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Abstract

Exposure to heat stress (HS) in utero was postulated to trigger an adaptive molecular response that can be transmitted to the next generation.
Hence, this study assessed the impact of HS exposure at different stages of the gestational period of mice on the female F1 population and
their offspring. Heat stress exposure (41◦C and 65% relative humidity—RH) occurred during the first half (FP), the second half (SP), or the entire
pregnancy (TP). A control group (C) was maintained in normothermic conditions (25◦C, 45% RH) throughout the experiment. Heat stress had
a significant negative effect on intrauterine development, mainly when HS exposure occurred in the first half of pregnancy (FP and TP groups).
Postnatal growth of FP and TP mice was hindered until 4 weeks of age. The total number of follicles per ovary did not vary (P > 0.05) between
the control and HS-exposed groups. Mean numbers of primordial follicles were lower (P < 0.05) in the sexually mature FP than those in SP
and TP F1 females. However, the mean number of viable embryos after superovulation was lower (P < 0.05) in TP compared with C group. The
expression of genes associated with physiological and cellular response to HS, autophagy, and apoptosis was significantly affected in the ovarian
tissue of F1 females and F2 in vivo-derived blastocysts in all HS-exposed groups. In conclusion, exposure to HS during pregnancy compromised
somatic development and reproductive parameters as well as altered gene expression profile that was then transmitted to the next generation
of mice.
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2 Effects of heat stress on F1 female mice

Introduction

Global climate change is associated with increased frequency,
intensity, and duration of extreme weather conditions, putting
at risk the existence of life-sustaining ecosystems. During 2021
and 2022, atypical weather events caused devastations on
every continent, with fatal floods and forest fires in several
countries [1] that resulted in human and animal deaths and
billions of dollars in economic losses. Recent climate changes
have been associated with an increase in the average global
temperature as well as the frequency and duration of heat
waves, resulting in all-time record temperatures in several
countries including Australia, Canada, India, Italy, Oman,
Turkey, Pakistan, and the United Kingdom [1–3]. Extreme
heat contributes to drought conditions [2], which in turn
leads to food shortages and increased incidence of insect-
borne diseases [3]. Exposure to high ambient temperatures
causes acute respiratory and cardiovascular disorders [4].
In 2003, heat waves in Europe caused more than 70 000
deaths, usually attributed to heat stress (HS)-induced respi-
ratory/cardiovascular shock and/or exacerbation of various
comorbidities [5].

Heat stress is defined as an inability of the organism to
sufficiently dissipate heat and maintain optimal tempera-
ture, culminating in hyperthermia [6, 7]. Normally, animals
and human beings respond to HS by redirecting blood flow
to the skin (vasodilation) to increase heat transfer to the
external environment and by sweating [8]. These physiolog-
ical responses to HS are necessary to counter any increases
in core body temperature; however, sweat production can
lead to dehydration if the resulting body water deficits are
not adequately replenished. Dehydration decreases circulat-
ing blood volume, presaging cardiovascular strain [9] and
potential kidney injury and/or failure [10, 11]. The renin–
angiotensin system (RAS), involving sequential proteolysis
of the angiotensinogen precursor in blood plasma, plays an
important role in the development of hypertension and reg-
ulation of water/mineral homeostasis [12]. There is a great
deal of evidence to suggest that HS activates RAS, which also
entails angiotensin II (Ang II) binding to G protein-coupled
receptors AT1R and AT2R [13, 14]. Both these receptors
not only mediate the control of systemic hemodynamics and
blood volume, but also govern the stimulation of cell prolif-
eration and differentiation, or tissue remodeling, in stressful
situations.

At the cellular level, HS may exert deleterious effects on (i)
DNA/RNA synthesis and processing, (ii) cell cycle progres-
sion, (iii) protein configuration and stability, (iv) cytoskeletal
components, (v) ATP synthesis, and (vi) membrane perme-
ability (leading to an increase in intracellular Na+, H+, and
Ca2+ content) [15]. The ability to adapt to HS appears to
be an intrinsic cell function as cellular stress responses are
ubiquitous among eukaryotes and prokaryotes [16]. Such an
ability to mount an appropriate compensatory stress response
[17] can be epigenetically transmitted to future generations
[18]. A compensatory response is a highly conserved cascade
of altered gene expression and protein activation processes
[17], with a family of transcription factors known as heat
shock factors playing a critical role during the rise in cellular
temperature [19, 20]. These factors coordinate the cellular
response to HS by altering the expression of a wide variety
of genes, including heat shock proteins (HSPs) [21]. There
are several HSP families that are classified according to their

molecular weight: HSP110, HSP90, HSP70, HSP60, and small
HSPs such as HSP27 and ubiquitin [22]. Heat shock proteins
play a central cytoprotective role during HS by preventing cell
death and tissue injury [23, 24]. Interestingly, Ang II has been
shown to induce HSP expression in vitro [25].

