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Abstract

Purpose Excessive reactive oxygen species (ROS) production during sports can impair performance and recovery. A diet
rich in exogenous antioxidants plays a key role in counteracting oxidative stress, and its complex interactions with various
circulating compounds can be explored through metabolomics. With the rising popularity of women’s soccer, a deeper
understanding of dietary intake and its metabolic interactions in female athletes is needed. The study’s aims are to assess the
habitual dietary intake of antioxidant micronutrients and their associations with oxidative/antioxidant metabolites in female
professional soccer players through NMR-based metabolomics.

Methods This cross-sectional study included 14 professional female soccer players. Urine samples were collected before
and immediately after six games (three per championship) and analyzed by NMR-based metabolomics. Habitual food intake
was recorded through 11 food diaries during the preseason. The focus was on vitamins A, C, and E, selenium, zinc, and
magnesium. Associations were assessed using Pearson correlations and the DIABLO model.

Results Among the antioxidant micronutrients, only vitamin C and selenium met adequate intake levels. The metabolomics
analysis identified 41 metabolites, with key markers of oxidative stress—malonic acid, pyruvate, and glycine—showing
strong associations with vitamin E, magnesium, selenium, and zinc, particularly before the game.

Conclusion The antioxidant micronutrient intake of most athletes did not meet the recommended levels. Malonic acid
showed positive correlations, while glycine had negative correlations with these micronutrients before the game, suggesting
a potential link between antioxidant activity at rest and habitual nutrient intake.

Keywords Soccer - Metabolomics - Nuclear magnetic resonance - Oxidative stress - Micronutrients

Introduction

Football is one of the most widely played sports worldwide,
characterized by an intensity of approximately 70-80%
of VO,max (Dobrowolski et al. 2020; Ali et al. 2007). It
involves intermittent physical and energetic demands,
including high-speed running, short sprints, jumps, and
b4 F. A. B. Sousa turns. The substantial energy requirements of football, often

filipe.sousa@iefe.ufal.br linked to prolonged exertion, lead to muscle contractions,
fiber injuries, and muscle damage in athletes (Higgins et al.
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The production of ROS during physical activities is an
expected outcome. When present at moderate concentra-
tions, ROS can enhance muscle contractions by improving
calcium release from the sarcoplasmic reticulum, facilitating
cellular adaptation and redox balance, and triggering antiox-
idant responses (Suzuki 2021). Consequently, in response to
increased ROS production, the body elevates the endogenous
production of antioxidant enzymes, such as glutathione per-
oxidase, superoxide dismutase, and glutathione reductase,
aiming to mitigate damage and decrease ROS reactivity
(Suzuki 2021). However, excessive free radical synthesis
(oxidant action > antioxidant action) can impair physical per-
formance and recovery, depending on training variables such
as intensity, duration, and type of exercise (Hadzovic-Dzuvo
et al. 2014; Suzuki 2021). Antioxidants function through
two primary mechanisms: (i) a chain-breaking mechanism,
in which an electron is donated to neutralize free radicals
present in the body, and (ii) the removal of ROS or reactive
nitrogen species initiators by eliminating chain-initiating
catalysts (Lobo et al. 2010).

In this context, a well-balanced diet that provides a
substantial intake of exogenous antioxidants may serve
as a critical strategy to support the endogenous defenses
of athletes (Gravina et al. 2012). However, there is still
no well-established guideline for female athletes regard-
ing dietary patterns that best align with their performance
goals while accounting for the metabolic stress they endure.
Given that men’s football was the focus for many years,
nutritional requirements for male athletes have often been
extrapolated to female athletes (Abreu et al. 2021). None-
theless, these demands are expected to differ, as female
football players typically cover shorter total distances and
absolute high-intensity distances during matches com-
pared to their male counterparts (distance > 12 km/h:
3151 +87 vs. 3621 + 117 m; distance > 18 km/h: 777 + 33
vs. 1184 +49 m), despite exhibiting similar relative inten-
sities when measured by heart rate zones (Bradley et al.
2014; McFadden et al. 2020). These game-related differ-
ences are accompanied by anatomical and hormonal distinc-
tions (Robles-Palazén et al. 2021), as well as variations in
hydration profiles, energy expenditure, bone mineral density,
and macro- and micronutrient intake needs (Dobrowolski
et al. 2020). Such differences result in distinct concentra-
tions of oxidative stress markers (e.g., protein carbonyls) and
antioxidant responses (e.g., catalase, reduced glutathione,
and uric acid) after matches in female football players com-
pared to males (Souglis et al. 2018). As a result, inadequate
micronutrient intake is not uncommon among female foot-
ball players.

