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Simple Summary: The bovine endometrium is a major contributor to the regulation of reproduction
and participates in several processes of producing offspring, including the resumption of estrus
cyclicity, implantation and placenta formation. Heat stress is one of the underlying factors contribut-
ing to low fertility in cattle. The most significant elements of heat stress are increased temperature
and humidity, which cause an economic loss in the dairy industry from decreased milk production,
reduced reproductive performance and increased culling. The current study aimed to investigate the
effect of elevated temperature (short-term or long-term) on bovine endometrial cell cultures. Our find-
ings suggest that heat exposure compromised the endometrial immune response and prostaglandin
synthesis in different ways based on elevated temperature duration, which could reduce subsequent
fertility. This research provides data regarding the impact of thermal stress on uterine functions in
cattle to further improve reproductive management strategies and prevent uterine infection in cattle
experiencing heat stress during the current climate change era.

Abstract: Worldwide heat stress (HS) conditions have a negative impact on dairy cow fertility. How-
ever, understanding of the effect of heat stress on endometrial functions is still unclear. The present
study aimed to investigate the effects of differential heat exposure conditions on the immune response
and prostaglandin biosynthesis of bovine endometrium challenged with bacterial lipopolysaccharide
(LPS). Cultures of endometrial cells were grown to confluence at 37 °C (control) and 40.4 °C for
24 h after confluence (short-term heat exposure) and 40.4 °C for 8 days from the beginning of the
culture (long-term heat exposure), prior to a challenge by 100 ng/mL LPS for 12 h. LPS altered
ALOX12, IL8, IL1B, S100A8, PTGES and AKR1B1 expressions, as well as secretory IL8 and PGF2«.
Short-term heat exposure decreased S100A8, IL8 and PGF2« compared with the control temperature,
while long-term heat exposure decreased SI00A8 and PGF2c. In contrast, HSPA5 expression was not
altered by heat exposure or LPS. Indeed, the short-term heat treatment was insufficient for accom-
plishing the responses of the endometrium to LPS treatment for IL8, SI00A8 and PTGES expressions
when compared with other temperature conditions. Our findings showed that heat exposure could
compromise endometrium immune response and prostaglandin biosynthesis in different ways based
on elevated temperature duration, which could reduce subsequent fertility.

Keywords: endometrium; immune response; prostaglandin; cattle; heat exposure

1. Introduction

Declining fertility in dairy cattle during the past few decades has created enormous
problems in the dairy industry worldwide. One of the main factors is the extreme genetic
selection for milk production in dairy cattle, resulting in the era of high-yielding dairy cows
that experience reproductive problems [1]. These problems are related to underlying causes,
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such as negative energy balance (NEB), postpartum endometritis and heat stress (HS)
conditions. To date, the exact solution remains unclear, but there must be a multifactorial
basis, including both genetic and environmental components.

Many lines of evidence reveal that HS is detrimental to bovine production and repro-
ductive performance [2—4]. The major components that contribute to the level of HS in
cattle are elevated temperature and humidity, denoted by the THI (temperature-humidity
index) [5]. A previous study suggested that THI < 68 is generally optimal for healthy cows;
THI of 68 to 74 causes mild discomfort conditions, and THI > 75 is a severe HS indicator
that reduced the fertility rate [6]. Selecting milk yield also reduces the thermoregulatory
ability of cows during high ambient temperatures [7] and magnifies the seasonal detrimen-
tal effect on fertility caused by HS [8]. However, cattle across the world are affected by HS
in different conditions: a long summer season in the southwestern United States and Brazil,
and a short summer season or heatwave in central Europe, the northern United States
and Canada [5,7]. Moreover, an association between HS and a decrease in the fertility of
lactating dairy cows was found, particularly in the tropical areas with high ambient temper-
atures and humidity [9,10]. Although animals can adapt to HS, the response mechanisms,
including cellular and molecular responses that ensure survival, are also detrimental to
performance [11]. Thus, the adaptive responses to differential types of HS in particular cells
may also act differently. Cows experiencing HS exhibit a sub-optimal uterine environment
with a decreasing blood flow [12] and increasing uterine temperature [13], leading to failure
of embryonic implantation. Additionally, because the development of oocytes and embryos
is temperature-sensitive [14], the high temperature of the reproductive tract environment
is likely to inhibit oocyte and embryo development [15,16]. Indeed, a recent study found
that the group of cows that experienced HS (THI of > 73) 3 weeks before insemination had
more unfertilized oocytes than the control (21% vs. 4%, respectively), a lower conception
rate, and reduced embryo development during the first 16 gestational days [17]. Moreover,
HS can affect endometrial functions, e.g., prostaglandin and protein secretion [18,19].

After parturition, the endometrium undergoes extensive changes as a part of in-
volution in order to prepare the uterus for the next pregnancy. At this time, the cow’s
reproductive tract can easily be affected by local and metabolic factors, resulting in an
apparent delay in the uterine clearance, repairing process, and subsequently affecting fertil-
ity [20]. Uterine clearance is one of the most important functions of the endometrium as
bacterial contamination is a normal sequel to calving and is almost universal in dairy cows
at the rate of 80-90% [21]. However, in postpartum cows, some parts of the endometrium
are sloughed off. The adherence of microbes and colonization can then occur though a
damaged surface epithelium, exposing the stroma to the pathogen. The bacteria responsible
for endometritis are Escherichia coli (E. coli), Trueperella pyogenes and Staphylococcus aureus
(S. aureus) [22,23].

Studies of bovine endocrine and immune response during uterine infection have been
conducted because of the high incidence of uterine disease and its economic impact [24].
Cows with high uterine bacterial contamination also have high levels of circulating en-
dotoxin lipopolysaccharide (LPS), which is absorbed following the accumulation of LPS
within their uterine lumen [25]. The endometrium is defended against the microorganisms
and their LPS toxins not only by physical barriers, but also by the production of several
effectors, such as inflammatory mediators, antimicrobial peptides (AMPs), prostaglandin
E2 (PGE2), prostaglandin F2alpha (PGF2«) and complement components [26-29]. In addi-
tion, LPS also enhances the production of oxidative stress (reactive oxygen species (ROS),
nitric oxide (NO) and glutathione (GSH)) [30,31]. These molecules are capable of inducing
postpartum uterine disorders [32], in particular mechanisms; for instance, PGE2 promotes
the adhesion and invasion of S. aureus into endometrial cells [33], and oxidative stress
promotes dysfunctional inflammatory responses [31,34]. Under a sub-optimal uterine
environment caused by underlining causes, including HS, chronic endometritis may occur
as a consequence of unresolved inflammation during involution [35]. This economically
uterine disease compromised bovine fertility by causing sub-fertility, extending calving to
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conception intervals, increasing the number of services per pregnancy and increasing the
herd culling rate [36].

We hypothesized that the HS in postpartum cows decreased the immune response,
altered the resolution of inflammatory activity and disturbed the endocrine function of
endometrial cells, resulting in poor fertility. We proposed that the LPS-treated primary
cultures of bovine endometrial cells can be used to explore the effect of HS in terms of gene
and protein expressions. Therefore, the present study aimed to investigate the effect of
elevated temperature (short-term or long-term) conditions in LPS-treated bovine endome-
trial cell culture system on the expression of immune response genes and biosynthesis of
prostaglandins. This research may provide us with findings on the impact of thermal stress
on endometrial functions in dairy cattle to further improve reproductive management
strategies and prevent uterine infection in cattle experiencing HS in the current climate
change era.

2. Materials and Methods

All experimental procedures were conducted in accordance with the ethical standards
issued by the National Research Council and approved by the Ethics Committee for Human
and/or Animal Experimentation in meeting No.1531012, Faculty of Veterinary Science,
Chulalongkorn University, Thailand.

2.1. Sample

Normal uteri from cross-bred Holstein Friesian cows (87.25-93.75% HF and Thai native
cattle) in an early luteal phase were collected from non-pregnant cows at the slaughterhouse
and then transported to the cell culture laboratory in a plastic bag with ice over the course
of a few hours. The stage of the estrous cycle can be determined based on the appearance of
the ovaries and genital tracts. The early luteal phase was characterized by the presence of
corpus hemorrhagicum on the surface of the ovary [37]. The experiments were performed
on four separate occasions.

