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Abstract 35 

Heat stress adversely affects the reproductive function in cows. Although a relationship between 36 

heat stress and oxidative stress has been suggested, it has not been sufficiently verified in bovine 37 

endometrial epithelial cells. Here, we investigated whether oxidative stress is induced by heat 38 

stress in bovine endometrial epithelial cells under high temperature. Luciferase reporter assays 39 

showed that the reporter activity of heat shock element (HSE) and antioxidant responsive element 40 

(ARE) was increased in endometrial epithelial cells cultured under high temperature compared to 41 

that in cells cultured under basal (thermoneutral) temperature. Also, nuclear factor, erythroid 2 42 

like 2 (NFE2L2), a master regulator of cellular environmental stress response, stabilized and the 43 

expression levels of antioxidant enzyme genes increased under high temperature. Immunostaining 44 

confirmed the nuclear localization of NFE2L2 in endometrial epithelial cells cultured under high 45 

temperature. Quantitative polymerase chain reaction analysis showed that the expression levels 46 

of representative inflammatory cytokine genes, such as prostaglandin-endoperoxide synthase 2 47 

(PTGS2) and interleukin 8, were significantly decreased in endometrial epithelial cells cultured 48 

under high temperature compared to those in cells cultured under basal temperature. Thus, our 49 

results suggest that heat stress induces oxidative stress, whereas NFE2L2 plays a protective role 50 

in bovine endometrial epithelial cells cultured under heat stress conditions.  51 

 52 

  53 
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Introduction 54 

 Heat stress negatively affects reproductive functions in both animals and humans. In the 55 

dairy industry, it causes significant economic losses [1]. Heat stress can affect reproductive 56 

systems, including endocrine functions, germ cells, fertilization, and embryonic development [1–57 

6]. The negative effects of heat stress on the physiological conditions of cows have been well 58 

studied. In winter, bovine body temperature (rectal temperature) is 38.8 ± 0.04°C (38.5–39.1°C); 59 

this increases to 39.3 ± 0.03°C (38.0–41.7°C) in summer [7]. Thermoneutral (19°C) bovine body 60 

temperatures of 38.5–38.8°C and heat-stressed (29°C) body temperatures of 38.9–39.6 °C have 61 

also been reported [8]. In addition, uterine temperatures are approximately 0.2°C higher than the 62 

rectum [9]. Elevated temperature reduces blood flow to the uterus [10, 11], and maternal heat 63 

stress can also affect the fetus in utero, and the offspring [12–15]. Heat stress also affects the 64 

secretion of prostaglandin (PG) E2 and PGF2α in bovine endometrial tissues and stromal cells 65 

[16, 17]. A high culture temperature (43°C) stimulated endometrial PGF2α secretion [16], and 66 

heat stress (40.5°C) also increased PGE2 and PGF2α secretion in endometrial stromal cells [17]. 67 

Thus, heat stress may affect corpus luteum lifespan and/or function and cause infertility. For these 68 

reasons, the conception rate from artificial insemination decreases significantly in the summer 69 

[18–21]. However, the effect of heat stress on bovine endometrial epithelial cells remains unclear.  70 

 Heat shock proteins (HSPs) are transcriptionally activated under heat stress conditions 71 

and, therefore, can be used as heat stress markers [22]. HSPs, particularly HSP70 and HSP90, 72 

play a central role in the heat stress response and regulate protein misfolding in a variety of cells 73 

and tissues. HSP60 and HSP70 are the most important HSPs involved in reproduction. HSPs are 74 

expressed in various reproductive tissues, including the oocytes, placenta, and endometrium [23], 75 

and play essential roles in response to heat stress, protecting against induced cellular damage. The 76 

transcriptional activation is mediated by heat shock factors (HSFs), which bind to the conserved 77 
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heat shock responsive DNA element (HSE) [22, 24, 25]. The HSF was originally identified as a 78 

heat shock-inducible regulator of HSP genes, but is now known to be induced by a variety of 79 

stresses, including oxidative stress [26]. Indeed, heat stress induces oxidative stress and increases 80 

the expression of its associated marker genes such as superoxide dismutase (SOD) and catalase 81 

in plasma [27]. Additionally, heat stress-induced oxidative stress agents, such as reactive oxygen 82 

species (ROS), disrupts cellular functions in bovine ovaries and embryos [28, 29]. Thus, although 83 

studies have shown that oxidative stress and heat stress are closely related, the relationship 84 

between them has not been clarified in bovine endometrial epithelial cells.  85 

 The transcription factor, nuclear factor, erythroid 2 like 2 (NFE2L2, also known as 86 

