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Abstract

:

In a previous study, we showed that various low-molecular-weight compounds in follicular fluid (FF) samples of control fertile females (CFF) have different concentrations compared to those found in FF of infertile females (IF), before and after their categorization into different subgroups, according to their clinical diagnosis of infertility. Using the same FF samples of this previous study, we here analyzed the FF concentrations of free and bound bilirubin and compared the results obtained in CFF, IF and the different subgroups of IF (endometriosis, EM, polycystic ovary syndrome, PCOS, age-related reduced ovarian reserve, AR-ROR, reduced ovarian reserve, ROR, genetic infertility, GI and unexplained infertility, UI). The results clearly indicated that CFF had lower values of free, bound and total bilirubin compared to the respective values measured in pooled IF. These differences were observed even when IF were categorized into EM, PCOS, AR-ROR, ROR, GI and UI, with EM and PCOS showing the highest values of free, bound and total bilirubin among the six subgroups. Using previous results of ascorbic acid, GSH and nitrite + nitrate measured in the same FF samples of the same FF donors, we found that total bilirubin in FF increased as a function of decreased values of ascorbic acid and GSH, and increased concentrations of nitrite + nitrate. The values of total bilirubin negatively correlated with the clinical parameters of fertilization procedures (number of retrieved oocytes, mature oocytes, fertilized oocytes, blastocysts, high-quality blastocysts) and with clinical pregnancies and birth rates. Bilirubin concentrations in FF were not linked to those found in serum samples of FF donors, thereby strongly suggesting that its over production was due to higher activity of heme oxygenase-1 (HO-1), the key enzyme responsible for bilirubin formation, in granulosa cells, or cumulus cells or oocytes of IF and ultimately leading to bilirubin accumulation in FF. Since increased activity of HO-1 is one of the main enzymatic intracellular mechanisms of defense towards external insults (oxidative/nitrosative stress, inflammation), and since we found correlations among bilirubin and oxidative/nitrosative stress in these FF samples, it may reasonably be supposed that bilirubin increase in FF of IF is the result of protracted exposures to the aforementioned insults evidently playing relevant roles in female infertility.
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1. Introduction


The influence of the follicular fluid (FF) composition on both natural and in vitro fertilization has been clearly evidenced by tens of studies that have appeared in the literature in the last decades [1,2]. In particular, the composition of FF, in terms of low-molecular-weight compounds connected to various biochemical functions, is fundamental to allow correct oocyte maturation and development following either natural or in vitro fertilization [3,4,5].



Alterations of compounds related to energy metabolism, such as glucose and lactate, have been found in FF of infertile females suffering from different pathological conditions of infertility [6,7]. Also, decreased levels of FF antioxidants (ascorbate, reduced glutathione, coenzyme Q10) may be causative of infertility and are often associated with clear signatures of increased oxidative/nitrosative stress [8,9].



These biochemical modifications of FF composition are certainly the sum of different contributions from both the oocyte and the cumulus and granulosa cells. Under fertility conditions, the correct functioning of the different cell types involved in FF formation allows either the transport from the bloodstream to FF of nutrients and other relevant compounds (antioxidants, amino acids) or the countertransport of end products of oocyte catabolism (for instance, lactate and ammonia). Therefore, besides the crucial role in releasing correct hormonal signals, this complex cell system, oocyte–cumulus cell-granulosa cell, is definitely relevant to ensure the correct biochemical composition of FF, which is crucial to allow pregnancy.



Bilirubin is the yellow pigment originating as the end product of heme catabolism from the combined actions of heme oxygenase (HO) (the first, rate-limiting step forming biliverdin from heme) and of biliverdin reductase (the second step forming bilirubin from biliverdin) [10]. Although the majority of bilirubin formation occurs through the metabolism of the heme of hemoglobin (Hb) in the reticuloendothelial system [11], a significant proportion of bilirubin generation occurs ubiquitously in all cells of all tissues, from the metabolism of non-Hb heme released during the turnover of intracellular hemoproteins (for instance, cytochromes, catalase, peroxidases, nitric oxide synthases) [12].



