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Abstract

Introduction A decrease in sperm cell count has been observed along the last several decades, especially in the most devel-
oped regions of the world. The use of metabolomics to study the composition of the seminal fluid is a promising approach
to gain access to the molecular mechanisms underlying this fact.

Objectives In the present work, we aimed at relating metabolomic profiles of young healthy men to their semen quality
parameters obtained from conventional microscopic analysis.

Methods An untargeted metabolomics approach focusing on low- to mid-polarity compounds was used to analyze a subset
of seminal fluid samples from a cohort of over 2700 young healthy men.

Results Our results show that a broad metabolic profiling comprising several families of compounds (including acyl-carni-
tines, steroids, and other lipids) can contribute to effectively distinguish samples provided by individuals exhibiting low or
high absolute sperm counts.

Conclusion A number of metabolites involved in sexual development and function, signaling, and energy metabolism were
highlighted as being distinctive of samples coming from either group, proving untargeted metabolomics as a promising tool
to better understand the pathophysiological processes responsible for male fertility impairment.
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the Total Fertility Rate (TFR, defined by the number of live
births per woman) have been constantly declining over the
last decades. In most European countries, the US and Japan,
the TFR is now below the replacement level needed to reli-
ably sustain populations (Skakkebek et al., 2022; World
Population Prospects, 2022), making an increasing number
of couples need to turn to assisted reproduction techniques.
Hence, infertility (the failure to establish a pregnancy
after 12 months of regular, unprotected sexual intercourse
(Zegers-Hochschild et al., 2017)) and its future trends are
becoming an increasingly worrying issue worldwide (Voll-
set et al., 2020). Besides diverse socioeconomical factors
(e.g. delays in couples’ pregnancy planning) there is a strong
body of evidence supporting that one of the major reasons
for such a health issue is impaired semen quality (Levine
et al., 2017). Although such a statement has been the sub-
ject of some debate (Boulicault et al., 2022; Jgrgensen et al.,
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2021), the most recent studies have evidenced a global and
constant decrease of sperm count during the past decades
(Levine et al., 2022).

From the biological point of view, the seminal fluid car-
ries the sperm cells (or spermatozoa) in the seminal plasma
—the mix of secretions coming from seminal vesicles, pros-
tate, and bulbourethral and periurethral glands (Drabovich
et al., 2014). In humans, spermatozoa only account for~5%
of the total volume of the ejaculate and, being small cells
with a minute amount of cytoplasm and the ability to move,
they rely on the seminal plasma to be nourished, protected
from the environment, and to fertilize the oocyte (Rob-
ertson & Sharkey, 2016; Schjenken & Robertson, 2020;
Turunen et al., 2022). To fulfill these roles, the seminal
plasma contains a large variety of nutrients, buffering ions,
immunomodulators, and signaling molecules (Poiani, 2006).
Along with its intrinsic high viscosity and protein content
(Owen & Katz, 2005) it renders the seminal liquid a chal-
lenging matrix as a subject for bioanalyses.

Despite its analytical complexity, its close functional and
anatomical relationship with the male reproductive organs
makes semen an appealing biofluid to develop diagnostic
approaches and to study the etiology and the mechanisms
underlying alterations of the male genital tract (Blaurock
et al., 2022). Although this type of applications has been
developed in the proteomics field (Camargo et al., 2018;
Drabovich et al., 2014; Druart & Graaf, 2018; Martins et al.,
2020; Milardi et al., 2013; Samanta et al., 2018), the body of
studies dedicated to disentangling the metabolome composi-
tion of human seminal fluid and its correlation with semen
quality is quite scarce. There is a remarkable number of pub-
lications focusing on the targeted analysis of up to ten ster-
oid hormones (Balladova, 2015; Hampl et al., 2013; Vitku
et al., 2015, 2017; Ying et al., 1983; Zalata et al., 2014), but
research devoted to an untargeted (> 50) determination of
steroid hormones in seminal liquid remains limited (Olesti
et al., 2020). The number of studies increasing the chemi-
cal coverage from a fully untargeted perspective, is even
more restricted (Blaurock et al., 2022; Buszewska-Forajta
et al., 2022; Engel et al., 2019; Mehrparavar et al., 2019;
Qiao et al., 2017; Serri et al., 2022; Xu et al., 2020; Zeng
et al., 2018). It becomes thus evident that there is a lack
of knowledge about small molecule-composition of human
seminal fluid.

In this context, a dedicated approach was previously
developed to determine and annotate up to nearly 200 ster-
oids in seminal fluid (Olesti et al., 2020, 2021). This meth-
odology exploits an optimized SPE-based sample prepara-
tion, followed by RP-HRMS analysis of the samples. Highly
reliable level 2 or level 1 annotations (Schymanski et al.,
2014) are then made possible by DynaSti, a retention time
database containing 92 experimentally determined retention
times (RT) and over 100 in silico calculated ones (Codesido
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et al., 2019). Despite the biological relevance of steroids
in the seminal fluid, the complexity of this matrix goes far
beyond what can be monitored through a single family of
compounds. Additional mediators such as oxylipins are also
present and account for an adequate sperm functionality. A
number of other molecules with different degrees of lipophi-
licity are present in the seminal fluid and play an important
role during spermatogenesis (sperm production), during
their maturation throughout the epididymis, or even on the
response of the female epithelium (Poiani, 2006; Robert-
son, 2005). Tracking such molecules in the search for differ-
ences between low- and high-quality semen samples using
an untargeted approach has the advantage of providing a
more complete picture of potential changes in their chemical
composition. Moreover, it becomes particularly useful in the
context of exploratory studies because no previous knowl-
edge about the concerned metabolic pathways is needed.
For this purpose, a strategy aiming to broaden and com-
plement the metabolic coverage provided by the existing
LC-MS method covering 200 steroids has been developed
and implemented thanks to the use of several different
in-house analyzed libraries of compounds. Such libraries
contained over 800 reference standards for which accurate
masses, RTs, and fragmentation patterns have been experi-
mentally measured, enabling the reliable identification of the
metabolites present in seminal fluid at level 1 of confidence
(BlaZenovi€ et al., 2018; M.I.T. Group, 2020; Sumner et al.,
2007). This annotation effort has allowed to distinguish a
wide variety of metabolites accounting for the difference
between low- and high-sperm count individuals in an epide-
miological study conducted on young Swiss men.

2 Materials and methods
2.1 Study population and semen analysis

From September 2005 to June 2017, a nationwide cross-
sectional study was conducted on 2731 men aged between
18 and 22 years coming from all regions of Switzerland.
Volunteers were recruited upon their participation in a man-
datory short military camp before their potential enrollment
in the Swiss military service. The details about the study can
be found elsewhere (Rahban et al., 2019). Volunteers pro-
vided urine, blood plasma and a semen sample and filled a
comprehensive questionnaire about their general and repro-
ductive health as well as their lifestyle habits. Upon collec-
tion, semen samples were incubated at 37 °C for 20-40 min
to allow liquefaction as recommended in the WHO manual
for semen analysis (World Health Organization, 2010). Ali-
quots (5 pL) of the semen sample were then transferred into
a 20 pm-deep counting chamber (Leja Products, The Neth-
erlands) and analyzed using a Computer Assisted Sperm
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Analyzer (CASA, Sperm Class Analyzer- SCA, Microptic,
Spain). Semen parameters such as concentration (million/
mL), Total Sperm Count (TSC — million/ejaculate), and
sperm motility (%) were recorded. Classes of sperm motil-
ity were determined according to previously described kin-
ematic parameters (Mortimer, 1997) and divided into the
following groups: progressive (rapid and slow, type a and
b, respectively), non-progressive (type c) and static (type
d). Fixed and Papanicolaou stained smears were prepared
for sperm morphology assessment, either using the CASA
or by a single trained technician according to the stricter
criteria (Menkveld et al., 1990). The semen samples were
then centrifuged at 700 x g for 10 min, and the supernatant,
representing the seminal fluid, was collected. Aliquots of
blood serum, urine and seminal fluid were stored at — 80 °C
until use. The study was approved by the ethical commit-
tees of the cantons of Vaud (17-01-2005, 01/02), Ziirich
(EK-StV-Nr. 27-2006), Ticino (Rif.CE 1886) and Geneva
(2016-01674) in Switzerland.