NRF2), is a master regulator of cellular oxidative and electrophilic stress responses. NFE2L2 87 

affects ROS homeostasis by regulating several antioxidant defense mechanisms. The NRF2 target 88 

genes have a DNA sequence called the antioxidant response element (ARE), which is involved in 89 

the homeostatic control of oxidants [30–32]. Under basal conditions, Kelch-like ECH-associated 90 

protein 1 (KEAP1) binds to NFE2L2 and sequesters it from the nucleus, preventing the activation 91 

of its target genes. Whereas, under stressed conditions, NFE2L2 is released from KEAP1, escapes 92 

proteasomal degradation, stabilizes and translocates to the nucleus, and activates its target genes. 93 

The KEAP1- NFE2L2 system is a conserved defense mechanism against oxidative stress. In 94 

addition to protecting against oxidative stress, NFE2L2 controls inflammation [33]. The induction 95 

of inflammatory biomarkers, such as interleukin (IL) 1b, IL6, tumor necrosis factor alpha (TNFA), 96 

and prostaglandin-endoperoxide synthase 2 (PTGS2) was reported in Nrf2 knockout mice [34]. 97 

Expression of these cytokine genes and NFE2L2 are closely related [35, 36]. In cows, the KEAP1- 98 

NFE2L2 pathway respond to oxidative stress during embryonic development [3733]. Recently, it 99 

has also been reported that activation of NFE2L2 attenuates the inflammatory response induced 100 

by lipopolysaccharide in bovine endometrial epithelial cells [38]. Therefore, NFE2L2 may play a 101 
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protective role in bovine endometrial epithelial cells cultured under heat stress conditions. 102 

 It is hypothesized that the KEAP1–NFE2L2 pathway is involved in oxidative stress 103 

resistance by inducing antioxidant enzymes under heat stress in bovine endometrial epithelial 104 

cells. To better understand of uterine functions under heat stress, we examined the effect of heat 105 

stress on bovine endometrial epithelial cells, especially the induction of oxidative stress and the 106 

subsequent cellular responses.  107 

108 
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Materials and Methods 109 

Culture of bovine endometrial epithelial cells 110 

 Non-pregnant healthy cow uteri were obtained from a local slaughterhouse (Hokkaido 111 

Hayakita Meat Inspection Center, Japan). The isolation and culture of bovine endometrial 112 

epithelial cells from bovine endometrial tissues have been described previously [39, 40]. The 113 

epithelial cells were cultured in Dulbecco’s Modified Eagle’s medium (high glucose) (DMEM; 114 

Wako, Osaka, Japan) supplemented with 5 % (v/v) fetal bovine serum (FBS; ICN Bio-Source 115 

International, Camarillo, CA, USA) and Antibiotic-Antimycotic solution (Thermo Fisher 116 

Scientific, Waltham, MA, USA) at 38.5 °C with 5% CO2, and were used within five passages. 117 

Cells were cultured at thermoneutral (38.5 °C: bovine body temperature) or heat-stressed (HS; 118 

40.5 °C: bovine body temperature under high temperature) conditions for 3 h, 6 h, and 12 h. The 119 

maximum heat-stressed culture time of 12 h was selected as this is the length of the daytime 120 

period, and a previous time-course study reported that cow blastocysts were adversely affected 121 

by heat shocks of 9–12 h [41]. Cell proliferation assays were conducted using the Cell Counting 122 

Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer’s protocol. Cells were 123 

seeded on a 96-well plate for proliferation assays. The stimulated index (SI) was calculated as the 124 

ratio of the average absorbance value of three wells that contained heat-stressed cells relative to 125 

wells containing non-stimulated cells (n = 8). 126 

 127 

RNA extraction and analysis 128 

 Cells were cultured on 60 mm/Collagen-coated dishes (IWAKI AGC TECHNO GLASS 129 

Co. Ltd, Shizuoka, Japan) for RNA extraction. Each sample was analyzed in duplicate per group 130 

(n = 8). Total RNA was extracted from endometrial epithelial cells using ISOGEN II (Nippon 131 

Gene, Tokyo, Japan). For quantitative real-time PCR (qPCR) analysis, the isolated total RNA 132 
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(total 500 ng) was reverse-transcribed to cDNA using the ReverTra Ace® qPCR RT Master Mix 133 

with gDNA Remover (Toyobo, Osaka, Japan). The cDNA reaction mixture was diluted 5 times 134 

with molecular biology grade water, and 1 μL was taken for each amplification reaction. Target 135 

gene expression levels were determined by qPCR using a LightCycler® 96 (Roche Diagnostics, 136 

Basel, Switzerland) and THUNDERBIRDTM SYBR® qPCR Mix (Toyobo), with 0.5 µM primers 137 

