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1 |  INTRODUCTION

The bovine endometrium is a major contributor to the regula-
tion of reproduction and is involved in processes such as the 
estrous cycle, implantation, and placenta formation (Bazer 

et al., 2009; Poyser, 1995; Roberts et al., 1992). For the en-
dometrium to correctly perform its functions, the uterine 
lumen is kept aseptic by the cervix and endometrial epithelial 
cells, which represent anatomical barriers of innate immunity 
(Sheldon, 2014; Turner et al., 2012). However, because the 
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Abstract
After parturition, cows frequently develop uterine bacterial infections, resulting in 
the onset of endometritis. To eliminate the bacteria, bovine endometrial cells secrete 
chemokines, such as IL-6 and MCP1, which attract macrophages (MΦs) to the sub-
epithelial stroma. These attracted MΦs are not only involved in bacterial elimination 
but also the orchestration of inflammation and tissue repair. These immune responses 
aid in the recovery from endometritis; however, the recovery from endometritis takes 
longer in summer than in any other season. Based on these findings, we hypoth-
esized that heat stress (HS) affects the chemokine production in endometrial cells. 
To confirm this hypothesis, we compared IL-6 and MCP1 production induced by 
lipopolysaccharide (LPS) in bovine endometrial epithelial and stromal cells under 
normal (38.5°C) and HS conditions (40.5°C). In the endometrial epithelial cells, IL-6 
production stimulated by LPS was significantly (p < .05) suppressed under HS con-
ditions. MCP1 production in endometrial epithelial cells was not detected under both 
the control and HS conditions regardless of the presence of LPS. Moreover, LPS 
significantly (p < .05) stimulated IL-6 and MCP1 production in endometrial stromal 
cells. Moreover, HS significantly (p < .05) enhanced their production compared to 
that under the control conditions. In addition, HS did not affect the migration ability 
of MΦs; however, the supernatant of the endometrial stromal cells cultured under the 
HS condition significantly (p < .05) attracted the MΦs when compared to the control 
condition. These results suggest that HS disrupts chemokine production in two types 
of endometrial cells and alters the distribution of MΦs in the endometrium during 
the summer.
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bovine cervix becomes softer and the endometrial epithelial 
layer is exfoliated in the postpartum period, the uterine an-
atomical barrier functions are disrupted, resulting in bacte-
rial infections in the bovine endometrium (Bondurant, 1999; 
Bromfield et  al.,  2015). Indeed, in the postpartum period, 
approximately 20% of cows develop clinical endometritis, 
which is defined as the presence of a purulent uterine dis-
charge detectable in the vagina (Bromfield et  al.,  2015). 
Moreover, 70% of postpartum cows develop subclinical 
endometritis, which is characterized by the inflammation 
of the endometrium in the absence of the purulent uterine 
discharge even after the repair of the endometrium (Sheldon 
et  al.,  2008). Because endometritis negatively affects not 
only uterine function but also ovarian function (Bromfield 
et  al., 2015; Ghanem et  al., 2015), recovery from endome-
tritis in cows are necessary before there can be subsequent 
pregnancies.

The majority of pathogens that cause endometritis are 
gram-negative bacteria, such as Escherichia coli (Brodzki 
et al., 2014; Williams et al., 2008). In the bovine endome-
trium, the response to E. coli and its pathogen-associated 
molecular patterns, such as lipopolysaccharide (LPS), is de-
pendent on the pattern-recognition receptors, including the 
complex of Toll-like receptor 4 (TLR4), MD-2, and CD14 
(Sheldon et  al.,  2014). After the detection of LPS by this 
complex, bovine endometrial epithelial and stromal cells 
secrete chemokine, such as MCP1, IL-6, and IL-8 (Saut 
et al., 2014; Sheldon et al., 2014) to recruit immune cells 
to the infection site (Karstrup et  al.,  2017; MacKintosh 
et  al.,  2013). MCP1 and IL-6 attract macrophages (MΦs) 
(Bianconi et al., 2018; Clahsen & Schaper, 2008), whereas 
IL-8 recruits neutrophils (Caswell et al., 1999). In the case 
of bovine endometritis, because almost all of E. coli are 
present in the uterine lumen and endometrial epithelial 
layer, immune cells need to be recruited there to elimi-
nate the bacteria and promote recovery from endometritis 
(Karstrup et  al.,  2017). Particularly, the rapid attraction 
of neutrophils contributes to the elimination of bacteria 
(Brodzki et al., 2014; Sheldon et al., 2014). In addition, the 
MΦs are attracted following neutrophils and are not only in-
volved in bacterial elimination but also the secretion of an-
timicrobial peptides, the orchestration of inflammation, the 
activation of other immune cells (T- and B-cells) and tissue 
repair (Dadarwal et  al.,  2017; Fischer et  al.,  2010; Garcia 
et al., 2017; Kauma, 2000; Sheldon et al., 2014).

In the livestock industry, heat stress (HS) is a key con-
cern because it influences not only milk production but 
also reproductive performance (De Rensis et  al.,  2015). 
Specifically, HS leads to the absence of overt estrous be-
havior because of reduced estradiol 17β production by the 
dominant follicle and decreases the rate of embryo survival, 
resulting in a lower conception rate in cows during summer 
(Cavestany et al., 1985; De Rensis et al., 2015; De Rensis & 

Scaramuzzi, 2003). Moreover, we previously found that HS 
directly affects the endometrial cells and disrupts their endo-
crine function (Sakai et al., 2018). In addition, because it has 
been reported that cows are at a high risk of endometritis in 
summer and that its symptoms last longer than in the other 
seasons (Gautam et al., 2010; Pascottini et al., 2017), we hy-
pothesized that local effect of HS might be involved in not 
only endocrine function but also the innate immune response 
in the bovine endometrial cells.

In the present study, to determine whether HS affects the 
immune responses in bovine endometrium at the cellular 
level, we examined the chemokine production in bovine en-
dometrial cells in vitro under HS conditions.

2 |  MATERIALS AND METHODS

2.1 | Collection of uteri

Apparently healthy uteri from cows without a visible con-
ceptus were obtained from a local abattoir (Okayama Meat 
Center and Tsuyama Meat Center) within 10–20 min of ex-
sanguination and immediately transported to the laboratory, 
where they were submerged in ice-cold physiological saline. 
The stages of the estrous cycle were confirmed by the mac-
roscopic observation of the ovaries as described previously 
(Ireland et al., 1980).

