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Abstract

different heat treatments.

expression was reported by RT-qPCR for RNA-seq data.

Background: Heat stress is known to affect follicular dynamics, oocyte maturation, and fertilization by impairing
steroidogenic ability and viability of bovine granulosa cell (bGCs). The present study explored the physiological and
molecular response of bGCs to different heat stress intensities in-vitro. We exposed the primary bGCs to heat stress
(HS) at 39°C, 40°C and 41 °C along with control samples (38 °C) for 2 h. To evaluate the impact of heat stress on
bGCs, several in vitro cellular parameters including cell apoptosis, intracellular reactive oxygen species (ROS)
accumulation and HSP70 kinetics were assessed by flow cytometry, florescence microscopy and western blot,
respectively. Furthermore, the ELISA was performed to confirm the 17(3-estradiol (E,) and progesterone (P,) levels. In
addition, the RNA sequencing (RNA-Seq) method was used to get the molecular based response of bGCs to

Results: Our findings revealed that the HS significantly decreased the cell viability, E; and P, levels in bGCs,
whereas, increased the cellular apoptosis and ROS. Moreover, the RNA-Seq experiments showed that all the
treatments (39 °C, 40 °C and 41 °C) significantly regulated many differentially expressed genes (DEGs) i.e. BCL2L],
STAR, CYPT1AT, CASP3, SOD2, HSPA13, and MAPKSIPT and pathways associated with heat stress, apoptosis,
steroidogenesis, and oxidative stress. Conclusively, our data demonstrated that the impact of 40 °C treatment was
comparatively detrimental for cell viability, apoptosis and ROS accumulation. Notably, a similar trend of gene

Conclusions: Our study presented a worthy strategy for the first time to characterize the cellular and transcriptomic
adaptation of bGCs to heat stress (39, 40 and 41 °C) in-vitro. The results infer that these genes and pathways
reported in present study could be useful candidates/indicators for heat stress research in dairy cattle. Moreover,
the established model of bGCs to heat stress in the current study provides an appropriate platform to understand
the mechanism of how heat-stressed bGCs can affect the quality of oocytes and developing embryo.
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Background

Mammalian ovarian follicle, consisting of an oocyte that
undergoes series of biological events including ovulation,
fertilization, and formation of an embryo is surrounded
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by granulosa and theca cells producing signals and hor-
mones to enable the oocyte to develop [1]. During fol-
licle development, granulosa cells (GCs) replicate,
secrete hormones, and provide a critical microenviron-
ment for follicular growth [2]. Proliferation and differen-
tiation of GCs is essential for normal follicular growth,
development of oocyte, ovulation, and luteinization [3,
4].

Heat stress is one of the environmental factors that
have harmful effects on the function of ovaries [5] and
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subsequently decreases the developmental ability of oo-
cytes to be fertilized and further develop the competent
embryo [6]. It significantly reduced the production of es-
tradiol, and stenedione synthesis by theca cells [7],
inhibited proliferation and induced apoptosis in swine
granulosa cells [8]. In support of this, heat stress during
in vitro fertilization increased polyspermy and decreased
fertilization success by disrupting the antipolyspermy
system in oocytes [9], suggesting that heat stress during
fertilization mainly affects the oocyte and its develop-
mental competence. Mammalian cells are known to re-
spond to a wide range of environmental stressors in a
variety of ways including; heat shock response protein
expression [10], unfolded protein response (UPR) [11]
and oxidative stress response [12] to support cell sur-
vival under suboptimal conditions. Cells may use consti-
tutive induced heat shock proteins (HSPs), molecular
chaperones in response to heat stress that facilitate the
synthesis, folding, assembly, and transportation of stress-
denatured proteins [13]. Heat shock 70kDa protein
(HSP70) is a major stress protein induced in mouse GCs
by high temperature [9]. Increasing evidence suggests
that heat stress induces intracellular ROS concentration
[14], resulting in apoptosis of granulosa cells in the
mouse [15]. In addition, ROS may subsequently alter the
development of bovine embryos during in-vitro oocyte
maturation [16].

RNA sequencing (RNA-Seq) has emerged as an in-
novative method for both mapping and quantifying tran-
scriptome signatures associated with traits [17]. One of
the most biologically relevant applications of RNA-Seq
is the comparison of mRNA transcriptome across sam-
ples from diseased vs. normal individuals, or other spe-
cific experimental conditions [18]. The usage of high-
throughput RNA sequencing technology has become a
powerful tool and a standard method for the measure-
ment and comparison of gene expression levels in a
myriad of species and conditions [19]. Therefore, in our
study, we employed RNA-Seq to characterize the
complete transcriptome of bGC and facilitate the discov-
ery of differentially expressed genes as well as novel
genes and pathways under heat stress.

This study was conducted in Beijing, China.
Temperature levels were selected for the experiment to
treat the granulosa cells, isolated from the ovaries of cat-
tle that were well adapted to the local environment. For
instance, we attempted to select experimental
temperature levels that were relevant to the physiological
body temperatures of cattle under HS in Beijing. During
the summer, we collected the data from many dairy
farms in Beijing, showing how environmental
temperature-humidity index (THI) can affect rectal body
temperature (RT). We found that in summer, body
temperature may rise to 41°C (Fig. 1). Therefore, we
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Fig. 1 Temperature humidity index can affect body rectal
temperature: Evaluation of change in rectal body temperature (RT)
with increase in percent temperature humidity index (%THI)

evaluated the effects of the four temperature levels [38
(control), 39, 40, and 41°C] on the physiological traits
and transcriptomic gene expression profile in bGCs.

Moreover, while much is now known about the effects
of various factors on normal granulosa cells [14, 20], to
the best of our understanding, no attempt has been
taken so far to propose a molecular mechanism or ex-
plore gene interactions and molecular pathways related
to heat stress response in bGCs at different heat inten-
sities. We hypothesize that, relative to control, bGCs ex-
posed to heat stress will experience alterations both in
physiological traits and expression of key genes and
pathways required for normal cellular functions. There-
fore, the present study was aimed to explore cellular
adaptation, generate global gene expression profile of
bovine granulosa cells under normal and heat-stressed
state and identify molecular pathways significantly regu-
lated in heat-stressed bGCs.

Methods

Collection of bovine ovaries and granulosa cells isolation
Ovaries from dairy cattle were collected from a local ab-
attoir and transported to the laboratory in thermally in-
sulated bottles containing sterile physiological saline
with 100 U/mL Penicillin and 0.1 mg/mL Streptomycin,
at 28-30 °C within 2 h of harvesting. After washing with
warm 0.9% NaCl solution three times and rinsing in 70%
warm ethanol for 30s, ovaries were washed thrice with
warm Dulbecco’s Phosphate-Buffered Saline (DPBS). For
isolation of BGCs, small healthy follicles (with a diam-
eter of 2—-6 mm) were selected using an 18-gauge sterile
needle (B-Braun, Germany) and transferred into 15 mL
conical centrifuge tubes (Corning, NY, USA). The fol-
licular fluid containing cumulus-oocyte complexes
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(COCs) and granulosa cells was filtered using a filter
with a diameter of 70 pm leaving COCs on the filter.
The filtrate with granulosa cells was carefully transferred
into 15mL conical centrifuge tubes, centrifuged at
1500xg for 5 min. The supernatant of the follicular fluid
was discarded by aspiration, and granulosa cells were
washed thrice in phosphate-buffered saline (PBS), pH
7.4. The GCs were then resuspended in DMEM/F-12
(Gibco, Life Technologies Inc., Grand Island, NY, USA)
supplemented with 1% penicillin-streptomycin and 10%
fetal bovine serum (FBS, Gibco, Life Technologies Inc.,
Grand Island, NY, USA).

