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Abstract

Purpose Intrafollicular fluid (IFF) melatonin plays a decisive role in maintaining granulosa cells’ DNA integrity and protects
them against apoptosis. It reduces oxidative stress and improves the oocyte quality with a higher fertilization rate.

Method This prospective study investigated the antioxidant property of IFF melatonin and its impact on IVF outcome param-
eters. We also explored the relative expression of five microRNAs (miR-663b, miR-320a, miR-766-3p, miR-132-3p, miR-16-5p)
and levels of cell-free DNA (cfDNA) by real-time PCR in unexplained infertile patients. We collected 425 follicular fluid (FF)
samples containing mature oocytes from 295 patients undergoing IVF.

Results Patients were subgrouped based on IFF melatonin concentration (group A <30 pg/mL, group B > 70 to <110 pg/mL,
group C> 111 to <385 pg/mL). Our results showed that patients with <30 pg/mL IFF melatonin levels have significantly higher
oxidative stress markers, cfDNA levels, and lower relative expression of miR-663b, miR-320a, miR-766-3p, miR-132-3p, and
miR-16-5p compared to other subgroups (p < 0.001). Similarly, they have a low fertilization rate and a reduced number of high-
quality day 3 embryos.

Conclusion Findings suggest that the therapeutic use of melatonin produces a considerable rise in the number of mature oocytes
retrieved, fertilization rate, and good-quality embryo selection. Furthermore, miRNA signature enhances the quality of embryo

selection, thus, may allow us to classify them as non-invasive biomarkers to identify good-quality embryos.
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Introduction

Infertility is a non-contracepting couple’s inability to achieve a
clinical pregnancy after a year or more of regular unprotected
sexual intercourse [1]. Infertility is said to be idiopathic when
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standard investigation such as tests for ovulation, tubal patency,
and semen quality has not been seen abnormal, and no patho-
logical condition is reported [2]. The exact causes of unex-
plained infertility are still under debate; however, factors such
as oxidative imbalance extensively contribute to female
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infertility. In fact, an excessive quantity of reactive oxygen
species (ROS) in the follicular fluid (FF) of unexplained infer-
tile patients has been described previously [3]. Other studies
have revealed low concentrations of antioxidants in the FF of
unexplained infertile patients [4, 5]. Additionally, the increased
ROS levels in the FF of infertile patients are negatively associ-
ated with oocyte maturation and embryo quality [6].

Oxidative stress is an incessant cause of DNA damage that
modulates the expression of apoptosis-associated-microRNAs
(miRNAs) in the granulosa cells of developing oocytes [7].
Owing to their wide plethora of functional activities and dy-
namic stability, miRNAs have a promising function as diag-
nostic and prognostic biomarkers [8]. MiRNAs are the most
abundant form of extracellular RNAs in FF that can regulate
the gene expression by directly targeting the messenger RNA
(mRNA). More specifically, miR-663b, miR-766-3p, miR-
132-3p, and miR-16-5p were involved in folliculogenesis, fer-
tilization, oocyte maturation, and ovulation [9-16]. Prevailing
evidence indicates that miR-320a is associated with embryo
quality in the human FF and can influence the in vitro devel-
opment of mouse embryos [17]. In spent culture media, miR-
320a was significantly lower in poor-quality embryos than
good-quality embryos [18]. It has been reported previously
that miR-663b, miR-766-3p, miR-132-3p, and miR-16-5p
were downregulated in FF retrieved from follicles which de-
veloped into poor-quality embryos compared with the high-
quality embryos [10, 19]. Moreover, Sang et al. reported that
miR-132-3p and miR-320a were associated with steroidogen-
esis and metabolic pathways in human FF [20].

Melatonin (N-acetyl-5-methoxytryptamine) is a potent im-
munomodulatory synthetic product of the pineal gland that is
engaged in the management of circadian rhythm [21], sleep-
wake cycle [22], blood pressure [23], and monitors mamma-
lian reproductive activities [24]. Melatonin synthetic machin-
ery is also present in extra-pineal organs such as muscles,
adipose tissue, pancreatic beta cells, spleen, kidney, liver,
heart, and reproductive organs, especially in the ovary and
placenta [25-28]. More importantly, this ubiquitous
indoleamine compound serves as a potent free radical scaven-
ger [29]. Melatonin has been reported to neutralize oxidative
stress by scavenging ROS and directly activating various en-
dogenous antioxidant enzymes [30, 31]. Under moderate con-
centrations, ROS are responsible for mediating intercellular
and intracellular signaling cascades, providing protection
against apoptosis, while massive ROS production results in
oxidative stress [32]. The oxidative damage in the FF micro-
environment releases the cell-free DNA (cfDNA) fragments,
reflecting the apoptotic events inside the ovarian follicles. The
amount of cell-free DNA (cfDNA) in FF is significantly relat-
ed to the oocyte’s quality and reflects the apoptotic events
leading to cell damage [33].

