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Abstract

The vitrification of oocytes and embryos produces structural damage caused by the cytotoxicity of the cryoprotective agents (CPAs). Some of
these damages occur in the cell plasma membrane, cytoskeleton and genetic material, which might result in the formation of aneuploidies. The
toxicity produced by the use of CPAs during vitrification can cause alterations in microfilaments (MF), microtubules (MT) and chromatin (CR),
affecting not only cell viability, maturation, fertilization and embryonic development (ED), but also the genetic integrity that will result in the
formation of aneuploidies. The latter can result in spontaneous abortions and/or the absence of a term pregnancy, and if an opposite case arises, the
birth of offspring with chromosomal aberrations will affect the organism development.

Introduction

Vitrification, as a method of cell cryopreservation, has been
considered a very important tool for Assisted Reproduction
Technologies (ART),

economic important species for animal production and, in humans

improving the reproductive quality of

for subfertility treatments [1,2]. Vitrification is used in oocytes and
embryos of different species such as pigs [3], sheep [4], cattle [5],
humans [6,7], among others, since it has been superior to slow
freezing [8,9].

Since the first vitrification success reported in 1985 [10],
its effects on different domestic species and cell structures have
been studied [11-15]. Although vitrification is a technique widely
used for gametes preservation, multiple cell structures have been
reported that, to a greater or lesser extent, suffer damage derived
from the cryoprotective agents (CPAs). Therefore, the success of
this method will be largely reflected by the reduction of the damage
caused by the intracellular formation of ice crystals and the use of
appropriate concentrations of CPAs.

Cell Structure Damage

Plasma membrane

It is important to highlight that the structure and composition
of plasma membranes determine the main cellular events that take

@ @ This work is licensed under Creative Commons Attribution 4.0 License |ABEB.MS.ID.000568.

place during cryopreservation processes. The plasma membrane
of the eukaryotic cell is mainly composed of amphipathic lipids,
proteins and carbohydrates, with varying proportions according
to cell type and animal species [16]. The CPAs used for the
maintenance of cells at low temperatures must have the ability to
penetrate the cell membranes in order to diffuse and take place
inside the cell, remaining in a solid vitreous state. It is important to
consider that the determination of the concentration of the CPAs is
critical, since it will depend on that the role of protective agent, and
thus, reducing its toxicity.

CPAs toxicity is mainly due to two causes. First is the chemical
reaction performed in the cells before cryopreservation, and
second is the chemical effect caused by the change of osmosis in the
freezing solutions. In addition to this, the decrease in the freezing
point (derived from the concentration of the CPAs mixture) is
related to their permeability, which can cause osmotic stress before
vitrification [17]. Therefore, when seeking to reduce the risk of
toxicity damage, it is important to consider implementing the
optimal CPAs, appropriate exposure time and temperature [18].

CPAs do not have the same membrane diffusion capacity in all
cell types, which is why cell membranes are one of the structures
that suffer the most damage during cryopreservation due to the
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loss of fluidity of their lipid components, reducing their ability
to expansion during rehydration [19]. It has been proposed that
an important damage factor caused by CPAs in oocytes plasma
membranes and embryos is derived from protein denaturation. It
hasbeen attributed that the toxic effects of vitrification solutions are
due to the strong interaction between permeable CPAs, particularly
dimethyl sulfoxide (DMSO) and water, which can cause damage by
affecting the hydration of proteins [20]. Due to the interaction of
these permeable agents with the hydration layer of water molecules
(or solvation layer) that surrounds protein surfaces, is what makes
possible the hydration of cells and tissues in living beings. Any factor
that modifies the interaction of the proteins with water, the total or
partial disappearance of this aqueous envelope or the breakdown
of hydrogen bonds, will decrease its stability causing denaturation.
Most proteins can be denatured when exposed to temperatures
below 10°C and 15°C [21,22].

It has been reported that the vitrification of mature buffalo
oocytes with 40% ethylene glycol (EG) or 40% DMSO, decreases
morulae development rates up to 7.2% and 8%, compared to
those vitrified with a mixture of 20% EG+DMSO up to 11.5% [23],
suggesting that the use of CPAs mixtures reduces the specific
toxicity of each CPA and replaces it with denaturation associated
with high concentrations of aggregates [22].

