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Abstract

Background: Studies had shown many diseases affect the stability of human microbiota, but how this relates to
benign prostatic hyperplasia (BPH) has not been well understood. Hence, this study aimed to investigate the regula-
tion of BPH on gut microbiota composition and metabonomics.

Methods: We analyzed gut samples from rats with BPH and healthy control rats, the gut microbiota composition
and metabonomics were detected by 165 rDNA sequencing and liquid chromatography tandem mass spectrometry
(LC-MS/MS).

Results: High-throughput sequencing results showed that gut microbiota beta-diversity increased (P<0.01) in the
BPH group vs. control group. Muribaculaceae (P < 0.01), Turicibacteraceae (P < 0.05), Turicibacter (P<0.01) and Copro-
coccus (P<0.01) were significantly decreased in the BPH group, whereas that of Mollicutes (P <0.05) and Prevotella
(P <0.05) were significantly increased compared with the control group. Despite profound interindividual variability,
the levels of several predominant genera were different. In addition, there were no statistically significant differ-
ences in several bacteria. BPH group vs. control group: Firmicutes (52.30% vs. 57.29%, P> 0.05), Bacteroidetes (46.54%
vs. 41.64%, P> 0.05), Clostridia (50.89% vs. 54.66%, P> 0.05), Ruminococcaceae (25.67% vs. 20.56%, P> 0.05). LC-MS/
MS of intestinal contents revealed that differential metabolites were mainly involved in cellular processes, environ-
mental information processing, metabolism and organismal systems. The most important pathways were global and
overview maps, lipid metabolism, amino acid metabolism, digestive system and endocrine system. Through enrich-
ment analysis, we found that the differential metabolites were significantly enriched in metabolic pathways, steroid
hormone biosynthesis, ovarian steroidogenesis, biosynthesis of unsaturated fatty acids and bile secretion. Pearson
correlation analysis (R =0.94) showed that there was a strong correlation between Prevotellaceae, Corynebacteriaceae,
Turicibacteraceae, Bifidobacteriaceae and differential metabolites.
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Conclusion: Our findings suggested an association between the gut microbiota and BPH, but the causal relationship
between the two groups is unclear. Thus, further studies are warranted to elucidate the potential mechanisms and

causal relationships between BPH and gut microbiota.
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Background
Gut microbiota co-evolve with humans and make sig-
nificant contributions to human biology and devel-
opment [1]. Over the past decade, there has been a
growing understanding of the important role of the
human gut microbiome in health and disease. The
human gut microbiome is made up of about 40 trillion
microbes, including up to 1000 different microbial spe-
cies [2, 3]. In general, the continuous competition and
interaction among microorganisms may lead to a grad-
ual change in the structure of microbial communities
from simple to complex, and eventually to a dynami-
cally balanced ecosystem [4]. Many animal and human
studies have shown that intestinal microbiota plays an
important role in growth and development, metabo-
lism, immune regulation, and promoting host health.
Due to the close symbiotic relationship between intes-
tinal microbiota and host, dysregulation of gut micro-
biome has been linked to diseases in many systems or
the suggestion that the microbiome was influenced by
these diseases, such as the gut microbial markers of
type 2 diabetes may be useful for classifying type 2 dia-
betes, and the bacterial markers of type 2 diabetes may
affect the intestinal flora [5, 6]; Crohn’s disease reduces
the diversity of gut microbes [7, 8]. Colorectal cancer
was associated with decreased bacterial diversity in
feces [9]. Therefore, looking for factors that affect the
homeostasis of the intestinal flora is of great signifi-
cance for us to further understand the intestinal flora
and prevent and treat intestinal-related diseases.
Benign prostatic hyperplasia (BPH) is one of the most
common diseases of older men, affecting about 42% by
age fifty and about 80% by age eighty [10], this propor-
tion increased to 90% by age 85 [10—12]. Men with BPH
usually exhibit a range of lower urinary tract symptoms
(LUTS), including frequent and urgent urination, noc-
turia, urine hesitance, and reduced urination [10, 13],
which can lead to urinary dysfunction and have a nega-
tive impact on quality of life [14]. BPH has been con-
sidered as a complex inflammatory condition which
is influenced by the oral and gut microbiota [15-18].
However, it is not clear whether BPH status can influ-
ence the intestinal flora. Hence, we use animal models
to study the effects of BPH on gut microbiota compo-
sition and metabonomics, from the level of 16S rDNA

sequencing and liquid chromatography tandem mass
spectrometry (LC-MS/MS).

Methods

Source of animals and study design

The male SPF grade SD rats (7-week-old, n=10) were
provided by the Beijing Vital River Laboratory Animal
Technology Co. Ltd. Rats were kept in constant envi-
ronmental conditions of humidity (55+10)% and tem-
perature (22+2)°C on a 12-h light/dark cycle and had
unrestricted access to water and food. All animals were
randomly distributed to the cages by an animal facilities
technician, and before any procedure, the cages were
selected randomly and randomized to each group by a
person not involved in the study. All the in vivo experi-
ments as well as the investigators responsible for data
collection and analysis were blinded. The animals were
cared for in accordance with the “Guide for the care
and use of laboratory animals” in China. This study was
approved by the Animal Ethics Committee of Wuhan
University (IACUC 2018119), and all efforts were made
to minimize animal suffering.

Experimental model of BPH

SD rats were adaptively fed for one week in the animal
house, then were divided into two groups according to
a randomized block design: control group (n=5), and
BPH group (n=5). The experiments were carried out
according to established methods. The rats in BPH group
were anesthetized and castrated. A week later, testoster-
one (5 mg/kg) was administered to the rats of the BPH
group once a day for 4 weeks [19, 20]. The rats in control
group received no intervention. The weight of all rats was
measured and feces were collected from each rat after the
intervention. Feces were collected in sterile cryopreser-
vation tubes, and then labeled and stored in a—80 °C
refrigerator. The rats were anesthetized with an intraperi-
toneal injection of pentobarbital sodium and sacrificed,
then prostate tissue samples from each rat were sepa-
rated and the wet weight of the prostate tissue was meas-
ured. Prostate tissue was fixed with 4% formaldehyde,
and tissue sections were subsequently made.
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HE and masson staining

For histological evaluation, all the rat prostate paraffin
blocks were cut into Sects. 3 - 5 pm thick. For HE stain-
ing, the sections were stained with haematoxylin for
10 min and then stained with eosin for 15 min. For Mas-
son staining, the sections were stained with haematoxylin
for 10 min, Ponceau for 10 min, phosphomolybdic acid
for 2 min, and aniline blue for 2 min.

DNA extraction, 16S rDNA amplification and sequencing
analysis

The microbial community DNA was extracted using
MagPure Stool DNA KF kit B (Magen, China) follow-
ing the manufacturer’s instructions. DNA was quanti-
fied with a Qubit Fluorometer by using Qubit dsDNA BR
Assay kit (Invitrogen, USA) and the quality was checked
by running aliquot on 1% agarose gel.