2.2 Chemicals and reagents

Phosphoric acid (H;PO,) analytical grade was purchased
from Sigma-Aldrich (Buchs, Switzerland). Formic acid (FA)
was obtained from Biosolve (Valkenswaard, The Nether-
lands), and acetonitrile (MeCN), water (H,0), and methanol
(MeOH) from Fisher Scientific (Loughborough, UK). All
the solvents and additives were UPLC-MS grade.

2.3 Sample preparation

Seminal fluids were extracted as previously published
(Olesti et al., 2020). Briefly, 200 pL of seminal fluid were
acidified with 500 pL of aqueous 4% H;PO, and then loaded
onto SPE HLB pElution plates (Waters, Milford, MA, USA)
using a positive pressure manifold (PRESSURE + 96, Bio-
tage AB, Uppsala, Sweden). Samples were washed with
400 pL of H,0:MeOH (95:5) and then eluted with 50 pL
of H,0:MeCN (10:90). Eluates were evaporated to dryness
(SpeedVac, Thermo Fischer Scientific, Waltham, MA, USA)
and reconstituted in 100 pL of H,0:MeOH (50:50).

2.4 Sequence

The analytical sequence was split into two separate batches
comprising 140 and 142 samples, analysed consecutively
after MS cleaning. Each one of the batches contained blanks,
system suitability tests, conditioning and long-term QC sam-
ples (Pezzatti et al., 2020). QC/dQC pairs were analysed
every 8 study samples. Long-term QCs were extracted as
detailed in Sect. 2.2 from a pool of healthy donors and rou-
tinely used to check analytical quality. Intra-study QC sam-
ples were prepared by pooling aliquots of all the extracts

from the study samples and also used as conditioning sam-
ples. Diluted QC samples were made by diluting QC sam-
ples with injection solvent by a 1:1 ratio.

2.5 LC-MS analyses

Chromatography was performed on a Waters H-Class
Acquity UPLC system composed of a quaternary pump, a
column manager and an FTN autosampler (Waters Corpo-
ration, Milford, MA, USA). Samples were separated on a
Kinetex C18 column (150 % 2.1 mm, 1.7 pum) and the cor-
responding SecurityGuard Ultra precolumn and holder (Phe-
nomenex, Torrance, USA). Solvent A was H,O and solvent
B was MeCN, both containing 0.1% formic acid. The col-
umn temperature and flow rate were set at 30 °C and 300
uL min~!, respectively. The gradient elution was as follows:
2 to 100% B in 14 min, hold for 3 min, then back to 2% B
in 0.1 min and re-equilibration of the column for 7.9 min.
The UPLC system was coupled to a maXis 3G Q-TOF high-
resolution mass spectrometer from Bruker (Bruker Daltonik
GmbH, Bremen, Germany) through an electrospray interface
(ESI). The capillary voltage was set at —4.7 kV (ESI+), dry-
ing gas temperature was 225 °C, drying gas flow rate was
set at 5.50 L min~! and nebulizing gas pressure was 1.8 bar.
Transfer time was set at 40 us and pre-pulse storage dura-
tion at 7.0 ps. Data between 50 and 1000 m/z were acquired
in profile mode at a rate of 2 Hz. Formate adducts in the
90-1247 m/z range were employed for in-run automatic
calibration using the quadratic plus high-precision calibra-
tion algorithm provided by the instrument’s manufacturer.
MS and UPLC control and data acquisition were performed
through the HyStar v3.2 SR2 software (Bruker Daltonik)
running the Waters Acquity UPLC v.1.5 plug-in.

2.6 Data pre-processing and metabolite annotation

Run alignment, peak-picking and annotation were per-
formed on Progenesis QI v2.3 (Nonlinear Dynamics,
Waters, Newcastle upon Tyne, UK). dQC/QC ratios were
used to filter out analytically unreliable features using
in-house developed Java scripts. A threshold of 20% was
applied as the upper limit of the dQC/dQC ratio relative
standard deviation. In addition, a dQC/QC ratio between
0.2 and 0.8 was considered acceptable around the theo-
retical value of 0.5 (1:1 dilution), and signals outside this
range were removed. Intra-batch and long-term QCs were
used to correct analytical drift by using scripts developed
under the MATLAB® 8 environment (The MathWorks,
Natick, USA). LOESS regression involving a linear fit and
an initial smoothing span of 0.75 was used for intra- and
inter-batch normalization based on QCs. The span value
was then optimized using cross-validation. Probabilistic
Quotient Normalization (PQN) using median QC values
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as reference was applied to ensure the comparability of the
samples under study (Codesido et al., 2019; Robertson,
2005).

Peaks were identified by matching their RTs, accurate
masses and isotopic patterns to a database of standards.
Such a database was built in-lab, analyzing a set of libraries
of reference compounds under the same conditions as the
samples, and comprising: 634 chemical standards (MSMLS,
Sigma-Aldrich), 192 steroid standards (Sigma-Aldrich; Ster-
aloids, Newport, USA; and Lipomed Arlesheim, Switzer-
land), 29 acyl-carnitines (Sigma-Aldrich) and 65 oxylipins
(synthetized and kindly provided by Prof. Vladimir Bezu-
glov, Shemykin-Ovchinikov Institute of Bioorganic Chemis-
try RAS, Moscow). Six compounds were annotated at level
2 based only on their isotopic profiles and fragmentation
patterns retrieved from available databases (MONA and
Waters Metabolic Profiling CCS Database, as detailed in
Supplementary Information 1 for significant metabolites).

2.7 Data analysis

Unit variance scaling was used as a pre-treatment. Proba-
bilistic Quotient Normalization (PQN) (Dieterle et al.,
2006) Principal Component Analysis (PCA), Monte Carlo
Uninformative Variable Elimination-Partial Least Squares
(MCUVE-PLS) (Han et al., 2008) and Orthogonal Partial
Least Squares-Discriminant Analysis (OPLS-DA) models
were calculated using combinations of toolboxes and in-
house functions in MATLAB® 8. MCUVE-PLS was carried
out using the libPLS 1.98 package (Li et al., 2018) using an
ensemble of 10* models with a ratio of training samples of
0.7. A threshold of 1.5 was applied to reliability index values
to remove variables considered as uninformative.

PLS prediction performance was evaluated using leave-
one-out cross-validation to compute the discriminant Q>
(DQ?) index (Westerhuis et al., 2008). The latter is an adap-
tation of the standard Q? value to discriminant analysis that
does not penalize class predictions beyond the class label
value.

