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Abstract

Cryopreservation is a technique that can
keep sperm alive indefinitely, enabling the
conservation of male fertility. It involves the
cooling of semen samples and their storage
at —196 °C in liquid nitrogen. At this tem-
perature all metabolic processes are arrested.
Sperm cryopreservation is of fundamental
importance for patients undergoing medical
or surgical treatments that could induce steril-
ity, such as cancer patients about to undergo
genotoxic chemotherapy or radiotherapy, as
it offers these patients not only the hope of
future fertility but also psychological support
in dealing with the various stages of the treat-
ment protocols.

Despite its importance for assisted repro-
duction technology (ART) and its success in
terms of babies born, this procedure can cause
cell damage and impaired sperm function.
Various studies have evaluated the impact of
cryopreservation on chromatin structure, albeit
with contradictory results. Some, but not all,
authors found significant sperm DNA damage
after cryopreservation. However, studies
attempting to explain the mechanisms involved
in the aetiology of cryopreservation-induced

DNA damage are still limited. Some reported
an increase in sperm with activated caspases
after cryopreservation, while others found an
increase in the percentage of oxidative DNA
damage. There is still little and contradictory
information on the mechanism of the genera-
tion of DNA fragmentation after cryopreserva-
tion. A number of defensive strategies against
cryoinjuries have been proposed in the last
decade. Most studies focused on supplement-
ing cryoprotectant medium with various anti-
oxidant molecules, all aimed at minimising
oxidative damage and thus improving sperm
recovery. Despite the promising results, identi-
fication of the ideal antioxidant treatment
method is still hampered by the heterogeneity
of the studies, which describe the use of differ-
ent antioxidant regimens at different concen-
trations or in different combinations. For this
reason, additional studies are needed to further
investigate the use of antioxidants, individu-
ally and in combination, in the cryopreserva-
tion of human sperm, to determine the most
beneficial conditions for optimal sperm recov-
ery and preservation of fertility.
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Sperm Cryopreservation

Cryopreservation is a technique that can keep
sperm alive indefinitely, thus enabling male fer-
tility to be conserved. It is of fundamental
importance for patients undergoing medical or
surgical treatments that could induce sterility,
such as cancer patients about to undergo geno-
toxic chemotherapy or radiotherapy. Testicular
cancer and Hodgkin’s and non-Hodgkin’s dis-
ease are the most common conditions in patients
cryopreserving their sperm, as they mainly
affect males of childbearing age. Despite their
serious disease, sperm cryopreservation offers
these patients the hope of future fertility; this is
not only reassuring in relation to their possibil-
ity of fatherhood but is also a psychological
support when dealing with the various stages of
the treatment protocols, as it permits them to
envision the prospect of their survival (Saito
et al. 2005).

Advances in cancer treatments and increas-
ingly sophisticated assisted reproduction tech-
niques (ART) have opened up new possibilities
for infertile men; cryopreservation is thus also
indicated even for severely damaged sperm that
would have had no reproductive capacity in the
pre-ICSI era. Given the potential importance of
reproduction for these patients, who are often
young and childless, it is essential that this
option is recommended by specialists and
offered as quickly and efficiently as possible.
Cancer patients must thus be informed of this
possibility before undergoing any treatment
that might have an irreversible effect on their
ability to father a child, and cryopreservation
must be performed before beginning any such
treatment.

Sperm Cryobiology

The ability to store cells indefinitely in a state of
‘suspended animation’ was a pivotal event in
reproductive medicine. In the last 60 years, the
cryobiology of gametes, testicular tissue,
embryos and, recently, ovarian tissue has been
studied in parallel to the development of

ART. The first attempt at freezing semen dates
back to 1776, when abbot Lazzaro Spallanzani
reported that sperm could be stored by cooling in
snow. In 1800, Paolo Mantegazza came up with
the idea of the sperm bank, to ensure the contin-
ued linage of soldiers going off to war. Discussion
of cryopreservation began when Rostand in 1946
and Polge in 1949 discovered that glycerol could
act as a cryoprotectant, while in 1953 Bunge and
Sherman reported three pregnancies after insemi-
nation with sperm that had been treated with
glycerol and frozen in dry ice. The discovery that
glycerol protected sperm cells from freezing
damage enabled human semen to be stored in dry
ice at =78 °C (Polge et al. 1949; Bunge and
Sherman 1953; Bunge et al. 1954). However,
later studies by Sherman (1963) demonstrated
that sperm stored in liquid nitrogen at —196 °C
could be kept even longer and, moreover, con-
served flagellar movement after thawing. In fact,
molecular movements, and hence the biochemi-
cal processes of cell metabolism, stop at
extremely low temperatures, recommencing once
the cell has thawed.

Cell life depends on the simultaneous interac-
tions of various chemical reactions, kept in bal-
ance through homoeostatic control mechanisms.
Long-term storage is thus only possible by mini-
mising these reactions by lowering the tempera-
ture until life is ‘cryogenically suspended’. In
liquid nitrogen at —196 °C, no chemical reaction
can take place as there is insufficient thermal
energy at this temperature. In fact, below
—130 °C, water exists in a crystalline or vitreous
state, in which its viscosity is so high as to limit
its diffusion (Mazur 1984). The chemical and
physical phenomena which arise during cooling
of cells and tissues affect the viability of the sys-
tem, reducing enzyme activity and active trans-
port  mechanisms, changing  membrane
conformation and causing transmembrane ion
loss.

However, the main problem the cell must
overcome during cooling is the transition of
water to ice. Water plays an important role in cell
life, acting as an intra- and extracellular carrier of
hydrophilic structures such as proteins, metabo-
lites and ions. During freeze-thaw phase changes,
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the concentrations of solutes in intra- and extra-
cellular aqueous solutions vary considerably.
Such intra- and extracellular changes are the
greatest biological problem encountered with
freezing. In fact, the solutes in the aqueous
medium in which the cells are suspended take its
freezing point down to —10 to —15 °C, i.e. below
that of pure water (0 °C). At these low tempera-
tures, the water in the extracellular environment
freezes, increasing the concentration of the sol-
utes. This generates osmotic pressure, causing
solvent to flow through the plasma membrane,
from inside to outside the cell. This extracellular
need for water leads to a reduction in cell volume
and then to dehydration, a process which is
essential to protect cells from the formation of
intracellular ice, which can cause them to die.
However, this intense dehydration process can
reach a point of no return (at about 40% of the
original cell volume), at which the cell suffers
permanent damage.

