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Abstract

Introduction

This study aims to elucidate the causal relationships between serum metabolites and infertility in both
men and women,and to identify key metabolic biomarkers.

Material and methods

This study used a two-sample Mendelian randomization design,utilizing circulating plasma metabolite
genome wide association study data as an exposure factor and FinnGen Consortium R10 genome
wide association study data for infertility in men and women as an outcome. The causal relation
between plasma metabolites and infertility in men and women was assessed using five methods:
inverse variance weighted, Egger regression, weighted median, maximum likelihood estimation, and
simple mode.

Results

This analysis identified 17 and 10 metabolites positively and negatively associated with infertility in
women, respectively. Similarly, 22 and 30 metabolites were positively and negatively associated with
infertility in men, respectively. Galactonate and glycerate levels were identified as risk factors for
infertility in both men and women. In addition, sphingomyelin exerts protective effects against infertility
in both men and women. Metabolic pathway analysis revealed enrichment of critical metabolic
pathways related to infertility.

Conclusions

This study identified several circulating metabolic biomarkers associated with infertility. These
biomarkers can be used for the screening and prevention of infertility.In addition, they could be
employed as candidate molecules for future mechanistic exploration and drug-targeting studies.
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Abstract

Intorduction: This study aims to elucidate the causal relationships between serum
metabolites and infertility in both men and women,and to identify key metabolic

biomarkers.

Methods: This study used a two-sample Mendelian randomization design, utilizing
circulating plasma metabolite genome wide association study data as an exposure factor
and FinnGen Consortium R10 genome wide association study data for infertility in men
and women as an outcome. The causal relation between plasma metabolites and infertility
in men and women was assessed using five methods: inverse variance weighted, Egger

regression, weighted median, maximum likelihood estimation, and simple mode.

Results: This analysis identified 17 and 10 metabolites positively and negatively
associated with infertility in women, respectively. Similarly, 22 and 30 metabolites were
positively and negatively associated with infertility in men, respectively. Galactonate and
glycerate levels were identified as risk factors for infertility in both men and women. In
addition, sphingomyelin exerts protective effects against infertility in both men and
women. Metabolic pathway analysis revealed enrichment of critical metabolic pathways

related to infertility.

Conclutions: This study identified several circulating metabolic biomarkers associated
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with infertility. These biomarkers can be used for the screening and prevention of
infertility.In addition, they could be employed as candidate molecules for future

mechanistic exploration and drug-targeting studies.

Keywords: Infertility, Circulating plasma metabolites, Mendelian randomization

Introduction

Infertility, a prevalent reproductive system disorder with rising global incidence, impacts
individual well-being, family dynamics, and societal demographics. Defined as the failure
to achieve clinical pregnancy after 12 months of regular unprotected intercourse[1]. It
affects 14.3% and 25% of reproductive-age couples in developed and developing
countries, respectively[2]. Notably, male factors contribute to nearly 50% of cases,

highlighting the need for early prevention, diagnosis, and targeted management strategies.

Integrative omics (transcriptomics, proteomics, metabolomics) has emerged as a pivotal
tool in life sciences. Evidence indicates that metabolic disorders (e.g. hypertension,
diabetes, obesity) are strongly linked to infertility in both sexes[3,4]. Metabolomics,
extending beyond genomics and proteomics[5, 6], identifies metabolic biomarkers and
elucidates pathogenic pathways by analyzing circulating metabolite profiles between
infertile patients and healthy controls, offering novel therapeutic targets for infertility

prevention and treatment.
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Mendelian randomization (MR) is an epidemiological method that utilizes
single-nucleotide polymorphisms (SNPs) as instrumental variables (1Vs) to infer causal
relationships between exposures and diseases, circumventing limitations of observational
studies[7]. Leveraging genome-wide association study (GWAS) data, we applied a
two-sample MR approach to investigate causal effects of serum metabolites on infertility

and identify underlying metabolic pathways.

