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Equine cumulus-oocyte complex (COC) in vitro maturation continues to be
a relatively low-success procedure due to the high susceptibility of equine
COC to the absence of the ovarian niche. A prominent antioxidant and
anti-apoptotic agent in the ovarian niche is melatonin, which promotes
COC maturation. However, melatonin effect on in vitro maturation of
equine COC is unknown. In this study, we evaluated the effect of
melatonin on cumulus expansion and apoptosis of equine COC during in
vitro maturation. COCs were cultured in a medium supplemented with
melatonin (0, 10, 100, or 1000 ng/mL) for 10, 20, or 30 h. Cumulus
expansion was then evaluated using stereomicroscopy; the expression of
AREG, EREG, PTGS2, TNFAIP6, HAS2, ADAMST1, BCL2, and BAX genes
was determined by real-time polymerase chain reaction; cumulus cell
survival and apoptosis were assessed by fluorescence-activated cell sorting,
and oocyte apoptosis was evaluated by cleaved caspase 3
immunofluorescence.

For the first time, we showed here the possible effects of melatonin on
equine COC during in vitro maturation: (i) an anti-apoptotic effect
(promoted by 10 ng/mL of melatonin), suggesting regulation of the
apoptotic pathway by mitochondrial damage; and (ii) a reduced expression
of AREG/EREG and cumulus expansion-related genes (promoted by 100
and 1000 ng/mL of melatonin), suggesting a possible model for regulation
of cumulus expansion. Further, culture time affected apoptosis onset and
reduced the expression of cumulus expansion related-genes. In conclusion,
supplementation of equine COC with 10 ng/mL of melatonin during in
vitro maturation promotes COC survival and a competent maturation state.
The suggesting regulation of the apoptotic pathway by mitochondrial
damage; and (ii) a reduced expression of AREG/EREG and cumulus
expansion-related genes (promoted by 100 and 1000 ng/mL of melatonin),
suggesting a possible model for regulation of cumulus expansion. Further,
culture time affected apoptosis onset and reduced the expression of cumulus
expansion related-genes. In conclusion, supplementation of equine COC
with 10 ng/mL of melatonin during in vitro maturation promotes COC
survival and a competent maturation state.
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INTRODUCTION

To achieve maturation, the oocyte undergoes nuclear and cytoplasmic

changes, which requires adequate cumulus expansion. The synchrony
between these changes is necessary for future fertilization and subsequent
embryonic development [1]. In vivo, oocyte maturation, cumulus expansion,
and ovulation of the cumulus-oocyte complex (COC) are induced by the
pre-ovulatory increase of the luteinizing hormone levels [2]. The effects of
luteinizing hormone in COC are mediated by epidermal growth factor-like
ligands (EGF-L): amphiregulin (AREG), epiregulin (EREG), and
betacellulin (BTC) [3]. In granulosa cells (GC), these EGF-L undergo
proteolytic cleavage by members of the disintegrin and metalloproteinase
(ADAM) family, which are subsequently released to activate EGF receptors
(EGFR) on COC [4].

Upon activation, they stimulate meiotic resumption and transcription of
genes involved in the regulation of cumulus expansion, including tumor
necrosis factor-alpha-induced protein 6 (TNFAIP6), prostaglandin-
endoperoxide synthase 2 (PTGS2), and hyaluronan synthase 2 (HAS2) [4–
6]. In vitro maturation (IVM) environment can affect the above
morphological and functional changes, as reported in several species [7,8].
The IVM environment can potentiate COC stress because of multiple non-
physiological stressors, such as temperature, toxicants, and oxidative stress
[9].

Oxidative stress, if not controlled, can damage cell membrane lipids, and
cause mitochondrial stress and DNA fragmentation, leading to apoptosis
[10]. Apoptosis is activated by different pathways, e.g., mitochondrial
damage. Mitochondrial damage is characterized by the accumulation of

apoptotic signaling protein BAX, suppression of BCL2, and activation of
caspases [11].

