (p > 0.05), showing the change of
endocrine and metabolic disorders. Compared with those in the
model group, the body weight in the treatment group significantly
decreased (p = 0.043), and the FSH, HOMA-IR, and TNF-o had a

TABLE 1 | Changes in reproductive, metabolic, and inflammatory factors in all rats.

downward trend (p > 0.05). There was no significant difference in
E2, LH/FSH, and FINS among these groups (p > 0.05).

Ovarian Histomorphological Changes

Under the light microscope, follicles in different developmental
stages, including a mature follicle, and many corpora lutea were
observed in the control group. Meanwhile, in the mature follicle,
oocytes could be seen, and granulosa cells were arranged neatly and
had multiple layers (Figures 2A, B). In the model group, many cystic
dilated follicles with irregular structures can be seen, and the
granulosa cell layer was reduced and even disappeared. Mature
follicle and corpora lutea can hardly be seen (Figures 2C, D). The
morphology of ovarian tissue in the treatment group was similar to
that in the control group. A mature follicle and corpora lutea could
be observed in the treatment group, and the layers of granulosa cells
in follicles were more than those in the model group (Figures 2E, F).

o~ and B-Diversity of Intestinal Microbiota
Community

o-Diversity index analysis can reflect the richness and diversity of
intestinal microbiota communities in a specific regional environment;
the greater the value, the higher the community diversity. The results
are shown in the box diagram (Figures 3A, B). Compared with those
in the control group, the Ace and Shannon indexes in the model group
had an increasing trend (p > 0.05); meanwhile, the Ace index and
Shannon index in the treatment group decreased significantly (p <
0.01, p < 0.05), which indicated that modified Banxia Xiexin Decoction
can regulate the o-diversity of PCOS-IR rats.

The [B-diversity of the intestinal microbiota was expressed
by PCoA and PLS-DA. The PCoA results showed that the
intestinal microbiota was significantly different among the three
groups (R = 0.4193, p = 0.001, Figure 3C). From PLS-DA, we can
clearly see the distance of samples between groups. The greater the
distance, the bigger the difference. Distances between groups meant
that the samples in the model group can be clearly distinguished
from other groups, while the samples in the treatment group can also
be completely discriminated from the control group (Figure 3D).

Parameters Control (n = 6)
Weight (g) 224.67 +8.29
E2 (ng/L) 44.98 + 3.85
T (ng/ml) 0.69 + 0.02
FSH (ng/L) 8.10 (7.51, 9.29)
LH (ng/L) 21.47 + 1.89
LH/FSH 2.60 + 0.41
Glu (mmol/l) 4.98 + 0.41
FINS (miU/1) 20.38 + 0.83
HOMA-IR 4.51 +0.40
HOMA-beta 283.66 (206.35, 385.51)
LPS (ng/L) 67.71 +2.80
TNF-a (pg/ml) 71.71 £ 9.50

Data are presented as mean + SD or as medians with interquartile ranges.

Model (n = 6) Treatment (n = 5)

308.83 + 15.70* 285.00 + 17.00%

46.74 + 5.35 45.70 + 1.83
1.05 + 0.14* 117 £0.27
8.96 (8.58, 10.61) 8.75 (8.12, 9.58)
26.79 = 5.20 27.03 +2.26
2.80 = 0.78 3.09 +0.44
6.08 = 1.00" 5.92 + 0.30
20.02 + 1.60 19.32 + 0.86
5.71+0.78 5.08 + 0.32
141.79 (125.38, 260.29) 170.47 (139.24, 179.85)
79.48 + 10.14 71.39 = 14.17
79.08 = 11.31 56.28 + 14.73

E2, estradiol; T, testosterone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; LH/FSH, the ratio of LH to FSH; Glu, fasting plasma glucose; FINS, fasting plasma insulin; HOMA-
IR, homeostasis model assessment of insulin resistance; HOMA-beta, homeostasis model assessment for beta-cell function; LPS, lipopolysaccharide; TNF-¢, tumor necrosis factor-c.

*p < 0.05, **p < 0.01 for control vs. model group.
b < 0.05 for model vs. treatment group.
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FIGURE 1 | Characteristics of reproductive hormones, glucose metabolism, and inflammatory factors.

Analysis of Intestinal Microbiota
Community

On the phylum level, 5 phyla were identified, arranged in
descending order of relative abundance, namely, Firmicutes,
Verrucomicrobiota, Bacteroidota, Actinobacteriota, and
Proteobacteria (Figure 4A). Compared with that in the control
group, Verrucomicrobia in the model group showed a significant
decrease (p = 0.005, Figure 4C). Compared with those in the
model group, Firmicutes and Actinobacteriota showed a
significant decrease (p = 0.014 and 0.022), and the abundance of
Verrucomicrobiota and Proteobacteria was significantly increased
in the treatment group (p = 0.008 and 0.013, Figure 4D).

On the genus level, identified bacterial taxa are represented in
Figure 4B. The abundance of genera Akkermansia, Allobaculum,
and norank_f:norank_o:Clostridia_UCG-014 in the model group
was significantly less than that in the control group (p = 0.005,
0.013, and 0.008, Figure 4E). Compared with those in the model
group, genera Akkermansia and Escherichia-Shigella were
significantly increased in the treatment group (p = 0.008 and
0.017, Figure 4F), while Clostridium_sensu_stricto_1 showed an
obvious decrease (p = 0.008, Figure 4F).

Next, we used LEfSe to evaluate significant differences in the
relative abundance of bacterial orders, classes, and genera among
the three groups. In the control group, order Clostridia_UCG-014,

order Staphylococcales, order Oscillospirales, and genus
Allobaculum presented significant enrichment. The PCOS-IR
model group was enriched in genus Clostridium_sensu_stricto_I
(order Clostridiales) and order Coriobacteriales (class
Coriobacteriia). In the treatment group, the abundance of genera
Akkermansia (phylum Verrucomicrobiota), Escherichia-Shigella
(phylum Proteobacteria), and Blautia was more plentiful (LDA
score >4.0, p < 0.05, Figure 4G).