(final conc.) listed in Table 1. The thermal cycling conditions were as follows: 1 cycle at 95 °C 138 

for 30 s, followed by 50 cycles at 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 30 s. Relative 139 

mRNA abundance was calculated based on the expression levels of bovine H2AFZ, which was 140 

used as a reference gene as it show stable expression in bovine endometrium [39, 40, 42], and 141 

was relatively stable under heat stress conditions (our preliminary observations). Each run was 142 

completed with a melting curve analysis to confirm the specificity of amplification and the 143 

absence of primer dimer formation. All qPCR experiments were performed following the 144 

Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines 145 

[43]. 146 

 147 

Detection of intracellular reactive oxygen species (ROS)  148 

 Bovine endometrial epithelial cells were prepared as described above. Cells were seeded 149 

onto a 96-well dish (Thermo Fisher Scientific) (2.0 × 104 cells/well/200 µL), and cultured until 150 

they grew to 70–80% confluency. Cells were incubated at 38.5 °C or 40.5 °C for 3 h, 6 h, and 12 151 

h. After culturing, the ROS levels in the cells were analyzed using the molecular probe, 152 

CellROX® Green Reagent (Thermo Fisher Scientific, C10444) (final concentration 5 µM) 153 

according to the manufacturer’s instructions. Nuclei were stained with Hoechst 33342 (5 µg/mL). 154 

Fluorescence intensity was measured using multimode plate reader (ARVO™ X4; PerkinElmer, 155 

Waltham, MA, USA). Cells were observed under a microscope (LAS X with DMi8; Leica 156 
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Microsystems, Wetzlar, Germany). All assays were performed in triplicate (n = 8). 157 

 158 

Reporter assay 159 

 Reporter constructs containing HSE and ARE were generated using the primers listed 160 

in Table 2. The fragment was each inserted into a pNL[NLucP/minP/Hygro] vector (Promega, 161 

Madison, WI, USA) and the nucleotide sequences of the constructs were confirmed by DNA 162 

sequencing. Transient transfection and reporter assays were performed according to the 163 

manufacturer’s instructions. Bovine endometrial epithelial cells were cultured in DMEM 164 

supplemented with 5% FBS and seeded onto a 4-well plate (Thermo Fisher Scientific). At 70–165 

80% confluency, 100 ng pNL reporter constructs, 5 ng pGL4.53 [luc2/PGK] firefly reporter (used 166 

to correct for transfection efficiency), and 0.5 µL ViaFect™ Transfection Reagent (Promega) were 167 

prepared in 10 µL DMEM without supplements. The pNLF1-NRF2 [CMV/neo] reporter vector 168 

(Promega) was used to evaluate NFE2L2 (NRF2) stability. The pNLF1-NRF2 vector (100 ng) 169 

along with the pKEAP1 vector (10 ng) and 0.5 µL ViaFect™ Transfection Reagent was prepared 170 

in 10 µL DMEM without supplements. In addition, pNLF1-NRF2 were prepared in 10 µL DMEM 171 

without supplements. After 15 min incubation, the plasmid mixture was added to the cells and 172 

incubated at 38.5 °C under 5% CO2 for 4 h. After 4 h incubation, the media were changed to 173 

serum-containing media. After 48 h of transfection, cells were further incubated at 38.5 °C or 174 

40.5 °C for 12 h under 5% CO2. These cells were then lysed by the addition of 50 µL Passive 175 

Lysis Buffer (Promega). The luciferase assay was performed using the Nano-Glo® Dual-176 

Luciferase® Reporter Assay System (Promega). Each sample was analyzed in duplicate per group 177 

(n = 6). 178 

 179 

Immunocytochemistry 180 
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Cells were plated onto 4-well dishes and analyzed for the localization of KEAP1, NRF2, PTGS2, 181 

or IL8 protein. Cells were grown to 70–80% confluence, fixed in 4% paraformaldehyde at room 182 

temperature for 10 min, and then permeabilized for 15 min with Tris buffered saline with Tween-183 

20 (TBST). Non-specific binding was blocked by blocking the cells with Blocking One (Nacalai 184 

Tesque, Inc., Kyoto, Japan) for 20 min. The cells were incubated with the primary antibodies, 185 

KEAP1 (G-2) (sc-365626, Santa Cruz Biotechnology, Inc., TX, USA, 1:50), NRF2 (A-10) (sc-186 

365949, Santa Cruz Biotechnology, Inc., 1:50), COX2 (ab23672, 1:100; Abcam), or IL8 187 

(ab193818, Abcam, Cambridge, UK, 1:100) at room temperature overnight. The secondary 188 

antibody used was goat anti-mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 189 

488 (A11001; Invitrogen, Tokyo, Japan), Alexa Fluor 568 Goat anti-Rabbit IgG (H+L) Cross-190 

Adsorbed Secondary Antibody (A10042; Invitrogen), or Donkey polyclonal Secondary Antibody 191 

to Goat IgG - H&L (Alexa Fluor 488) (ab150129; Abcam). Nuclei were counterstained with the 192 

