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A B S T R A C T

Global warming has been affecting animal husbandry and farming production worldwide via changes in organ-
isms and their habitats. In the tropics, these conditions are adverse for agriculture and animal production in some
areas, due to high temperatures and relative humidity, affecting competitiveness related to economic activities.
These environments have deteriorated livestock production, due to periods of drought, reduction in forage quality
and heat stress, eliciting negative effects on reproduction, weight gain, and reduced meat and milk production.
However, the use of animals adapted to tropics such as breeds derived from subspecies Bos primigenius indicus and
native breeds from tropical countries or their crossings, is an alternative to improve production under high-
temperature conditions. Therefore, physiological adaptation including gene expression induced by heat stress
have been studied to understand the response of animals and to improve cross-breeding between cattle breeds to
maintain high productivity in adverse weather conditions. Heat stress has been associated with lower repro-
ductive performance in cows, due to the impact on blastocyst production, decreased implantation and increased
embryonic death. Thus, for decades, in vitro fertilization and embryo transfer techniques have focused on studying
the optimal conditions for production of high-quality embryos to transfer. The aim of this review is to discuss the
effects of heat stress in bovine embryos, and their physiological and genetic modulation, focusing on the genes
that are related with major adaptability to heat stress conditions and their relationship with different embryonic
stages.
1. Introduction

The increase of the world population has demanded a greater
production of protein and generates pressure on animal production
(Hill and Wall, 2017; Van Zanten et al., 2018), including livestock in
tropical and sub-tropical developing countries, which supply a high
percentage of the world's meat consumption (Renaudeau et al., 2012).
However, climate change and environmental conditions are critical
issues on cattle production worldwide (Rust, 2019; Ealy et al., 1993;
El-Sayed and Kamel, 2020). The combination of high temperature
with humidity may induce physiological changes in animals, leading
to low reproductive performance during the hot seasons (Ju, 2005);
which can be aggravated by low nutritional value of fodders, infec-
tious and parasitic diseases (Hern�andez-Castellano et al., 2019).
-Barrag�an).
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Stress describes a neuroendocrine response in front of internal or
external stimuli (i.e. stressor) that causes an imbalance of homeostasis
and alters physiological conditions (Fraisse and Cockrem, 2006; Kool-
haas and Van Reenen, 2016; Chrousos and Gold, 1992; Smith and Vale,
2006). The stress response is divided into acute and chronic phases
(Koolhaas and Van Reenen, 2016), and its physiological consequences
are influenced by the individual's perception of their ability to cope with
the stressor (Fink, 2016; Koolhaas and Van Reenen, 2016; Lucy, 2019).
The acute stress responses can last from minutes to days after the
beginning of the exposure to the stimuli, and it is driven by the auto-
nomic nervous system, promoting the release of catecholamines and
glucocorticoids (Koolhaas and Van Reenen, 2016; Collier et al., 2017). In
the chronic response, stress is driven mainly by the endocrine system and
it is associated with alterations in the homeostatic signals (Collier et al.,
2017). The stress response has similar phases to the general adaptation
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syndrome described by Selye in the '30s and '70s, suggesting three
consecutive stages, the first is the alarm reaction, referred to as “shock”;
the second one is the stage of resistance; and the third is the stage of
exhaustion (Selye, 1946; Koolhaas and Van Reenen, 2016).

2. Neuroendocrine stress regulation

Two different neuroendocrine signaling axis have been identified in
mammals producing an integrated physiological stress response: first,
hypothalamic–pituitary–adrenocortical axis (HPA), which elicits an
endocrine response mediated by the release of glucocorticoids from the
adrenal cortex (Herman and Cullinan, 1997); second, neuroendocrine
signaling, which is mediated by sympathetic-adrenal-medullary (SAM)
axis, and involves the release of catecholamines from the adrenal me-
dulla, and initiates the “fight or flight” responses, altering the metabolic
and immune cell function (Smith and Vale, 2006; Aich et al., 2007; Kolli
et al., 2014; Chen et al., 2015; Fink, 2016).