2.2 | Isolation and culture of 
endometrial cells

Uteri at Stage I and Stage IV were used for the isolation and 
culture of endometrial cells. The epithelial and stromal cells 
from the bovine endometrium were enzymatically separated 
and cultured according to procedures described previously 
(Murakami et al., 2003; Skarzynski et al., 2000). The collected 
epithelial and stromal cells were separately resuspended in 
culture medium (DMEM/Ham's F-12, 1:1 (v/v); Invitrogen) 
supplemented with 10% (v/v) bovine serum (Invitrogen), 
20 µg/ml of gentamicin (Sigma-Aldrich) and 2 µg/ml of am-
photericin B (Sigma-Aldrich). To culture these epithelial and 
stromal cells, 1 ml containing 1 × 105 viable cells was seeded 
in each well of 24-well dishes (Greiner Bio-One,) or 75 cm2 
culture flasks (Greiner Bio-One), and the cells were cultured 
at 38.5°C in a humidified atmosphere of 5% CO2 in air. When 
the cells were confluent, the culture medium was replaced 
with fresh DMEM/Ham's F-12 supplemented with 0.1% 
(w/v) BSA, 5  ng/ml of sodium selenite (Sigma-Aldrich), 
0.5  mM ascorbic acid (Wako Pure Chemical Industries), 
5 mg/ml of transferrin (Sigma-Aldrich), 2 mg/ml of insulin 
(Sigma-Aldrich) and 20  mg/ml of gentamicin. Then, these 
cells were used in the following experiments.
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2.3 | Isolation of bovine monocytes

Blood samples were collected from healthy Japanese black 
cows (n = 12)aaa aseptically by venipuncture of the vena 
jugularis externa into EDTA vacutainer tubes (TERUMO). 
All procedures were approved by the Animal Care and 
Use Committee, Okayama University, and were con-
ducted in accordance with the Policy on the Care and Use 
of the Laboratory Animals, Okayama University (OKU-
2018340). Blood was centrifuged (900  ×  g, 30  min at 
25°C) and separated into plasma, buffy coat, and red blood 
cell sediment. The buffy coat, containing monocytes was 
resuspended in culture medium (DMEM/Ham's F-12, 1:1 
(v/v)) supplemented with 10% (v/v) bovine serum, 20 µg/
ml of gentamicin, and 2 µg/ml of amphotericin B and subse-
quently seeded in 25 cm2 culture flasks (Greiner Bio-One). 
After overnight incubation, the culture medium containing 
unattached cells was removed.

2.4 | Differentiation of monocytes into 
macrophage-like cell (MΦs)

Monocytes were stimulated with 100 ng/ml of bovine INFγ 
(Gift from Dr. Shigeki Inumaru) for 5 days to induce differ-
entiation into MΦs.

2.5 | Migration assay

Migration assays were performed in 24-well plates with 
ThinCert (Greiner Bio-One). The upper and lower wells 
were separated by a polycarbonate membrane (8  μm pore 
size). The lower wells contained 900 μl of medium, includ-
ing 300  µl of isotonic Percoll. The upper wells contained 
MΦs (10  ×  105 cell/well), which were stained with Dil 
(Invitrogen) for 3 hr at 38.5°C. These wells were incubated 
in a humidified atmosphere of 5% CO2 in air. At the end of 
the incubation, un-migrated MΦs on the upper -side of the 
polycarbonate membrane was removed from the inserts with 
a cotton-tipped swab. The MΦs that migrated to the lower 
-side of the polycarbonate membrane were counted using a 
fluorescence microscope (OLYMPUS).

2.6 | Total RNA extraction and quantitative 
RT-PCR

Total RNA was extracted from the cultured cells using 
RNAiso Plus (TaKaRa Bio) according to the manufacturer's 
directions. The optical density A260/280 of RNA samples was 
measured by NanoDrop LITE (Thermo Fisher Scientific) and 
its value was approximately 2. One microgram of each total 

RNA was reverse transcribed using ReverTra Ace qPCR RT 
Master Mix with gDNA remover (TOYOBO). Quantification 
of MCP1, IL6, CXCL8, CCL3, CCL5, CX3CL1, CXCL10, 
CXCL11, TLR4, MD2, CD14, IL6 Receptor, CCR2, and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 
expression was carried out following a previously described 
method with some modifications (Sakumoto et  al.,  2006). 
Briefly, we quantified the expression of each mRNA using 
Brilliant III Ultra-Fast SYBR Green QPCR Master Mix 
With Low ROX (Agilent Technologies) starting with 2  ng 
of reverse-transcribed total RNA. The expression of GAPDH 
was used as an internal control determined using NormFinder 
(Andersen et al., 2004). For the quantification of the mRNA 
expression levels, PCR was performed under the following 
conditions with the AriaMx Real-Time PCR System (Agilent 
Technologies): 95°C for 30 s, followed by 45 cycles of 95°C 
for 10 s, 56°C or 60°C for 10 s, and 72°C for 15 s with con-
tinuous fluorescence measurement. The melting curve was 
analyzed under the following conditions to check the speci-
ficity of the PCR products: 95°C for 1 min, 56°C or 60°C to 
95°C with 0.5°C interval, 5 s soak time. Serial dilutions (20–
20,000,000 copies) of each PCR product extracted from the 
agarose gel were used as a standard to analyze each mRNA 
expression level. The sequence of each primer and the an-
nealing temperatures is listed in Table 1.

2.7 | Enzyme immunoassay (EIA)

The concentrations of MCP1 and IL-6 in supernatants were 
measured by EIA using a Bovine MCP1 ELISA Reagent Set 
(GWB-KAAO76; GenWay Biotech, Inc) and Bovine IL-6 
ELISA Reagent Kit (ESS0029; Thermo Fisher Scientific), 
respectively. The concentration of IL-8 in the culture me-
dium was determined by EIA as described previously (Hirota 
et al., 2011). The standard curve ranges of MCP1, IL-6, and 
IL-8 were 0.156–10, 0.039–10, and 0.078–20 ng/ml, respec-
tively. The median effective dose (ED50) values of the assays 
for MCP1, IL-6, and IL-8 were 1.25, 0.625, and 1.25 ng/ml, 
respectively. The intra- and inter-assay coefficients of vari-
ation, on average, for MCP1, IL-6, and IL-8 were 7.5% and 
5.8%, 3.52% and 1.12%, 8.39% and 13.52%, respectively.

2.8 | DNA assay

The DNA content of cultured endometrial cells was measured 
as described previously (Labarca & Paigen, 1980). Briefly, 
after cell disruption with an ultrasonic homogenizer, the 
cell lysates were incubated with Hoechst H 33258 (Sigma-
Aldrich). After incubation for 10  min, the fluorescence of 
each sample and standard was measured with a microplate 
fluorometer (Fluoroskan Ascent, Labsystems, Thermo Fisher 
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Scientific). The standard curve ranged from 0.625 to 30 µg/
ml, and the ED50 of the assay was 10 µg/ml.

2.9 | Fluorescence immunohistochemistry

The paraffin-embedded endometrial tissues were sectioned 
(4 μm), and placed on silane-coated glass slides (Dako A/S). 
After deparaffinization with xylene, the sections were sub-
jected to antigen retrieval via heating in 0.01 M citrate buffer 
(pH 6.0) using a microwave at 600 W for 15 min. The sec-
tions were then incubated in 2.5% normal horse serum (Vector 
Laboratories) at room temperature for 20 min, which was fol-
lowed by incubation at 4°C overnight with CD172A monoclo-
nal antibody DH59B (BOV2049, Washington State University 
Monoclonal Antibody Center) diluted in PBS at 1:100. The 
sections were then treated at room temperature for 1 hr with 
an appropriate fluorescent second antibody, the Alexa Fluor 

488 goat anti-rabbit IgG antibody (1:500 dilution of A11005; 
Life Technologies). The sections were washed with PBS and 
covered with Prolong Gold with DAPI (Life Technologies). 
The sections were photographed using an FSX100 Bio-Image 
Navigator (Olympus).

