Journal of Assisted Reproduction and Genetics (2020) 37:2233-2247
https://doi.org/10.1007/s10815-020-01896-2

REPRODUCTIVE PHYSIOLOGY AND DISEASE m

Check for
updates

TH NMR-based metabonomics for infertility diagnosis
in men with varicocele

Filipe Tenorio Lira Neto " - Ronmilson Alves Marques? - Alexandre de Freitas Cavalcanti Filho? -
Leslie Clifford Noronha Araujo* - Salvador Vilar Correia Lima® - Licarion Pinto® - Ricardo Oliveira Silva®

Received: 15 October 2019 /Accepted: 16 July 2020 / Published online: 26 July 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Purpose “Omics” techniques have been used to understand and to identify biomarkers of male infertility. We report on the first
metabonomics models created to diagnose varicocele and infertility among men with varicocele.

Methods We recruited 35 infertile men with varicocele (VI group), 21 fertile men with varicocele (VF group) and 24 fertile men
without varicocele (C group). All men underwent standard semen analysis, scrotal duplex ultrasonography, and sexual hormone level
measurement. Hydrogen-1 nuclear magnetic resonance (‘H NMR) spectra of seminal plasma were used to create metabonomics
models to discriminate between men with and without varicocele, and between fertile and infertile men with varicocele.

Results Using the statistical formalisms partial least square discriminants analysis and genetic algorithm—based linear discrim-
inant analysis (GA-LDA), we created two models that discriminated the three groups from each other with accuracy of 92.17%.
We also created metabonomics models using orthogonal partial least square discriminants analysis and GA-LDA that discrim-
inated VF group from VI group, with an accuracy of 94.64% and 100% respectively. We identified 19 metabolites that were
important in group segregation: caprate, 2-hydroxy-3-methylvalerate, leucine, valine, 3-hydroxybutyrate, lactate, alanine, 4-
aminobutyrate, isoleucine, citrate, methanol, glucose, glycosides, glycerol-3-phosphocoline, n-acetyltyrosine, glutamine, tyro-
sine, arginine, and uridine.

Conclusions "HNMR-based metabonomics of seminal plasma can be used to create metabonomics models to discriminate between
men with varicocele from those without varicocele, and between fertile men with varicocele from those infertile with varicocele.
Furthermore, the most important metabolites for group segregation are involved in the oxidative stress caused by varicocele.

Keywords Metabolome - Metabolomics - Fertility - Semen - NMR spectroscopy

P4 Filipe Tenorio Lira Neto Department of Surgery, Universidade Federal de Pernambuco, Rua

ftenorio.uro @gmail.com

Ronmilson Alves Marques
milson.ufpe@gmail.com

Alexandre de Freitas Cavalcanti Filho
alexfcfl 8 @gmail.com

Leslie Clifford Noronha Araujo
leslie.clifford @ gmail.com

Salvador Vilar Correia Lima
salvadorvilarcorreia@me.com

Licarion Pinto
licarion.pinto@ufpe.br

Ricardo Oliveira Silva
ricardo.silva@ufpe.br

Guilherme Salazar, n 150, apt 601E, Recife, PE ZIP 52061-275,
Brazil

Instituto de Medicina Integral Prof. Fernando Figueira, Rua dos
Coelho, 300, Coelhos, Recife, PE ZIP 50070-902, Brazil

Fundamental Chemistry Department, Universidade Federal de
Pernambuco, Av. Jornalista Anibal Fernandes, s/n° Cidade
Universitaria, Recife, PE ZIP 50740-560, Brazil

Faculdade de Medicina de Olinda, Rua Dr. Manoel de Almeida Belo,
n 1333, Olinda, PE ZIP 53030-030, Brazil

Department of Surgery, Universidade Federal de Pernambuco,
Hospital das Clinicas - Campus UFPE, Av. Prof. Moraes Rego,”s/n°
- Bloco “A” - Térreo Cidade Universitaria, Recife, PE ZIP
50670-420, Brazil

Fundamental Chemistry Department, Universidade Federal de
Pernambuco, Av. Jornalista Anibal Fernandes, s/n° Cidade
Universitaria, Recife, PE ZIP 50740-560, Brazil

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-020-01896-2&domain=pdf
https://orcid.org/0000-0002-6783-307X
mailto:ftenorio.uro@gmail.com

2234

J Assist Reprod Genet (2020) 37:2233-2247

Introduction

Varicocele is defined as an abnormal dilation of internal sper-
matic veins due to incompetent venous valves, leading to ve-
nous reflux. This condition is found in 15% of all men, and its
prevalence increases to 40% in men with primary infertility
and to 80% in men with secondary infertility [1]. Although
considered a common etiology of male infertility, the cause
and effect relationship between varicocele and infertility is
still under debate. Studies of infertile men with and without
varicocele have revealed that the presence of varicocele has a
negative impact on semen analysis (SA) parameters, whereas
studies including fertile men showed no correlation between
varicocele and SA parameters [2—4]. In fact, it is estimated that
80% of the men with varicocele are fertile, which highlights
the complexity of this condition [5]. Despite the controversy,
surgical treatment of clinical varicoceles in infertile men has
consistently been shown to improve semen parameters [6],
pregnancy rate [7], and testosterone levels [8]. In addition,
SA parameters are not good predictors of male fertility [9,
10]; thus, counseling men with varicocele regarding their fu-
ture fertility status based solely on SA data is challenging.

The “omics” methods use high-throughput techniques to
study various biological systems in a step-by-step fashion.
This integrated approach relies heavily on chemical analytical
methods, producing a massive amount of data that needs to be
interpreted using bioinformatics and computational analysis
tools in order to deliver clinically useful information [11].
Recently, different “omics” techniques have been used to better
understand male infertility conditions, helping the development
of new diagnostic, therapeutic, and prognostics tools [12].