In the stress responses, the HPA axis is activated (Collier et al., 2017).
The hypothalamus secretes corticotropin-releasing hormone (CRH). This
CRH travels through the hypothalamic-pituitary portal system and causes
the release of adrenocorticotropic hormone (ACTH) from the pituitary
gland, which leads the adrenal gland to synthesize and secrete gluco-
corticoid (Lucy, 2019). There are indirect inhibitory effects of gluco-
corticoids on GnRH (Gonadotropin-releasing hormone) and LH
(luteinizing hormone). These effects are mediated by the KNDy cells
(Kisspeptin, neurokinin B, and dynorphin neurons) which possess
glucocorticoid receptor, and transmit the glucocorticoid signal to the
GnRH neurons in the hypothalamus (Ralph et al., 2016; Lucy, 2019; Scott
et al., 2018).

Glucocorticoids improve energy mobilization through hepatic
gluconeogenesis to maintain the energy balance (Ayoob et al., 2018),
however, an increased level of cortisol would affect the expression of
genes related to metabolism, including fructose and pentose phosphate
pathways in response to stress (Kolli et al., 2014). Besides, cortisol affects
negatively the synthesis of GnRH, which is responsible for the regulation
of LH and follicle-stimulating hormone (FSH) in the pituitary gland,
impacting the reproductive performance in animal production, due to the
role of these hormones in mammalian sexual maturation and reproduc-
tive function, including gametogenesis, steroidogenesis, and ovulation
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(Roth et al., 2000; Whitfield, 2016; Wolfenson and Roth, 2019)
(Figure 1).

The gonadotropins play an important role in ovarian function,
including the regulation of follicular growth, ovulation, and corpus
luteum development (Wolfenson and Roth, 2019). However, stimuli as
heat stress alter steroid and hormone levels, with detrimental effects on
ovarian function, resulting in higher levels of progesterone with inhibi-
tion of LH secretion, leading to a disturbance of the growth of dominant
follicles and oocyte fertilization, carrying finally to rejection of the em-
bryo (Al-Katanani et al., 2002; Cotter, 2017; Khan et al., 2020; Rocha
et al., 1998; Roth et al., 2000; Whitfield, 2016). Additionally, the im-
mediate effect of heat stress was evidenced in the depression of follicular
dominance, assessed by a decrease in the plasma inhibin levels, and
consequently higher FSH concentrations (Roth et al., 2000).

3. Heat stress

Heat stress is defined as a misbalance between the proportion of heat
acquired by different sources as the body metabolism and the environ-
mental conditions, against the heat dissipation system by the body that
triggers an increase in body temperature of the animal (Brown-Brandl,
2018; Thatcher, Flamenbaum, Block and Bilby, 2010; Bernabucci et al.,
2014; Collier et al., 2017; Lees et al., 2019). In tropical climates, cattle
production systems are mostly grazing, and animals are constantly
exposed to solar radiation, high ambient temperature, high humidity,
and wind speed, increasing the effective temperature of the environment
above the thermoneutral zone of livestock which generates heat stress
(Bernabucci et al., 2010; Barrag�an-Hern�andez et al., 2015; Belhadj Sli-
men et al., 2016). Mammalian thermoregulatory mechanisms such as
conduction, convection, and radiation are effective ways to lose heat,
however, when these routes of heat exchange are lost, the remaining
route of heat loss is through evaporative routes such as sweating and
panting (Collier et al., 2019). Higher respiratory frequency, sweat rate,
and peripheral vasodilation are several effector responses in front of heat
stress, determining the internal body temperature (Scharf et al., 2010).
Likewise, these responses may be insufficient at high temperature and
high ambient humidity conditions, decreasing the rate of sweat evapo-
ration and consequently, the body's capacity to dissipate heat (Silani-
kove, 2000; Cordeiro et al., 2020; Collier et al., 2019).
Figure 1. Inhibition of the hypothalamic-
pituitary-gonadal (HPG) axis by the activa-
tion of the hypothalamic-pituitary-adrenal
(HPA) axis. The activation of HPA axis is a
conserved response to stress in mammals,
which begins with the production of CRH
induced by a stress stimulus, leading to the
production of ACTH from the pituitary gland
and stimulating the adrenal gland to produce
glucocorticoids. High levels of CRH reduce
the production of the GnRH that stimulate
the liberation of LH and FSH from the pitu-
itary gland. These hormones allow the
follicular growth in the ovary, ovulation and
corpus luteum development, thereby the
reduction in their level compromise the
ovary function.
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The cellular response to heat stress is one component of the acute
systemic phase, involving genes modulation in different cells and tissues,
activation of intra and extracellular signaling pathways that modify the
body metabolism (Collier et al., 2008). Transcriptomic analyses have
shown that environmental conditions can alter the expression of
stress-related genes (Deb et al., 2014; Kumar et al., 2015), performance
(Finney, 2018), metabolism (Bernabucci et al., 2014), fertility (Li et al.,
2016), semen quality (Llamas Luce~no et al., 2020; Rajoriya et al., 2014),
and embryo's quality and viability (Silva et al., 2013). In cattle, a
short-term increase in temperature during oocyte maturation has a deep
impact on embryo yield and quality, induces alterations in oxidative
balance within the oocyte and the surrounding cumulus cells, and pro-
duce significant alterations in the gene expression in the oocyte, cumulus
cells and blastocysts (Stamperna et al., 2020).