2.10 | Experimental design

2.10.1 | Experiment 1: Effect of HS and 
LPS on the cell viability in bovine endometrial 
epithelial and stromal cells

Bovine endometrial epithelial and stromal cells were cultured 
under control or HS conditions (Sakai et al., 2018). The con-
trol samples were cultured at 38.5°C for 34 hr, followed by 
the LPS challenge (0 or 1 µg/ml) (LPS from Escherichia coli 
O55:B5; Sigma-Aldrich, L6529) for 12 hr at 38.5°C. The HS 

T A B L E  1  Sequences of primers used for quantitative RT-PCR analysis

Genes Forward and reverse primers Accession no.
Annealing 
temperature

MCP1 5′-CGCCTGCTGCTATACATTCA-3′
5′-GCTCAAGGCTTTGGAGTTTG-3′

NM_174006.2 60°C

IL6 5′-AACCACTGCTGGTCTTCTGG-3′
5′-GGTCAGTGTTTGTGGCTGGA-3′

NM_173923.2 60°C

CXCL8 5′-GGCTGTTGCTCTCTTGGCAG-3′
5′-CTGAATTTTCACAGTGTGGCCC-3′

NM_173925.2 60°C

CCL3 5′-GCTGACTATTTTGAGACCAG-3′
5′-GGTCGGTGATGTATTCCT-3′

NM_174511.2 56°C

CCL5 5′-AGGAGTATTTCTACACCAGCAG-3′
5′-GCGTTGATGTACTCTCGCA-3′

NM_175827.2 60°C

CX3CL1 5′-CAACACGGTGTGAACAAG-3′
5′-CTTGTGGTCTAGGTGCTT-3′

XM_002694885.5 56°C

CXCL10 5′-CTGCAAGTCAATCCTGC-3′
5′-TGCAGGAGTAGTAGCAGCT-3′

NM_001046551.2 56°C

CXCL11 5′-CAAGCATGAGTGTGAAGG-3′
5′-CTTTCTCAATATCTGCCAC-3′

NM_001113173.1 56°C

TLR4 5′-TGCCTGAGAACCGAGAGTTG-3′
5′-ATATGGGGATGTTGTCGGGG-3′

NM_174198 60°C

MD2 5′-GGGAAGCCGTGGAATACTCTAT-3′
5′-CCCCTGAAGGAGAATTGTATTG-3′

NM_001046517.1 60°C

CD14 5′-CAGCCGACAACCAGAGAGAG-3′
5′-TAGACCAGTCAGGCTTCGGA-3′

NM_174008.1 60°C

IL6 Receptor 5′-CATTAGGCGAGGAGGAAGCA-3′
5′-CTGTGGCATTGTCCTCTGGT-3′

NM_001110785.1 60°C

CCR2 5′-TACTTGCCCTTGTATCTCCG-3′
5′-GTATCATTGCCATCCATCTTC-3′

XM_015459671.1 60°C

CD80 5′-CTAATCAGCACCTGACCTGG-3′
5′-GTCTGCGTATTGCAGCATTT-3′

NM_001206439.1 60°C

GAPDH 5′-CTCTCAAGGGCATTCTAGGC-3′
5′-TGACAAAGTGGTCGTTGAGG-3′

NM_001034034.2 60°C
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samples were cultured at 40.5°C for 10 hr, allowed to recover 
at 38.5°C for 14  hr, and then cultured at 40.5°C for 10  hr 
again, this was followed by the LPS challenge (0 or 1 µg/
ml) for 12 hr at 40.5°C. Since 1 µg/ml of LPS significantly 
upregulates inflammatory mediator mRNA expression and 
production in bovine endometrial cells (Cronin et al., 2012; 
Herath et al., 2006) and reflects the concentrations in the uter-
ine lumen of infected cattle (Dohmen et al., 2000; Williams 
et al., 2007), we performed one dose of the LPS challenge 
(1 µg/ml) in the present study. After the LPS challenge, the 
cells were harvested to measure the DNA content.

2.10.2 | Experiment 2: Effect of HS and 
LPS on the mRNA expression of chemokines 
in cultured bovine endometrial epithelial and 
stromal cells

Endometrial epithelial and stromal cells were cultured as de-
scribed in Experiment 1. In this experiment, to measure the 
gene expression, these cells were exposed to LPS (0 or 1 µg/
ml) for 6  hr. We confirmed that the mRNA expression of 
chemokines was higher at 6 hr compared to 3 and 12 hr (data 
not shown). After LPS treatment, the cells were harvested to 
measure the mRNA expression of IL6, MCP1, and CXCL8, 
CCL3, CCL5, CX3CL1, CXCL10, CXCL11. In addition, to 
confirm whether HS treatment was effictive, we evaluated 
the heat shock protein 70 and confirmed its increase in both 
types of endometrial cells (data not shown).

2.10.3 | Experiment 3: Effect of HS and 
LPS on the production of IL-6, MCP1, and IL-8 
in cultured bovine endometrial epithelial and 
stromal cells

Endometrial epithelial and stromal cells were cultured as de-
scribed in Experiment 1. After LPS treatment for 12 hr (Zhang 
et al., 2019; Zhu et al., 2015), the medium was collected in a 
1.5 ml tube and immediately frozen and stored at − 30°C until 
the measurement of the concentrations of MCP1, IL-6, and IL-8 
by ELISA. To normalize the concentration of each chemokine, 
the cells were harvested and measured the DNA content.

2.10.4 | Experiment 4: Effect of HS and LPS 
on the mRNA expression of TLR4, CD14 and 
MD2 in cultured bovine endometrial epithelial and 
stromal cells

Endometrial epithelial and stromal cells were cultured as de-
scribed in Experiment 2. Since CD14 and MD-2 are related 
to the recognition of the LPS in cooperation with TLR4 (Park 

et al., 2009; Sheldon et al., 2014; Werling & Jungi, 2003), the 
mRNA expression of TLR4, MD2, and CD14 was measured.

2.10.5 | Experiment 5: Effect of HS on the 
mRNA expression of IL6 Receptor and CCR2 in 
MΦs and their migration ability

First, to confirm the isolation of the monocytes and their 
differentiation into MΦs, the monocytes were stained using 
specific and non-specific esterase (Muto Pure Chemicals 
Co., LTD), and the morphological change and CD80 mRNA 
expression of the differentiated cells were investigated. The 
differentiated MΦs were incubated at 38.5°C or 40.5°C fol-
lowing a previously described method (Sakai et  al.,  2018). 
After incubation, MΦs were harvested to measure the mRNA 
expression of IL6 Receptor and CCR2.

To investigate whether HS affects the migration ability of MΦs, 
migration assays were performed. As control samples, the 24-well 
plates with ThinCerts containing the Dil-stained MΦs in the upper 
well were cultured at 38.5°C for 34 hr, which was followed by the 
addition of 50 ng/ml of MCP1 (Bovine MCP1, PBP024, Bio-Rad 
Laboratories) in the lower well and further incubation for 12 hr 
at 38.5°C. As HS samples, the 24-well plates with ThinCerts that 
contained the Dil-stained MΦs in the upper well were cultured at 
40.5°C for 10 hr and allowed to recover at 38.5°C for 14 hr; they 
were then cultured at 40.5°C for 10 hr again, which was followed 
by the addition of 50 ng/ml of MCP1 in the lower well and fur-
ther incubation for 12 hr at 40.5°C. After incubation, the migrated 
MΦs were counted using a fluorescence microscope.

To confirm whether the endometrial stromal cells under 
the HS condition attracted a large number of MΦs, a migra-
tion assay was performed with the culture supernatant of 
the endometrial stromal cells. The endometrial stromal cells 
were cultured in 75 cm2 culture flasks with 10 ml of BSA-
free culture medium under the same conditions as described 
in Experiment 3. After this culture medium was concentrated 
to 600 μl with Centricut (U-10, cut-off value of molecular 
weight: 10,000, Kurabo Industries Ltd.), the migration assay 
was performed at 38.5°C for 12 hr. Since LPS was also con-
centrated in this experiment and it might affect the migration 
ability of the MΦs, the migration assay was performed with 
the medium which contains the concentrated LPS.