The extent of dehydration depends mainly on
the cooling rate. If the cell is cooled very quickly,
dehydration may not be complete and intracellu-
lar ice crystals can form. In this case, there is no
osmosis or volume change, but on thawing there
may be mechanical damage to the membrane and
subcellular organelles. In contrast, if the cell is
cooled very slowly, extracellular water freezes
before intracellular water, due to the protective
effect of the cell membrane. The extracellular
environment thus becomes hypertonic, causing
water to flow from inside to outside the cell,
resulting in excessive dehydration.

During thawing, reverse osmosis takes place.
As soon as the water passes from the solid to the
liquid state, the concentration of extracellular
solutes drops steadily, and the cells rehydrate to
compensate for the different extra- and intracel-
lular concentrations.

Cell survival after freezing/thawing thus depends
on the ability to minimise the formation of intracel-
lular ice crystals. It should therefore be optimised
by establishing a cooling rate which enables the cell
to remain in equilibrium with the extracellular solu-
tion. An intermediate rate is needed: fast enough not
to cause excessive solute concentration but slow
enough to avoid intracellular crystallisation.

The ability of a cell to survive freezing also
depends on its shape, size, water content, perme-
ability and membrane lipid composition. Human
sperm can tolerate a series of temperature varia-
tions and are fairly resistant to damage caused by
rapid cooling, due to the unsaturated fatty acids
in the lipid bilayer (65—70% phospholipids — side
chains of docosahexaenoic acid), which lead to
high membrane fluidity (Clarke et al. 2003); their
small cell size; and the compact cellular organ-
isation of the head. Their low water content
(around 50%) may also make them more resistant
than other cells to freezing damage. Nevertheless,
motility is generally reduced by 30-50% upon
thawing.

Cryoprotectant media containing low molecu-
lar weight compounds that modify the cell envi-
ronment are used to try to obviate these problems.
By replacing the water content, they keep the
extracellular environment in the liquid phase
even when the temperature drops below freezing
point. These substances have been defined as
‘any additive which can be provided to cells
before freezing and yields a higher post-thaw sur-
vival than can be obtained in its absence’ (Karow
1974). Although the chemical composition of
these cryoprotectants differs, they are all highly
water soluble and have a concentration-dependent
toxicity. They work directly on the cell mem-
brane through electrostatic interactions, lowering
the freezing point of the solution and modifying
the intra- and extracellular environment as their
displacement of the water reduces both the for-
mation of ice crystals and the quantity of salt and
solutes in the liquid phase.

There are two main classes of cryoprotectants:

Permeating cryoprotectants, which penetrate the
cell membrane. This class includes dimethyl
sulfoxide (DMSO), glycerol, 1,2-propanediol
(PROH) and ethylene glycol. These hydro-
philic substances have a molecular weight of
<400 Da and cross the membrane very easily,
creating an osmotic gradient and causing
water to leave the cell by lowering the freezing
point even further.

Non-permeating cryoprotectants, which do not
cross the cell membrane. These include
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sucrose, fructose, glucose, dextrose, starch,
lipoproteins and polyvinylpyrrolidone (PVP).
These large molecules with a molecular
weight of >1000 Da increase the concentra-
tion of extracellular solutes, thus generating
an osmotic gradient that causes water to leave
the cell, causing dehydration before freezing
takes place.

Glycerol is the most commonly used cryopro-
tectant for human sperm. It acts on the membrane
structure, the permeability and stability of the
lipid bilayer, the association of surface proteins
and cell metabolism (Fabbri et al. 2004).
However, Sherman (1990) showed that the use of
glycerol alone can damage the plasma mem-
brane, the inner acrosomal membrane, the
nucleus and the mitochondrial cristae. Other sub-
stances such as DMSO and PROH were used
subsequently, but with little success, due to their
harmful effects on human sperm.

Almost all cryoprotectant media contain glyc-
erol, to protect against thermal shock; sugars,
which provide the sperm with energy and opti-
mise osmolarity and hydrogen ion concentration;
egg yolk, which improves the fluidity of the cyto-
plasmic membrane, provides structural and func-
tional protection and, through its lipoprotein
content, safeguards sperm integrity; and antibiot-
ics, to protect against any microorganisms that
might be present. Cryopreservation is carried out
in nitrogen vapour with one of two techniques,
leading to either slow or fast freezing.

Cryopreservation Methods

Rapid freezing Rapid freezing was first pro-
posed by Sherman (1990). It does not require
automatic equipment. The most common tech-
nique is vertical freezing, carried out in cryogenic
containers of a suitable size. Semen samples are
diluted with cryoprotectant media and left to
equilibrate at 37 °C for 10 minutes. The suspen-
sion is aspirated with a vacuum pump into 300 or
500 pL straws. The straws are sealed and placed
in nitrogen vapour for 8 minutes and then
immersed in liquid nitrogen at —196 °C. Nitrogen

vapour contains a thermal gradient depending on
the distance from the surface of the liquid nitro-
gen and the volume of underlying liquid. The
straws are placed 15-20 cm above the liquid
(Fabbri et al. 2004) and are then slowly lowered
to reach the surface before being raised once
more. This gives a fast freezing rate (about 20 °C/
min). Following this phase, the straws are
plunged in liquid nitrogen.

Slow freezing This was proposed by Behrman
and Sawada (1966). It uses automatic equipment
which takes cells from room temperature to the
storage temperature at a controlled rate. The sam-
ple is first diluted with cryoprotectant and then
taken from room temperature to 5 °C at a rate of
0.5-1 °C/min (Mahadevan and Trounson 1984).
The temperature is then lowered to —80 °C at
1-10 °C/min, and finally the sample is plunged in
liquid nitrogen (Thachil and Jewett 1981).
However, this method can cause ice crystals to
form if the freezing rate is too fast or too slow.

In both of these methods, the cells are exposed
to cryoprotectant before freezing to protect them
from cooling damage. This stage is called condi-
tioning. The efficacy of cryoprotectant is a func-
tion of how long the cryoprotectant and the cells
have to interact and the temperature at which this
exposure takes place. For this reason, cryoprotec-
tant medium is added drop by drop and mixed
gently to avoid osmotic stress and the mixture
incubated at 37 °C for 10 to 15 minutes to allow
the cells and medium to equilibrate. Another
important point is that the thawing techniques
must enable the cells to recover their normal bio-
logical activities, minimising fast temperature
changes as much as possible. For this reason, the
straws are extracted very slowly, to enable a ther-
mal equilibrium between the cells and the exter-
nal environment to be reached. Different
protocols can be used: (1) straws are kept at room
temperature for 10 minutes and then incubated at
37 °C for 10 minutes; (2) straws are placed in a
thermostatic bath at 37 °C for 10 minutes; and (3)
straws are thawed at room temperature (22 °C)
for 15 min.
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Effect of Cryopreservation on DNA
Integrity

Damage can take place not only during freezing
but also during thawing. On thawing, ice crystals
can cause mechanical damage to the subcellular
organelles. Various studies have shown that the
damage induced by cryopreservation can affect
the integrity of the plasma membrane (Arav et al.
1996; Zeron et al. 1999), which contains phos-
pholipids and cholesterol (Giraud et al. 2000).
The latter authors showed that the freeze-thaw
process induces a rigidifying effect on the sperm
membrane and suggested that the adaptability of
mammalian sperm to freeze-thaw-induced stress,
and hence its ability to withstand cryopreserva-
tion, might depend on the fluidity of its mem-
brane, which is in turn modulated by the
membrane’s lipid composition (Giraud et al.
2000).