Predictive Functional Profiling of
Microbiota Community

In the fecal samples of three groups, the COG function of gut
microbiota was predicted including translation, ribosomal
structure, and biogenesis; amino acid transport and
metabolism; carbohydrate transport and metabolism;
transcription; replication, recombination, and repair; cell wall/
membrane/envelope biogenesis; inorganic ion transport and
metabolism; and energy production and conversion
(Figure 5A). At KEGG level 1, metabolism accounted for a
large proportion of pathway prediction, followed by
environmental information processing, genetic information
processing, cellular processes, etc. (Figure 5B). At KEGG level
3, the predicted results indicated that the microbiota may be
mainly involved in functions such as metabolic pathways,
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FIGURE 2 | Changes in ovarian histomorphological (H&E stain). (A, B) Control group. (C, D) Model group. (E, F) Treatment group.

biosynthesis of secondary metabolites, microbial metabolism in
diverse environments, biosynthesis of amino acids, and carbon
metabolism to exert a therapeutic effect (Figure 5C).

DISCUSSION

As a hot and difficult point in the research of gynecological
endocrine diseases, PCOS-IR has the characteristics of elevated T
and LH/FSH (Le et al., 2019), and it is often associated with
abnormal glucose and lipid metabolism. Therefore, both
reproduction and metabolism need to be taken into account in
the treatment of PCOS, which has great significance for
improving women’s reproductive health and preventing long-
term complications. This study showed that the modified Banxia
Xiexin Decoction significantly reduced body weight and
promoted follicular development and maturation. However,
the regulation of reproductive hormones was not obvious.

The intestinal microbiota is composed of a large amount of
parasitic microorganisms in the human intestinal tract, which
plays an important role in host physiology, such as immunity,
metabolism, protection of intestinal epithelial barrier, and
production of short-chain fatty acids (Kelly et al.,, 2015;
Wahlstrom et al., 2016; Barko et al., 2018). Despite this, when
the internal and external environments of the body change, such
as the changes in diet, disease, or misused antibiotics, it will cause
an imbalance of gut microbiota, which is widely recognized as
malnutrition of intestinal microbiota (Arroyo et al., 2019; Torres
et al.,, 2019; Chu et al., 2020; Zhou et al., 2020). In recent years,
numerous studies have shown that there is a relationship
between microbiota imbalance and PCOS (Rizk and Thackray,
2020; Parker et al., 2022). The imbalance of intestinal microbiota
can cause LPS to enter the bloodstream by increasing intestinal
permeability (Tremellen and Pearce, 2012; Chang et al., 2021).
LPS is considered to have the effect of endotoxin, which can
activate CD14/TLR4 receptors on the surface of immune cells
and induce inflammatory response (Festi et al.,, 2014; Hersoug
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et al., 2016; Nighot et al., 2019; Chang et al., 2021). Chronic low-
grade inflammation is considered to be a key factor in the
pathogenesis of PCOS (Vrieze et al., 2010; Tremellen and
Pearce, 2012; Crommen and Simon, 2017; Patel, 2018;
Thackray, 2019; Abraham Gnanadass et al., 2021; He et al,
2021). Chang et al. (2021) found that there was a disorder of
intestinal microbiota in the PCOS rat model, as well as an
abnormal state of inflammatory factors, such as LPS, TNF-q,
and IL-6. There was no significant difference in inflammatory
factors in this study, which may be related to the small sample
sizes. However, judging from the trend of increasing
inflammatory factors in the model group and decreasing
inflammatory factors in the treatment group, it could be
inferred that modified Banxia Xiexin Decoction has a potential
regulatory effect on inflammation disorders.

From the comparison of microbiota, genus Akkermansia
significantly decreased in the model group and increased after
treatment, indicating that Akkermansia may be a promising
probiotic for treating PCOS-IR. Previous studies have shown that
Akkermansia can reduce the body weight and total cholesterol of obese
patients, increase insulin sensitivity, improve IR, and reduce

COMP2(12.77%)

mz
—_—— M

4+ HA

°

: I
23
2 o
5

3
2 21

=

2

=

©
21

ol

z M A
. PLS-DA on OTU level
20 :
15 ?%3 @ z
: M

( $a

COMP1(14.71%)

FIGURE 3 | Diversity of intestinal microbiota community. Z, control group; M, model group; A, treatment group. PCoA, principal coordinate analysis; PLS-DA, partial

A
6004
; w—&;‘ .Z
500 M
3 -
2 400
2
o
S 300
x
3
£ 2004
3
<
100+
0
z M A
3D-PCoA on OTU level
R =0.4193, P=0.001
c PC3(11.47% A ® A
(/)1/ M
T ‘ Z
<
PC2(18.53%)
least squares discriminant analysis. (A) Ace index. (B) Shannon index. (C) PCoA. (D) PLS-DA."p < 0.05; *p < 0.01.

inflammatory reaction (Shin et al, 2014; Dao et al, 2016;
Depommier et al,, 2019), and its mechanism may be adjusting the
thickness of intestinal mucosa and maintaining the integrity of
intestinal barrier (Derrien et al, 2004). As a potential probiotic,
Blautia was significantly enriched in the treatment group, and it was
proved to play certain roles in metabolic diseases, inflammatory
diseases, and biotransformation (Eren et al, 2015; Liu et al, 2021;
Zheng et al,, 2021). Meanwhile, Clostridium_sensu_stricto_1, which was
thought to cause inflammation and lead to severe intestinal infections
(Fletcher et al,, 2021), was significantly higher in the model group and
significantly lower in the treatment group. These results suggested that
Clostridium_sensu_stricto_1 may be one of the key pathogens causing
PCOS-IR, and modified Banxia Xiexin Decoction can promote the
growth of probiotics and inhibit the proliferation of harmful bacteria. It
also could be observed that Allobaculum had a decreasing trend and
norank_f Muribaculaceae bacteria had an increasing trend in the
model group while showing opposite changes after treatment.
Although the specific functions of these two bacteria are still unclear,
studies have reported that Muribaculaceae was linked to obesity and
had an increasing abundance in obese mice (Chevalier et al., 2020; Liu
etal, 2021; Yu et al, 2021), and Allobaculum was inversely proportional
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to fat quality (Cox et al,, 2014), suggesting that they may be related to
lipid metabolism.

