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Heat stress affects prostaglandin synthesis in bovine endometrial cells
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Abstract. 	Heat	 stress	 (HS)	negatively	 affects	 reproduction	 in	 cattle;	 however,	 its	 effect	 on	 endocrine	 function	 in	bovine	
endometrial	 cells	 remains	unclear.	 In	 this	 study,	we	examined	 the	effects	of	HS	on	 the	production	of	prostaglandin	 (PG)	
E2	and	PGF2α	in	 the	cultured	bovine	endometrial	epithelial	and	stromal	cells	separately.	To	evaluate	 the	effect	of	HS	on	
endocrine	function,	the	cells	were	cultured	at	38.5°C	(control)	or	40.5°C	(HS).	After	treatment,	PGE2	and	PGF2α	levels	were	
measured	via	 enzyme	 immunoassay	 (EIA)	 and	mRNA	expressions	of	 enzymes	 involved	 in	PG	 synthesis	were	 examined	
via	quantitative	reverse	transcription	polymerase	chain	reaction	(RT-PCR).	HS	did	not	influence	the	production	of	PGE2	or	
PGF2α	in	the	epithelial	cells;	however,	HS	significantly	enhanced	the	production	of	both	PGE2	and	PGF2α	in	the	stromal	
cells	(P	<	0.05).	In	addition,	HS	significantly	increased	phospholipase A2 (PLA2),	cyclooxygenase 2 (COX2),	prostaglandin F 
synthase (PGFS),	prostaglandin E synthase (PGES),	and	carbonyl reductase 1 (CBR1)	mRNA	expression	in	the	stromal	cells	
(P	<	0.05).	The	overall	results	suggest	that	HS	induces	mRNA	expression	of	enzymes	involved	in	PG	synthesis,	resulting	in	
the	upregulation	of	PGE2	and	PGF2α	production	in	the	stromal	cells,	but	not	in	the	epithelial	cells.	The	HS-induced	increase	
of	PGE2	and	PGF2α	secretion	in	bovine	endometrial	stromal	cells	may	disrupt	the	normal	estrous	cycle	and	cause	infertility	
in	cows	during	summer.
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In	recent	years,	global	warming	has	received	increasing	attention.	Particularly	in	the	livestock	industry,	the	effect	of	heat	stress	(HS)	
due	to	global	warming	is	a	special	concern.	In	cows,	HS	influences	
physiological	properties,	such	as	milk	production,	a	decrease	in	feed	
intake,	and	rapid	shallow	breathing	[1].	In	animal	reproduction,	HS	
decreases	estradiol-17β	secretion	from	the	dominant	follicle,	resulting	
a	in	suppression	of	overt	estrous	behavior	[2].	In	addition,	HS	increases	
uterine	temperature,	leading	to	reduced	blood	flow	to	the	uterus	[3],	
and	impedes	sperm	and	embryo	survival	[4].	These	effects	of	HS	on	
reproduction	lead	to	a	decrease	in	the	bovine	conception	rate	during	
summer	and	cause	economic	losses	in	livestock	management	[5].	
Therefore,	an	improvement	in	the	conception	rate	of	cattle	during	
summer	is	required.
The	uterine	endometrium	secretes	prostaglandins	(PGs),	which	are	

involved	in	implantation,	parturition,	luteolysis	and	pregnancy	recogni-
tion	in	mammals	[6].	The	production	of	PGs	is	mainly	controlled	by	
phospholipase	A2	(PLA2)	and	cyclooxygenase	2	(COX2).	Arachidonic	
acid	is	liberated	from	phospholipids	in	the	plasma	membrane	by	PLA2.	

