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Abstract: Embryo quality evaluation during in vitro development is a crucial factor for the success of
assisted reproductive technologies (ARTs). However, the subjectivity inherent in the morphological
evaluation by embryologists can introduce inconsistencies that impact the optimal embryo choice
for transfer. To provide a more comprehensive evaluation of embryo quality, we undertook the
integration of embryo metabolomics alongside standardized morphokinetic classification. The culture
medium of 55 embryos (derived from 21 couples undergoing ICSI) was collected at two timepoints
(days 3 and 5). Samples were split into Good (n = 29), Lagging (n = 19), and Bad (n = 10) according
to embryo morphokinetic evaluation. Embryo metabolic performance was assessed by monitoring
the variation in specific metabolites (pyruvate, lactate, alanine, glutamine, acetate, formate) using
'H-NMR. Adjusted metabolite differentials were observed during the first 3 days of culture and
found to be discriminative of embryo quality at the end of day 5. Pyruvate, alanine, glutamine, and
acetate were major contributors to this discrimination. Good and Lagging embryos were found to
export and accumulate pyruvate and glutamine in the first 3 days of culture, while Bad embryos
consumed them. This suggests that Bad embryos have less active metabolic activity than Good
and Lagging embryos, and these two metabolites are putative biomarkers for embryo quality. This
study provides a more comprehensive evaluation of embryo quality and can lead to improvements
in ARTs by enabling the selection of the best embryos. By combining morphological assessment
and metabolomics, the selection of high-quality embryos with the potential to result in successful
pregnancies may become more accurate and consistent.

Keywords: embryo quality evaluation; morphokinetic assessment; embryo metabolomics; pyruvate;
glutamine

1. Introduction

In recent years, the incidence of infertility has been increasing, which can be attributed
to various social, biological, and biochemical factors. The World Health Organization
(WHO) defines infertility as the inability of a couple to achieve pregnancy after one year
of sexual intercourse without contraception [1]. It is estimated that infertility affects
between 4 and 14% of the population globally, making it a significant public health burden.
Assisted reproductive technologies (ARTs) have emerged as a solution to this problem,
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with the WHO advocating for increased accessibility to such treatments. However, success
rates of ARTs are still below expectations, indicating a need for further investigation into
the biochemical processes involved in ART techniques, particularly during embryonic
development, and the identification of biomarkers associated with the outcome of ART
programs [2]. One of the significant challenges of ARTs is the optimization of embryo
selection. The existing approaches to gauging the potential for embryo implantation
primarily hinge on morphological assessment. However, this method does not consistently
provide accurate predictions of successful implantation [3].

Metabolomics, a quantitative and non-invasive technology, has recently emerged as a
promising tool for measuring metabolites present in cells, tissues, body fluids, and culture
media. By quantifying the metabolites secreted by gametes and embryos during culture,
metabolomics can provide insights into embryonic viability and help to identify embryonic
biomarkers that may improve the outcomes of ART treatments [4,5]. Several studies have
already established correlations between embryonic viability and carbohydrate, pyruvate,
and amino acid metabolism during embryonic development [5-10]. Indeed, the metabolic
performance of embryos post-compaction has emerged as a noteworthy biomarker indica-
tive of superior-quality blastocysts [9,11]. Despite these promising findings, the lack of
consensus in this field largely stems from the absence of standardization in the molecular
assessment of embryo quality [12]. Therefore, this study aims to integrate metabolomics
with the standardized morphological classification of embryos to identify biomarkers that
can optimize the selection of the best embryo for transfer. By combining metabolomic and
standardized morphological embryo evaluations, this study can provide valuable insights
into the complex metabolic processes underlying embryonic development and quality.
Ultimately, the integration of metabolomics in ARTs can offer a powerful tool for improv-
ing treatment outcomes and identifying biomarkers associated with embryonic viability
and quality. The identification of such biomarkers can greatly enhance the efficiency and
effectiveness of ART, leading to better pregnancy rates and improved clinical outcomes for
infertile couples.

2. Results
2.1. Clinical Data and Embryo Characterization

As shown in Table 1, 21 intracytoplasmic sperm injection (ICSI) cycles were included
in this study. All the treatments were made in accordance with clinical indication, and
fertilization was achieved with the ICSI technique. The embryo culture was extended until
day 5 (D5). The cycle characteristics are presented in Table 1. In 7 cycles, the treatment
involved Preimplantation Genetic Testing (PGT) without fresh embryo transfer. In this type
of procedure, the embryos that develop into blastocysts with good quality are biopsied and
then cryopreserved for deferred transfer after genetic results. Of the remaining 14 cycles,
5 were performed with oocyte donation and in 9 cycles, the ICSI protocol has no additional
technique. Apart from the PGT cycles, a fresh embryo transfer had to be called off during
a particular treatment due to elevated progesterone serum levels. Consequently, in this
scenario, embryos of good quality were preserved through vitrification for a subsequent
transfer. Across all 13 remaining cycles, the fresh embryo transfers were successfully
carried out, aligning with the precise number of embryos transferred in accordance with
the established guidelines of the Centro de Genética Prof. Alberto Barros (CGR) clinic.
The surplus good-quality embryos were vitrified for later use. A total of 110 culture
medium samples from 55 oocytes were collected during the study period, 55 samples of
culture medium from embryos on day 3 (D3) and 55 samples of culture medium from
embryos on D5. Degenerated embryos, non-cleavage embryos, abnormal fertilization, and
parthenogenetic embryos were excluded from statistical analyses.
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Table 1. Characterization of the studied population and fertilization cycles.
Baseline Characteristics of Studied Population Patient Cycle Characteristics
Number of couples 21 Fertilization technique (%)
Number of cycles 21 ICSI 100 (21/21)
Female age (years) 35.05 + 6.59 Stimulation duration (days) 9.29 + 1.38
Female body mass index (kg/m?) 23.59 + 3.49 FSH total dose (IU) 2827 + 1245
Male age (years) 40.71 £5.49 Serum E2 on trigger day (pg/mL) 2481 £ 1486
Male body mass index (kg/m?) 24.84 £ 5.82 Serum Pr on trigger day (ng/mL) 0.95 £ 0.46
Infertility duration (months) 49.86 4= 32.29 Oocytes retrieved (n) 8.48 = 2.66
Previous IVF attempts (%) Metaphase II oocytes (n) 743 +2.31
0 429 (9/21) Maturation rate (%) 852 +14.4
1 23.8 (5/21) Fertilized oocytes (n) 6.33 = 2.46
2 19.0 (4/21) Fertilization rate (%) 85.20 + 14.38
>3 14.3 (3/21) Embryo stage
Types of infertility (%) Day 3 embryos (n) 6.14 2.5
Primary infertility 66.7 (14/21) Day 5 embryos (n) 495+ 241
Secondary infertility 33.3(7/21) Cleavage rate (%) 96.7 £ 7.1
Anti-Miillerian hormone (ng/mL) 4021434 Embryo utilization rate (%) 53.6 = 21.5
Total number of analyzed embryos 55 Embryo transfers (%) 929 (13/14)
Good 26 1 embryo transferred 69.2 (9/13)
Lagging 19 2 embryos transferred 30.8 (4/13)
Bad 10 Freeze all cycles 7.1(1/14)
Biochemical pregnancy (%) 61.5 (8/13)
Clinical pregnancy (%) 61.5(8/13)

Data are shown as the mean =+ standard deviation or %. Legend: E2, estradiol; FSH, follicle-stimulating hormone;
ICSI, intracytoplasmic sperm injection; Pr, progesterone.

The embryos were classified as described below. Based on morphological assessment
on D5, a blastocyst of good quality was considered as BL3BB or better (BL5—AA, AB, BA,
BB; BL4—AA, AB, BA, BB; BL3—AA, AB, BA, BB), and a Bad embryo was considered if
it had inner cell mass or/and trophectoderm grade C (BL5/BL4/BL3—AC, CA, CC). An
embryo was classified as Lagging if the embryo development was delayed considering the
standardized timing of embryo observations established in the Istanbul Consensus [13].
From the 55 observed embryos, 26 were classified as Good, 19 as Lagging, and 10 as
Bad embryos.