2.2. Primary Bovine Endometrial Cells Culture

Primary endometrial epithelial and stromal cells were isolated from the endometrium
and then cultured using previously described methods [29]. Briefly, the external parts of
the uteri were washed in 70% ethanol after arriving at the laboratory. Then, the endometrial
tissues were separated before being cut into strips. The endometrial tissues were chopped
into 1 mm?3 pieces with a surgical blade and transferred to Hanks’ balanced salt solution
(HBSS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After pooling in a sterile
beaker, the tissues from each uterus were then digested into a cell suspension by a 150 mL
sterile digestive solution, made by dissolving 50 mg Trypsin (Worthington Biochemical
Corporation, Lakewood, NJ, USA), 50 mg Collagenase A (Roche), 100 mg bovine serum
albumin (BSA; Sigma-Aldrich Company Ltd, Dorset, UK) and 10 mg Deoxyribonuclease
(DNase) I (Roche) into 100 mL HBSS. After incubation for 90 min at 37 °C in a 5% CO,
incubator (shaking every 10 min in between), the cell suspension was filtered through a
70 pm cell strainer (Falcon, Fisher Scientific). The filtered cell suspension was re-suspended
with HBSS containing 10% fetal bovine serum (FBS; Sigma) and centrifuged at 100 g for
10 min prior to repeating the washing procedure twice. After checking the cell integrity
and number by trypan blue staining, the washed pellet was re-suspended with Dulbecco’s
modified Eagle’s medium (DMEM/F12; Gibco, Thermo Fisher Scientific), a basic medium
prepared by adding 50,000 U of penicillin and streptomycin to 500 mL DMEM/F-12 con-
taining 10% FBS. After pooling the cell suspension, 1 mL of cell suspension at 5 x 10° cells
was allocated into each well of 24-well plates (Nunc, Thermo Scientific) and another 1 mL
of DMEM/F12 medium containing 10% FBS was added to each well. The culture media
were changed every 48 h until the cells reached confluence.
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2.3. Characterization of Endometrial Culture System

Primary endometrial cell cultures were previously validated using immunocytochem-
ical staining to identify specific cell types [29]. Endometrial stromal cells were stained
by anti-vimentin-clone V9 (Dako), while the epithelial cells were not stained with anti-
vimentin; epithelial cells were stained by anti-human cytokeratin-clone AE1/AE3 (Dako),
whereas immune cells were stained positive by anti-CD172a (DH59B; Monoclonal Antibody
Center VM&P, Washington State University, Pullman, WA, USA). The relative proportions
of each cell type after 6 days of culture were evaluated using image analysis software
(Image] version 1.44; Research Services Branch, NIMH/NIH, Bethesda, MD, USA). The
cultures with an epithelial to stromal cell ratio of approximately 59:41 on day 6 of culture
when the heat exposure experiments were performed, in addition to a negligible presence
of contaminant immune cells (<0.00001%), were used for further study. Due to the location
change of the cell culture laboratory, the cell cultures were re-validated. The presence
of cultured endometrial epithelial and stromal cells in this experiment is illustrated in
Figure 1. In a monolayer, 2 types of endometrial cells can be visualized by phase contrast
microscopy (Figure 1A). Stromal cells may overgrow each other in multiple layers, and
epithelial cells usually aggregate in large clumps. Epithelial cells cultured on plastic typi-
cally appear cuboidal in shape, as seen in the center of Figure 1A. The patch of epithelial
cells was surrounded with spindle and fibroblast-shaped cells that were of stromal origin.
Using immunofluorescence staining for vimentin, the stromal cells were strongly positive
(Figure 1B), while the epithelial cells were positively stained with anti-cytokeratin
(Figure 1C). The nuclei of all cells were stained blue with Hoechst (Figure 1B-D). Ac-
cordingly, day 7 of cultured cells of our culture system showed a suitable proportion of
mixed stromal and epithelial cells in this system (~1:1); therefore, they were used in the
current experiment.

Figure 1. Phase contrast and immunofluorescence photomicrographs of bovine mixed endometrial
and stromal cells. (A) Epithelial colony surrounded by stromal cells. (B) With anti-vimentin antibody,
stromal cells were specifically stained with fluorescent (green) with Hoechst labeling of the nuclei
(blue). (C) With anti-cytokeratin antibody, epithelial cells were specifically stained with fluorescent
(green). (D) Representative images of negative control of primary antibody used in this study.

2.4. Cell Culture Treatment with Heat Exposure and LPS

The experiment focuses on the in vitro effects of the differential heat exposure condi-
tions on bovine endothelial cells challenged with LPS (from Escherichia coli O55:B5, Sigma
Chemical Inc., St Louis, MO, USA, L2880). The treatment with heat exposure was classified
into short-term and long-term treatment. On day 0, cells were isolated, suspended in
DMEM/F12 basic medium with 10% FC serum, and seeded in three 24-well plates (2 plates
were incubated at 37 °C and 1 plate at 40.4 °C (long-term heat exposure). The medium was
replaced after 48 h and then every 2 days until the cells reached confluence in 7 days. One
plate from the 37 °C incubator was moved to 40.4 °C for 24 h (short-term heat exposure).
Then, the media of all plates were replaced (1.5 mL/well) with DMEM/F12 basic medium
in the presence or absence (control) of LPS (Sigma) 100 ng/mL. An aliquot and cells were
taken 12 h after LPS challenging. Treatments were replicated three times, and experiments
were conducted on four separate occasions. The results and statistical analysis were per-
formed to compare the effects of LPS and elevated temperature based on 12 replications in
each treatment/control group.
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2.5. Optimization of Endometrial Cell Culture and Exposure to Elevated Temperature

Prior to the start of the actual endometrial cell culture experiment, a preliminary study
of mixed stromal and epithelial cell culture was conducted to determine the number of
viable cells affected by heat exposure. Cultures of mixed epithelial and stromal cells were
grown to confluence in 96-well plates with the procedure described above. Tests of heat
exposure were performed by exposing the set of 6 culture wells to different temperature
conditions of 37 (control temperature), 38.5, 39.5 and 40.4 °C for 24 h. The relative number of
viable cells was determined using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Southampton, UK). The absorbance (optical density, OD) of samples and
standards was read at 540 nm on a microtiter plate reader (Spectra MAX 250 Molecular
Devices, Sunnyvale, CA, USA). Data showed that all elevated temperature conditions
did not affect the number of viable cells in culture compared to the control temperature
(Figure 2), and thus the temperature at 40.4 °C was used for the treatment group in the
current study.

Mean OD at 540 nm
8
T

38.5

395
Culture Temperatures (°C)

Figure 2. Cytotoxicity effect of the culture temperature on the viable cells of mixed endometrial cell
culture. OD: optical density readings at 540 nm. Values are mean 3+ SEM.

2.6. Sample Collecting for Evaluation

Mixed stromal and epithelial cells from each plate were collected in order to evaluate
mRNA expression by qRT-PCR. The supernatant from each well was collected separately,
aliquoted into two 1.5 mL Eppendorf tubes, and stored at —20 °C before measuring IL8
and PGF2«x using an enzyme-linked immunosorbent assay (ELISA).

2.7. Quantitative Real-Time PCR System

The procedures of RNA isolation, reverse transcription (RT) and qPCR were performed
as previously described [29,38].

2.7.1. RNA Isolation and Reverse Transcription

Total RNA was extracted from the cell culture using the column method, with RNeasy
Mini Kits (QIAGEN) in accordance with guidelines supplied by the manufacturer as
previously described [29]. The concentration and purity of RNA samples were determined
using an ND-1000 NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA), while RNA integrity was confirmed by agarose gel electrophoresis. In the
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following stage, 1000 ng of total RNA from each sample was stored at —80 °C until it was
treated for genomic DNA carryover with an RNase-free DNase kit (Promega) according
to guidelines supplied by the manufacturer. Subsequently, the DNase-treated RNA was
reverse transcribed into cDNA using random hexamers (Reverse Transcription System
kit; Promega).