Thus, it is reasonable to expect that, due to the nature
of physical exertion, the quality of nutritional intake, and
biological sex, circulating compounds in the body may vary
in blood or urine depending on an individual's physiological
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state (e.g., resting, active, or undergoing hormonal changes),
reflecting the organism's condition at a given moment.
Metabolomics has been employed to identify alterations
in the metabolic profile of athletes across different sports
disciplines (Bongiovanni et al. 2019). Metabolomics is an
omics science focusing on the end products of various physi-
ological pathways, offering a holistic approach to investi-
gating the interactions between metabolites and contextual
factors such as nutritional status, and exercise intensity (Guo
et al. 2021; Cao et al. 2020; Kim et al. 2022; Trimigno et al.
2020). For instance, metabolomics has demonstrated sen-
sitivity in detecting changes in urinary metabolite profiles
in young male football players induced to fatigue. These
changes involved pathways such as tyrosine, the tricarbo-
xylic acid cycle, and glycerophosphate metabolism, as
assessed through gas chromatography—mass spectrometry
(GC-MS) (Cao et al. 2020). Additionally, it has been utilized
to set the recovery times post-training, revealing increased
concentrations of ammonia, lactate, and adenine in urine
samples via H"'NMR spectroscopy of young male soccer
players (Kim et al. 2022). Furthermore, metabolomics has
detected diet-induced changes in urinary metabolite profiles
related to energy pathways in obese men and women using
H~'NMR (Trimigno et al. 2020).

Recently, H~!NMR-based metabolomics in urine has
been shown to differentiate pre- and post-match states in
female football players, with distinguishing metabolites
linked to energy pathways (e.g., glycine, formate, citrate,
and glycolic acid) among those with the highest VIP (vari-
able importance in projection) scores (Gouveia et al. 2024).
However, there is limited evidence exploring associations
between diet and metabolomic profiles, particularly regard-
ing the antioxidant profile of female football athletes. A
detailed understanding of the impacts of diet and gameplay
on the oxidative/antioxidative metabolomic profile is crucial
for developing individualized strategies for micronutrient
intake specific to female football players. Therefore, it is
essential to investigate potential associations between anti-
oxidant micronutrients and metabolites that serve as indica-
tors of pro-oxidative stress reactions or those involved in the
elimination of chain-initiating catalysts.

In this context, using an observational approach, the study
aimed to investigate the association between the dietary
intake, with a focus on antioxidant micronutrients, and uri-
nary metabolites identified with untargeted H"'NMR-based
metabolomics in female soccer players, both pre- and post-
soccer matches during a 10-week sports season. Consider-
ing the high variability in the habitual, uncontrolled dietary
intake of female soccer players (Gravina et al. 2012) and the
impact of soccer matches on oxidative stress and antioxidant
activity in these athletes (Souglis et al. 2018; Gravina et al.
2011), it will be possible to highlight the dietary intake that
best align with performance goals of female soccer athletes.
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Methods
Population/sampling

The sample was selected using a non-probabilistic sam-
pling method and consisted of 14 professional female ath-
letes (Table 1) from a high-performance team competing in
the national women's championship. The sample size was
determined by convenience, as it included all athletes from
the same team who actively participated in the six matches
(>45 min of play). The included athletes played an average
of 74.5+19.5 min per match. Participants comprised for-
ward (n=3), attacking midfielders (n=1), wingers (n=3),
midfielders (n=2), defensive midfielders (n=2), full backs
(n=1), and defenders (n=2). Goalkeepers were excluded
due to their unique match demands. Six matches were ana-
lyzed, with pre- and post-match sample collections. After
excluding samples due to refusal, inability to urinate, or lack
of consent, the study included 102 urine samples—51 pre-
match and 51 post-match.

Study design

This is a cross-sectional study conducted in accord-
ance with the STROBE (Strengthening the Reporting of

Observational Studies in Epidemiology) reporting guide-
lines (von Elm et al. 2008). The athletes were monitored
over a ten-week season, which included six matches—
three from the national championship and three from a
regional tournament—conducted between May 27, 2022,
and August 7, 2022, as illustrated in Fig. 1. During this
period, the athletes trained daily, with sessions lasting
between 60 and 120 min.

For this study, the preseason period was defined as
the 23 days preceding the first match of the champion-
ship. On the first day of the preseason, anthropometric
measurements were taken, followed by the collection of a
24-h dietary recall from each athlete. This initial dietary
recall was conducted in person and served as the baseline.
Over the following 10 days, daily records of each athlete's
dietary intake were collected online using an instant mes-
saging application.

With the start of the season, urine samples were col-
lected pre- and post-match during home games, according
to the match schedule. Since the study was descriptive in
nature, no dietary interventions or intake recommendations
were provided to the athletes, aiming to assess their actual
dietary intake without direct interference from the nutri-
tion professionals responsible for the sample collections.