3 Results and discussion

Semen samples were collected from a national cohort of
more than 2700 Swiss young men, recruited during military
conscription (Rahban et al., 2019). The primary objective
was to obtain a more comprehensive metabolic profile of
seminal fluids, in addition to the steroidomic fingerprint, to
provide some insights into the metabolic and signaling path-
ways underlying differences between high and low sperm
count volunteers.

@ Springer

3.1 Semen quality evaluation

Since the study cohort is representative of the general popu-
lation of Swiss young men, semen parameters measured on
the 2731 seminal fluids were investigated to get an objective
and quantitative evaluation of semen quality (World Health
Organization, 2010). Eight semen characteristics considered
as the most relevant criteria describing motility, concentra-
tion and morphology, were selected (Guzick et al., 2001).
PCA was then computed to obtain an overview of the col-
lected samples distribution according to these parameters.

Four principal components (PCs) were considered for
interpretation, summarizing 33.5%, 21.0%, 19.2%, 11.3%
of the total variance, respectively, for a cuamulated variance
of 85.0%, as relevant trends could be associated with each
of these PCs. PC1 could be related to a trend following
motility with a clear contribution of motile spermatozoa,
independently of their efficacy, i.e. variables associated with
the number of sperm with a slow progressive motility (SP),
rapid progressive motility (QP), non-progressing (NP), and
hyperactive (HY) spermatozoa, as opposed to static sperm
(ST).

PC2 could be linked to differences in overall number of
spermatozoa with marked positive contributions of sperm
concentration (CO) and total number of spermatozoa (TS)
showing a correlated trend between these two descriptors,
which therefore seem to be closely related, suggesting a
comparable initial volume of seminal fluid during sample
collection. The distribution of the samples on the first princi-
pal plane (PC1 vs. PC2) is illustrated on Fig. 1, using a color
scheme related to semen quality. By examining this biplot,
it can be seen how the samples with the lowest sperm con-
centration and sperm motility (red circles) are clustered in a
thin group extending along PC1 and PC2, thus meaning that
samples having both sperm motility and concentration below
the WHO threshold (40% motile spermatozoa and 15 million
cells/mL) are quite homogeneous. On the contrary, samples
having only one or none of these two variables under the
reference limits, are much more spread over the PCA space.

PC3 could be associated with a second motility pattern
separating progressively rapid, slow, non-progressive, static,
and hyperactive sperms. Interestingly, PC4 was mainly
driven by the morphology parameter (MO). Taken together
these four principal components helped to extract major
trends in semen parameters that were linked to relevant
functionality characteristics in an unsupervised and objec-
tive manner.

3.2 Sample selection
Samples were then stratified according to their position in

the quantile distribution for TS and MO within the 2731
samples to maximize potential biochemical composition
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Fig.1 PCA biplot showing the distribution of the 2731 semen sam-
ples from the study according to semen parameters. The four first
principal components were related to motility, concentration, and
morphology. Samples are colour-coded according to reference values
established by the WHO for fertile men as detailed in the text. Semen
parameters contributions are displayed as arrows: SP slow progress-
ing, QP quick progressing, NP non-progressing, HY hyperactive
spermatozoa, CO sperm concentration, TS: total sperm count, MO
morphology

differences by considering clearly contrasted conditions.
Then, the 200 most extreme samples of the cohort accord-
ing to these two variables were selected to create four dis-
tinct groups representing different degrees of semen qual-
ity: 50 samples with high TS and normal MO, 50 with low
TS and normal MO, 50 with high TS and abnormal MO

and 50 with low TS and abnormal MO. (Fig. 2). Such a
knowledge would later allow the pathophysiological pro-
cesses behind different types of sub-fertility to be more
efficiently highlighted by finding metabolic features char-
acterising different conditions of good and poor-quality
samples. An additional amount of 5% extra samples (10
in total) were added to the 200 originally selected ones to
account for losses during sample preparation, and analy-
sis. The resulting 210 samples were submitted to chemical
analysis as detailed in the Materials and Methods section.

The analytical platform performed with negligeable
retention time and intensity drift along the sequence of
each batch and between the two batches. In all, the pre-pro-
cessing of all the 384 individual runs yielded over 120.000
features. Such features came from 51% of [M+H]"
adducts, 24% of [M + Na]*, 17% of [M + H-H,0]*, and
8% of [M +H-2H,0]". Features filtering, within- and
between-batch drift correction, and sample normalization
procedures were carried out as described in the Materi-
als and Methods section. Metabolite annotation was then
performed and a total of 210 features could be identified
based on experimental accurate mass and retention time
match: 110 from the MSMLS library, 69 steroids, 22
oxylipins and 9 acylcarnitines (Supplementary Informa-
tion Table 1). The annotation effort was limited to these
groups of compounds since the sample preparation and the
LC were mainly targeting low- to mid-polarity compounds.

Two OPLS-DA models based on the whole set of 210
identified metabolites were then evaluated (Bylesjo et al.,
2006) and leave-one-out cross-validation was performed
to assess the optimal model size and predictive abil-
ity. Because of its ability to separate Y-predictive from
Y-orthogonal variations, OPLS-DA extends the interpret-
ability of OPLS (Trygg & Wold, 2002) to discriminant
analysis.

a b.
40 Low TS - Normal MO . 1.04 LOW TOTAL HIGH TOTAL
@ High TS - Normal MO %. SPERM COUNT SPERM COUNT
35| @ Low TS - Abnormal MO ‘.
® High TS - Abnormal MO O 08
304 Not analyzed samples E
) S8 3 NORMAL
S 2 % 3 o6 MORPHOLOGY 53 (G4)
> <
3 e 2
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Fig.2 Absolute a and quantiles b plots showing the distribution of the samples of the cohort under study when stratified according to their mor-
phology (MO) and their total sperm count (TS). Right: total amount of samples in each group
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A first OPLS-DA model was computed to compare sam-
ples characterized by abnormal (G1 & G3) vs. normal (G2
& G4) morphology whatever their sperm counts, as evalu-
ated using CASA (Fig. 2). The model was found optimal
with two latent variables (one predictive and one orthogo-
nal) using leave-one-out cross-validation and characterized
by R?Y =0.298, DQ?Y =0.015, Accuracycy =58.1%. The
very low prediction performance of the model revealed that
spermatozoa morphology could not be significantly related
to any metabolic alterations in the seminal fluid.

A second OPLS-DA model was then evaluated to com-
pare samples characterized by low (G1 & G2) vs. high (G3
& G4) sperm counts whatever their morphology, as evalu-
ated using CASA (Fig. 2). The model was found optimal
with three latent variables (one predictive and two orthogo-
nal) using leave-one-out cross-validation and characterized
by R?Y =0.603, DQ*Y =0.457, Accuracyy = 80.0%. This
model showed moderate but promising prediction perfor-
mance despite significant heterogeneity within the groups
compared. A strategy to discard non-informative variables
was thus carried out in order to remove the less relevant or
highly varying signals from the metabolic profiles by rely-
ing on the MCUVE-PLS method. The objective of such an
approach is to leave aside signals that are difficult to inter-
pret because they exhibit too much variability, and to focus
on a subset of robust variables to distinguish the different
classes of observations. An ensemble learning strategy based
on resampling is implemented to limit the risk of overfitting.
This promotes the stability and therefore the interpretability
of the resulting multivariate model based on a stable subset
of informative variables.

