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Importance of Supplementation
during In Vitro Production of
Livestock Animals
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Veronika Kintevova and Tereza Toralova

Abstract

Increasing infertility is one of the most serious health problems of today. Over the past
few years, we have had the opportunity to follow the progress of technologies focused
on the production of embryos in vitro (i.e., in vitro fertilization and intracytoplasmic
sperm injection, genetic engineering, or somatic cell nuclear transfer. Oocyte maturation
is one of the most important processes in the production of embryos in vitro. Despite
recent progress in this field, the developmental competence of in vitro generated oocytes
is significantly lower than in vivo. In the last few years, a large number of studies dealing
with the improvement of in vitro conditions for embryo culture have been published.
These results have huge application potential in the reproduction of farm animals as well
as in human medicine. Incorporating various elements, such as serum, hormones, growth
factors, and antioxidants, can affect not only oocyte maturation or embryo culture but
also an oocyte/embryo quality. The aim of this chapter is to summarize the most impor-
tant types of supplementations of maturation and culture media and their impact on the
improvement of in vitro oocyte and embryo production of farm animals.

Keywords: oocyte, embryo, in vitro embryo production, antioxidants, infertility

1. Introduction

In recent years, attention has been focused on the optimization and improvement
of in vitro embryo production in the field of animal biotechnology and biomedi-
cal sciences. In vitro production of many high-quality embryos is a fundamental
prerequisite for livestock production and development of further research areas
(breeding, transgenesis, genetic engineering, xenotransplantation), as well as a way
to address the issue of increasing infertility. Almost 30% of the worldwide countries
use embryo technologies in the four most representative farm animal species—cattle,
sheep, goats, and horses (reported in 2021). The number of In Vitro-Produced (IVP)
embryos increased substantially in 2021 compared with 2020 for cattle, sheep, goats,
and horses (Table1) [1-3].

While the use of technologies in farm animals such as In Vitro Maturation (IVM),
In Vitro Fertilization (IVF), and In Vitro Embryo Culture (IVC) is increasing, the
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Year Cattle Sheep Goats Horses

2021 1,521,018 626 6355 11,619

2020 1,156,422 141 2275 8641

2019 1,031,567 1137 748 6303
Table 1.

Total production of IVP transferrable embryos.

transferable embryo yield is still very low. Currently, IVM is one of the most stud-

ied steps leading to increased success in embryo production not only in Assisted
Reproductive Technology (ART) but also in biotechnology. IVM circumvents tra-
ditional superovulation methods, which require hormonal stimulation of females.
Unfortunately, the pregnancy success rate using the IVM oocytes is lower than in vivo
[4]. Suboptimal culture conditions during IVM can affect oocyte competence and the
overall viability of the resulting embryo. Various culture conditions have been used
across different species without realizing the need for optimization. Understanding
critical aspects of the IVM technology can lead to the development of improved
culture conditions, resulting in meiotically competent oocytes [5].

Optimized IVM is the first step leading to the production of competent embryos
capable of producing viable offspring. Oocyte maturation is, therefore, a crucial step
influencing the success of fertilization. However, its progress and completion are not
easy to replicate in laboratory conditions.

There are two basic approaches to IVC. The first approach involves retrieving
immature oocytes from antral follicles either from the ovary of slaughtered animals or
transvaginally in living animals. Under optimal conditions, the oocyte will continue
with meiotic division, ideally completing it within 18-48 hours depending on species
and becoming ready for fertilization [6-8]. The second method, known as In Vitro
Ovarian Follicle Maturation (IVFM), involves the culture of primordial or preantral
follicles in vitro, inducing conditions that allow for the growth of different cellular
types within the follicle [9]. The success of follicle cultivation in livestock animals is
very low and limited only to secondary preantral follicles [9, 10].

In addition to the quality of biological material and the experience of the manipu-
lator, the success of IVP is also influenced by the in vitro culture environment. During
in vitro/in vivo maturation, the oocyte undergoes physiological maturation, which
is characterized as a complex biological process of transition between diakinesis and
metaphase I of meiosis. The transition is accompanied by several changes at the level
of the nucleus, cytoplasm, and epigenetic changes, which determine the ability of
oocyte to achieve developmental competence. This competence is characterized as the
ability of the oocyte to complete preimplantation development by reaching the blasto-
cyst stage, subsequently initiating and maintaining gravidity, eventually resulting in
the birth of a healthy offspring [10-12].

However, the success of the IVP technique is often limited due to various factors
such as poor oocyte quality, inadequate oocyte maturation and embryo culture condi-
tions, and suboptimal embryo development. To overcome these problems, researchers
have investigated the use of various supplements to improve the quality and quantity
of mammalian embryos produced in vitro.