In the liver, in order to increase its solubility and therefore favor its subsequent excretion, circulating bilirubin is conjugated with one or two molecules of glucuronic acid and again released into the bloodstream, where different bilirubin forms can be found: (i) unconjugated bilirubin (UB); (ii) unconjugated, albumin-bound bilirubin (UB-A); two isomers of bilirubin monoglucuronate (depending on which of the two –COOH of bilirubin the glucuronate is linked to) (BMG); bilirubin diglucuronate (in which both –COOH of the molecule are conjugated with glucuronic acid) (BDG). Accumulation of part of UB in the bile and deglucuronidation and transformation of BMG and BDG into products of excretion (stercobilin and urobilin) contribute to maintain under control the circulating levels of UB. In fact, whilst low UB levels are considered of great advantage for the organism in light of the antioxidant properties of bilirubin [13], excess of UB is deleterious for cell wellness [14,15].



As previously mentioned, intracellular heme catabolism is mainly dependent on the activity of HOx, the enzymes catalyzing the rate-limiting reaction of heme degradation. HO exists in two isoforms: heme oxygenase 1 (HO-1) and heme oxygenase 2 (HO-2). Whilst HO-2 is constitutively expressed in all human tissues (although in different amounts), HO-1 is the inducible isoenzyme that can be found in a lower number of tissues [16,17]. The expression of HO-1 is modulated by that of the nuclear factor erythroid-2-related factor 2 (Nrf2), activating the cell defense systems (including HO-1) against a variety of stressors [18,19,20]. Pathological conditions causing oxidative/nitrosative stress, inflammation and mitochondrial malfunctioning are capable of activating the Nrf2/HO-1 axis as a cell/tissue protective response to increase the probability of cell/tissue to survive the stressor. Hence, in cells/tissues undergoing a physical–chemical insult capable of triggering the aforementioned molecular alterations, the increase in expression and activity of HO-1 lead to augmented bilirubin formation in light of its antioxidant and signaling properties [21,22]. Therefore, levels of cell/tissue bilirubin may indicate the presence of stressing stimuli connected to pathological states and altered clinical conditions. In infertile females, oxidative/nitrosative stress and inflammation are associated with endometriosis (EM), polycystic ovary syndrome (PCOS) and also reduced ovarian reserve (ROR) [23,24,25,26,27,28], thus creating the pathological conditions for an excess formation of bilirubin in their FF.



Recently, we have shown that FF of infertile females (IF) affected by EM, PCOS, aged ROR (A-ROR), ROR, unexplained infertility (UI) and genetic infertility (GI), compared to control fertile females (CFF), had numerous alterations in terms of low-molecular-weight compounds representative of antioxidant defenses, nitrosative stress, energy metabolism and amino acid metabolism [29]. Using the same FF samples of this previous study, we here examined whether bilirubin concentration had different values in CFF and in IF, subsequently categorized into EM, PCOS, ROR, A-ROR, UI and GI. Results of the FF bilirubin levels were correlated with the water-soluble antioxidants and nitric oxide metabolites (nitrite + nitrate), previously measured in the same FF samples from the same FF donors [29], as well as with outcome measures of clinical pregnancy, in order to find potential correlates of clinical relevance.




2. Results


2.1. Concentration of Bilirubin in FF of Control Fertile and Pooled Infertile Females


The results illustrated in Figure 1 show the concentration of free (A), conjugated (B) and total (C) bilirubin in the group of control fertile females (CFF) and in that of infertile females (IF) grouped into a single cohort, independently of the clinical diagnosis of infertility.