In addition to the role of HSPs, the response to HS also
involves autophagy that degrades and recycles damaged
organelles in lysosomes [26]. The heat shock factor-1 enhances
the expression of autophagy genes, which participate in
generating a protective response and extend cellular lifespan
[27]. In stressful situations, mitochondria and endoplasmic
reticulum can trigger the unfolded protein response (UPR),
which promotes the functional recovery of these organelles
[28]. However, when the stressors are persistent and the
UPR is not sufficient to deal with resultant dysfunctions,
the elimination of organelles by autophagy can occur [29].
Autophagy is a genetically programmed and evolutionarily
conserved catabolic process that degrades damaged or excess
cellular proteins and organelles through the formation of a
double-membrane structure known as an autophagosome.
Autophagosome assembly involves the activation of ATG-
5 [30] and ATG-8 [31], commonly used as markers of the
autophagic pathway.

Pregnant women are particularly sensitive to HS. They
are at a high risk of suffering from heat-related disorders
including heat stroke, respiratory conditions, and birthing
complications [32, 33]. There is a growing body of literature
on animals [34] and humans [35, 36] suggesting that HS
during the gestational period is a potential teratogen. In
livestock species, gestational HS reduces both the productive
and reproductive capacity of animals; in addition to adverse
effects on embryonic development, it promotes epigenetic
changes that can be transmitted to future generations [18].
In humans, numerous systematic reviews have associated
HS with preterm delivery, low birth weight, and abortions
[37–39]. Proper interpretation of HS-allied pathologies is
confounded by variability in the “windows of exposure” (e.g.,
intermittent or continued exposure to heat during pregnancy)
and inconsistencies in defining what constitutes excess heat.
As a result, more studies are urgently needed to expand our
current knowledge of HS and develop effective preventive
methods.

Therefore, in the present study, we used mice as a bio-
logical model to assess the impact of HS at different gesta-
tional periods on the pregnancy rate, prolificacy, and birth
weight of pups. In addition, females of the F1 generation
were evaluated for somatic development, ovarian follicular
populations, and responsiveness to hormonal superovulation.
Finally, the cellular response to HS and the transmission of
this response to the F2 generation of mice were examined
by analyzing the expression of select genes in the ovarian
tissue (F1 females) and F2 embryos, respectively. For this,
we selected genes involved in the (i) physiological (AT1R
and AT2R) and cellular response to HS (HSPA1A; HSPA1B;
HSP40; HSP60; HSP90AAI; HSP90ABI), and (ii) elimination
of macromolecules and organelles damaged by autophagy
(ATG5 and ATG8) and programmed cell death (BAX, BCL-
2, CASP3, and CASP9). The transmission capacity of the HS
response was inferred by analyzing the expression of some
differentially expressed genes in the F2 embryo, in addition
to the genes associated with embryonic competence (CDX2
and OCT-4).

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/advance-article/doi/10.1093/biolre/ioad133/7301512 by U

niversity of G
uelph user on 21 N

ovem
ber 2023



J. R. Silva et al. 3

Materials and methods

The present study was approved by the Animal Use Ethics
Committee (CEUA), under protocol number 003/2018, of the
Federal University of the Jequitinhonha and Mucuri Valleys,
in Diamantina, Minas Gerais state, Brazil.

Animals and general experimental design

Forty female C5BL/6J mice, aged 5–6 weeks, were mated with
40 males of the same age and strain in a 1:1 ratio (Figure 1).
Detection of the vaginal plug (day 1) was done to confirm the
successful mating. Subsequently, the females were subjected
to HS during the first (FP, from days 1 to 10; n = 10) or
second half of gestation (SP, from day 11 to delivery; n = 10),
or throughout the entire duration of pregnancy (TP, n = 10).
A control group (C, n = 10) was maintained in normother-
mic conditions (25◦C, 45% relative humidity) throughout
the present experiment. After delivery, the birthweight of
offspring was recorded and the somatic development of F1
females was monitored weekly until 8 weeks of age. At
8 weeks, 10 females from each group were superovulated
and mated with control F1 males in the four configurations:
FP × C, SP × C, TP × C, and C × C; females and males, respec-
tively. The females were euthanized by cervical dislocation
72 h after mating; uterine lavage was performed, and all the
recovered structures were examined for viability and develop-
mental stage. One ovary from each superovulated female was
collected and fixed for histological analysis, while the other
was frozen for gene expression analysis. The embryos from
superovulated females that attained a blastocyst stage were
also frozen for ensuing gene expression analysis.