Heat stress has been shown short and long term negative effects on
reproduction in cattle (Wolfenson et al., 1997), including decreased
fertility (Khan et al., 2020; Wolfenson and Roth, 2019; Mellado et al.,
2013; Hansen, 2019), reduction in the follicular growth (de et al., 2008),
postpartum anoestrus (Benyei et al., 2001), oocyte quality (Abdelatty
et al., 2018; Paula-Lopes and Hansen, 2002; Rispoli et al., 2011), im-
plantation and viability of blastocyst (Burku�s et al., 2015; Vasconcelos
et al., 2006) and fetal development (Koch et al., 2016).

Currently, the adaptation to the tropic weather is a concern in the use
of some cattle breeds, due to an inverse relationship between production
level and heat tolerance, related to environmental temperature (Renau-
deau et al., 2012). The use of breeds adapted to specific tropical regions
together with the improvement of quality and digestibility of diverse
crops, tolerant to droughts, and high temperatures, will be essential in
the coming years for dairy and meat production in the tropics (Hern�an-
dez-Castellano et al., 2019). Crossbreeding is one of the alternatives to
enhance the productivity in hot climates; based on the crossing of
heat-tolerant breeds (e.g. zebu and creole) with high production Euro-
pean breeds (Hansen et al., 2004). Thus, the identification of specific
genes conferring thermotolerance in cattle breeds and single animals
may be an additional strategy to improve the genetic background in
production breeds (Hassan et al., 2019). This review aims to discuss the
impact of heat stress on gene expression and modulation in cows and
cattle embryos.

4. Heat stress response in cattle

Cattle ethology is considered an important adaptive aspect inherently
related to breed, leading to a higher thermal tolerance as observed in the
Brahman breed and other Bos indicus cattle, compared to Bos taurus
breeds (Brown-Brandl et al., 2006; Kadzere et al., 2002). To ameliorate
the negative effects of direct heat, some cattle breeds spend more time in
the shade (Adamczyk et al., 2015; Curtis et al., 2017; Shilja et al., 2016),
compared to highly adapted tropical native breeds (Sejian et al., 2018).
In desert regions, adapted breeds spend more time in standing positions
which allows them to reorient themselves in different directions,
avoiding direct solar and ground radiation. It also facilitates the dissi-
pation of body heat to the surroundings by increasing the amount of skin
exposed to airflow or wind (Chedid et al., 2014).

In addition to behavioral adaptation, the physiological response to
dissipate body heat includes an increase in respiration rate, panting,
higher drinking frequency, sweating, and reducing food intake (Rensis
and Scaramuzzi, 2003; Schütz et al., 2009). However, physiological ad-
aptations to heat stress can compromise other systems, e.g. in the car-
diovascular system, the redistribution of blood flow from the viscera to
the periphery during heat stress allows the dissipation of body heat, but it
also leads to reduced perfusion of the placental vasculature and a delay in
fetal growth (Hansen and Are�echiga., 1999). In Holstein heifers, the ef-
fect of heat stress during the final 46 days of gestation affects growth and
milk production (Monteiro et al., 2016; Brown et al., 2016a, 2016b).

