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Abstract 

Although ART has markedly advanced, the likelihood of achieving pregnancy from transferred 

human embryos remains limited. Presently, embryo evaluation relies largely on morphological 

characteristics, which provide weak predictive information, as only a small portion of top-

graded embryos result in successful pregnancy. Research has suggested that analyzing 

metabolites in embryo culture media could improve embryo selection. In this investigation, 66 

human embryo culture media samples were analyzed in a blinded manner, five days after in 

vitro fertilization, to measure compounds produced by cellular metabolism that are not normally 

found in culture media, including purines, pyrimidines, nitrite, and nitrate. Among purines, only 

hypoxanthine and uric acid were detectable in most samples, while nitrite and nitrate were 

consistently present. When biochemical findings were compared to morphological grades, 

lower-quality embryos (n = 12) showed significantly elevated levels of all measured 

metabolites. Further comparison based on pregnancy outcome revealed that embryos from 

unsuccessful pregnancies (n = 25) released higher concentrations of hypoxanthine, uric acid, 

nitrite, and nitrate than embryos resulting in successful pregnancies (n = 17). All embryos 

leading to successful pregnancies produced healthy newborns. Although performed on a limited 

sample set, these results suggest that metabolite analysis in embryo culture media could serve 

as a valuable tool for selecting embryos, potentially improving ART success rates. 
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Introduction 

Infertility, defined as the inability to achieve pregnancy 

after at least 12 months of regular unprotected sexual 

intercourse with the same partner, is becoming 

increasingly common, including among young couples 

under 30 years old [1]. For many affected couples, ART is 

the last available option to achieve a clinical pregnancy 

and give birth to a healthy child. Despite technical 

improvements, data from the 2018 report of the Italian 

Institute of Health (ISS) show that out of 97,508 ART 

cycles, 18,994 resulted in clinical pregnancy (19.5%), and 

only 14,139 produced healthy newborns, corresponding to 

a success rate of 14.5% [2]. 

One major limitation reducing ART efficiency is the lack 

of methods to assess human embryos based on 

biochemical or metabolic criteria, which would allow 

selection using objective, measurable parameters instead 

of relying solely on morphology. Standard morphological 

or morphokinetic assessments [3–5] do not reflect the 

embryo’s biochemical or metabolic status. Currently, 
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noninvasive techniques to measure energy metabolism, 

mitochondrial function, oxidative stress, or nitric oxide 

metabolism directly in embryo cultures are unavailable, 

making it difficult to evaluate the metabolic quality of 

embryos—a key determinant of ART outcomes. 

Analyzing metabolites in embryo culture media has been 

explored previously, initially focusing on the consumption 

of a few substrates [6–8], and later using more sensitive 

methods to detect a broader spectrum of compounds [9–

11]. Recent studies mainly tracked glucose and amino 

acids to indirectly infer embryo metabolism and correlate 

it with pregnancy success. 

Energy metabolism imbalance in cells is linked to 

increased release of ATP degradation products—

oxypurines such as hypoxanthine, xanthine, and uric 

acid—due to mitochondrial dysfunction and altered ATP 

turnover, which triggers purine catabolism [12–15]. This 

is often accompanied by higher levels of nitrite and nitrate, 

indicating connections between mitochondrial 

impairment, energy imbalance, and nitrosative stress [16, 

17]. Measuring these molecules in culture media may 

therefore reflect the embryo’s metabolic state. 

Earlier studies from our group reported elevated levels of 

these compounds in the follicular fluid of infertile women 

compared to fertile controls, suggesting that poor oocyte 

biochemical quality negatively affects reproductive 

potential [18]. To date, no studies have investigated 

whether these metabolites can be detected in embryo 

culture media or whether their concentrations relate to 

embryo quality or pregnancy outcome. In this study, we 

quantified purines, pyrimidines, nitrite, and nitrate in 

embryo culture media, classified embryos by morphology, 

and analyzed associations with successful versus 

unsuccessful pregnancy, highlighting the potential of 

metabolite profiling for optimizing embryo selection in 

ART. 

Results and Discussion 

Metabolite profiles reflect embryo morphology 

Examination of the embryo culture media, regardless of 

embryo grade, showed that hypoxanthine, uric acid, 

nitrite, and nitrate were present in most samples, while 

xanthine, nucleosides (inosine, guanosine, adenosine), and 

pyrimidines were either undetectable or below the assay’s 

sensitivity. 

