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A two-sample Mendelian randomization study
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Abstract

Previous studies have reported that alterations in gut microbiota composition are associated with male fertility. However, it is uan

and difficult to establish whether these associations reflect a causal relationship. We assessed genome-wide association study
summary statistics for gut microbiota and male fertility to perform MR analysis. Independent single nucleotide polymorphisms
closely associated with 211 gut bacterial taxa (N = 122,110) were identified as instrumental variables. The summary statistic data
for male infertility (N = 7383,479), abnormal spermatozoa (N = 209,921) and erectile dysfunction (N = 223,805) were obtained from
the latest release from the FinnGen consortium as the outcome of interest. Two-sample MR was performed to evaluate the causal
effect of gut microbiota on male fertility, including inverse-variance-weighted (IVW) method, weighted median method, MR-Egger,
mode-based estimation and MR-PRESSO. A series of sensitivity analyses was performed to validate the robustness of the results.
The robustness of the estimation was tested by a series of sensitivity analyses including Cochran’s Q test, MR-Egger intercept
analysis, leave-one-out analysis and funnel plot were used to assess the causal association. Combining the results from the
discovery and replication stages, we identified 3 causal bacterial genus. Ruminiclostridm6 (OR = 0.537, 95%Cl = 0.292-0.987,
P =.045, PFDR = 0.234) was found to be closely associated with male infertility, and the decrease in its quantity increased the risk
of male infertility. Decreased Prevotella9 (OR = 0.670, 95% Cl = 0.452-0.992, P = .046, PFDR = 0.175) was found to be closely
related to abnormal sperm. Lachnospiraceae NC2004 group (OR = 1.173, 95% Cl = 1.008-1.366, P = .078, PFDR = 0.530) was
found to be closely related to male erectile dysfunction, and there was a positive correlation between them. No heterogeneity
and pleiotropy were detected. This study implied a causal relationship between the Ruminiclostridm6 genus, Prevotella9
genus, Lachnospiraceae NC2004 group genus and male fertility, thus providing novel insights into the gut microbiota-mediated
development mechanism of ADs. Nevertheless, future studies are warranted to dissect the underlying mechanisms of specific
bacterial taxa’s role in the pathophysiology of male fertility.

Abbreviations: GWAS = genome-wide association study, Vs = instrumental variables, IVW = inverse-variance-weighted, LD
= linkage disequilibrium, MR = Mendelian randomization, MR-PRESSO = MR Pleiotropy residual and outlier method, OR = odds

ratio, TMAQ = trimethylamino oxide.
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1. Introduction

It is estimated that about 8% to 12% of couples in the world
are unable to have a normal pregnancy due to infertility, among
which male factors account for about 50%.!" The causes of
male infertility are various, mostly due to genetic factors.”?! At
present, environmental, work-and-rest, diet, and other causes of
male fertility problems have gradually taken over the majority
of the causes.

The gut microbiota has received increasing attention over
the past decade. Human intestinal microflora is divided into 4
main phyla, including Bacillota, Bacteroidetes, Actinobacteria
and Proteobacteria.®’ Among them, Bacillota and Bacteroidetes

The authors have no funding and confiicts of interest to disclose.

All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

No additional ethical approval is required as this is a re-analysis of data that is
already publicly available.

@ Department of Reproductive Center, The First Hospital of Shanxi Medical
University, Taiyuan, China, © The Fifth Clinical Medical College of Shanxi Medical
University, Shanxi Provincial People’s Hospital, Taiyuan, China.