Heat stress can also impair the production of the hormones that
regulate ovarian function such as GnRH, LH, and FSH, leading to poor
3

follicle maturation (Abdelatty et al., 2018; Khodaei et al., 2011).
Impaired ovarian function determines a reduction in the number of
ovulations and the number of viable embryos measured in the embryo
recovery rate, pregnancy, and conception rate (Benyei et al., 2001).
Despite beef cattle are less affected by heat stress due to their lower
metabolic rate and lower body heat production compared to dairy cattle;
its pregnancy rate can be negatively affected (Amundson et al., 2006).
Both, dairy and beef cattle exposed to heat stress show a decrease in
welfare and productivity performance (Summer et al., 2019), leading to a
reduction in the conception rate between 20% and 30% (Rensis and
Scaramuzzi, 2003). Similar alterations have been observed in buffaloes
under heat stress (Dash et al., 2016).

5. Heat stress in cattle embryo

5.1. Embryo environment

Initially, the embryo's environment refers to the conditions in the
oviduct, since there the fertilization takes place through the modulation
of the composition of the medium to allow sperm capacitation, transport
of mature sperm in the ampulla until reaching the oocyte, and early
embryonic development in the isthmus (Leese et al., 2007; Leese et al.,
2001). The bovine oviduct is a small-elongated organ, which connects
the ovaries to the tip of the uterine horns; when gametes enter the
oviduct and meet in the ampulla, where fertilization occurs (Maillo et al.,
2016). Bovine embryos remain in the oviduct from 3,5 to 4 days and
migrate to the distal end of the isthmus before they enter the uterus
(Besenfelder et al., 2020).

The oviductal fluid contains simple and complex carbohydrates,
ions, lipids, phospholipids, and proteins (Avil�es et al., 2010; Mou-
guelar et al., 2015; Y�aniz et al., 2000; K€olle et al., 2009; Y�aniz et al.,
2000; Mouguelar et al., 2015), which serve as substrates to produce
lactate, pyruvate, and glucose, as well as amino acids, to maintain the
embryo (Hugentobler et al., 2007). Some proteins as glucodelins and
lactoferrin present in the oviductal fluid are involved in the interac-
tion with gametes (Ghersevich et al., 2015), and others such as ovi-
ductin (OVPG1), osteopontin, and complement protein C3 contribute
to early embryonic development (Tse et al., 2008). OVGP1 promotes
sperm capacitation while maintaining mobility and viability (Coy
et al., 2012), and it has been suggested as a protein with a protective
activity of the early embryo (Ghersevich et al., 2015). Oviductin is
found in the perivitelline space and membrane of embryos of different
species before implantation, which could act as a protective 'shield'
around the early embryo (Ghersevich et al., 2015). Thus, changes in
the composition of the oviductal fluid and gene expression reflect the
ability of the oviduct to adapt to the environment in different events
from fertilization to early embryonic development (Maillo et al.,
2015).

In the same way, the fertilization protocols and maturation embryo
techniques in vitro are designed to mimic at laboratory conditions the
environment provided by the oviduct through supplements in the
culture media (van der Weijden et al., 2017). Despite this, gene
expression analysis between in vitro and in vivo conditions has shown a
down-regulation of genes related to RNA processing in the in vitro
model (Smith et al., 2009), exhibiting the differences only in the
embryo production process. Besides the changes inherently to embryo
culture conditions, it has been demonstrated that an increase in the
environment temperature of the donor females caused by the season
change, directly decreases the proportion of the viable oocytes
(Al-Katanani et al., 2002).

