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b Universidade Estadual do Norte Fluminense, Avenida Alberto Lamego, 2000, CEP 28013-602, Campos dos Goytacazes, RJ, Brazil

A R T I C L E I N F O

Keywords:
COCs
Cryopreservation
Cryoprotectants
Feline
Metabolism

A B S T R A C T

Oocyte cryopreservation is not yet considered a reliable technique since it can reduce the quality and survival of
oocytes in several species. This study determined the effect of different concentrations of antifreeze protein I
(AFP I) on the vitrification solution of immature cat oocytes. For this, oocytes were randomly distributed in three
groups and vitrified with 0 μg/mL (G0, 0 μM); 0.5 μg/mL (G0.5, 0.15 μM), or 1 μg/mL (G1, 0.3 μM) of AFP I.
After thawing, oocytes were evaluated for morphological quality, and compared to a fresh group (FG) regarding
actin integrity, mitochondrial activity and mass, reactive oxygen species (ROS) and glutathione (GSH) levels,
nuclear maturation, expression of GDF9, BMP15, ZAR-1, PRDX1, SIRT1, and SIRT3 genes (normalized by ACTB
and YWHAZ genes), and ultrastructure. G0.5 and G1 presented a higher proportion of COCs graded as I and while
G0 had a significantly lower quality. G1 had a higher percentage of intact actin in COCs than G0 and G0.5 (P <

0.05). There was no difference (P > 0.05) in the mitochondrial activity between FG and G1 and they were both
higher (P < 0.05) than G0 and G0.5. G1 had a significantly lower (P < 0.05) mitochondrial mass than FG and G0,
and there was no difference among FG, G0, and G0.5. G1 had higher ROS than all groups (P < 0.05), and there
was no difference in GSH levels among the vitrified groups (P > 0.05). For nuclear maturation, there was no
difference between G1 and G0.5 (P > 0.05), but these were both higher (P < 0.05) than G0 and lower (P < 0.05)
compared to FG. Regarding gene expression, in G0 and G0.5, most genes were downregulated compared to FG,
except for SIRT1 and SIRT3 in G0 and SIRT3 in G0.5. In addition, G1 kept the expression more similar to FG.
Regardless of concentration, AFP I supplementation in vitrification solution of immature cat oocytes improved
maturation rates, morphological quality, and actin integrity and did not impact GSH levels. In the highest
concentration tested (1 μg/mL), AFP maintained the mitochondrial activity, reduced mitochondrial mass,
increased ROS levels, and had the gene expression more similar to FG. Altogether these data show that AFP
supplementation during vitrification seems to mitigate some of the negative impact of cryopreservation
improving the integrity and cryosurvival of cat oocytes.

1. Introduction

According to the Red List of Threatened Species, several members of
the Felidae family are classified as vulnerable or threatened with
extinction [1], and the domestic cat has been used as an important
experimental model for assisted reproductive technologies focused on
endangered felid conservation [2]. Oocyte cryopreservation is consid-
ered an essential tool for preserving the female genome [3,4]. Improving

the efficiency of oocyte cryopreservation using domestic cats could
impact wildlife considering that in the event of a wild female’s death,
collecting and cryopreserving the oocytes may be one of the only options
for preserving that genetic material. However, this technique still rep-
resents a great challenge due to the differential permeability property of
oocytes among species [5], and the oocyte large cell size [6], since those
characteristics can impair the penetration of cryoprotectants, increasing
their sensitivity to the cryopreservation process.
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As a result, cryopreservation can lead to morphological and physi-
ological damages involving the membrane, cytoskeleton, and mito-
chondria since the process can cause mitophagy [7], and the increase of
oxidative stress, generating a reduced developmental competence [8,9].
For this reason, oocyte cryopreservation is not yet considered a reliable
technique, since it usually reduces the quality and survival of oocytes in
several species, including cats [9–13].

The use of substances that can mitigate the damage inherent to the
cryopreservation process, such as antifreeze proteins (AFPs), naturally
found in organisms that live at glacial temperatures [14], becomes an
interesting alternative. According to their sequence and structural
characteristics, AFPs are classified into four categories (antifreeze gly-
coproteins (AFGP), AFP I, AFP II, and AFP III) [14]. They bind to ice
crystals, promoting thermal hysteresis, inhibiting recrystallization dur-
ing warming, and stabilizing biological membranes [15–18], interacting
and protecting the oolemma [19].

Few studies have demonstrated the role of AFPs on the vitrification
of murine and bovine oocytes [20,21], reporting increased fertilization
rates, reduced oxidative stress, and preserved membrane structure in
species such as pigs, cattle, and mice [14]; and most of these studies,
used AFP III [14]. These promising results and success, however, can be
influenced by AFP type and concentration, as well as the vitrification
protocol [22]. Moreover, each animal species presents differential
expression levels of water and cryoprotectant channels in the membrane
resulting in a differential permeability to water and cryoprotectants in
the oocyte [5,17]. Considering that AFP I has a smaller molecular size,
the present study aimed to determine the effect of different concentra-
tions of AFP I in the vitrification solution during the cryopreservation of
immature cat oocytes through the evaluation of (i) morphological
quality, actin integrity, and ultrastructure; (ii) metabolism; (iii) expres-
sion of genes related to quality and oxidative stress; and (iv) nuclear
maturation.

2. Material and methods

2.1. Ethics and experimental conditions

Cat ovaries were obtained from elective sterilization procedures at
local veterinary clinics, and for this reason, this study did not require the
approval of the Ethics Committee since the source of oocytes is
considered biological waste. Only ovaries from non-pregnant cats were
used in this study, and ovaries were kept in saline solution at 4 ◦C for up
to 4 h until cumulus-oocyte complexes (COCs) recovery.

2.2. Reagents

Unless stated otherwise, all reagents used were from Sigma (St.
Louis, MO, USA). The AFP type I (purified from Myoxocephalus scorpius)
was obtained from A/F Protein Inc (Waltham, MA, USA).