3.3 Uninformative variable elimination

MCUVE-PLS is a variable selection method evaluating both
the amplitude and stability of PLS regression coefficients
using a Monte Carlo resampling strategy. A reliability index
based on these two characteristics is computed for each vari-
able to assess its predictive value estimated from a large
ensemble of models generated by randomly selecting train-
ing sets from the initial data. This parameter then serves as a
selection threshold to leave out variables that are considered
uninformative due to low amplitude coefficient and/or too
much variability. This method was reported as an efficient
variable elimination strategy by offering a robust estimation
of the coefficient’s amplitude and variability, thus decreasing
the risk of overfitting. This approach also has the advantage
of not just focusing on a limited subset of the most predictive
variables, but also of retaining all the signals that contribute
to distinguish situations of interest such as different experi-
mental conditions. This is particularly relevant in the context
of metabolomic analyses because it allows all the potentially
modulated metabolites to be kept in the model, thus offering
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a more complete biological interpretation by integrating the
different molecular actors of the involved pathways.

A reliability index cut-off of 1.5 was found suitable
to remove uninformative metabolites, while preserving
biological information, thus leading to a subset of 87
variables (41.4% of the initial dataset). A refined model
(Fig. 3) was then evaluated and found to be robust with
three latent variables (one predictive and two orthogonal)
based on cross-validation. Moreover, improved prediction
accuracy was observed, with R%Y =0.678, DQ*Y =0.610,
Accuracycy =87.6%. Biological interpretation was then
carried out based on loadings associated with variables
contributions.

3.4 Biological implications

The refined OPLS-DA model and volcano plot allowed to
highlight a panel of metabolites whose concentrations were
different in samples coming from volunteers with low total
sperm count from those with high total sperm count (Figs. 4
and 5).

Steroids that can be found in seminal fluid do not only
originate from the local production of androgens by Leydig
cells, but also originate from the systemic blood circulation
passing through the blood-testis barrier. These molecules
are well-known to play a crucial role in spermatogenesis
(Hampl et al., 2013) and, thus, they were one of the priority
groups of interest. While androgens show a positive corre-
lation with sperm production, the opposite effect has been
observed for estrogens (Vitku et al., 2017). In the present
study, we found that the levels of 2-hydroxyestradiol, an
estradiol metabolite, were higher in the individuals with the
lowest sperm count, in good agreement with the previous
knowledge (Hampl et al., 2013). Interestingly, the levels of
the estradiol precursor and metabolite estrone were found to
be larger in individuals with higher sperm count, suggesting
a deregulation of the interconversion of estrone and estradiol
via the 17p-hydroxysteroid dehydrogenase.

Monitoring of oxylipin-type compounds revealed a high
abundance of these molecules in seminal fluid. Indeed, over
200 features could putatively be assigned to prostaglandins
based on their formulae and retention times. Nevertheless,
we were able to reliably annotate only 22 of these com-
pounds by matching their accurate masses and retention
times to our database of standards. Although prostaglan-
dins play a relevant role (Cosentino et al., 1984), it remains
unclear how many of them exactly relate to semen quality,
with both low and high levels being deleterious for sperm
maturation and activity (Isidori et al., 1980). Prostaglan-
dins E, for instance, have been shown to improve sperm
motility. On the contrary, higher levels of prostaglandin
Al, a pro-inflammatory one, can be related to inflammatory
response, increased ROS stress and, thus, a less efficient



Low-polarity untargeted metabolomic profiling as a tool to gain insight into seminal fluid Page7of 11 53

Scores Loadings
0.4 10
M Low total sperm count a
M High total sperm count . o g O a
o o
03 ° db 5% a
5 o o a o
bl o o
o o
. a o o X 5, o O a
®0 o o og° a N
0.2 . o o o
- o o o o
. . . 3 0 S Pa— o
. o .. o S
L[] ] ° . . o <
0.1 LI LIS 4 . . o
e T e 5 o x
. ‘.. -4 : ! *% :o. X
:—9 0 . . . .I :..... PR g-\' . . Xx Xo
’ omewi 0 WS e g
o : %o se e . . .‘
01 o o % '.. s *e * e -10 ey O Polar metabolites
’ ° ot * <> Steroids
° . . A Acylcarnitines
X Oxylipins
0.2 -15
-0.08 -0.06 -0.04 -0.02 0 0.02  0.04 0.06 0.08 25 20 -15 -10 -5 0 5 10 15 20 25
tp1 pp1

Fig.3 Scores (left) and loadings (right) plots of the OPLS-DA resulting from using the 87 metabolites retained by the MCUVE-PLS strategy
when comparing low vs high sperm count groups. Symbols in the loadings represent the different annotation libraries

] Low sperm count

[ High sperm count
L]
I [
= ‘ | : '
= ! 1 ¢ .
7} : ‘ ! ‘
% | ! | :
- ' | | | |
= | ! . I |
1 I
19 ‘\ 1 ) | !
2 : \ | | | !
] ° _L_ ! | : !
= ‘
e 1 : : 7 . :
\N’ \ \ : . I | —_
3 _L ' : .‘ : < ! ‘\
© y\ . | | : q :
ﬁ ' y L] : | I |
& \\ o s ‘ q\ ‘, \
a N \ ! ° [ ] \‘ v
) | 4 . ‘ | o -
,,/ ,/ e — = o \ i . ‘
1 - ’ ] 2 N T
- : ' rd ; % L / /
‘ ' ‘ - ; ; - S
Estrone 2-hydroxyestradiol Isoprostan YB2-20 Sebacoylcarnitine Retinol Retinoic acid

Fig.4 Examples of metabolites highlighted by the multivariate analysis strategy as differences between individuals having low vs. high sperm
count. Relative intensity scales are in arbitrary peak area units

spermatogenesis. In the case of isoprostans, they are related
to sperm immaturity and oxidative damage (Signorini et al.,
2020), thus explaining why lower levels can be found in the
better semen quality samples.

Carnitines also show remarkable differences between low
and high sperm count volunteers. Acylcarnitines transport

cytoplasm acyl-groups to the mitochondria to be used in
energy production during beta-oxidation. The concentration
of carnitines found in the male reproductive tract is unusu-
ally high. The transport of carnitine from blood plasma to
the epididymis is mediated by specific active transporters in
Sertoli cells and seminiferous tubules. Since such increased
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Fig.5 Volcano plot showing the most discriminant metabolites
allowing to distinguish seminal plasma samples coming from low
or high sperm count donors. Positive FC values correspond to those
metabolites showing higher relative concentrations in high sperm
count samples

levels can be found especially in the epididymis, this points
to its contribution to the maturation of sperm cells (Mongioi
et al., 2016). In this direction, our results show that, indeed,
higher carnitine and acylcarnitine levels can be found in the
seminal plasma of individuals with higher sperm count. This
could be caused by differences in diet carnitine intake, or
different transporter activity among the individuals. These
results support the role of carnitine and its derivatives in
improving the sperm count, probably through improved
spermatogenesis or facilitated sperm maturation (Khaw
et al., 2020).