Then,	COX2	converts	it	to	PGH2,	which	is	a	precursor	of	all	PGs	
including	PGF2α	and	PGE2.	In	addition,	PGH2	is	converted	to	PGF2α	
and	PGE2	by	prostaglandin	F	synthase	(PGFS)	and	prostaglandin	E	
synthase	(PGES),	respectively.	PGE2	is	then	converted	to	PGF2α	
by	carbonyl	reductase	1	(CBR1)	[7].	In	cows,	PGE2	is	known	as	
a	luteotrophic	factor,	since	it	induces	the	secretion	of	progesterone	
(P4)	from	the	corpus	luteum	(CL)	by	increasing	intracellular	cyclic	
AMP	[8,	9].	Contrarily,	PGF2α	secreted	by	the	endometrium	induces	
luteolysis	in	cows	[10].	The	endometrium	consists	of	two	types	
of	cells,	epithelial	cells	and	stromal	cells	both	of	which	produce	
PGE2	and	PGF2α.	Epithelial	cells	principally	secrete	PGF2α,	while	
stromal	cells	mainly	secrete	PGE2	[11].	During	bovine	luteolysis,	
tumor	necrosis	factor	(TNF)	α	induces	PGF2α	secretion	from	the	
stromal	cells,	and	subsequently	induces	the	production	of	oxytocin	
(OT)	from	the	CL.	Then	OT	further	enhances	PGF2α	secretion	from	
the	epithelial	cells	[12].	This	positive	feedback	mechanism	between	
PGF2α	secreted	from	the	endometrium	and	OT	secreted	from	the	CL	
induces	luteolysis.	Thus,	the	endocrine	function	of	the	endometrial	
epithelial	and	stromal	cells	plays	central	roles	in	the	regulation	of	
the	estrous	cycle	in	cows.	The	endocrine	functions	of	the	bovine	
endometrium	are	influenced	by	HS.	Exposing	endometrial	tissues	
to	HS	(43°C,	18	h)	was	shown	to	increase	PGF2α	secretion	[13].	
However,	the	specific	effect	of	HS	on	the	epithelial	and	stromal	cells	
of	bovine	endometrium	remains	unclear.	In	this	study,	to	suggest	
possible	solutions	to	bovine	reproductive	disorders	caused	by	HS,	
we	examined	the	in vitro	effect	of	HS	on	the	endocrine	functions	of	
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the	endometrial	epithelial	and	stromal	cells,	individually.

Materials and Methods

Collection of endometrial tissues
Healthy	cow	uteri	without	visible	conceptus	were	obtained	from	a	

local	slaughterhouse	(Okayama	Meat	Center),	within	10–20	min	of	
exsanguination	of	the	animals;	the	organs	were	submerged	in	ice-cold	
physiological	saline	and	immediately	transported	to	the	laboratory.	
The	stages	of	the	estrous	cycle	were	confirmed	by	macroscopic	
observation	of	the	ovaries	and	uteri,	as	described	previously	[14,	
15].	After	trimming	of	the	uteri	ipsilateral	to	the	CL,	intercaruncular	
endometrial	tissues	were	immediately	frozen	and	stored	at	–80°C	
until	mRNA	extraction	and	protein	analysis.

Isolation and culture of endometrial cells
Uteri	at	the	early-luteal	and	follicular	stages	(Day	2–3	and	Day	

19–21)	were	used	for	the	isolation	and	culture	of	endometrial	cells.	
Epithelial	and	stromal	cells	from	bovine	endometrium	were	enzy-
matically	separated	and	cultured	according	to	procedures	described	
previously	[16,	17].	The	collected	epithelial	and	stromal	cells	were	
separately	resuspended	in	culture	medium	(DMEM/Ham’s	F-12,	1:1	
(v/v);	Invitrogen,	Carlsbad,	CA,	USA)	supplemented	with	10%	(v/v)	
bovine	serum	(Invitrogen),	20	μg/ml	gentamicin	(Sigma-Aldrich,	
St.	Louis,	MO,	USA)	and	2	μg/ml	amphotericin	B	(Sigma-Aldrich).	
These	epithelial	and	stromal	cells	were	seeded	with	750	µl,	1	ml,	
and	20	ml,	having	a	density	of	1	×	105	viable	cells/ml,	in	4-well	
cluster	dishes	(Thermo	Fisher	Scientific,	Yokohama,	Japan),	24-well	
cluster	dishes	(Greiner	Bio-One,	Frickenhausen,	Germany)	and	75	
cm2	culture	flasks,	respectively,	and	were	cultured	at	38.5°C	in	a	
humidified	atmosphere	of	5%	CO2	in	air,	until	the	cells	reached	
confluence.

