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Abstract: Metabolomics emerged to give clinicians the necessary information on the competence, in
terms of physiology and function, of gametes, embryos, and the endometrium towards a targeted
infertility treatment, namely, assisted reproduction techniques (ART). Our minireview aims to inves-
tigate the current status of the use of metabolomics in assisted reproduction, the potential flaws in
its use, and to propose specific solutions towards the improvement of ART outcomes through the
use of the intervention. We used published reports assessing the role of metabolomic investigation
of the endometrium, oocytes, and embryos in improving clinical outcomes in women undergoing
ART. We initially found that there is no evidence to support that fertility outcomes can be improved
through metabolomics profiling. In contrast, it may be helpful for understanding and appraising the
nutritional environment of oocytes and embryos. The causes include the different infertility popula-
tions, the difference between animals and humans, technical limitations, and the great heterogeneity
in the variables employed. Suggested steps include the standardization of variables of the method
itself, the universal creation of a panel where all biomarkers are stored concerning specific infertile
populations with different phenotypes or etiologies, specific bioinformatics contribution, significant
computing power for data processing, and importantly, properly conducted trials.

Keywords: in vitro fertilization; assisted reproductive techniques; metabolomics; biomarkers; follicu-
lar fluid; diagnosis

1. Introduction

There is a tendency for the identification and utilization of markers, with sufficient sen-
sitivity and specificity that may lead to change of management to improve outcomes [1,2],
in all aspects of medicine. These aspects may include cancer treatment, but also fertility
management and assisted reproduction techniques (ART) [3,4]. As such, metabolomics
emerged to give clinicians the necessary information on the competence, in terms of
physiology and function, of gametes, embryos, and the endometrium towards a targeted
infertility treatment, namely, assisted reproduction techniques (ART). Various metabolites
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that were associated with certain cellular activities were evaluated in this concept. As an
example, embryo culture media metabolites such as single biomarkers (pyruvate, glucose,
amino-acids, oxygen, and leptin) or endogenous metabolites of different classes (acyl
carnitines; amino acids; hexose; sphingolipids; glycerophospholipids; biogenic amines;
steroid hormones: mineralocorticoids, glucocorticoids, and sex steroids) were investigated
so far [5-7]: these can be assessed and provide the necessary information for the dynamics
of the embryo.

Infertility remains a global socioeconomic problem and ART were implemented to-
wards the aim of establishing a live birth; unfortunately, the effectiveness of ART is limited,
as only 10-30% of all embryos replaced in the uterus will implant and finally result in a
live birth [8]. In a recent review on the effectiveness and safety of metabolomic assessment
of oocyte quality, embryo viability, and endometrial receptivity for improving live birth in
women undergoing ART compared to that of conventional methods of assessment, authors
concluded that there is no evidence to show that metabolomic assessment of embryos
before implantation has any meaningful effect on success rates, while the existing evidence
ranged from very low- to low-quality [9].

In contrast, there is ongoing reporting of studies towards this goal, but only at the
diagnostic level; some fine examples include the use of metabolomics in the follicular
fluid of women undergoing in vitro fertilization (IVF), towards the understanding of the
environment of the oocyte development [10-17] or of the embryo competency [18-20],
in obese patients intending to undergo IVF [21] or for those with diminished ovarian
reserve [22], in maternal plasma in the late first trimester of pregnancy [11], and in human
sperm and seminal plasma [23].

The rationale of this paper is based on the fact that there is ongoing research activity on
metabolomics, but this did not manage to improve the success rates in assisted reproduction
so far. Our minireview therefore aims to investigate the utilization of metabolomics in
assisted reproduction and the potential flaws in its use, and to propose evidence-based
recommendations towards the improvement of IVF outcomes.

2. Materials and Methods

We performed a comprehensive literature search in PubMed. Published reports of
all study types assessing the role of metabolomics of the endometrium, oocytes, and
embryos in improving clinical outcomes in women undergoing ART (including both intra-
cytoplasmic sperm injection (ICSI) or IVF) were evaluated for possible inclusion in this
review. We applied no limitations on country of origin or language. We examined the
references lists of all studies and relevant reviews to identify further relevant studies.

The relevant keywords were: “IVF” or “in vitro fertilization” or “ICSI” or “intra-
cytoplasmic sperm injection” or “ET” or “Embryo” or “Embryo Transfer” or “Follicu-
lar Fluid” or “Culture-Media” and “metabolomic” or “near infrared spectroscopy” or
“NIR” or “biomarkers” or “endometrial receptivity markers” or “follicular fluid profile” or
“metabolic profile” or “metabolomics” or “metabonomics” or “cometabolism” or “metabo-
lites” or “byproducts”.

3. Results
3.1. The Intervention: Description

Metabolomics refer to the newest ‘omics’ technologies and include interactions of
cellular structures DNA and genes to metabolites [24]. They are a group of small-molecule,
nonproteinaceous compounds, including metabolic intermediates, adenosine triphosphate,
hormones, and metabolites, which are present in a biological sample [25]. Metabolomics
is more informative than genomics, transcriptomics, or proteomics because they repre-
sent the final products of the cell regulatory process, and are closer to the functional
phenotype [24,26]. The metabolomic profile is a terminal cellular product that is used to
distinguish between a normal and a pathological state [27] to elucidate the cellular mecha-
nisms involved, and, consequently, to ‘foresee’ the capacity of an oocyte to progress after
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fertilization, the fate of an artificially produced embryo, and the efficacy of endometrium
to successfully accept it [28]. Interestingly, in the paper of Beliver et al. (2012), the use of
omics in the field of reproduction was named “reproductomics”; concerning the embryo,
they provide valuable information on the biological processes occurring at each step of
embryonic development, especially with “signs of suboptimal growing conditions that
can affect embryo implantation, including low rates of division, blocked cytokinesis, cyto-
plasmic vesicula tion, abnormal activation of the genome, gene transcription, and energy
metabolism” [29].