Variable regions V3-V4 of bacterial 165 rRNA gene
was amplified with degenerate PCR primers, 341F (5'-
ACTCCTACGGGAGGCAGCAG-3’) and 806R (5-GGA
CTACHVGGGTWTCTAAT-3’). PCR cycling conditions
were as follows: 94 °C for 3 min, 30 cycles of 94 °C for
30 s, 56 °C for 45 s, 72 °C for 45 s and final extension for
10 min at 72 °C. The PCR products were purified with
AmpureXP beads and eluted in Elution buffer. Libraries
were qualified by the Agilent 2100 bioanalyzer (Agilent,
USA). The validated libraries were used for sequencing
on Illumina MiSeq platform (BGI, Shenzhen, China) fol-
lowing the standard pipelines of Illumina.

Clean data was obtained by processing the original
sequencing data. The specific steps are as follows: (1)
Reads that can be matched with primers are intercepted
with Cutadapt V2.6 software to obtain fragments of the
target region. (2) The method of removing low quality
by window was adopted: 30 bp was set as the window
length. If the window average quality value was lower
than 20, the read end sequence was removed from the
window and the reads whose final read length was lower
than 75% of the original read length were removed. (3)
Remove reads containing N. (4) The low-complexity
reads were removed to obtain the final clean data. After
removing adaptors and low-quality and ambiguous bases,
the paired-end reads were added to tags by the Fast
Length Adjustment of Short reads program (FLASH,
v1.2.11) to get the tags. The tags were clustered into
operational taxonomic units (OTUs) with a cutoff value
of 97% [21] using UPARSE software (v7.0.1090) and chi-
mera sequences were compared with the Gold database
using UCHIME (v4.2.40) for detection. Then, OTU rep-
resentative sequences were taxonomically classified using
Ribosomal Database Project (RDP) Classifier v2.2 with a
minimum confidence threshold of 0.6, and trained on the
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Greengenes database [22] v201305 by QIIME v1.8.0 [23].
USEARCH global was used to compare all tags back to
OTU to get the OTU abundance statistics table of each
sample.

Sequencing analysis includes alpha diversity analysis,
beta diversity analysis and different taxa analysis. Alpha
diversity analysis was the analysis of taxa diversity within
a single sample. Chao index and Shannon index were used
to evaluate the microbiota richness and evenness of a sin-
gle sample. Beta diversity analysis was conducted based
on weighted and unweighted UniFrac distance matrix
[24]. Beta diversity analysis was carried out to compare
the differences in microbial composition between groups.
Linear discriminant analysis effect size (LEfSe) difference
analysis was used to identify taxa with significant differ-
ences by LEfSe [25]. Alpha and beta diversity were esti-
mated by MOTHUR (v1.31. 2) and QIIME (v1.8.0) at the
OTU level, respectively. Sample cluster was conducted by
QIIME (v1.8.0) based on unweighted pair group method
with arithmetic mean (UPGMA). Kyoto encyclopedia of
genes and genomes (KEGG) and clusters of orthologous
genes (COQG) functions were predicted using the PIC-
RUSt software. Barplot and heatmap of different classi-
fication levels were plotted with R package v3.4.1 and R
package “gplots’, respectively.

LC-MS/MS analysis

We used a Waters 2D ultra performance liquid chroma-
tography (UPLC) (Waters, USA) tandem Q Exactive HF
high resolution mass spectrometer (Thermo Fisher Sci-
entific, USA) for separation and detection of metabolites.
A 50 pl sample was extracted from each gut specimen
and mixed to make quality control (QC) samples [26].
To provide more reliable experimental results during
instrument testing, the samples are randomly ordered to
reduce system errors. A QC sample is interspersed for
every 10 samples [27].

The samples were analyzed on a Waters 2D UPLC,
coupled to a Q-Exactive mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) with a heated
electrospray ionization (HESI) source and controlled by
the Xcalibur 2.3 software program (Thermo Fisher Sci-
entific, Waltham, MA, USA). Chromatographic separa-
tion was performed on a Waters ACQUITY UPLC BEH
C18 column (1.7 um, 2.1 mm x 100 mm, Waters, USA),
and the column temperature was maintained at 45 °C.
The mobile phase consisted of 0.1% formic acid (A) and
acetonitrile (B) in the positive mode, and in the negative
mode, the mobile phase consisted of 10 mmol/L ammo-
nium formate (A) and acetonitrile (B). The gradient con-
ditions were as follows: 0—1 min, 2% B; 1-9 min, 2-98%
B; 9-12 min, 98% B; 12.0-12.1 min, 98% B to 2% B; and
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12.1-15.0 min, 2% B. The flow rate was 0.35 ml/min and
the injection volume was 5 pl.

The mass spectrometric settings for positive/negative
ionization modes were as follows: spray voltage, the posi-
tive ion mode is 3.8 kV, and the negative ion mode is 3.2 kV;
sheath gas flow rate, 40 arbitrary units (arb); aux gas flow
rate, 10 arb; aux gas heater temperature, 350 °C; capillary
temperature, 320 °C. The full scan range was 70-1050 m/z
with a resolution of 120,000, and the automatic gain con-
trol (AGC) target for MS acquisitions was set to 3e6 with
a maximum ion injection time of 100 ms. Top 3 precursors
were selected for subsequent MSMS fragmentation with
a maximum ion injection time of 50 ms and resolution of
30,000, the AGC was 1e5. The stepped normalized collision
energy was set to 20, 40 and 60 eV.

The mass spectrometry raw data (raw file) collected by
LC-MS/MS was imported into Compound Discoverer
3.1 (Thermo Fisher Scientific, USA) for data processing,
this mainly included peak extraction, peak alignment,
and compound identification. Data pre-processing, sta-
tistical analysis, metabolite classification annotations
and functional annotations were performed using the
self-developed metabolomics R package metaX and the
metabolome bioinformatic analysis pipeline. The mul-
tivariate raw data was dimensionally reduced by princi-
pal component analysis (PCA) to analyze the groupings,
trends (intra-group and inter-group similarities and dif-
ferences) and outliers of the observed variables in the
data set (whether there is an abnormal sample). Using
Partial Least Squares Method-Discriminant Analysis
(PLS-DA), the Variable Importance in Projection (VIP),
the variability analysis, the fold change and the Student’s
t test to screen for differential metabolites. During the
analysis, the data were log, transformed and z-score
normalized (zero-mean normalization). The clustering
algorithm used hierarchical cluster, and the distance cal-
culation was performed in Euclidean distance. Metabolic
pathway enrichment analysis of differential metabolites
was performed based on the KEGG database. Metabolic
pathways with P<0.05 were significantly enriched by dif-
ferential metabolites.

16S and metabolome correlation analysis

The metabolites obtained under the positive and negative
ion collection mode were combined. When more than 200
metabolites were identified in the metabolome, Weighted
Gene Co-expression Network Analysis (WGCNA) was
used to reduce the dimensionality of the metabolome
data. Rank correlation analysis, namely Spearman correla-
tion analysis, was used to evaluate the correlation between
two variables (metabolite abundance and microbial abun-
dance). Spearman correlation analysis was performed
on the metabolite co-expression cluster, the metabolic
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pathway to which the metabolites belong, and the differ-
ential metabolites with microorganisms at different lev-
els, respectively, to reveal the correlation between the two
omics in different dimensions and resolutions. Corr. test
in R software was used to perform this analysis. Canonical
correlation analysis (CCA) was used to calculate the over-
all correlation between metabolites and microorganisms,
and to identify highly correlated biomarkers with classifi-
cation effect. This project uses mixOmics in R software to
implement canonical correlation analysis.