Enzyme immunoassay (EIA)
The	concentrations	of	PGE2	and	PGF2α	in	the	culture	medium	

were	determined	via	EIA,	as	described	previously	[18,	19].	The	
PGE2	standard	curve	ranged	from	0.039	to	10	ng/ml,	and	the	median	
effective	dose	(ED50)	of	the	assay	was	0.625	ng/ml.	The	intra-	and	
inter-assay	coefficients	of	variation,	on	average,	were	7.83%	and	
13.02%,	respectively.	The	PGF2α	standard	curve	ranged	from	0.016	
to	4	ng/ml	and	the	ED50	of	the	assay	was	0.25	ng/ml.	The	intra-	and	
inter-assay	coefficients	of	variation,	on	average,	were	6.18%	and	
12.11%,	respectively.

Total RNA extraction and quantitative reverse transcription - 
polymerase chain reaction (RT-PCR)
Total	RNA	was	extracted	from	the	endometrial	tissues	and	cultured	

cells	using	TRIsure	(Bioline,	London,	UK),	according	to	the	manu-
facturer’s	directions.	One	microgram	of	the	respective	total	RNA	
was	reverse	transcribed	using	a	ThermoScript	RT-PCR	System	(no.	
11146-016;	Invitrogen)	and	10%	of	the	reaction	mixture	was	used	in	
each	PCR	reaction	using	specific	primers	for	bovine	heat	shock	protein	
(HSP)	70,	HSP90,	PLA2,	COX2,	PGFS,	cytosolic	PGES	(cPGES),	
CBR1,	and	glyceraldehyde-3-phosphate	dehydrogenase	(GAPDH).	
The	sequences	of	primers	were	listed	in	Table	1.	Quantifications	of	
mRNA	expressions	were	determined	by	SsoAdvanced	SYBR	Green	

Supermix	(no.	170-8880;	Bio-Rad	Laboratories,	Berkeley,	CA,	USA),	
as	described	previously	[20].	Serial	dilutions	of	arbitrary	cDNA	were	
used	as	standards	to	analyze	the	relative	level	of	the	expressions	of	
each	mRNA.	The	mRNA	expression	of	GAPDH	was	used	as	an	
internal	control.	For	quantification	of	the	mRNA	expression	levels,	
PCR	was	performed	under	the	following	conditions:	95°C	for	15	
min	followed	by	45	cycles	of	95°C	for	10	sec,	60°C	for	10	sec,	and	
72°C	for	15	sec.	Use	of	the	MyiQ	Single-Colour	Real-Time	PCR	
Detection	system	at	elevated	temperatures	resulted	in	reliable	and	
sensitive	quantification	of	the	RT-PCR	products	with	high	linearity	
(Pearson’s	product	moment	correlation	coefficient,	r	>	0.99).

Western blotting
The	protein	expression	levels	of	HSP70	and	HSP90	in	the	bovine	

endometrial	tissues	and	cultured	endometrial	cells	were	determined	via	
western	blotting.	Protein	concentrations	in	the	lysates	were	determined	
by	bovine	serum	albumin	(BSA)	as	a	standard	[21].	The	proteins	
were	then	solubilized	in	sodium	dodecyl	sulfate	(SDS)	gel-loading	
buffer	(50	mM	Tris-HCL,	2%	SDS	31607-94,	Nakarai	Tesque,	Tokyo,	
Japan),	10%	glycerol,	and	1%	B-mercaptoethanol	(pH	6.8;	137-06862;	
Wako	Pure	Chemical	Industries,	Osaka,	Japan)	and	heated	at	95°C	
for	10	min.	Samples	(25	μg	protein/lane)	were	analyzed	on	a	10%	
(v/v)	SDS-polyacrylamide	gel	electrophoresis	(PAGE)	gel	and	then	
transferred	to	a	polyvinylidene	(PVDF)	membrane	(RPN303F;	GE	
Healthcare,	Little	Chalfront,	Buckinghamshire,	UK).	The	membrane	
was	washed	in	TBS-T	(0.1%	Tween	20	in	tris-buffered	saline	(TBS),	
pH	7.5)	and	incubated	in	blocking	buffer	(5%	nonfat	dry	milk	in	
TBS-T)	for	1	h	at	25°C.	After	washing,	the	membrane	was	cut	into	two	
pieces,	and	each	piece	was	incubated	separately	with	specific	primary	
antibodies	to	HSP70	(anti-HSP70-IgG-rabbit;	Assay	designs,	1:2000	
dilution)	or	HSP90	(anti-HSP90-IgG-mouse;	Abcam,	Cambridge,	UK,	
1:2000	dilution)	and	β-actin	(anti-β-actin-IgG-mouse;	Sigma-Aldrich,	
1:40000	dilution)	in	TBS-T	for	24	h	at	4°C.	After	incubation,	the	
membrane	pieces	were	incubated	again	with	secondary	antibodies	
(anti-rabbit,	horseradish	peroxidase	(HRP)-linked	whole	antibody	
produced	in	donkey;	GE	Healthcare,	1:5000	dilution	for	HSP70,	
and	anti-mouse,	HRP-linked	whole	antibody	produced	in	sheep;	
GE	Healthcare,	1:5000	dilution	for	HSP90	and	1:4000	dilution	for	
β-actin,	respectively)	in	TBS-T	1	h	at	room	temperature.	The	signal	
was	detected	using	an	ECL	Western	Blotting	Detection	System	(GE	
Healthcare),	and	the	intensity	of	the	immunological	reaction	mixture	
was	estimated	by	measuring	the	optical	density	in	the	defined	area	
by	computerized	densitometry	using	Image	J	(National	Institutes	of	
Health,	Bethesda,	MD,	USA).