2.10.6 | Experiment 6: Localization of MΦs in 
bovine endometrium in summer and winter

For the measurement of the length of the MΦs from the 
epithelial layer, endometrial tissues (Stage III) were col-
lected from six cows in the winter (January–February and 
November–December 2017) and six cows in the summer 
(July–August 2017). The average temperatures in Okayama 
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during the sampling periods were 6.4°C in the winter and 
28.4°C in the summer, respectively. The temperature data 
were obtained from the Japan Meteorological Agency. The 
MΦs were stained and 20 positive immunostaining of MΦs 
were selected randomly. The distance of these MΦs, which 
are perpendicular to the epithelial layer, was measured via 
cellSens imaging software (Olympus).

2.11 | Statistical analysis

All experimental data are shown as the mean ± SEM. All the 
data were tested for normal distribution, and the homogene-
ity of variance determined whether it was parametric or non-
parametric data. The statistical analysis was performed using 
GraphPad Prism (GraphPad Software). First, the data from 
Experiment 1–4 and migration assay using MCP1 were as-
sessed using two-way ANOVA. When an interaction between 
the additive reagents and HS treatment was not detected, 
each data set was assessed using Tukey–Kramer test. The 
data of migration assay using the culture supernatant were 
assessed using one-way ANOVA. Moreover, Student's t-test 
was conducted on the data for CD80, IL6 Receptor, CCR2 
mRNA expression, and Experiment 6. Probabilities less than 
5% (p < .05) were considered statistically significant.

3 |  RESULTS

3.1 | Experiment 1: Effect of HS and LPS 
on the cell viability in bovine endometrial 
epithelial and stromal cells

As shown in Figure 1, neither HS nor LPS affected the cell 
viability of the bovine endometrial epithelial and stromal 
cells (Figure 1a,b).

3.2 | Experiment 2: Effect of HS and LPS 
on the mRNA expression of chemokines in 
cultured bovine endometrial epithelial and 
stromal cells

In Experiment 2, we investigated whether HS affects 
chemokine mRNA expression in bovine endometrial epithe-
lial and stromal cells.

In endometrial epithelial cells, LPS significantly (p < .05) 
increased the mRNA expression of IL6, MCP1, CXCL8, 
CCL5, CX3CL1, and CXCL10 (Figure 2a–c,e–g). Moreover, 
HS significantly (p < .05) suppressed the mRNA expression 
of IL6 and MCP1 regardless of the presence of LPS stimu-
lation (Figure 2a,c). The mRNA expression of CXCL8 was 
significantly (p <  .05) suppressed under the HS conditions 
in the absence of LPS but HS did not affect the mRNA ex-
pression of CXCL8 in the presence of LPS (Figure 2b). The 
mRNA expression of CCL3, CCL5, CX3CL1, and CXCL10 
was not influenced under HS conditions (Figure  2d–g). In 
addition, the mRNA expression of CCL3, CCL5, CX3CL1, 
and CXCL10 was lower than the mRNA expression of MCP1 
(Figure 2c–g).

In contrast, in endometrial stromal cells, LPS sig-
nificantly (p  <  .05) increased the mRNA expression 
of IL6, MCP1, CXCL8, CCL3, CCL5, and CX3CL1 
(Figure 2h–m). In the absence of LPS, HS significantly 
(p < .05) enhanced the mRNA expression of IL6, MCP1, 
and CXCL8 (Figure  2h–j), while the mRNA expression 
of IL6, MCP1, CXCL8, and CCL5 was enhanced by HS 
only in the presence of LPS (Figure 2h–j,l). The mRNA 
expression of CCL3, CX3CL1, and CXCL10 was not af-
fected by HS regardless of the presence or absence of LPS 
(Figure 2k,m,n).

In both types of endometrial cells, CXCL11 mRNA ex-
pression was undetectable in both the presence and absence 
of LPS (data not shown).

F I G U R E  1  Effect of heat stress (HS) and lipopolysaccharide (LPS) on the cell viability of bovine endometrial epithelial (a) and stromal (b) 
cells (mean ± SEM, n = 8). Cell viability was determined as the relative portion of the endometrial cells in the absence of LPS at 38.5°C. The open 
and closed bars indicate the control and HS conditions, respectively
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3.3 | Experiment 3: Effect of HS and LPS 
on the production of IL-6, MCP1, and IL-8 
in cultured bovine endometrial epithelial and 
stromal cells

As shown in Figure  3, we examined the effect of HS on 
chemokine secretion in bovine endometrial epithelial and 
stromal cells.

In the endometrial epithelial cells cultured at 38.5°C, 
the production of IL-6 was significantly (p < .05) stim-
ulated by LPS; however, it decreased to an undetectable 
level (<0.056  ng/ml) under HS conditions (Figure  3a). 
IL-8 production by endometrial epithelial cells was sig-
nificantly (p <  .05) induced by LPS in both the control 
and HS conditions, then HS did not alter the effect of LPS 
on IL-8 production (Figure 3b). MCP1 in endometrial ep-
ithelial cells was at an undetectable level in all treatment 
groups.

In bovine endometrial stromal cells, the production 
of IL-6, MCP1, and IL-8 was significantly (p < .05) in-
creased by LPS. Moreover, HS significantly (p  <  .05) 
enhanced these increases in endometrial stromal cells 
(Figure 3c–e).

3.4 | Experiment 4: Effect of HS and 
LPS on the mRNA expression of TLR4, 
CD14, and MD2 in cultured bovine endometrial 
epithelial and stromal cells

In Experiment 4, to determine whether HS affects the recog-
nition of LPS in bovine endometrial epithelial and stromal 
cells, we examined the mRNA expression of the pattern-rec-
ognition receptor and its related factors.

As shown in Figure 4, while LPS did not affect the mRNA 
expression of TLR4, HS significantly (p < .05) increased it 

F I G U R E  2  Effect of heat stress 
(HS) and lipopolysaccharide (LPS) on the 
mRNA expression of IL6 (a, h), CXCL8 
(b, i), MCP1 (c, j), CCL3 (d, k), CCL5 (e, 
l), CX3CL1 (f, m), and CXCL10 (g, n) in 
cultured bovine endometrial epithelial and 
stromal cells (mean ± SEM, n = 6–10). 
Each mRNA expression level was indicated 
as their copy number normalized by the 
expression of GAPDH. The open and closed 
bars indicate the control and HS conditions, 
respectively. a, b: Significant differences 
among groups cultured at 38.5°C (p < .05). 
x, y: Significant differences among groups 
cultured at 40.5°C (p < .05). *: Significant 
differences between 38.5°C and 40.5°C in 
the presence or absence of LPS (p < .05)
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in endometrial epithelial and stromal cells (Figure  4a,d). 
Moreover, neither HS nor LPS affected the mRNA expres-
sion of CD14 and MD2 in both types of bovine endometrial 
cells (Figure 4b,c,e,f).

3.5 | Experiment 5: Effect of HS on the 
mRNA expression of IL6 Receptor and CCR2 in 
MΦs and their migration ability

In this experiment, the effect of HS on the migration ability 
of MΦs was investigated.