This chapter aims to summarize the recent progress in IVP embryo production,
particularly in two steps: oocyte maturation and embryo culture with an emphasis on
the main livestock animals.
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2. Oocyte maturation and embryo development
2.1Invivo environment

Acquiring developmental competence is a strictly regulated process that is very
susceptible to errors. This fact can have serious consequences for fertility and, under
certain circumstances, also for the health of the offspring [13]. Meiotic division in
oocytes is initiated based on hormonal stimuli and regulated via multiple signaling
pathways. Follicle Stimulating Hormone (FSH) and Luteinizing Hormone (LH)
initiate ovarian folliculogenesis and the resumption of meiosis, resp. The process
of meiosis involves the Breakdown of Germinal Vesicle (GVBD), formation of the
spindle during the first Metaphase (MI), segregation of homologous chromosomes,
extrusion of the first Polar Body (PBI), and arrest of division at the metaphase of the
second Meiotic division (MII).

LH binds itself to the LHR receptor present in the granulosa cells, leading to the activa-
tion of a whole series of oocyte and follicular changes. The LH/LHR induces activation of
cyclic adenosine monophosphate/protein kinase A (cAMP/PKA) in mural granulosa cells,
and Epidermal Growth Factor (EGF) and EGF-like factors production and secretion. The
binding of EGF to its receptor (EGFR) in cumulus cells (CCs), leads to Mitogen-Activated
Protein Kinase 3/1 (MAPK3/1) (Extracellular Signal-Regulated Kinase 1/2 (ERK1/2))
activation. Moreover, EGFR signaling elevates calcium in CCs, dephosphorylates and
inactivates Natriuretic Peptide Receptor B (NPR2), and decreases Cyclic Guanosine
Monophosphate (cGMP) levels [14]. Communication between the oocyte and its sur-
rounding CCs is a prerequisite for the oocyte to acquire efficient developmental capacity
[15]. LH induces the phosphorylation of connexin 43 (GJA1) and connexin 37 (CX37
or GJA4), which are the main components of gap junctions between CCs and cumulus
cells-oocytes, resp. CX37 is essential for oocyte-cumulus cells communication because
it forms intercellular membrane channels of gap junctions and thereby allows inorganic
ions and small molecules to share and is essential for follicle growth [16]. Phosphorylation
of connexins leads to the closure of gap junctions and disruption of cGMP levels in both
CCs and the oocyte. Decreasing levels of cGMP in oocytes lead to the removal of inhibi-
tion of the hydrolytic activity of Phosphodiesterase 3A (PDE3A), resulting in a decrease
in (cAMP). The absence of sufficient cAMP level in the oocyte stops the PKA pathway.
Thus, the inhibitory Phosphorylation of Cyclin-Dependent Kinasel (CDK1) at tyrosine
14 and threonine 15 caused by Weel-like protein kinase 2/ Myelin transcription factor
1 (WEE1B/MYT1) is removed by G1/S-promoting phosphatase (CDC25) activated by
PKA. Removing inhibition allows cyclin B to enter the nucleus, where it forms an active
Maturation Promoting Factor (MPF) with Cyclin Dependent Kinase 1 (CDK1). The MPF
is a serine/threonine kinase that is required for meiosis resumption [17].

Both nuclear and cytoplasmic maturation of the oocyte and early embryo develop-
ment before compaction rely on ATP-provided energy. Mitochondria are the main
powerhouses that generate ATP through Oxidative Phosphorylation (OXPHOS) [18].
As a by-product of OXPHOS system, free radicals are formed. These Reactive Oxygen
Species (ROS) are naturally balanced by endogenous antioxidants keeping their
concentration at levels which is beneficial for oocytes or embryos [19].

2.2 In vitro culture

Once retrieved from follicles, the oocytes suffer from the lack of a supporting
environment. Also, embryos cultured in vitro are exposed to quite unnatural
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conditions. To mimic iz vivo conditions, it is important to consider not only the

level of CO,,0,, temperature, pH, humidity, and manipulation speed, but also the
composition of the maturation medium. The maturation medium is supplemented
with several species-specific components such as hormones (HCG, PMSG, FSH,

LH, melatonin, etc.), Growth Factors (GFs) as Insulin-like Growth Factor-1 (IGF1),
Fibroblast Growth Factor 2 (FGF2), Leukemia Inhibitor Factor (LIF), EGF, serum or
its component as Bovine Serum Albumin (BSA), Fetal Bovine Serum (FBS), Human
Serum Albumin (HSA) [5, 6, 20-22]. The composition of maturation/culture media
can affect gene expression, gene methylation, level of mRNA, and other important
cell processes in both oocyte/embryo and the born offspring [23-25].

The mechanisms leading to the resumption of meiosis in vitro are different from
those in vivo [26]. Cumulus cells lack the responsivity to LH because they either lack
LHR or express them at an insufficient level. To enhance developmental competence of
oocytes, pre-culture systems with chemical compounds that delay GVBD or enable LHR
formation and internalization into cell membranes were also tested. Inhibitors of MPF,
such as cycloheximide, roscovitine, or butyrolactone [27], enhancers of cAMP levels
in cumulus cells (osobutylmethyl xanthine (IBMX) [28] or its analog dibutyryl cyclic
Adenosine Monophosphate (dbcAMP), [29] or cAMP or PDE3A inhibitor [30] add to
media can postpone meiotic resumption and improve developmental competence.