2.2. Embryo Quality at Day 5 Correlates with Metabolite Consumption or Release

Metabolite consumption and release by the embryos were assessed by 'H-NMR analysis
of the embryo culture media on D3 (Figure 1 and Table 2) and on D5 (Figure 2 and Table 2).
Alanine (Figures 1A and 2A), acetate (Figures 1B and 2B), pyruvate (Figures 1C and 2C),
glutamine (Figures 1D and 2D), lactate (Figures 1E and 2E), and formate (Figures 1F and 2F)
were the most relevant metabolites identified in the culture media of both D3 and D5.
Embryos that were categorized into Good, Lagging, or Bad according to their quality at
D5 were evaluated for metabolite consumption or production using 'H-Nuclear Magnetic
Resonance (NMR) spectroscopy, and differences were analyzed by one-way ANOVA,
followed by Tukey’s post hoc test.
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Figure 1. Metabolite variation in culture media of human embryos between day 3 (D3) and day 0
grouped according to their quality at day 5 (D5) (Good vs. Lagging vs. Bad). The figure shows the
variation (Consumption or Release) in selected metabolites (Panel (A)-alanine; Panel (B)-acetate; Panel
(C)-pyruvate; Panel (D)-glutamine; Panel (E)-lactate; Panel (F)-formate) quantified in the embryo
culture media at the end of D3 (n = 55). Data are presented as mean =+ standard deviation (S.D.).
Normality and heteroscedasticity tests were performed, and univariate ANOVA was conducted on
the selected metabolites identified in the embryo culture medium. Pairwise comparisons between
groups were corrected for multiple hypotheses testing by Tukey’s post hoc test. All p values < 0.05
were considered statistically significant (* p < 0.05; ** p < 0.005). + represents group average.

Table 2. Metabolite variation in embryo culture media. Metabolite variation observed on the first
3 days (D0-3) and from day 3 to day 5 (D3-5) in culture media of human embryos grouped according
to their quality (Good, Lagging, and Bad).

Metabolite

Metabolite Variation in Embryo Culture Media

(nmol/Embryo) Day 0to3 Day3to5
Good Lagging Bad Good Lagging Bad
Alanine 2.63 £ 1.68 3.34 £1.65 1.42 + 0.57 *# 492 +£2.83 5.05 £ 2.62 527 £2.70
Acetate 1.59 +£5.23 —0.94 +4.98 311 +£3.66% —143+ 444 1.04 £5.78 —1.24+4.16
Pyruvate 0.10+1.23 0.81 £0.94* 0.35 £ 0.42 0.23 £0.67 0.78 £0.38 0.33 £0.57
Glutamine 3.16 £ 4.94 5.24 £+ 2.69 0.80 + 4.66 * 3.10 +=-4.47 4.48 + 5.65 490 £+ 3.42
Lactate 11.55 £ 15.05 19.44 £9.05*% 7.49 4+ 3.99 # 16.60 £ 13.27 19.03 £ 10.39 15.55 £ 10.99
Formate 6.00 £1.18 5.82 £ 1.06 5.54 £ 0.94 5.85 £ 1.51 6.33 £1.21 6.43 £1.23

Data are shown as mean =+ SD. Positive values represent release to the extracellular medium, while negative
values mean consumption by the embryo. All p values < 0.05 were considered statistically significant (* vs. Good

embryos, # vs. Lagging embryos).
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Figure 2. Metabolite variation in culture media of human embryos between day 3 (D3) and day 5 (D5)
grouped according to their quality at D5 (Good vs. Lagging vs. Bad). The figure shows the variation
(Consumption or Release) in selected metabolites (Panel (A)-alanine; Panel (B)-acetate; Panel (C)-
pyruvate; Panel (D)-glutamine; Panel (E)-lactate; Panel (F)-formate) quantified in the embryo culture
media at the end of D5 (n = 55). Data are presented as mean =+ standard deviation (S.D.). Normality
and heteroscedasticity tests were performed, and univariate ANOVA was conducted on the selected
metabolites identified in the embryo culture medium. Pairwise comparisons between groups were
corrected for multiple hypotheses testing by Tukey’s post hoc test. All p values < 0.05 were considered
statistically significant (** p < 0.005). + represents group average.

On D3 of embryo culture, there were significant differences in the levels of alanine
detected in the culture media. Specifically, both Good and Lagging embryos showed
a higher release of alanine (2.63 + 1.68 nmol/embryo and 3.34 &+ 1.65 nmol/embryo,
respectively) compared to Bad embryos (1.42 &= 0.57 nmol/embryo). Similarly, glutamine
release was significantly higher in Lagging embryos (5.24 & 2.69 nmol/embryo) than in
Bad embryos (0.80 & 4.66 nmol/embryo). In Figure 1D, it can be observed that the release
of glutamine to the culture media by Good embryos was intermediate, with a mean value of
3.16 £ 4.94 nmol/embryo, compared to the values observed for Bad and Lagging embryos.

Lagging embryos consumed acetate (—0.94 + 4.98 nmol/embryo), contrarily to Good
(1.59 +£ 5.23 nmol/embryo) and Bad (3.11 £ 3.66 nmol/embryo) embryos, which released it
to the media (Figure 1B). Pyruvate (Figure 1C) and lactate (Figure 1E) release was higher in
Lagging (0.66 £ 0.99 and 19.44 £ 9.05 nmol/embryo) embryos than in Good (0.10 & 1.23 and
11.55 + 15.05 nmol/embryo) and Bad (0.35 £ 0.42 and 7.49 + 3.99 nmol/embryo) embryos. No
differences were observed regarding formate release between Good (6.00 &= 1.18 nmol/embryo),
Lagging (5.82 = 1.06 nmol/embryo), and Bad (5.54 = 0.94 nmol/embryo) embryos (Figure 1F).

Concerning D5 variation in metabolites (Figure 2), only pyruvate levels were significantly
different between groups. Good embryos (0.23 £ 0.67 nmol/embryo, p = 0.0112) released
significantly less pyruvate than Lagging embryos (0.78 = 0.38 nmol/embryo), whereas Bad
(0.33 &= 0.57 nmol/embryo) embryos’ pyruvate release was intermediate (Figure 2C). No differ-
ences were found concerning alanine (4.92 £ 2.83; 5.05 £ 2.62 and 5.27 % 2.70 nmol/embryo)
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(Figure 2A), glutamine (3.10 & 4.47; 4.48 £ 5.65 and 4.90 + 3.42 nmol/embryo) (Figure 2D),
lactate (16.60 4= 13.27; 19.03 & 10.39 and 15.55 4= 10.99 nmol/embryo) (Figure 2E), and formate
(5.85 £ 1.51; 6.33 = 1.21 and 6.43 £ 1.23 nmol/embryo) release (Figure 2F) levels between
Good, Lagging, and Bad embryos, respectively. Although no statistical difference was ob-
served, Good (—1.43 & 4.44 nmol/embryo) and Bad (—1.24 & 4.16 nmol/embryo) embryos
tended to consume acetate, whereas Lagging embryos (1.04 & 5.78 nmol/embryo) tended
to release it to the media (Figure 2B).

2.3. Metabolite Variation during the First 3 Days of Development Is a Strong Predictor of Embryo
Quality at Day 5

Metabolite consumption or release by embryos was assessed in embryo culture
medium on the first 3 days (D0-3) and from D3 to D5 (D3-5). Metabolite variations
were compared between groups of embryos categorized according to their quality at D5
using MANCOVA, after adjusting for covariates. One of the assumptions to conduct
MANCOVA was not met when analyzing the D0-3 period: The homogeneity of covariance
matrices across groups is not assumed (Box’s M = 120.66, F (56, 2017.579) = 1.584, p = 0.004),
but it is assumed in the D3-5 interval. Also, the homogeneity of variance of all dependent
variables was confirmed with Levene’s test in both intervals. Linearity and multicollinearity
were graphically assessed and were considered acceptable in both intervals. Therefore, we
considered that the MANCOVA model was sufficiently robust.

In addition to the mathematical evaluation of the methodology, we have conducted
a thorough deliberation while selecting the covariates to be integrated into the model.
Our choices have been driven by their intrinsic physiological significance and relevance.
Recent studies have established a direct proportion between the age of the donor of the
female gamete and embryo oxygen consumption rate (OCR) during the preimplantation
phase [14-16]. Although OCR and maximum OCR are crucial and measurable mark-
ers of early embryo metabolism and development, other factors such as DNA integrity,
antioxidant pool, and pre-collection hormonal levels further contribute to embryo devel-
opment [17-19]. The same variables act on the male gamete and contribute to the fate of
the embryo during early development [20,21]. Age and body mass index (BMI) have been
reported to be correlated with metabolic, antioxidant, and DNA integrity in both female
and male gametes, with direct influence over early embryo development [18-23]. Therefore,
we selected the broader and easily measurable “age” and “BMI” of both male and female
as covariates in our MANCOVA model.

In the D0-3 interval, metabolite differentials are discriminative of embryo quality
category at D5 (Roy’s Largest Root = 0.644, F (7, 41) = 3.77, p = 0.003, partial n? = 0.392),
after controlling for covariates. The discriminant power of the model is supported by the
differences in alanine (F (2, 46) = 6.428; p = 0.003), acetate (F (2, 46) = 4.940; p = 0.011),
pyruvate (F (2, 46) = 3.443; p = 0.040), and glutamine (F (2, 46) = 3.448; p = 0.040). Pairwise
comparisons were performed to identify which groups had different metabolite yields after
incubation, corrected by Sidak’s method (Figure 3A).