* Correspondence: Yi-fan Kang, Department of Reproductive Center, Shanxi
Medical University, The Fifth Hospital of Shanxi Medical University, 29 Shuangta
East Street, Yingze District, Taiyuan City, Shanxi Province 030001, China (e-mail:
384078163@qqg.com).

account for 90% of the intestinal microbiota.! Microbial dys-
biosis is now recognized as an important cause or exacerbator
of many human disease states and is found to be closely related
to a variety of diseases.l>*! Among them, fecal microbiota trans-
plantation is a key new treatment method, which can restore
the intestinal microbiota to the pre-disease state.” Intestinal
microbiota transplanted into animals can promote spermato-
genesis and improve semen quality.® It has been established
that the gut microbiota plays a crucial role in spermatogen-
esis and in improving male fertility.”! However, the literature
exploring the role of the microbiota in male infertility remains
sparse.
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Mendelian randomization (MR) analysis is an effective
method that uses genetic variants as instrumental variables (IVs)
to assess the potential causal relationship between a specific risk
factor and a disease of interest. MR has been widely used to
explore the causal relationship between gut microbiota and dis-
eases, including metabolic diseases, inflammatory diseases, and
rheumatological diseases. Previous Mendelian randomization
studies have investigated the relationship between gut micro-
biota and infertility in women,"”! but not in men. Alterations
in the gut microbiota have been found in men with infertility,
abnormal sperm and erectile dysfunction. Causal inference
between gut microbiota and male infertility is limited by incon-
sistent results from single-observation studies and the possibility
of confounding and reverse causality.

Therefore, in this study, a two-sample MR Analysis was per-
formed to assess the causal relationship between gut microbi-
ota and male fertility using the genome-wide association study
(GWAS) summary statistics from the MiBioGen and FinnGen
consortium.

2. Methods

All data used in this MR Study are publicly available. GWAS
data of gut microbiota were obtained from MiBioGen
International consortium data. Pooled GWAS data with
phenotypes of male infertility, abnormal sperm, and erectile
dysfunction were obtained from FinnGen. We accessed data
on 5 gut microbial taxa at 211 taxonomic levels. The study
populations were predominantly European, with total sam-
ples of 733,479, 209,921, and 223,805 persons, respectively,
corresponding to male infertility, abnormal sperm, and erec-
tile dysfunction.

Existing ethical clearance from each institutional review
board applies to all published genomewide association studies
(GWAS). Only abstract-level data were used in this study and no
additional ethical approval was required.

All MR analysis using R software (version 4.2.2) through
the “Two sample MR” package (https:/mrcieu.github.io/
TwoSampleMR). P < .05 was accepted as statistically significant
for the MR analysis. This study used a two-sample MR design
with SNPs as instrumental variables to assess the causal inter-
action between gut microbiota and male fertility. SNPs were
required to meet 3 criteria: being highly associated with exposure
under study; it was not associated with any other confounding
factors; and it only affects the outcome through exposure, and
has nothing to do with the outcome itself.'] Figure 1 illustrates
a schematic of the study design. We selected SNPs that reached
the genome-wide significance threshold (P < 5 x 10-%) were used
as instrumental variables (IV). Because the number of SNPS
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meeting the criteria was too small, we chose the threshold of
P <1 x 10-°TV. To obtain more comprehensive results. To ensure
the independence of each SNP, linkage disequilibrium (LD) fac-
tor 72 <0.0001 and clustering window width kb =10,000kb
were set. In addition, this study searched the Phenoscanner data-
base for all phenotypes associated with instrumental variables,
and no SNPS were found to be associated with confounding
factors associated with outcomes.

We used inverse variance weighting (IVW), weighted median,
and MR-Egger for MR Analysis of gut microbial taxa with mul-
tiple IVs. The fixed or stochastic effect IVW method is used as
the primary method for MR analysis. Cochrane’s Q test was
performed to assess the heterogeneity of IV if there was het-
erogeneity (P <.05), the random effects IVW test was used to
estimate the MR statistic, otherwise the fixed effects model was
used. Horizontal pleiotropy was used to balance the effects.
The MR-Egger truncation term is one of the most important
methods to assess the presence of horizontal pleiotropy between
IVs. When the intercept is nonzero, there is horizontal poly-
morphism, whose statistical significance will be determined by
the P value of the intercept. Together with MR-Egger, the MR
Pleiotropy residual and outlier method (MR-PRESSO) is also
commonly used to detect horizontal pleiotropy. MR-PRESSO
consists of the following 3 main steps: detect the presence of
pleiotropy, calculate the corrected prediction after removing the
outliers, and compare whether the difference between the 2 pre-
dictions before and after correction is statistically significant.
Finally, a leave-one-out analysis is used to assess the robustness
of the MR results.

