
Original Research Article

Antioxidant and antiapoptotic effect of melatonin on cat vitrified oocytes
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A B S T R A C T

The development of cryopreservation protocols for feline gametes is a crucial part of conservation efforts. 
Preservation of oocytes is particularly challenging, since they often degenerate after warming or develop into 
embryos poorly. Two of the main causes are thought to be oxidative stress and apoptotic cell death. Thus, 
melatonin was employed in this study for its well-known antioxidant and antiapoptotic properties. After 
determining suitable concentrations of melatonin (Experiment I), the oxidative status (Experiment II), apoptotic 
status (Experiment III), and developmental competence (Experiment IV) of cat immature oocytes following 
vitrification and/or in vitro maturation (IVM) with the supplementation of melatonin were assessed. In Exper
iment I, 10− 9 M was the lowest melatonin concentration with favorable maturation of fresh oocytes (58.06 %, p 
= 0.6 vs. control, 51.48 %). In Experiment II, oocytes vitrified with melatonin showed decreased oxidative stress 
after IVM, close to negative control (p = 0.849). In Experiment III, the addition of melatonin to vitrification- 
warming and IVM medium hindered apoptotic signaling by reducing caspase activity (p = 0.9 vs. fresh con
trol oocytes) and enhancing maturation rates (48.39 % vs. 12.12 % in control vitrified oocytes; p = 0.002). In 
Experiment IV, melatonin brought maturation rates of treated vitrified oocytes close to those of fresh oocytes 
(46.38 ± 10.68 % and 68.42 ± 10.88 %, respectively, p = 0.145), but there were no differences in embryo 
development or morphological quality (cleavage rates: melatonin-treated oocytes: 33.29 ± 17.86 %; control 
vitrified oocytes: 31.59 ± 21.63 %; p = 0.992). In summary, the use of the antioxidant and antiapoptotic 
melatonin during vitrification-warming and IVM mitigated oxidative and apoptotic stress in vitrified oocytes, 
though its impact on developmental competence remained limited.

1. Introduction

Oocyte vitrification has potential for fertility and biodiversity pres
ervation [1–3]. It offers the flexibility to exploit gametes that cannot be 
fertilized at a certain time due to the lack of suitable spermatozoa or to 
plan the most appropriate combination of male and female gametes for 
the generation of embryos and offspring later in time, and to be per
formed rapidly, easily and in field conditions [4]. Significant improve
ments have been made in human mature oocyte vitrification, but animal 
gametes present different results [1]. Optimizing protocols is a 
demanding task, due to gamete biology and species-specific features [1].

In felids, although almost half of the species are threatened with 
extinction according to the International Union for the Conservation of 
Nature (IUCN) Red List of Threatened Species [5] and would benefit of 
the use of assisted reproduction technologies (ARTs) [6], the 

cryopreservation of female germ cells continues to be a challenge [6]. 
Studies on domestic cat oocytes, obtained from gonadectomy-derived 
ovaries and model for rare and valuable wild felids’ gametes, are 
crucial to develop more efficient protocols [6,7].

Although vitrification is more suitable than slow freezing for lipid- 
rich feline oocytes [8], it still induces several cellular alterations. 
Immature vitrified oocytes (VOs) are particularly sensitive, and both 
their ability to resume meiosis during in vitro maturation (IVM) and to 
develop into embryos after fertilization can be compromised. Although 
it is difficult to pinpoint the specific causes, as the concurrence of several 
factors may lead to these outcomes, some cryoinjuries are commonly 
reported. The list includes cumulus cell loss, zona pellucida hardening 
and cytoskeleton damages, which may bring about disassembly of the 
meiotic spindle and DNA alterations [9,10], as well as oxidative stress 
due to an excessive generation of reactive oxygen species (ROS) which 
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may lead to apoptotic death [11–16].
Previous studies showed that apoptosis is involved in post-warming 

degeneration of cat VOs [17] and attempted to target the apoptosis 
pathways to enhance VOs survival with the use of apoptotic pathway 
inhibitors or regulators, with promising outcomes on maturation and 
contrasting results in terms of embryo development [17,18]. However, 
oxidative stress has not been investigated in cat VOs, even though the 
use of antioxidants is quite common on fresh oocytes [19–22]. Among 
antioxidants, melatonin has never been tested on cat oocytes IVM, but it 
proved to be useful in other species thanks to its multiple effects. 
Melatonin has both antioxidant and antiapoptotic activities and can 
protect cells from ROS-derived oxidative damage and cell death [23], 
generally promoting oocyte maturation and/or embryo development in 
both fresh (e.g., porcine [24–27], bovine [28–30], murine [31], human 
[32] and others [33,34]) and cryopreserved (e.g., bovine [16], murine 
[15,35–38], human [39,40] and others [41,42]) oocytes.

The aim of this study was to assess cat VOs cryotolerance, in terms of 
oxidative status, apoptotic status and developmental competence, 
following the addition of the antioxidant and antiapoptotic compound 
melatonin during oocyte vitrification-warming and/or IVM.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and reagents were purchased from the Italian branch of 
Merck KGaA (Darmstadt, Germany) – Merck Life Science S.r.l. (Milan, 
Italy), unless otherwise stated.

2.2. Experimental design

Four experiments were performed to achieve the aim of the study 
(Fig. 1).

According to the experiment, immature cumulus-oocyte complexes 
(COCs) were collected and used as fresh or cryopreserved by vitrifica
tion. Moreover, in some cases oocytes were assessed as immature (no 
IVM), while in others they were assessed after IVM, as better explained 
below.

First, suitable concentrations of melatonin for cat oocytes were 
determined in fresh (not cryopreserved) oocytes through a dose- 
response assessment during IVM (Experiment I). Then, the effects of 
vitrification, with or without melatonin supplementation, on oxidative 
stress (oxidation of a fluorescence probe by ROS, Experiment II), on two 
apoptotic markers (DNA fragmentation and caspase activity, Experi
ment III), and oocyte developmental competence (in vitro embryo 
development, Experiment IV) were investigated.