Mean values of free, conjugated and total bilirubin in CFF were, respectively, 0.36 ± 0.18, 0.84 ± 0.24 and 1.20 ± 0.42 μmol/L FF, whilst values measured in FF of pooled CFF were, respectively, 1.15 ± 0.26 (+319%), 1.95 ± 1.01 (+232%) and 3.07 ± 1.20 (+256%) μmol/L FF. To evaluate whether the FF levels of the three forms of bilirubin might discriminate between CFF and pooled IF, we calculated the corresponding receiver operating characteristic (ROC) curves.



As shown in Figure 2, calculations of ROC curves indicate that concentrations of each one of the three bilirubin forms in FF clearly clustered, with high sensitivity and specificity, CFF and pooled IF into two distinct groups.




2.2. Concentration of Bilirubin in FF of CFF and IF Categorized According to Their Clinical Diagnosis of Infertility


To determine whether bilirubin levels were influenced by the differential clinical diagnoses of infertility, concentrations of the three bilirubin forms (unconjugated, conjugated and total) detected in FF of pooled IF were divided into six subgroups of EM, PCOS, A-ROR, ROR, UI and GI, depending on the results of the clinical assessment and the consequent assignment of each patient to one of the aforementioned subgroups. The results are illustrated in Figure 3.



The results illustrated in Figure 3 clearly indicate that each of the six subgroups, in which IF were divided, had values of free, conjugated and total bilirubin significantly higher than the corresponding values measured in CFF. Additionally, the data also show that IF patients belonging to the two subgroups of EM and PCOS had values of the three bilirubin forms higher than those determined in the remaining four IF subgroups.




2.3. Increased Concentration of Bilirubin in FF Correlates with Decreased Ascorbic Acid and GSH, and Increased Nitrite + Nitrate


Taking advantage of the measurements of ascorbic acid, GSH, nitrite + nitrate (as stable end products of nitric oxide metabolism) previously carried out in the same FF samples from the same FF donors of both groups of CFF and IF [29], we evaluated the potential correlations among bilirubin FF concentrations and those of each of the aforementioned compounds in FF. As shown in Figure 4, increases in bilirubin FF values are associated with decreases in ascorbic acid (A) and GSH FF concentrations (B). Conversely, FF bilirubin levels increase as a function of increasing concentrations of nitrite + nitrate in FF. Altogether, these findings reinforce the concept that stressing conditions, such as those occurring under oxidative/nitrosative stress, are very probably responsible for bilirubin overproduction released in FF by accessory cells (cumulus cells, granulosa cells) and, possibly, by oocyte itself.




2.4. Concentration of Bilirubin in FF Correlates with Biological and Clinical Parameters of IVF and Successful Pregnancy


As shown in Figure 5, in order to evaluate the potential influence on IVF efficiency, we plotted the numbers of retrieved oocytes (A), mature oocytes (B), fertilized oocytes (C), blastocysts (D) and high-quality blastocysts (E) as a function of the total bilirubin concentration determined in FF of donors, pooled into a single group independently of the assignment to the group of CFF or IF.



Highly significant values of the Spearman’s correlation coefficients were found when correlating concentration of total bilirubin in FF to the number of retrieved oocytes (r = −0.476; p < 0.0001), number of mature oocytes (r = −0.467; < 0.0001), number of fertilized oocytes (r = −0.379; p < 0.0001), number of blastocysts (r = −0.359; p < 0.0001) and number of high-quality blastocysts (r = −0.336; p < 0.0002).



In order to evaluate the effect on the number of pregnancies and live births, FF donors who underwent embryo transfer, independently of their classification into CFF or IF, were divided into two groups of pregnancy (n = 42) and no pregnancy (n = 68), and two groups of births (n = 27) and no births (n = 12).



As shown in Figure 6, FF concentration of total bilirubin was higher either in FF donors with no pregnancy (A), or in FF donors with no live births (B).





