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Abstract. 	We	examined	 the	effect	of	ploidy	on	mitochondrial	DNA	(mtDNA)	copy	number	 in	embryos	and	 the	amount	
of	cell-free	mitochondrial	and	nucleic	DNA	content	 (cf-mtDNA	and	cf-nDNA)	 in	spent	culture	medium	(SCM).	Oocytes	
collected	 from	 the	 ovaries	were	matured,	 activated,	 incubated	 in	medium	containing	 cycloheximide	 (CHX)	or	CHX	and	
cytochalasin	B	(CB)	for	4.5	h	to	produce	haploid	or	diploid	embryos	(H-group	and	D-group	embryos).	These	embryos	were	
cultured	for	7	days,	and	the	blastocysts	and	SCM	were	examined.	The	amount	of	mtDNA	and	nDNA	was	determined	by	
real-time	PCR.	The	rate	of	development	to	the	blastocyst	stage	was	higher	for	the	D-group	than	for	the	H-group.	Moreover,	
D-group	blastocysts	had	less	mtDNA	compared	to	the	H-group	blastocysts.	After	activation,	the	mitochondrial	content	was	
constant	before	the	blastocyst	stage	in	D-group	embryos,	but	increased	earlier	in	H-group	embryos.	The	amount	of	cf-mtDNA	
in	the	SCM	of	D-group	blastocysts	was	greater	than	that	of	H-group	blastocysts.	However,	when	the	cf-mtDNA	in	the	SCM	of	
2	cell-stage	embryos	(day	2	post-activation)	was	examined,	the	amount	of	cf-mtDNA	was	greater	in	the	H-group	than	in	the	
D-group	embryos.	When	D-group	embryos	were	cultured	for	7	days,	a	significant	correlation	was	observed	between	the	total	
cell	number	of	blastocysts	and	cf-nDNA	content	in	the	SCM.	Hence,	although	careful	consideration	is	needed	regarding	the	
time	point	for	evaluating	mtDNA	content	in	the	embryos	and	SCM,	this	study	demonstrates	that	mtDNA	in	the	embryos	and	
SCM	was	affected	by	the	ploidy	of	the	embryos.
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Mitochondria	are	the	main	energy	generators	of	cells	and	play	
a	variety	of	roles	in	cellular	homeostasis,	including	calcium	

regulation	and	apoptosis.	The	number	of	mitochondria	increases	
during	oocyte	growth	[1],	and	oocytes	with	a	greater	mitochondrial	
number	have	higher	maturation,	fertilization,	and	developmental	
competence	[2–4].	Although	the	relationship	between	mitochondrial	
number	and	embryonic	quality	has	been	studied	extensively	in	
oocytes,	studies	in	humans	and	mice	have	found	that	blastocysts	
with	low	mitochondrial	content	have	high	implantation	capacity	
[5–7],	while	other	studies	have	not	detected	this	relationship	[8–10].	
In	addition,	blastocysts	with	chromosomal	abnormalities	have	been	
reported	to	have	greater	mitochondrial	numbers	compared	to	euploid	
blastocysts	[5,	11–13];	however,	this	relationship	was	not	detected	in	
other	studies	[7–9].	Therefore,	more	evidence	is	needed	to	confirm	
whether	mitochondrial	number	can	be	used	to	evaluate	embryonic	
quality	and	chromosomal	abnormalities.
Cell-free	DNA	(cfDNA)	is	a	potential	noninvasive	marker	for	

predicting	embryonic	quality.	cfDNA	is	derived	from	cellular	secre-

tions	and	apoptotic	bodies	and	consists	of	nucleic	and	mitochondrial	
DNA	(nDNA	and	mtDNA)	[14].	Stifliani	et al.	[15]	reported	that	a	
high	mtDNA/nDNA	ratio	in	spent	culture	medium	(SCM)	is	associated	
with	the	implantation	outcome	and	embryonic	quality	in	humans.	
In	contrast,	they	also	reported	that	the	amount	of	cell-free	mtDNA	
(cf-mtDNA)	in	SCM	was	positively	correlated	to	the	extent	of	
embryonic	fragmentation	[16].	Further,	the	amount	of	cfDNA	content	
in	SCM	was	successfully	used	to	predict	chromosomal	abnormali-
ties	in	embryos	[17].	However,	a	low	concordance	was	previously	
reported	between	the	amount	of	cfDNA	content	in	the	medium	and	
chromosomal	abnormalities	in	embryos	obtained	from	trophectoderm	
cell	(TE)	using	biopsy	analysis	[18,	19].	The	cf-mtDNA/cf-nDNA	
ratio	in	the	medium	was	found	to	not	differ	between	aneuploid	and	
euploid	embryos	in	humans	[20].	However,	further	evidence	is	
needed	to	evaluate	the	amount	of	cfDNA	in	the	SCM	of	embryos.
Many	factors	have	hampered	the	evaluation	of	mtDNA	content	in	