After the specific and non-specific esterase staining, we 
confirmed that more than 80% of the attached cells in the cul-
ture flasks were monocytes (Figure 5a). In addition, as shown 
in Figure 5, IFNγ-stimulated monocytes appeared pseudopo-
dia and increased the CD80 mRNA expression (Figure 5b,c).

As shown in Figure  5, HS did not affect the mRNA ex-
pression of IL6 Receptor and CCR2 in the MΦs (Figure 5d,e). 
MCP1 significantly (p  <  .05) attracted MΦs under both the 
control and HS conditions; however, the migration ability of 
the MΦs was not affected by HS (Figure 5f). In addition, the 
culture supernatant of the endometrial stromal cells under the 
HS condition significantly (p < .05) attracted MΦs compared 
with their supernatant under the control condition. Moreover, 
LPS did not affect the migration ability of the MΦs (Figure 5g).

3.6 | Experiment 6: Localization of MΦs in 
bovine endometrium in summer and winter

MΦs were sparsely localized through the bovine endo-
metrium in the summer whereas they were localized in 
the subepithelial stroma in the winter (Figure 6a,b). The 
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distance of the MΦs from the epithelial layer was signifi-
cantly (p < .05) longer in the summer than in the winter 
(Figure 6c).

4 |  DISCUSSION

One type of bacteria that cause endometritis is E. coli, and 
it localizes in the uterine lumen and beneath the epithelial 
layer in the infected uterus (Karstrup et al., 2017). To elimi-
nate these bacteria, immune cells need to be recruited to the 
epithelial layer (Karstrup et al., 2017) and neutrophils play 
an important role in the elimination of bacteria, especially 
(Brodzki et al., 2014; Sheldon et al., 2014). Neutrophils in 
peripheral blood recognize the gradient of IL-8 concentra-
tions and are chemoattracted to the infection site (Martínez-
Burgo et al., 2019; Zachariae, 1993). In the present study, 
HS enhanced IL-8 production in bovine endometrial stro-
mal cells (Figure  3d) but did not affect it in endometrial 
epithelial cells (Figure 3b). Because IL-8 production in en-
dometrial epithelial cells, a major site for the recognition of 
the LPS produced by E. coli, was not decreased by HS, the 
recruitment of neutrophils might not be influenced by HS.

Following the recruitment of neutrophils, MΦs are 
attracted by some chemokines secreted by endometrial 

cells. These attracted MΦs contribute to the elimination 
of bacteria (Brodzki et  al.,  2014), the orchestration of 
inflammation (Dadarwal et  al.,  2017), the activation of 
T-cells and B-cells (Fischer et al., 2010; Kauma, 2000), 
and tissue repair (Sheldon et  al.,  2014). In the current 
study, HS enhanced the MCP1 production induced by 
LPS in endometrial stromal cells (Figure 3e). However, 
in endometrial epithelial cells, MCP1 production was 
not detected under either the control or HS conditions 
regardless of the presence of LPS. Therefore, in the en-
dometrial epithelial cells, MCP1 might not contribute to 
the recruitment of MΦs to the endometrial subepithelial 
stroma. Moreover, HS enhanced the IL-6 production in 
the endometrial stromal cells (Figure 3c) but suppressed 
it in the endometrial epithelial cells (Figure 3a). In addi-
tion, HS enhanced CCL5 mRNA expression induced by 
LPS but did not affect the mRNA expression of CCL3, 
CX3CL1, and CXCL10 in the endometrial stromal cells 
(Figure 3k–n). Moreover, the supernatant of endometrial 
stromal cells cultured under HS conditions attracted a 
large number of MΦs (Figure  5g). Taken together HS 
might affect the localization of MΦs in the endome-
trium. Indeed, MΦs were mainly localized subepithelial 
stroma in winter, whereas they were sparsely localized 
throughout the endometrium in summer (Figure  6a–c). 

F I G U R E  3  Effect of heat stress 
(HS) and lipopolysaccharide (LPS) on the 
production of IL-6 (a, c), IL-8 (b, d), and 
MCP1 (e) in cultured bovine endometrial 
epithelial and stromal cells (mean ± SEM, 
n = 8). The open and closed bars indicate 
the control and HS conditions, respectively. 
a, b: Significant differences among 
groups cultured at 38.5°C (p < .05). x, 
y: Significant differences among groups 
cultured at 40.5°C (p < .05). *: Significant 
differences between 38.5°C and 40.5°C in 
the absence or presence of LPS (p < .05)
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However, it is still unclear whether this change in MΦ 
localization under HS condition causes the prolongation 
of endometritis symptoms in summer. Therefore, further 
in vivo study is necessary.

Interestingly, we found that HS had opposite effects 
on chemokine production between endometrial epithe-
lial and stromal cells. We presumed that difference of 
bacterial sensing by its specific receptor was involved in 
this opposite reaction in both types of endometrial cells. 
However, HS did not affect the mechanism for the rec-
ognition of LPS because HS upregulated only TLR4 but 
did not MD-2 and CD14 in bovine endometrial epithe-
lial and stromal cells (Figure  4a–f). These results sug-
gest that there is respective different mechanism(s) for 
the opposite reaction of chemokine production in endo-
metrial epithelial and stromal cells under HS condition. 
Indeed, similar phenomena are observed in several types 
of neighboring cells. In the bovine endometrial epithelial 
and stromal cells, Trueperella pyogenes induces cytolysis 

of endometrial stromal cells but not of endometrial epi-
thelial cells, because endometrial stromal cells contain 
more cholesterol than endometrial epithelial cells (Amos 
et al., 2014). In addition, under the ischemic and hypoxic 
stress conditions, the neuronal cells undergo apopto-
sis but astrocytes have tolerated, nevertheless, they are 
neighboring cells, because astrocytes have unique endo-
plasmic reticulum stress transducers (Kondo et al., 2005). 
Therefore, to get the clue for the improvement of the local 
effect of HS on chemokine production, further studies on 
the cellular mechanism(s) in endometrial epithelial and 
stromal cells, individually, are necessary.

5 |  CONCLUSION

Our present results suggested that HS caused alteration of the 
chemokine production in bovine endometrial epithelial and 
stromal cells with the respective different mechanisms. This 

F I G U R E  4  Effect of heat stress (HS) 
and lipopolysaccharide (LPS) on the mRNA 
expression of TLR4 (a, d), MD2 (b, e), and 
CD14 (c, f) in cultured bovine endometrial 
epithelial and stromal cells (mean ± SEM, 
n = 10). Each mRNA expression level was 
indicated as their copy number normalized 
by the expression of GAPDH. The open 
and closed bars indicate the control and 
HS conditions, respectively. *: Significant 
differences between 38.5°C and 40.5°C in 
the absence or presence of LPS (p < .05)
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change in chemokine production might affect the recruitment 
of MΦs and alter their localization in the endometrium in 
summer (Figure 7).