Functional prediction analysis indicated that the intestinal
microbiota might play an important role in affecting metabolic
functions, which was consistent with previous studies (Vojinovic
et al, 2019; Pan et al, 2021). Microbiota is mainly involved in a
variety of metabolic pathways, such as bile acids (Parseus et al., 2017;
Pathak et al., 2018), short-chain fatty acids (Abdul Rahim et al., 2019
; Sanna et al., 2019), amino acids, methylamine, and indoles (Abdul
Rahim et al,, 2019). Vojinovic et al. (2019) found that the abundance
of some bacterial groups was negatively correlated with low-density
lipoprotein, triglycerides, and fatty acids. Aoki et al. (2017) found
that mice given Bifidobacterium have reduced content of visceral fat

and subcutaneous fat and reduced blood glucose level. In our study,
modified Banxia Xiexin Decoction can potentially improve the
sensitivity of insulin and correct the disorder of glucose
metabolism to varying degrees, showing that intestinal microbiota
may improve glucose metabolism to achieve the purpose of trp>
More interestingly, the tendency of o.-diversity increased in the
model group, contrary to the majority of studies that believed that
the o-diversity decreased in PCOS patients/animals (Kelley et al.,
2016; Insenser et al., 2018; Torres et al., 2018; Jobira et al., 2020).
However, there were still a small number of studies showing that o-
diversity in patients with PCOS increased (Zhu et al., 2020; Yang
et al,, 2021). Yang et al. (2021) found that the diversity of bacterial
microbiota increased significantly in PCOS patients and animal
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models; Zhu et al. (2020) also found that a-diversity in PCOS-IR
model rats had an increasing trend. As we all know, diet is one of the
most important environmental factors that change the structure of
the microbiota (David et al., 2014; Zheng et al., 2021). Whether the
increase in o-diversity was caused by a high-fat diet or a rising
proportion of harmful bacteria needs further study.

Escherichia-Shigella is generally considered a harmful
bacterium that can cause multiple infections (Croxen et al,
2013). Studies had shown that obese patients or rats were
prone to abnormal elevation of Escherichia-Shigella after Roux-
en-Y gastric bypass (Kong et al.,, 2013; Dang et al., 2021), and
they believed that this may be related to multiple conjugated bile
acids (Dang et al., 2021). Whether the increase of Escherichia-
Shigella observed in this study is associated with the metabolic
changes of bile acids or something else needs further research.

In the present study, it can be clearly seen that the microbiota
disorders had been significantly regulated, follicular growth had been
promoted, and the improvement of glucose metabolism
characteristics and inflammatory factors had only a changing
trend. The small sample sizes may be responsible for this. Another
limitation of this study is that we did not have a separate control
group with a high-fat diet, which cannot make a strong explanation
for the increasing o-diversity. The last is that after we screened out
the microbiota with significant differences among groups, such as
genera Akkermansia and Clostridium_sensu_stricto_I, we did not
conduct further experiments, such as transplantation into germ-free
rats, to verify the exact role of these bacteria in PCOS-IR. Of course,
we will gradually solve these problems in the following research.

In conclusion, the current study demonstrated that the
intestinal microbiota in the PCOS-IR model was significantly
out of balance. Clostridium_sensu_stricto_I may be the key
pathogen of PCOS-IR. The effect of modified Banxia Xiexin
Decoction ameliorating PCOS-IR may be achieved by adjusting
the disorder of intestinal microbiota and then improving the
metabolic disorder of the body, and Akkermansia may play an
important role in the treatment.

REFERENCES

Abdul Rahim, M., Chilloux, J., Martinez-Gili, L., Neves, A. L., Myridakis, A.,
Gooderham, N,, et al. (2019). Diet-Induced Metabolic Changes of the Human
Gut Microbiome: Importance of Short-Chain Fatty Acids, Methylamines and
Indoles. Acta Diabetolog. 56 (5), 493-500. doi: 10.1007/s00592-019-01312-x

Abraham Gnanadass, S., Divakar Prabhu, Y., and Valsala Gopalakrishnan, A.
(2021). Association of Metabolic and Inflammatory Markers With Polycystic
Ovarian Syndrome (PCOS): An Update. Arch. Gynecol. Obstet. 303 (3), 631-
643. doi: 10.1007/500404-020-05951-2

Al-Jefout, M., Alnawaiseh, N., and Al-Qtaitat, A. (2017). Insulin Resistance and
Obesity Among Infertile Women With Different Polycystic Ovary Syndrome
Phenotypes. Sci. Rep. 7 (1), 5339. doi: 10.1038/s41598-017-05717-y

Aoki, R., Kamikado, K., Suda, W., Takii, H., Mikami, Y., Suganuma, N., et al.
(2017). A Proliferative Probiotic Bifidobacterium Strain in the Gut Ameliorates
Progression of Metabolic Disorders Via Microbiota Modulation and Acetate
Elevation. Sci. Rep. 7, 43522. doi: 10.1038/srep43522

Arroyo, P, Ho, B. S,, Sau, L., Kelley, S. T., and Thackray, V. G. (2019). Letrozole
Treatment of Pubertal Female Mice Results in Activational Effects on
Reproduction, Metabolism and the Gut Microbiome. PloS One 14 (9),
€0223274. doi: 10.1371/journal.pone.0223274

DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the National
Center for Biotechnology Information(NCBI) BioProject
repository, accession number PRJNA823038.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Experimental Animals, the China Academy of
Chinese Medicine.

