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Simple Summary: Heat stress is a major problem for the health and productivity of livestock,
including cattle. Since the 1950s, researchers have studied how high environmental temperature
affects cattle fertility through both laboratory and field studies. When a cow’s rectal or vaginal
temperature goes above 39.1 ◦C, it is considered heat-stressed, which can harm its ability to reproduce.
However, there is not enough information about temperatures in the uterus, oviducts, and ovarian
follicles, especially in lactating dairy cows, to ensure current laboratory models are accurate. These
data are crucial for understanding how heat stress impacts oocyte (egg) development and early
embryo survival in cattle. Additionally, it is important to improve live animal stress models to
correctly identify when cows are truly experiencing heat stress, shown by signs like increased
panting, body temperature, and heart rate, rather than just assuming they are stressed based on
exposure to a high temperature–humidity index. Improving these models will make them more
reliable and help identify cattle that can better tolerate heat.

Abstract: Rectal and vaginal temperatures are utilised in both in vivo and in vitro models to study
the effects of heat stress on oocyte competence and embryo viability in cattle. However, uterine
temperature increases by only 0.5 ◦C in heat-stressed cows, significantly lower than simulated
increases in in vitro models. Temperature variations within oviducts and ovarian follicles during heat
stress are poorly understood or unavailable, and evidence is lacking that oocytes and pre-implantation
embryos experience mild (40 ◦C) or severe (41 ◦C) heat stress inside the ovarian follicle and the
oviduct and uterus, respectively. Gathering detailed temperature data from the reproductive tract and
follicles is crucial to accurately assess oocyte competence and embryo viability under realistic heat
stress conditions. Potential harm from heat stress on oocytes and embryos may result from reduced
nutrient availability (e.g., diminished blood flow to the reproductive tract) or other unidentified
mechanisms affecting tissue function rather than direct thermal effects. Refining in vivo stress models
in cattle is essential to accurately identify animals truly experiencing heat stress, rather than assuming
heat stress exposure as done in most studies. This will improve model reliability and aid in the
selection of heat-tolerant animals.

Keywords: heat stress; cattle; oocyte competence; ovarian follicle; pre-implantation period; embryo
viability; uterus; oviducts

1. Introduction

It is projected that climate change will increase the exposure to episodes of heat stress
worldwide [1–4], affecting the performance, health, and welfare of domestic livestock
species, including cattle [4–6]. Heat stress arises when a combination of climate variables—
such as low wind velocity and high air temperature, relative humidity, and solar radiation
—creates a microenvironment that disturbs the thermal equilibrium of the body, moving the
internal body temperature out of the thermoneutral zone into the upper critical temperature
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zone [7]. The upper critical temperature is the ambient temperature above which heat
evaporative mechanisms need to be activated to maintain a stable internal body temperature
compatible with optimal physiological function [8]. Previous studies conducted on dairy
cattle in the 1980s and 1990s in northern Israel [9] and Arizona, USA [10], reported upper
critical air temperatures of 25.0–26.0 ◦C and 24.0–27.0 ◦C, respectively. More recently, an
upper critical air temperature of 28.4 ◦C has been suggested based on data from Florida,
USA, and the differences between studies were attributed to differences in husbandry
(e.g., the use of mitigation strategies for heat stress) and partial adaptation to heat stress of
the analysed herd [11]. However, these upper critical air temperatures were calculated in
subtropical areas, and may differ for dairy cattle raised in temperate climates, particularly
those exposed to heatwaves during summers in temperate regions such as the UK [12–14],
where temperatures of 40 ◦C were recorded for the first time in July 2022 [15]. Furthermore,
genetic selection for productive traits in the cattle industry can result in a diminished
genetic ability to adapt to local environmental changes [16] and could potentially exacerbate
the vulnerability of dairy cattle to heat stress associated with increased metabolic heat
generation from high milk production [17]. Indeed, a marked increase in respiration rate
can be observed at 21 ◦C in cattle [18], and a study in Sweden revealed a sharp decline in
milk production in dairy cattle at environmental temperatures of 22.0–23.0 ◦C [19].

The consequences of heat stress extend beyond reduced milk production, affecting
animal welfare [20,21] and, in extreme cases, leading to the death of animals [22–27]. Heat
stress also has an economic impact on cattle production. St-Pierre et al. [28] reported over
a decade ago annual losses in the USA of approximately USD 897 million for the dairy
industry and USD 369 million for the beef industry. More recently, Hristov et al. [29]
suggested that milk production losses in dairy herds from the Northeast in the USA
are expected to be 0.40% in 2050 and 1.02% by the end of the century, representing an
economic loss of USD 49.1 and USD 125.8 million per year, respectively. In another study
in the USA, it was predicted an annual national decline in milk production of 1.4 and
1.9 kg/day in 2050 and 2080 with economic losses of USD 1.7 billion and USD 2.2 billion,
respectively [30]. Similarly, research in Germany and Spain estimated a 2.8% reduction
in milk yield due to heat stress, resulting in financial losses of about 5.4% of the monthly
income, especially during the summer season [31]. Latest global prediction models indicate
that heat stress will also lead to significant financial losses associated with decreased milk
and beef production in Sub-Saharan Africa during the middle and end of the century.
A similar scenario is expected in Central America [5]. While these estimates typically
rely on the negative impact of heat stress on feed intake, which in turn decreases milk
production, it is well documented that in cattle, heat stress can be detrimental to oestrus
cyclicity [32,33], oocyte quality [33,34], and pre-implantation embryo development [35–39],
thus negatively affecting their reproductive performance.

A key component for successful reproduction is the ability of the oocyte to maintain
optimal development and maturation to achieve fertilisation and subsequent early embryo
development. Another critical aspect for reproductive success is the provision of a mi-
croenvironment in the oviduct and uterus compatible with sound pre-implantation embryo
development. Indeed, the periconceptional period is a critical developmental period [40,41]
during which heat stress can exert short- and long-term detrimental effects on the resultant
embryos and offspring [42]. In this review, we provide an extensive discussion of the
current understanding of the cellular and molecular alterations exerted by heat stress on
oocyte developmental competence and embryo viability in cattle. Additionally, we will
critically evaluate the reliability of in vitro models in this context.

2. Impact of Heat Stress before Resumption of Meiosis in Cattle

While oogonial stem cells (OSCs) have been isolated from adult mice ovaries and
are capable of differentiating into fertilisable oocytes and producing offspring via intrao-
varian transplantation of OSCs [43,44], the role of this putative postnatal oogenesis in
maintaining a pool of primordial follicles in vivo remains uncertain, particularly consider-
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ing that OSCs represent only 0.014% of the cell population per ovary in mice [44]. Moreover,
there is controversy regarding the presence of OSCs in the ovaries of humans and other
species [45,46]. Therefore, the current evidence does not sufficiently challenge the main-
stream notion that postnatal ovaries in mammalian species, including cattle, possess a
fixed, non-renewable pool of primordial follicles [47,48]. Primordial follicles are formed
during foetal development [49], and each primordial follicle contains a primordial oocyte
surrounded by pre-granulosa cells (i.e., a single layer of flattened epithelial cells) halted
at the diplotene stage of the first meiotic division [50,51]. Upon activation, the primordial
follicle undergoes several developmental stages starting with the transition into a primary
follicle, followed by progression to a secondary follicle, with subsequent transformation
into an antral follicle [52].

The effects of in vivo heat stress exposure on germinal vesicle (GV)-stage oocytes in
cattle have been studied using oocytes collected by ovum pick-up (OPU) from live animals,
coupled with in vitro embryo production (IVEP). During OPU, immature oocytes (i.e., in
the GV stage) are collected and subsequently subjected to in vitro maturation (IVM), in vitro
fertilisation (IVF), and in vitro embryo culture (IVEC) to produce blastocysts. Alternatively,
immature oocytes can also be obtained from ovaries collected at the local abattoir [53].
With this model, it was reported that compared to the cool season, abattoir-derived oocytes
from Holstein cows produce fewer blastocysts during the hot season in the USA [54,55],
Israel [56–59], and Portugal [60,61]. In South Korea [62], Japan [63], and Uruguay [64], GV-
stage oocytes from beef cattle collected at the abattoir during the summer showed a reduced
ability to form blastocysts following IVM. Using abattoir-derived Holstein GV-stage oocytes,
it was also demonstrated that embryo development following oocyte chemical activation
was impaired during the hot season [65]. This seasonal temperature effect on IVEP was
not detected with abattoir-sourced oocytes from beef cattle by researchers in Brazil, but the
same group reported lower blastocyst production during the hot season with OPU-derived
oocytes from Holstein heifers and cows [66]. Similarly, a retrospective study in Brazil with
Holstein cows found that exposure to temperatures above 15 ◦C on day 30 prior to OPU
yielded fewer viable oocytes and produced fewer embryos compared to cows kept below
15 ◦C [67]. However, no effect on blastocyst production was reported when heat stress
took place on day 60 or 90 before OPU, or on the day of OPU [67]. Studies conducted in
Mexico involving Holstein cattle found that embryo production via OPU-IVEP was lower
during the warmest months of the year, with a more pronounced effect observed in cows
compared to heifers [68,69].

2.1. Cellular and Molecular Effects of Heat Stress on Bovine Germinal Vesicle-Stage Oocytes

Previous research with seasonal studies reported that transcript expression of GV-
stage oocytes is not affected, but the gene expression of oocytes following IVM and that of
resultant embryos is impacted. As such, in vitro matured oocytes derived from GV-stage
oocytes sourced during the hot season showed decreased expression of genes associated
with modulation of mitochondrial electron transport chain (ND2, SDHD, CYTB, COXII,
ATP5B) [58], regulation of oocyte maturation (C-MOS, GDF9), and control of embryonic
cell lineage differentiation (POU5F1) [56,57]. The downregulation of POU5F1 was further
observed at the two-cell [70], four-cell, eight-cell, and blastocyst stages [57]. Similarly,
GV-stage oocytes collected during warm months produced embryos with lower expression
of genes involved in the regulation of cell membrane permeability (CX43), DNA methyla-
tion (DNMT1), and cellular stress response (HSPA14) [61]. However, other studies have
shown that transcript activity in GV-stage oocytes varies significantly between hot and
cool seasons. For instance, immature oocytes harvested from dairy cows and heifers in
the summer displayed diminished gene expression linked to mitochondrial activity (NRF1,
POLG, POLG2, PPARGC1A, TFAM), programmed cell death (BAX and ITM2B), and oocyte
maturation (FGF16 and GDF9) [71]. A recent RNA sequencing analysis of GV-stage oocytes
from Angus cows collected in the summer identified changes in the expression of genes
involved in steroid biosynthetic processes, oxidation-reduction, and mitophagy in response
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to mitochondrial depolarisation, linking them to pathways associated with glucocorticoid
biosynthesis, apoptosis signalling, and the HIPPO signalling pathway, which regulates cell
proliferation, differentiation, and survival. Following IVM, the resultant MII oocytes exhib-
ited changes in the transcriptional regulation of genes involved in the MAPK signalling
cascade, melanosome organisation, and negative regulation of transcription. This altered
gene expression influenced pathways related to Oct4-mediated pluripotency signalling,
Wnt/beta-catenin signalling, and melatonin degradation [72].

Other variables of oocyte quality, such as mitochondrial distribution, can be impaired
in in vitro matured oocytes originating from summer-collected GV-stage oocytes without
altering their mitochondrial DNA (mtDNA) copy number [58]. Likewise, the number of
mtDNA copies in GV-stage oocytes was not affected by season in reproductively healthy
dairy heifers and cows [71]. In beef cows, immunostaining analyses indicated no sea-
sonal effect on global DNA methylation (5-methylcytosine) and DNA hydroxymethylation
(5-hydroxymethylcytosine) in GV-stage oocytes [72], nor the proportion of MII oocytes
following IVM [64,72]. Similarly, the ability of GV-stage oocytes to achieve fertilisation
following IVM-IVF does not appear to be affected by seasonally high temperatures [64].
Nevertheless, an increase in apoptosis of immature cumulus–oocyte complexes (COCs)
from beef cattle was observed in the summer months, which persisted following IVM [64].