3. Results

In the genetic analysis of gut microbiota, by removing SNPs
with linkage disequilibrium and palindromic structures with
full locus significance level, a total of 2774 SNPs were used as
instrumental variables for 211 bacteria according to the selec-
tion criteria of instrumental variables, with P <1 x 10-° as the
threshold. These included 9 phyla (108 SNPS), 16 classes (194
SNPS), 20 orders (237 SNPS), 35 families (427 SNPS), and 131
genera (1461 SNPS). F-statistics were calculated for each SNP
and all were larger than a threshold of 10. In the heterogeneity
test, Cochran’s Q statistic was all greater than 0.05, indicating
no heterogeneity among SNPs; Therefore, the fixed effect IVW
model was used as the main analysis method in the MR analysis.
Table 1 enumerates the significant strain results for the 5 MR
statistical methods.

Combining the results from the discovery and replication
stages, we identified 3 causal bacterial genus. The odds ratio
(OR) is calculated as the ratio of the odds of exposure in
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Figure 1. Three key assumptions for a valid Mendelian randomization study.
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Table 1
Significant and nominally significant Mendelian randomization estimates of the associations from Firmicutes on male infertility, abnormal spermatoz and erectile dysfunction

Horizontal pleiotropy

Heterogeneity

Pvalue

95%Cl Cochran’s Q Pvalue Egger intercept SE

Beta SE Pvalue OR

nSNPs

MR method
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the case group to the odds of exposure in the control group.
Specifically, it is the ratio of the proportion of exposed individu-
als to non-exposed individuals in the case group divided by the
corresponding ratio in the control group. When OR is greater
than 1, it suggests that the factor under investigation is a risk fac-
tor, indicating a higher likelihood of disease occurrence among
those exposed. Conversely, when OR is less than 1, it implies
that the factor may serve as a protective factor, suggesting a
reduced likelihood of disease occurrence among those exposed.
Ruminiclostridmé  (OR =0.537, 95% CI=0.292-0.987,
P =.045, PFDR = 0.234) was found to be closely associated
with male infertility, and the decrease in its quantity increased
the risk of male infertility. Decreased Prevotella9 (OR = 0.670,
95% CI=0.452-0.992, P =.046, PFDR = 0.175) was found
to be closely related to abnormal sperm. Lachnospiraceae
(OR = 1.173, 95% CI = 1.008-1.366, P = .078, PEDR = 0.530)
was found to be closely related to male erectile dysfunction, and
there was a positive correlation between them. No heterogeneity
and pleiotropy were detected. Figure 2 showed scatter plots of
the causal effects of the significant microbial taxa on male infer-
tility, abnormal spermatozoa and erectile dysfunction.

After the leave-one-out analysis, the overall error line changes
little after excluding each SNP (Fig. 3), and the funnel plot shows
that the points of the left and right distributions are essentially
symmetric, indicating that the results are stable (Fig. 4). In addi-
tion, MR Regression analysis showed the significance of the
results (Fig. 5).

4. Discussion

In this study, we performed a two-sample MR analysis to investi-
gate the causal relationship between male fertility and gut micro-
biota. The results of this study indicate that Ruminiclostridmé,
Prevotella9 and Lachnospiraceae NC2004 group are key gut
bacterial species that affect male infertility, abnormal sperm and
erectile dysfunction, respectively.