Heat stress induction

Heat stress induction during the gestational period was per-
formed daily for 2 h (1:00 p.m. to 3:00 p.m.), starting 6 h
after the beginning of the light cycle, according to the method
previously described by Aroyo et al. [40]. A standard cage
with the mice was placed inside an environmental cham-
ber (70 × 80 × 50 cm) with a 4-mm-thick transparent acrylic
top and two doors for frontal access. The chamber was
heated by two Siccatherm red lamps (SICCATHERM-RED;
OSRAM, Shanghai, China) so that the mice were not exposed
to radiative heat. A container filled with water (500 mL) was
kept inside the chamber to generate the required humidity.
Temperature and humidity (41◦C, 65% humidity) inside the
chamber were monitored by an automated digital thermome-
ter hygrometer humidity meter (UNI-T UT 330B digital USB;
Beijing, China). During the entire HS induction period, the
animals had unrestricted access to commercial feed (Nuvilab
Cr-1; Nuvital Nutrientes S/A, São Paulo, Brazil) and drinking
water. The control group was subjected to the same movement
and confinement conditions.

Monitoring somatic development of the progeny

The mean number of live newborn pups per female was
recorded at parturition. Subsequently, the litters were moni-
tored weekly for somatic development, by weighing each pup
on an analytical digital scale (Ohaus PX124/E AM—Pioneer
Analytical Balance, 0.0001 g resolution, Parsippany, NJ, USA).
Combined data from animals of both sexes were recorded
and analyzed up to the age of 3 weeks, when sexing was
performed. From the third to the eighth week of age, only
the data from females were collated [41]. This was done to

avoid errors in animal sexing since stress during pregnancy
induces demasculinization, characterized by shortening of the
anogenital distance in male offspring [42].

Superovulation and embryo collection

Females were superovulated by intraperitoneal administration
of 5 IU of equine chorionic gonadotropin (Folligon; Intervet,
São Paulo, SP, Brazil), followed by an injection of 5 IU of
human chorionic gonadotropin (hCG; Chorulon, Intervet)
48 h later; both gonadotropin preparations were diluted in
0.1 mL of sterile saline solution [41]. Following the hCG treat-
ment, females were mated overnight. At 72 h after mating,
the females were sacrificed, and their reproductive tracts were
removed. Both uterine horns were perfused with 0.5 mL of
phosphate-buffered saline (PBS) containing 0.4% of bovine
serum albumin. The recovered perfusion medium was placed
in Petri dishes and the embryos were identified using a stere-
omicroscope (Olympus SZ-1145, Tokyo, Japan). All identified
structures were classified according to the development stage
(unfertilized, cleaved (2–8), morula, compact morula, early
blastocyst, blastocyst, and expanded blastocyst) and quality
(presence or absence of cell extrusion and fragmentation).

Ovarian histology and follicle quantification

Quantification of ovarian follicles was performed according
to the methodology described by Campos-Junior et al. [43].
Briefly, every third cryotome section (5 μm) was used to
classify and count ovarian follicles. The follicles were classi-
fied as follows: (i) primordial follicles (the oocyte surrounded
by a single layer of flattened granulosa cells); (ii) primary
follicles (follicles with a single layer of cuboidal cells around
the oocyte); (iii) secondary follicles (follicles with two layers
of cuboidal cells around the oocyte); (iv) tertiary (antral)
follicles with an apparent follicular antrum. The final number
of follicles in each category was determined on a per-ovary
basis using the following formula developed by Gougeon and
Chainy [44]:

FP = NF × NS × HC
NSA × ADON

where FP = follicular population, NF = total number of fol-
licles in the ovary (primordial, primary, secondary, and ter-
tiary), NS = number of sections per ovary, HC = histological
section thickness, NSA = number of sections analyzed, and
ADON = average diameter of the oocyte nucleus (primordial,
primary, secondary, and tertiary). The estimation of the follic-
ular recruitment (activation) rate was carried out as previously
described by Campos-Junior et al. [43], using the following
formula:

FAT = FP + SF + AF
TF

× 100

where FAT = follicular activation rate, FP = primary follicle
number, SF = secondary follicle number, AF = antral follicle
number, and TF = total follicle number.

Gene expression

For gene expression analysis, 20 ovaries and 100 blasto-
cysts obtained from 20 animals were used (n = 5 animals per
group). After collection, five embryos at the blastocyst stage
recovered from each animal were grouped to form a pool.
Then, the pool was washed three times in PBS supplemented
with 0.1% of polyvinyl alcohol and frozen in liquid nitrogen
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4 Effects of heat stress on F1 female mice

Figure 1. Experimental design. Forty female C5BL/6J mice, aged 5–6 weeks, were mated with 40 males of the same age and strain in a 1:1 ratio. After
vaginal plug detection (day 1), the females were subjected to HS (41◦C, 65% relative humidity—RH) during the first (FP, from days 1 to 10; n = 10) or
second half of gestation (SP, from day 11 to delivery; n = 10), or throughout the entire duration of pregnancy (TP, n = 10). A control group (C, n = 10) was
maintained in normothermic conditions (25◦C, 45% RH) throughout the present experiment. After delivery, the birthweight of offspring was recorded
and the somatic development of F1 females was monitored weekly until 8 weeks of age. At 8 weeks, 10 females from each group were superovulated
and mated with control F1 males in the four configurations: FP × C, SP × C, TP × C, and C × C; females and males, respectively. Uterine lavage was
performed 72 h after confirmed mating and all the recovered structures were examined for viability and developmental stage. One ovary from each
superovulated female was collected and fixed for histological analysis, while the other was frozen for gene expression analysis. The embryos from
superovulated females that attained a blastocyst stage were also frozen for ensuing gene expression analysis.

using DNase- and RNase-free cryotubes (Corning, NY, USA).
Adipose tissue-free ovaries were also washed and frozen as
described for embryo pools above.

