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Assisted reproductive technologies (ARTs) are widely used as a tool to improve reproductive per-
formance in both humans and animals. In particular, in the veterinary field, ARTs are used to
improve animal genetics, recover endangered animals, and produce offspring in the event of sub-
fertility or infertility in males or females. However, the use of ARTs did not improve the fertilization
rate in some animals due to various factors such as the difficulty in reproducing an anatomical
and humoral substrate typical of the natural condition or due to the increase in catabolites and
their difficult elimination. The in vitro environment allows the production and increase in the
concentration of substances, including reactive oxygen species (ROS), which could be harmful
to gametes. If produced in high concentration, the ROS becomes deleterious, both in vitro and
in vivo systems. It has been seen that the use of antioxidants can help neutralize or counteract
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the production of ROS. The present study aims to report the latest findings regarding the use of
antioxidants in ARTs of some domestic species, such as dogs, cats, and horses, compared to other
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animal species, such as cattle, in which ARTs have instead developed more widely.

Introduction

The development of assisted reproductive technologies
(ARTSs) is crucial to improving domestic and wild animal
reproduction. In domestic animals, ARTs are used for many
reasons depending on the animal’s value, age, logistic, and
practical health and economic reasons. ARTs are used in
wild animals to protect and ensure the conservation of
endangered animal species. Therefore, ARTs provide a new
approach as the safeguard of biodiversity [1]. Nowadays,
ARTs mainly include artificial insemination (Al), in vitro
embryo production (IVEP), embryo transfer (ET), intra-
cytoplasmic sperm injection (ICSI), gamete/embryo sex-
ing, gamete/embryo cryopreservation, gamete/embryo
micromanipulation, somatic cell nuclear transfer (SCNT),
and genome resource banking (GRB) [2,3]. IVEP included
oocyte in vitro maturation (IVM), in vitro fertilization
(IVF), and in vitro culture (IVC) of embryos IVC. Most ARTs
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need to recreate an environment similar as much as possi-
ble to the natural one. However, objective impediments to
this analogous reconstruction are the lack of an anatomi-
cal and humoral substrate typical of the natural condition.
Moreover, there is the progressive increase of catabolites,
which inevitably form the activation of metabolic func-
tions, and the concomitant impossibility of their elimina-
tion. Therefore, in vitro environment allows the production
and increase of the concentration of substances that could
be detrimental to gametic cells or their products. If pro-
duced in high concentration, the reactive oxygen species
(ROS) become deleterious both in in vitro and in vivo sys-
tems. Antioxidants could help in the neutralization of ROS
or make them harmless, or counteract ROS production.
Therefore, to counteract its harmful effects, many strat-
egies have been tested in vivo, through food supplemen-
tation, and in vitro, by adding various antioxidants to the
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media (Fig. 1) [4-8]. The present study has highlighted the
antioxidants used in ARTSs, how they are used, and their
effects on dogs, horses, and cats’ reproductive activities.
These species require the implementation of ARTs much
more than others, as for functional, health, and economic
reasons, their rate of production and reproductive efficacy
are still low.

Assisted reproductive technologies (ARTs)
Artificial insemination (Al)

In 1784, Spallanzani was the first to perform an Al success-
fully in a dog. In 1922, Ivanoff examined Al in dogs, foxes,
rabbits, domestic farm animals and poultry. Polge et al. [9]
were the first to revolutionize the Al program through the
worldwide transport of frozen semen. Today, Al is regu-
larly being practiced in cattle, goats, sheep, pigs, turkeys,
chickens, and rabbits [10]. Over 100 million cattle, 40 mil-
lion pigs, 3.3 million sheep, and 0.5 million goats are sub-
jected to Al annually worldwide [11].

In vitro embryo production

The IVF became an entirely in vitro method until the sec-
ond half of the 1980s, called IVEP, including three proce-
dures, namely oocyte IVM, IVF, and embryo IVC [12]. IVEP
systems perform very well in bovine, but there is always
space for improvement. Approximately 90% of the aspi-
rated oocytes reach the metaphase Il (MII) stage, and about
80% of these become fertilized in vitro. After oocyte IVC
about 50% of the fertilized oocytes develop to blastocyst.