Experimental design
Experiment	1:	Comparisons	of	mRNA	and	protein	expressions	of	

HSP70	and	HSP90	between	summer	and	winter	in	bovine	endometrial	
tissues
In	the	present	study,	in	order	to	examine	whether	bovine	endome-

trium	is	influenced	by	HS	in	the	summer,	we	examined	the	expressions	
of	HSP70	and	HSP90,	both	of	which	are	generally	used	as	HS	makers	
in	the	bovine	endometrium,	oviduct,	and	embryos	[13,	22,	23].	For	
the	measurement	of	the	expressions	of	HSP70	and	HSP90	mRNA	
and	protein,	endometrial	tissues	(days	8–12	after	ovulation)	were	
collected	from	five	cows	in	winter	(December-April,	2013–2014)	and	
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six	cows	in	summer	(July-August,	2014	and	August,	2015).	Average	
temperatures	in	Okayama	during	the	sampling	periods	were	6.7°C	
in	winter	and	27.3°C	in	summer,	respectively.	The	temperature	data	
were	obtained	from	the	Japan	Meteorological	Agency.
Experiment	2:	Effects	of	various	incubation	temperatures	on	

HSP70	and	HSP90	mRNA	and	protein	expression	in	the	cultured	
bovine	endometrial	epithelial	and	stromal	cells
Endometrial	epithelial	and	stromal	cells	that	reached	confluence	in	

the	4-well	cluster	dishes	and	75	cm2	culture	flasks	were	used	for	this	
experiment.	The	cells	were	incubated	with	phenol	red-free	Dulbecco’s	
modified	Eagle’s	medium	(DMEM)/Ham’s	F-12	supplemented	with	
0.1%	(w/v)	BSA,	5	ng/ml	sodium	selenite	(Sigma-Aldrich),	0.5	mM	
ascorbic	acid	(Wako	Pure	Chemical	Industries),	5	mg/ml	transferrin	
(Sigma-Aldrich),	2	mg/ml	insulin	(Sigma-Aldrich),	and	20	mg/ml	
gentamicin.	Control	samples	were	incubated	at	38.5°C	for	34	h.	HS	
treatment	samples	were	incubated	at	39.5°C	or	40.5°C	for	10	h	and	
allowed	to	recover	from	stress	at	38.5°C	for	14	h.	After	recovery,	
the	cells	were	incubated	again	at	39.5°C	or	40.5°C	for	10	h.	We	
used	this	duration	for	HS	treatment	in	order	to	reproduce	in vivo 
HS	conditions,	based	on	our	observation	that	daytime	lasts	10	h	
and	nighttime	lasts	14	h	in	summer.	After	incubation,	the	cells	were	
collected	to	analyze	the	expressions	of	HSP70	and	HSP90	mRNAs	
and	proteins,	respectively.	Cells	to	be	used	for	HSP70	and	HSP90	
mRNAs	analysis	were	immediately	frozen	and	stored	with	TRIsure	
at	–80°C	until	total	RNA	extraction.	Cells	to	be	used	for	HSP70	and	
HSP90	proteins	analysis	were	immediately	frozen	and	stored	with	
lysis	buffer	at	–30°C	until	protein	analysis.
Experiment	3:	Effect	of	elevated	temperature	on	the	production	

