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Abstract: Metabolomics is a method that provides an overview of the physiological and cellular state
of a specific organism or tissue. This method is particularly useful for studying the influence the envi-
ronment can have on organisms, especially those used as bio-indicators, e.g., Mytilus galloprovincialis.
Nevertheless, a scarcity of data on the complete metabolic baseline of mussel tissues still exists, but
more importantly, the effect of mussel exposure to certain heavy metals on spermatozoa is unknown,
also considering that, in recent years, the reproductive system has proved to be very sensitive to the
effects of environmental pollutants. In order to fill this knowledge gap, the similarities and differences
in the metabolic profile of spermatozoa of mussels exposed to metallic chlorides of copper, nickel,
and cadmium, and to the mixture to these metals, were studied using a metabolomics approach
based on GC-MS analysis, and their physiological role was discussed. A total of 237 endogenous
metabolites were identified in the spermatozoa of these mussel. The data underwent preprocessing
steps and were analyzed using statistical methods such as PLS-DA. The results showed effective class
separation and identified key metabolites through the VIP scores. Heatmaps and cluster analysis
further evaluated the metabolites. The metabolite-set enrichment analysis revealed complex interac-
tions within metabolic pathways and metabolites, especially involving glucose and central carbon
metabolism and oxidative stress metabolism. Overall, the results of this study are useful to better
understand how some pollutants can affect the specific physiological functions of the spermatozoa of
this mussel, as well as for further GC-MS-based metabolomic health and safety studies of marine
bivalves.

Keywords: spermatozoa; metabolomics; heavy metals; Mytilus galloprovincialis

1. Introduction

The use of biomarkers for the assessment of the effects of exposure to chemical contam-
inants in the environment has been increasingly widespread in recent years [1-3]. Heavy
metals are important contaminants in the pollution of the marine environment [4]. Ben-
thonic organisms, and in particular bivalves, are extensively utilized as sentinel species in
coastal environment monitoring [3,5,6]. Because mussels are sedentary organisms that feed
on filter-feeding substances, they are exposed to large amounts of chemical pollutants. As a
result, these organisms tend to bio-accumulate and magnify pollutants. They are therefore
extremely useful in reflecting changes in pollution levels [7]. Heavy metals can bind to
vital biomolecules, such as proteins and enzymes, altering enzyme activities, and leading
to cellular dysfunction. Furthermore, heavy metals can produce reactive oxygen species
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(ROS), which can lead to the oxidative damage of cellular components, like lipids, proteins,
and DNA. A relevant aspect to be considered is the reprotoxic effects of heavy metals on
marine invertebrates. In the literature, this aspect has been partially explored and, in most
studies, the impact of individual metals, as in the case of Mytilus galloprovincialis (M. gallo-
provincialis), has commonly been considered [8,9]. However, different heavy metals may
act synergistically or antagonistically, increasing or decreasing their effects with respect
to individual metals (manuscript under review into Chemico-Biological Interactions). An
increasing number of techniques that measure the biological effects of pollutants have
been developed in these programmes. However, traditional biomarkers appear to be more
affected by the physiological state of mussels than by pollution [10,11], which has raised
the need to search for new biological indicators of exposure to chemical pollutants. In this
broader overview, ‘omics” approaches such as genomics, transcriptomics, proteomics or
metabolomics in environmental toxicology are particularly useful. (Manganese toxicity in
soil for Eisenia fetida and Enchytraeus crypticus). ‘Omics’ technology has the potential to give
new and more in-depth insights into the mode of action of pollutants, and this can con-
tribute to a more comprehensive understanding of their environmental risk. Metabolomics
is the study of the profile of low molecular weight endogenous metabolites of an organism
that can be simultaneously detected and measured in small samples of biological tissue
or fluid [12], with the objective of providing an overview of the metabolic condition of
the biological system being examined. Environmental metabolomics is an approach to
examine the metabolic responses of an organism to natural and anthropogenic stressors in
its environment [13]. This approach examines changes in the metabolite concentrations, the
precursors and products of enzyme activity, and aims to link these variations to biological
function and/or regulation [12]. This approach has the potential to identify metabolites
related to biochemical processes, providing insights into pathways disrupted by environ-
mental stressors like pollutants, starvation, and pathogens [13-17]. Glycogen represents
the primary energy storage molecule in mussels and is generally employed as a measure
of the mussels’ condition in response to environmental stressors [18-21]. Previous studies
conducted on marine bivalves reported the use of the metabolomics to characterise the
metabolic responses and toxicity of specific contaminants [22-24]. For example, it has been
shown that lead exposure can cause neurotoxicity, disturbances in energy metabolism,
alterations in osmotic regulation, or lipid metabolism [25,26]. In the present work, we used
GC-MS-based metabolomics, in order to evaluate the metabolomic changes in spermatozoa
of M. galloprovincialis after 24 h exposure to three heavy metals individually (copper, nickel,
and cadmium) in the form of chlorides, at doses of 15 uM, 15 uM, and 1.5 uM, respectively,
and their mixture. These doses were used because they had previously been tested in our
experiments and were the ones that showed the most relevant effects for other analyses
also relating to the reproductive system of M. galloprovincialis [9,27-30]. GC-MS-based
metabolomics, when associated with pattern recognition techniques, is capable of detecting
subtle differences in the metabolome of similar samples and has the potential to elucidate
the interactions between organisms and environment. In the present work, we evaluated
the metabolomic changes in spermatozoa of this organism after 24 h of exposure to three
heavy metals individually (copper, nickel, and cadmium) in the form of chlorides, at doses
of 15 uM, 15 uM, and 1.5 uM, respectively, and their mixture. We have previously tested
these doses for other aspects relating to the reproductive system of M. galloprovincialis,
and they showed the greatest effects [9,27,28]. Differences and similarities in terms of
qualitative and quantitative changes in their metabolic profiles, associated with the main
physiological functions of these cells under investigation, were therefore analysed. The
results of this study provide new insights into metabolite changes in spermatozoa and will
be a basis for further investigations to better understand the toxicity of these metals on
these cells.
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2. Materials and Methods
2.1. Ethical Statement

This study was carried out on the marine invertebrate M. galloprovincialis (La-marck,
1819). This species is not protected by any environmental authority in Italy. This study was
conducted in strict compliance with European (Directive 2010/63) and Italian (Legislative
Decree 116/1992) legislation on the care and use of scientific animals.