2.3. Experimental design

As can be seen in Fig. 1, COCs were randomly distributed in four
groups. One was used as a fresh control (FG), and the other three were
vitrified with 0 μg/mL (G0, 0 μM), 0.5 μg/mL (G0.5, 0.15 μM), or 1 μg/
mL (G1, 0.3 μM) of AFP I. The AFP I concentrations were previously
chosen according to Correia et al. (2021) [14]. After warming, vitrified
COCs were submitted to the morphological viability assessment at 0 and
2:30 h post-incubation, before being submitted to the following analysis.
For epifluorescence microscopy analysis, approximately 40
vitrified-warmed COCs per group were evaluated for mitochondrial
mass and activity, glutathione (GSH) and reactive oxygen species (ROS)
levels, and actin integrity. The same analysis was performed on fresh
COCs. The expression of heat shock protein (HSP70), peroxiredoxin 1
(PRDX1), growth/differentiation factor 9 (GDF9), bone morphogenetic
protein 15 (BMP15), zygote arrest 1 (ZAR1), sirtuin 1 (SIRT1) and sirtuin
3 (SIRT3) genes was performed in 15 COCs per group in
vitrified-warmed (G0, G0.5, and G1) and fresh (FG) COCs. A total of 210
vitrified-warmed COCs and 80 fresh COCs were submitted to in vitro
maturation (IVM). For the ultrastructure analysis, 7 to 10 COCs per

Fig. 1. Experimental Design. Schematic illustration of COCs (1) from three different groups (2) according to AFP concentration (G0, G0.5, and G1) subjected to
vitrification/warming (3–4), evaluated for morphological quality (5), and compared with a fresh group, FG (6) regarding actin integrity; mitochondrial activity and
mass; reactive oxygen species (ROS) and glutathione (GSH) levels (7), expression of genes related to oocyte quality and metabolism (8), nuclear maturation (9) and
Transmission Electron Microscopy (TEM) (10). *Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.
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group (vitrified-warmed and fresh) were evaluated through Trans-
mission Electron Microscopy (TEM).

2.4. COC recovery and selection

Ovaries were washed with saline solution upon arrival, sliced with a
scalpel, and washed again with a solution of phosphate-buffered saline
(PBS) with 0.1 % polyvinyl alcohol and 100 μg/mL of antibiotic/anti-
mycotic solution to recover the COCs that fell from the opened follicles.
Only COCs presenting dark, homogenous cytoplasm and at least two
layers of cumulus cells were classified as having good morphological
quality and used in the experiment [23].

2.5. Vitrification and warming

COCs were vitrified using the Cryotop® device (Kizato, Fuji, Japan),
according to Colombo and Luvoni (2020) [24], with minor modifica-
tions. COCs were equilibrated in a solution containing 7.5 % EG, 7.5 %
DMSO, and 20 % fetal bovine serum (FBS) for 12 min, with or without
AFP I, according to the experimental group (G0, G0.5, G1). They were
then transferred to a vitrification solution containing 15 % EG, 15 %
DMSO, and 0.5 M sucrose with 20 % FBS, with or without AFP I, as
described above, and were vitrified for up to 90 s of contact with the
vitrification solution.

For warming, COCs were recovered from the Cryotop® by immersing
them in the thawing solution (TCM 199 supplemented with 20 % FBS
and 1 M sucrose) for 1 min, then transferred to the dilution solution
(TCM 199 with 20 % FBS and 0.5 M sucrose) for 3 min and washed (TCM
199 with 20 % FBS) for 5 min at room temperature.

2.6. Morphological quality

After warming, COCs were placed in a solution of TCM 199 with 20
% FBS and incubated for 2:30 h, at 38.5 ◦C in a 5% CO2 atmosphere until
posterior analysis. COCs were evaluated for their morphology under a
stereomicroscope immediately after warming and after incubation in
three replicates. The COCs containing dark and homogenous cytoplasm
with at least two compact cumulus cell layers were considered of good
morphological quality (grade I and II) [23]. Those with irregular
morphology, disrupted zona pellucida, and signs of cytoplasmatic
degeneration were considered abnormal and were not used [25]. After
the morphological assessment, only intact COCs were used for the
following analyses.

2.7. Epifluorescence microscopy

The COCs were washed in PBS with 0.1 % bovine serum albumin
(BSA), denuded with 10 mg/mL hyaluronidase, and incubated with the
respective probe for each analysis. The analyses were carried out under a
fluorescence microscope in four replicates.

2.7.1. Actin integrity
Oocytes (n = 10–12 per group) were fixed in PBS with 0.1 % BSA,

0.5 % Triton X 100, and 2 % paraformaldehyde for 30 min at 38.5 ◦C.
They were then washed and incubated in PBS with 0.1 % BSA containing
Alexa Fluor 350 Phalloidin (Invitrogen, Waltham, MA, USA) for 20 min
at 38.5 ◦C. Oocytes were classified as intact when stained blue and
damaged when they were unstained (dephosphorylated actin), and the
percentage of intact oocytes per group was calculated [9,26].

2.7.2. Mitochondrial activity and mass
For the mitochondrial activity analysis, oocytes (n= 8–11 per group)

were incubated at 38.5 ◦C for 30 min with 0.5 nM of MitoTracker Red
FM (Invitrogen, Waltham, MA, USA) an excitation/emission (ex-em) of
579/599 nm in PBS with 0.1 % BSA. The mitochondrial mass analysis
was adapted from Gutnisky et al. (2020) [27]. Oocytes (n = 10 per

group) were incubated at 38.5 ◦C for 30 min with 0.5 nM of MitoTracker
Green FM (Invitrogen, Waltham, MA, USA), a probe that evaluates the
whole mitochondria regardless of their activity, at an excitation/e-
mission (ex-em) of 490/516 nm, in PBS with 0.1 % BSA. Subsequently,
they were washed in PBS, mounted on a slide, and analyzed under the
epifluorescence microscope. Images were captured (Fig. 2) for later
analysis of the intensity of fluorescence by ZEN 3.6 Blue Edition 32
software. The images were converted to grayscale and the intensity was
adjusted by subtracting the mean intensity from the background. Each
oocyte was measured (area in μm2) and had its average intensity
calculated (arbitrary units, A.U.), thus obtaining the intensity per area
(A.U./μm2) [28].