2.7.2. Primer Sequences and Optimization of gPCR

Oligonucleotide primer sequences were obtained from previous references [29,39] or
newly designed (Table 1). For the optimization of qPCR, primers were tested by conven-
tional PCR amplification using GoTaq® Green Master Mix (Promega). The presence of a
single band of DNA by electrophoresis on a 1% (w/v) agarose gel confirmed the specificity
of PCR products without primer dimers.

Table 1. Oligonucleotide primer sequences, GenBank accession, expected amplicon size, specific
annealing temperature, plate read temperature, R? of the standard curve and efficiency of the assay
(E) used for RT-PCR determination. All primers were finally accessed in May 2022.

Gene #. Primer Sequence (5’ — 3) GenBank Accession Lel;rgotclllu(cbfp) 1;:;;122% R? E (%)
ALOX12 RFgggggéigfgggggﬁgggéi?G NM_001192336.1 202 55 0.986 99.63
HSPA5 iii%gggﬁ%%%zﬁ%%gg?gfgg NM_001075148 162 62.5 0.924 100.2
s FCTGGIAICARGGACAAGANT (o - o5 ow
IL8 R ;Cgigﬁig?ggggiggé?éiig AT NM_173925.2 232 62.5 0.998 101.6
S100A8 II:{ giigﬁgggégiiggggﬁﬂgggﬁg NM_001113725.1 179 53 0.997 98.35
PTGES RFJS&TgﬁggﬁiééggZ%%ijfg ATG NM_174443.2 201 59.5 0.976 99.9
AKRI1B1 i%g%&%%?égg%géii%éég%%% NM_001012519.1 250 59.5 0.979 102.1
RN18S1 R%ii?ggﬁggégfgg;gg&%%c NR_036642.1 99 51 0.959 99.9
ACTB F: CATCGCCGGACAGGATGCAGAAA NM_173979.3 158 59.5 0.946 98.2

R: CCTGCTTGCTGATCCACATCTGCT

# Gene products analyzed were arachidonate 12-lipoxygenase, 12S type (ALOX12); heat shock 70 kDa protein 5
(HSPA)); interleukin 8 (IL8 or CXCLS); interleukin 1, beta (IL1B); S100 calcium-binding protein A8 or calgranulin-A
(S100A8); prostaglandin E synthase (PTGES); aldo-keto reductase family 1, member B1 (AKR1B1); RN1851 (185
ribosomal RNA); and actin, beta (ACTB).

2.7.3. Real-Time qPCR

The expressions of seven candidate genes (ALOX12, HSPAS5, IL8, IL1B, S100A8, PTGES
and AKR1B1) and reference genes (RN18S1 and ACTB) were determined by the absolute
real-time qPCR method (CFX96 Real-Time PCR Detection System, Bio-Rad Laboratories,
Inc., Hercules, CA, USA). The master-mix (KAPA SYBR® FAST qPCR kit: KAPA Biosystems)
was prepared once for each assay in order to avoid errors from pipetting. Standards for
qPCR were prepared from purified PCR products using a QIAquick PCR purification kit
(Qiagen). The PCR reactions were run in duplicate, and data were evaluated in a closed
white tube in a 96-well plate. A no-template control (NTC) using nuclease-free water was
included on every plate. The program of thermal cycling conditions applied to each assay
consisted of an initial Taq activation step at 95 °C for 15 min followed by 38 cycles of
denaturation, annealing, extension and plate reading. The absolute copy number of the
PCR product was achieved by comparing the CT values of the unknown samples to a
standard curve using the Bio-Rad CFX Manager software version 3.1. The gene expression



Animals 2022, 12, 2359

7 of 16

of each target gene was determined using the GeNorm normalization algorithm against
two selected reference genes.

2.8. Measurement of Secreted Protein Using ELISA for IL8 and PGF2«

Samples of supernatant of the cell culture system were used to determine IL8 levels
in duplicate using Human CXCL8/IL-8 DuoSet ELISA (R&D Systems, Inc., Minneapolis,
MN, USA) in accordance with the guidelines supplied by the manufacturer. This IL8 kit is
proven to effectively measure bovine IL8 with an acceptable cross-reactivity. All samples
were measured on the same occasion. The intra-assay coefficient of variation (CV) was
5.08%, and the detection limit was 6.44 pg/mL. The PGF2x measurement was determined
in duplicate by using the Prostaglandin F2 alpha ELISA Kit (Abnova) in conformity with
the guidelines supplied by the manufacturer. The intra-assay coefficient of variation (CV)
was 8.26%, and the detection limit was 6.71 pg/mL.

2.9. Statistical Analysis

The amount of mRNA expression, IL8 and prostaglandin level were analyzed using
IBM SPSS Statistic Version 22.0 (SPSS; IBM, Armonk, NY, USA). Data were tested for
homogeneity of variance using a Levene’s test, and log transformation was performed if
necessary. ANOVA with a randomized block design via a linear mixed model analysis was
used to evaluate 2 fixed effects—LPS and the elevated temperature conditions—followed
by Bonferroni post hoc pairwise comparisons. The batch of cell cultures was included as a
random effect. Data are presented as sample mean =+ standard error (SEM) and plotted as
bar charts. Significance levels were set as the cut-off for p-values at 0.05. Data are illustrated
with GraphPad Prism 9.2.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Effect of Heat Exposure and LPS on Gene Response of Bovine Endometrial Cells

Concentrations of ALOX12, HSPA5, IL8, IL1B, S100A8, PTGES and AKR1B1 were
measured in all samples as absolute values using reverse transcriptase qPCR. In addition,
ACTB and RN1851 were included as reference genes. All treatments did not alter ACTB
and RN1851 mRNA expressions. Thereby, the data for the mRNA expressions of the
measure genes were normalized with a normalization factor of ACTB and RN1851 using
geNorm [40]. Gene and protein expression data of the bovine mixed epithelial and stromal
cells with the presence of LPS and heat exposure conditions (short-term/long-term) are
shown in Table 2. LPS significantly altered the mRNA expressions of ALOX12, IL8, IL1B,
S100A8, PTGES and AKR1B1 (p < 0.01) in endometrial cells across all combined culture
temperature conditions. In regard to temperature conditions, short-term heat exposure
decreased S100A8 expression and secretory IL8 and PGF2«x (p < 0.05) compared with the
control temperature group, while long-term heat exposure decreased S100A8 expression
and secretory PGF2o (p < 0.05) compared with control temperature group.

Interestingly, short-term heat exposure was insufficient for significantly increasing
the expressions of IL8, SI00A8 and PTGES (p > 0.05) in cultures treated with LPS when
compared with control and long-term heat exposure conditions. In contrast with the short-
term heat exposure group, LPS increased ALOX12, IL1B, S100A8 and PTGES expressions,
while significantly decreasing the expression of AKR1B1 (p < 0.01) in the long-term heat
exposure group. Regarding data focusing on the endometrial cells in the absence of LPS,
the long-term heat treatment significantly decreased S100A8 expression (p < 0.05), but
increased AKR1B1 expression (p < 0.05). Neither heat exposure nor LPS, however, had any
effect on HSPAS.
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Table 2. Comparison of mRNA expression (expressed in fg/ug reverse-transcribed RNA) and
concentrations of secretory IL8 and PGF2«x (pg/mL) on the bovine endometrial cells regarding the
effects of heat exposure conditions in the presence of LPS (100 ng/mL for 12 h) *.