3. Discussion


In a recent study, we observed that FF of IF had numerous alterations in various hydrophilic and hydrophobic low-molecular-weight compounds, compared to the values measured in CFF [29]. Furthermore, when IF were categorized according to the clinical diagnosis of infertility, different patterns of biochemical alterations were found in their FF samples [29]. Due to the variable-intensity yellowish color of FF and to previously published results [30,31], we reanalyzed FF samples of the aforementioned groups of 35 CFF and 145 IF [29], with the aim to determine the concentrations of free bilirubin, conjugated bilirubin and total bilirubin and their possible correlations with infertility. The results reported in the present study clearly evidenced that concentrations of FF bilirubin, either free, or conjugated or total, are associated with infertility, FF antioxidants, FF oxidative/nitrosative stress, unsuccessful IVF, clinical pregnancy and live births.



When considering the differences between CFF and pooled IF, we found that FF of infertile females had bilirubin concentrations (free, conjugated and total) 2–3 times higher than those measured in FF of fertile females. Since the concentrations of the majority of the low-molecular-weight compounds detectable in FF reflect, under physiological conditions, those found in serum [32], we hypothesized that IF may have high levels of circulating bilirubin, thus explaining the higher concentrations in their FF, compared to those in FF of CFF. The retrospective analysis allowed the recovery of a limited number of FF donors who performed routine blood analysis (in the days before pickup) that also included the determination of serum bilirubin. In this subset of FF donors, free, conjugated and total bilirubin in CFF serum (n =17) were, respectively, 4.49 ± 3.81, 5.62 ± 2.63 and 10.11 ± 4.44 μmol/L, whilst levels measured in IF serum (n = 59) were, respectively, 3.47 ± 2.29, 5.97 ± 2.77 and 9.44 ± 3.06 μmol/L, thereby indicating no differences in the circulating concentrations in any of the three bilirubin forms between fertile and infertile females.



With this in mind, it is highly conceivable to hypothesize that at least part of the bilirubin in FF is not derived through a simple mechanism of equilibration between the circulating (higher than FF) and the FF (lower than serum) levels, but rather that it may plausibly be the result of the intracellular production by the oocyte and accessory cells (cumulus and granulosa cells), releasing their production of bilirubin in FF. To this regard, the presence and relevance of both the inducible (HO-1) and the constitutive (HO-2) forms of heme oxygenase, the enzyme responsible for the first reaction of the heme catabolic pathway, have clearly been demonstrated in female reproductive cells [33,34,35].



Although the levels of expression of HO-1 are associated with defense cell mechanisms towards ROS-mediated damages [36,37], Bergandi et al. [38] and Canosa et al. [39] showed that higher expressions of HO-1 are associated with poorer embryo quality and development. Indeed, the increased expression of a defense mechanism, such as the increased HO-1 expression, is the result of the cell response towards stressing conditions. That is, high levels of HO-1 indicate that cells have been exposed to physical–chemical insults for a sufficient period of time to induce the activation of defense mechanisms, including HO-1 overexpression. It is certainly conceivable to suspect that, under conditions of increased HO-1 expression, the formation of the end product of the combined activity of HO-1 and biliverdin reductase, i.e., bilirubin, is increased.



The results reported in the present study, showing higher bilirubin concentrations in FF of infertile females, particularly in FF of those donors diagnosed for EM and PCOS, strongly suggest that this biochemical evidence is due to insurgence of pathological conditions, potentially causing increased ROS production and consequent oxidative/nitrosative stress, and ultimately inducing a cell response (of cumulus and granulosa cells) aimed to increase antioxidant defenses [40,41]. The strong correlations between bilirubin and ascorbic acid, bilirubin and GSH, bilirubin and nitrite + nitrate (with bilirubin increasing in FF as a function of decreasing ascorbic acid and GSH, and increasing nitrite + nitrate) demonstrate the link between bilirubin FF concentrations and oxidative/nitrosative stress and corroborates the hypothesis that this phenomenon is the result of a defense mechanism of the female reproductive cell system. It is well known that oxidative/nitrosative stress triggers overexpression of the Nrf2-HO-1 axis, which is of paramount importance to ensure adequate cell protection from oxidative insults. Hence, the increases in gene and protein HO-1 expressions are generally considered as indicators of stressing conditions triggering the endogenous mechanisms aimed to increase probability of cell survival under pathological conditions [42,43,44].