Embryos were classified using the Gardner system into 

high-quality (A + B, n = 54) and low-quality (C + D, n = 

12) groups. Figures 1 and 2 illustrate the levels of 

metabolic byproducts in culture media, organized by 

morphological grading. 

 
a) 

 

b) 

 

c) 

Figure 1. depicts the concentrations of hypoxanthine 

(a), uric acid (b), and the combined oxypurines (c) in 

embryos 5 days after fertilization. High-grade embryos 

(n = 54, empty circles) and low-grade embryos (n = 12, 

red circles) are distinguished according to the Gardner 

scale, with horizontal bars showing the mean values. 

*Significant differences compared to high-grade 

embryos, q < 0.0001 (a–c). 

 

  
a) b) 
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c) 

 
Figure 2. presents nitrite (a), nitrate (b), and their sum 

(c) in the same culture media. Both high- and low-

quality embryos are shown, with the mean indicated by 

horizontal bars. *Significant differences compared to 

high-grade embryos, q < 0.001 (a–c). 

As shown in Figure 1, embryos of lower morphological 

grade exhibited higher levels of hypoxanthine, uric acid, 

and their total (sum of oxypurines), suggesting possible 

disruptions in ATP balance or increased metabolic 

activity. Importantly, “undetectable” readings for these 

compounds were exclusively observed in high-quality 

embryos (27/54 samples), supporting a strong link 

between the absence of these metabolites and superior 

morphology. 

Figure 2 demonstrates that nitrite and nitrate were 

measurable in nearly all embryos, but low-grade embryos 

consistently had higher levels of these stable nitric oxide 

metabolites at day 5 (q < 0.001). 

Metabolite levels associated with pregnancy success 

To assess whether metabolite concentrations could predict 

clinical outcomes, embryo culture media were categorized 

based on pregnancy occurrence, regardless of 

morphological grade. Among high-quality embryos, 37/54 

were transferred, resulting in 15 pregnancies (40.5%). In 

the low-quality group, 5/12 embryos were transferred, 

with 3 pregnancies (60%). Overall, 42 embryos were 

implanted (37 A + B, 5 C + D), leading to 17 successful 

pregnancies (40.4%) and 25 unsuccessful pregnancies 

(59.5%, p < 0.001). All successful pregnancies produced 

healthy live births. 

Figure 3 shows hypoxanthine (a), uric acid (b), and total 

oxypurines (c) in culture media from embryos with 

successful versus unsuccessful pregnancies. Embryos that 

failed to establish pregnancy had significantly higher 

concentrations of hypoxanthine (q < 0.02), uric acid (q < 

0.01), and total oxypurines (q < 0.001), indicating either 

energy metabolism imbalance or accelerated metabolic 

turnover, both potentially detrimental to achieving 

pregnancy. Notably, “undetectable” levels of 

hypoxanthine and uric acid were found in 8/17 embryos 

that led to successful pregnancies but only 2/25 embryos 

from failed pregnancies, reinforcing the association 

between non-detectable oxypurines and positive 

pregnancy outcomes. 

 

a) 

 

b) 

 

c) 

Figure 3. Levels of hypoxanthine (a), uric acid (b), and 

combined oxypurines (c) in the culture media of human 

embryos five days after fertilization. Embryos were 

grouped by pregnancy outcome: successful (n = 17, 

empty circles) and unsuccessful (n = 25, red circles), 

independent of morphological grade. Horizontal bars 

show mean values. Sum of oxypurines = hypoxanthine 

+ uric acid. *Significant differences: q < 0.02 (a), q < 

0.01 (b), q < 0.0005 (c). 

As illustrated in Figure 4 (panels a–c), embryos that did 

not lead to pregnancy exhibited higher accumulation of 

nitrite and nitrate in the culture medium, indicating that 

excessive formation of these nitric oxide metabolites—
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potential markers of nitrosative stress—may compromise 

embryo viability and reduce the likelihood of live birth. 

  
a) b) 

 
c) 

 
Figure 4. Nitrite (a), nitrate (b), and their sum (c) in 

human embryo culture media at day 5. Embryos were 

categorized based on pregnancy outcome: successful (n 

= 17, empty circles) versus unsuccessful (n = 25, red 

circles), regardless of morphology. Horizontal bars 

indicate the mean concentrations. *Significant 

differences: q < 0.01 (a), q < 0.05 (b), q < 0.003 (c). 