Materials and methods

Study design

We used a two-sample MR approach based on GWAS summary statistics to investigate
causal associations between circulating metabolites in humans and the risk of infertility in
both men and women. This is a genetic epidemiological approach for investigating
causality and addressing confounders by using IVs under three assumptions: (i) 1Vs are
not associated with confounders; (ii) 1\Vs are associated with exposure factors; and (iii)
IVs are not associated with outcome variables, with 1Vs influencing outcomes only
through exposure. Genetic information on circulating metabolites and infertility in
humans was obtained from separate GWAS databases, and the flowchart of this MR study

is shown in Figure 1.

GWAS data
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Chen et al. obtained a genome-wide association database of 870 blood metabolites [8].
This is the most comprehensive analysis of blood metabolites in humans and is included
in the GWAS catalog. After applying the appropriate exclusion criteria, the Canadian
Longitudinal Study of Aging finalized the identification of 8,299 participants between the
ages of 45 and 85 years and performed genome-wide typing, identifying 248 linked loci.
They were also tested for 1,091 circulating plasma metabolites and 309 metabolite ratios.
Of the 1,091 metabolites, 850 had a known identity (including lipids, amino acids,
xenobiotics, nucleotides, cofactors and vitamins, carbohydrates, peptides, and
energy-related molecules), whereas the remaining 241 were defined as unknown or
partially characterized molecules; metabolite ratios and unknown molecules were
excluded from this study. Information on these metabolites is provided in Supplementary

Table S1.

FinnGen is a large public-private cooperation project covering the entire territory of
Finland to determine the etiology of various diseases and assess the role of genetics in
health and disease. We downloaded GWAS data related to infertility in both men and
women from the R10 version of the FinnGen consortium, which yielded 14,759 infertility
cases in women, 111,583 controls, 1,429 infertility cases in men, and 130,139 controls

(https://r10.finngen.fi/).

1V selection
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In this study, we selected SNPs as genetic IVs. We rigorously screened the Vs associated
with serum metabolites using the following steps to ensure the robustness of the MR
analyses (Figure 1). First, SNPs with MAF > 0.01 in exposure and outcome were selected,
followed by screening for SNPs satisfying the locus-wide significance threshold (P < 1 x
10-%) associated with exposure. Subsequently, SNPs were removed by performing the LD
clumping procedure with r> < 0.001 and a window size = 10,000 kb to eliminate variants
in linkage disequilibrium. Genetic variants with F > 10 were selected as strong 1Vs to

avoid bias from weak Vs [9].

MR analysis

Five methods were used to evaluate the causal relation between exposure (plasma
metabolites) and outcome (infertility), with the random-effects inverse variance weighted
(IVW) model as the primary analytical method, along with the MR—Egger, weighted
median, maximum likelihood, and simple mode methods [10]. If only one IV was
available for the plasma metabolites, the Wald ratio was used. If two or more Vs were
present, the IVW method was used. Results with significant P-values for the IVW method
and beta values for the remaining four methods in the same direction as the VW method
were considered meaningful. In the heterogeneity test, Cochran's Q statistic had a

P-value > 0.05, indicating no heterogeneity between SNPs at the statistical level. Second,

horizontal pleiotropy was assessed using MR—Egger regression. A P-value < 0.05 for the
6
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intercept term indicated the presence of statistically significant horizontal pleiotropy. We
detected reverse causality using the Steiger test of directionality, with TRUE indicating
the absence of statistically significant reverse causality. The results show that all MR
methods yielded results in the same direction and that the MR—Egger method did not
detect statistically significant pleiotropy, supporting our main finding. Statistical analyses
were conducted using R software (version 4.2.3), and MR analysis was performed using

the TwoSampleMR package.

Metabolic pathway analysis

The RaMP database of Web-based Metaconflict 6.0 was used to analyze metabolic
pathways leading to infertility (https://www.metabcanalest.ca/), and pathways with FDR

< 0.05 were considered significantly enriched.