After adjusting for confounding factors, alanine release during D0-3 was lower in Bad
embryos (1.11 £ 1.48 nmol/embryo) than in Lagging embryos (3.25 £ 1.44 nmol/embryo,
p =0.003) and Good embryos (2.78 £+ 1.45 nmol/embryo, p = 0.018). The remaining
observed differences—acetate, pyruvate, and glutamine—were found comparing D0-3
differentials between Lagging and Bad embryos (Figure 3A and Table 3). Interestingly,
Lagging embryos display a consumption of acetate contrary to the other groups, which
released it (Figure 3A). Bad embryos consumed pyruvate and glutamine, energetic sub-
strates, contrary to the other groups. However, pyruvate differentials vary within limited
ranges, suggesting that this metabolite is readily consumed and produced. In the D3-5
interval, metabolite differentials are not discriminative of embryo quality category at D5
(Roy’s Largest Root = 0.180, F (7, 41) = 1.054, p = 0.410, partial n? = 0.153), after controlling
for covariates (Figure 3B). Detailed estimates after accounting for covariates are provided
in Table 3.
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Figure 3. Metabolite variation observed on the first 3 days (D0-3) and from day 3 to day 5 (D3-5) in
culture media of human embryos grouped according to their quality (Good vs. Lagging vs. Bad).
The figure shows the metabolite differentials of relevant metabolites (alanine, acetate, pyruvate, and
glutamine) observed on the first 3 days (Panel (A)) and from day 3 to day 5 (Panel (B)) (n = 55). Data
are presented as mean =+ standard deviation (S.D.). The impact of each metabolite differential on
embryo quality at day 5 was assessed using a univariate F-test, after adjusting for the covariates.
Pairwise comparisons between groups were corrected for multiple hypotheses testing by Sidak’s
method. All p values < 0.05 were considered statistically significant (* vs. Good embryos; # vs.
Lagging embryos).

Table 3. Adjusted metabolite variation in embryo culture media. Metabolite variation observed on
the first 3 days (D0-3) and from day 3 to day 5 (D3-5) in culture media of human embryos grouped
according to their quality (Good, Lagging, and Bad).

Metabolite

Adjusted Metabolite Variation in Embryo Culture Media ?

(nmol/Embryo) Day 0to 3 Day3to5
Good Lagging Bad Good Lagging Bad
Alanine 2.78 £1.45 3.25+1.44 1.1 + 1.48 *# 515+ 3.33 4.75 £3.32 6.22 £+ 3.40
Acetate 1.15+4.20 —0.95+4.19 450 +4.29#% 0.72 £5.88 0.86 £ 5.86 —2.67 = 6.00
Pyruvate 0.25 £0.97 0.61 = 0.97 —0.45+0.99# 0.28 + 0.61 0.66 £ 0.61 0.29 £ 0.62
Glutamine 3.59 +4.05 3.98 & 4.03 —0.22 +4.14% 3.27 £5.18 457 +5.15 6.22 +5.28
Lactate 13.07 £ 12.13 14.69 +12.08 * 4.09 +12.38% 18.26 +17.04 15.00 &+ 16.96 17.21 £17.38
Formate 5.10 £ 2.36 4.81 £2.34 539 +£241 537 £2.54 5.26 +£2.53 5.90 £ 2.59

Data are shown as mean + SD. Positive values represent release to the extracellular medium, while nega-
tive values mean consumption by the embryo. # Covariates: Female Age = 34.52, Male Age = 39.43, Female
BMI = 23.611934, Male BMI = 26.344065, technique = 2.80. All p values < 0.05 were considered statistically
significant (* vs. Good embryos, # ys. Lagging embryos).
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3. Discussion

The prevailing approaches employed to assess embryo quality throughout in vitro
development exhibit certain limitations. These methods predominantly rely on the expertise
of an experienced embryologist for morphological evaluation. Thus, these methodologies
are subjective, and there can be inter- and intra-observer variability, which can affect the
consistency of embryo grading and impact the selection of the best embryo for transfer.
Moreover, morphological assessment is typically performed at specific time points during
embryo development, which may not be optimal for evaluating embryo quality [12]. Hence,
morphological assessment is not always effective in predicting implantation success. Even
high-quality embryos can face challenges in terms of successful implantation or may
not culminate in viable pregnancies. This inherent variability can lead to the potential
misclassification of certain embryos, thereby contributing to a reduction in the overall
success rates of ART treatments. In this sense, the integration of embryo metabolomics
with standardized morphological classification can help address some of these limitations
by providing a more comprehensive evaluation of embryo quality, including information
on potential biomarkers for embryo selection [4].

In this work, we evaluate the metabolic performance of embryos, using 'H-NMR
spectroscopy, during in vitro development, which were monitored in a time-lapse incuba-
tor during a period of 5 days and subject to standardized morphokinetic categorization,
according to their development. The application of 'H-NMR in the analysis of human
IVF culture media comes with both advantages and potential pitfalls. One limitation is
the sensitivity of 'H-NMR to sample composition. The complex nature of culture media,
containing a myriad of compounds, can lead to signal overlap, making it challenging to
discern individual metabolites accurately. Additionally, certain metabolites may exist in
low concentrations, making their detection and quantification less reliable. Despite these
challenges, it is important to highlight that 'H-NMR remains a very valuable tool for
metabolomic analysis, offering non-destructive, high-throughput, and quantitative insights
into the metabolic profiles of biological samples. Researchers must navigate these limita-
tions judiciously, considering them in the context of the specific goals and characteristics
of their study, as we did in the present case. Indeed, after standardized morphokinetic
categorization of embryos, media were collected to determine those embryos” metabolic
performance. This allows us to search for a possible metabolic biomarker associated with
the morphokinetic evaluation.

The definitive classification of embryos was determined through the utilization of
Gardner’s blastocyst grading scale [24], with adherence to the guidelines set by the Istanbul
Consensus for the timing of observations and the identification of non-viable embryos [13].
Following this classification, they were divided into Good, Lagging, and Bad embryos,
as described above. Our goal was to enhance the evaluation of embryo quality by inte-
grating embryo metabolomics with standardized morphokinetic classification, in order to
contribute to a more accurate and consistent selection of high-quality embryos with the
potential for successful pregnancies. While recognizing that the inclusion of degenerated
embryos, non-cleavage embryos, those with abnormal fertilization, and parthenogenetic
embryos could yield data with more distinctive differences, we intentionally excluded
them to maintain the focus, quality, and consistency of the data. Including embryos with
abnormalities or arrested development could introduce confounding variables and detract
from the study’s objective, as these embryos are readily identifiable as low-quality with no
potential for successful pregnancies.

During the 5-day culture, we chose to correlate the embryo development status with
the variation, at D3 and D5, in six specific metabolites that are on the crossroad of major
cellular pathways: pyruvate, lactate, alanine, glutamine, acetate, and formate. Indeed,
with the exception of glucose (whose consumption remained unaffected across all our
experimental conditions—Supplemental Data Figure S1), these metabolites stand as key
protagonists within diverse metabolic pathways. Particularly during the intricate process
of embryo development, they assume a pivotal role, participating in energy generation,
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biosynthesis, and intricate signaling cascades [25,26]. For the aforementioned reasons,
we hypothesized that one or more of these metabolites may serve as biomarkers for
assessing the developmental competence of embryos, providing valuable insights into
the underlying metabolic processes that contribute to successful embryogenesis. The
identification of metabolites that are sufficiently abundant in the culture media to be
easily quantified emphasizes their potential significance as key clinical indicators of the
metabolic health and viability of developing embryos. This underscores the rationale
for the inclusion of those metabolites in the study and their eventual future relevance in
establishing a method that could more or less easily quantify them in the setting of the
embryology laboratory.

Pyruvate is the end-product of the energy-yielding process of glycolysis and can be
converted to acetyl-CoA, which enters the tricarboxylic acid cycle (TCA) to generate more
ATP. Lactate and alanine are produced from pyruvate, particularly when the redox status
(NAD+/NADH ratio) is altered. They can be converted back to pyruvate and generate ATP
by being driven to the TCA [27]. Acetate is produced during fatty acid metabolism and can
be used as an energy source by some cells [28]. Glutamine is an amino acid that is involved
in several metabolic pathways, including the synthesis of nucleotides, proteins, and other
amino acids, and is also an important source of energy for rapidly dividing cells such as
embryos [29]. Formate can be derived from various pathways, including the breakdown
of serine, being involved in one-carbon metabolism, which is important for the synthesis
of nucleotides and other biomolecules [30]. Research findings have unequivocally shown
that human preimplantation embryos actively engage in the consumption and secretion
of these metabolites, changing their concentration in the surrounding culture media. This
serves as a clear indicator of the embryo’s robust metabolic activity [5,6,12].