of	PGE2	and	PGF2α	in	the	cultured	bovine	endometrial	epithelial	
and	stromal	cells
Endometrial	epithelial	and	stromal	cells	that	reached	confluence	

in	the	24-well	cluster	dishes	were	used	for	this	experiment.	The	
cells	were	incubated	as	described	above	in	experiment	2.	After	
incubation,	the	medium	was	collected	in	a	1.5	ml	tube	containing	a	
1%	stabilizer	solution	(0.3	M	EDTA	and	1%	(w/v)	acetylsalicylic	
acid,	pH	7.3)	and	immediately	frozen	and	stored	at	–30°C	until	
EIA.	The	concentrations	of	PGE2	and	PGF2α	in	the	medium	were	
measured	via	EIA.	The	cells	were	collected	for	measuring	the	amount	

of	DNA	via	DNA	assay	[24].
Experiment	4:	Effect	of	elevated	temperature	on	the	expressions	of	

PG	synthetase	mRNA	in	the	cultured	bovine	endometrial	epithelial	
and	stromal	cells
Endometrial	epithelial	and	stromal	cells	that	reached	confluence	

in	the	4-well	cluster	dishes	were	used	for	this	experiment.	The	cells	
were	incubated	as	described	above	in	experiment	2.	After	incubation,	
the	cells	were	collected	to	measure	the	expressions	of	PLA2,	COX2,	
PGFS,	cPGES	and	CBR1	mRNAs	via	quantitative	RT-PCR.

Statistical analysis
All	experimental	data	are	shown	as	the	mean	±	SEM.	The	statistical	

analyses	were	performed	using	GraphPad	Prism	(GraphPad	Software,	
La	Jolla,	CA,	USA).	The	statistical	significance	of	differences	in	
experiments	1,	3,	and	4	were	assessed	via	Student’s	t-test,	while	the	
statistical	significance	of	differences	in	experiment	2	was	assessed	
via	ANOVA	followed	by	Dunnett’s	multiple	comparisons	tests.	
Statistical	level	of	significance	was	set	at	5%	(P	<	0.05).

Results

Experiment 1: Comparisons of mRNA and protein expressions 
of HSP70 and HSP90 between summer and winter in bovine 
endometrial tissues
The	expressions	of	HSP70	mRNA	and	protein	in	the	bovine	

endometrial	tissues	were	higher	(P	<	0.05)	in	summer	than	in	winter	
(Fig.	1A	and	B).	However,	the	expressions	of	HSP90	mRNA	and	
protein	in	bovine	endometrial	tissues	were	not	different	between	
summer	and	winter	(Fig.	1C	and	D).

Experiment 2: Effects of various incubation temperatures on 
HSP70 and HSP90 mRNA and protein expressions in the 
cultured bovine endometrial epithelial and stromal cells
The	expressions	of	HSP70	and	HSP90	mRNA	were	higher	(P	<	

0.05)	at	40.5°C	than	at	38.5°C	in	the	epithelial	cells	(Fig.	2A	and	
B).	In	the	stromal	cells,	the	expression	of	HSP70	and	HSP90	mRNA	
were	higher	(P	<	0.05)	at	39.5°C	and	40.5°C	than	at	38.5°C	(Fig.	2E	
and	F).	The	expressions	of	HSP70	and	HSP90	protein	were	greater	

Table 1.	 Sequences	of	primers	used	for	real-time	RT-PCR	analysis

Genes Forward	and	reverse	primers Accession	no.
PLA2 5'-AGGTGCACAACTTCATGCTG-3' BC134610

5'-GGCATCCAATTCGTCTTCAT-3'
COX2 5'-TGTGAAAGGGAGGAAAGAGC-3' AF004944

5'-GGCAAAGAATGCAAACATCA-3'
PGFS 5'-GCAGGAGAAAGTGGTGAAGC-3' S54973

5'-GCCAGTGGATGAGGTAGAGG-3'
cPGES 5'-AGGACGCTCAGAGACATGGA-3' NM_174443

5'-TTCGGTCCGAGGAAAGAGTA-3'
CBR1 5'-AAAACCGCAAGGCAGAGTGGTG-3' NM_001034513.1

5'-CTCCATATGCGGTATCGGGCCA-3'
GAPDH 5'-CACCCTCAAGATTGTCAGCA-3' BC102589

5'-GGTCATAAGTCCCTCCACGA-3'
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(P	<	0.05)	at	40.5°C	than	38.5°C	in	the	epithelial	cells	(Fig.	2C	and	
D)	and	stromal	cells	(Fig.	2G	and	H).

