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Introduction

Infertility is a global issue that affects as much as
10%–15% of couples in many high-income countries and in countries with improving dietary conditions.1 Approximately half of the infertility can be
attributed to men. Of note, the sperm concentration has decreased over 50% in Western countries
from 1973 to 2011 and there is still no effective

Significance of this study
What is already known on this subject?

►► High-fat diet (HFD) leads to obesity and

metabolic syndromes and affects the functions
in reproductive system.
►► HFD-induced gut microbiota dysbiosis and
endotoxaemia have been reported.
►► Emerging evidence demonstrated that gut
microbiota dysbiosis is closely associated
with a series of major chronic diseases,
such as obesity, diabetes, cancer, IBDs and
neurodegenerative diseases.

treatment to slow down such a trend.2 The rapid
decline of semen quality is likely due to the environmental factors rather than genetic causes,3 4 such
as environmental toxin, heat, stress,5 smoking,6
alcohol consumption7 and altered dietary structures. Furthermore, with the prevalence of obesity,
the negative impact of fat overaccumulation on
male reproduction is gradually recognised in clinical investigations.8–11 In particular, a recent study
involving >10 000 subjects clearly demonstrated
that the sperm quality, including sperm concentration, volume and motility, is negatively correlated
with increased body mass index.12 In animal models,
both genetically inherited and high-fat diet (HFD)-
induced obesity impaired spermatogenesis.13 14
Furthermore, HFD could also lead to epigenetic
disturbance15 in sperms as paternal inheritance of
sperm tsRNAs could induce metabolic disorders in
the F1 offspring.16
In both humans and animals, the high-fat/high-
sugar ‘Western’ diet can lead to obesity and metabolic disorders and reshape the gut microbial
ecosystem17 18 comprising trillions of microorganisms.19 These microbes in the mammal intestine
modulate many physiological functions, such as
harvesting energy,20 keeping gut integrity,21 regulating host immunity22 23 and defending pathogens.24 25 The perturbation of the ‘healthy’ gut
microbiota may drive the development of a variety
of chronic diseases, such as obesity,20 26 cancer,22
IBDs27 and diabetes.28 However, it is still unknown
if HFD can impair reproduction through gut microbiota. Herein, we designed a study to delineate the
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Impairment of spermatogenesis and sperm motility
by the high-fat diet-induced dysbiosis of gut microbes

Gut microbiota
Significance of this study

fed mice into the male mice maintained on normal diet
resulted in significant reduction in sperm count and motility,
which represents the first report of functional impact of gut
microbes dysbiosis on fertility.
►► After extensive bioinformatics analysis, we showed that,
at the genus level, the population of two Gram-negative
bacteria, Bacteroides and Prevotella, was sharply elevated in
the gut transplanted with HFD-microbe.
►► Concomitantly, blood endotoxin reached the level of
endotoxaemia in the same transplanted mice.
►► Clinically, the abundance of Bacteroides-Prevotella was
negatively correlated with subjects’ sperm motility, the blood
endotoxin level was positively correlated with the abundance
of Bacteroides in the gut.
►► A strong negative correlation was found between sperm
motility and high abundance of Prevotella copri (>15% in
overall species).
►► Transplantation and colonisation of the microbes derived
from HFD-fed mice caused significant increase in intestinal
infiltration of CD3+ T cells and macrophages as well as in
epididymal pro-inflammatory cytokines, suggesting that
endotoxin and epididymal inflammation play important
roles in gut microbe dysbiosis-induced disruption of
spermatogenesis.
How might it impact on clinical practice in the foreseeable
future?
►► The present study represents the first report in the field of
gut microbes to functionally establish the linkage between
imbalanced gut microbiota and impairment of male fertility,
and that some of these gut microbe dysbiosis has also been
revealed in asthenozoospermia patients.
►► The results presented herein will shed new light on the cause
of male infertility and the possibility of treating at least some
of these patients by restoring gut microbial ecosystem.

Faecal microbiota transplantation experiment

Two hundred mg of fresh stool samples were collected from
the ND and HFD group immediately on defaecation and resuspended in 4 mL of saline, vortexed for 5 min and filtered by
sterile gauze. The transplantation into the recipient mice was
achieved by gavage with 200 µL of the supernatant from the
faecal sample once every 2 days for 15 weeks.