Studies in humans have shown that vitrification decreases the
potential of internal membrane in oocytes in metaphase II (MII)
[6,24]. In addition, by means of transmission electron microscopy,
the fracture of the plasma membrane [25] and the zona pellucida
has been observed, as well as the separation of cumulus-oocyte
complexes (COCs) [26], the rupture of the communicating junctions
between cells and the interruption or disappearance of microvillj,
as well as drops of non-homogeneous lipids surrounding large
vacuoles [26].

In oocytes and embryos, the fracture of the cell membranes is
caused by the mechanical effect of the solutions solidification, and
the critical temperature at which this damage occurs is between
-50 and -150°C [9]. It is important to highlight the importance of
the structure and composition of the plasma membrane during the
cryopreservation processes. Plasma membranes have proteins that
can bind to other membrane components and cytoplasm proteins,
in addition to other cellular structures such as the cytoskeleton,
which is made up of microfilaments (MF), microtubules (MT), and
intermediate filaments (IF) [27,28].

Interactions between proteins associated with the plasma
membrane could explain the changes in the polymerization and
aggregation of temperature-dependent actin and MT, which is an
important factor in the destabilization of the meiotic spindle and,
therefore, of the disintegration of chromatin (CR) [21,22].

Cytoskeleton

Another important structure responsible for maintaining the
structural and functional integrity of the oocyte is the cytoskeleton.

Thereorganization ofthis structureisinvolved in the communication
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between the oocyte and the cumulus cells during the maturation
process, the fertilization in mammals [24,29,30,31,32], as well as
in processes related to division and cell cycle, such as cytokinesis
and karyokinesis. In addition, they participate in intracellular
transport and constitute the spindle for chromosome segregation
and centriole displacement during mitosis [33].

Studies in MII human oocytes report the reorganization of the
cytoskeleton, in addition to the alteration in mitochondrial function
without presenting any significant change in the configuration
of meiotic spindle [6, 24], as well as depolymerization of tubulin
[7]. Therefore, the association between chromosomes and the
organization of MT during mitosis [34] is essential for oocyte
maturation. In ovine, abnormal patterns were presented in the
organization of the F-actin of the MII oocyte cytoskeleton exposed
to CPAs and vitrified [35].

Laser scanning confocal microscopy (LSCM) examined the
cytoskeleton and observed a considerable reduction of oocytes with
spindles with normal chromosomes alignment in the equatorial
plate after vitrification (79.5% fresh vs. 10.1% GV vitrified)
[26]. Another study indicated that the meiosis stages in oocytes
are related to temperature differences and equilibrium time of
depolymerization and repolymerization of spindles, for example,
telophase 1 (TI) has less depolymerization of spindles at room
temperature, 4°C and after vitrification than those found in MI or
MII [36]. In addition, the percentage of oocytes in GV and MII with
normal distribution of F-actin is reduced after vitrification (72.3%
fresh vs. 16.9 and 37.2%, respectively) [26].

The importance of the plasma membrane and the cytoskeleton
of the oocyte during fertilization has been demonstrated, since it
contains coupling receptors for sperm plasma membrane proteins,
without which the recognition of gametes would not be possible
[37].

Genetic material damage

CR configurations are important for meiotic resumption
and competence in oocyte development. The genetic integrity
and changes that occur in the cytoplasmic compartment have
important implications for oocyte maturation and quality. MF,
MT and CR interact in the segregation of chromosomes and in the
establishment of the cellular asymmetry that allows the extrusion
of the polar body with a minimal loss of cytoplasm [38].

Exogenous and endogenous factors may be responsible
for causing damage to the oocytes genetic material, thereby
compromising the success of ART. Several studies have reported the
impact that DNA damage would cause throughout cell development
[39-41], however, most of these studies have caused damage by
exposing oocytes to physical or chemical stimuli, such as microhaz
dissection laser (LMD) used in assisted reproduction and bleomycin
(BLM) [42]. These studies have focused on analyzing the damage
of double-strand break (DSB) of DNA, and although they did not
implement vitrification, they did demonstrate the importance of
the genetic integrity of the oocyte in cell development.
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One study performed in mice evaluated the effect that
vitrification has on oocytes in MII and the resulting preimplantation
embryos, it was measured the levels of reactive oxygen species
(ROS), the accumulation of y-H2AX (phosphorylation of histone
variant H2AX in serine 139) sensitive marker for DSB, apoptosis,
percentage of early embryonic development and gene expression
related to DNA damage (Brcal and 53bp1) in early embryos derived
from in vitro fertilization. It was found that vitrification increased
the expression of y-H2AX in zygotes (in both pronuclei) and in
embryos of two cells, but embryos of four and eight cells, as well
as blastocysts were not affected. This was confirmed by Western
blot analysis [43]. Because y-H2AX is not a sensitive marker for the
analysis of DSB in MII oocytes, it was opted for the implementation
of the Comet Assay as a method of damage analysis, in which
they found no results that involved vitrification as a producer of
DSB [43]. This may be due to the fact that the MII oocyte being
transcriptionally inactive, requires the reserves of endogenous
proteins and/or transcripts of mRNA accumulated during oogenesis
for DNA repair and the preservation of the integrity of the maternal
genome such as homologous recombination (HR) and the final non-
homologous union (NHE]) [44].