As recently described by the first author of a Cochrane systematic review, the term
metabolomics’ in assisted reproduction refers to the metabolic products found in specific
biological materials or media. In the endometrium, it is associated with its ability to
be receptive; for the oocyte, it refers to its fertilizing functionality and capacity, and is
mediated mainly through the analysis of the follicular fluid. In the embryo, the approach is
usually performed through the analysis on spent media culture [8]. One of the problematic
issues of the use of metabolomics—as an omic technique—is due to its dependence almost
uniquely on the number of variables considered. In this context, extra data deriving from
the resident microbiota and the bacterial byproducts could contribute to the high accuracy
of the method [30,31].

7

3.2. The Potential Implication

Conception by ART is associated with poor success rates and an increased incidence of
obstetric and perinatal complications [32]. Gamete quality, embryo quality, and endometrial
receptivity are considered crucial components to the success of ART. The integration of
metabolomics into ART could assist the selection of viable embryos and competent oocytes,
as well as the creation of a healthy and receptive endometrium for implantation. Specifically,
metabolomics could improve the associated procedures and increase the success rates
of ART by reducing implantation failures, miscarriages, multiple pregnancies, ectopic
pregnancies, and fetal abnormalities, thus alleviating the emotional and socioeconomic
consequences that accompany them [9].

3.3. The Facts

There is no evidence to support that fertility outcomes can be improved through
metabolomics profiling, as there is no clear difference between metabolomic and morphol-
ogy assessment of the embryo in the rates of live birth or ongoing pregnancy in women
undergoing ART [8]; in contrast, it may be helpful for understanding and appraising
the nutritional environment of oocytes and embryos. The clinical outcomes, namely live
birth and miscarriage after ART, are crucial and remain the ultimate target for a battery of
studies related to metabolomics. Yang et al. confirmed that the metabolomic profile cannot
effectively contribute to the change of clinical outcomes after fertility treatments, remaining
only a diagnostic tool; authors employed a liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analysis, where the samples were analyzed using an LC-electrospray
ionization (ESI)-Tandem mass spectrometry system. Specifically, authors demonstrated
that dehydroepiandrosterone (DHEA) in the follicular fluid negatively correlated with the
oocyte maturation rate and the high-quality embryo rate, yet no statistical significance was
reached when the association between DHEA levels and clinical outcomes (i.e., biochemi-
cal and clinical pregnancy rates) was examined [10]. Similarly, no statistically significant
differences in pregnancy outcomes after ART were reported when high-density lipoprotein
(HDL) levels of the follicular fluid were compared between obese and normal weighted
women; authors used a fluorometric biochemical cell-free assay based on oxidation of the
fluorogenic probe dihydrorhodamine 123 to assess HDL function [21]. In addition, Huo
et al., using a Waters Empower 2 chromatography software and 18 individual amino acid
standards, did not manage to correlate amino acid metabolomic profile during human
embryo development with pregnancy outcomes after IVF [19]. Finally, in a recent study
conducted by Inoue and colleagues, using a gas chromatography-mass spectrometer, the
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analysis of the 187 identified organic metabolites obtained by the culture medium of a single
human embryo produced by IVF did not lead to improvement of pregnancy outcomes [33].

Further examples of the use of metabolomics as potential diagnostic tools are: (i) the
novel high-coverage targeted metabolomics method (SWATH to MRM), used for explor-
ing the follicular fluid metabolome alterations in women with recurrent spontaneous
abortion undergoing IVF, where a total of 18 FF metabolites were identified [34], and
(ii) a maternal metabolomic profile through the analysis of 17-3-estradiol and progesterone
levels in maternal plasma in the late first trimester between spontaneous pregnancies
and pregnancies conceived with fertility treatments; in this study, authors used two sepa-
rate reverse phase/ultraperformance liquid chromatography—tandem mass spectrometry
(UPLC-MS/MS) methods, quantifying a total of 806 known metabolites [11]. As reported
from the studies referenced above, there is no direct evidence to support a potent linkage
of these pathologies to the metabolomic profile. In contrast, there are currently reports to
support the hypothesis that specific metabolites in embryo culture media can be correlated
with the status of the embryos [35].

Table 1 demonstrates the variability between methods employed by different studies
for metabolomics analysis of human samples [7,10-14,16-23,33,34,36].

Table 1. Demonstrates variability between methods used for metabolomics analysis of human samples. All studies included

in table are original studies with human participants.

Metabolomics Method N Study Study Design Method Details Per Study Analyzed Samples
?&%ig} v Observational Cohort LC-tandem MS FF
UP LC-MS with positive ion-mode
Sun et al., . ESI/negative ion-mode
2019 [11] Observational Cohort ESI/hydrophilic-interaction Plasma
chromatography
Sun etal., . UP LC with to time-of-flight MS using
2018 [12] Observational Cohort SWATH mode FF
LC-MS 8 Zhang et al., . UP LC with high-resolution MS using
2020 [13] Observational Cohort SWATH mode FF
I;I(t)x;)oe[tlgl]., Observational Cohort High performance LC ECM
C2}(1)elrg T;(?]l v Observational Cohort Nanoscale LC coupled to tandem MS FF
Engel et al., . Sperm, seminal
2019 [23] Observational Cohort LC-MS plasma
Song et al., Observational UP LC with high-resolution MS using FE
2019 [34] Case-control SWATH to MRM mode
Ruebel ot al GC quadrupole time-of-flight MS &
2019 [14] M Observational Cohort charged-surface hybrid column-ESI FF, serum
GC-MS 2 quadrupole time-of-flight tandem MS
) Inoue et al., Observational Cohort GC-MS ECM
2021 [33]
Castiglione
Morelli et al., Observational Cohort TH NMR spectroscopy FF
NMR Spectroscopy 3 2020 [17]
Al Rashid et al., Observational
2020 [22] Cross-sectional NMR Spectroscopy Serum
Karaer et al., Observational
2019 [36] Case-control NMR Spectroscopy FF
NIR Spectroscopy 1 Veriggfv[;z]t al., RCT NIR Spectroscopy ECM
Raman spectroscopy 1 L;a(\)rllg ﬁ ;]1., Observational Cohort Raman spectroscopy ECM
Fluorometric 1 Nasiri et al., Observational Fluorometric measurement by CL system ECM
measurement by CL 2019 [16] Cross-sectional & glucose assay kit
Fluorometric Bacchetti et al Fluorometric biochemical cell-free assay
biochemical cell-free 1 2019 [21] ” Observational Cohort based on oxidation of the fluorogenic FF
assay probe dihydrorhodamine 123