Statistical analysis

The data were expressed as the means+stand-
arderrorofmean (SEM). Statistical analysis was per-
formed using SPSS 17.0 software (SPSS, Inc., Chicago,
IL, USA). The differences between groups were analyzed
with an independent-sample ¢ test, Wilcoxon rank-sum
test or Mann—Whitney U test; Correlations were iden-
tified by Spearman’s rank correlation coefficient (sig-
nificance thresholds were P<0.05) using the corrplot
package in R (v3.4.1). GraphPad Prism v8.0 (GraphPad
Software Inc., San Diego, CA, USA) and R are used for
various analyses and chart preparation. P<0.05 was con-
sidered statistically significant.

Results

Establishment of BPH model

In the BPH group, the appearance of the prostate tis-
sue in rats was significantly larger than that in con-
trol group (Fig. 1a). The value of the prostate weight
[(1009.40 - 26.10) mg] was higher than that in the control
group [(481.50£26.50) mg] (P<0.01). Prostate weight
index, which could more accurately reflect the prostatic
hyperplasia, was significantly larger than that in the con-
trol group (P<0.01, Fig. 1b). The histological morphology
of the prostate tissue in the BPH group was abnormal:
the prostate connective tissue was increased in shape and
size, the epithelial cell layer and lumen space in the BPH
group were increased compared to those of the control
group (Fig. 1c). Interacinar fibrosis was observed in the
prostate gland in BPH group, and the amount of fibrous
connective tissue was increased compared with that in
control group (Fig. 1d). The above results indicated that
the BPH model had been achieved.

BPH is associated with alteration of gut microbiota
diversity

Sequencing depth and quality are up to standard

In the microbiome analysis, a total of 707,592 and
706,930 original sequences were acquired from the
BPH and control groups, respectively (Additional file 1:
Table S1). After eliminating the unqualified data, a total
number of 682,160 clean reads were obtained from the
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Fig. 1 Pathological model of BPH in rats. a Anatomical map of rat prostate specimen (red arrows show the prostate tissue of a rat). b Prostate
weight indexes were calculated dividing prostate weight (mg) by body weight (g). Results are expressed as mean £ SEM, **P <0.01. HE staining (c)

and Masson staining (d) of histopathological images of the prostate glands in each group [Masson staining: prostatic epithelial cells (blue arrow),
smooth muscle cells (yellow arrow), and collagen fibers (green arrow)]. BPH: benign prostatic hyperplasia
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control group, and 684,936 clean reads were obtained
from the BPH group, with an average of 96.65% (ranging
from 96.21% to 97.04%) effective per sample (Additional
file 1: Table S1). There was no statistical difference in the
number of reads in sequencing data between the two
groups (P>0.05) (Additional file 2: Fig. S1a). Then, a total
of 4412 OTUs (control=2156, BPH=2256) were identi-
fied based on 97% nucleotide sequence similarity from
reads respectively (Additional file 1: Table S1). The OTUs
were also not significantly different between the groups
(P>0.05) (Additional file 2: Fig. S1b), indicating that they
presented similar microbiome richness.

To prove that all samples were sequenced to achieve
excellent sequence depth and richness. The rarefac-
tion and species accumulation curves for all the samples
tended to be stable (Additional file 2: Fig. S1c). The curves
of observed species could reflect the evenness, rich-
ness and diversity of each sample sequence. The number
of qualified sequences reached 50,000, suggesting that
sequencing’s depth and quantity met the demands for
sequencing and analysis and covered most of the diver-
sity. Furthermore, the OTU rank abundance curve was
wide and falling gently, showing excellent abundance and
evenness (Additional file 2: Fig. S1d).

BPH may affect inter-group diversity (beta-diversity)

but not intra-group individual diversity (alpha-diversity)

The PCA analysis showed that gut samples in the control
and BPH groups were separated into clusters, indicat-
ing that gut microbiota in the two groups was different
(Fig. 2a). Alpha-diversity reflected the species richness
and internal diversity of each individual sample, which
was determined by several indexes. Chao index and
Simpson index were calculated. We used the Chao index
to estimate the gut microbial richness, which simply
referred to the number of species in the community. We
found that there was no statistical difference in Chao
index between the two groups (P=0.55, Fig. 2b), but it
showed an upward trend in BPH, which may indicate that
the richness of gut microbiota in BPH group was slightly
higher than that in control group. Shannon index of the
gut microbiota showed a downward trend in the BPH
group compared to control group, but the differences
were not significant (P=0.31, Fig. 2¢).

Unlike alpha-diversity, beta-diversity shows the vari-
ations of microbial communities between samples or
groups. Principal coordinate analysis (PCoA) plots based
on the unweighted UniFrac distance shows that gut
microbial communities of the two groups are clearly sep-
arated into different clusters (Fig. 2d), and the beta differ-
ence boxplot shows significant differences between two
groups (P<0.01, Fig. 2e). Those indicate that BPH has
significant effect on the diversity of intestinal flora in rats.
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Gut microbiota composition is altered between the two
groups

To analyze the reasons for the differences in gut micro-
biota diversity and explain more detailed changes in the
gut microbial structure between the two groups, we used
bar charts to show the composition of the dominant
microflora in the two groups and observe the significant
changes of the microflora at different levels. Analysis
of the gut microbiome also showed different composi-
tions and abundance at the genus, family and class levels
respectively (Fig. 3a—c). We found that compared with
the control group, S24-7/Muribaculaceae[28], Coproc-
occus, Turicibacter, and Turicibacteraceae were signifi-
cantly decreased in the BPH group (P<0.05 or P<0.01,
Fig. 3d-i), and Prevotella and Mollicutes were signifi-
cantly increased (P<0.05, Fig. 3h, i). The predominant
bacteria were Firmicutes and Bacteroidetes at the phy-
lum level (Additional file 2: Fig. Sle), although there were
no statistically significant differences for Firmicutes and
Bacteroidetes (P>0.05), Firmicutes (52.30% vs. 57.29%)
showed a decreased trend and Bacteroidetes (46.54%
vs. 41.64%) showed an increased trend compared with
the control group. At the class level, compared with the
control group, Mollicutes were significantly increased
(P<0.05, Fig. 3i), while Clostridia (50.89% vs. 54.66%,
P>0.05, Fig. 3c) showed a decreased trend in BPH
group. At the family level, Muribaculaceae and Turici-
bacteraceae were significantly decreased in BPH group
(P<0.01, P<0.05, Fig. 3d, g), while Ruminococcaceae
(25.67% vs. 20.56%, P>0.05, Fig. 3b) showed an increased
trend compared with the control group. At the genus
level, Coprococcus and Turicibacter were significantly
decreased in BPH group (P<0.01, Fig. 3e, f), but Prevo-
tella were significantly increased compared with the con-
trol group (P<0.05, Fig. 3h).