In Vitro Technologies

without antioxidants B with antioxidants

ROS| |ROS

Figure 1. Effects of the antioxidants on in vitro technologies. The
addition of specific antioxidants to culture media containing cells
for ARTs neutralizes and/or counteracts ROS’s harmful effects.
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Embryos are well-developed in sheep IVEP, but success
rates are lower than bovines. Until now, the IVF technique
has not been well established in the horse. The IVF’s failure
in the horse is believed to be due to the inability of stal-
lion sperm capacitation [13]. In pigs, [VM, IVE and IVEP
procedures often lead to low rates of embryonic develop-
ment. During in vitro fertilization, polyspermia represents
the major obstacle, in vitro, in the fertilization of porcine
embryos [14]. In dogs, in vitro fertilization failure is due to
anestrus, which is the most extended phase in this species,
and their oocytes are ovulated in the metaphase I stage. It
takes 2-3 days for those oocytes to mature in the oviduct
to the MII stage. On the other hand, in cats, the oocytes are
ovulated in MII, thus making in vitro fertilization, in this
species, much more effective than in dogs [15].

Embryo transfer (ET)

The first successful generation of live young ET was
achieved in rabbits in 1890 [10]. The first successful ET
of sheep, pigs, and cattle was reported in the early 1950s.
In 1972, researchers declared the birth of live mouse off-
spring produced from embryos that had been frozen,
thawed, and then transferred. In the female, the efficacy
of the association of multiple ovulation and embryo trans-
fer (MOET) is similar to Al in the male. MOET allows the
production of numerous progenies from genetically supe-
rior females [16]. Using ET or MOET techniques, faster
livestock enhancement could be done more rapidly, elite
animal extension, genetic gain, accelerated herd develop-
ment, and conservation of rare genetic stocks could be
achieved [17].

Intra-cytoplasmic sperm injection

The first successful ICSI was reported in hamsters [18].
This technique was applied to other species, including
humans, cow, rabbit, mouse, sheep, horse, the domes-
tic cat, and wild felids, pig, and goat. ICSI is a technique
of micromanipulation. It includes the injection of a single
spermatozoon into the cytoplasm of a mature oocyte. The
success of this technique has been limited in farm animals
[19].

Gamete and embryo cryopreservation

There are two methods for effective cryopreservation
of mammalian gametes and embryos. Those are gradual
freezing (programmed) and vitrification. Vitrification is
an ultra-rapid cooling technique. In vitrification, cells and
tissues are put directly into cryoprotective agents and then
immersed into liquid nitrogen [20,21].

Gamete/embryo sexing

Molecular biology tools have gained significant impor-
tance in the early 1990s, but have lost significance in the
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past few years. Today, polymerase chain reaction tech-
nology is used for small-scale sexing of embryos [2]. This
technology is likely being replaced by semen sexing [16].
In the past, various methods have been used to distin-
guish the X and Y sperm, which were based on the concept
of difference in mass, size, swimming pattern, immuno-
logical structure, and surface charges. Flow cytometric
sorting of sperm is the only verified commercial process
with 90% accuracy based on the difference in deoxyribo-
nucleic acid (DNA) content of X and Y. Still, it has certain
limitations such as damage of sperm, straw costs, sorting
rates, and so on [22].

Somatic cell nuclear transfer (SCNT)

Somatic cell cloning (cloning or nuclear transfer) is a
technique characterized by the transfer of a somatic cell’s
nucleus inside an enucleated MII oocyte to generate a new
individual genetically identical to the somatic cell donor
[23]. Fibroblasts used for SCNT come from an extensive
range of donor cells from various sources and different tis-
sues. These include fibroblasts from skin ovarian cumulus
cells, granulosa cells, oviduct epithelial cells, uterine epi-
thelial cells, mammary epithelial cells, cells from internal
organs, Sertoli cells, macrophages, muscle cells, neural
stem cells, blood leukocytes, lymphocytes, natural killer
T cells, mature B and T cells, neural and embryonic stem
cells, and olfactory cells [24].

Genome resource banking (GRB)

The GRB is the storage of frozen biological material, includ-
ing embryos and semen; cryopreservation is the storage at
ultra-low temperatures of viable cells, tissues, organs, and
organisms, typically in liquid nitrogen at the temperature
of -196°C [25]. Cryo-banking is often used with modern
reproductive techniques, such as rederivation, oocyte IVC,
and ET [26].