Regarding the impairment of oocyte function in heat-stressed cattle,
this may result from alteration of oocyte membrane characteristics such
as fatty acid composition, physical properties, or changes in follicular
fluids contents such as insulin-like growth factor binding proteins or
steroids (Lopes et al., 2012; Roth, 2017; De Rensis et al., 2017).
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5.2. Effects of heat stress in cattle embryo

The effects of heat stress in the embryo quality can come from envi-
ronmental exposure; it has been shown that heat stress can disturb the
oocyte RNA, preformed related proteins as heat shock proteins and other
components including antioxidants, compromising the later phases of its
development (Ealy et al., 1993; Pavani et al., 2015; Verdoljak et al., 2018;
Sakatani, 2017). Rispoli et al. (2011) showed a decrease in the cleavage
rate, embryo maturation, and the percentage of blastocyst coming from
oocytes exposed to heat stress (12 h of heat stress at 41 �C).

In the same way, changes in sperm conditions can alter the outcome
of embryo development (Rahman et al., 2018). An increase of the body
temperature has been shown to reduce the total sperm count and
motility, including changes in the morphology of the spermatozoa and an
increase in the ROS (reactive oxygen species) level (Skinner and Louw,
1966; Rahman et al., 2018). In Nelore bulls, sperm exposed to hydrogen
peroxide (an oxidant agent) was related to lower cleavage and blastocyst
rates, supporting the idea of the effect of sperm conditions before the
fertilization on the embryo development (de Castro et al., 2016).

Embryonic death has been related to heat stress due to the increase of
the cow internal temperature (over 39 �C) which occurs within the first
six days of embryo development, because of the lack of production of
heat-tolerant proteins that protect the embryo in the uterus (Bailey et al.,
2016). Besides, it probably reduces the ability of the embryo to become
transcriptionally competent (Hansen, 2007). In the case of the 2-cell
embryo stage, exposure to high temperatures causes changes in micro-
filament and microtubule network (Rivera et al., 2004); depolarization of
the cell by the increase in the number of swollen mitochondria (Rivera
et al., 2003), and production of ROS (Sakatani et al., 2004). Later em-
bryos, such as blastocyst, develop thermotolerance by the accumulation
of antioxidants such as reduced glutathione (GSH), in response to
heat-inducible production of ROS and the ability to synthesize heat shock
protein 70, HSP70 (Boni, 2019). In blastomeres after exposure to 41 �C
for 9 h, it was found a high percentage (15,8%) of embryos with DNA
fragmentation (Paula-Lopes and Hansen, 2002). Similarly, in vitro em-
bryo fertilization and development are susceptible to the heat stress
before the EGA (embryonic genome activation) at the 8-cell stage, i.e.
between the oocyte and cleavage stage (Graf et al., 2014a,b). Exposure of
the zygote and 2-cell embryo to the high temperatures causes a large
reduction in the percentage of embryos that reach the blastocyst stage
(Hansen, 2019). This susceptibility has been associated with a reduction
in the antioxidant level and the addition of antioxidants in culture media
reduces the effects of heat stress in embryos produced in vitro (Sakatani,
2017; Torres-Osorio et al., 2019).

The bovine embryos are susceptible to oxidative damage, especially
the IVP (in vitro production) embryos (Rocha-Frigoni et al., 2014).
However, it has been reported that the Glutathione (GSH) and other
antioxidants maintain the intracellular redox balance and increase the
developmental rate of the stages morula (13%) and blastocyst (20%)
(Guo et al., 2020; Takahashi et al., 1993). The embryo resides in the
oviductal microenvironment for the first 3–4 days until a 16-cells stage
before to enter to the uterus; here the embryo interacts with oviductal
Table 1. Effects of heat stress in bovine embryos.