Using metabolic profiles to guide embryo selection 

To explore the potential of metabolite secretion as an 

objective indicator of embryo quality or implantation 

potential, ROC analyses were conducted for 

hypoxanthine, uric acid, total oxypurines, nitrite, nitrate, 

and nitrite + nitrate. Analyses were performed for embryos 

grouped by morphological quality (high vs. low according 

to the Gardner scale) and separately by pregnancy 

outcome (successful vs. unsuccessful). 

Figures 5 and 6 present ROC curves for hypoxanthine 

(5a), uric acid (5b), total oxypurines (5c), nitrite (6a), 

nitrate (6b), and nitrite + nitrate (6c) in high- versus low-

grade embryos. These curves demonstrate that metabolic 

measurements can reliably differentiate embryos with 

distinct morphological features. The Area Under the Curve 

(AUC) values indicate both high sensitivity and 

specificity, confirming the consistency of biochemical 

profiling with morphological assessment. 

 

a) 

 

b) 

 

c) 

Figure 5. ROC curves for hypoxanthine (a), uric acid 

(b), and total oxypurines (c) in embryos classified by 

morphological grade. Total oxypurines = hypoxanthine 

+ uric acid. AUC values are shown for each panel. 

 

 

a) 
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b) 

 

c) 

Figure 6. ROC curves for nitrite (a), nitrate (b), and 

nitrite + nitrate (c) in embryos classified by 

morphological grade. AUC significance is indicated in 

each panel. 

To identify potential metabolic criteria for embryo 

selection prior to implantation, ROC analyses were also 

conducted for embryos grouped by pregnancy outcome. 

Figure 7 shows that only total oxypurines and nitrite + 

nitrate reached statistically meaningful AUC values, 

suggesting that these metabolites may serve as useful 

indicators of implantation success, with adequate 

sensitivity and specificity for predicting pregnancy 

outcomes. 

 

a) 

 

b) 

Figure 7. ROC curves for total oxypurines (a) and 

nitrite + nitrate (b) in embryos divided according to 

pregnancy success. Total oxypurines = hypoxanthine + 

uric acid. AUC significance is indicated for each panel. 

The blinded analysis of day-5 embryo culture media after 

in vitro fertilization revealed that, among the targeted 

purines, pyrimidines, nitrite, and nitrate (the latter two 

representing stable nitric oxide end-products), only 

hypoxanthine, uric acid, nitrite, and nitrate were 

consistently detectable in most samples, regardless of 

blastocyst morphological grade according to the Gardner 

system. This indicates that low physiological amounts of 

these four metabolites are normally secreted during early 

human embryonic development, thereby providing a 

sensitive baseline from which deviations caused by 

metabolic disturbance can be identified. 

When samples were subsequently stratified into high-

grade (A+B) and low-grade (C+D) blastocysts based on 

standard morphological criteria, embryos with poorer 

morphology exhibited markedly elevated release of ATP 

degradation products (hypoxanthine, uric acid, and total 

oxypurines) as well as nitric oxide-derived metabolites 

(nitrite and nitrate). These findings suggest either an 

accelerated overall metabolic turnover in low-quality 

embryos—potentially driving increased purine catabolism 

[19, 20]—or, more likely, impaired mitochondrial 

performance that fails to meet cellular energy 

requirements, thereby triggering compensatory activation 

of the purine salvage/catabolic pathway and greater 

extracellular accumulation of oxypurines [21, 22]. The 

parallel increase in nitrite and nitrate further strengthens 

the hypothesis of mitochondrial compromise, since 

excessive nitric oxide generation and its oxidation 

products have repeatedly been linked to mitochondrial 

dysfunction across multiple models [23–25], despite the 

fact that physiological levels of nitric oxide and nitrite 

serve essential regulatory roles in cellular bioenergetics 

[26–28]. 

Critically, when the same metabolites were examined in 

the subgroup of transferred embryos (37 graded A+B and 

5 graded C+D), those that failed to establish clinical 
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pregnancy (n=25) displayed significantly higher 

concentrations of all four compounds compared with those 

resulting in ongoing pregnancy (n=17). Notably, every 

embryo that achieved clinical pregnancy progressed to live 

birth of a healthy infant, underscoring the strong predictive 

value of this metabolic profile for not only implantation 

but also full-term healthy outcome. 