Sperm count and motility measurement

The cauda epididymis was minced in 500 µL of phosphate buffered saline (pH 7.2) and incubated for 5 min at 37℃ to release
the sperm. Sperm motility was measured with a (Hamilton)
equipment. The sperm count was quantified in a haemocytometer (Marienfeld AP-0650030) under a light microscope (Leica
DM500).

Histological examination

Testes or intestines were removed and fixed in 4% formalin for
24 hours, dehydrated in graded ethanol, embedded in paraffin
and sectioned (4 µm in thicknesses). The sections were stained
with H&E dye and observed under light microscope (Leica
DM500). Six microscopic fields of every section of the testes
were randomly selected (×400 magnification)30 and different
germ cells (spermatogonia, spermatocytes and round spermatids)
were counted (n=6/group). Data are presented as mean±SEM.

Confocal microscopy and immunofluorescence
impact of HFD-induced gut microbial dysbiosis on the production and motility of sperms.

Materials and methods
Collection of human semen, plasma and faecal samples

Human semen, plasma and faecal samples were obtained from
donors aged 22–45 years undergoing routine semen analysis for healthy or infertile patients in our clinical laboratory
(online supplementary table 1). Sperm quality was assessed by
a computer-assisted semen analysis (CASA, WLJY-9000) system
according to WHO suggestions.29 Normal sperm criteria defined
as sperm concentration >15×106/mL, progressive motility
>32%, total motility >40% and normal sperm morphology rate
>4%. Progressive motility <32% and total motility <40% is
defined as asthenozoospermia.

Animal procedures

C57BL/6 male mice aged 6 weeks were purchased from the
Model Animal Research Center of Nanjing University, and
maintained in specific pathogen-
free (SPF) environment on
a 12-hour light and dark cycle with ad libitum access to chow
and water. Mice were randomly divided into normal diet (ND),
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127

For immunofluorescence staining, paraffin sections (4 µm thicknesses) were assayed with 4′,6-diamidino-2-phenylindole (DAPI)
as a counterstain. The primary antibody used was rabbit antimouse CD3e (1:400; Abcam). The secondary antibody (1:500;
Invitrogen) used was Alexa Fluor488 donkey antirabbit. Sections
were examined under a Zeiss LSM800 confocal microscope.

Immunohistochemical staining

The paraffin tissue sections (4 µm thicknesses) were incubated
with antibody against F4/80 (1:400; Cell Signaling Technology).
The specific signals were detected using EnVision polymer technology, and visualisation was performed with 3,3N-diaminobenzidine tetrahydrochloride. The sections were photographed by
LEICA DM2500 microscope with a LEICA DMC6200 camera.

Measurement of serum parameters

Mouse serum endotoxin was measured by ELISA kits (Nanjing
Jiancheng Bioengineering Institute, China) in accordance with
the manufacturer’s protocols. Human plasma endotoxin was
measured by end-
point chromogenic TAL endotoxin testing
assay (Bioendo, China).
1609
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What are the new findings?

►► Transplantation of the faecal microbes derived from HFD-

HFD, normal-diet faecal microbiota transplantation (ND-FMT)
and high-fat diet faecal microbiota transplantation (HFD-FMT)
groups (six mice per group, three mice per cage). The ND group
and the HFD group were fed with an ND or an HFD (Research
Diet D12451, 45% fat), respectively. Following 4 weeks of
dietary intervention, the faecal samples collected from either
the ND or HFD mice were subsequently transplanted into the
ND-FMT or HFD-FMT group that were maintained on an ND
(see ‘Fecal microbiota transplantation experiment’). All mice
were sacrificed after 15 weeks of either dietary or FMT intervention for the harvest of serum and tissues.

Gut microbiota
Oral glucose tolerance test

Extraction of testis RNA and sequencing

Total RNA was extracted from testis tissues using TRIzol reagent
kit (Invitrogen, Carlsbad, California, USA). Subsequently, the
mRNA was enriched by oligo (dT) beads. The enriched mRNA
was fragmented with fragmentation buffer and reversely transcribed into cDNA with random primers. Second-strand cDNA
were synthesised by DNA polymerase I, RNase H, dNTP and
buffer. The cDNA fragments were purified with a QiaQuick PCR
extraction kit (Qiagen 28104), end repaired, poly(A) added and
ligated to Illumina sequencing adapters. The ligation products
were size selected by agarose gel electrophoresis, PCR amplified and sequenced using Illumina HiSeq 4000 by Gene Denovo
Biotechnology (Guangzhou, China). To identify differentially
expressed genes across groups, the edgeR package (http://www.
r-project.org/) was used. We identified genes with a fold change
≥2, a false discovery rate <0.05 and Fragments Per Kilobase of
exon per million fragments Mapped (FPKM) ≥3 in a comparison as significant differentially expressed genes. Raw reads were
deposited into the NCBI Sequence Read Archive (SRA) database.
Accession number: SRP167405.