attributed to the
overproduction of ROS, because DNA damage can be induced by

The accumulation of y-H2AX was

endogenous metabolites that may react with macromolecules such
as lipids, proteins or nucleic acids, as well as exogenous stimuli
such as ionizing and ultraviolet radiation, as is the production
of ROS [43,45,46,47]. However, several studies report various
functions related to the presence of y-H2AX. Recent studies have
shown that histone-H2AX phosphorylation (y-H2AX) accumulates
independently of the presence of DSB and functions as a regulator
of cell cycle progression by inhibiting DNA replication, as well as to
maintain the self-renewal of mouse embryonic stem cells [48-50].

It has been reported that exposure of porcine blastocysts to
CPAs decreases survival rates, even without being vitrified, an
increase in DNA fragmentation in the nuclei of these embryos was
also found [51], thereby causing cytotoxic damage can be awarded
to the exposure of the CPAs. This may be due to the fact that the
cytotoxicity of these agents occurs in greater proportion in cells
that perform a greater metabolic activity [52].

Through the analysis of DNA fingerprints based on microarrays,
no evidence was found that vitrification of human MII oocytes
increased the risk of aneuploidy production in arrested embryos
than those properly obtained during an in vitro production system.
Likewise, neither did the implantation potential decrease, however,
IVF and viability were some of the factors that were affected [53].
Otherwise, in 2016, another study in humans found out that IVF
rates were not affected by the vitrification of MII oocytes, however,
embryonic development and viability were diminished due to this
procedure. In the study by Forman et al. 2012, it was shown that
there is no significant risk in the formation of aneuploidies caused
by vitrification [54].
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In both cases it can be explained that the percentage of IVF
has not been affected because they used ICSI as a fertilization
technique, which compensates for the disadvantage caused by
vitrification with the hardening of the zona pellucida, which with
a conventional fertilization would not be favored [55]. In addition,
in both studies, oocytes were vitrified in the MII stage, in which
the maternal genes are expressed and the embryos depend on
the reserves of mRNA and the proteins stored in the cytoplasm of
the oocyte, so, if they occur, some repair mechanism has already
been activated when vitrification was performed [56]. However, it
is not difficult to consider that the damage to the genetic material
can cause genomic instability, leading to chromosomal aberrations
such as aneuploidies.

Aneuploidy formation

Chromosomal abnormalities that occur in embryos are an
important cause of pregnancy loss and greatly impair the normal
ED and the fetus or lead to the birth of individuals suffering from
various congenital abnormalities [57,58]. Structural and numerical
chromosomal aberrations are important biological points in
genotoxic studies. With the implementation of the fluorescent in
situ hybridization (FISH) technique with chromosome-specific DNA
probes, the sensitivity of detection of chromosomal aberrations can
be increased.

Studies in farm animals are minimal compared to those in
humans, however, numerical errors such as trisomy of particular
chromosomes, monosomy of the X chromosome, polyploidy, as well
as structural chromosomal abnormalities including Robertsonian
translocations have been found in the number of chromosomes
that arise from the union of two acrocentric chromosomes on a
single metacentric (chromosome decreasing the haploid number)
and reciprocals (segment exchange between two non-homologous
chromosomes), or insertions similar to abnormalities present in
humans [57-59].

The incidence and type of chromosomal abnormalities differ
between gametes and embryos and even between species. In the
pig there is a relatively high incidence of reciprocal translocations,
in addition, the frequency of aneuploidy in oocytes or embryos
varies due to different circumstances such as the different age
of the animals used for experiments, methods used or by in
vitro culture processes [57,59]. It was observed that, in early pig
embryos obtained in vivo, 11 (14.3%) of the 77 embryos examined
had aneuploidies, in chromosomes 8,11, 12,13, 17 and X being the
most frequent, contrary to chromosomes 2, 9 and 18 that presented

a lower frequency of chromosomal errors [57].