2.7.3. Reactive oxygen species (ROS) and glutathione (GSH) levels
Oocytes (n = 10) were incubated in 100 μL of PBS with 0.1 % BSA

containing 10 μM H2DCFDA (Invitrogen, Waltham, MA, USA) for ROS
detection (ex-em 485/535 nm), and 10 μM of CellTracker Blue CMF2HC
(Invitrogen, Waltham, MA, USA) for GSH detection (ex-em 371/464
nm), for 30 min, at 38.5 ◦C, according to Piras et al. (2018) [29]. The
oocytes were then washed and mounted for evaluation epifluorescence
(Fig. 2) as described above.

2.8. Gene expression

The expression of HSP70, PRDX1, GDF9, BMP15, ZAR1, SIRT1 and
SIRT3 was evaluated using quantitative PCR (qPCR) associated with
reverse transcription [30]. GDF9, ZAR1, and BMP15 were chosen to
evaluate oocyte quality and competence; SIRT1, and SIRT3 are related to
the mitochondria function that is pivotal for oocyte development.HSP70
and PRDX1 are responsive to cellular stress, as well as oxidative stress,
which can give an overview of the metabolic status of the oocyte. Primer
sequences are described in Table 1. Three pools of five COCs were ob-
tained in three replicates and used for mRNA extraction using a Rnea-
syMicro Kit (Qiagen, Valencia, USA), according to the manufacturer’s
instructions, and the total mRNA extracted in each pool was quantified
with a spectrophotometer (FG: 6.5 ± 1.1; G0: 3.7 ± 1.2; G0.5: 5.6 ± 2.4;
G1: 12.9 ± 12.1). The amount of mRNA used for cDNA synthesis was 3
ng/mL. Reverse transcription utilized SuperScript IV (Invitrogen,
Carlsbad, CA, USA). Samples were incubated at 65 ◦C for 5 min, 4 ◦C for
3 min, 50 ◦C for 10 min, and 80 ◦C for 10 min. Samples were kept at
− 20 ◦C until amplification. cDNA samples were amplified by qPCR using
FastStart Universal SYBR Green PCR Master Mix. The reaction occurred
at 50 ◦C for 2 min, 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for
15 s, 60 ◦C for 15 s and 60 ◦C for 30 s. Fluorescence levels were obtained
during the extension and the specificity of the reaction was checked
using the melting curve. Primer’s efficiency was checked by LinRegPCR
[31], and it was 1.99 for YWHAZ; 1.98 for ACTB; 1.96 for HSP70; 1.97
for PRDX1; 1.97 for GDF9; 1.98 for ZAR1; 1.97 for BMP15; 1.99 for
SIRT1, and 2.00 for SIRT3. CT values were compared by REST 2008 [32]
after normalization with the reference genes values (YWHAZ and
ACTB). The stability (smaller variation due to the treatment) of the
reference genes was calculated according using the BestKeeper – Excel
tool. The values of the Pearson correlation coefficient observed for
β-actin (r2= 0.70), GAPDH (r2= 0.80) and (r2= 0.80), and YWHAZ (r2
= 0.79) genes were indicative of stability (P < 0.01) of these reference
genes.

2.9. In vitro maturation and nuclear maturation assessment

Vitrified-warmed COCs were washed in a TCM-199 medium con-
taining 2.2 g/L of sodium bicarbonate, 3 mg/mL of BSA, 0.25 mg/mL
sodium pyruvate, 0.15 mg/mL L-glutamine, 0.6 mg/mL sodium lactate
and 0.055 mg/mL of gentamicin. About 10–20 COCs per group were
placed in 500 μL of IVM medium (washing medium supplemented with
0.02 IU/mL of FSH/LH, 100 μM of cysteamine, and 0.5 mg/mL L-
carnitine [13]), and cultured for 28 h at 38.5 ◦C in a 5%O2, 5 % CO2 and
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90 % N2 atmosphere in three replicates. COCs were then denuded, fixed
in 4 % paraformaldehyde, and stained with Hoechst 33342 for evalua-
tion of nuclear status under fluorescence microscopy, when they were
classified according to the stage of development, namely, as germinal
vesicle (GV; spherical nucleus surrounded by an intact nuclear mem-
brane and decondensed chromatin), germinal vesicle breakdown
(GVBD; chromosomal condensation and disintegration of the nuclear
membrane), metaphase I (MI; metaphase plate peripherally located in
the ooplasm), and metaphase II (MII; metaphase chromosomes at the
ooplasm periphery and extrusion of the first polar body).

2.10. Transmission Electron Microscopy

COCs (n = 7–10 per group) were fixed (in 4 % paraformaldehyde,
+2.5 % glutaraldehyde + calcium chloride (5 mM) in 0.1 M cacodylate
buffer, pH 7.4) for 2 h at room temperature and, then, at 4 ◦C overnight.
After, they were washed three times in 0.1 M sodium cacodylate buffer
with 5 % sucrose per 15 min each time. Subsequently, the oocytes were
individually post-fixed in 1 % OsO4 in 0.1 M sodium cacodylate buffer
with 0.8 % potassium ferricyanide, 5 mM calcium chloride, and 5 %
sucrose for 30 min at room temperature, protected from light. Then, the
samples were five times washed in 0.1 M cacodylate buffer and added
with 5 % sucrose per 10 min each time. Oocytes were placed in 5 %

aqueous uranyl acetate for 3 h, protected from light at room tempera-
ture, and then dehydrated by passing through an acetone series in
increasing concentrations; infiltrated in Epon 812 resin. Semithin sec-
tions (1 mm) stained with 1 % toluidine blue were prepared in the slide
and evaluated in the Light Microscopy. The ultrathin sections were
collected on 200 mesh grids, stained with uranyl acetate and lead cit-
rate, and viewed under a JEM-1400Plus transmission electron micro-
scope (TEM). The ultrastructural characteristics were compared
between vitrified and fresh groups.

2.11. Statistical analysis

All variables were submitted to Shapiro-Wilk’s normality test and
Levene’s homoscedasticity test. The non-parametric data (mitochon-
drial activity and massd, ROS, and GSH levels) were submitted to the
Kruskal Wallis followed by Dunn. Other non-parametric variables (actin
integrity, morphological quality, and the nuclear maturation status)
were evaluated by Fisher’s exact test. The electron microscopy results
were evaluated via descriptive statistical analysis The software used was
SPSS 25 Statistics Base (IBM), with a 95 % confidence interval and P <

0.05 as significant.