There are various causes of male infertility, and the funda-
mental cause is that the sperm production process is blocked,
resulting in no sperm or mature sperm production.?! Disruption
of microbiota composition or function and subsequent altered
host-microbiota interactions perturb the stability of multiple
organ systems, including the body,!®! while also affecting sper-
matogenesis.!" Intestinal flora can act on the male reproduc-
tive system through trace elements, metabolism, inflammatory
response, and nerve function,!™ which is potentially related to
male infertility.

Various trace elements in the body can cause abnormalities
in sperm. Abnormal gut microbiota and hormone synthesis
caused by iron deficiency can indirectly impair spermatogene-
sis.') At the same time, sperm motility needs to increase the
concentration of intracellular calcium ions.!'”) Hadwan et al!8!
found that semen volume and sperm motility of infertile men
with asthenospermia increased significantly after 3 months of
daily zinc supplementation at 220 mg. The regulation of intes-
tinal microbiota will change the level of bile acids and further
affect the absorption of vitamin A by the host intestine, leading
to impaired spermatogenesis.!') It has been proved that vitamin
D supplementation can improve serum 25-OH-Vitamin D, lev-
els, and become a potential effective method for the treatment
or prevention of male semen quality.?”! Various trace elements
are involved in the function of the various organs of the human
body and can affect male fertility.

The gut microbiota can mediate the metabolite to affect
insulin resistance and further indirectly regulate male fertility.
Studies have shown that insulin resistance index is negatively
correlated with semen volume and the percentage of progres-
sively motile sperm.?"-??I In addition, spermine is used to main-
tain normal reproductive physiology?’! and can be synthesized
by endogenous polyamine metabolism or obtained from dietary



Wang and Kang e Medicine (2025) 104:8 Medicine
MR Test
Inverse variance weighted/ Weighted median
/ MR Egger Weighted mode
Simple mode
0.2~
0.1- .
. L3 .
00— :_“- 00-“_—-——'._ — L . .
o o : e e — T = = e E———
-0.1- . . i -0.2- -
-0 2 .. Py *
-04-
-03- [ ' 1 ' | | ! |
0.05 0.10 0.15 0.20 0.25 0.04 0.08 0.12 0.16
SNP effect on || id:ebi-a-GCST90017045 SNP effect on || id:ebi-a=GCST90017052
0.05- . L4 '_,_,——’::'_:

0.10 0.15
SNP effect on || id:ebi—a—GCST90017022

Figure 2. Scatter plots of the causal effects of the significant microbial taxa on male infertility, abnormal spermatoz and erectile dysfunction.

intake and gut microbiota, such as actinomycetes, firmicutes,
Proteobacteria and Bacteroides.? Spermine producing gut bac-
teria can protect the testes from toxic exposure,”?’! improve sem-
iniferous tubules, germ cell counts, and promote the expression
of genes involved in spermatogenesis. If spermatozoa are defi-
cient, testicular dysfunction can be improved by supplementa-
tion with spermatozoa or spermatozoa-producing gut microbes.

Intestinal dysbiosis increases the number of pro-inflammatory
bacteria, causes intestinal mucosal injury, high intestinal per-
meability and intestinal leakage, causes a large number of
bacterial metabolites to enter the blood circulation, changes
serum cytokine levels, leads to excessive immune response and
chronic inflammatory state, and induces endothelial damage
and blood-testis barrier destruction.l?! It may affect the hor-
mone production of the testis and disturb the production and
motility of sperm.?” Bacterial translocation affects male repro-
ductive capacity.?® On the other hand, when the flora is disor-
dered, the pathogenic bacteria will release endotoxin into the
blood after autolysis,.?”’ The increase of endotoxin level leads
to male infertility, which has attracted wide attention." It has
been fully confirmed that endotoxemia has a causal relation-
ship with decreased sperm motility and spermatogenesis disor-
ders.BY DING et all" found that the increase in the abundance
of Prevotella in the phylum Bacteroidetes of the intestinal flora
was positively correlated with the increase in circulating endo-
toxin, which was a potential pathogenic bacteria. Endotoxemia
and epididymal inflammation are the final causes of down-
regulation of testicular related genes.’” The “leaky-gut” hypoth-
esis also links endotoxin to hypogonadism, in which endotoxin
can inhibit steroid hormone synthesis in Leydig cells and reduce
pituitary luteinizing hormone drive, resulting in decreased tes-
tosterone production and ultimately reduced spermiogenesis.[>3!