Table 1 Anthropometric

. Age  Body mass (kg) Height (cm) BMI (kg/m?)  Body % Body fat

characteristics data of the density (¢/

sample em?)
Mean 226 560 162 21.4 1.06 18.8
Standard deviation 3.46  5.99 7.64 1.54 0.04 4.70
Minimum 19.0 458 148 19.3 1.00 12.7
Maximum 320 69.0 175 23.8 1.10 26.5
BMI body mass index. Values are expressed as mean + standard deviation
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Fig. 1 Experimental design of the study. On game days, urinary collections were carried out pre-game (before the warm-up) and immediately

post-game
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Habitual dietary intake measurement

For the 24-h dietary recalls, the multiple pass method
(MPM) was used to assist the participants in providing more
detailed information about their food consumption from the
previous day, thereby reducing errors during data collection.
The MPM consists of five steps: (1) quick listing (everything
consumed on the previous day); (2) listing commonly forgot-
ten foods; (3) defining the time and meal type; (4) detailing
and reviewing (flavor, color, type, and preparation method);
and (5) final review (Tippett et al. 1999).

Subsequently, during 10 days of the preseason, daily
dietary records were collected virtually. These records were
sent in real-time by the athletes via an instant messaging app
(WhatsApp, Meta Inc., USA), and meal descriptions could
be provided through text, audio messages, or photos of the
consumed foods. At the start of each day, a message was
sent requesting details about the following meals: breakfast,
morning snack, lunch, afternoon snack, dinner, and late-
night snack, including the respective times and methods of
food preparation. The athletes reported their food intake as
they consumed each meal. To mitigate reporting bias, after
the last meal was reported the nutritionist reviewed all the
submitted information and clarified any doubts, such as por-
tion sizes or food preparation methods, when necessary.

Thus, 11 dietary records (1 x24-h recall and 10 daily
dietary records) were obtained from each of the 14 ath-
letes during the preseason. To assess the plausibility of the
data, Goldberg's ratio (1991) was applied. Basal Metabolic
Rate (BMR) was calculated indirectly using the FAO/WHO
(1985) formulas for adult women, based on their age and
individual body mass.

Urinary samples

Urine samples were collected using 25 ml containers labeled
with the athletes' names, the date, and the time of collection
(pre- or post-match). These collections were timed accord-
ing to the match schedule: before the warm-up (to avoid
interference with the metabolome due to physical activity)
and immediately after the matches in the locker room, as
the athletes returned from the field. The samples were then
transported in a thermal container with ice for refrigeration
and later analysis via nuclear magnetic resonance (NMR).
This approach allowed the characterization of the metabo-
lomic profile both before and after the match efforts, which
are key targets of the athletes' training regimen.

Anthropometric measures
Anthropometric data (body mass, height, skinfold thickness,

and body fat percentage) was collected only for sample char-
acterization. Body mass (kg) and height (m) were measured
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using an anthropometric scale with a stadiometer (Balanca
Mecanica Adulto 180 kg, Welmy®, Santa Barbara do Oeste,
Brazil). Body fat percentage and skinfold thickness were
assessed using a caliper (Lange Skinfold Caliper, Cambridge
Scientific Industries®, Cambridge, USA), following the
Jackson, Pollock, and Ward (1980) protocol, which involves
measuring three skinfold sites (suprailiac, thigh, and triceps)
to determine the athletes' body fat percentage. The athletes
did not train or warm up before the anthropometric measure-
ments were taken. The following formulas were used:

Body density (kg/m?)=1.0994921—(0.0009929 X sum
of skinfolds) + (0.0000023 x square of the sum of
skinfolds)—(0.0001392 x age).

Siri’s formula (1956) to estimate body fat percentage
(%) = (495/body density)—450.

Data processing and analysis
Sample preparation and H"'"NMR experiments

NMR spectra were acquired using a Bruker 600 MHz spec-
trometer Ascend operating at 600.13 MHz and equipped
with a probe PA BBO 600S3 BBF-H-D-05 Z SP. Urine sam-
ples (300 pL of the resulting supernatant) were pipetted into
an NMR tube (5 mm) with 300 pL phosphate buffer (3-[tri-
methylsilyl]propionic-2,2,3,3-d4 acid sodium salt 0.1 mM in
D,0). Spectral processing, including phase correction and
baseline correction, was executed using TopSpin 3.5 (Bruker
BioSpin). The data matrix was prepared using R software
and PepsNMR package (version 3.19). Metabolite peaks
identification occurred through Chenomx® with the Human
Metabolome Database. Additional details are detailed else-
where (Marinho et al. 2022; Gouveia et al. 2024). A list of
the identified metabolites can be found in the supplementary
material.

Food intake analysis

Antioxidant nutrients considered for analysis were vitamins
A, C, and E, as well as selenium, zinc, and magnesium. The
24-h dietary recalls and daily dietary records were organ-
ized using Microsoft Excel 2019 and subsequently analyzed
using the Dietbox® software (Dietbox®, Rio Grande do Sul,
Brazil). The analysis utilized data from food composition
tables (TBCA-USP-FoRC, 2023; Philippi, 2002; IBGE,
2011; NEPA-UNICAMP, 2011; Pacheco 2011; Pinheiro
et al., 2020). The percentage of adequacy for energy and
macronutrient intake was assessed based on literature rec-
ommendations for female soccer players (Dobrowolski et al.
2020) and dietary fiber intake guidelines (Abreu et al. 2021).
Antioxidant micronutrient intake was evaluated using the
dietary reference intakes (DRIs) framework for nutrient
intake assessment in individuals (IOM, 2000). An exception



European Journal of Applied Physiology

was made for selenium, which lacks a population standard
deviation value for detailed analysis; its assessment was
based on whether the athletes' average intake exceeded or
fell below the estimated average requirement (EAR).