3. Results

3.1. Morphological quality

Immediately after warming, all the groups showed a great reduction
in COC quality rate without significant differences among them (P >

0.05), as described in Table 2. After 2:30 h, groups vitrified with AFP
(G0.5 and G1) improved the morphological quality of COCs compared to
G0 (P < 0.05).

Fig. 2. Epifluorescence analyses. Illustration of post-warming cat oocytes after incubation with probes for evaluation of (A) intracellular levels of glutathione
(GSH) and (B) reactive oxygen species (ROS), (C) mitochondrial activity, and (D) mitochondrial mass and evaluated under the epifluorescence microscope for later
analysis of the intensity of fluorescence.

Table 1
Primer sequences, sizes, and references used for qPCR of fresh and vitrified-
warmed cat cumulus-oocyte complexes vitrified with or without antifreeze
protein type I.

Genes Sequences (5′-3′) Size
(bp)

References

YWHAZ F:
GAAGAGTCCTACAAAGACAGCACGC

115 Filliers et al., 2012

R: AATTTTCCCCTCCTTCTCCTGC
ACTB F: GCCAACCGTGAGAAGATGACT 128 Ishikawa et al.,

2013R: CCCAGAGTCCATGACAATACCAG
HSP70 F: GGCATCGATGTCGAAGGTCA 129 XM_019830386.3

R: ATCCAGGTGTACGAGGGTGA
PRDX1 F: CCCCACGGAGATCATTGCTT 181 XM_003990035.5

R: AATGGTACGCTTGGGGTCTG
GDF9 F: AGTTCAGATTGCAGCGGGTG 264 NM_001165900.1

R: GATGTGAAGAGCCGAGCAGT
ZAR1 F: CATCCGATGGGAAAGTGCCT 241 XM_023252238.2

R: GCTGTCACAGGATAGGCGTT
BMP15 F: GACAGCCCTCTAATGCCCTC 187 NM_001165898.1

R: CCAATGGTGCGGTTCTCTCT
SIRT1 F: CGCCTTGCAATAGACTTCCC Ishikawa et al.,

2013R:
TGAATTTGTGACAGAGAGATGGTTG

145

SIRT3 F: TGCTTCTGCGGCTCTACAC Ishikawa et al.,
2013R: TGTCTCCCCAAAGAACACGA 229

*F: forward; R: reverse; YWHAZ: tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein zeta; ACTB: beta-actin; HSP70: 70 kDa heat
shock protein; PRDX1: peroxiredoxin-1; GDF9: growth differentiation factor 9;
ZAR1: zygote arrest 1; BMP15: bone morphogenetic protein 15; SIRT1: sirtuin 1;
SIRT3: sirtuin 3.

Table 2
Effect of different concentrations of antifreeze protein (AFP) type I added in the
vitrification solution on the visual morphological quality of immature vitrified-
warmed cat cumulus-oocyte complexes immediately after warming (0 h) or after
a short-term incubation (2.5 h).

Group 0 h 2:30 h

G0 63.4 % (26/41)a,A 56.1 % (23/41)a,A

G0.5 77.5 % (31/40)a,A 90.0 % (36/40)b,B

G1 66.7 % (30/45)a,A 84.4 % (38/45)b,B

COCs containing dark and homogenous cytoplasm with at least two compact
cumulus cell layers were considered of good morphological quality. Analysis
after warming (0 h) and post-incubation (2:30 h) in TCM supplemented with 20
% FBS.
a,b differ between time points (0 vs 2.5 h) at the same group (within a row).
A,B differ among groups (G0 vs G0.5 vs G1) at the same timepoint (within a
column) (P < 0.05).
This analysis was performed in three replicates and the percentages were ob-
tained by pooling the data from all replicates.
*Experimental groups: G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.
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3.2. Fluorescence microscopy

3.2.1. Actin integrity
G1 had a higher (P < 0.05) percentage (91.7%a;11/12), of intact

COCs than G0 (41.7%b; 5/12), and similar (P > 0.05) to G0.5
(63.6%ab;7/11) and FG (100%a;10/10).

3.2.2. Mitochondrial activity and mass
There was no difference (P > 0.05) in the mitochondrial activity

between GF and G1 and they were both higher (P < 0.05) than G0 and
G0.5. There was no difference among FG, G0, and G0.5 regarding
mitochondrial mass. On the other hand, G1 had a significantly lower (P
< 0.05) mitochondrial mass than FG and G0 (Fig. 3).

3.2.3. Reactive oxygen species (ROS) and glutathione (GSH) levels
The FG, G0, and G0.5 had similar ROS levels, while G1 had signifi-

cantly higher levels, as presented in Fig. 4 (P< 0.05). All vitrified groups
had lower (P < 0.05) GSH levels, and a higher (P < 0.05) redox balance
(ROS/GSH) compared to FG.

3.3. Gene expression

In G0 and G0.5, most genes were downregulated compared to FG,
except for SIRT1 and SIRT3 at G0 and SIRT3 at G0.5. In contrast, in G1,
most genes showed no significant difference compared to FG, except for
HSP70 and ZAR1, which were downregulated, and SIRT3, which was
upregulated. G0 had no significant difference in its gene expression
compared to G0.5 and was downregulated compared to G1 for the genes
associated with the oocyte developmental competence (GDF9, ZAR1,
and BMP15). The G0.5 was also downregulated in comparison with G1
for PRDX1, GDF9, BMP15, SIRT1, and SIRT3, and the only gene with no
difference was HSP70 (Fig. 5).

3.4. In vitro maturation (IVM)

Regarding nuclear maturation rates, there were no differences (P >

0.05) between G1 and G0.5, and they were both higher (P < 0.05) than
G0 and lower (P < 0.05) when compared to FG, as seen in Table 3. In
addition, there were no differences (P < 0.05) in the degeneration rates
among the three vitrified groups.