Human and rabbit sperm are less sensitive to
cryopreservation than sperm from other animals,
such as rams and bulls, due to the different lipid
composition of the sperm plasma membrane
(Bailey et al. 2000). In bull and ram sperm, the
membrane contains less cholesterol and a higher
ratio of unsaturated and saturated fatty acids than
found in human sperm. Nevertheless, during
cryopreservation of human sperm, the cooling
process can cause a membrane lipid phase change
as well as functional damage to the intramem-
brane proteins responsible for ion transport
(Oehninger et al. 2000). The sperm plasma mem-
brane contains a glycocalyx of oligosaccharide
chains bound to intramembrane proteins and lip-
ids. Cryopreservation can have adverse effects on
the composition of carbohydrates in the glycoca-
lyx, thus interfering with the function of intra-
membrane proteins (Benoff 1997) and with other
physiological functions such as immunological
protection (Cross and Overstreet 1987) and acro-
some reaction (Lassalle and Testart 1994).

Cryopreservation also has adverse effects on
sperm motility and speed, due to membrane
swelling and acrosome degeneration. Fatty acids,
which are abundant in the sperm membrane
(Halliwell and Gutterridge 1984), are also vul-
nerable to peroxidation; this can not only damage

the plasma membrane but also cause a loss of
intracellular enzymes and inhibit oxidative phos-
phorylation (White 1993). The mitochondrial
membrane is in fact susceptible to damage at low
temperatures, and a change in membrane fluidity
can affect its potential and cause the release of
reactive oxygen species (ROS) (Said et al. 2010).

Given that the antioxidant activity of sperm is
also reduced by cryopreservation, it is clear that
sperm are susceptible to ROS damage (Lasso
et al. 1994). This damage may involve single- or
double-DNA strand breakage. Various studies
have examined how ROS form during cryo-
preservation and thawing. Mazzilli et al. (1995)
studied 45 subjects for the presence of ROS in
sperm selected by swim-up before and after cryo-
preservation in liquid nitrogen. After cryopreser-
vation, 42.2% of samples showed an increase in
ROS and 20% an increase in free radicals, which
were absent prior to freezing. The study sug-
gested that cryopreservation procedures can
induce or increase ROS production in some
semen samples. After thawing, samples with
ROS showed reduced motility and viability in
comparison with ROS-free samples. High ROS
concentrations and the loss of antioxidants can
also trigger apoptosis (Wang et al. 2003).

Thawing can also cause sperm DNA damage.
In fact, some studies have shown that DNA frag-
mentation increases during the first 4 hours after
thawing. For this reason, sperm should be used
rapidly after thawing (Gosdlvez et al. 2009).

The various studies of DNA integrity after
cryopreservation and thawing produced conflict-
ing results. Some, but not all, authors found sig-
nificant  sperm  DNA  damage  after
cryopreservation. Spano et al. (1999) evaluated
sperm chromatin damage in 19 normozoosper-
mic subjects using sperm chromatin structure
assay (SCSA). This technique exploits the prop-
erties of the metachromatic fluorescent dye acri-
dine orange to reveal the susceptibility of
double-stranded DNA to denaturation induced by
acid stress. Each sample was divided into three
aliquots: the first aliquot was evaluated without
further processing; the second underwent swim-
up (post-rise spermatozoa); and the third was
stored according to standard cryopreservation
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techniques in liquid nitrogen at —196 °C. In addi-
tion, an aliquot of the cryopreserved sample
underwent a further swim-up procedure after
thawing (post-rise spermatozoa after cryopreser-
vation). The DNA damage observed in fresh sam-
ples increased in sperm thawed after
cryopreservation. This increase may be indicative
of the physical stresses the cryopreserved sam-
ples experienced, leading to chromatin deteriora-
tion in some of the spermatozoa in the native
sample. On the other hand, the migrated sperm
population (post-rise spermatozoa and post-rise
after cryopreservation) exhibited a general
improvement in DNA integrity compared with
the unselected populations. These authors dem-
onstrated that swim-up techniques select a sub-
population of highly motile cells with better
sperm chromatin features, as evaluated by
SCSA. Post-rise spermatozoa (from fresh and
cryopreserved semen) are therefore characterised
by superior and more homogeneous chromatin
structure characteristics than those of unselected
fresh (and, in the vast majority of cases, also
cryopreserved) semen samples. The authors sug-
gested that when performed correctly cryopreser-
vation does not damage spermatozoa per se, but
can enhance any defects already present in the
sperm population.

This result is consistent with the findings of
Ochninger et al. (2000) who reported that the
severity of sperm damage after cryopreservation
was higher in infertile men, and the extent of the
damage was correlated with the degree of oligo-
asthenoteratozoospermia. Poor-quality semen
samples are more susceptible to DNA damage
and cell death after cryopreservation than semen
samples with normal parameters (Borges et al.
2007).