Granulosa cell culture and heat treatment

Granulosa cells (6 x 10° cells per well) were precultured
in a 6-well plate (Starlab, Hamburg, Germany) with 2
mL of DMEM/F-12 (Gibco, Life Technologies Inc.,
Grand Island, NY, USA) culturing media supplemented
with 1% penicillin-streptomycin and 10% FBS (Gibco,
Life Technologies Inc., Grand Island, NY, USA) at 38°C
(optimal and physiologically relevant temperature for
culturing mammalian ovarian cells) under 5% CO, in
humidified air.

After 48 h of preculture, cells were attached to the bot-
tom of the wells with the confluence of more than 80%;
the medium was replaced with the fresh medium of the
same composition. GCs were then cultured at tempera-
tures control group (38°C), or heat treatment groups
(39, 40 and 41 °C) for 2 h, and then the cells were cul-
tured at 38 °C for 12 h. The cells and culture media were
collected for further analysis immediately after the cul-
ture. Following heat treatments, cultured GCs were har-
vested using 0.25% trypsin-EDTA (Sigma-Aldrich
Chemie, Taufkirchen, Germany).

Western blot analysis of HSP70

Western blot analysis was used in all samples to deter-
mine the expression of inducible HSP70 under heat
stress. Granulosa cells from each group were washed
thrice with 0.1% PVA/PBS, lysed in RIPA lysis buffer
(Beyotime, Shanghai, China) containing protease inhibi-
tors. Total protein concentration was measured with
Protein Assay (Bio-Rad, 500-0002) and a spectropho-
tometer at 595 nm (Beckman, DU 530). Proteins were
denatured at 100 °C for 10 min, separated by SDS-PAGE
(12% acrylamide gel containing 0.1% SDS) and trans-
ferred onto a nitrocellulose membrane (BioTraceNT,
Pall Corp., Port Washington, NY, USA). Membranes
were then blocked with 5% (w/v) skim milk in Tris-
buffered saline (TBS) containing 0.1% Tween 20 (TBST)
at 37°C for 1 h. The membranes were incubated over-
night at 4 °C with primary antibodies against HSP70 and
B-actin after three washes in TBST. All primary anti-
bodies were purchased from Cell Signaling Technology
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(Beverly, MA, USA), and diluted to a concentration of 1:
1000. After washing in TBST thrice, the membranes
were incubated at room temperature for 1 h with horse-
radish peroxidase (HRP)-conjugated secondary antibody
(Zhongshan Biotechnology, Beijing, China). Based on the
manufacturer’s instructions, the protein bands were de-
tected using enhanced chemiluminescence (ECL) detec-
tion kit (Tanon, Shanghai, China) and analyzed by
densitometry using Image ] 1.44p software. The final
data exported from Image ] was analyzed in Microsoft
Excel. Western blot in triplicate was performed for all
samples.

Determination of estradiol and progesterone by ELISA

All of the culture media was collected from controlled
and heat treated groups and then estimated the levels of
P, and E, The concentrations of P, and E, were deter-
mined using an estrogen and progesterone enzyme-
linked immunosorbent (ELISA) kits (ENZO life sciences,
Germany) according to the manufacturer’s instruction.

Determination of intracellular ROS production

About 2 x 10* granulosa cells were cultured in 96-well
plates. After growing to a confluence of more than 80%,
GCs were incubated at 38, 39, 40 and 41 °C for 2 h. Fol-
lowing incubation, cells were stained with 10 pmol/L
H2DCFDA fluorescent probe (6-carboxy- 2,7 -dichloro-
dihydrofluorescein diacetate) (Invitrogen, Carlsbad, CA,
USA) for 30 min at 38 °C in the dark. GCs samples were
then washed once in 0.1% PVA/DPBS, and the images
were captured immediately under a fluorescence micro-
scope (Olympus, Tokyo, Japan) equipped with a Cool-
SNAP HQ CCD camera (Photometrics/Roper Scientific,
Inc., Tucson, AZ, USA). Image ] 1.44p software was used
to analyze the fluorescence intensity.

Estimation of granulosa cells apoptosis

Bovine GCs were harvested by enzymatic digestion using
trypsin and washed three times with preheated PBS.
Using the FITC-Annexin V/dead cell apoptosis kit (Life
Technologies Inc., Grand Island, NY, USA), APC
annexin V/PI double staining was performed to evaluate
the granulosa cell apoptosis according to the manufac-
turer’s instructions before being analyzed by flow cytom-
etry. The data were analyzed by Flowjo software (version
Win64—10.4.0).

Estimation of cell viability

Cultured and heat treated GCs were trypsinized, col-
lected, and washed with warm PBS. The GCs were then
passing through APC annexin V/PI double staining by
utilizing the FITC-Annexin V/dead cell apoptosis kit
(Life Technologies Inc., Grand Island, NY, USA) to as-
sess the cell viability and apoptosis. Samples were
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washed with 1x annexin-binding buffer for 5min in
accordance with the manufacturer’s instructions and incu-
bated in 490 uL 1x annexin-binding buffer supplemented
with 10 pL annexin V conjugate at room temperature in
the dark for 15 min. A laser-scanning confocal microscope
(TCS SP8, Leica, Germany) was used to determine the
number of early apoptotic and dead cells.

RNA extraction for RNA-Seq

The RNA was isolated from bovine granulosa cells using
RNA kit (Tiangen, Beijing, China) according to the man-
ufacturer’s instructions. RNA samples were treated with
RNase free DNase I to avoid DNA contamination. RNA
degradation and contamination were detected by 1%
agarose gels. The RNA concentration was assessed using
NanoPhotometer spectrophotometer (Implen, CA,
USA). The extracted RNA was stored at — 80 °C and all
12 samples (three from each group) were sent to the
company (Gene Denovo Biotechnology Co. Guangzhou,
China) for RNA-Seq analysis.

Library construction for RNA-Seq

Three samples from each group were selected for library
preparation. For the RNA sample preparations, A total
amount of 2 ug RNA per sample was used as input ma-
terial. Using NEBNext® Ultra™ RNA Library Prep Kit for
Mlumina® (#E7530L, NEB, USA),sequencing libraries
were generated following the manufacturer’s recommen-
dations and index codes were added to assign sequences
to each sample. Briefly, using Oligo (dT) magnetic beads
mRNA was purified from total RNA. Fragmentation was
done in NEBNext First-Strand Synthesis Reaction Buffer
(5%) using divalent cations at high temperature. First
strand ¢cDNA was synthesized using random hexamer
primer, and RNase H. DNA polymerase I, RNase H,
dNTP, and buffer were used to synthesize second-strand
c¢DNA. Then the fragments cDNA were purified with
QiaQuick PCR extraction kit, end repaired, poly(A)
added, and ligated to Illumina sequencing adapters. The
ligation products were size selected by agarose gel elec-
trophoresis, PCR amplified and sequenced by Gene
Denovo Biotechnology Co. (Guangzhou, China) using
[lumina HiSeq™ 2500 and generated 150 bp paired-end
reads.