To visually display the species composition and dif-
ferences of the samples, according to the differences in
results of each sample, the UPGMA clustering method
was adopted to carry out clustering analysis on the sam-
ples at family class level (Fig. 4a). LEfSe analysis [« =0.05,
linear discriminant analysis (LDA) score>2.0] coupled
with a Species Composition Graph was performed to
further compare the differences in intestinal microflora
between the two groups (Fig. 4b, c). BPH group displayed
a significant increase in the abundance of Corynebacte-
riaceae, Prevotellaceae, Bacteroidales, Bacteroidia, Bacte-
roidetes, Prevotella, Corynebacterium as well as a distinct
decrease in the abundance of Firmicutes, Clostridiales,
Clostridia, Bacilli, Turicibacteraceae, Turicibacterales,
Bifidobacteriaceae, Bifidobacteriales, Coriobacteriales,
Coriobacteriia,  Coriobacteriaceae, Lachnospiraceae,
Turicibacter, Bilophila, Bifidobacterium, Adlercreutzia,
and Coprococcus.
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Fig. 2 BPH affect inter-group diversity but not intra-group individual diversity. a Principal components analysis (PCA) of fecal microbiota from
control and BPH group. b, ¢ Box plots (Chao index) and dilution curve (Shannon index) show alpha diversity in gut microbiota of control and BPH
rats, which reflect the richness and species diversity of each sample. Differences were assessed by non-parametric Wilcox test. d Principal coordinate
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symbol corresponds to an individual sample. e Box plots showing beta diversity in fecal microbiota of control and BPH group (**P<0.01). BPH:
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We mapped the 16S sequencing results with the func-
tional genes in the database to obtain the COG function
prediction results. Wilcox test was used to look for the
differences in functions between the groups after predict-
ing the functions of all the samples, and the graph is pre-
sented (Fig. 4d). We found that the following functions
were higher in the BPH group than that in the control
group: translation, ribosomal structure and biogenesis,
nucleotide transport and metabolism, posttranslational
modification, protein turnover, chaperones, replication,
recombination and repair, lipid transport and metabo-
lism (P<0.05). However, coenzyme transport and metab-
olism and signal transduction mechanisms were lower
than those of the control group (P<0.05).

BPH may alter the metabolism of gut microbiota

Intestinal metabolites are different between the two groups
The intestinal gut samples were analyzed using the untar-
geted metabolomics approach through LC-MS/MS
technology. Three visualization methods were used to
control the quality of the data. The content includes base

peak chromatogram (BPC), PCA and coefficient of varia-
tion (CV). We used a high-resolution mass spectrometer
to collect data from both positive and negative ions to
improve metabolite coverage. In the positive ion mode,
the BPC of all QC samples were overlapped and the spec-
tra were well overlapped (Additional file 2: Fig. S2a). PCA
score plot showed all QC samples clustered near the
origin in the PCA plot indicating good reproducibility
(Additional file 2: Fig. S2b). The CV plot for QC samples
showed that the proportion of positive ions (CV <30%)
reached 60% (Additional file 2: Fig. S2c). The QC sample
tests results of negative ions were like those of positive
ions (Additional file 2: Fig. S2d-f).

We performed the analysis and screening of differential
ions between the BPH and control groups. PLS-DA was
established based on the metabolomics data in two ion
modes. For positive ions, the results showed that the BPH
and control groups were well separated (Fig. 5a). The
results are similar for negative ions (Additional file 2: Fig.
S3a), which indicated that BPH significantly altered the
rat intestinal metabolites. Differential metabolites were
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screened by multiple analysis and ¢ test. The difference in
screening results for positive and negative ions separately
was shown by volcano maps (Fig. 5b, Additional file 2:
Fig. S3b), resulting in 1167 differential metabolites, 563
of which were upregulated and 604 downregulated in the
BPH group. Cluster analysis was performed for differen-
tial metabolites through Hierarchical Cluster and Euclid-
ean Distance. The differential metabolite was shown as
hierarchical cluster heatmaps (Fig. 5¢, Additional file 2:
Fig. S3¢), indicating a difference between the two groups
in intestinal metabolites.

BPH may cause changes in metabolic pathways

To further understand the functions performed by these
differential metabolites and their effects on the host.
The identified differential metabolites were classified
and annotated through KEGG database to clarify the
functional characteristics and determine the main bio-
chemical metabolic pathways and signal transduction
pathways. For positive ions, the metabolic pathways and
the number of metabolites corresponding to the differen-
tial metabolites are shown in Fig. 6a. The corresponding
up-regulated and down-regulated metabolites are shown
in the Fig. 6b. We found that the differential metabolites
were mainly involved in cellular processes, environmen-
tal information processing, metabolism and organismal
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systems. For metabolism pathway, the most important
pathways were global and overview maps (11 up-regula-
tion and 9 down-regulation), lipid metabolism (5 up-reg-
ulation and 8 down-regulation), amino acid metabolism
(2 up-regulation and 4 down-regulation), digestive sys-
tem (1 up-regulation and 4 down-regulation) and endo-
crine system (4 up-regulation and 2 down-regulation).
In addition, there were also circulator system, sensory
system, nervous system and immune system pathways.
The bubble diagram of metabolic pathway enrichment

analysis (Fig. 6¢) showed that the differential metabolites
were significantly enriched in the following pathways:
metabolic pathways, steroid hormone biosynthesis, ovar-
ian steroidogenesis, biosynthesis of unsaturated fatty
acids and bile secretion. Similar results were found for
negative ion metabolites (Additional file 2: Fig. S4). The
top 10 positive ion metabolic pathway enrichment rank-
ing results are shown in the Additional file 1: Table S2.
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Changes in metabolic pathways are associated with gut
microbiota

To further explore the internal correlation between the
metabolites differentially expressed in the samples and
the microbial groups, we conducted correlation analysis
at family levels.

Figure 6d not only shows the sample classification
effect of differential metabolites and the first and second
percentile scores of microbial groups, but also shows the
correlation between the first component of differential
metabolites and the first component of microorganisms.

The Pearson correlation coefficient (R=0.94) indicated a
strong correlation between microbial groups and the first
component of differential metabolites. The top 20 rela-
tionship pairs with the strongest rank correlation and the
top 20 relationship pairs with the strongest canonical cor-
relation were combined and presented by network graphs
(Fig. 6e), which indicates Prevotellaceae, Corynebacte-
riaceae, Turicibacteraceae, Bifidobacteriaceae were sig-
nificantly correlated with different metabolites.

At genus level, we found that different metabolites were
significantly correlated with Turicibacter, Prevotella,
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Coprococcus, Corynebacterium and Bilophila (Addi-
tional file 2: Fig. S5a). At class level, we also found that
different metabolites were significantly correlated with
Coriobacteria, RF3, Betaproteobacteria, Erysipelotrichi,
Mollicutes, and Bacilli (Additional file 2: Fig. S5b).