Among the most used serums or their alternatives are FBS, Fetal Calf Serum
(FCS), estrus goat or sheep serum, BSA, polyvinylalcohol or polyvinylpyrrolidone.
BSA is a protein that provides the necessary amino acids and nutrients for the growth
and development of embryos. It also helps to stabilize the pH of the culture medium,
which is important for maintaining a suitable environment for embryonic develop-
ment. Serums contain growth factors (GFs) and hormones that promote cell growth
and division. They also provide essential nutrients such as vitamins, minerals, and
lipids needed for embryonic development. However, it is important to note that
the quality of serums may vary depending on the source and processing methods.
Moreover, using these components lacks the reproducibility. To ensure optimal
results, careful selection of high-quality sources of these supplements is important
[31-33]. The main negative of using Follicular Fluid (FF) or FBS is the potential
contamination of the medium. In the case of contamination, the pH and osmolarity
of the medium change, which can affect the viability and metabolism of the oocytes.
In addition, the FF contains various proteases and hydrolases that can degrade the
extracellular matrix surrounding the oocyte, leading to premature oocyte activation
and degeneration [34]. Thus, researchers are making an effort to withdraw these
components and switch to chemically-defined or at least semi-defined media [20].
Chemically-defined media contains a precisely known combination of nutrients and
growth factors. Semi-defined media fall somewhere in between undefined media,
which refers to a mixture of various components and defined media, so it contains
some known components but also includes undefined substances. For successful IVP
and embryogenesis research, defined and semi-defined media allow more precise
control over the environment and nutrients provided to the embryos [20, 35]. Lipid
content in oocytes is species-specific with the highest content in porcine oocytes [36].
Thus, cumulus cells surrounding oocytes must provide fatty acids for ATP synthesis
in oocytes of other species. Co-culture of oocytes with oviductal epithelial cells,
ovarian cortical cells, fibroblasts, cumulus cells isolated from matured follicles, etc.
increases the number of matured oocytes and improves their quality. The cumulus
cells provide essential nutrients and growth factors that help the oocyte mature
properly. In addition, co-culture of oocytes with cumulus cells has been shown to
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increase the fertilization and embryo development rates (77.2% of matured oocytes
after co-culture with cumulus cells versus 62.1% after culture in conventional way in
human oocyte [37, 38].

Oocyte maturation and first embryo divisions are dependent on a relatively low
energy supply, the majority of which is generated by endogenous OXPHOS system
from pyruvate or fatty acids [39]. As development proceeds, the embryo starts to
utilize glucose as a high energy source [36]. Moreover, the developing embryo must
overcome a species-specific likelihood of developmental block which correlates
with the cytoplasmic quality of the oocyte. In case the embryo does not activate its
genome, it cannot advance in successful development and arrests.

In vitro-produced oocytes and embryos are exposed to conditions that can induce
elevated levels of ROS leading to mitochondria damage, the oxidation of specific
amino acids, and lipid peroxidation, ultimately inducing cellular damage, apoptosis
(programmed cell death), and the loss of appropriate ATP supply [19]. To minimize
or eliminate the detrimental biological effects of ROS, different exogenous anti-
oxidants or fatty acid oxidation modulators added to the media were tested [40].
Antioxidants are generally known to decrease ROS levels [41].

In the following chapters we will therefore focus on the review of media supple-
mentation used in embryo IVP of farm animals (Table 2).

Substitution Animal Benefit Reference

Hormones, gfs, serum

FBS Pig Improved fertilization rates and embryo [28, 42]
development
Cattle Higher blastocyst rate
Horse Sperm capacitation [43]
ECS Cattle Promoting cell proliferation and embryonic [44]
development
EGF Pig Improved fertilization rates and embryo [28, 42]
development
Horse Improved oocyte maturation [45]
IGF1 Pig Improved fertilization rates and embryo [28, 42]
development
Cattle Improved embryonic development [46]
LIF Pig Improved fertilization rates and embryo [28, 42]
development
Cattle Improved embryonic development [46]
Sheep Fertilization rate, blastocyst quality [47]
Goat Maturation rate [48]
FGF2 Pig Improved fertilization rates and embryo [28, 42]
development
Cattle Improved embryonic development [49]
Sheep Oocyte maturation [50]
LH Pig Improved oocyte maturation [51]
FSH Pig Improved oocyte maturation [51]
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Substitution Animal Benefit Reference
Melatonin Pig Improved oocyte maturation, fertilization rate, [52-55]
embryo quality
Cattle Improved maturation rate, blastocysts rates, [56-59]
embryo quality
Sheep Improved maturation rate, embryonic cleavage [60-62]
Goat Improved oocyte maturation, higher-quality [63]
blastocysts
Hyaluronic acid Cattle Oocyte maturation, embryo competence, and [64]
quality
Cysteamine Cattle Improved blastocyst rate [65]
Goat Improved maturation rate (in combination with [48]
LIF and Y27362)
Antioxidants
Vitamin E, vitamin C Pig Enhance lipid metabolism, improved embryo [66]

rates, and quality

Niacin (vit B3) Pig Increased blastocyst rate [67]
L-carnitine Pig Improved embryo quality [68]