At the embryo level, blastocysts derived from GV-stage oocytes obtained during warm
months did not exhibit changes in apoptosis level [64,71] or cell number [54,64] in dairy
and beef cattle. A recent study used time-lapse analysis to compare the developmental
potential of GV-stage oocytes between the hot and cold seasons. It was found that although
the second embryonic cleavage was delayed, the overall timeline to reach the blastocyst
stage was not influenced by seasonal temperatures. However, the occurrence of abnormal
cleavage was higher during the hot season and was characterised by zygotes dividing
into two blastomeres of different sizes. Consequently, a greater percentage of blastocysts
originated from normally cleaved embryos during the cold season than during the hot
season. Gene expression analysis of the resultant embryos indicated that the transcript
abundance of genes involved in immune response regulation (STAT1) and cellular stress
(HSF1) increased, while the expression of ZP3 (sperm binding receptor) decreased. [59].
Although it might be argued that these studies could be detecting an effect of season
that is not necessarily due to heat stress (e.g., nutrient availability), there is good in vivo
experimental evidence demonstrating the detrimental effects of high temperatures on
GV-stage oocyte competence. For instance, using environmental chambers, it was reported
that Gir cows exposed to temperatures of 30–38 ◦C for 28 days before OPU displayed a
decrease in weekly blastocyst production during the following 105 days after heat stress
exposure [73].

2.2. Contribution of In Vitro Models to Assess the Impact of Heat Stress on
Germinal-Vesicle-Stage Oocytes

In vitro models have also illustrated the detrimental effects of heat stress on immature
oocytes, where culturing GV-stage oocytes under 41.0 ◦C with meiosis inhibitors to prevent
the spontaneous resumption of meiosis resulted in decreased embryo production following
IVM, IVF, and IVEC [56,74,75]. But this detrimental effect was not associated with the ability
of heat-stressed GV-stage oocytes to reach metaphase II or achieve fertilisation following
IVM [74]. Furthermore, the resultant matured oocytes also showed increased apoptosis
and decreased mitochondrial activity, but the resultant embryos did not show alterations
in cell number or level of apoptosis [75]. In another study, exposing oocytes from early
antral follicles with diameters of 0.5–1 mm to temperatures ranging from 39.5 to 40.5 ◦C
for 9 hours (h) daily over 12 days did not affect their ability to achieve in vitro maturation,
but completely impaired their capacity to reach the blastocyst stage [76]. In vitro models
have also shown that preantral development can be impaired by heat stress. Using Calcein
AM, a membrane-penetrating dye for labelling live cells, in combination with ethidium
homodimer-1, which penetrates only dead cells, it was reported that preantral follicles
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(i.e., follicles enclosed in ovarian tissue) displayed lower viability when exposed to 41 ◦C
for 12 h a day for 7 days, along with increased production of reactive oxygen species
(ROS) [77]. Similarly, the viability of preantral secondary follicles, as shown by trypan
blue intake (a dye that penetrates only dead cells), decreased when they were exposed
to 41 ◦C for 8 h daily over a period of 7 days. This was accompanied by a reduction in
follicle diameter and increased expression of genes associated with apoptosis (BAX) and
protection against oxidative stress (SOD1) [78]. More recently, exposing ovarian cortex
fragments to 41 ◦C for 2 h decreased the number of primordial follicles, while the counts of
primary and secondary follicles remained unchanged. Heat-stressed primordial follicles
also exhibited reduced follicle diameter and fewer granulosa cells. Additionally, increased
levels of apoptosis were observed, specifically in primordial and primary follicles [79].
While no in vivo bovine model has yet analysed the effect of heat stress on the viability of
primordial follicles, in rabbits, in vivo exposure to thermal stress (31 ◦C) did not decrease
the number of primordial follicles, but it did increase the incidence of vacuolisation in
these follicles [80]. Contrary to earlier assumptions of their heat resistance [34,81], these
findings suggest that primordial follicles might be more susceptible to heat stress than
previously believed.

Granulosa cells from small follicles have also been analysed, with fluorescence assays
revealing increased production of ROS and apoptosis in heat-stressed granulosa cells
exposed to 40 ◦C or 41 ◦C for 2 h in vitro [82,83]. Moreover, RNA-sequencing of these
granulosa cells revealed that heat stress altered pathways involving heat shock proteins,
apoptosis, and oxidative stress [82]. The same team also explored the transcriptome and
metabolome of granulosa cells from small follicles using a model of heat exposure at
43 ◦C for 2 h in vitro. Dysregulation of gene expression and metabolite production was
observed in this model [84–86], but the practical relevance of this information for bovine
reproduction is uncertain as it is extremely unlikely that a cow or heifer will reach a rectal
temperature of 43 ◦C under natural exposure to heat stress. Although some dairy cows can
apparently reach rectal temperatures exceeding 42 ◦C when purposely exposed to unshaded
conditions during the hot season in Florida, USA [87], such high rectal temperatures are
typically observed in pathological cases, such as cattle with syndactyly. During one week
of exposure to 37 ◦C in a climate chamber, cows and heifers with this condition could reach
rectal temperatures of 44.5–45 ◦C before succumbing, whereas control animals maintained
a rectal temperature of around 40 ◦C [88]. Furthermore, IVM at 43 ◦C for 12 h completely
abolished the ability of oocytes to reach the blastocyst stage [89].

3. Impact of Heat Stress during Oocyte Meiotic Maturation in Cattle

Oocyte maturation encompasses a series of molecular and cellular events that provides
the oocyte with the ability to achieve fertilisation and form a competent embryo [90–92].
During maturation, GV breakdown takes place, with the subsequent completion of the
first meiotic division resulting in the formation of the first polar body, followed by an
arrest at the metaphase II stage of the second meiotic division. At this point, nuclear and
cytoplasmic maturation have been achieved, and the oocyte is ovulated [92–94].

Research conducted in environmental chambers with sheep in the 1960s suggested that
oocyte maturation is a key developmental period affected by heat stress, as ewes exposed
to high temperatures at the time of breeding (~24 h before fertilisation) experienced a
significant increase in oocyte degeneration and embryo loss [95,96]. In cattle, it was found
that exposing superovulated heifers to 42 ◦C for 10 h in an environmental chamber during
oestrus, but before artificial insemination, was sufficient to decrease the proportion of
embryos with good morphological quality and their cell number [97]. Similarly, a decrease
in pregnancy rate was observed when dairy cows were exposed to a temperature–humidity
index (THI) of more than 80 on the day before artificial insemination [98]. Heat stress can
induce changes in the reproductive physiology of cattle, including dysregulated luteinising
hormone (LH) and follicle-stimulating hormone secretion [99,100], diminished follicu-
lar [101,102] and luteal [102,103] blood flow, decreased dominant follicle size [102,104–107],
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atypical follicular development dynamics [73,108–110], impaired ovarian steroid produc-
tion [111–113], unbalanced intrafollicular protein content [107,114], and delayed regression
of the corpus luteum [105,108]. Despite contradictory evidence for some of these physio-
logical variables, such as the lack of effect of heat stress on steroid production [115] and
luteal function [116,117], all these ovarian regulatory factors can ultimately impair follicular
development and oocyte quality, making it challenging to determine whether there is a
direct effect of high temperature on oocyte maturation.

In this context, IVEP cycles have proved useful for analysing in detail the effects of heat
stress exposure during oocyte maturation. The majority of in vitro models of heat stress
have confirmed a decrease in blastocyst formation when oocytes are exposed to maturation
temperatures ranging from 39.5 to 43 ◦C, with 40 to 41.5 ◦C being the most commonly
used range. However, impaired blastocyst production is not always associated with a
decrease in embryo cleavage (Table 1). Furthermore, outcomes of in vitro models have
been contradictory in some cases. For example, Alves et al. [118] reported no blastocyst
production when IVM took place at 40 ◦C for 24 h, whereas Cebrian-Serrano et al. [119]
found an improvement in blastocyst formation with IVM at 41 ◦C for 20 h. Even within
the same research group, contrasting results have been reported, where both no effect and
impaired blastocyst production were observed when oocytes were in vitro matured during
the first 12 h of IVM at 41 ◦C [120,121].

Most studies examining the effect of heat stress on oocyte fertilising ability have
reported a reduction in fertilisation rates (Table 1), suggesting that at least 12 h of exposure
to temperatures between 40 and 41 ◦C during IVM is required to significantly impair
fertilisation [122]. At the cell kinetics level, in vitro research has shown that COCs exposed
to 41 ◦C for 12 h exhibited a lower ability to achieve compaction [123]. Similarly, time-
lapse studies have revealed that oocytes matured for 22 h at 41.5 ◦C displayed a delay in
first and second cleavage, resulting in an increased timing for blastocyst formation [124].
Interestingly, applying thermal stress to compact morulae derived from heat-stressed
oocytes decreased their ability to reach the blastocyst stage [123]. This finding might be
pertinent to consider when using in vivo-produced morulae for embryo transfers as a
strategy to mitigate the effects of heat stress [125]. However, the detrimental effect on
embryo viability from this second hit of heat stress seems to be absent when the standard
IVEP is less than 20%. Furthermore, in these IVEP cycles, exposing morulae derived from
non-heat-stressed oocytes to thermal stress (i.e., 41 ◦C for 12 h) decreases their potential to
progress to the blastocyst stage [123], a situation not observed in vivo [87] or in IVEP cycles
with good embryo production (i.e., >20%) [120,126–128]. The precise contributing factors
for this low embryo production are unknown, but it has been attributed to an initial random
low developmental competence of the GV-stage oocytes present in abattoir material, and to
technical factors (e.g., batch variation in the culture medium used) present in some IVEP
replicates [123].

3.1. Cellular and Molecular Effects of Heat Stress on Bovine Oocyte Competence during In
Vitro Maturation

Impaired blastocyst formation during IVM under heat stress is associated with com-
promised oocyte maturation. As such, the percentage of oocytes displaying a polar body
was decreased at temperatures ranging from 41 to 41.5 ◦C [119,129], while other studies
reported no effect on polar body extrusion within a 40–41 ◦C range [130–132]. Further
exposure to 42–43 ◦C also affected the formation of the first polar body during IVM [131].
However, the detection of a polar body following IVM may not be an accurate way of deter-
mining oocyte maturation status, as the decreased presence of a polar body in heat-stressed
oocytes was not linked to the proportion of metaphase II (MII) oocytes determined by
nuclear staining [129]. Indeed, it has been observed in humans that oocytes with a visible
polar body may not necessarily be mature [133].



Animals 2024, 14, 2280 7 of 41

Table 1. In vitro bovine models analysing the effect of heat stress during oocyte maturation on blastocyst production.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Oocyte
Maturation Rate Fertilisation Rate Cleavage Rate Blastocyst Rate Blastocyst

Quality Reference

•C: 39;
HS: 41, 42 12, 24 NR NR NR C: 81%

HS: 15–74%
↓

↔ a
C: 29%

HS: 1–10% NR [121]

•C: 39;
HS: 41 12 NR NR NR C: 80% *

HS: 70% * ↓↔ b C: 35–46% *
HS: 18–41% * NR [120]

•C: 38.5;
HS: 41 12 NR NR ↔ C: 75% *

HS: 72% * ↓ C: 24–28% *
HS: 14–20% * ↓Cell number [134]

•C: 38.5;
HS: 40, 41 12 NR NR ↓ C: 75–80% *

HS: 60–65% * ↓ C: 17–27% *
HS: 9–16% *

↑Cell number
↔Apoptosis [135]

•C: 38.5;
HS: 41, 43 12 NR NR ↓ C: 80–83% *

H: 12–61% * ↓ C: 24–27% *
H: 0–14% *

↔Cell number
↔Apoptosis [89]

•C: 38.5;
HS: 41 6, 12, 24 ↔ 1,2 C: 83%

HS: 83–89% NR ↔ C: 66%
HS: 61% ↓ c C: 31%

HS: 17% ↔Cell number [129]

•C: 38.5
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12 ↓ 1 
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23 ↓ 2 
C: 61% 
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increased it () during IVM heat stress conditions. 1 Maturation rate analysed via extrusion of the first polar body. 2 Maturation rate analysed via 
nuclei staining. * Percentages are approximate, extracted from bar charts as numerical values were not provided in the paper.  = gradual increase 
in temperature was applied in the HS group rather than static high-temperature exposure. a Cleavage rate decreased only with 42 °C exposure. At 
41 °C, blastocyst rate decreased only after 12 h of exposure. b Within the study, one experiment observed a decrease in blastocyst rate, while 
another did not. c Analysis of embryo production was based on 12-h exposure. d Blastocyst rate decreased only when HS was done for 24 h at 41.5 
°C. However, at 41.0 °C for 20 h, blastocyst rate was increased. e Analysis of embryo production was based on 1- and 4-h exposure. One-hour 
exposure did not affect blastocyst rate. f Fertilisation, cleavage, and blastocyst rate decreased only when heat stress took place between 12 and 22 
h. g Cleavage and blastocyst rate only decreased at 40.5 °C. 

