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Simple Summary: Ovulation is the process of oocyte release from the ruptured mature ovarian
follicle into the oviduct. Fertilization usually occurs within 10 h post-ovulation in most mammals.
If fertilization is delayed, the oocyte viability and quality will decrease, with many deteriorative
changes in oocyte phenotype due to oxidative stress. This process is termed postovulatory aging. Pos-
tovulatory aging is a major problem that limits the success of many assisted reproductive technologies.
Lycopene is a red carotenoid dye found within tomatoes and other fruits and vegetables. Lycopene
has been reported to have a strong free-radical scavenging ability. our data showed beneficial effects
of lycopene supplementation of in vitro maturation media during in vitro aging of mouse oocytes
by reducing the oxidative stress damages that led to their apoptosis. The present study introduces
lycopene as a natural supplement to reduce the postovulatory aging of mammalian oocytes.

Abstract: Postovulatory aging is a major problem that limits the success of many assisted reproductive
technologies (ARTs). Oxidative stress is a leading cause of oocyte aging. This study investigated
the effects of lycopene supplementation of in vitro maturation (IVM) medium during the aging of
mouse oocytes on the oocytes’ morphology and oxidative stress status. Mouse cumulus-oocyte
complexes (COCs) were collected and cultured in the IVM medium either for 17 h, (freshly matured
oocytes), or for 48 h, (in vitro-aged oocytes), with or without lycopene. The rate of fragmented
and degenerated oocytes and the oocyte levels of hydrogen peroxide (H2O2), malondialdehyde
(MDA), total antioxidant capacity (TAC), reduced glutathione (GSH), catalase (CAT), and superoxide
dismutase (SOD) were estimated and compared. Oocytes aged with 200 nM lycopene revealed
significantly less fragmentation and degeneration, lower H2O2 and MDA levels, and higher TAC,
GSH and SOD levels than those aged without lycopene. CAT levels were unchanged by lycopene
treatment. Taken together, our data showed beneficial effects of lycopene during in vitro aging of
mouse oocytes by reducing the oxidative stress damages that lead to their apoptosis. The present
study introduces lycopene as a natural supplement to reduce the postovulatory aging-dependent
abnormalities of mammalian oocytes.

Keywords: lycopene; mouse oocytes; oocyte fragmentation; oxidative stress; postovulatory aging

1. Introduction

Ovulation is the process of oocyte release from the ruptured mature ovarian follicle
into the oviduct. Oocytes are usually ovulated encircled by several layers of cumulus
cells, collectively known as cumulus-oocyte complexes (COCs) [1]. Ovulated mouse
oocytes are arrested at the metaphase of the 2nd meiotic division (MII) until fertilization [2].
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Fertilization usually occurs within 10 h post-ovulation in most mammals [3]; however, it
may be delayed to 15 h in mice [4,5]. If fertilization is delayed post-ovulation, the oocyte
quality will decrease drastically, with many deteriorative changes in oocyte phenotype, a
process termed postovulatory aging [6].

Postovulatory aging is known to result in a massive decrease in oocyte quality, with
a subsequent decline in the success rates of fertilization in many assisted reproductive
technologies (ARTs) [5]. During postovulatory aging, both the quality and viability of
oocytes decrease due to many cellular and molecular changes [7]. Postovulatory aging
influences the integrity of various oocyte components [8,9]. Moreover, it has been found
to be associated with biochemical changes leading to the accumulation of reactive oxygen
species (ROS) in mouse oocytes [10,11] Accumulated ROS may lead to cell membrane
damage and DNA fragmentation in aged mouse oocytes [12]. In addition, high ROS levels
reduce the glutathione (GSH)/glutathione disulfide (GSSG) ratio and accelerates oocyte
fragmentation in murine and porcine oocytes [13,14].

Lipid peroxidation has been reported to increase in aging mouse oocytes [8]. Malon-
dialdehyde (MDA) is an end product of polyunsaturated fatty acid peroxidation, and its
overproduction is commonly induced by high levels of ROS [15]. Furthermore, elevated
MDA levels were reported to be associated with DNA damage and poor outcomes of
in vitro fertilization [16,17].

The antioxidant defense system ensures the balance between ROS production and
elimination [18]. This system is impaired during oocyte aging due to progressive accumula-
tion of ROS within oocytes [19,20]. Oxidative damage of oocytes has been found to be more
severe if the intracellular stores of cellular antioxidants become depleted in a sequence
initiated by ROS accumulation [21,22]. Accordingly, the supplementation of antioxidant
substances to in vivo and in vitro maturation of mammalian oocytes could reduce this
oxidative damage during the postovulatory period. This improvement is a result of a
decrease in ROS levels [9] and/or an increase in intracellular antioxidant enzymes, such as
superoxide dismutases (SODs) [23] and catalase (CAT) [24].