AUTHOR CONTRIBUTIONS

HZ took in charge of the whole process of the experiments, and
the writing and modification of this paper. RC participated in
the experiments and revised this manuscript. DZ participated
in the experiments and guided the writing. FX participated in
the translation and modification of this paper and sorted all
pictures. FJ, JL and LLZ participated in the experimental
processes. SZ and NZ were responsible for parts of the
translation of the article. YL guided the experimental
methods. LHZ directed the design of the project. XL
coordinated and conducted all the work. All authors listed
had made a substantial, direct, and intellectual contribution to
the work and approved it for publication.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81674011).

Barko, P. C., McMichael, M. A., Swanson, K. S., and Williams, D. A. (2018). The
Gastrointestinal Microbiome: A Review. J. Vet. Internal Med. 32 (1), 9-25.
doi: 10.1111/jvim.14875

Barthelmess, E. K., and Naz, R. K. (2014). Polycystic Ovary Syndrome: Current Status
and Future Perspective. Front. Biosci. (Elite. Ed.) 6 (1), 104-119. doi: 10.2741/e695

Brutocao, C., Zaiem, F., Alsawas, M., Morrow, A. S., Murad, M. H., and Javed, A. (2018).
Psychiatric Disorders in Women With Polycystic Ovary Syndrome: A Systematic
Review and Meta-Analysis. Endocrine 62 (2), 318-325. doi: 10.1007/s12020-018-1692-3

Calcaterra, V., Verduci, E., Cena, H., Magenes, V. C., Todisco, C. F., Tenuta, E.,
et al. (2021). Polycystic Ovary Syndrome in Insulin-Resistant Adolescents
With Obesity: The Role of Nutrition Therapy and Food Supplements as a
Strategy to Protect Fertility. Nutrients 13 (6), 1848. doi: 10.3390/nu13061848

Carreau, A. M., and Baillargeon, J. P. (2015). PCOS in Adolescence and Type 2
Diabetes. Curr. Diabetes Rep. 15 (1), 564. doi: 10.1007/s11892-014-0564-3

Chang, Z. P., Deng, G. F., Shao, Y. Y., Xu, D., Zhao, Y. N, Sun, Y. F,, et al. (2021).
Shaoyao-Gancao Decoction Ameliorates the Inflammation State in Polycystic
Ovary Syndrome Rats Via Remodeling Gut Microbiota and Suppressing the
TLR4/NF-xb Pathway. Front. Pharmacol. 12. doi: 10.3389/fphar.2021.670054

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). Fastp: An Ultra-Fast All-In-One
FASTQ Preprocessor. Bioinformatics 34 (17), i884-i890. doi: 10.1093/
bioinformatics/bty560. Oxford, England.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2022 | Volume 12 | Article 854796


https://doi.org/10.1007/s00592-019-01312-x
https://doi.org/10.1007/s00404-020-05951-2
https://doi.org/10.1038/s41598-017-05717-y
https://doi.org/10.1038/srep43522
https://doi.org/10.1371/journal.pone.0223274
https://doi.org/10.1111/jvim.14875
https://doi.org/10.2741/e695
https://doi.org/10.1007/s12020-018-1692-3
https://doi.org/10.3390/nu13061848
https://doi.org/10.1007/s11892-014-0564-3
https://doi.org/10.3389/fphar.2021.670054
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Zhao et al.

Research in Microbiology of PCOS-IR

Chevalier, C,, Kieser, S., Colakoglu, M., Hadadi, N., Brun, J., Rigo, D., et al. (2020).
Warmth Prevents Bone Loss Through the Gut Microbiota. Cell Metab. 32 (4),
575-590.e7. doi: 10.1016/j.cmet.2020.08.012

Chu, W,, Han, Q., Xu, J., Wang, J., Sun, Y., Li, W,, et al. (2020). Metagenomic
Analysis Identified Microbiome Alterations and Pathological Association
Between Intestinal Microbiota and Polycystic Ovary Syndrome. Fertil. Steril.
113 (6), 1286-1298. doi: 10.1016/j.fertnstert.2020.01.027

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho, L, et al.
(2014). Altering the Intestinal Microbiota During a Critical Developmental
Window has Lasting Metabolic Consequences. Cell 158 (4), 705-721.
doi: 10.1016/j.cell.2014.05.052

Crommen, S., and Simon, M. C. (2017). Microbial Regulation of Glucose
Metabolism and Insulin Resistance. Genes 9 (1), 10. doi: 10.3390/genes9010010

Croxen, M. A,, Law, R. J., Scholz, R., Keeney, K. M., Wlodarska, M., and Finlay, B.
B. (2013). Recent Advances in Understanding Enteric Pathogenic Escherichia
Coli. Clin. Microbiol. Rev. 26 (4), 822-880. doi: 10.1128/CMR.00022-13

Cunha, A, and Povoa, A. M. (2021). Infertility Management in Women With
Polycystic Ovary Syndrome: A Review. Porto. Biomed. ]. 6 (1), ell6.
doi: 10.1097/.pbj.0000000000000116

Dahan, M. H., Abbasi, F., and Reaven, G. (2019). Relationship Between Surrogate
Estimates and Direct Measurement of Insulin Resistance in Women With
Polycystic Ovary Syndrome. ]J. Endocrinol. Invest. 42 (8), 987-993.
doi: 10.1007/s40618-019-01014-9

Dang, J. T., Mocanu, V., Park, H., Laffin, M., Tran, C., Hotte, N., et al. (2021). Ileal
Microbial Shifts After Roux-En-Y Gastric Bypass Orchestrate Changes in
Glucose Metabolism Through Modulation of Bile Acids and L-Cell
Adaptation. Sci. Rep. 11 (1), 23813. doi: 10.1038/s41598-021-03396-4