This is important in experimental research, since most of the
studies that evaluate aneuploidies as a result of the production of
genetic damage derived from vitrification have been performed in
humans [60-63], due to the importance it has in clinical application.
This is possible thanks to the scientific progress that has achieved
the characterization of the predominant diseases derived from
aneuploidies and polyploidies. However, it is necessary to extend
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this knowledge in non-human species, since this can broaden the
possibilities of the emergence of reproduction technologies in
domestic species, which could also be applied in humans and that
would have an advantage over the legal regulations involved in

handling and experimentation with human cells.

Discussion

While it is true that the damage of oocytes and embryos
caused by vitrification is produced, it is important to emphasize
the lower cellular damage obtained by this technique compared to

conventional slow freezing [9], so its use in ART remains promising.
The vitrification of oocytes and embryos produces structural
damage, which are inherent in the cytotoxicity of the CPA’s used
during the procedure. Several animal species and cell types have
been studied (Table 1), in addition, the progress in microscopy
has allowed the analysis and thus the implementation of various
methodologies for its study. Some of these damages occur in the
plasma membrane, the cytoskeleton and the genetic material,
which result in the formation of aneuploidies in the resulting
embryos (Table 1).

Table 1: Structural damage caused by vitrification in different species and meiotic stages.

Decreased inner membrane
MII McGill Cryoleaf poter_ltlal_. Cytoskele.tal Flu.orescence 6]
Human reorganization. Alteration of microscopy
mitochondrial function.
MII Cryotop Tubulin depolymerization. Confocal microscopy [7]
Spindles with misalignment of
chromosomes.
GV, MII Open pulled straw LSCM [26]
Porcine (OPS) Abnormal distribution of
F-actin.
Blastocyst None Fragmented-DNA TUNEL [51]
. Abnormal organization of Raman
Ovine Mt Cryotop F-actin cytoskeleton. microspectroscopy [35]
. . o Fluorescence
Mice MI, MII Cryotop Spindles depolymerization. microscopy [36]
The increasing use of ART has increased the need to improve Conclusion
vitrification protocols, which although it is indisputable that the . . .
p g p y Oocytes and embryos manipulation, typical of the

produce damage that naturally would not occur frequently, are
necessary for the preservation of gametes, in particular the gamete
female.

Derived from the need to continue implementing vitrification
as one of the most used ART in clinical and experimental research,
some alternatives have been considered to counteract the damage
caused by this technique. As the use of glutathione (GSH) for the
supplementation of the vitrification medium, which it has been
observed that it promotes the development of mouse blastocysts
derived from vitrified oocytes [64,65]. Resveratrol has been
assigned the ability to decrease ROS levels, y-H2AX accumulation
and apoptotic production, in addition to improving embryonic
development rates [43].

The importance of the structural integrity of the oocyte for the
correct progressive development has been shown. Interactions
between proteins associated with the plasma membrane play
a crucial role in the polymerization and aggregation of the
cytoskeleton protein structures. The polymerization of actin and
microtubules will establish their distribution and rearrangement
within the cell at different stages of development, participating in
the stabilization of the meiotic spindle, therefore, the appropriate
aggregation of chromatin. In addition to the presence of endogenous
proteins and/or mRNA transcripts, such as HR and NHE], which
participate in DNA repair and the preservation of the integrity of the
maternal genome that can prevent the formation of chromosomal
aberrations such as aneuploidies.

implementation of ART, results in structural and genetic changes
have an impact on the normal cellular development. However,
the need for the implementation of these technologies in society
is increasing, not only for the application in human reproduction,
but also for species of animals that coexist with it and that their
manipulation represents an advantage for the human, either
economically, production, research or preservation.

In order to guarantee the genetic maintenance of the
individuals, the need to preserve the integrity, as much as possible,
of the reserves of endogenous proteins and/or transcripts of mRNA
of the oocytes for the repair of DNA is unquestionable, which is
expected to result consequently in the integrity, proper functioning
and correct distribution of other cellular structures such as
cytoskeleton and plasma membrane. What will guarantee the
progression of the cellular development of the oocytes produced
in vitro until the ED, which not only must maintain the standards of
development quality such as viability, maturation, IVF and ED, but
guarantee the production of embryos that maintain their genetic
integrity which will result in the implantation of the embryo, term
pregnancy and the birth of offspring not only viable but with the
absence of chromosomal aberrations that ensure an assertive and

healthy development for the individual.
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