Cattle Improved embryonic development, increased [41, 69, 70]

blastocyst number

Sheep Improved blastocyst rates, Reduced ROS level [71]
Resveratrol Pig Improved oocyte and embryo quality [72,73]

Sheep Improved blastocyst rates [74]

Goat Improved blastocyst rates in prepubertal goats [75]
Astaxanthin Pig Improved quality of embryos, promote [76,77]

development of blastocysts

Quercetin Cattle Increased blastocyst number [41]
Folic acid Cattle Improved DNA methylation and blastocyst [78]
development
Lycopene Cattle Improved oocyte maturation, improved embryo [79-82]
quality
DMSO Cattle Increased first polar body extrusion, higher [82]
number of blastomeres in blastocysts
Sericin Sheep Increased maturation and CC expansion [83, 84]
GSH Cattle Improved IVP [85, 86]
Sheep Improved developmental competence [87]
Competence
Royal jelly Goat Higher blastocyst rate, decreased apoptosis [88]
Linolenic acid Goat Higher blastocyst rate [89]
L-ergothioneine Cattle Higher number of cells in ICM [70]
Sheep Higher blastocyst rate, Reduced ROS level [90]
L-ascorbic acid (in Cattle Improved amount and quality of embryos [91]
combination with ITS)
Table 2.

Benefits of the media supplementation.
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3. Pigs

Pigs represent one of the most suitable model organisms for study of mammalian
preimplantation development with potential applications in human medicine. Based
on their similar anatomy, physiology, and genome, pigs are used in research of genetic
diseases, biotechnology, gene engineering, xenotransplantation, and embryotechnol-
ogy [92, 93].

Although the first in vitro-produced porcine embryo was reported in 1986, [94]
the technology in this species has the lowest success rate compared to other model
organisms. This is caused, in particular, by insufficient synchronization of nuclear
and cytoplasmic maturation and high rates of polyspermy [28]. Porcine oocytes
and embryos contain more lipids than other mammals which made them more
frangible after vitrification [36]. On the other hand, this should be beneficial for
pig embryos, because they have decreased metabolism of pyruvate in comparison to
other ruminant’s embryos and they rely on other energy sources, such as glucose or
lipids. Therefore, the attention of experts is focused on modifying in vitro protocols
to increase the success of IVP. One of the basic parameters is the supplementation of
maturation and culture media.

3.1 Serum, hormones, and growth factors

FBS is a commonly used supplement in the culture medium for oocyte growth and
maturation in pigs. But as mentioned earlier, FBS can contain various pathogens such
as viruses, bacteria, fungi, prion proteins, and mycoplasmas that can infect and dam-
age oocytes and embryos. In addition, FBS may also contain endotoxins, which can
induce inflammatory reactions in oocytes and reduce their viability and quality [51].

GFs are proteins that play an important role in cell growth and differentiation. In
the embryo production, they can help support maturation of oocytes and improve
their quality. Adding these factors as an EGF, IGF1, LIF, and FGF2, especially in com-
bination with serum alternatives, into the maturation medium can improve fertiliza-
tion rates and embryo development [42, 95]. However, it is important to note that the
optimal concentration and combination of growth factors may vary depending on the
specific needs of each experiment. Therefore, careful consideration should be given to
the selection of GFs to be included in the maturation media for successful IVP.

Hormones play a crucial role in the maturation media used for IVP in pigs. FSH
and LH are commonly included in the maturation media to support oocyte matura-
tion. In addition, other hormones such as estradiol and progesterone can also be
added to the maturation media. Estradiol promotes follicular development and helps
regulate the estrous cycle, while progesterone prepares the uterus for the implantation
of a fertilized egg [96, 97].

Melatonin is a hormone that is naturally produced by the pineal gland in animals,
including pigs. It plays a crucial role in regulating the sleep-wake cycle and is sup-
posed to be a potent antioxidant, anti-apoptosis, and anti-inflammatory agent.
Melatonin is a binder of nitric oxide radicals, and one of its metabolites inhibits the
activity of nitric oxide synthase, thereby affecting oxygen consumption in embryos
[98, 99]. Melatonin improves oocyte maturation, fertilization rate, and embryo qual-
ity of IVP pigs [52]. Adding melatonin to the culture media during IVC can increase
the rate of blastocyst formation and reduce levels of oxidative stress. When oocytes
were matured in medium supplemented with melatonin, the embryo quality was
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improved in the blastocyst formation (10.7 vs. 4.2%). Moreover, the proportion of
fragmented DNA nuclei in blastocysts was reduced (2.1 vs. 7.2%) [53]. Additionally,
melatonin supplementation can improve the cryotolerance of pig embryos [54].