The set of metabolites in a biological sample, the metabo-
lome, is the end product of gene transcription and is influenced
by various physiological and pathological processes, having a
direct relationship to phenotypes [13]. Metabonomics is defined
as the study of the dynamic multiparametric metabolic response
of living systems to endogen or exogen stimuli [14].
Metabonomics strategies analyze the changes of the endoge-
nous metabolic profile caused by a certain stimulus, using spec-
tral data obtained from biological samples and multivariate sta-
tistical tools [14—16]. Hidrogen-1 nuclear magnetic resonance
("H NMR) spectroscopy is a powerful tool for chemical struc-
tural elucidation and chemical dynamic studies, and one of the
most used techniques in metabonomics studies [17, 18]. In
addition, metabonomics studies apply chemometrics and mul-
tivariate statistical tools to process and analyze data obtained by
"H NMR spectroscopy. This strategy has been successfully
used in several studies in which changes in the metabolome
of human biofluids were used in the diagnosis and prognosis
of different conditions [15, 19].

The multivariate statistical tools employed in metabonomics
studies are commonly divided into unsupervised and supervised
methods. Both use information provided by an instrumental
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analysis to assess differences among study groups. The super-
vised methods also use information that enables correspondence
from samples to a class/group in order to build a predictive
model. Principal components analysis (PCA) is the statistical
formalism most commonly used for unsupervised studies be-
cause of its ability to reduce a large number of variables to a
smaller number of uncorrelated variables, facilitating the task of
evaluate differences between samples [20, 21]. Among super-
vised methods, discriminant analysis (DA) formalisms are the
most commonly used in metabonomics studies, especially linear
discriminant analysis (LDA) coupled with variable selection, the
partial least square discriminant analysis (PLS-DA), and the
orthogonal partial least square discriminant analysis (OPLS-
DA). The greatest advantage of DA is the ability to identify
variables that discriminate the classes even if the variation of
these variables is lower than other variables. Therefore, in these
cases where the metabolic profile do not present intense chang-
es, DA formalisms are best suited for creating models capable of
discriminating different groups of samples [22].

PLS-DA is a statistical formalism used to optimize separation
between different groups of samples, by linking a data matrix X,
containing the raw dataset, to a matrix I containing the group or
class membership [23]. It creates multidimensional score plots
depicting the segregation between different groups, making the
visual interpretation of the data easier. Furthermore, PLS-DA
also provides other statistics such as variable importance in pro-
jection (VIP), that can be used to identify the most important
variables for group segregation and their relative concentration,
and R2 and Q2 statistics, which are used to evaluate the predic-
tive accuracy of the model [24].

The OPLS-DA is a variant of the PLS-DA that uses the
information contained in the class matrix I to decompose the
dataset matrix X into scores separated by orthogonal projec-
tions and loadings. OPLS-DA is often used in substitution of
PLS-DA to separate predictive from non-predictive
(orthogonal) variation related to groups. In this way, OPLS-
DA builds more easily interpretable models compared with
PLS-DA data since only two classes are used [25].

The LDA is a supervised statistical formalism that per-
forms dimensional reduction for pattern-classification. LDA
enables the determination of a decision surface or injunction
in space, so that samples of one class are segregated on one
side of the decision axis, and samples of the other class are
grouped on the other [26]. The main limitation of LDA is the
need for more samples than the number of variables studied,
which requires a variable selection method in our case. The
Genetic Algorithm-Linear Discriminant Analysis employs
genetic algorithms to select variables with not only better dis-
crimination power, but also more biochemically informative.
This is made by building Discriminant Functions (DF) which
are linear combinations of the selected variables. Normally,
LDA results are presented using score and loading plots.
Scores are the results obtained for each sample, while loadings
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indicate the importance of each variable (metabolite) for dis-
crimination. These plots provide simpler LDA discrimination
models with clearer physiological meaning and higher diag-
nostic efficiency [27]. In the loading plots, the variables most
important for class discrimination are presented. The loading
values are normalized and can be used in conjunction with the
correspondent signal (for example, NMR spectrum) to calcu-
late the score of each sample that can be used in the discrim-
ination. In the score plots, the similarities or differences be-
tween the classes are represented, providing class discrimina-
tion based on the characteristics analyzed and weighted by the
loadings. It is important to note that the discrimination occurs
by the analysis of the values from all of the variables
expressed in the loadings. Therefore, the results of one or
more variables may be different for samples from the same
class. Fisher’s linear discriminant score plot gives a visual
interpretation of the data structure, allowing the identification
of clusters of samples from the same class. The GA-LDA
formalism does not provide information regarding the relative
concentration of the variables identified as the most important
for group segregation.

There are several reports using 'H NMR-based
metabonomics to identify biomarkers useful in the diag-
nosis of some male infertility conditions [12]. Most of
these studies have used seminal plasma, since this
biofluid is composed in part by epididymal and testicular
fluid, making it the most likely to carry metabolites from
the testis and epididymis, organs most commonly in-
volved in the pathogenesis of male infertility. However,
up to this date, there are no published studies applying
metabonomics to investigate male infertility due to vari-
cocele. Men with varicocele have a high level of oxidative
stress in the testes due to the release of reactive oxygen
species (ROS) by leukocytes and abnormal spermatozoa
[28]. There are studies that have demonstrated increased
seminal concentration of ROS as well as end products of
oxidative stress when men with varicocele were compared
with fertile men [29]. Therefore, we can expect changes in
the seminal metabolome of infertile men with varicocele.
In addition, there are some proteomics studies that point
towards a differential expression of seminal proteins in
men with varicoceles when compared with controls with-
out the condition [30-33]. Since proteome and metabo-
lome are directly interconnected, these findings also sug-
gest that the seminal metabolome may be altered in men
with varicocele, and that such alterations can be used to
classify these men into different phenotypes such as fertile
versus infertile.

The aims of this pilot study were to study changes in the
seminal metabolome caused by varicocele using 'H NMR
spectra of seminal plasma, and, subsequently, to develop
metabonomics models capable of segregating men regarding
the presence of varicocele and their fertility status.