Donnelly et al. (2001a) studied the effects of
cryopreservation on chromatin integrity by
Comet assay in 17 fertile and 40 infertile men.
Each sample was divided into four aliquots: fresh
semen, cryopreserved semen, freshly prepared by
density gradient spermatozoa and cryopreserved
prepared spermatozoa. In fertile controls, there
were no significant differences in DNA damage
between the unprocessed semen sample and
sperm separated by discontinuous Percoll gradi-

ent. The sperm of these subjects was therefore
resistant to damage from freezing. However, for
the infertile subjects, there was a significant
(24%) reduction in chromatin integrity after
freezing/thawing of semen samples, reaching
40% in selected sperm. There is in fact less chro-
matin condensation in poor-quality sperm, mak-
ing their DNA potentially susceptible to nuclease
and polymerase action (Bianchi et al. 1993) or to
fragmentation (Gorczyca et al. 1993). Infertile
men are well known to have a higher percentage
of sperm with fragmented DNA than fertile men
(Sun et al. 1997; Lopes et al. 1998). The authors
also found a significant reduction in normal
forms after cryopreservation in both semen sam-
ples and selected sperm from both fertile and
infertile subjects, but did not find any correlation
between morphology and chromatin integrity. As
in previous studies (Hammadeh et al. 1999), this
study found that the cryopreservation of sperm
from fertile and infertile subjects affected sperm
morphology, while sperm DNA from semen sam-
ples from fertile men was more resistant to dam-
age. In other words, the genotype and phenotype
of human sperm were not equally affected by
cryopreservation. In contrast, subsequent studies
(Kalthur et al. 2008) showed that morphologi-
cally abnormal sperm were more sensitive to
DNA damage induced by cryopreservation in lig-
uid nitrogen. These authors evaluated chromatin
integrity pre- and post-cryopreservation in 20
normozoospermic and 24 teratozoospermic
semen samples using the Comet assay and acri-
dine orange test. Prior to freezing, 17.5% of
sperm from normozoospermic and 24.9% from
teratozoospermic samples were denatured; post-
thawing, this percentage was three times higher
in teratozoospermic samples than in normozoo-
spermic samples.

These results can be explained by the fact that
abnormal sperm, as demonstrated by several
studies, are a major source of free radicals. The
cryopreservation-induced ROS level may thus be
higher in abnormal than in morphologically nor-
mal sperm. The importance of oxygen radicals in
the cryopreservation process is confirmed by
various studies which show that sperm in seminal
plasma seem to be more resistant to the shock of
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cryopreservation than gradient-selected sperm.
This could be due to the presence in the seminal
plasma of antioxidant enzymes such as superox-
ide dismutase and catalase and scavengers such
as albumin and taurine, which remove the ROS
(Donnelly et al. 2001a).

Confirmation of this hypothesis comes from
another study by Donnelly et al. (2001b) carried
out on semen samples from 40 infertile patients.
For each sample, an aliquot of fresh semen was
frozen unprepared, while other aliquots were pre-
pared by Percoll density centrifugation or direct
swim-up procedure. The authors compared fresh
and frozen semen and prepared sperm (frozen
with or without the addition of seminal plasma)
from the same ejaculate. Sperm frozen unpre-
pared in seminal fluid appeared more resistant to
freezing damage than frozen prepared sperm.
Moreover, the DNA of sperm prepared either by
Percoll density centrifugation or by swim-up and
frozen with additional seminal plasma appeared
to be more resistant to freezing damage than the
DNA of semen or prepared sperm (without semi-
nal plasma) from the same ejaculate. These data
suggest that the abundant presence of antioxi-
dants in seminal plasma protects DNA integrity
against freezing. Furthermore, De Paula et al.
(2006) demonstrated by TUNEL assay an
increase in post-cryopreservation apoptotic frag-
mentation in both 47 oligozoospermic and 30
normozoospermic subjects. According to these
authors, cryopreservation induces fragmentation
independently of sperm concentration, as the
increase was similar in both groups. Another
study by Ngamwuttiwong and Kunathikom
(2007) found a decrease in sperm chromatin
integrity on acridine orange testing in 20 men
from infertile couples after 6 months of sperm
cryopreservation.

Opverall, various studies in the literature have
evaluated the impact of cryopreservation on
chromatin structure, albeit with contradictory
results; this may be due to small caseloads, dif-
ferent freezing procedures, different methods for
assessment of DNA integrity and different semen
preparation techniques (Di Santo et al. 2012).

However, studies attempting to explain the
mechanisms involved in the aetiology of

cryopreservation-induced DNA damage are still
limited. Some reported an increase in sperm with
activated caspases after cryopreservation, while
others found an increase in the percentage of oxi-
dative DNA damage. Studies in animal models
showed that cryopreservation induces an increase
in apoptotic events, such as modification of mito-
chondrial membrane potential, activation of cas-
pases and externalisation of phosphatidylserine.
Duru et al. (2001) reported an increase in the per-
centage of sperm with membrane translocation of
phosphatidylserine after cryopreservation in both
fertile and infertile patients, but this was not asso-
ciated with impaired sperm integrity. Paasch
et al. (2004) achieved the same results, demon-
strating in 11 pools of cryopreserved semen sam-
ples and 9 pools of fresh semen samples that
cryopreservation was significantly associated
with the activation of caspases 3, 8§ and 9 and
impaired mitochondrial membrane potential, but
not with any impairment of DNA integrity evalu-
ated by TUNEL. Although caspase activation fol-
lowing cryopreservation and thawing is observed
in mature and immature sperm exhibiting cyto-
plasmic droplets, this mechanism differs in
annexin V-positive and annexin V-negative
sperm. The authors concluded that ‘cryopreser-
vation and thawing triggers activated caspase
activity in spermatozoa by a mechanism that may
be linked to the translocation of phosphatidylser-
ine to the surface of the cell’. Unfortunately, the
paper does not clearly explain if the cryopreserved
and fresh samples derived from the same pools.
These interactions suggest that cryopreser-
vation and thawing trigger the caspase activa-
tion through mechanisms possibly linked to
membrane translocation of phosphatidylserine.
However, more recent studies suggest that DNA
fragmentation may be associated with increased
cryopreservation-induced oxidative stress rather
than caspase activation and apoptosis (Thomson
et al. 2009). These authors compared the percent-
age of sperm with fragmented DNA, the per-
centage of 8-oxo-7,8-dihydro-2’deoxyguanosine
(80HAG) and the percentage of positive caspases
in semen samples from infertile patients before
and after cryopreservation. There was an increase
in the percentage of DNA fragmentation, oxi-
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dative damage and caspase activation after
cryopreservation. In fresh semen, there was a cor-
relation between caspase-positive cells and DNA
fragmentation and between 8OHdG and DNA
fragmentation, due to the simultaneous nature of
the two pathways unified by ROS production by
abnormal sperm (Thomson et al. 2009). In con-
trast, there was a negative correlation between
caspase-positive cells and DNA fragmentation
after thawing, suggesting that cryopreservation
could induce DNA fragmentation independently
of caspase activation and that this process prob-
ably takes place in non-apoptotic cells.

Here too, ROS seem to play an important
role in the pathophysiology of DNA damage in
human sperm. Zribi et al. (2010) evaluated sperm
DNA fragmentation by TUNEL and oxidative
damage by flow cytometric analysis of SOHdG
in 15 semen samples pre- and post-cryopreser-
vation. The increased fragmentation induced by
cryopreservation was associated with a small
increase in the percentage of sperm with oxida-
tive damage.