Oxidative stress (0S)

0S is determined by an imbalance between pro-and anti-
oxidants, which may be due to high levels of ROS and/or
reactive nitrogen species, or a reduction in antioxidant
defenses [27]. Typically the ROS are produced physiolog-
ically, but their excessive production can be detrimental.
For example, ROS physiological levels in reproduction
have an essential role in capacitation, hyperactivation,
acrosome reaction, and sperm-oocyte fusion [27]. Instead,
high levels of ROS can determine Adenosine Triphosphate
consumption and decrease in motility and vitality of the
spermatozoa; ROS can break down the cell’s natural
antioxidant defense system, promoting an environment
unable for normal reproductive physiological reactions
[28]. There is often confusion in the definition of OS and
neuro-endocrine stress. The first case is the stress of
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“chemical nature,” which, if it occurs, needs to be neutral-
ized to go back to the physiological range. It is necessary
to carry out periodic checks to avoid that, over time and
with a prolonged state of OS, deleterious chronic alter-
ations can occur which do not have the possibility of
being recovered. Neuro-endocrine stress, which mainly
depends on the hypothalamic-pituitary-adrenal axis func-
tion, also involves a behavioral sphere. When it occurs, the
body quickly implements all actions to resolve discomfort
induced by stress factors and restore homeostasis [29,30].
The beginning and/or evolution of pathological processes
involving the female and male reproductive sphere [31]
resulting in embryonic reabsorption, repeated pregnancy
interruption, preeclampsia, intrauterine growth limita-
tion, fetal death, and male infertility are often caused by
0S [32,33]. The most potent ROS, generated during the
consumption of oxygen (0O,), are superoxide anion (0,-¢),
hydroxyl radical (¢OH), peroxyl (ROOs), alkoxyl (ROe), and
hydroperoxyl radical (HO,e).

ROS, unstable and highly reactive molecules, can stabi-
lize by stripping electrons from macromolecules such as
carbohydrates, proteins, lipids, and nucleic acids, trigger-
ing chain reactions that lead to cell damage disease [34].

0S is responsible for DNA damage, denaturation of pro-
teins, and lipid peroxidation. Antioxidants can counteract
the harmful effects of reactive species. Two types of anti-
oxidants are present in the body: enzymatic and non-en-
zymatic antioxidants. Among the enzymatic antioxidants
there is superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx). Non-enzymatic antioxidants
include B-carotene, vitamin C, vitamin E, zinc, selenium
(Se), taurine, and glutathione (GSH) [35]. Figure 2 shows
the power hierarchy of antioxidants: the antioxidant power
grows progressively, proceeding from the base toward the
pyramid’s apex where the power reaches its maximum.

Enzymatic antioxidants

SOD, CAT, and GPx neutralize ROS in surplus and avoid cell
damage. They have a metal center, which allows them to
have different valences while transferring electrons to bal-
ance molecules for the detoxification process.

SOD catalyzes the dismutation reaction of the superox-
ide anion to H,0,. There are three isoenzymes: SOD 1, SOD
2, and SOD 3. SOD 1 (cytoplasmic) and SOD 3 (extracellu-
lar) contain copper (Cu) and zinc (Zn) as cofactors, SOD
2 (mitochondrial) contains Mn [36]. CAT eliminates H,0,
from the cell whenever its concentration increases, and
performs its action, especially in peroxisomes, endoplas-
mic reticulum, mitochondria, and cytosol in different cell
types [37].

GPx catalyzes the reduction of H,0, and organic-free
hydroperoxides that require GSH as a co-substrate and
expresses five isoforms [38]. GPx1, the cytosolic isoform, is
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Figure 2. The antioxidant pyramid. Endogenous enzymes are positioned at the top of the pyramid and are the elements with the
greatest antioxidant power; at the pyramid’s base, there are elements with less antioxidant capacity.

mainly present in tissues. GPx2 encodes a gastrointestinal
form without definite function. GPx3 is located in epididy-
mal fluid and plasma. GPx4 detoxifies mainly phospholipid
hydroperoxide inside the biological membranes; in the
epididymis is GPx5 [6,8].

Non-enzymatic antioxidants

Among non-enzymatic antioxidants, there are vitamin C
(ascorbic acid), vitamin E (a-tocopherol), GSH, Zn, taurine,
selenium, and carotenoids [39]. Vitamin C is an antioxidant
that catalyzes redox reactions, reduces and neutralizes
ROS. Its principal function is to scavenge the superoxide
radical anion, singlet oxygen, and hydrogen peroxide [40].
Vitamin E has eight isoforms that counteract the lipid
radicals derived from the lipid peroxidation process. The
reaction, catalyzed by vitamin E, leads to the formation of
a-tocopheroxyl oxidized radicals that can again be reduced
by reacting with antioxidants such as vitamin C, ubiquinol,
or retinol [41]. GSH, a tripeptide, is the main non-enzy-
matic antioxidant present in oocytes and embryos. The
presence of a thiol group of cysteine, which represents a
reducing agent capable of being reversibly oxidized and
reduced to its stable form, makes it an efficient antioxidant
[42]. Taurine and hypotaurine neutralize the products
deriving from lipid peroxidation and hydroxyl radicals,
allowing to keep the redox homeostasis in the gametes
[43]. Transferrin and ferritin, which bind iron, are consid-
ered antioxidants since they prevent free radicals by che-
lation reaction.