In contrast, in [55] melatonin supplementation during IVM did not significantly
improve the rate of pig oocyte maturation or blastocyst formation after parthenoge-
netic activation. On the other hand, melatonin treatment during IVC reduced ROS
levels in parthenogenetic embryos. Overall, adding melatonin as a supplement during
IVP of pig embryos shows promising results for improving embryo quality and
increasing success rates. The inclusion of hormones in the maturation medium can
significantly improve the success rate of in vitro embryo production in pigs. However,
it is important to carefully balance the concentrations of hormones to avoid negative
effects on oocyte quality or embryonic development.

3.2 Antioxidants

One of the differences between pigs and the other species is the amount of lipids.
Lipid metabolism plays a crucial role in determining the developmental competency of
pig oocytes and embryos [100]. Compounds known as antioxidants can neutralize free
radicals and diminishing oxidative stress. Research has illustrated that including antioxi-
dants like Glutathione (GSH), vitamin E, and vitamin C (ascorbic acid) in the culture
medium can enhance lipid metabolism and optimize embryo quality during in vitro
fertilization [101]. Furthermore, these particular antioxidants reduce the occurrence of
lipid peroxidation while promoting optimal embryonic development throughout IVP.

The addition of niacin (vitamin B3) to culture media during porcine increases
blastocyst formation rates, reduced apoptosis, and enhances cell proliferation.
Furthermore, niacin improves mitochondrial function critical for energy production
during embryonic development [67]. Several antioxidants are effective in improving
the quality of in vitro-produced pig embryos. Vitamin E improves embryo develop-
ment rate and reduces the incidence of abnormalities. Similarly, vitamin C and B3
improves embryo quality and increases the rate of blastocyst formation. L-carnitine
(L-car), a naturally occurring amino acid, plays a key role in energy metabolism and
free radical neutralization [69]. Supplementation with L-car improves the quality
and viability of in vitro-produced pig embryos. L-car acts as a carrier molecule for
fatty acids, which are the primary source of energy for oocytes and early developing
embryos. Adding L-car to the culture medium during IVP can significantly increase
the blastocyst formation rate and improve overall embryo quality [66, 68, 102].

This improvement occurs because L-car enhances mitochondrial function, leading
to increased ATP production and improved cellular metabolism. Moreover, L-car
improves lipid metabolism in porcine oocyte [103].

Resveratrol, a naturally occurring polyphenolic compound, has numerous health
benefits, including anti-inflammatory, antioxidant, and anti-cancer properties. In
porcine embryo production, resveratrol improves the quality of oocytes and embryos.
Resveratrol supplementation during IVM can enhance their developmental com-
petence. This is attributed to the ability of resveratrol to reduce oxidative stress and
improve mitochondrial function in oocytes. Furthermore, resveratrol enhances the
developmental competence of porcine embryos during IVC. This is achieved through
the activation of Sirtuin 1 (SIRT1), a protein that plays a crucial role in regulating
cellular processes such as metabolism, DNA repair, and stress response. Resveratrol
activates SIRT1, which in turn promotes the development of porcine embryos by
improving their quality and reducing apoptosis [72, 73].
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Astaxanthin, like L-car, is a naturally occurring carotenoid able to capture free
radicals and protect cells from oxidative damage. It is found in various seafood and is
used as a dietary supplement for its antioxidant properties. Its natural origin makes it
a safe alternative to synthetic antioxidants commonly used in laboratory conditions.
Studies have shown that supplementing with astaxanthin can improve the quality
of in vitro-produced pig embryos by reducing oxidative stress and increasing cell
proliferation. It has also been found to promote the development of blastocysts, which
are key to successful embryo implantation [76, 77].

4, Cattle

IVP in cattle serves as a valuable tool to propagate genetically superior animals
and to obtain faster more embryos [104]. Together with pigs, cattle are the most used
model organism to study preimplantation development in mammals. This is based
not only on the similarity of its preimplantation development with humans and other
mammals but also on the relative ease of bovine embryo culture. The world’s first
calves obtained exclusively by IVP, that is, IVM of oocytes, IVF as well as IVC, were
reported in the late 1980s [105].

Nevertheless, notable inefficiencies exist in IVP embryos, where only 20 to 40%
of oocytes produce transferable embryos and only 30 to 40% of transferred IVP
embryos result in calves [85, 106]. The composition of culture media for embryos
tries to mimic the natural environment of the uterus and oviduct. Several studies have
demonstrated the effect of adding different embryokines to the culture medium on
bovine blastocyst cell numbers and post-transfer pregnancy outcomes, but the results
are not uniform [107]. Nevertheless, the optimal composition of culture media has
not been established.