Based on our analysis, the adjusted metabolite differentials (for covariates such as the
male age, female age, male BMI, female BMI, and ART technique) observed in the first
3 days of embryo culture are discriminative of embryo quality category at the end of D5.
The inclusion of covariates related to individual characteristics of the donors of the gametes
is crucial to assess the impact of embryo culture medium metabolites in early embryo
development. Although ICSI circumvents part of the individual variability, the age and
BMI of the donors have been reported to influence the success rate of the ICSI [21,31,32],
particularly in European cohorts [33,34]; therefore, we have considered these covariates to
add another layer of embryo selection. The major contributors for discriminating Good,
Lagging, and Bad embryos were pyruvate, alanine, glutamine, and acetate, after correcting
for the confounders. Pyruvate, in the context of embryonic development, serves as an
essential energy substrate during the preimplantation stages [27]. This metabolite has been
linked to embryo development and increased embryo quality in some species, including
cattle and sheep [35]. Although its importance for early embryo development has been
evidenced in some studies, the role of pyruvate in human embryonic development is still
less clear when other metabolic sources are present [8,27]. In our study, adjusted pyruvate
variation in the culture media of 3-day human embryos was quite distinct in Bad embryos
from Good and Lagging embryos. While Bad embryos consumed pyruvate, Good and
Lagging embryos were able to export and accumulate it in the culture media, suggesting an
active metabolism. A similar trend was observed for glutamine, with Good and Lagging
embryos being able to export and accumulate this amino acid in the culture media, while
Bad embryos consumed it. Glutamine is an important metabolite for embryo development,
as it serves as a precursor for various metabolic pathways [9]. It is a non-essential amino
acid that can be synthesized by the embryo or taken up from the surrounding culture
medium. During early embryonic development, glutamine is predominantly utilized for
energy production through the TCA cycle [36,37]. Studies have shown that the addition
of glutamine to the culture medium during in vitro embryo development can improve
embryo quality and blastocyst formation rates [38]. This suggests that glutamine plays an
important role in embryonic metabolism and development [29]. Human embryos have
been shown to export glutamine during in vitro development [11]. In vitro studies have
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shown that the usage of glutamine by embryos increases during the blastocyst stage and
that the export of glutamine is associated with increased cell proliferation and blastocyst
formation [39], as observed in our experimental work.

Alanine is a non-essential amino acid that also plays an important role in the metabolism
of developing embryos. During embryonic development, alanine is involved in the syn-
thesis of proteins, the regulation of glucose metabolism, and the maintenance of cellular
redox balance [40]. Studies have shown that alanine is an important nutrient for embryonic
growth and development [40]. The availability of alanine can affect the developmental
potential of embryos, with lower levels of alanine being associated with decreased embryo
quality and lower rates of implantation [39]. In our work, up until D3, Bad embryos
produce significantly lower amounts of alanine than Good or Lagging embryos. In fact,
during development, the embryo has been shown to produce and export alanine to the
surrounding environment, with embryos that produce and export higher levels of alanine
having better developmental potential and being linked to higher pregnancy rates [5]. The
export of alanine by human embryos is significant because it reflects the metabolic state of
the embryo and its ability to maintain energy balance during early development. It has been
suggested that the export of alanine may serve as a protective mechanism against stress
and nutrient deprivation, allowing the embryo to maintain its viability and developmental
potential [41]. Contrastingly, concerning acetate, both Bad and Lagging embryos showed a
different trend from that of Good embryos in the variation of this short-chain fatty acid in
culture media. While Bad embryos produced higher amounts of acetate in our experimental
conditions, Lagging embryos consumed it. Acetate has been shown to be an important
energy source for embryo development [6,42]. As the embryo develops and the number of
cells increases, the energy demand also increases, and the embryo begins to utilize other
energy sources, including acetate [6]. It has been shown that acetate is critical for proper
embryo development, as it enhances cell growth and division, regulates gene expression,
and improves embryonic quality, particularly for embryos during the preimplantation
period [35]. Overall, the higher amounts of acetate observed in the culture media of Bad
embryos at the end of D3 should be due to lower utilization of this metabolite due to the
poor development of these embryos. The significance of the consumption of acetate by
Lagging embryos is unclear, but it may reflect the need to increase the metabolic rates of
these cells to enhance the formation of blastocysts.

As a remark, and although no differences were observed in the variation of formate in
any of the experimental conditions used, it is of note that our embryos consistently exported
significant amounts of this monocarboxylic anion. It is known that mammalian cells
generate formate as a byproduct of various metabolic reactions, including the breakdown
of certain amino acids and the metabolism of folate. Formate is then either excreted from
the cell or used in various biosynthetic pathways, including the synthesis of purines,
pyrimidines, and amino acids. In addition, formate can also play a role in regulating
cellular redox balance and oxidative stress. For example, formate has been shown to protect
cells from oxidative damage by acting as an antioxidant. Overall, the cellular significance
of formate in mammalian cells is diverse and multifaceted, with important roles in both
metabolism and cellular defense mechanisms [30]. During early embryonic development,
formate is produced by the mitochondria and is used as a source of one-carbon units for
nucleotide synthesis and methylation reactions [7]. Formate is the main one-carbon donor
for de novo purine biosynthesis in the developing embryo. It has been shown that the
inhibition of formate metabolism in early embryos can lead to developmental defects and
reduced viability [43]. In fact, some studies suggested formate levels as a biomarker for
embryonic viability in ART, as the concentration of formate in the culture media can be
linked to the metabolic activity of the embryo and in some conditions can be indicative of
embryonic viability and quality.
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4. Materials and Methods
4.1. Chemicals

Embryo and gamete culture media and reagents were purchased from Origio® (Malov,
Denmark), Nidacon (Molndaln, Sweden), and Vitrolife (Gothenburg, Sweden). All other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated otherwise.

4.2. Patient Selection and Ouvarian Stimulation

Twenty-one couples (who underwent a total of 21 cycles) were involved in this study.
The treatments of ARTs were conducted at CGR, Porto, Portugal between June 2019 and
February 2021. The procedures of the Centre for Reproductive Genetics Alberto Barros
are covered by the provisions of the National Medically Assisted Procreation Act (2017)
and overseen by the National Council for Medically Assisted Procreation (CNPMA-2018).
According to these rules and guidelines, the clinical databases and patient biological ma-
terial for diagnosis and research may be used without further ethical approval, under
strict individual anonymity, and after patient written informed consent. Regarding the
use of human samples for laboratory experimentation, the Ethics Committee authorization
number is 2021/CE /P02 (P342/2021/CETI), approved on 26 February 2021. The inclusion
criteria were couples who were referred to infertility treatment with ICSI technique due to
the need to avoid the interference of cumulus cells or spermatozoa during metabolomics
quantification. The couple was excluded from the study if they had a testicular biopsy
performed (testicular sperm aspiration or testicular sperm extraction) or cryopreserved
ejaculated spermatozoa. So, all the ICSI were performed with fresh ejaculated spermato-
zoa. Semen samples were collected on the day of oocyte retrieval by masturbation. The
clinical procedures and laboratory protocols were performed following the CGR standard
protocols. Controlled ovarian stimulation was performed using a gonadotropin-releasing
hormone antagonist protocol (GnRH-ant). Recombinant follicle-stimulating hormone
(rFSH—follitropin alfa: Bemfola®, Gedeon Richter, Budapest, Hungary and Gonal F®,
Merck-Serono, Schiphol-Rijk, The Netherlands; follitropin beta: Puregon®, MSD Biotech
B.V., Noord-Brabant, The Netherlands), recombinant follicle-stimulating hormone with
recombinant luteinizing hormone (rFSH and rLH in a 2:1 ration—Pergoveris®, Schiphol-
Rijk, Merck-Serono, The Netherlands), menotropin (highly purified human menopausal
gonadotrophin, hMG—Menopur®, Ferring Pharmaceutical, Madrid, Spain), or corifol-
litropin alpha (Elonva®, N.V. Organon, Oss, The Netherlands) were used to stimulate
ovaries with initial doses based on the individual characteristics of patients. Beyond day 6
and when the leading follicle reached 12 mm, treatment was continued with gonadotropin-
releasing hormone antagonist ganirelix (Orgalutran®, N.V. Organon, Oss, The Netherlands)
or cetrorelix acetate (Cetrotide®, Merck-Serono, The Netherlands) until final follicular
maturation. Stimulation was prolonged until the observation by ultrasound of at least
three dominant follicles of 17 mm or greater in diameter or in cases of a low number of
growing follicles, at least one. The final oocyte maturation was triggered with 250 ug of
recombinant human chorionic gonadotropin (rhCG—choriogonadotropin alfa; Ovitrelle®,
Merk Serono, Schiphol-Rijk, The Netherlands) or 0.2 mg of GnRH agonist (Triptorelin
acetate, Decapeptyl®, Ipsen Pharma, Barcelona, Spain) or both. The serum hormone levels
of estradiol (E2) and progesterone (P) were evaluated on the day of the trigger. Transvaginal
oocyte retrieval was performed 36 h after the final follicular maturation.