2.2. Exposure of Mussels

Specimens provided by Eurofish Napoli S.R.L. Bacoli (Campania region), with an
average shell size of 4.95 £ 0.17 cm and mixed sex, were selected to study the effects
of heavy metals on M. galloprovincialis. The mussels were exposed to different doses
of metals as reported in Piscopo et al. 2016 [31]: 15 uM, 15 uM, and 1.5 uM; nickel,
coppet, and cadmium, respectively, and their mixture at the same concentrations of single
metals. Briefly, M. galloprovincialis specimens were exposed in plastic tanks measuring
36 cm x 22 cmx 22 cm. The tanks contained 6 L of 33 %o artificial seawater (ASW). Each
L of ASW contained 29.2 g NaCl, 0.60 g KCI, 1.2 g MgCl,, 0.20 g NaHCO3, and 1.08 g
CaCly. 15 mussels were placed in each tank for 24 h at 18 £ 1 °C. The oxygen level and the
temperature of the tanks were checked at regular intervals, and after 12 h, the water and
the metal salts were changed. The experiments were carried out in February and March
2023. A tank containing only ASW, as described by Lettieri et al. 2019 [32], was used as a
control (unexposed mussels).

2.3. Processing and Sampling of Spermatozoa

The mussels were opened with a knife after exposure to the various heavy metals
tested. The soft tissues were left intact during this operation. The gonads were left in
500 uL of ASW for 5 min at 16 °C to facilitate the release of gametes. The sex of mussels
was determined by optic microscope 40 x. The gonads were then left in the same tube for
1 h. A further 500 uL of ASW was added to allow the release of all spermatozoa. The AWS
containing spermatozoa was centrifuged at 2000x g for 1 min at 4 °C to remove debris.
The supernatants obtained were then centrifuged at 9000 g for 10 min, and the collected
spermatozoa (200 uL) were stored at —80 °C.

2.3.1. Metabolite Extraction, Purification and Derivatization

The extraction, purification, and derivatization of the metabolome were conducted
using the MetaboPrep GC kit (manufactured by Theoreo S.R.L, Montecorvino Pugliano
[SA], Italy), according to the manufacturer’s instructions. In summary, a small volume
of 50 pL serum was carefully transferred into a microcentrifuge tube, along with the
extraction solution and internal standard. The tubes were vigorously mixed at a speed
of 1250 rotations per minute (rpm) for half an hour. Afterwards, the solution underwent
centrifugation at a temperature of 4 °C and a high speed of 16,000 rpm for 5 min. From
the resulting mixture, 200 uL of the clear liquid on top (supernatant) was moved to a
different microcentrifuge tube containing a purification solution. The new tube was then
briefly mixed at 1250 rpm for half a minute and subjected to centrifugation once again at
16,000 rpm and 4 °C. Subsequently, 175 pL of the clear liquid (supernatant) was transferred
to a glass vial and promptly frozen at —80 °C until it was freeze-dried overnight.

To prepare the freeze-dried samples for further analysis, the metabolites within
them underwent derivatization using a two-step process. Initially, 50 pL of methoxy-
lamine hydrochloride in pyridine was added to the freeze-dried samples and mixed at
1200 rpm for a duration of 90 min. Then, 25 pL of a derivatization solution containing
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylchlorosilane (TMCS) was
added to the mixture. The vials were once again mixed at 1200 rpm for an additional
90 min. The resulting derivatized metabolites (75 puL) were transferred to a vial insert with
a capacity of 100 pL to facilitate injection into an autosampler. Prior to injection into the
GC-MS instrument, the vials were centrifuged for 5 min at 16,000 rpm at 4 °C.
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2.3.2. GC-MS Analysis

Subsamples measuring 2 pL of the derivatized solution were introduced into the
GC-MS system (consisting of a GC-2010 Plus gas chromatograph coupled to a 2010 Plus
single quadrupole mass spectrometer; Shimazu Corp., Kyoto, Japan). Chromatographic
separation was accomplished using a CP-5il 8 CB fused silica capillary GC column, with
dimensions of 30 m x 0.25 mm and a film thickness of 1.00 uM, obtained from Agilent
(Agilent, J&W Scientific, Folsom, CA, USA). The carrier gas employed was helium. The
temperature of the oven initially set at 100 °C was maintained for a duration of 1 min,
following which it was raised at a rate of 6 °C per minute until reaching a final temperature
of 320 °C. This final temperature was maintained for an additional 2.33 min. To ensure a
constant linear velocity of 39 cm/s, the gas flow was adjusted accordingly, while the split
flow was maintained at a ratio of 5:1. Operating in the electron impact mode at an energy
of 70 eV, the mass spectrometer conducted a full scan analysis in the range of 35-600 m/z,
with a scan velocity of 3333 amu/s and a solvent delay of 5 min. The entire GC program
lasted for a total duration of 40 min.

2.3.3. Metabolite Identification

Metabolite identification was conducted following the methodology of Troisi
et al. [33-35]. Briefly, the identification of untargeted metabolites involved a comparison of
the mass spectrum of each peak with the NIST-2014 library collection (NIST, Gaithersburg,
MD, USA). For this comparison, a maximum tolerance of 10 for the linear retention index
difference was set, while the minimum matching spectra library search was set at 85%
(representing level 2 identification as per the Metabolomics Standards Initiative [MSI]) [36],
whenever feasible. Metabolites that did not meet these criteria were classified as unknown,
following MSI level 4 guidelines. The signals per sample generated by the combination of
gas chromatography and mass spectrometry were not subjected to further analysis if they
were either absent in less than 80% of the samples, or they were present in concentrations
that were too low or exhibited poor spectral quality, making it challenging to identify them
as metabolites. From the comprehensive analysis, a consistent and confident detection
was achieved for a total of 237 endogenous metabolites. To validate the significance of the
identified metabolites in distinguishing different classes, those with a VIP score exceeding
1.5 were subjected to confirmation using independent analytical standards (corresponding
to MSI level 1).

2.4. Statistical Analysis
2.4.1. Animals’ Characteristics

The statistical analysis of the characteristics of the subjects included in the study was
conducted utilising R, a programming language and environment dedicated to statistical
computing and data visualization [37]. To assess the normal distribution of the data, the
Shapiro-Wilks test was employed. Given that the data exhibited a normal distribution,
the one-way analysis of variance (ANOVA) with Tukey’s post hoc test was applied for
making inter-group comparisons. The significance level (alpha) was set at 0.05 to determine
statistical significance.

2.4.2. Metabolomic Data Analysis

The GC-MS metabolomics results were compiled into a matrix file with comma-
separated values, which was then loaded into specialized software (MetaboPredict®, Theo-
reo srl, Montecorvino Pugliano, Italy) for statistical analysis. The results were compiled
into a comma-separated matrix file and imported into the appropriate software for subse-
quent statistical analysis. Prior to analysis, the chromatographic data underwent several
preprocessing steps. Data alignment was achieved using the Parametric Time Wrapping
algorithm [38] followed by peak picking, integration, and deconvolution. The resulting
chromatographic data were organized in a tabular format, with each sample represented
by a row, and each metabolite represented by a column. Normalization procedures were
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applied to the data, involving both data transformation and scaling. The data transforma-
tion employed a generalized logarithmic transformation, while the scaling was performed
using an auto-scaling approach, which involved mean-centring and dividing each variable
(metabolite) by its standard deviation. Additionally, normalization was performed using
the chromatographic peak area of the internal standard and the exact sample weight [39].