More recently, Amor et al. (2018) reported
that the cryopreservation process not only affects
semen parameters but also induces DNA frag-
mentation and mitochondrial DNA damage in
spermatozoa from both fertile and subfertile men.
Freeze-thawing reduced sperm viability, total
motility and membrane integrity in fertile men,
with a significant mean increase in DNA frag-
mentation (from 14.8% to 27.5% with TUNEL)
and in caspase-3 staining (from 5.8% to 7.3%).
Similar results were seen in the subfertile group,
with a significant increase in both DNA fragmen-
tation (from 19.8% to 29.5%) and caspase-3
staining (from 7.5% to 10.2%). Finally, Lusignan
et al. (2018) evaluated the impact of different
freezing methods on sperm DNA and chromatin
structure assessed by two assays, SCSA and
TUNEL, in semen samples from normozoosper-
mic, oligoasthenoteratozoospermic and terato-
zoospermic men. There was a significant increase
in post-thaw TUNEL scores in all three catego-
ries for all the freezing methods, while there was
no significant change in the DNA fragmentation
index (DFI) on SCSA. The authors thus sug-
gested that freeze-thawing had a negative impact

on DNA quality regardless of the freezing method
and that TUNEL was sensitive enough to detect
such damage.

In conclusion, the effect of cryopreservation
and thawing follows different pathways, such as
amplification of defects already present in the
sperm cell, which could activate apoptotic mech-
anisms, or DNA repair enzyme defects, as well as
oxidative stress (Zribi et al. 2010).

Various studies have focused on the effects of
cryopreservation on sperm DNA damage; how-
ever, there is still no consensus. Some studies
found sperm DNA damage after cryopreservation
(Thomson et al. 2009; Zribi et al. 2010; Amor
et al. 2018), while others did not (Duru et al.
2001; Paasch et al. 2004) (Table 9.1).

Poor-quality semen samples seem to be more
susceptible to DNA damage (Spano et al. 1999;
Oehninger et al. 2000; Kalthur et al. 2008)
although De Paula et al. (2006) and Amor et al.
(2018) reported that cryopreservation induces
DNA fragmentation independently of semen
quality. However, the use of different cryopreser-
vation methods and of different techniques to
assess sperm DNA damage (TUNEL, SCSA or
Comet assay) confounds the issue. For this rea-
son, more studies are needed to establish the true
importance of such damage, especially in order
to improve the results of ART.

Strategies to Prevent
Cryopreservation Injuries

Although the cryopreservation of human semen
is an important technique routinely employed in
the clinical management of male infertility, it can
induce changes in sperm function, and the risk of
cryodamage is still a major issue. A number of
defensive strategies against cryoinjuries have
been proposed in the last decade, such as anti-
freeze proteins (AFPs) (Hezavehei et al. 2018),
seminal plasma protein (Pini et al. 2018) and
gangliosides (Gavella and Lipovac 2013),
although most literature reports have focused on
the role of antioxidants.

The cryopreservation process may result in
adverse changes in membrane lipid composition,
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Table 9.1 Literature data: effects of cryopreservation on DNA integrity

Year Reference Method Results

1999 | Spano et al. SCSA, AO

Human spermatozoa from normozoospermic semen samples, both before
and after swim-up and after cryopreservation, exhibited a general
improvement in all SCSA-related parameters when compared with
unselected populations. Cryopreservation can enhance defects already
present in a sperm population

2001a | Donnelly et al. Comet

DNA from fresh semen samples and prepared spermatozoa separated
from fertile men was unaffected by cryopreservation; in contrast, there
was a significant reduction in chromatin integrity after freeze-thawing of
semen samples and selected sperm from infertile subjects

2001b | Donnelly et al. Comet

Unprepared sperm in seminal fluid from infertile men seemed more
resistant to freezing damage than prepared sperm. The DNA of
spermatozoa prepared by Percoll density centrifugation or swim-up and
frozen in seminal plasma from the same ejaculate also seemed more
resistant to freezing

2001 Duru et al. TUNEL

No significant effect on DNA fragmentation in fertile and infertile
samples after freeze-thawing

2004 Paasch et al. TUNEL

No difference in DNA fragmentation between pools of cryopreserved
and fresh semen samples

2006 De Paula et al. TUNEL

Sperm from normozoospermic and oligozoospermic patients presented a
similar increase in double-stranded DNA fragmentation following
cryopreservation

2007 | Ngamwuttiwong | SCSA

and Kunathikom

Cryopreservation of sperm from infertile patients reduced sperm
chromatin integrity after 6 months

2008 Kalthur et al. Comet, AO

DNA damage was higher in teratozoospermic than normozoospermic
samples; morphologically abnormal sperm were more sensitive to
cryopreservation-induced DNA damage

2009 Thomson et al. TUNEL

Cryopreservation induced an increase in DNA fragmentation and
oxidative damage in sperm from infertile patients

2010 | Zribi et al. TUNEL

DNA fragmentation was significantly higher in subjects with abnormal
semen than in those with normal semen before cryopreservation

2018 Amor et al. TUNEL

Cryopreservation not only affected semen parameters but also induced
DNA fragmentation and mitochondrial DNA damage in spermatozoa
from both fertile and subfertile men

2018 TUNEL,

SCSA

Lusignan et al.

Freeze-thawing had a negative impact on sperm DNA quality,
independently of the freezing method tested. TUNEL assay was sensitive
enough to detect DNA damage, while SCSA did not detect any
significant change in the DNA fragmentation index

acrosome status, sperm motility and viability, as
well as an increase in sperm DNA damage
(Donnelly et al. 2001b; Medeiros et al. 2002;
O’Connell et al. 2002; Hezavehei et al. 2018).
Most of these deleterious effects are due to the
reactive oxygen species (ROS) generated during
cryopreservation (Agarwal and Majzoub 2017,
Bui et al. 2018). Under normal conditions, sper-
matozoa and seminal plasma possess a number of
antioxidant systems that scavenge ROS and pre-
vent internal cellular damage, thus neutralising
the detrimental effects of ROS. The imbalance

between the presence of ROS and sperm antioxi-
dant activity is considered an important cause of
sperm cryodamage (Amidi et al. 2016).
Components of the human reproductive sys-
tem contain antioxidants that are either endoge-
nously formed or acquired from dietary sources.
In males, antioxidants are found in the testis, epi-
didymis, secretions of the male accessory organs
and seminal plasma (Agarwal et al. 2014a).
Based on their chemical structure, antioxidants
may be enzymatic and non-enzymatic. Enzymatic
(natural) antioxidants include catalase, superox-
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ide dismutase (SOD) and glutathione reductase
(GSH), while non-enzymatic antioxidants consist
of radical scavengers such as vitamin E
(o-tocopherol), vitamin C (ascorbic acid), cyste-
ine, carnitine, melatonin, polyphenols and natu-
ral extracts (Tan et al. 2000; Stojanovi¢ et al.
2001; Meamar et al. 2012; Agarwal et al. 2014b).