Another cause of poor sperm quality is the fragmenta-
tion of the DNA of spermatozoa (Agarwal et al., 2016),
which is usually tracked back to a defective meiosis dur-
ing the first steps of spermatogenesis. Retinoic acid is
the active form of retinol, and it is essential during sper-
matogenesis to produce mature spermatozoa from undif-
ferentiated germ cells due to its role as a meiosis inducer
(Gewiss et al., 2021; Hogarth & Griswold, 2010, 2013).
When comparing the retinol/retinoic acid presence in both
groups of the present study we found that, quite surpris-
ingly, the high sperm count group showed the lowest lev-
els of retinoic acid. This counterintuitive finding shall be
considered in a spatial context. Even if higher levels of
retinoic acid must be present in the seminiferous tubes to
promote sperm cell development, it does not mean that the
same retinol-to-retinoic acid ratio should be preserved in
the seminal plasma. Indeed, the presence and use of the

@ Springer

active form by developing sperms could turn the balance
towards retinol when it comes to the amount of each mol-
ecule being able to make their way from the seminiferous
tubes to the final composition of seminal liquid.

Homovanillinic acid is a degradation metabolite from
dopamine. It has been found that intracellular accumulation
of dopamine in sperm cells reduces their mobility, maybe
through the production of oxidative species (Ramirez-
Reveco et al., 2017), and homovanillinic acid itself has
been previously found to be less concentrated in patients
showing fertility issues (Chen et al., 2015). Earlier literature
has shown that increased itaconate production in oxidative
phosphorylation regulates the transition from glycolysis to
pentose phosphate pathway transition to maintain redox
homeostasis, playing a role in improving a high mobility rate
in these cells (Zhu et al., 2020). Although changes observed
in the present study mainly relate to sperm count, they point
towards the contribution of these metabolites in spermato-
genesis and sperm energy production.

4 Conclusions

In the present study, a subset of 210 seminal fluid samples
from a nation-wide study on semen quality has been char-
acterized by using an untargeted metabolomics approach.
The detection of steroids and other low-to-mid-polarity
compounds allowed the identification of metabolic differ-
ences between men having low and high total sperm counts.
Other parameters such as the sperm morphology did not
show clear relationship with the metabolomic profile. An
uninformative variable removal strategy based on iterative
Monte Carlo subsampling allowed to boil down the initial
panel of annotated metabolites to the most relevant 87 ones.
Some of the highlighted molecules are known to play a role
in sexual development, inflammatory signaling, and sperm
cell maturation and preservation, thus showing the potential
of untargeted metabolomics to get a deeper insight into the
mechanisms underlying cell count decrease and, in general,
male fertility impairment. Opening metabolomics analyses
to other groups of compounds such as polar metabolites
will improve their capacity to provide an insight into this
condition.
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Acknowledgements The authors would like to acknowledge the Swiss
Centre for Applied Human Toxicology (SCAHT, Switzerland) and
the Swiss National Science Foundation (grant 31003A_166658) for
funding this work. Prof. Vladimir Bezuglov (Shemykin-Ovchinikov
Institute of Bioorganic Chemistry RAS, Moscow, Russian Federa-
tion) is acknowledged for synthetizing and kindly providing the 65
oxylipin-library.


https://doi.org/10.1007/s11306-023-02020-y

Low-polarity untargeted metabolomic profiling as a tool to gain insight into seminal fluid

Page9of11 53

Author contributions VGR, JB, SN, SR conceived the study and
directed the project; EO performed the metabolomic analyses; RR
performed the CASA analyses; NEM synthetized chemical standards;
VGR and SG curated the data; JB analyzed the data; VGR and JB
wrote the manuscript with contributions from EO, FZ, MFR, SN and
SR; VGR and JB prepared the figures; VGR, JB and SR supervised the
project; VGR, JB, SN and SR secured funding. All authors provided
critical feedback and helped shape the research, analysis and writing
of the manuscript.

Funding Open access funding provided by University of Geneva.

Data Availability Data can be obtained from the authors upon request.

Declarations

Conflicts of interest The authors declare no potential conflicts of inter-
est.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agarwal, A., Cho, C.-L., & Esteves, S. C. (2016). Should we evaluate
and treat sperm DNA fragmentation&quest. Current Opinion in
Obstetrics & Gynecology, 28, 164—171. https://doi.org/10.1097/
£c0.0000000000000271

Balladova, M. (2015). Differences in bisphenol a and estrogen levels
in the plasma and seminal plasma of men with different degrees
of infertility. Physiological Research, 64(Suppl 2), S303-S311.

Blaurock, J., Baumann, S., Grunewald, S., Schiller, J., & Engel, K. M.
(2022). Metabolomics of human semen: a review of different ana-
lytical methods to unravel biomarkers for male fertility disorders.
International Journal of Molecular Sciences, 23, 9031. https://
doi.org/10.3390/ijms23169031

Blazenovié, 1., Kind, T., Ji, J., & Fiehn, O. (2018). Software tools and
approaches for compound identification of LC-MS/MS data in
metabolomics. Metabolites, 8, 31. https://doi.org/10.3390/metab
08020031

Boulicault, M., Perret, M., Galka, J., Borsa, A., Gompers, A., Reiches,
M., & Richardson, S. (2022). The future of sperm: A biovari-
ability framework for understanding global sperm count trends.
Human Fertility, 25, 888-902. https://doi.org/10.1080/14647273.
2021.1917778

Buszewska-Forajta, M., Raczak-Gutknecht, J., Struck-Lewicka, W.,
Niziot, M., Artymowicz, M., Markuszewski, M., Kordalewska,
M., Matuszewski, M., & Markuszewski, M. J. (2022). Untargeted
Metabolomics Study of Three Matrices: Seminal Fluid, Urine,
and Serum to Search the Potential Indicators of Prostate Cancer.
Frontiers in Molecular Biosciences., 9, 849966. https://doi.org/
10.3389/fmolb.2022.849966

Bylesjo, M., Rantalainen, M., Cloarec, O., Nicholson, J. K., Holmes,
E., & Trygg, J. (2006). OPLS discriminant analysis: Combining
the strengths of PLS-DA and SIMCA classification. Journal of
Chemometrics, 20, 341-351. https://doi.org/10.1002/cem.1006

Camargo, M., Intasqui, P., & Bertolla, R. P. (2018). Understand-
ing the seminal plasma proteome and its role in male fertility.
Basic and Clinical Andrology, 28, 6. https://doi.org/10.1186/
s12610-018-0071-5

Chen, X., Hu, C., Dai, J., & Chen, L. (2015). Metabolomics analysis of
seminal plasma in infertile males with kidney-yang deficiency: a
preliminary study. Evidence-Based Complementary and Alterna-
tive Medicine., 2015, 1-8. https://doi.org/10.1155/2015/892930

Codesido, R., Lehmann, G.-R., Garcia, X., Liechti, B., & Boccard,
R. (2019). DynaStI: a dynamic retention time database for ster-
oidomics. Metabolites, 9, 85—14. https://doi.org/10.3390/metab
09050085

Cosentino, M. J., Emilson, L. B. V., & Cockett, A. T. K. (1984).
Prostaglandins in semen and their relationship to male fertility:
A study of 145 men. Fertility and Sterility, 41, 88-94. https://
doi.org/10.1016/s0015-0282(16)47547-3

Dieterle, F., Ross, A., Schlotterbeck, G., & Senn, H. (2006). Proba-
bilistic Quotient Normalization as Robust Method to Account
for Dilution of Complex Biological Mixtures. Application in
1H NMR Metabonomics. Analytical Chemistry, 78, 4281-4290.
https://doi.org/10.1021/ac051632c

Drabovich, A. P., Saraon, P., Jarvi, K., & Diamandis, E. P. (2014).
Seminal plasma as a diagnostic fluid for male reproductive sys-
tem disorders. Nature Reviews Urology, 11, 278-288. https://
doi.org/10.1038/nrurol.2014.74