4.1 Serum, hormones, and growth factors

The culture media are commonly supplemented with FBS or BSA as a source of
proteins for the developing embryo. Nevertheless, only a few studies show a benefi-
cial effect of FBS supplementation. When culture is performed in the presence of
FBS, the blastocyst rate is higher than in BSA . On the contrary, FBS supplementa-
tion stimulates higher apoptosis occurrence, lower Inner Cell Mass/Trophectoderm
(ICM/TE) ratio, reduces proteosynthesis or alters the expression of genes important
for early embryogenesis [20]. Indeed, decreased serum concentration in bovine
embryo culture improves the expanded blastocysts rate, similar to BSA [108].
Supplementation of Estrous Cow Serum (ECS) to culture media during bovine
oocyte or embryo culture promotes cell proliferation and preimplantation embryo
development by reducing endoplasmic reticulum stress. ECS supplementation can
also decrease macroautophagy to promote advanced embryo development [44]. As
suitable replacement for FBS can be used FGF2, which has a positive effect on bovine
embryonic development [20, 46, 49], especially in combination with other growth
factors like LIF, IGF1, or Transforming Growth Factor p1 (TGF-p1) [109]. Similarly,
recombinant Low Molecular Weight Human Fibroblast Growth Factor 2 (recLMW-
hFGF2) supplementation increases oocyte maturation, embryo yield, and develop-
mental competence [110]. Hyaluronic Acid (HA) supplementation has improved
bovine oocyte maturation, embryo quality, and their developmental competence. In
addition, HA also reduced apoptotic index and ROS [24, 64].
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In addition to growth hormones, sera, etc., some less common supplements can be
added to culture media. For example, supplementation of CX37 led to a significantly
higher portion of cleavage embryos and the number of obtained blastocyst [111].

GSH is an essential antioxidant for oocyte maturation, fertilization, and early

development [85]. GSH is synthesized from three amino acids—cysteine, glycine, and
glutamate (CAA). Intracellular GSH level in zygotes during fertilization in a medium
supplemented with CAA was higher than in the control group. On the contrary,
CAA supplementation negatively affects oocyte penetration and subsequent embryo
development [112] probably due to their harmful effect on sperm. Higher concentra-
tions of intracellular GSH improve IVP in cattle [65], buffalos [113], sheep [114], and
pigs [115]. Indeed, GSH added to culture media significantly increased the blastocyst
rate and embryo quality [86].

The best results of culture are obtained especially when the combination of the
above-mentioned supplements is used. The supplementation with the combination of
EGF, IGF1, and CX37 significantly improves oocyte maturation and embryonic devel-
opment due to decreased ROS level, increased level of TZP (the transzonal projection),
GSH, ATP-content, and mRNA expression level. The results are even better when
also FSH and LH were added to the medium [111]. Similarly, the supplementation of
Insulin, Transferrin, and Selenium (ITS) alone does not affect embryo production.
However, the combination of ITS and L-ascorbic acid (AA) during the last 12 hours of
oocyte maturation improved the amount and quality of bovine embryos [91].

Melatonin enhances oocyte maturation rate, promotes the expansion of CCs, and
influences mitochondrial distribution patterns. Increased rates of dispersed mitochon-
dria in the cytoplasm were observed in oocytes [56]. Moreover, ROS level significantly
decreases after melatonin supplementation while GSH concentration significantly
increases. Blastocyst rates after oocyte melatonin treatment were also significantly higher
and the incidence of apoptotic nuclei in blastocysts decreases [57]. Melatonin improves
oocyte maturation and embryo quality, especially through its antioxidative and anti-
apoptotic effects and improving gene expression pattern [57-59].

4.2 Antioxidants

Quercetin, vitamin C, L-car, melatonin, or folic acid are examples of antioxidants
with the potential to reduce ROS levels when supplemented in media. The maturation
of bovine oocytes in the presence of these antioxidants leads to increased blastocyst
number and improved quality (evaluated by total cell numbers), except for quercetin
supplementation with unenhanced embryo quality [41]. Zygotes co-cultured with
several doses of L-ergothioneine exert no significant effect on cleavage rates and blas-
tocyst development. However, a significantly higher number of cells were found to
be allocated to the inner cell mass at 8-day-old blastocysts [116]. L-cysteine improves
oocyte nuclear maturation rate and CCs expansion.

Folic acid is an antioxidant naturally present in FF and its employment as a supple-
ment of culture media thus offers itself. Folic acid addition to culture media improves
DNA methylation of IGF2 gene and accelerates the development of blastocysts [78].

L-car supplementation leads to increased quality of less competent oocytes
demonstrated by a significantly higher rate of mitochondrial clusters and signifi-
cantly lower content of lipids in these oocytes. The supplementation also improves the
normal fertilization rate of less competent oocytes [70]. L-car increases the mobiliza-
tion of fatty acids from ooplasm into the mitochondria to facilitate f-oxidation of
fatty acids [41].
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Lycopene, an antioxidant found in tomatoes and other red fruit and vegetables,
increases oocyte maturation rates. Moreover, it improves also the cleavage rate and
development to the blastocyst at day 8 [79, 80] and reduces Total Apoptotic Cells/
Total Cell Number (TA/TCN) ratio and intracellular ROS concentrations in these
blastocysts. Lycopene supplementation in serum-free media decreases ROS produc-
tion in matured oocytes and exerts the same effect as for the higher blastocyst yield
and lower TA/TCN ratio [79, 81]. This antioxidant could not restore oocyte damage
when pro-oxidant menadione was added to the maturation media [81]. Moreover,
lycopene did not improve the blastocyst rate when oocytes have been matured under
heat shock conditions [79].