Furthermore, micronutrients such as Se, Cu, and Zn are
essential for some antioxidant enzyme activity. The hor-
mone melatonin is also a very effective antioxidant that,
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unlike other antioxidants, cannot undergo redox reactions.
Once oxidized, it cannot return to the reduced state since,
after the response, it forms stable final products [44].
Melatonin enhances the transport chain of electrons and
reduces mitochondrial DNA damage, acting mainly in the
mitochondria.

Assisted reproductive technologies (ARTs) in dog

ARTs are primarily used in large animals and labora-
tory species, while they are partially used in most pets.
Generally, the success rates are due to the pet species and
the differences in the optimal conservation of fertility after
the freeze-thawing processes. The success also depends
on the choice of the cryoprotectant in the freezing solution,
the medium composition, and the difficulty in having stan-
dardized, repetitive procedures [45]. The dog (Canis lupus
familiaris) is one of the leading domestic animals which
plays a fundamental role in human society [46], with a
high socio-economic value that has led to advances in dog
ARTs [47]. IVF has become one of the routine techniques
used in dogs. Although there is a lot of data reporting ARTs
in carnivores, the dog represents a big problem for the
researcher working in reproduction. One of the reasons is
that the canine follicular oocytes have a low meiotic capac-
ity with an estrous cycle characterized by estrus, followed
by a mandatory period of anestrous, with an inter-estrus
period of about 7 months [48,49]. Therefore, determining
the induction of estrus and females’ synchronization is dif-
ficult, as they do not react to the standard gonadotropin
protocols employed in other animals [49,50]. Besides the
long interval of interestrus and difficulty in manipulating,
the canine cycle involves a very high number of females to
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obtain at least one female in a phase suitable for receiv-
ing embryos. Other than IVE ET is arduous to apply in the
dogs for the limited possibility of obtaining synchronized
recipients.

In a fascinating study, Tsutsui et al. [51] reported that
divided dog embryos were posed in the uterine horn, which
led to the birth of two cubs from one of the eight females
involved in this study. This result was seen as a huge suc-
cess, while in human ARTs, the transfer of cut embryos
into the uterus is a common practice. The first live births of
dogs through IVF, embryo cryopreservation, and transfer
techniques were reported by Mukai et al. [52]. These tech-
niques can be of great applicability, especially for the con-
servation of endangered canids and the development of
gene modification/repair technologies, improving animal
welfare by restoring normal gene function, thus counter-
acting the predisposition to diseases. In the ARTs of canine
species, the technique of cryopreservation of sperm is
used to ensure genetic conservation. However, during this
technique, DNA damage is still high, to the point of limiting
the fertilization rate [53].

In conventional freezing, it is essential to choose an
optimal temperature that prevents damage to the semen
and the use of cryoprotectants that maintain the effective-
ness of the semen once thawed. Liquid nitrogen is primar-
ily used in conventional freezing, one of the techniques
allowing the conservation of canine sperm for long peri-
ods and maintaining the vital sperm. In this technique, it is
essential to establish the semen freezing time since higher
exposure can damage the spermatozoa’s fertilization
capacity. Gonzalez et al. [54] showed that using freezers
at -80°C to store frozen dog sperm allows for preserving
sperm characteristics for at least 15 days, while motility
is maintained only 1 day. The cryopreservation advantage
is the possibility of storing sperm for a long time and the
possible shipment to avoid the inconvenience associated
with the donor’s journey. All this leads to a reduction in
costs, while limiting the sanitary restrictions on live ani-
mals’ transport [55].

Currently, one of the goals of freezing sperm for short-
and long-term availability is to prevent damage to intact
sperms from the freezing process. In this view, vitrification
gives better results due to less manipulation of the sperm
and shorter freezing times than conventional freezing
techniques. Indeed, this new technique can guarantee the
cryo-survival of the spermatozoa with a large number of
benefits such aslow cost and rapid alternative to the expen-
sive methods of cryopreservation of the dog spermatozoa
[56,57]. Therefore, the cryopreservative medium'’s choice
is essential as it considers the physiology of semen capac-
ity (membrane quality, motility, OS, DNA conservation, and
fertilization). In particular, canine sperm has a low resis-
tance to sperm cooling [58]. The freezing-thawing process
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can lead to morphological changes, such as ice crystals,
and functional changes, such as reduced sperm motility.