In this light, it is worth recalling that the same FF samples from infertile donors used in this study had also decreased concentrations of α-tocopherol and coenzyme Q10, and increased values of malondialdehyde and 8-hydroxy-deoxyguanosine compared to the values measured in FF of controls [29], strongly corroborating the indication that the increased FF bilirubin levels in infertile females are the result of tentative protective mechanisms against pathological conditions increasing inflammation [45] and oxidative/nitrosative stress [46].



In conclusion, although the present data do not allow for determining the cell source implicated in the bilirubin increase in FF of infertile females, they show for the first time that this phenomenon is connected with oxidative/nitrosative stress and with all the biological measures determining IVF success, particularly clinical pregnancies and live births. Since a bilirubin increase in FF is associated with the increase of parameters reflecting oxidative/nitrosative stress and the decrease in water-and fat-soluble antioxidants, it is conceivable to hypothesize that the administration of selected antioxidants to infertile females may be beneficial to increase success of IVF. Studies aimed to determine the efficacy of these treatments (through the biochemical analysis of FF before and after antioxidant therapies) and to determine HO-1 expression/activity in oocyte accessory cells are in progress.




4. Materials and Methods


4.1. Patients’ Characteristics and Protocols for Ovarian Stimulation


The study was conducted according to the Declaration of Helsinki for Medical Research involving Human Subjects. At the time of enrollment, all FF donors signed informed written consents to participate in this study.



As previously indicated [29], FF donors were recruited at the Alma Res Fertility Centre (Rome, Italy) from September 2018 to January 2020, with the approval of the Alma Res Ethical Committee (approval number AREC0818FF). Infertile females (IF, n = 145) did not achieve pregnancy after at least one year of unprotected sexual intercourse with the same partner. Fertile females of couples with fertility problems because of a male factor alone, who agreed to donate their FF for the analysis, represented the control groups (CFF, n = 35). The inclusion in this group was performed after a scrupulous clinical evaluation excluding any female involvement and only when laboratory evidence allowed a clear diagnosis of male infertility. Exclusion from the study occurred in the case of a mechanical barrier in the female reproductive system, previous history of cancer and premature ovarian failure. Categorization of IF was carried out through gynecological assessment, including hormone analysis, hysterosalpingography, and transvaginal ultrasound to evaluate uterine cavity and antral follicle counts. After assessment, IF could be divided into the subgroups of endometriosis (EM, n = 19), polycystic ovary syndrome (PCOS, n = 14), age-related reduced ovarian reserve (AR-ROR, n = 58), reduced ovarian reserve (ROR, n = 29), unexplained infertility (UI, n = 14) and genetic infertility (GI, n = 11). Details for the assignment of IF to the different subgroups, with particular attention to those of EM, PCOS and GI, have previously been described [29].



In CFF, and in the subgroups of PCOS, UI and GI, ovarian stimulation was induced by the administration of GnRH antagonist and menotropin started on day 2 after the beginning of the cycle, followed by GnRH antagonist and recombinant human chorionic gonadotropin (r-HCG) at the end of the stimulation. In the subgroups of EM, AR-ROR and ROR, the ultrashort protocol for ovarian stimulation was applied (ultrashort flare GnRH analogue starting on day 1 after the beginning of the cycle, followed by menotropin administration on day 2). In vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) was performed in CFF and IF, on the basis of male factor involvement in infertility and the type of infertility. Conventional IVF was carried out when donors were diagnosed with unexplained infertility or endometriosis, whilst ICSI was performed when previous IVF failure or suboptimal fertilization occurred.