Melatonin plays a vital role in the DNA integrity of gran-
ulosa cells, protects them against apoptosis, and stimulates
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estradiol and progesterone production, improving oocyte
quality with a higher fertilization rate [34]. In human ovarian
FF, melatonin’s concentration was almost threefold higher
than blood plasma [35]. The concentration was reported
highest in follicles > 18-mm diameter than intermediate 15—
16 mm and small follicles 9—12 mm [36]. Thus, an increased
intrafollicular fluid (IFF) melatonin level protects oocyte from
oxidative damage within the ovarian follicle. Moreover, mel-
atonin supplementation (1078, 1077, and 107° M) in culture
medium promotes embryo development in various species
such as mice, bovine, and porcine [37-39].

Similarly, supplementation of in vitro maturation medium
(IVM) with melatonin improves the oocyte maturation rate in
human and subsequent IVF outcomes [40, 41]. Previous stud-
ies have revealed that this indoleamine compound has a vital
role in the management of human fertility. In this context,
some recent studies demonstrated the positive impacts of oral
supplementation of melatonin during controlled ovarian stim-
ulation (COS) on oocyte developmental competence and em-
bryo quality [5, 42—45]. It has been demonstrated in many
studies that exogenous melatonin has no harmful impact on
rodents’ model during toxicity tests and is safe for humans,
even in high doses [46—49]. Currently, limited studies have
focused on the therapeutical potential of exogenous melatonin
on IVF outcome parameters and miRNAs related to oocyte
maturation and embryo quality in the human FF, which might
serve as a potent non-invasive tool for predicting oocyte de-
velopment capability in unexplained infertile patients.

Our study highlights a promising association between oral
melatonin supplementation and oxidative stress. We also
intended to test whether melatonin concentration in the follic-
ular ambient microenvironment affects oocyte quality and
embryo-developing potential. Moreover, we sought to explore
five miRNAs’ relative expression (miR-663b, miR-320a,
miR-766-3p, miR-132-3p, miR-16-5p) between high-quality
and impaired-quality embryos. These miRNAs were selected
based on previous studies demonstrating their role in oocyte
maturation and embryo quality [10, 17].

Materials and methods
Participant’s selection
Subjects

This prospective study included 425 individual FF samples
related to mature oocytes from 295 women (mean age:
33.87 = 1.98 years) with unexplained infertility. The subjects
were registered in the assisted reproductive center (Lahore
Institute of Fertility and Endocrinology) affiliated with a
tertiary-care hospital (Hameed Latif Hospital) between
January 2017 and December 2018. The participants were
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subgrouped based on our data of IFF melatonin concentration:
group A: <30 pg/mL (mean+SD, 15.3+9.3); group B: >70
to <110 pg/mL (mean =+ SD, 87.32 +£25.3); and group C: >
111 to <385 pg/mL (mean + SD, 181 +79). Patients of group
A were not given oral melatonin supplementation, while
groups B and C were received 3 and 6 mg/day melatonin
orally. The intake of oral melatonin was started from the first
visit to controlled ovarian stimulation until the oocyte retrieval
day, i.e., approximately 45 days. Daily-dose-record of mela-
tonin was self-reported by the patient. The intake of oral mel-
atonin dose was selected in the light of previous studies [5, 43,
50]. This study was approved by the Institutional Review
Board (IRB) in accordance with the Declaration of Helsinki.
All patients provided written consent to participate.

Inclusion criteria

Infertile women who had failed to conceive after three intra-
uterine inseminations (IUI) cycles and underwent not more
than three IVF cycles by utilizing high-quality embryo, pre-
sented with a complete previous case history, have normal
gynecological health with normal pelvic and abdominal ultra-
sonography, and exhibited normal blood endocrine hormones
were included in this study. Moreover, male partners who had
no history of genitourinary infection presented with normal
semen culture and semen parameters (in accordance with the
World Health Organization (WHO) criteria) were also includ-
ed in this study [51].

The patients with unexplained infertility had gone through
several diagnostic procedures to rule out the various infertility
causes before participating in the study, and they declared as
unexplained infertile patients, including hysterosalpingogra-
phy, hysteroscopy, paternal and maternal karyotypes, cervical
cultures for chlamydia, ureaplasma, mycoplasma, and com-
plete endocrine status. Similarly, many blood tests were also
conducted to diagnose the viral, bacterial, fungal, and parasitic
infections, including cytomegalovirus, human immunodefi-
ciency virus, hepatitis (B and C), rubeola, brucellosis, listeri-
osis, toxoplasmosis, syphilis, and vaginal candidiasis.

Exclusion criteria

The exclusion criteria included the presence of hereditary or
acquired thrombophilic disorders, body mass index (BMI) >
35 kg/m?, hyperandrogenemia, liver or kidney diseases, heart
diseases, previous history of irregular menses, sexual dysfunc-
tion, anemia, tubal pathology, metabolic disorders, hypersen-
sitivity to melatonin, endometriosis, elevated levels of CA-
125, and autoimmune diseases. Moreover, luteal phase defects
and endocrine hormones’ disorders were also excluded from
the study.