6 |  PERSPECTIVE

The present in vitro study provided valuable information 
about the effect of HS on immune response in bovine endo-
metrium at the cellular level. In contrast, HS affects several 
systemic physiological functions in cattle; for example, 
voluntary reduction of feed intake, panting, and hypotha-
lamic-pituitary-adrenal (HPA) axis (Bagath et  al.,  2019; 
Hansen,  2020; Sanchez et  al.,  1994). HS stimulates the 
HPA axis and enhances the production of cortisol, resulting 
in the suppression of the immune system (Grandin, 1997). 
These systemic effects of HS are closely related to the im-
mune responses at the local (cellular) level. Therefore, to 

confirm the idea found in the present in vitro study, further 
in vivo and in vitro studies should be necessary.
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F I G U R E  5  Evaluation of the isolation 
of monocytes (a) and differentiation of 
them into MΦs (b, c). Effect of HS on 
the mRNA expression of IL6 Receptor 
(d) and CCR2 (e) in MΦs and migration 
ability of MΦs (f) (mean ± SEM, n = 5). 
The effect of culture supernatant of the 
endometrial stromal cells on the attraction 
of MΦs (g). The concentrated supernatant 
of endometrial stromal cells under control 
and HS conditions was indicated as 38.5°C 
and 40.5°C, respectively (d). Each mRNA 
expression level was indicated as their 
copy number normalized by the expression 
of GAPDH. The open and closed bars 
indicate the control and HS conditions, 
respectively. a, b: Significant differences 
among groups cultured at 38.5°C (p < .05). 
x, y: Significant differences among groups 
cultured at 40.5°C (p < .05)
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F I G U R E  6  The localization of MΦs in 
bovine endometrium in summer and winter. 
Arrow heads indicate the MΦs (a, b). The 
distance from the epithelial layer to MΦs (c) 
(mean ± SEM, n = 6). Different superscripts 
indicate a significant difference (p < .05)
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F I G U R E  7  Illustration depicting our conclusion. Heat stress (HS) increased IL-6, MCP1, and IL-8 production in endometrial stromal cells but 
suppressed IL-6 production in endometrial epithelial cells. This disruption of chemokine production in both types of endometrial cells might cause 
the alteration of MΦs localization in the endometrium under heat stress (HS) conditions



   | 13 of 14SAKAI et Al.

AUTHORS’ CONTRIBUTIONS
S.S. planned the experimental design, collected all data, 
and wrote the first manuscript. T.H. and Y.Y. planned a 
portion of the experimental design. K.K. developed the 
original experimental design. S.S. and K.K. reviewed and 
edited the manuscript. All authors have read and approved 
the manuscript.

ORCID
Shunsuke Sakai   https://orcid.org/0000-0002-0162-0418 
Koji Kimura   https://orcid.org/0000-0001-6153-6384 

REFERENCES
Andersen, C. L., J. L. Jensen, & T. F. Ørntoft.2004. Normalization of re-

al-time quantitative reverse transcription-PCR data: A model-based 
variance estimation approach to identify genes suited for normaliza-
tion, applied to bladder and colon cancer data sets. Cancer Research 
64(15):5245–5250.

Amos, M. R., Healey, G. D., Goldstone, R. J., Mahan, S. M., Duvel, A., 
Schuberth, H. J., Sandra, O., Zieger, P., Dieuzy-Labaye, I., Smith, D. 
G., & Sheldon, I. M. (2014). Differential endometrial cell sensitivity 
to a cholesterol-dependent cytolysin links Trueperella pyogenes to 
uterine disease in cattle. Biology of Reproduction, 90, 54.

Bagath, M., Krishnan, G., Devaraj, C., Rashamol, V. P., Pragna, P., Lees, 
A. M., & Sejian, V. (2019). The impact of heat stress on the immune 
system in dairy cattle: A review. Research in Veterinary Science, 
126, 94–102. https://doi.org/10.1016/j.rvsc.2019.08.011

Bazer, F. W., Spencer, T. E., Johnson, G. A., Burghardt, R. C., & Wu, 
G. (2009). Comparative aspects of implantation. Reproduction, 138, 
195–209. https://doi.org/10.1530/REP-09-0158

Bianconi, V., Sahebkar, A., Atkin, S. L., & Pirro, M. (2018). The reg-
ulation and importance of monocyte chemoattractant protein-1. 
Current Opinion in Hematology, 25, 44–51. https://doi.org/10.1097/
MOH.00000 00000 000389

Bondurant, R. H. (1999). Inflammation in the bovine female reproduc-
tive tract. Journal of Animal Science, 77(Suppl 2), 101–110. https://
doi.org/10.2527/1999.77sup pl_2101x

Brodzki, P., Kostro, K., Brodzki, A., Lisiecka, U., Kurek, L., & 
Marczuk, J. (2014). Phenotyping of leukocytes and granulocyte and 
monocyte phagocytic activity in the peripheral blood and uterus of 
cows with endometritis. Theriogenology, 82, 403–410. https://doi.
org/10.1016/j.theri ogeno logy.2014.04.014

Bromfield, J. J., Santos, J. E., Block, J., Williams, R. S., & Sheldon, I. M. 
(2015). PHYSIOLOGY AND ENDOCRINOLOGY SYMPOSIUM: 
Uterine infection: Linking infection and innate immunity with infer-
tility in the high-producing dairy cow. Journal of Animal Science, 
93, 2021–2033.

Caswell, J. L., Middleton, D. M., & Gordon, J. R. (1999). Production 
and functional characterization of recombinant bovine interleukin-8 
as a specific neutrophil activator and chemoattractant. Veterinary 
Immunology and Immunopathology, 67, 327–340. https://doi.
org/10.1016/S0165 -2427(99)00007 -0

Cavestany, D., El-Wishy, A. B., & Foote, R. H. (1985). Effect of season 
and high environmental temperature on fertility of Holstein cattle. 
Journal of Dairy Science, 68, 1471–1478. https://doi.org/10.3168/
jds.S0022 -0302(85)80985 -1

Clahsen, T., & Schaper, F. (2008). Interleukin-6 acts in the fashion 
of a classical chemokine on monocytic cells by inducing integrin 

activation, cell adhesion, actin polymerization, chemotaxis, and 
transmigration. Journal of Leukocyte Biology, 84, 1521–1529. 
https://doi.org/10.1189/jlb.0308178

Cronin, J. G., Turner, M. L., Goetze, L., Bryant, C. E., & Sheldon, I. M. 
(2012). Toll-like receptor 4 and MYD88-dependent signaling mech-
anisms of the innate immune system are essential for the response 
to lipopolysaccharide by epithelial and stromal cells of the bovine 
endometrium. Biology of Reproduction, 86, 51.

Dadarwal, D., Palmer, C., & Griebel, P. (2017). Mucosal immunity of 
the postpartum bovine genital tract. Theriogenology, 104, 62–71. 
https://doi.org/10.1016/j.theri ogeno logy.2017.08.010

De Rensis, F., Garcia-Ispierto, I., & Lopez-Gatius, F. (2015). Seasonal 
heat stress: Clinical implications and hormone treatments for the 
fertility of dairy cows. Theriogenology, 84, 659–666. https://doi.
org/10.1016/j.theri ogeno logy.2015.04.021

De Rensis, F., & Scaramuzzi, R. J. (2003). Heat stress and seasonal ef-
fects on reproduction in the dairy cow – A review. Theriogenology, 
60, 1139–1151. https://doi.org/10.1016/S0093 -691X(03)00126 -2

Dohmen, M. J., Joop, K., Sturk, A., Bols, P. E., & Lohuis, J. A. (2000). 
Relationship between intra-uterine bacterial contamination, endo-
toxin levels and the development of endometritis in postpartum cows 
with dystocia or retained placenta. Theriogenology, 54, 1019–1032. 
https://doi.org/10.1016/S0093 -691X(00)00410 -6

Fischer, C., Drillich, M., Odau, S., Heuwieser, W., Einspanier, R., & 
Gabler, C. (2010). Selected pro-inflammatory factor transcripts in 
bovine endometrial epithelial cells are regulated during the oestrous 
cycle and elevated in case of subclinical or clinical endometritis. 
Reproduction, Fertility, and Development, 22, 818–829. https://doi.
org/10.1071/RD09120