Dao, M. C,, Everard, A., Aron-Wisnewsky, J., Sokolovska, N., Prifti, E., and Verger, E.
0. (2016). Akkermansia Muciniphila and Improved Metabolic Health During a
Dietary Intervention in Obesity: Relationship With Gut Microbiome Richness
and Ecology. Gut 65 (3), 426-436. doi: 10.1136/gutjnl-2014-308778

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E,,
Wolfe, B. E,, et al. (2014). Diet Rapidly and Reproducibly Alters the Human
Gut Microbiome. Nature 505 (7484), 559-563. doi: 10.1038/nature12820

Depommier, C., Everard, A., Druart, C., Plovier, H., Van Hul, M., Vieira-Silva, S.,
et al. (2019). Supplementation With Akkermansia Muciniphila in Overweight
and Obese Human Volunteers: A Proof-Of-Concept Exploratory Study. Nat.
Med. 25 (7), 1096-1103. doi: 10.1038/s41591-019-0495-2

Derrien, M., Vaughan, E. E., Plugge, C. M., and de Vos, W. M. (2004).
Akkermansia Muciniphila Gen. Nov., Sp. Nov., a Human Intestinal Mucin-
Degrading Bacterium. Int. J. Syst. Evol. Microbiol. 54, 1469-1476. doi: 10.1099/
ijs.0.02873-0

Ding, T., Hardiman, P. ], Petersen, I., Wang, F. F., Qu, F., and Baio, G. (2017). The
Prevalence of Polycystic Ovary Syndrome in Reproductive-Aged Women of
Different Ethnicity: A Systematic Review and Meta-Analysis. Oncotarget 8 (56),
96351-96358. doi: 10.18632/oncotarget.19180

Edgar, R. (2013). UPARSE: Highly Accurate OTU Sequences From Microbial
Amplicon Reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Eren, A. M,, Sogin, M. L., Morrison, H. G., Vineis, J. H., Fisher, J. C., Newton, R. ].,
et al. (2015). A Single Genus in the Gut Microbiome Reflects Host Preference
and Specificity. ISME J. 9 (1), 90-100. doi: 10.1038/isme;j.2014.97

Festi, D., Schiumerini, R., Eusebi, L. H., Marasco, G., Taddia, M., and Colecchia, A.
(2014). Gut Microbiota and Metabolic Syndrome. World J. Gastroenterol. 20
(43), 16079-16094. doi: 10.3748/wjg.v20.i43.16079

Fletcher, J. R, Pike, C. M., Parsons, R. J., Rivera, A. J., Foley, M. H., McLaren, M.
R, etal. (2021). Clostridioides Difficile Exploits Toxin-Mediated Inflammation
to Alter the Host Nutritional Landscape and Exclude Competitors From the
Gut Microbiota. Nat. Commun. 12 (1), 462. doi: 10.1038/s41467-020-20746-4

Gupta, M., Yadav, R., Mahey, R., Agrawal, A., Upadhyay, A., Malhotra, N,, et al.
(2019). Correlation of Body Mass Index (Bmi), Anti-Mullerian Hormone
(AMH), and Insulin Resistance Among Different Polycystic Ovary Syndrome
(Pcos) Phenotypes—A Cross-Sectional Study. Gynecol. Endocrinol. 35 (11),
970-973. doi: 10.1080/09513590.2019.1613640

Han, Q, Wang, J., Li, W., Chen, Z. ], and Du, Y. (2021). Androgen-Induced Gut
Dysbiosis Disrupts Glucolipid Metabolism and Endocrinal Functions in Polycystic
Ovary Syndrome. Microbiome 9 (1), 101. doi: 10.1186/s40168-021-01046-5

He, F. F., and Li, Y. M. (2020). Role of Gut Microbiota in the Development of
Insulin Resistance and the Mechanism Underlying Polycystic Ovary

Syndrome: A Review. J. Ovarian Res. 13 (1), 73. doi: 10.1186/s13048-020-
00670-3

Hersoug, L. G., Moller, P., and Loft, S. (2016). Gut Microbiota-Derived
Lipopolysaccharide Uptake and Trafficking to Adipose Tissue: Implications
for Inflammation and Obesity. Obes. Rev. 17 (4), 297-312. doi: 10.1111/
obr.12370

He, Z., Wang, Y., Zhuan, L., Li, Y., Tang, Z. O., Wu, Z,, et al. (2021). MIF-Mediated
NF-xb Signaling Pathway Regulates the Pathogenesis of Polycystic Ovary
Syndrome in Rats. Cytokine 146, 155632. doi: 10.1016/j.cyt0.2021.155632

Insenser, M., Murri, M., Campo, R., Martinez-Garcia, MA., Fernandez-Duran, E.,
and Escobar-Morreale, H. F. (2018). Gut Microbiota and the Polycystic Ovary
Syndrome: Influence of Sex, Sex Hormones, and Obesity. J. Clin. Endocrinol.
Metab. 103 (7), 2552-2562. doi: 10.1210/jc.2017-02799

Jobira, B, Frank, D. N., Pyle, L., Silveira, L. ]., Kelsey, M. M., Garcia-Reyes, Y., et al.
(2020). Obese Adolescents With PCOS Have Altered Biodiversity and Relative
Abundance in Gastrointestinal Microbiota. J. Clin. Endocrinol. Metab. 105 (6),
€2134-e2144. doi: 10.1210/clinem/dgz263

Karjula, S., Morin-Papunen, L., Auvinen, J., Ruokonen, A., Puukka, K., Franks, S.,
et al. (2017). Psychological Distress is More Prevalent in Fertile Age and
Premenopausal Women With Pcos Symptoms: 15-Year Follow-Up. J. Clin.
Endocrinol. Metab. 102 (6), 1861-1869. doi: 10.1210/jc.2016-3863