Analysis was conducted categorizing the samples based on the treatment, resulting in
five classes: Cadmium, Copper, Nickel, Mix, and CTRL. In order to improve the reliability
of the data analysis, we employed the SMOTE [40] algorithm to generate five synthetic
samples, one for each class.

Class separations were further explored using the Partial Least Square Discriminant
Analysis (PLS-DA), a supervised method that utilises multivariate regression techniques
to identify linear combinations of the original variables (X) that are predictive of class
membership (Y). A permutation test was performed to determine the significance of class
discrimination. In each permutation, a PLS-DA model was built between the data (X)
and permuted class labels (Y), using the optimal number of components determined by
cross-validation based on the original class assignment. Two types of test statistics were
employed to assess class discrimination. The first was based on prediction accuracy during
training, while the second utilised the separation distance calculated as the ratio between
the sum of squares “Between” groups and the sum of squares “Within” groups (B/W-
ratio). If the observed test statistic fell within the distribution derived from permuted
class assignments, the class discrimination was considered statistically insignificant [41].
Variable Importance in Projection (VIP) scores were computed for each component in the
PLS-DA analysis. The VIP represents a weighted sum of squares of the PLS loadings,
considering the amount of explained Y-variation in each dimension.

3. Results

The results were obtained by analysing sperm pellets from 10 mussel samples. These
samples included 2 treated with cadmium, 2 with copper, 2 with nickel, 2 treated with a
mixture of these metals, and 2 untreated controls (CTRL). In order to improve the reliability
of the data analysis, we employed the SMOTE algorithm to generate five synthetic samples,
one for each class.

A PLS-DA algorithm was applied on the gamete dataset, resulting in a non-overfitted
and statistically significant model with a good class separation (R2 = 0.773, Q2 =0.119,
cross-validation accuracy = 0.153, and 1 latent variable, p = 0.719), as shown in Figure 1
(Panels A, B, and C). Again, metabolites with a VIP score > 1.5 were identified (Figure 2A),
and a heatmap was used to collectively represent the top 25 metabolites that emerged from
the ANOVA (Figure 2B).

A Scores Plot B

o cd
CTRL

Mix
Ni

Number of components

Component2 ( 105 %)

Component 1 ( 14.8 %)

Figure 1. Partial least square discriminant analysis (PLS-DA) used to discriminate the gamete samples
of mussels treated with cadmium (Red), copper (Blue), mix (Cyan), nickel (Violet) and CTRL (Green).
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Each axis is accompanied by the percentage of variance explained, indicated within parentheses (A).
Panel (B) presents the classification performance of the PLS-DA model, with an escalating number of
latent variables. The superior classifier is denoted by a red star. In (C), the permutation test results are
displayed, where models were constructed by randomly assigning class labels. The performance of
these models was then compared to that of the original model, built with the correct class assignments.
The red arrow indicates the performance of the model built with the non-permutated classes.
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Figure 2. (A) Metabolites relevant to class separation (VIP score > 1.5). (B) Heatmap displaying the
metabolites” selected by ANOVA concentrations. The utilisation of cluster analysis facilitated the
identification of four distinct clusters of metabolites, determined by their average concentration levels
within the five classes.

In addition, the detected metabolites were employed in a metabolite-set enrichment
analysis, as depicted in Figure 3. This analysis uncovered intricate interactions within
various metabolic pathways and metabolites.

Overview of Enriched Metabolite Sets (Top 25)
Glyoxylate and dicarboxylate metabolism 4 L ]
Arginine biosynthesis 4 [ ]
Neomycin, kanamycin and gentamicin biosynthesis 4 .
Galactose metabolism 4 L]
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D-Glutamine and D-glutamate metabolism 4 ®
Mitrogen metabolism 4 ® P-value
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Sphingolipid metabolism ® 20
Pyruvate metabolism 4 . 40
Glycolysis / Gluconeogenesis 4 . 60
Alanine, aspartate and glutamate metabolism 4
Phos phatidylinositol signaling system <
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Porphyrin and chlorophyll metabolism 4
Glycine, serine and threonine metabolism 4
Fatty acid elongation
Arginine and proline metabolism 4
Fatty acid degradation 4
05 10 20 2's 30

15
-loglo (p-value)

Figure 3. Enrichment analysis from spermatozoa datasets.
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4. Discussion

The immoderate utilisation of heavy metals has not only resulted in a massive increase
in these substances in terrestrial but also in aquatic environments [42]. Metabolomics
represents an advanced approach to the assessment of the health status of organisms
through the identification of low-molecular-weight metabolites, the production and levels
of which change in response to the physiological, developmental, or pathological state
of cells, tissues, organs, or entire organisms [12]. Environmental metabolomics may be
utilised as a real-time means of monitoring, which can also establish the mechanisms of
change or identification of the specific stressor [16]. In an effort to measure the responses
of the Mediterranean mussels Mytilus galloprovincialis to environmental changes, in recent
decades, metabolomics has proved to be a valuable and high-performance approach. In the
present study we identified 237 metabolites in the spermatozoa of M. galloprovincialis and
quantified them after exposure of this organism to different metals and to their mixture. In
particular, the most abundant metabolites found in spermatozoa were eight (malic acid,
mannobiose, oxalic acid I, glutamic acid, 5-methyl uridine, urea, myo-inositol, glucose III,
and L-serine). The level of these metabolites varied, following exposure to the different
metals tested in this study. The malic acid (MA) amount increased after exposure of
mussels to copper and nickel, but particularly with the exposure to the mixture of the
metals tested in this study compared to the control condition, while it decreased with
respect to the control condition after exposure to cadmium. MA is an excellent factor for
chelating toxic elements [43]. MA has been shown to be able to increase the expression of
genes involved in antioxidant enzymes. An example case involves M. sacchariflorus, when
exposed to stress induced by cadmium at a concentration of 100 pM CdCl,, exhibited an
elevated expression of key antioxidant enzymes, namely Cu/Zn-SOD, POD1, glutathione
peroxidase (GPX1), glutathione S-transferase (GST1), monodehydroascorbate reductase
(MDHAR), and dehydroascorbate reductase (DHAR) when treated with either Cd alone or
MA alone (at 100 pM each). Moreover, the simultaneous application of MA and Cd further
stimulated the expression of Cu/Zn-SOD, POD1, GR1, GPX1, and GST1, all of which play
a crucial role in protecting against oxidative stress. Remarkably, the combined treatment
led to a substantial up to 4.7-fold increase compared to Cd-control plants [44].