In Experiment I, based on the literature for oocytes of other species, 
three different concentrations of melatonin were tested (10− 7 M/10− 9 

M/10− 11 M) and compared to a standard in vitro matured control (0 M 
melatonin).

In Experiments II and III, using the concentration of melatonin 
chosen in Experiment I, oxidative and apoptotic status of cat VOs were 
assessed right after warming or after 24 h IVM to have a better under
standing of the timing of their occurrence. Oocytes (COCs) vitrified with 
(MVOs) or without (VOs) the addition of melatonin were analyzed after 
warming using fresh immature COCs (FOs) as negative control and 
menadione-exposed immature COCs (Menadione, for oxidative stress 
induction, Experiment II) or hydrogen peroxide-exposed immature 
COCs (H2O2, for apoptosis induction, Experiment III) as positive con
trols. Some of the MVOs and VOs underwent maturation with (MIVM) or 

Fig. 1. Graphical depiction of the experimental design of the study. For details, please see Paragraph 2.2. COCs: cumulus-oocyte complexes; IVM: in vitro maturation; 
MVOs: immature oocytes vitrified and warmed with the addition of melatonin; VOs: immature oocytes vitrified and warmed without the addition of melatonin; 
MIVM: in vitro maturation in the presence of melatonin; IVM: standard in vitro maturation without melatonin; FOs: fresh immature oocytes (negative control); 
Menadione: immature oocytes treated with menadione to induce oxidative stress (positive control); H2O2: immature oocytes treated with hydrogen peroxide to 
induce apoptosis (positive control).
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without (IVM) melatonin, in all the possible combinations, as follows. 

- MVOs + MIVM: COCs vitrified-warmed with the addition of mela
tonin and in vitro matured in the presence of melatonin;

- MVOs + IVM: COCs vitrified-warmed with the addition of melatonin 
and in vitro matured without melatonin;

- VOs + MIVM: COCs vitrified-warmed without the addition of 
melatonin and in vitro matured in the presence of melatonin;

- VOs + IVM: COCs vitrified-warmed without the addition of mela
tonin and in vitro matured without melatonin.

In Experiment IV, the treatment that gave the most promising results 
in previous Experiments (MVOs + MIVM) was used for in vitro embryo 
production to assess maturation and embryo development compared to 
untreated VOs (VOs + IVM) and fresh (not cryopreserved) gametes 
(FOs).

2.3. Ovaries and cumulus-oocyte complexes (COCs) retrieval

Ovaries (n = 347) from healthy queens (Felis catus) were harvested at 
random stages of the estrous cycle during routine ovariectomies or 
ovariohysterectomies. The study did not require ethical approval 
because cat ovaries were collected as byproducts from routine surgeries.

After surgery, ovaries were immediately placed in phosphate buff
ered saline (PBS) with a mixture of antibiotics (AB) and antimycotics 
(100 IU/ml of penicillin G sodium, 0.1 mg/ml of streptomycin sulfate, 
0.25 μg/ml of amphotericin B), and transported to the laboratory at 
room temperature (RT) until processing (within 4 h).

Ovaries were minced in PBS with 0.1 % (w/v) polyvinyl alcohol 
(PVA) to release the oocytes, and only immature COCs with darkly 
pigmented ooplasm completely surrounded by 3–4 layers of cumulus 
cells (Grade I [43]) were selected for the experiments (n = 969), with an 
average harvest rate of 2.8 COCs/ovary.

2.4. In vitro maturation (experiments I, II and III)

Cumulus-oocyte complexes were in vitro matured for 24 h in groups 
of 3–14 in a controlled atmosphere (38.5 ◦C and 5 % CO2 in air) in 500 
μL microdrops of IVM medium [44] [medium 199 supplemented with 3 
mg/mL BSA, 10 ng/mL epidermal growth factor (EGF), 0.6 mM cysteine, 
and 0.5 IU/mL follicle-stimulating hormone+0.5 IU/mL luteinizing 
hormone (Pluset®, Calier, Spain)] covered by 300 μL mineral oil (Origio 
Italia s.r.l., Rome, Italy) in Petri dishes.

Melatonin was added at the concentrations of 10− 7 M/10− 9 M/ 
10− 11 M in Experiment I, where a suitable concentration for cat oocytes 
had to be assessed. Tested concentrations of melatonin were chosen 
based on the scientific literature on its use for IVM and preservation of 
oocytes in other species (see Refs. [23,45] for reviews). Then, melatonin 
was added at the concentration of 10− 9 M in the following experiments 
when IVM with melatonin supplementation (i.e., MIVM) was performed 
(for Experiment II and III, in the groups VOs + MIVM and MVOs +
MIVM; for Experiment IV, in the group MVOs + MIVM).

At the end of IVM, in Experiment I, COCs were denuded by a stripper 
micropipette (The Stripper, BioTipp, Waterford, Ireland) equipped with 
155 μm and 125 μm tips (RI-Tip, Gynemed, Lensahn, Germany) and 
placed on a slide, air-dried, and fixed in 80 % ethanol overnight at 4 ◦C 
for the assessment of nuclear status (Paragraph 2.9). In Experiments II 
and III, at the end of IVM the COCs underwent staining as described 
below (Paragraphs 2.6 and 2.7).

2.5. Vitrification and warming of immature cumulus-oocyte complexes 
(COCs)

Cumulus-oocyte complexes were vitrified by the Cryotop method 
[46,47], as previously described [48]. Briefly, groups of 4–8 COCs were 
equilibrated at RT in an equilibration solution containing 7.5 % (v/v) 

ethylene glycol (EG) and 7.5 % dimethylsulfoxide (DMSO) in Medium 
199, with 20 % fetal bovine serum (FBS) for 15 min. Then, they were 
transferred into a vitrification solution (15 % (v/v) EG, 15 % DMSO and 
0.5 M sucrose in Medium 199 with 20 % FBS), placed on Cryotop strip, 
removing the excess of liquid to reduce the volume as much as possible, 
and directly immersed into liquid nitrogen in less than 90 s.