Gene Symbol/

Heat Exposure (nRNA Expression)

Protein LPS Expression Control Short-Term Long-Term
ALOX12 - 27094 + 3449 28675 + 5812 28693 + 7056 23913 + 5345
+ 51313 4 7287 * 45365 + 10268 * 56026 + 13745 * 52549 4 14390 *
Combined effect + 37020 + 6026 42360 + 8075 38231 + 8079
HSPA5 - 1142994 + 97170 1333116 211903 973895 =+ 156725 1121972 + 121398
+ 1393799 & 102820 1516190 & 236571 1374429 + 134236 1290779 + 156742
Combined effect + 1424653 &+ 156477 1174162 + 109208 1206375 =+ 98534
IL1B - 3416 + 919 4138 + 2478 3283 + 953 2773 + 763
+ 9853 + 2915 * 10559 + 4430 8658 + 3296 10341 £ 7100 *
Combined effect + 7349 + 2571 5970 + 1769 6721 + 1582
IL8 - 84364 + 26922 76294 + 27655 61850 + 16574 114946 + 75776
+ 189605 + 38673 * 216197 + 75931 * 116970 + 27697 235649 + 83705 *
Combined effect + 146246 + 42123 89410 + 16798 175297 + 56630
S100A8 8204 + 1441 11769 + 3163 2 9595 + 2383 2 3248 + 757b
+ 22952 + 4626 * 31561 + 11748 * 15243 + 3582 22053 + 6418 *
Combined effect + 21665 + 6297 2 12419 + 2185° 12651 + 3719 P
PTGES - 34703 + 3097 28112 + 4580 37523 + 5786 38473 + 5582
+ 46914 =+ 4294 * 43547 + 10126 * 51730 + 7728 45464 + 3227 *
Combined effect + 35829 + 5668 44626 + 4948 41969 + 3236
AKR1B1 - 40722 + 3621 31479 + 1946 @ 40621 + 6400 P 50067 + 8044 b
+ 31284 =+ 1895 * 28818 + 3224 33273 + 3596 31759 + 3168 *
Combined effect + 30148 + 1862 36947 + 3671 40913 + 4639
IL8 - 100.6 +£ 9.4 122.4 +20.22 90.7 + 152b 88.6 +11.6P
(pg/mL) + 1728 £9.4 % 1783 +£19.7* 164.4 +135* 175.7 £ 16.1*
Combined effect + 150.4 + 15.02 1275+ 12.6P 132.1 + 133 2P
PGF2«x - 18224 + 3174 28436 + 7454 2 15663 =4 4768 P 10574 + 1578 P
(pg/mL) + 39060 + 7193 * 51854 + 16261 37856 + 13075 * 27473 + 5597 *
Combined effect + 40145 + 9082 2 26759 + 7188 b 19024 + 3345P

# Values are mean & SEM of 12 samples from three experimental replicates on four separate occasions per
treatment measured in duplicate by qPCR. Data were analyzed with a randomized block design via linear mixed
models followed by Bonferroni post hoc tests between the effect of heat exposure conditions and LPS treatment.
+ (within-row) shows the combined effect of LPS treatment across all culture temperature conditions combined;
(within-column) shows the combined effect of heat exposure across all LPS treatments combined. * Significant

differences (p < 0.01) of LPS compared to the control condition. *® Significant differences (p < 0.05) between heat
exposure conditions are expressed with different superscript letters.

3.2. Effect of Heat Exposure and LPS on Secretory IL8 of Bovine Endometrial Cells

Data of secretory IL8 in the culture supernatant of mixed endometrial epithelial and
stromal cells after LPS treatment in different conditions of heat exposure condition (short-
term and long-term) are shown in Figure 3 and Table 2. LPS significantly up-regulated
the secretion of IL8 (p < 0.01), particularly in each temperature condition (Figure 3A,C).
Regarding the effect of heat exposure, only short-term heat exposure decreased the IL8
level (p < 0.01; Figure 3B). Indeed, both short-term and long-term heat exposures reduced
the IL8 level (p < 0.05) in the non-LPS-treated endometrial cells (Figure 3D).
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Figure 3. Secretion of IL8 (pg/mL) in the medium of bovine endometrial cells cultured in the
presence or absence of 100 ng/mL LPS with different heat exposure (control: Con; short-term heat
exposure; long-term heat exposure). Treatments were replicated three times, and the experiment
was conducted on four separate occasions. Different superscripts indicate significant differences
(p < 0.05), as determined by mixed model analysis using two fixed factors—LPS treatment (A) and
heat exposure (B)—followed by Bonferroni post hoc test (C,D). Values are mean + SEM.

3.3. Effect of Heat Exposure and LPS on Secretory PGF2« of Bovine Endometrial Cells

PGF2x concentrations were detected by ELISA in the culture supernatant of mixed
endometrial cells after LPS treatment in different conditions of heat exposure. Data com-
paring the PGF2« level of endometrial cells treated with LPS and heat exposure conditions
(short-term and long-term) are shown in Figure 4. LPS significantly up-regulated the secre-
tion of PGF2«, especially in the cells cultured with elevated temperature conditions (p < 0.01;
Figure 4A,C), while both heat exposure conditions decreased PGF2o concentrations
(p < 0.05; Figure 4B). Regarding the non-LPS treated group, both elevated temperature con-
ditions decreased the secretion of PGF2« in endometrial cell cultures (p < 0.05; Figure 4D).
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Figure 4. Secretion of PGF2« (pg/mL) in the medium of bovine endometrial cells cultured in the
presence or absence of 100 ng/mL LPS with different heat exposure (control: Con; short-term heat
exposure; long-term heat exposure). Treatments were replicated three times, and the experiment
was conducted on four separate occasions. Different superscripts indicate significant differences
(p < 0.05), as determined by a mixed model analysis using two fixed factors—LPS treatment (A) and
heat exposure (B)—followed by Bonferroni post hoc test (C,D). Values are mean + SEM.

4. Discussion

Normal uterine functions are crucial for the successful production of new offspring.
Several factors that initiate a sub-optimal uterine environment could cause unfertilization,
embryonic loss and a low conception rate [41]. Endometrial tissue is mainly composed
of epithelial and stromal cells that have a distinct morphology and show functional dif-
ferences in response to several inflammatory mediators [42]. In the present study, the
culture system of LPS challenging endometrial cells was used as a reference for normal
endometrial function in response to bacterial endotoxin. As expected, LPS significantly
modulated the mRNA expression of pro-inflammatory cytokine IL1B, chemokine IL8, an-
timicrobial peptide (AMP) S100A8, pro-resolution molecule ALOX12 and PG synthases
PTGES and AKR1B1, as well as the secretory IL8 and PGF2« concentrations in the cultures
of bovine mixed endometrial epithelial and stromal cells. In accordance with the previous
studies [29,39,43,44], IL1B, IL8 and S100A8 mRNA expressions were markedly increased in
bovine endometrial cells cultured with LPS.
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The underlying causes of sub-fertility have been explored for many years. An associa-
tion between HS and a decline in the fertility of lactating dairy cows was found, particularly
in tropical areas with high ambient temperatures and humidity [8,45]. An in vitro model
of bovine endometrium in the current study was developed to investigate the effects of
thermal stress on the innate immune response and prostaglandin biosynthesis. The body
temperature of dairy cattle is approximately 38.5 °C, but increases under high ambient
temperatures [46]. The critical temperature for the beginning of heat stress in high-yielding
dairy cows in a sub-tropical climate is between 25 and 26 °C [7], combined with the effects
of humidity, which further decrease performance. A previous study [10] reported that
uncooled cows raised in Thailand had a high vaginal temperature during the day, at an
average of 39.5 °C (ranging from 39.0 to 40.3 °C), which returned to a normal vaginal
temperature (below 39.0 °C) late at night and during the early morning. Temperatures up
to 40.4 °C did not significantly alter the number of viable cells in our mixed endometrial
cells culture system, and thus this value was used as the heat exposure temperature in the
current study. In addition, the time point of 12 h for LPS-challenged endometrial cultures
was selected based on a previous study [29], where most of the immune-related genes and
prostaglandin synthase genes expressed significantly different mRNA levels at 12 h and
then decreased by 48 h.

HS can be classified as a short-term or long-term condition that affects all physiological
functions and increases the expression levels of inflammatory cytokines and heat shock
proteins (HSPs) [47,48]. To the best of our knowledge, this study provides the first evidence
that short-term heat exposure was insulfficient for significantly increasing the expression of
IL8, S100A8 and PTGES in cultures treated with LPS when compared with control and long-
term heat exposure conditions. Nevertheless, LPS significantly up-regulated the secretion
of IL8 in each temperature condition. In contrast, long-term heat exposure seems to have
a strong negative impact on the group of non-LPS treated endometrial cells, decreasing
the expressions of S100A8 and secretory IL8. IL8 is a potent chemotactic factor recruiting
polymorphonuclear cells (PMNs) to the site of inflammation [49,50]. The expression levels
of IL8 and S100A8 are shown to be important markers that reflect the infection status of
a cow when inflammation is established [20,51]. To eliminate uterine bacterial infection,
immune cells need to be recruited to an epithelial layer [52], and neutrophils play a pivotal
role in the elimination of these bacteria by the chemoattractive effect of IL8 [53,54] and the
antimicrobial peptide SI00A8 [29]. In addition, the deletion of the ST00AS gene in mice
results in embryo resorption [55]. As a result, data from the present study suggest that
thermal stress could directly enhance endometrial defense mechanisms and fetal-maternal
interactions, which subsequently resulted in reduced fertility. A previous study also found
that the HS caused an alteration of the chemokine production in bovine endometrial
epithelial and stromal cells with the different mechanisms. HS altered IL8 in endometrial
stromal cells, but not in endometrial epithelial cells [54]. However, the presence of mixed
epithelial and stromal cells in the culture system of the current study would have enabled
interactions between the two cell types to occur, resembling the in vivo situation.