Decrease in the blastocyst
developmental rate

Decrease in
pregnancy rates

Decrease i
cleavage r

Breed NSa,d-g, Jerseyh, Angush,
Japanese blackb, Holsteinc

Holsteinj,k, Holstein
Friesiani

NSe

Type of study IVFa-h, IVMd-h IVSi-k IVFe, IVM

IVM: In vitro maturation; IVF: In vitro fertilization; IVS: In vivo study; NS: Does not sp
a(Sakatani et al., 2004); b(Sakatani et al., 2012); c(Ferreira et al., 2011); d(Sugiyama et a
h(Silva et al., 2013); i(Nabenishi et al., 2011); j(Ealy et al., 1993); k(Moghaddam et a
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fluid proteins as the insulin-like growth factors, glycoproteins, and
binding proteins that allow the embryo development; these proteins have
been selected as targets to improve in vitro embryo production methods
(Pillai et al., 2017). Jousan and Hansen (2007) showed that the addition
of insulin-like growth factor I (IGF-I) to in vitro cultures inhibited
heat-induced apoptosis, leading to embryonic survival. This apoptosis is
mediated by activation of group II caspases that are responsible for the
destruction of structural and regulatory proteins that lead to DNA dam-
age and cell demise (Hansen, 2007; Wolfenson and Roth, 2019). Changes
in the blastocyst rate, cleavage rate, and other effects of heat stress can be
seen in Table 1.

On the other hand, heat stress can alter DNA replication, protein as-
sembly, and membrane fluidity (Higashikubo et al., 1993; Horvath et al.,
1998; Kapila et al., 2016). Heat shock proteins (HSPs), also known as
chaperones, have a pivotal role in the response to thermal stress (Li and
Srivastava, 2004) and their level of expression depends on the magnitude
of the stressor stimuli, e.g. HSP70 usually increases its expression at se-
vere heat exposures more than 3 �C to normal temperature in short pe-
riods. HSPs act as a molecular chaperone protecting the protein
machinery and avoiding caspase-mediated cell death or necrosis induced
by oxidative stress (Creagh et al., 2000; Sonna et al., 2002). Also, several
genes are activated in front of a variety of stress stimuli including
cyclooxygenase 1 and 2 (COX1, COX2), X-linked inhibitor of apoptosis
(XIAP), B-cell lymphoma 2 (BCL-2), among others (Creagh et al., 2000;
Hiramatsu et al., 2014; Pihan et al., 2017; Rossi et al., 2012).

These changes in the expression of genes associated with heat shock
response have boosted the development of new studies to characterize
bovine breeds and improve the in vivo and in vitro fertilization protocols
(Silva et al., 2013; Urrego et al., 2014), to select crossbreeds that can
tolerate adverse temperatures and sustain high productivity. Thus, pre-
vious reports have demonstrated the effects of heat stress on the nuclear
and cytoplasmic maturation, in addition to alterations in mRNA tran-
scripts level, protein synthesis, and membrane phospholipid composi-
tion, in cattle oocytes and embryos (Al-Katanani et al., 2002; Edwards
et al., 2005; Memili and First, 2000).
5.3. Transcriptomic response to heat stress in cattle embryo

Activation of gene machinery (demethylation or acetylation of his-
tones, activation of transcription factors, and enhancers) to increase the
transcription of HSPs genes (Cagnone and Sirard, 2016; Cassar-Malek et
al., 2008) is an embryonic response to heat stress. However, early em-
bryonic development is initially carried out by maternal transcripts and
different proteins produced by the oocyte during oogenesis (Graf et al.,
2014). This occurs from the fertilization to 2-cell stage in mouse (Schultz,
1993), 4–8 cells stage in humans (Braude et al., 1988) and 8–16 cells
stage in bovines (Jiang et al., 2014).

The transcription of heat stress-related genes during embryonic
development not only depends on transcription factors and EGA but also
on epigenetic regulation (de Barros and Paula-Lopes, 2018). This in-
cludes the methylation patterns made by the DNA methyltransferases
(DNMT) in the process called embryo epigenetic reprogramming, which
n
ate