Results

MR results for infertility in men and women

After excluding unknown metabolites and metabolite ratios, 870 plasma
metabolite-associated SNPs with known structures and functions were used. The number
of IVs selected for plasma metabolites ranged from 3 to 32, and we derived causal

associations between 870 metabolites and infertility in both men and women
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(Supplementary Tables S2 and S3). The IVW method showed a positive correlation
between increased levels of 17 metabolites and the risk of infertility in women, including
eight from the lipid metabolism pathway, three from the amino acid metabolism pathway;,
two from the cofactor and vitamin pathways, two from the carbohydrate pathway, one
from the xenobiotic pathway, and one from a partially characterized molecular pathway.
The top five of these metabolites were as follows: 7-methylxanthine (odds ratio [OR] =
1.187, 95% confidence interval [CI] = 1.076-1.311, P = .0007); octadecadienedioate
(C18:2-DC) (OR = 1.086, Cl = 1.041-1.134, P = .0002); galactonate (OR = 1.192, Cl =
1.069-1.329, P =.0016); metabolonic lactone sulfate (OR = 1.067, Cl = 1.026-1.109, P

.0011); sphingomyelin (d18:0/18:0, d19:0/17:0) (OR = 1.112, Cl = 1.037-1.193, P

.0030). Furthermore, we observed 10 metabolites that were negatively associated with
infertility in women. The top five of these included oleate/vaccenate (18:1) (OR = 0.865,
C1 =0.784-0.954, P = .0037); glycoursodeoxycholate (OR =0.892, Cl = 0.827-0.963, P
=.0032); sphingomyelin (d18:2/23:1) (OR = 0.894, Cl = 0.819-0.975, P =.0116);

glycocholate (OR =0.923, Cl = 0.862-0.987, P =.0196); glycohyocholate (OR = 0.869,

Cl1=0.772-0.979, P = .0208) (Figure 2 and Supplementary Table S4).

A total of 22 metabolites were identified as positively associated with infertility in men.
The top five metabolites were as follows: 1-oleoyl-GPI (18:1) (OR = 1.429, Cl =

1.151-1.773, P = .0012); 11pB-hydroxyandrosterone glucuronide (OR =1.382, Cl =
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1.134-1.683, P = .0013); tauro-pB-muricholate (OR = 1.178, ClI = 1.051-1.319, P =.0048);
4-vinylguaiacol sulfate (OR =1.408, Cl = 1.110-1.788, P = .0049);
trans-4-hydroxyproline (OR = 1.372, Cl = 1.095-1.718, P = .0059). Concurrently, 30
metabolites were negatively associated with infertility in men. Of these, the top five
included Sa-androstan-3p, 17p-diol monosulfate (2) (OR = 0.852, Cl =0.767-0.947, P
=.0029); 1-(1-enyl-palmitoyl)-2-linoleoyl-GPE (p-16:0/18:2) (OR =0.742, Cl =
0.608-0.904, P =.0032); sphingomyelin (d18:1/24:1, d18:2/24:0) (OR = 0.659, CI =
0.498-0.873, P =.0036); carnitine C14 (OR =0.704, Cl = 0.543-0.914, P = .0083);
androsterone sulfate (OR = 0.903, Cl = 0.835-0.976, P = .0100) (Figure 3 and

Supplementary Table S5).

Infertility in men and women share several causal metabolites. Pyridoxal was positively
associated with infertility in both women (OR =1.096, Cl = 1.027-1.170, P = .0058) and
men (OR = 1.257, Cl = 1.042-1.518, P = .0171). Galactonate and glycerate levels were
risk factors for infertility in both men and women. Furthermore, sphingomyelin exerted a
protective effect against infertility and was inversely correlated with infertility in women
(d18:2/23:1). By contrast, in infertility in men, six sphingomyelin metabolites were
identified: sphingomyelin (d18:0/18:0, d19:0/17:0); sphingomyelin (d18:0/20:0,
d16:0/22:0); sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0); sphingomyelin

(d18:1/18:1, d18:2/18:0); sphingomyelin (d18:1/20:2, d18:2/20:1, d16:1/22:2);
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sphingomyelin (d18:1/24:1, d18:2/24:0).