Methods
Patient and study groups

This study was approved by the Research Ethics Committee
of Universidade Federal de Pernambuco and Instituto de
Medicina Integral Prof. Fernando Figueira (approval n.
2.075.028). Men aged between 18 and 50 years old attend-
ing a male fertility outpatient clinic were evaluated by the
same male fertility specialist. Ninety volunteers were en-
rolled and had semen samples collected; however, ten were
excluded due to the bad quality of the sample spectra. The
80 remaining participants were initially stratified into two
groups: Control group (C group)—24 fertile healthy volun-
teers without palpable varicocele, who had at least one child
born in the last 12 months, had no past history of infertility
or fertility treatments, and were seeking vasectomy; and the
varicocele group (V group)—56 volunteers with palpable
varicocele, independently of their fertility status, with no
history of fertility treatments. The V group was then
subdivided into two groups: Varicocele fertile group (VF
group)—21 fertile volunteers with palpable varicocele who
had at least one child born in the last 12 months, and with
no history of infertility or fertility treatments; and varicocele
infertile group (VI group)—35 infertile volunteers with pal-
pable varicocele who failed to conceive after 12 months of
regular and unprotected intercourse, with no history of other
infertility causes or fertility treatments and no known cause
of female infertility in the partner. Infertility was defined
based on the Practice Committee of the American Society
for Reproductive Medicine [34]. Participants were excluded
if they presented any of the following: evidence of urogen-
ital infection, urological diseases diagnosed by andrological
examination, genetic defects, history of cryptorchidism, cur-
rent or recent (< 12 months) use of testosterone or any other
anabolic steroids, history of chemotherapy or radiotherapy,
history of scrotal trauma, history of scrotal surgery. All the
participants underwent full andrological anamnesis and
physical exam. Puberty age was considered as the age when
the participant first noticed an increase of penile or testicu-
lar size, or the appearance of pubic hair. Physical exam was
performed in a warm and well illuminated room, with the
participant in supine and standing positions. Testicular size
was measured using a Prader orchidometer and varicocele
grade was classified based on the Dubin and Amelar criteria
[35]. The female partners were questioned about their age,
past history of fertility and/or fertility treatments, past his-
tory of pelvic surgeries or pelvic pathologies, and about the
regularity and intensity of their menstrual cycle. However,
further female fertility evaluation was not available at our
institution. Written informed consent was obtained from all
participants before their inclusion in the study and anonym-
ity was granted.
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All participants underwent SA, scrotal duplex ultrasonog-
raphy (USGD), and sexual hormones levels measurement.
Semen analysis was performed according to the World
Health Organization guidelines, seminal pH was measured
using pH testing strips [36]. Scrotal duplex ultrasonography
(GE Logiq S8 GE Healthcare, Wauwaosa, WI, USA) using a
linear high-frequency probe (SL 15-8-MHz GE Healthcare,
Wauwaosa, WI, USA) was used to evaluate testicular size,
varicocele diameter, and venous reflux. Venous blood sam-
ples were drawn from each participant between 7 and 11 a.m.,
after an overnight fast. Total testosterone (reference range:
206 to 1200 ng/dL), estradiol (reference range: 11.6 to
41.2 pg/mL), follicle-stimulating hormone (FSH) (reference
range 1.4 to 18.1 mUI/mL), luteinizing hormone (LH) (refer-
ence range 1.5 to 9.3 mUI/mL), and sexual hormone—binding
protein (reference range 10 to 57 nmol/L) levels were mea-
sured in real-time by a solid-phase chemiluminescent immu-
noassay with the use of an automated analyzer (ADVIA
Centaur XP, Siemens Healthcare Diagnostics, www.
siemens-healthineers.com). Albumin levels (reference range
3.4 to 4.8 g/dL) were measured using a colorimetric assay
(Abbott Diagnostics, Abbott Park, IL, USA) with an
autoanalyzer (Architect® c¢16000, Abbott Diagnostics,
www.corelaboratory.abbott). Free testosterone levels
(reference range 49.9 to 199.9 pg/mL) were calculated using
the validated formula of Vermeulen et al. [37].

"H NMR analysis

"H NMR spectra were acquired at the Analytics Central of the
Fundamental Chemistry Department at the Universidade
Federal de Pernambuco. Following semen liquefaction, the
samples were centrifuged at 3000g for 15 min to separate
the spermatozoa from the supernatant seminal plasma. The
seminal plasma samples were kept frozen at —20 °C until
"H NMR analysis. After thawing, 400 pL of seminal plasma
was added to 200 uL of D,0, and each sample was submitted
to "H NMR analysis separately and randomly. "H NMR spec-
tra were acquired using a VNMRS400 spectrometer operating
at 400 MHz. The Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence with presaturation of the water signal was used as
follows: spectral window of 4.8 kHz, saturation delay of 2.0 s,
acquisition time of 1.704 s, 90° RF pulse, temperature of
27 °C, 88 cycles, tau equal to 0.0004 s, bigtau equal to
0.07 s, and 128 scans. Each spectrum was acquired using total
time equal to 10.0 min 4 seg. The line broadening used was
0.3 Hz, baseline and phase distortions were corrected manu-
ally, and the signal attributed to the citrate methylene group (6
2.65 ppm) was used as internal chemical shift reference. Using
the MestreNova 9.0 software, the region of the spectra be-
tween 0 8.01 and 0.69 ppm was divided into regions equals
to 0.04 ppm. The region between & 5.50 and 4.50 ppm was
excluded because it contained a residual signal of water. A
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matrix with 80 rows (cases) and 159 variables (bins of 'H
NMR spectra plus class variable) was built and submitted to
multivariate analysis.

Statistical analysis

To investigate the distribution of demographic and clinical
data between groups, univariate tests were performed using
GraphPad Prism 6 software (GraphPad Software, Inc., La
Jolla, CA). The Shapiro-Wilk’s test was used to analyze the
normality of data distribution. One-way analysis of variance
(ANOVA) coupled with Tukey’s test when necessary was
used to compare the following variables among the 3 groups:
age, partner age, puberty age, testicular sizes by physical ex-
am, BMI, sperm progressive motility, sperm morphology, se-
men volume, total testosterone, free testosterone, estradiol,
LH, and testicular sizes by USGD. Kruskal-Wallis coupled
with Dunn’s test when necessary was used to compare the
following variables among the 3 groups: sperm concentration,
total sperm count, total progressive sperm count, FSH, and
testicular vein sizes. Fisher’s exact test was used to compare
varicocele grade and the proportion of bilateral varicocele
between VF and VI groups. A P value of <0.05 was set as
the level of statistical significance.