At warming, the Cryotop strip was immersed for 1 min in a thawing 
solution at 37 ◦C containing 1 M sucrose in Medium 199, with 20 % FBS. 
Vitrified COCs were retrieved and transferred for 3 min in a solution 
containing 0.5 M sucrose in Medium 199, with 20 % FBS and then for 5 
min in a solution without sucrose. Finally, they were washed again in the 
same solution (Medium 199 with 20 % FBS) and then moved to IVM 
medium.

In Experiments II, III and IV, for melatonin-treated oocytes, the final 
concentration of melatonin in all vitrification-warming solutions and 
IVM media was 10− 9 M, based on the results of Experiment I.

2.6. Staining for oxidative stress detection (Experiment II)

CellROX® Green Reagent (Thermo Fisher Scientific – Invitrogen, 
Monza, Italy) was used to stain the oocytes for oxidative stress detection, 
according to the manufacturers’ instructions and the method employed 
on oocytes by Cavallari et al. [49].

Briefly, COCs were denuded and incubated for 30 min at 38.5 ◦C and 
5 % CO2 with CellROX® Green Reagent (5 μM in Medium 199), washed 
in PBS/PVA, fixed with 4 % paraformaldehyde and washed again. Fixed 
oocytes were transferred to microscopy slides, covered with an antifade 
reagent and coverslipped. Slides were evaluated under an epifluor
escence microscope (Eclipse E600, Nikon) equipped with a digital 
camera (Nikon DS-F12) at 400 × magnification to quantify oxidative 
status (i.e., green fluorescence) with the fluorescence intensity mean 
value of ooplasm, measured with the Imaging Software ImageJ, version 
1.54f (NIH, USA) [50] – integrated density function. Fluorescence values 
were corrected for background fluorescence. Images were captured 
under the same settings. CellROX® Green Reagent maximum excita
tion/emission wavelengths were 485 nm and 520 nm, respectively.

Eight experimental groups were compared. Fresh immature COCs 
(FOs, negative control) were denuded, stained and fixed right after 
collection. In positive control immature COCs (Menadione), oxidative 
stress was induced with a 1-h incubation in menadione (100 μM in 
Medium 199) at 38.5 ◦C and 5 % CO2 before denuding and incubation 
with CellROX® Green Reagent. To assess whether the generation of 
oxidative stress occurs soon after warming or slowly during the 
following incubation time and how melatonin influences this, vitrified 
COCs were denuded, stained and fixed right after warming or after 24 h 
IVM [to have all the combinations of melatonin during vitrification- 
warming (VOs or MVOs) and/or IVM (MIVM: IVM with melatonin; 
IVM: standard IVM without melatonin)], as shown in Fig. 1.

2.7. Staining for apoptotic signal detection (Experiment III)

Cell Meter™ TUNEL Apoptosis Assay Kit *Red Fluorescence* (AAT 
Bioquest, Sunnyvale, CA, USA) and CellEvent™ Caspase-3/7 Green 
Detection Reagent (Thermo Fisher Scientific – Invitrogen, Monza, Italy) 
were used to stain the oocytes for DNA fragmentation and caspase 
activation, respectively, according to the manufacturers’ instructions 
and our previous work [17]. Briefly, COCs were denuded and fixed with 
4 % paraformaldehyde in PBS and incubated for 1 h at 38.5 ◦C in TUNEL 
and caspase dyes. Then, they were permeabilized with 0.2 % Triton-X 
100 in PBS and counterstained with Hoechst 33342 (0.01 mg/mL) to 
identify the nucleus. Finally, the slides were covered with an antifade 
reagent (Fluoromount™ Aqueous Mounting Medium). Dyes maximum 
excitation/emission wavelengths were as follows. 

- TUNEL Assay: 556 nm/579 nm;
- Caspase Detection Reagent: 502 nm/530 nm;
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- Hoechst: 352 nm/461 nm.

Slides were evaluated under the same epifluorescence microscope 
(Eclipse E600, Nikon) and digital camera (Nikon DS-F12) at 400 ×
magnification to count the number of TUNEL-positive oocytes (showing 
a bright, strong red fluorescence in the nucleus area) and to quantify 
caspase activity (i.e., green fluorescence) with the fluorescence intensity 
mean value of ooplasm, measured with the Imaging Software ImageJ, 
version 1.54f (NIH, USA) [50] as described above for CellROX® staining 
for oxidative stress detection.

As in Experiment II, eight experimental groups were compared. Fresh 
immature COCs (FOs, negative control) were denuded, fixed and stained 
right after collection. In positive control oocytes (H2O2), immature COCs 
were first denuded, and apoptosis was induced with a 3-h incubation in 
100 μM H2O2 in Medium 199 [51,52] before fixation and staining. 
Similarly to Experiment II, to assess whether the activation of apoptotic 
pathways occurs soon after warming or slowly during the following 
incubation time and how melatonin influences this, vitrified COCs were 
denuded, fixed and stained right after warming [vitrified-warmed with 
(MVOs) or without (VOs) melatonin] or after 24 h IVM (MVOs + MIVM; 
MVOs + IVM; VOs + MIVM; VOs + IVM), as shown in Fig. 1. Oocytes 
whose nucleus could not be identified by Hoechst staining were 
excluded by the analysis, as well as parthenogenetic embryos, identified 
by the presence of more than one nucleated cell upon staining.

2.8. In vitro embryo production (Experiment IV)

2.8.1. In vitro maturation
Cumulus-oocyte complexes were in vitro matured in groups of 8–31 

for 24 h in a controlled atmosphere (38.5 ◦C and 5 % CO2 in air) in 500 
μL IVM medium (described above), covered by 300 μL mineral oil in 4- 
well dishes.

2.8.2. Epididymal sperm recovery, freezing-thawing and in vitro 
fertilization (IVF)

In vitro fertilization was performed with frozen feline epididymal 
spermatozoa obtained after routine orchiectomy of adult tomcats (n =
2). All the IVF replicates were performed using the same batch of 
spermatozoa (1 straw/replicate).