3.5. Transmission Electron Microscopy

3.5.1. Light Microscopy
About 85.7 % (6/7) of COCs in the FG were covered by layers of

cumulus cells, with those from the corona radiata connecting to the zona
pellucida. The cytoplasm was filled with numerous large-diameter ves-
icles and lipid droplets. It was possible to visualize the projections of
cumulus cells attached to the zona pellucida. The cumulus cells were
well preserved and only one COC from this group showed characteristics
of cellular degeneration (Fig. 6A). All COCs (10) in G0 showed charac-
teristics of intense cellular destruction, such as loss of cytoplasmic
content, which was evidenced by weak toluidine blue staining. Fifty
percent (5/10) did not have cumulus cells (Fig. 6B). COCs fromG0.5 also
showed intense cell destruction. In approximately 43 % (3/7) of them, it
was possible to identify the presence of large vacuoles, but in much
smaller quantities than in the FG. In the remaining, the identification of
these structures was not possible. Only two (28 %) had cumulus cells
attached to the ZP, but these cells showed signs of intense destruction
(Fig. 6C). In general, COCs from G1 showed a similar degree of
destruction to those in the G0.5 group. Sixty-two percent (5/8) had
cumulus cells attached to the zona pellucida, however, the cumulus cells
from these COCs had a better degree of preservation compared to those
in the G0 and G0.5 groups evidenced by the greater number of cell layers
and by a stronger cell color after staining (Fig. 6D).

3.5.2. Ultrastructural evaluation
Oocytes from the FG were surrounded by the zona pellucida, which

was crossed by many cytoplasmic projections coming from the cumulus
cells and attached to the surface of the oolemma. The perivitelline space
(PvS) was quite narrow, with microvilli compressed between the
oolemma and the zona pellucida. The oocytes had a preserved cyto-
plasmic architecture and easily identified organelles. A large number of
large electron-lucent vesicles and many lipid droplets were distributed
throughout the ooplasm. Among the large vesicles and close to the lipid
droplets were a large number of mitochondria, which were distributed
in greater quantities in the peripheral region. Round mitochondria
predominated over other forms of this organelle. Close to the oolemma,
clusters of cortical granules were located. In general, the organelles of
oocytes from the fresh group were easy to identify and showed a pattern
of location (Fig. 6E).

Oocytes from G0, G0.5, and G1 groups showed a high degree of
injury caused by freezing. PvS was absent in the vast majority of oocytes,

Fig. 3. Oocyte mitochondrial status. Graphs showing the relative fluorescence intensity levels (Mean ± SEM of arbitrary units) regarding (A) mitochondrial activity
and (B) mass. Different letters show statistical differences (p < 0.05).
*Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.
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due to extensive areas without the plasma membrane. Transzonal pro-
jections and microvilli were intensely reduced, becoming absent in some
areas. Many membrane fragments and a high number of vacuoles of
different sizes and variable content were observed in the ooplasm
(Fig. 6F-H). The cytoplasmic architecture was completely altered, and it
was difficult to identify the organelles, especially in oocytes from G0. In
this group, it was not possible to visualize the mitochondria cristae, only
their outline could be seen (Fig. 6G), while in G0.5 and G1.0 oocytes,

these organelles were less damaged, their shape was preserved and it
was possible to observe the presence of their matrix and cristae (Fig. 6G-
H), but they were less electron-dense than the FG mitochondria.

4. Discussion

Some studies have shown that the supplementation of different AFP
types in cryopreservation solutions has been associated with positive

Fig. 4. Oocyte oxidative metabolism. Graphs showing the relative fluorescence intensity levels (Mean ± SEM of arbitrary units) regarding intracellular levels of (A)
GSH and (B) ROS, and the (C) redox balance between oocytes derived from FG, G0. G0.5 and G1 groups at 2:30 h after warming. Different letters show statistical
differences (p < 0.05).
*Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.

Fig. 5. Gene expression of 70 kDa heat shock protein (HSP70), peroxiredoxin-1 (PRDX1), sirtuin 1 (SIRT1), sirtuin 3 (SIRT3), growth/differentiation factor 9
(GDF9), bone morphogenetic protein 15 (BMP15), zygote arrest 1 (ZAR1) on oocytes derived from (A) FG vs G0, (B) FG vs G0.5, (C) FG vs G1 groups and (D) showing
the comparison only among the vitrified and the fresh group. Different letters show statistical differences (p < 0.05).
*Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.
n = 15 COCs were used per group, in three pools (3 replicates).
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outcomes in oocyte cryopreservation in mammalian species [14]. As far
as we know, this is the first study testing AFP supplementation during
cat oocyte vitrification. Immature COCs were subjected to vitrification
using different concentrations of AFP I, and after 2:30 h of thawing, the
COCs vitrified with AFP in both concentrations presented similar
morphological quality to fresh COCs and a significantly higher
morphological quality than the group without AFP. In addition, both
concentrations tested also improved the maturation rates, preserved the
organelle’s appearance, and reduced the signs of cellular destruction in
the COCs under ultrastructural evaluation. Furthermore, the highest
concentration increased ROS levels, reduced mitochondrial mass, and
maintained mitochondrial activity and gene expression similar as of
fresh COCs.

Cat oocytes have a high content of lipid droplets in the ooplasm that
may reduce oocyte permeability to the cryoprotectant solution [33], and
it has already been demonstrated that the lipid reduction in cat oocytes
ooplasm can improve their cryosurvival [13]. In addition to this

challenge related to the species, the vitrification process itself causes
damage to the membrane and cytoskeleton [7] related to the cell size
and the permeability of cryoprotectants [5,6]. Vitrified oocytes often
present lesions such as rupture of ZP, plasma membrane, or cytoplasmic
degeneration, which was confirmed by the electron microscopy images
from the vitrified groups.

An increase in the viability of vitrified oocytes due to AFP supple-
mentation has already been reported in other species, since it could
reduce chilling sensitivity by conferring low-temperature protection to
cellular membranes [34]. The morphological analysis of COCs is an
empirical way to evaluate the effect of vitrification without the possi-
bility of using other methods [25]. The better morphological quality in
the AFP presence is probably due to its capacity to connect to cell
membranes, promoting their stabilization during exposure to low tem-
peratures due to the interaction between the antifreeze peptides and
integral membrane proteins of the cell membranes, thus reducing their
damage [34,35]. Also, in electron microscopy, AFPS groups maintained
a pattern of maintenance of the transzonal projections due to less me-
chanical damage since AFP can inhibit recrystallization during warming
[14].