Total RNA isolation and reverse transcription

Total RNA isolation was performed using an RNeasyMi-
cro Kit (Qiagen Inc., Valencia, CA, USA) according to the
manufacturer’s instructions and with the DNase pretreatment
for 15 min to avoid DNA contamination. RNase-free water
(14 μL) was added, and RNA quantification of each sample
(1 μL) was performed using a spectrophotometer (Nanodrop
2000, Wilmington, DE, USA). The SuperScript III first-strand
synthesis Supermix (Invitrogen, Carlsbad, CA, USA) was used
for reverse transcription, and the same RNA concentration
(0.05 and 1.0 μg per embryo and ovary sample) was used in all
samples. A mixture of oligo (dT) 20 primers, dNTP mixture,
Superscript III-RT, RNase OUT, MgCl2, RT buffer, and RNA
sample in a final volume of 20 μL was incubated at 65◦C
for 5 min and then at 50◦C for 50 min. The reaction was
terminated at 85◦C (5 min) and then the samples were chilled
on ice. Following these steps, the samples were incubated
with RNase H to degrade the RNA strand of any RNA–
DNA hybrids according to the manufacturer’s instructions.
The cDNA was then stored at −20◦C until use at a later date.

Quantitative RT-qPCR amplification

The relative mRNA quantification was done using real-time
quantitative polymerase chain reaction (RT-qPCR; QuantStu-
dio 3 Real-Time PCR Systems, Applied Biosystems Thermo
Fisher Scientific, Wilmington, DE, USA), in triplicate. The
qPCR reactions (20 μL of total volume) were conducted with
a mixture of SYBR green kit (10 μL; Power SYBR Green,
Applied Biosystems), 0.1 μM of primers (1 μL; described in
Table 1), nuclease-free water (8.5 μL), and reverse transcribed
cDNA (0.5 μL). Negative controls were similarly run with
each group of samples containing the RT-qPCR reaction
mixture without nucleic acids. Thermal cycling was composed
of an initial denaturation step at 95◦C for 10 min followed by
45 cycles of denaturation at 95◦C for 15 s, primer annealing
(Table 1) for 15 s, and extension at 72◦C for 30 s. Fluorescence
data were acquired during the extension steps. Afterwards,
the dissociation curve was obtained by melting the amplicon
from 60 to 95◦C to confirm that a single specific product
was generated. Primer efficiency was calculated using the
LinRegPCR software. The expression of the specific gene was
normalized against the geometric mean expression of three
housekeeping genes: actin beta (β-actin), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and H2A histone fam-
ily, member Z (H2AFZ). The stability (smaller variation due to
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Table 1. RT-qPCR primer sequences and annealing temperatures.

Gene Primer sequences 5′ to 3′ Annealing temperature (◦C) References

ATG5 F: GGAGAGAAGAGGAGCCAGGT 55 [31]
R: TGTTGCCTCCACTGAACTTG

ATG8 F: TTCTTCCTCCTGGTGAATGG
R: GTGGGTGCCTACGTTCTCAT

55 [31]

BAX F: ATGCGTCCACCAAGAAGCTGAG
R: CCCCAGTTGAAGTTGCCATCAG

60 [46]

BCL-2 F: GTCGCTACCGTCGTGACTTC 60 [47]
R: CAGACATGCACCTACCCA

CDX-2 F: AATCAAGAAGAAGCAGCAGCAG 60 [31]
R: GTCCATACTCCTCATGGCTCA

CASP3 F: ATGGGAGCAAGTCAGTGGAC
R: CGTACCAGAGCGAGATGACA

60 [31]

CASP9 F: TCCTGGTACATCGAGACCTTG
R: AAGTCCCTTTCGCAGAAACAG

63 [48]

HSP 40 F: AGGCATGGACATTGATGACACA 60 [49]
R: CCACCCATACCCATTGGAAAG

HSP 60 F: CATCGGAAGCCATTGGTCATAA 60 [49]
R: CGTGCTTAGAGCTTCTCCGTCA

HSPA1A F: AGACTGTTGAGTTCTTTGTGTTTGGA 60 [50]
R: GAAGGACCCGACACAAGCAT

HSPA1B F: CCATCGAGGAGGTGGATTAGAG 60 [50]
R: GAACCATGAAGAAGACTTTAAATAACC

HSP90AAI F: ATGGAGAGAATCATGAAAGCTCAA 60 [50]
R: TGCTGCCATGTAACCCATTG

HSP90ABI F:TGGGAAAGAGCTGAAAATTGACAT 60 [50]
R:TGCCTGTGTCCACCAAAGTC

NANOG F: CACAGTTTGCCTAGTTCTGAGG 60 [51]
R: GCAAGAATAGTTCTCGGGATGAA

OCT-4 F: CGGAAGAGAAAGCGAACTAGC 60 [48]
R: ATTGGCGATGTGAGTGATCTG

B-ACTIN F: GCTCTGGCTCCTAGCACCAT
R: GCCACCGATCCACACAGAGT

60 [52]