Testes were collected after routine surgery. The epididymides were 
dissected from isolated testicles and placed in a Petri dish in HEPES- 
buffered Medium 199. Spermatozoa were obtained from vas deferens 
and cauda epididymis by slicing with a blade at RT. Spermatozoa from 
the two cats were pooled, and subjective motility and concentration by 
Bürker chamber were determined.

Spermatozoa were frozen at the final concentration of 25000 motile 
spermatozoa/μL according to the Uppsala method originally developed 
for canine semen [53], using egg yolk-Tris-based extenders containing 
Equex, which was also tested in cat epididymal spermatozoa [54,55]. 
Briefly, collected spermatozoa were centrifuged (700 g, 5min), the su
pernatant was removed and spermatozoa were diluted at RT with the 
first freezing extender. After cooling at 4 ◦C for 3–4 h, the second 
freezing extender was added [overall composition of freezing extender: 
Tris buffer with final concentrations of 5 % glycerol, 1 % Equex STM 
(Nova Chemical Sales Inc., Scituate, MA, USA) and 20 % egg yolk [53], 
and spermatozoa suspension was loaded into 0.25-mL straws, which 
were frozen in liquid nitrogen vapors before plunging into the liquid and 
storage.

For thawing, straws were exposed to air for 10 s and then immersed 
in a water bath at 37 ◦C for 30 s.

For fertilization, after 24 h of IVM, COCs were removed from the IVM 
dishes, washed twice and transferred into 300 μL microdrops of fresh 
IVF medium [44] (Medium 199 supplemented with 3 mg/mL BSA, 0.1 
mg/mL cysteine, 0.25 mg/mL sodium pyruvate, 0.6 mg/mL sodium 
lactate, 0.15 mg/mL L-glutamine, 0.055 mg/mL gentamicin and 2.2 
IU/mL heparin) covered by 300 μL mineral oil in 4-well dishes. Thawed 

spermatozoa, previously centrifuged (700 g, 5 min) and resuspended in 
IVF medium, were added to the microdrops containing the COCs to 
reach 500 μL volume with a final concentration of 1 × 106 motile 
spermatozoa/mL. Cumulus-oocyte complexes and spermatozoa were 
co-incubated in a controlled atmosphere (38.5 ◦C and 5 % CO2 in air) for 
18 h.

2.8.3. In vitro embryo culture
After IVF, all presumptive zygotes were gently washed in in vitro 

culture (IVC) medium (Ham’s F-10 supplemented with 5 % FBS, 0.11 
mg/mL sodium pyruvate, 0.075 mg/mL L-glutamine, 0.6 mg/mL 
gentamicin) to remove spermatozoa and residual cumulus cells with the 
help of a stripper micropipette (The Stripper, BioTipp, Waterford, 
Ireland) equipped with 155 μm and 125 μm tips (RI-Tip, Gynemed, 
Lensahn, Germany). Presumptive embryos were moved to 500 μL IVC 
medium covered by 300 μL mineral oil in 4-well dishes, where they were 
cultured in group for up to 8 days in a controlled atmosphere (38.5 ◦C, 5 
% CO2). The medium was not changed during embryo culture. During 
IVC, assessment of embryo development was performed on day 2, 5, 7 
and 8 post-fertilization under an inverted microscope at 100 × magni
fication (Axiovert 100, Zeiss).

Two days after IVF, uncleaved oocytes were deprived of remaining 
cumulus cells and bound spermatozoa by mechanical displacement with 
a stripper micropipette equipped with a 125 μm tip, placed on a slide, 
air-dried, and fixed in 80 % ethanol overnight at 4 ◦C. Growing embryos 
were cultured until day 8 or they were removed from culture earlier 
when they showed signs of degeneration, and then fixed as above.

Embryo quality was subjectively evaluated according to the Manual 
of the International Embryo Transfer Society [56] based on morpho
logical integrity of embryos (briefly, size, shape, regularity of blasto
meres and presence of extruded material; Code 1 - excellent or good; 
Code 2 - fair; Code 3 - poor; Code 4 - dead or degenerating). All the 
embryos left in culture on days 2, 5, 7 and 8 post-fertilization were 
evaluated, regardless of their developmental stage.

2.9. Assessment of maturation, fertilization and embryonic developmental 
rates

After fixation, chromatin configuration was evaluated by a bis- 
benzimide (Hoechst 33342) staining to ascertain the nuclear status 
(Experiments I, II and IV), or the fertilization pattern or embryo devel
opmental stage based on the number of blastomere nuclei (Experiment 
IV). Briefly, oocytes or embryos on a slide were covered by 10 μl of 
Hoechst working solution (0.01 mg/mL). After 5 min of incubation in 
the dark, the Hoechst solution was removed and the slides were covered 
with antifading solution and a coverslip. Finally, stained oocytes and 
embryos were observed under a fluorescent microscope (Axiovert 100, 
Zeiss) at 400 × magnification. Embryo nuclei were counted manually.

Oocyte chromatin configurations were classified as follows [57,58]. 

- Germinal vesicle (GV): identification of nucleolus and very fine fil
aments of chromatin;

- Germinal vesicle breakdown–anaphase I (GVBD-AI): identification of 
different patterns of chromatin condensation (GVBD) or identifica
tion of bivalents (AI);

- Telophase I–metaphase II (TI-MII): identification of two groups of 
chromosomes moving to opposite ends of meiotic spindle (TI) or two 
sets of chromosomes clearly visible (MII);

- Degenerated: collapsed nucleus or irregular nuclear conformation.