SCM.	For	example,	IVF	embryos	have	multiple	sperms	attached	to	
the	zona	pellucida	(ZP)	and	oolemma.	Moreover,	embryos	that	require	
careful	handling	often	have	cumulus	cells	attached	to	the	ZP,	which	
may	affect	the	measurement	of	mtDNA	copy	number	in	the	medium	
[21].	In	addition,	cryopreservation	process	has	been	previously	found	
to	affect	the	mtDNA	content	in	SCM	[22].	Other	factors	that	may	
affect	the	secretion	of	mtDNA	into	the	culture	medium	include	the	
physical	handling	of	oocytes,	the	presence	of	ZP,	making	a	cut	in	ZP,	
and	the	invasive	manipulation	of	embryos.	In	the	present	study,	we	
created	haploid	and	diploid	parthenogenetically	activated	embryos	
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and	evaluated	the	amount	of	cf-nDNA	and	cf-mtDNA	content	in	
SCM	and	the	mtDNA	copy	number	in	embryos.	Furthermore,	we	
investigated	the	factors	that	strongly	affect	the	cfDNA	content	in	
SCM	and	evaluated	whether	embryo	ploidy	affects	mtDNA	content	
in	embryos	and	cfDNA	content	in	SCM.

Materials and Methods

Chemicals and media
All	drugs	used	in	this	study	were	purchased	from	Nacalai	Tesque	

(Kyoto,	Japan),	unless	stated	otherwise.	The	medium	used	for	the	
in vitro	maturation	(IVM)	of	oocytes	was	TCM199	(Gibco,	Paisley,	
UK),	supplemented	with	10%	v/v	porcine	follicular	fluid,	0.5	mM	
L-cysteine,	1	mM	L-glutamine,	0.9	mM	sodium	pyruvate,	10	ng/ml	
epidermal	growth	factor	(Sigma-Aldrich,	St.	Louis,	MO,	USA),	5%	
fetal	calf	serum,	10	IU/ml	equine	chorionic	gonadotropin	(ASKA	
Pharma,	Tokyo,	Japan),	and	10	IU/ml	human	chorionic	gonadotropin	
(Fuji	Pharma,	Tokyo,	Japan).	Porcine	follicular	fluid	was	aspirated	
from	the	antrum	follicles	(3–5	mm	in	diameter)	of	gilts,	centrifuged	
(10,000	×	g	for	5	min),	and	stored	at	‒20ºC	until	use.	The	medium	
used	for	the	in vitro	culture	(IVC)	of	embryos	was	porcine	zygote	
medium	3	(PZM3)	[23],	which	contained	polyvinyl	alcohol	(PVA).	
IVM	was	performed	under	atmospheric	conditions	of	5%	CO2	and	95%	
air	at	38.5ºC,	and	IVC	was	performed	under	atmospheric	conditions	
of	5%	O2,	5%	CO2,	and	90%	N2	at	38.5ºC.

Oocyte collection and in vitro maturation
The	ovaries	were	collected	from	gilts	at	a	slaughterhouse,	stored	at	

37ºC	in	phosphate-buffered	saline	(PBS)	containing	antibiotics,	and	
transported	to	the	laboratory	within	1	h.	Cumulus	oocyte	complexes	
(COCs)	were	aspirated	from	antral	follicles	(3–5	mm	in	diameter)	
using	a	syringe	with	a	21	G	needle	(Terumo,	Tokyo,	Japan).	The	
COCs	were	cultured	in	IVM	medium	for	44	h	(10	COCs/100	µl	
drops)	and	then	subjected	to	activation.

Parthenogenetic activation of oocytes and in vitro culture of 
embryos
After	IVM,	the	oocytes	were	denuded	from	the	surrounding	

cumulus	cells	by	vortexing	in	hyaluronidase	(0.5%	w/v)	with	IVC	
medium	for	6	min.	These	oocytes	were	examined	for	the	absence	of	
cumulus	cells	under	a	stereo	microscope	(Olympus,	Tokyo,	Japan).	
The	oocytes	were	then	activated	using	a	single	electrical	pulse	of	
100	V	for	0.1	msec	and	CUY500P1	electrode	(NEPA21;	NepaGene,	
Chiba,	Japan).	The	oocytes	were	divided	into	two	groups:	(i)	oocytes	
incubated	in	IVC	medium	containing	10	µM	cytochalasin	B	(CB)	and	
10	µM	cycloheximide	(CHX)	for	4.5	h	and	(ii)	oocytes	incubated	in	
IVC	medium	containing	CHX	for	4.5	h.	The	first	group	of	oocytes	
was	found	to	inhibit	second	polar	body	(PB)	extrusion,	resulting	
in	diploid	embryos	(D-group	embryos),	while	the	second	group	of	
oocytes	extruded	second	PB,	resulting	in	haploid	embryos	(H-group	
embryos).	Zygotes	were	individually	cultured	in	10	µl	of	IVC	medium.