Statistical analysis

The analysis of caloric and macronutrient intake was per-
formed solely for characterization purposes using measures
of central tendency and dispersion (mean, median, stand-
ard deviation, and range). This analysis was conducted with
the Jamovi software (version 2.3, Sydney, Australia) for
Windows.

For the metabolomics data analysis, Pearson correlation
coefficients were calculated using the R programming lan-
guage (R Core Team, 2021) to evaluate the degree of asso-
ciation between the average intake of each micronutrient
and the 41 metabolites identified in the athletes' samples, as
well as metabolite—metabolite correlations (Supplementary

Material, Figures S1 and S2) across all six matches. Addi-
tionally, statistical significance was tested for all correlation
coefficients relative to the sample size (Fig. 2), reinforcing
the robustness of the described associations. This analysis
was conducted separately for pre- and post-match conditions
to explore correlations in readiness for exertion and follow-
ing a high oxidative stress event.

Furthermore, to holistically compare the athletes' habitual
dietary intake (nutrient averages) with the metabolites from
samples collected across six matches, a multivariate model
for multi-omics data integration was applied. This model
utilized partial least squares discriminant analysis (PLS-
DA), as described by Singh et al. (2019), and is referred to
as Data Integration Analysis for Biomarker discovery using
Latent variable approaches (DIABLO). The DIABLO model
enabled an integrative analysis to correlate the data in a mul-
tivariate context, identifying interactions between variations
in micronutrient intake averages and metabolic fluctuations.
Additionally, a similarity matrix analogous to a correlation
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Fig.2 Heat map with the Pearson's correlation values between 41
metabolites and 6 micronutrients, for the pre-match (A) and post-
match (B) conditions. The color scale represents positive (blue) and

negative (red) correlations. Complete heat maps can be found in the
supplementary material. Significant correlations are represented by
asterisks: p <0.05%; p<0.01**; and p <0.001***
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coefficient was derived from the statistical model to esti-
mate the relationship between metabolites and micronutrient
intake in an integrated panorama encompassing all condi-
tions (pre- and post-match) and all matches.

Results
Habitual dietary intake

The results for caloric intake, basal metabolic rate (BMR),
macronutrient, and fiber consumption are presented in
Table 2. On average, the athletes reported a daily caloric
intake of 13304263 kcal, closely matching their BMR
(1324 +81.6 kcal). Based on the plausibility test, only one
athlete had an energy intake below their BMR. The dietary
recalls indicated a predominance of carbohydrate consump-
tion (56%) over lipids (27.8%) and proteins (16.2%), with an
average fiber intake of 13.4 +4.55 g.

Table 3 summarizes the intake of antioxidant micronu-
trients and their corresponding EAR (estimated average
requirement). The probabilities of correctly assessing the
adequacy of habitual dietary intake for each nutrient are
detailed in the Supplementary Material, except for sele-
nium. Regarding vitamin intake, the analysis revealed that
12 athletes had a 70-98% probability of inadequacy in their
habitual vitamin A intake (Supplementary Table S1). This
issue was more pronounced for vitamin E, with 13 athletes
demonstrating an 85-98% probability of habitual intake
inadequacy (Supplementary Table S2). In contrast, vitamin
C intake was adequate for most athletes (n=11) with a 98%
probability of adequacy (Supplementary Table S3). In terms

of mineral intake, all 14 athletes showed a high probability
of inadequacy in their habitual magnesium intake (Supple-
mentary Table S5). For zinc, 10 athletes exhibited a 70-98%
probability of inadequate intake (Supplementary Table S4).
In the case of selenium, only 4 athletes had habitual intake
levels below the EAR. These findings indicate significant
deficiencies in the habitual dietary intake of antioxidant
micronutrients among the athletes, emphasizing the impor-
tance of individualized nutritional strategies to address their
specific physiological needs.

Habitual micronutrients intake
versus metabolomics profile

Using H"'NMR spectroscopy, 41 metabolites were identi-
fied in the urine samples collected pre- and post-game. Fig-
ure 2 illustrates the correlation matrices depicting relation-
ships between these metabolites and the habitual intake of
antioxidant micronutrients under both conditions (panels A
and B, respectively). The full correlation matrix, covering
all variables (metabolites and micronutrients), is available
in the Supplementary Material (Figs. S1 and S2).