Abbreviations: N, number of studies; LC, liquid chromatography; MS, mass spectrometry; UP, ultra-performance; ESI, electrospray ioniza-
tion; GC, gas chromatography; CL, chemiluminecence; FF, follicular fluid; ECM, embryo culture media; NIR, near-infrared spectroscopy;
RCT, randomized controlled trial; NMR, nuclear magnetic resonance; 1y, hydrogen-1.
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3.4. Reasons

There are various reasons why metabolomics does not yet have the necessary efficiency
as a technique to improve IVF outcomes. One of them includes the different infertility
phenotypes that reports are dealing with. In a study of women undergoing IVF, pretreat-
ment anti-Miillerian hormone (AMH) and antral follicle count (AFC) measurements were
correlated with serum lipids, lipoprotein subclasses, and low-molecular-weight metabolites
that were measured with nuclear magnetic resonance (NMR) spectroscopy; AMH was
significantly associated with HDL, omega-6 and polyunsaturated fatty acids, and the amino
acids isoleucine, leucine, tyrosine, and acetate, while AFC was significantly associated with
alanine, glutamine, and glycine [22]. These data reveal that ovarian reserve markers can
influence serum metabolomics and concurrently exert an impact on follicular fluid and
embryo metabolomics. Although this is an issue requiring further research, one cannot
exclude the possibility that different infertility phenotypes may constitute significant con-
founders on the association between metabolomics and IVF outcome. Other underlying
infertility conditions, including polycystic ovary syndrome and endometriosis, may sig-
nificantly influence the metabolomics of the follicular fluid, as measured by NMR [17,34].
Further confounding conditions potentially affecting the follicular microenvironment and
negatively influencing the efforts towards the standardization of metabolomics” assessment
are the drugs used (e.g., for oocyte triggering), the size of the follicle, the cycle day of the
aspiration, and the size and quality of the retrieved oocyte [17,37,38].

Another reason is the variation concerning the culture media components. Thus, this
can constitute a significant confounder when NMR studies are performed on spent culture
media. The effect of the composition of embryo culture media on the metabolic activity of
the embryo is of paramount importance [39]. In the same context, the handling of the spent
culture media may contribute to the great heterogeneity of the results in the relevant studies.

The differences of metabolomics between animals and humans should also be con-
sidered. For example, there are significant differences in the metabolism between humans
and the bovine models that are experimentally used to provide insights in the embryo
metabolism, so that evidence originating from animal studies cannot be extrapolated to
explain or interact with human physiology, according to the recent paper by Asampille and
colleagues [38]. In the same context, as the in-cell analysis of oocytes/embryos exposes
them to invasive preparation, such as centrifugation and NMR, ethical issues may arise [40];
of note, potential long-term detrimental effects were not yet assessed.

Finally, there may be several technical issues that limit the practicality and routine
utilization of NMR technology in IVF clinics, such as the time requirement for NMR
analysis and the expertise needed to interpret the NMR results [38]. Massive untargeted,
and secondarily, targeted metabolomics analyses may also involve a larger number of
metabolites than those of clinical interest. All these factors lead to the provision of results
that are less interpretable by the clinicians and at a time that cannot easily conform with
the flow of daily clinical practice.

3.5. Data Analysis and Problems with the Diagnostic Power

Data produced from metabolomics modalities involve either the acquired spectra
from the NMR, mass spectroscopy, or other similar instruments, or they involve a list
of metabolites and features. Such methods are typically capable of identifying from a
few tenths to a few thousands of different metabolites or metabolite features at a single
run. Notably, it is currently not possible to identify the entire range of metabolites with
a single method and/or a single run [41]. This is indicative of one of the main issues of
metabolomics data processing; namely, the dimensionality (i.e., the number of features is
higher than the number of subjects, namely fertility results in the IVF setting). The latter
may be further exhibited by the number of metabolites included in public major databases.
For instance, the Human Metabolome DataBase (https:/ /hmdb.ca) [42] contains (as of
2 June 2021) 115,398 metabolites related to the human body, while the METLIN database
contains over a million metabolites [43,44].
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Data reduction techniques, such as unsupervised methods (for example Principal
Component Analysis (PCA)) and PCA variants are options used to identify patterns and
connections with the subject features [45,46]. Principal Coordinate Analysis (PCoA) is a
fine example of these methods and is based on dissimilarity /similarity matrices (instead of
using raw data as in the PCA approach); PCoA graphical representations are implemented
to reveal the influence of the variables in the profile of metabolites [47]. It is usual that the
metabolites of interest are not known in advance; thus, unsupervised techniques without
any assumptions are considered the method of choice. The PCA approach can effectively
replace the correlated metabolites using a combination of a smaller number of nonrelated
metabolite data (the principal components), thus trying to resolve dimensionality issues.
The disadvantage of this approach is that the combination of the metabolites forming
the principal components does not lead to a direct link of the metabolites to the under-
lying causative mechanisms and the associated phenomena. Another issue is related to
collinearity: this occurs when some variables and the causes behind them (for example,
bacteria and genes) “behave” in the same way, and thus produce the same metabolites;
thus, the isolation of the responsible variable becomes difficult. Further issues arise when
the metabolite spectrum peaks exhibit low amplitude or are behind or at the “shoulder” of
higher peaks, so that they are sometimes hidden. As a result, the most informative ones (as
for example happens with bacteria species) cannot be properly recognized. In this context,
scaling techniques, such as Pareto scaling and traditional spectrum evaluation methods,
such as the Fast Fourier Transform (FFT) can offer important help to detect such peaks
from the original signal [48,49].