Further, in vivo, oxidative stress moderated by endogenously produced
antioxidants secreted to the follicular fluid by GC, theca cells, and cumulus
cells (CCs), creating optimal conditions for COC development [8,9]. A
prominent antioxidant and anti-apoptotic agent in the follicle is melatonin
(MT), a hormone which is synthesized by the pineal gland and is involved in
numerous physiological functions in mammals [12].

The effects of MT are regulated by free-radical scavengers and by activation
of specific membrane receptors (MT1 and MT2) [13,14]. The IVM
environment can potentiate COC stress because of multiple non-
physiological stressors, such as temperature, toxicants, and oxidative stress
[9]. Oxidative stress, if not controlled, can damage cell membrane lipids,
and cause mitochondrial stress and DNA fragmentation, leading to
apoptosis [10]. Apoptosis is activated by different pathways, e.g.,
mitochondrial damage. Mitochondrial damage is characterized by the
accumulation of apoptotic signaling protein BAX, suppression of BCL2, and
activation of caspases [11].

Further, in vivo, oxidative stress moderated by endogenously produced
antioxidants secreted to the follicular fluid by GC, theca cells, and cumulus
cells (CCs), creating optimal conditions for COC development [8,9]. A
prominent antioxidant and anti-apoptotic agent in the follicle is melatonin
(MT), a hormone which is synthesized by the pineal gland and is involved in
numerous physiological functions in mammals [12]. The effects of MT are
regulated by free-radical scavengers and by activation of specific membrane
receptors (MT1 and MT2) [13,14].
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MATERIALS AND METHODS

Unless specified otherwise, all chemicals and reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

In vitro maturation

To assess the effect of MT on cumulus expansion and COC apoptosis,
ovaries from adult mares, regardless of the estrous cycle status during the
reproductive season, were obtained from a local slaughterhouse and
transported to the laboratory at the Université de Montreal (St-Hyacinthe
campus) at room temperature (~22°C) in insulated containers. COCs were
recovered by aspiration of all follicle walls smaller than 30 mm with a
suction pump (suction of approximately 40 mL/min) and placing in an
oocyte recovery medium (EquiPro OPU recovery medium; MOFA Global,
Verona, WI, USA), as previously described by Diaw et al. [15].

The content was then stereomicroscopically examined; only oocytes with
homogeneous cytoplasm were used in subsequent experiments. COCs were
transferred to pre-warmed (~38.2°C) 35-mm Petri dishes and washed with
equilibrated maturation medium [M199 medium with Earle ’ s salts
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (Invitrogen), 5 mU follicular stimulating hormone (Sioux
Biochemicals, Sioux Center, IA, USA), and 25 mg/mL of gentamicin
(Gibco, Life Technologies, NY, USA)]. Later, groups of 10 COCs were
randomly placed to 100-mL drops of equilibrated maturation medium.
Maturation medium was supplemented with MT (N-acetyl-5-
methoxytryptamine; 10, 100, or 1000 ng/mL) or vehicle (ethanol). Drops
were covered with mineral oil (Sage, In-Vitro Fertilization, Inc., Trumbull,
CT, USA) and incubated at 38.2°C in a humidified atmosphere of 5% CO2
in air, for 10, 20, or 30 h, depending on the experiment.

Evaluation of cumulus expansion by stereomicroscopy. The cumulus
expansion of COCs was evaluated by stereomicroscopy before and after 20-
h and 30-h in vitro culture (IVC), to assess cumulus transition from

compact (CP) to expanded (EX). The degree of cumulus expansion was
evaluated based on a scoring system, as previously described by Hinrichs et
al. [16]. COCs were classified as CP or EX; the cumulus transition from CP
to EX was determined based on the difference between the number of CP
at the end of culture and the number of CP at the beginning of culture.