Bioinformatics and statistical analysis of RNA-Seq

Raw reads generated by Illumina Hiseq™2500 were
initially processed to get clean reads through the follow-
ing three steps. i) Removing reads with adaptors
contamination; ii) Discarding reads containing more
than 10% of unknown nucleotides (N); iii) Removing low
quality reads containing more than 50% of low quality
(Q-value<20) bases using Next Generation Sequencing
(NGS) Quality Control Toolkit version 2.3.3. The filtered
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reads of each sample was individually mapped to 48370
reference mRNAs from the Bos taurus reference genome
(UMD3.1) obtained from Ensembl (ftp: //ftp. Ensembl.
org/pub/release-73/fasta/bos_taurus/dna/) HISAT2 soft-
ware version 2.0.1 (http://ccb.jhu.edu/software/hisat2).
The transcripts were then assembled and quantified
using StringTie software version 1.2.2 (http://ccb.jhu.
edu/software/stringtie). Using StringTie, transcript files
generated were added to a single-merged transcriptome
annotation to merge transcripts from different replicas
of a group into a comprehensive set of transcripts, and
then merge the transcripts from multiple groups into a
finally a comprehensive set of transcripts for further
downstream differential expression analysis. Differen-
tially expressed genes (DEGs) and transcripts were iden-
tified among different sample groups using Ballgown.
Ballgown was used as a pipeline package in the R pro-
gramming language version 3.2.2 (https://www.r-project.
org) and the Bioconductor software was used for plot-
ting raw data, normalization and downstream statistical
modeling. Gene expression values were calculated by
counting the number of fragments per kilobase of tran-
script per million mapped fragments (FPKM), and Cuffdiff
was applied to measure significant differences among the
four groups. The result was sorted in Microsoft Excel.
DEGs were subjected to Gene Ontology (GO) enrichment
and Kyoto Encyclopedia of genes and genomes (KEGG)
pathway analyses using the Molecule Annotation System
http://david.abce.ncifcrf.gov/) [21]. Using STRING soft-
ware (version 10), a network was constructed with the
genes involved in the significant pathways in order to gen-
erate a protein-protein interaction (PPI) network and to
predict physical/functional PPIs. The heat map was con-
structed using ggplot two packages in R (version 3.2).

Quantitative reverse transcription PCR (RT-qPCR)
validation for RNA-Seq analysis

RT-qPCR was conducted to confirm the results of RNA-
Seq. Total RNA was extracted from three biological rep-
licates of control and heat-treated granulosa cells as de-
scribed above and was reverse transcribed using first
strand ¢cDNA synthesis Kit (Thermo Fisher Scientific,
Germany) with oligo (dT) 18 primers according to the
manufacturer protocols. The expression levels were
checked for 15 genes. Primer3 web version 4.0.0 (http://
bioinfo.ut.ee/primer3/) and Primer blast (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/) were used for
designing gene-specific primers and are shown in
(Additional file 5). The RT-qPCR was conducted using
iTaq™ Universal SYBR® Green Supermix (Bio-Rad
Laboratories GmbH, Germany) in Applied Biosystem®
StepOnePlus™ (Applied biosystems, CA, USA). A reac-
tion volume of 20 pL with 7.4 uL of ddH,0O, 0.3 uL of
forwarding primer, 0.3 pL of reverse primer, 10 pL of 1x
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SYBR Green master mix (Bio-Rad Laboratories GmbH,
Germany), and 2 pL of ¢cDNA template was used. The
Light Cycler 480 instrument (Roche, Germany) was used
for performing qPCR. The second derivative maximum
method was employed for data acquiring and subjected
for further analysis. Using GAPDH as a reference gene,
the 2724“T method was used to calculate gene expres-
sion levels, [21].

Statistical analysis

Data are expressed as mean values + SEM. Statistical
analysis was carried out using SPSS 16.0. The difference
between control and heat-treated groups for cell apop-
tosis, cell viability, steroidogenesis, ROS accumulation as
well as the RT-qPCR results were analyzed using One-
way ANOVA followed by multiple comparisons post
hoc test. Differences were considered to be statistically
significant at P < 0.05.

Results

Heat stress induces HSP70 expression in bovine granulosa
cells

Bovine granulosa cells were heat treated at different
temperature levels (Control, 39, 40 and 41°C) for 2h
duration to investigate the effect of heat stress on the ex-
pression level of HSP70 in bGCs. We performed western
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blot and RT-qPCR to check relative abundance of
HSP70 both on mRNA and protein level. Our results
showed that the expression of HSP70 between control
and heat stressed group (39 °C) was not significantly dif-
ferent. However, the expression of HSP70 was signifi-
cantly up-regulated in bGCs under heat stress at 40 °C
and 41 °C post-treatment (Fig. 2a, b).

Heat stress exposure elevates bovine granulosa cell
apoptosis

The bGCs apoptotic rate was estimated by flow cytome-
try (FCM) and fluorescence microscopy. It was found
that the apoptotic rate (early + late apoptosis) of the
GCs was significantly higher (P<0.05) in the heat-
treated groups (Fig. 3a, b). During cell culture, bGCs
were exposed to heat stress for 2 h with a range of tem-
peratures (Control, 39, 40 and 41°C). Following heat
stress exposure, the cell apoptotic rate was increased in
temperature-dependent fashion. As shown in Fig. 3a, b,
the apoptotic rate (46%) of bGCs was significantly (P <
0.05) higher at 40°C than other treatments. However,
with respect to 40°C, the apoptotic rate of GCs was
lower at 41 °C (35.4%). Heat treatment of 39 °C did not
change apoptotic rate (9%) significantly than control
group(3.96%). Similar effect of heat stress was noticed
for cell viability. Significantly (P<0.05) lower cell
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Fig. 2 Heat stress induces HSP70 expression in bovine granulosa cells: mRNA as well as protein expression of HSP70 (a, b) in bovine granulosa
cells cultured under heat stress (39, 40 and 41 °C) and corresponding control (38 °C). 3-ACTIN was used to normalize the expression of target
protein expression of HSP70. The results are expressed as the mean + SEM of n = 3. Superscripts (a, b, ¢) show significant difference, P < 0.05




Khan et al. Journal of Animal Science and Biotechnology

(2020) 11:25

Page 6 of 20

a Control

FL2.H - P

FL1-H: FITC
40 °C

FL1-H: FITC

41°C

FL2-M P
FL2H Pl

a3
198%

Temperature, °C

Temperature, °C

a
B
o g 5 T Yy T o
, q
10 10 10° 100 10 ® . . S,
FL1-H: FITC £
2
b g2
100 2
a [
= &0 & » ®© »
) ® &
| 2 60 ©
£ 3 Temperature, °C
2 > 40
o -
S ]
& S 2

>
& ® © »

Fig. 3 Heat stress exposure elevates bovine granulosa cell apoptosis and decreases viability: Flow cytometric analysis of bovine granulosa cells (bGCs)
cultured under heat stress (39, 40 and 41 °C) and corresponding control (38 °C) (a, b). The analyzed cell counts for apoptosis and viability are indicated
on the Y-axis and the temperature treatments are indicated on the X-axis. Data shown as means + SEM, n =3, P < 0.05. Fluorescent photomicrographs
of bovine granulosa cells (bGCs) stained with 2',7*-dichlorofluorescin diacetate (H,DCFDA) were shown control (38 °C) (c) and heat stress (39, 40 and