25 mg/mL Hoechst 33342 (Sigma-Aldrich, St Louis, MO, USA) prepared in phosphate-buffered 193 

saline (PBS). Fluorescence signals were visualized using a Leica: TCS SP5 confocal laser-194 

scanning microscope. Results are representative of three independent experiments. 195 

 196 

Western blotting  197 

Western blotting  198 

To detect PTGS2 protein, cell lysates were prepared in CelLyticTM M buffer (Sigma-Aldrich). 199 

The cell lysates (20 µg/lane) were separated through 10% SDS-PAGE and transferred onto a 200 

polyvinylidene difluoride (PVDF) membrane (n = 4) using an iBlot Gel Transfer Device system 201 

(Invitrogen). After blocking with PVDF blocking buffer for CanGetSignal (Toyobo), they were 202 

treated with goat polyclonal anti-COX2 antibody (ab23672, Abcam, 1:1000), or mouse 203 

monoclonal anti-beta actin antibody (internal control, 66009-1-Ig, Proteintech, IL, USA, 1: 5000). 204 
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Proteins were detected using the secondary antibody conjugated with horseradish peroxidase and 205 

ImmunoStar (Wako). 206 

 207 

Statistical analyses 208 

 Results are expressed as the mean ± standard error of the mean (SEM). Data were 209 

analyzed using the Student’s t-test to compare the control and heat stress (HS, 12h) group. For 210 

multiple comparisons to compare with the control and HS groups (3 h, 6 h, and 12 h), data were 211 

analyzed by one-way analysis of variance (ANOVA) followed by Dennett’s test using the 212 

StatView statistical analysis software (version 5; SAS Institute Inc., Cary, NC, USA). Differences 213 

with P values < 0.05 were considered statistically significant. 214 

 215 

 216 

 217 

 218 

  219 
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Results 220 

Effect of heat-stressed culture on bovine endometrial epithelial cells  221 

 The effect of culture temperature on bovine endometrial epithelial cells cultured under 222 

thermoneutral (38.5°C, Cont.) and high temperature (40.5 °C, HS 3 h, 6 h, and 12 h) conditions 223 

was examined (Figure 1). The gene expression levels of heat stress marker genes, HSP60 and 224 

HSP90 were gradually increased under high temperature conditions, and increased significantly 225 

at 6 h and 12 h compared to the control (P < 0.01). The HSP70 gene expression levels were 226 

significantly increased after 3 h heat stress culture compared to the control group. (P < 0.05) 227 

(Figure 1A). Cell proliferation significantly decreased after 12 h at high temperature compared to 228 

the control group (P < 0.05) (Figure 1B). Reactive oxygen species (ROS)-positive cells were 229 

detected under both basal and high temperature conditions, and the fluorescence intensity in cells 230 

was significantly higher after 12 h culture at high temperature compared to the control group (P 231 

< 0.05) (Figure 1C). 232 

 233 

Effect of heat stress on HSE and ARE transcriptional activity, and expression levels of antioxidant 234 

enzyme genes   235 

 The effect of heat stress on the transcriptional activity of HSE and ARE in cells cultured 236 

under thermoneutral or heat-stress conditions was measured with a luciferase reporter assay 237 

(Figure 2). The HSE and ARE are crucial response elements for the heat stress and oxidative stress 238 

responses, respectively (Figure 2A). Transcriptional activity of HSE was upregulated in the heat-239 

stressed group compared to the control group (P < 0.01). The transcriptional activity of ARE was 240 

also upregulated under heat stress (P < 0.05). The stability of NFE2L2, the master regulator of 241 

the oxidative stress response, was increased in cells cultured for 12 h under heat-stress condition 242 

(P < 0.05) (Figure 2B). Furthermore, the expression levels of antioxidant enzyme genes, catalase, 243 
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copper/zinc superoxide dismutase (CuZnSOD), and manganese superoxide dismutase (MnSOD), 244 

which are possible target of NFE2L2, gradually increased in endometrial epithelial cells under 245 

high-temperature conditions, and were significantly higher at 12 h compared to the control group 246 

(P < 0.05) (Figure 2C). Expression level of glutathione peroxidase 4 (GPX4) was not significantly 247 

changed by heat stress.  248 

 249 

Expression of KEAP1 and NFE2L2 in bovine endometrial epithelial cells under heat-stressed 250 

conditions  251 

 To determine whether the KEAP1–NFE2L2 pathway, the major regulator of oxidative 252 

stress responses, is induced by heat stress, the expression levels of KEAP1 and NFE2L2 mRNA 253 

and their protein localizations, were examined in cultured bovine endometrial epithelial cells 254 

under thermoneutral and high temperature conditions (Figure 3). KEAP1 and NFE2L2 mRNA 255 

expression levels showed a slight increase under heat stressed conditions (Figure 3A). The 256 