For Experiment IV, maturation stage (metaphase II, MII) in unfer
tilized oocytes was identified by the presence of a tightly packed group 
of chromosomes in the form of the first polar body, and another group 
which were well spread, allowing for the identification of individual 
chromosomes [58]. The total number of in vitro matured oocytes was 
calculated as the sum of unfertilized MII oocytes, fertilized oocytes (i.e. 
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uncleaved but showing pronuclei) and cleaved embryos; accordingly, 
the number of fertilized oocytes was calculated as the sum of fertilized 
oocytes and cleaved embryos. For the assessment of embryonic devel
opment, cleaved embryos (2–4 cells), morulae, and blastocysts were 
recorded. An embryo was considered a morula when it had ≥16 cells 
without a blastocoel or a blastocyst when it had ≥50 cells with a blas
tocoel [59].

2.10. Statistical analysis

In Experiments I and III, chromatin configuration and maturation 
rates were analyzed by Fisher’s exact test. In Experiment II, oxidative 
stress levels (i.e. fluorescence intensity) were analyzed by Kruskal- 
Wallis non-parametric one-way ANOVA followed by Dwass-Steel- 
Critchlow-Fligner pairwise comparisons (data were not normally 
distributed according to Shapiro-Wilk test). In Experiment III, TUNEL 
data were analyzed by Fisher’s exact test, whereas caspases activation (i. 
e. fluorescence intensity) was analyzed by Kruskal-Wallis non-para
metric one-way ANOVA followed by Dwass-Steel-Critchlow-Fligner 
pairwise comparisons (data were not normally distributed according 
to Shapiro-Wilk test). In Experiment IV, maturation, fertilization and 
embryo development rates were analyzed by one-way ANOVA (data 
were normally distributed according to Shapiro-Wilk test and homo
scedastic according to Levene’s test) followed by Tukey’s post-hoc test, 
and embryo quality by Fisher’s exact test. The level of significance was 
set at p < 0.05.

3. Results

3.1. Experiment I

Nuclear status of fresh oocytes after IVM with different concentra
tions of melatonin is reported in Table 1. No significant differences were 
found, demonstrating that the addition of 10− 9 M and 10− 7 M melatonin 
did not have any negative effect on cat oocytes and had no influence on 
degeneration rates (p = 1). Among the latter, the lowest concentration 
was chosen for further experiments on vitrified oocytes.

3.2. Experiment II

The effect of melatonin on the oxidative status of vitrified oocytes is 
shown in Fig. 2 and Supplementary Table 1. Relative oxidative stress, 
quantified using the negative control as a reference, showed lower 
values when melatonin was added during vitrification-warming and/or 
IVM. Vitrification tended to increase ROS in oocytes, without variations 
following IVM. In oocytes analyzed after warming, melatonin did not 
have any effect, although it led towards lower values (MVOs vs. VOs, p 
= 0.075). Among matured oocytes, oocytes that were vitrified-warmed 
without melatonin (VOs + MIVM and VOs + IVM) had levels of ROS 
similar to the oocytes analyzed just after warming (VOs; p = 1) and 
higher than negative control (FOs; p = 0.027). On the other hand, the 
oocytes that were cryopreserved with melatonin, regardless of its 
addition during IVM (MVOs + MIVM and MVOs + IVM), showed lower 
ROS presence, and were the only groups to not differ significantly from 

the negative control (FOs; p = 0.849). Positive control oocytes expect
edly presented the highest fluorescence intensity values (Menadione; p 
< 0.001 vs. the other groups).

3.3. Experiment III

Two oocytes in VOs + IVM, two in VOs + MIVM, two in VOs, one in 
MVOs and one in FOs were excluded by the analysis because their nuclei 
could not be identified by Hoechst staining. One parthenogenetic em
bryo in VOs + MIVM was also excluded.

The effect of melatonin on the apoptotic and nuclear status of vitri
fied oocytes is shown in Fig. 3 and Supplementary Table 2. For oocytes 
stained right after warming (MVOs and VOs), DNA fragmentation was 
comparable to that of negative controls (FOs), although only MVOs 
showed significantly lower percentages of positive nuclei compared to 
the positive controls (H2O2, p = 0.0009). Maturation tended to increase 
the proportion of oocytes with fragmented DNA, that was significantly 
higher in all the matured groups compared to negative controls and 
MVOs (p = 0.05). There was no difference in DNA fragmentation among 
the matured groups.

Caspase activity, quantified using the negative control as a reference, 
showed an increase following vitrification and beneficial effects of 
melatonin in the matured groups. Right after warming, fluorescence 
intensity of MVOs and VOs was significantly higher than in negative 
controls (p < 0.001) and reached the highest levels, similar to those of 
positive controls (p = 0.8). Similar (p = 0.9) fluorescent intensity was 
also reported by VOs + IVM, that showed significantly higher values 
than the other matured groups (p = 0.003). Melatonin, added during 
vitrification-warming or IVM halved caspases after IVM in comparison 
to untreated oocytes, but MVOs + MIVM was the only treatment to 
lower fluorescence levels close to negative controls (p = 0.9).

Maturation rates followed a similar trend. Melatonin addition 
seemed beneficial for meiosis resumption of VOs and MVOs, and there 
was a significant improvement in full maturation rates of MVOs + MIVM 
(p = 0.002 vs. VOs + IVM, which was the standard protocol). Similar but 
opposite results were obtained for degeneration rates. While degenera
tion generally increased with IVM, the addition of melatonin both dur
ing vitrification-warming and IVM was able to hamper degenerative 
processes (p = 0.04 vs. VOs + IVM, p = 1 vs. non-matured VOs).

3.4. Experiment IV

Maturation, fertilization and embryonic developmental rates of VOs 
+ IVM and MVOs + MIVM, as well as those of fresh control oocytes, are 
shown in Table 2. Maturation rates of the vitrified groups did not differ 
(p = 0.639), although the value of MVOs + MIVM was slightly higher 
and was the only one that did not differ from fresh control oocytes (p =
0.145). Fertilization and cleavage rates of vitrified oocytes with (MVOs 
+ MIVM) or without (VOs + IVM) melatonin were not different from 
FOs (p = 0.913 and p = 0.992, respectively). However, vitrified oocytes, 
regardless of the presence of melatonin, gave significantly lower morula 
and blastocyst rates than FOs (p = 0.038). Melatonin addition during 
vitrification-warming and IVM slightly decreased the number of 
degenerating oocytes and embryos, with a rate that was closer to fresh 

Table 1 
Nuclear status of fresh domestic cat oocytes following in vitro maturation (IVM) with different concentrations of melatonin (6 replicates). No significant differences 
among groups (p > 0.05).