Kelley, S. T., Skarra, D. V., Rivera, A. ], and Thackray, V. G. (2016). The Gut
Microbiome Is Altered in a Letrozole-Induced Mouse Model of Polycystic Ovary
Syndrome. PloS One 11 (1), 0146509. doi: 10.1371/journal.pone.0146509

Kelly, C.J., Zheng, L., Campbell, E. L., Saeedi, B., Scholz, C. C., Bayless, A. ]., et al.
(2015). Crosstalk Between Microbiota-Derived Short-Chain Fatty Acids and
Intestinal Epithelial HIF Augments Tissue Barrier Function. Cell Host Microbe
17 (5), 662-671. doi: 10.1016/j.chom.2015.03.005

Kong, L. C,, Tap, J., Aron-Wisnewsky, J., Pelloux, V., Basdevant, A., Bouillot, J. L.,
et al. (2013). Gut Microbiota After Gastric Bypass in Human Obesity:
Increased Richness and Associations of Bacterial Genera With Adipose
Tissue Genes. Am. J. Clin. Nutr. 98 (1), 16-24. doi: 10.3945/ajcn.113.058743

Le, M. T, Le, V.N.S, Le, D. D, Nguyen, V. Q. H,, Chen, C, and Cao, N. T. (2019). Exploration
of the Role of Anti-Mullerian Hormone and LH/FSH Ratio in Diagnosis of Polycystic
Ovary Syndrome. Clin. Endocrinol. (Oxf) 90 (4), 579-585. doi: 10.1111/cen.13934

Liu, X., Mao, B, Gu, J., Wu, J., Cui, S., Wang, G., et al. (2021). Blautia-A New
Functional Genus With Potential Probiotic Properties? Gut. Microbes 13 (1),
1-21. doi: 10.1080/19490976.2021.1875796

Liu, Y., Yang, K,, Jia, Y., Shi, J., Tong, Z., Fang, D, et al. (2021). Gut Microbiome
Alterations in High-Fat-Diet-Fed Mice are Associated With Antibiotic
Tolerance. Nat. Microbiol. 6 (7), 874-884. doi: 10.1038/s41564-021-00912-0

Liu, X., Zheng, D., and Cheng, R. (2016). Curative Effect of Jianpigingwei
Therapeutic Effect in Treating 52 Cases of Overweight Women With
Insulin-Resistant and Polycystic Ovary Syndrome. World Chin. Med. 03,
418-421+426. doi: 10.3969/j.issn.1673-7202.2016.03.012

Liyanage, G., Inoue, R., Fujitani, M., Ishijima, T., Shibutani, T., Abe, K., et al.
(2021). Effects of Soy Isoflavones, Resistant Starch and Antibiotics on
Polycystic Ovary Syndrome (Pcos)-Like Features in Letrozole-Treated Rats.
Nutrients 13 (11), 3759. doi: 10.3390/nul3113759

Mago¢, T., and Salzberg, S. L. (2011). FLASH: Fast Length Adjustment of Short
Reads to Improve Genome Assemblies. Bioinformatics 27 (21), 2957-2963.
doi: 10.1093/bioinformatics/btr507. Oxford, England.

Nighot, M., Rawat, M., Al-Sadi, R., Castillo, E. F., Nighot, P., and Ma, T. Y. (2019).
Lipopolysaccharide- Induced Increase in Intestinal Permeability Is Mediated
by TAK-1 Activation of IKK and MLCK/MYLK Gene. Am. . Pathol. 189 (4),
797-812. doi: 10.1016/j.ajpath.2018.12.016

Pan, B., Liu, X,, Shi, J., Chen, Y., Xu, Z., Shi, D., et al. (2021). A Meta-Analysis of
Microbial Therapy Against Metabolic Syndrome: Evidence From Randomized
Controlled Trials. Front. Nutr. 8. doi: 10.3389/fnut.2021.775216

Parker, J., O’Brien, C., and Hawrelak, J. (2022). A Narrative Review of the Role of
Gastrointestinal Dysbiosis in the Pathogenesis of Polycystic Ovary Syndrome.
Obstetric. Gynecol. Sci. 65 (1), 14-28. doi: 10.5468/0gs.21185

Parséus, A., Sommer, N., Sommer, F., Caesar, R, Molinaro, A., Stihlman, M., et al.
(2017). Microbiota-Induced Obesity Requires Farnesoid X Receptor. Gut 66
(3), 429-437. doi: 10.1136/gutjnl-2015-310283

Patel, S. (2018). Polycystic Ovary Syndrome (PCOS), an Inflammatory, Systemic,
Lifestyle Endocrinopathy. J. Steroid Biochem. Mol. Biol. 182, 27-36.
doi: 10.1016/j.jsbmb.2018.04.008

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2022 | Volume 12 | Article 854796


https://doi.org/10.1016/j.cmet.2020.08.012
https://doi.org/10.1016/j.fertnstert.2020.01.027
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.3390/genes9010010
https://doi.org/10.1128/CMR.00022-13
https://doi.org/10.1097/j.pbj.0000000000000116
https://doi.org/10.1007/s40618-019-01014-9
https://doi.org/10.1038/s41598-021-03396-4
https://doi.org/10.1136/gutjnl-2014-308778
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.18632/oncotarget.19180
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/ismej.2014.97
https://doi.org/10.3748/wjg.v20.i43.16079
https://doi.org/10.1038/s41467-020-20746-4
https://doi.org/10.1080/09513590.2019.1613640
https://doi.org/10.1186/s40168-021-01046-5
https://doi.org/10.1186/s13048-020-00670-3
https://doi.org/10.1186/s13048-020-00670-3
https://doi.org/10.1111/obr.12370
https://doi.org/10.1111/obr.12370
https://doi.org/10.1016/j.cyto.2021.155632
https://doi.org/10.1210/jc.2017-02799
https://doi.org/10.1210/clinem/dgz263
https://doi.org/10.1210/jc.2016-3863
https://doi.org/10.1371/journal.pone.0146509
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.3945/ajcn.113.058743
https://doi.org/10.1111/cen.13934
https://doi.org/10.1080/19490976.2021.1875796
https://doi.org/10.1038/s41564-021-00912-0
https://doi.org/10.3969/j.issn.1673-7202.2016.03.012
https://doi.org/10.3390/nu13113759
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1016/j.ajpath.2018.12.016
https://doi.org/10.3389/fnut.2021.775216
https://doi.org/10.5468/ogs.21185
https://doi.org/10.1136/gutjnl-2015-310283
https://doi.org/10.1016/j.jsbmb.2018.04.008
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Zhao et al.