For vitamin A, positive correlations were observed with
hippurate in both pre- and post-match conditions. Nega-
tive correlations included phosphocreatine (pre-match)
and 3-amino isobutyrate (post-match). Vitamin C showed
a broad spectrum of correlations: positive associations with
guanidoacetate (pre- and post-match), trans-aconitate (pre-
and post-match), citrate (pre-match), lactate (post-match),
and dimethylsulfone (post-match). Negative associations
were observed with 3-amino isobutyrate (pre- and post-
match), mevalonic acid (pre-match), pyruvate (post-match),

Table 2 Food consumption of

PTN/Kg %PTN CH/Kg %CH LIP/Kg %LIP Fibers (g)

k Energy BMR
energy and macronutrients
Mean 1330 1324
Standard deviation 263 81.6
Minimum 843 1216
Maximum 1981 1510

0.99 16.2 3.28 56 0.75 27.8 13.4
0.35 372 051 855 024 535 455
0.46 11.4 2.49 419 0.36 18.2 8.61
1.49 232 4.26 66.7  1.08 35.1 252

Energy kilocalories, BMR basal metabolic rate in kcal, PTN/Kg protein per kilogram of body weight, PTN
% proteins in percentage, CH/Kg carbohydrates per kilogram of body weight, CH % carbohydrates in per-
centage, LIP/Kg lipids per kilogram of body weight, LIP % lipids in percentage

Table 3 Dietary intake of

e . . Vitamin A Vitamin E Vitamin C Zinc Magnesium Selenium
antioxidant micronutrients
Mean 513 6.7 312 6.01 140 58.4
Standard deviation 1066 3.05 342 2,12 27 18.8
Minimum 25.7 2.72 23.3 294 909 30.2
Maximum 4187 13.6 1134 114 194 88
EAR 500 12 60 6.8 255 45

EAR estimated average requirement
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tyrosine (post-match), and phenylacetic acid (post-match).
Vitamin E positively correlated with pyruvate (pre- and
post-match), malonic acid (pre-match), methylhistidine
(pre-match), phenylacetic acid (pre-match), pi-methylhisti-
dine (post-match), and tyrosine (post-match). In contrast,
negative correlations were identified with phosphocreatine
(pre- and post-match), trans-aconitate (pre- and post-match),
dimethylsulfone (pre-match), glycolic acid (pre-match), and
hippurate (pre-match).

For the mineral magnesium, positive correlations were
found with dimethylamine (pre- and post-match), isobutyrate
(pre-match), malonic acid (pre-match), and methylhistidine
(post-match). Negative correlations included glycine (pre-
and post-match), leucine (pre-match), trimethylamine (pre-
match), 3-amino isobutyrate (post-match), and creatinine
(post-match). Selenium positively correlated with pyruvate
(pre- and post-match), malonic acid (pre-match), methylhis-
tidine (pre-match), phenylacetic acid (pre-match), and pi-
methylhistidine (post-match). Negative correlations included
dimethylglycine (pre- and post-match), trimethylamine
(pre-match), glycine (pre-match), and trans-aconitate (post-
match). zinc exhibited positive correlations with succinate

Fig.3 Circus plot illustrates the
correlations between metabo-
lomes (green blocks) and anti-
oxidant antioxidants micronutri-
ents (blue blocks). A correlation
cutoff of 0.5 was applied. Posi-
tive correlations are represented
by blue lines, while negative
correlations are indicated by

red lines. The line thickness
corresponds to the correlation
strength, with thicker lines rep-
resenting stronger correlations
closer to 1. The colored lines
outside the circle depict the
average metabolite expression
for each athlete. Larger peaks

in the external lines indicate
higher metabolite expression in
a given athlete, whereas more ‘
rectilinear lines represent lower Hip
expressions '

Comp 1-2-3-4

A\pha-H\jdr):y'\sobut‘

jpur ate

Correlations

® Positive Correlation
® Negative Correlation

(pre- and post-match), malonic acid (pre-match), and metha-
nol (pre-match), while negative correlations were observed
with methylguanidine (pre-match), glycine (pre-match), ala-
nine (post-match), and methylamine (post-match).

These results underscore the complex interactions
between habitual antioxidant micronutrient intake and uri-
nary metabolite profiles under varying physiological states.
This intricate network reflects the metabolic response to
both habitual diet and the oxidative stress induced by soc-
cer matches.

To provide a holistic perspective of these relationships
across the season, including pre- and post-game moments,
Fig. 3 displays a similarity matrix derived from the cor-
relation between metabolites and antioxidant micronutrient
intake, as estimated using the DIABLO model. To enhance
interpretability and exclude biologically insignificant cor-
relations or noise from the multivariate model, a correlation
threshold of 50% (r=0.5) was applied.

Among the positive interactions, strong associations were
identified between vitamin E and phenylacetic acid, methyl-
histidine, and tyrosine, with a less pronounced correlation
observed with pi-methylhistidine. Additionally, vitamin C

Correlation cut-off
r=0.5

Expression
® Athlete 1
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¥ > o Athlete 12
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Athlete 14
® Athlete 2
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exhibited a positive relationship with 2-hydroxyisovalerate,
zinc was correlated with succinate and malonic acid, and
selenium showed strong associations with phenylacetic acid
and malonic acid.