The total antioxidant capacity (TAC) of the oocyte is the sum of its endogenous and
food-derived antioxidants [25]. The reduced glutathione (GSH) is a potent antioxidant
substance that presents in ample amounts within all mammalian cells [26]. It has an
important role in ROS neutralization [26].

Many antioxidants have been used to improve post-ovulation quality of oocytes. The
effect of these antioxidants seems to be dependent on the nature of the substance utilized.
L-ascorbic acid and vitamin E were found incapable of preventing oocyte fragmentation
during postovulatory aging [27]. Melatonin treatment of in vitro aging mouse oocytes
was associated with a lower rate of fragmented oocytes, accompanied by a decline in ROS
concentrations compared to counterparts aged without melatonin [20].

Lycopene is a red carotenoid dye found in large concentrations within tomatoes
and other fruits and vegetables [28]. Lycopene has been reported to have a strong free-
radical scavenging ability [29,30]. Some studies have shown that the addition of lycopene
to the in vitro maturation (IVM) medium was associated with improvement of oocyte
quality and embryo developmental competence in porcine [31] and bovine oocytes [32,33].
Thus far, the effect of lycopene on the viability of in vitro-aged mouse oocytes has not
been examined. Due to the natural origin of lycopene and the improvements in oocyte
development observed in other models of in vitro culture, we hypothesized that lycopene
could help reduce aging-related abnormalities in postovulatory oocyte aging.

2. Materials and Methods
2.1. Animals

The current study was conducted at the Reproductive Biology Research Laboratory
(RBRL), Department of Theriogenology, Faculty of Veterinary Medicine, Mansoura Uni-
versity, Egypt. The mice used in this study, an albino laboratory-bred strain (BALB/c),
were housed in the Medical Experimental Research Center (MERK), Faculty of Medicine,
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Mansoura University. Mice were maintained in a temperature-controlled environment
(21–23 ◦C) under a standard photoperiod light cycle “12 h light/dark” and provided with
feed and water ad libitum. Fifteen mature female mice (8–12 weeks old; ~25 g body weight)
were used in this study. Mice were primed two days before ovary retrieval with intraperi-
toneal injection of 10 IU pregnant mare serum gonadotropin (PMSG, Gonaser®, HIPRA,
Amer, Spain) [34]. The protocol of this study was permitted by the Committee for Research
Ethics at the Faculty of Veterinary Medicine, Mansoura University, Egypt.

2.2. Ovary Retrieval and Oocyte Collection

Mice were euthanized by cervical dislocation; ovaries were collected after dissection
of the abdominal cavity and washed in pre-warmed (37 ◦C) sterile physiological saline
(0.9% NaCl) [35]. For COC selection and recovery, ovaries were placed in a sterile 60 mm
Petri dish containing the handling medium, G-MOPS™ plus (Vitrolife, Göteborg, Sweden).

COCs were collected from the ovaries via gentle puncturing of the antral follicles
using a sterile 30-gauge syringe needle under a stereomicroscope (SZ61 zoom, Olympus,
Japan) according to Monti and Redi [36]. Collected COCs were examined and classified
according to their quality into 3 categories as follows: Category 1 (good quality) oocytes
were surrounded by compact multi-layers of follicle cells (corona radiata and cumulus cells)
with homogenous, evenly granular ooplasm. Category 2 (fair quality) oocytes were sur-
rounded by only 1–2 layers of cumulus cells with homogeneous ooplasm. Category 3 (poor
quality) oocytes had thin or incomplete layers of cumulus cells or were completely devoid
of cumulus cells around them (denuded oocytes) and had nonhomogeneous ooplasm. Only
good quality COCs were selected and further used for IVM. Denuded and poor-quality
oocytes were discarded.

2.3. Lycopene Preparation

A stock solution of 1 mM Lycopene (Nawah Scientific Inc., Cairo, Egypt, HIKA2010)
was prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, D8418), and stored at −20 ◦C
until use. A final concentration of 200 nM was prepared in the maturation medium and
used in this study, which was based on previous reports [32,33,37].