Similarly, in the context of rice Os-Nrampl, OsIRT1 (iron-regulated transporter),
OsHMAS3, and OsNASI (nicotianamine synthase), exposure to Cd stress at a concentration
of 25 uM CdCl, resulted in reduced expression of these genes [45].

Mannobiose, oxalic acid, glutamic acid, and 5-methyl-uridine, on the other hand,
were found to be present in greater quantities after exposure to cadmium than in the
control, where they were present at average values, whereas under all other exposure
conditions, there was a decrease in the presence of these metabolites. The increase in
oxalic acid following exposure to cadmium is in line with a study conducted on the fungus
Phanerochaete chrysosporium in which the role of oxalic acid in Cd uptake and participation
in the detoxification process was examined. The formation of a metal-oxalate complex
may thus provide a detoxification mechanism through its effect on metal bioavailability,
whereby many fungi can survive and grow in environments containing high concentrations
of toxic metals [46]. In addition, oxalic acid correlated significantly with the number of
sperm head anomalies and the pH value [47]. Glutamate also alleviates cadmium toxicity,
as reported in rice via suppressing cadmium uptake and translocation [48]. Glutamate has a
significant role in metabolism, that is to produce ATP as an energy source for spermatozoa
motility [41]. Glutamic acid is necessary for spermatozoa metabolism; the decrease in
glutamic acid level results in a reduction in spermatozoa motility [49]. Glutamic acid plays
a pivotal role in maintaining the quality of spermatozoa, particularly by safeguarding their
plasma membrane against damage caused by lipid peroxides. This mechanism acts as an
antioxidant defense to protect cells from the harmful effects of free radicals. Moreover, nitric
oxide plays a significant role in neutralizing the superoxide generated during spermatozoa’s
oxygen consumption process. Excessive superoxide levels can impair the phospholipid
membrane of spermatozoa, leading to functional deficits.
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However, glutamic acid counteracts this issue by promoting the production of nitric
oxide, which in turn prevents the accumulation of lipid peroxides in the spermatozoa’s
membrane. By doing so, glutamic acid acts as a protective agent, ensuring the integrity of
the spermatozoa’s essential structures.

Furthermore, the glutamic acid acts as a facilitator in the process of sugar fractionation
within spermatozoa, which positively impacts their metabolism and enhances energy
availability. This, in turn, regulates the spermatogenesis process within the testes, resulting
in the production of higher-quality spermatozoa, particularly in terms of morphology [50].

With regard to urea, it was more present than the control after exposure to nickel,
copper, and the mixture, with a maximum occurring after exposure to copper. With regard
to cadmium exposure, urea was present in lower amounts than the control. The osmolality
and pH of the media remained unaffected by the presence of urea. However, elevated
concentrations of urea beyond normal physiological levels had detrimental effects on critical
aspects of sperm functionality, such as sperm membrane integrity, mitochondrial membrane
potential, and acrosome integrity, all of which play crucial roles in the successful process of
fertilization. These findings were documented in a study cited as [51]. Furthermore, there
was a significant and negative correlation between the concentration of ammonia in the
seminal fluid and sperm motility (p < 0.05). Urea and creatinine levels in the seminal fluid
also displayed a negative correlation concerning sperm count (p < 0.05). Additionally, an
inverse correlation was observed between urea and uric acid levels in the seminal plasma
and sperm morphology (p < 0.05). Moreover, a significant negative correlation emerged
between seminal uric acid and urea concentrations and the percentage of fertilization rate
(p < 0.05).

In conclusion, as reported by Allahkarami et al. [52] elevated levels of urea and uric
acid in seminal plasma exert an adverse influence on the fertilization rate, indicating their
potential role as determinants of impaired fertility.

In contrast, myo-inositol was found to be the most abundant in the control condition
compared to all other exposure conditions, particularly after nickel exposure. Among all,
myo-inositol (myo-ins) represents a safe compound that proved useful in issues related
to fertility and pregnancy. In fact, myo-ins participates in several signalling processes,
including the pathways of insulin and gonadotropins, and, therefore, it is likely to positively
affect fertility. Recent investigations have highlighted the significant involvement of myo-
Inositol in the maturation of male gametes and their migration from the epididymis [53].
Notably, to combat the detrimental effects of reactive oxygen species (ROS), emerging
therapeutic approaches have explored the potential of myo-Inositol. Noteworthy data
from recent studies have demonstrated that myo-Inositol enhances spermatozoa motility.
Specifically, a meticulous ultrastructural analysis, utilising both scanning and transmission
electron microscopy, revealed a reduction in amorphous fibrous material surrounding
spermatozoa, along with improved mitochondrial cristae morphology [54]. Beyond this
remarkable investigation, substantial evidence further substantiates the role of myo-Inositol
in modulating the molecular and cellular pathways that govern the physiological regulation
of sperm mitochondrial functions and DNA integrity [55].

Finally, glucose and L-serine, were found to be more present after exposure to copper,
nickel, and the mixture, compared to the control condition. This could be explained, consid-
ering that serine is considered a non-essential amino acid that provides critical biological
activities, which range from protein synthesis to cell signalling, the latter principally via
post-translational modification by phosphorylation [56,57]. Serine is a precursor of glycine
and cysteine and can be utilised to synthesise glutathione. Synthesising glutathione, in or-
der to decrease oxidative stress and to enhance activity, increases the activity of antioxidant
enzymes [58,59]. On the other hand, the exposure to these metals and to the mixture also
caused an increase in PARP expression (manuscript under review into Chemico-Biological
Interactions). In conclusion, the metabolomics, the youngest omics technology, represent a
promising new ‘omics’ approach for profiles and identify biomarkers that are indicative of
the physiological responses of organism (e.g., whole organisms, tissue, or cells) both under
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natural and controlled conditions. This technology can qualitatively and quantitatively
reflect the impact of internal and external factors on the metabolism of organisms, and thus
offers a snapshot of used biochemical procedures as an effect of the environment. Gain-
ing increasing application in aquaculture, metabolomics opens the possibility to evaluate
several important factors or key issues across the aquaculture value chain. In particular,
our results can be useful in some of these applications such as ecotoxicology, health and
disease, and environmental monitoring. Furthermore, these results from metabolomics
could make contributions in both nutrition and ecotoxicology studies to track the freshness
of mussels and investigate the influence that environmental changes may have. After
all, the Mediterranean mussel M. galloprovincialis (Lamarck 1819) is a widespread mussel
usually present in the human diet and is commonly employed in environmental mon-
itoring programmes around the world as a bio-indicator. Furthermore, in recent years,
metabolomics is emerging as a very useful technology in both nutrition and ecotoxicology
studies, and can identify often unexpected problem or risk areas through a broad analysis
of biological conditions and the possible areas of risk [60].