GAPDH F: CTCCCACTCTTCCACCTTCG
R: GCCTCTCTTGCTCAGTGTCC

60 [53]

H2AFZ F: TAGGACAACCAGCCACGGA
R: GATGACACCACCACCAGCAA

60 [53]

AT1R F: CTTTTCTGGGTTGAGTTGGTCT
R: GGCTGGCATTTTGTCTGGATA

60 [54]

AT2R F: CAGCAACTCCAAATTCTTACACC
R: AGCTTACTTCAGCCTGCATT

60 [54]

the treatment) of the reference genes was calculated according
to the methodology described by Pfaffl et al. [45], using
the BestKeeper—Excel tool. The values of the Pearson cor-
relation coefficient observed for β-actin (r2 = 0.70), GAPDH
(r2 = 0.78), and H2AFZ (r2 = 0.77) genes were indicative of
stability (P < 0.01) of these reference genes.

The ovarian tissue was evaluated for the abundance of
transcripts associated with (i) autophagy (ATG5 and ATG8),
(ii) angiotensin II receptor (AT1R and AT2R), (iii) heat
stress (HSPA1A, HSPA1B, HSP40, HSP60, HSP90AAI,
and HSP90ABI), and (iv) apoptosis (BAX, BCL-2CASP3,
and CASP9). The embryos were evaluated for transcripts
associated with (i) embryo competence (CDX2 and OCT-4),
(ii) angiotensin II receptor (AT2R), (iii) heat stress (HSPA1A
and HSP90AAI), and (iv) autophagy (ATG8).

Statistical analysis

Data were analyzed using the GraphPad Prism version
5.0 (GraphPad Software, San Diego, CA, USA). Pregnancy
rates were analyzed using the chi-square test. Numbers and
birth weight of pups, their ensuing somatic development,

females’ follicular populations, and follicular activation
data were tested for normality using the Kolmogorov–
Smirnov test before being submitted to one-way analysis
of variance (ANOVA) followed by the Tukey HSD test.
Superovulatory responses were analyzed using the Kruskal–
Wallis test. After testing for normality using a Kolmogorov–
Smirnov test, gene expression data were analyzed with the
General Linear Model ANOVA, followed by Tukey post hoc.
Differences were considered significant when the P value
was <0.05.

Results

Pregnancy rate, prolificacy, and birth weight

Twenty-four pregnancies were confirmed in 40 females with
a detected vaginal plug (60%) with a total of 163 pups born.
There was no difference among the experimental groups
(P > 0.05) in terms of pregnancy rates and mean numbers
of offspring born (Table 2). However, all groups exposed to
HS had lower mean birthweight than C group (P < 0.0001).
When the comparison was performed only within the
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6 Effects of heat stress on F1 female mice

Table 2. Pregnancy rates as well as mean (± SEM) numbers (per female) and birthweights of offspring in C57BL/6 mice submitted to heat shock at
different stages of the gestational period.

Variables C FP SP TP

Pregnancy rate (%) 80 (8/10) 40 (4/10) 60 (6/10) 60 (6/10)
Duration of gestational period (days) 20.1 + 1.3 19.9 + 1.2 17.5 + 2.5 17.8 + 1.6
Number of offspring 7.0 ± 1.0 6.0 ± 1.5 6.5 ± 1.5 5.1 ± 1.5
Birthweight (g) 2.2 ± 0.1a 1.1 ± 0.2c 1.8 ± 0.1b 1.2 ± 0.1c

C: control—animals maintained under normothermic conditions; FP—animals exposed to heat stress daily for 2 h during the first half of pregnancy (days
1–10); SP—animals exposed to heat stress daily for 2 h during the second half of pregnancy (days 11 to parturition); TP: animals exposed to heat stress
daily for 2 h throughout the entire gestational period. Different letter superscripts in the same column indicate significant differences between the groups
(P < 0.05).

experimental groups, the HS produced a greater effect in the
first than in the second half of pregnancy, reducing (P < 0.05)
the average birth weight in FP and TP groups in comparison
to SP group.

Somatic development

Postnatal somatic development was monitored in 155 of 163
offspring, of which 79 and 76 were sexed as males (50.9%)
and females (49.1%), respectively, after the third week of
life (Figure 2A). At the time of birth, the mean body weight
was greater (P < 0.05) for SP than C group, and the pups
in both groups had a greater (P < 0.05) mean body weight
compared with those in FP and TP groups. At 2 weeks of
age, the mean body weight was lowest (P < 0.05) in TP and it
was greater for C compared with FP animals. Finally, at 1, 3,
and 4 weeks post-partum, the mean body weight was greater
(P < 0.05) for both C and SP mice than for FP and TP animals.
From 3 weeks post-partum onwards, somatic development
was analyzed separately for female offspring (Figure 2B). At
3 and 4 weeks of age, the female progeny of the TP group
had lower (P < 0.001) body weight compared with C and SP
groups.