2.4. In Vitro Maturation (IVM) of Mouse Oocytes

To minimize differences caused by individual variability among animals, oocytes
harvested from different mice were pooled and then randomly distributed to different
experimental groups. As described by Harada and Kinutani [38], IVM of immature mouse
oocytes was performed in a pre-equilibrated IVM medium; Global total (LifeGlobal, Guil-
ford, CT, USA). Briefly, COCs were washed three times in the handling medium, followed
by another three washes in the IVM medium. Next, COCs were randomly incubated in
groups of 20–25 COCs in 50 µL IVM medium droplets under coverage of mineral oil at
37 ◦C in 5% CO2 in air with maximum humidity (95%) [39]. Based on the experimental de-
sign, incubation time was 17 h for the freshly matured group and 48 h for the in vitro-aged
groups [20,40].

2.5. Evaluation of Oocyte Morphology

After maturation, oocytes from fresh and aged groups were denuded from surround-
ing cumulus cells by repeated pipetting. Morphological evaluation of oocytes was per-
formed based on calculating the rates of abnormal phenotypes such as fragmentation and
degeneration [20,40,41].

2.6. Biochemical Estimation of Oxidative and Antioxidative Markers

A sample of 20 oocytes in 100 µL of IVM medium was pelleted by centrifugation
at 3000 rpm for 10 min at 4 ◦C. The pellets were gently rinsed twice with 500 µL of cold
phosphate-buffered saline (PBS), and then lysed in 800 µL of lysis buffer (50 mM sodium
phosphate, 300 mM NaCl, pH = 8.0) by passing them through repeated freezing and
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thawing cycles followed by vortexing. Lysed oocytes were centrifuged at 12,000 rpm for
15 min at 4 ◦C and the supernatant was collected and utilized for biochemical analysis.

The levels of H2O2 [42] and MDA [43] in the matured oocytes from different groups
were calculated colorimetrically using commercially available kits (Biodiagnostics, Egypt)
according to the manufacturer’s instructions.

The concentrations of TAC [44], GSH [45], SOD [46], and CAT [47] in the matured
oocytes from different groups were calculated using colorimetric assay kits (Biodiagnostics,
Cairo, Egypt) per manufacturer’s instructions.

2.7. Statistical Analysis

Each experiment was performed at least three times. The differences among the ex-
perimental groups were examined using one-way ANOVA followed by Tukey’s multiple
comparison test in GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). Data
were represented as the mean ± standard error of the mean (SEM). A receiver operat-
ing characteristic (ROC) curve was built using SPSS v.25. Differences of p < 0.05 were
considered significant.

2.8. Experimental Design

Effect of lycopene supplementation to IVM medium on the morphology of in vitro-
aged mouse oocytes: A total of 184 prophase I arrested oocytes were divided into three
groups based on the time of maturation and presence of lycopene in the maturation medium:
fresh (62 oocytes kept in the IVM for 17 h with no lycopene), in vitro-aged (62 oocytes kept
in the IVM for 48 h with no lycopene), and in vitro-aged + lycopene (60 oocytes kept in
the IVM for 48 h with 200 nM lycopene). Oocyte morphology was assessed in all groups
by stereo microscopical examination and fragmentation, and degeneration of oocytes was
counted. Abnormal cell rate was calculated in all groups.

To gain further insights about the effect of lycopene supplementation of IVM medium
on the levels of oxidative biomarkers in the in vitro-aged mouse oocytes: the previous
procedures were sustained, and oocytes from the three groups were collected, lysed, and
the concentrations of H2O2, MDA TAC, GSH, CAT, and SOD were measured and compared
among different groups.

3. Results
3.1. Lycopene Supplementation to IVM Medium Reduces the Aging-Related Morphology
Phenotypes in Mouse Oocytes

Examination of the morphology of in vitro-aged mouse oocytes after 48 h revealed that
the percentage of fragmented and degenerated oocytes appeared about 1.7 times greater in
aged mouse oocytes incubated without lycopene compared to those aged in the presence
of 200 nM lycopene (38.64 ± 1.84% vs. 23.32 ± 0.85%, p = 0.0005) (Figure 1). On the
other hand, the fragmentation rate of the oocytes significantly increased (p < 0.0001) from
16.09 ± 1.13% in the freshly matured group and 38.64 ± 1.84% in the aged group without
lycopene (Figure 1D). These results suggest that lycopene helps in reducing aging-related
phenotypes in mouse oocytes.