Real-time PCR

Total RNA was reversely transcribed and the subsequent cDNA
samples were subjected to real‐time PCR using SYBR Green
(Vazyme, China) and the primer sets. Primer sequences for the
targeted mouse genes are listed in the online supplementary
table 2. Data were normalised to β-actin (ΔΔCT analysis).

Extraction of faecal genomic DNA and sequencing

Faecal DNA was extracted from caecum stool samples using
a QIAamp DNA Stool Mini Kit (Qiagen 51504) according to
manufacturer’s instructions. The hypervariable V3-
V4 region
of the 16S-rDNA gene was amplified by PCR using the primers
341F: CCTACGGGNGGCWGCAG; 806R: G
GACTACHVGGGTATCTAAT, where the barcode was an eight-
base
sequence unique to each sample. Amplicons were recovered
from 2% agarose gels and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, USA) according to manufacturer’s instructions and quantified using a QuantiFluor-ST
(Promega, USA). The purified amplicons were pooled in equimolar and paired-end sequenced (2×250) on an Illumina platform according to the standard protocols. The raw reads were
deposited into the NCBI SRA database with accession number:
SRP168312 for mouse faecal samples; SRP221703 for human
samples.

Bioinformatics and statistical analysis of 16S-rDNA
sequencing data

To get high-
quality clean reads, the standard for selected
valid reads for analysis were as follows: (a) removing reads
containing >10% of unknown nucleotides (N), (b) removing
reads containing <80% of bases with quality (Q-value) >20.
Paired end clean reads were merged as raw tags using FLSAH
(V.1.2.11) with a minimum overlap of 10 bp and mismatch
error rates of 2%. Noisy sequences of raw tags were filtered by
QIIME (V.1.9.1) pipeline under specific filtering conditions to
1610

obtain the high-quality clean tags. The effective tags were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity using MOTHUR pipeline. The tag sequence with highest
abundance was selected as reprehensive sequence within each
cluster. The representative sequences were classified into organisms by a naïve Bayesian model using RDP classifier (V.2.2) based
on Greengenes (V.gg_13_5) (http://
greengenes.
secondgenome.
com). The abundance statistics of each taxonomy and phylogenetic tree was construction in a Perl script and visualised using
Scalable Vector Graphics. Principal coordinate analysis (PCoA)
of weighted unifrac distances was calculated and plotted in R.

Statistical analysis

Data are expressed as mean±SEM. Statistical comparison
between two measurements were analysed by unpaired two-
tailed Student’s t-test by GraphPad Prism V.7.0. When analysing
gut microbiota sequencing data, we performed two-
tailed
Wilcoxon rank-sum test by R Project; p<0.05 was considered to
be statistically significant.

Results
High-fat diet results in decreased sperm quality and dysbiosis
of gut microbiota

To study the influence of HFD-induced dysbiosis on the spermatogenesis and sperm motility, we first set out to establish a
HFD-fed (45% fat) mouse model and a control model fed the
ND to serve as the faecal microbiota donors. As one would
expect, the extended HFD regimen led to increased body weight
(online supplementary figure 1A), elevated serum total cholesterol (TC), random blood glucose levels (online supplementary
figure 1B) and glucose intolerance (online supplementary figure
1C), suggesting that HFD induced metabolic disorders. Also
consistent with the findings in the previous reports,18 26 the HFD
caused gut microbiota dysbiosis as revealed in the 16S-rDNA
sequencing analysis. Accordingly, a weighted PCoA clearly
showed differences in bacterial composition between the HFD
and ND groups (figure 1A) with a profound difference along the
PCO1 axis (reaching 63.13% of overall variation). In addition,
HFD treatment also led to a decreased abundance in Bacteriodetes and Verrucomicrobia as well as an increased abundance in
Firmicutes and Proteobacteria (figure 1B). Of particular interest
to this study, the sperm concentration (figure 1C) and motility
(figure 1D) were significantly decreased in the HFD-
treated
mice. H&E staining analysis further indicated significant reduction in the number of spermatocytes and round spermatids in
the seminiferous tubules (figure 1E, online supplementary table
3). These observations were in line with those reported elsewhere.8 14 31 Thus, the HFD treatment induced overt changes in
metabolic parameters and the expected gut microbial dysbiosis
and sperm quality.