5. Conclusions

The findings of this study shed light on the impact of heavy metal exposure on the
metabolic profile of Mytilus galloprovincialis spermatozoa. The investigation revealed al-
terations in the levels of the eight most abundant metabolites, which play crucial roles in
various pathways essential for sperm function. These preliminary results already raise con-
cerns about the potential negative effects of escalating heavy metal pollution in our oceans.
The metabolic changes in spermatozoa were analysed using a metabolomics approach
based on GC-MS analysis. Statistical methods, including PLS-DA, were employed for data
analysis, effectively separating classes and identifying key metabolites through VIP scores.
Heatmaps and cluster analysis further evaluated the metabolites, while metabolite-set
enrichment analysis revealed complex interactions within metabolic pathways.

This pioneering research represents the first exploration into the metabolic changes
occurring in Mytilus galloprovincialis spermatozoa when exposed to heavy metals. It serves
as a significant steppingstone, emphasizing the need for further investigations with greater
molecular resolution to fully comprehend the implications of these initial alterations.

Author Contributions: Conceptualization, M.P. and J.T.; methodology, M.P. and ].T.; software, A.T.
and M.L,; validation, M.P. and ].T.; formal analysis, M.L., A.T., G.L., C.M. and P.P; investigation, M.L.,
A.T.,, G.L. and C.M,; resources, M.P. and ].T.; data curation, M.L. and A.T.; writing—original draft
preparation, M.P, J.T., G.L., CM., RN. and P.P,; writing—review and editing, M.P,, ].T., G.L., CM.,,
R.N. and P.P; visualization, A.T., M.L. and R.N.; supervision, M.P. and ].T.; project administration,
M.P. and ].T.; funding acquisition, M.P. and J.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in strict compliance with Euro-
pean (Directive 2010/63) and Italian (Legislative Decree 116/1992) legislation on the care and use of
scientific animals. The Institutional Review Board Statement is not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors. The data are not publicly available because the corresponding author can
maintain and verify the integrity and quality of the data requested with each request, keep track of
all possible accesses, and have direct contact with those requesting the data to resolve any doubts or
concerns.

Conflicts of Interest: The authors declare no conflict of interest. Martina Lombardi, Alessio Trotta,
and Jacopo Troisi are employees of Theoreo S.R.L. The paper reflects the views of the scientists, and
not the company.



Metabolites 2023, 13, 943 10 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Cossu, C.; Doyotte, A.; Babut, M.; Exinger, A.; Vasseur, P. Antioxidant Biomarkers in Freshwater Bivalves, Unio Tumidus, in
Response to Different Contamination Profiles of Aquatic Sediments. Ecotoxicol. Environ. Saf. 2000, 45, 106-121. [CrossRef]
[PubMed]

Regoli, E; Pellegrini, D.; Winston, G.W.; Gorbi, S.; Giuliani, S.; Virno-Lamberti, C.; Bompadre, S. Application of Biomarkers for
Assessing the Biological Impact of Dredged Materials in the Mediterranean: The Relationship between Antioxidant Responses
and Susceptibility to Oxidative Stress in the Red Mullet (Mullus Barbatus). Mar. Pollut. Bull. 2002, 44, 912-922. [CrossRef]

De Luca-Abbott, S.B.; Richardson, B.].; McClellan, K.E.; Zheng, G.J.; Martin, M.; Lam, PK.S. Field Validation of Antioxidant
Enzyme Biomarkers in Mussels (Perna viridis) and Clams (Ruditapes philippinarum) Transplanted in Hong Kong Coastal Waters.
Mar. Pollut. Bull. 2005, 51, 694-707. [CrossRef]

Ali, M\M.; Hossain, D.; Al-Imran, A.; Khan, M.S.; Begum, M.; Osman, M.H. Environmental Pollution with Heavy Metals:
A Public Health Concern. In Heavy Metals—Their Environmental Impacts and Mitigation; IntechOpen: London, UK, 2021;
ISBN 978-1-83968-122-6.

Gorinstein, S.; Jung, S.-T.; Moncheva, S.; Arancibia-Avila, P.; Park, Y.-S.; Kang, S.-G.; Goshev, I; Trakhtenberg, S.; Namiesnik,
J. Partial Characterization of Proteins from Mussel Mytilus Galloprovincialis as a Biomarker of Contamination. Arch. Environ.
Contam. Toxicol. 2005, 49, 504-510. [CrossRef]

Santovito, G.; Piccinni, E.; Cassini, A.; Irato, P.; Albergoni, V. Antioxidant Responses of the Mediterranean Mussel, Mytilus
Galloprovincialis, to Environmental Variability of Dissolved Oxygen. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2005, 140,
321-329. [CrossRef] [PubMed]

Phillips, D.J.H.; Rainbow, P.S. Strategies of Trace Metal Sequestration in Aquatic Organisms. Mar. Environ. Res. 1989, 28, 207-210.
[CrossRef]

Peri¢, L.; Nerlovi¢, V,; Zurga, P; Zili¢, L.; Ramsak, A. Variations of Biomarkers Response in Mussels Mytilus Galloprovincialis to
Low, Moderate and High Concentrations of Organic Chemicals and Metals. Chemosphere 2017, 174, 554-562. [CrossRef]

Lettieri, G.; Notariale, R.; Ambrosino, A.; Di Bonito, A.; Giarra, A.; Trifuoggi, M.; Manna, C.; Piscopo, M. Spermatozoa
Transcriptional Response and Alterations in PL Proteins Properties after Exposure of Mytilus Galloprovincialis to Mercury. Int. J.
Mol. Sci. 2021, 22, 1618. [CrossRef]

Gonzélez-Ferndndez, C.; Albentosa, M.; Campillo, J.A.; Vifias, L.; Romero, D.; Franco, A.; Bellas, ]. Effect of Nutritive Status on
Mytilus Galloprovincialis Pollution Biomarkers: Implications for Large-Scale Monitoring Programs. Aquat. Toxicol. 2015, 167,
90-105. [CrossRef]

Gonzalez-Fernandez, C.; Albentosa, M.; Campillo, J.A.; Vifias, L.; Franco, A.; Bellas, J. Effect of Mussel Reproductive Status on
Biomarker Responses to PAHs: Implications for Large-Scale Monitoring Programs. Aquat. Toxicol. 2016, 177, 380-394. [CrossRef]
Lin, C.Y,; Viant, M.R,; Tjeerdema, R.S. Metabolomics: Methodologies and Applications in the Environmental Sciences. J. Pestic.
Sci. 2006, 31, 245-251. [CrossRef]

Hines, A.; Yeung, W.H.; Craft, J.; Brown, M.; Kennedy, J.; Bignell, ].; Stentiford, G.D.; Viant, M.R. Comparison of Histological,
Genetic, Metabolomics, and Lipid-Based Methods for Sex Determination in Marine Mussels. Anal. Biochem. 2007, 369, 175-186.
[CrossRef] [PubMed]