Multivariate statistical analysis

We built metabonomics models aiming to differentiate among
the following: (i) control, varicocele fertile, and varicocele
infertile groups; (ii) the control group from the varicocele
group; and (iii) the varicocele fertile group from the varicocele
infertile group. PLS-DA and GA-LDA were used to build the
model using all three groups, while OPLS-DA and also GA-
LDA were used to build models using two groups (i.e., C
group versus V group; and VF group versus VI group).

All metabonomics models based on PLS-DA were per-
formed using the web-based platform for metabonomics studies
MetaboAnalyst 4.0. [38], and the GA-LDA-based models were
performed using the MATLAB® 2010a computer environment
(The MathWorks, Inc., Natick, Massachusetts, USA).

In the pre-processing step of the model using OPLS-DA to
discriminate the VF group from the VI group, spectral data
were normalized by sum, while each variable was normalized
by autoscaling. For all other metabonomics models, each sam-
ple was normalized by mean and each variable was normal-
ized by autoscaling. Latent variables were built using leave
one out cross validation (LOOCYV), and PLS-DA/OPLS-DA
were validated using a permutation test with 2000 class per-
mutations. The R2 value was determined from LOOCV. PLS-
DA and OPLS-DA models also provided a quantitative mea-
sure of the discriminating power of each spectral bin. For this
purpose, we made use of the VIP score. The formalism used to
build GA-LDA models consists on the division of the samples


http://www.siemensealthineers.com
http://www.siemensealthineers.com
http://www.corelaboratory.abbott

J Assist Reprod Genet (2020) 37:2233-2247

2237

into a training set containing 70% of the samples, and a test set
composed of the remaining 30%, using the Kennard Stone
algorithm [39]. This strategy makes it possible not only to
evaluate the quality of the model but also if it could predict
new samples with accuracy. For the GA-LDA models, the
thresholds used to distinguish the classes in each
metabonomic model were calculated by the mean distance
between the mean scores of the samples from each class.

The efficiency of each metabonomic model was calculated
using the confusion matrix, a matrix where the columns rep-
resent the actual groups and the rows represent the groups
predicted by the model. The better the model correctly assigns
samples to the groups, the higher is the accuracy of the model.

The chemical shifts identified by the models as the
most important variables for group discrimination had
their correspondent metabolites assigned using the using
human metabolome database (HMDB) [40] and the work
by Paiva et al. [41].

Results
Group demographics

The clinical characteristics of the three groups are shown in
Table 1. Participants’ and partners’ ages, as well as puberty
age, were similar among the three groups. The VI group par-
ticipants showed smaller testes were compared with the VF
and C groups. The grade of varicoceles did not differ between
the VF and the VI groups, but the VI group had a higher
proportion of men with bilateral varicoceles and bilaterally
larger venous diameters on USGD. Regarding SA parameters,
there were no differences between the C and VF groups, but
the VI had lower sperm concentration, lower total sperm
count, lower sperm motility, and lower total progressive mo-
tile sperm count when compared with the other two groups.
The VI group showed higher FSH levels than the C and VF
groups, and higher LH levels than the C group. Interestingly,
the C group had lower levels of serum total testosterone than
the VI group, but free testosterone levels were not different
among the groups.

Spectral data and multivariate analyses

An example of "H NMR spectrum of seminal plasma with
some attributions of signals is shown in Fig. 1. After obtaining
"H NMR spectra, we performed an exploratory analysis using
the PCA formalism, but the model built was not able to seg-
regate the groups. In sequence, PLS-DA formalism was used
to obtain a metabonomics model that was able to discriminate
the 3 groups (C group versus VF group versus VI group).
Figure 2 shows a tridimensional PLS-DA score plot, which
reveals that the samples are grouped in 3 different groups as

expected, and the VIP score showing the most important
chemical shifts for discrimination.

The PLS-DA metabonomics model presented R2 value
equal to 0.82 and discriminated the participants based on their
biochemical status. The permutation test resulted in a P value
equal to 0.023. Based on the chemical shifts of the variables
indicated by the VIP score, we identified the following 13
metabolites that were important in group segregation: caprate,
valine, 3-hydroxybutyrate, lactate, 4-aminobutyrate (GABA),
isoleucine, citrate, glycosides, n-acetyltyrosine, glutamine, ty-
rosine, arginine, and uridine (Table 2). There were other 5
chemical shifts indicated by the VIP, but that we were unable
to identify their correspondent chemical compounds (1.41,
2.53,2.69, 5.53, and 6.77 ppm).

Using the OPLS-DA formalism, we built a metabonomics
model able to discriminate healthy fertile participants (C
group) from participants with varicocele independent of their
fertility status (V group) with an accuracy of 91.25%. Figure 3
presents the score plot and permutation tests from the OPLS-
DA model. Table 3 shows the confusion matrix from OPLS-
DA metabonomics model, considering the 95% confidence
limit.

We also used OPLS-DA to create a metabonomics model
that discriminated, with high accuracy (94.64%), fertile men
with varicocele from infertile men with varicocele (Fig. 4).
Table 4 shows the confusion matrix from this OPLS-DA
metabonomics model, considering the 95% confidence limit.

The models created using PLS-DA and OPLSA-DA were
validated by the LOOCV and permutation tests. In order to
further validate our findings, we also used the GA-LDA for-
malism to create other metabonomics models based on a train-
ing sample set and validated using a test sample set.