Ovarian follicular populations

There were no significant differences in ovarian follicular
numbers between F1 females exposed to HS during embry-
onic (FP and TP) and fetal (SP and TP) development and
their control counterparts (Figure 3). However, there was a
significant reduction in the number of primordial follicles
in FP compared with both SP and TP groups (P < 0.05). In
addition, the follicular activation rate was greater (P < 0.05)
in FP compared with TP females.

Superovulatory responses and gene expression in ovarian
tissue of F1 females, and gene expression in F2 blastocysts

The mean number of all recovered structures did not vary
significantly among the treatment and control groups in
this study (Table 3). The mean number of viable embryos
was lower (P < 0.05) in TP compared with C group, but
it did not differ (P > 0.05) among TP and the other HS
groups. The ovarian expression of angiotensin 2 receptor
(AT2R), as well as the abundance of ATG8, HSP70 (HSPA1A
and HSPA1B), and HSP60 transcripts, were all greater
(P < 0.05) in FP, SP, and TP groups compared with C
animals (Figure 4). Moreover, the expression of HSPA1A
was greater (P < 0.05) for TP compared with C and SP.
The expression of the pro-apoptotic gene BAX was greater
(P < 0.05) in TP and SP compared with controls, and it was
lowest for FP group; the opposite behavior was observed in
relation to the C group (P < 0.05). The abundance of ATR2,
HSPA1A, and ATG8 transcripts in blastocysts obtained from

Figure 2. Somatic development (body weight curves) of male and female
offspring (A; n = 155) and of female offspring only (B; n = 76) obtained
from C57BL/6 mice exposed to HS during pregnancy. C: control—animals
maintained under normothermic conditions; FP—animals subjected to
HS daily for 2 h during the first half of pregnancy (days 1–10);
SP—animals subjected to HS daily for 2 h during the second half of
pregnancy (day 11 to parturition); TP—animals subjected to heat stress
daily for 2 h throughout the entire gestational period. Different letters
indicate statistical difference (P < 0.05) between groups.

superovulated F1 female mice was greater (P < 0.05), but
the expression of OCT-4 was lower (P < 0.05) for all groups
exposed to HS compared with control animals (Figure 5).
Furthermore, the expression of OCT-4 was greater (P < 0.05)
in SP than in FP and TP groups, and the expression of
HSPA1A was greater (P < 0.05) for TP compared with FP and
SP blastocysts.

Discussion

Some evidence from the available literature suggests that
HS caused in utero by episodes of heat, whose frequency,
intensity, and duration increase each year, have teratogenic
effects. Furthermore, it can program a molecular response
to HS that is passed onto future generations. However, it is
not clear at what stage during the intrauterine development
HS induces this new molecular programming response.
Hence, in the present study, we assessed the impact of
HS at different gestational periods on intrauterine and
postnatal development, ovarian follicular populations, and
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Figure 3. Quantification of ovarian follicular populations in F1 female progeny of C57BL/6 mice (n = 5 per group) exposed to HS during different stages of
the gestational period. C: control—animals maintained under normothermic conditions; FP—animals subjected to HS daily for 2 h during the first half of
pregnancy (days 1–10); SP—animals subjected to HS daily for 2 h during the second half of pregnancy (day 11 to parturition); TP—animals subjected to
heat stress daily for 2 h throughout the entire gestational period. Different letters indicate statistical difference (P < 0.05) among groups.

Table 3. Superovulatory responses (mean ± SEM) of F1 female mice that received 5 IU of eCG and 5 IU of hCG, respectively, at the 48-h interval.

Groups Total structures recovered Viable structures∗ Unfertilized eggs Degenerated embryos

C (n = 10) 11.8 ± 5.0 9.5 ± 4.6a 1.6 ± 2.0 0.7 ± 0.9
FP (n = 10) 7.6 ± 2.4 5.8 ± 2.4ab 0.9 ± 1.0 0.7 ± 0.9
SP (n = 10) 10.8 ± 5.5 8.1 ± 4.3ab 1.0 ± 1.0 2.3 ± 1.6
TP (n = 10) 6.9 ± 3.1 4.3 ± 2.7b 0.7 ± 0.9 1.9 ± 1.9

C: control—animals maintained under normothermic conditions; FP—animals exposed to heat stress daily for 2 h during the first half of pregnancy (days
1–10); SP—animals exposed to heat stress daily for 2 h during the second half of pregnancy (days 11 to parturition); TP: animals exposed to heat stress
daily for 2 h throughout the entire gestational period. ∗Compact morulae and blastocysts (grades I and II) were considered viable structures. Different letter
superscripts in the same column indicate significant differences between groups (P < 0.05).