Hines, A,; Staff, FJ.; Widdows, J.; Compton, R.M.; Falciani, F; Viant, M.R. Discovery of Metabolic Signatures for Predicting Whole
Organism Toxicology. Toxicol. Sci. 2010, 115, 369-378. [CrossRef] [PubMed]

Lankadurai, B.P; Nagato, E.G.; Simpson, M.]. Environmental Metabolomics: An Emerging Approach to Study Organism
Responses to Environmental Stressors. Environ. Rev. 2013, 21, 180-205. [CrossRef]

Pomfret, S.M.; Brua, R.B.; Izral, N.M.; Yates, A.G. Metabolomics for Biomonitoring: An Evaluation of the Metabolome as an
Indicator of Aquatic Ecosystem Health. Environ. Rev. 2020, 28, 89-98. [CrossRef]

Izral, N.M.; Brua, R.B.; Culp, ].M.; Yates, A.G. Crayfish Tissue Metabolomes Effectively Distinguish Impacts of Wastewater and
Agriculture in Aquatic Ecosystems. Sci. Total Environ. 2021, 760, 143322. [CrossRef]

Patterson, M.A.; Parker, B.C.; Neves, R.J. Glycogen Concentration in the Mantle Tissue of Freshwater Mussels (Bivalvia: Unionidae)
During Starvation and Controlled Feeding. Am. Malacol. Bull. 1999, 15, 47-50.

Fritts, A.K; Peterson, ].T.; Hazelton, P.D.; Bringolf, R.B. Evaluation of Methods for Assessing Physiological Biomarkers of Stress
in Freshwater Mussels. Can. |. Fish. Aquat. Sci. 2015, 72, 1450-1459. [CrossRef]

Fritts, A.K,; Peterson, J.T.; Wisniewski, ].M.; Bringolf, R.B. Nonlethal Assessment of Freshwater Mussel Physiological Response to
Changes in Environmental Factors. Can. |. Fish. Aquat. Sci. 2015, 72, 1460-1468. [CrossRef]

Haag, WR; Berg, D.J.; Garton, D.W.; Farris, J.L. Reduced Survival and Fitness in Native Bivalves in Response to Fouling by the
Introduced Zebra Mussel (Dreissena polymorpha) in Western Lake Erie. Can. ]. Fish. Aquat. Sci. 1993, 50, 13-19. [CrossRef]
Zhang, L.; Liu, X;; You, L.; Zhou, D.; Wang, Q.; Li, F; Cong, M.; Li, L.; Zhao, |.; Liu, D.; et al. Benzo(a)Pyrene-Induced Metabolic
Responses in Manila Clam Ruditapes Philippinarum by Proton Nuclear Magnetic Resonance (1H NMR) Based Metabolomics.
Environ. Toxicol. Pharmacol. 2011, 32, 218-225. [CrossRef] [PubMed]

Zhang, L.; Liu, X.; You, L.; Zhou, D.; Wu, H.; Li, L.; Zhao, J.; Feng, ].; Yu, ]. Metabolic Responses in Gills of Manila Clam Ruditapes
Philippinarum Exposed to Copper Using NMR-Based Metabolomics. Mar. Environ. Res. 2011, 72, 33-39. [CrossRef] [PubMed]
Wu, H.; Wang, W.-X. NMR-Based Metabolomic Studies on the Toxicological Effects of Cadmium and Copper on Green Mussels
Perna Viridis. Aquat. Toxicol. 2010, 100, 339-345. [CrossRef] [PubMed]


https://doi.org/10.1006/eesa.1999.1842
https://www.ncbi.nlm.nih.gov/pubmed/10648130
https://doi.org/10.1016/S0025-326X(02)00120-0
https://doi.org/10.1016/j.marpolbul.2005.01.010
https://doi.org/10.1007/s00244-004-0238-2
https://doi.org/10.1016/j.cca.2005.02.015
https://www.ncbi.nlm.nih.gov/pubmed/15890560
https://doi.org/10.1016/0141-1136(89)90226-2
https://doi.org/10.1016/j.chemosphere.2017.01.138
https://doi.org/10.3390/ijms22041618
https://doi.org/10.1016/j.aquatox.2015.07.007
https://doi.org/10.1016/j.aquatox.2016.06.012
https://doi.org/10.1584/jpestics.31.245
https://doi.org/10.1016/j.ab.2007.06.008
https://www.ncbi.nlm.nih.gov/pubmed/17655819
https://doi.org/10.1093/toxsci/kfq004
https://www.ncbi.nlm.nih.gov/pubmed/20064833
https://doi.org/10.1139/er-2013-0011
https://doi.org/10.1139/er-2019-0003
https://doi.org/10.1016/j.scitotenv.2020.143322
https://doi.org/10.1139/cjfas-2014-0564
https://doi.org/10.1139/cjfas-2014-0565
https://doi.org/10.1139/f93-002
https://doi.org/10.1016/j.etap.2011.05.006
https://www.ncbi.nlm.nih.gov/pubmed/21843802
https://doi.org/10.1016/j.marenvres.2011.04.002
https://www.ncbi.nlm.nih.gov/pubmed/21632102
https://doi.org/10.1016/j.aquatox.2010.08.005
https://www.ncbi.nlm.nih.gov/pubmed/20843565

Metabolites 2023, 13, 943 11 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Fasulo, S.; Iacono, E; Cappello, T.; Corsaro, C.; Maisano, M.; D’Agata, A.; Giannetto, A.; De Domenico, E.; Parrino, V.; Lo Paro, G,;
et al. Metabolomic Investigation of Mytilus Galloprovincialis (Lamarck 1819) Caged in Aquatic Environments. Ecotoxicol. Environ.
Saf. 2012, 84, 139-146. [CrossRef]

Ji, C.; Wu, H.; Zhou, M.; Zhao, ]. Multiple Biomarkers of Biological Effects Induced by Cadmium in Clam Ruditapes Philippinarum.
Fish Shellfish. Immunol. 2015, 44, 430-435. [CrossRef]

Carbone, G.; Lettieri, G.; Marinaro, C.; Costabile, M.; Notariale, R.; Bianchi, A.R.; De Maio, A.; Piscopo, M. A Molecular Mechanism
to Explain the Nickel-Induced Changes in Protamine-like Proteins and Their DNA Binding Affecting Sperm Chromatin in Mytilus
Galloprovincialis: An In Vitro Study. Biomolecules 2023, 13, 520. [CrossRef]