HS: 40, 41
12 ↓ 2 C: 56%

H: 19% ↓ C: 72%
H: 33% NR NR NR [136]

•C: 38.5⊘
HS: 41 12 NR NR ↔ C: 71%

HS: 70% ↓ C: 29% *
HS: 14% * NR [137]

•C: 39⊘
H: 41 21 NR NR ↓ C: 85% *

H: 75% * ↓ C: 33% *
H: 16% *

↔Cell number
↑Apoptosis [138]

•C: 38.5⊘
H: 41 12 ↔ 2 C: 70% *

H: 73% * NR ↔ C: 84%
H: 79% ↓ C: 20%

H: 14% ↓Cell number [139]

•C: 38.5⊘
H: 41 22 C: 92% *

H: 74% * NR ↓ C: 92% *
H: 84% * ↓ C: 25% *

H: 14% *
↔Cell number
↔Apoptosis [140]

•C: 38.5⊘
HS: 41 12 NR NR ↔ C: 80%

HS: 80% ↓ C: 29%
HS: 19% NR [141]

•C: 38.5⊘
HS: 41 12 NR ↔ C: 75%

H: 77% ↔ C: 76%
HS: 64% ↓ C: 35%

HS: 18 *–22% NR [142]

•C: 38.5⊘
H: 39.5–40.5
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C = control, HS = heat stress, NR = not reported, ↓ = significant decrease compared to control, ↑ = significant increase compared to control, ↔ = no 
difference between groups, IFNT = interferon tau, ROS = reactive oxygen species. CO2 indicates whether the study maintained 5% CO2 () or 
increased it () during IVM heat stress conditions. 1 Maturation rate analysed via extrusion of the first polar body. 2 Maturation rate analysed via 
nuclei staining. * Percentages are approximate, extracted from bar charts as numerical values were not provided in the paper.  = gradual increase 
in temperature was applied in the HS group rather than static high-temperature exposure. a Cleavage rate decreased only with 42 °C exposure. At 
41 °C, blastocyst rate decreased only after 12 h of exposure. b Within the study, one experiment observed a decrease in blastocyst rate, while 
another did not. c Analysis of embryo production was based on 12-h exposure. d Blastocyst rate decreased only when HS was done for 24 h at 41.5 
°C. However, at 41.0 °C for 20 h, blastocyst rate was increased. e Analysis of embryo production was based on 1- and 4-h exposure. One-hour 
exposure did not affect blastocyst rate. f Fertilisation, cleavage, and blastocyst rate decreased only when heat stress took place between 12 and 22 
h. g Cleavage and blastocyst rate only decreased at 40.5 °C. 

20 ↓ 2 C: 72%
H: 34% NR ↔ C: 89%

H: 81% ↓ C: 31%
H: 18% NR [143]



Animals 2024, 14, 2280 8 of 41

Table 1. Cont.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Oocyte
Maturation Rate Fertilisation Rate Cleavage Rate Blastocyst Rate Blastocyst

Quality Reference

•C: 38.5⊘
HS: 40 24 NR NR ↓ C: 68%

HS: 31% ↓ C: 43%
HS: 0% NR [118]

•C: 38.5⊘
HS: 41 17 NR NR ↔ C: 75%

HS: 72% ↓ C: 37%
HS: 23%

↓Cell number
↑Apoptosis [144]

•C: 38.5⊘
HS: 41, 41.5 20, 24 ↓ 1 C: 81–83%

HS: 66–54% NR ↓ C: 78%
HS: 60% ↓↑ d C: 17–23%

HS: 10–23% ↓↔Cell number [119]

•C: 38.5⊘
HS: 41.5 22 ↓ 2 C: 59%

HS: 12% NR ↓ C: 75% *
HS: 57% * NR NR [145]

•C: 38.5⊘
HS: 39.5,40.5 24 ↓ 2 C: 78%

HS: 21–8% NR ↓ C: 70%
H: 35–15% ↓ C: 48%

HS: 20–9%
Altered gene
expression [61]

•C: 38.5⊘
HS: 41 14 ↓ 2 C: 78% *

H: 54% * NR ↔ C: 68 *–83%
H: 59 *–62% ↓ C: 20–33 *%

H: 7–16 *%
↓Cell number
↑Apoptosis [146]

•C: 38.5⊘
HS: 41 12 ↔ 2 C: 75% *

HS: 70% * NR ↔ C: 73%
H: 70% ↓ C: 47%

H: 31%
↓Cell number
↑Apoptosis [147]

•C: 38.5⊘
HS: 40.5 1, 4, 12 ↔ 2 C: 83%

H: 63–84% NR ↔ C: 64%
H: 70–73% ↓↔ e C: 31%

H: 21–29% ↑Apoptosis [148]

•C: 39⊘
HS: 41.5 1 NR NR ↔ C: 67%

H: 82% ↔ C: 21%
H: 15% NR [149]

•C: 38.5⊘
HS: 41 14 NR NR ↓ C: 76%

H: 52% ↓ C: 26%
H: 17% NR [150]

•C: 38.5⊘
HS: 41 12 NR NR ↔ C: 70%

H: 69% ↓ C: 29%
H: 19% ↔ATP content [151]

•C: 38.5⊘
HS: 41 6, 12, 18, 22 ↓ 2 C: 75% *

HS: 35–60% * ↓↔ f C: 53% *
HS: 19–45% * ↓↔ f C: 72% *

HS: 62–30% * ↓↔ f C: 30% *
HS: 9–25% * ↓Cell number [122]

•C: 38.5
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expression 
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C = control, HS = heat stress, NR = not reported, ↓ = significant decrease compared to control, ↑ = significant increase compared to control, ↔ = no 
difference between groups, IFNT = interferon tau, ROS = reactive oxygen species. CO2 indicates whether the study maintained 5% CO2 () or 
increased it () during IVM heat stress conditions. 1 Maturation rate analysed via extrusion of the first polar body. 2 Maturation rate analysed via 
nuclei staining. * Percentages are approximate, extracted from bar charts as numerical values were not provided in the paper.  = gradual increase 
in temperature was applied in the HS group rather than static high-temperature exposure. a Cleavage rate decreased only with 42 °C exposure. At 
41 °C, blastocyst rate decreased only after 12 h of exposure. b Within the study, one experiment observed a decrease in blastocyst rate, while 
another did not. c Analysis of embryo production was based on 12-h exposure. d Blastocyst rate decreased only when HS was done for 24 h at 41.5 
°C. However, at 41.0 °C for 20 h, blastocyst rate was increased. e Analysis of embryo production was based on 1- and 4-h exposure. One-hour 
exposure did not affect blastocyst rate. f Fertilisation, cleavage, and blastocyst rate decreased only when heat stress took place between 12 and 22 
h. g Cleavage and blastocyst rate only decreased at 40.5 °C. 

H: 41.5
12 NR NR ↔ C: 74%

H: 64% ↓ C: 34%
H: 21%

↔Cell number
↑Apoptosis [152]

•C: 38.5⊘
HS: 41 12 NR ↓ C: 84%

H: 74% ↓ C: 67% *
H: 53% * ↓ C: 20% *

H: 10% *
↔Cell number
↔Apoptosis [153]
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Table 1. Cont.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Oocyte
Maturation Rate Fertilisation Rate Cleavage Rate Blastocyst Rate Blastocyst

Quality Reference
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nuclei staining. * Percentages are approximate, extracted from bar charts as numerical values were not provided in the paper.  = gradual increase 
in temperature was applied in the HS group rather than static high-temperature exposure. a Cleavage rate decreased only with 42 °C exposure. At 
41 °C, blastocyst rate decreased only after 12 h of exposure. b Within the study, one experiment observed a decrease in blastocyst rate, while 
another did not. c Analysis of embryo production was based on 12-h exposure. d Blastocyst rate decreased only when HS was done for 24 h at 41.5 
°C. However, at 41.0 °C for 20 h, blastocyst rate was increased. e Analysis of embryo production was based on 1- and 4-h exposure. One-hour 
exposure did not affect blastocyst rate. f Fertilisation, cleavage, and blastocyst rate decreased only when heat stress took place between 12 and 22 
h. g Cleavage and blastocyst rate only decreased at 40.5 °C. 

HS: 41
14 NR NR ↓ C: 65% *

HS: 52% * ↓ C: 26%
HS: 22% NR [154]

•C: 38.5⊘
H: 41 14 NR NR ↓ C: 71–78% *

H: 59–66% * ↓ C: 22 *–30%
H: 13 *–14%

Unaltered gene
expression [155]

•C: 38.5⊘
H: 41 12 ↓ 2 C: 81%

H: 65% NR ↓ C: 78%
H: 61% ↓ C: 39%

H: 16%
Altered gene
expression [156]

•C: 38.5⊘
H: 40.5
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6 NR NR ↓ C: 89% *
H: 60% * ↓ C: 31% *

H: 26% *
↔Cell number
↓IFNT, ↑ROS [157]
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H: 41
16 NR NR ↔ C: 70% *

H: 62% * ↓ C: 24% *
H: 17% * NR [158]

•C: 38.5⊘
H: 40 24 ↔ 1 C: 80%

H: 74% NR ↓ C: 76%
H: 26% ↓ C: 32%

H: 11% NR [130]

•C: 39⊘
H: 41 6 NR NR ↓ C: 81%

H: 73% ↓ C: 33%
H: 18%

Altered gene
expression [159]

•C: 38.5⊘
H: 41.5 22 ↓ 2 C: 64% *

H: 14% * NR ↓ C: 80% *
H: 58% * ↓ C: 21% *

H: 5% *
Unaltered gene

expression [124]

•C: 38.5⊘
H: 41 12 NR NR ↓ C: 79%

H: 61% ↓ C: 31%
H: 13%

Altered gene
expression [160]

•C: 38.5⊘
H: 41 12 ↔ 2 C: 70%

H: 66% NR ↔ C: 70
H: 67 ↓ C: 39%

H: 16% ↓Cell number [161]

•C: 38.5⊘
H: 41.5 4, 6 NR NR ↔ C: 68%

H: 75–75% ↔ C: 23%
H: 27–29% NR [162]

•C: 39⊘
H: 41 6 NR NR ↓ C: 82–85%

H: 70–76% ↓ C: 30–35%
H: 16–24%

Altered gene
expression [163]

•C: 39⊘
H: 41 6 NR NR ↓ C: 84%

H: 78% ↓ C: 33%
H: 24%

Altered gene
expression [164]
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Table 1. Cont.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Oocyte
Maturation Rate Fertilisation Rate Cleavage Rate Blastocyst Rate Blastocyst

Quality Reference

•C: 39⊘
H: 41 24 ↔ 1 C: 57%

H: 60% NR ↔ C: 65%
H: 62% ↔ C: 11%

H: 11%
↓Cell number
↑Apoptosis [131]

•C: 38.5⊘
HS: 41 12 ↓ 1 C: 84%

HS: 61% NR ↓ C: 80%
HS: 58% ↓ C: 42%

HS: 23%
Altered gene
expression [165]

•C: 38.5⊘
HS: 39.5, 40.5 23 ↓ 2 C: 61%

H: 23–40% NR ↓↔ g C: 84%
H: 58–66% ↓↔ g C: 22%

H: 8–24% ↔Cell number [166]

C = control, HS = heat stress, NR = not reported, ↓ = significant decrease compared to control, ↑ = significant increase compared to control, ↔ = no difference between groups,
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Several studies utilising nuclear staining techniques to evaluate the maturation status
of oocytes have reported a decreased percentage of oocytes reaching the MII stage when
exposed to elevated temperatures. Specifically, these studies observed significant reduc-
tions in MII stage oocyte development at temperatures ranging from 39.5 to 41.5 ◦C. The
exposure times in these experiments varied, spanning from as short as 3 h to as long as
24 h [61,122,124,136,143,145,146,148,156,166–169]. Still, some studies found that heat stress
at 41 ◦C for 12 [139,147,161] or 24 h [170], or at 40.5 ◦C for 1–4 h [148] during IVM did not
affect the percentage of MII oocytes. Similarly, contrasting results have been reported on
the proportion of in vitro-matured MII oocytes derived from GV-stage oocytes exposed to
elevated temperatures in vivo [60,72]. Interestingly, a model of heat stress during the first
12 h of IVM has shown accelerated oocyte nuclear maturation, leading to the fertilisation of
an aged oocyte [129,142]. This hastening of oocyte maturation has been associated with
altered temporal expression of IL6 (promoter of cell differentiation) in oocytes [162]. In this
in vitro model, early fertilisation of heat-stressed oocytes has been observed to partially
improve blastocyst formation [137].