Assessment of clinical parameters

BMI was calculated based on height and weight. While base-
line hormones such as follicular stimulating hormone (FSH),
luteinizing hormone (LH), 17(3-estradiol (E,), thyroid-
stimulating hormone (TSH), and anti-Mullerian duct hormone
(AMH) were assessed on the second day of the menstrual
cycle through electrochemiluminescence immunoassay, ac-
cording to the manufacturer’s instructions (Elecsys® Roche
Diagnostics, Indianapolis, USA). The antral follicle count
(AFC) was assessed using transvaginal ultrasonography
(TVS) on the second or third day of the menstrual cycle.

Therapeutic regimen

To minimize the possible confounding bias by varied con-
trolled ovarian stimulation (COS) procedures, we only include
patients in which ovarian stimulation was done through long
GnRH agonist (decapeptyl®: ATCO pharma) administered in
the middle of the luteal phase of the previous cycle. Ovarian
stimulation with rFSH was evaluated by TVS and by quanti-
fying serum 173-estradiol level. A single dose of human cho-
rionic gonadotrophin (6500—10,000 IU: Merk Serono, Lyon,
Spain) was injected when more than two follicles reached a
mean diameter of 18 mm or more.

Follicular fluid collection and estimation of melatonin and E,
concentration

Automated volume-count-sonography was used to evalu-
ate the average volume (cm’) as well as the average diam-
eter (mm) of each ovarian follicle, measured from three
orthogonal planes (X, Y, Z). We assessed oocyte maturation
based on measurements of follicular volume [52]. Mature
follicles with a diameter of > 18 mm and a follicular vol-
ume of 2.00-3.5 cm® were included in this study [53].
However, FF with blood content was excluded from fur-
ther analysis. After 36 h of hCG treatment, oocytes were
retrieved by preventing flushing. FF samples of mature
MII-oocytes were centrifuged separately at 1500xg for
20 min at 4 °C by preventing high-intensity bright light
exposure. The supernatant was filtered through a 0.85-pL
filter to remove cellular debris and stored immediately as
aliquots of 500 puL x 2 at — 80 °C. Each mature oocyte, its
related embryo, and FF sample were handled separately in
the IVF laboratory. Finally, mature oocytes were subject to
intracytoplasmic sperm injection (ICSI) procedure.
Melatonin and E, concentrations were evaluated by dilut-
ing FF samples 1:100 through radioimmunoassay Kkits
(MP® diagnostics, Santa Ana, CA, USA). Intra-assay var-
iations for melatonin and E, were < 10%.
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Assessment of embryo quality

Fertilization check was done 18-24 h after ICSI, and the em-
bryo quality was determined through morphological grading,
using standard criteria based on cytoplasmic appearance, the
extent of fragmentation, number, and regularity in the sym-
metry of blastomeres by experienced embryologist [54].

RNA extraction from follicular fluid and relative expression
analysis by RT-qPCR

A total of 500-pL frozen aliquots were thawed on ice, and
cell debris was removed by centrifugation for 20 min at
3000xg at 4 °C. RNA was extracted from individual folli-
cles using the Silica-based membrane purification tech-
nique (miRNAeasy kit, Qiagen, USA) following the given
instructions, except that we diluted the sample at a 3:1 ratio
with XBP buffer to optimize its use with the FF. Total
RNA was dissolved in 30 pL of RNAs free water, and its
concentration was measured through a Nanodrop-ND-
1000 spectrophotometer (NanoDrop Technologies, USA).
Expression-based digital gel electrophoresis (Bio-Rad,
USA) was also used to confirm the total RNA concentra-
tion. MicroRNA profiling and data normalization were
achieved as narrated by (Mestdagh et al. 2009).
Complementary DNA (cDNA) was generated using the
TagMan MicroRNA reverse transcription kit (Life
Technologies, USA) in combination with RNA specific
stem-loop Megaplex primers (Applied Biosystems). A to-
tal of 15 puL reaction mixture contains 5 puL of a sample
(10 ng miRNA), 0.5 pL of ANTP (100 mM), 1.5 uL RT
buffer (10X), 1 uL/50 IU of multiScribe RT enzyme,
0.19 puL of RNase inhibitor, 3 uL of stem-loop RT primers,
and 4.16 puL of nuclease-free water. Reverse transcription
was performed in pulsating RT reaction, 40 cycles of 16 °C
for 2 min, 42 °C for 60 s, and 50 °C for 60 s. Inactivation
of reverse transcriptase was done at 85 °C for 5 min and
hold step at 4 °C. Amplification was done with the follow-
ing conditions: enzyme inactivation at 95 °C for 10 min
and 40 cycles of two thermal amplification steps of 95 °C
for 15 s, 60 s for 1 min and a hold step at 4 °C. Q-PCR was
duplicated for each sample using a CFX-96® touch RT-
PCR detection system (Bio-Rad, Life Sciences, USA). We
used the Allele ID software® to design primers and probs.
For quantification of follicular fluid miRNA expression
levels, PCR reaction was performed in a total volume of
20 uL, having 3 uL of cDNA, 10 pL of TagMan Universal
PCR MasterMix (Applied Biosystems), 0.8 pL of each
primer, and 5.4 pL double-distilled water. Amplification
was carried out in a 96-well plate, and thermocycling con-
ditions were10 min at 95 °C for enzyme activation, follow-
ed by 45 cycles of 95 °C for 20 s, 60 °C for 60 s. MiRNA
expression levels were normalized against the expression

@ Springer

of miR-16, which was used as an internal control because
of its constant expression in FF samples. The relative ex-
pression of the five miRNAs such as miR-320a, miR766-
3p, miR-132-3p, miR-16-5p, and miR-663b was calculated
using the equation 272", while ACt= Ct target miRNA —
Ct miR-16. To calculate the fold change (FC), we estimat-
ed the relative expression levels between high-quality and
impaired-quality embryo on day 3 using the 2 **“™ formu-
la [10].