KEAP1 protein was detected in cells cultured under both basal and high temperature conditions, 257 

and was predominantly localized in the cytoplasm (Figure 3B). The NFE2L2 protein was also 258 

detected in cells under both basal and high-temperature conditions and was localized in the 259 

cytoplasm under basal temperature conditions. Under heat-stress conditions, the NFE2L2 protein 260 

was detected in both the cytoplasm and nucleus, but it was predominantly localized in the nucleus 261 

(Figure 3C).  262 

 263 

Expression of inflammatory cytokines under heat stress conditions  264 

The expression of inflammatory cytokine genes under heat-stressed conditions were 265 

examined, as the KEAP1–NFE2L2–ARE pathway is known to play a role in the anti-266 

inflammatory process. The mRNA expression levels of inflammatory cytokine genes were 267 
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compared between bovine endometrial cells cultured under basal and high temperature conditions 268 

(Figure 4, Supplemental Figure 1). The expression levels of PTGS2 and IL8 were lower under 269 

high temperature conditions than in the control group (P < 0.05) (Figure 4A, Supplemental Figure 270 

1A). The PTGS2 protein was detected by western blotting and immunostaining in cells cultured 271 

under both basal and high temperature conditions (Figure 4B, 4C). The expression level and 272 

localization was not changed between the temperatures (Figure 4C). IL8 was also detected in the 273 

cytoplasm of cells cultured under both temperature conditions, and the localization was not 274 

changed by culture temperatures (Supplemental Figure 1B). The expression levels of PGF2α 275 

synthase (PGFS) and PGE2 synthase (PGES) (Figure 4D), and other cytokine genes 276 

(Supplemental Figure 1C), were not significantly affected by temperature.277 
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Discussion 278 

 The effect of heat stress on cultured bovine endometrial epithelial cells, especially 279 

oxidative stress induction and the subsequent cellular responses, was investigated in this study. A 280 

possible schematic model of the effect of heat stress in bovine endometrial epithelial cells 281 

obtained from this study is shown in Figure. 5. Expression of HSP70 significantly increased in cells 282 

cultured in heat-stressed condition for 3 h, while HSP60 and HSP90 expression significantly increased 283 

in heat stressed cells after 6–12 h (Figure 1A). The increase in HSP mRNA levels in this study is 284 

consistent with that shown in previous studies [17, 44]. Cell proliferation also significantly 285 

decreased after 12 h heat stress (Figure 1B). Heat stress induces oxidative stress and ROS 286 

generation in blood samples [27, 45], therefore, the induction of oxidative stress was investigated 287 

in bovine endometrial endothelial cells. CellROX-positive cells with ROS production were 288 

detected both under thermoneutral and heat-stressed conditions. Under high temperatures, more 289 

distinct fluorescence from CellROX staining was detected, and the fluorescence intensity 290 

significantly increased in cells subjected to heat stress for 12 h compared to the control group 291 

(Figure 1C). These results show that the heat stress response was induced after 3 h of incubation 292 

at 40.5°C, and 12 h was sufficient for heat stress loading and oxidative stress induction in 293 

endometrial epithelial cells. 294 

 The transcriptional activation of HSPs is mediated by HSFs, which bind to the HSE [22, 295 

24, 25]. This study showed that the reporter activity of ARE, as well as HSE, was significantly 296 

activated in bovine endometrial epithelial cells cultured under heat-stressed conditions than that 297 

under thermoneutral conditions (Figure 2A). In addition, the reporter assay also showed that 298 

NFE2L2, a critical regulator of ARE-dependent transcription, was stabilized under heat-stressed 299 

conditions (Figure 2B). Furthermore, the mRNA expression levels of antioxidant enzymes, 300 

possible targets of NFE2L2, gradually increased and were significantly high after heat stress for 301 
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12 h (Figure 2C). These results suggest that the ARE-dependent antioxidant enzyme genes were 302 

upregulated via NFE2L2 stabilization in bovine endometrial epithelial cells undergoing heat stress. 303 

 Immunostaining showed that KEAP1 and NFE2L2 proteins were detected in bovine 304 

endometrial epithelial cells cultured under both basal and high temperature conditions (Figure 3B, 305 

3C). NFE2L2 was localized in the cytoplasm under basal condition, whereas under heat-stress 306 

conditions, it was localized in both the cytoplasm and, predominantly, in the nucleus as expected. 307 

Although the number of NFE2L2-positive cells appeared to increase, there was no significant 308 

difference in gene expression levels at 3–12 h incubation under heat stress (Figure 3A). Under 309 

basal conditions, the NFE2L2 protein is maintained at low levels as it is suppressed by KEAP1 310 

ubiquitin-proteasome degradation [46]. Upon exposure to oxidative stress, NFE2L2 escapes from 311 