To minimize external variables affecting analytical results, all FF donors were assessed in order to determine their dietary pattern and lifestyle (all nonsmokers, no one with alcohol or drug dependence, mild-to-moderate physical activity). Questionnaires to determine the adherence to the Mediterranean diet [47] and to evaluate the levels of physical activity [48] were administered to each FF donor before clinical assessment. Those patients who had a supplementation of adjuvants/nutraceuticals during the 3 months before the enrollment were excluded from the study.




4.2. Follicle Recovery, FF Preparation, Embryo Culture and Assessment of Successful Fertilization


Transvaginal, ultrasound-assisted follicle aspiration (approximate size of ≥18 mm) was carried out 36 h after the injection of r-HCG. FF samples were prepared as previously described [29]. Briefly, pooled FF from the same donor were centrifuged (10 min at 1500× g at room temperature) and 500 μL of the supernatants were then processed for the analysis of fat-soluble metabolites. Blood contamination caused the discarding of FF samples.



The preparation of oocytes for insemination and conditions for their culture are those applied in our previous study [29]. The number and the quality (the latter determined using the Gardner blastocyst grading system) of developed blastocysts were assessed 5 days after the insemination, followed by transfer or vitrification. The number of retrieved oocytes, mature oocytes, fertilized oocytes, blastocysts and high-quality blastocysts (grading ≥ 4AA) were determined. The number of clinical pregnancies and of healthy offspring were taken into account for those FF donors who decided on embryo transfer.




4.3. Samples Processing and HPLC Assay of Bilirubin in the Fat-Soluble Fraction of FF Samples


FF supernatants (500 μL) were light-protected, deproteinized by the addition of 1 mL of HPLC-grade acetonitrile, vortexed for 60 s and placed in a water bath for 1 h at 37 °C. As previously shown, this procedure allows the quantitative recovery of fat-soluble compounds in biological samples [49,50,51,52]. Protein-free FF were obtained by centrifugation at 20,690× g for 15 min at 4 °C and then saved at −80 °C until the HPLC analysis of fat-soluble compounds, including free and bound bilirubin.



The analysis of FF for the quantification of bilirubin was performed using a Surveyor HPLC apparatus (Thermo Fisher Scientific, Rodano, Milan, Italy). A highly sensitive 5 cm light-path flow cell diode array, set up for acquisition between 200 and 550 nm wavelengths, was used for bilirubin detection. Aliquots of protein-free FF acetonitrile extracts (100 μL) were loaded onto a Hypersil Gold C-18, 150 × 4.6 mm, 3 μm particle size column (Thermo Fisher Scientific, Rodano, Milan, Italy), provided with its own guard columns. Quantification of free and conjugated bilirubin in FF extracts was performed by comparing retention times and area of the peaks with those of chromatographic runs containing known concentrations of ultrapure standards of free and bound bilirubin, using the ChromQuest® software package (5.0 version) provided by the HPLC manufacturer.