Aparnak and Saberivand [59] have reported the effects
of curcumin on sperm motility and total count, among other
factors of frozen dog semen. They concluded that curcumin
in 2.50 mM concentration might help protect dog sperm
from possible damages caused by cryopreservation proce-
dures. Recently, Grandhaye et al. [53] reported that the use
of metformin, a molecule that affects metabolic activities,
ameliorates the quality of the frozen-thawed dog semen
during the cryopreservation procedure. In particular, met-
formin was added to the extender before and during the
freezing process. After thawing, the sperm maintained the
same viability without altering the membrane’s integrity
or acrosomal reaction. The use of different cryoprotectants
during vitrification has also taken researchers’ attention in
improving this freezing procedure. The cryoprotectants
supplementation to semen extenders ameliorates cell sur-
vival afterward the freezing. Gharajelar et al. [60] compare
the effect of three cryoprotectants such as milk, glycerol,
and egg yolk on the quality of the canine semen after vitri-
fication and thawing processes. The milk and egg yolk are
impermeable cryoprotectants, preventing ice crystals from
forming outside the cells and supplying the spermatozoa
with enough energy.

On the contrary, the glycerol acts as a permeable cryo-
protectant. It is utilized to freeze semen of various species
because it prevents ice crystals inside the cells [61]. This
cryoprotectant can be toxic to spermatozoa because it dam-
ages the plasma membrane with consequently reduced
fertility. The results showed that milk has better impacts
on the cryopreservation process of dog sperm compared
to the egg yolk and glycerol [60]. Later Caturla-Sanchez et
al. [56] have studied the effects of various impermeable
cryoprotectants on the vitrification of dog spermatozoa
using different concentrations of trehalose and sucrose.
The disaccharide of glucose and trehalose keeps cells
from being damaged during the cryopreservation pro-
cess [62]. The samples were also frozen in liquid nitrogen.
The results obtained showed that the vitrification process
greatly influences the motility of the dog’s spermatozoa.

On the contrary, the data relating to the plasma mem-
brane’s integrity were comparable to those achieved with
conventional freezing [56]. Instead, the cause of low motil-
ity seems to be suggested because the spermatozoa in the
diluents with disaccharides leak the motility faster during
the post-thawing incubation concerning the diluents with
either glucose or fructose [56]. This last condition perhaps
would be due to that monosaccharides are more easily
metabolized by spermatozoa. Recently ZakoSek Pipan et
al. [63] reported the effects of different sucrose and soy
lecithin concentrations utilized to confront different vit-
rification techniques for canine semen cryopreservation.
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The results obtained showed that the vitrification media
with soy lecithin and sucrose cause minimal wane in the
quality of the dog seed after devitrification, as they keep
unchanged physiological parameters of the sperm, such as
morphology, vitality, total and progressive motility, acro-
some, the integrity of the sperm tail membrane, and DNA.

Besides, soy lecithin is an attractive protein to replace
albumin and egg yolk in the means of vitrification to obtain
a good sperm quality after devitrification. Del Prete et al.
[5] correlated OS status and dog sperm parameters and the
effect of supplementation of SOD, CAT, and GPx in egg yolk
glucose tris-citrate extender on sperm stored at 4°C for 10
days. The dogs were separated into two groups: fertile and
subfertile. Adding SOD, CAT, and GPx to the extender main-
tains semen quality for 10 days of storage at 4°C in both
fertile and subfertile dogs.

Qamar et al. [64] showed the effect of myoinositol
involved in the process of sperm maturation, capacity,
motility,and acrosomal reaction [65] because it neutralizes
free radicals developed in the cryopreservation of canine
semen. The result of this study showed that the integration
of myoinositol in the freezing medium improved sperm
motility, concluding that this procedure can protect against
OS and improve the quality of the dog’s post-thaw sperm
[64]. In Table 1, it is reported a comparison of the treat-
ment, and the results during the ARTs obtained in the dog.