Extensive research has been conducted to
study the effect of antioxidant therapy in improv-
ing male fertility and pregnancy rates (Agarwal
et al. 2004; Ahmadi et al. 2016; Majzoub and
Agarwal 2018). Different types of cryoprotective
media, mostly supplemented with antioxidants,
have been designed in recent years to attempt to
overcome the cell damage caused by cryopreser-
vation. Antioxidants have generally proved ben-
eficial in reversing the sperm dysfunction caused
by oxidative stress, suggesting that antioxidant
supplementation has a protective effect on ROS-
induced sperm cryoinjury (Agarwal et al. 2014a;
Amidi et al. 2016; Hezavehei et al. 2018).

Enzymatic Antioxidants

Catalase

Catalase is a ubiquitous antioxidant enzyme
mostly found in cellular peroxisomes and
involved in the detoxification of hydrogen per-
oxide (H,0,), by decomposing it to oxygen and
water. Catalase originating mainly from the
prostate gland is found in seminal fluid and
motile spermatozoa (Jeulin et al. 1989). In 2008,
Chi et al. investigated how the addition of cata-
lase to a sperm preparation medium affected the
functional parameters of the spermatozoa, find-
ing reduced ROS and DNA fragmentation levels
and an increased acrosome reaction rate in sper-
matozoa from normozoospermic men. Other
studies have also found that catalase supplemen-
tation of cryomedia improves freeze-thaw out-
comes. Li et al. (2010) found that both catalase
(200 and 400 IU/mL) and ascorbate (300 mM)
supplementation in cryomedia reduced ROS lev-
els, thereby protecting against cryodamage.
More recently, Moubasher et al. (2013) also
demonstrated that catalase supplementation was
associated with a higher percentage of progres-

sive motility and improved sperm viability and
DNA integrity.

Superoxide Dismutase

Superoxide dismutases (SODs) are metalloen-
zymes that convert superoxide to hydrogen per-
oxide. Murawski et al. (2007) found a significantly
lower semen SOD activity in
oligoasthenozoospermic cases when compared to
normozoospermic men. SOD activity in seminal
plasma is also positively associated with sperm
concentration and overall motility (Yan et al.
2014). Co-supplementation of cryopreserved
spermatozoa with catalase and SOD results in
higher post-thaw motility and viability. It may
also help prevent sperm membrane lipid peroxi-
dation by ROS, thus allowing good sperm param-
eter recovery after freeze-thaw procedures (Rossi
et al. 2001). Recent research has suggested that
cell-permeable enzyme-mimetic agents may help
reduce intracellular ROS levels. For example,
manganese (III) meso-tetrakis (MnTE) is a
mimetic agent which can convert superoxide to
H,0,. Shafiei et al. (2015) suggested that the
addition of MnTE or catalase to commercial opti-
mised media improves post-thaw goat semen
function.

Glutathione

The glutathione enzymatic family comprises
reduced glutathione (GSH), glutathione peroxi-
dase (GPx, isoforms Gpx 1 to GPx 6), glutathi-
one S-transferase (GST) and glutathione
reductase (GR). Glutathione is a sulphur-
containing tripeptide present in both a reduced
(GSH) and an oxidative (GSSG) form. The sulf-
hydryl groups of GSH protect cells against oxi-
dants, electrophiles and free radicals (Agarwal
et al. 2006). The addition of GSH to both freezing
and thawing extenders improved post-thaw boar
sperm quality, stabilised the nucleoprotein struc-
ture and improved both in vivo and in vitro fertil-
ising ability (Estrada et al. 2014). The greatest
improvement was seen when freezing and thaw-
ing media were supplemented with both GSH
and L-ascorbic acid (Giaretta et al. 2015). The
addition of GSH also improved the post-thaw
quality of ram semen. Zeitoun and Al-Damegh
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(2014) found that adding 1-2 mM glutathione to
ram semen extender increased GPX and SOD
activity, reduced free radicals and improved the
post-thaw sperm survival rate.

Gadea et al. (2011) reported a reduction of up
to 64% in GSH content after freeze-thawing,
indicating that the antioxidant defence system is
challenged by sperm cryopreservation. These
authors also showed that the addition of GSH to
freezing and thawing media reduced ROS levels
and improved the motility of human spermato-
zoa. More recently, Ghorbani et al. (2016) also
investigated GSH supplementation in human
sperm cryopreservation, demonstrating that after
thawing, cryovials supplemented with 5 mM of
GSH showed greater sperm viability than the
control samples. These cryovials also showed
reduced sperm lipid peroxidation and DNA frag-
mentation and a lower H,O, and O,™ content than
the controls.

Non-enzymatic Antioxidants

Vitamin E (a-Tocopherol/Trolox)

Vitamin E is a potent chain-breaking lipophilic
antioxidant, residing on the cell membrane,
which can break the covalent links formed by
ROS between fatty acid side chains in membrane
lipids. It quenches free hydroxyl radicals and
superoxide anions, thereby reducing ROS-
induced lipid peroxidation in the plasma mem-
brane. The most active form, alpha-tocopherol,
quenches hydrogen peroxide, superoxide anions
and hydroxyl anions and breaks peroxidation
chain reactions (Agarwal et al. 2004; Majzoub
and Agarwal 2018).

Geva et al. (1996) were the first to demon-
strate an improved fertilisation rate after 1 month
of treatment with vitamin E (200 mg/day) for fer-
tile normozoospermic men who had low fertilisa-
tion rates in previous IVF cycles. Greco et al.
(2005a) showed that daily treatment with 1 g of
vitamin C and 1 g of vitamin E improved the suc-
cess rate of intracytoplasmic sperm injection
(ICSI) and reduced sperm DNA fragmentation.

Taylor et al. (2009) found that supplementa-
tion of semen cryopreservation medium with

200 pmol of vitamin E significantly improved
post-thaw motility but not viability or the degree
of DNA fragmentation. The authors associated
the positive effect of vitamin E supplementation
with age: the effects were better in men over
40 years of age. Finally, Kalthur et al. (2011)
demonstrated that supplementation of cryopro-
tective medium with vitamin E (5 mM) not only
improved post-thaw sperm motility but also
helped maintain sperm DNA integrity in normo-
zoospermic and asthenozoospermic samples.