Gene expression analysis

After 10, 20, and 30 h of IVC, COCs were denuded by pipetting in
phosphate-buffered saline. RNA was extracted from CCs using PicoPure
RNA extraction kit (Thermo Fischer Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. The concentration of total
RNA was determined by measuring sample absorbance at 260 nm using a
NanoDrop 2000 (Thermo Scientific, Wilmington, DE, USA). Reverse
transcription of 100 ng RNA was carried out using SuperScript IV VILO
master mix (Invitrogen). Real-time polymerase chain reaction (PCR) was
performed in a reaction volume of 15µL, using 2x SsoAdavanced universal
SYBR Green Supermix and a CFX-96 real-time PCR detection system (Bio-
Rad Laboratories Ltd., CA, USA). The equine-specific primers used for
expression analysis of target genes are given in Table 1. The primer
amplification efficiencies were between 95% and 108%, depending on the
primer pair. The reference genes used, ACTB and GAPDH, were
determined by using the geNormsoftware [17-36]. The quantitation cycle
(Cq) values did not differ under treatments reported in the current study.
The thermal cycling conditions were 3 min at 95°C; followed by 40 cycles of
15 s at 95°C, 30 s at 60°C, and 30 s at 72°C.

The samples were analyzed in duplicate, and data were normalized to the
geometric mean of the reference genes using the 2^(ΔΔCq) method [37].
Four replicates of each experiment were analyzed on the same plate, and
data for all samples were expressed relative to the control sample in the first
replicate. The average coefficients of variation were 0.1% and 11% for Cq
and ΔΔCq values, respectively.

TABLE 1 Primers used in real-time PCR

Gene
Primer sequence Fragmentsize (bp)

Forward (5´-3´) Reverse (5´-3´)

AREG TCC TCG GCT CAG CCC ATT AT ACAGGGGAGATCTCACTTCCTGA 129

EREG ACA ATC CAC GTG TGG CTC AA AAC CCA CTT CAC ACC TGC AA 126

PTGS2 CCC CCA GGG CAC AAA TAT GA TGA CTT AAA TCC ACC CCG TGA C 126

TNFAIP6 GAA GGC GGT GTG TGA ATA CGA GGC TTC ACA ATG GGG TAT CCA 137

HAS2 ATT TTG GAA ACT GCC CGC CA CAC AAT GCA TCT TGT TCA GCT CT 91

ADAMTS1 TCT CAC CAA AGG ACA GGT GC CCA TCT ACC ACC TTG GGC TG 85

BCL2 GGA TTG GTG GAA TCT TTG CCT GTC TAC TTC CTC TGT GAT GTT GTA T 109

BAX ATC ATG AGC CAC CTC AGT TCC TGG ATG AAA CCC TGA AGC AAA AGG 137

GAPDH TGA TTC CAC CCA TGG CAA GT CAT CGC CCC ATT TGA TGT TG 122

ACTB GCA CCA GGG CGT GAT GG TCG ATG GGG TAC TTG AGG GT 89

Evaluation of cell survival and apoptosis by fluorescence-activated cell
sorting (FACS)

At 30-h IVC, CCs were recovered for assessment of cell survival and
apoptosis by FACS. CCs were stained with propidium iodide and annexin
(using annexin V-FITC apoptosis detection kit), following the
manufacturer’s instructions. At least 500 cells per sample were evaluated
using a FACSVantage SE system (BD Biosciences, Oakville, ON, Canada)
and analyzed using Cell Quest Pro software (BD Biosciences).

Evaluation of apoptosis by cleaved caspase 3 immunofluorescence

Following 20-h or 30-h IVC, the oocytes were recovered to assess caspase 3
activation by immunofluorescence. The oocytes were fixed in 4%
paraformaldehyde, washed in 2% Triton-X and 0.05% Tween, blocked with
5% bovine serum albumin, and incubated with rabbit polyclonal antibody
against cleaved caspase 3 (dilution 1:300; 9661S, Cell Signaling Technology,
Beverly, MA, USA). After incubation with the primary antibodies, the
oocytes were washed in phosphate-buffered saline and incubated with Cy3-
conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA,
USA). The oocytes were examined under a PALM MicroBeam Zeiss
epifluorescent microscope. Fluorescence in digital images captured for each
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fluorescence field using Cy3 filters was quantified using ImageJ software
(version 1.40; NIH of Health, Bethesda, MD, USA), Statistical analysis.