Druart, X., & de Graaf, S. (2018). Seminal plasma proteomes and
sperm fertility. Animal Reproduction Science, 194, 33-40.
https://doi.org/10.1016/j.anireprosci.2018.04.061

Engel, K. M., Amendola, R., Baumann, S., Rolle-Kampczyk, U.,
Schiller, J., von Bergen, M., & Grunewald, S. (2019). Metabo-
lomic profiling reveals correlations between spermiogram
parameters and the metabolites present in human spermatozoa
and seminal plasma. PLoS One, 14,e0211679-e211727. https://
doi.org/10.1371/journal.pone.0211679

Gewiss, R. L., Schleif, M. C., & Griswold, M. D. (2021). The role
of retinoic acid in the commitment to meiosis. Asian Journal
of Andrology, 23, 549-554. https://doi.org/10.4103/aja202156

Guzick, D. S., Overstreet, J. W., Factor-Litvak, P., Brazil, C. K.,
Nakajima, S. T., Coutifaris, C., Carson, S. A., Cisneros, P.,
Steinkampf, M. P, Hill, J. A., Xu, D., Vogel, D. L., & Network,
N. C.R. M. (2001). Sperm morphology, motility, and concentra-
tion in fertile and infertile men. New England Journal of Medi-
cine, 345, 1388-1393. https://doi.org/10.1056/nejmoa003005

Hampl, R., Kubatova, J., Sobotka, V., & Heracek, J. (2013). Ster-
oids in semen, their role in spermatogenesis, and the possible
impact of endocrine disruptors. Hormone Molecular Biology
and Clinical Investigation, 13, 1-5. https://doi.org/10.1515/
hmbci-2013-0003

Han, Q.-J., Wu, H.-L., Cai, C.-B., Xu, L., & Yu, R.-Q. (2008). An
ensemble of Monte Carlo uninformative variable elimination for
wavelength selection. Analytica Chimica Acta, 612, 121-125.
https://doi.org/10.1016/j.aca.2008.02.032

Hogarth, C. A., & Griswold, M. D. (2010). The key role of vitamin A
in spermatogenesis. The Journal of Clinical Investigation, 120,
956-962. https://doi.org/10.1172/jci41303

Hogarth, C. A., & Griswold, M. D. (2013). Retinoic acid regulation of
male meiosis. Current Opinion in Endocrinology, Diabetes, and
Obesity, 20, 217-223. https://doi.org/10.1097/med.0b013e3283
6067ct

Isidori, A., Conte, D., Laguzzi, G., Giovenco, P., & Dondero, F. (1980).
Role of seminal prostaglandins in male fertility. I. Relationship
of prostaglandin E and 19-OH prostaglandin E with seminal

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1097/gco.0000000000000271
https://doi.org/10.1097/gco.0000000000000271
https://doi.org/10.3390/ijms23169031
https://doi.org/10.3390/ijms23169031
https://doi.org/10.3390/metabo8020031
https://doi.org/10.3390/metabo8020031
https://doi.org/10.1080/14647273.2021.1917778
https://doi.org/10.1080/14647273.2021.1917778
https://doi.org/10.3389/fmolb.2022.849966
https://doi.org/10.3389/fmolb.2022.849966
https://doi.org/10.1002/cem.1006
https://doi.org/10.1186/s12610-018-0071-5
https://doi.org/10.1186/s12610-018-0071-5
https://doi.org/10.1155/2015/892930
https://doi.org/10.3390/metabo9050085
https://doi.org/10.3390/metabo9050085
https://doi.org/10.1016/s0015-0282(16)47547-3
https://doi.org/10.1016/s0015-0282(16)47547-3
https://doi.org/10.1021/ac051632c
https://doi.org/10.1038/nrurol.2014.74
https://doi.org/10.1038/nrurol.2014.74
https://doi.org/10.1016/j.anireprosci.2018.04.061
https://doi.org/10.1371/journal.pone.0211679
https://doi.org/10.1371/journal.pone.0211679
https://doi.org/10.4103/aja202156
https://doi.org/10.1056/nejmoa003005
https://doi.org/10.1515/hmbci-2013-0003
https://doi.org/10.1515/hmbci-2013-0003
https://doi.org/10.1016/j.aca.2008.02.032
https://doi.org/10.1172/jci41303
https://doi.org/10.1097/med.0b013e32836067cf
https://doi.org/10.1097/med.0b013e32836067cf

53 Page 10 of 11

E. Olesti et al.

parameters. Journal of Endocrinological Investigation, 3, 1-4.
https://doi.org/10.1007/bf03348209

Jgrgensen, N., Lamb, D. J., Levine, H., Pastuszak, A. W., Sigalos, J.
T., Swan, S. H., & Eisenberg, M. L. (2021). Are worldwide sperm
counts declining? Fertility and Sterility, 116, 1457-1463. https://
doi.org/10.1016/j.fertnstert.2021.10.020

Khaw, S. C., Wong, Z. Z., Anderson, R., & da Silva, S. M. (2020).
I-carnitine and l-acetylcarnitine supplementation for idiopathic
male infertility. Reproduction Fertility., 1, 67-81. https://doi.org/
10.1530/raf-20-0037

Levine, H., Jgrgensen, N., Martino-Andrade, A., Mendiola, J., Weksler-
Derri, D., Jolles, M., Pinotti, R., & Swan, S. H. (2022). Temporal
trends in sperm count: a systematic review and meta-regression
analysis of samples collected globally in the 20th and 21st cen-
turies. Human Reproduction Update, 25(5), 888-902. https://doi.
org/10.1093/humupd/dmac035

Levine, H., Jgrgensen, N., Martino-Andrade, A., Mendiola, J., Weksler-
Derri, D., Mindlis, I., Pinotti, R., & Swan, S. H. (2017). Temporal
trends in sperm count: A systematic review and meta-regression
analysis. Human Reproduction Update, 23, 1-14. https://doi.org/
10.1093/humupd/dmx022

Li, H.-D., Xu, Q.-S., & Liang, Y.-Z. (2018). 1ibPLS: An integrated
library for partial least squares regression and linear discriminant
analysis. Chemometrics and Intelligent Laboratory Systems, 176,
34-43. https://doi.org/10.1016/j.chemolab.2018.03.003

M.LT. Group. (2020). Request for community feedback for revised
reporting standards for metabolite annotation and identification.
MetaboNews., 10, 3.

Martins, A. D., Selvam, M. K. P., Agarwal, A., Alves, M. G., &
Baskaran, S. (2020). Alterations in seminal plasma proteomic
profile in men with primary and secondary infertility. Scientific
Reports, 10, 7539. https://doi.org/10.1038/s41598-020-64434-1

Mehrparavar, B., Minai-Tehrani, A., Arjmand, B., & Gilany, K. (2019).
Metabolomics of male infertility: a new tool for diagnostic tests.
Journal of Reproduction & Infertility, 20, 64—69.