Impaired spermatogenesis and sperm motility in the HFD-FMT
mice

To investigate the impact of the HFD-
induced microbiota
dysbiosis on sperm concentration and motility, we transferred
the faecal samples from the HFD donors or ND donors to the
C57BL/6 male mice maintained on the ND. Since some recent
studies revealed that antibiotics increase host susceptibility
to obesity32 in humans and that pretreatment with antibiotics
before FMT could lead to glucose intolerance,33 these entangling
metabolic side effects may cause spermatogenic defects. Furthermore, all taxa analysis of the faecal bacterial DNA samples
derived from eight randomly selected recipient male mice did
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127
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After 12 hours of fasting, all mice underwent an oral glucose
tolerance test. Following oral gavage of D-glucose (2 g/kg body
weight), blood samples were collected from the tail veins at 0,
15, 30, 45, 60, 90 and 120 min. Glucose levels were determined
with a glucometer (Accu-Chek Performa).

Gut microbiota

not show any discernible difference (online supplementary table
4). Therefore, we chose to directly transfer the faecal microbial
samples without antibiotic pretreatment for the recipient mice.
The FMT procedures were carried out once every 2 days for 15
weeks (figure 2A). At the end of this microbial transplantation
regimen, the sperm concentration and motility were significantly
reduced in the HFD-FMT mice (figure 2B,C), which was accompanied by a marked decrease of spermatogenic cells within seminiferous tubules (figure 2D). To further dissect the population
changes of different cell types, we used the expression levels of
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127

Hsd3b1, Rhox5, Sohlh1, Smc3, Izumo3 and Acrv1 to reflect the
alterations of Leydig cell, Sertoli cell, spermatogonia, spermatocytes, elongated spermatids and round spermatids, respectively.34
The results showed that the expression of Smc3, Izumo3 and
Acrv1 was significantly decreased in the HFD-FMT testicular
samples compared with those in the ND-FMT mice, and that
the expression levels of Hsd3β1, Rhox5 and Sohlh1 were essentially the same (figure 2E), indicating that only spermatocytes
and spermatids were negatively affected due to the HFD-FMT
manipulation. During the entire faecal microbial transfer period,
1611
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Figure 1 High-fat diet (HFD) altered gut microbiota with impaired sperm production and motility. (A) Principal coordinate analysis (PCoA) plot is
generated using operational taxonomic unit metrics based on the Bray-Curtis similarity for the samples in the normal diet (ND) and HFD groups. The
centre point coordinate of the ellipse is the mean value of PCO1 and PCO2, respectively, in the corresponding group. The values of PCO1 and PCO2
are shown in bar plots, n=10 for each group. (B) The mean percentages of each community contributed by the indicated phyla, n=10 for each group.
(C) Sperm from cauda epididymis of mice in the ND group or the HFD group was counted in a haemocytometer under a light microscope, n=6 for
each group. (D) Sperm motility of mice in the ND group and the HFD group was analysed by computer-assisted semen analysis, n=6 for each group.
Data are expressed as mean±SEM. ***p<0.001. (E) Histological examination in the HFD-treated testis. The sections were stained with H&E. ns, no
significant difference. Scale bar=50 µm.

Gut microbiota

the body weight (online supplementary figure 2A), food intake
(online supplementary figure 2B), energy expenditure (online
supplementary figure 2C), blood glucose levels, TC levels (online
supplementary figure 2D) and circulating leptin levels (online
1612