The first model created using GA-LDA was able to segre-
gate the 3 groups (C group versus VF group versus VI group)
utilizing two linear discriminant functions (DF1 and DF2)
(Fig. 5a). This model was created using 56 samples (training
set) and validated using 24 samples (test set). The importance
of each variable on the model is shown by the loading (bar)
plot that represents the Fisher’s loading of discriminant func-
tions 1 and 2, respectively (Fig. 5 b and c). The direction of the
bar points to the location of the sample, and the intensity (y-
axis) is correlated to the importance of the variable. From the
20 variables selected by the model, we identified 3 metabolites
that were also selected by the PLS-DA model (i.e., 3-
hydroxybutyrate, lactate, and isoleucine), and another 6 new
metabolites not previously selected; 2-hydroxy-3-
methylvalerate, leucine, alanine, methanol, glucose, and
glycerol-3-phosphocoline (GPC) (Table 2). There were 11
other chemical shifts that were selected by the genetic algo-
rithms, but that we could not assign their correspondent chem-
ical compounds (1.21, 2.09, 2.25,2.45,2.57,3.13,3.97, 4 41,
4.45, 7.01, and 7.09). The model was 92.17% accurate and
showed high specificity (Tables 5 and 6)
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Table 1 Clinical and laboratorial
characteristics

In addition, another GA-LDA model was able to segregate
the C group from the V group with high accuracy (Fig. 6 and
Tables 7 and 8). The metabolites that had the highest influence
on this model were 3-hydroxybutyrate, lactate, and arginine as

can be seen in Fig. 6.

@ Springer

Cm=24) VF(n=21) VI®m=35) P value

Clinical characteristics
Age (years), mean + SD 342+43 33.7+£49 320+6.1 0.22"
Partner age (years), mean + SD 29.2+3.8 323+44 30.7+5.1 0.14"
Puberty age (years), mean + SD 142+1.5 14.8+1.8 13.8+1.4 0.08"
Right testis size by physical exam (mL), mean =SD ~ 22.7+5.0*  19.0+3.5*°  157+54° <0.05"
Left testis size by physical exam (mL), mean + SD 220456  174+50° 125+56° <0.05"
BMI (kg/m?), mean + SD 28.0+4.0 263+4.2 262+50  0.23"
Right varicocele grade %
1 67% 48%
2 33% 43%
3 NA 0% 9% 0.53"
Left varicocele grade %
1 24% 17%
2 38% 26%
3 NA 38% 57% 0.38"
Bilateral varicoceles % NA 14% 60% <0.05"
Semen analysis parameters
Sperm concentration (10%mL), median + IQR 38.9+054° 40.0+56.9° 50+12.6° <0.05°
Total sperm count (10%mL), median + IQR 133 +£312% 105 +£136% 14+31° <0.05%
Progressive motility (%), mean + SD 65+20° 55+20% 30+15° <0.05"
Total progressive motile sperm count (10%mL), 7442417 55+89° 2+10° <0.05"

median + IQR
Morphology (%), mean + SD 10.0+6.1 8.6+£3.5 7.8+4.5 0.30
Volume (mL), mean + SD 40+1.5 3.0+1.1 32+1.6 0.06"
pH, median + IQR 8.0+0.5 7.5+1.0 73+1.0 NAT
Sexual hormones levels
Testosterone (ng/dL), mean = SD 34541350 422+158*°  446+179°  <0.05"
Free testosterone (ng/dL), mean + SD 7.5+2.3 84+2.6 8.8+3.4 0.25"
Estradiol (pg/mL), mean + SD 339+120 39.5+123 31,7123 0.16°
FSH (mUI/mL), median + IQR 3.9+24% 3.6+2.3° 6.1+4.9° <0.05"
LH (mUI/mL), mean + SD 35+1.3% 3.9+1.6° 49+23° <0.05"
Ultrasonography parameters
Right testis size by ultrassound (mL), mean + SD 16.0+£3.9%  147+47*° 125+45° <0.05"
Left testis size by ultrassound (mL), mean + SD 14.6+43*  11.8+43*® 11.1+£43% <0.05"
Right testicular vein size by color Doppler (cm), 1.9+0.7% 2.0+0.9*° 25+0.8° <0.05"

median + IQR
Left testicular vein size by color Doppler (cm), median ~ 2.0+0.7% 32+1.0° 3.8+1.3° <0.05"

£IQR

BMI body mass index, FSH follicle-stimulating hormone, LH luteinizing hormone, SD standard deviation, /OR

interquartile range

*Analysis of variance; " Fischer’s exact test; ¥ Kruskal-Wallis test. *° Means in a row without common super-

script letters differ (P < 0.05)

I Test not applicable due to the low accuracy of the pH measurement tool (pH testing strips)

Furthermore, we built a different GA-LDA model
that segregated the VF group from the VI group
(Fig. 7 and Tables 9 and 10). Caprate, alanine, and
arginine were the most important metabolites identified
in this model.
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Fig. 1 Typical 'H NMR
spectrum (400 MHz, D,0) of
seminal plasma. The areas under
the peaks are associated with the
concentration of metabolites
weighted by the number of
hydrogen nuclei in each chemical
environment. Some peaks had
their respective chemical
compounds assigned in the
spectrum

Tyrosine

Arginine

Discussion

This study is the first to use a metabonomics approach to
create models able to differentiate men with varicocele from
healthy controls as well as to discriminate fertile men with
varicocele from infertile ones. Using the statistical formalisms
PLS-DA and GA-LDA, we created two models that distin-
guished each of the three groups from the others with high
accuracy. In addition, using OPLS-DA and GA-LDA, we
built models that segregated healthy fertile men from men
with varicocele, independently of their fertility status, with
an accuracy of 91.25% and 97.06% respectively. Also apply-
ing OPLS-DA and GA-LDA, we created two metabonomics
models that discriminated group VF from group VI, with an
accuracy of 94.64% and 100% respectively. This proof of
concept study demonstrates that 'H NMR-based
metabonomics is capable of extracting and analyzing clinical-
ly useful information from the seminal plasma of men with
varicocele.