4.4. Statistical Analysis


Statistical analysis was performed by using the GraphPad Prism program, release 8.0.1. The normality of distribution was tested by the Kolmogorov–Smirnov test. For all continuous variables, minimum, 25% percentiles, medians, 75% percentiles, maximum, range, 95% CI of medians, means, standard deviations, lower and upper 95% CI of means were calculated. Differences among the two groups of CFF and pooled IF were displayed by using the Mann–Whitney U test, and those among CFF and the 6 subgroups of IF divided according to the clinical diagnosis (EM, PCOS, AR-ROR, ROR, UI, GI) were determined by the 1-way ANOVA, followed by the Tukey test, as the post hoc test. A p value of less than 0.05 was considered statistically significant. The power calculations of the study’s sample size indicated a minimum of 33 FF sample/group to have a 90% power with an α < 0.05. To evaluate the effects size, the Hedge’s g values of each comparison between variables under consideration were calculated and are reported in the Supplementary Materials Tables S1–S14. Correlations among the concentrations of bilirubin and ascorbic acid, GSH, nitrite + nitrate in FF, as well as those among bilirubin in FF andclinical parameters of fertilization procedures (number of retrieved oocytes, mature oocytes, fertilized oocytes, blastocysts, high-quality blastocysts) were calculated using the Spearman’s correlation coefficient.
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Figure 1. Box plots reporting median, 1st and 3rd quartiles, minimum and maximum values of the concentrations of free bilirubin (A), conjugated bilirubin (B) and total bilirubin (C) detected by HPLC in FF of 35 control fertile females (CFF) and 145 infertile females (IF) grouped in a single cohort of infertility. * Significantly different from CFF, p < 0.001. 
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Figure 2. Receiver Operating Characteristic (ROC) curves calculated using the levels of free bilirubin (A), conjugated bilirubin (B) and total bilirubin (C) determined in FF samples of CFF and pooled IF. 
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Figure 3. Box plots reporting median, 1st and 3rd quartiles, minimum and maximum values of the concentrations of free bilirubin (A), conjugated bilirubin (B) and total bilirubin (C) detected by HPLC in FF of 35 control fertile females (CFF) and 145 infertile females (IF), categorized into six subgroups according to the clinical diagnosis of infertility. EM = endometriosis (n = 19); PCOS = polycystic ovary syndrome (n = 14); A-ROR = aged-related reduced ovarian reserve (n = 58); ROR = reduced ovarian reserve (n = 29); UI = unidentified infertility (n = 14); GI = genetic infertility (n = 11). * Significantly different from CFF, p < 0.001; ** Significantly different from EM, p < 0.01; *** Significantly different from PCOS, p < 0.01. 
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Figure 4. FF concentrations of total bilirubin as a function of FF ascorbic acid (A), GSH (B) and nitrite + nitrate (C), independently of the classification of FF donors into CFF or IF. Spearman’s correlation coefficients were significant in any of the aforementioned associations. 
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Figure 5. Linear correlations between the FF concentration of total bilirubin and number of retrieved oocytes (A), number of mature oocytes (B), number of fertilized oocytes (C), number of blastocysts (D) and number of high-quality blastocysts (E) in pooled FF donors, independently of their classification into CFF or IF. Spearman’s correlation coefficients were significant in any of the aforementioned associations. 
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Figure 6. Box plots reporting median, 1st and 3rd quartiles, minimum and maximum values of the FF total bilirubin concentration in those FF donors who underwent embryo transfer and who had a clinical pregnancy (A) and who delivered healthy offspring (B). FF donors were pooled into a single group, independently of their classification into CFF or IF. * Significantly different from pregnancy and births, p < 0.001. 






Figure 6. Box plots reporting median, 1st and 3rd quartiles, minimum and maximum values of the FF total bilirubin concentration in those FF donors who underwent embryo transfer and who had a clinical pregnancy (A) and who delivered healthy offspring (B). FF donors were pooled into a single group, independently of their classification into CFF or IF. * Significantly different from pregnancy and births, p < 0.001.



[image: Ijms 24 10707 g006]













	
	
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.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
>

Sensitivity

100-

0o
o

o
o

IS
<

X,
<

o

/ Area = 0.8288
’ p <0.0001

o 80-
e 2
,/, E 60'
L’ o 40
, 7))
o7 Afi 0.0001 20-
a | | | | | | | | | | 0 -
20 40 60 80 100 0
1 - Specificity
C 100- -
o Janne e
80+ e
2 .
Z 60 o7
z, .
@ 40- ,/
(7)) ’
20+ ’ Aifi 0.00071
0 ‘ | | | | | | | | | |
0 20 40 60 80 100

1 - Specificity

20 40 60 80 100
1 - Specificity





nav.xhtml


  ijms-24-10707


  
    		
      ijms-24-10707
    


  




  





media/file2.png
= LL
C
O
0 © < ~ o
(44 7/10wm) uignuijiq jejo )
|
= LL
C
m
© < N o

(44 /1owr) uiqnuijiq pajebnfuo)