There is also a significant correlation between gut microbiota
and behavioral emotions.’*! However, Pan et al®®! found that
there may be a correlation between glutamic acid decarboxylase

and semen quality in male infertility patients. Therefore, intes-
tinal flora imbalance may also affect the emotional processing
center located in the hypothalamus through neurotransmit-
ters,’®l leading to anxiety and depression, increasing plasma
and semen oxidative parameters, causing oxidative damage
and damaging sperm quality.’”) In addition, neurotransmit-
ters produced by an imbalance in the gut flora stimulate the
hypothalamic-pituitary-gonadal axis, which inhibits the secre-
tion of gonadotropin-releasing hormones Luteinizing Hormone
and Follicle-stimulating hormone, resulting in a reduction in
testosterone secretion. In addition, experiments in mice have
confirmed that the intake of beneficial flora can change the
emotional behavior of the body and the expression of central -
aminobutyric acid receptor through the vagus nerve,’®3% and
affect hypothalamic-pituitary-gonadal axis. Alterations in the
gut microbiota may also lead to increased serum trimethylamino
oxide levels and promote vascular inflammation, which in turn
leads to cavernous endothelial and smooth muscle cell damage
and ultimately to the progression of erectile dysfunction.*"!

Intracellular flora imbalance can lead to male infertility due
to trace element deficiency, abnormal metabolic regulation, and
intestinal inflammation due to endotoxemia. It can also affect
male fertility by affecting the host’s cognitive mood or by mod-
ulating reproductive function through neural networks. The
combination of the above factors is the internal mechanism of
male infertility.

Ruminiclostridmé is closely related to a variety of digestive
disorders. It is important in digestion, absorption and metab-
olism, and can be involved in the synthesis of secreted poly-
saccharides. In this study, Ruminiclostridmé was found to be
significantly and negatively associated with male infertility. If
the numbers of these bacteria increase, they can induce den-
dritic cells to secrete inflammatory factors. The activated macro-
phages and dendritic cells infiltrating the epididymal cavity may
capture normal sperm and induce immune damage,*!! affecting
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Figure 3. Leave-one-out analysis of the causal effects of the significant microbial taxa on male infertility, abnormal spermatoz and erectile dysfunction.
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Figure 5. Forest plots of the causal effects of the significant microbial taxa on male infertility, abnormal spermatoz and erectile dysfunction.

the male reproductive function. Prevotella9 is strongly associ-
ated with abnormalities in male sperm. Ning Ding et al found
that the abundance of Bacteroides and Prevotella9 was nega-
tively correlated with sperm motility through the fecal micro-
biota transfer technique.!" Transplantation of fecal microbiota
from high-fat diet mice into normal diet mice led to a significant
increase in Bacteroides and Prevotella in the gut, resulting in
local inflammation and endotoxemia, interfering with sperm
epigenetics affecting spermatogenesis, and causing metabolic
disorders."*#2I This is consistent with the results of the present
study. Obesity and metabolic disorders affect the gut microbial
ecosystem. This is due to a significant increase in Bacteroides,
Prevotella, Rickettsia, and Lactobacillus in the gut microbiota
caused by a high-fat diet, resulting in a concomitant increase
in endotoxin levels in the circulation. Endotoxin significantly
increases inflammatory factors and monocyte chemotactic