Research in Microbiology of PCOS-IR

Pathak, P., Xie, C., Nichols, R. G., Ferrell, J. M., Boehme, S., Krausz, K. W, et al.
(2018). Intestine Farnesoid X Receptor Agonist and the Gut Microbiota
Activate G-Protein Bile Acid Receptor-1 Signaling to Improve Metabolism.
Hepatol. (Baltim. Md.) 68 (4), 1574-1588. doi: 10.1002/hep.29857

Qi, X,, Yun, C,, Sun, L., Xia, ], Wu, Q., Wang, Y., et al. (2019). Gut Microbiota-Bile
Acid-Interleukin-22 Axis Orchestrates Polycystic Ovary Syndrome. Nat. Med.
25 (8), 1225-1233. doi: 10.1038/s41591-019-0509-0

Rizk, M. G., and Thackray, V. G. (2020). Intersection of Polycystic Ovary Syndrome
and the Gut Microbiome. J. Endoc. Soc. 5 (2), bvaal77. doi: 10.1210/jendso/bvaal77

Sanna, S., van Zuydam, N. R,, Mahajan, A., Kurilshikov, A., Vich Vila, A., Vosa,
U., et al. (2019). Causal Relationships Among the Gut Microbiome, Short-
Chain Fatty Acids and Metabolic Diseases. Nat. Genet. 51 (4), 600-605.
doi: 10.1038/s41588-019-0350-x

Shin, N. R, Lee, J. C., Lee, H. Y., Kim, M. S., Whon, T. W., Lee, M. S., et al. (2014).
An Increase in the Akkermansia Spp. Population Induced by Metformin
Treatment Improves Glucose Homeostasis in Diet-Induced Obese Mice. Gut
63 (5), 727-735. doi: 10.1136/gutjnl-2012-303839

Starling, S. (2021). Key Role for Gut Microbiota in PCOS Development. Nat. Rev.
Endocrinol. 17 (9), 515. doi: 10.1038/s41574-021-00534-w

Szeliga, A., Rudnicka, E., Maciejewska-Jeske, M., Kucharski, M., Kostrzak, A., Hajbos,
M,, et al. (2022). Neuroendocrine Determinants of Polycystic Ovary Syndrome.
Int. J. Environ. Res. Public Health 19 (5), 3089. doi: 10.3390/ijerph19053089

Teede, H. J., Hutchison, S. K., and Zoungas, S. (2007). The Management of Insulin
Resistance in Polycystic Ovary Syndrome. Trends Endocrinol. Metab. 18 (7),
273-279. doi: 10.1016/j.tem.2007.08.001

Thackray, V. G. (2019). Sex, Microbes, and Polycystic Ovary Syndrome. Trends
Endocrinol. Metabol.: TEM. 30 (1), 54-65. doi: 10.1016/j.tem.2018.11.001

Torres, P. J., Ho, B. S., Arroyo, P., Sau, L., Chen, A., Kelley, S. T., et al. (2019).
Exposure to a Healthy Gut Microbiome Protects Against Reproductive and
Metabolic Dysregulation in a PCOS Mouse Model. Endocrinology 160 (5),
1193-1204. doi: 10.1210/en.2019-00050

Torres, P. J., Siakowska, M., Banaszewska, B., Pawelczyk, L., Duleba, A. ]., Kelley, S.
T., et al. (2018). Gut Microbial Diversity in Women With Polycystic Ovary
Syndrome Correlates With Hyperandrogenism. J. Clin. Endocrinol. Metab. 103
(4), 1502-1511. doi: 10.1210/jc.2017-02153

Tremellen, K., and Pearce, K. (2012). Dysbiosis of Gut Microbiota (DOGMA)-a
Novel Theory for the Development of Polycystic Ovarian Syndrome. Med.
Hypotheses 79 (1), 104-112. doi: 10.1016/j.mehy.2012.04.016

Vojinovic, D., Radjabzadeh, D., Kurilshikov, A., Amin, N., Wijmenga, C., Franke,
L., et al. (2019). Relationship Between Gut Microbiota and Circulating
Metabolites in Population-Based Cohorts. Nat. Commun. 10 (1), 5813.
doi: 10.1038/s41467-019-13721-1

Vrieze, A., Holleman, F., Zoetendal, E. G., de Vos, W. M., Hoekstra, J. B., and
Nieuwdorp, M. (2010). The Environment Within: How Gut Microbiota may
Influence Metabolism and Body Composition. Diabetologia 53, 606-613.
doi: 10.1007/s00125-010-1662-7

Wabhlstrom, A., Sayin, S. I, Marschall, H. U., and Backhed, F. (2016). Intestinal
Crosstalk Between Bile Acids and Microbiota and Its Impact on Host
Metabolism. Cell Metab. 24 (1), 41-50. doi: 10.1016/j.cmet.2016.05.005

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian Classifier
for Rapid Assignment of rRNA Sequences Into the New Bacterial Taxonomy. Appl.
Environ. Microbiol. 73 (16), 5261-5267. doi: 10.1128/ AEM.00062-07

Wehr, E., Gruber, H. J., Giuliani, A., Méller, R., Pieber, T. R., and Obermayer-
Pietsch, B. (2011). The Lipid Accumulation Product is Associated With
Impaired Glucose Tolerance in PCOS Women. J. Clin. Endocrinol. Metab.
96 (6), E986-E990. doi: 10.1210/jc.2011-0031

Xie, F., Anderson, C. L., Timme, K. R., Kurz, S. G., Fernando, S. C., and Wood, J. R.
(2016). Obesity-Dependent Increases in Oocyte Mrnas Are Associated With
Increases in Proinflammatory Signaling and Gut Microbial Abundance of
Lachnospiraceae in Female Mice. Endocrinology 157 (4), 1630-1643.
doi: 10.1210/en.2015-1851

Xu, S., Bian, R,, and Chen, X. (2002). Pharmacological Experimental Methodolog
(Beijing: People’s Medical Publishing House), 202-203.