In the cases in which embryo transfer was performed, pregnancy was evaluated at
two different stages. Women were classified as having a biochemical pregnancy when
-HCG concentration surpassed the value of 20 mIU/mL (positive serum p-HCG lev-
els), 12 days after embryo transfer [24]. All women with negative serum p-HCG levels
([3-HCG] < 20 mIU/mL) were not considered pregnant. Biochemical pregnancies evolved
into clinical pregnancies when a fetal heartbeat was detected.
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4.3. Gamete Collection

After liquefaction, sperm concentration and progressive motility were assessed accord-
ing to the WHO [44]. The semen preparation standard protocol included a discontinuous
density gradient of 90-45% centrifugation (PureSperm®, Nidacon, Moélndal, Sweden) fol-
lowed by a swim-up protocol with fertilization medium (Sequential Fert™, Origio, Ballerup,
Denmark). In cases of severe oligoasthenoteratozoospermia, the sperm sample was only
washed with a sperm preparation medium (Sperm Preparation Medium™, Origio, Ballerup,
Denmark) followed by a swim-up protocol with fertilization medium (Sequential Fert™).
The final sperm preparation was incubated at 35 °C with 6% O, at least 30 min before
the beginning of the ICSI procedure. After the follicular aspiration, the oocyte-cumulus
complexes (OCCs) were isolated and washed in a gamete preparation medium (SynVitro™
Flush, Origio, Ballerup, Denmark). The retrieved OCCs were placed in a 5-well dish with
250 pL of fertilization medium (Sequential Fert™) covered with oil (OVOIL™, Vitrolife,
Barcelona, Spain) that had been previously equilibrated overnight (37 °C, 5% CO,, and
6% O;). OCCs were denuded to evaluate oocyte nuclear maturity. So, 2 h after egg re-
trieval, cumulus cells were removed using a combination of mechanic and enzymatic (ICSI
Cumulase®, Origio, Ballerup, Denmark) denudation protocol.

4.4. Intracytoplasmic Sperm Injection (ICSI) and Embryo Culture

Four hours after egg retrieval, oocytes were injected following the standard ICSI
procedure. Injected oocytes were rinsed and cultivated individually in a 30 uL drop of
culture medium (25 pL of culture medium plus 5 pL embryo washed in the same cul-
ture medium) (Sequential CleavTM, Origio®, Ballerup, Denmark) under 1500 pL of oil
(OVOILTM, Vitrolife, Sweden), which was previously equilibrated overnight in an incu-
bator at 37 °C, 5% CO5, and 6% O,. The culture dish (EmbryoSlide®, Vitrolife, Barcelona,
Spain) allows an individualized oocyte/embryo culture with no connection between the
culture medium of adjacent oocytes/embryos. The culture dish was placed in a time-lapse
incubator (EmbryoScope®, Vitrolife, Barcelona, Spain) (Day 0) for the following assessment.
Normal fertilization was confirmed 16-18 h after ICSI by the presence of two pronuclei and
a second polar body (Day 1). Embryo culture was extended until the blastocyst stage (D5).
The standard laboratory protocol applied uses a sequential culture media. The embryos
were cultured in a cleavage medium (Sequential Cleav™, Origio, Ballerup, Denmark) until
D3 and then the culture media were replaced with a blastocyst medium (Sequential Blast™,
Origio, Ballerup, Denmark) to support embryo culture until the blastocyst stage (D5). After
embryo culture, in some cases, embryos were immediately transferred, while in other cases,
embryos were vitrified for subsequent transfer. Thus, we did not evaluate the correlation of
our metabolomics results with the success rates in the different types of fertility treatments
as it would not be suitable to compare results, because in some treatments the embryo
transfer was a fresh embryo transfer and in others, the transfer was deferred.

4.5. Embryo Morphology Assessment

The development of each embryo was evaluated from fertilization until D5 in a
time-lapse system (Vitrolife, Barcelona, Spain). Routine observation of cleavage embryos
(until day 4) mainly includes the number and symmetry of blastomeres, fragmentation
percentage and presence of multinucleated blastomeres (day 2/3), and compaction grade
(day 4). Cleavage embryos were scored according to four categories (A, B, C, and D),
based solely on blastomeres number and fragmentation [45]. The blastocysts were graded
according to Gardner Score System [24]. This scoring system uses a number associated
with a letter, and this combination allows us to know the blastocyst stage and blastocyst
quality. Initially, the classification is based on the degree of expansion and hatching status
of blastocysts, and the numeric score from 1 to 6 reflects the blastocyst stage (Table 4).



Int. J. Mol. Sci. 2024, 25,491

13 of 18

Table 4. Classification of blastocysts, inner cell mass, and trophectoderm. Degree of expansion and
hatching status of blastocysts. Gardner blastocysts grade system was assessed as indicated in the
table. Inner cell mass and trophectoderm classification for onward full blastocyst stage (BL3 to BL6).

Blastocyst Inner Cell
Classi ﬁcaytion Stage Definition Examples Mass Definition Examples
Classification
The blastocoel
BL1 Early being less than half A Tightly packed
blastocyst the volume of the with many cells
embryo
The blastocoel
being greater than Loosely
BL2 Blastocyst half the volume of B grouped with
the embryo several cells
Full The blastocoel
BL3 blastocyst completely filling C Very few cells
the embryo
The blastocoe.I Tr0phggt0dgrm Definition
volume now being Classification
Expanded larger than that of
BL4 blastocyst the early embryo Many. cells
and the zona A formlr}g a
pellucida starting C(?heSl_VE
to thin epithelium
The trophectoderm
. . . Few cells
Hatching starting to herniate .
BL5 B forming a loose
blastocyst though the zona O
: epithelium
pellucida
The blastocyst
BL6 Hatched having completely C Very few large
blastocyst escaped from the cells

zona pellucida

For blastocysts scored 3-6, the classification system includes the development of

the inner cell mass and trophectoderm (Table 4). A blastocyst of good quality was con-
sidered as BL3BB or better. The term Lagging was used to characterize those embryos
that had acceptable morphological classification, but the embryo development was de-
layed considering the standardized timing of embryo observations established in the
Istanbul Consensus.

4.6. Sample Collection/Preparation

As mentioned before, the use of sequential media in an embryo culture implies that
until D3 the embryos are cultured in a cleavage medium and afterwards there must be
a change in culture medium to support embryo development until D5 (blastocyst stage).
So, for each embryo used for the study, there will be two samples of culture medium: a
sample of cleavage medium (day 0 until D3 of embryo development) and a sample of
blastocyst medium (D3 until D5 of embryo development). Sample collection was carried
out by pipetting 25 pL from the 30 pL drop of culture media into microcentrifuge tubes.
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Each sample (25 pL) was obtained from the spent culture media of embryos developed
from day 0 (after ICSI) until D3 and from D3 until D5. To be used as controls, samples from
the same corresponding batch of each medium used in embryo culture and with the same
shelf-life were collected and analyzed by 'H-NMR spectroscopy as described below and
used to evaluate the content of the media at time 0. All samples were centrifuged (1000x g;
10 min; 4 °C) to fully separate any residues of oil. Twenty microliters of the bottom layer
were carefully collected and stored at —80 °C until metabolomic analysis.

4.7. Metabolomic Analysis by 'H Nuclear Magnetic Resonance Spectroscopy

1D 'H-NMR spectroscopy was applied to identify and quantify metabolites in the
embryo culture media. NMR spectra were acquired using a 600 MHz VNMRS spectrometer
(Varian, Inc. Palo Alto, CA, USA) equipped with a 3 mm indirect detection probe. About
140 puL of deuterium oxide and 40 puL of sodium fumarate solution (final concentration
of 2 mM) were added to 20 pL of each embryo culture media, and the final volume of
200 pL was transferred into a 3 mm NMR tube for analysis. Sodium fumarate was used
as an internal reference (6.50 ppm) to quantify the following metabolites (multiplicity,
chemical shift (ppm)): alanine (doublet, 1.46), acetate (singlet, 1.90), pyruvate (singlet, 2.35),
glutamine (multiplet, 2.45), lactate (quartet, 4.09), and formate (singlet, 8.44). NMR spectra
were processed by applying exponential line broadening (0.2 Hz), baseline correction, and
manual phasing, and the areas of the resonances were quantified using the NUTSpro™
NMR Software (2D Professional Version-20070315, Acorn, Fremont, CA, USA). Blank
control experiments were performed previously in which we replicated every step of the
incubation except that there were no embryos being cultivated. With this procedure, we
were able to assess the impact of the protein content (with HSA < 0.05%) on the NMR
spectra acquisition, ensuring that there were no signals generated that overshadowed the
metabolites of interest. We were also able to perfect the separation of the oil from the
spent culture (in order to obtain clear NMR spectra without disturbing overlapping or
nearby signals derived from the oil), and we analyzed the impact of this incubation on
the content of the medium in water-soluble metabolites, as the ones we evaluated in the
experiment. We saw no alteration in the content of these metabolites, in line with the results
described by a previous study [46]. Moreover, fresh medium samples were collected for
each distinct batch and within the same medium batch if different shelf times were used
(21 control samples for D3 and 21 samples for D5). Subsequently, they were analyzed by
'H-NMR together with correspondent spent media (same batch plus same shelf time) and
used to calculate the initial metabolite content and subsequently the metabolite production
or consumption.