41°C) (d, e, f, respectively). The images shown are representative of the three independent image acquisitions. g Quantitative analysis of relative
fluorescence emission. Values are expressed as mean + SEM of n = 3. Superscripts (a, b, ¢) show significant difference, P < 0.05

viability was found at 40 °C (45.3%) as compared to con-
trol (96%) and 39°C (82.2%). No significant difference
were noticed between 40 °C (45.3%) and 41 °C (59.4.3%)
as shown in Fig. 3a, b. Fluorescence microscopy was also
conducted to estimate the apoptotic rate and viability of
GCs and found that the relative fluorescence emissions
were higher when GCs were exposed to 40 °C than the
control group. However, the 39 °C treatment group did
not show any significant (P < 0.05) difference with the
control group. Likewise, fluorescence microscopy
showed that after 40 °C, the apoptotic rate decreased sig-
nificantly (P < 0.05) in the heat stress group at 41 °C (Fig.
3¢,d, e f, g).

Effects of heat stress on E, and P, secretion by bovine
granulosa cells

The concentration of E, (Fig. 4a) in the heat-treated
groups (40 and 41°C) was significantly lower (P <0.05)

than the control and 39 °C group in the culture media.
However, heat treated group at 39 °C did not show a sig-
nificant difference with the control group. Furthermore,
a significant (P <0.05) difference was noticed between
treatment groups of 40 and 41 °C. Similar secretion pat-
tern was also observed for P, with the significant differ-
ence (P <0.05) between control and heat-treated groups
(40 and 41°C) (Fig. 4b). However, no significant differ-
ence was noticed between 40 and 41 °C treated groups.

Heat stress enhanced intracellular ROS accumulation in
bovine granulosa cells

Following exposure to heat stress at 40 °C, an increasing
level of intracellular ROS accumulation was observed in
granulosa cells compared to other cell cultured groups
(Fig. 5¢). However, there were no significant differences
in ROS accumulation at 39°C (Fig. 5a, b, e). Further-
more, the relative fluorescence emissions were
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significantly higher (P <0.05) when bGCs were exposed
to 41°C than the control group but lower than 40°C
(Fig. 5d).

RNA sequencing data analysis for identifying differentially
expressed genes among three groups (control vs. 39 °C,
control vs. 40 °C and control vs. 41 °C)

In this study, an attempt was made to obtain a global
picture of the in-vitro heat stress response by investigat-
ing the transcriptome profile of bGCs. Differentially
expressed genes (DEGs) of bGCs were identified via
RNA-Seq to analyze genome-wide transcriptional ex-
pression differences among the three groups. Under the
criteria of |fold change| (|FC|)>1.5 and P<0.05, 142
DEGs, including 88 (61.9%) up-regulated and 54 (38%)
down-regulated were identified by comparing control
versus (vs.) 39 °C group. Similarly, for Control vs. 40 °C,
a total of 321 DEGs with 153 (47.6%) up and 169
(52.6%) down-regulated were reported. During the com-
parison of control versus 41 °C, 294 significantly DEGs
were detected containing 157 (53.4%) up and 137
(46.5%) down-regulated genes (Additional file 1, Table 1,
Fig. 6a). Results revealed the highest number of DEGs in
Control vs. 40 °C, whereas the least DEG number was
detected in control vs. 39°C group. These results indi-
cate a strong inducement of genes in 40°C bGCs cul-
tured group.

Heat stress resulted in the activation of differentially
expressed heat shock factors, apoptotic, steroidogenic
and oxidative stress-related genes

Among the several hundred genes induced or repressed
as a result of in-vitro heat stress, an effort was made to
filter out genes related to; heat shock protein family,
apoptosis; steroidogenesis and oxidative stress (Table 2).
A heatmap and hierarchical clustering of the top 45
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Fig. 5 Heat stress enhanced intracellular ROS accumulation in bovine
granulosa cells: Fluorescent photomicrographs of bovine granulosa
cells (bGCs) stained with 2'7"-dichlorofluorescin diacetate (H,DCFDA)
were shown control (38 °C) (a) and heat stress (39, 40 and 41 °C)

(b, ¢, d, respectively). The images shown are representative of the three
independent image acquisitions. e Quantitative analysis of relative
fluorescence emission. Values are expressed as mean + SEM of n=3.
Superscripts (a, b, ¢) show significant difference, P < 0.05
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Table 1 Number of differentially expressed genes (DEGs) disclosed in three comparisons of bovine granulosa cells (bGCs) after heat

stress

Groups Total genes Up regulated Down regulated Criteria

Control vs. 39°C 142 88 54 FC> 1.5, P<0.05
Control vs. 40°C 321 153 169 FC>15, P<0.05
Control vs. 41°C 294 157 137 FC>1.5,P<005

significant (P < 0.05) differentially expressed genes with
|FC| > 1.5 and P<0.05 demonstrates the relatedness of
samples, as shown in Fig. 6c¢.

Pathway analysis of differentially expressed genes in
response to heat stress

For an enhanced understanding of signaling pathways
regulated by the heat treatments, the identified DEGs in
the three comparisons were subjected to pathway ana-
lysis using KEGG.

Control vs. 39 °C cultured group

A total of 25 canonical pathways enriched by genes
differentially expressed in granulosa cells in this
comparison (Additional file 2), of which 18 were signifi-
cantly (P<0.05) regulated (Fig. 7a, Table 3) while the
rest of the eight did not meet the criteria for significance
(P <0.05). The number of up and down-regulated DEGs
involved in these 18 KEGG pathways are presented in
Fig. 7a. Furthermore, among significantly regulated path-
ways, 15 were directly related to the qualitative traits of
bGCs under heat stress and the genes distributed in each
pathway are enlisted in (Additional file 2).

Control vs. 40 °C cultured group

Total of 18 canonical pathways was enriched in response
to heat stress; out of them, 12 were significantly (P <
0.05) regulated (Additional file 2, Table 3). The 13 path-
ways which have key roles in the apoptosis, oxidative
stress, antioxidant and steroidogenesis regulation of the
bGCs were selected and shown in Fig.7b based on up
and down-regulated genes. Between the comparisons of
Control vs. 39 °C and Control vs. 40 °C, seven commonly
shared pathways were reported. Furthermore, our find-
ings concealed that most of the DEGs among these path-
ways were up-regulated (Additional file 2). With the
increase in heat stress in Control vs. 40 °C comparison.
Glutathione metabolism pathways were up-regulated to
combat stress by regulating antioxidant genes (SODI,
SOD2, etc.) (Fig. 7b).

Control vs. 41 °C cultured group

Out of 28 canonical KEGG enriched pathways in control
vs. 41°C comparison, 23 reached a significant level
(P <0.05) and are shown based on up and down-regulated
genes (Additional file 2, Fig. 7c, Table 3). Furthermore, 14

pathways were involved in the regulation of apoptosis, oxi-
dative stress, antioxidant, and steroidogenesis regulation
of the bGCs under heat stress (Additional file 2).
Taking all comparisons, it was found that five pathways
(Protein processing in the endoplasmic reticulum, FoxO
signaling pathway, Apoptosis, p53 signaling pathway, and
Pathways in cancer) were shared in all the three
comparisons.