Sensitive analysis

The directionality of the MR results was consistent across all methods (Supplementary
Materials S1 and S2). MR—Egger results showed that no horizontal pleiotropy was
detected for 27 metabolites associated with infertility in women and 52 metabolites
related to infertility in men (Supplementary Table S1). Scatter plots depict the effect of
each SNP locus on infertility, with the slopes representing the magnitude of impact.
Leave-one-out analysis showed no significant outliers (Supplementary Materials S3 and

S4).

Metabolic pathway analysis

A study of metabolic pathways revealed that the five most prevalent metabolic pathways
in infertility in women were glycerolipid metabolism, glycine and serine metabolism,
valine/leucine/isoleucine degradation, bile acid biosynthesis, and thiamine metabolism
(Figure 4A). The five metabolic pathways strongly associated with infertility in men were
de novo triacylglycerol biosynthesis, malate-aspartate shuttle, glycerol phosphate shuttle,
cardiolipin biosynthesis, and bile acid biosynthesis. Additionally, five metabolic pathways
were common to infertility in both men and women (Figure 4B): bile acid biosynthesis,

vitamin B6 metabolism, glycerolipid metabolism, transfer of acetyl groups into
10
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mitochondria, and valine/leucine/isoleucine degradation.

Discussion

In this two-sample MR analysis utilizing largescale GWAS data, we systematically
investigated the potential causal associations between 871 plasma metabolites and
infertility in both men and women. Multiple risk and protective factors associated with
infertility, as well as key metabolic pathways, were identified. The results provide new
evidence and insights into infertility pathogenesis and potential targets for prevention and
treatment. Metabolomics, a widely used method for studying reproduction-related
diseases, effectively identifies biomarkers in blood, semen, and follicular fluid. Among
these, blood samples are particularly valuable because of their accessibility and rich
metabolic profile. This study not only validated characteristic metabolites but also further
elucidated key metabolic pathways leading to infertility, laying an important foundation
for a deeper understanding of infertility's molecular mechanisms and the development of

precise therapeutic strategies.

A decline in semen quality is a major cause of infertility in men. In some countries,
semen quality problems have become a primary issue for young men with fertility
problems [11]. One study found differences in the serum metabolic profiles of men with
different sperm concentrations and identified the markers as peptides related to the

11
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protein complement C3f [12]. Zhang et al. identified 24 potential biological markers of
serum metabolites in patients with azoospermia and in healthy controls. Taurine exhibits
high levels in healthy individuals and is enriched in one of the metabolic pathways,
gluconeogenesis, which is consistent with the results of the present study [13]. Androgen
secretion-stimulating factors play a pivotal role in sperm production, potentially
enhancing sperm viability and count [14]. Alipour et al. demonstrated that pyruvate and
taurine enhanced sperm viability through a correlation between seminal plasma
metabolomic profile and ejaculation-abstinence period length in normozoospermic men
[15]. Tauro-B-muricholate is a compound that combines taurine and bile acids, exhibiting
dual functionality as both bile acids and taurine. Bile acids are associated with idiopathic
infertility. Furthermore, FXR binds to endogenous bile acids and impedes spermatozoa
fertilization [16]. This study indicates that serum metabolites of tauro-g-muricholate may
be a risk factor for infertility in men. This may be related to the biological function of bile
acids, and further investigation is required to elucidate the specific biological mechanisms.
In the present study, carnitine C18:2 was identified as a potential biomarker of infertility
in men, whereas carnitine C14 was found to have a protective effect against this condition.
The carnitine family encompasses a range of active forms with distinct and significantly
varying functions among the various metabolite members. Urine metabolomic analyses
have shown that acylcarnitines, carnitine C8, and carnitine C10:2 are strongly associated

with infertility in men [17]. However, other studies have indicated that carnitine, a
12
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naturally occurring antioxidant in mammals, is a potential therapeutic agent for
improving infertility in men. In vitro experiments have demonstrated that L-carnitine
significantly improves sperm quality in patients with severe spermatopenia [18]. These
findings suggest that the roles of carnitine and its metabolites in infertility in men are
complex and varied and that their specific functional mechanisms require further in-depth

study.