Markedly, artificial neural networks (ANNSs), and in general artificial intelligence (AI)
methods, historically seem to have a good fit in the metabolomics arena [50]; nowadays,
deep learning, being the forefront of ANNs and Al research, was already employed in
metabolomics” applications [51-53].

The use of the large-scale metabolomics requires the cosynergy of bioinformatics tools;
the latter are used for data analysis, visualization, and integration [54,55]. The concept
of the need of specialized additional tools for data visualization on one hand, and the
integration of metabolomics data within a biological context on the other was expressed
long ago [56]. Towards this goal, the necessary steps involve noise filtering, peak selection,
deconvolution, and identification of peaks and their alignment. This eventually leads to
the creation of a specific data matrix that can be subsequently used for statistical or any
other type of processing, such as machine learning.

4. Suggested Steps

In terms of the technique in animals, the bacterial cell and the requirement of sig-
nificant overexpression remain a stringent limit on the establishment of the link between
structural and cell biology [40]. Nevertheless, there are significant differences in the
metabolism between bovine and humans, such as in the metabolic requirements, chromatin
architecture, and developmental timelines [38]. This renders the direct association of the
animal studies’ results with the human metabolomic profile difficult.

Furthermore, a crucial step is the standardization of variables in terms of the method
itself, either used as a complementary or independent tool for embryo selection or oocyte
/endometrium assessment in ART. The above reported technical limitations for both the
procedure itself and collaboration between ART clinics and NMR facilities, as well as the
ability of clinicians to interpret the NMR results, are two essential points for improvement.

Properly conducted trials (namely randomized controlled trials (RCTs)) involving
specific infertile target groups, encompassing live birth and miscarriage rates as their
primary outcomes, are needed. In addition, these must be performed with the appropriate
sample size calculated in advance of their start and free of various biases, such as selection
and performance. Finally, the possibility of short- or long-term harmful effects on the
tissue involved when NMR, for example, is applied should be assessed, since it may have
a detrimental effect. In this respect, further studies are required for the assessment of the
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endometrium. The unique existing data about endometrial metabolomics analysis were
focused on lipidomic analysis of endometrial receptivity. To date, they are only available in
mouse models [24].

Through the discovery of new biomarkers, molecular paths could be more efficiently
assessed. The complexity of the phenomena concerning these paths consists of an impor-
tant barrier that can be bypassed through the collection of large amounts of data along
with significant computing power for data processing. A step towards that direction could
be a panel—preferably international—in which all biomarkers that are discovered by NMR
and that concern specific infertile populations with different phenotypes or etiologies, such
as those with repeated implantation failures or poor/high response to ovarian stimulation,
are stored. A recent study protocol proposed how the measurement of different classes
of metabolomics parameters may be incorporated into such a large database of patient
demographics, previous cycle characteristics, used protocols, underlying infertility con-
ditions, sperm as well as other “omics” parameters and, with the assistance of ANNS,
provide valuable predictions of IVF outcomes (i.e., clinical pregnancy rates, live birth rates,
miscarriage rates, multiple pregnancy rates) [53]. Even without the implementation of Al,
such a database would be extremely meaningful as it would be able to address one of the
main pitfalls of metabolomics’ utilization in IVF so far; that is, the inconsistency between
different studies, patients, and settings [9], or even the variability between metabolomics
biomarkers used [10,11,19,21,33]. Multivariable analyses conducted through the collected
evidence could account for a variety of parameters and sources of heterogeneity between
different infertility groups and involved IVF clinics and potentially identify specific patient
subgroups in which specific metabolomics measurements lead to more accurate predictions
and true improvement of IVF outcomes. Based on the implications deriving from such
a database, future necessary RCTs would be designed more consistently, enrolling more
homogeneous patient subsets, targeting at the enhancement of specific IVF outcomes, and
finally providing high-quality data that will elucidate the true utility of metabolomics in
IVE if any. Hence, a panel of this caliber would allow the more accurate utilization of
metabolomics as a tool in IVF (with that accuracy likely increasing its cost-effectiveness
in clinical practice), facilitate bioinformaticians to provide more interpretable results (i.e.,
specific metabolic footprints) and at a more affordable time, increase our comprehension of
metabolic profiles of the embryo, oocyte or endometrium during implantation (as these
profiles could be associated with a large quantity of raw patient data), and, concurrently,
pave the way for a more personalized approach towards IVF patients. All these concepts
are summarized in Figure 1.

Panel of metabolomics

IVF patient data -

International database

Identification of specific patient
subsets/settings in which specific
metabolomics biomarkers lead to

more accurate predictions

| T

Improvement of Future RCTs with lower Improvement of IVF
metabolomics as a tool in inconsistency, selection outcomes through a more
IVF and reporting biases personalized approach

Figure 1. A summary of how a large database of metabolomics biomarkers measured in different
IVF populations could potentially elucidate role of metabolomics in IVF and improve IVF outcomes.
Abbreviations: IVFE, in vitro fertilization, RCTs, randomized controlled trials.
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The standardization of the technique for the oocyte and the endometrial assessment
in ART, the cooperation of various IVF Units (both in private and university hospitals),
the conduction of RCTs with proper sample size power calculation, the study of infertile
patients with repeated implantation failures or poor/high response to ovarian stimulation,
and the involvement of Al are the next aims of the current investigation group.