Among others, the role of Dimethyl Sulfoxide (DMSO) supplementation during
oocyte maturation and embryo development was explored, since the low doses of
DMSO have also an antioxidant effect. The presence of 0.5% DMSO increases first
polar body extrusion after IVM and leads to higher GSH and a higher number of
blastomeres in the blastocysts [82].

5. Sheep and goats

The use of small ruminants (goats, sheep) as model organisms for studying
preimplantation development is less common than the use of pigs and cattle. Sheep
and goats have become important model animals in pharmaceutical and biomedical
research due to their short gestation period and secretion of milk. Moreover, they
are a suitable model organism for humans due to similarities in size, anatomy, and
speed of preimplantation development. In sheep and goats, several genome engineer-
ing techniques can be applied. Purposes for these applications are the investigation
of gene functions, production of disease-resistant or genetically superior animals,
production of pharmaceuticals in milk, modeling of human diseases and xenotrans-
plantation [117].

5.1 Serum, hormones, and growth factors

In [83], chemically-defined medium supplemented with FGF2, LIF, and IGF1
(FLI) and sericin during IVM significantly improves blastocyst rates [118]. Besides
commonly used factors, of which FLI is composed, also some paracrine factors
seem to be suitable supplementation for ovine oocyte maturation. Using Connective
Tissue Growth Factor (CTGF), Stromal-Derived Factor 1 (SDF1), Nerve Growth
Factor (NGF), and Hepatocyte Growth Factor (HGF) in defined concentrations
improved polar body extrusion rate. Moreover, the combination of all of them
promotes CCs expansion and enables even higher oocyte maturation. Enhancement
of parthenogenetic activated embryos yield coincides with the higher blastocyst’s
cell number. Moreover, the apoptosis in oocytes, CCs, and embryos decreases [119].
Supplementation with these paracrine factors could also be a promising alterna-
tive for ovine IVF culture media improvement. IGF1 and EGF supplementation
increases maturation and cleavage rates in ovine. Moreover, both GFs improve the
percentages of cleavage, morula, and blastocyst obtained from more competent
oocytes [120]. Ovine oocytes also positively respond to EGF supplementation into
maturation media [121].

Similarly, the addition of melatonin in defined concentration also improves
maturation rate and early embryonic cleavage, but unlike sericin, melatonin did not
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improve blastocyst rate [60]. These results are surprising because melatonin is gener-
ally used for breeding season prolonging of ewes and it is presumed that, because

of its positive effect on fertility rate and litter size, melatonin can affect embryo
survival and improvement of embryo quality [61]. When the maturation medium for
prepubertal lamb oocytes was supplemented with melatonin, there was no significant
difference in maturation rate [83]. More information about melatonin” influence on
sheep oocytes in vivo and in vitro is summarized in a meta-analysis-based research
article by [62]. Melatonin added to culture media significantly increased the per-
centage of MII oocytes and blastocysts rate and elevated levels of GSH [122]. Its
supplementation can also improve oocyte maturation and increase the number of
higher-quality blastocysts in juvenile goats [63].

FGF2, ITS, and LIF can also be included among the most commonly used
supplements. FGF2 promotes oocyte maturation, fertilization, and embryonic
development by stimulating granulosa cell proliferation and differentiation. ITS
provides essential nutrients for cell growth, while LIF promotes embryo survival by
preventing apoptosis and promoting pluripotency. The combination of these three
supplements led also to increased fertilization, cleavage, and blastocyst rates [48].
Supplementation of maturation media with a combination of FGF2 and ITS led
to significantly higher maturation rates than in the control group at sheep oocytes
(82.43 vs. 63.83% in control group) [50]. On the other hand, LIF treatment signifi-
cantly increased fertilization rate (established by the 2-pronuclear stage). Although,
blastocyst rate was not increased in sheep or lamb embryos, the quality of originated
blastocyst was significantly improved [47]. LIF has also a beneficial impact on the
goat maturation rate. When a combination of LIF and cysteamine was used in the
maturation medium, a significantly higher number of MII oocytes were observed
(60 vs. 45% in control). Moreover, co-culture with these two substances and with
Y27362 (inhibitor of the ras homolog gene family, member A (RhoA) and its
downstream effector Rho-associated protein kinase ROCK (RhoA/ROCK) pathway
important for cell proliferation and apoptosis) together demonstrated the highest
maturation rate (67.5%) [48].

5.2 Antioxidants

Sericin is considered as one of the suitable antioxidants to enhance the growth and
development of goats/sheep embryos. A suitable concentration of sericin increases
maturation of oocyte and CCs expansion rate. Moreover, embryonic cleavage and
morula and blastocyst development rates can be also significantly enhanced [84].

As in bovine oocytes, the effect of exogenous GSH supplementation was tested also
in ovine oocytes. The addition of exogenous GSH to the maturation medium improved
developmental competence, gene expression, and histone methylation, especially in
oocytes matured from COCs with less number of cumulus cell layers [87].