Endometrial PG production initiates a normal luteolytic mechanism and estrus cyclic-
ity. Increased PGF2« and metabolite PGFM concentrations were found in cows experienc-
ing a postpartum uterine infection. Moreover, a recent study showed that HS created a
sub-optimal uterine environment, which leads to increased PGFM, increased unfertilized
eggs and reduced embryo development [5]. In the physiological activity of endometrial
cells, HS-modulated endometrial prostaglandin and protein secretion selectively increased
PGF2«x synthesis rather than PGE2 and reduced conceptus protein synthesis [56]. A re-
cent study with only short-term heat exposure [57] reported that an elevated temperature
(39.5 or 40.5 °C) for 10 h doubled the gene expressions of enzymes involved in prostaglandin
synthesis, including PLA2, COX2, PGFS, PGES and CBR1, resulting in an increase in the
PGE2 and PGF2« production of endometrial stromal cells, except in endometrial epithelial
cells. In contrast with the present study, we found that mixed endometrial epithelial and
stromal cells responded to both heat exposure conditions by decreasing secretory PGF2«,
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particularly in the cultures without LPS, whilst LPS up-regulated the secretion of PGF2«,
especially in the cultures with elevated temperature conditions. Indeed, the data show
that the expression of PGE synthase PTGES was not fully up-regulated by an acute heat
exposure in LPS treated-endometrial cells, whereas long-term heat exposure significantly
decreased PGF synthase AKR1B1 expression. Though there were some differences between
the current study and previous studies in the data from the prostaglandin biosynthesis
pathway, which may be due to variations in the experimental design, the main finding
among these studies was a raised baseline of PGF2« secretion without pulsatile pattern,
contributing to the inhibition of normal luteolysis [58,59].

The role of ALOX12 (also known as 12-LOX) has been implicated in various inflammation-
related diseases. It is interesting to note that the LPS-induced expression of pro-inflammatory
cytokines IL6, IL12, CXCL9 and CXCL10 was reduced by the inhibition of ALOX12 in
macrophages [60,61]. Data from the present study show that ALOX12 was up-regulated
in mixed endometrial cell cultures challenged by LPS for 12 h, but the thermal stress had
no impact on the expression of this molecule. The reason for this finding is that there are
controversial reports of ALOX12 regarding inflammation, as its metabolites demonstrate
both pro- and anti-inflammatory activities. Mechanisms by which ALOX12 exhibits its
pro-resolving effects are not fully understood. The direct effect of LPS on ALOX12 expres-
sion was evident here, but HS may affect other pro-resolution molecules, e.g., lipoxins,
resolvins and protectins, which exert potent and direct anti-inflammatory effects in various
cell types [61-64]; therefore, they should be further investigated.

Due to their protective role against heat stress-induced cell damage, HSPs in cattle
have been studied by numerous research groups in recent decades. HSPs are therefore used
as heat stress markers [65]. In this study, neither heat exposure nor LPS had any impact on
HSPA5 (heat shock protein family A (Hsp70) member 5), whilst previous studies showed
that the expressions of heat stress markers HSP70 and HSP90 were increased in bovine
endometrial explants cultured in vitro under heat stress conditions [56,66]. Another in vivo
study also found that endometrial HSP70 was higher in the summer than in the winter
of the Southern Japan [57]. The reason for this difference is still unclear. We based our
results on the endometrium retrieved from dairy cattle in Thailand that have been raised
and genetically adapted to tropical conditions over multiple generations. Moreover, the
genotype and allele frequency of HSP70 polymorphisms [67] revealed that genotype AA
is more frequent in Thai Friesian dairy cows than genotype AB; therefore, these cows are
more tolerant to heat stress.

Based on our in vitro findings and previous in vivo studies, the suggested strategies
that attempt to decrease the production loss and other effects of HS in high-yielding
dairy cattle should depend on the type of heat exposure. For the short-term effect of
heat exposure conditions, e.g., short summer seasons or heatwaves in some regions, the
cows’ gene expressions related to uterine defense mechanisms were dramatically reduced,
which may result in postpartum uterine infection. In addition, high-production cows in
early lactation are sensitive to HS, and their production remarkably declined when their
body temperature exceeded 39 °C for more than 16 h [68]. Consequently, environment
management by adjusting cooling management systems on farms and nutritional dietary
manipulation might be a valid option [69,70]. Long-term heat exposure occurs when dairy
cows are raised in tropical and sub-tropical regions. Our results show that the immune-
related gene and protein expressions in the endometria of cows were altered. The climatic
conditions of the tropics bring about an increase in temperature and relative humidity.
In combination with the high production of metabolic heat from body maintenance and
milk production, postpartum cows will suffer from an extreme heat load, resulting in a
decline in feed and water intake, a high body temperature and a decrease in fertility [9].
The strategic management of this condition should focus on the use of an appropriate
genetic approach [71] by improving reproductive traits without disturbing production in
high-producing dairy cattle under heat stress conditions.
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5. Conclusions

In summary, a better understanding of the molecular mechanisms of bovine repro-
duction and its alteration by HS, especially in the local uterine function, is needed to
improve the strategies of reproductive management and develop an innovative approach
regarding dairy herd health to prevent a sub-optimal uterine environment associated with
low fertility rates. To our knowledge, the current study provides the first evidence that
bovine endometrial cells responded to bacterial endotoxin in different ways based on
an elevated temperature duration under in vitro conditions. Short-term heat exposure
decreased antimicrobial peptide SIO0A8 gene expression and secretory IL8 and PGF2o
compared with the control temperature, while long-term heat exposure reduced S100A8
expression and secretory PGF2o. Notably, the short-term heat treatment was insufficient
for fully accomplishing the responses of bovine endometrial cells to LPS treatment in terms
of IL8, S1I00A8 and prostaglandin E synthase (PTGES) expressions when compared with
control and long-term heat exposure conditions.

Author Contributions: T.S.-U. conceptualized and designed the experiments; S.C., ].S. and T.S.-U.
performed the experiments; M.T. supervised the research; T.S.-U. and J.S. analyzed the data; T.S.-U.
and S.C. wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Thailand Research Fund (Grant Number TRG5780084) and
the Chulalongkorn University-Veterinary Science Research Fund (Grant Number RG 8/2565).

Institutional Review Board Statement: The experiments were conducted based on the relevant
ethical regulations and guidelines of the Institution Animal Care and Use Committee, Faculty of
Veterinary Science, Chulalongkorn University, Bangkok (approval number 1531012).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the staff from the Department of Obstetrics Gynaecol-
ogy and Reproduction, Faculty of Veterinary Science, Chulalongkorn University, for supporting
the facilities to carry out the research. We are also grateful to Ruchikon Jongsuwanwattana for
figure graphing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lucy, M.C. Reproductive loss in high-producing dairy cattle: Where will it end? J. Dairy Sci. 2001, 84, 1277-1293. [PubMed]

2. Morton, ].M,; Trainer, W.P,; Mayer, D.G.; Jonsson, N.N. Effects of environmental heat on conception rates in lactating dairy cows:
Critical periods of exposure. |. Dairy Sci. 2007, 90, 2271-2278. [PubMed]

3. Bohmanova, ].; Misztal, I.; Cole, ].B. Temperature-humidity indices as indicators of milk production losses due to heat stress.
J. Dairy Sci. 2007, 90, 1947-1956. [CrossRef] [PubMed]

4. Schiiller, L.K.; Burfeind, O.; Heuwieser, W. Impact of heat stress on conception rate of dairy cows in the moderate climate
considering different temperature-humidity index thresholds, periods relative to breeding, and heat load indices. Theriogenology
2014, 81, 1050-1057. [CrossRef] [PubMed]

5. Polsky, L.; von Keyserlingk, M.A.G. Invited review: Effects of heat stress on dairy cattle welfare. J. Dairy Sci. 2017, 100, 8645-8657.