5. Conclusions

In conclusion, current very low- to low-quality evidence failed to demonstrate any
significant efficacy of metabolomics in improving ART outcomes. Such an effect may be
chiefly attributed to the variability between metabolomics biomarkers measured by existing
studies, as well as the substantial heterogeneity between their investigated populations
and involved settings; the latter particularly regards the variability between technical
parameters or even used drugs and protocols. Other factors potentially involved include
the discrepancies between bovine models and humans, the time required for NMR analyses,
and the technical issues arising when attempting to establish collaborations between NMR
facilities and IVF Units. However, ground still exists for the use of metabolomics in ART, in
case of standardization of the method itself and then incorporation into a large international
database of patients in which demographics, previous cycle characteristics, underlying
infertility etiologies, used protocols and drugs, sperm parameters, or even other “omics”
parameters are also recorded. Analyses conducted through such a platform could account
for various sources of clinical heterogeneity and identify specific subsets of patients or
settings for which specific metabolomics biomarkers may be of higher benefit. In this
way, randomized trials with lower inconsistency would be designed, thus allowing the
elucidation of metabolomics’ role in ART, if any. For such a scenario to be feasible, the
bioinformatics” contribution as well as the establishment of a more solid collaboration
between IVF clinics and NMR facilities is mandatory.

Author Contributions: Conceptualization, C.S.; methodology, C.S.; software, A.P.; validation, A.P.
and C.S.; investigation, K.D., M.P,, A.P. and C.S.; resources, C.S.; writing—original draft preparation,
KD, SS., MP, AE. and C.S.; writing—review and editing, C.S., T.S. and N.V,; visualization, T.S.
and M.P; supervision, N.V.; project administration, C.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: M.P. reports a grant from the World Health Organization outside the submitted
work. The rest of the authors have nothing to disclose.

References

1. Benckendorff, J.; Kuchar, J.; Leithduser, F.; Zahn, M.; Moller, P. Usefulness of BATF3 Immunohistochemistry in Diagnosing
Classical Hodgkin Lymphoma. Diagnostics 2021, 11, 1123. [CrossRef] [PubMed]

2. Alexovi¢, M.; Sabo, J.; Longuespée, R. Microproteomic sample preparation. Proteomics 2021, 21, e2000318. [CrossRef]

3. Schiroli, D.; Marraccini, C.; Zanetti, E.; Ragazzi, M.; Gianoncelli, A.; Quartieri, E.; Gasparini, E.; Iotti, S.; Baricchi, R.; Merolle, L.
Imbalance of Mg Homeostasis as a Potential Biomarker in Colon Cancer. Diagnostics 2021, 11, 727. [CrossRef]

4. Perrucci, G.L.; Sommariva, E.; Ricci, V.; Songia, P.; D’alessandra, Y.; Poggio, P.; Pompilio, G.; Polvani, G.; Guarino, A. Presence of
SARS-CoV-2 Nucleoprotein in Cardiac Tissues of Donors with Negative COVID-19 Molecular Tests. Diagnostics 2021, 11, 731.
[CrossRef]

5. Sakkas, D.; Gardner, D.K. Noninvasive methods to assess embryo quality. Curr. Opin. Obstet. Gynecol. 2005, 17, 283-288.
[CrossRef]

6.  Wang, S.X. The past, present, and future of embryo selection in in vitro fertilization: Frontiers in Reproduction Conference. Yale .
Biol. Med. 2011, 84, 487.

7.  Vergouw, C.G.; Kieslinger, D.C.; Kostelijk, E.H.; Botros, L.L.; Schats, R.; Hompes, P.G.; Sakkas, D.; Lambalk, C.B. Day 3
embryo selection by metabolomic profiling of culture medium with near-infrared spectroscopy as an adjunct to morphology: A
randomized controlled trial. Hum. Reprod. 2012, 27, 2304-2311. [CrossRef]

8.  De Mouzon, J.; Goossens, V.; Bhattacharya, S.; Castilla, J.; Ferraretti, A.; Korsak, V.; Kupka, M.; Nygren, K.; Nyboe Andersen,

A. European Ivf-monitoring Consortium ftESoHR, Embryology Assisted reproductive technology in Europe, 2006: Results
generated from European registers by ESHRE. Hum. Reprod. 2010, 25, 1851-1862. [CrossRef]


http://doi.org/10.3390/diagnostics11061123
http://www.ncbi.nlm.nih.gov/pubmed/34202976
http://doi.org/10.1002/pmic.202000318
http://doi.org/10.3390/diagnostics11040727
http://doi.org/10.3390/diagnostics11040731
http://doi.org/10.1097/01.gco.0000169106.69881.3e
http://doi.org/10.1093/humrep/des175
http://doi.org/10.1093/humrep/deq124

Diagnostics 2021, 11, 1602 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Siristatidis, C.S.; Sertedaki, E.; Vaidakis, D.; Varounis, C.; Trivella, M. Metabolomics for improving pregnancy outcomes in women
undergoing assisted reproductive technologies. Cochrane Database Syst. Rev. 2017, 23, CD011872. [CrossRef]

Yang, J.; Feng, T.; Li, S.; Zhang, X.; Qian, Y. Human follicular fluid shows diverse metabolic profiles at different follicle
developmental stages. Reprod. Biol. Endocrinol. 2020, 18, 1-11. [CrossRef]

Sun, T,; Lee, B.; Kinchen, J.; Wang, E.T.; Gonzalez, T.L.; Chan, ].L.; Rotter, ].I; Chen, Y.-D.I; Taylor, K.; Goodarzi, M.O. Differences
in first-trimester maternal metabolomic profiles in pregnancies conceived from fertility treatments. J. Clin. Endocrinol. Metab.
2019, 104, 1005-1019. [CrossRef]

Sun, Z.; Song, ].; Zhang, X.; Wang, A.; Guo, Y.; Yang, Y.; Wang, X.; Xu, K.; Deng, ]. SWATHHM-Based Metabolomics of Follicular
Fluid in Patients Shows That Progesterone Adversely Affects Oocyte Quality. BioMed Res. Int. 2018, 2018, 1780391. [CrossRef]
[PubMed]