Discussion

Because homeostasis of the microbiome is important for
maintaining the health of the host, and the gut microbi-
ota may change under disease conditions [29, 30], study-
ing the response of microbial communities in the face of
interference is critical. BPH has a high incidence rate in
elderly men causing urination disorders, which seriously
affect patients’ quality of life [10]. In addition to caus-
ing urinary dysfunction, in this study, we also found that
BPH may have an impact on intestinal flora.

We found differences in the structure and function of
the microbiota between the BPH and control groups.
PCoA was used to compare the colonial differences.
PCoA showed that the BPH group and the control
group were clustered into two categories, indicating that
BPH could affect the intestinal flora diversity of rats. By
comparing the histogram of species classification, we
found that there were significant differences in the flora
between the two groups at the class family and genus lev-
els, respectively. Compared with the control group, the
level of Firmicutes, Clostridiales, Clostridia, Coprococcus,
Lachnospiraceae, Bacilli, Turicibacteraceae are reduced
and the level of Corynebacteriaceae, Prevotellaceae,
Prevotella, Corynebacterium, Bacteroidales are increased
in the BPH group.

The metabolic profile of the BPH group was signifi-
cantly different from that of the control group. The sam-
ple points of the BPH and control groups were obviously
separated in the PLS-DA, which indicates that BPH has
an obvious effect on intestinal tract metabolism. Based
on KEGG database, the metabolic pathways of differ-
ential metabolites were enriched and analyzed, and the
most significant pathways were metabolic pathways, ster-
oid hormone biosynthesis, and ovarian steroidogenesis.
We concluded that there may be a gut-genitourinary axis
to regulate the metabolic activities of the body.

More recently, the impact of metabolic factors for the
development of BPH or LUTS has increasingly been rec-
ognized [31]. We found that Firmicutes decreased and
Bacteroidales significantly increased in the BPH model.
This is similar to a study showing that depression causes
changes in gut microbiota [32], the study has found that
Firmicutes was significantly reduced in the major depres-
sive disorder groups compared with the healthy controls.
Some studies suggest that BPH can cause symptoms of
LUTS [33, 34], which has been shown to be associated
with depression [35]. Another study has linked LUTS to
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the central nervous system [36]. It is suggested that BPH
may affect changes of intestinal flora by causing abnor-
malities in the mental system. These findings enable a
better understanding of changes in the gut microbiota
composition in such patients, showing either a predomi-
nance of some potentially harmful bacterial groups or a
reduction in beneficial bacterial genera. Further studies
are warranted to elucidate the temporal and causal rela-
tionships between gut microbiota and depression and to
evaluate the suitability of the microbiome as a biomarker.

Through experiments combined using the KEGG
database, we found significant enhancement of steroid
hormone biosynthesis and metabolic pathways in the
intestinal tract (Additional file 1: Table S2). Some stud-
ies have shown a significant correlation between BPH
and androgens [37, 38]. A previous study has shown
that the metabolic diseases of diabetes can significantly
reduce Firmicutes and Clostridia in the intestine, and
Betaproteobacteria was highly associated with diabetic
compared to non-diabetic persons [39]. This is similar
to our findings that BPH could reduce intestinal Fir-
micutes and Clostridia, we also found that different
metabolites had a significant correlation with Betapro-
teobacteria. These results indicate that BPH may
change intestinal flora by affecting metabolic systems,
such as glucose metabolism and hormone metabolism.

Studies have shown that the interaction of Omega-3
with gut microbes and immunity helps maintain intes-
tinal wall integrity and interacts with the host immune
system [40, 41]. Our study found that the metabolic
pathways of biosynthesis of unsaturated fatty acids and
inflammatory mediator regulation of transient receptor
potential (TRP) channels were significantly altered in the
BPH group, suggesting that BPH may affect the intesti-
nal flora by affecting the immune system of the host or by
mediating inflammation.

We found changes in the metabolic pathways that regu-
late bile secretion. Related studies have shown that bile
acids are able to downregulate the expression of pro-
inflammatory cytokines from monocytes, macrophages,
dendritic cells and Kupffer cells [41, 42]. Moreover, free
taurine generated by deconjugation of primary bile acids
[43], can promote the activation of NOD-like receptor
family pyrin domain containing 6 (NLRP6) inflamma-
some and the production of IL-18, supporting epithelial
barrier function and maintenance [44]. This suggests that
BPH may affect the immune system via the gastrointesti-
nal system.

Our study found that, compared with the con-
trol group, the metabolic pathways related to tyrosine
metabolism changed significantly in rat intestinal tracts
in the BPH group. Tyrosine is the initial step in synthe-
sis and the metabolic precursor of norepinephrine and
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epinephrine [45]. Overactivation of the ACE2-angioten-
sin 1-7/Mas receptor axis path increases the levels of
the bioactive peptide hormone angiotensin II, which is
associated with the development of BPH [46]. This evi-
dence indicates that BPH might affect intestinal flora by
regulating changes in intestinal metabolites, or even that
intestinal flora may have an effect on the development of
BPH by regulating changes in intestinal metabolites, thus
forming a feedback pathway.

Recently, Takezawa et al. [47] included 128 patients
who underwent prostate biopsies and reported that
Firmicutes/Bacteroidetes ratio is associated with pros-
tate enlargement. Also, we found that Bacteroidetes and
Firmicutes were changed in BPH rats compared with
the control group. This suggests that the occurrence and
development of BPH may be strongly correlated with
the alteration of Bacteroidetes and Firmicutes. Another
study has reported that gut microbiota may be associ-
ated with ghrelin which plays an important role in acti-
vation of JAK2/STAT3 in BPH development, indicating
ghrelin might be pathogenic factors for BPH and could
be used as a target for mediation [48]. As we all know,
ghrelin is a gastric hormone which could be affected by
metabolic syndrome. Our previous study has proposed
that metabolites, such as short-chain fatty acids which
produced by gut microbiota during fermentation of die-
tary fiber have similar chemical structures with hormone
which is essential for the growth and survival of prostate
cells [15]. That indicates metabolites may be correlated
with prostate growth [15]. Ridlon et al. [49] has demon-
strated that Clostridium scindens, a human gut microbe,
has ability to convert glucocorticoids into androgens,
which maybe promote development of BPH. In addi-
tion, the study found that microbe might contribute to
the BPH-associated inflammation and tissue damage
[17]. Cavarretta et al. [50] have also found that microbe
could influence the tumor microenvironment of prostate
cancer and promote tumor progression, another study
suggests that bacterial metabolites (e.g. gingipains) may
be involved in promoting the development of prostate
cancer [51]. Other studies have found that microbe may
affect the pathogenesis and progression of prostate can-
cer by regulating chronic inflammation, cytokines, apop-
totic processes and hormonal production [52, 53]. This
evidence suggests that the relationship of microbe and
urinary diseases, such as BPH and prostate cancer, may
be mediated by regulating the inflammation and micro-
environment. In present study, compared to single-omics
studies, the use of multi-omics methods of metabonom-
ics provides a rich and complementary understanding of
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gut microbiota and helps researchers better understand
the disease. Further research is needed to clarify the rela-
tionship between the two groups.