Extraction and assessment of follicular fluid cell-free DNA

Cell-free DNA was quantified, as previously described [55].
For cfDNA extraction, each FF sample was diluted with an
equal volume of buffer solution (Tween-20, Tris-50 mmol/L,
EDTA-1 mmol) and incubated with proteinase K (Qiagen) at
55 °C for at least 30 min, followed by inactivation at 98 °C for
10 min. After denaturation, each FF sample was centrifuged at
3000 rpm for 15 min and then immediately stored at — 80 °C
until quantification. The cfDNA concentration in each follicle
with mature oocyte was estimated relative to the correspond-
ing amplification of 3-globin and GAPDH measured by the
real-time PCR-SYBR green detection method as previously
described [56].

Antioxidant status and oxidative stress marker
measurements in follicular fluid samples

The frozen (— 80 °C) FF samples were thawed and evaluated
for oxidative status. Average values of triplicate measure-
ments were carried out from each FF sample to avoid
interassay variations. ROS levels were measured by chemilu-
minescence assay using luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione) as a prob [57]. The total antioxidant capac-
ity (TAC) was assessed using the colorimetric assay based on
the manufacturer’s instructions (BioVision, Inc., CA, USA).
Lipid peroxidation was evaluated by calculating the concen-
tration of thiobarbituric acid reactive substances (TBARS)
[58] while 8-hydroxy-2'-deoxyguanosine (8-OHdG) was
measured using a kit based on the manufacturer’s instructions
(BioVision, Inc., CA, USA). Both TBARS and 8-OHdG
values were expressed as micromolar/liter and nanogram/mil-
liliter, respectively.

Pathway analysis

We performed in silico analysis to predict miRNA targets
using the web-based bioinformatics tool DIANA miRPath-
v3 available on http://snf-515788.vm.okeanos.grnet.gr.
Pathways were identified in both the regression analysis and
fold change. The results were demonstrated as a heat map. The
more intense red color directed an increased probability that a
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specific miRNA targets a unique pathway supplemented with
target genes.

Statistical analysis

Baseline characteristics are presented as means + SD, number
percentage [n%], and median with 95% population limits as
applicable. We used the Kruskal-Wallis/two-tailed test to ex-
plore the outcome differences in parameter levels between
patients with low (<30 pg/mL), intermediate (> 70 to <
110 pg/mL), and high intrafollicular fluid (IFF) melatonin
concentration (>111 to <385 pg/mL). Based on evaluating
the normality of the distribution by the Kolmogorov-Smirnov
test and the Shapiro-Wilk test, we used the Mann-Whitney U
test to determine the pairwise comparison between different
groups. The x” test was used to address the categorical vari-
ables. The Spearman rank test was used to determine the cor-
relation between IFF melatonin levels and other parameters.
Receiving operating characteristic (ROC) curves were used to
calculate AUC with a 95% confidence interval (Cl). The sen-
sitivity and specificity for optimal cut-off were calculated
using the XLSTAT 2020 software. SPSS (version 27; SPSS
Inc., Chicago, IL, USA) was used for further statistical analy-
sis. p < 0.05 was considered statistically significant.

Results
Baseline clinical characteristics of participants

The demographic parameters of participants are listed in
Supplementary Table 1. Patients were divided into three
groups based on IFF melatonin concentration: group A: <
30 pg/mL; group B: >70 to <110 pg/mL; and group C: >
111 to <385 pg/mL. Of the 425 oocytes with associated FF
samples, 55 oocytes did not fertilize nor reach the 1PN stage.
From the results of our study, it was evident that increased
concentration of cfDNA is found in FF samples of group A
(median, 95% Cl 2.01 (1.66; 3.42)) compared to groups B
(median, 95% C1 1.03 (0.41; 1.98)) and C (median, 95% C1
0.86 (0.11; 1.03; p<0.001)). Subsequently, ROS, TBARS,
and 8-OHdG were significantly higher in group A than in
group B and C patients (p <0.001). Similarly, we observed
that patients exhibiting decreased IFF melatonin concentration
(<30 pg/mL) have a significantly lower total antioxidant ca-
pacity [median, 95% Cl 238 (198; 305); Kruskal-Wallis test,
p<0.001] (Table 1). However, we could not find any signif-
icant association among subgroups of patients regarding BMI,
endometrial eco (mm), and baseline endocrine parameters
such as FSH, AMH, LH, and TSH levels. Additionally, we
also screened for five selected microRNAs and detected miR-
663b in 266/295 samples, miR-320a (284/295 samples), miR-

766-3p (279/295 samples), miR-132-3p (268/295), and miR-
16-5p in 273 out of 295 samples.