Alteration in the cell
structural
morphology

Increase in the ROS Increase in the
number of apoptotic
cells

Angusl NSa NSg,m, Holsteinc

e IVFl, IVMl IVFa IVFc,g,m, IVMg,m

ecify.
l., 2007); e(Sakatani et al., 2015); f(Bonilla et al., 2011); g(Nabenishi et al., 2012);
l., 2009); l(Rivera et al., 2003); m(Paula-Lopes and Hansen, 2002).
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involve both paternal and maternal genome demethylation with de novo
embryo methylations in 8- to 16-cell stage (Dobbs et al., 2013; Dean
et al., 2001). This process can be affected by heat stress leading to
markedly differences in gene expression (de Barros and Paula-Lopes,
2018). A recent study has been demonstrated that heat stress can lead
to an increase of acetylation levels on the promoter for theHSP70 gene in
harsh-temperature-conditioned individuals (Kisliouk et al., 2017).
Additionally, Camargo et al. (2019b) showed by immunofluorescence
analysis an aggregation of the histone H3 lysine 9 trimethylation
(H3K9me3) together with heterochromatin protein 1 (HP1) in the nuclei
of embryos derived from heat-shocked bovine oocytes, suggesting
abnormal chromatin compaction that can reduce the transcription of
genes associated with embryo development leading to an increase of the
proportion of apoptotic cells seen in these blastocysts compared to em-
bryos derived from no heat-shocked oocytes (Camargo et al., 2019b).
Despite this, epigenetic regulation under heat stress conditions and its
effects on embryo development in livestock production is poorly under-
stood. At the 8–16 cells stage coordinating with embryo epigenetic
reprogramming, maternally derived RNA and proteins are degraded, and
the EGA is initiated. This process has been namedmaternal-to-embryonic
transition and includes the replacement of transcripts from the oocyte to
the brand-new embryonic transcripts, like ribosomal RNAs (Graf et al.,
2014). It has been reported that embryos in a preimplantation stage
(before late blastocyst state) are more sensitive to stress conditions
despite the EGA, and the heat sensitivity depends on the stage of the
embryo (Sakatani et al., 2004).

One of the first produced proteins to respond to heat stress is the
HSP70, which inhibits the activation of the caspase pathway, preventing
the release of cytochrome C from the mitochondria and participates in
the stabilization and refolding of the proteins damaged by heating
(Mosser et al., 2000). In 2 and 4-cells embryos exposed to 42 �C, mRNA
levels of HSP70 were increased (Chandolia et al., 1999). Sakatani et al.
(2012), showing an increase in the expression of the HSPA14 gene (a
member of the HSP70 family) in the morula stage embryo exposed to
thermal stress (40 �C, for 24 h). Additionally, the HSPA14 gene has been
Figure 2. Effects of heat stress in the different stages on embryo development. Th
embryonic development, including the upregulated and downregulated genes in e
compromise the outcome the final stages of the embryo, reducing the pregnancy an
et al., 1999; Mosser et al., 2000; Pavani et al., 2016; Sakatani et al., 2012; Sakatani
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reported as the major inducible gene associated with heat shock
response, protecting the embryo from death (Hassan et al., 2019).

Pavani et al. (2016) showed the relative gene expression of HSPA14,
DNMT1, Cx43, and CDH1 in different embryo stages (2-cells, 4-cells,
morula, and blastocyst) under heat stress conditions. It was found that
in vitro bovine embryos extracted from warm months have lower
expression levels of HSPA14 and DNMT1 compared to embryos from cold
months in 2-cells, 4-cells, and morula stage. The Cx43 gene was down-
regulated in 2- and 4-cell stages from oocytes obtained in warm months.
However, embryos from oocytes maturated at 38,5 �C (control group),
39,5, and 40,5 �C (heat shock groups) for 24 h, showed upregulation of
the DNMT1 gene in 2-cells, 4-cell, and blastocyst stage in the heat shock
groups. For the HSPA14 gene was observed a downregulation in 2-cells,
4-cells, morula, and blastocyst stage in the heat shock groups compared
to control. This gene has been associated as one of the first responder
proteins to heat stress (Archana et al., 2017; Camargo et al., 2007).
Interestingly, the gene to the cadherin-1 CDH1 showed a bimodal
response, initially showing a downregulation in the 2-cells, 4-cells, and
morula stage in the heat shock groups, and then an upregulation in
blastocyst stage in heat shock groups. The protein encoded by this gene is
associated with intercellular interactions and possibly is related to late
embryonic stages where the inner cell mass and trophectoderm begin the
differentiation process. In the case of the Gap Junction Protein Alpha 1 or
connexin-43 (Cx43), an upregulation in the expression of the gene was
observed in the 4-cell stage in heat shock groups. The function of this
protein in embryo response to heat shock has been associated with cell
survival; it is even used as a marker for embryo quality and survival rate
(Pavani et al., 2016).