Experiment 3: Effect of elevated temperature on the production 
of PGE2 and PGF2α in the cultured bovine endometrial 
epithelial and stromal cells
As	indicated	in	Fig	3,	in	the	epithelial	cells,	the	production	of	

PGE2	and	PGF2α	were	not	changed	by	elevated	temperatures	(Fig.	
3A	and	B).	In	contrast,	the	production	of	PGE2	and	PGF2α	were	
significantly	(P	<	0.05)	increased	at	40.5°C	than	at	38.5°C	in	the	
stromal	cells	(Fig.	3C	and	D).

Experiment 4: Effect of elevated temperature on the 
expressions of PG synthetase mRNA in the cultured bovine 
endometrial epithelial and stromal cells
As	indicated	in	Fig	4,	in	the	epithelial	cells,	the	expression	of	PLA2 

mRNA	was	not	changed	by	an	elevated	temperature	(Fig.	4A),	but	
the	expression	of	COX2	mRNA	was	lower	(P	<	0.05)	at	40.5°C	than	
at	38.5°C	(Fig.	4B).	In	contrast,	the	expressions	of	PGFS,	cPGES 
and	CBR1	mRNA	were	significantly	(P	<	0.05)	increased	at	40.5°C	
than	at	38.5°C	in	the	endometrial	epithelial	cells	(Fig.	4C,	D,	and	
E).	In	addition,	the	expressions	of	PLA2,	COX2,	PGFS,	cPGES,	and	
CBR1	mRNA	were	greater	(P	<	0.05)	at	40.5°C	than	38.5°C	in	the	
stromal	cells	(Fig.	4F,	G,	H,	I,	and	J).

Discussion

In	cows,	HS	influences	reproductive	performance	[5].	For	example,	
it	disrupts	estrous	cyclicity,	reduces	estrous	behavior	[25],	suppresses	
follicular	development	[2],	and	induces	early	embryo	mortality	[26].	
In	this	study,	we	revealed	that	the	endocrine	function	of	bovine	
endometrial	cells	was	influenced	by	HS.	Especially,	in	the	endometrial	
stromal	cells	HS	enhanced	the	gene	expressions	of	enzymes	involved	
in	PG	synthesis,	resulting	in	an	increase	in	PG	production.
Bovine	body	temperature	is	approximately	38.5°C	but	increases	

under	high	ambient	temperature	[27],	and	HS	influences	the	functions	
of	various	organs	[2].	In	a	previous	study,	the	expressions	of	HS	
markers	HSP70	and	HSP90	were	increased	in	bovine	endometrial	

Fig. 1.	 Expressions	 of	 HSP70	 and	 HSP90	 mRNA	 (A	 and	 C)	 and	
protein	(B	and	D)	in	the	bovine	endometrium	in	the	mid	luteal	
stages	in	winter	(December	2013	–	April	2014;	n	=	5	uteri)	and	
summer	 (July	 –	August	 2014	 and	August	 2015;	 n	 =	 6	 uteri).	
Different	superscripts	indicate	significant	difference	(P	<	0.05),	as	
determined	by	Student’s	t-test.