3.2. Lycopene Supplementation of IVM Medium Improves the Oxidative Defense Mechanisms in In
Vitro-Aged Mouse Oocytes

In vitro-aged mouse oocytes revealed a rise (p = 0.018) of about 1.6 times in the levels of
H2O2 compared to freshly matured oocytes (0.270± 0.031 mmol/L vs. 0.167 ± 0.009 mmol/L).
On the other hand, oocytes aged in the presence of 200 nM lycopene showed a significant
decrease (0.170 ± 0.006 mmol/L vs. 0.270 ± 0.031 mmol/L, p = 0.02) in levels of H2O2
in comparison to oocytes aged without addition of lycopene. Their levels of H2O2 were
comparable to those of freshly matured oocytes (Figure 2a).
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Figure 1. The rate of fragmented and degenerated oocytes in freshly matured, in vitro-aged, and
in vitro-aged lycopene-treated groups. (A–C) Representative photomicrographs of freshly ma-
tured oocytes (A), in vitro-aged oocytes (B) (black arrows denote the fragmented oocytes), and
in vitro-aged oocytes treated with 200 nM lycopene (C), (blue arrows refer to degenerated oocytes).
(D) Quantitative comparison of the rate of oocyte fragmentation between freshly matured, in vitro-
aged, and in vitro-aged lycopene-treated groups. Different superscripts indicate significant differ-
ences (p < 0.05). Scale bars = 100 µm.

The levels of MDA in all of the abovementioned groups revealed similar trends to
those seen with H2O2 levels. In vitro-aged mouse oocytes displayed a significant increase
of about 1.9 times (8.200 ± 0.503 nmol/mL vs. 4.276 ± 0.203 nmol/mL, p = 0.002) in
levels of MDA compared to freshly matured oocytes. In contrast, oocytes aged in the
presence of 200 nM lycopene revealed a significant decrease in MDA level compared
to oocytes aged without lycopene (5.700 ± 0.586 nmol/mL vs. 8.200 ± 0.503 nmol/mL
p = 0.02), but their MDA levels did not differ significantly (5.700 ± 0.586 nmol/mL vs.
4.276 ± 0.203 nmol/mL, p = 0.15) from those of freshly matured oocytes (Figure 2b; Table S1).
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levels of in vitro-aged mouse oocytes. The differences between the experimental groups are shown as
fold change relative to the freshly matured oocytes (17 h). The evaluated parameters were as follows:
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The TAC levels of in vitro-aged mouse oocytes revealed a modest, though significant
(0.513 ± 0.009 mmol/L vs. 0.593 ± 0.020 mmol/L, p = 0.025) decrease compared to TAC
levels of freshly matured oocytes. On the other hand, oocytes aged in the presence of
200 nM lycopene revealed a significant increase in TAC levels in comparison to oocytes
aged without lycopene (0.590 ± 0.015 mmol/L vs. 0.513 ± 0.009 mmol/L, p = 0.029).
However, their TAC levels were equivalent to those of freshly matured oocytes
(Figure 2c; Table S1).

In addition to TAC, levels of GSH, CAT, and SOD showed the same pattern after
inducing the in vitro aging. All of them significantly decreased by about 30% after inducing
the aging in absence of lycopene supplementations. On the other hand, lycopene supple-
mentation enhanced the antioxidant activity of the aged oocytes to be comparable to the
non-aged fresh group as summarized in Figure 2 and Table S1.

Regarding GSH levels, in vitro-aged mouse oocytes without lycopene showed a signifi-
cant decrease in levels of GSH compared to freshly matured oocytes (2.713 ± 0.056 mmol/L
vs. 3.717 ± 0.123 mmol/L, p = 0.0004). Conversely, oocytes aged in the presence of
200 nM lycopene showed a significant increase in GSH levels relative to in vitro-aged
mouse oocytes without lycopene (3.693 ± 0.063 mmol/L vs. 2.713 ± 0.056 mmol/L,
p = 0.0005). However, their GSH levels were insignificantly different (3.693± 0.063 mmol/L
vs. 3.717 ± 0.123 mmol/L, p = 0.98) from those of freshly matured oocytes (Figure 2d; Table S1).



Vet. Sci. 2022, 9, 336 7 of 11

Concerning CAT levels, in vitro-aged mouse oocytes without lycopene exhibited a
significant decline in levels of CAT compared to freshly matured oocytes (0.217 ± 0.009 U/L
vs. 0.293 ± 0.003 U/L, p = 0.008). On the other hand, CAT levels revealed a tendency to
increase in oocytes aged in the presence of 200 nM lycopene compared to in vitro-aged
mouse oocytes without lycopene (0.263 ± 0.018 U/L vs. 0.217 ± 0.009 U/L, p = 0.06). No
significant difference (0.263 ± 0.018 U/L vs. 0.293 ± 0.003 U/L, p = 0.2) in CAT levels was
detected between oocytes aged in the presence of 200 nM lycopene and freshly matured
oocytes (Figure 2e; Table S1).