Intrafollicular melatonin concentration can predict
IVF outcome parameters

The characterization of IVF outcome parameters based on a
pairwise comparison test between the groups is shown in
Table 2. Patients with <30 pg/mL IFF melatonin levels have
significantly decreased IVF outcome parameters, particularly
they have a low fertilization rate, a reduced number of mature
oocytes, and high-quality day 3 embryos compared to other
subgroups. Our results showed that IVF outcome parameters
were better in group B and achieved a maximum in group C
(Kruskal-Wallis test, p < 0.001) with the same rising tendency
as the IFF melatonin levels between the groups (Kruskal-
Wallis test, p <0.001). Correlation of IFF melatonin concen-
tration on IVF outcome parameters was given in
Supplementary Table 2, which shows that melatonin levels
have a positive correlation with the number of MII- oocytes
(rs=0.712; p<0.001), normal fertilized oocytes (r;=0.731;
p<0.002), early cleaved zygotes (r;=0.697; p <0.001), blas-
tomeres (6—8 cells) with regular symmetry (r3=0.641;
p<0.001), and high-quality day 3 embryos (r;=0.745;
p <0.003) and have a negative correlation with fragmentation
rate (r,=—10.812; <0.001).

Intrafollicular cfDNA content and IVF outcome
parameters among idiopathic patients

The significant impact of IFF melatonin concentration on
cfDNA content is given in Table 3, which shows that the
higher IFF melatonin level significantly reduces the cfDNA
content between the groups. Among the analyzed idiopathic
patients, no statistically significant differences have existed
for the association of cfDNA concentration and the number
of retrieved oocytes, normally fertilized oocytes, and early
cleaved zygotes. However, when we compared the IVF out-
come parameters such as the number of MII- oocytes, blasto-
meres with a regular symmetry, high-quality day 3 embryos,
and fragmentation rate, we observed that cfDNA content was
significantly higher in group A than groups B and C
(»p<0.001) (Table 3). Studying the correlation between
cfDNA levels and IVF outcome parameters shows that the
highest cfDNA levels are related to the lowest IVF outcome
parameters and decreased melatonin concentration
(Supplementary Table 3 and Fig. 1S).

Effect of melatonin concentration on intrafollicular
oxidative balance and day 3 embryo quality

The association of IFF melatonin levels and oxidative
stress markers is shown in Supplementary Table 4. The
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Table 4  Expression of miRNAs between the three groups

Group A (intrafollicular melatonin concentration

Group B (intrafollicular melatonin

Group C (intrafollicular melatonin concentration

<30 pg/mL) concentration > 70 to <110 pg/mL) >111 to <385 pg/mL)
Raw Ct ACt RQ Raw Ct ACt RQ Raw Ct ACt RQ
miR-663b  31.986 12.765  0.231 25.976 6.143 13.987 23.927 4.345 49.432
miR-320a  32.098 12.987  0.227 24.987 4.823 38.945 22.987 3.545 88.766
miR-766-3p  33.987 13.098  0.113 25.156 5.980 10.765 24.183 4.839 38.098
miR-132-3p  33.997 13.154  0.143 24.432 4.909 42.981 23.546 4.198 44.456
miR-16-5p  29.688 10213 09754  26.098 7.654 5.443 25.872 5.587 24.098

Internal reference miR 16. ACt=Raw Ct target miRNA — Raw Ct miR-16. Inclusion criteria: high expression-level miRNAs with (Raw Ct< 30 and ACt

(mRNA) < 10). Low expression-level miRNAs with (Raw Ct> 30 and ACt (mRNA) > 10)

comparison between different subgroups shows significant
differences. Besides the expected differences regarding ox-
idative status, patients with lower melatonin concentration
(30 pg/mL) have higher levels of oxidative stress
markers and exhibited a higher number of impaired-
quality day 3 embryos than patients with moderate to high

levels of melatonin. Of note, TAC levels have markedly
increased in superior-quality day 3 embryos [median (95%
Cl 1164.3 (877.45; 1467.75); p<0.001)] developed from
oocytes containing higher levels of IFF melatonin (>
111 pg/mL). Likewise, they distinctively exhibit a positive
correlation (R*=0.870; p <0.001) (Fig. 2S).
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Table5 Predictive values of sensitivity and specificity estimates for the probability of obtaining the best quality embryo develops from mature oocytes