All percentage data were subjected to arcsine transformation before
statistical analysis. The effects of MT on cumulus expansion, cumulus
expansion-related genes expression, and cleaved caspase 3
immunofluorescence levels at different evaluated times were analyzed by
one-way ANOVA, followed by Tukey ’s HSD. FACS data (evaluation of
apoptosis) were analyzed by multiple t-tests, to permit simultaneous
comparisons. All analyses and graphs were generated using GraphPad Prism
5.0 software package (San Diego, CA, USA). The results are presented as
the mean + standard error of the mean (SEM), and all experiments were
repeated at least four times. Differences were considered significant at *P<
0.05, **P< 0.01, and ***P< 0.001.

RESULTS

The effect of MT on cumulus transition from CP to EX Evaluation of the
cumulus transition from CP to EX revealed no changes associated with MT
dosing at any time evaluated (Figure 1; 20-h and 30-h). However, the highest
MT dose used (1000 ng/mL) tended to reduce the percentage of transitions
from CP to EX compared with the control (Figure 1).

Figure 1) Transition (T) of cumulus from CP to EX. Groups of COC
(n=10) were cultured under different doses of MT (10, 100 and 1000
ng/ml) or without MT (control). Before starting the IVM and after 20
and 30 hours after the IVM began, the cumulus expansion was classified
as CP or EX. The cumulus transition from CP to EX was determined by
the difference between the number of CP at 20 and 30 h initiated by the
MIV concerning the number of CP at the beginning of the MIV. Data
were obtained from four (20-h) and seven (30-h) independent replicates
and are presented with the mean + SEM. a´. Image of the control group
at 20 hours started the MIV.

The effect of MT on AREG and EREG gene expression at 10, 20 and 30
hours after IVM, the expression of mRNA coding for AREG and EREG
was evaluated in CCs, the evaluation showed that both AREG and EREG
significantly reduce (P<0.05) their expression with the addition of 1000
ng/mL at 10 hours started the IVM with respect to the control group
(Figure 2, AREG and EREG 10-h). At 20 hours, despite observing a
reduction in the expression of AREG and EREG due to the addition of

MT, no significant differences were found (Figure 2, AREG and EREG 20-
h). At 30 hours, the addition of MT showed no changes concerning the
control (Figure 2, AREG and EREG 20-h). Additionally, the study reveals
that the expression of AREG and EREG is reduced after the time of MIV
(Figure 2).

Figure 2) Expression of AREG and EREG in cumulus cells during in
vitro maturation of the COC added with MT.

The COC groups (n=10) were cultured under different doses of MT (10,
100 and 1000 ng / ml) or without MT (control). The total RNA of the CCs
was recovered at 10, 20, and 30-h after IVM and analyzed by real-time PCR.
The gene expression data were normalized using the method [37]. The data
are presented with the mean+SEM (n = 4 replicas of independent cultures);
the asterisks indicate significant differences between treatments (*P <0.05,
two-way ANOVA followed by Tukey’s HSD).

The effect of MT on the expression of cumulus expansion n-related genes
After 10, 20 and 30 hours of IVM had elapsed, CCs recovered to evaluate
the expression of cumulus expansion-related genes. The evaluation showed
that the 10-h higher doses of MT 100 and 1000 ng/ml reduced the
abundance of HAS2, TNFAIP6 and PTGS2 mRNA significantly (HAS2
P<0.01, TNFAIP6 P<0.01, PTGS2 P<0.05) concerning control group (Figure
3; HAS2, TNFAIP6, and PTGS2 10-h). The abundance of ADAMTS1
mRNA showed no significant changes at 10-h but was significantly reduced
at 20-h by the addition of 1000 ng/ml of MT (Figure 3; ADAMTS1 20-h).

Figure 3) Expression of HAS2, TNFAIP6, PTGS2, and ADAMTS1 in
cumulus cells during IVM of the COC added with MT. The COC groups
(n=10) were cultured under different doses of MT (10, 100 and 1000
ng/ml) or without MT (control). The total RNA of the CCs was
recovered at 10, 20, and 30-h after IVM and analyzed by real-time PCR.
The gene expression data were normalized using the method [37]. The
data are presented with the mean+SEM (n=4 replicas of independent
cultures); asterisks indicate significant differences between treatments
(*P<0.05, **P<0.01, ***P<0.001, one-way ANOVA followed by Tukey ’s
HSD).