Yang, M., Hu, Z,, Yue, R,, Chen, Y., and Zhang, B. (2021). Effects of Banxia Xiexin
Decoction on Insulin Function in Type 2 Diabetes Mellitus Rats by
Regulating’intestinal Flora-Host'metabolism. China J. Trad. Chin. Med.
Pharm. 04, 2025-2032.

Yang, Xu, Yue, R., Xu, M., Zhang, B., and Chen, Y. (2019). Mechanism of Immune
Dysfunction Caused by Imbalanced Intestinal Micromicrobiota in Diabetic
Gastroparesis Rats and the Intervention of Banxiaxiexin Decoction.
Pharmacol. Clinics Chin. Materia. Med. 02, 17-21. doi: 10.13412/
j.cnkizyyl.2019.02.004

Yang, Y. L., Zhou, W. W., Wu, S,, Tang, W. L., Wang, Z. W., Zhou, Z. Y., et al.
(2021). Intestinal Flora is a Key Factor in Insulin Resistance and Contributes to
the Development of Polycystic Ovary Syndrome. Endocrinology 162 (10),
bqab118. doi: 10.1210/endocr/bqab118

Yu, Y., Cao, Y., Huang, W, Liu, Y., Lu, Y., and Zhao, J. (2021). B-Sitosterol
Ameliorates Endometrium Receptivity in PCOS-Like Mice: The Mediation of
Gut Microbiota. Front. Nutr. 8. doi: 10.3389/fnut.2021.667130

Zheng, S., Du, D., and Li, X. (2017). Leptin Levels in Women With Polycystic
Ovary Syndrome: A Systematic Review and a Meta-Analysis. Reprod. Sci. 24
(5), 656. doi: 10.1177/1933719116670265

Zheng, Y. H., Xu, Y., Ma, H. X,, Liang, C. ]., and Yang, T. (2021). Effect of High-Fat
Diet on the Intestinal Flora in Letrozole-Induced Polycystic Ovary Syndrome
Rats. Evidence-Based Compl. Altern. Med.: eCAM. 2021, 6674965. doi: 10.1155/
2021/6674965

Zhou, L., Ni, Z., Cheng, W., Yu, ], Sun, S., Zhai, D,, et al. (2020). Characteristic
Gut Microbiota and Predicted Metabolic Functions in Women With PCOS.
Endoc. Connect. 9 (1), 63-73. doi: 10.1530/EC-19-0522

Zhu, Y., Li, Y., Liu, M., Hu, X, and Zhu, H. (2020). Guizhi Fuling Wan, Chinese
Herbal Medicine, Ameliorates Insulin Sensitivity in PCOS Model Rats With
Insulin Resistance Via Remodeling Intestinal Homeostasis. Front. Endocrinol.
11. doi: 10.3389/fendo.2020.00575

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhao, Chen, Zheng, Xiong, Jia, Liu, Zhang, Zhang, Zhu, Liu, Zhao
and Liu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2022 | Volume 12 | Article 854796


https://doi.org/10.1002/hep.29857
https://doi.org/10.1038/s41591-019-0509-0
https://doi.org/10.1210/jendso/bvaa177
https://doi.org/10.1038/s41588-019-0350-x
https://doi.org/10.1136/gutjnl-2012-303839
https://doi.org/10.1038/s41574-021-00534-w
https://doi.org/10.3390/ijerph19053089
https://doi.org/10.1016/j.tem.2007.08.001
https://doi.org/10.1016/j.tem.2018.11.001
https://doi.org/10.1210/en.2019-00050
https://doi.org/10.1210/jc.2017-02153
https://doi.org/10.1016/j.mehy.2012.04.016
https://doi.org/10.1038/s41467-019-13721-1
https://doi.org/10.1007/s00125-010-1662-7
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1210/jc.2011-0031
https://doi.org/10.1210/en.2015-1851
https://doi.org/10.13412/j.cnki.zyyl.2019.02.004
https://doi.org/10.13412/j.cnki.zyyl.2019.02.004
https://doi.org/10.1210/endocr/bqab118
https://doi.org/10.3389/fnut.2021.667130
https://doi.org/10.1177/1933719116670265
https://doi.org/10.1155/2021/6674965
https://doi.org/10.1155/2021/6674965
https://doi.org/10.1530/EC-19-0522
https://doi.org/10.3389/fendo.2020.00575
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Modified Banxia Xiexin Decoction Ameliorates Polycystic Ovarian Syndrome With Insulin Resistance by Regulating Intestinal Microbiota
	Introduction
	Methods
	Animals
	Herbal Materials
	Establishment of Polycystic Ovarian Syndrome With Insulin Resistance Model
	Serum Sample Collection and Analysis
	Ovarian Tissue Collection and Observation
	Fecal Sample Collection
	DNA Extraction and PCR Amplification
	Illumina MiSeq Sequencing and Processing of Data
	Data Statistical Analysis

	Results
	General Characteristics of the Experimental Rats
	Ovarian Histomorphological Changes
	α- and β-Diversity of Intestinal Microbiota Community
	Analysis of Intestinal Microbiota Community
	Predictive Functional Profiling of Microbiota Community

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