Commonly shared genes among all the pathways of the
three comparisons

The total of 142, 321 and 294 significantly (P < 0.05)
DEGs were documented in the three comparisons of
Control vs. 39°C, Control vs. 40°C, and Control vs.
41°C, respectively. Out of these DEGs, 55 genes were
commonly shared among the three comparisons.
Furthermore, 58, 201, and 179 DEGs were found to be
unique genes for Control vs. 39°C, Control vs. 40°C,
and Control vs. 41 °C, respectively (Additional file 3, Fig.
6b).

Regulation of signaling pathways under heat stress
affecting bGCs functions

Heat stress significantly regulated pathways are affecting
bGCs physiological attributes i.e. promote the inhibition
of cell growth, steroidogenesis, and induction of apop-
tosis by the accumulation of ROS, etc. These pathways
include (MAPK signaling pathway, FoxO signaling path-
way, Apoptosis, ovarian steroidogenesis, Protein process-
ing in the endoplasmic reticulum, and Glutathione
metabolism. Genes belonging to these canonical path-
ways were differentially expressed (Fig. 8) in response to
HS.

Functional annotation cluster and gene ontology analysis
Detailed annotation of molecular gene function,
biological process and cellular distribution of differen-
tially expressed genes (DEGs; > = 1.5 fold change) identi-
fied by gene ontology (GO) descriptions in response to
heat stress in-vitro cultured bGCs was accomplished in
order to explore biological significance.

Control vs. 39 °C comparison

A total of 58, 24, and 16 biological processes (BP), cellu-
lar components (CC) and molecular functions (MF) re-
spectively, were found to be affected by heat stress.
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(See figure on previous page.)

Fig. 6 RNA sequencing data Analysis for identifying differentially expressed genes among three groups (Control vs. 39 °C, Control vs. 40 °C and
Control vs. 41 °C): DEGs in different comparisons in bGCs. a Graphical representation of significant DEGs disclosed among three comparison
groups of bovine granulosa cells cultured under different intensities of heat stress. b Venn diagrams shows overlapping DEGs after heat stress
among three comparisons. ¢. Heatmap of top 45 differentially expressed granulosa cell genes in heat stressed groups with FC > 2, P < 0.05. Red
corresponds to up-regulated gene product, and green corresponds to down-regulated gene product. Each differentially expressed gene is
represented by a single row, and each heat treatment group is represented by a single column

However, the 35, 14, and 10 were enriched under BP,
CC, and MF respectively revealed significant level (P <
0.05). A total of 142 DEGs (54 down-regulated, i.e.,
CAT, MAPKS8IPI, TMCO3 and 88 up-regulated, i.e.
BMP6, PRDX6, and HMOXI) were involved in all GO
terms. Among 35 biological processes, major molecular
functions, i.e. oxidation-reduction process, regulation of
the apoptotic process, cell redox homeostasis, cell devel-
opment, regulation of MAPK cascade, ovarian follicle
development, cholesterol transport, ATP binding,
poly(A) RNA binding, and protein homodimerization ac-
tivity were found to be associated with DEGs. The seven
major cellular processes associated with DEGs were the
nucleus, cytoplasm, extracellular exosome, cystole, nu-
cleoplasm, and mitochondrion (Additional file 6). A
complete list of GO terms and the genes involved in
them are given in the (Additional file 4).

Control vs. 40 °C comparison

GO analysis was conducted on DEGs (= 1.5 fold change)
that summarized the major GO terms influenced by heat
stress in granulosa cells. DEGs regulated a total of 52
BP, 28 CC, and 15 MF in Control vs. 40°C treated
group. Out of them, 40, 21, and 09 showed a significant
difference (P<0.05) for BP, CC, and MF, respectively
(Additional file 6). Total of 321 DEGs (169 down-
regulated, i.e., PCNA, BAG4, BMP6, INHA and 153 up-
regulated, i.e, CASP3, FOXO3, KEAPI) were signifi-
cantly involved in all GO terms. Out of 51 biological
function processes, major gene portions were enriched
in regulation of the apoptotic process, regulation of cell
cycle, protein folding, DNA repair, negative regulation of
cholesterol biosynthetic process and superoxide meta-
bolic process (Additional file 6). Similarly, the GO terms
for MF included structural constituent of ribosome, pro-
tein homodimerization activity, RNA binding, cysteine-
type endopeptidase activity, etc. (Additional file 6).
Moreover, CC related GO terms were cytoplasm,
nucleus, extracellular exosome, mitochondrion, endo-
plasmic reticulum, etc. (Additional file 6). A complete
set of GO terms and the DEGs involved are given in the
(Additional file 4).

Control vs. 41 °C comparison
A total of 294 DEGs (137 down-regulated, i.e., CYP11A],
STAR, SCARBIand 157 up-regulated, ie., SOD2,

HSP90AA1, HSPDI) in heat stressed bGCs in the com-
parison of Control vs. 41 °C were also assigned with GO
terms. A wide range of GO categories have been identi-
fied for the biological process, including cellular re-
sponse to oxidative stress, negative regulation of the
apoptotic process, MAPK cascade regulation, glutathione
metabolic process, cellular response to reactive oxygen
species, etc.. GO terms for molecular functions were also
identified for 294 DEGs that were commonly over
expressed at 41 °C. They comprise poly(A) RNA binding,
superoxide dismutase activity, protein binding, protein
homodimerization activity, etc. (Additional file 6). Simi-
larly, GO terms for cellular components, i.e. cytoplasm,
extracellular exosome, Bcl-2 family protein complex,
mitochondrion, endoplasmic reticulum, transcription
factor complex, etc. were affected (Additional file 6).
Data set for all GO terms are shown in the (Additional
file 4).

Protein-protein interaction (PPI) networks of DEGs
significantly enriched pathways associated with bGCs
functions under heat stress

To get a better insight into the interconnection among
DEGs regulated pathways under heat stress, STRING
analysis with confidence (0.09) was used to draw an
interaction network among the corresponding proteins
of the DEGs across all comparisons (Control vs. 39 °C,
Control vs. 40 °C and Control vs. 41 °C). The PPI inter-
action network analysis showed that compared with
Control vs. 39 °C and Control vs. 41 °C, most of the pro-
teins in Control vs. 40°C are highly interconnected
(Fig. 9a, b, ¢). Interestingly, the PPI in response to 39 °C
treatment showed that HSP90AAI, BCARI, PPP5SC,
CRK, INHA, INHBA, INHBB, DOCK7, and MAPRE1 dis-
tributed in the central parts. While in 40°C and 41°C
treated GCs cultured group, PPI network analysis re-
vealed that the HSPs, cochaperones (HSP90AAI
HSP90ABI1, HSPA13, HSPA4, HSPAS, HSPA14, HSPD1,
HSPHI1, BAG4, NUP43, TRAF2, PLKI, etc.) occupied
central position and were strongly related and mostly
co-expressed.