supplementary figure 2E) displayed no ostensible changes. In
contrast, the blood endotoxin levels were significantly elevated,
even reaching the level of endotoxaemia (figure 2F). Taken
together, these findings indicate that HFD-induced dysbiosis of
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127
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Figure 2 Faecal microbiota transplanted from the HFD mice reduced sperm quality in recipient mice. (A) Schematic diagram of faecal microbiota
transplantation experiment. ND, normal diet; HFD, high-fat diet; ND-FMT, normal diet faecal microbiota transplantation; HFD-FMT, high-fat diet faecal
microbiota transplantation; i.g., intragastric gavage. (B) Statistical analysis of sperm counts after FMT. Sperm from cauda epididymis of mice in the
ND-FMT group or the HFD-FMT group was counted in a haemocytometer under a light microscope. (C) Motility of sperm from the ND-FMT and the
HFD-FMT mice was assessed by computer-assisted semen analysis. (D) Representative H&E staining images showing the impairment of seminiferous
tubule in the HFD-FMT testis. Scale bar=50 µm. (E) The expression levels of the genes associated with different testicular cells were determined by
real-time PCR. (F) Serum endotoxin levels in the ND-FMT mice and the HFD-FMT mice, n=6 for each group. ns, no significant difference. *p<0.05,
**p<0.01, ***p<0.001.

Gut microbiota

gut microbiota could result in male infertility without inducing
significant metabolic dysregulations.

The dysbiosis of gut microbiota after faecal microbiota
transplantation

Sequencing of caecum bacterial 16S-rDNA revealed gut microbial
ecosystem after the mice were subjected to 15 weeks of transplantation with the faecal bacteria derived from either the HFD-fed
or ND-fed mice. Since all recipient mice were maintained on
ND, the primary population of gut microbiota at the phylum
level, particularly Bacteroidetes, Firmicutes, Proteobacteria and
Verrucomicrobia, were essentially the same in the HFD-
FMT
and ND-FMT mice (figure 3A), and these two groups did not
show separate clusters at the phylum level (online supplementary figure 3). At either the class or the order level, there was no
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127

significant change in the predominant forms (>0.5%) of bacteria
(online supplementary table 5). Further bioinformatics analysis
along the taxonomic tree revealed some significant changes at
the family level, specifically in Bacteroidaceae and Prevotellaceae
(figure 3B). Of particular interest to this study, the strong increase
in Bacteroidaceae mirrored the increase in the HFD-treated group
(online supplementary figure 4 left). Further down at the genus
level, the HFD-FMT and ND-FMT groups became clustered to
different nodes, and exhibited structural segregation (figure 3C).
The population analysis found a profound increase in Bacteroides, Prevotella, Rikenella and Lactobacillus, and a decrease
in the abundance of AF12 in the HFD-FMT group (figure 3D).
The drastic elevation (>80-fold) of Bacteroides, belonging to the
Bacteroidaceae family, was also significantly induced in the original HFD-treated group (online supplementary figure 4 right).
1613
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Figure 3 Diet-dependent and FMT-responsive alteration of gut microbiota community. (A) Phylum comparison for the abundance of gut microbiota
between the ND-FMT and HFD-FMT treated mice. No significant difference in the microbe composition between the two groups. (B) Abundance of
family microbes in HFD-FMT mice was compared with the ND-FMT mice. Two-tailed Wilcoxon rank-sum test was used to determine significance. The
average abundance of microbes >0.01% was compared. **p<0.01. (C) Similarity analysis of microbes on the genus level was compared in the ND-
FMT and the HFD-FMT treated mice. AU values, approximately unbiased values. (D) Abundance of genera microbes in HFD-FMT mice was compared
with the ND-FMT mice, n=5 for each group. The average abundance of microbes >0.01% was compared. *p<0.05, **p<0.01.

Gut microbiota

The functional linkage between gut microbial dysbiosis and
the decrease in sperm quality led us to investigate if clinical
male infertility patients may have similar issues in gut microbes.
Indeed, sequencing and bioinformatics analysis of the clinical
faecal samples collected from some healthy donors and the
patients with asthenozoospermia, oligozoospermia and teratozoospermia revealed that the combined abundance of Bacteroides-
Prevotella displayed a strong negative correlation with sperm
motility (figure 4A). In contrast, the blood endotoxin levels of
these clinical subjects showed a strong positive correlation with
the abundance of Bacteroides (figure 4B). Thus, the potential
linkage between the elevation of Bacteroides and Prevotella with
the elevation of endotoxin and the defects in spermatogenesis
and sperm motility may exist in both humans and mice.
1614