6.  De Rensis, F,; Garcia-Ispierto, I.; Lopez-Gatius, F. Seasonal heat stress: Clinical implications and hormone treatments for the
fertility of dairy cows. Theriogenology 2015, 84, 659-666.

7. Berman, A.; Folman, Y.; Kaim, M.; Mamen, M.; Herz, Z.; Wolfenson, D.; Arieli, A.; Graber, Y. Upper critical temperatures and
forced ventilation effects for high-yielding dairy cows in a subtropical climate. J. Dairy Sci. 1985, 68, 1488-1495.

8. Al-Katanani, Y.M.; Webb, D.W.; Hansen, PJ. Factors affecting seasonal variation in 90-day nonreturn rate to first service in
lactating Holstein cows in a hot climate. J. Dairy Sci. 1999, 82, 2611-2616. [CrossRef]

9. Suadsong, S. Alleviating heat stress leads to improved cow reproductive performance. In Milk Production—An Up-to-Date
Overview of Animal Nutrition, Management and Health; Chaiyabutr, N., Ed.; InTech: Novi Sad, Croatia, 2012; pp. 309-330.

10. Ratchamak, R.; Ratsiri, T.; Chumchai, R.; Boonkum, W.; Chankitisakul, V. Relationship of the temperature-humidity index (THI)

with ovarian responses and embryo production in superovulated Thai-Holstein crossbreds under tropical climate conditions. Vet.
Sci. 2021, 8, 270. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/11417685
http://www.ncbi.nlm.nih.gov/pubmed/17430927
http://doi.org/10.3168/jds.2006-513
http://www.ncbi.nlm.nih.gov/pubmed/17369235
http://doi.org/10.1016/j.theriogenology.2014.01.029
http://www.ncbi.nlm.nih.gov/pubmed/24612695
http://doi.org/10.3168/jds.S0022-0302(99)75516-5
http://doi.org/10.3390/vetsci8110270

Animals 2022, 12, 2359 14 of 16

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sejian, V.; Bhatta, R.; Gaughan, J.B.; Dunshea, ER.; Lacetera, N. Review: Adaptation of animals to heat stress. Animal 2018, 12,
s431-s444.

Roman-Ponce, H.; Thatcher, WW.; Caton, D.; Barron, D.H.; Wilcox, C.J. Thermal stress effects on uterine blood flow in dairy cows.
J. Anim. Sci. 1978, 46, 175-180. [CrossRef] [PubMed]

Gwazdauskas, E.C.; Thatcher, W.W.; Wilcox, C.J. Physiological, environmental, and hormonal factors at insemination which may
affect conception. J. Dairy Sci. 1973, 56, 873-877. [CrossRef]

Rutledge, J.J. Use of embryo transfer and IVF to bypass effects of heat stress. Theriogenology 2001, 55, 105-111. [CrossRef]

Ray, D.E.; Halbach, T.].; Armstrong, D.V. Season and lactation number effects on milk production and reproduction of dairy cattle
in Arizona. J. Dairy Sci. 1992, 75, 2976-2983. [CrossRef]

Rivera, R.M.; Hansen, PJ. Development of cultured bovine embryos after exposure to high temperatures in the physiological
range. Reproduction 2001, 121, 107-115. [CrossRef]

Kasimanickam, R.; Kasimanickam, V. Impact of heat stress on embryonic development during first 16 days of gestation in dairy
cows. Sci. Rep. 2021, 11, 14839. [CrossRef]

Katagiri, S.; Moriyoshi, M. Alteration of the endometrial EGF profile as a potential mechanism connecting the alterations in the
ovarian steroid hormone profile to embryonic loss in repeat breeders and high-producing cows. J. Reprod. Dev. 2013, 59, 415-420.
[CrossRef]

Kawano, K.; Yanagawa, Y.; Nagano, M.; Katagiri, S. Effects of heat stress on the endometrial epidermal growth factor profile and
fertility in dairy cows. J. Reprod. Dev. 2022, 68, 144-151. [CrossRef]

Swangchan-Uthai, T.; Chen, Q.; Kirton, S.E.; Fenwick, M.A.; Cheng, Z.; Patton, J.; Fouladi-Nashta, A.A.; Wathes, D.C. Influence of
energy balance on the antimicrobial peptides SI00A8 and S100A9 in the endometrium of the postpartum dairy cow. Reproduction
2013, 145, 527-539. [CrossRef]

Foldj, J.; Kulesar, M.; Pecsi, A.; Huyghe, B.; de Sa, C.; Lohuis, J.A.; Cox, P.; Huszenicza, G. Bacterial complications of postpartum
uterine involution in cattle. Anim. Reprod. Sci. 2006, 96, 265-281. [CrossRef]

Williams, E.J.; Fischer, D.P; Noakes, D.E.; England, G.C.; Rycroft, A.; Dobson, H.; Sheldon, I.M. The relationship between
uterinepathogen growth density and ovarian function in the postpartum dairy cow. Theriogenology 2007, 68, 549-559. [CrossRef]
Sheldon, I.M.; Cronin, J.; Goetze, L.; Donofrio, G.; Schuberth, H.J. Defining postpartum uterine disease and the mechanisms of
infection and immunity in the female reproductive tract in cattle. Biol. Reprod. 2009, 81, 1025-1032. [CrossRef]

Herath, S.; Dobson, H.; Bryant, C.E.; Sheldon, I.M. Use of the cow as a large animal model of uterine infection and immunity.
J. Reprod. Immunol. 2006, 69, 13-22. [CrossRef]

Peter, A.T.; Bosu, W.T.; Gilbert, R.O. Absorption of Escherichia coli endotoxin (lipopolysaccharide) from the uteri of postpartum
dairy cows. Theriogenology 1990, 33, 1011-1014. [CrossRef]

Chapwanya, A.; Meade, K.G.; Foley, C.; Narciandi, F.; Evans, A.C.; Doherty, M.L.; Callanan, ].J.; O’Farrelly, C. The postpartum
endometrial inflammatory response: A normal physiological event with potential implications for bovine fertility. Reprod. Fertil.
Dev. 2012, 24, 1028-1039. [CrossRef]

Fu, Y; Liu, B,; Feng, X,; Liu, Z.; Liang, D.; Li, E; Li, D.; Cao, Y; Feng, S.; Zhang, X.; et al. Lipopolysaccharide increases Toll-like
receptor 4 and downstream Toll-like receptor signaling molecules expression in bovine endometrial epithelial cells. Vet. Immunol.
Immunopathol. 2013, 151, 20-27. [CrossRef]

Deng, Y,; Liu, B.; Fu, C.; Gao, L.; Shen, Y,; Liu, K.; Li, Q.; Cao, J.; Mao, W. Lipopolysaccharide stimulates bovine endometrium
explants through Toll-like receptor 4 signaling and PGE2 synthesis. Prostaglandins Leukot. Essent. Fatty Acids 2021, 168, 102272.
[CrossRef]

Swangchan-Uthai, T.; Lavender, C.R.; Cheng, Z.; Fouladi-Nashta, A.A.; Wathes, D.C. Time course of defense mechanisms in
bovine endometrium in response to lipopolysaccharide. Biol. Reprod. 2012, 87, 135. [CrossRef]

Gilbert, R.O. The effects of endometritis on the establishment of pregnancy in cattle. Reprod. Fertil. Dev. 2012, 24, 252-257.
[CrossRef]

Fusco, R.; Cordaro, M.; Siracusa, R.; Peritore, A.F.; D’Amico, R.; Licata, P; Crupi, R.; Gugliandolo, E. Effects of hydroxytyrosol
against lipopolysaccharide-induced inflammation and oxidative stress in bovine mammary epithelial cells: A natural therapeutic
tool for bovine mastitis. Antioxidants 2020, 9, 693. [CrossRef]