Fig. 2.	 Effects	of	elevated	incubation	temperature	(38.5°C,	39.5°C,	and	
40.5°C)	on	HSP70	and	HSP90	mRNA	and	protein	expressions	
in	 the	 cultured	 bovine	 endometrial	 epithelial	 (A,	 B,	 C	 and	D)	
and	 stromal	 (E,	 F,	 G	 and	 H)	 cells	 (mean	 ±	 S.E.M,	 n	 =	 8–13	
uteri).	Different	superscripts	indicate	significant	differences	(P	<	
0.05),	as	determined	by	ANOVA	followed	by	Dunnett’s	multiple	
comparisons	test.
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explants	cultured	in vitro	under	HS	conditions	[13].	However,	since	
it	has	not	yet	been	determined	whether	bovine	uteri	are	influenced	by	
HS in in vivo,	we	examined	the	expressions	of	HSP70	and	HSP90	
in	the	bovine	endometrium	collected	in	summer	and	winter.	The	
mRNA	and	protein	expressions	of	HSP90	were	not	different	in	
the	uterine	endometrial	tissues	between	summer	and	winter	(Fig.	
1C	and	D),	while	those	of	HSP70	were	higher	in	summer	than	in	
winter	(Fig.	1A	and	B).	Min	et al.	reported	that	HS	increased	both	
HSP70	and	HSP90	in	bovine	serum;	however	HSP90	in	serum	
was	decreased	after	8	weeks	nevertheless	HSP70	in	serum	was	
still	high	in	HS	exposed	cows,	suggesting	that	HSP70	was	more	
sensitive	and	appropriate	as	a	HS	marker	[28].	Therefore,	present	
results	suggest	that	bovine	endometrium	in	summer	might	experi-
ence	HS	conditions.	Subsequently,	to	mimic	HS	conditions	in	in 
vitro	experiments,	we	cultured	bovine	endometrial	cells	at	various	
temperatures	and	examined	the	expression	of	HS	markers.	The	
results	showed	that	mRNA	and	protein	expressions	of	HSP70	and	
HSP90	in	the	cultured	bovine	endometrial	epithelial	and	stromal	
cells	were	increased	at	40.5°C	(Fig.	2A–H),	which	is	equivalent	to	
the	vaginal	temperature	of	cows	under	high	temperature	conditions	
[27].	Therefore,	endometrial	cells	were	cultured	at	40.5°C	to	mimic	
the	HS	conditions	in	the	subsequent	experiments.
We	examined	whether	HS	affected	endocrine	function	in	the	

cultured	bovine	endometrial	cells.	In	the	endometrial	stromal	cells,	
HS	increased	PGF2α	and	PGE2	production	(Fig.	3C	and	D).	In	
a	study	of	bovine	endometrium,	Skarzynski	et al.	reported	that	
upregulation	of	mRNA	expression	of	the	enzymes	associated	with	
PG	synthesis	induced	PG	production	[17].	In	this	study	as	well,	HS	
increased	mRNA	expressions	of	PLA2,	COX2,	PGFS,	cPGES,	and	
CBR1	in	the	stromal	cells	(Fig.	4F-J).	Therefore,	the	increase	of	PG	
production	induced	by	HS	may	be	caused	by	the	upregulation	of	

mRNA	expression	of	enzymes	associated	with	PG	synthesis.	Indeed,	
the	effects	of	HS	on	enzymes	associated	with	PG	synthesis	have	

Fig. 3.	 Effect	of	 elevated	 temperature	on	 the	production	of	PGE2	and	
PGF2α	in	the	cultured	bovine	endometrial	epithelial	(A,	B)	and	
stromal	 (C,	D)	 cells	 (mean	±	S.E.M.,	n	=	4–6	uteri).	Different	
superscripts	 indicate	 significant	 differences	 (P	 <	 0.05),	 as	
determined	by	Student’s	t-test.

Fig. 4.	 Effect	 of	 elevated	 temperature	 on	 the	 expressions	 of	 PLA2,	
COX2,	PGFS,	cPGES,	and	CBR1	mRNA	in	the	cultured	bovine	
endometrial	 epithelial	 (A,	 B,	 C,	 D	 and	 E)	 and	 stromal	 (F,	 G,	
H,	 I,	 and	 J)	 cells	 (mean	 ±	 S.E.M.,	 n	 =	 6–13	 uteri).	 Different	
superscripts	 indicate	 significant	 differences	 (P	 <	 0.05),	 as	
determined	by	Student’s	t-test.
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previously	been	reported.	Under	HS	conditions,	heat	shock	factor	
1,	a	transcription	factor	for	HSP	gene	expression,	is	activated.	Heat	
shock	factor	1	binds	directly	to	the	heat	shock	element	(HSE)	of	the	
COX2	promoter	and	regulates	its	expression	in	human	umbilical	vein	
endothelial	cells	[29].	The	HSE	sequence	(GAA-CTC-GAA)	[29]	is	
found	in	the	promoter	region	of	bovine	COX2	(1415-1427,	Accession	
No;	AY260143,	National	Center	for	Biotechnology	Information).	In	
addition,	HSP90	regulates	the	phosphorylation	of	PLA2	under	the	
stimulation	of	okadaic	acid,	resulting	in	the	release	of	arachidonic	
acid	in	murine	macrophages	[30]	and	increases	in	cPGES	activity	
in	rat	fibroblast	cells	[31].	In	this	study,	as	HS	induced	not	only	the	
mRNA	expressions	of	PLA2	and	COX2	but	also	the	mRNA	and	
protein	level	of	HSPs	in	the	endometrial	stromal	cells,	enzymes	for	
PG	synthesis	in	bovine	endometrium	might	also	be	regulated	by	the	
mechanisms	described	above.
Unlike	in	endometrial	stromal	cells,	HS	did	not	influence	PGF2α	