4.8. Statistical Analysis

Univariate statistics were used to compare embryo culture medium metabolite dif-
ferential in days 0-3 (D0-3) and 3-5 (D3-5) between embryos grouped by their assessed
quality at D5 (Good vs. Lagging vs. Bad). Data are presented as mean = standard deviation
(8.D.). Embryo quality was assessed by the same trained and experienced embryolo-
gist. Normality and heteroscedasticity tests were performed, and univariate ANOVA was
conducted on data collected concerning variation in selected metabolites identified in
the embryo culture medium. Pairwise comparisons between groups were corrected for
multiple hypotheses testing by Tukey’s post hoc test. Multivariate analysis of metabolite
consumption/production was performed using a linear model integrating corrections for
confounding factors. Metabolite differentials in days 0-3 (D0-3) and 3-5 (D3-5) were
compared between embryos grouped by their assessed quality at D5 (Good vs. Lagging
vs. Bad) using multivariate analysis of covariance (MANCOVA), after controlling for
covariates (male age, female age, male BMI, female BMI). These covariates were chosen
based on multiple studies correlating maternal age [14,16] and BMI [18,19], and paternal
age [20] and BMI [21,23] with changes in early embryo metabolism and viability [17,22].
The assumptions of equality of the variance—covariance matrices were evaluated using
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Levene’s test of equality of error variances and Box’s test of equality of covariance matrices
(Box’s M). The discriminant value of the independent variable (embryo quality at D5)
considering the dependent variables (metabolite differential) was evaluated according to
Roy’s Largest Root criterion. This method was chosen as it is the most sensitive when a
limited number of dependent variables is responsible for the differences between groups
of the independent variable [47]. The impact of each metabolite differential on embryo
quality at D5 was assessed using a univariate F-test, after adjusting for the covariates.
Pairwise comparisons between groups were corrected for multiple hypotheses testing by
Sidak’s method. All statistical tests of hypotheses for all statistical methods were per-
formed at the = 0.05 level using SPSS Statistics 28.0.0 for Windows 64-bit (IBM, Armonk,
NY, USA).

5. Conclusions

The goal of integrating metabolomics with standardized embryonic viability assess-
ment could be crucial for non-invasive, real-time monitoring of embryo metabolic states
during culture, offering valuable information on viability and quality. Current methods,
such as morphological assessment and morphokinetic analyses, have limitations in pre-
dicting implantation success, making metabolomics an essential addition. Furthermore,
this integration can lead to identifying biomarkers associated with embryonic viability and
quality, potentially improving embryo selection for transfer and enhancing the chances of
successful pregnancies. Still, our strategy does not address metabolic differences between
inner cell mass (ICM) and trophectoderm, noted in previous reports showing distinct
metabolic rates between these cells [48,49]. Moreover, the metabolic activity of ICM cells
was suggested to play a role in embryo development [49,50]. Yet, the methods applied
in these studies destroy or compromise the viability of the embryos. Existing methods
compromising embryo viability highlight a need for non-destructive techniques. Alegre
et al. proposed Raman spectroscopy, estimating the oxidant content of the culture medium,
but its external variability and lower specificity compared to NMR or MS spectroscopy
raise concerns [4]. Hence, NMR emerges as a potential compromise, as demonstrated
in recent studies of early-stage mammalian embryos [51]. Despite evidence supporting
metabolic screening’s benefits for nearly a decade, routine implementation in ART clinics is
lacking [52,53].

Overall, our results support that assessment of the exometabolome of in vitro cultured
human embryos up to D3 can be discriminative of embryo quality category at D5. Notably,
the metabolite profile at D3 is particularly selective between Lagging and Bad-quality
embryos, whereas the metabolite profile of Good embryos is not different from Lagging
embryos (except for alanine) at this stage. However, at D5, lactate is a potential predictor
between Good and Lagging embryos. Therefore, the corrected variations (for interfering
covariates, such as the male age, female age, male BMI, and female BMI) of metabolites such
as alanine, pyruvate, acetate, and glutamine support that the integration of metabolomics
with the standardized assessment of embryonic viability and quality has the potential to
improve the efficiency and effectiveness of ARTs (Figure 4), leading to better pregnancy
rates and improved clinical outcomes.

While the number of samples used in this study is low and may hamper some more
definite conclusions, these findings suggest a potential advancement in refining embryo
selection procedures. Incorporating metabolic assessments into protocols could improve
ART outcomes by enhancing grading precision and potentially boosting implantation
success. This study contributes to ongoing efforts to optimize ART procedures, offering
a more comprehensive approach to embryo quality assessment beyond relying solely on
morphological evaluation. The potential application of metabolic assessments as additional
tools in embryo selection may represent progress in reproductive medicine.
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Figure 4. Metabolite variation in human embryo culture medium is a predictor of successful preg-
nancy in ARTs. Embryo metabolism is indirectly assessed by comparison of metabolite concen-
tration in culture medium before and after incubation. We observed that Poor-quality embryos at
post-fertilization day 5 displayed already anomalies in alanine, acetate, pyruvate, and glutamine
metabolism, especially compared to embryos classified as Lagging at day 5. These differences were
found after adjusting for covariates (male age, female age, male BMI, female BMI). Considering
unadjusted variables, lactate is another potential success predictor for ARTs at day 3. On day 5,
considering unadjusted variables, net-zero pyruvate is a feature of good-quality embryos.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25010491/s1.

Author Contributions: Conceptualization, S.P., M.G.A. and PF.O.; methodology, S.P, B.G.-C.,L.C,,
M.G.A. and PF.O.; formal analysis, S.P., B.G.-C. and L.C.; investigation, S.P.; writing—original draft
preparation, S.P.,, B.G.-C. and L.C.; writing—review and editing, B.G.-C., L.C.,, M.G.A. and PEO.;
supervision, A.R., A.B.,, M.G.A. and PF.O.; project administration, PF.O.; funding acquisition, M.G.A.
and PFO. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by “Fundacao para a Ciéncia e a Tecnologia”—FCT: B. Guerra-
Carvalho (2022.10533.BD), Pedro F. Oliveira (CEECINST /00026/2018), LAQV-REQUIMTE (UIDB/
50006/2020), UMIB (UIDB/00215/2020 and UIDP/00215/2020), ITR (LA/P/0064/2020) and co-
funded by the European Union Regional Development Funds (FEDER) through the COMPETE/QREN,
FSE/POPH, and POCI—COMPETE 2020 (POCI-01-0145-FEDER-007491) funds.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and the procedures were covered by the provisions of the National Medically Assisted
Procreation Act (2017) and overseen by the National Council for Medically Assisted Procreation
(CNPMA-2018). According to these rules and guidelines, the use of clinical databases and patient
biological material for diagnosis and research may be used without further ethical approval, under
strict individual anonymity, and after patient written informed consent. Regarding the use of human
samples for laboratory experimentation, the Ethics Committee authorization number is 2021/CE /P02
(P342/2021/CETI), approved on 26 February 2021.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Larsen, U. Research on infertility: Which definition should we use? Fertil. Steril. 2005, 83, 846-852. [CrossRef] [PubMed]
2. Cox, C,; Thoma, M.; Tchangalova, N.; Mburu, G.; Bornstein, M.; Johnson, C.; Kiarie, J. Infertility prevalence and the methods
of estimation from 1990 to 2021: A systematic review and meta-analysis. Hum. Reprod. Open 2022, 2022, hoac051. [CrossRef]

[PubMed]

3. Zaninovic, N.; Rosenwaks, Z. Artificial intelligence in human in vitro fertilization and embryology. Fertil. Steril. 2020, 114,
914-920. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms25010491/s1
https://www.mdpi.com/article/10.3390/ijms25010491/s1
https://doi.org/10.1016/j.fertnstert.2004.11.033
https://www.ncbi.nlm.nih.gov/pubmed/15820788
https://doi.org/10.1093/hropen/hoac051
https://www.ncbi.nlm.nih.gov/pubmed/36483694
https://doi.org/10.1016/j.fertnstert.2020.09.157
https://www.ncbi.nlm.nih.gov/pubmed/33160513

Int. J. Mol. Sci. 2024, 25,491 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Alegre, L.; Del Gallego, R.; Arrones, S.; Hernandez, P.; Mufioz, M.; Meseguer, M. Novel noninvasive embryo selection algorithm
combining time-lapse morphokinetics and oxidative status of the spent embryo culture medium. Fertil. Steril. 2019, 111,
918-927.e3. [CrossRef] [PubMed]

Pudakalakatti, S.M.; Uppangala, S.; D’Souza, F.; Kalthur, G.; Kumar, P.; Adiga, S.K.; Atreya, H.S. NMR studies of preimplantation
embryo metabolism in human assisted reproductive techniques: A new biomarker for assessment of embryo implantation
potential. NMR Biomed. 2013, 26, 20-27. [CrossRef] [PubMed]

Brinster, R.L. Studies on the development of mouse embyros in vitro. II. The effect of energy source. J. Exp. Zool. 1965, 158, 59-68.
[CrossRef] [PubMed]