Williams, E.J.; Fischer, D.P.,; Pfeiffer, D.U.; England, G.C.; Noakes, D.E.; Dobson, H.; Sheldon, .M. Clinical evaluation of
postpartum vaginal mucus reflects uterine bacterial infection and the immune response in cattle. Theriogenology 2005, 63, 102-117.
[CrossRef] [PubMed]

Liu, K.; Mao, W,; Liu, B,; Li, T.; Wang, X.; Pei, L.; Cao, J.; Wang, F. Prostaglandin E2 promotes Staphylococcus aureus infection via
EP4 receptor in bovine endometrium. Microb. Pathog. 2021, 158, 105019. [CrossRef] [PubMed]

Mavangira, V.; Sordillo, L.M. Role of lipid mediators in the regulation of oxidative stress and inflammatory responses in dairy
cattle. Res. Vet. Sci. 2018, 116, 4-14. [CrossRef] [PubMed]

Chapwanya, A.; Meade, K.G.; Doherty, M.L.; Callanan, ].].; Mee, ].E.; O’Farrelly, C. Histopatho-logical and molecular evaluation
of Holstein-Friesian cows postpartum: Toward an improved understanding of uterine innate immunity. Theriogenology 2009, 71,
1396-1407. [CrossRef]

Gilbert, R.O.; Shin, S.T.; Guard, C.L.; Erb, H.N.; Frajblat, M. Prevalence of endometritis and its effects on reproductive performance
of dairy cows. Theriogenology 2005, 64, 1879-1888. [CrossRef]


http://doi.org/10.2527/jas1978.461175x
http://www.ncbi.nlm.nih.gov/pubmed/565348
http://doi.org/10.3168/jds.S0022-0302(73)85270-1
http://doi.org/10.1016/S0093-691X(00)00449-0
http://doi.org/10.3168/jds.S0022-0302(92)78061-8
http://doi.org/10.1530/rep.0.1210107
http://doi.org/10.1038/s41598-021-94278-2
http://doi.org/10.1262/jrd.2013-048
http://doi.org/10.1262/jrd.2021-120
http://doi.org/10.1530/REP-12-0513
http://doi.org/10.1016/j.anireprosci.2006.08.006
http://doi.org/10.1016/j.theriogenology.2007.04.056
http://doi.org/10.1095/biolreprod.109.077370
http://doi.org/10.1016/j.jri.2005.09.007
http://doi.org/10.1016/0093-691X(90)90062-X
http://doi.org/10.1071/RD11153
http://doi.org/10.1016/j.vetimm.2012.09.039
http://doi.org/10.1016/j.plefa.2021.102272
http://doi.org/10.1095/biolreprod.112.102376
http://doi.org/10.1071/RD11915
http://doi.org/10.3390/antiox9080693
http://doi.org/10.1016/j.theriogenology.2004.03.017
http://www.ncbi.nlm.nih.gov/pubmed/15589277
http://doi.org/10.1016/j.micpath.2021.105019
http://www.ncbi.nlm.nih.gov/pubmed/34107344
http://doi.org/10.1016/j.rvsc.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28807478
http://doi.org/10.1016/j.theriogenology.2009.01.006
http://doi.org/10.1016/j.theriogenology.2005.04.022

Animals 2022, 12, 2359 15 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ireland, ].J.; Murphee, R.L.; Coulson, P.B. Accuracy of predicting stages of bovine estrous cycle by gross appearance of the corpus
luteum. J. Dairy Sci. 1980, 63, 155-160. [CrossRef]

Swangchan-Uthai, T.; Walsh, S.W.; Alexander, S.L.; Cheng, Z.; Crowe, M.A.; Evans, A.C.; Wathes, D.C. Comparison of mRNA
for IGFs and their binding proteins in the oviduct during the peri-oestrous period between dairy heifers and lactating cows.
Reproduction 2011, 142, 457-465. [CrossRef]

Cheng, Z.; Oguejiofor, C.F.; Swangchan-Uthai, T.; Carr, S.; Wathes, D.C. Relationships between circulating urea concentrations
and endometrial function in postpartum dairy cows. Animals 2015, 5, 748-773. [CrossRef]

Vandesompele, ].; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, RESEARCH0034.
[CrossRef]

Wathes, D.C.; Swangchan-Uthai, T.; Oguejiofor, C.F.; Cheng, Z. Energy balance, immune function and fertility in the postpartum
dairy cow. Cattle Pract. 2013, 21, 129-137.

Tanikawa, M.; Kim, T.S.; Okuda, K.; Ryoo, Z.Y.; Park, S.B.; Shin, ].H.; Park, C.K,; Lee, D.S. Cell-type specificity of interleukins
lalpha and 1beta on prostaglandin and plasminogen activator production in bovine endometrial cells. Anim. Reprod. Sci. 2009,
114, 32-42. [CrossRef]

Cronin, ].G.; Turner, M.L.; Goetze, L.; Bryant, C.E.; Sheldon, .M. Toll-like receptor 4 and MYD88-dependent signaling mechanisms
of the innate immune system are essential for the response to lipopolysaccharide by epithelial and stromal cells of the bovine
endometrium. Biol. Reprod. 2012, 86, 51. [CrossRef]

Chotimanukul, S.; Swangchan-Uthai, T.; Suwimonteerabutr, J.; Techakumphu, M. Effect of TLR4 antagonist on immune responses
of bovine endometrial cells. Thai ]. Vet. Med. 2017, 47, 87-96.

Thompson, J.A.; Magee, D.D.; Tomaszewski, M.A.; Wilks, D.L.; Fourdraine, R.H. Management of summer infertility in Texas
Holstein dairy cattle. Theriogenology 1996, 46, 547-558. [CrossRef]

Nabenishi, H.; Ohta, H.; Nishimoto, T.; Morita, T.; Ashizawa, K.; Tsuzuki, Y. Effect of the temperature-humidity index on body
temperature and conception rate of lactating dairy cows in southwestern Japan. J. Reprod. Dev. 2011, 57, 450-456. [CrossRef]
Abdelnour, S.A.; Abd El-Hack, M.E.; Khafaga, A.F; Arif, M.; Taha, A.E.; Noreldin, A.E. Stress biomarkers and proteomics
alteration to thermal stress in ruminants: A review. J. Therm. Biol. 2019, 79, 120-134. [CrossRef]

Bai, H.; Ukita, H.; Kawahara, M.; Mitani, T.; Furukawa, E.; Yanagawa, Y.; Yabuuchi, N.; Kim, H.; Takahashi, M. Effect of summer
heat stress on gene expression in bovine uterine endometrial tissues. Anim. Sci. ]. 2020, 91, e13474. [CrossRef]

Zerbe, H.; Schuberth, H.]J.; Engelke, F,; Frank, J.; Klug, E.; Leibold, W. Development and comparison of in vivo and in vitro
models for endometritis in cows and mares. Theriogenology 2003, 60, 209-223. [CrossRef]

Christoffersen, M.; Baagoe, C.D.; Jacobsen, S.; Bojesen, A.M.; Petersen, M.R.; Lehn-Jensen, H. Evaluation of the systemic acute
phase response and endometrial gene expression of serum amyloid A and pro- and anti-inflammatory cytokines in mares with
experimentally induced endometritis. Vet. Immumol. Immunopathol. 2010, 138, 95-105. [CrossRef]

Ghasemi, F.; Gonzalez-Cano, P.; Griebel, PJ.; Palmer, C. Proinflammatory cytokine gene expression in endometrial cytobrush
samples harvested from cows with and without subclinical endometritis. Theriogenology 2012, 78, 1538-1547. [CrossRef]
Karstrup, C.C.; Agerholm, ].S.; Jensen, TK.; Swaro, L.; Klitgaard, K.; Rasmussen, E.L.; Krogh, K.M.; Pedersen, H.G. Presence and
localization of bacteria in the bovine endometrium postpartum using fluorescence in situ hybridization. Theriogenology 2017, 92,
167-175. [CrossRef]

Sheldon, LM.; Cronin, J.G.; Healey, G.D.; Gabler, C.; Heuwieser, W.; Streyl, D.; Bromfield, J.J.; Miyamoto, A.; Fergani, C.; Dobson,
H. Innate immunity and inflammation of the bovine female reproductive tract in health and disease. Reproduction 2014, 148,
R41-R51. [CrossRef] [PubMed]