As a consequence of external protection and better stability for the
oocyte membrane, AFP I supplementation also promoted the mainte-
nance of the integrity of actin microfilaments. Oocytes treated with AFP
showed results similar to fresh oocytes, while only 41 % of oocytes
vitrified without AFP remained with intact actin microfilaments.
Luciano et al. (2009) [36] demonstrated that the vitrification of
immature oocytes from domestic cats affects actin integrity. In the
current study, the increase in the actin integrity rate was
dose-dependent and was just observed in comparison to G0, in the
higher concentration (G1). The protective role of the AFP has already
been demonstrated in the preservation of the cytoskeleton during
cryopreservation of oocytes from other species: Liang et al. (2016) [21]
showed a protective effect of AFGP on actin integrity as well as meiotic
spindle organization and alignment of chromosomes from matured
bovine oocytes vitrified with AFGP and the same was observed in
matured vitrified oocytes from mice using AFP III (Wen et al., 2014)

Table 3
Effect of different concentrations of antifreeze protein (AFP) type I added in the
vitrification solution on nuclear maturation of good morphological quality oo-
cytes from the domestic cat species.

Groups GV (GVB)
%/(n)

MI
%/(n)

MII
%/(n)

DG
%/(n)

Total

FG 0.0 (0) 4.8 (4) 92.5 (74)a 2.5 (2) (80)
G0 0.0 (0) 67.5 (54) 20.0 (16)c 12.5 (10) (80)
G0.5 0.0 (0) 36.3 (24) 60.6 (40)b 3.0 (2) (66)
G1 3.1 (2) 40.6 (26) 43.7 (28)b 12.5 (8) (64)

(n), number of oocytes evaluated; GV, germinal vesicle; GVB, germinal vesicle
breakdown; MI, Metaphase I; MII, Metaphase II; DG, degenerated. Fisher’s exact
test. Different letters mean statistical difference among groups, within a column
(P < 0.05).
The analysis was conducted in three replicates and the percentages were ob-
tained by pooling the data from all replicates.
*Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1:
1 μg/mL AFP I.
FG was not exposed to the vitrification solutions.

Fig. 6. Transmission Electron Microscopy. Light (A–D) and electron (E–H) micrographs of immature cat oocytes. Semi-fine cuts (A–D) show general aspects of
control oocytes from FG (A-non-vitrified) and vitrified on absence (B; G0) and presence of 0.5 μg/mL (C; G0.5) and 1.0 μg/mL (D; G1)) of AFP. Notice a large number
of vesicles in control oocytes, distributed throughout the cytoplasm, while on oocytes from other treatments (B, C, and D), these structures virtually disappeared. The
arrow (B) refers to the loss of integrity of the zona pellucida. Ultrastructural imaging of control oocytes (E) allows observing the presence of clusters of mitochondria
in cortical regions and close to lipid drops. These oocytes present a narrow perivitelline space, where there are many microvilli. Vitrified oocytes (F, G, and H) have
evident signs of cellular destruction, with loss of cellular architecture. (E–H): ZP – Zona Pellucida, PvS – Perivitelline Space, Mv – Microvilli, TZPs – Transzonal
projections, L – Lipid droplet, V – Vacuole, arrowhead – mitochondria.
*Experimental groups: FG: fresh control; G0: 0 μg/mL; G0.5: 0.5 μg/mL and G1: 1 μg/mL AFP I.
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[37]. In both studies, the use of AFPs also contributed to better rates of
embryonic development compared to the vitrified groups without AFPs,
demonstrating that the protective role of the cytoskeleton (both actin
and tubulin) is fundamental for subsequent embryonic development.

In cats, the meiotic maturation stage (immature or in vitro matured)
did not affect the oocyte development competence [12] regarding
cryopreservation. Even so, the use of in vitro matured oocytes for vitri-
fication seems to present better results in some species [38]. Immature
cat oocytes are considered even more challenging to cryopreserve
although they are considered more resistant to cold damage, since the
success depends on the maintenance of the ability to undergo IVM after
thawing [33,39]. However, considering that immature gametes can be
retrieved from endangered individuals post-mortem, the improvement
of outcomes of oocyte cryopreservation in the immature stage is crucial
to a better diffusion of this biotechnology. Our results showed that the
structural protection caused by AFP, as evidenced by the morphological
quality and the actin integrity, also influenced the rate of immature
oocytes that presented a meiotic progression. The vitrification process
(G0) reduced the nuclear maturation rate compared to fresh oocytes
(FG); however, the supplementation of AFP, regardless of concentration,
improved these rates (G0.5 and G1), probably reflecting in the compe-
tence of these oocytes.

Both genes GDF9 and BMP15 have been associated with oocyte
quality and competence due to their important role in oocyte matura-
tion. In the current study, the expression of genes related to oocyte
competence (GDF9, BMP15, ZAR1) was reduced in G0 and G0.5
compared to FG. It is important to consider that a gene expression
similar to FG may be indicative of oocyte quality and greater develop-
ment potential, and this pattern was observed just in G1. The reduced
levels of these genes can reveal a lower quality of oocyte and a lower
probability of reaching maturation which can reflect in the develop-
mental competence; however, G0 and G0.5 presented different results
regarding maturation: G0.5 was better than G0 and similar to G1, sug-
gesting that gene expression should be evaluated in a more widely,
considering the general gene expression and all analyses related.

Altogether, gene expression also indicated a difference in quality
among the vitrified groups regarding the ability to maintain the ideal
level of transcripts (as in FG). It could be observed that vitrification
significantly affected the major gene expression since in both G0 and
G0.5, most gene expressions were reduced compared to the FG. How-
ever, the use of AFP I at a concentration of 1 μg/mL was enough to
maintain the major expression of genes since G1 was the most similar to
the FG, indicating a beneficial effect that allowed the maintenance of
transcripts and the possible ability to handle the stress caused by vitri-
fication. Other studies with AFPs in oocyte vitrification also showed the
greatest similarity between AFP-vitrified groups and fresh ones
compared to untreated groups in gene expression [20,35,37], suggesting
that the supplementation of AFP on vitrification is associated with a
more similar transcript pattern to oocytes that were not submitted to
vitrification. On the other hand, at a concentration of 0.5 μg/mL, vitri-
fication still induced a reduction of oocyte transcripts similar to in the
absence of AFP.