The successful maturation of the oocyte relies on coordinated communication with
surrounding granulosa cells. Mural granulosa cells line the follicle wall and secrete hor-
mones and growth factors crucial for oocyte maturation. Cumulus cells, a specialised
subset of granulosa cells, are in direct contact with the oocyte, forming the cumulus–oocyte
complex. Cumulus cells offer direct communication via gap junctions to provide metabolic
support and mediate hormonal signals, especially during the LH surge that triggers the
resumption of meiosis in the oocyte [91,171,172]. In vivo exposure models of heat stress
have documented altered gene expression in granulosa cells. For instance, mRNA mi-
croarray analysis showed that granulosa cells of dominant follicles from Holstein cows
exposed to 96 h of heat stress in an environmental chamber displayed upregulation of
enzymes involved in G-protein coupled signalling, members of the solute carrier family,
and follistatin, while exhibiting no changes in stress response genes, including apoptosis
and heat shock proteins [173]. Similarly, RNA-sequencing analysis of dominant follicles’
cumulus cells from Holstein cows exposed in vivo to heat stress in a climate chamber for
12 h around the time of the LH surge did not affect genes associated with oxidative stress or
apoptosis, but impacted genes involved in cell junctions, plasma membrane rafts, and cell
cycle regulation [174]. At the oocyte level, an in vitro model involving a 12-h exposure to
41 ◦C indicated that most of the genes affected by heat stress were downregulated. These
genes were predominantly associated with the electron transport chain and oxidative phos-
phorylation, both crucial for mitochondrial function [151]. However, a shorter exposure of
6 h at the same temperature did not affect the expression of genes involved in heat shock
response (HSPB11, HSP90AA1, HSPA1A), antioxidant activity (MnSOD, GPX1), glucose
metabolism (G6PD), and regulation of cell cycle (CCNB1) [159].

Cumulus–oocyte complexes as functional units are also responsive to thermal stress.
Accordingly, 23 h of IVM at 40.5 ◦C can drastically alter the amino acid metabolism of
COCs [166], while exposure to 41 ◦C for the first 6 [175] or 12 h [176] of a 24 h IVM cycle
can increase progesterone production from cumulus cells. The integrity of gap junctions
of COCs was also found to be affected when maturation occurred at 41 ◦C for 4 h [175].
Heat stress at 42 ◦C can disrupt oocyte protein synthesis during IVM of COCs, with this
effect appearing more pronounced in the absence of cumulus cells, thus highlighting the
protective role of cumulus cells during extreme thermal stress (Edwards and Hansen 1996).
Considering the oocyte separately, several molecular and cellular variables indicative of
oocyte quality have been reported to be affected by heat stress during IVM (Figure 1).
However, these oocyte alterations acquired during IVM do not always have detrimental
repercussions for embryo quality. For example, IVM at 41 ◦C for 12 h increased the
percentage of oocytes showing apoptosis and high caspase activity, and inhibition of group
II caspases in oocytes diminished the effects of heat stress on blastocyst formation. However,
apoptosis levels were not affected in the resultant embryos, which showed an increase in
total cell number [135]. Moreover, variables of oocyte quality do not consistently respond
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to heat stress. For instance, ROS levels and mitochondrial potential were unaffected
when COCs were matured at 41 ◦C for 14 h [154] and at 41.5 ◦C for 22 h [124], respectively.
Apoptosis levels were not affected either in oocytes matured at 41 ◦C for 12 h [139]. Similarly,
while oocytes matured at 41 ◦C showed increased caspase activity after 12 h of IVM [135],
this effect was not observed after 14 h of IVM [146]. Likewise, after 12 h of exposure to
41 ◦C during IVM, significant cell membrane damage was detected [165], whereas no such
damage was evident after a 22-h IVM period at the same temperature [140]. Contradictory
results also exist, with some studies reporting an increase in oocyte adenosine triphosphate
(ATP) content [170,177] and others observing a decrease [165] under identical IVM heat
stress conditions (i.e., 12-h IVM at 41 ◦C). Moreover, the autophagy marker LC3 in oocytes
matured under 41 ◦C for 16 h and assessed via Western blot showed an increase [158],
whereas a decrease was observed when oocytes underwent IVM at the same temperature
for 6 h and analysed using immunofluorescence [177]. Whether this difference stems from
the duration of thermal stress or the methodology employed to measure LC3 levels remains
to be determined.

Figure 1. In vitro oocyte maturation under heat stress can result in several cellular and molecular
alterations in oocytes. Model generated from cattle in vitro maturation models [122,124,132,135,136,
138,143–147,150,151,156,158,160,165,167,170,177–180].
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3.2. Cellular and Molecular Alterations in Bovine Blastocyst Derived from Oocytes Exposed to
Heat Stress during In Vitro Maturation

The gene expression of blastocysts derived from COCs in vitro matured under heat
stress has been also investigated in several studies. Pavani et al. [61] reported that blastocyst
from oocytes cultured during IVM at 39.5 or 40.5 ◦C for 24 h showed downregulation of
the heat shock protein HSPA14 and upregulation of genes associated with regulation of
methylation (DNMT1) and intercellular adhesion (CDH1). However, DNMT1 expression
was either not altered [160] or downregulated [165] when blastocysts were derived from
oocytes exposed to 41 ◦C during IVM for 12 h. In another investigation, blastocysts from
heat-stressed oocytes at 41 ◦C for 12 h expressed low levels of transcripts for the cell energy
production gene ATP1A1, while genes linked to heat stress response (HSP70.1), antioxidant
activity (PRDX1), and cell water transport (AQP3) were not affected [153]. With the same
duration of IVM but at an increased temperature (41.5 ◦C), the same research group ob-
served that produced blastocysts exhibited low expression of the heat shock protein HSP40,
while transcripts for heat stress (HSF1) and pluripotency (OCT4) transcription factors,
and other heat shock proteins, such as HSP90AA1, were not altered [152]. Interestingly,
four-cell embryos derived from this model also displayed accumulation, as determined
by immunofluorescence analysis, of trimethylation of histone3 lysine 9 (H3K9m3, a his-
tone mark) and heterochromatin protein 1 (HP1, a transcriptional repressor), suggesting
potential interference with embryonic genome activation [152].

The gene expression of heat shock protein HSP90AA1 was not altered either in blas-
tocysts from oocytes cultured for 6 h at 40.5 ◦C [157] or at 41 ◦C [159]. In the latter study,
blastocysts also showed no changes in the expression of HSPA1A (heat shock protein), BAX
(pro-apoptotic protein), PTGS2 (enzyme involved in prostaglandin synthesis), AKR1B1
(aldo-keto reductase enzyme), SOD2 (antioxidant enzyme), GLUT1 (glucose transporter),
and IGF2R (growth factor). Nonetheless, the expression of GPX1 (antioxidant enzyme) and
DNMT3A (de novo DNA methyltransferase) was downregulated, while the expression of
PLAC8 (autophagy regulator) was upregulated [159]. Yet, the differential gene expression
of DNMT3A and PLAC8 in blastocysts from heat-challenged oocytes was not replicated in
a subsequent study by the same research team [164]. Intriguingly, an upregulation rather
than a downregulation of DNMT3A was present in blastocysts subjected to heat stress for
12 h at 41 ◦C [160]. However, using this same model, a recent paper confirmed the low ex-
pression of DNMT3A in blastocysts from heat-treated oocytes [165] previously reported by
Stamperna et al. [159]. Adding to the confusion, the stable levels of SOD2 and the decreased
expression of GPX1 observed in blastocysts derived from 6-h IVM at 41 ◦C [159], contrast
with the lower SOD2 expression and unchanged GPX1 activity detected in blastocysts
derived from 6-h IVM at 40.5 ◦C [157]. The latter study also documented an increased ex-
pression of heat shock protein HSPA1A and reduced levels of the antioxidant enzyme CAT,
alongside unchanged expression of genes involved in cell proliferation (AKT), regulation of
apoptosis (XIAP), and protection against oxidative stress (SOD1, GPX4, NRF2) [157]. Still,
the previously reported stable expression profile of GPX1, NRF2 [157], and PRDX1 [153] in
blastocysts produced under a 6–12 h IVM period at temperatures of 40.5–41 ◦C contrasts
with the increased expression of these oxidative stress genes recently reported in blastocysts
originating from oocytes matured during a 22-h period at 41 ◦C [181].

Other de novo DNA methyltransferases have been affected in blastocysts from oocytes
subjected to 41 ◦C during IVM for 12 h, with a diminished expression of DNMT3B ob-
served [160,165]. Applying the same IVM heat stress model, the upregulation of BAX and
downregulation of BCL2 were reported [156], which contrasts with the unaltered transcript
activity of BAX documented in blastocyst resulting from oocytes experiencing a shorter
period (i.e., 6 h) of the same heat stress conditions (i.e., 41 ◦C) during IVM [159]. Neverthe-
less, the increased abundance of BAX coupled with the low expression of BCL2 has been
also reported in blastocysts derived from a 22-h IVM period at 41 ◦C [181].

The above-discussed transcriptional activity of blastocysts suggests that the duration
of heat stress during IVM, rather than subtle variations in temperature, may be more
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influential in altering gene expression dynamics in pre-implantation embryos from oocytes
maturing under thermal stress in vitro. Regarding protein expression, it was recently doc-
umented that oocytes stressed for 12 h at 41 ◦C produced blastocysts with lower protein
expression of several histones, including H1F0, H2A, H2B, and H4. Global DNA methyla-
tion was also altered in blastocysts derived from heat-stressed oocytes, as evidenced by the
reduced levels of 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) [165]. In
contrast, under identical IVM heat stress conditions, an increase in 5mC was reported in
resultant blastocysts [160].

Other indicators of embryo quality, such as cell number, decreased in blastocysts derived
from oocytes matured at temperatures between 41 and 41.5 ◦C for periods ranging from 6
to 24 h [119,122,131,134,139,144,146,147,161]. Similarly, an increase in apoptosis levels was
observed in blastocysts from IVM models where oocytes were exposed to temperatures of
40.5–41.5 ◦C over periods lasting from 4 to 24 h [131,138,144,146,148,152]. Yet, under similar
IVM heat stress conditions, no significant effects on cell number [89,129,138,140,152,153,157,166]
and apoptosis [89,135,140,153] have been reported. In an IVM model where the temperature
was gradually increased from 38.5 to 40.5 ◦C over a 6-h period, a decrease in both transcript
and protein expression of interferon tau (IFNT) was reported in the resultant blastocysts.
The enhanced production of IFNT was not associated with the number of cells expressing
CDX2, a transcription factor involved in the cell lineage specification of the trophectoderm
in blastocysts. Additionally, in this model, the resultant blastocysts displayed elevated
ROS production [157]. Finally, although a temperature of 41 ◦C during IVM appears to
alter ATP levels in oocytes [151,165], the ATP content in the resultant blastocysts remains
unchanged [151].