Assisted reproductive technologies (ARTs) in cat

The model for the development of ARTs in the Felidae spe-
cies is the cat. ARTs are used in threatened species con-
servation projects for endangered species, but the efficacy
of ARTs for semi-domestic, non-domestic, and significantly
compromised felid species is poor [2,4,66]. In males, the
two primary endogenous potential sources of ROS are
immature spermatozoa and leukocytes. In females, oocyte,
cumulus mass cells, and follicular fluid are ROS sources
[67]. Male and female reproductive systems of cats pro-
duce significant ROS sources; therefore, the OS in classical

clinical ARTs in felid depends on culture medium composi-
tion, the pH, temperature, oxygen concentration, technique
type, and cryopreservation processes [68]. In females,
enzymatic and non-enzymatic antioxidants are within the
ovary, in the fluids of the follicle, uterine tubes, and perito-
neum, and also in the endometrial epithelium [69]; while
they are within in the testis, epididymis, secretion of the
male accessory glands, and seminal plasma [70]. SOD,
CAT, and GPx, endogenous antioxidants, effectively pre-
vent ROS harmful impacts in vivo conditions. Thus, several
possibilities were investigated to use antioxidants to max-
imize outcomes of reproduction technologies in vitro. The
balance between antioxidants and ROS is critical for the
cumulus/oocyte complex’s functional integrity [71]. GSH,
an antioxidant tripeptide, increases as oocyte maturation
progresses; thus, mature oocytes have a greater quantity
of GSH than immature ones [72].

Furthermore, GSH promotes, during IVFE, sperm decon-
densation, oocyte activation, and male pronuclear forma-
tion. During IVC, the oocytes expose themselves to ROS’s
harmful effects, whereby Luvoni et al. [73] added as a sup-
plement cysteine, known to be one of the precursors of
GSH, to improve the endogenous system of cell defenses.
In a set of experiments, the cysteine was associated with
other compounds containing thiols, such as (-mercap-
toethanol and cysteamine, to avoid the GSH depletion
during oocyte culture and to maintain cysteine, necessary
for GSH synthesis. Ochota et al. [74] showed that the in
vitro supplementation of IVM and IVC media with SOD and
taurine improved blastocysts’ production from poor-qual-
ity cat oocytes. In domestic cats, Cocchia et al. [4] detected
that adding SOD to the ovary transport medium reduced
cellular apoptosis with increased survival of the cumulus/
oocyte complex and IVEP. They noted the lower ovarian
expression of apoptotic Bax and a higher anti-apoptotic,
Bcl-2 in the SOD-treated group compared to the control
group. Bcl-2 is an essential anti-apoptotic protein that
inhibits cell death by reducing the generation of ROS. The

Table 1. A comparison of the treatment and the results during the ARTs obtained in the dog.

Species Treatment Results

References

Dog Metformin

The frozen sperm preserved viability without altering the

Grandhaye et al. [53]

integrity of the membrane or the acrosome reaction.

Dog Sucrose and/or trehalose

Dog Curcumin

NOXS5 gene expression.
Dog Glycerol, milk, and egg yolk  Cryoprotectants

Dog Soy lecithin and sucrose
and DNA integrity

Dog Myoinositol
Dog SOD, CAT e GPx

Non-permeable cryoprotectants

Preserves sperm from reactive oxygen stress and increases

Ameliorate sperm motility, sperm tail membrane integrity,

Enhances sperm motility and sperm tail, membrane integrity

Preservation of semen quality

Yamashiro et al. [62]; Caturla-Sanchez
et al. [56]

Aparnak and Saberivand [59]

Gharajelar et al. [60]
Zakosek Pipan et al. [63]

Bevilacqua et al. [65]; Qamar et al. [64]
Del Prete et al. [86]
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same authors verified the positive impact of the SOD and
CAT addition to the cat oocyte IVM medium. They showed
an increase of cleaved embryo and blastocyst formation of
70% and 77%, respectively.

Furthermore, the addition of GPx to the IVF medium
increased the rate of embryo and blastocyst formation;
cleaved embryos doubled, with a 96% increase in embryos
[6]. Thiangtum et al. [75] assessed in the semen extender
the effect of the antioxidants, SOD and CAT, on the motility,
vitality, and acrosomal integrity of frozen and thawed cats
spermatozoa. The semen extender treated with glycerol
and CAT or SOD or without antioxidants did not show any
effect.

There have also been attempts to utilize exogenous anti-
oxidants. Indeed, Tris egg yolk extender treatment with
cysteine or vitamin E was used to improve the motility and
integrity of the sperm membrane and DNA of the frozen
and thawed epididymal cat spermatozoa [76]. Macente
et al. [77] found that the addition of cysteine or Trolox, a
water-soluble vitamin E analog, to Tris egg yolk extender
improved the motility, membrane, and DNA integrity but
had no effect on acrosome integrity in cats [77]. Recently,
resveratrol, a phytoalexin with antioxidant activity, has
been used as an IVM supplement and has been able to
prevent OS’s adverse effects on domestic cat oocytes and
improve embryo development after storage of the ovary at
4°C for 48 h [78]. In Table 2, it is reported a comparison of
the treatment, and the results during the ARTs obtained in
the cat.