Garcia, M., Qu, Y., Scholte, C. M., O'Connor, D., Rounds, W., & Moyes, 
K. M. (2017). Regulatory effect of dietary intake of chromium pro-
pionate on the response of monocyte-derived macrophages from 
Holstein cows in mid lactation. Journal of Dairy Science, 100, 
6389–6399. https://doi.org/10.3168/jds.2016-12079

Gautam, G., Nakao, T., Koike, K., Long, S. T., Yusuf, M., Ranasinghe, 
R. M., & Hayashi, A. (2010). Spontaneous recovery or persistence 
of postpartum endometritis and risk factors for its persistence 
in Holstein cows. Theriogenology, 73, 168–179. https://doi.
org/10.1016/j.theri ogeno logy.2009.08.010

Ghanem, M. E., Tezuka, E., Devkota, B., Izaike, Y., & Osawa, T. (2015). 
Persistence of uterine bacterial infection, and its associations with 
endometritis and ovarian function in postpartum dairy cows. The 
Journal of Reproduction and Development, 61, 54–60. https://doi.
org/10.1262/jrd.2014-051

Grandin, T. (1997). Assessment of stress during handling and trans-
port. Journal of Animal Science, 75, 249–257. https://doi.
org/10.2527/1997.751249x

Hansen, P. J. (2020). Prospects for gene introgression or gene editing as 
a strategy for reduction of the impact of heat stress on production 
and reproduction in cattle. Theriogenology, 154, 190–202. https://
doi.org/10.1016/j.theri ogeno logy.2020.05.010

Herath, S., Fischer, D. P., Werling, D., Williams, E. J., Lilly, S. T., 
Dobson, H., Bryant, C. E., & Sheldon, I. M. (2006). Expression and 
function of Toll-like receptor 4 in the endometrial cells of the uterus. 
Endocrinology, 147, 562–570. https://doi.org/10.1210/en.2005-1113

Hirota, J., Shimizu, S., Watanabe, A., Suzuta, F., Yajima, K., Kimura, 
K., Haritani, M., Inumaru, S., & Yagi, Y. (2011). Establishment of a 
quantitative bovine CXCL8 sandwich ELISA with newly developed 
monoclonal antibodies. European Cytokine Network, 22, 73–80. 
https://doi.org/10.1684/ecn.2011.0275

https://orcid.org/0000-0002-0162-0418
https://orcid.org/0000-0002-0162-0418
https://orcid.org/0000-0001-6153-6384
https://orcid.org/0000-0001-6153-6384
https://doi.org/10.1016/j.rvsc.2019.08.011
https://doi.org/10.1530/REP-09-0158
https://doi.org/10.1097/MOH.0000000000000389
https://doi.org/10.1097/MOH.0000000000000389
https://doi.org/10.2527/1999.77suppl_2101x
https://doi.org/10.2527/1999.77suppl_2101x
https://doi.org/10.1016/j.theriogenology.2014.04.014
https://doi.org/10.1016/j.theriogenology.2014.04.014
https://doi.org/10.1016/S0165-2427(99)00007-0
https://doi.org/10.1016/S0165-2427(99)00007-0
https://doi.org/10.3168/jds.S0022-0302(85)80985-1
https://doi.org/10.3168/jds.S0022-0302(85)80985-1
https://doi.org/10.1189/jlb.0308178
https://doi.org/10.1016/j.theriogenology.2017.08.010
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.1016/j.theriogenology.2015.04.021
https://doi.org/10.1016/S0093-691X(03)00126-2
https://doi.org/10.1016/S0093-691X(00)00410-6
https://doi.org/10.1071/RD09120
https://doi.org/10.1071/RD09120
https://doi.org/10.3168/jds.2016-12079
https://doi.org/10.1016/j.theriogenology.2009.08.010
https://doi.org/10.1016/j.theriogenology.2009.08.010
https://doi.org/10.1262/jrd.2014-051
https://doi.org/10.1262/jrd.2014-051
https://doi.org/10.2527/1997.751249x
https://doi.org/10.2527/1997.751249x
https://doi.org/10.1016/j.theriogenology.2020.05.010
https://doi.org/10.1016/j.theriogenology.2020.05.010
https://doi.org/10.1210/en.2005-1113
https://doi.org/10.1684/ecn.2011.0275


14 of 14 |   SAKAI et Al.

Ireland, J. J., Murphee, R. L., & Coulson, P. B. (1980). Accuracy of 
predicting stages of bovine estrous cycle by gross appearance of the 
corpus luteum. Journal of Dairy Science, 63, 155–160. https://doi.
org/10.3168/jds.S0022 -0302(80)82901 -8

Karstrup, C. C., Agerholm, J. S., Jensen, T. K., Swaro, L., Klitgaard, K., 
Rasmussen, E. L., Krogh, K. M., & Pedersen, H. G. (2017). Presence 
and localization of bacteria in the bovine endometrium postpartum 
using fluorescence in situ hybridization. Theriogenology, 92, 167–
175. https://doi.org/10.1016/j.theri ogeno logy.2017.01.026

Kauma, S. W. (2000). Cytokines in implantation. Journal of 
Reproduction and Fertility. Supplement, 55, 31–42.

Kondo, S., Murakami, T., Tatsumi, K., Ogata, M., Kanemoto, S., Otori, 
K., Iseki, K., Wanaka, A., & Imaizumi, K. (2005). OASIS, a CREB/
ATF-family member, modulates UPR signalling in astrocytes. 
Nature Cell Biology, 7, 186–194. https://doi.org/10.1038/ncb1213

Labarca, C., & Paigen, K. (1980). A simple, rapid, and sensitive DNA 
assay procedure. Analytical Biochemistry, 102, 344–352. https://doi.
org/10.1016/0003-2697(80)90165 -7

Mackintosh, S. B., Schuberth, H. J., Healy, L. L., & Sheldon, I. M. 
(2013). Polarised bovine endometrial epithelial cells vectorially 
secrete prostaglandins and chemotactic factors under physiological 
and pathological conditions. Reproduction, 145, 57–72. https://doi.
org/10.1530/REP-12-0253

Martínez-Burgo, B., Cobb, S. L., Pohl, E., Kashanin, D., Paul, T., Kirby, J. 
A., Sheerin, N. S., & Ali, S. (2019). A C-terminal CXCL8 peptide based 
on chemokine-glycosaminoglycan interactions reduces neutrophil ad-
hesion and migration during inflammation. Immunology, 157, 173–184.