Zhang, X.; Wang, T.; Song, J.; Deng, J.; Sun, Z. Study on follicular fluid metabolomics components at different ages based on lipid
metabolism. Reprod. Biol. Endocrinol. 2020, 18, 1-8. [CrossRef]

Ruebel, M.L.; Piccolo, B.D.; Mercer, K.E.; Pack, L.; Moutos, D.; Shankar, K.; Andres, A. Obesity leads to distinct metabolomic
signatures in follicular fluid of women undergoing in vitro fertilization. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E383-E396.
[CrossRef]

Ravisankar, S.; Brooks, K.E.; Murphy, M.].; Redmayne, N.; Ryu, J.; Kinchen, ].M.; Chavez, S.L.; Hennebold, J].D. Metabolomics
analysis of follicular fluid coupled with oocyte aspiration reveals importance of glucocorticoids in primate periovulatory follicle
competency. Sci. Rep. 2021, 11, 6506. [CrossRef]

Nasiri, N.; Karimian, L.; Hassani, F.; Gourabi, H.; Alipour, H.; Zolfaghari, Z.; Eftekhari-Yazdi, P. Total Antioxidant Capacity; A
Potential Biomarker for Non-Invasive Sex Prediction in Culture Medium of Preimplantation Human Embryos. Cell J. 2019, 21,
253. [CrossRef]

Castiglione Morelli, M.A.; Iuliano, A.; Schettini, S.C.A.; Petruzzi, D.; Ferri, A.; Colucci, P; Viggiani, L.; Ostuni, A. Metabolic
changes in follicular fluids of patients treated with recombinant versus urinary human chorionic gonadotropin for triggering
ovulation in assisted reproductive technologies: A metabolomics pilot study. Arch. Gynecol. Obstet. 2020, 302, 741-751. [CrossRef]
Liang, B.; Gao, Y,; Xu, J.; Song, Y.; Xuan, L.; Shi, T.; Wang, N.; Hou, Z.; Zhao, Y.-L.; Huang, W.E. Raman profiling of embryo
culture medium to identify aneuploid and euploid embryos. Fertil. Steril. 2019, 111, 753-762. [CrossRef] [PubMed]

Huo, P; Zhu, Y,; Liang, C.; Yao, J.; Le, J.; Qin, L.; Lei, X.; Zhang, S. Non-invasive amino acid profiling of embryo culture medium
using HPLC correlates with embryo implantation potential in women undergoing in vitro fertilization. Front. Physiol. 2020, 11,
405. [CrossRef] [PubMed]

Chen, F; Spiessens, C.; D'Hooghe, T.; Peeraer, K.; Carpentier, S. Follicular fluid biomarkers for human in vitro fertilization
outcome: Proof of principle. Proteome Sci. 2016, 14, 1-11. [CrossRef]

Bacchetti, T.; Morresi, C.; Vignini, A.; Tiano, L.; Orlando, P.; Montik, N.; Ciavattini, A.; Ferretti, G. HDL functionality in follicular
fluid in normal-weight and obese women undergoing assisted reproductive treatment. J. Assist. Reprod. Genet. 2019, 36, 1657-1664.
[CrossRef] [PubMed]

Al Rashid, K.; Taylor, A.; Lumsden, M.A.; Goulding, N.; Lawlor, D.A.; Nelson, S.M. Association of the functional ovarian
reserve with serum metabolomic profiling by nuclear magnetic resonance spectroscopy: A cross-sectional study of ~400 women.
BMC Med. 2020, 18, 247. [CrossRef]

Engel, KM.; Baumann, S.; Rolle-Kampczyk, U.; Schiller, J.; von Bergen, M.; Grunewald, S. Metabolomic profiling reveals
correlations between spermiogram parameters and the metabolites present in human spermatozoa and seminal plasma. PLoS
ONE 2019, 14, €0211679. [CrossRef]

Rivera Egea, R.; Garrido Puchalt, N.; Meseguer Escriva, M.; Varghese, A.C. OMICS: Current and future perspectives in
reproductive medicine and technology. . Hum. Reprod. Sci. 2014, 7, 73. [CrossRef] [PubMed]

Gardner, D.K.; Wale, P.L. Analysis of metabolism to select viable human embryos for transfer. Fertil. Steril. 2013, 99, 1062-1072.
[CrossRef] [PubMed]

Allen, J.; Davey, H.M.; Broadhurst, D.; Heald, J.K.; Rowland, ].J.; Oliver, S.G.; Kell, D.B. High-throughput classification of yeast
mutants for functional genomics using metabolic footprinting. Nat. Biotechnol. 2003, 21, 692-696. [CrossRef]

Vergouw, C.; Heymans, M.; Hardarson, T.; Sfontouris, I.; Economou, K.; Ahlstrom, A.; Rogberg, L.; Lainas, T.; Sakkas, D.;
Kieslinger, D. No evidence that embryo selection by near-infrared spectroscopy in addition to morphology is able to improve live
birth rates: Results from an individual patient data meta-analysis. Hum. Reprod. 2014, 29, 455-461. [CrossRef]

Uyar, A,; Seli, E. Metabolomic assessment of embryo viability. In Proceedings of the Seminars in Reproductive Medicine; Thieme
Medical Publishers: New York, NY, USA, 2014; pp. 141-152. [CrossRef]

Bellver, J.; Mundi, M.; Esteban, EJ.; Mosquera, S.; Horcajadas, J.A. “-omics’ technology and human reproduction: Reproductomics.
Expert Rev. Obstet. Gynecol. 2012, 7, 493-506. [CrossRef]

Campisciano, G.; Iebba, V.; Zito, G.; Luppi, S.; Martinelli, M.; Fischer, L.; De Seta, E; Basile, G.; Ricci, G.; Comar, M. Lactobacillus
iners and gasseri, Prevotella bivia and HPV Belong to the Microbiological Signature Negatively Affecting Human Reproduction.
Microorganisms 2020, 9, 39. [CrossRef]