Assisted reproductive technologies (ARTs) in horse

Among the ARTs, Al is a widely used alternative and an
effective tool for horses’ natural mounts. It allows fertiliz-
ing mares avoiding all the inconveniences and costs linked
to the transport of animals. Al also enables an improve-
ment of the offspring for several reasons. It avoids infec-
tions, enhances the characteristics of a breed, and manages
and chooses fertile and adequate doses of male semen for
protecting the well-being of the mare. Besides, Al increases

the chances of pregnancy for mares with a low fertility
index due to uterine deficiencies or simple aging; it uses a
reduced amount of gametic material from the male for each
insemination and allows to plan pregnancies the needs of
the farm. Antioxidants are an essential tool to ease the
quality and quantity of raw and cooled horse semen; they
are employed as a supplement in the diet or added to the
media for in vitro studies. The equine breeding season is
influenced by the length of the hours of light. The begin-
ning of the breeding season is related to the increase in
hours of light, and on the contrary, the end is determined
by the progressive increase of the hours of darkness. The
estrus cycle of the mares, of about 22 days, is evident only
during the breeding season [79].

Stallions, unlike other species, do not exhibit testicular
degeneration during the non-breeding season, so sperm
is often collected for freezing storage when fresh sperm is
not required for Al During the breeding season, the sperm
collection rate can be daily or every 2-3 days. At the end of
the breeding season, sporadic decreases in infertility are
seen in stallions. For mares, a false impression of subfer-
tility can sometimes be obtained at the end of the breed-
ing season. This is because if they do not conceive early
in the season, they will be over-represented toward the
end of the breeding season, and it can be more difficult for
mares to conceive during this time. There are few studies
concerning the quality of refrigerated sperm throughout
the breeding season. However, various studies have eval-
uated the quality of sperm for cryopreservation outside
the breeding season. During the breeding season, it is not
easy to obtain biological material due to the high economic
value of sperm, resulting in a reduction in earnings for
breeders. Janett et al. [80] collected semen from warm-
blooded stallions across the year and evaluated semen
volume and concentration, motility parameters, morpho-
logical aspects, frozen-thawed semen characteristics. In
spring, the sperm resulted in good quality, but surprisingly,
the best results were obtained in autumn, which seems
to be the best season to cryopreserve stallion semen. A

Table 2. A comparison of the treatment and the results during the ARTs obtained in the cat.

Species Treatment Results

References

Cat SOD and Taurine

Cat SOD

Cat SOD and CAT

Cat Glycerol and CAT or SOD

Cat Cysteine or vitamin E
cat spermatozoa

Cat Cysteine or Trolox
of acrosomes

Cat Resveratrol
ovary at 4°C for 48 h

Improve the production of blastocysts of low-quality oocytes

Reduces cell apoptosis and improves the survival of the cumulus/oocyte complexes
Increase formation of cleaved embryos and blastocysts by 70% and 77%, respectively
No consequence on sperm motility, viability and acrosome integrity.

Improves motility and integrity of the sperm membrane of frozen and thawed epididymal

Improves membrane and DNA integrity and sperm motility, with no effect on the integrity

Prevents the adverse effects of OS and improves embryo development after storage of the

Ochota et al. [74]
Cocchia et al. [4]
Cocchia et al. [4]
Thiangtum et al. [75]
Thuwanut et al. [76]

Macente et al. [77]

Piras et al. [78]
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similar study found that the period in which the sperm had
the best morpho-functional and motility characteristics is
the spring that coincides with the regular season for the
breeding horse [81].

The biotechnology of in vitro reproduction applied to
sperm inevitably leads to an increase in ROS levels and a
decrease in natural antioxidant defenses, since the in vitro
system is a closed system in which molecular turnover
does not occur naturally but is altered, and this leads to
the accumulation of substances which, if they reach high
concentrations, cause deleterious effects. De Andrade et al.
[82] evaluated that nitric oxide ensured the spermatozoa
motility in cryopreserved equine sperm. According to the
authors, nitric oxide is also involved in modulating several
variables related to equine sperm capacitation.

Morte et al. [83] carried out a study of infertile and
subfertile stallions during breeding and non-breeding
season. They evaluated in stallions sperm DNA damage
by TUNEL assay and sperm lipid and protein oxidation.
Interestingly, during the breeding season, stallion semen
showed increased protein oxidation correlated with sperm
motility and viability. During the non-breeding season, in
subfertile stallions, a correlation between protein and lipid
oxidation levels in both sperm and seminal plasma was
detected. This suggests that protein and lipid oxidation
could be markers during the non-breeding season to iden-
tify subfertile stallions. The stallion semen is damaged by
OS during cooling and transport, compromising fertilizing
semen capacity [84].