3.3. When Exactly Is Oocyte Developmental Competence Impaired by Heat Stress during In Vitro
Maturation in Cattle?

Several exposure times and temperatures have been used in IVEP models to assess
the consequences of thermal stress during oocyte maturation in cattle (Table 1). Exposing
bovine COCs to 41 ◦C during the first 6 h of IVM was sufficient to induce a decrease in the
percentage of oocytes reaching metaphase II. This detrimental effect on oocyte maturation
was exacerbated when the thermal challenge was sustained for up to 22 h. However, a
decrease in blastocyst formation and hatching began to be observed after 12 h of thermal
stress exposure [122]. Indeed, with this model (41 ◦C during the first 12 h of IVM), impaired
blastocyst production rates have been reported by research groups from several countries
including Brazil [147], China [165], Iran [156], Uruguay [122], and the USA [135,151].
Exposure of oocytes to 41 ◦C during the first 4 or 6 h of IVM did not affect the blastocyst
rate [162]. However, other studies reported a decrease in blastocyst production using a 6-h
period at the same [159,163,164] or slightly lower (i.e., 40.5 ◦C) temperature [157].

Exposing matured oocytes to a 4-h period at 42 ◦C following 20 h of IVM at 38.5 was
sufficient to decrease blastocyst formation and their cell number in the trophectoderm,
suggesting that a relatively short, abrupt increase in temperature can be detrimental for
early embryo development [179]. Similarly, a 4-h exposure to 40.5 ◦C after 18 h of IVM
resulted in decreased blastocyst formation and increased apoptosis levels [148]. This
indicates that the late stages of oocyte maturation are also susceptible to thermal stress,
although exposures lasting 1–2 h do not significantly affect blastocyst formation [179],
unless IVM is conducted at 43 ◦C [182]. Similarly, a 1-h exposure of bovine oocytes to
41.5 ◦C at 8 h of IVM was sufficient to increase their protein expression of HSP70, but it did
not affect blastocyst formation [149].

Hence, current evidence suggests that the in vitro maturation process is vulnerable to
thermal stress between 40.5 ◦C and 42 ◦C in cattle. However, in a 22–24-h IVM protocol,
at least 6 h of heat stress exposure at the beginning of IVM is required to affect oocyte
competence, whereas at later stages of maturation, a minimum of 4 h of heat stress is
necessary to impair the ability of the oocyte to become a blastocyst.
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4. Impact of Heat Stress during the Fertilisation Process

After reaching metaphase II, the oocyte is picked up by motile cilia in the infundibu-
lum and transported to the ampulla of the oviduct, ready to be fertilised by the sperm [183].
Once spermatozoa are deposited in the female reproductive tract via natural mating (vagi-
nal deposition) or artificial insemination (usually intrauterine insemination) they travel to
the oviduct. Research in cattle has shown that spermatozoa can reach the oviducts within
the first hour after artificial insemination in the uterine body [184], passing through the
uterotubal junction and establishing a so-called sperm reservoir in the isthmus, the initial
segment of the oviduct [185,186]. During spermatozoa transit through the reproductive
tract, a selection process occurs, including inside the oviduct, where spermatozoa with high
DNA integrity that manage to cross the first selection barriers (e.g., vaginal pH, cervical
mucus) are selected. Once in the isthmus, spermatozoa undergo capacitation, enabling
them to acquire hyperactive motility that allows them to detach from the oviduct and
move towards the site of fertilisation in the ampulla of the oviduct [185]. The fertilisation
process involves a series of cellular and molecular events, including the acrosome reaction
of the sperm, which enables the sperm to penetrate the zona pellucida and bind to the cell
membrane of the oocyte [187]. After the sperm enters the oocyte, intracellular calcium oscil-
lations are triggered, promoting oocyte activation. This leads to the resumption of meiosis
II and activates mechanisms to prevent polyspermy, such as membrane depolarisation,
elimination of the Juno protein (essential during sperm–egg fusion), and release of cortical
granules that induce the hardening of the zona pellucida [186,188–191]. Sperm penetration
results in the completion of the second meiotic division, culminating in the formation of
female and male haploid pronuclei and the extrusion of the second polar body [186,192].

Indirect observations suggest that heat stress might impact the fertilisation process
in vivo in cattle, as inferred from the increased pregnancy rates in Holstein heifers that
lowered their rectal temperature from 39.9 ◦C to 38.7 ◦C through cooling applied from
2 h before to 2 h after artificial insemination [193]. However, the analysis of heat stress on
sperm biology inside the reproductive tract will require an acute experimental induction of
heat stress exclusively during the time of artificial insemination, followed by the collection
of reproductive tracts to evaluate sperm populations within the different sections of the
reproductive tract and the status and quality of resultant presumptive zygotes. To the best
of the authors’ knowledge, there are no in vivo studies addressing the effect of heat stress
on the fertilisation process per se in cattle. As such, the current knowledge on this subject
in cattle has been generated in laboratory-based studies using in vitro fertilisation models.

In previous research, it was found that blastocyst production decreased when IVF
took place for 8 h at 41.5 ◦C, but not at 40 ◦C [194], and when temperatures were gradually
increased from 39.5 ◦C to 41 ◦C during the first 12 h, then lowered to 40 ◦C for the next
12 h of a 24 h IVF protocol, a significant reduction in cleavage rate was observed [195].
In the 1980s, it was reported that exposure to 40 ◦C for 22 h increased the occurrence
of the acrosome reaction [196], a process essential for fertilisation [187]; this suggested
that a decreased fertilisation rate may cause impaired embryo production following IVF
under thermal stress. However, subsequent research found that when IVF was conducted
for 6 h at 40 ◦C or 41 ◦C, the level of polyspermy was not clearly affected [197]. Never-
theless, a decrease in cleavage rate and blastocyst formation was noted, and analysis of
oocytes fertilised at 40 ◦C revealed that this detrimental effect on embryo development was
associated with increased production of ROS, elevated expression of heat shock protein
HSPA1A, and downregulation of a gene involved in the prevention of polyspermy (UCHL1).
Despite these effects, the cell number of the resultant blastocysts remained unchanged [197].
Similarly, oocytes undergoing IVF at 40.5 ◦C for 6 h showed reduced rates of embryo cleav-
age and blastocyst production [157,198]. The compromised embryonic development was
connected to an increased presence of cathepsin B at the four-cell stage [198], a lysosomal
cysteine protease involved in intracellular proteolysis within the lysosome, alongside its
roles in apoptosis and autophagy [199]. The resultant blastocysts did not show alterations
in cell number [157,198] or apoptosis [198], but produced less interferon tau and displayed
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increased expression of genes linked with oxidative stress regulation (GPX1) and heat
shock response (HSPA1A), along with downregulation of another oxidative stress response
gene (CAT) [157]. A recent study also reported a diminished blastocyst production when
IVF was conducted at 41 ◦C for 6 h; however, interestingly, an increase in blastocyst yield
was observed when IVF was performed at 39.8 ◦C [177]. An important question in these
in vitro models is whether the effect of heat stress impacts the oocyte, sperm, or both.
In vitro data indicated that exposure to temperatures of 40–42 ◦C for 4 h can decrease
bovine sperm motility [200,201], yet using these heat-stressed sperm for IVF did not affect
the rate of polyspermy and blastocyst formation [201]. Likewise, exposing sperm to 41 ◦C
for 4 h did not affect sperm cell membrane damage, and there was no impact on blastocyst
production following IVF. Intriguingly, sperm cell membrane damage was observed during
a 6-h IVF under thermal stress at 40 ◦C. The reason for this discrepancy is unknown, but
it might be associated with the duration of exposure (i.e., 4 versus 6 h) [197]. Hence, the
in vitro evidence suggests that during IVF, the detrimental effect of heat stress on embryo
development is mainly exerted via the oocyte.

It is unknown whether bovine sperm motility is affected in vivo by heat stress, but
indirect information suggests that this might not be the case, as indicated by the presence of
accessory sperm on unfertilised oocytes collected 5 days after ovulation during summer in
putative heat-stressed dairy cows [202]. The IVF data discussed above also suggest that heat
stress does not appear to substantially affect post-ejaculated sperm in cattle. Nevertheless,
it is well documented that spermatogenesis can be affected by heat stress in mammals,
including cattle [203,204]. As reviewed by Morrell [205], the effects of season on sperm
quality in cattle show contrasting results, which could be attributed to differences in THI
levels across studies during hot months or variations in the timing of sperm examination
following heat stress. Moreover, the absence of identification of heat-tolerant bulls may im-
pact seasonal analysis, as certain bulls can consistently produce high-quality spermatozoa
year-round, irrespective of temperature [206]. Still, studies have consistently demonstrated
that seasonal exposure of bulls to heat stress can lead to the production of sperm with
impaired functionality, negatively affecting IVEP [207–209]. Experimental induction of heat
stress through testicular insulation for 48 h has also shown that bulls subjected to thermal
stress produced sperm exhibiting impaired pronuclear formation, which was associated
with difficulties in achieving sperm head decondensation [210]. However, the impact on
the quality of the resulting embryos appears to be breed-specific, as the cell count decreased
and apoptosis levels increased in blastocysts produced with heat-stressed sperm from
Belgian Blue bulls [209], while both parameters remained unchanged in Holstein Friesian
bulls [208]. Additionally, gene expression in blastocysts was not affected [208]. The dimin-
ished embryo production from sperm of heat-stressed bulls emphasises the importance
for companies marketing cattle semen to consider the potential consequences of collecting
semen during periods of heat stress.

5. Impact of Heat Stress during Pre-Implantation Embryo Development

Following fertilisation, the newly formed zygote will go through a series of cell
divisions to achieve the blastocyst stage during the pre-implantation period, along with
several molecular and cellular milestones including epigenetic reprogramming, embryonic
genome activation, and cell lineage specification to allow differentiation of cells in the
inner cell mass (ICM) and trophectoderm (TE) [211]. The cells of the TE surround the
ICM and will form the placenta, while the ICM comprises the epiblast and primitive
endoderm, which will form the foetus and yolk sac, respectively [212]. As such, the pre-
implantation embryo is highly susceptible to environmental challenges that can result in
embryo mortality [211,213].

The effect of in vivo heat stress on bovine pre-implantation embryo development has
been explored using superovulated cattle. Research in the late 1980s demonstrated that
embryo degeneration increased in Holstein heifers kept in a climate-controlled room with
cycles of 16 h at 30 ◦C and 8 h at 42 ◦C from day 1 to day 7 after artificial fertilisation [214].
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Comparing shaded and non-shaded Holstein cows in the USA, Ealy et al. [87] found
that blastocyst production was reduced in Holstein cows exposed to heat stress (with
a rectal temperature of 40.9–41.7 ◦C) on day 1 of pregnancy. This detrimental effect on
embryonic development, however, was not observed when the cows experienced heat
stress on days 3–7 of pregnancy. In Brazil, it was reported that embryo production in
both cows and heifers declined during the hot season (13–37 ◦C) compared to the cool
(11–17 ◦C) season [215]. However, seasonal effects are contradictory in this regard, as
embryo production was not different between the cold (THI 71) and the hot (THI 74)
seasons in Holstein Friesian cows raised in Brazil, but it decreased during EL Niño-related
heat waves (THI 80) during 1997–1998 [216]. Similarly, no differences in embryo production
from superovulated cows were found when comparing the dry (average 12 ◦C) and rainy
(average 31 ◦C) seasons in Mexico. Intriguingly, the number of apoptotic cells in good
and poor-quality embryos produced was decreased during the season with the higher
temperatures (i.e., rainy season) [217]. In another study conducted in a different region
of Mexico, which also compared the dry (11–22 ◦C) with rainy (16–27 ◦C) seasons, no
discernible differences were observed in the production of transferable embryos [218].
However, these seasonal studies do not allow for delineating the direct effects of heat stress
on pre-implantation embryo development. To this end, IVEP studies have provided a
good model to identify specific developmental stages affected by heat stress during the
pre-implantation period.