Validation of RNA-Seq results by RT-qPCR

To confirm changes in the expression of genes identified
in RNA-Seq results, quantitative reverse transcription
polymerase chain reaction (RT-qPCR) analyses of 15
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Table 2 List of genes classified in major functional categories during post heat stress (relative to Control) in bGCs

Fold change>= 1.5 (Relative to control)

Heat shock protein family

Gene Symbol

39°C  40°C  41°C  Regulation status Description

HSPAS 09 300 sl / Heat shock protein family A (Hsp70) member §

HMOX1 1.87 397 581 / Heme oxygenase 1 (HSP32)

HSPDI 1.06 300 521 / Heat shock protein family D (Hsp60)
member 1

HSPAI3 1.67 339 516 / Heat shock protein family A (Hsp70) member
13

HSPIOAAL 101 232 503 / Heat shock protein 90 alpha family class A

HSP90B1 101 243 491 / Heat shock protein 90 beta family member 1

HSPAI4 0.99 299 453 / Heat shock protein family A (Hsp70) member

HSPA4 1.00 28 404 / Heat shock protein family A (Hsp70)
member 4

HSP90ABI 100 201 403 / Heat shock protein 90 alpha family class B

HSPHI 0.96 296 405 / Heat shock protein family H (Hsp110) member
1

Apoptotic gene family

BAX . .

121 327 1.97 /\ BCL2 associated X, apoptosis regulator

BCL2LI 191 019 160 \/ BCL2 like 1

CAsP3 149 413 135 /\ Caspase 3, apoptosis-related  cysteine
peptidase

CASP6 139 3.94 1.91 /\ Caspase 6

TRAF2 133 0.00 117 \/ TNF receptor associated factor 2(TRAF2)

Oxidative stress related genes

GSTA3 107 274 508 / Glutathione S-transferase, alpha 3

FOXO03 178 576 220 /\ Forkhead box O3(FOX03)

car 003 302 192 /\ Catalase

soD2 130 235 580 / Superoxide dismutase 2, mitochondrial

Steroidogenic genes

STAR o5 004 ool \ Steroidogenic acute regulatory protein

Cypi1Al s oot 000 \ Cytochrome P450, family 11, polypeptide 1
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Control vs. 39 °C
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bta04915:Estrogen signaling pathway
bta04913:Ovarian steroidogenesis
bta05203:Viral carcinogenesis
bta04925:Aldosterone synthesis and secretion
bta04115:p53 signaling pathway
bta04010:MAPK signaling pathway
bta04210:Apoptosis

bta05014:Amyotrophic lateral sclerosis (ALS)
bta05215:Prostate cancer

bta04612:Antigen processing and presentation
bta04151:PI3K-Akt signaling pathway
bta05200:Pathways in cancer

bta04068:FoxO signaling pathway
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Fig. 7 Pathway analysis of differentially expressed genes among three groups in response to heat stress: Enriched gene pathways in granulosa
cells along all comparison of Control vs. 39, 40 and 41 °C cultured groups. Only significantly (P < 0.05) regulated pathways with up and down
genes were shown (a, b, ¢
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Table 3 The DEGs and biological pathways regulated in
treatment groups (Control vs. 39 °C, Control vs. 40 °C, Control

vs. 41 °0) vs. 41 °Q) (Continued)
Pathway name Gene P- Gene name Pathway name Gene P- Gene name
count value count value
Control vs. 39 °C pathway 04 FOXO3, CCNG2, CDK2, SOD2
Protein processing 13 1.23E-  HSP90ABI, TRAF2, HSPH1, ATF4, p53 signaling 7 0.002  CASP3, CCND2, BAX, TSC2, RPRM,
in endoplasmic 07 HSP90B1, HSPOOAAT, RNF5, BAX, pathway CCNG2, CDK2
reticulum gg’ggg’ EDEM2, EIF2AK4, HSPAS, Antigen 7 0002  HSP9OABI, CTSL, HSP9OAAT, NEYC,
processing and HSPA4, RFXANK, HSPA8
FoxO signaling 9 574E-  PLK1, CCND2, MDM2, CAT, presentation
pathway 05 FOXO3, G6PC3, CDK2, S0D2 Amyotrophic 6 0003  CASP3, BAX, TOMMA4OL, CAT,
Pathways in cancer 13 7.19E-  HSP90ABI1, TRAF2, CASP3, lateral sclerosis BCL2L1, SOD1
04 HSP90B1, HSP90AAT, BAX, GNBS, (ALS)
gimgbi?ﬂ I, NFKB2, FGF12, Biosynthesis of 10 0016  SC5D, UAPI, IDH3G, PAFAH2,
’ antibiotics PGM1, RCE1, CAT, UAPILI, PAICS,
PI3K-Akt signaling 12 7.77E-  HSP90ABI1, ATF4, HSP90BI, OAT
pathway 04 HSP90AAT, CCND2, GNB5, MDM2, .
FOXO3, BCLOLT, FGF12, G6PC3, Basev excision 4 0.024  LIG3, PCNA, OGGI, APEX1
DK repair
Antigen 6 996E- HSPI0ABI, HSPIOAAT, NFYC, IFI30, G'“:ag“l?’”e 3 0026 G35 GSK GTA3
processing and 04 HSPA4, HSPA8 metabolism
presentation Apoptosis 5 0.029  CASPe, TRAF2, CASP3, BAX, BCL2L1
bta05215:Prostate 6 1.80E-  HSP90ABI, ATF4, HSP90BI, PI3K-Akt signaling 12 0.035  HSP90AB1, HRAS, HSP90BI,
cancer 03 HSP90AAT, MDM2, CDK2 pathway HSP90AAT, CCND2, TSC2, GNG2,
Amyotrophic 5 220E- CASP3, BAX, CAT, BCL2L1, SODI 2%03' BCLALT, FGF12, CDK2,
lateral sclerosis 03
(ALS) Ovarian 4 0.038 CYPI1AI, STAR, SCARBI, BMP6
Apoptosis 5 370E-  CASP6, TRAF2, CASP3, BAX, BCL2L] steroidogenesis
03 Control vs 41 °C
MAPK signaling 9 4.70E-  TRAF2, CASP3, ATF4, MAPK8IPI, Protein processing 14 140E-  HSP90ABI, TRAF2, HSP90AAT,
pathway 03 NFKB2, FGF12, CRK, HSPAS, PPP5C in endoplasmic 05 RNF185, EDEM2, BCAP31, HSPH],
) . 3 reticulum HSP90BI, EIF2AK1, DNAJBTIT,
p53 signaling 5 6.00E- CASP3, CCND2, BAX, MDM2, CDK2 RFS, BAX, EIF2AK2, HSPAS
pathway 03
Viral 14 3.92E- TRAF2, CASP3, HDACI, CCND2,
?‘gfﬁgggﬁ 4 > 3'37 OF Q;Z” CYPTIAL, STAR, SCARBT, carcinogenesis 04 DDBI, BAX, CREBBP, RHOA,
SZ cretion PIK3CA, NFKB2, EIF2AK2, SRF,
CDK2, SCRIB
Viral 8 0.010  TRAF2, CASP3, ATF4, CCND2, BAX, ) .
carcinogenesis MDM2, NFKB2, CDK2 Biosynthesis of 5 9.11E-  PECR, ACOT7, ELOVLS, HACD?2,
unsaturated fatty 04 FADS2
Ovarian 4 0.014 CYPI11A1, STAR, SCARBI, BMP6 acids
steroidogenesis Pathways in cancer 18 0001  HSP90ABI, DVL2, TRAF2,
Estrogen signaling 5 0.018  HSP90ABI, ATF4, HSP90BI, HSP90AAT, EPAST, CREBBP,
pathway HSP90AAT, HSPAS BCL2L1, KIT, NFKB2, CDK2, VEGFC,
) . FOS, CASP3, HSP90B1, HDACT,
Legionellosis 4 0.020  CASP3, HSPD1, NFKB2, HSPA8 BAX RHOA, PIK3CA
V'tgmg‘ digestion 3 0021 BTD, ABCCI, SCARBT HTLV- infection 14 0001  DVL2, TSPO, MRAS, CREBBP,
and adsorption NFKB2, BCLOLT, SRF, FOS, CCND2,
Cell cycle 5 0039  PLKI, CCND2, PCNA, MDM2, CDK2 BAX, PCNA, RRAS, PIK3CA, NFATC3
Epstein-Barr virus 6 0.047  TRAF2, MDM2, NFKB2, CDK2, FoxO signaling 9 0003  PLK1, CCND2, CREBBP, PIK3CA,
infection EIF2AK4, HSPA8 pathway CAT, FOXO03, CDK2, SOD2
Control vs. 40 °C Huntington's 9 0.003  CASP3, HDACT, BAX, CREBBP,
A disease NDUFV2, NDUFS3, SOD1, SOD2
Ribosome " 2.18E-  RPS26, MRPL23, MRPL21, MRPL15,
04 RPLPO, RPL15, MRPL36, RPST1, Peroxisome 6 0004  PECR, PEX2, MPV17, CAT, SODI,
MRPL33, UBA52, RPS24 SOD2
Protein processing 12 3.51E-  HSP90ABI, TRAF2, HSPH], Apoptosis 6 0005  CASP6, TRAF2, CASP3, BAX,
in endoplasmic 04 HSP90B1, HSP90AAT, EIF2AK], PIK3CA, BCL2L1
reticulum ZAS’EZSB/;? A*;g’f 185, EDEM2, Hepatitis B 9 0006 FOS, CASP3, DDBI, BAX, CREBGP,
. PCNA, PIK3CA, NFATC3, CDK2
FoxO signaling 10 8.75E-  HRAS, PLK1, CCND2, PRKABI, CAT,
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Table 3 The DEGs and biological pathways regulated in
treatment groups (Control vs. 39 °C, Control vs. 40 °C, Control
vs. 41 °C) (Continued)