In regard to SOD levels, in vitro-aged mouse oocytes without lycopene revealed a signifi-
cant decrease in SOD levels compared to freshly matured oocytes (245.333 ± 17.285 U/mL
vs. 346.000 ± 1.000 U/mL, p = 0.002). On the other hand, oocytes aged in the presence
of 200 nM lycopene revealed a significant increase in SOD levels compared to in vitro-
aged mouse oocytes without lycopene (327.000 ± 9.292 U/mL vs. 245.33 3± 17.285 U/mL,
p = 0.005), but did not differ significantly (327.000 ± 9.292 U/mL vs. 346.000 ± 1.000 U/mL,
p = 0.5) from SOD levels of freshly matured oocytes (Figure 2f; Table S1).

3.3. ROC Curve Analysis of In Vitro-Aged Mouse Oocytes

The ROC curve analysis of seven parameters that included H2O2, MDA, TAC, GSH,
CAT, SOD, and oocyte fragmentation in aged mouse oocytes suggested MDA, TAC, SOD,
and oocyte fragmentation to be significantly affected by in vitro aging of mouse oocytes
(Figure 3).
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(b) Malondialdehyde (MDA), (c) Total antioxidant capacity (TAC), (d) Reduced glutathione (GSH),
(e) Catalase (CAT), (f) Superoxide dismutase (SOD), and (g) fragmented oocytes. AUC, area under
the curve. p values < 0.05 indicate significance.

4. Discussion

Post-ovulatory aging of mammalian oocytes is a process that severely affects devel-
opmental competence by reducing the rates of oocyte survival, sperm penetration during
fertilization, and embryo development [48]. In this study, we were able to reduce the
severity of abnormal phenotypes associated with oocyte aging by supplementation of
the IVM medium with lycopene. Fragmentation and degeneration of the oocytes were
significantly reduced after lycopene supplementation to a level comparable to that of the
fresh group. Other studies revealed that antioxidant supplementation improves oocyte
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quality and reduces fragmentation rates. An increase in the number of degenerated and
fragmented mouse oocytes after 12 h and 24 h of their in vitro aging was seen in oocytes
untreated compared to oocytes treated with quercetin, which is a plant pigment (flavonoid)
known for its antioxidant activity [40]. Another compound, resveratrol, a natural phenolic
compound of plant origin, was found to decrease the apoptosis rate of mouse oocytes aged
in vivo compared with the non-resveratrol treated group [49]. Furthermore, melatonin
supplementation significantly reduced the percentage of acquired abnormal morphology
of mouse oocytes over time compared to control aged mouse oocytes [20]. In porcine aged
oocytes, melatonin supplementation showed normal morphology with significantly low
fragmentation percentage after 48 h aging [41].

Postovulatory aging changes are mainly attributed to increased ROS production
levels, apoptosis, and oocyte fragmentation [8,50–52]. Therefore, the supplementation
of oocytes with exogenous antioxidants post-ovulation or after IVM (before fertilization)
can be considered an effective approach to reduce the oocyte damage brought by ROS
during aging [6]. Some studies have shown that lycopene has an important effect on
antioxidant biomarker levels. Mackinnon and Rao [53] showed that supplementation of
lycopene by post-menopausal women for 4 months significantly increased serum TAC
and decreased lipid peroxidation. However, there is no significant effect on any of the
antioxidant enzymes CAT, SOD, or GPx. Additionally, Velmurugan and Bhuvaneswari [54]
revealed that lycopene decreased oxidative injury by stimulating the levels and activities
of antioxidant enzymes, including glutathione (GSH), glutathione-S-transferases, and
glutathione peroxidase, in animals with gastric cancer. Moreover, it was found that lycopene
treatment showed protection against gastric ulcers in rats through its antioxidant effects, as
SOD activity and GSH levels were higher in the lycopene-treated group. However, CAT
activity and MDA levels were lower in the lycopene-treated group when compared with
controls. [55]. Additionally, lycopene can give protection against experimental esophagitis
via increasing GSH levels and SOD and CAT enzyme activities, and decreasing MDA levels
in the lycopene-treated group when compared with controls [56].