At 20-h the evaluation of the expression of HAS2 and TNFAIP6 showed a
negative tendency on the addition of MT, but it was not significant (Figure
3, HAS2, TNFAIP6 20-h), curiously the expression of PTGS2 was not
detected at 20-h (Figure 3; PTGS2 20-h). At 30 hours, the addition of MT
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showed no changes in the expression of coding mRNA for HAS2,
TNFAIP6, PTGS2, and ADAMTS1 for the control (Figure 3; 30-h).
Furthermore, the mRNA expression of all the evaluated genes showed a
reduction in advancing the MIV time (Figure 3) response also observed in
the expression of AREG and EREG (Figure 2).

The effect of MT on BAX and BCL2 gene expression

The expression of mRNA coding for BAX and BCL2 did not show changes
with the addition of MT concerning the control group at 10 and 30-h
initiated IVM (Figure 4, 10h, and 30h). However, the addition of MT (10,
100 and 1000 ng/mL) significantly reduced (P<0.001) the expression of
mRNA coding for BAX and BCL2 at 20 hours compared to the control
group (Figure 4; 20h). The evaluation of the BAX: BCL2 ratio did not
suggest changes related to the dose of MT at any time evaluated, onlya slight
non-significant decrease was observed for the control in the group of 10
ng/ml at 30-h initiated the IVM (Figure 4, BAX: BCL2 ratio 20h). In
addition, an increase in the BAX: BCL2 ratio was noticeable at 30h
compared to the other moments evaluated (Figure 4, BAX: BCL2 ratio
30h).

Figure 4) Expression of BAX and BCL2 in cumulus cells during in vitro
maturation of COC added with MT. The COC groups (n=10) were
cultured under different doses of MT (10, 100 and 1000 ng/ml) or
without MT (control). The total RNA of the CCs was recovered at 10,
20, and 30-h after IVM and analyzed by real-time PCR. The BAX: BCL2
ratio was evaluated. The gene expression data were normalized using the
method Pfaffl [37]. The data are presented with the mean+SEM (n=4
replicas of independent cultures); the asterisks indicate significant
differences between treatments (***P<0.001, one-way ANOVA followed
by Tukey’s HS.

The effect of MT on cell survival and apoptosis

The evaluation of the effect of MT on the survival and apoptosis of the
CCs at 30-h initiated the MIV of the COC revealed that the addition of 10
ng/ml of MT significantly increases the proportion of living CCs and
reduces the proportion of CCs with early apoptosis compared to all groups
(Figure 5, 10 ng/mL). A pattern similar to that of early apoptosis was
observed in the BAX: BCL2 ratio at 30 hours after IVM (Figure 4, BAX:
BCL2 ratio 30h).

The effect of MT on cleaved caspase 3 levels

The evaluation of the effect of MT on the levels of caspase 3 cleaved in
oocytes revealed that, like early apoptosis in CCs (Figure 5; Early apoptotic
cells 10 ng/mL), the levels of cleaved caspase 3 are significantly reduced
with the addition of-of 10 ng/ml of MT at 20 and 30 hours after IVM

compared with the control group (Figure 6, 20 and 30-h). Also, the levels of
cleaved caspase 3 show an increase at 30-h of the MIV compared to 20
hours (Figure 6) response similar to that observed in the BAX: BCL2
(Figure 5, BAX: BCL2 ratio).

Figure 5) The effect of MT on the survival and apoptosis of CCs.The COC
groups (n=10) were cultured under different doses of MT (10, 100 and
1000 ng/ml) or without MT (control). The CC was mechanically
separated from the oocytes and recovered at 30-h for analysis by FACS.
The data are presented with the mean+SEM (n=6 replicas of
independent cultures); the asterisks indicate significant differences
between treatments (*P<0.05, multiple tests of t).

Figure 6) Levels of caspase 3 cleaved in oocytes during in vitro maturation of
the COC added with MT.The COC groups (n=10) were cultured under
different doses of MT (10, 100 and 1000 ng /ml) or without MT
(control). The oocytes were recovered at 20 and 30-h after IVM and
analyzed by immunofluorescence for caspase 3 excised. The data are
presented with the mean+SEM (n=4 replicas of independent cultures);
the asterisks indicate significant differences between treatments
(**P<0.01, one-way ANOVA followed by Tukey’s HSD). a' Images of
equine oocytes labeled with the anti-caspase 3 antibody cleaved. The bar
represents 600μm.