Pathway name Gene P- Gene name
count value
p53 signaling 6 0.010 CASP3, CCND2, CD82, BAX, CDK2
pathway
Fatty acid 5 0.011  PECR, ELOVL5, HACD?2, FADS2,
metabolism HADH
Fatty acid 4 0.011  ACOT7, ELOVLS, HACD2, HADH
elongation
Cell cycle 6 0.013  HDACI, PLK1, CCND2, CREBBP,
PCNA, CDK2
Ovarian 4 0.015  CYP11A1, STAR, SCARBI1, BMP6
steroidogenesis
Amyotrophic 5 0.017  CASP3, BAX, CAT, BCL2L1, SOD1
lateral sclerosis
(ALS)
TGF-beta signaling 6 0.018  INHBB, INHBA, CREBBP, RHOA,
pathway TGIF2, BMP6
MAPK signaling " 0.021  TRAF2, FOS, CASP3, MRAS, PTPRR,
pathway RRAS, MAPKSIP1, NFKB2, NFATC3,
SRF, HSPA8

Prostate cancer 6 0.021  HSP90ABI, HSP90B1, HSP90AAT,

CREBBP, PIK3CA, CDK2

Epstein-Barr virus 9 0.026  TRAF2, EIF?AK1, HDACT1, CREBBP,

infection PIK3CA, NFKB2, EIF2AK2, CDK2,
HSPAS8

Colorectal cancer 5 0.0339 FOS, CASP3, BAX, RHOA, PIK3CA

Estrogen signaling 6 0.0354 HSP90ABI, FOS, HSP90BI,

pathway HSP90AAT, PIK3CA, HSPA8

Glutathione 3 0.0386 GSR, GSTA3, G6PD

metabolism

representative genes were performed on the same
samples (Additional file 5). Gene expression profiling of
granulosa cells showed that some HSP family-related
genes were active during cellular heat response (Table
2). The expressions of HSP family genes such as
HSPA13, HMOX1, apoptotic-related genes (CASP3, BAX
and BCL2LI), steroidogenic genes (CYP11A1, STAR)
antioxidant activity-related genes (SOD2, CAT, GSTA3)
and genes related to oxidative stress (FOX0O3 and MAP-
K8IP1) were significantly (P < 0.05) regulated across all
heat-treated granulosa cells compared to the control
group. The results showed that all the genes had similar
expression trends as detected in the RNA-Seq. This
consistency between RT-qPCR and RNA-Seq revealed
the reliability of our RNA-Seq data (Additional file 6).

Discussion

Environmental factors, particularly temperature, have a
significant impact on animal breeding and reproduction
[22]. Heat stress can be defined as a condition that
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occurs when an animal can not dissipate body heat ad-
equately to maintain thermal equilibrium [23, 24]. Heat
is proteotoxic stress and causes denatured proteins that,
by forming aggregates, can become cytotoxic [25]. The
ovarian follicle’s granulosa cells play a crucial role in oo-
cyte nourishing, secreting hormones that create func-
tional bidirectional crosstalk with the oocyte [26]. A
brief overview of the current study and mechanisms of
regulating heat stress response related to follicular func-
tion within the bovine ovary is shown in Fig. 10.

In the present study, bGCs were exposed to different
levels of in-vitro heat stress and found that heat stress
involves compromising the physiological functions of
bGCs by increasing intracellular accumulation of ROS,
inducing apoptosis and reducing the synthesis of E2 and
P4 [7, 9, 15]. For more understanding, we conducted the
transcriptomic study of in-vitro cultured bGCs exposed
to heat stress at 39, 40, and 41°C. Amongst the several
hundred genes induced or repressed due to heat stress
in-vitro, an attempt was taken to screen out genes asso-
ciated with, heat shock protein family, apoptosis, ste-
roidogenesis and oxidative stress (Table 2). As expected,
the whole set of genes of heat shock family viz., HSPAS,
HSPA14, HSP90AA1, HMOX 1, etc. were up-regulated
in bGCs at most of the heat stress points. The expres-
sion of these genes was more at 41 °C of heat stress as
compared to other treated groups (39, 40 °C). Our find-
ings are supported by previous studies that led to the in-
duction of HSP genes by heat stress [27, 28]. Similar to
our study, HSPs induction was reported in various cell/
tissue types such as leukocytes/lymphocytes [29-31],
bovine endometrial tissue, bovine conceptuses [32, 33],
bovine granulosa cells [34] bovine MECs [22], buffalo
lymphocytes [35] due to heat stress. It has been reported
that heat stress causes an increase in HSPs in virtually
all the vertebrates, including mice [36, 37] domestic
goats [38], humans [39, 40], juvenile Hamadryads ba-
boons [41], common carp [42], domestic chickens [43—
46] and domestic turkey [47]. Our results showed an in-
creased accumulation of inducible HSP70 in heat
stressed groups at both the protein and mRNA levels,
thus supporting the idea that HSP70 can act as a reliable
thermal stress biomarker [42, 48]. Likewise, several
apoptosis-related genes like BCL2 associated X, apop-
tosis regulator (BAX), caspase 3, apoptosis-related
cysteine peptidase (CASP3) and (CASP6), etc. were also
found to be significantly (P < 0.05) up-regulated under
heat stress that signal through the apoptosis signaling
pathway. Up-regulation of apoptotic genes could lead to
disruption of the potential of mitochondrion transmem-
brane, resulting in the release of cytochrome c leading to
apoptosis induction [49]. Data on the induced expres-
sion of apoptotic genes at 40 °C suggest that the cellular
mechanism may not provide protection for bGCs against
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heat-induced apoptosis while the rate of apoptosis de-
creased at 41 °C of heat stress due to over-expression of
HSP70, HSP90 and HSP60 protein levels likely helped
bGCs activate self-protection mechanisms and cope with
hyperthermia through clearance of damaged proteins.
Our results are in line with some previous reports where
the MAPK mediated induction of HSP70 at high
temperature could play a crucial role in inhibiting
caspase-3 and BAX activation [50, 51]. Therefore, we
suggest that the induction of HSP70 occurs to reduce
apoptosis of granulosa cells induced by heat stress. This
is a first study that unveiled the effect of heat stress with
different intensities on apoptosis-related gene expression
and on the cellular defensive mechanism in bGCs.