Murakami, S., Shibaya, M., Takeuchi, K., Skarzynski, D. J., & Okuda, 
K. (2003). A passage and storage system for isolated bovine endo-
metrial epithelial and stromal cells. The Journal of Reproduction 
and Development, 49, 531–538. https://doi.org/10.1262/jrd.49.531

Park, B. S., Song, D. H., Kim, H. M., Choi, B. S., Lee, H., & Lee, J. 
O. (2009). The structural basis of lipopolysaccharide recognition 
by the TLR4-MD-2 complex. Nature, 458, 1191–1195. https://doi.
org/10.1038/natur e07830

Pascottini, O. B., Hostens, M., Sys, P., Vercauteren, P., & Opsomer, G. 
(2017). Risk factors associated with cytological endometritis diag-
nosed at artificial insemination in dairy cows. Theriogenology, 92, 
1–5. https://doi.org/10.1016/j.theri ogeno logy.2017.01.004

Poyser, N. L. (1995). The control of prostaglandin production by the en-
dometrium in relation to luteolysis and menstruation. Prostaglandins, 
Leukotrienes, and Essential Fatty Acids, 53, 147–195. https://doi.
org/10.1016/0952-3278(95)90115 -9

Roberts, R. M., Leaman, D. W., & Cross, J. C. (1992). Role of interferons 
in maternal recognition of pregnancy in ruminants. Experimental 
Biology and Medicine, 200(1), 7–18. https://doi.org/10.3181/00379 
727-200-43387A

Sakai, S., Hagihara, N., Kuse, M., Kimura, K., & Okuda, K. (2018). 
Heat stress affects prostaglandin synthesis in bovine endometrial 
cells. The Journal of Reproduction and Development, 64, 311–317. 
https://doi.org/10.1262/jrd.2018-051

Sakumoto, R., Komatsu, T., Kasuya, E., Saito, T., & Okuda, K. (2006). 
Expression of mRNAs for interleukin-4, interleukin-6 and their re-
ceptors in porcine corpus luteum during the estrous cycle. Domestic 
Animal Endocrinology, 31, 246–257. https://doi.org/10.1016/j.
doman iend.2005.11.001

Sanchez, W. K., Mcguire, M. A., & Beede, D. K. (1994). Macromineral 
nutrition by heat stress interactions in dairy cattle: Review and orig-
inal research. Journal of Dairy Science, 77, 2051–2079. https://doi.
org/10.3168/jds.S0022 -0302(94)77150 -2

Saut, J. P., Healey, G. D., Borges, A. M., & Sheldon, I. M. (2014). Ovarian 
steroids do not affect bovine endometrial cytokine or chemokine re-
sponses to Escherichia coli or LPS in vitro. Reproduction (Cambridge, 
UK), 148, 593–606. https://doi.org/10.1530/REP-14-0230

Sheldon, I. M. (2014). Genes and environmental factors that influence 
disease resistance to microbes in the female reproductive tract of 
dairy cattle. Reproduction, Fertility, and Development, 27, 72–81.

Sheldon, I. M., Cronin, J. G., Healey, G. D., Gabler, C., Heuwieser, W., 
Streyl, D., Bromfield, J. J., Miyamoto, A., Fergani, C., & Dobson, H. 
(2014). Innate immunity and inflammation of the bovine female re-
productive tract in health and disease. Reproduction, 148, R41–R51. 
https://doi.org/10.1530/REP-14-0163

Sheldon, I. M., Williams, E. J., Miller, A. N., Nash, D. M., & 
Herath, S. (2008). Uterine diseases in cattle after parturition. 
Veterinary Journal, 176, 115–121. https://doi.org/10.1016/j.
tvjl.2007.12.031

Skarzynski, D. J., Miyamoto, Y., & Okuda, K. (2000). Production of 
prostaglandin f(2alpha) by cultured bovine endometrial cells in re-
sponse to tumor necrosis factor alpha: Cell type specificity and in-
tracellular mechanisms. Biology of Reproduction, 62, 1116–1120.

Turner, M. L., Healey, G. D., & Sheldon, I. M. (2012). Immunity and in-
flammation in the uterus. Reproduction in Domestic Animals, 47(Suppl 
4), 402–409. https://doi.org/10.1111/j.1439-0531.2012.02104.x

Werling, D., & Jungi, T. W. (2003). TOLL-like receptors linking in-
nate and adaptive immune response. Veterinary Immunology 
and Immunopathology, 91, 1–12. https://doi.org/10.1016/S0165 
-2427(02)00228 -3

Williams, E. J., Fischer, D. P., Noakes, D. E., England, G. C., Rycroft, 
A., Dobson, H., & Sheldon, I. M. (2007). The relationship be-
tween uterine pathogen growth density and ovarian function in the 
postpartum dairy cow. Theriogenology, 68, 549–559. https://doi.
org/10.1016/j.theri ogeno logy.2007.04.056

Williams, E. J., Herath, S., England, G. C., Dobson, H., Bryant, C. E., 
& Sheldon, I. M. (2008). Effect of Escherichia coli infection of 
the bovine uterus from the whole animal to the cell. Animal: An 
International Journal of Animal Bioscience, 2, 1153–1157.

Zachariae, C. O. (1993). Chemotactic cytokines and inflammation. 
Biological properties of the lymphocyte and monocyte chemotac-
tic factors ELCF, MCAF and IL-8. Acta Dermato-venereologica. 
Supplementum, 181, 1–37.

Zhang, H., Wu, Z. M., Yang, Y. P., Shaukat, A., Yang, J., Guo, Y. 
F., Zhang, T., Zhu, X. Y., Qiu, J. X., Deng, G. Z., & Shi, D. M. 
(2019). Catalpol ameliorates LPS-induced endometritis by inhibit-
ing inflammation and TLR4/NF-κB signaling. Journal of Zhejiang 
University. Science. B, 20, 816–827.

Zhu, Q. I., Xu, X., Liu, X., Lin, J., Kan, Y., Zhong, Y., Liu, F., & Xu, 
J. (2015). Sodium houttuyfonate inhibits inflammation by blocking 
the MAPKs/NF-κB signaling pathways in bovine endometrial epi-
thelial cells. Research in Veterinary Science, 100, 245–251. https://
doi.org/10.1016/j.rvsc.2015.04.004

How to cite this article: 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;00:e14640. https://doi.org/10.14814/ 
phy2.14640

https://doi.org/10.3168/jds.S0022-0302(80)82901-8
https://doi.org/10.3168/jds.S0022-0302(80)82901-8
https://doi.org/10.1016/j.theriogenology.2017.01.026
https://doi.org/10.1038/ncb1213
https://doi.org/10.1016/0003-2697(80)90165-7
https://doi.org/10.1016/0003-2697(80)90165-7
https://doi.org/10.1530/REP-12-0253
https://doi.org/10.1530/REP-12-0253
https://doi.org/10.1262/jrd.49.531
https://doi.org/10.1038/nature07830
https://doi.org/10.1038/nature07830
https://doi.org/10.1016/j.theriogenology.2017.01.004
https://doi.org/10.1016/0952-3278(95)90115-9
https://doi.org/10.1016/0952-3278(95)90115-9
https://doi.org/10.3181/00379727-200-43387A
https://doi.org/10.3181/00379727-200-43387A
https://doi.org/10.1262/jrd.2018-051
https://doi.org/10.1016/j.domaniend.2005.11.001
https://doi.org/10.1016/j.domaniend.2005.11.001
https://doi.org/10.3168/jds.S0022-0302(94)77150-2
https://doi.org/10.3168/jds.S0022-0302(94)77150-2
https://doi.org/10.1530/REP-14-0230
https://doi.org/10.1530/REP-14-0163
https://doi.org/10.1016/j.tvjl.2007.12.031
https://doi.org/10.1016/j.tvjl.2007.12.031
https://doi.org/10.1111/j.1439-0531.2012.02104.x
https://doi.org/10.1016/S0165-2427(02)00228-3
https://doi.org/10.1016/S0165-2427(02)00228-3
https://doi.org/10.1016/j.theriogenology.2007.04.056
https://doi.org/10.1016/j.theriogenology.2007.04.056
https://doi.org/10.1016/j.rvsc.2015.04.004
https://doi.org/10.1016/j.rvsc.2015.04.004
https://doi.org/10.14814/phy2.14640
https://doi.org/10.14814/phy2.14640