Bovine in vitro studies examining the effects of heat shock have shown that expos-
ing pre-implantation embryos to high temperatures between 39.5 and 42 ◦C significantly
decreases the rate of blastocyst formation. The temperature range of 40 to 41 ◦C is most
commonly used in these experiments, with exposure durations varying from as short as
6 h to as long as 24 h. The early cleavage stages, particularly up to the 8–16-cell stage, are
reported to be especially vulnerable to heat stress, compared to the morula formation period
in bovine embryos around days 4–5 after IVF (with IVF designated as day 0) (Table 2). It
has been proposed that the enhancement of thermotolerance during early development is
associated with the acquisition of molecular traits that confer thermal resilience as the em-
bryo progresses. Additionally, the increasing cell number in the developing embryo enables
it to endure the loss of certain cells without impairing its growth [120]. But the method of
heat exposure may impact how early embryos respond to heat stress. For example, abrupt
static exposure of one-cell embryos to 40.5 ◦C for 10 [219], 12, or 24 h [220] damaged their
capacity to form blastocysts, while a gradual increase to the same temperature over a 19-h
period did not affect the blastocyst formation rate [194]. Still, these in vitro models do
not consistently show detrimental effects of heat stress on pre-implantation embryos. For
instance, it was reported that two-cell embryos had a reduced ability to reach the blastocyst
stage when cultured at 41 ◦C for 9 or 12 h, but not for 3 or 6 h at the same temperature [194].
However, a subsequent study from the same group found that culturing for just 6 h at 41 ◦C
was sufficient to impair the potential of two-cell embryos to form a blastocyst [221]. In the
same vein, exposing embryos on day 4 after IVF—when they typically have more than
eight cells and are in the process of forming a morula—to 41 ◦C for 6 h has been reported to
decrease blastocyst production in some studies [222,223], while other studies [224] found
no such effect. These contradictory findings could be related to batch variations during
IVEP cycles and differences in culture conditions, such as the type of supplementation in
the culture medium.
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Table 2. In vitro bovine models analysing the effect of heat stress during the pre-implantation period
on blastocyst production.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Embryonic Stage
Exposed to HS Blastocyst Rate Blastocyst Quality Reference

•C: 39;
H: 41

12

2-cell ↓ C: 26–48% *
H: 0–8% *

NR [120]4–8-cell ↓ C: 24% *
H: 10% *

CM ↔ C: 37% *
H: 41% *

•C: 38.5
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5.1. Molecular and Cellular Response of Pre-Implantation Embryos to Heat Stress 
Several molecular alterations around the time EGA have been linked with the com-

promised ability of early embryos to achieve the blastocyst stage following thermal stress 
at the one-cell stage. For instance, impaired blastocyst formation arising from heat-stress-
ing one-cell embryos for 6 h at 41.5 °C was associated with increased ROS production and 
reduced levels of glutathione (GSH) at the 8- to 16-cell stage [231]. Both ROS and GSH 
play a significant role in modulating the response of pre-implantation embryos to heat 
stress in vitro [239]. In a similar manner, one-cell embryos cultured for 20 h at 40 °C 
showed a decreased ability to form blastocysts, associated with increased expression of 
cathepsin B at the four-cell stage [198]. The reduced blastocyst formation rate has also 
been linked to low intracellular calcium levels in 1–2-cell embryos exposed to 40.5 °C for 
10 h, starting 20 h after IVF [219]. Electron microscopy studies have also revealed that 
exposing two-cell embryos to 41 °C for 6 h caused damage to the cytoskeleton and mito-
chondria, hindering their ability to reach the blastocyst stage [221]. When thermal stress 
occurs during the later stages of embryonic development, comparable outcomes have 
been noted. For example, the decreased blastocyst formation observed in 4–8-cell embryos 
exposed to 41–41.5 °C for 6 h was associated with an increase in ROS levels in the 8–16-
cell stage [224,231]. Likewise, embryos exposed twice for 10 h each at 40.5 °C around the 
time of morula formation (i.e., days 4–5 after IVF) showed a decreased mitochondrial 
membrane potential at the early blastocyst stage (i.e., day 6 after IVF) [235]. 

The bovine pre-implantation embryos seem to increase protein synthesis in response 
to heat stress, including heat shock proteins [121,240]. Gene expression analysis indicated 
that upregulation of heat shock proteins is evident at the two-cell, four-cell, and morula 
stages [126,241]. However, a transcriptomic analysis suggested that the resistance of bo-
vine morulae to heat stress does not primarily rely on the upregulation of heat shock pro-
teins and antioxidant genes but rather on their ability to produce cellular antioxidants to 
prevent free radical accumulation and to remove denatured proteins, presumably through 
the regulation of genes encoding proteins that activate Ubiquitin C [127]. Interestingly, 
unlike two-cell embryos [242], around the early morula stage, a moderate presence of 
apoptosis is believed to promote embryo survival following thermal stress in vitro [225]. 
Accordingly, there is evidence that morulae can acquire further resistance to heat shock 
via mild exposure to heat stress associated with increased protein expression of HSPA. In 
this model, embryos at the morula stage were subjected to six 1-h heating sessions, with 
each session starting at 38.5 °C and reaching 40.5 °C, with temperature increases of 0.5 °C 
every 7–8 min. The temperature then immediately decreased back to 38.5 °C at the same 
temperature interval and time rate. When these heat-treated morulae were exposed to 41 
°C for 2 h, developmental arrest was decreased compared to control counterparts [243]. In 
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Table 2. Cont.

Temperature
(◦C)/CO2◆

Exposure
Times (h)

Embryonic Stage
Exposed to HS Blastocyst Rate Blastocyst Quality Reference

•C: 38.5;
H: 41

15

1–2-cell ↓ C: 34% *
H: 17% *

NR [128]
EM/CM ↔ C: 24% *

H: 24% *

•C: 38.3;
H: 39.8, 41.1

6

1-cell

↓↔ j C: 41%
H: 30–39%

NR [177]
12 ↓ C: 41%

H: 7–37%

C = control, HS = heat stress, NR = not reported, EM = early morula (M), CM = compact M, EB = early blastocyst,
ExB = expanded blastocyst. ↓ = decrease compared to control, ↑ = increase compared to control, ↔ = no difference
between groups. * Percentages are approximate, extracted from bar charts as numerical values were not provided
in the paper. CO2◆ indicates whether the study maintained 5% CO2 (;) or increased it (
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) during IVEC heat
stress conditions.
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5.1. Molecular and Cellular Response of Pre-Implantation Embryos to Heat Stress

Several molecular alterations around the time EGA have been linked with the compro-
mised ability of early embryos to achieve the blastocyst stage following thermal stress at
the one-cell stage. For instance, impaired blastocyst formation arising from heat-stressing
one-cell embryos for 6 h at 41.5 ◦C was associated with increased ROS production and
reduced levels of glutathione (GSH) at the 8- to 16-cell stage [231]. Both ROS and GSH play
a significant role in modulating the response of pre-implantation embryos to heat stress
in vitro [239]. In a similar manner, one-cell embryos cultured for 20 h at 40 ◦C showed a
decreased ability to form blastocysts, associated with increased expression of cathepsin B
at the four-cell stage [198]. The reduced blastocyst formation rate has also been linked to
low intracellular calcium levels in 1–2-cell embryos exposed to 40.5 ◦C for 10 h, starting
20 h after IVF [219]. Electron microscopy studies have also revealed that exposing two-cell
embryos to 41 ◦C for 6 h caused damage to the cytoskeleton and mitochondria, hindering
their ability to reach the blastocyst stage [221]. When thermal stress occurs during the later
stages of embryonic development, comparable outcomes have been noted. For example,
the decreased blastocyst formation observed in 4–8-cell embryos exposed to 41–41.5 ◦C for
6 h was associated with an increase in ROS levels in the 8–16-cell stage [224,231]. Likewise,
embryos exposed twice for 10 h each at 40.5 ◦C around the time of morula formation
(i.e., days 4–5 after IVF) showed a decreased mitochondrial membrane potential at the early
blastocyst stage (i.e., day 6 after IVF) [235].

The bovine pre-implantation embryos seem to increase protein synthesis in response
to heat stress, including heat shock proteins [121,240]. Gene expression analysis indicated
that upregulation of heat shock proteins is evident at the two-cell, four-cell, and morula
stages [126,241]. However, a transcriptomic analysis suggested that the resistance of bovine
morulae to heat stress does not primarily rely on the upregulation of heat shock proteins
and antioxidant genes but rather on their ability to produce cellular antioxidants to prevent
free radical accumulation and to remove denatured proteins, presumably through the
regulation of genes encoding proteins that activate Ubiquitin C [127]. Interestingly, unlike
two-cell embryos [242], around the early morula stage, a moderate presence of apoptosis is
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believed to promote embryo survival following thermal stress in vitro [225]. Accordingly,
there is evidence that morulae can acquire further resistance to heat shock via mild exposure
to heat stress associated with increased protein expression of HSPA. In this model, embryos
at the morula stage were subjected to six 1-h heating sessions, with each session starting
at 38.5 ◦C and reaching 40.5 ◦C, with temperature increases of 0.5 ◦C every 7–8 min.
The temperature then immediately decreased back to 38.5 ◦C at the same temperature
interval and time rate. When these heat-treated morulae were exposed to 41 ◦C for 2 h,
developmental arrest was decreased compared to control counterparts [243]. In this regard,
research has shown that morulae exposed to 41 ◦C for 9 or 15 h increase their levels of
apoptosis and have a lower cell number, which is associated with a diminished ability
to reach the blastocyst stage [228,244,245]. However, the alteration in cell number was
not observed in another experiment by the same group using the 9-h 41 ◦C protocol [232].
The gene expression profile of the resultant blastocysts seems to be affected differently
depending on the embryonic stage at which heat shock is applied and the duration of
exposure. Exposure of 2–4-cell embryos to 41 ◦C for 24 h resulted in the production of
blastocysts with increased expression of HSPA1A, PLAC8, ATP1A1, AKR1B1, GSTP1, HSF1,
PTGS2, and TLR4, while decreasing the expression of BCL2 and DNMT3A. Expression
of HSP90AA1, GPX1, TLR2, BAX, and IGF1 was not affected [238]. Nellore and Jersey
embryos exposed to 41 ◦C for 6 h at the 8–16-cell/early morulae stage developed into
blastocysts with low expression of PLAC8, HSF1, and CDX2. However, COX2 (regulator
of inflammation, cell proliferation, and apoptosis) was only downregulated in Holstein
blastocysts [236]. Blastocysts exposed to 41 ◦C for 6 h showed increased expression of BAX
and HSPA1A, while levels of IFNT2 (gene involved in maternal recognition of pregnancy),
POU5F1, CDX2, PLAC8, SOD2, and COX2 remained unchanged [237]. The unaffected
gene expression of IFNT2 contradicts the lower transcript levels of IFNT2 and the protein
expression of IFNT documented in blastocysts derived from one-cell embryos that were
heat-stressed at 40.5 ◦C for 6 h [157]. Moreover, the mixed transcript repertoire reported in
the aforementioned studies indicates that genes such as PLAC8 (an autophagy regulator)
exhibited varying responses at the blastocyst stage, being either unaffected, downregulated,
or upregulated. This variability offers no clear insight into the potential autophagy activity
in blastocysts resulting from heat stress during early divisions. Other genes relevant to
pre-implantation embryo development (e.g., CDX2) also showed inconsistent expression
patterns in response to heat stress, reflecting the complexity of gene regulation during this
crucial period. Similarly, cellular variables such as reduction in cell number and increased
apoptosis are not always affected in in vitro heat stress models (Table 2). Furthermore,
some studies have observed that following embryo transfer, there was no difference in
pregnancy rates between heat-stressed and control embryos [236].

5.2. Are the Detrimental Effects of Heat Stress on Pre-Implantation Embryos Caused by Altered
Function of the Reproductive Tract?