A comprehensive literature review indicated that the principal metabolic pathways
implicated in infertility in men are the tricarboxylic acid cycle, oxidative phosphorylation,
glycolysis, and lipid metabolism pathways [19]. Our findings indicate that the metabolic
pathways associated with infertility in men, including fatty acid biosynthesis,
gluconeogenesis, and the Warburg effect, are linked to the tricarboxylic acid cycle,
glycolysis, and lipid metabolism. Spermatocyte motility and capacitation are dependent
on glycolysis. It has been proposed that the pathogenesis of infertility in men may be
related to a decrease in ATP due to a blockage of the glycolytic pathway in spermatocytes
[20]. Lipid metabolism plays an important role in fertility in men. The synthesis of sperm
cell membranes is dependent on lipids. In men with infertility having abnormal lipid
metabolism, reduced levels of phospholipids and elevated levels of free fatty acids have
been observed. Mutation in the sphingomyelin synthase gene cause spermatogenesis
defects in mice [21]. In summary, the pathogenesis of infertility in men is closely related

13
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to various metabolic pathways, including the tricarboxylic acid cycle, glycolysis, lipid
metabolism, and fatty acid biosynthesis. Collectively, these pathways regulate
spermatogenesis, motility, and energetics by affecting the energy supply, cell membrane

structure, and spermatozoa function.

A growing body of evidence has indicated that infertility is a metabolic disorder, with
polycystic ovary syndrome (PCOS) being the most prevalent form of infertility in women.
PCOS is characterized by anovulation and endocrine and metabolic disorders [22]. A
prospective randomized controlled trial of patients with PCOS identified six plasma
metabolites, including glutamic acid, aspartic acid, 1-methylnicotinamide, acetylcarnitine,
glycerophosphocholine, and oleamide, which may serve as potential biomarkers for
PCOS [23]. As identified in this study, the metabolites associated with infertility in
women were predominantly lipid metabolites. Lipids play pivotal roles in human
reproduction. Blood lipids can influence women’s reproductive health by regulating the
production of steroid hormones and may even have adverse effects on pregnant women
and fetuses [24]. The composition of lipids in the follicular fluid influences the
functionality of granulosa cells, which in turn affects oocyte development and maturation
[25]. An MR study by Jansen et al. showed that elevated triglyceride, total cholesterol,
and low-density lipoprotein cholesterol levels were associated with an increased risk of
infertility in women [26]. The results of our study indicated that glycerate may be a risk
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factor for infertility in women. Glycerates are conventionally classified into triglycerides,
1,2- or 1,3-glycerol diesters and 1- or 2-glycerol monoesters according to the number and
position of the acyl groups. Of these, triglycerides represent the most significant and
prevalent constituents; thus, we hypothesized that the primary cause of infertility in
women because of glycerate is the action of triglycerides. Furthermore, our findings
indicated a positive causal relation between bilirubin levels and infertility in women. One
study examined serum total bilirubin, conjugated bilirubin, and free bilirubin levels in
infertile and normal fertile women. The results indicated that all three parameters were
elevated in the infertile group compared with those in the control group. The implication
of these results is that elevated bilirubin levels may contribute to poor pregnancy
outcomes [27]. Robert B. Hood et al. identified nine metabolites, including bilirubin,
through the metabolomic analysis of follicular fluid from 125 infertile women undergoing

IVF [28]. This is consistent with our findings.