Menkveld, R., Stander, F. S. H., & KotzeKrugervan Zyl, T.J. W. T. F.
J. A. (1990). The evaluation of morphological characteristics of
human spermatozoa according to stricter criteria. Human Repro-
duction, 5, 586-592. https://doi.org/10.1093/oxfordjournals.hum-
rep.al37150

Milardi, D., Grande, G., Vincenzoni, F., Castagnola, M., & Marana,
R. (2013). Proteomics of human seminal plasma: Identification
of biomarker candidates for fertility and infertility and the evolu-
tion of technology. Molecular Reproduction and Development,
80, 350-357. https://doi.org/10.1002/mrd.22178

Mongioi, L., Calogero, A. E., Vicari, E., Condorelli, R. A., Russo, G.
L., Privitera, S., Morgia, G., & Vignera, S. L. (2016). The role of
carnitine in male infertility. Andrology-Us., 4, 800-807. https://
doi.org/10.1111/andr.12191

Mortimer, S. (1997). A critical review of the physiological importance
and analysis of sperm movement in mammals. Human Reproduc-
tion Update, 3, 403—439. https://doi.org/10.1093/humupd/3.5.403

Olesti, E., Boccard, J., Visconti, G., Gonzilez-Ruiz, V., & Rudaz, S.
(2021). From a single steroid to the steroidome: Trends and ana-
lytical challenges. Journal of Steroid Biochemistry and Molecu-
lar Biology., 206, 105797. https://doi.org/10.1016/j.jsbmb.2020.
105797

Olesti, E., Garcia, A., Rahban, R., Rossier, M. F., Boccard, J., Nef, S.,
Gonzélez-Ruiz, V., & Rudaz, S. (2020). Steroid profile analysis
by LC-HRMS in human seminal fluid. J Chromatogr B, 1136,
121929. https://doi.org/10.1016/j.jchromb.2019.121929

Owen, D. H., & Katz, D. F. (2005). A review of the physical and chemi-
cal properties of human semen and the formulation of a semen
simulant. Journal of Andrology, 26, 459-469. https://doi.org/10.
2164/jandrol.04104

@ Springer

Pezzatti, J., Boccard, J., Codesido, S., Gagnebin, Y., Joshi, A., Picard,
D., Gonzélez-Ruiz, V., & Rudaz, S. (2020). Implementation of
liquid chromatography-high resolution mass spectrometry meth-
ods for untargeted metabolomic analyses of biological samples:
a tutorial. Analytica Chimica Acta., 1105, 28-44. https://doi.org/
10.1016/j.aca.2019.12.062

Poiani, A. (2006). Complexity of seminal fluid: A review. Behavioral
Ecology and Sociobiology, 60, 289-310. https://doi.org/10.1007/
500265-006-0178-0

Qiao, S., Drevet, J. R., Wu, W., Chen, M., Tang, Q., Xia, Y., Jia, W,,
& Wang, X. (2017). Seminal plasma metabolomics approach
for the diagnosis of unexplained male infertility. PLoS One, 12,
e0181115-e181213. https://doi.org/10.1371/journal.pone.0181115

Rahban, R., Priskorn, L., Senn, A., Stettler, E., Galli, F., Vargas, J.,
den Bergh, M. V., Fusconi, A., Garlantezec, R., Jensen, T. K.,
Multigner, L., Skakkebzk, N. E., Germond, M., Jgrgensen, N.,
Nef, S., Bouchardy, C., Herrmann, C., Mousavi, M., Bulliard,
J. L., ... Rohrmann, S. (2019). Semen quality of young men in
Switzerland: a nationwide cross-sectional population-based study.
Andrology., 7, 818-826. https://doi.org/10.1111/andr.12645

Ramirez-Reveco, A., Villarroel-Espindola, F., Rodriguez-Gil, J., &
Concha, 1. (2017). Neuronal signaling repertoire in the mamma-
lian sperm functionality. Biol Reprod., 96, bio144154. https://doi.
org/10.1095/biolreprod.116.144154

Robertson, S. A. (2005). Seminal plasma and male factor signalling
in the female reproductive tract. Cell and Tissue Research, 322,
43-52. https://doi.org/10.1007/s00441-005-1127-3

Robertson, S. A., & Sharkey, D. J. (2016). Seminal fluid and fertility
in women. Fertility and Sterility, 106, 511-519. https://doi.org/
10.1016/j.fertnstert.2016.07.1101

Samanta, L., Parida, R., Dias, T. R., & Agarwal, A. (2018). The enig-
matic seminal plasma: a proteomics insight from ejaculation to
fertilization. Reproductive Biology and Endocrinology, 16, 41.
https://doi.org/10.1186/s12958-018-0358-6

Schjenken, J. E., & Robertson, S. A. (2020). The Female Response to
Seminal Fluid. Physiological Reviews, 100, 1077-1117. https://
doi.org/10.1152/physrev.00013.2018

Schymanski, E. L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer,
H. P., & Hollender, J. (2014). Identifying small molecules via
high resolution mass spectrometry: communicating confidence.
Environmental Science and Technology, 48, 2097-2098. https://
doi.org/10.1021/es5002105

Serri, O., Boguenet, M., de la Barca, J. M. C., Bouet, P.-E., Hachem,
H. E., Blanchet, O., Reynier, P., & May-Panloup, P. (2022). A
metabolomic profile of seminal fluid in extremely severe oligo-
zoopermia suggesting an epididymal involvement. Metabolites,
12, 1266. https://doi.org/10.3390/metabo 12121266

Signorini, C., Moretti, E., & Collodel, G. (2020). Role of isoprostanes
in human male infertility. Systems Biology in Reproductive Medi-
cine, 66, 1-9. https://doi.org/10.1080/19396368.2020.1793032

Skakkebak, N. E., Lindahl-Jacobsen, R., Levine, H., Andersson,
A.-M., Jgrgensen, N., Main, K. M., Lidegaard, ., Priskorn,
L., Holmboe, S. A., Briuner, E. V., Almstrup, K., Franca, L.
R., Znaor, A., Kortenkamp, A., Hart, R. J., & Juul, A. (2022).
Environmental factors in declining human fertility. Nature
Reviews. Endocrinology, 18(3), 139-157. https://doi.org/10.1038/
s41574-021-00598-8

Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R.,
Daykin, C. A., Fan, T.W.-M., Fiehn, O., Goodacre, R., Griffin,
J. L., Hankemeier, T., Hardy, N., Harnly, J., Higashi, R., Kopka,
J., Lane, A. N., Lindon, J. C., Marriott, P., Nicholls, A. W., ...
Viant, M. R. (2007). Proposed minimum reporting standards for
chemical analysis. Metabolomics, 3, 211-221. https://doi.org/10.
1007/s11306-007-0082-2