DISCUSSION

In the current study, for the first time, we revealed the anti-apoptotic effect
of 10 ng/mL of MT on equine COC; and the down-regulation of AREG
and EREG expression, and cumulus expansion-related genes by 100 and
1000 ng/mL of MT.We established that a low MT dose (10 ng/mL) might
promote successful maturation of equine COC in vitro by improving cell
survival, as previously observed in bovine, pig, and rodent COC [38–41].
Further, we observed that higher MT doses (100 and 1000 ng/mL) caused
down-regulation of the expression of AREG and EREG genes and cumulus
expansion-related genes (Figures 2 and 3).

This down-regulation could lead to a failure in the COC maturation and
consequently, reduce future embryonic development. Mehaisen and Saeed
(2015) observed that high doses of MT (10–3 M) negatively affect the rate of
embryonic development in rabbit, in contrast to moderate doses (10–6 M),
which positively promote this rate. Other studies involving cattle, pig, and
rodents showed that the positive effect of MT on oocyte maturation and
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embryonic development could be achieved with doses of 10–7 M to 10–9 M
[17,22,27,37-43]. In the case of equine COC, in the current study, we
showed that 10 ng/mL of MT (4.3–8 M) could benefit COC maturation,
opening the door for future research into assisted reproduction techniques.

The described effects of MT on COC during IVM, together with the
presence of melatonin receptor MT1 in the antral follicle and equine luteal
cells reported by Pedreros et al. [23], suggest that MT plays an important
role during follicular development, the formation of the corpus luteum,
and oocyte maturation. Even though the presence of this hormone in the
follicle has not been verified, we suggest that MT can be an important
component of the follicular fluid, as observed in several other mammals
[15,16,18]. MT is present in the follicular fluid of woman and sow and
contributes to the establishment of a follicular microenvironment that is
crucial for the protection, nourishment, and promotion of oocyte
maturation [16,44]. Several studies have shown that one of the main roles of
MT in the follicle is protecting the oocyte, mainly by acting as an
antioxidant and anti-apoptotic agent, and by modulating the expression of
various genes [45,46]. Such activities are regulated by MT membrane
receptors MT1 and MT2, and by a direct effect of MT on free radical levels
[12,13].

Considering the above, it is clear that removing the oocyte from the
follicular microenvironment and subjecting it to IVM increases non-
physiological stress and eliminates the protection provided by MT, which
can cause oocyte damage and activate apoptosis [9]. In the current study, we
demonstrated that 10 ng/mL of MT promote COC survival. Accordingly,
we suggest the following model explaining how MT could prevent
apoptosis. We observed that MT reduces the expression of the pro-apoptotic
BAX gene, and the anti-apoptotic and antioxidant BCL2 gene in CCs
(Figure 4). We propose that MT reduces cellular stress mainly at 20-h of
culture, thus reducing the production of BAX [47]. Consequently, the
activity of BCL2 would be reduced because of the reduction of cellular
stress and increased permeability (damage) of the outer mitochondrial
membrane caused by the formation of pores by active BAX protein [11],
suggesting that MT can help to maintain a balance between the functions of
these proteins [48]. This balance can be altered by culture duration, as
evidenced by the BAX: BCL2 ratio increases at 30-h IVM compared with
other culture times. The latter indicates that most likely, greater number of
CCs experience stress and undergo apoptosis initiation at 30-h IVM than
cells cultured for shorter periods (Figure 4 B). Evaluation of the BAX: BCL2
ratio as an indicator of cellular apoptosis in the oocyte has been suggested
by Yang and Rajamahendran [49]. We did not observe changes in the BAX:
BCL2 ratio caused by MT; however, the ratio showed a negative trend when
cells were exposed to 10 ng/mL of MT.