factors in the epididymis and then inhibits the expression of tes-
ticular meiosis-related genes, resulting in a decrease in sperm
count. This suggests that the gut microbiota of men who eat a
high-fat diet may affect fertility. Prevotella9 helps break down
proteins and carbohydrates. A low-fat, high-fiber diet has been
suggested to improve glucose metabolism and insulin resis-
tance in male infertile patients, and further improve male sperm
abnormalities. These studies have revealed that gut microbiota
imbalance may affect the mood of male infertility patients and
worsen their fertility decline. The Lachnospiraceae NC2004
group was found to be potentially beneficial and its reduction
was associated with diabetes. The bacterium is closely associ-
ated with erectile function in men. The underlying mechanism
may be that the gut flora, with the help of the nervous system,
regulates changes in metabolic signal transduction in the body.
After insulin resistance occurs, vascular nitric oxide synthesis
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disorder and insulin-induced vasodilation dysfunction occur
one after another, both of which may be the pathogenic factors
of male erectile dysfunction.® In addition, nitric oxide, as an
important substance to regulate penile erection and arose brain
sexual desire, its content will also be affected when intestinal
flora is dysregulated, and then affect penile erection.*¥! Studies
and evidence on this bacterium are insufficient, and in the future
probiotics could be developed for the treatment and prevention
of male sexual dysfunction. Ma et al found that the changes
of NK4A136 group in Trichospirillaceae were significantly
correlated with the enhancement of intestinal barrier function
induced by spermidine.*! It is speculated that Lachnospiraceae
may be related to the damage of amino acid metabolism.

This study is the first to investigate the causal relationship
between male fertility and gut microbiota using MR methods,
and various sensitivity analyses were performed to assess the
robustness of the analysis. As suggested by the above results,
abnormal gut microbiota can emerge to affect male fertility.

5. Limitation

A limitation of this study is that the target population exclusively
comprises European populations, which may restrict the general-
izability of the findings. Additionally, the study did not account
for the mediating role of metabolic substances, thereby potentially
limiting the robustness of the conclusions. Currently, most studies
investigating the role of gut microbiota in male infertility are pre-
dominantly based on animal experiments, with a notable lack of
large-scale randomized controlled trials and clinical evidence. This
gap hinders the establishment of a solid clinical foundation for fur-
ther exploring the mechanisms of gut microbiota in male infertility
interventions and identifying effective probiotics for treatment.

6. Future directions

Animal studies have also shown that fecal microbiota transplan-
tation can treat infertility and improve sperm quality, suggesting
another link between gut dysbiosis and fertility. The improved
gut microbiota by alginate-oligosaccharide can be used to pro-
mote type 2 diabetes-reduced semen quality and male subfertil-
ity associated with metabolic diseases.[**”] Transplantation of
pre-diabetic sheep feces into mice revealed elevated sphingosine
levels and impaired spermatogenesis. As a potential prebiotic
agent, melatonin can be used to treat male infertility by improv-
ing blood glucose and insulin resistance levels.*! Another
study in mice by Zhang et al®® also found that fecal microbi-
ota transplantation improved spermatogenesis, increased sperm
concentration, improved motility, increased levels of testicu-
lar antioxidants and key reproductive proteins, and increased
expression of genes related to spermatogenesis.*’!

Prebiotics and probiotics can, to a certain extent, increase the
proportion of germ cells, promote the expression of spermato-
genic genes, improve transcription factors in vivo, and improve
the testicular microenvironment, thereby increasing sperm con-
centration and sperm motility and improving sperm quality.®*%
The results of the current study provide new insights into the
mechanisms of action of beneficial gut microbiota in treating
men with high risk of infertility who should be treated individ-
ually and in combination with their own gut microbiota com-
position. To find the intestinal microbiota associated with male
infertility, with the aim of identifying transgenic probiotics, it
is necessary to explore microbiota therapy to prevent and treat
current fertility problems by regulating body homeostasis and
protecting intestinal mucosal barrier.

7. Conclusion

In this study, the causal relationship between Ruminiclostridmé,
Prevotella9, Lachnospiraceae NC2004 group and male fertility
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was demonstrated by MR analysis, which provides a theoretical
basis to guide clinical work and can point the way for future
research. The hope is that underlying male fertility problems can
be treated with probiotics.
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