De Guglielmo, V.; Puoti, R.; Notariale, R.; Maresca, V.; Ausi6, J.; Troisi, J.; Verrillo, M.; Basile, A.; Febbraio, F.; Piscopo, M.
Alterations in the Properties of Sperm Protamine-like II Protein after Exposure of Mytilus Galloprovincialis (Lamarck 1819) to
Sub-Toxic Doses of Cadmium. Ecotoxicol. Environ. Saf. 2019, 169, 600-606. [CrossRef]

Lettieri, G.; Mollo, V.; Ambrosino, A.; Caccavale, E,; Troisi, ].; Febbraio, F.; Piscopo, M. Molecular Effects of Copper on the
Reproductive System of Mytilus Galloprovincialis. Mol. Reprod Dev. 2019, 86, 1357-1368. [CrossRef] [PubMed]

Lettieri, G.; Carusone, N.; Notariale, R.; Prisco, M.; Ambrosino, A.; Perrella, S.; Manna, C.; Piscopo, M. Morphological, Gene, and
Hormonal Changes in Gonads and In-Creased Micrococcal Nuclease Accessibility of Sperm Chromatin Induced by Mercury.
Biomolecules 2022, 12, 87. [CrossRef]

Piscopo, M.; Ricciardiello, M.; Palumbo, G.; Troisi, ]. Selectivity of Metal Bioaccumulation and Its Relationship with Glutathione
S-Transferase Levels in Gonadal and Gill Tissues of Mytilus Galloprovincialis Exposed to Ni (II), Cu (II) and Cd (II). Rend. Fis.
Acc. Lincei 2016, 27, 737-748. [CrossRef]

Piscopo, M. Seasonal Dependence of Cadmium Molecular Effects on Mytilus Galloprovincialis (Lamarck, 1819) Protamine-like
Protein Properties. Mol. Reprod. Dev. 2019, 86, 1418-1429. [CrossRef] [PubMed]

Troisi, J.; Sarno, L.; Martinelli, P.; Di Carlo, C.; Landolfi, A.; Scala, G.; Rinaldi, M.; D’ Alessandro, P.; Ciccone, C.; Guida, M. A
Metabolomics-Based Approach for Non-Invasive Diagnosis of Chromosomal Anomalies. Metabolomics 2017, 13, 140. [CrossRef]
Troisi, J.; Landolfi, A.; Sarno, L.; Richards, S.; Symes, S.; Adair, D.; Ciccone, C.; Scala, G.; Martinelli, P.; Guida, M. A Metabolomics-
Based Approach for Non-Invasive Screening of Fetal Central Nervous System Anomalies. Metabolomics 2018, 14, 77. [CrossRef]
Troisi, J.; Cavallo, P; Richards, S.; Symes, S.; Colucci, A.; Sarno, L.; Landolfi, A.; Scala, G.; Adair, D.; Ciccone, C.; et al. Noninvasive
Screening for Congenital Heart Defects Using a Serum Metabolomics Approach. Prenat. Diagn. 2021, 41, 743-753. [CrossRef]
Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, TW.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.;
et al. Proposed Minimum Reporting Standards for Chemical Analysis Chemical Analysis Working Group (CAWG) Metabolomics
Standards Initiative (MSI). Metabolomics 2007, 3, 211-221. [CrossRef]

Li, J. The Exploration of the Approach to Data Preparation for Chinese Text Analysis Based on R Language. OALib 2021, 8, 1-8.
[CrossRef]

Wehrens, R.; Bloemberg, T.G.; Eilers, PH.C. Fast Parametric Time Warping of Peak Lists. Bioinformatics 2015, 31, 3063-3065.
[CrossRef]

Sysi-Aho, M.; Katajamaa, M.; Yetukuri, L.; Ore$i¢, M. Normalization Method for Metabolomics Data Using Optimal Selection of
Multiple Internal Standards. BMC Bioinform. 2007, 8, 93. [CrossRef]

Yi, X;; Xu, Y;; Hu, Q.; Krishnamoorthy, S.; Li, W.; Tang, Z. ASN-SMOTE: A Synthetic Minority Oversampling Method with
Adaptive Qualified Synthesizer Selection. Complex Intell. Syst. 2022, 8, 2247-2272. [CrossRef]

Bijlsma, S.; Bobeldijk, I.; Verheij, E.R.; Ramaker, R.; Kochhar, S.; Macdonald, I.A.; van Ommen, B.; Smilde, A.K. Large-Scale
Human Metabolomics Studies: A Strategy for Data (Pre-) Processing and Validation. Anal. Chem. 2006, 78, 567-574. [CrossRef]
[PubMed]

Gautam, PK.; Gautam, R.; Banerjee, S.; Chattopadhyaya, M.; Pandey, ]J. Heavy Metals in the Environment: Fate, Transport,
Toxicity and Remediation Technologies. In Heavy Metals: Sources, Toxicity and Remediation Techniques; Nova Science Publishers,
Inc.: Hauppauge, NY, USA, 2016; pp. 101-130, ISBN 978-1-63484-740-7.

Mousavi, A.; Pourakbar, L.; Siavash Moghaddam, S. Effects of Malic Acid and EDTA on Oxidative Stress and Antioxidant
Enzymes of Okra (Abelmoschus esculentus L.) Exposed to Cadmium Stress. Ecotoxicol. Environ. Saf. 2022, 248, 114320. [CrossRef]
Guo, H.; Chen, H.; Hong, C.; Jiang, D.; Zheng, B. Exogenous Malic Acid Alleviates Cadmium Toxicity in Miscanthus Sacchariflorus
through Enhancing Photosynthetic Capacity and Restraining ROS Accumulation. Ecotoxicol. Environ. Saf. 2017, 141, 119-128.
[CrossRef] [PubMed]

Takahashi, R.; Ishimaru, Y.; Nakanishi, H.; Nishizawa, N.K. Role of the Iron Transporter OsNRAMP1 in Cadmium Uptake and
Accumulation in Rice. Plant Signal Behav. 2011, 6, 1813-1816. [CrossRef]

Xu, P; Leng, Y.; Zeng, G.; Huang, D.; Lai, C.; Zhao, M.; Wei, Z; Li, N.; Huang, C.; Zhang, C.; et al. Cadmium Induced Oxalic
Acid Secretion and Its Role in Metal Uptake and Detoxification Mechanisms in Phanerochaete Chrysosporium. Appl. Microbiol.
Biotechnol. 2015, 99, 435-443. [CrossRef]

Eiss, M.; Schieferstein, G.; Wahl, R. Oxalate in Human Seminal Plasma: Possible Significance and Problems of Oxalate Determina-
tion. Fertil. Steril. 2000, 73, 961-966. [CrossRef] [PubMed]