Cai, S.; Quan, S,; Yang, G.; Ye, Q.; Chen, M,; Yu, H.; Wang, G.; Wang, Y.; Zeng, X.; Qiao, S. One carbon metabolism and mammalian
pregnancy outcomes. Mol. Nutr. Food Res. 2021, 65, 2000734. [CrossRef]

Gardner, D.K,; Lane, M.; Stevens, J.; Schoolcraft, W.B. Noninvasive assessment of human embryo nutrient consumption as a
measure of developmental potential. Fertil. Steril. 2001, 76, 1175-1180. [CrossRef]

Rieger, D. Relationships between energy metabolism and development of early mammalian embryos. Theriogenology 1992, 37,
75-93. [CrossRef]

Wallace, M.; Cottell, E.; Cullinane, J.; McAuliffe, EM.; Wingfield, M.; Brennan, L. 'H NMR based metabolic profiling of day 2
spent embryo media correlates with implantation potential. Syst. Biol. Reprod. Med. 2014, 60, 58-63. [CrossRef]

Houghton, F.D.; Hawkhead, J.A.; Humpherson, P.G.; Hogg, J.E.; Balen, A.H.; Rutherford, A.J.; Leese, H.J. Non-invasive amino
acid turnover predicts human embryo developmental capacity. Hum. Reprod. 2002, 17, 999-1005. [CrossRef] [PubMed]

Rocha, J.C.; Passalia, F.; Matos, ED.; Maserati, M.P, Jr.; Alves, M.E,; De Almeida, T.G.; Cardoso, B.L.; Basso, A.C.; Nogueira, M.F.
Methods for assessing the quality of mammalian embryos: How far we are from the gold standard? JBRA Assist. Reprod. 2016,
20, 150. [CrossRef] [PubMed]

Alpha Scientists in Reproductive Medicine; Eshre Special Interest Group of Embryology. The Istanbul consensus workshop on
embryo assessment: Proceedings of an expert meeting. Hum. Reprod. 2011, 26, 1270-1283. [CrossRef]

Hashimoto, S.; Morimoto, N.; Yamanaka, M.; Matsumoto, H.; Yamochi, T.; Goto, H.; Inoue, M.; Nakaoka, Y.; Shibahara, H.;
Morimoto, Y. Quantitative and qualitative changes of mitochondria in human preimplantation embryos. J. Assist. Reprod. Genet.
2017, 34, 573-580. [CrossRef] [PubMed]

Hashimoto, S.; Morimoto, Y. Mitochondrial function of human embryo: Decline in their quality with maternal aging. Reprod. Med.
Biol. 2022, 21, €12491. [CrossRef] [PubMed]

Morimoto, N.; Hashimoto, S.; Yamanaka, M.; Nakano, T.; Satoh, M.; Nakaoka, Y.; Iwata, H.; Fukui, A.; Morimoto, Y.; Shibahara,
H. Mitochondrial oxygen consumption rate of human embryos declines with maternal age. J. Assist. Reprod. Genet. 2020, 37,
1815-1821. [CrossRef] [PubMed]

Leary, C.; Leese, H.].; Sturmey, R.G. Human embryos from overweight and obese women display phenotypic and metabolic
abnormalities. Hum. Reprod. 2014, 30, 122-132. [CrossRef]

Broughton, D.E.; Moley, K.H. Obesity and female infertility: Potential mediators of obesity’s impact. Fertil. Steril. 2017, 107,
840-847. [CrossRef]

Grindler, N.M.; Moley, K.H. Maternal obesity, infertility and mitochondrial dysfunction: Potential mechanisms emerging from
mouse model systems. Mol. Hum. Reprod. 2013, 19, 486—494. [CrossRef]

Colin, A.; Barroso, G.; Gémez-Lépez, N.; Duran, E.H.; Oehninger, S. The effect of age on the expression of apoptosis biomarkers
in human spermatozoa. Fertil. Steril. 2010, 94, 2609-2614. [CrossRef]

Palmer, N.O.; Bakos, H.W.,; Fullston, T.; Lane, M. Impact of obesity on male fertility, sperm function and molecular composition.
Spermatogenesis 2012, 2, 253-263. [CrossRef] [PubMed]

McPherson, N.O.; Bell, V.G.; Zander-Fox, D.L.; Fullston, T.; Wu, L.L.; Robker, R.L.; Lane, M. When two obese parents are worse
than one! Impacts on embryo and fetal development. Am. ]. Physiol. Endocrinol. Metab. 2015, 309, E568-E581. [CrossRef]
[PubMed]

Fariello, R.M,; Pariz, ].R.; Spaine, D.M.; Cedenho, A.P; Bertolla, R.P.; Fraietta, R. Association between obesity and alteration of
sperm DNA integrity and mitochondrial activity. BJU Int. 2012, 110, 863-867. [CrossRef] [PubMed]

Gardner, D.K,; Schoolcraft, W.B. Culture and transfer of human blastocysts. Curr. Opin. Obs. Gynecol. 1999, 11, 307-311. [CrossRef]
[PubMed]

Leese, H.J. Quiet please, do not disturb: A hypothesis of embryo metabolism and viability. Bioessays 2002, 24, 845-849. [CrossRef]
[PubMed]

Wale, P.L.; Gardner, D.K. The effects of chemical and physical factors on mammalian embryo culture and their importance for the
practice of assisted human reproduction. Hum. Reprod. Update 2016, 22, 2-22. [CrossRef] [PubMed]

Butcher, L.; Coates, A.; Martin, K.L.; Rutherford, A.J.; Leese, H.]. Metabolism of pyruvate by the early human embryo. Biol.
Reprod. 1998, 58, 1054-1056. [CrossRef] [PubMed]

Sturmey, R.; Reis, A.; Leese, H.; McEvoy, T. Role of fatty acids in energy provision during oocyte maturation and early embryo
development. Reprod. Domest. Anim. 2009, 44, 50-58. [CrossRef]

Devreker, E; Winston, R.M.; Hardy, K. Glutamine improves human preimplantation development in vitro. Fertil. Steril. 1998, 69,
293-299. [CrossRef]

Pietzke, M.; Meiser, J.; Vazquez, A. Formate metabolism in health and disease. Mol. Metab. 2020, 33, 23-37. [CrossRef]


https://doi.org/10.1016/j.fertnstert.2019.01.022
https://www.ncbi.nlm.nih.gov/pubmed/30922642
https://doi.org/10.1002/nbm.2814
https://www.ncbi.nlm.nih.gov/pubmed/22714820
https://doi.org/10.1002/jez.1401580106
https://www.ncbi.nlm.nih.gov/pubmed/14299682
https://doi.org/10.1002/mnfr.202000734
https://doi.org/10.1016/S0015-0282(01)02888-6
https://doi.org/10.1016/0093-691X(92)90248-P
https://doi.org/10.3109/19396368.2013.854426
https://doi.org/10.1093/humrep/17.4.999
https://www.ncbi.nlm.nih.gov/pubmed/11925397
https://doi.org/10.5935/1518-0557.20160033
https://www.ncbi.nlm.nih.gov/pubmed/27584609
https://doi.org/10.1093/humrep/der037
https://doi.org/10.1007/s10815-017-0886-6
https://www.ncbi.nlm.nih.gov/pubmed/28190213
https://doi.org/10.1002/rmb2.12491
https://www.ncbi.nlm.nih.gov/pubmed/36570768
https://doi.org/10.1007/s10815-020-01869-5
https://www.ncbi.nlm.nih.gov/pubmed/32740687
https://doi.org/10.1093/humrep/deu276
https://doi.org/10.1016/j.fertnstert.2017.01.017
https://doi.org/10.1093/molehr/gat026
https://doi.org/10.1016/j.fertnstert.2010.04.043
https://doi.org/10.4161/spmg.21362
https://www.ncbi.nlm.nih.gov/pubmed/23248766
https://doi.org/10.1152/ajpendo.00230.2015
https://www.ncbi.nlm.nih.gov/pubmed/26199280
https://doi.org/10.1111/j.1464-410X.2011.10813.x
https://www.ncbi.nlm.nih.gov/pubmed/22300410
https://doi.org/10.1097/00001703-199906000-00013
https://www.ncbi.nlm.nih.gov/pubmed/10369209
https://doi.org/10.1002/bies.10137
https://www.ncbi.nlm.nih.gov/pubmed/12210521
https://doi.org/10.1093/humupd/dmv034
https://www.ncbi.nlm.nih.gov/pubmed/26207016
https://doi.org/10.1095/biolreprod58.4.1054
https://www.ncbi.nlm.nih.gov/pubmed/9546739
https://doi.org/10.1111/j.1439-0531.2009.01402.x
https://doi.org/10.1016/S0015-0282(97)00463-9
https://doi.org/10.1016/j.molmet.2019.05.012