We then tried to understand how lycopene reduced aging abnormalities. A strong
explanation for this improving effect could be due to the direct effects on the oocyte
redox status. With lycopene supplementation, we found a decrease in the oocyte levels of
H2O2 and MDA and an increase in the oocyte levels of TAC, GSH, CAT, and SOD. This
may support another study in porcine oocytes that showed a decrease in H2O2 levels,
and an increase in GSH concentrations, as well as CAT and SOD expression levels after
supplementation of 2.5 µM astaxanthin, a ketocarotenoid with structural similarities to
lycopene, during their in vitro aging for 42–44 h [57]. In addition, in bovine oocytes,
lycopene supplementation to the IVM medium led to a significant reduction in ROS
levels [37]. In aged porcine and mouse oocytes, reduced ROS levels have also been reported
after melatonin supplementation during their in vitro aging at concentrations of 1 mM and
2 mM, respectively [41,58]. The ROS scavenging effect of melatonin and other antioxidants
mentioned above was accompanied by normal mitochondrial distribution within the
cytoplasm of oocytes. Our study strongly suggests that lycopene has a similar promising
and preventive effect on in vitro-aged oocytes.

Lipid peroxidation has been reported to be increased in aging mouse oocytes [8]. MDA
is an end product of polyunsaturated fatty acid peroxidation, and its overproduction is
induced by high levels of ROS [15]. In the present study, lycopene supplementation de-
creased MDA significantly in the aged oocytes. This finding suggests a role for lycopene in
preserving the structural integrity of polyunsaturated fatty acids within oocytes. Consistent
with our observations, a better distribution of lipid droplets has been observed in bovine
oocytes after lycopene supplementation [37].

Postovulatory aging of oocytes initiates different developmental programs, such as
fragmentation, programmed cell death, and abnormal development [59]. The reasons for
oocyte fragmentation during their aging are still poorly understood [48,60]. However, ac-
cumulating evidence suggests that fragmentation of aged murine oocytes is a consequence
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of alterations in the protein expression levels of oocyte pro- and anti-apoptotic factors [59].
Members of the Bcl-2 gene family including Bcl2 and Bax, have been implicated in this
process through activation of effector caspases which in turn execute cell death [59,61]. In
line with these observations, ROC curve analysis of aged mouse oocytes conducted by the
present study pointed to the number of fragmented oocytes together with the levels of
MDA, TAC, and SOD as specific markers for oocyte aging.

This study is the first to report that lycopene can improve the quality of aged oocytes
by reducing fragmentation rates. However, further study is warranted to assess the effect
of lycopene on in vitro fertilization and embryo production of aged oocytes.

5. Conclusions

Our study has demonstrated that lycopene as an antioxidant successfully maintained
the morphology and alleviated oxidative stress during in vitro aging of mouse oocytes by
preventing oxidative damages that lead to aging and apoptosis. The present study intro-
duces lycopene as a natural supplement to control the postovulatory aging of mammalian
oocytes processed for clinically assisted reproductive technology.
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on in vitro fertilization outcomes. J. Turk. Ger. Gynecol. Assoc. 2013, 14, 136–141. [CrossRef]

18. Wang, S.; He, G.; Chen, M.; Zuo, T.; Xu, W.; Liu, X. The role of antioxidant enzymes in the ovaries. Oxidative Med. Cell. Longev.
2017, 2017, 4371714. [CrossRef]

19. Tatone, C.; Di Emidio, G.; Barbaro, R.; Vento, M.; Ciriminna, R.; Artini, P.G. Effects of reproductive aging and postovulatory
aging on the maintenance of biological competence after oocyte vitrification: Insights from the mouse model. Theriogenology 2011,
76, 864–873. [CrossRef]

20. Lord, T.; Nixon, B.; Jones, K.T.; Aitken, R.J. Melatonin prevents postovulatory oocyte aging in the mouse and extends the window
for optimal fertilization in vitro. Biol. Reprod. 2013, 88, 67. [CrossRef]

21. Boerjan, M.L.; de Boer, P. First cell cycle of zygotes of the mouse derived from oocytes aged postovulation in vivo and fertilized
in vivo. Mol. Reprod. Dev. 1990, 25, 155–163. [CrossRef] [PubMed]

22. Yoshida, M.; Ishigaki, K.; Nagai, T.; Chikyu, M.; Pursel, V.G. Glutathione concentration during maturation and after fertilization
in pig oocytes: Relevance to the ability of oocytes to form male pronucleus. Biol. Reprod. 1993, 49, 89–94. [CrossRef] [PubMed]

23. Wang, Y.; Branicky, R.; Noë, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915–1928. [CrossRef] [PubMed]

24. Nandi, A.; Yan, L.J.; Jana, C.K.; Das, N. Role of catalase in oxidative stress-and age-associated degenerative diseases. Oxidative
Med. Cell. Longev. 2019, 2019, 9613090. [CrossRef]

25. Young, I.S. Measurement of total antioxidant capacity. J. Clin. Pathol. 2001, 54, 339. [CrossRef]
26. Wu, G.; Fang, Y.Z.; Yang, S.; Lupton, J.R.; Turner, N.D. Glutathione metabolism and its implications for health. J. Nutr. 2004, 134,

489–492. [CrossRef]
27. Tarin, J.J.; Ten, J.; Vendrell, F.J.; Cano, A. Dithiothreitol prevents age-associated decrease in oocyte/conceptus viability in vitro.