Of particular interest, 37 of the 42 transferred embryos had 

been assigned the highest morphological scores (A+B) 

using routine Gardner criteria, implying equivalent 

developmental potential by conventional assessment. 

Nevertheless, within this morphologically homogeneous 

cohort, embryos that subsequently failed to produce 

pregnancy released significantly greater amounts of 

oxypurines and nitric oxide metabolites (q < 0.01 for each 

analyte), confirming earlier reports that morphological 

uniformity does not guarantee metabolic uniformity [29]. 

Prior non-invasive metabolic approaches have 

predominantly relied on measuring uptake of energy 

substrates [30–32] or turnover of amino acids [33–35]. 

Such strategies are inherently challenging because these 

molecules are already present at millimolar concentrations 

in commercial culture media, forcing detection of small 

(micromolar or sub-micromolar) changes against a very 

high background and, in the case of amino acids, against a 

dynamic equilibrium of simultaneous consumption and 

production from protein turnover [35]. 

In contrast, the analytes selected in the current work—

purine/pyrimidine catabolites—are absent (or present only 

as trace contaminants) in fresh culture medium, yielding 

an effective baseline of zero and considerably improving 

signal-to-noise ratio and reproducibility. Although 

unexpected basal contamination with nitrite (0.72–35.00 

μmol/L) and nitrate (9.51–76.61 μmol/L) was observed 

across medium lots—likely arising from amino acid 

autoxidation or manufacturing impurities—all reported 

spent-medium values were rigorously corrected by 

subtracting the lot-specific day-0 concentration. 

Collectively, the elevated secretion of oxypurines in 

lower-grade embryos and in morphologically high-grade 

embryos that ultimately failed suggests either 

unsustainably high global metabolic activity or, more 

plausibly, inadequate ATP generation due to dysfunctional 

oxidative phosphorylation, resulting in excess flux 

through the purine degradation pathway [36–38]. The 

literature remains divided on whether high metabolic rate 

per se is detrimental or beneficial to embryo competence 

[35, 39, 40], but our data align with the interpretation that 

disproportionate oxypurine release reflects energetic 

imbalance secondary to preimplantation mitochondrial 

insufficiency. 

Thus, quantitative assessment of embryo-derived 

hypoxanthine, uric acid, nitrite, and nitrate in spent culture 

media offers a robust, objective, metabolism-based 

adjunctive criteria for embryo selection that appear 

superior to morphology alone in predicting both 

implantation success and the birth of healthy offspring. 

Materials and Methods 

Patient enrollment and ovarian stimulation 

This study adhered to the Declaration of Helsinki, and all 

participants provided written informed consent. Twenty-

eight women, aged 30–49, experiencing infertility for at 

least one year and with fewer than two prior ART cycles, 

were recruited at the Alma Res Fertility Centre (Rome, 

Italy) from January to November 2021. The study received 

approval from the Alma Res Ethical Committee (approval 

number AREC0319IVF). Patients underwent a controlled 

ovarian stimulation protocol using a GnRH antagonist. 

Stimulation began on cycle day 2 with recombinant FSH 

(Gonal-F, Merck, Australia) or urinary hMG (Meropur, 

Ferring, Switzerland). Follicle growth was monitored 

using transvaginal ultrasonography and serum estradiol, 

and a GnRH antagonist (Cetrotide, Merck, Australia) was 

administered once follicles reached ≥13 mm to prevent 

premature ovulation. Oocyte retrieval was performed 36 

hours after r-hCG administration when at least three 

follicles reached ~18 mm, using ultrasound-guided 

aspiration and a vacuum pump. 

Fertilization, embryo culture, and outcome 

assessment 

All oocytes were fertilized using intracytoplasmic sperm 

injection (ICSI). Two hours after retrieval, cumulus cells 

were removed using hyaluronidase (Vitrolife AB, 

Göteborg, Sweden), and ICSI was performed. Injected 

oocytes were placed individually in 50 µL of Global Total 

Lp Medium (CooperSurgical, Inc., Trumbull, CT, USA), 

covered with 9 µL Ovoil (Vitrolife AB), in pre-

equilibrated GPS embryo dishes. Embryos were cultured 

at 37 °C in a K-System incubator under 5% O₂, 6% CO₂, 

and 89% N₂. The time of ICSI was set as time zero for 

culture. 