AUC S.EM p value* Cut-off point** Sensitivity Specificity

(95% population limit)
miR-663b 0.87 (0.80; 0.94) 0.036 0.002 >0.64 88.3 80
miR-320a 0.89 (0.83; 0.96) 0.032  0.001 >0.79 75.0 92.5
miR-766-3p 0.86 (0.79; 0.94) 0.037 0.001 >0.57 933 72.5
miR-132-3p 0.88 (0.82; 0.94) 0.032  0.003 >0.59 95 72.5
miR-16-5p 0.85 (0.78; 0.93) 0.039  0.001 >0.68 88.8 80.5
Combination of ff miR-663, 320a, 766-3p, 132-3p, and 16-5p 0.89 (0.71; 0.93) 0.034 0.001 - 87 83
ROS 0.65 (0.54; 0.76) 0.055 0.021 1.88 63.3 70
TAC 0.85(0.77; 0.93) 0.049 0.001 0.89 90.2 80.3
LPO 0.83 (0.75; 0.91) 0.042  0.001 0.78 91.7 72.5
TBARS 0.69 (0.58; 0.80) 0.052  0.003 0.71 80 40
8-OHdG 0.75 (0.65; 0.85) 0.058 0.001 0.75 93.3 60.1
Combination of ff evaluated oxidative stress markers 0.78 (0.69; 0.85) 0.045 0.001 - 83.2 78.36
cfDNA 0.76 (0.67; 0.85) 0.047  0.001 0.61 82.4 66.7
Melatonin 0.85(0.78; 0.92) 0.037 0.001 0.80 90.7 72.6

*The null hypothesis was true area=0.5, after the adjustment of a number of attempts and the number of embryos. p values in italics considered

statistically significant p < 0.05

**Estimated cut points that maximize sensitivity and specificity for observed range predictors

Differential expression profile of miRNAs related to
oocyte maturation and embryo quality between the
groups

MiRNAs have shown different expression patterns that
vary from groups A to C with the same trend as the mela-
tonin levels differ among the groups (see Fig. 1). As shown
in Table 4, the relative expression levels of miR-663b,
miR-320a, miR-766-3p, miR-132-3p, and miR-16-5p were
significantly upregulated in groups B and C (Raw Ct < 30)
compared to group A (Raw Ct >30). In group A, the rel-
ative expression levels of miR-766-3p and miR-132-3p
were significantly reduced (p <0.002) in comparison to
groups B and C, while the relative expression of miR-
766-3p and miR-132-3p in FF of groups B and C was
slightly upregulated but did not reach the significant
threshold (see Fig. 1c, d). To examine the possible corre-
lation between miRNAs in FF and day 3 embryo quality,
we compared cases of high-quality embryos to impaired-
quality embryos. The correlation analysis results were
summed up in Supplementary Table 5, which shows a sig-
nificant positive correlation between miRNAs’ relative ex-
pression and day 3 embryo quality. In all studied subjects,
when we compared the fold change (2 **“™) of miRNAs in
FF samples between high-quality and impaired-quality em-
bryos on day 3, we observed that miR-663b (FC=1.97,
p=0.02), miR-320a (FC=2.01, p=0.01), miR-766-3p
(FC=2.52, p=0.03), miR-132-3p (FC=2.41, p=0.04),
and miR-16-5p (FC =1.89, p =0.05) exhibited significant-
ly different expression levels respectively (see Table S5).

@ Springer

Predictive model for high-quality embryo selection

A predictive model for high-quality embryos is depicted in
Fig. 2. Accordingly, the largest areas under the ROC were
0.89 [95% CIl: 0.83; 0.96] (p =0.001) at cut-off values of >
0.79 along with 75% sensitivity and 92.5% specificity for
miR-320a and 0.88 (0.82; 0.94), with 95% sensitivity and
72.5% specificity (p=0.003, at cut-off value >0.59) for
miR-132-3p (see Fig. 2a). These results showed that miR-
320a predicts IVF outcome parameters better than miR-
132-3p (see Table 5). Likewise, the combination of all
miRNAs did not improve the AUC of miR-320a (0.89)
but enhance the sensitivity to 87% and slightly decrease
the specificity to 83%, which may offer a potent non-
invasive diagnostic tool in the selection of high-quality
day 3 embryos (see Table 5). ROC analysis for oxidative
stress markers showed that TAC have the highest AUC
value 0.85 [95% CI 0.77; 0.93] with cut-off value of 0.89
and showed 90.2% sensitivity and 80.3% specificity (p =
0.001). On the other hand, ROS have the lowest AUC value
0.65 [95% C1 0.54; 0.76] at cut-off value of 1.88 exhibited
63.3% sensitivity and 70% specificity (p =0.021) (see
Fig. 2b). Furthermore, the AUC value for combining all
evaluated stress markers was 0.78, with a sensitivity of
83.2% and specificity of 78.3% (p=0.001) as given in
Table 5). For melatonin, AUC value was 0.85 [cut-off
points, 95% Cl1 0.80, 0.78; 0.92] with sensitivity of 90.7%
and specificity of 72.6% whereas cfDNA have AUC value
of 0.76 [cut-off points, 95% C10.61, 0.67; 0.85] along with
82.4% sensitivity and 66.7% specificity (see Fig. 2c¢).
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Fig. 2 A predictive model for
high-quality embryo selection
based on melatonin
concentration, cfDNA levels,
oxidative stress markers, and
expression patterns of miRNAs in
FF samples of unexplained
infertile patients. a ROC curve
analysis to estimate the
discriminative significance of FF
concentrations of miR-663b,
miR-320a, miR-766-3p, miR-
132-3p, and miR-16-5p for
prediction of good-quality
embryos. b ROC curve analysis
to evaluate oxidative stress
markers and predictive values for
good-quality embryo selection. ¢
ROC curve analysis assesses the
predictive values of melatonin
concentration and cfDNA levels
for good-quality embryo selection
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Multitargeting activity of upregulated miRNAs

MicroRNAs are the genetic switches that fine-tune essential
cellular responses and are required to streamline the signal
transductions in several cell types. They are depicted as mul-
tivalent with single miRNA able to target numerous genes,
thus regulating molecules’ structural and functional expres-
sion within a pathway. In the present study, we identified
several pathways responsible for embryo development, which
involves at least one of the studied miRNAs, including TGF-
beta signaling, MAPK signaling, Wnt signaling, PI3K-Akt
pathway, Notch signaling, Estrogen signaling, and Hippo sig-
naling pathways (see Figs. 3 and 3S).