KEAP1 and accumulates in the nucleus [33]. Thus, the increased NFE2L2 might not be due to 312 

increased gene expression, but to escape degradation. KEAP1 protein was predominantly 313 

localized in the cytoplasm, regardless of the culture temperature. This is consistent with a report 314 

that oxidative/electrophilic stress promotes NFE2L2 accumulation in the nucleus, without altering 315 

the cytoplasmic localization of KEAP1 [47]. These results further support the hypothesis that 316 

oxidative stress is induced by heat stress and that the KEAP1- NFE2L2 system could play a role 317 

in heat-stress protection mechanisms.  318 

 There have been several reports on oxidative stress and reproductive dysfunction. ROS 319 

affect multiple physiological processes from oocyte maturation to fertilization, embryonic 320 

development and pregnancy [48]. In the uterus, oxidative stress induces the release of cytokines 321 

and prostaglandins, resulting in endothelial cell dysfunction, which is involved in the 322 

development of preeclampsia. It has been also reported that excessive activation of ROS can cause 323 

preeclampsia [49–51]. In this study, we examined the effect of heat stress on the expression of 324 

inflammatory cytokine genes (Figure 4, Supplemental Figure 1), particularly on possible NFE2L2 325 
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target genes. In bovine endometrial epithelial cells, the expression of some inflammatory 326 

cytokines, such as PTGS2 and IL8, decreased significantly under heat stress conditions. This is in 327 

agreement with previous reports of NFE2L2-mediated suppressions of inflammation [52–54]. 328 

These results suggest that NFE2L2 plays a role in the anti-inflammatory effect in bovine 329 

endometrial epithelial cells under heat stress.  330 

 Expression levels of PTGS2, a critical regulator of inflammation, decreased under heat 331 

stress culture. Whereas, the expression levels of PGFS and PGES was not significantly changed 332 

by heat stress. Sakai et al. reported that heat stress induced increase of PGE2 and PGF2α secretion 333 

in bovine endometrial stromal cells, but not epithelial cells [17]. Richter et al. reported that bovine 334 

fibroblasts produce PGE2 at basal temperatures (38.5°C), but PGE2 production rates decreases 335 

under extreme heat stress (45°C for 6 h), while PGFS protein expression was not affected by heat 336 

stress [55]. The mechanism of these differences in response to heat stress in each cell remains 337 

unknown. Studying the detailed expression of KEAP and/or NFE2L2 in these cells may help 338 

understand cell-dependent heat stress responses.  339 

  This study demonstrated that HSPs and antioxidant enzyme gene expression increases, 340 

whereas inflammatory cytokine expression decreases in cells after 12 h of heat stressed culture. 341 

In contrast, we previously reported that HSPs and antioxidant enzyme gene expression was lower, 342 

whereas that of inflammatory cytokines were higher, in bovine endometrium tissues collected in 343 

summer compared to those collected in winter [42]. These results suggest that chronic heat stress 344 

may reduce transcriptional activity of HSPs and antioxidant enzyme genes, thus affecting 345 

inflammatory cytokine levels in the uterine endometrium, which in turn might influence maternal 346 

receptivity and/or embryonic loss. This study only examined the effects of heat stress up to 12 h. 347 

Further studies are needed to elucidate the relationship between heat stress duration, the effect on 348 

the expression of these genes and proteins, and compensation mechanisms to protect uterine cells. 349 
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In particular, it will be necessary to verify the protein expression and its function for more target 350 

genes. 351 

       In conclusion, induction of oxidative stress by heat stress was observed in bovine endometrial 352 

epithelial cells. The reporter activity of HSE and ARE was increased by hear stress. NFE2L2 353 

stabilized and accumulated in the nucleus under high temperature. Heat stress induced the expression 354 

of ARE-dependent antioxidant enzyme genes, while inflammatory cytokine genes were decreased. 355 

These results suggest that the KEAP1-NFE2L2-ARE pathway plays a protective role in bovine 356 

endometrial epithelial cells cultured under heat stress conditions. Modulating the KEAP1-NFE2L2-357 

ARE pathway may help reduce the negative effects of heat and oxidative stress in bovine 358 

endometrial epithelial cells.  359 

  360 
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Figure legends 378 

Figure. 1. Effect of heat stress on cultured bovine uterine endometrial epithelial cells.  379 

(A) Relative gene expressions of heat shock proteins (HSP60, HSP70, and HSP90) under 380 

thermoneutral (38.5°C, Cont.) or high temperature (40.5 °C, HS 3 h, 6 h, and 12 h) conditions 381 

were determined by qPCR. The expression levels of H2AFZ were used as internal controls. Data 382 

are presented as means ± standard error of the mean (SEM). Asterisks indicates a significant 383 

difference (**P < 0.01, *P < 0.05). (B) The proliferation of bovine endometrial epithelial cells. 384 