This study demonstrated that men with varicocele may
present different phenotypes. The VI group had clinical alter-
ations due to the varicocele, such as decreased testicular vol-
ume, decreased sperm concentration, decreased total sperm
count, decreased sperm motility, and decreased semen vol-
ume, when compared with healthy controls (Table 1). In

Fig. 2 Results of PLS-DA using

= Glutamine
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|
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addition, the levels of testosterone, FSH, and LH were higher
in the VI group. These findings might have little clinical im-
portance, however, since all the levels are within the sug-
gested reference values [42, 43]. The ability of these
metabonomics models to discriminate men with varicocele
from healthy controls with high accuracy corroborates the
close relationship between metabolome and phenotypes.
Furthermore, these findings are in conformity with the re-
sults of studies using proteomics to analyze changes in the
semen of adolescents and men with and without varicocele.
When compared with a control group of adolescents without
varicocele, the adolescents with varicocele had higher expres-
sion of proteins related to the inflammatory and immune re-
sponses, even when they did not show changes in SA param-
eters [33, 44]. The presence of alterations in the seminal me-
tabolome and proteome of individuals with varicocele who do
not have abnormal SA suggests that varicocele is a heteroge-
neous condition with implications that go beyond the impact
on the classic SA parameters. The ability of the metabonomics
models to segregate infertile men with varicocele from fertile
men with varicocele reinforces the heterogeneity of the dis-
ease. The clinical importance of this is that, to date, there is no
test able to discriminate accurately between these two groups
[45]. This model can be very useful in clinical practice, help-
ing in the management of men who have varicocele and want
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Table 2 Most important variables

for group discrimination and their 0 (chemical shift, ~ Metabolite Control Varicocele infertile ~ Varicocele fertile

relative concentration ppm) group group group
0.89 Caprate® High Middle Low
0.92 2-Hydroxy-3-methylvalerate® NA NA NA
0.97 Leucine” NA NA NA
1.01 Valine® Low Middle High
121 3-Hydroxybutyrate™® Low Middle High
133 Lactate™® Low Middle High
1.49 Alanine® NA NA NA
1.89 4-Aminobutyrate (GABA) * Low Middle High
1.97 Isoleucine™® High Middle Low
2.37 Caprate® High Middle Low
2.65 Citrate® Low Middle High
3.37 Methanol” NA NA NA
3.73 Glucose” NA NA NA
3.89 Glycosides® Low Middle High
433 Glycerol-3-phosphocoline® NA NA NA
437 N-Acetyltyrosine® Low Middle High
5.89 Uridine* High Middle Low
6.85 Glutamine® High Middle Low
7.17 Tyrosine® High Middle Low
7.21-7.29 Arginine® High Low Middle
7.61 Glutamine® High Middle Low
7.73 N-Acetyltyrosine® Low Middle High

Assigned using Human Metabolome Database (HMDB) and Paiva et al. (2015), considering chemical shift () (=

0.02 ppm)

NA not assessed; * by PLS-DA model; b by GA-LDA model

to know about their fertility potential even before they have
begun the attempts to conceive. We highlight that, to date,
there are no studies published in the literature using any
“omics” techniques that compared these two groups of men
with varicocele.

For GA-LDA models, the samples were separated
into two sets: the training set, composed of 70% of
the samples was used to build the model; and the test
set, composed by the remaining 30% of the samples and

Fig. 3 Results of the OPLS-DA

used to test the model. This strategy of validation con-
firmed the high accuracy of the GA-LDA models to
distinguish among all 3 groups of men included in the
study.

The first GA-LDA model was the more complex, aiming to
use the metabolome changes to differentiate each group from
the others. Therefore, this was the model with the lowest ac-
curacy, both on the training set and the test set, 92.17% and
86.17% respectively (Table 5).
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Table 3  Confusion matrix—OPLS-DA metabonomics model. Control
group (24 samples) versus varicocele group (56 samples)
Model Groups

Varicocele Control P value
Varicocele 53 4 0.04
Control 3 20

Accuracy 91.25%, sensitivity 94.64%, specificity 83.33%,
Positive predictive value 92.98%, and negative predictive value 86.96%

The second GA-LDA model segregated healthy fertile men
from men with varicocele independently of their fertility status
and resulted in only one false positive. This model had an
accuracy of 97.06% and correctly classified all the patients
with varicocele. These results indicate that this model is useful
as a screening test to identify men with varicocele.

The most important metabonomics model created in this
study was the one used to segregate fertile men with varico-
cele from infertile men with varicocele. In the validation step
of this GA-LDA model, only one fertile man was
misclassified as infertile, giving an accuracy of 91.67%.

This study identified a total of 19 metabolites important for
group segregation. Valine, 3-hydroxybutyrate, lactate,
GABA, citrate, glycosides, and n-acetyltyrosine were found
in lower concentrations in the C group when compared with
VF group, while their concentration was in the middle range
in the VI group. On the other hand, caprate, isoleucine, uri-
dine, glutamine, and tyrosine were expressed in the opposite
way, with higher concentrations in the C group, lower con-
centrations in the VF group, and concentrations in the middle
range in the VI group. Arginine was the only metabolite found
in lower concentration in the VI group and higher concentra-
tions in the C group. In addition, 2-hidroxy-3-methylvalerate,
leucine, alanine, methanol, glucose, and glycerol-3-
phosphocholine were also important, but their relative concen-
trations were not determined. It is important to highlight that
similar metabolites were found independently of the multivar-
iate statistical tool used; however, the influence of each me-
tabolite was different, varying with the models. These

Fig. 4 Results of OPLS-DA

Table 4 Confusion matrix—OPLS-DA metabonomics model.
Varicocele fertile group (21 samples) versus varicocele infertile group
(35 samples)

Model Groups

Varicocele fertile  Varicocele infertile P value
Varicocele infertile 1 33 0.01
Varicocele fertile 20 2

Accuracy 94.64%, sensitivity 95.24%, specificity 95.24%,

Positive predictive value 97.06%, and negative predictive value 90.91%

alterations suggest that varicocele causes changes in the me-
tabolism of amino acids, sugars, and its derivatives, as a ho-
meostatic response.

Valine, leucine, and isoleucine are essential amino acids;
changes in their seminal concentrations have been shown in
infertile men [46—48]. In this study, the C group had lower
levels of valine and higher levels of isoleucine when com-
pared with the VF group, and in the VI, the concentration of
these amino acids fell in the middle range. These findings
suggest a disruption of the amino acid metabolism in men with
varicocele, but the pathways linking their metabolism and
male infertility remain unclear. 2-Hydroxy-3-methylvalerate
is an organic acid generated by isoleucine metabolism and
was selected by the GA-LDA formalism as one of the discrim-
inant metabolites, reinforcing the evidence of an altered amino
acid metabolism in men with varicocele.