Discussion

The follicular microenvironment is a highly complex and crit-
ical indicator of an individual oocyte’s developmental

capability to be fertilized and mature into a good-quality em-
bryo. The antioxidant activity of FF is required for normal
fertilization as well as embryo development. Our study re-
vealed that IFF melatonin concentration increased by two
doses of melatonin supplementation (3 mg/day or 6 mg/day)
in unexplained infertile women, reducing oxidative stress
markers and decreasing DNA damage response, and enhances
oocyte maturation along with embryo quality. Moreover, our
results indicate that the relative expression of five miRNAs
(miR-663b, miR-320a, miR-766-3p, miR-132-3p, miR-16-
5p) is related to oocyte maturation and embryo-developing
potential, are markedly different between high-quality and
impaired-quality embryos, and their relative expression differs
between the three groups.

Our results demonstrated that patients with higher melato-
nin concentration were associated with elevated 173-estradiol
levels in their FF samples. Estradiol (E,) is a key player in the
final steps of oocyte’s nuclear and cytoplasmic maturation,
and deviation from the normal levels may lead to deterioration
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in the oocyte quality [59]. A non-human primate study dem-
onstrated that IFF melatonin can improve oocytes’ develop-
mental competence during in vitro maturation (IVM) [60].
Our study showed that patients with lower [FF melatonin con-
centration exhibited a considerable oxidative imbalance (e.g.,
lower TAC levels and higher ROS, 8-OHdG, and TBARS
levels) jeopardize the quality of oocytes and, thus, hampers
the oocyte’s maturation along with limiting IVF outcome pa-
rameters. These findings follow much earlier research
reporting that an imbalance between lipid peroxidation marker
(TBARS) and antioxidant system plays a significant role in
the pathogenesis of unexplained infertility [61]. Our study’s
outcome agrees with Jana et al., which revealed a direct rela-
tionship between low TAC levels and poor embryo quality
and a sharp decline in fertilization rate [3]. Recent studies also
validate that decreased melatonin concentration is responsible
for reduced TAC levels in the FF samples [5, 62]. These
studies suggest that elevated follicular lipid peroxidation and
lower TAC levels negatively impact the outcomes of in vitro
fertilization.

Over the past decade, advancement in scientific knowledge
have established that depreciation in IFF melatonin assets re-
sulted in excessive ROS production, responsible for single- or
double-strand DNA breaks, thus introducing mutations in nu-
clear DNA and reducing mitochondrial function [63].
Together with this reference, our study tends to confirm that
ROS concentration raised high in those patients who had low-
er levels of melatonin (<30 pg/mL) than those who had mod-
erate to higher concentrations in their FF samples. ROS pro-
duction might be a result of the suboptimal IFF microenviron-
ment or impaired metabolism of the developing oocyte.
Increasing evidence highlights that melatonin is responsible
for the upregulation of specific messenger RNAs (mnRNAs),
which control antioxidative enzymes’ expression, more likely
by acting as a potent free radical scavenger [64]. Similarly,
another group reported that melatonin significantly
upregulates the expression of genes and the formation of pro-
teins responsible for synthesizing antioxidant enzymes.
Therefore, compromised antioxidant capacity might result
from oxidative stress and flare-up apoptotic events [65].

One of the significant obstacles for IVF is oxidative dam-
age to nuclear DNA that can be estimated by assessing IFF
cfDNA concentration and levels of 8-OHdG. The increased
concentrations of cfDNA and 8-OHdG levels also indicate the
embryo’s inappropriate quality and often have a low pregnan-
cy rate [33, 66]. In the same context, our results showed that
cfDNA concentration and 8-OHdG levels were significantly
raised in good-quality embryos of those patients who have
decreased IFF melatonin concentration (<30 pg/mL).
Alternatively, those patients who exhibited a higher concen-
tration of melatonin (> 111 pg/mL) have decreased cfDNA
concentration and levels of 8-OHdG in their FF samples,
which is in agreement with previous observations [67, 68].

Furthermore, in the present study, higher melatonin concen-
tration resulted in an enrichment of high-quality day 3 embry-
os leading to an increase in the availability of embryos suitable
for transfer, ultimately resulting in an augmented future preg-
nancy rate per embryo transfer [42].