Validation of differential ploidy between oocytes treated with or 
without CB
After	IVM,	oocytes	with	first	PB	were	selected	under	a	stereo	

microscope	and	activated	to	create	the	D-group	and	H-group	embryos	

described	above.	Eighteen	hours	after	activation,	the	presumptive	
zygotes	were	stained	with	Hoechst	33342	and	examined	for	the	
presence	of	a	second	PB	under	a	florescence	microscope	(IX71;	
Olympus).	Embryos	with	two	PBs	were	defined	as	haploid	zygotes,	
while	oocytes	with	only	one	PB	were	defined	as	diploid	zygotes.	
Oocytes	with	unclear	images	(polar	bodies	overlapped	with	another	
polar	body	or	nucleus)	were	categorized	as	diploid	zygotes	(1PB).	
Three	days	after	activation,	cleaved	embryos	at	the	8	cell-stage	were	
morphologically	selected	using	a	stereomicroscope	(Olympus),	
stained	with	Hoechst	33342,	and	observed	under	a	fluorescence	
microscope	(IX71;	Olympus)	to	obtain	fluorescence	images	of	the	
embryos	and	under	a	Leica	DMI	6000B	microscope	to	determine	the	
number	of	cells	(nucleus	number)	using	LAS	AF	software	(Leica,	
Wetzlar,	Germany).	The	fluorescence	intensities	were	quantified	
using	ImageJ	software	(NIH,	Bethesda,	MD,	USA)	and	divided	by	
the	number	of	nuclei.

Removal of ZP from zygotes and incubation of ZP-free zygotes
The	oocytes	were	activated	and	incubated	with	CB	and	CHX	for	

4.5	h	to	create	D-group	embryos.	Eighteen	hours	after	activation,	half	
of	the	presumptive	zygotes	were	treated	with	0.1%	proteinase	for	1	
min	to	remove	ZP	and	washed	five	times	in	IVC	medium.	The	ZP-free	
zygotes	and	non-treated	zygotes	were	incubated	individually	in	10	µl	
of	culture	medium	for	7	days.	A	total	of	240	oocytes	were	activated,	
and	the	SCM	of	morphological	clear	blastocysts	(clear	cavity,	inner	
cell	mass)	and	dead	embryos	(cleaved	but	morphologically	degraded	
before	the	blastocyst	stage)	were	used.

Developmental ability of H-group and D-group embryos, 
mtDNA content in the blastocysts, and cf-mtDNA and  
cf-nDNA content in the corresponding SCM
Forty	oocytes	were	activated	and	incubated	with	CHX	and	CB,	

or	CHX	for	4.5	h	to	create	H-group	and	D-group	embryos,	followed	
by	culturing	for	7	days	to	examine	the	time	taken	to	develop	to	
the	blastocyst	stage	(i.e.,	the	developmental	rate).	At	day	7,	one	or	
two	blastocysts	were	examined	for	their	total	cell	number,	while	
other	blastocysts	and	the	corresponding	medium	was	used	for	DNA	
extraction	and	real-time	PCR.	The	experiment	was	repeated	20	times.

Correlation between total cell number and mitochondrial 
number in the embryos and cfDNA content in the SCM
Forty	oocytes	were	activated	and	incubated	with	CHX	and	CB	

for	4.5	h	to	create	D-group	embryos,	followed	by	culturing	for	7	
days.	The	experiment	was	repeated	12	times.	In	the	first	six	trials,	
the	total	cell	number	of	all	of	the	developed	blastocysts	and	the	
cf-mtDNA	and	cf-nDNA	content	in	the	corresponding	SCM	were	
measured.	Then,	the	correlation	among	them	was	examined.	In	the	
second	six	trials,	the	mtDNA	in	blastocysts	and	the	cf-mtDNA	and	
cf-nDNA	content	in	the	corresponding	SCM	were	measured;	their	
correlations	were	also	examined.

Kinetics of mtDNA content in embryos during development
Forty	oocytes	were	activated	and	incubated	with	CHX	or	CB	and	

CHX	for	4.5	h	to	create	H-group	and	D-group	embryos,	followed	by	
culturing	for	7	days.	During	the	culture	period,	2–4-cell	stage	embryos,	
4–8-cell	stage	embryos,	>	8-cell	stage	embryos,	and	blastocysts	
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were	randomly	selected	on	days	2,	3,	4	and	7	after	activation.	The	
experiment	was	repeated	six	times,	and	the	mtDNA	copy	number	
in	these	embryos	was	measured.