https://doi.org/10.1007/bf03348209
https://doi.org/10.1016/j.fertnstert.2021.10.020
https://doi.org/10.1016/j.fertnstert.2021.10.020
https://doi.org/10.1530/raf-20-0037
https://doi.org/10.1530/raf-20-0037
https://doi.org/10.1093/humupd/dmac035
https://doi.org/10.1093/humupd/dmac035
https://doi.org/10.1093/humupd/dmx022
https://doi.org/10.1093/humupd/dmx022
https://doi.org/10.1016/j.chemolab.2018.03.003
https://doi.org/10.1038/s41598-020-64434-1
https://doi.org/10.1093/oxfordjournals.humrep.a137150
https://doi.org/10.1093/oxfordjournals.humrep.a137150
https://doi.org/10.1002/mrd.22178
https://doi.org/10.1111/andr.12191
https://doi.org/10.1111/andr.12191
https://doi.org/10.1093/humupd/3.5.403
https://doi.org/10.1016/j.jsbmb.2020.105797
https://doi.org/10.1016/j.jsbmb.2020.105797
https://doi.org/10.1016/j.jchromb.2019.121929
https://doi.org/10.2164/jandrol.04104
https://doi.org/10.2164/jandrol.04104
https://doi.org/10.1016/j.aca.2019.12.062
https://doi.org/10.1016/j.aca.2019.12.062
https://doi.org/10.1007/s00265-006-0178-0
https://doi.org/10.1007/s00265-006-0178-0
https://doi.org/10.1371/journal.pone.0181115
https://doi.org/10.1111/andr.12645
https://doi.org/10.1095/biolreprod.116.144154
https://doi.org/10.1095/biolreprod.116.144154
https://doi.org/10.1007/s00441-005-1127-3
https://doi.org/10.1016/j.fertnstert.2016.07.1101
https://doi.org/10.1016/j.fertnstert.2016.07.1101
https://doi.org/10.1186/s12958-018-0358-6
https://doi.org/10.1152/physrev.00013.2018
https://doi.org/10.1152/physrev.00013.2018
https://doi.org/10.1021/es5002105
https://doi.org/10.1021/es5002105
https://doi.org/10.3390/metabo12121266
https://doi.org/10.1080/19396368.2020.1793032
https://doi.org/10.1038/s41574-021-00598-8
https://doi.org/10.1038/s41574-021-00598-8
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/s11306-007-0082-2

Low-polarity untargeted metabolomic profiling as a tool to gain insight into seminal fluid

Page110of 11 53

Trygg, J., & Wold, S. (2002). Orthogonal projections to latent struc-
tures (O-PLS). Journal of Chemometrics, 16, 119-128. https://
doi.org/10.1002/cem.695

Turunen, T., Magris, M., Malinen, M., & Kekildinen, J. (2022). Sem-
inal-plasma-mediated effects on sperm performance in humans.
Cells, 11,2147. https://doi.org/10.3390/cells11142147

U.N.-D. of E. and S.A.-P. Division, World Population Prospects 2022:
Summary of Results, 2022. https://www.un.org/development/
desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_
summary_of_results.pdf (accessed August 3, 2022).

Vitku, J., Kolatorova, L., & Hampl, R. (2017). Occurrence and repro-
ductive roles of hormones in seminal plasma. Basic and Clinical
Andrology, 27, 19. https://doi.org/10.1186/s12610-017-0062-y

Vitku, J., Chlupacova, T., Sosvorova, L., Hampl, R., Hill, M., Her-
acek, J., Bicikova, M., & Starka, L. (2015). Development and
validation of LC-MS/MS method for quantification of bisphenol
A and estrogens in human plasma and seminal fluid. Talanta, 140,
62—-67. https://doi.org/10.1016/j.talanta.2015.03.013

Vollset, S. E., Goren, E., Yuan, C.-W., Cao, J., Smith, A. E., Hsiao,
T., Bisignano, C., Azhar, G. S., Castro, E., Chalek, J., Dolgert,
A.]J., Frank, T., Fukutaki, K., Hay, S. I., Lozano, R., Mokdad, A.
H., Nandakumar, V., Pierce, M., Pletcher, M., ... Murray, C.J. L.
(2020). Fertility, mortality, migration, and population scenarios
for 195 countries and territories from 2017 to 2100: a forecasting
analysis for the Global Burden of Disease Study. Lancet, 396,
1285-1306. https://doi.org/10.1016/s0140-6736(20)30677-2

Westerhuis, J. A., van Velzen, E. J. J., Hoefsloot, H. C. J., & Smilde, A.
K. (2008). Discriminant Q2 (DQ2) for improved discrimination
in PLSDA models. Metabolomics, 4, 293-296. https://doi.org/10.
1007/s11306-008-0126-2

World Health Organization (2010) WHO Laboratory Manual for the
Examination and Processing of Human Semen, 5th ed., World
Health Organization. https://books.google.ch/books?id=SoP5Q
QAACAAI.

Xu, Y., Lu, H., Wang, Y., Zhang, Z., & Wu, Q. (2020). Comprehensive
metabolic profiles of seminal plasma with different forms of male
infertility and their correlation with sperm parameters. Journal of
Pharmaceutical and Biomedical Analysis., 177, 112888. https://
doi.org/10.1016/j.jpba.2019.112888

Ying, W., Hedman, M., de la Torre, B., Jensen, F., Pedersen, P. H., &
Diczfalusy, E. (1983). Effect of vasectomy on the steroid profile
of human seminal plasma. International Journal of Andrology,
6, 116-124.

Zalata, A., El-Mogy, M., Abdel-Khabir, A., El-Bayoumy, Y., El-Baz,
M., & Mostafa, T. (2014). Seminal androgens, oestradiol and pro-
gesterone in oligoasthenoteratozoospermic men with varicocele.
Andrologia, 46, 761-765. https://doi.org/10.1111/and.12145

Zegers-Hochschild, F., Adamson, G. D., Dyer, S., Racowsky, C., de
Mouzon, J., Sokol, R., Rienzi, L., Sunde, A., Schmidt, L., Cooke,
1. D., Simpson, J. L., & van der Poel, S. (2017). The international
glossary on infertility and fertility care, 2017. Hum Reproduction,
32, 1786-1801. https://doi.org/10.1093/humrep/dex234

Zeng, F. J., Ji, H. C., Zhang, Z. M., Luo, J. K., Lu, H. M., & Wang,
Y. (2018). Metabolic profiling putatively identifies plasma bio-
markers of male infertility using UPLC-ESI-IT-TOFMS. RSC
Advances, 8,25974-25982. https://doi.org/10.1039/c8ra01897a

Zhu, Z., Umehara, T., Tsujita, N., Kawai, T., Goto, M., Cheng, B.,
Zeng, W., & Shimada, M. (2020). Itaconate regulates the glycoly-
sis/pentose phosphate pathway transition to maintain boar sperm
linear motility by regulating redox homeostasis. Free Radical
Biology and Medicine, 159, 44-53. https://doi.org/10.1016/j.freer
adbiomed.2020.07.008

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/cem.695
https://doi.org/10.1002/cem.695
https://doi.org/10.3390/cells11142147
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
https://doi.org/10.1186/s12610-017-0062-y
https://doi.org/10.1016/j.talanta.2015.03.013
https://doi.org/10.1016/s0140-6736(20)30677-2
https://doi.org/10.1007/s11306-008-0126-2
https://doi.org/10.1007/s11306-008-0126-2
https://books.google.ch/books?id=SoP5QQAACAAJ
https://books.google.ch/books?id=SoP5QQAACAAJ
https://doi.org/10.1016/j.jpba.2019.112888
https://doi.org/10.1016/j.jpba.2019.112888
https://doi.org/10.1111/and.12145
https://doi.org/10.1093/humrep/dex234
https://doi.org/10.1039/c8ra01897a
https://doi.org/10.1016/j.freeradbiomed.2020.07.008
https://doi.org/10.1016/j.freeradbiomed.2020.07.008

	Low-polarity untargeted metabolomic profiling as a tool to gain insight into seminal fluid
	Abstract
	Introduction 
	Objectives 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Study population and semen analysis
	2.2 Chemicals and reagents
	2.3 Sample preparation
	2.4 Sequence
	2.5 LC–MS analyses
	2.6 Data pre-processing and metabolite annotation
	2.7 Data analysis

	3 Results and discussion
	3.1 Semen quality evaluation
	3.2 Sample selection
	3.3 Uninformative variable elimination
	3.4 Biological implications

	4 Conclusions
	Anchor 23
	Acknowledgements 
	References