An important consideration is whether the effect of heat stress on the pre-implantation
embryo could be mediated through the tissues of the reproductive tract. Bovine en-
dometrial cells exposed to 43 ◦C altered their protein secretion [246,247]. However, in
a more relevant model, protein synthesis remained unchanged in bovine uterine cells
cultured at 41 ◦C for 9 h [223]. Increased prostaglandin secretion was reported in bovine
endometrial tissue exposed to 43 ◦C for 18 h [248]. This finding was confirmed in a recent
study by Sakai et al. [249], where endometrial stromal cells increased their production
of prostaglandin (PG) E2 and PGF2α after exposure to heat stress at 40.5 ◦C for 10 h,
twice, with a 14-h interval between exposures The increased production of PGF2α in the
endometrium was linked to a heightened ability of tumour necrosis factor (TNF) α to
stimulate PGF2α synthesis, along with a diminished effectiveness of interferon tau (IFNT)
to suppress PGF2α production [250]. In contrast, culturing a mix of bovine endometrial
epithelial and stromal cells for either 24 h or 8 days at 40.4 ◦C resulted in a decreased
production of PGF2α [251]. The reasons for these discrepancies are unclear, but it is pos-
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sible that factors such as the duration of culture, specific cellular interactions between
the epithelial and stromal cells, the stage of the oestrous cycle used for sample collection,
or other environmental conditions during culturing may have influenced the regulation
of PGF2α production in vitro. Nevertheless, the altered prostaglandin secretion induced
by heat stress is more likely to impact oestrous cyclicity rather than directly affecting the
embryo. This disruption in hormone levels could interfere with the regular reproductive
cycle, potentially leading to issues with pre-implantation embryo survival.

Using the in vitro model of Sakai et al. [249], but adding a 12-h lipopolysaccharide
(LPS) challenge under heat stress (i.e., 40.5 ◦C), it was shown that heat-stressed endome-
trial stromal cells increased their gene expression of inflammatory cytokines, resulting in
disrupted recruitment of macrophages [252,253]. Similarly, endometrial epithelial cells chal-
lenged with LPS for 24 h under 41 ◦C were shown to upregulate the transcript expression of
proinflammatory mediators [254]. In addition, exposing bovine endometrial epithelial cells
to 40.5 ◦C for 12 h led to the activation of an oxidative stress response [255]. The intensified
inflammatory response associated with heat stress, although speculative, may interfere
with the ability of the endometrium to produce histotroph—the nutrient-rich fluid from
endometrial glands that nourishes the embryo before implantation [256]—and, in turn,
compromise embryo viability.

Indeed, experimentally induced endometrial inflammation in cattle has been shown
to alter histotroph metabolites, which are crucial for supporting early embryonic devel-
opment [257]. The inflammation-induced changes in metabolite composition, along with
the reduced uterine blood flow caused by heat stress [258], could disrupt the nutritional
microenvironment in the uterus necessary for embryo viability, potentially leading to
impaired implantation.

Embryo transfer models have also suggested that heat stress may alter uterine function.
For example, the proportion of dairy cows unable to display a secretory peak of endometrial
epidermal growth factor (EGF), which is associated with sound fertility [259], was higher
during hot months [260]. This lack of an EGF peak was linked to decreased pregnancy
rates following embryo transfer [260]. Similarly, the conception rate after embryo transfer
declined in Holstein cows, but not in heifers, when exposed to temperatures exceeding
25 ◦C and a THI above 75 [261]. Likewise, exposing dairy heifers to a THI ranging from
73 to 78 on the day of embryo transfer (ET) or seven days after ET did not affect pregnancy
rates [262]. This suggests that heat stress further aggravates the already compromised
reproductive tract microenvironment of lactating dairy cows [263], which could cause
adverse effects on pre-implantation embryo survival. At the oviduct level, it has been
reported that protein synthesis remained unaffected in bovine oviductal cultures exposed
to 41 ◦C for 9 h [223]. Similarly, recent in vivo studies demonstrated that Simmental cows
exposed to a THI of 72 or higher did not experience significant changes in the oviductal
proteome [264]. However, it is important to note that in vivo heat stress models should
identify animals actually experiencing heat stress, rather than assuming they are under
stress solely based on THI values. This distinction is particularly relevant given the presence
of heat-tolerant cattle [265], including dairy cattle [266,267].

6. Impact of Breed on Oocyte and Pre-Implantation Embryo Thermotolerance in Cattle

It is well documented that some cattle breeds are better adapted to handling heat
stress [268,269]. Bos indicus breeds are considered well-adapted cattle that have shown a
better performance in terms of IVEP in countries with tropical and subtropical
climates [270,271]. Accordingly, in an OPU-IVEP study comparing Bos taurus (Angus
and Holstein) with Bos indicus (Brahman) cattle, it was reported that oocytes collected dur-
ing the hot season produced fewer blastocysts in Bos taurus but not in Bos indicus cattle [55].
Similarly, a 6-h in vitro exposure to 41 ◦C around the time of morula formation (i.e., day 4
after IVF) decreased blastocyst formation in Holstein embryos, whereas Brahman embryos
exhibited an increase in IVEP [222]. However, while less pronounced than in Bos Taurus
embryos (i.e., Holstein and Angus), a decrease in blastocyst formation was observed in
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Brahman embryos subjected to the same in vitro heat stress conditions [223,227]. Indeed,
other tropically adapted breeds, such as Nellore and Romosinuano, have also shown de-
creased embryo production when challenged at day 4 post-IVF with 41 ◦C for 12 [272] or
6 h [227], respectively. Similarly, decreased blastocyst production was reported in Brazil
with oocytes from Zebu cattle that were in vitro matured at 40 ◦C, even though the expres-
sion of HSP70 and HSP90 in these oocytes remained unaffected [130]. Likewise, GV-stage
oocytes from Gir cows that were experimentally exposed to temperatures ranging from 30
to 38 ◦C for 28 days resulted in decreased IVEP [73]. A higher expression of the heat shock
protein HSP70 has been reported in GV-stage oocytes from Holstein compared to Gyr cows,
partially accounting for the thermotolerance present in Gyr cattle. Still, following embryo
transfer, there was no difference in pregnancy and calving rate between the two breeds [273].
A microarray analysis has also revealed transcript differences in in vitro matured oocytes
between Holstein and Nellore cattle, including genes involved in embryonic development,
cell death and survival, cell cycle, and free radical scavenging. Interestingly, oocyte gene
expression was not altered significantly between breeds when oocytes were exposed to
heat stress in vitro [274].

Breed differences in oocyte thermotolerance have also been observed in Bos taurus
cattle. For instance, research indicates that oocytes from Limousin cows cultured at 41 ◦C
for 6 h experienced significantly greater impairment in blastocyst formation compared
to those from Holstein cattle. This difference in thermotolerance was associated with
the upregulation of the heat shock protein gene HSP90AA1 in matured oocytes from
Holsteins. Additionally, the resultant blastocysts from these two breeds exhibited distinct
gene expression profiles in response to the thermal challenge. Specifically, blastocysts
derived from Holstein cattle showed increased expression of the gene PLAC8, which is
linked to embryo development and implantation. In contrast, embryos from Limousin
cattle demonstrated decreased expression of key genes such as HSP90AA1, DNMT3A, and
SOD2, which are crucial for cellular stress response, DNA methylation, and oxidative stress
protection, respectively [163].

Comparing Holstein, Angus, and Braham sperm, it was found that heat stress af-
fected sperm motility regardless of breed, suggesting that the genetic composition does not
seem to play a significant role in heat stress protection at the sperm level. [200]. However,
studies examining combinations of oocytes and sperm from Bos indicus and Bos taurus
breeds found that in vitro heat stress during pre-implantation embryo development re-
duced blastocyst production, irrespective of the sperm source used [222,272]. In contrast,
Eberhardt et al. [275] reported that using Bos indicus sperm could mitigate the effects of
in vitro heat stress on Holstein oocytes. However, this study was criticised for the low
number of bulls tested per breed [271]. Nonetheless, the prevailing consensus in IVEP
bovine models suggests that the resilience of the pre-implantation embryo to thermal stress
is predominantly determined by the oocyte, rather than the sperm [271]. Research using
somatic nuclear transfer models has indicated that the oocyte cytoplasm, rather than the
nucleus (i.e., donor cell), is primarily susceptible to heat stress, leading to a reduction
in blastocyst formation. This negative impact was evident when the ooplasm was ob-
tained from Holstein cattle. In contrast, this detrimental effect was not observed when the
ooplasm originated from Taiwan Yellow cattle, a heat-tolerant Bos indicus breed [276]. The
cloned offspring derived from reconstructed oocytes using ooplasm from Taiwan Yellow
cattle, in comparison to ooplasm from Holstein cattle, exhibited somatic cells (i.e., ear cells)
with lower protein expression of pro-apoptotic regulators (BAX, AIF, CYTOCHROME
C, CASPASE-3, -8, and -9), coupled with increased expression of anti-apoptotic (BCL-2)
and heat shock (HSP27, HSP70) proteins [277]. The same group produced calves using
spindle transfer technology, in which spindle–chromosomal complexes from Holstein cattle
were transferred into ooplasm from Taiwan Yellow cattle, followed by IVF with Holstein
sperm [278]. The somatic cells from the spindle transfer offspring exhibited greater thermo-
tolerance than those from Holstein cattle when subjected to an extreme thermal challenge
at 42 ◦C for 12 h. Gene and protein analyses revealed that this thermotolerance was associ-
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ated with lower pro-apoptotic activity and enhanced functions of anti-apoptotic, oxidative
phosphorylation, and antioxidant pathways [279].

Still, this thermotolerance has its limits, as illustrated by the decrease in IVEP out-
comes for Bos indicus breeds when their oocytes or embryos were exposed to heat stress
in vitro [130,223,227,272]. Furthermore, natural in vivo exposure can also affect the re-
productive physiology of Bos indicus breeds. For instance, Thai indigenous beef cows
exposed to THI of 83 during the rainy season exhibited decreased pre-ovulatory follicle size
and vascularity, along with reduced oestradiol concentrations during the pre-ovulatory
period [102]. These findings suggest that even within heat-resistant breeds, there may be
individuals with less marked thermotolerance.

7. How Relevant Are In Vitro Models to Elucidate the Impact of Thermal Stress on
Oocyte Developmental Competence and Embryo Viability?

The majority of IVEP models of heat stress have been developed using rectal tem-
peratures of cattle subjected to heat stress. It has been suggested that cows with a rectal
temperature of 39.1 ◦C or higher can be considered to be experiencing heat stress [280], and
that a rectal temperature of 39 ◦C is expected to impair fertility in cattle [11]. This contrasts
with control animals showing a rectal temperature of 39 ◦C used to analyse the effect of heat
stress on pre-implantation embryo development in the early 1990s [87]. Previous research
reported that dairy cattle enduring heat stress at an ambient temperature of 30.5–34.7 ◦C
(dry bulb temperature) in Florida, USA, presented rectal temperatures ranging from 40.9
to 41.7 ◦C [87], but a later study on the same region indicated that cows exposed to peak
temperatures of 34 ◦C displayed average rectal temperatures of 40.5 ◦C [194]. Subsequent
research in the same USA state showed that THI values ranging from 81 to 92 were associ-
ated with rectal temperatures of 40–41 ◦C, depending on the methodology used to calculate
the THI values [11]. In Arizona, USA, Holstein and Brown Swiss cattle kept under THI of
81–82 maintained their average rectal temperatures below 40 ◦C [281]. Similarly, research
conducted in Brazil with Bos taurus, Bos indicus, and their crosses has demonstrated that
cattle experiencing heat stress, with maximum THI ranging from 79 to 87, did not exceed
an average rectal temperature of 40 ◦C [282–285]. The rectal temperature of dairy cows in
Saudi Arabia exposed to a THI of 84 remained below 40.5 ◦C [286]. During the summer in
Tunisia, where the THI was 78, Holstein cows showed an increase in rectal temperature to
39.6 ◦C [287], similar to the rise to 39.1 ◦C in Holstein cows exposed to THI values of 72–78
in Italy [288]. In Egypt, dairy cows exposed to an average THI of 82 during the summer
did not have rectal temperatures greater than 40.1 ◦C [107]. In Canada, during controlled
natural ambient temperature exposure (i.e., not a seasonal comparison) to THI values above
80, rectal temperatures in dairy cattle remained below 39.5 ◦C [289]. Likewise, in China,
the rectal temperature of dairy cows exposed to a THI of 80–86 stayed under 39.5 ◦C [290],
and at a THI of 90, the maximum rectal temperature recorded was 40.8 ◦C [291]. Addition-
ally, experimental studies using environmental chambers to mimic THI values of 76 [173],
83–86 [174,292], and 92 [73] reported average rectal temperatures ranging from 39.3 to
40.2 ◦C. Accordingly, multiple studies conducted over 40 years ago working with different
models of heat stress in cattle reported maximum rectal temperatures of 40–40.2 ◦C, as
reviewed by Gwazdauskas [293].