IF

« ———
HIR

w o w o u 9
N N ™ =« ©o©oO o

(44 /1owr) uiqnuijiq aaa4

CFF

<






media/file5.jpg
éi%éi&
s JT7°"

e
o ALt O O

Free bilirubin (umollL FF)

6:

| kit

P %ns‘i&o‘%q@‘- Y

:%.$;EIE

o eBete® 9 @
(<

Conjugated bilirubin (umollL FF)

in (umollL FF)






media/file3.jpg
A 100 B
80-
E z
2 6o &
] %
5 a0 5
& &
20 e
0
0 20 40 60 80 100 0 20 40 60 80 100
1 - Spe 1 - Specificity
Cc
H
B
5
&

Area = 09604
P00t

0 20 40 60 80 100
1 - Specificity





media/file1.jpg
%Jr

1q (eioL

-
=
CFF.

<

(44 own) ugn;






media/file7.jpg
r=-0323

(34 iow) uigninya feioL.
<

60 80 100

40
Ascorbic acid (umolL FF)

GSH (umoliL FF)

(34 Viow) waruy
©

e + Nitrate (umolL FF)






media/file10.png
r=-0.3791
p <0.0001

o

15-

o

o

$9}A200 PazI|i}4d} JO JaquInN

o0

$9)A200 paAali}al Jo JaquinN

28
<o oo
A\
_hp (o] ° ]
[
o U
wm
(o]
o oomm
g0l
oww o
808,08
° Omo.mo
| | | | | | | |
oo o © o
- -—

0.4762
p <0.0001

r=-—

0

Total bilirubin (umol/L FF) Total bilirubin (umol/L FF)

Total bilirubin (umol/L FF)

11

0.3357
p <0.0002

r=-—

o

o

o

a0 00

2
Total bilirubin (umol/L FF)

(oo}

©

<

s)sAoojse|q Ayjenb ybiy jo saquinN

(@

r=-0.3593
p <0.0001

o
o

o

000

o

oO® 0000

I
(o0

(I}

<

s}sAo0jse|q Jo JaquinN

Total bilirubin (umol/L FF)





media/file12.png
No births

Pregnancy No pregnancy
Births

<

0 © < N o VW <t O N «~ O

(44 1/1owir) uiqnuiiq jejoL (44 1/1owir) uiqnuijiq jejo L





media/file9.jpg
Number of retrieved oocytes.

Number of blastoeysts

A . B ] c
W o R E o § . iy
2 g 10 og o °
: Eol%%e .
3 5 sleiBRd o
H i | .l
. £ o 8 o R
S R AL A
e ——— —— Tot it ot )
o €
et :- . s
of o

Totalbilrubin (smlL FF)

Number of high qualty blastocysts

Total bilrubin (umoll. FF)





media/file0.png





media/file8.png
N~ |M
81

< ©

e =) ' ©

o S 1 ©

| @ ° ,

n v © oo kLo
o O OQ (o] <«
o

I

o0

(44 /1lowM) uignaijiq jejo
11]

(e )
2 < K
N ©
P =) 1)
O_.M ° .. o
nv % / [ o
- Q. % 6 °
oy (o]
o '
o ® L O
% o° .omwoo ©
o 8T Lo
o &@o& &o |m
@ o&w%oo
o 00 %OO
o o
o o o °of |m
ooooomwv o
oo B
o &
I I I I o

0 © < N o
(44 7/10wm) wignuiq jejol
<

GSH (nmol/L FF)

Ascorbic acid (umol/L FF)

r = 0.4824
p < 0.0001

(44 7/10wiT) uignuiq ejoy
O

Nitrite + Nitrate (umol/L FF)





media/file11.jpg
y
g
g .
5 3
* = E
8 5
a o
° z
s
5
g £
% o
< & «Q

B ¥ BN - o

(44 now) uignaig fejor (44 owrl) uign. lesoL

8
6
4
2
0






media/file6.png
Free bilirubin (umol/L FF)

Conjugated bilirubin (umol/L FF)

Total bilirubin (umol/L FF)