Testosterone was administered to create a BPH model
rats for research [19, 20]. Several studies have explored
the relationship between testosterone and gut micro-
biota. Harada et al. [54] have found that hypogonadism
could alter cecal and fecal microbiota in cardiovascu-
lar disease male mice. Torres et al. [55] have reported
that total testosterone may play a vital role in variation
of gut microbiota in women with polycystic ovary syn-
drome, another study has found that increased Par-
asutterella abundance was positively correlated with
serum testosterone level [56], while Ruminococcaceae
was reported to be negatively correlated with testos-
terone level [57]. Conversely, the gut microbiota could
also have an impact on testosterone level. It has been
reported that Escherichia/Shigella strain could increase
the concentration of testosterone in adult male mice
[58]. Hydroxytyrosol could alter gut microbiota to ben-
efit plasma metabolites, to enhance spermatogenesis and
semen quality by raising testosterone and its derivatives
[59]. Gut microbiota could also modulate the enterohe-
patic recirculation of testosterone, affecting the levels of
sex steroid hormones and could generate androgens from
glucocorticoids [60]. Based on previous studies, emerg-
ing evidence suggests the interplay between testosterone
and gut microbiota extremely complicated, further stud-
ies are needed to explore the interaction between them.

From what has been discussed above, we found that
BPH may affect intestinal flora and intestinal metabo-
lites through a variety of pathways, including changing
the proportion of intestinal flora through the nervous
and the psychological systems. It affects intestinal flora
and intestinal metabolites by regulating body metabo-
lism and hormone synthesis and by mediating the inflam-
matory response of the host and the immune system to
regulate the changes of intestinal flora. But our study
also has some shortcomings. Our experimental sample
size is small, and larger experimental samples are needed
to verify and explain the association between BPH and
microbiota in the future. In addition, BPH could cause
complications such as prostatitis, renal impairment, and
metabolic syndrome, these diseases have been found to
be associated with the gut microbiota [61-63]. Therefore,
future researches are needed to explore the relationship
between them. Relevant clinical studies are also needed
to further explore and verify these findings. At the same
time, the detailed mechanism by which BPH affects
intestinal flora and whether BPH causes pathophysi-
ological changes in other systems still need to be further
explored, which is what we’re considering doing next.
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Conclusion

Our study shows that BPH is associated with alterations
of abundance and diversity of gut microbiota and intes-
tinal metabonomics in rats, which gives us a deeper
understanding of disease. While the causal relationship
between the gut microbiota and BPH is unclear. Thus,
further studies are warranted to elucidate the potential
mechanisms and causal relationships between BPH and
gut microbiota.

Abbreviations

AGC: Automatic gain control; arb: Arbitrary units; BPH: Benign prostatic hyper-
plasia; BPC: Base peak chromatogram; CCA: Canonical correlation analysis;
COG: Clusters of orthologous genes; CV: Coefficient of variation; FLASH: Fast
length adjustment of short reads program; HESI: Heated electrospray ioniza-
tion; KEGG: Kyoto encyclopedia of genes and genomes; LC-MS/MS: Liquid
chromatography tandem mass spectrometry; LDA: Linear discriminant analy-
sis; LEfSe: LDA effect size; LUTS: Lower urinary tract symptoms; NLRP6: NOD-
like receptor family pyrin domain containing 6; OTUs: Operational taxonomic
units; PCA: Principal component analysis; PCoA: Principal coordinate analysis;
PLS-DA: Partial least squares method-discriminant analysis; QC: Quality control;
RDP: Ribosomal Database Project; SEM: Standard error of mean; TRP: Transient
receptor potential; UPLC: Ultra performance liquid chromatography; UPGMA:
Unweighted pair group method with arithmetic mean; VIP: Variable impor-
tance in projection; WGCNA: Weighted gene co-expression network analysis.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540779-022-00373-4.

Additional file 1: Table S1. Comparison of 16S sequencing data volume
between the two groups. Table S2 Enrichment table of metabolism
pathway.

Additional file 2: Fig. S1. 165 sequencing results of gut microbiota and
gut microbiome composition at phylum level. Fig. S2 Quality control of
LC-MS/MS (a-c: positive ion, d-f: negative ion). Fig. 3 BPH may induce
variation in intestinal metabolites. Fig. S4 BPH leads to changes in meta-
bolic pathways. Fig. S5 Association of intestinal differential metabolites
with gut microbiota.

Acknowledgements

We express our gratitude to Jean Glover from Tianjin Golden Framework
Consulting Company for English editing. The authors thank all the coordina-
tors and technicians for their hard field work and all participants for their
cooperation.

Authors’ contributions

XTZ, JYN and CJQ conceived and designed the experiments, authored or
reviewed the manuscript, and approved the final manuscript. LYL, JH, LW,
CF, JMG and TD performed the experiments and collected the data; LYL, CF
and TD contributed preparing the article and LYL was a major contributor in
writing the manuscript. WGL reviewed the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported (in part) by the Fundamental Research Funds for the
Central Universities (2042021kf1041; 2042021kf1041), the Medical Science and
Technigue Foundation of Henan Province (SBGJ202002097), and the National

Key Research and Development Plan of China (2016YFC0106300).

Page 14 of 16

Availability of data and materials

The datasets generated and/or analysed during the current study are available
in the Sequence Read Archive (SRA) repository, https://www.ncbi.nlm.nih.
gov/, PRINA762590.

Declarations

Ethics approval and consent to participate
This study was approved by the Animal Ethics Committee of Wuhan University
(IACUC 2018119).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!Center for Evidence-Based and Translational Medicine, Zhongnan Hospital
of Wuhan University, Wuhan 430071, China. 2Department of Gastrointestinal
Surgery, Huaihe Hospital of Henan University, Kaifeng 475000, Henan, China.
3Department of Gastroenterology, Zhongnan Hospital of Wuhan University,
Wuhan 430071, China. “Department of Stomatology, Zhongnan Hospital

of Wuhan University, Wuhan 430071, China. °Department of Urology, Zhong-
nan Hospital of Wuhan University, Wuhan 430071, China.

Received: 17 September 2021 Accepted: 24 February 2022
Published online: 28 March 2022

References

1. Browne HP, Neville BA, Forster SC, Lawley TD. Transmission of the gut
microbiota: spreading of health. Nat Rev Microbiol. 2017;15(9):531-43.

2. Gentile CL, Weir TL. The gut microbiota at the intersection of diet and
human health. Science. 2018;362(6416):776-80.

3. Sender R, Fuchs S, Milo R. Are we really vastly outnumbered? Revisiting
the ratio of bacterial to host cells in humans. Cell. 2016;164(3):337-40.

4. GuoN, Zhang Z,Han C, Chen L, Zheng X, Yu K, et al. Effects of continu-
ous intravenous infusion of propofol on intestinal flora in rats. Biomed
Pharmacother. 2021;134:111080.

5. Wang X, Xu X, Xia Y. Further analysis reveals new gut microbiome
markers of type 2 diabetes mellitus. Antonie Van Leeuwenhoek.
2017;110(3):445-53.

6. QinJ LiY,Cai Z LiS, Zhu J, Zhang F, et al. A metagenome-wide
association study of gut microbiota in type 2 diabetes. Nature.
2012;490(7418):55-60.