Oocyte treatment n. Immaturity n. (%) Partial meiosis resumption n. (%) Full maturation n. (%) Deg/N.A. n. (%)

Melatonin 10− 7 M 31 1 (3.23) 5 (16.13) 18 (58.06) 7 (22.58)
Melatonin 10− 9 M 31 0 (0) 6 (19.35) 18 (58.06) 7 (22.58)
Melatonin 10− 11 M 31 0 (0) 9 (29.03) 12 (38.71) 10 (32.26)
Control (Melatonin 0 M) 35 1 (2.86) 8 (22.86) 18 (51.43) 8 (22.86)

Immaturity: germinal vesicle (GV) oocytes; Partial meiosis resumption: oocytes in germinal vesicle breakdown (GVBD), metaphase I (MI), anaphase I (AI); Full 
maturation: oocytes in telophase I (TI), metaphase II (MII); Deg/N.A.: degenerated oocytes/not assessable.

M. Colombo et al.                                                                                                                                                                                                                               Theriogenology 247 (2025) 117566 

5 



controls (p = 0.116), although not different from the standard vitrified 
group (VOs + IVM; p = 0.521).

The evaluation of embryo morphological quality (Table 3) gave 
better results for fresh controls, as expected. These showed higher pro
portions of code 1 (excellent or good) embryos than both the vitrified 
groups, regardless of melatonin addition (p < 0.00001 on days 2 and 5; 
no statistical significance on days 7 and 8, likely due to the small number 
of embryos). No differences were observed between MVOs + MIVM and 
VOs + IVM at any time-point.

4. Discussion

The use of melatonin in reproduction is gaining even more impor
tance in the latest years [60], including applications in oocyte matura
tion and gamete cryopreservation [45,61]. In this study, we assessed its 
effects on vitrified immature cat oocytes oxidative status (ROS genera
tion), apoptotic status (DNA fragmentation and caspase activity) and 
developmental competence.

Feline oocytes could particularly benefit of an improvement in IVM 
and cryopreservation outcomes, since, compared to other species, 

Fig. 2. Oxidative stress in vitrified and fresh domestic cat oocytes stained with CellROX® Green Reagent A) Representative fluorescence micrographs. Bright green 
fluorescence in the ooplasm (column “Oxidative stress”) estimates, according to its intensity, the presence of reactive oxygen species. Scale bar: 20 μm. B) Relative 
oxidative stress fluorescence intensity (mean value ± SD; 4 replicates). The number of oocytes in each group is depicted in parenthesis under each bar. Different 
superscripts (a,b,c,d) above bars indicate significant differences among groups (p < 0.05). MVOs: immature oocytes vitrified and warmed with the addition of 
melatonin; VOs: immature oocytes vitrified and warmed without the addition of melatonin; MIVM: in vitro maturation in the presence of melatonin; IVM: standard in 
vitro maturation without melatonin; FOs: fresh immature oocytes (negative control); Menadione: immature oocytes treated with menadione to induce oxidative stress 
(positive control). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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oocyte maturation and embryo development rates are rather low 
(50–60 % maturation and 20–30 % blastocyst rate for fresh oocytes [19] 
and around 30 % maturation rate with sporadic blastocyst formation 
[62] for cryopreserved oocytes). Despite the challenges, efficient pro
tocols for the cryopreservation of immature COCs need to be developed 
to salvage cells that in some cases, such as sudden deaths or spaying of 
valuable individuals, might be the only source of genetic material or 
germ cells to be used in basic ARTs (i.e., without the use of advanced 
techniques such as somatic cell nuclear transfer or stem cell 
technologies).

Taking into consideration the effects of cryopreservation on cellular 
oxidative and apoptotic status, the addition of antioxidant or anti
apoptotic compounds could be a valuable option to improve the 

developmental competence of preserved gametes. Several non- 
enzymatic antioxidants, including melatonin, were applied during 
vitrification, warming, and/or culture to reduce or control the oxidative 
damage, with positive effects on oocyte maturation and development in 
other species [63]. Melatonin, naturally produced mostly by the pineal 
gland, is exogenously supplemented in vitro for its actions, that are both 
receptor-dependent and independent [64]. Melatonin receptors have 
been identified on oocytes [65–68], although not on feline ones, and 
allow melatonin to activate phospholipase C and a cascade that finally 
leads to an increase in the expression of antioxidant enzymes [64]. 
Instead, receptor-independent mechanisms (melatonin can diffuse freely 
through the cell membrane) include scavenger activities carried out by 
both melatonin itself and its metabolites [69]. Its beneficial effects 

Fig. 3. Nuclear status and activation of apoptotic pathways, assessed as DNA fragmentation (TUNEL assay) and caspase activity, in vitrified and fresh domestic cat 
oocytes. A) Representative fluorescence micrographs. Bright blue fluorescence (column “Hoechst”) indicates the nuclear material. Bright red fluorescence (column 
“TUNEL”) in the nuclear area indicates DNA fragmentation by TUNEL assay. Green fluorescence in the ooplasm (column “Caspases”) indicates, according to its 
intensity, the extent of caspase activity. Scale bar: 20 μm. B) Nuclear status (%), C) DNA fragmentation (%), D) Relative caspase activity fluorescence intensity (mean 
value ± SD). The number of oocytes in each group is depicted in parenthesis under each bar only in B), and it is the same for C) and D). Presence of asterisks (*) or 
different superscripts (a,b,c,d,e) above bars indicate significant differences among groups (p ≤ 0.05). MVOs: immature oocytes vitrified and warmed with the 
addition of melatonin; VOs: immature oocytes vitrified and warmed without the addition of melatonin; MIVM: in vitro maturation in the presence of melatonin; IVM: 
standard in vitro maturation without melatonin; FOs: fresh immature oocytes (negative control); H2O2: immature oocytes treated with hydrogen peroxide to induce 
apoptosis (positive control). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Maturation, fertilization, embryonic development and degeneration rates of vitrified and fresh domestic cat oocytes (4 replicates). Different superscripts (a, b) within 
the same column indicate significant differences among groups (p < 0.05).