SI: stimulation index (absorbance from stimulated wells/absorbance from non-stimulated wells). 385 

The asterisk (*) indicates a significant difference (P < 0.05). (C) Cells stained with the fluorogenic 386 

probe, CellROX® Green reagent, were visualized with a fluorescence microscope. Hoechst 387 

33342 was used to stain nuclei. The fluorescence intensity was also measured. Average values 388 

were calculated from three wells. Data are presented as means ± SEM. *P < 0.05. Bar = 200 µm. 389 

 390 

Figure. 2. Heat stress induces transactivation of the heat shock responsive element (HRE) 391 

and the antioxidant response element (ARE) in bovine uterine endometrial epithelial cells.  392 

(A) Transcription of the reporter construct when transfected with HSE- or ARE-reporter construct 393 

into bovine endometrial epithelial cells and cultured under thermoneutral (38.5°C, Cont.) or heat 394 

stress (40.5°C, 12 h) conditions. **P < 0.01, *P < 0.05 (B) Stability of nuclear factor, erythroid 2 395 

like 2 (NFE2L2) reporter construct co-transfected with KEAP1 construct into endometrial 396 

epithelial cells and cultured under basal or high temperature conditions. *P < 0.05 (C) Relative 397 

expression of antioxidant enzyme genes catalase, copper/zinc superoxide dismutase (CuZnSOD), 398 

manganese superoxide dismutase (MnSOD), and glutathione peroxidase 4 (GPX4), which are 399 

possible target of NFE2L2, under thermoneutral (38.5°C, Cont.) or high temperature (40.5 °C, HS 400 

3 h, 6 h, and 12 h) conditions were determined using qPCR. The expression levels of H2AFZ were 401 
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used as internal control. Data are presented as means ± standard error of the mean (SEM). *, P < 402 

0.05.  403 

 404 

Figure 3. Expression levels and localization of Kelch-like ECH-associated protein 1 405 

(KEAP1) and nuclear factor, erythroid 2 like 2 (NFE2L2), under thermoneutral and high 406 

temperature conditions. 407 

Bovine endometrial epithelial cells were cultured under thermoneutral (38.5°C; Cont.) or high 408 

temperature (40.5°C; HS 3 h, 6 h, and 12 h.) conditions. Expression levels of (A) KEAP1 and 409 

NFE2L2 mRNA were examined using qPCR. Expression levels of H2AFZ were used as internal 410 

controls. Data are presented as means ± standard error of the mean (SEM). Protein localization of 411 

(B) KEAP1and (C) NFE2L2 was examined by immunostaining. Nuclear DNA was 412 

counterstained by Hoechst 33342. Scale bar = 50 µm. Negative Control (inset, without primary 413 

antibody). 414 

 415 

Figure. 4. Expression levels and localization of PTGS2 in bovine endometrial epithelial cells. 416 

(A) Expression levels of prostaglandin-endoperoxide synthase 2 (PTGS2), in endometrial epithelial 417 

cells under thermoneutral (38.5°C; Cont.) or heat stress (40.5°C; HS 3 h, 6 h, and 12 h) conditions 418 

examined using qPCR. Expression levels of H2AFZ were used as internal control. Data are 419 

presented as means ± standard error of the mean (SEM). Asterisks indicate significant differences: 420 

**, P < 0.01. (B) Western blotting of PTGS2 in endometrial epithelial cells under thermoneutral 421 

or heat stress conditions. (C) Protein localization of PTGS2 was examined by immunostaining. 422 

Nuclear DNA was counterstained by Hoechst 33342. Scale bar = 50 µm. Negative Control (inset, 423 

without primary antibody). (D) Expression levels of PGES and PGFS in endometrial epithelial 424 

cells under thermoneutral or heat stress conditions examined using qPCR. Expression levels of 425 
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H2AFZ were used as internal control. Data are presented as means ± standard error of the mean 426 

(SEM). 427 

 428 

Figure. 5. A possible schematic model of the effect of heat stress in bovine endometrial 429 

epithelial cells. 430 

In this study, bovine endometrial epithelial cells were cultured under thermoneutral (38.5°C) or 431 

heat stress (40.5°C). Under heat stressed conditions, NFE2L2 proteins are translocated to the 432 

nucleus, where they increase the expression of antioxidant enzymes genes and suppress the 433 

expression of inflammatory cytokines vis ARE. 434 

 435 

Supplemental Figure. 1. Expression of inflammatory cytokines in bovine endometrial 436 

epithelial cells. 437 

(A) Expression levels of interleukin (IL) 8 in endometrial epithelial cells under thermoneutral 438 