Another important aspect is oocyte metabolism since it can directly
impact the oocyte developmental competence, and the mitochondria
function, distribution, and mass are crucial factors in this sense [40]. In
mice, it was already reported that germinal vesicles from oocytes with
damaged mitochondria transplanted into normal oocytes can be rescued
and produce blastocysts [41], suggesting that the mitochondria have an
essential role in oocyte competence. The G1 presented lower mito-
chondrial mass and similar mitochondrial activity to FG. The SIRT1 gene
expression was reduced in G0.5 and SIRT3 was upregulated in G1. The
SIRT1 protein located in the nucleus can be translocated to the cyto-
plasm and is involved in the regulation of mitochondrial biogenesis and
mitophagy; SIRT3 is located in the mitochondria and can be translocated
to the nucleus under stress and can control the expression of many
mitochondrial proteins and influence major mitochondrial functions

[42]. In this scenario, it was noticeable in the ultrastructural images that
the G0.5 and G1 mitochondria had a more preserved aspect than the G0,
compared to FG.

Mitochondrial activity keeps oocyte redox balance, ATP production,
and metabolic status, and some data suggest that mitochondrial number,
activity, and distribution may be related to oocyte quality [43]. Taken
together, the results of the current study showed that the G1 oocytes
presented a better-preserved mitochondrial aspect, a lower mitochon-
drial mass, a similar activity to fresh oocytes, and a higher expression of
SIRT3 compared to the FG. The AFP did not seem to interfere in the GSH
level, but in the highest concentration (G1) elevated ROS levels. Mito-
chondrial activity is also related to ROS production [44,45], which was
higher in G1 compared to all groups. Furthermore, SIRT 3 is also
indicative of oxidative stress since it can act as a sensor when ROS is
increased, and G1 showed an upregulated expression of this gene. In
addition to that, peroxiredoxins and HSPs are proteins involved in de-
fense against oxidative stress [45,46], that can be increased by the
cryopreservation process [8]. It was already reported that there is a
lower abundance of these transcripts in oocytes after in vitro maturation
compared to the ones that underwent in vivo maturation [47]. Consid-
ering that in vitro conditions can also increase oxidative stress, a
reduction in these transcripts can be related to oocytes being more
sensitive to stressful conditions [47], which can lead to a reduction in
future developmental competence. As could be evidenced, HSP70
expression was reduced in all vitrified groups compared to fresh. Even
so, G1 was able to keep the PRDX1 expression similar to FG.

G1 also presented a reduced mitochondrial mass compared to FG.
SIRT1 promotes mitochondrial biogenesis in conditions of energy defi-
ciency and has a role in triggering the dead or replacing the damaged
mitochondria [48,49] and its expression was similar in G1 compared to
GF. Considering the damage caused by the vitrification process, the
reduced mass found could be a consequence of an oocyte effort to
replace the damaged mitochondria, which can be endorsed by the
mitochondrial better-preserved aspect in G1 compared to the other
vitrified groups in TEM. Despite this reduction in mitochondrial mass,
G1 presented a higher morphological quality, actin integrity, and
maturation rates than other vitrified groups, indicating that this decline
did not impact morphological aspects of oocytes and their ability to
resume meiosis that is related to mitochondrial activity [43].

Although G1 presented a lower mitochondrial mass and a higher
level of oxidative stress; its positive results in the above-mentioned pa-
rameters suggest that the mitochondria population from this group was
able to maintain their activity even reducing their damaged mass,
leading to the increased ROS, to recover from the metabolic challenges
and damages caused by the vitrification process.

5. Conclusion

The AFP I supplementation in the vitrification solution of immature
cat oocytes (G0.5 and G1) improved their morphological quality and
maturation rates even though it did not impact the GSH levels. In the
highest concentration tested (G1), AFP I also maintained mitochondrial
activity, reduced mitochondrial mass, increased ROS levels, and kept the
gene expression more similar to fresh oocytes, suggesting that 1 μg/mL
AFP I supplementation during vitrification seems to be the most suitable
concentration to mitigate some of the negative impacts of cryopreser-
vation improving the integrity and cryosurvival of oocytes in the do-
mestic cat model.
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Magalhães LC, Martins Jr A, Leal CL, da Cruz Landim-Alvarenga F. Cell apoptosis
and lipid content of in vitro–produced, vitrified bovine embryos treated with
forskolin. Theriogenology 2017;87:108–14. https://doi.org/10.1016/j.
theriogenology.2016.08.011.

[29] Piras AR, Burrai GP, Ariu F, Falchi L, Zedda MT, Pau S, Gadau SD, Antuofermo E,
Bebbere D, Ledda S, Bogliolo L. Structure of preantral follicles, oxidative status and
developmental competence of in vitro matured oocytes after ovary storage at 4 C in
the domestic cat model. Reprod Biol Endocrinol 2018;16(1):1–4. https://doi.org/
10.1186/s12958-018-0395-1.

[30] Batista RI, Raposo NR, Campos-Junior PH, Pereira MM, Camargo LS, Carvalho BC,
Gama MA, Viana JH. Trans-10, cis-12 conjugated linoleic acid reduces neutral lipid
content and may affect cryotolerance of in vitro-produced crossbred bovine
embryos. J Anim Sci Biotechnol 2014;5(1):1–8. https://doi.org/10.1186/2049-
1891-5-33.

[31] Ramakers C, Ruijter JM, Deprez RHl, Moorman AFM. Assumption-free analysis of
quantitative real-time polymerase chain reaction (PCR) data. Neurosci Lett 2003;
339:62–6. https://doi.org/10.1016/s0304-3940(02)01423-4.

[32] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
quantitative pcr and the 2(-delta delta c(t)) method. Methods 2001;25:402–8.

[33] Luvoni GC. Gamete cryopreservation in the domestic cat. Theriogenology 2006;66
(1):101–11. https://doi.org/10.1006/meth.2001.1262.

[34] Tomczak MM, Hincha DK, Estrada SD, Wolkers WF, Crowe LM, Feeney RE,
Tablin F, Crowe JH. A mechanism for stabilization of membranes at low
temperatures by an antifreeze protein. Biophys J 2002;82(2):874–81. https://doi.
org/10.1016/j.theriogenology.2006.03.012.