Jiang, M.; Jiang, J.; Li, S;; Li, M,; Tan, Y,; Song, S.; Shu, Q.; Huang, J. Glutamate Alleviates Cadmium Toxicity in Rice via
Suppressing Cadmium Uptake and Translocation. J. Hazard. Mater. 2020, 384, 121319. [CrossRef]


https://doi.org/10.1016/j.ecoenv.2012.07.001
https://doi.org/10.1016/j.fsi.2015.03.024
https://doi.org/10.3390/biom13030520
https://doi.org/10.1016/j.ecoenv.2018.11.069
https://doi.org/10.1002/mrd.23114
https://www.ncbi.nlm.nih.gov/pubmed/30648312
https://doi.org/10.3390/biom12010087
https://doi.org/10.1007/s12210-016-0564-0
https://doi.org/10.1002/mrd.23240
https://www.ncbi.nlm.nih.gov/pubmed/31317589
https://doi.org/10.1007/s11306-017-1274-z
https://doi.org/10.1007/s11306-018-1370-8
https://doi.org/10.1002/pd.5893
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.4236/oalib.1107821
https://doi.org/10.1093/bioinformatics/btv299
https://doi.org/10.1186/1471-2105-8-93
https://doi.org/10.1007/s40747-021-00638-w
https://doi.org/10.1021/ac051495j
https://www.ncbi.nlm.nih.gov/pubmed/16408941
https://doi.org/10.1016/j.ecoenv.2022.114320
https://doi.org/10.1016/j.ecoenv.2017.03.018
https://www.ncbi.nlm.nih.gov/pubmed/28324818
https://doi.org/10.4161/psb.6.11.17587
https://doi.org/10.1007/s00253-014-5986-y
https://doi.org/10.1016/S0015-0282(00)00413-1
https://www.ncbi.nlm.nih.gov/pubmed/10785221
https://doi.org/10.1016/j.jhazmat.2019.121319

Metabolites 2023, 13, 943 12 of 12

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Susetyarini, R.E. The Level of Glutamic Acid in the Semen of Male White Rat (Ratus Norwegicus) after Being Treated with Tannin
of Pluchea Indica. Procedia Chem. 2015, 14, 152-156. [CrossRef]

Juyena, N.S.; Stelletta, C. Seminal Plasma: An Essential Attribute to Spermatozoa. J. Androl. 2012, 33, 536-551. [CrossRef]
[PubMed]

Lavanya, M.; Swathi, D.; Archana, S.S.; Ramya, L.; Ranjithkumaran, R.; Krishnaswamy, N.; Singh, S.K.; Krishnappa, B.; Rajendran,
D.; Kumar, H.; et al. Supraphysiological Concentration of Urea Affects the Functional Competence of Holstein-Friesian (Bos
taurus) Sperm. Theriogenology 2021, 176, 104-114. [CrossRef] [PubMed]

Allahkarami, S.; Atabakhsh, M.; Moradi, M.N.; Ghasemi, H.; Bahmanzadeh, M.; Tayebinia, H. Correlation of Uric Acid, Urea,
Ammonia and Creatinine of Seminal Plasma With Semen Parameters and Fertilization Rate in Infertile Couples. Avicenna J. Med.
Biochem. 2017, 5, 76-80. [CrossRef]

Calogero, A.E.; Gullo, G.; La Vignera, S.; Condorelli, R.A.; Vaiarelli, A. Myoinositol Improves Sperm Parameters and Serum
Reproductive Hormones in Patients with Idiopathic Infertility: A Prospective Double-Blind Randomized Placebo-Controlled
Study. Andrology 2015, 3, 491-495. [CrossRef] [PubMed]

Kushawaha, B.; Yadav, R.S.; Swain, D.K.; Kumari, P.; Kumar, A.; Yadav, B.; Anand, M.; Yadav, S.; Singh, D.; Garg, S.K. Collapsed
Mitochondrial Cristae in Goat Spermatozoa Due to Mercury Result in Lethality and Compromised Motility along with Altered
Kinematic Patterns. Sci. Rep. 2021, 11, 646. [CrossRef] [PubMed]

Condorelli, R.A.; Barbagallo, E.; Calogero, A.E.; Cannarella, R.; Crafa, A.; La Vignera, S. D-Chiro-Inositol Improves Sperm
Mitochondrial Membrane Potential: In Vitro Evidence. J. Clin. Med. 2020, 9, 1373. [CrossRef]

Metcalf, E.S.; Dideon, B.A.; Blehr, R.; Schlimgen, T.; Bertrand, W.; Varner, D.D.; Teague, S.R.; Hausman, M.S. Effects of DMSO
and L-Ergothioneine on Post-Thaw Semen Parameters in Stallions: Preliminary Results. Anim. Reprod. Sci. 2008, 107, 332-333.
[CrossRef]

Hunter, T. Why Nature Chose Phosphate to Modify Proteins. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 2513-2516. [CrossRef]
[PubMed]

Zhou, X.; Zhang, Y.; Wu, X.; Wan, D.; Yin, Y. Effects of Dietary Serine Supplementation on Intestinal Integrity, Inflammation and
Oxidative Status in Early-Weaned Piglets. Cell. Physiol. Biochem. 2018, 48, 993-1002. [CrossRef]

Zhou, X.; He, L.; Wu, C; Zhang, Y.; Wu, X,; Yin, Y. Serine Alleviates Oxidative Stress via Supporting Glutathione Synthesis and
Methionine Cycle in Mice. Mol. Nutr. Food Res. 2017, 61. [CrossRef]

Alfaro, A.C.; Young, T. Showcasing Metabolomic Applications in Aquaculture: A Review. Rev. Aquac. 2018, 10, 135-152.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.proche.2015.03.022
https://doi.org/10.2164/jandrol.110.012583
https://www.ncbi.nlm.nih.gov/pubmed/22016346
https://doi.org/10.1016/j.theriogenology.2021.09.020
https://www.ncbi.nlm.nih.gov/pubmed/34600432
https://doi.org/10.15171/ajmb.2017.14
https://doi.org/10.1111/andr.12025
https://www.ncbi.nlm.nih.gov/pubmed/25854593
https://doi.org/10.1038/s41598-020-80235-y
https://www.ncbi.nlm.nih.gov/pubmed/33436823
https://doi.org/10.3390/jcm9051373
https://doi.org/10.1016/j.anireprosci.2008.05.109
https://doi.org/10.1098/rstb.2012.0013
https://www.ncbi.nlm.nih.gov/pubmed/22889903
https://doi.org/10.1159/000491967
https://doi.org/10.1002/mnfr.201700262
https://doi.org/10.1111/raq.12152

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Exposure of Mussels 
	Processing and Sampling of Spermatozoa 
	Metabolite Extraction, Purification and Derivatization 
	GC-MS Analysis 
	Metabolite Identification 

	Statistical Analysis 
	Animals’ Characteristics 
	Metabolomic Data Analysis 


	Results 
	Discussion 
	Conclusions 
	References