Analysis of the clinical faecal samples further revealed that P.
copri, a dominant species within Prevotella, could be an important
species contributing to the spermatogenic defect. Interestingly,
within all of the samples from our patients, the abundance of
P. copri at the overall species level displayed a ‘bipolar’ trend at
either <3% or as high as 15%–80% (figure 4C). When combining
all the data together, the analysis showed a negative, and yet
statistically not significant, association trend between sperm
motility and the abundance of P. copri (figure 4C). However,
after focusing on those patients’ samples with the abundance of
P. copri >15%, the results revealed a strong negative correlation (n=20, r=−0.56, p=0.011; figure 4D) that did not exist in
those samples with the abundance of P. copri <3% (figure 4E),
suggesting that high abundance of P. copri or other unidentified
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127
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Figure 4 Correlation of gut Bacteroides and Prevotella collected from clinical sample with sperm motility and blood endotoxin. (A) The combined
abundance of the genus Bacteroides-Prevotella collected from healthy donors and the patients with asthenozoospermia, oligozoospermia and
teratozoospermia was negatively correlated with sperm motility, n=60 in total. (B) The abundance of Bacteroides in the gut of healthy donors
and the patients with asthenozoospermia, oligozoospermia and teratozoospermia was positively correlated with blood endotoxin level, n=60 in
total. LPS, lipopolysaccharide. (C) The correlation between the abundance of Prevotella copri and sperm motility in all 60 faecal samples. The dots
in the red circle represent the abundance of P. copri >15%, whereas those in the black circle represent the abundance of P. copri <3%. (D) The
correlation between the subpopulation with high abundance of P. copri (>15%) and sperm motility (n=20, p<0.05). (E) The correlation between the
subpopulation with low abundance of P. copri (<3%) and sperm motility (n=40).

Gut microbiota
species within Prevotella and Bacteroides could both play critical
roles in regulating sperm production.

The results described above demonstrated the elevation of blood
endotoxin concentration and its strong association with some of the
microbial community (Bacteroides, in particular) after transplanting
the faecal microbes collected from the HFD-fed mice. Endotoxin
has been known to regulate intestinal inflammation through a
toll-like receptor 4 (TLR4) and myeloid differentiation factor 88
(MyD88)-dependent pathway.35 Real-time PCR assay found that
the expression of TLR4 and MyD88 was both significantly elevated
in the small intestinal regions (online supplementary figure 5A),
whereas MyD88, but not TLR4, was increased in the colons (online
supplementary figure 5B), suggesting that endotoxin primarily acted
through small intestines by interacting with TLR4. Such observation led us to speculate that local chronic inflammation may also
be provoked by endotoxin as a result of faecal transplantation. To
this end, we first examined the inflammatory condition in small
intestines of the recipient mice. H&E staining displayed strong
infiltration of lymphocytes in the lamina propria of the small intestine from the HFD-FMT mice (figure 5A). Immunohistochemistry
and real-time PCR assays further revealed the presence of at least
T cells (figure 5B,C) and macrophages (figure 5D,E), which was
indicative of a local inflammatory condition. The caput epididymis
is a region where sperm undergoes maturation and acquires motile
capacity.36 37 Elevation of endotoxin is known to be able to elicit
immune responses in epididymis and damage sperm motility.38 39
Indeed, we found several pro-inflammatory cytokines, specifically
interleukin (IL)-1β, C-X-C motif chemokine (CXCL)-10 and monocyte chemoattractant protein (MCP)-1 were significantly elevated in
the epididymis of HFD-FMT mice (figure 5F). Taken together, our
results suggest that increased endotoxin and at least local inflammation may have contributed to the impairment of sperm qualities.

HFD-induced dysbiosis of gut microbiota altered testis gene
expression

The results described above have demonstrated the damage of
spermatogenesis by the transplantation of HFD-
induced gut
microbiota. To further delineate the mechanisms underlying
the impaired sperm production in the testis of HFD-FMT mice,
we collected the whole testis samples for RNA-sequencing. The
threshold of expression was set at FPKM ≥3. Of those genes
that met the requirement, 716 differentially expressed genes
were identified with a greater than twofold expression change.
Among them, 133 genes were upregulated and 583 genes were
downregulated (figure 6A) in the samples derived from the
HFD-FMT mice. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis showed enrichment in a series of
pathways, such as oxidative phosphorylation (p=0.42×10−7),
protein export (p=0.00025), steroid biosynthesis (p=0.00053)
and protein processing in endoplasmic reticulum (p=0.0011)
(figure 6B), all of which are critical to the process of spermatogenesis. In particular, a series of mitochondrial genes encoding
different subunits of mitochondrial dehydrogenase complex
I, including MT-
ND1, MT-
ND2, MT-
ND4, MT-
ND4L and
MT-ND5 were significantly decreased (figure 6C,D).
RNA-sequencing also revealed significant reduction of those
genes involved in the regulation of meiosis, particularly some
of the structural maintenance of chromosomes (SMC) proteins
(Smc1b, Smc3, Smc4, Smc5, Smc6) and synaptonemal complex
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127