For the negative interactions, notable relationships were
found between magnesium and 3-aminoisobutyrate, as well
as between both selenium and vitamin E with trans-aconi-
tate. Weaker negative correlations were observed between
magnesium and phosphocreatine, selenium and vitamin E
with trimethylamine, vitamin E with uracil, and vitamin A
with urea.

These associations, analyzed using a multivariate
approach, provide a more robust and integrated perspective
than those from the heat map alone. This model accounts for
both physiological conditions (pre- and post-match), the six
games across the season, and all participating athletes, offer-
ing deeper insights into the relationships between habitual
micronutrient intake and urinary metabolite profiles.

Discussion

In this study, we characterized the dietary intake of female
soccer players, with a particular focus on antioxidant micro-
nutrients, and identified associations with urinary metabo-
lites observed over the course of a competitive season. The
decision to use an untargeted approach was driven by its
capacity to explore metabolites potentially linked to oxi-
dative and antioxidant processes that might not be typical
targets in other analytical methods. Consequently, the dis-
cussion centers on the relationships between key micronutri-
ents and metabolites involved in redox reactions, oxidative
stress, and antioxidant defense mechanisms. In this context,
vitamins A, C, and E, along with zinc, magnesium, and
selenium, are expected to function as exogenous antioxi-
dants derived from the habitual dietary intake of the ath-
letes. These nutrients, in addition to the body’s endogenous
defenses against reactive oxygen species, are hypothesized
to provide a secondary layer of protection by mitigating the
free radicals generated during physical exertion. The find-
ings from this study reveal that vitamin C intake had a high
probability of adequacy, and selenium intake exceeded the
EAR. Conversely, vitamin A, vitamin E, zinc, and magne-
sium intake demonstrated a higher likelihood of inadequacy
for most participants. This variability in micronutrient intake
creates a favorable scenario for investigating potential cor-
relations between these nutrients and metabolites identified
by H!NMR spectroscopy in urine that may play roles in
antioxidant activity.

In line with our findings, the study by Dobrowolski and
Wilodarek (2019) on Polish female soccer players also exam-
ined micronutrient intake, though it used only EAR values as
a reference. Their results showed that the intake of vitamins

@ Springer

A, C, and zinc exceeded the recommended levels, whereas
the intake of vitamin E and magnesium fell below the EAR.
Selenium was not evaluated in their study. Another study,
which assessed the dietary intake of 33 adolescent female
soccer players, found that vitamins A and C, along with
the minerals magnesium and zinc, were consumed at levels
above the EAR. However, the mean intake of vitamin E was
below the reference value, and selenium was not assessed
(Gibson et al. 2011). These findings suggest that inadequate
intake of antioxidant micronutrients is not uncommon
among female soccer players, highlighting the need for fur-
ther investigation into their dietary patterns and potential
impacts on performance and oxidative stress management.

The vitamins included in this study—vitamins A, C,
and E—were chosen due to their well-established roles in
supporting antioxidant defenses (Urso and Clarkson 2003;
Lobo et al. 2010). These vitamins are considered capable of
mitigating oxidative stress induced by acute exercise with-
out negatively affecting performance, with particular empha-
sis on vitamins C and E (de Oliveira et al. 2019). Vitamin
A, for instance, exhibited a negative correlation with only
one of the metabolites of interest, 3-aminoisobutyrate (also
known as BAIBA or f-aminoisobutyric acid), in the post-
match samples. BAIBA, a metabolite involved in f-alanine
metabolism, has been implicated in oxidative metabolism,
particularly in regulating lipid metabolism by promoting the
oxidation of free fatty acids (Yi et al. 2023). In our findings,
higher habitual intake of vitamin A—and other micronutri-
ents with similar associations, such as vitamin C and mag-
nesium—was linked to lower levels of BAIBA in the urine.
While these observations are intriguing, it is important to
note that they do not imply a causal relationship. Further
studies are required to clarify the physiological significance
of these associations and to explore the potential impact of
dietary intake on metabolites involved in oxidative stress and
metabolic regulation.

Vitamin C's role in antioxidant defenses is attributed to
its ability to act as a reducing agent, neutralizing reactive
oxygen species (ROS) like hydrogen peroxide (Lobo et al.
2010). In this study, vitamin C was negatively correlated
with 3-aminoisobutyrate and showed a positive post-match
association with lactate while being negatively correlated
with pyruvate. These relationships could be influenced by
the high levels of glycolytic activity often observed in soc-
cer players, particularly females (Krustrup et al. 2022). The
elevated lactate and decreased pyruvate levels might reflect
the intense metabolic demands during matches, especially in
the context of muscle glycolysis. Given that games acutely
increase oxidative stress, it is expected the body to rely on
both endogenous and exogenous antioxidant mechanisms to
manage this stress.