Oocyte treatment n. Maturation ratea Fertilization ratea Embryo developmental stage Deg./N.A.

Cleavage (2–4 cells) Morula Blastocyst

% (mean ± SD) % (mean ± SD) % (mean ± SD) % (mean ± SD) % (mean ± SD) % (mean ± SD)

VOs + IVM 88 36.68 ± 20.68a 31.59 ± 21.63a 31.59 ± 21.63a 10.86 ± 9.09a 0 ± 0a 60.31 ± 19.19a

MVOs + MIVM 85 46.38 ± 10.68a,b 37.43 ± 18.83a 33.29 ± 17.86a 6.26 ± 5.29a 0 ± 0a 47.80 ± 16.49a,b

FOs 87 68.42 ± 10.88b 52.99 ± 19.93a 52.13 ± 19.27a 47.22 ± 18.70b 14.84 ± 12.25b 22.90 ± 9.82b

VOs + IVM: oocytes vitrified and warmed without the addition of melatonin + standard in vitro maturation without melatonin; MVOs + MIVM: oocytes vitrified and 
warmed with the addition of melatonin + in vitro maturation in the presence of melatonin; FOs: fresh oocytes (control); Deg/N.A.: degenerated oocytes/not assessable.

a Maturation rate was calculated including unfertilized metaphase II oocytes, fertilized oocytes (i.e. uncleaved but showing pronuclei) and cleaved embryos; 
accordingly, the fertilization rate was calculated as the sum of fertilized oocytes and cleaved embryos.
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during cryopreservation led to consider it as a cryoprotectant [61].
In the present study, melatonin supplementation during COCs vitri

fication and IVM was tested for the first time in domestic cats. Suitable 
concentrations for fresh cat oocytes proved to be 10− 7 M and 10− 9 M 
(Experiment I), similarly to other studies (for a review: [45]). To prevent 
possible damages, the lowest concentration was chosen for further ex
periments on vitrified oocytes, since higher concentrations were re
ported to possibly have no or negative effect on oocyte developmental 
competence [45].

Bearing in mind that ROS are physiologically present during many 
biological processes, including embryo development, where they play 
pivotal roles [70], their excess could be harmful, and a balance is needed 
[71]. In the present study, vitrification induced an increase of ROS in cat 
immature oocytes, and its extent was first estimated hereby (Experiment 
II). The addition of melatonin during vitrification-warming could bring 
ROS level closer to those of fresh oocytes (negative control), suggesting 
that it can have a role in the reduction of ROS generated because of the 
cryopreservation procedure, without a marked effect on post-warming 
culture, as we already observed for ROS in vitrified cat ovarian cortex 
[72]. In other species, results were consistent with ours and showed a 
general decrease in oxidative stress in oocytes treated with melatonin 
during vitrification-warming and/or IVM compared to controls [15,16,
35,39,41,73,74].

As expected and previously reported [17,75], vitrification induced 
apoptosis in cat immature oocytes, causing a marked increase in caspase 
activation (Experiment III). Only the addition of melatonin in both 
vitrification-warming and IVM was useful to lower caspase activity to 
levels that were similar to those of fresh oocytes and increase full 
maturation rates compared to standard vitrified-warmed and matured 
oocytes (without melatonin). Similar results on apoptosis and matura
tion were reported in other species [16,39], even if melatonin was only 
added in vitrification-warming solutions [16,39].

The difference between the present study and those performed in 
other species, instead, mainly lies in the effects of melatonin on devel
opmental competence. Although mostly reported to be beneficial for the 
developmental competence of both fresh and cryopreserved oocytes 
([45,63] for recent reviews), in the present study melatonin did not have 
an effect on embryo development and morphology (Experiment IV). The 
increase in full maturation rates due to the presence of melatonin in 
Experiment III was however confirmed, since the maturation rate, 
calculated during in vitro embryo production as the sum of unfertilized 
mature oocytes, fertilized uncleaved oocytes and cleaved embryos, was 
similar between melatonin-treated vitrified oocytes and fresh controls. 
Yet, embryo development until late in vitro stages was not affected, and 
melatonin was not helpful in ameliorating the well-known scarcity of 
blastocysts produced by immature cat vitrified oocytes.

It is known that oocyte morphological abnormalities, including those 
caused by exogenous factors, might affect human embryo development 
and quality [76]. After vitrification, some morphological alterations 
might occur, thus it seems plausible that cryoinjuries affecting preserved 
mammalian oocytes might translate into suboptimal quality in deriving 
embryos. While it has been reported that melatonin addition during IVM 
can benefit embryo quality [68,77], the morphological quality of em
bryos derived from vitrified oocytes in the present study remained poor, 
regardless of melatonin addition.

Altogether, these results lead us to think that the poor developmental 
competence of vitrified immature cat oocytes is not strictly linked to 
oxidative stress and apoptotic cell death, but other cellular injuries are 
likely to be involved in post-warming degeneration. In addition, there 
are other reports of lack of beneficial effects of melatonin on oocyte 
developmental competence. For instance, addition of melatonin during 
IVM had no effects in one study on pig fresh [78], and vitrified oocytes 
[79], and even if accompanied by modifications in ROS levels or gene 
expression, melatonin happened to have no effect on development in 
mice mature cryopreserved oocytes [74].