Sakatani et al. (2013) analyzed the cattle embryo transcriptome using
a 30-tag digital gene expression, showing differences in the gene
expression in morula-stage embryos cultured at 40 �C for 8 h compared to
control (38 �C), increasing mRNA levels of HSPB11 and HSPBP1 related
to heat shock proteins and in the AKR7A2, CBR1, GGH, GSTA4, and
MAP2K5 associated with oxidative stress. Interestingly, 38 out of 173
genes altered by heat shock were related to the ubiquitin signaling
e figure shows the effects of heat stress either in the sperm, oocyte and early
ach embryo development stage (8–16 cells, morula, and blastocyst), lead to
d conception rate by spontaneous abortion (Camargo et al., 2019a,b; Chandolia
et al., 2013; Satrapa et al., 2013).
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pathway, possibly as a mechanism to reduce the accumulation of dena-
tured proteins, leading to degradation of those by the proteasome
(Sakatani et al., 2013). These and other genes related to a heat stress
response are summarized in Figure 2 (Figure 2).

Heat shock can downregulate the expression of specific genes, as
shown by Camargo et al. (2019a), which made a comparison between in
vitro fertilized (IVF) or parthenogenetic (Part) blastocysts derived from
oocytes matured in vitro (IVM) under 41�C/12 h (heat shock treatment)
followed by 38,5�C/12 h. This study showed a downregulation of the
aquaporin 3 gene AQP3 and upregulation of HSP70.1 (HSPA1) in blas-
tocysts, and downregulation of the ATP1A1 gene in IVF blastocysts. The
aquaporin AQP3 protein plays an important role in the cavitation of the
blastocyst allowing the transport of water through the membrane and the
ATP1A1 protein is related to ion transport across the trophectoderm.
Both allow the embryo development and their downregulation may be
associated with a higher apoptotic index observed in the heat stress
embryos, which may serve as an indicator of quality and viability in
embryo development (Camargo et al., 2019a).

Khan et al. (2017) showed the effects of coagulisin-A (coa-A) (a ste-
roidal lactone that functions as an antioxidant and apoptosis regulator) in
bovine embryos matured and fertilized in vitro. They found that embryos
supplemented with coa-A showed an increase in HSP70 and PI3K
(phosphatidylinositol 3-kinase) expression at a protein and genetic level.
Additionally, the BCL-2 gene was upregulated and COX-2, iNOS, BAX,
CASP3, p53, p21, and NF-kB showed downregulation. The relevance of
these findings is related to the high free radicals as ROS that is produced
during a heat stress state leading to cell death; thus, the coa-A supple-
mentation could be a way to reduce the effects of the heat stress in bovine
embryos developed in vitro (Khan et al., 2017).

6. Concluding remarks

The heat stress response in bovine embryos are associated with an
increase of the expression of chaperon proteins related genes of the HSPs
family in early stages, genes related to oxidative stress COX 1, GGH and
DNMT; protein signaling MAP2K5; cell to cell interaction CDH1 and cell
survival BCL2, XIAP. This response can affect the embryo development
decreasing the cleavage rate by altering cell morphology, increasing ROS
production, and the number of apoptotic cells, leading finally to a
decreasing in the pregnancy rate. These effects are markedly higher in
heat susceptible bovines as Bos taurus breeds in comparison with Bos
indicus breeds. Thus, further studies are necessary to understand the
genetic and protein modulation elicited by a heat stress response in cattle
embryos as the HSP proteins, including their polymorphisms and
expression levels in different breed crosses taking into account bovines
susceptible and tolerant to heating; all of this considering several factors
that influence the gene expression, as the time of exposure to heat stress,
temperature level, embryo stage and type of fertilization technique,
among others.
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