Vitamin E, recognized as the most potent lipophilic rad-
ical-scavenging antioxidant (Lobo et al. 2010), exhibited
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the highest number of associations with metabolites of
interest in this study. Positive pre- and post-match corre-
lations were observed with pyruvate and methylhistidine
(including pi-methylhistidine), as well as a pre-match
association with malonic acid. These interactions suggest
potential links between vitamin E and metabolites involved
in redox balance and antioxidant activity. Regarding pyru-
vate, its antioxidant role has been previously suggested.
Enea et al. (2009) observed an increase in acetate levels
in urine samples of female athletes (NMR-based analysis)
following intense, short-duration exercise (cycle ergom-
eter). This was attributed to pyruvate reacting with H,0,
(a pro-oxidant molecule), producing acetate and CO, via
oxidative decarboxylation. Similarly, methylhistidine and pi-
methylhistidine are well-known markers of skeletal muscle
protein breakdown (NCBI, 2024), which can be triggered by
intense physical activity. Muscle damage, in turn, is associ-
ated with heightened oxidative stress, given its contribution
to muscle dysfunction and tissue injury (Powers and Jackson
2008). Vitamin E has been shown to protect skeletal muscle
against exercise-induced damage, preserving cell membrane
integrity (Mancio et al. 2017; Jackson et al. 1983). However,
in this study, the observed positive correlations of vitamin
E with methylhistidine and pi-methylhistidine both pre- and
post-match may reflect the generally inadequate vitamin E
intake reported for most athletes, which may not be sufficient
to mitigate muscle damage.

Specifically, regarding zinc's role in exercise, a study
by Toro-Roman et al. (2022) suggests a direct relationship
between this mineral and sports performance, given that
approximately 60% of zinc's total concentration is found in
skeletal muscle. Zinc also functions as a cofactor for various
metalloenzymes, such as lactate dehydrogenase and super-
oxide dismutase, playing critical roles in immune system
function, cellular division, and development. In this study,
zinc showed positive associations with succinate (pre- and
post-game) and malonic acid (pre-game). Succinate is a key
marker of activity in the TCA cycle, associated with both
inflammation and the production of reactive oxygen spe-
cies (ROS) (Osuna-Prieto et al. 2021). Malonic acid, formed
through the oxidation of malondialdehyde, is a classic inhib-
itor of succinate dehydrogenase (Bowman and Wolfgang
2019; Pardee and Potter 1949), although it is not frequently
studied in humans. Furthermore, zinc exhibited negative cor-
relations with methylamine and methylguanidine. Methyl-
amine, commonly found in urine, has associations with renal
diseases and oxidative stress-induced toxicity (Mitchell and
Zhang 2001). Methylguanidine, on the other hand, is consid-
ered a potential marker of oxidative stress (Pechlivanis et al.
2012). Zinc also presented a negative correlation with gly-
cine in the pre-match condition, possibly linked to glycine's
role in glutathione synthesis, a crucial antioxidant mitigating
oxidative stress (McCarty et al., 2018). Unfortunately, direct

confirmation of glutathione levels was not possible, as it was
not identified in the urine H-INMR analysis performed in
this study.

A systematic review assessing the role of mineral and
trace element supplementation on elite athletes’ performance
highlights magnesium (Mg) as potentially associated with
muscle mass, power, and inflammation markers (Heffernan
et al. 2019). There appears to be a relationship between exer-
cise intensity and plasma Mg concentration. For instance,
male elite handball players training for longer durations but
at low to moderate intensities demonstrated higher Mg levels
(Molina-Loépez et al. 2012). This may be attributed to mag-
nesium's role in carbohydrate metabolism, particularly in
enhancing mitochondrial energy efficiency (Mooren 2015).
Evidence suggests that supplementation with 300-500 mg/
day of magnesium over 1-4 weeks can improve muscular
performance and reduce exercise-induced inflammation and
DNA damage (Heffernan et al. 2019). In the present study,
magnesium showed a pre-match positive correlation with
malonic acid, which is linked to mitochondrial respiration
and redox processes. It also exhibited negative correlations
with 3-aminoisobutyrate (post-match) and glycine (pre- and
post-match). As already stated, these metabolites are impli-
cated in promoting free fatty acid oxidation (Yi et al. 2023)
and glutathione synthesis (McCarty et al., 2018), respec-
tively. In summary, higher habitual intake of magnesium was
associated with lower levels of metabolites linked to oxida-
tion and higher levels of indicators of antioxidant defenses.

Regarding selenium, classical literature shows that its
supplementation increased glutathione peroxidase activity
compared to a placebo group during a 10-week resistance
training program (Tessier et al. 1995). However, more recent
studies argue that obtaining exogenous antioxidants through
diet is preferable, as supplementation might impair anabolic
signaling pathways (Higgins et al. 2020). In this study, sele-
nium exhibited a positive correlation with malonic acid in
the pre-match condition, as well as with pyruvate, methyl-
histidine, and pi-methylhistidine, all of which are involved
in redox reactions. Additionally, similar to magnesium and
zinc, selenium showed a negative correlation with glycine in
the pre-match condition—a potential indicator of antioxidant
metabolism. Glycine plays a critical role in glutathione syn-
thesis, which is a two-step enzymatic process requiring ATP.
In the first step, glutamate-cysteine ligase (GCL)—com-
posed of catalytic (GCLC) and modifier (GCLM) subunits—
facilitates the conjugation of cysteine with glutamate to
produce y-glutamylcysteine. In the second step, glutathione
synthase incorporates glycine into y-glutamylcysteine,
resulting in the formation of y-glutamylcysteinylglycine,
also known as glutathione (Lu 2013).