and	PGE2	production	in	the	epithelial	cells	(Fig.	4C–E).	The	mRNA	
expression	of	COX2	was	decreased	by	HS	(Fig.	4B);	however,	the	
mRNA	expressions	of	PGFS,	cPGES	and	CBR1	were	significantly	
induced	by	HS	(Fig.	4C–E).	These	results	may	be	one	of	the	reasons	
for	the	minor	effect	of	HS	on	the	production	of	PGs	in	epithelial	
cells.	It	remains	unclear	why	endometrial	epithelial	and	stromal	
cells	are	affected	differently	by	HS.	The	differences	of	reactivity	
between	these	two	types	of	cells	against	various	stimuli	have	been	
reported	previously.	When	Trueperella pyogenes	contaminate	bovine	
uterus	after	parturition,	it	induces	cytolysis	of	stromal	cells	but	not	
of	epithelial	cells,	because	stromal	cells	contain	more	cholesterol	
than	epithelial	cells	[32].	As	such,	the	difference	in	responses	against	
external	stimuli	between	the	epithelial	and	stromal	cells	may	have	
resulted	in	the	observations	made	in	the	present	study.	Moreover,	in	
this	study,	even	though	both	the	epithelial	and	stromal	cells	upregulated	
HSP70	and	HSP90	expressions	under	HS	conditions,	only	the	stromal	
cells	had	increased	production	of	PGs.	Factors	other	than	HSP	may	
increase	the	production	of	PGs	under	HS	conditions.	Therefore,	it	
is	necessary	to	study	how	bovine	endometrial	epithelial	and	stromal	
cells	sense	HS.
There	are	two	contradictory	reports	regarding	the	effect	of	HS	on	

the	estrous	cycle	of	cows.	Heat	stress	increased	PGF2α	production	
in	bovine	endometrial	tissues	and	might	have	shortened	the	estrous	
cycle,	following	early	regression	of	the	CL	[13].	In	contrast,	HS	
extended	the	estrous	cycle	in	a	previous	in vivo	experiment	[33].	In	
cows,	the	estrous	cycle	is	regulated	by	endocrine	functions,	such	as	
the	production	of	PGs,	LH	pulse	[11],	and	the	plasma	concentrations	
of	P4	and	estradiol	[34].	Wolfenson	et al.	and	Younas	et al.	suggested	
that	a	smaller	number	of	luteal	cells	or	lower	plasma	cholesterol	
availability	under	HS	condition	caused	a	decrease	in	the	plasma	
concentration	of	P4	[35,	36].	In	contrast,	Wilson	et al.	reported	that	
the	serum	concentration	of	P4	was	higher	in	HS	conditions	and	that	
HS	delayed	the	regression	of	the	CL	[37].	In	this	study,	we	observed	
that	the	productions	of	both	PGF2α	(a	luteolytic	factor)	and	PGE2	(a	
luteotrophic	factor)	were	increased	by	HS	in	the	bovine	endometrial	
stromal	cells.	It	remains	unclear	whether	HS	extends	or	shortens	the	
lifespan	of	the	CL.	Further	in vivo	studies	are	required	to	further	
explore	this	question.
The	present	results	show	that	HS	affected	the	bovine	endometrial	

epithelial	and	stromal	cells,	particularly	the	secretion	of	PGs	from	

the	stromal	cells.	Disturbance	of	endocrine	functions	may	be	one	of	
the	reasons	of	HS-induced	reproductive	disorders	in	cows.
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