Sakai, S.; Hatabu, T.; Yamamoto, Y.; Kimura, K. Alteration of chemokine production in bovine endometrial epithelial and stromal
cells under heat stress conditions. Physiol. Rep. 2020, 8, e14640. [CrossRef]

Passey, R.J.; Williams, E.; Lichanska, A.M.; Wells, C.; Hu, S.; Geczy, C.L.; Little, M.H.; Hume, D.A. A null mutation in the
inflammation-associated S100 protein SI00A8 causes early resorption of the mouse embryo. J. Immunol. 1999, 163, 2209-2216.
[PubMed]

Ryan, D.P; Blakewood, E.G.; Lynn, ] W.; Munyakazi, L.; Godke, R.A. Effect of heat-stress on bovine embryo development in vitro.
J. Anim. Sci. 1992, 70, 3490-3497. [CrossRef] [PubMed]

Sakai, S.; Hagihara, N.; Kuse, M.; Kimora, K.; Okuda, K. Heat stress affects prostaglandin synthesis in bovine endometrial cells.
J. Reprod. Dev. 2018, 64, 311-317. [CrossRef] [PubMed]

McCracken, J.A.; Custer, E.E.; Lamsa, J.C. Luteolysis: A neuro- endocrine-mediated event. Physiol. Rev. 1999, 79, 263-323.
[CrossRef]

Mateus, L.; Lopes da Costa, L.; Diniz, P.; Ziecik, A.]J. Relationship between endotoxin and prostaglandin (PGE2 and PGFM)
concentrations and ovarian function in dairy cows with puerperal endometritis. Anim. Reprod. Sci. 2003, 76, 143-154. [CrossRef]
Namgaladze, D.; Snodgrass, R.G.; Angioni, C.; Grossmann, N.; Dehne, N.; Geisslinger, G.; Briine, B. AMP-activated protein
kinase suppresses arachidonate 15-lipoxygenase expression in interleukin 4-polarized human macrophages. J. Biol. Chem. 2015,
290, 24484-24494. [CrossRef]

Singh, N.K.; Rao, G.N. Emerging role of 12/15-Lipoxygenase (ALOX15) in human pathologies. Prog. Lipid Res. 2019, 73, 28-45.
[CrossRef]


http://doi.org/10.3168/jds.S0022-0302(80)82901-8
http://doi.org/10.1530/REP-11-0154
http://doi.org/10.3390/ani5030382
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.1016/j.anireprosci.2008.09.003
http://doi.org/10.1095/biolreprod.111.092718
http://doi.org/10.1016/0093-691X(96)00176-8
http://doi.org/10.1262/jrd.10-135T
http://doi.org/10.1016/j.jtherbio.2018.12.013
http://doi.org/10.1111/asj.13474
http://doi.org/10.1016/S0093-691X(02)01376-6
http://doi.org/10.1016/j.vetimm.2011.04.001
http://doi.org/10.1016/j.theriogenology.2012.06.022
http://doi.org/10.1016/j.theriogenology.2017.01.026
http://doi.org/10.1530/REP-14-0163
http://www.ncbi.nlm.nih.gov/pubmed/24890752
http://doi.org/10.14814/phy2.14640
http://www.ncbi.nlm.nih.gov/pubmed/10438963
http://doi.org/10.2527/1992.70113490x
http://www.ncbi.nlm.nih.gov/pubmed/1459911
http://doi.org/10.1262/jrd.2018-051
http://www.ncbi.nlm.nih.gov/pubmed/29710018
http://doi.org/10.1152/physrev.1999.79.2.263
http://doi.org/10.1016/S0378-4320(02)00248-8
http://doi.org/10.1074/jbc.M115.678243
http://doi.org/10.1016/j.plipres.2018.11.001

Animals 2022, 12, 2359 16 of 16

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Uderhardt, S.; Herrmann, M.; Oskolkova, O.V.; Aschermann, S.; Bicker, W.; Ipseiz, N.; Sarter, K.; Frey, B.; Rothe, T.; Voll, R;;
et al. 12/15-lipoxygenase orchestrates the clearance of apoptotic cells and maintains immunologic tolerance. Immunity 2012, 36,
834-846. [CrossRef] [PubMed]

Hersberger, M. Potential role of the lipoxygenase derived lipid mediators in atherosclerosis: Leukotrienes, lipoxins and resolvins.
Clin. Chem. Lab. Med. 2010, 48, 1063—-1073. [CrossRef] [PubMed]

Serhan, C.N.; Hamberg, M.; Samuelsson, B. Lipoxins: Novel series of biologically active compounds formed from arachidonic
acid in human leukocytes. Proc. Natl. Acad. Sci. USA 1984, 81, 5335-5339. [CrossRef] [PubMed]

Binder, R.J. Functions of heat shock proteins in pathways of the innate and adaptive immune system. J. Immunol. 2014, 193,
5765-5771. [CrossRef] [PubMed]

Putney, D.J.; Malayer, ].R.; Gross, T.S.; Thatcher, W.W.; Hansen, PJ.; Drost, M. Heat stress-induced alterations in the synthesis
and secretion of proteins and prostaglandins by cultured bovine conceptuses and uterine endometrium. Biol. Reprod. 1988, 39,
717-728. [CrossRef] [PubMed]

Siripug, T.; Katawatin, S. Histological study of skin in Holstein-Friesian Crossbred with different genotype of HSP70-2 gene. Khon
Kaen Agric. |. 2015, 43, 359-364.

Igono, M.O.; Johnson, H.D. Physiological stress index of lactating dairy cows based on diurnal pattern of rectal temperature.
J. Interdiscip. Cycle Res. 1990, 21, 303-320. [CrossRef]

Hansen, PJ.; Arechiga, C.F. Strategies for managing reproduction in the heat-stressed dairy cow. J. Anim. Sci. 1999, 77 (Suppl. 2),
36-50. [CrossRef]

Kadzere, C.T.; Murphy, M.R; Silanikove, N.; Maltz, E. Heat stress in lactating dairy cows: A review. Livest. Prod. Sci. 2002, 77,
59-91. [CrossRef]

Fathoni, A.; Boonkum, W.; Chankitisakul, V.; Duangjinda, M. An appropriate genetic approach for improving reproductive traits
in crossbred Thai-Holstein Cattle under heat stress conditions. Vet. Sci. 2022, 9, 163. [CrossRef]


http://doi.org/10.1016/j.immuni.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22503541
http://doi.org/10.1515/CCLM.2010.212
http://www.ncbi.nlm.nih.gov/pubmed/20441482
http://doi.org/10.1073/pnas.81.17.5335
http://www.ncbi.nlm.nih.gov/pubmed/6089195
http://doi.org/10.4049/jimmunol.1401417
http://www.ncbi.nlm.nih.gov/pubmed/25480955
http://doi.org/10.1095/biolreprod39.3.717
http://www.ncbi.nlm.nih.gov/pubmed/3196802
http://doi.org/10.1080/09291019009360091
http://doi.org/10.2527/1997.77suppl_236x
http://doi.org/10.1016/S0301-6226(01)00330-X
http://doi.org/10.3390/vetsci9040163

	Introduction 
	Materials and Methods 
	Sample 
	Primary Bovine Endometrial Cells Culture 
	Characterization of Endometrial Culture System 
	Cell Culture Treatment with Heat Exposure and LPS 
	Optimization of Endometrial Cell Culture and Exposure to Elevated Temperature 
	Sample Collecting for Evaluation 
	Quantitative Real-Time PCR System 
	RNA Isolation and Reverse Transcription 
	Primer Sequences and Optimization of qPCR 
	Real-Time qPCR 

	Measurement of Secreted Protein Using ELISA for IL8 and PGF2 
	Statistical Analysis 

	Results 
	Effect of Heat Exposure and LPS on Gene Response of Bovine Endometrial Cells 
	Effect of Heat Exposure and LPS on Secretory IL8 of Bovine Endometrial Cells 
	Effect of Heat Exposure and LPS on Secretory PGF2 of Bovine Endometrial Cells 

	Discussion 
	Conclusions 
	References