responsiveness to hormonal superovulation, as well as
cellular response to HS and its transmission to the next (F2)
generation of female mice. The present results indicate that
the intrauterine development of the mouse is compromised by
exposure to HS during both the embryonic and fetal stages.
These findings agree with previous results by Mayvaneh et al.
[34] who demonstrated that the exposure of pregnant mice
to supraoptimal temperatures (40 and 42◦C) daily for 1 h
reduced placental weight and diameter as well as the birth-
weight of offspring. Padmanabhan et al. [55] observed similar
implications of HS in rats after only a single exposure to 41 or
42◦C for 1 h on the 9th day of pregnancy. Impeded formation

and growth of the placenta lead to diminished placental blood
perfusion, which compromises the maternal–fetal gas exchange
and transport of nutrients [56]. Protracted concentrations
of corticosterone at the end of pregnancy in rats invariably
result in low birthweights of offspring [57]. In addition,
pregnant females subjected to HS show a reduction in the
quantity of food consumed, which consequently flattens their
weight gain curve and may result in fetal malnutrition [58].
To recapitulate, there is sufficient evidence in the available
literature to support the notion that HS is responsible for
the impairment of intrauterine growth in a wide variety of
animal species, with more pronounced effects observed in the
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8 Effects of heat stress on F1 female mice

Figure 4. Gene expression in ovarian tissue of F1 female mice. C: control—animals maintained under normothermic conditions; FP—animals subjected
to HS daily for 2 h during the first half of pregnancy (days 1–10); SP—animals subjected to HS daily for 2 h during the second half of pregnancy (day 11 to
parturition); TP—animals subjected to heat stress daily for 2 h throughout the entire gestational period. Different letters indicate statistical difference
(P < 0.05) among groups.
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Figure 5. Transcript abundance determined in blastocysts recovered from superovulated F1 females. C: control—animals maintained under
normothermic conditions; FP—animals subjected to HS daily for 2 h during the first half of pregnancy (days 1–10); SP—animals subjected to HS daily for
2 h during the second half of pregnancy (day 11 to parturition); TP—animals subjected to heat stress daily for 2 h throughout the entire gestational
period. Different letters indicate statistical difference (P < 0.05) among groups.

first half of pregnancy, possibly due to hampered placental
angiogenesis [59].

Although the mean birthweight was significantly reduced
in the mice of the present study, HS did not compromise
the survival of pups prior to weaning. Postnatal somatic
development (i.e., growth rates) of male and female offspring
did not vary among the experimental groups of mice up until
the 4th week after birth, as evidenced by the maintenance of
differences in mean body weights during that period. Thus,
it can also be deduced that HS during the gestational period
did not affect the production and quality of milk by lactating
females. A similar result was reported by Johnson et al. [58]
in rats, exposed to a fluctuating temperate cycle of 30◦C
daytime and 34◦C nighttime, between days 3 and 18 of ges-
tation. Ensuing recovery from intrauterine underdevelopment
of animals exposed to HS (from the 5th week of age onwards)
suggests a greater capacity for somatic development in these
animals, possibly due to an increase in food ingestion and/or
conversion capacity. Boddicker et al. [60] reported higher feed
intake by fattener pigs from sows subjected to HS during
the first half of pregnancy, which resulted in increased fat
deposition accompanied by elevated blood concentrations of
insulin. In addition, several studies have reported a potential

link between HS during pregnancy and increased insulin resis-
tance in the offspring [61], leading to obesity [62]. However,
we cannot rule out the possibility that HS-induced molecular
changes could increase the conversion of feed into body
mass, despite the impairment in milk production. Berghänel
et al. [63] demonstrated that prenatal stress accelerated the
growth of offspring to compensate for the reduced maternal
investment in mammals.

In the present study, no differences were found in the
number of ovarian follicles between the offspring submitted
to HS in utero compared with control animals; however, the
number of primordial follicles in FP was lower compared
with that in SP and TP groups. Autophagy functions as an
important mechanism responsible for maintaining the survival
of primordial germ cells during the postpartum period of mice
[64]. Watanabe et al. [65] reported that autophagy in neonatal
mice increased the pool of primordial follicles and improved
fertility by extending the reproductive lifespan of females.
Based on these observations, it is logical to suggest that the
greater number of primordial follicles in SP and TP groups
compared with FP mice may be in part due to the upregulation
of HS-mediated autophagy in the final stage of pregnancy.
Naturally, the population of primordial follicles undergoes a
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10 Effects of heat stress on F1 female mice

significant reduction during the postpartum period of mice
[66]. Stress triggered by the shift from placental to lactational
nutrition is one of the most likely causes of this depletion in
a pool of primordial ovarian follicles [67]. It is attractive
to speculate that individuals exposed to HS in the final
period of pregnancy may be better adapted to or “prepared
for” the stress of the “nutritional and environmental
switch” than animals affected by HS early in gestation. The
underlying mechanism(s) of such differences remain to be
elucidated.