Vaginal temperature has been also used in in vitro models of heat stress [143]. In the
1950s, it was noted that the average vaginal temperature of dairy cows ranges from 38.5
to 38.6 ◦C during the oestrous cycle [294], a range similar to the 38.1–38.7 ◦C observed
in more recent studies [98,295–298], with increases to around 39 ◦C observed at the time
of oestrus [296–298]. However, maximum vaginal temperatures of up to 41.1 ◦C can be
observed during oestrus [299], and during the early postpartum period (i.e., between days
2–10 postpartum), vaginal temperatures of 39.5 ◦C to 41.4 ◦C have been reported in dairy
cows, which is suggested to be associated with inflammatory processes typically present
during this physiological state [300]. Several studies have reported an increase in vaginal
temperature associated with heat stress in cattle, with deviations in temperature similar to
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those observed in rectal temperature studies. For example, daily circadian increases from
39.7 to 40.7 ◦C during a hot period with a THI of 77 were observed in Holstein Friesian
cows in Japan [98]. Also in Japan, vaginal temperature did not increase beyond 38.8 ◦C in
Japanese Black cows during the summer when THI was 77 [298]. In Holstein cows during
the first 10 days postpartum, a mean vaginal temperature of 39.6 ◦C, ranging from 38.8 to
40.4 ◦C, was recorded during a hot period with a THI of 74 in Germany [301]. In pregnant
beef cattle, average vaginal temperatures remained below 40.5 ◦C during hot weather in
the USA, with a THI ranging from 76 to 83 [302]. Similarly, in the same location, beef heifers
with THI values of 84–86 did not exceed an average vaginal temperature of 40 ◦C [303]. In
Brazil, Girolando cows (a crossbreed of Gir and Holstein cattle) exposed to a mean THI
value of 75 displayed an average vagina temperature of 39.5 ◦C [304]. In a study conducted
during the Australian summer, heat-susceptible beef cattle, identified by their pronounced
panting, exhibited a body temperature of 38.9 ◦C, which was slightly higher than that of
heat-tolerant heifers, whose vaginal temperature measured 38.6 ◦C [265]. Indeed, it is well
established that cattle exhibit individual physiological responses to heat stress, with some
animals showing better adaptation and coping mechanisms to manage heat stress than
others [305–308]. More recently, in Holstein cows in Italy, an average vaginal temperature
of 39.3 ◦C was observed during heat wave days in Italy with a mean THI value of 77 [309].

Hence, the majority of heat stress research in cattle suggests that rectal and vagi-
nal temperatures do not usually surpass 41 ◦C, even when cattle experience severe heat
stress. Nonetheless, maximum rectal temperatures of 41.7 ◦C [202] and vaginal readings
of 41.4 ◦C [309] have been reported in lactating cows enduring heat stress. Noteworthy,
in veterinary medicine, cattle suffering from heat stroke, rather than heat stress, often
exhibit rectal temperatures above 41 ◦C [310]. As such, in vitro models using temperatures
above 41 ◦C to examine the effect of thermal stress on oocyte developmental competence
and embryo viability are of limited relevance for elucidating the direct effects of high
temperatures on cellular and molecular variables in oocytes and embryos. By the same
token, it is advisable to avoid using 39 ◦C in the control group instead of 38.5 ◦C to more
accurately replicate in vivo conditions.

Still, the question remains as to whether physiological increases in rectal and vaginal
temperature are reflected in ovarian follicles and the lumen of the oviducts and uterus. As
discussed in recent reviews [311,312], the temperature in bovine pre-ovulatory follicles is
approximately 1 ◦C lower than that of the ovarian stroma, uterine lumen, and rectum—a
cooling effect observed consistently across several mammalian species, but considered
crucial for ovulation and positively linked with pregnancy potential in dairy cattle and
humans. Experiments in cattle have revealed that pre-ovulatory follicles need to reach
temperatures in the range of 36.8–37.6 ◦C to achieve ovulation during hot weather, with
THI values ranging from 72 to 86 [313–315]. However, no information is available on
the quality of these ovulating oocytes [312]. This physiological cooling would be essen-
tial given the so-called higher oestrous-associated temperatures (HEAT) present around
oestrus [299], which have been found to promote pregnancy success in a thermoneutral
environment [316,317], presumably via changes in the intrafollicular metabolome during
the preovulatory period [318]. Nevertheless, the ability to lower the temperature of the
reproductive tract following HEAT could be key to successful reproduction, as a previous
study reported that cooling of the cervix was associated with an increased likelihood of
achieving pregnancy [319]. Albeit speculative, the temperature-dependent ovulation ob-
served in cattle suggests that a failure to achieve sufficient cooling around ovulation, rather
than an increase in follicle temperature, might be associated with the detrimental effects
of heat stress on bovine oocyte competence. Still, it is unknown whether high ambient
temperatures can sufficiently raise follicular fluid temperature to adversely affect oocyte
competence, as seen in in vitro models. As a starting point to elucidate this issue, a bovine
IVEP model could combine acute experimental induction of heat stress [174] in superstimu-
lated cows to collect in vivo-matured oocytes via OPU [320], along with measurement of
follicular fluid temperature [315] at the time of oocyte retrieval. These types of experiments
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are essential to corroborate that in vitro models accurately simulate the conditions of oocyte
maturation during in vivo heat stress. From this perspective, current IVM models assume
increased intrafollicular temperature during heat stress, raising questions about whether
the detrimental effects on oocyte competence during maturation are due not to direct high
temperature exposure, but rather to alterations in ovarian physiology. These could include
decreased ovarian blood flow [101,102], which may disturb pre-ovulatory follicle cooling
linked to successful ovulation [311,312,315], as well as oocyte competence, as demonstrated
in women [321,322]. Heat stress-induced diminished ovarian blood flow may also disrupt
the supply of essential nutrients, ions, and hormones necessary for oocyte maturation [323].

In vitro models addressing the effect of heat stress during the fertilisation process and
pre-implantation embryo development have also relied on rectal or vaginal temperatures.
Both rectal [317,324] and vaginal [296,297,299] temperatures increase during oestrus, sug-
gesting that under natural mating conditions, the sperm enters the reproductive tract in a
high-temperature microenvironment. Indeed, there is a temperature gradient in the bovine
reproductive tract, with temperatures gradually increasing from the vagina towards the
uterine horns [325]. The temperature in the lumen of the bovine uterus is slightly higher
than the rectal temperature, around 0.2 ◦C [325,326], and research from the 1970s found that
the temperature in the uterine lumen around the time of oestrus ranges from 38.3 to 38.6 ◦C,
with an increase of 0.5 ◦C above 38.6 ◦C resulting in a 12% decrease in conception rate [326].
To the best of the authors’ knowledge, this is the only study showing this relationship,
and it was not conducted under experimental heat stress conditions. Therefore, additional
research is required to confirm these findings. Furthermore, although a positive correlation
between uterine temperature and THI values was observed in Japanese Black cows, the
increase in uterine horn temperature did not surpass 39 ◦C during summer when the THI
was equal to or greater than 74 [327]. In this study, heat stress during summer increased
uterine temperature by only 0.5 ◦C, suggesting that current in vitro models addressing
thermal stress during pre-implantation embryo development do not accurately replicate
the temperature conditions observed in vivo during heat stress. Nevertheless, monitoring
uterine lumen temperature during in vivo heat stress should focus on more vulnerable
physiological states and breeds, such as lactating Holstein cows, since heat-sensitive breeds
and cows with high metabolic demands may potentially experience a more pronounced
increase in uterine temperature. From this point of view, the possibility exists that the
uterus might be able to maintain a relatively stable temperature during thermal strain, and
that the detrimental effect of heat stress on embryo development could be related to the
altered function of the uterine tissue rather than a direct thermal challenge to the embryo.

At the oviductal level, research in pigs has found that the uterus is approximately
1.5 ◦C warmer than the oviduct, a difference observed in sows but not in gilts [328]. For
many years, based on previous studies in rabbits and pigs, it has been asserted that the
caudal region of the isthmus is 1–2 ◦C cooler than the ampulla, and that this temperature
gradient directs sperm towards the warmer site of fertilisation in the ampulla [311,312].
However, this finding has been recently disputed with experiments in mice [329] and
pigs [328]. Currently, there are no available data on oviductal temperature in cattle, nor
is there any information regarding a potential temperature difference between the uterus
and oviduct. Consequently, it remains unknown how much the temperature varies in the
oviduct during heat stress in cattle. Despite the technical challenges involved, it might
be feasible to access and measure the temperature of the oviducts in live cattle using
transvaginal endoscopy [330]. Hence, uncertainty remains regarding whether current
in vitro bovine models accurately simulate the high thermal microenvironments present in
the oviducts of heat-stressed cattle during fertilisation and early embryo development, as
oviductal temperatures during heat stress have not been directly measured.

Although challenging, it will be relevant to obtain intrafollicular and intraluminal
uterine and oviductal temperatures during periods of natural heat stress exposure in cattle,
as this will help confirm pathological findings from current in vitro models or enable
adaptations within these systems to obtain more accurate information on the effects of
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thermal stress on oocyte competence and embryo viability. In turn, this will facilitate a more
effective implementation of both in vivo [331] and in vitro [332,333] therapies to mitigate
the detrimental effects of heat stress on gamete and embryo biology.

Technical Considerations in Bovine In Vitro Models of Heat Stress

In addition to using relevant temperatures that mimic in vivo heat stress in the re-
productive tract and ovarian follicles, addressing technical factors is also crucial when
developing in vitro models of heat stress. A relevant technical factor to consider in heat
stress in vitro models is the abrupt shift to high temperatures that oocytes, sperm, and
pre-implantation embryos endure in such experimental settings, which fails to accurately
replicate the gradual circadian temperature increases experienced by cattle under heat stress
conditions at the farm level. Few studies have explored the use of gradual temperature
increases during experimental in vitro models of heat stress in cattle [143,157,194].

Finally, another important consideration in in vitro research is the pH elevation in
culture media due to increased temperatures in systems designed to mimic cellular heat
stress [76]. These pH alterations can adversely affect gamete and embryo physiology,
potentially impairing successful IVEP outcomes [334–338]. Some research teams have
addressed this issue by increasing CO2 levels during in vitro culture, but the majority of
studies do not implement this practice (Tables 1 and 2) or monitor the pH values of the
culture media during thermal stress [157].

8. Conclusions

The available evidence suggests that GV-stage oocytes are vulnerable to high tem-
peratures, predominantly observed in Bos taurus raised in tropical or subtropical regions.
However, there is a lack of studies addressing the potential detrimental effects of heat stress
on primordial follicle viability. In vitro models examining the exposure of oocytes and pre-
implantation embryos to heat stress have clearly demonstrated that elevated temperatures
significantly diminish the capacity of both oocytes and early embryos to progress to the
blastocyst stage. However, the accuracy of current in vitro bovine models in simulating
follicular, uterine, and oviductal temperatures during heat stress is uncertain given the
lack of in vivo data on these body compartments. As such, there is a possibility that the
negative impact of heat stress on pre-implantation embryo development might not be due
to a direct effect on the oocyte and embryo itself, but rather due to changes in the function
of ovarian and uterine/oviductal tissues under thermal strain.

A clear cellular and molecular profile of blastocysts derived from in vitro heat-stressed
oocytes and early embryos is difficult to establish due to the fact that variables of oocyte
and embryo quality do not consistently respond to heat stress, together with conflicting
gene expression patterns reported across in vitro studies. Future in vivo studies should
employ protocols that accurately confirm whether individuals are experiencing heat stress,
rather than relying solely on THI values. This approach is particularly pertinent given the
presence of heat-tolerant cattle, even among high milk producers such as Holstein cattle.
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