Alanine is a non-essential aminoacidic produced by alanine
aminotransferase and has a pivotal role in energy metabolism
through the glucose-alanine cycle. Seminal levels of alanine
and seminal alanine aminotransferase activity are decreased in
infertile men, which could be an indication of impaired sperm
energy metabolism [49-52]. Arginine is found in high con-
centrations in human semen and is a precursor for the synthe-
sis of nitric oxide, a messenger molecule that is essential for
normal spermatogenesis and motility [28, 53]. Herein, we
observed that infertile men with varicocele had lower levels
of arginine, suggesting that the homeostatic response involves
an increase of nitric oxide production, consuming arginine.
Tyrosine is important in protein synthesis and is a precursor

Scores Plot
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Fig.5 a Score plot of GA-LDA to discriminate varicocele infertile (blue),
varicocele fertile (red), control (black) groups. Training samples (balls)
and test samples (dots). The importance of each variable selected for the

for synthesis of dopamine and noradrenaline, which have an
effect in sperm motility [54, 55]. On the other hand, n-
acetyltyrosine is derived from tyrosine and is mainly found
as a human urinary metabolite. There are reports indicating
that seminal tyrosine levels are altered in infertile men [46,
50]. Despite some evidence towards tyrosine having an anti-
oxidant function, a direct link between tyrosine and male fer-
tility is still missing [56]. We identified lower seminal levels
of tyrosine in men with varicocele than in healthy volunteers.
Moreover, when we compared the VF group to the VI group,
varicocele fertile men had lower concentrations of tyrosine.
Zhao et al. and Mumcu et al. have demonstrated that seminal
glutamine level is an indication of male infertility, but with
levels varying among different categories of infertile men [46,
47]. In our study, healthy fertile men had higher levels of
glutamine when compared with fertile men with varicocele,
while the levels in infertile men with varicocele fell in the
intermediate range between the other two groups.

The second group of metabolites identified is associated to
carbohydrate metabolism. Sugars and its derivatives can be
found in high concentrations in human seminal plasma, where
they play several functions, such as energy source and cell

Table 5 Confusion matrix—GA-LDA metabonomics model to
discriminate the 3 groups. Training set: Control group 17 samples,
Varicocele fertile group 15 samples, and Varicocele infertile group 24
samples

model are shown by the loading of discriminant functions 1 and 2 in b and
¢ respectively

signaling. These metabolites were important variables for
group discrimination. Glucose is an energy source for mature
sperm, and the lack of this substrate can impair sperm motility,
hyperactivation, and acrosome reaction [57]. Glucose was one
of the most important variables for group discrimination in the
GA-LDA model, a finding that highlights its crucial role in
male fertility. Surprisingly, no other study has identified glu-
cose as a discriminant metabolite for male infertility. Citrate is
the first product of the Krebs cycle and is stored in large
amounts by the glandular epithelial cells in the peripheral
region of the human prostate. Citrate has been advocated as
a biomarker of prostate function and prostate cancer [58].
Citrate concentration is the main responsible for seminal pH,
but the association between seminal citrate levels and male
fertility is controversial [59, 60]. In addition to other studies
using "H NMR spectroscopy of human seminal plasma, we
also found that citrate was a pivotal factor for group segrega-
tion [46-48]. Lactate is the final product of the glycolytic
pathway, an important step for adenosine triphosphate
(ATP) production in mature sperm cells. Moreover, lactate is
the only energy source for developing germ cells, since these
cells are unable to metabolize glucose and rely on Sertoli cell-
produced lactate to produce ATP [57, 61]. We found that

Table 6 Confusion matrix—GA-LDA metabonomics model to
discriminate the 3 groups. Test set: Control group 7 samples,
Varicocele fertile group 6 samples, and Varicocele infertile group 11

Model Groups samples.
Control (C) Varicocele Varicocele Model Groups
fertile (VF) infertile (VI) Control (C) Varicocele Varicocele
fertile (VF) infertile (VI)
Control 14 0
Varicocele fertile 0 15 2 Control 5 0 0
Varicocele infertile 3 0 21 Varicocele fertile 0 5 1
Varicocele infertile 2 1 10

Accuracy 92.17%, sensitivity (82.35% for C, 100.00% for VF and
87.50% for VI), specificity (97.44% for C, 95.12% for VF and 90.62%
for VI)

@ Springer

Accuracy 86.17%, sensitivity (71.43% for C, 83.33% for VF and 90.91%
for VI), specificity (100.00% for C, 94.44% for VF and 76.92% for VI)
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lactate was one of the most important metabolites for group
segregation, confirming the findings of several other studies
which had used "H NMR spectroscopy to study seminal plas-
ma [46-48]. However, in these studies, lactate levels were
decreased in oligospermic men with idiopathic infertility,
whereas we found decreased levels of lactate in healthy fertile
men when compared with men with varicocele. Thus, it seems
that glucose metabolism is altered in infertile men, but in
different ways depending on the cause of infertility.

Although glucose is the main energy source for testicular
germ cells and sperm, ketone bodies may play a relevant role
in sperm motility [62]. As a ketone body, 3-hydroxybutyrate
may affect sperm motility. In addition, it also has a signaling
function, being able to inhibit histone deacetylases enzymes
[63]. The inhibition of these enzymes has been shown to im-
prove glucose metabolism and to promote resistance to oxi-
dative stress and could be important for spermatogenesis and
sperm function [64]. Since varicocele results in oxidative
stress, the high seminal levels of 3-hydroxybutyrate observed
in varicocele groups indicate that this is the homeostatic re-
sponse of a live system [28].