There was a reciprocal relationship between primordial
follicle numbers and follicular activation in FP and TP groups;
FP mice showed a simultaneous reduction in the number of
primordial follicles and an increase in follicular activation,
whereas TP mice showed an increase in the number of primor-
dial follicles and a reduction in follicular activation. Specific
reasons for these results remain uncertain. However, Gaytan
et al. [68] suggested that the rate of follicular recruitment
could be determined by the differences in the ovarian microen-
vironment, and specifically in the degree of follicular “crowd-
ing.” The clusters of preantral follicles generate inhibitory
signals that locally suppress the activation of adjacent follicles.
Hence, an increase in the number of primordial follicles would
result in a greater follicular aggregation and, consequently, a
lower rate of follicle recruitment and vice versa; any condi-
tion resulting in a reduction of primordial follicle numbers
and agglomeration would boost follicular activation rates.
In the present study, there were no significant differences in
the mean number of primary, secondary, and antral follicles
between the four experimental groups, indicating that HS
had a limited effect on the viability of activated ovarian
follicles.

Lower production of viable embryos in the TP group
(exposed to HS for the longest time) may be associated
with impaired functioning of the hypothalamic–pituitary–
gonadal axis. According to Dantzer and Mormede [69],
prolonged stress can negatively affect the functioning of
the hypothalamic–pituitary–gonadal axis and consequently
compromise the reproductive processes. Antral follicular
growth and steroidogenesis, manifestation of sexual behavior,
ovulation, and embryo implantation are the most sensitive
reproductive processes that can be altered by stress, as they
are largely governed by the neuroendocrine system [70].
Mechanistic studies suggest that HS decreases the secretion of
gonadotropic hormones [71], in addition to down-regulating
the expression of gonadotropic receptors and pregnenolone
biosynthesis due to inhibition of the cytochrome P450 side-
chain cleavage (P450scc) activity [72].

Exposure of developing embryos and fetuses to insults
such as HS can induce molecular, structural, and functional
changes that persist during the postnatal period [73] and
can ultimately be transferred to offspring [74]. To investigate
the molecular aspects of this prenatal reprogramming, we
evaluated the expression of several genes that can potentially
be affected by HS in ovarian tissue and embryos. The HS
response is highly conserved and is associated with the
expression of several inducible proteins called heat shock
proteins (HSPs). Angiotensin II induces HSP expression in the
aorta and kidney, and cultured smooth muscle cells [25]. In
the present experiment, increased expression of angiotensin
II type 2 receptors (AT2R) was observed in the ovary of mice
subjected to HS and in their progeny; this might increase
cellular sensitivity to angiotensin II (and possibly other

ligands) and consequently contribute to an increase in
HSP expression. In addition, AT2R receptors are involved
in peripheral vasodilation, which may play a vital role
during thermoregulation [12]. All these changes appear
to be indicative of adaptations to a hot environment.
However, these adaptations in developing blastocysts appear
to occur simultaneously with some negative alterations in
metabolic pathways, as evidenced by a decline in OCT-4
gene expression, especially in the embryos from mice exposed
to HS during the first half of gestation (both FP and TP).
The OCT4 is a core transcription factor involved in the
maintenance of pluripotency in the early mammalian embryo
[75]. The ATG8 gene expression was increased in the ovarian
tissue of female mice subjected to HS in prenatal life and in
the embryos which they produced following superovulation.
According to Li et al. [76], the activation of autophagy by
HS involves the phosphorylation of calcium channels in the
endoplasmic reticulum and ensuing release of Ca2+ to cell
cytosol. Elevated concentrations of Ca2+ in the cytoplasm
stimulate autophagosome maturation via a process mediated
by ATG8 [77]. Thus, an increase in ATG8 expression may
contribute to the recycling of organelles compromised by
stress.

In conclusion, our results indicate that maternal exposure
to HS negatively affected the intrauterine development of the
offspring. This effect was more pronounced when exposure
to HS occurred during the first half of pregnancy. Moreover,
HS exerted a negative effect on the somatic development of
offspring in FP and TP females. In addition, the expression
of genes involved in the physiological (AT2R) and cellu-
lar response to HS (HSPA1A; HSPA1B; HSP60; HSP90A),
elimination of macromolecules and organelles damaged by
autophagy (ATG8), and programmed cell death (BAX) was
affected in F1 mice regardless of the timing and duration
of gestational HS. The ability of F1 mice to transmit those
changes in AT2R, HSPA1A, and ATG8 expression profiles
was confirmed in F2 embryos. However, a decrease in the
expression of the OCT-4 gene in the blastocysts derived from
F1 mice may suggest the occurrence of compromised embry-
onic viability, especially in FP and TP groups. Collectively, the
present results indicate that HS can significantly alter prenatal
development in mice with the carry-over effects manifest in the
reproductive organs of female progeny (F1 generation) and
the blastocysts they produce (F2 generation).
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