Levrero, M.; Merlino, L.; Mariani, M.; Capri, O.; Pietrangeli, D.; Schippa, S.; Guerrieri, F. Structural Variations of Vaginal and
Endometrial Microbiota: Hints on Female Infertility. Front. Cell. Infect. Microbiol. 2020, 10, 350. [CrossRef]


http://doi.org/10.1002/14651858.CD011872.pub2
http://doi.org/10.1186/s12958-020-00631-x
http://doi.org/10.1210/jc.2018-01118
http://doi.org/10.1155/2018/1780391
http://www.ncbi.nlm.nih.gov/pubmed/29951527
http://doi.org/10.1186/s12958-020-00599-8
http://doi.org/10.1152/ajpendo.00401.2018
http://doi.org/10.1038/s41598-021-85704-6
http://doi.org/10.22074/cellj.2019.6115
http://doi.org/10.1007/s00404-020-05609-z
http://doi.org/10.1016/j.fertnstert.2018.11.036
http://www.ncbi.nlm.nih.gov/pubmed/30683589
http://doi.org/10.3389/fphys.2020.00405
http://www.ncbi.nlm.nih.gov/pubmed/32508665
http://doi.org/10.1186/s12953-016-0106-9
http://doi.org/10.1007/s10815-019-01523-9
http://www.ncbi.nlm.nih.gov/pubmed/31338723
http://doi.org/10.1186/s12916-020-01700-z
http://doi.org/10.1371/journal.pone.0211679
http://doi.org/10.4103/0974-1208.138857
http://www.ncbi.nlm.nih.gov/pubmed/25191020
http://doi.org/10.1016/j.fertnstert.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23312219
http://doi.org/10.1038/nbt823
http://doi.org/10.1093/humrep/det456
http://doi.org/10.1055/s-0033-1363556
http://doi.org/10.1586/eog.12.48
http://doi.org/10.3390/microorganisms9010039
http://doi.org/10.3389/fcimb.2020.00350

Diagnostics 2021, 11, 1602 10 of 10

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

McRae, C.; Sharma, V.; Fisher, ]. Metabolite profiling in the pursuit of biomarkers for IVF outcome: The case for metabolomics
studies. Int. J. Reprod. Med. 2013, 2013. [CrossRef]

Inoue, N.; Nishida, Y.; Harada, E.; Sakai, K.; Narahara, H. GC-MS/MS analysis of metabolites derived from a single human
blastocyst. Metabolomics 2021, 17, 1-7. [CrossRef]

Song, J.; Wang, X,; Guo, Y.; Yang, Y,; Xu, K.; Wang, T,; Sa, Y.; Yuan, L.; Jiang, H.; Guo, J. Novel high-coverage targeted metabolomics
method (SWATHtoMRM) for exploring follicular fluid metabolome alterations in women with recurrent spontaneous abortion
undergoing in vitro fertilization. Sci. Rep. 2019, 9, 10873. [CrossRef] [PubMed]

Cabello-Pinedo, S.; Abdulla, H.; Seth-Smith, M.L.; Escriba, M.; Crespo, J.; Munne, S.; Horcajadas Almansa, J.A. A metabolomics
approach to identify aneuploid embryos to increase the effectiveness of ART cycles. Hum. Reprod. 2020, 35, 1205. Available online:
https:/ /www.eshre.eu/ESHRE2020/Programme/Searchable#!abstractdetails /0000617770 (accessed on 2 June 2020).

Karaer, A.; Tuncay, G.; Mumcu, A.; Dogan, B. Metabolomics analysis of follicular fluid in women with ovarian endometriosis
undergoing in vitro fertilization. Syst. Biol. Reprod. Med. 2019, 65, 39-47. [CrossRef] [PubMed]

Gérard, N.; Fahiminiya, S.; Grupen, C.G.; Nadal-Desbarats, L. Reproductive physiology and ovarian folliculogenesis examined
via 1H-NMR metabolomics signatures: A comparative study of large and small follicles in three mammalian species (Bos taurus,
Sus scrofa domesticus and Equus ferus caballus). Omics ]. Int. Biol. 2015, 19, 31-40. [CrossRef] [PubMed]

Asampille, G.; Cheredath, A.; Joseph, D.; Adiga, S.K.; Atreya, H.S. The utility of nuclear magnetic resonance spectroscopy in
assisted reproduction. Open Biol. 2020, 10, 200092. [CrossRef]

Sunde, A.; Brison, D.; Dumoulin, J.; Harper, J.; Lundin, K.; Magli, M.C.; Van den Abbeel, E.; Veiga, A. Time to take human embryo
culture seriously. Hum. Reprod. 2016, 31, 2174-2182. [CrossRef] [PubMed]

Bodart, J.-F.; Wieruszeski, ].-M.; Amniai, L.; Leroy, A.; Landrieu, I.; Rousseau-Lescuyer, A.; Vilain, J.-P.; Lippens, G. NMR
observation of Tau in Xenopus oocytes. |. Mag. Reson. 2008, 192, 252-257. [CrossRef] [PubMed]

Griffiths, W.J.; Koal, T.; Wang, Y.; Kohl, M.; Enot, D.P.; Deigner, H.P. Targeted metabolomics for biomarker discovery. Angew.
Chem. Int. Ed. 2010, 49, 5426-5445. [CrossRef]

Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.; Sawhney, S. HMDB: The
human metabolome database. Nucl. Acids Res. 2007, 35, D521-D526. [CrossRef]

Smith, C.A.; O’'Maille, G.; Want, E.J.; Qin, C.; Trauger, S.A.; Brandon, T.R.; Custodio, D.E.; Abagyan, R.; Siuzdak, G. METLIN: A
metabolite mass spectral database. Ther. Drug Monit. 2005, 27, 747-751. [CrossRef]