Hum. Reprod. 1998, 13, 381–386. [CrossRef]
28. Lugasi, A.; Bíró, L.; Hóvárie, J.; Sági, K.V.; Brandt, S.; Barna, É. Lycopene content of foods and lycopene intake in two groups of

the Hungarian population. Nutr. Res. 2003, 23, 1035–1044. [CrossRef]
29. Wenli, Y.; Yaping, Z.; Zhen, X.; Hui, J.; Dapu, W. The antioxidant properties of lycopene concentrate extracted from tomato paste.

J. Am. Oil Chem. Soc. 2001, 78, 697–701. [CrossRef]
30. Miller, N.J.; Sampson, J.; Candeias, L.P.; Bramley, P.M.; Rice-Evans, C.A. Antioxidant activities of carotenes and xanthophylls.

FEBS Lett. 1996, 384, 240–242. [CrossRef]
31. Watanabe, H.; Okawara, S.; Bhuiyan, M.M.U.; Fukui, Y. Effect of lycopene on cytoplasmic maturation of porcine oocytes in vitro.

Reprod. Domest. Anim. Zuchthyg. 2010, 45, 838–845.
32. Chowdhury, M.M.R.; Choi, B.H.; Khan, I.; Lee, K.L.; Mesalam, A.; Song, S.H.; Xu, L.; Joo, M.D.; Afrin, F.; Kong, I.K. Supplementa-

tion of lycopene in maturation media improves bovine embryo quality in vitro. Theriogenology 2017, 103, 173–184. [CrossRef]
[PubMed]

33. Residiwati, G.; Azari-Dolatabad, N.; Tuska, H.S.A.; Sidi, S.; Van Damme, P.; Benedetti, C.; Montoro, A.F.; Luceno, N.L.;
Pavani, K.C.; Opsomer, G.; et al. Effect of lycopene supplementation to bovine oocytes exposed to heat shock during in vitro
maturation. Theriogenology 2021, 173, 48–55. [CrossRef] [PubMed]

34. Jia, Z.Z.; Zhang, J.W.; Zhou, D.; Xu, D.Q.; Feng, X.Z. Deltamethrin exposure induces oxidative stress and affects meiotic maturation
in mouse oocyte. Chemosphere 2019, 223, 704–713. [CrossRef]

35. Jia, L.; Ding, B.; Shen, C.; Luo, S.; Zhang, Y.; Zhou, L.; Ding, R.; Qu, P.; Liu, E. Use of oocytes selected by brilliant cresyl blue
staining enhances rabbit cloned embryo development in vitro. Zygote 2019, 27, 166–172. [CrossRef]

36. Monti, M.; Redi, C.A. Isolation and Characterization of Mouse Antral Oocytes Based on Nucleolar Chromatin Organization.
J. Vis. Exp. JoVE 2016, 107, e53616. [CrossRef]

http://doi.org/10.1095/biolreprod.105.046169
http://www.ncbi.nlm.nih.gov/pubmed/16251501
http://doi.org/10.18632/aging.100911
http://www.ncbi.nlm.nih.gov/pubmed/26974211
http://doi.org/10.1095/biolreprod.108.072017
http://www.ncbi.nlm.nih.gov/pubmed/19038861
http://doi.org/10.1095/biolreprod.113.111302
http://www.ncbi.nlm.nih.gov/pubmed/24089204
http://doi.org/10.1369/0022155411431734
http://doi.org/10.1155/2014/360438
http://doi.org/10.3934/genet.2017.2.103
http://doi.org/10.5152/jtgga.2013.53323
http://doi.org/10.1155/2017/4371714
http://doi.org/10.1016/j.theriogenology.2011.04.017
http://doi.org/10.1095/biolreprod.112.106450
http://doi.org/10.1002/mrd.1080250208
http://www.ncbi.nlm.nih.gov/pubmed/2178641
http://doi.org/10.1095/biolreprod49.1.89
http://www.ncbi.nlm.nih.gov/pubmed/8353194
http://doi.org/10.1083/jcb.201708007
http://www.ncbi.nlm.nih.gov/pubmed/29669742
http://doi.org/10.1155/2019/9613090
http://doi.org/10.1136/jcp.54.5.339
http://doi.org/10.1093/jn/134.3.489
http://doi.org/10.1093/humrep/13.2.381
http://doi.org/10.1016/S0271-5317(03)00105-2
http://doi.org/10.1007/s11746-001-0328-6
http://doi.org/10.1016/0014-5793(96)00323-7
http://doi.org/10.1016/j.theriogenology.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28800556
http://doi.org/10.1016/j.theriogenology.2021.07.014
http://www.ncbi.nlm.nih.gov/pubmed/34332201
http://doi.org/10.1016/j.chemosphere.2019.02.092
http://doi.org/10.1017/S0967199419000200
http://doi.org/10.3791/53616