Based on the down-regulation of BAX and BCL2 expression at 20-h culture
by MT, and the slight reduction of the ratio at 30-h culture in the 10 ng/mL
of MT group, we moved to determine whether these changes could modify
CCs survival and apoptosis at the end of IVM (30-h). Accordingly, we used
FACS to evaluate (i) cell exposure of PtdSer as an early apoptosis marker; (ii)
the integrity of cell membrane, indirectly, by staining DNA as a marker of
late apoptosis/necrosis; and (iii) the absence of both these markers to
identify living cells. The analysis revealed that 10 ng/mL of MT reduced the
incidence of early apoptosis and increased CCs survival. Interestingly, a
response pattern similar to that observed for the BAX: BCL2 ratio at 30-h
IVC was observed. A possible relationship between apoptotic markers and
the BAX/BCL2 ratio led us to propose that MT modulates apoptosis
mediated by mitochondrial stress. According to the hypothetical model, 10
ng/mL of MT prevents the damage caused by BAX to membrane integrity,
reducing cytochrome c release, and consequently limiting the activation of
apoptosis effector proteases, i.e., caspases [49-51]. Effector caspases are
responsible for DNA fragmentation, membrane blebbing, nucleotide
release, and PtdSer exposure. In mouse and human cells, PtdSer exposure
on the cell surface during apoptosis is caspase 3-dependent, and proceeds by
the inactivation of ATP11C flippase and simultaneous activation of the
XKR8 scramblase [52]. It should be noted that caspase 3 is also involved in
the apoptotic pathway mediated by death receptors [10,48]. This would
explain the slightly negative trend at 30-h of the BAX: BCL2 ratio,
contrasting with the significant reduction of the incidence of early
apoptosis and increase of cell survival, in the 10 ng/mL of MT group

compared with the control (Figure 5). However, further studies should be
performed to determine whether MT acts on the apoptotic pathway
mediated by death receptors in equines.

Considering the increased CCs survival, and the current knowledge that
CCs health directly influences the health of the oocyte and vice versa [53],
we evaluated cleaved caspase 3 levels in the oocyte, to identify a possible
health-associated relationship between CCs and the oocyte. As anticipated,
the data corroborated such a relationship. Namely, at 20 and 30-h of IVC,
the levels of cleaved caspase 3 were reduced in the presence of the lowest
MT dose tested (10 ng/mL; Figure 6), similarly to what has been observed
in CCs at-30 h of IVM (Figures 4 and 5). Further, similarly to the changes
of the BAX: BCL2 ratio in CCs, the cleaved caspase 3 levels in the oocyte
apparently increased at 30-h in all groups. This suggested that long culture
time promoted COC apoptosis. The above findings confirm what has been
already reported in multiple studies, i.e., that the CCs and oocyte function
as a unit that is finely regulated by signals from both cells [1,53]. The
observation of a response pattern in the oocyte at 20 h (Figure 6), followed
by a response pattern in CCs at 30-h (Figures 4 and 5), suggests that the
oocyte can enter the apoptotic state before CCs, and therefore regulates the
apoptosis of CCs. Consequently, the assessment of the CCs survival could
serve as an indirect indicator of oocyte health. We also observed that even
though the time is a determining factor for the onset of apoptosis during
IVM, MT delays apoptosis onset, possibly preventing cellular stress and
COC aging, as reported in cattle and mouse [39–41,54]. The findings of the
current study corroborate those reported for other species, i.e., that MT
reduces apoptosis of the oocyte and CCs [27,42,55].

We next asked whether MT could modify the expression of genes involved
in the maturation and cumulus expansion of equine COC. We started by
evaluating the expression of genes encoding the two mainfollicleEGF-L:
AREG and EREG[56] because of (i) their suggested importance in the
dominant equine follicle in vivo [57]; and (ii) the notion that local COC
production of these EGF-L during IVM in various mammals is required for
COC progression to a competent stage of maturation [7]. We observed that
none of the MT supplementation doses used increased the expression of
AREG and EREG genes relative to the control. By contrast, in the highest
MT dose group (1000 ng/mL), MT reduced the expression of both genes at
10-h, compared with the control group (Figure 2). Reduced AREG and
EREG expression could limit the activation of maturation and adequate
cumulus expansion by impairing the activation of signaling pathways
regulated by EGFR [3]. Shimada et al. [6].proposed a model whereby
autocrine regulation of AREG and EREG in CCs leads to expression of
PTGS2, HAS2, and TNFAIP6, genes involved in the cumulus expansion.