Discussion

The present study has revealed that the dysbiosis of gut microbiota induced by HFD was one of the primary causes for the
impaired sperm production and motility. Such phenotype is
likely mediated by elevated blood endotoxin, epididymal inflammation and the dysregulation of testicular gene expressions. To
the best of our knowledge, the findings in this study represent
the first to establish a functional linkage between HFD-induced
gut microbiota dysbiosis and impairment of male fertility.
Most of published gut microbial studies using the FMT procedure entailed antibiotic pretreatment. However, we chose not to
do so primarily out of the concern that the antibiotic pretreatment could lead to some metabolic dysregulation (including
glucose intolerance and even development of obesity),32 33 which
could potentially complicate the interpretation of gut microbes
on spermatogenesis. In fact, even with the antibiotic pretreatment, the HFD-FMT mice still turned out lower sperm motility
and sperm counts compared with ND-FMT mice (online supplementary figure 6), indicating that the effects of HFD gut microbiota on sperm production and quality were independent of
antibiotic usage. It should also be noted that this study applied
FMT procedure with the faecal microbes that is different from
those from the mucosal samples.40 Such methodology may limit
the colonisation of the transplanted microbes in the mucosa,
which requires constant FMT every 2 days to maintain the functional influence. Despite such limitation, the transplanted HFD
gut microbes still exerted a negative impact on the spermatogenesis of the recipient mice. The influence of mucosal microbiome
on spermatogenesis should be clarified in the future.
Although it is well known that HFD feeding disrupts the
balance of gut microbial ecosystem, our microbial transplantation manipulation further pinpointed the dramatic increase
in the colonisation of Bacteroides and Prevotella at the genus
level as the likely contributing microbes to the disruption of
spermatogenesis and sperm motility. Interestingly, the population increase of Bacteroides in the HFD-FMT mice mirrors
similar increase in the HFD-fed mice, indicative of a successful
colonisation of Bacteroides in the transplanted recipient gut.
Of particular interest to this study, blood endotoxin reached
even endotoxaemia level in the HFD-FMT mice. HFD feeding
is already known to generate elevated blood endotoxin.41 This
may have been mediated by gut microbiota dysbiosis since a
study has shown that HFD-induced population increase of
Bacteroides-Prevotella42 is positively associated with the elevation of circulating endotoxin. These results bear strong clinical
significance because our analysis of male infertile patients with
asthenozoospermia/oligozoospermia/teratozoospermia issues
revealed very similar strong negative correlation between
the combined abundance of Bacteroides and Prevotella with
sperm motility and a strong positive association between the
abundance of Bacteroides with patients’ blood endotoxin
concentrations. Furthermore, in these patients, we identified
a strong negative correlation between sperm motility and high
1615
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HFD-induced dysbiosis of gut microbiota leads to infiltration
of T cells and macrophages in lamina propria of small
intestine and epididymis inflammation

proteins (Sycp1, Sycp2 and Sycp3) (figure 6C,E), indicating that
the decreased expression of testicular Smc and Sycp genes induced
by the gut microbial dysbiosis could have contributed to the drop
in sperm production. In addition, we noted that other genes that
play important roles in spermatogenesis were also affected in the
testis of the HFD-FMT group. Accordingly, Crisp2 (ND-FMT
1440±84.26 vs 870.6±54.38 FPKM; p<0.01) and Ggnbp2
(ND-FMT 164.90±19.43 vs 77.39±4.62 FPKM; p<0.01) were
significantly decreased in the HFD-FMT group.