Int. J. Mol. Sci. 2024, 25, 491 18 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Koning, A M.H.; Mutsaerts, M.A.Q.; Kuchenbecher, WK.H.; Broekmans, FJ.; Land, J.A.; Mol, B.W.; Hoek, A. Complications and
outcome of assisted reproduction technologies in overweight and obese woment. Hum. Reprod. 2011, 27, 457-467. [CrossRef]
[PubMed]

Mehrjerd, A.; Rezaei, H.; Eslami, S.; Ratna, M.B.; Khadem Ghaebi, N. Internal validation and comparison of predictive models to
determine success rate of infertility treatments: A retrospective study of 2485 cycles. Sci. Rep. 2022, 12, 7216. [CrossRef] [PubMed]
Kupka, M.S.; Gnoth, C.; Buehler, K.; Dahncke, W.; Kruessel, J.-S. Impact of female and male obesity on IVF/ICSI: Results of
700,000 ART-cycles in Germany. Gynecol. Endocrinol. 2011, 27, 144-149. [CrossRef] [PubMed]

Lintsen, A.M.E.; Eijkemans, M.].C.; Hunault, C.C.; Bouwmans, C.A.M.; Hakkaart, L.; Habbema, J.D.E,; Braat, D.D.M. Predicting
ongoing pregnancy chances after IVF and ICSI: A national prospective study. Hum. Reprod. 2007, 22, 2455-2462. [CrossRef]
[PubMed]

Waugh, E.; Wales, R. Oxidative utilization of glucose, acetate and lactate by early preimplantation sheep, mouse and cattle
embryos. Reprod. Fertil. Dev. 1993, 5, 123-133. [CrossRef] [PubMed]

Ispada, J.; da Fonseca Junior, A.M.; de Lima, C.B.; Dos Santos, E.C.; Fontes, PX.; Nogueira, M.E.G.; da Silva, V.L.; Almeida, EN.;
Leite, 5.d.C.; Chitwood, J.L.; et al. Tricarboxylic acid cycle metabolites as mediators of DNA methylation reprogramming in
bovine preimplantation embryos. Int. J. Mol. Sci. 2020, 21, 6868. [CrossRef]

Alexiou, M.; Leese, H.J. Purine utilisation, de novo synthesis and degradation in mouse preimplantation embryos. Development
1992, 114, 185-192. [CrossRef]

Chen, PR;; Redel, B.K,; Spate, L.D; Ji, T.; Salazar, S.R.; Prather, R.S. Glutamine supplementation enhances development of
in vitro-produced porcine embryos and increases leucine consumption from the medium. Biol. Reprod. 2018, 99, 938-948.
[CrossRef]

Lane, M.; Gardner, D. Differential regulation of mouse embryo development and viability by amino acids. Reproduction 1997, 109,
153-164. [CrossRef]

Leese, H.J.; McKeegan, P].; Sturmey, R.G. Amino acids and the early mammalian embryo: Origin, fate, function and life-long
legacy. Int. . Environ. Res. Public Health 2021, 18, 9874. [CrossRef]

Van Winkle, L.J. Amino acid transport regulation and early embryo development. Biol. Reprod. 2001, 64, 1-12. [CrossRef]
[PubMed]

Liu, X.; Cooper, D.E.; Cluntun, A.A.; Warmoes, M.O.; Zhao, S.; Reid, M.A; Liuy, J.; Lund, PJ.; Lopes, M.; Garcia, B.A.; et al. Acetate
production from glucose and coupling to mitochondrial metabolism in mammals. Cell 2018, 175, 502-513. [CrossRef] [PubMed]
Beaudin, A.E.; Stover, PJ. Insights into metabolic mechanisms underlying folate-responsive neural tube defects: A minireview.
Birth Defects Res. Part A Clin. Mol. Teratol. 2009, 85, 274-284. [CrossRef] [PubMed]

World Health Organization. WHO Laboratory Manual for the Examination and Processing of Human Semen, 6th ed.; World Health
Organization: Geneva, Switzerland, 2021.

Nasiri, N.; Eftekhari-Yazdi, P. An overview of the available methods for morphological scoring of pre-implantation embryos in
in vitro fertilization. Cell . 2015, 16, 392-405. [CrossRef] [PubMed]

Martinez, C.A.; Nohalez, A ; Parrilla, I.; Motas, M.; Roca, J.; Romero, I.; Garcia-Gonzélez, D.L.; Cuello, C.; Rodriguez-Martinez, H.;
Martinez, E.A; et al. The overlaying oil type influences in vitro embryo production: Differences in composition and compound
transfer into incubation medium between oils. Sci. Rep. 2017, 7, 10505. [CrossRef] [PubMed]

Johnstone, I.M.; Nadler, B. Roy’s largest root test under rank-one alternatives. Biometrika 2017, 104, 181-193. [CrossRef]
Houghton, ED. Energy metabolism of the inner cell mass and trophectoderm of the mouse blastocyst. Differ. Res. Biol. Divers.
2006, 74, 11-18. [CrossRef]

Van Blerkom, J.; Davis, P.; Mathwig, V.; Alexander, S. Domains of high-polarized and low-polarized mitochondria may occur in
mouse and human oocytes and early embryos. Hum. Reprod. 2002, 17, 393-406. [CrossRef]

Jones, A.; Van Blerkom, J.; Davis, P.; Toledo, A.A. Cryopreservation of metaphase II human oocytes effects mitochondrial
membrane potential: Implications for developmental competence. Hum. Reprod. 2004, 19, 1861-1866. [CrossRef]

Sivelli, G.; Conley, G.M.; Herrera, C.; Marable, K.; Rodriguez, K J.; Bollwein, H.; Sudano, M.].; Brugger, J.; Simpson, A.].; Boero, G.;
et al. NMR spectroscopy of a single mammalian early stage embryo. J. Magn. Reson. 2022, 335, 107142. [CrossRef]

Siristatidis, C.; Dafopoulos, K.; Papapanou, M.; Stavros, S.; Pouliakis, A.; Eleftheriades, A.; Sidiropoulou, T.; Vlahos, N. Why
Has Metabolomics So Far Not Managed to Efficiently Contribute to the Improvement of Assisted Reproduction Outcomes? The
Answer through a Review of the Best Available Current Evidence. Diagnostics 2021, 11, 1602. [CrossRef] [PubMed]

Redgaard, T.; Heegaard, PM.H.; Callesen, H. Non-invasive assessment of in-vitro embryo quality to improve transfer success.
Reprod. BioMed. Online 2015, 31, 585-592. [CrossRef] [PubMed]

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/10.1093/humrep/der416
https://www.ncbi.nlm.nih.gov/pubmed/22144420
https://doi.org/10.1038/s41598-022-10902-9
https://www.ncbi.nlm.nih.gov/pubmed/35508641
https://doi.org/10.3109/09513590.2010.487617
https://www.ncbi.nlm.nih.gov/pubmed/20540669
https://doi.org/10.1093/humrep/dem183
https://www.ncbi.nlm.nih.gov/pubmed/17636281
https://doi.org/10.1071/RD9930123
https://www.ncbi.nlm.nih.gov/pubmed/8234888
https://doi.org/10.3390/ijms21186868
https://doi.org/10.1242/dev.114.1.185
https://doi.org/10.1093/biolre/ioy129
https://doi.org/10.1530/jrf.0.1090153
https://doi.org/10.3390/ijerph18189874
https://doi.org/10.1095/biolreprod64.1.1
https://www.ncbi.nlm.nih.gov/pubmed/11133652
https://doi.org/10.1016/j.cell.2018.08.040
https://www.ncbi.nlm.nih.gov/pubmed/30245009
https://doi.org/10.1002/bdra.20553
https://www.ncbi.nlm.nih.gov/pubmed/19180567
https://doi.org/10.22074/cellj.2015.486
https://www.ncbi.nlm.nih.gov/pubmed/25685730
https://doi.org/10.1038/s41598-017-10989-5
https://www.ncbi.nlm.nih.gov/pubmed/28874873
https://doi.org/10.1093/biomet/asw060
https://doi.org/10.1111/j.1432-0436.2006.00052.x
https://doi.org/10.1093/humrep/17.2.393
https://doi.org/10.1093/humrep/deh313
https://doi.org/10.1016/j.jmr.2021.107142
https://doi.org/10.3390/diagnostics11091602
https://www.ncbi.nlm.nih.gov/pubmed/34573944
https://doi.org/10.1016/j.rbmo.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26380864

	Introduction 
	Results 
	Clinical Data and Embryo Characterization 
	Embryo Quality at Day 5 Correlates with Metabolite Consumption or Release 
	Metabolite Variation during the First 3 Days of Development Is a Strong Predictor of Embryo Quality at Day 5 

	Discussion 
	Materials and Methods 
	Chemicals 
	Patient Selection and Ovarian Stimulation 
	Gamete Collection 
	Intracytoplasmic Sperm Injection (ICSI) and Embryo Culture 
	Embryo Morphology Assessment 
	Sample Collection/Preparation 
	Metabolomic Analysis by 1H Nuclear Magnetic Resonance Spectroscopy 
	Statistical Analysis 

	Conclusions 
	References