To the best of our knowledge, this is the first study to cor-
relate antioxidant micronutrient intake with metabolomics
in female athletes. Pinto et al. (2022) compared male and
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female basketball players with sedentary controls to inves-
tigate metabolic and hormonal profiles, as well as anti-
oxidant capacity, using plasma metabolomics. Their find-
ings revealed that both male and female athletes showed
increased antioxidant capacity at rest compared to the con-
trol group, with a slightly greater increase in males. Simi-
larly, a study by Rodas et al. (2022) evaluated the influence
of external training load on urinary metabolites in male and
female soccer players. It identified 8-hydroxyguanosine—a
biomarker of oxidative stress—exclusively in the male pro-
file. These findings emphasize the importance of avoiding
the generalization of male athletes’ antioxidant responses
to exercise for females, underlining the value of data that
account for biological sex specificity.

That said, the data presented here demonstrates correla-
tions between certain metabolites associated with oxidative
stress, such as pyruvate, malonic acid, and glycine, and some
of the antioxidant micronutrients of interest. Urine was the
biofluid of choice, and while it offers the advantage of eco-
logical validity due to its non-invasive nature and lower risk
of contamination in physical exercise settings, other bio-
fluids, such as blood, are more sensitive to the presence of
certain metabolites. Blood can often enable the identification
of more specific markers, such as glutathione—a key antiox-
idant marker—which was not detected in the present study.

Besides the biofluid, other limitations of this study
include the absence of direct intervention on the micronu-
trient intake. The non-standardized diet across groups with
low and high intake could hinder the understanding of cor-
relations and associations due to potential imbalances, such
as inadequate levels of vitamins A and E or excess intake
of vitamin C. However, conducting such an experimental
design in elite athletes would be difficult, as they were in
competition during the study period. Thus, the decision was
made to investigate how habitual intake might influence rela-
tionships with metabolites associated with oxidative/antioxi-
dant activity and to explore these interactions in a real-world
sports setting. Future data collection should try to improve
micronutrient intake to compare the independent groups.
Another noteworthy limitation is the complexity of interpret-
ing these metabolites as biomarkers, as their significance can
vary depending on the context, experimental conditions, and
additional factors. For example, elevated malonic acid or
reduced glycine levels might not always indicate oxidative
stress, and variations in pyruvate levels could stem from fac-
tors unrelated to the redox state. However, given the impact
of chronic high-intensity exercise required in competitive
performance, we believe this is the most significant fac-
tor affecting these athletes, and the observed associations
strongly suggest a link between diet and exercise stress.
Also, the use of the DIABLO model as an integrative anal-
ysis strengthens the potential to find candidate metabolites
related to the habitual intake of micronutrients.
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Furthermore, a higher intake of exogenous antioxidants
through diet could suppress endogenous antioxidant activity,
which would lead to negative correlations between micro-
nutrients and antioxidant-related metabolites. Thus, rather
than serving as definitive evidence of cause-effect relation-
ships, these findings should be viewed as indicative patterns.
Future clinical trials are needed to provide a deeper under-
standing of these relationships. Lastly, menstrual cycle and
hormonal fluctuations, which influence antioxidant function,
were not controlled for. Despite its critical role in female
physiology, the menstrual cycle is often overlooked due to
logistical challenges in monitoring, especially in longitu-
dinal studies. Key challenges include individual variabil-
ity in cycle length and symptoms, the complex effects of
estrogen and progesterone, inconsistent standardization of
cycle phases, cumulative hormonal influences, confounding
effects of hormonal contraceptives, and a lack of methodo-
logical consensus in reporting menstrual cycle data. Regard-
less of this, significant associations between dietary intake
and metabolomic profiles were still observed. Future studies
should account for menstrual cycles to strengthen these find-
ings and address historical biases favoring male subjects.

Conclusion

In summary, correlations between urinary metabolites and
antioxidant micronutrients were observed in both analy-
ses (Pearson correlation pre- and post-game and DIABLO
throughout the season). Notably, malonic acid showed
positive associations, while glycine (a glutathione precur-
sor) displayed negative correlations with most micronutri-
ents in the pre-game condition, highlighting a potential link
between antioxidant activity at rest and habitual intake of
these micronutrients. It can be concluded that the dietary
intake of antioxidant micronutrients did not meet reference
or adequate consumption levels for most athletes. Addition-
ally, the intake of these micronutrients appears to be associ-
ated with the presence of metabolites related to oxidative
stress and antioxidant defenses in female soccer players.
These findings are expected to guide the development of
future clinical trials to better understand these relationships.
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