Heat stress results in intracellular ROS accumulation,
causing oxidative stress [52] and apoptosis [53], which
subsequently lead to a decline in fertility [54, 55]. More-
over, the current study also shows for the first time in-
duction of ROS at different intensities of heat stress in
bGCs. Compared to the control, significant (P < 0.05)
ROS accumulation was evident at 40°C and 41°C of
heat stress, but at 39 °C the ROS induction was not sig-
nificant. We found a decline in ROS levels in bGCs by
increasing treatment temperature from 40°C to 41°C.

This may be due to the cells being able to activate their
antioxidant systems at a higher temperature of 41 °C, by
regulating genes, i.e. superoxide dismutase 1, 2 (SODI,
SOD2,), glutathione-disulfide reductase (GSR) and gluta-
thione S-transferase, alpha 3 (GSTA3) to protect cells
against oxidative stress. In addition, the high expression
of HMOX1 gene was observed in the culture of human
melanoma cells, confirming the induction of cellular oxi-
dative stress during harmful insults [56]. Similar to our
results, the activation of forkhead box O3 (FoxO3) and
kelch-like ECH associated protein 1 (KEAPI) under heat
stress protects cells from oxidative stress by up-
regulating antioxidant enzymes superoxide dismutase 2
(SOD2) and catalase (CAT) [57-59]. In Saccharomyces
cerevisiae and quail, genes from the glutathione peroxid-
ase family were also shown to be induced under heat
stress [60, 61]. Based on these facts, it is reasonable to
suggest that the up-regulation expression of SOD2 and
CAT may inhibit ROS biosynthesis through the regula-
tion of KEAPIand FOXO3 in ovarian granulosa cells.
Moreover, the regulation of genes related to steroido-
genesis, ie. steroidogenic acute regulatory protein
(STAR) and Cytochrome P450, family 11, subfamily A,
polypeptide 1 (CYPI1AI) was also affected by heat
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line: co-expression evidence

Fig. 9 Protein-protein interaction (PPI) networks of DEGs significantly enriched pathways associated with bGCs functions under heat stress:
Protein-protein interaction (PPI) networks in the comparison of Control vs. 39 °C (a) Control vs. 40 °C (b) and Control vs. 41 °C (c). Various color
lines represent seven types of evidence used in predicting associations. Red line: fusion evidence; blue line: co-occurrence evidence; yellow line:
text mining evidence; green line: neighborhood evidence; purple line: experimental evidence; light blue line: database evidence; and the black

shock. Previously it was reported that heat stress could
inhibit estradiol biosynthesis in bGCs and impair hor-
mone balance [62]. Positive regulation of P450 aroma-
tase family genes (CYPI11AI) in the ovarian follicle
promotes estrogen biosynthesis [63]. In our study, the
mRNA expression of CYPIIAI decreased in GCs by

down-regulation of ovarian steroidogenesis signaling
pathway after heat treatment that resulted in a decreased
level of E, in the culture medium. Based on this con-
firmation, we can postulate that the down-regulation of
CYPI11AI may inhibit estrogen biosynthesis in ovarian
granulosa cells. In addition, progesterone is also one of
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Fig. 10 Research review: Mechanisms of regulating heat stress response related to follicular function within bovine ovary. Upregulated genes

caspase-3, SOD, BCL-2, BAX, and HSPs (HSP70, HSPA13, HMOX1) were involved in the regulating mechanism of bGCs via induced or inhibited cell
apoptosis. Under heat stress, Down-regulated genes CAT, FOXO3 were involved in production of reactive oxygen species (ROS). Likewise, down-
regulation of STAR, and CYP11AT were involved in the secretion of E; and P,. Moreover, the decline of E,, and enhancing of ROS in turn, might
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the fundamental steroid hormones for bovine estrous
cycle regulation, and its biosynthesis is attributed to the
increased expression of STAR and CYPIIAl [64-66].
Previously it was reported that under heat stress, the
mRNA expression of CYP11A1 and STAR decreased, but
the P4 level has no significant (P<0.05) difference
between the control and heat treatment group [9]. An
over-secretion of ovarian hormones in porcine ovarian
granulosa cells were reported under high temperature
[67]. Our findings are in line with the previous studies
where heat stress attenuates estrogenic activity in rat
granulosa cells by diminishing the expression of gonado-
tropin receptor [68]. We also found a lower mRNA
expression of the genes CYPIIAI and STAR in heat-
treated groups. This is the first study to establish the
impact of different intensities of thermal stress on the
synthesis of steroid hormones and gene expression
profile in bGCs. These findings have provided evidence
to suggest the varied expression profile in bGCs during
heat stress of apoptotic, steroidogenesis and oxidative
stress-related genes. In the current study, the RT-qPCR
analysis thus validated the transcriptional expression
profile of HSPs, apoptotic genes, steroidogenesis, and
oxidative stress-related genes as observed by RNA-Seq
analysis. Our research can further be extended to

understand bovine oocyte modulation and embryo

development in response to the environmental heat
load.

Conclusion

In the present study, we demonstrated for the first
time a worthy strategy to characterize the cellular and
transcriptomic adaptation of bovine granulosa cells to
different heat stress intensities (39°C, 40°C and
41°C) in-vitro. Furthermore, our data suggested that
40°C heat treatment is comparatively detrimental for
bovine granulosa cell functions. The study identified
several heat-responsive genes from different functional
classes and their associated pathways related to heat
stress chaperons, cell death, and apoptosis, hormonal
synthesis, oxidative stress, etc. known to be affected
by heat stress. The results infer that these genes and
pathways reported in the present study could be useful
candidates/indicators for heat stress research in dairy
cattle. Moreover, the established model of bGCs to
heat stress in the current study provides an appro-
priate platform to understand the mechanism of how
heat-stressed bGCs can affect the quality of oocytes
and developing embryo.
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