Vet. Sci. 2022, 9, 336 11 of 11

37. Sidi, S.; Pascottini, O.B.; Angel-Velez, D.; Azari-Dolatabad, N.; Pavani, K.C.; Residiwati, G.; Meese, T.; Van Nieuwerburgh, F.;
Kambai Bawa, E.; Alikidon Voh, A.; et al. Lycopene Supplementation to Serum-Free Maturation Medium Improves In Vitro Bovine
Embryo Development and Quality and Modulates Embryonic Transcriptomic Profile. Antioxidants 2022, 11, 344. [CrossRef]

38. Harada, Y.; Kinutani, M.; Horiuchi, T. Improved developmental potential of mouse vitrified-warmed oocytes achieved by
culturing in recovery medium with glutathione ethyl ester (GSH-OEt). Reprod. Med. Biol. 2021, 20, 505–512. [CrossRef]

39. Eppig, J.J.; O’brien, M.J.; Wigglesworth, K.; Nicholson, A.; Zhang, W.; King, B.A. Effect of in vitro maturation of mouse oocytes
on the health and lifespan of adult offspring. Hum. Reprod. 2009, 24, 922–928. [CrossRef]

40. Wang, T.; Gao, Y.Y.; Chen, L.; Nie, Z.W.; Cheng, W.; Liu, X.; Schatten, H.; Zhang, X.; Miao, Y.L. Melatonin prevents postovulatory
oocyte aging and promotes subsequent embryonic development in the pig. Aging 2017, 9, 1552–1564. [CrossRef]

41. Wang, H.; Jo, Y.J.; Oh, J.S.; Kim, N.H. Quercetin delays postovulatory aging of mouse oocytes by regulating SIRT expression and
MPF activity. Oncotarget 2017, 8, 38631–38641. [CrossRef]

42. Fossati, P.; Prencipe, L.; Berti, G. Use of 3,5-dichloro-2-hydroxybenzenesulfonic acid/4-aminophenazone chromogenic system in
direct enzymic assay of uric acid in serum and urine. Clin. Chem. 1980, 26, 227–231. [CrossRef] [PubMed]

43. Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351–358. [CrossRef]

44. Koracevic, D.; Koracevic, G.; Djordjevic, V.; Andrejevic, S.; Cosic, V. Method for the measurement of antioxidant activity in human
fluids. J. Clin. Pathol. 2001, 54, 356–361. [CrossRef] [PubMed]

45. Beutler, E.; Duron, O.; Kelly, B.M. Improved method for the determination of blood glutathione. J. Lab. Clin. Med. 1963, 61,
882–888. [PubMed]

46. Nishikimi, M.; Rao, N.A.; Yogi, K. Colorimetric determination of super oxide dismutase. Biochem. Bioph. Common 1972, 46,
849–854. [CrossRef]

47. Aebi, H. Catalase in vitro. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1984; pp. 121–126.
48. Di Nisio, V.; Antonouli, S.; Damdimopoulou, P.; Salumets, A.; Cecconi, S. In vivo and in vitro postovulatory aging: When time

works against oocyte quality? J. Assist. Reprod. Genet. 2022, 39, 905–918. [CrossRef]
49. Liang, Q.X.; Lin, Y.H.; Zhang, C.H.; Sun, H.M.; Zhou, L.; Schatten, H.; Sun, Q.Y.; Qian, W.P. Resveratrol increases resistance of

mouse oocytes to postovulatory aging in vivo. Aging 2018, 10, 1586. [CrossRef]
50. Premkumar, K.V.; Chaube, S.K. Increased level of reactive oxygen species persuades postovulatory aging-mediated spontaneous

egg activation in rat eggs cultured in vitro. In Vitro Cell. Dev. Biol. Anim. 2016, 52, 576–688. [CrossRef]
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