Our exploratory analysis exhibited that miR-320a,
miR766-3p, miR-132-3p, miR-16-5p, and miR-663b signifi-
cantly decreased their relative expression in FF samples with a
lower concentration of IFF melatonin (<30 pg/mL) and
yielded a smaller number of high-quality embryos on day 3.
Similarly, these miRNAs were significantly downregulated in
the impaired-quality embryos than high-quality embryos. In
agreement with our study, Feng et al. compared miRNAs from
the FF that generate poor-quality and top-quality embryos.
They found that miR-132-3p and miR-16-5p were downreg-
ulated in the FF containing mature oocytes that produce a
higher number of poor-quality embryos than top-quality em-
bryos and vice versa [17, 69]. However, the findings were
statistically insignificant. Bioinformatic analysis of studied
miRNAs reveals a fundamental role in mediating genes that
regulate dynamic aspects of multiple biological functions.
They mediated cell-to-cell communication and target genes
associated with follicular development, growth, and oocyte
maturation, further indicating that these endogenous messen-
ger molecules have a critical role in oogenesis [70].
Subsequently, the molecular signature based on these
miRNAs’ differential levels enabled them to participate in
the cell junction assembly, TGF-beta signaling pathway,
MAPK signaling pathway, Wnt signaling pathway, PI3K-
Akt pathway, Notch signaling pathway, Estrogen
signaling pathway, and Hippo signaling pathway [71, 72].

Our study showed that miR-320 was among the highest
expressed miRNA in FF samples with melatonin concentra-
tion> 111 pg/mL and exhibited a positive correlation with day
3 embryo quality. Diez-frail et al. observed that miR-320 was
over the top 10 highest expressed miRNA in FF samples of
good-quality embryos [73]. Furthermore, it was reported that
knockdown of miR-320a expression in mouse metaphase-II
oocytes resulted in embryos arrested at first cleavage or very
few develop into top-quality embryos, indicating that the miR-
320a has a potential role in modulating gene expression and
regulating embryonic development [74]. Intriguingly, another
investigation did not find miR-320 in human FF [12]. This
inconsistency in the results might be explained by genetic
heterogeneity due to the population’s different ethnic origins,
resulting in varied gene expression in body fluids. Moreover,
different types of stimulation protocols may be responsible for
a varied expression of genes or miRNAs. Similarly, studies
focused on the relationship between miR-320a relative ex-
pression levels in FF and embryonic development provide
additional support to the physiological and molecular mecha-
nisms underlying in vivo and in vitro fertilization [69, 75, 76].
Evidence from another investigation has indicated that
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melatonin exerts its antioxidant activities by coordinating
crosstalk between miRNAs and interrelated pathways [17].

Furthermore, a transcriptome analysis reveals that high-
quality human preimplantation embryos secrete miR-320a
that regulates the decidualized human endometrial stromal cell
(hESC) migration by targeting cell adhesion and cytoskeleton
organization [69]. The outcome of their study specifies the
promising effect of miR-320a to boost success rates in assisted
reproduction. Another evidence indicates that miR766-3p,
miR-132-3p, miR-16-5p, and miR-663b have decreased rela-
tive expression in the samples, yielding impaired-quality em-
bryos compared with the top-quality embryos on day 3 [10];
this is in line with our findings. In the same frame of reference,
a recent study conducted by Ragusa et al. confirmed the hy-
pothesis that miR766-3p fine-tunes cellular responses, espe-
cially in the cell cycle control and plays a vital role in the first
phase of embryogenesis [77]. Conversely, Fu et al. demon-
strated that miR-663b has a substantial negative correlation in
FF of oocytes that produce viable blastocyst than those yield-
ing poor-quality blastocyst [78]. However, the authors of the
study did not mention the exact cause of infertility in the
subjects. We speculated that it is potentially resulting from
vast differences in the selection criteria of patients, detection
methodology, and biological variability.

One of the best vantage points of this study is similar age
groups, and patients were undergoing the same stimulation
protocol that reduces the effect of age over confounding effi-
cacy and power. However, this study still holds some signif-
icant limitations, as other confounding factors were not ad-
dressed. First, the oocyte and embryo quality are associated
with morphological scores and not the number and composi-
tion of chromosomes; therefore, it is imperative to find the
numerical chromosome euploidy by preimplantation genetic
diagnosis (PGD). Second, we were not able to knockdown
miRNASs to assess their actual effects on embryonic develop-
ment. Third, the primary goal is embryo quality, not live birth.
Further studies should be planned to find a relationship be-
tween these miRNAs’ expression in FF and chromosomal
anomalies.

Conclusions

Conclusively, our study showed that melatonin concentra-
tion was significantly associated with oxidative stress
markers and ¢cfDNA concentration in the follicular ambi-
ent microenvironment on oocyte development and embryo
quality. Moreover, our results reveal that the therapeutic
use of melatonin produces a considerable rise in the num-
ber of mature oocytes retrieved, fertilization rate, and em-
bryo quality that might positively impact future clinical
pregnancy rate per embryo transfer. Furthermore, infor-
mation compiled herein improved our understanding that

@ Springer

miRNA signature enhances embryo selection quality and
minimizes the chance of multiple gestations, thus, even-
tually enhancing the probability of successful IVF preg-
nancies and may allow us to classify them as non-invasive
biomarkers to identify good-quality embryos.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10815-020-02010-2.
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