An interesting alternative is the use of royal jelly. The supplementation of royal
jelly to the maturation medium increases the maturation rate and enhances GSH
content in goat oocytes. Royal jelly supplementation leads to a higher proportion
of blastocysts and decreased number of apoptotic cells per blastocyst. Similarly,
the expression of pro-apoptotic genes decreases. Authors presumed that the posi-
tive effect of royal jelly may be caused by various active compounds, i.e., proteins,
essential amino acids, vitamins, lipids, and sugars [88]. Similar positive effects were
reported also about linolenic acid supplementation in the maturation medium of
goat [89].
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In addition to resveratrol supplementation in porcine maturation and culture
media, the usage of resveratrol has also been found to improve development of sheep
and goat embryos. Resveratrol during IVM and IVC significantly improves morula
and blastocyst rates and increases total cell number at blastocyst stage [74]. The
supplementation of resveratrol to culture media of prepubertal goat oocytes leads
to a significantly higher blastocyst rate. However, it does not enhance the blastocyst
quality, mitochondrial activity, ROS level, and ATP content [75].

L-car supplementation has also a beneficial effect on sheep oocyte/embryo
culture. Oocytes cultured with L-car achieved higher cleavage and higher morula
and blastocyst development rates, however, maturation rate was not significantly
improved. L-car treated oocytes and embryos that arose from oocytes co-cultured
with L-car decrease the intracellular ROS levels and increase the GSH compared
to untreated controls. Moreover, the addition of L-car to a medium containing
hydrogen peroxide (H,0;) can protect oocytes and embryos from H,0,-induced
oxidative stress (intact DNA preservation) proofing the antioxidant effect of L-car
[71]. A positive effect on ROS levels has also L-ergothioneine supplemented to the
maturation medium. After supplementation, intracellular ROS level is reduced
and GSH level is increased in oocytes. Moreover, the antioxidant effect was also
proven by the same experiment with H,O, treatment with the same results where
L-ergothioneine protected embryos from the impact of H,0,. The success of
maturation was not elevated, but L-ergothioneine improved embryo cleavage and
morula and blastocyst rates [90].

6. Horses

Compared to other livestock animals, efficiency of mare’s IVF is very low—around
33% of fertilized oocytes. These relatively low success rates are probably due to the
inability of spermatozoa to penetrate the zona pellucida because of its inadequate
activation [123]. Although many different protocols and medium substitutions were
tested, there was high variability among the results. Furthermore, obtaining a large
number of oocytes for experimental purposes is quite challenging. Due to the high
economic value of individual animals, it is more than necessary to improve the equine
IVF methodology to be more functional and transferable between individual labo-
ratories. Currently used methods are oocyte/embryo transfer and Intracytoplasmic
Sperm Injection (ICSI) of oocytes recovered from slaughtered or live mares much
more than classic IVF [124]. Although there are many differences, equine and human
development have also a lot in common. The most important similarities are follicular
dynamics, mono-ovulation, and kinetics of embryo development. Both horses and
humans are reproductively active in the older age and suffer from rising overweight
and obesity concerns. Taken together, besides pigs and cattle, horses could also serve
as suitable model organisms for human-assisted reproduction [125].

Some of the ordinarily used supplementation with positive effects on IVM of
cattle or pigs, have not been reported to have the same impact on equine. For example,
although cysteamine supplementation to the maturation medium does not result in
an improved maturation rate or IVF [126], it has been observed to enhance the bovine
blastocyst rate [65]. On the contrary, supplementation of EGF to equine maturation
media improved IVM rates as well as in bovine and porcine IVM [45]. Also, supple-
mentation with f-mercaptoethanol during equine IVM did not affect maturation rates
and cleavage rates after ICSI [127]. Although maturation rates of bovine were also not
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increased, the quality and developmental competence of embryos originating from
these oocytes were improved [128].

Higher equine maturation rates were observed also when the Tissue Culture
Medium (TCM) was supplemented with FBS. TCM can help regulate hormonal
imbalances and improve overall reproductive health, while FBS provides essential
nutrients and growth factors necessary for cell growth and development. The combi-
nation of TCM with FBS improved oocyte maturation rates compared to traditional
culture media (75.7 vs. 52.2%). FBS presence in maturation media also induced equine
sperm capacitation, however, IVF were unsuccessful [43].

7. Conclusion

In conclusion of this overview, the use of maturation and culture media enriched
with growth factors, antioxidants, and hormones has shown promising results in
improving the success rate of in vitro embryo production. The inclusion of these
components in the maturation medium can improve the quality of oocytes, support
oocyte maturation, and influence the success of embryogenesis. However, it is impor-
tant to note that the optimal combination and concentration of these components
may vary depending on individual circumstances such as species, breed, age, and
reproductive history. Further research is needed to fully understand the mechanisms
of their effects and to develop more effective protocols for in vitro embryo produc-
tion. Nonetheless, the use of these components has great potential for improving
reproductive efficiency and genetic progress in in vitro embryo production programs.
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