Trolox is a water-soluble vitamin E analogue
with powerful antioxidant properties. Trolox sup-
plementation (40 pM) significantly improved
post-thaw human semen quality, especially pro-
gressive motility (Minaei et al. 2012). Nekoonam
et al. (2016) supported the use of Trolox as a
freezing extender supplement to improve the
quality of cryopreserved human sperm. The
authors investigated DNA integrity, mitochon-
drial function as expressed by its membrane
potential (MMP) and phosphatidylserine exter-
nalisation, an early marker of apoptosis, in sperm
cells following freeze-thawing in normozoosper-
mic men and oligozoospermic patients. Sperm
frozen in extender with Trolox had a higher MMP
and lower DNA fragmentation and phosphatidyl-
serine externalisation in both groups, though the
most effective dose differed between normozoo-
spermic and oligozoospermic semen samples (80
and 20 pM, respectively).

Vitamin C

Vitamin C (ascorbic acid) is a water-soluble vita-
min freely available in fruits and vegetables,
whose antioxidant properties offer many benefi-
cial effects (Alahmar 2018). Ascorbate reduces
H,0,-induced DNA damage, recycles inactive
vitamin E and reduces lipid peroxidation
(Donnelly et al. 1999; Sierens et al. 2002).
Vitamin C is the principal antioxidant in the sem-
inal plasma of fertile men, contributing up to
65% of its total chain-breaking antioxidant
capacity. The concentration of ascorbate in semi-
nal plasma is 10 times greater than in blood
plasma (Agarwal et al. 2004). Several studies
have reported a significant improvement in sperm
quality after vitamin C supplementation (Akmal
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et al. 2006; Kobori et al. 2014; Cyrus et al. 2015;
Eslamian et al. 2017). As reported above, Greco
et al. (2005b) demonstrated in ejaculated sperma-
tozoa from 64 infertile men that DNA fragmenta-
tion was reduced by oral treatment with 1 g
vitamin C and 1 g vitamin E daily for 2 months.
Song et al. (2006) found that ascorbic acid levels
in semen were directly correlated with the per-
centage of morphologically normal spermatozoa
and negatively correlated with the DNA fragmen-
tation index. Similarly, Fanaei et al. (2014)
reported that vitamin C supplementation of cul-
ture media reduced lipid peroxidation and DNA
damage while improving sperm motility and
viability. Branco et al. (2010) demonstrated that
10 mM ascorbic acid added to semen samples
from infertile men prior to adding cryomedia pre-
vents DNA damage. Finally, Jenkins et al. (2011)
found that supplementation of cryomedium with
ascorbic acid-2-glucoside (AA2G), a stabilised
form of ascorbate, protected the post-thaw motil-
ity of human sperm.

L-Carnitine
L-carnitine is a highly polar water-soluble qua-
ternary amine. It is biologically important for the
mitochondrial f-oxidation of long-chain fatty
acids and the generation of ATP. In eukaryotic
metabolism, its main function is to promote the
translocation of fatty acids across the mitochon-
drial inner membrane as f-hydroxyl O-acyl esters
of L-carnitine. Its concentration in epididymal
plasma and spermatozoa is 2000-fold higher than
in circulating blood. In the epididymal lumen, the
initiation of sperm motility occurs in parallel to
increasing L-carnitine levels (Enomoto et al.
2002). Carnitines also have antioxidant proper-
ties, thus protecting against ROS (Giilgin 2006).
In seminal plasma, L-carnitine plays an essen-
tial role in maintaining male fertility, and its ben-
eficial effects on sperm parameters are well
known (Agarwal and Said 2004; Ahmed et al.
2011). Combination therapy with L-carnitine and
acetyl-L-carnitine improves sperm quality in
men with asthenozoospermia, as demonstrated
by Lenzi et al. (2004) in a double-blind placebo-
controlled trial investigating the effects of
L-carnitine supplements in 56 men with idio-

pathic oligoasthenoteratozoospermia, in which
the intervention group received 2 g/day of
L-carnitine and 1 g/day of L-acetyl carnitine for
6 months. Similarly, in a randomised double-
blind trial of 59 men with idiopathic oligoasthe-
noteratozoospermia, Balercia et al. (2005)
demonstrated that the administration of
L-carnitine and acetyl-L-carnitine improved the
sperm kinetic features and the total oxyradical
scavenging capacity of the seminal fluid in
patients with idiopathic asthenozoospermia.

Banihani et al. (2014) recently found that the
use of cryopreservation medium supplemented
with L-carnitine for cryopreservation of semen
samples from infertile patients improved post-
thaw sperm motility and viability but had no pro-
tective effect on sperm DNA oxidative damage in
comparison with semen samples frozen and
thawed without L-carnitine.

L-Cysteine

L-cysteine is a low molecular weight non-
essential amino acid containing thiol. It pene-
trates the cell membrane to participate in
intracellular GSH biosynthesis (Amidi et al.
2016). Uysal and Bucak (2007) reported that
L-cysteine enhanced intracellular GSH biosyn-
thesis and protected proteins, DNA and mem-
brane lipids through the direct radical scavenging
ability of GSH. L-cysteine protects the spermato-
zoa of various mammalian species against cryo-
damage, including boars (Chanapiwat et al.
2009), bulls (Sariozkan et al. 2009), buffalos
(Topraggaleh et al. 2014), goats (Memon et al.
2012) and rams (Coyan et al. 2011). Zhu et al.
(2017) recently found that the addition of
L-cysteine to freezing extender for the cryo-
preservation of rabbit semen enhanced antioxi-
dant GSH content and glutathione peroxidase
activity, lowering ROS levels and lipid
peroxidation.

Melatonin

Melatonin, a derivative of tryptophan, is mainly
secreted by the pineal gland and contributes to
the regulation of different physiological events,
such as the seasonal and circadian rhythms of
mammals (Reiter et al. 2009). It is a potent
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endogenous free radical scavenger, indepen-
dently of its many receptor-mediated effects (Tan
et al. 2000). Human seminal fluid contains mela-
tonin, and spermatozoa reportedly possess a mel-
atonin receptor (Ortiz et al. 2011). Several studies
have reported the beneficial effects of melatonin
on spermatozoa. In adult rats with experimentally
induced unilateral varicocele, it prevented testic-
ular damage by stimulating antioxidant enzyme
activity and reducing NO levels (Semercioz et al.
2003), while Sonmez et al. (2007) observed that
it protected rat spermatozoa from the adverse
effects of the pro-oxidative agent homocysteine.