Gamma-aminobutyric acid (GABA) is the most important
inhibitory neurotransmitter in humans. However, there is a
paucity of data regarding the functions that GABA may exert
on spermatogenesis and sperm. A few studies have demon-
strated the presence of GABA and its receptors in human
semen and sperm [65—67]. Furthermore, it has been shown
that GABA is able to induce sperm hyperactivation and acro-
some reaction [66, 68]. GABA and glutamine are two possible

Table 7 Confusion matrix—GA-LDA metabonomics model. Training
set: control group (17 samples) versus varicocele group (39 samples)

products of glutamate metabolism. We found that seminal
levels of these two metabolites varied symmetrically, indicat-
ing that the formation of GABA is preferential in men with
varicocele. Sperm count is possibly also important in this con-
text, since in the VI group, where we found low sperm con-
centration, we also observed an intermediate GABA seminal
relative concentration. Caprate is a medium-chain fatty acid
composed of 10 carbons found frequently in dairy products
and may functions as a membrane stabilizer [69]. In patients
with varicocele, oxidative stress causes damages to sperm
membrane. This requires consumption of caprate to restore
the cell membrane, resulting in low caprate concentrations in
this group.

Uridine is one of the five standard nucleosides which make
up nucleic acids, but the role of seminal uridine is still unclear.
Uridine may be a precursor of metabolites required for capac-
itation, but could also play a role in lipid and carbohydrate
metabolism [70, 71]. Zhang et al. demonstrated that seminal
uridine is an important discriminant metabolite in men with
asthenozoosermia [70]. Our work also revealed that it is a
discriminant variable, with a possible higher consumption of
uridine in men with varicocele. Methanol is a toxic alcohol
found in small amounts in healthy individuals, derived mainly
from the ingestion of ripe fruits and by the metabolization of
pectin, as a structural component of cell walls of plants [72].
The GA-LDA model using the 3 groups selected methanol as
an important variable for group discrimination; however, we
were unable to find any study about the possible functions of
methanol in human semen.

Table 8 Confusion matrix — GA-LDA metabonomics model. Test set:
control group (7 samples) versus varicocele group (17 samples)

Model Groups Model Groups

Control (C) Varicocele (V) Control (C) Varicocele (V)
Control 16 0 Control 6
Varicocele 1 39 Varicocele 1 17

Accuracy 97.06%, sensitivity (94.12% for C and 100.00% for V), spec-
ificity (100.00% for C and 94.12% for V)

Accuracy 92.86%, sensitivity (85.71% for C and 100.00% for V), spec-
ificity (100.00% for C and 85.71% for V)
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Glycerol-3-phosphocoline is a cell membrane component
and plays a role in cholesterol transport and metabolism.
Some studies using "H NMR spectroscopy have shown ab-
normal seminal levels of GPC in infertile men with altered SA
parameters [46, 70, 73, 74]. GPC was an important discrimi-
nant variable in the GA-LDA model using the 3 groups, sug-
gesting an altered phospholipid metabolism in men with
varicocele.

Other researchers have demonstrated that it is possible to
use the metabonomics approach to create models capable of
diagnosing certain phenotypes related to male infertility with
high accuracy. A study using "H NMR spectroscopy of sem-
inal plasma was able to generate models with accuracy of
92.4% to discriminate fertile men from infertile, and 92.2%
to differentiate infertile men with normal SA from infertile
men with oligospermia [50]. Another similar study construct-
ed OPLS-DA models capable of segregating men with idio-
pathic infertility (with normal SA) from infertile men with
oligospermia with accuracy of 89% [49]. Also using 'H
NMR of seminal plasma and OPLS-DA, another group creat-
ed a model that discriminated fertile men from men with as-
thenozoospermia with an accuracy of 85.7% [70]. In addition,
using '"H NMR spectra of seminal plasma, a different group
was able to build PCA and PLS-DA models to segregate nor-
mozoospermic from oligoasthenoteratozoospermic men [46].

The main limitation of the present study was the small
number of samples used in this pilot study. Therefore, future

Table 9  Confusion matrix—GA-LDA metabonomics model. Training
set: varicocele infertile group (24 samples) versus varicocele fertile group
(15 samples)

studies with larger sample sizes are required to confirm our
findings. Furthermore, the evaluation of infertile men’s part-
ners was made by interview only, and no additional tests were
performed to identify possible undiagnosed causes of female
infertility. This means that we could not definitely exclude
female fertility factors, and they may have been a confusion
factor in our analyses. However, the young age of the partners
and the absence of symptoms or previous history of conditions
that could cause infertility decrease the likelihood of the pres-
ence of female factor infertility.

One of the strengths of our study was the use of the infer-
tility definition suggested by the American Society for Human
Reproduction, which is currently considered the best defini-
tion to be applied in research [34]. Moreover, all participants
were evaluated by the same specialist in male infertility, and
all USGD were performed by the same genitourinary radiol-
ogy specialist, as well all laboratory tests were done in a cen-
tral laboratory, aspects that reduce the chance of bias. It should
be emphasized that there was no change in the clinical man-
agement of the participants and that all samples collected and
clinical exams performed are already part of the initial evalu-
ation of infertile men, factors that facilitate the incorporation
of "H NMR spectroscopy in the clinical context. The
metabonomics models presented here can be very useful in
clinical practice, helping in the management of men who have
varicocele and want to know about their fertility potential even
before they have begun the attempts to conceive.

Table 10  Confusion matrix—GA-LDA metabonomics model. Test set
varicocele infertile group (11 samples) versus varicocele fertile group (6
samples).

Model Groups Model Groups

Varicocele infertile (VI)  Varicocele fertile (VF) Varicocele infertile (VI)  Varicocele fertile (VF)
Varicocele infertile 24 Varicocele infertile 11 1
Varicocele fertile 0 15 Varicocele fertile 0 5

Accuracy 100%, sensitivity (100.00% for VI and 100% for VF), speci-
ficity (100% for VI and 100.00% for VF)

@ Springer

Accuracy 91.67%, sensitivity (100.00% for VI and 83.33% for VF),
specificity (83.33% for VI and 100.0% for VF)
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Conclusion

The present study demonstrated the 'H NMR spectroscopy of
seminal plasma can be used in conjunction with multivariate
statistical tools to create metabonomics models useful in dis-
criminating between men with and without varicocele, and
between fertile and infertile men with varicocele. In addition,
the most important metabolites for group segregation are in-
volved in the oxidative stress caused by varicocele and its
response, highlighting the importance of these mechanisms
in the pathogenesis of varicocele. Further studies are needed
to confirm these findings.
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