7. Manichanh C, Rigottier-Gois L, Bonnaud E, Gloux K, Pelletier E, Frangeul L,
et al. Reduced diversity of faecal microbiota in Crohn’s disease revealed
by a metagenomic approach. Gut. 2006;55(2):205-11.

8. Hedin CR, van der Gast CJ, Stagg AJ, Lindsay JO, Whelan K. The gut micro-
biota of siblings offers insights into microbial pathogenesis of inflamma-
tory bowel disease. Gut Microbes. 2017,8(4):359-65.

9. Ahn J,Sinha R, Pei Z, Dominianni C, Wu J, Shi J, et al. Human gut
microbiome and risk for colorectal cancer. J Natl Cancer Inst.
2013;105(24):1907-11.

10. Chughtai B, Forde JC, Thomas DDM, Laor L, Hossack T, Woo HH, et al.
Benign prostatic hyperplasia. Nat Rev Dis Primers. 2016;2:16031.

11. Berry SJ, Coffey DS, Walsh PC, Ewing LL. The development of human
benign prostatic hyperplasia with age. J Urol. 1984;132(3):474-9.

12. Xu XF, Liu GX, Guo YS, Zhu HY, He DL, Qiao XM, et al. Global,
regional, and national incidence and year lived with disability for
benign prostatic hyperplasia from 1990 to 2019. Am J Mens Health.
2021;15(4):15579883211036786.

13. Zhao MJ, Huang Q Wang XH, Ren XY, Jin YH, Zeng XT. Comparing clinical
parameters of abnormal and normal fasting blood glucose in benign
prostatic hyperplasia patients. Aging Male. 2020;23(5):655-62.

14. Zhu C,Wang D-Q, Zi H, Huang Q, Gu JM, Li LY, et al. Epidemiologi-
cal trends of urinary tract infections, urolithiasis and benign prostatic


https://doi.org/10.1186/s40779-022-00373-4
https://doi.org/10.1186/s40779-022-00373-4
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/

Li et al. Military Medical Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

(2022) 9:12

hyperplasia in 203 countries and territories from 1990 to 2019. Mil Med
Res. 2021,8(1):64.

Fang C, Wu L, Zhu C, Xie WZ, Hu H, Zeng XT. A potential therapeutic
strategy for prostatic disease by targeting the oral microbiome. Med Res
Rev. 2021;41(3):1812-34.

Wu L, Li BH, Wang YY, Wang CY, Zi H, Weng H, et al. Periodontal disease
and risk of benign prostate hyperplasia: a cross-sectional study. Mil Med
Res. 2019,6(1):34.

Jain S, Samal AG, Das B, Pradhan B, Sahu N, Mohapatra D, et al. Escherichia
coli,a common constituent of benign prostate hyperplasia-associated
microbiota induces inflammation and DNA damage in prostate epithelial
cells. Prostate. 2020;80(15):1341-52.

Ratajczak W, Mizerski A, Ryt A, Stojewski M, Sipak O, Piasecka M, et al. Alter-
ations in fecal short chain fatty acids (SCFAs) and branched short-chain
fatty acids (BCFAs) in men with benign prostatic hyperplasia (BPH) and
metabolic syndrome (MetS). Aging (Albany NY). 2021;13(8):10934-54.
Sudeep HV, Venkatakrishna K, Amrutharaj B, Anitha, Shyamprasad K. A
phytosterol-enriched saw palmetto supercritical CO, extract ameliorates
testosterone-induced benign prostatic hyperplasia by regulating the
inflammatory and apoptotic proteins in a rat model. BMC Complement
Altern Med. 2019;19(1):270.

Jin BR, An HJ. Baicalin alleviates benign prostate hyperplasia through
androgen-dependent apoptosis. Aging. 2020;12(3):2142-55.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41(Database issue):D590-6.

Wu R, Zhao D, An R,Wang Z, Li Y, Shi B, et al. Linggui Zhugan Formula
improves glucose and lipid levels and alters gut microbiota in high-fat
diet-induced diabetic mice. Front Physiol. 2019;10:918.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequenc-
ing data. Nat Methods. 2010;7(5):335-6.

Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an
effective distance metric for microbial community comparison. ISME J.
2011,5(2):169-72.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol.
2011;12(6):R60.

Sun, LiuT, SiY, Cao B, Zhang Y, Zheng X, et al. Integrated metabolomics
and 16S rRNA sequencing to investigate the regulation of Chinese yam
on antibiotic-induced intestinal dysbiosis in rats. Artif Cells Nanomed
Biotechnol. 2019;47(1):3382-90.

Wen Z, He M, Peng C, Rao Y, Li J, Li Z, et al. Metabolomics and 16S rRNA
gene sequencing analyses of changes in the intestinal flora and biomark-
ers induced by gastrodia-uncaria treatment in a rat model of chronic
migraine. Front Pharmacol. 2019;10:1425.

Lagkouvardos I, Lesker TR, Hitch TCA, Gélvez EJC, Smit N, Neuhaus K, et al.
Sequence and cultivation study of Muribaculaceae reveals novel species,
host preference, and functional potential of this yet undescribed family.
Microbiome. 2019;7(1):28.

Sommer F, Backhed F. The gut microbiota-masters of host development
and physiology. Nat Rev Microbiol. 2013;11(4):227-38.

Popkes M, Valenzano DR. Microbiota-host interactions shape ageing
dynamics. Philos Trans R Soc Lond B Biol Sci. 1808;2020(375):20190596.
De Nunzio C, Aronson W, Freedland SJ, Giovannucci E, Parsons JK. The
correlation between metabolic syndrome and prostatic diseases. Eur
Urol. 2012;61(3):560-70.

Jiang H, Ling Z, Zhang Y, Mao H, Ma Z, Yin Y, et al. Altered fecal microbiota
composition in patients with major depressive disorder. Brain Behav
Immun. 2015;48:186-94.

Kim EH, Larson JA, Andriole GL. Management of benign prostatic hyper-
plasia. Annu Rev Med. 2016;67:137-51.

Vela-Navarrete R, Alcaraz A, Rodriguez-Antolin A, Mifana Lopez B,
Ferndndez-Gémez JM, Angulo JC, et al. Efficacy and safety of a hexanic
extract of Serenoa repens (Permixon®) for the treatment of lower urinary
tract symptoms associated with benign prostatic hyperplasia (LUTS/BPH):
systematic review and meta-analysis of randomised controlled trials and
observational studies. BJU Int. 2018;122(6):1049-65.

Cheng S, Lin D, HuT, Cao L, Liao H, Mou X, et al. Association of urinary
incontinence and depression or anxiety: a meta-analysis. J Int Med Res.
2020;48(6):300060520931348.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 150f 16

Tornic J, Panicker JN. The management of lower urinary tract dysfunction
in multiple sclerosis. Curr Neurol Neurosci Rep. 2018;18(8):54.
Madersbacher S, Sampson N, Culig Z. Pathophysiology of benign
prostatic hyperplasia and benign prostatic enlargement: a mini-review.
Gerontology. 2019,65(5):458-64.