Gavella and Lipovac (2000) investigated the
ability of melatonin to suppress experimentally
induced lipid peroxidation in semen samples
from 41 infertile men. They found that it relieved
the sperm mitochondrial oxidative stress caused
by ROS, although it was 40-fold less efficient
than Trolox. Melatonin has also been shown to
protect spermatozoa from oxidative stress-
induced apoptosis. Espino et al. (2010) evaluated
its effect on H,O,-treated (10 pM) ejaculated
human spermatozoa from 20 healthy donors,
concluding that its free radical scavenging action
subverted the pro-apoptotic action induced by
H,0,. Several studies report that melatonin pro-
tects animal spermatozoa from the adverse effects
of ROS during cryopreservation (Succu et al.
2011; Ashrafi et al. 2013). In humans, Karimfar
et al. (2015) demonstrated that semen extender
supplemented with melatonin (0.01 mM) signifi-
cantly increased post-thaw motility and viability
and reduced intracellular ROS and malondialde-
hyde levels in cryopreserved sperm.

Quercetin and Resveratrol
Resveratrol is a non-flavonoid and quercetin a
flavonoid polyphenol. They are described as
powerful antioxidants with a similar effect,
resulting from their ability to inhibit ROS forma-
tion by enzymatic and non-enzymatic systems,
especially NADPH-oxidase and NADH-
dependent oxidoreductase (Stojanovi¢ et al.
2001).

Resveratrol is a natural phytoalexin with anti-
oxidant properties which has different biological
activities, including anti-inflammatory, antiviral

and antitumorigenic activities. It is found in many
plant species, especially grapes, and in red wine.
Garcez et al. (2010) studied the effects of resve-
ratrol supplementation in cryopreservation
medium for human semen, demonstrating that it
inhibited post-thaw oxidative damage, although
it did not prevent post-thaw loss of motility
(Garcez et al. 2010). Shabani Nashtaei et al.
(2018) recently demonstrated in 22 normozoo-
spermic semen samples that the addition of res-
veratrol before cryopreservation led to a
significant reduction in the incidence of post-
thaw sperm DNA fragmentation. The authors
suggested that its protective effects against
cryopreservation-induced oxidative stress may
be mediated through activation of AMP-activated
protein kinase (AMPK), an evolutionary con-
served serine/threonine kinase that controls cell
metabolism and acts as a key sensor of cell energy
status through the stimulation of catabolic pro-
cesses and inhibition of anabolic processes
(Hardie et al. 2006).

Quercetin is a dietary flavonoid found in vari-
ous vegetables, fruits, seeds and nuts, as well as
in tea and red wine. It scavenges reactive species
and hydroxyl radicals, thereby providing benefi-
cial anticarcinogenic, anti-inflammatory and
antimicrobial properties (Boots et al. 2008).

Quercetin helps protect against H,O,-mediated
sperm damage in rats by reducing lipid peroxida-
tion and increasing the sperm’s antioxidant
defences (Ben Abdallah et al. 2011).
Supplementation of semen extender with querce-
tin also had beneficial antioxidant properties on
the post-thaw characteristics of semen from bulls
(Avdatek et al. 2018), horses (Seifi-Jamadi et al.
2016), boars (Kim et al. 2014) and rams (Silva
etal. 2012). In humans, Zribi et al. (2012) showed
that the addition of quercetin (50 pM) to the cryo-
protective medium enhanced sperm motility and
viability and reduced post-thaw DNA damage.

Although flavonoid compounds exhibit strong
antioxidant properties in vitro, their effects are
minimised in vivo due to their low water solubil-
ity, weak absorption and lower bioavailability.
Moretti et al. (2016) tested the ability of quercetin-
loaded liposomes compared to quercetin alone in
preventing oxidative stress induced in vitro in
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swim-up-selected human spermatozoa. Quercetin-
loaded liposomes did not affect sperm viability
and motility even at high concentrations, but were
less efficient than quercetin alone at protecting
spermatozoa from lipid peroxidation. Although
quercetin alone appeared more effective at reduc-
ing oxidative stress, the authors suggested further
investigations were needed on the use of lipo-
somes to carry compounds into spermatozoa.

Natural Extracts (Opuntia ficus-indica

and Genistein)

Opuntia ficus-indica (OF]) is a pear cactus whose
extract contains a cocktail of antioxidants includ-
ing ascorbic acid, polyphenols, carotenoids, tau-
rine and several types of flavonoids, in particular
quercetin. Meamar et al. (2012) evaluated
whether the addition of OFI extract to cryopreser-
vation medium would protect sperm from the
deleterious effects of cryopreservation in com-
parison with the antioxidant resveratrol. They
found that both substances had a slight but statis-
tically significant protective effect against sperm
DNA fragmentation.

Genistein is an isoflavone found in soya and
other legumes. The structure of isoflavones, a class
of phytoestrogens, resembles the steroid hormone
17p-oestradiol, and isoflavones can bind to the
oestrogen receptor. However, their physiological
effects are not confined to oestrogen modulation,
and isoflavones have been reported to inhibit
angiogenesis and cell proliferation and induce
cancer cell differentiation. In addition, they may
function as antioxidant species (Zielonka et al.
2003). Sierens et al. (2002) demonstrated that pre-
treatment with genistein at doses of 0.01—
100 pmol/l significantly protected sperm DNA
against oxidative damage. The addition of 50 pM
or 100 pM of genistein to the cryoprotectant also
had a significant protective effect on cryopreserva-
tion-induced DNA fragmentation in post-thaw
human spermatozoa (Thomson et al. 2009).
Martinez-Soto et al. (2010) confirmed that genis-
tein has antioxidant properties in post-thaw sper-
matozoa, finding reduced cryopreservation-induced
ROS production and DNA damage and improved
sperm motility with a concentration of 1-10 pM.

In summary, cryopreservation may lead to
changes in sperm structure and function second-
ary to the state of oxidative stress induced by the
freeze-thaw process. Several studies focused on
supplementing cryoprotectant medium with var-
ious antioxidant molecules, all aimed at mini-
mising oxidative damage and thus improving
sperm recovery. Despite the promising results,
identification of the ideal antioxidant treatment
method is still hampered by the heterogeneity of
the studies, which describe the use of different
antioxidant regimens at different concentrations
or in different combinations. For this reason,
additional studies are needed to further investi-
gate the use of antioxidants, individually and in
combination, in the cryopreservation of human
sperm, to determine the most beneficial condi-
tions for optimal sperm recovery and preserva-
tion of fertility.
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