Contri et al. [85] evaluated the effects of dietary sup-
plementation with exogenous antioxidants on the sperm
quality of stallions; they suggested that such antioxidant
supplementation influences the ability of spermatozoa to
resist the impact of OS. Del Prete et al. [86] have shown that
itis possible to prevent oxidative injuries by administering
a natural antioxidant as dietary supplementation. For the
first time, the authors highlighted dietary supplementation

effects with Lepidium meyenii (Maca) on fresh and refrig-
erated stallion sperm features. Finally, this study suggests
that dietary supplementation with Maca increased the pro-
duction of sperm during chilled storage, stabilizing semen
quality. Recently, Tafuri et al. [87] reported that Maca con-
tains a high percentage of glucosinolates and macamides,
which may be responsible for the plant’s antioxidant activ-
ity. Maca is believed to have antioxidant activity and fer-
tility-enhancing properties due to its metabolites, some of
which are present only in this tuber [88].

Turunen et al. [89] reported that the coenzyme Q10
associated with the a-tocopherol effectively maintains
plasma membrane integrity and functionality. Franco et
al. [90] used a-tocopherol added into the extender and
observed beneficial effects to stallion semen param-
eters. Nogueira et al. [91] evaluated the impact of the
addition of the a-tocopherol and coenzyme Q10 to the
refrigerating extender on the stallion semen features.
The data showed that coenzyme Q10 and a-tocopherol
were influential during the cooling processes of equine
semen, increasing total motility levels and reducing lipid
peroxidation. Research groups [92] have evaluated both
sperm motility and viability and semen and extender oxi-
dation state with and without additives in the extender to
detect antioxidant properties. To this end, the protective
and antioxidant effects of lactoferrin and caseinate milk
proteins adjunct to the equine semen cooling extender
were investigated on sperm parameters and nitrite and
H,0, concentrations. The results demonstrated that the
supplementation with lactoferrin as an antioxidant to a
modified caseinate extender did not benefit both in mem-
brane integrity and on sperm motility and of the refrig-
erated semen [92]. Nonetheless, they suggest that the
caseinate can protect the stallion sperm during refriger-
ation in a similar way as milk. Table 3 describes a com-
parison of the treatment and the results during the ARTs
obtained in the horse.

Table 3. A comparison of the treatment and the results during the ARTs obtained in the horse.

References

Ensures the spermatozoa motility in cryopreserved equine sperm

Species Treatment Results
Horse Nitric oxide
Horse Lipid and protein peroxidation in semen and

seminal plasma

Lipid and protein peroxidation on breeding season markers for
subfertile stallions

Ensures spermatozoa ability to withstand the effects of OS
Prevents oxidative damages and stabilizes semen quality
Fertility enhancing properties

Maintenance of plasma membrane integrity and functionality
Beneficial effects to equine semen parameters

Increase the levels of total motility and reducing lipid peroxidation

Horse Exogenous antioxidants
Horse Lepidium meyenii (Maca)
Horse Glucosinolates and macamides present in Maca
Horse Coenzyme Q10 with the a-tocopherol
Horse a-tocopherol into the semen extender
Horse Q10 and the a-tocopherol to the semen cooling
extender of cooled semen
Horse Caseinate and lactoferrin to equine semen cooling

extenders

Beneficial effect on sperm motility and membrane integrity of
cooled semen

de Andrade et al. [82]

Morte et al. [83]

Contri et al. [85]
Del Prete et al. [86]
Tafuri et al. [88]
Turunen et al. [89]
Franco et al. [90]

Nogueira et al. [91]

Martins et al. [92]
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Conclusion

ARTs are based on manipulating the oocytes, sperm, and/
or embryos to overcome the problems due to female and
male infertility. Inevitably, the biotechnology of in vitro
reproduction leads to increased ROS levels with a con-
sequent decrease in natural antioxidant defenses. The in
vitro reproduction is a closed system in which molecular
turnover does not occur naturally but is altered with the
resultant accumulation of substances that can cause harm-
ful effects at high concentrations. In the present study, the
use and results of various antioxidants for the improve-
ment of reproductive performance in some animals were
highlighted. Although there have been numerous studies
on animals, different types of antioxidants are continu-
ously tested to prevent and contrast the effects of ROS
formed during in vitro reproduction techniques.
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