Xue, J.; Guijas, C.; Benton, H.P.; Warth, B.; Siuzdak, G. METLIN MS 2 molecular standards database: A broad chemical and
biological resource. Nat. Methods 2020, 17, 953-954. [CrossRef] [PubMed]

Nyamundanda, G.; Brennan, L.; Gormley, I.C. Probabilistic principal component analysis for metabolomic data. BMC Bioinform.
2010, 11, 571. [CrossRef]

de Carvalho Rocha, W.E; Sheen, D.A.; Bearden, D.W. Classification of samples from NMR-based metabolomics using principal
components analysis and partial least squares with uncertainty estimation. Anal. Bioanal. Chem. 2018, 410, 6305-6319. [CrossRef]
Dray, S.; Legendre, P.; Peres-Neto, P.R. Spatial modelling: A comprehensive framework for principal coordinate analysis of
neighbour matrices (PCNM). Ecol. Modell. 2006, 196, 483-493. [CrossRef]

Van den Berg, R.A.; Hoefsloot, H.C.; Westerhuis, J.A.; Smilde, A.K.; Van der Werf, M.]J. Centering, scaling, and transformations:
Improving the biological information content of metabolomics data. BMC Genom. 2006, 7, 142. [CrossRef] [PubMed]

Mager, D.E.; Abernethy, D.R. Use of wavelet and fast Fourier transforms in pharmacodynamics. J. Pharmacol. Exp. Ther. 2007, 321,
423-430. [CrossRef] [PubMed]

Mendez, K.M.; Broadhurst, D.I,; Reinke, S.N. The application of artificial neural networks in metabolomics: A historical
perspective. Metabolomics 2019, 15, 1-14. [CrossRef] [PubMed]

Date, Y.; Kikuchi, J. Application of a deep neural network to metabolomics studies and its performance in determining important
variables. Anal. Chem. 2018, 90, 1805-1810. [CrossRef] [PubMed]

Toubiana, D.; Puzis, R.; Wen, L.; Sikron, N.; Kurmanbayeva, A.; Soltabayeva, A.; Wilhelmi, M.d.M.R; Sade, N.; Fait, A.; Sagi, M.
Combined network analysis and machine learning allows the prediction of metabolic pathways from tomato metabolomics data.
Commun. Biol. 2019, 2, 1-13. [CrossRef] [PubMed]

Siristatidis, C.; Stavros, S.; Drakeley, A.; Bettocchi, S.; Pouliakis, A.; Drakakis, P.; Papapanou, M.; Vlahos, N. Omics and Artificial
Intelligence to Improve In Vitro Fertilization (IVF) Success: A Proposed Protocol. Diagnostics 2021, 11, 743. [CrossRef] [PubMed]
Alonso, A.; Marsal, S.; Julia, A. Analytical methods in untargeted metabolomics: State of the art in 2015. Front. Bioeng. Biotechnol.
2015, 3, 23. [CrossRef] [PubMed]

Cambiaghi, A.; Ferrario, M.; Masseroli, M. Analysis of metabolomic data: Tools, current strategies and future challenges for omics
data integration. Brief. Bioinform. 2017, 18, 498-510. [CrossRef] [PubMed]

Sumner, L.W.; Urbanczyk-Wochniak, E.; Broeckling, C.D. Metabolomics data analysis, visualization, and integration. Methods
Mol. Biol. 2007, 406, 409-436. [CrossRef]


http://doi.org/10.1155/2013/603167
http://doi.org/10.1007/s11306-021-01770-x
http://doi.org/10.1038/s41598-019-47370-7
http://www.ncbi.nlm.nih.gov/pubmed/31350457
https://www.eshre.eu/ESHRE2020/Programme/Searchable#!abstractdetails/0000617770
http://doi.org/10.1080/19396368.2018.1478469
http://www.ncbi.nlm.nih.gov/pubmed/29806498
http://doi.org/10.1089/omi.2014.0097
http://www.ncbi.nlm.nih.gov/pubmed/25393852
http://doi.org/10.1098/rsob.200092
http://doi.org/10.1093/humrep/dew157
http://www.ncbi.nlm.nih.gov/pubmed/27554442
http://doi.org/10.1016/j.jmr.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18378475
http://doi.org/10.1002/anie.200905579
http://doi.org/10.1093/nar/gkl923
http://doi.org/10.1097/01.ftd.0000179845.53213.39
http://doi.org/10.1038/s41592-020-0942-5
http://www.ncbi.nlm.nih.gov/pubmed/32839599
http://doi.org/10.1186/1471-2105-11-571
http://doi.org/10.1007/s00216-018-1240-2
http://doi.org/10.1016/j.ecolmodel.2006.02.015
http://doi.org/10.1186/1471-2164-7-142
http://www.ncbi.nlm.nih.gov/pubmed/16762068
http://doi.org/10.1124/jpet.106.113183
http://www.ncbi.nlm.nih.gov/pubmed/17142645
http://doi.org/10.1007/s11306-019-1608-0
http://www.ncbi.nlm.nih.gov/pubmed/31628551
http://doi.org/10.1021/acs.analchem.7b03795
http://www.ncbi.nlm.nih.gov/pubmed/29278490
http://doi.org/10.1038/s42003-019-0440-4
http://www.ncbi.nlm.nih.gov/pubmed/31240252
http://doi.org/10.3390/diagnostics11050743
http://www.ncbi.nlm.nih.gov/pubmed/33919350
http://doi.org/10.3389/fbioe.2015.00023
http://www.ncbi.nlm.nih.gov/pubmed/25798438
http://doi.org/10.1093/bib/bbw031
http://www.ncbi.nlm.nih.gov/pubmed/27075479
http://doi.org/10.1007/978-1-59745-535-0_20

	Introduction 
	Materials and Methods 
	Results 
	The Intervention: Description 
	The Potential Implication 
	The Facts 
	Reasons 
	Data Analysis and Problems with the Diagnostic Power 

	Suggested Steps 
	Conclusions 
	References