Because of the importance of the signalling pathway regulated by (AREG/
EREG)/EGFR in the expression of cumulus expansion related-genes, we
asked whether the down-regulation of AREG and EREG described above
could modify the expression of PTGS2, HAS2, and TNFAIP6. Similarly to
AREG and EREG expression, the expression of PTGS2, HAS2, and
TNFAIP6 was reduced at10-h in the presence of 1000 ng/mL of MT, also
decreasing in the presence of 100 ng/mL of MT, compared with the control
group. This suggested that the regulation of PTGS2, HAS2, and TNFAIP6 in
the equines, as well as in rodents, pig, and bovine, possibly relies on the
(AREG/EREG)/EGFR pathway, and this could potentiate the MT effect
[2,6,58-62]. Based on these findings and those presented by others, we
propose that the reduction of AREG, EREG, and PTGS2 gene expression
can reduce the expression of PTGS2, HAS2, and TNFAIP6. This
compromises cumulus expansion of equine COC by, possibly, decreasing
the synthesis of the main ECM component (HA) by down-regulating HAS2
expression, by leading to inefficient joining of HA chains that stabilize
ECM, to down-regulate TNFAIP6 and additionally by the ineffectiveness
organization of cumulus ECM due to down-regulation ADAMTS1
expression [4,6,58–60]. The reduction of HAS2, TNFAIP6, and PTGS2
mRNA levels might corroborate the proposal of Davis et al. [50].who
suggested that PTGS2 plays an important role in HA production, and the
recruitment of factors related to cumulus stabilization and expansion.

Finally, in the current study, we showed that the expression of AREG,
EREG, PTGS2, HAS2, TNFAIP6, and ADAMTS1 genes is reduced with
culture time, independent of MT. The PTGS2 mRNA levels were
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undetected at 20-h, which was associated with very low gene expression at
that particular time. These observations suggest that early induction of the
expression of these genes is essential for leading the COC through the
expansion process and maturation, as described by Shimada et al. [6]. The
function of cumulus expansion is not limited to COC recovery by the
infundibulum and its subsequent fertilization in the oviduct; it also requires
oocyte meiotic maturation as it enables adequate filtration of molecules that
contribute to the establishment of appropriate cell signaling [61]. Further,
Yokoo et al. [62]reported that in pig, HA during cumulus expansion is
important for the activation of the CD44 receptor that phosphorylates gap
junction proteins, closes the cellular connection, and interrupts the cAMP-
cGMP flow from the CCs to the oocyte. However, it has been suggested
that although cumulus expansion is necessary for oocyte maturation, it is
not sufficient by itself. In addition to cumulus expansion, an adequate
number of healthy CCs layers are required for the success of oocyte IVM
and their viability. Therefore, it is not uncommon for the viability of CCs
and cumulus expansion to be used as quality markers of COC, important
for assisted reproduction techniques [60]. Early evaluation (˂10-h) of the
cumulus expansion related-genes expression and late evaluation of apoptosis
(˃30-h), might bring novel data of MT effects. However, the overall validity
of the information provided is not compromised.

CONCLUSION

In summary, incorporation of 10 ng/mL of MT into IVM protocol for
equine COC promotes cell survival of CCs and the oocyte, delaying
apoptosis onset, possibly by modulating the apoptotic pathway mediated by
mitochondrial damage. The specified dose does not impair the expression
of cumulus expansion- and maturation-related genes. On the other hand,
higher MT doses (100 and 1000 ng/mL) do not delay apoptosis and down-
regulate the expression of cumulus expansion- and maturation-related
genes. Based on the data presented herein and previously published
information, we suggest a hypothetical model of MT activity as a modulator
of an apoptotic pathway regulated by mitochondrial damage and propose a
model for the regulation of cumulus expansion-related genes. We conclude
that the incorporation of 10 ng/mL of MT into IVM protocol promotes
equine COC survival and competent maturation state.
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