Carvalho-Dias E, Miranda A, Martinho O, Mota P, Costa A, Nogueira-Silva
C, et al. Serotonin regulates prostate growth through androgen receptor
modulation. Sci Rep. 2017;7(1):15428.

Larsen N, Vogensen FK, van den Berg FWJ, Nielsen DS, Andreasen AS,
Pedersen BK, et al. Gut microbiota in human adults with type 2 diabetes
differs from non-diabetic adults. PLoS ONE. 2010;5(2):€9085.

Costantini L, Molinari R, Farinon B, Merendino N. Impact of omega-3 fatty
acids on the gut microbiota. Int J Mol Sci. 2017;18(12):2645.

Parolini C. Effects of fish n-3 PUFAs on intestinal microbiota and immune
system. Mar Drugs. 2019;17(6):374.

llliano P, Brambilla R, Parolini C. The mutual interplay of gut microbiota,
diet and human disease. FEBS J. 2020;287(5):833-55.

Parolini C, Caligari S, Gilio D, Manzini S, Busnelli M, Montagnani M, et al.
Reduced biliary sterol output with no change in total faecal excre-

tion in mice expressing a human apolipoprotein A-l variant. Liver Int.
2012;32(9):1363-71.

Levy M, Thaiss CA, Elinav E. Metabolites: messengers between

the microbiota and the immune system. Genes Development.
2016;30(14):1589-97.

Lou HC. Dopamine precursors and brain function in phenylalanine
hydroxylase deficiency. Acta Paediatr Suppl. 1994;407:86-8.

Singh'Y, Gupta G, Sharma R, Matta Y, Mishra A, Pinto TJA, et al. Embark-
ing effect of ACE2-angiotensin 1-7/Mas receptor axis in benign prostate
hyperplasia. Crit Rev Eukaryot Gene Expr. 2018;28(2):115-24.

Takezawa K, Fujita K, Matsushita M, Motooka D, Hatano K, Banno E, et al.
The Firmicutes/Bacteroidetes ratio of the human gut microbiota is associ-
ated with prostate enlargement. Prostate. 2021;81(16):1287-93.

Gu M, Liu C,Yang T, Zhan M, Cai Z, ChenYY, et al. High-fat diet induced gut
microbiota alterations associating with Ghrelin/Jak2/Stat3 up-regulation
to promote benign prostatic hyperplasia development. Front Cell Dev
Biol. 2021;9:615928.

Ridlon JM, lkegawa S, Alves JMP, Zhou B, Kobayashi A, lida T, et al. Clostrid-
jum scindens: a human gut microbe with a high potential to convert
glucocorticoids into androgens. J Lipid Res. 2013;54(9):2437-49.
Cavarretta |, Ferrarese R, Cazzaniga W, Saita D, Luciano R, Ceresola ER,

et al. The microbiome of the prostate tumor microenvironment. Eur Urol.
2017,72(4):625-31.

Yuan S, Fang C, Leng WD, Wu L, Li BH, Wang XH, et al. Oral microbiota in
the oral-genitourinary axis: identifying periodontitis as a potential risk of
genitourinary cancers. Mil Med Res. 2021;8(1):54.

Crocetto F, Boccellino M, Barone B, Di Zazzo E, Sciarra A, Galasso G, et al.
The crosstalk between prostate cancer and microbiota inflammation:
Nutraceutical products are useful to balance this interplay? Nutrients.
2020;12(9):2648.

Crocetto F, Arcaniolo D, Napolitano L, Barone B, La Rocca R, Capece

M, et al. Impact of sexual activity on the risk of male genital tumors:

A systematic review of the literature. Int J Environ Res Public Health.
2021;18(16):8500.

Harada N, Hanaoka R, Hanada K, Izawa T, Inui H, Yamaji R. Hypog-
onadism alters cecal and fecal microbiota in male mice. Gut Microbes.
2016;7(6):533-9.

Torres PJ, Siakowska M, Banaszewska B, Pawelczyk L, Duleba AJ, Kel-

ley ST, et al. Gut microbial diversity in women with polycystic ovary
syndrome correlates with hyperandrogenism. J Clin Endocrinol Metab.
2018;103(4):1502-11.

ChuW, Zhai J, Xu J, Li S, LiW, Chen ZJ, et al. Continuous light-induced
PCOS-like changes in reproduction, metabolism, and gut microbiota in
sprague-dawley rats. Front Microbiol. 2019;10:3145.

Liu R, Zhang C, ShiY, Zhang F, Li L, Wang X, et al. Dysbiosis of gut micro-
biota associated with clinical parameters in polycystic ovary syndrome.
Front Microbiol. 2017;8:324.

Zhang X, Zhang M, Zheng H, Ye H, Zhang X, Li S. Source of hemolymph
microbiota and their roles in the immune system of mud crab. Dev Comp
Immunol. 2020;102:103470.



Li et al. Military Medical Research

59.

60.

61.

62.

63.

(2022) 9:12

Han H, Zhong R, Zhou Y, Xiong B, Chen L, Jiang Y, et al. Hydroxytyrosol
benefits boar semen quality via improving gut microbiota and blood
metabolome. Front Nutr. 2021;8:815922.

Cross TL, Kasahara K, Rey FE. Sexual dimorphism of cardiometabolic
dysfunction: Gut microbiome in the play? Mol Metab. 2018;15:70-81.

Liu J, Liu L, Zhang G, Peng X. Poria cocos polysaccharides attenuate
chronic nonbacterial prostatitis by targeting the gut microbiota: Com-
parative study of Poria cocos polysaccharides and finasteride in treating
chronic prostatitis. Int J Biol Macromol. 2021;189:346-55.

Tang WHW, Wang Z, Kennedy DJ, Wu Y, Buffa JA, Agatisa-Boyle B, et al.
Gut microbiota-dependent trimethylamine N-oxide (TMAQ) pathway
contributes to both development of renal insufficiency and mortality risk
in chronic kidney disease. Circ Res. 2015;116(3):448-55.

Bishehsari F, Voigt RM, Keshavarzian A. Circadian rhythms and the gut
microbiota: from the metabolic syndrome to cancer. Nat Rev Endocrinol.
2020;16(12):731-9.

Page 16 of 16

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Alterations of gut microbiota diversity, composition and metabonomics in testosterone-induced benign prostatic hyperplasia rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Source of animals and study design
	Experimental model of BPH
	HE and masson staining
	DNA extraction, 16S rDNA amplification and sequencing analysis
	LC–MSMS analysis
	16S and metabolome correlation analysis
	Statistical analysis

	Results
	Establishment of BPH model
	BPH is associated with alteration of gut microbiota diversity
	Sequencing depth and quality are up to standard
	BPH may affect inter-group diversity (beta-diversity) but not intra-group individual diversity (alpha-diversity)
	Gut microbiota composition is altered between the two groups

	BPH may alter the metabolism of gut microbiota
	Intestinal metabolites are different between the two groups
	BPH may cause changes in metabolic pathways
	Changes in metabolic pathways are associated with gut microbiota


	Discussion
	Conclusion
	Acknowledgements
	References