Gut microbiota

abundance of P. copri (>15% in overall species). P. copri, a
dominant species within Prevotella genus, has been reported to
be able to induce insulin resistance43 and to be more prevalent
in the gut of patients with rheumatoid arthritis than in the
healthy individuals.44 Our study adds a potential dimension
of P. copri abundance influencing spermatogenesis. Of course,
even the impact of P. copri on sperm production should be put
in the context of HFD-induced gut ecosystem changes where
1616

other microbial species might also interact dynamically with P.
copri. Thus, HFD-induced imbalance of gut microbial population, particularly the disturbance in Bacteroides and Prevotella
(with P. copri acting as one of the potential ‘culprits’), likely
contributed to the spermatogenic defect and the increase of
blood endotoxin.
The imbalance of HFD-induced gut microbiota can elicit host
immune response22 45 that includes chronic inflammation.46 In
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127
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Figure 5 High-fat diet (HFD)-induced dysbiosis of gut microbiota leads to intestinal CD3+ T cell and macrophage aggregation and epididymal
inflammation. (A) Histological examination of FMT-treated intestines. The sections were stained with H&E. Scale bar=50 µm. (B) Immunofluorescent
analysis of CD3 (green) was performed in the small intestine samples of the microbe-transplanted mice. Nuclei were stained with DAPI (blue). The
lower panels were enlarged from the upper panels. Scale bar=20 µm. (C) The mRNA levels of CD3e in the small intestines of the microbe-transplanted
mice were determined by real-time PCR assays. (D) Immunohistochemistry determination of macrophage infiltration in the small intestines of
microbe-transplanted mice. Scale bar=50 µm. (E) The mRNA levels of a macrophage marker, F4/80, in the small intestines of the microbe-transplanted
mice were determined by real-time PCR assays. (F) The mRNA levels of pro-inflammation cytokines and NFκB-p65 in the caput epididymis of the
microbe-transplanted mice were determined by real-time PCR assays, n=6 for each group. ns, no significant difference. *p<0.05, **p<0.01. CXCL,
C-X-Cmotif chemokine; IL, interleukin; MCP, monocyte chemoattractant protein; NFκB, nuclear factor kappa B; TNF, tumour necrosis factor.
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the mice transplanted with HFD-induced faecal microbes, we
observed strong infiltration/aggregation of T cells and macrophages in the lamina propria of the small intestine, which by
inference indicated a strong local inflammatory condition.
Whether such localised intestinal inflammatory condition
contributed to the observed spermatogenic defect remains to be
defined. On the other hand, the caput epididymal inflammation,
as reflected by the increased expression of IL-1β, CXCL-10,
MCP-1 and NF-κBp65, could be a likely ‘culprit’ responsible for
Ding N, et al. Gut 2020;69:1608–1619. doi:10.1136/gutjnl-2019-319127

the reduced sperm counts and motility in the HFD-FMT mice.
Multiple studies have demonstrated that epididymal inflammation condition negatively affects sperm quality.38 39 47–52 Global
elevation of NF-κB p65 expression has been shown to exert
anti-inflammatory and antiobesity effects by increasing energy
expenditure.53 However, we did not see any difference in energy
expenditure between the two FMT-treated mice. This might be
due to the fact that the elevation of NF-κB p65 expression was
restricted to only certain organs/tissues such as the epididymis.
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Figure 6 Alterations of gene expression in HFD-FMT treated testis. (A) Volcano plot showing the changes of testis genes (fold change ≥2) in the
HFD-FMT mice compared with the ND-FMT mice. Five hundred eighty-three genes were found to be downregulated (green dots) and 133 genes
upregulated (red dots). The red lines indicate the log2 fold change at 1 and −1, n=4 for each group. (B) Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis of differentially expressed genes, n=4 for each group. (C) Heat map of differentially expressed genes in ND-FMT and
HFD-FMT treated testis, n=4 for each group. (D) Real-time PCR confirmations for the mitochondrial genes, n=5 for the ND-FMT group and n=6 for the
HFD-FMT group. (E) The mRNA levels of meiosis relative genes in the testis were significantly downregulated in the HFD-FMT mice, detected by real-
time PCR, n=6 for each group. *p<0.05, **p<0.01.
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reduction in sperm motility.51 Metabolic endotoxaemia in human
obesity is strongly linked with impaired sperm DNA integrity.52
These reports are consistent with our hypothesis that the endotoxaemia and epididymitis induced by faecal microbial transplantation
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‘Western-
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possibility of treating male infertility, particularly those associated
with metabolic syndromes, by restoring gut microbial ecosystem.
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