[35] Jo JW, Jee BC, Lee JR, Suh CS. Effect of antifreeze protein supplementation in
vitrification medium on mouse oocyte developmental competence. Fertil Steril
2011;96(5):1239–45. https://doi.org/10.1016/j.fertnstert.2011.08.023.

[36] Luciano AM, Chigioni S, Lodde V, Franciosi F, Luvoni GC, Modina SC. Effect of
different cryopreservation protocols on cytoskeleton and gap junction mediated
communication integrity in feline germinal vesicle stage oocytes. Cryobiology
2009;59(1):90–5. https://doi.org/10.1016/j.cryobiol.2009.05.002.

[37] Wen Y, Zhao S, Chao L, Yu H, Song C, Shen Y, Chen H, Deng X. The protective role
of antifreeze protein 3 on the structure and function of mature mouse oocytes in
vitrification. Cryobiology 2014;69(3):394–401. https://doi.org/10.1016/j.
cryobiol.2014.09.006.

[38] Rojas C, Palomo MJ, Albarracin JL, Mogas T. Vitrification of immature and in vitro
matured pig oocytes: study of distribution of chromosomes, microtubules, and
actin microfilaments. Cryobiology 2004;49:211–20. https://doi.org/10.1016/j.
cryobiol.2004.07.002.

[39] Comizzoli P, Wildt DE, Pukazhenti BS. Impact of anisosmotic conditions on
structural and functional integrity of cumulus-oocyte complexes at the germinal

G.R. Leal et al. Theriogenology 229 (2024) 108–117 

116 

https://creativecommons.org/licenses/by/3.0/
http://www.iucnredlist.org
https://doi.org/10.1016/j.theriogenology.2013.09.006
https://doi.org/10.1016/j.theriogenology.2013.09.006
https://doi.org/10.1016/s0093-691x(99)00249-6
https://doi.org/10.1016/s0093-691x(99)00249-6
https://doi.org/10.1095/biolreprod.110.088641
https://doi.org/10.1095/biolreprod.110.088641
https://doi.org/10.1095/biolreprod.110.088641
https://doi.org/10.1095/biolreprod.110.088641
https://doi.org/10.1016/s0303-7207(03)00070-4
https://doi.org/10.1016/s0303-7207(03)00070-4
https://doi.org/10.1016/s0303-7207(03)00070-4
https://doi.org/10.1016/s0303-7207(03)00070-4
http://refhub.elsevier.com/S0093-691X(24)00322-4/sref8
http://refhub.elsevier.com/S0093-691X(24)00322-4/sref8
http://refhub.elsevier.com/S0093-691X(24)00322-4/sref8
https://doi.org/10.1016/j.livsci.2017.01.013
https://doi.org/10.1016/j.livsci.2017.01.013
https://doi.org/10.1016/j.cryobiol.2005.11.004
https://doi.org/10.1007/s11259-007-0059-7
https://doi.org/10.3390/ani10081371
https://doi.org/10.1016/j.theriogenology.2023.10.001
https://doi.org/10.1016/j.theriogenology.2023.10.001
https://doi.org/10.1016/j.theriogenology.2021.09.025
https://doi.org/10.1016/j.theriogenology.2021.09.025
https://doi.org/10.1006/cryo.1998.2098
https://doi.org/10.1006/cryo.1998.2098
https://doi.org/10.1098/rsif.2012.0388
https://doi.org/10.3390/md15020027
https://doi.org/10.1016/j.cryobiol.2021.01.017
https://doi.org/10.1016/j.cryobiol.2021.01.017
https://doi.org/10.1002/mrd.1080360413
https://doi.org/10.1002/mrd.1080360413
https://doi.org/10.1371/journal.pone.0037043
https://doi.org/10.1371/journal.pone.0037043
https://doi.org/10.1016/j.theriogenology.2016.01.032
https://doi.org/10.1016/j.theriogenology.2016.01.032
https://doi.org/10.3390/biom9050181
https://doi.org/10.3390/biom9050181
https://doi.org/10.1530/jrf.0.1100355
https://doi.org/10.1530/jrf.0.1100355
https://doi.org/10.3791/61523
https://doi.org/10.1111/j.1439-0531.2012.02138.x
https://doi.org/10.1016/j.theriogenology.2020.09.024
https://doi.org/10.1016/j.theriogenology.2020.09.024
https://doi.org/10.1016/j.theriogenology.2019.11.037
https://doi.org/10.1016/j.theriogenology.2019.11.037
https://doi.org/10.1016/j.theriogenology.2016.08.011
https://doi.org/10.1016/j.theriogenology.2016.08.011
https://doi.org/10.1186/s12958-018-0395-1
https://doi.org/10.1186/s12958-018-0395-1
https://doi.org/10.1186/2049-1891-5-33
https://doi.org/10.1186/2049-1891-5-33
https://doi.org/10.1016/s0304-3940(02)01423-4
http://refhub.elsevier.com/S0093-691X(24)00322-4/sref32
http://refhub.elsevier.com/S0093-691X(24)00322-4/sref32
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.theriogenology.2006.03.012
https://doi.org/10.1016/j.theriogenology.2006.03.012
https://doi.org/10.1016/j.fertnstert.2011.08.023
https://doi.org/10.1016/j.cryobiol.2009.05.002
https://doi.org/10.1016/j.cryobiol.2014.09.006
https://doi.org/10.1016/j.cryobiol.2014.09.006
https://doi.org/10.1016/j.cryobiol.2004.07.002
https://doi.org/10.1016/j.cryobiol.2004.07.002


vesicle in the domestic cat. Mol Reprod Dev 2008;17:345–54. https://doi.org/
10.1002/mrd.20769.

[40] May-Panloup P, Chretien MF, Malthiery Y, Reynier P. Mitochondrial DNA in the
oocyte and the developing embryo. Curr Top Dev Biol 2007;77:51–83. https://doi.
org/10.1016/S0070-2153(06)77003-X.

[41] Takeuchi Y, Molyneaux K, Runyan C, Schaible K, Wylie C. The roles of FGF
signaling in germ cell migration in the mouse. Development 2005;132:5399–409.
https://doi.org/10.1242/dev.02080.
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