Studies of women's metabolic pathways have found that infertility in women is associated
with bile acid biosynthesis. A previous study identified that serum metabolic pathways in
infertile women include fatty acid metabolism, whereas metabolic pathways in follicular
fluid include bile acid biosynthesis [29], which is comparable to our findings. Smith et al.
identified bile acids and all enzymes involved in the bile acid synthesis pathway in human
follicular fluid [30]. These findings suggest that the bile acid synthesis pathway is

15
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essential for follicular growth, development, and maturation. However, further
investigations are required to elucidate the underlying mechanisms of infertility. A
metabolomic analysis of follicular fluid in women with evidence of infertility because of
decreased ovarian reserve function revealed that the metabolic pathways involved
included pantothenate and CoA biosynthesis and glutathione metabolism [29], consistent
with our findings. The biosynthesis of pantothenate and CoA plays a role in the
metabolism of sugars, proteins, and fats and exhibits antioxidant effects. These processes

influence oocyte development and maturation.

This study had several strengths. It represents the most comprehensive investigation to
date of the potential causal relation between plasma metabolites and infertility. Second,
this study employed five distinct statistical methods for MR to enhance the robustness

and credibility of the findings.

The metabolic markers and pathways identified in this study have the following clinical
translational potential. For instance, the metabolites can be utilised as non-invasive
biomarkers for the screening and stratified diagnosis of infertility. The associated
metabolic pathways (such as lipid and glucose metabolism) provide new perspectives for
developing targeted therapeutic strategies. Furthermore, the monitoring of metabolic
processes in high-risk populations (like patients with a family history of infertility or

metabolic syndrome) in combination with lifestyle interventions has been shown to
16
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reduce the risk of infertility. However, it should be noted that the study is subject to
several limitations. First, the lack of detailed participant clinical characteristics in the
database limits the in-depth interpretation of the causal relation between metabolites and
infertility, as different etiologies can lead to significant differences in metabolite profiles.
Failure to fully consider these clinical features may have affected the generalizability and
clinical application of the findings. Future studies should incorporate more detailed
clinical information combined with multicenter data to further validate and optimize the
reliability of metabolites as infertility biomarkers. Second, the GWAS database employed
in this study predominantly comprises data from European populations. Consequently, the
generalizability of these results to other racial and geographical groups remains unclear.
Third, although the present study revealed significant associations between some serum
metabolites and infertility using MR, whether these metabolites directly contribute to
infertility or whether their changes are a result of the disease remains uncertain. Some
metabolites may be involved in pathological processes by affecting sperm or egg energy
metabolism, oxidative stress, or cell membrane function, whereas others may simply
reflect changes in the metabolic environment. Future studies combining functional
experiments (including gene editing or metabolic interventions) and longitudinal cohort

studies are needed to clarify the causal mechanisms.

Conclusion

17
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The fundamental objective of metabolomics is the identification of specific biomarkers.
In the present study, MR analysis was used to identify plasma metabolite risk factors and
protective factors associated with infertility. The analysis involved 17 risk factors and 10
protective factors for infertility in women and 22 risk factors and 30 protective factors for
infertility in men. Certain metabolites play a common role in infertility in both women
and men. For instance, pyridoxal was positively associated with infertility in both women
and men, whereas galacturonic acid and glycolic acid were identified as common risk
factors. Through metabolic pathway analysis, we identified the pivotal metabolic
pathways associated with infertility. These findings have yielded significant candidate
molecules and established a theoretical foundation for future in-depth research on the
molecular mechanisms underlying infertility and the development of targeted intervention

strategies.
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Figure legends

Figure 1 Flowchart of the study design in our Mendelian randomization (MR)

analysis

Figure 2 Forest plot of Mendelian randomization (MR) analysis between plasma
metabolites and infertility in women (IVW, inverse variance weighted; SNP, single

nucleotide polymorphism; OR, odds ratio; CI, confidence interval)

Figure 3 Forest plot of Mendelian randomization (MR) analysis between plasma
metabolites and infertility in men (IVW, inverse variance weighted; SNP, single

nucleotide polymorphism; OR, odds ratio; Cl, confidence interval)

Figure 4 Enriched significant metabolic pathways of infertility. (A) Significant
metabolic pathways involved in infertility in women. (B) Significant enrichment of

metabolic pathways in men with infertility
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