In the domestic cat, the use of antioxidants has been tested a few 
times on fresh (not cryopreserved) oocytes. Results generally showed 
beneficial effects when antioxidants such as superoxide dismutase, 
catalase and taurine were added to the IVM medium [20,21] and some 
are commonly included during maturation, such as cysteine [19], which 
was also included in all the IVM media in the present study. Instead, less 
work has been done to study the effect of antioxidants on cryopreserved 
oocytes, but a recent study reported a beneficial effect of resveratrol on 
embryo development of feline oocytes vitrified at the MII stage [80]. The 
choice of the meiotic stage for oocyte preservation is surely a critical 
factor, since mature oocytes tend to develop at higher rates than 
immature after cryopreservation [81,82], partly because competent 
oocytes are already pre-selected before the preservation procedure [81], 
and thus they might be more responsive to antioxidant or other 
ameliorative treatments. A recent abstract is the only report of the use of 
an antioxidant (i.e., resveratrol) on cat immature vitrified COCs, and it 
reported a reduction in the mitochondrial activity [83]. In addition, 
differences in the outcomes after antioxidant treatment might be 
explained because of the different action mechanisms of these com
pounds, compared to melatonin. Enzymatic antioxidants such as su
peroxide dismutase and catalase can transform the superoxide radical 
anion to hydrogen peroxide and hydrogen peroxide into water, respec
tively, while both resveratrol and melatonin can increase the expression 
of antioxidant and directly scavenge free radicals [64,84,85].

Although melatonin was hypothesized to support cat oocyte cryo
survival, considering its multiple, receptor-dependent and independent 
actions and its ability to cross the cellular membranes, more work is 

Table 3 
Morphological quality classification of embryos obtained in vitro from vitrified and fresh domestic cat oocytes (4 replicates). Codes for embryo grading were given 
following the Manual of the International Embryo Transfer Society (IETS). Different superscripts (a,b) within the same column indicate significant differences among 
groups (p < 0.05).

Day of embryo culture Oocyte treatment n. Code 1 (Excellent or good) Code 2 (Fair) Code 3 (Poor) Code 4 (Uncleaved, dead or degenerating)

n. (%) n. (%) n. (%) n. (%)

Day 2 VOs + IVM 88 7 (7.95)a 10 (11.36)a 11 (12.50)a 60 (68.18)a

MVOs + MIVM 85 4 (4.71)a 11 (12.94)a 9 (10.59)a,b 61 (71.76)a

FOs 87 32 (36.78)b 12 (13.79)a 3 (3.45)b 40 (45.98)b

Day 5 VOs + IVM 27 6 (22.22)a 10 (37.04)a 2 (7.41)a 9 (33.33)a

MVOs + MIVM 26 8 (30.77)a,b 8 (30.77)a 2 (7.69)a 8 (30.77)a

FOs 46 24 (52.17)b 12 (26.09)a 3 (6.52)a 7 (15.22)a

Day 7 VOs + IVM 13 2 (15.38)a 6 (46.15)a 3 (23.08)a 2 (15.38)a,b

MVOs + MIVM 17 2 (11.76)a 9 (52.94)a 2 (11.76)a 4 (23.53)a

FOs 41 16 (39.02)a 18 (43.90)a 7 (17.07)a 0 (0)b

Day 8 VOs + IVM 10 1 (10.00)a 3 (30.00)a 4 (40.00)a 2 (20.00)a

MVOs + MIVM 11 1 (9.09)a 7 (63.64)a 1 (9.09)a,b 2 (18.18)a

FOs 41 11 (26.83)a 24 (58.54)a 4 (9.76)b 2 (4.88)a

VOs + IVM: oocytes vitrified and warmed without the addition of melatonin + standard in vitro maturation without melatonin; MVOs + MIVM: oocytes vitrified and 
warmed with the addition of melatonin + in vitro maturation in the presence of melatonin; FOs: fresh oocytes (control).
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needed to better address the remarkable cryosensitivity of cat oocytes, 
which is unfortunately well known [86]. Considering the generally 
promising results of antioxidants, a suitable option could be the use of 
alternative forms of these compounds. For instance, nanoparticles can 
effectively deliver the antioxidant into the cells and prolong its release 
compared to the standard molecule, which has a shorter half-life, and a 
recent study showed that melatonin-loaded nanoparticles could increase 
the cryotolerance of murine oocytes [87].

5. Conclusions

Vitrification induced an increase in ROS, DNA fragmentation and 
caspase activity in cat immature oocytes. The use of the antioxidant and 
antiapoptotic melatonin during vitrification-warming and IVM partially 
rescued vitrified oocytes from these damages, with beneficial effects on 
oxidative (ROS levels) and apoptotic (caspase activity) status compared 
to standard vitrification-warming. However, effects on oocyte develop
mental competence were limited, with some effects on maturation rates 
but no influence on embryo development or morphological quality. In 
order to efficiently preserve feline female germplasm, specific mecha
nisms of action of melatonin on cat vitrified immature oocytes remain to 
be investigated, as well as alternative approaches to control cryoinjuries 
and enhance embryo development.
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[17] Colombo M, Zahmel J, Jänsch S, Jewgenow K, Luvoni GC. Inhibition of apoptotic 
pathways improves DNA integrity but not developmental competence of domestic 
cat immature vitrified oocytes. Front Vet Sci 2020;7:588334. https://doi.org/ 
10.3389/fvets.2020.588334.

[18] Arayatham S, Tiptanavattana N, Tharasanit T. Effects of vitrification and a rho- 
associated coiled-coil containing protein kinase 1 inhibitor on the meiotic and 
developmental competence of feline oocytes. J Reprod Dev 2017;63:511–7. 
https://doi.org/10.1262/jrd.2017-004.

[19] Luvoni GC, Colombo M, Morselli MG. The never-ending search of an ideal culture 
system for domestic cat oocytes and embryos. Reprod Domest Anim 2018;53: 
110–6. https://doi.org/10.1111/rda.13331.

[20] Cocchia N, Tafuri S, Del Prete C, Palumbo V, Esposito L, Avallone L, et al. 
Antioxidant supplementation to medium for in vitro embryo production in Felis 
catus. Pol J Vet Sci 2019;22:573–9. https://doi.org/10.24425/pjvs.2019.129966.
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