(38.5°C; Cont.) or heat stress (40.5°C; HS 3 h, 6 h, and 12 h) conditions examined using qPCR. 439 

The expression levels of H2AFZ were used as internal control. Data are presented as means ± 440 

standard error of the mean (SEM). *, P < 0.05. (B) Protein localization of IL8 examined by 441 

immunostaining. Nuclear DNA was counterstained by Hoechst 33342. Scale bar = 50 µm. 442 

Negative Control (inset, without primary antibody). (C) Expression levels of IL1b, IL6, and tumor 443 

necrosis factor alpha (TNFA) in endometrial epithelial cells under thermoneutral or heat stress 444 

conditions examined using qPCR. The expression levels of H2AFZ were used as internal control. 445 

Data are presented as means ± standard error of the mean (SEM). 446 

 447 

  448 
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Table 1. Primers for real time PCR 
Name   Sequence (5’-3’)   Product  References 
(GenBank accession No.)     length (bp) 

Heat shock proteins 

HSP60   F: GTCTTCAAGTTGTGGCAGTCAA 145  [56] 

(XM_015458500.1)  R: AAGTCATGAGGCTGAACATCTTC 

HSP70   F: GCAGTCGGACATGAAGGAGT  109    

(AY662497.1)  R: GATCTCCTCCGGGTAGAACG 

HSP90   F: CCGTTTGTTGTAAGGTGTGTATGTA 277  [57]  

(AB072368.1)  R: GTATGGACAATGACTCCAATCAAGT 

 

Antioxidant enzymes 

Catalase   F: GGAAACGCCTGTGTGAGAAC  159 

(NM_001035386.2)  R: CTGCGTTCTTAGGTTTCTCCTC  

CuZnSOD   F: ACACAAGGCTGTACCAGTGC  105  [58]  

(NM_174615.2)  R: TGTCACATTGCCCAGGTCTC  

MnSOD   F: TCCTGTTCAATCGCAGTTACAGA 162  [58] 

(BT020988.1)  R: ACGGGGTGGTGACTATCAGA 

GPX4   F: TGTGGTGAAGCGGTATGGTC  192  [58] 

(NM_174770.4)  R: CACGCCAGGTTCTCAGGTCT  

 

Inflammatory cytokine and related genes 

IL1b   F: AAACAGATGAAGAGCTGCATCCAA 394  [59] 

(EU276067)   R: CAAAGCTCATGCAGAACACCACTT 

IL6   F: TAAGCGCATGGTCGACAAAA  150   

(EU276071)   R: TTGAACCCAGATTGGAAGCAT 

IL8   F: CCTCTTGTTCAATATGACTTCCA 189  [60] 

(NM_173925)  R: GGCCCACTCTCAATAACTCTC 

TNFA   F: TGACGGGCTTTACCTCATCT  137  [61] 

(NM_173966.3)  R: TGATGGCAGACAGGATGTTG 

PTGS2   F: TGTGAAAGGGAGGAAAGAGC  114   [62] 

(AF004944.1)  R: GGCAAAGAATGCAAACATCA 

PGES   F: AGGACGCTCAGAGACATGGA  142   [62] 

(NM_174443.2)  R: TTCGGTCCGAGGAAAGAGTA 

PGFS   F: TTCCCTTCAACCAGAGTTGG  113   [62] 

(NM_1166224.1)  R: TCCCTGGCTTCAGAGACACT 
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KEAP-NRF2 systems 

KEAP1   F: ACAACAGTGTGGAGAGGTATGAGC 108  [32] 

(NM_001101142.1)  R: AGAGCAGACGGTTGAGGACAG 

NFE2L2   F: AGGACATGGATTTGATTGAC  272  [31] 

(NM_001011678.2)  R: TACCTGGGAGTAGTTGGCA 

 

Internal control 

H2AFZ   F: AGAGCCGGTTTGCAGTTCCCG  116  

(NM_174809)  R: TACTCCAGGATGGCTGCGCTGT  

 F: Forward, R: Reverse 

 



1 
 

Table 2. Primers for reporter construction 
Name    Sequence (5’-3’)    

Heat Shock Element  F: CTGGAAGATTCTAGAACGTTCTGGAAGATTCTAGAACGTTC  

(HSE)    R: GAACGTTCTAGAATCTTCCAGAACGTTCTAGAATCTTCCAG 

Antioxidant Responsive Element F: TAGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTTTAGCTTGGAAATGACATTGCTAATGGTGACAAAGCAACTTT 

(ARE)    R: AA AGTTGCTTTGTCACCATTAGCAATGTCATTTCCAAGCTAAAAGTTGCTTTGTCACCATTAGCAATGTCATTTCCAAGCTA 

 F: Forward, R: Revers 
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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