Fertilization was assessed on day 1, after which zygotes 

were transferred to fresh pre-equilibrated medium in GPS 

dishes. Embryos remained there until day 5, when 

blastocyst development was evaluated using the Gardner 

grading system [3]. Embryos scoring above BB were 

classified as high quality (grades A and B), and those 

below BB as low quality (grades C and D). Culture media 

were collected, stored at −20 °C, and later analyzed for 

metabolites. Samples contaminated with oil were 

excluded. 

For patients undergoing transfer, clinical pregnancy and 

live birth outcomes were recorded. Of the 66 embryos 

cultured, 10 single blastocysts were transferred in fresh 

cycles, while the remaining embryos were vitrified in 
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freeze-all cycles. Embryos with superior morphology were 

preferentially selected for transfer. Transfers in thawed 

cycles were also included in outcome analyses. 

Biochemical pregnancies were assessed via hCG blood 

tests, and clinical pregnancies were confirmed at 8 weeks 

by ultrasound, including detection of fetal heartbeat. 

Biochemical assessment of embryo culture media 

Embryo culture media samples, previously frozen and 

ranging from 25 to 45 μL, were diluted to 200 μL using 

HPLC-grade water and analyzed under blinded conditions. 

A 100 μL aliquot from each sample was processed for 

high-performance liquid chromatography (HPLC) to 

detect purines, pyrimidines, nitrite, and nitrate, employing 

a method validated in our laboratory and described in 

earlier publications [18, 41, 42]. The chromatographic 

separation and quantification of these compounds were 

performed on a Surveyor HPLC system (Thermo Fisher 

Scientific, Rodano, Milan, Italy) equipped with a diode 

array detector with a 5 cm light-path flow cell, linked to a 

Hypersil C-18 column (250 × 4.6 mm, 5 μm particles, 120 

Å pore size) and protected by a guard column (15 × 4.6 

mm). Quantification was performed using ChromQuest® 

software (Thermo Fisher Scientific) at 260 nm for purines 

and pyrimidines, and 206 nm for nitrite and nitrate, with 

sample dilutions accounted for in all calculations. 

Statistical evaluation 

All data analysis was conducted using GraphPad Prism 

version 8.0 (GraphPad Software, San Diego, CA, USA). 

The Kolmogorov–Smirnov test evaluated the distribution 

normality of the dataset. As the distributions of the 

metabolites were not normal, the Kruskal–Wallis non-

parametric one-way ANOVA was used for comparisons 

between embryo groups (high vs. low morphological 

grade and successful vs. unsuccessful pregnancies). 

Multiple comparisons were adjusted using the two-stage 

linear step-up procedure of Benjamini, Krieger, and 

Yekutieli to control the false discovery rate. A q-value 

below 0.05 was considered statistically significant. 

Receiver Operating Characteristic (ROC) curves were also 

generated to evaluate the sensitivity and specificity of each 

metabolite in distinguishing embryo culture media 

according to morphological grade or pregnancy outcome. 

Conclusion 

The findings from this study suggest that evaluating ATP 

catabolism products (oxypurines) and nitric oxide 

metabolites (nitrite and nitrate) in embryo culture media 

can provide a valuable biochemical tool for assessing 

embryo quality. Such assessments have the potential to 

improve ART outcomes by enhancing the likelihood of 

successful pregnancies and healthy live births. These 

analyses provide additional insights that are not obtainable 

through conventional morphological grading alone. 

However, some limitations should be noted. First, the 

study involved a relatively small number of embryos, 

particularly those with lower Gardner grades, highlighting 

the need for confirmation in larger cohorts. Second, the 

biochemical analyses are time-intensive: each HPLC 

measurement for oxypurines, nitrite, and nitrate requires 

30 minutes, followed by an additional 30 minutes before 

subsequent samples can be processed, allowing a 

maximum throughput of roughly 12 samples per 

instrument per working day. 

In conclusion, metabolic profiling of human embryo 

culture media represents a promising adjunctive tool to 

conventional morphological evaluation, with the potential 

to increase successful pregnancy rates and offer significant 

advantages for couples undergoing ART. 
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