Amount of cf-mtDNA in the SCM of 2-cell stage embryos
In	this	experiment,	40	oocytes	were	activated	and	incubated	with	

CHX	or	CB	and	CHX	for	4.5	h	to	create	H-group	and	D-group	
embryos,	followed	by	culturing.	Twenty-four	hours	after	activation,	
the	embryos	were	stained	with	Hoechst	33342	to	evaluate	the	PB	
number.	The	medium	of	the	2-cell	stage	embryos	with	2PB	and	1PB	
was	collected.	The	experiment	was	repeated	six	times,	and	pooled	
samples	were	used	for	measuring	cf-mtDNA	content	in	the	SCM.

Collection of SCM and extraction of DNA from the medium 
and embryos
The	embryos	were	washed	in	culture	medium	and	individually	

transported	in	a	tube	containing	DNA	extraction	buffer	(final	con-
centration:	20	mM	Tris,	0.4	mg/ml	proteinase	K,	0.9%	Nonidet	
P-40,	and	0.9%	Tween-20).	The	SCM	of	all	the	samples	(10	µl)	was	
transported	in	a	tube	and	centrifuged	to	separate	cellular	debris	for	
30	sec	(3000	rpm).	The	resulting	supernatant	(6	µl)	was	mixed	with	
the	same	volume	of	(×	2)	DNA	extraction	buffer.	DNA	extraction	
was	conducted	by	heating	the	sample	at	55ºC	for	30	min,	followed	
by	incubation	at	98ºC	for	5	min.

Measurement of mtDNA and nucleic DNA content
The	copy	number	of	nucleic	DNA	and	mtDNA	was	determined	

by	polymerase	chain	reaction	(PCR)	using	a	real-time	system	
(Bio-Rad	Laboratories,	Hercules,	CA,	USA)	as	described	before	
[24–27].	Briefly,	6	µl	of	sample,	4	µl	of	primers	(final	concentration	
is	0.25	µM),	and	10	µl	of	KAPA	SYBER	Fast	(Kapa	Biosystem,	
Cape	Town,	South	Africa)	were	used	for	PCR.	Real-time	PCR	
was	performed	at	95ºC	for	3	min,	followed	by	40	cycles	at	98ºC	
for	5	sec	and	60ºC	for	11	sec.	The	primer	set	was	designed	using	
Primer-BLAST:	forward	5′-ATCCAAGCACTATCCATCACCA-3′	
a n d 	 r e v e r s e 	 5 ′ - CCGATGATTACGTGCAACCC - 3 ′	
(NC_000845.1,	10277-10431,	155	bp)	were	used	for	mtDNA;	
forward	5′-AGCAGAATCAACACCATCGGT-3′	and	reverse	
5′-TGGCTCCACCCATAGAATGC-3′	(NC_010457,	Chr15,	GCG	
Glucagon,	154	bp)	were	used	for	nucleic	DNA.	A	standard	curve	was	
generated	for	each	assay	using	10-fold	serial	dilutions	representing	
copies	of	the	external	standard	(water,	2,	20,	200,	2000,	20,000,	
200,000,	and	2,000,000	copies),	which	was	the	PCR	product	of	
the	corresponding	gene	cloned	into	a	vector	using	the	Zero	Blunt	
TOPO	PCR	Cloning	Kit	(Invitrogen,	Carlsbad,	CA,	USA).	To	obtain	
the	copy	number	of	the	standard	DNA,	the	concentration	of	the	
standard	DNA,	the	molecular	weight	of	the	vector,	and	Avogadro’s	
number	were	used.	Prior	to	its	use,	this	product	was	sequenced	for	
confirmation.	In	all	trails,	the	CT	value	of	the	most	diluted	standard	
(2	copy)	was	greater	than	that	of	water.	Although	the	efficiency	of	
the	amplification	was	over	1.98	in	all	trials,	the	measurement	of	the	
copy	number	of	mtDNA	or	nucleic	DNA	was	conducted	once	using	
a	96-well	plate,	taking	into	account	intra-plate	variation.	Therefore,	
the	total	number	of	samples	used	for	measurement	was	restricted	to	
approximately	80	(standard,	12;	water,	2–4;	sample,	80).

Expression levels of TOMM20 in embryos
Forty	oocytes	were	activated	and	incubated	with	CHX,	CB,	or	

CHX	for	4.5	h	to	create	H-group	and	D-group	embryos,	followed	
by	culturing	for	4	days.	The	embryos	(>	8-cell	stage)	were	randomly	
selected	and	fixed	in	4%	paraformaldehyde	for	one	day.	This	embryo	
culture	procedure	was	repeated	eight	times.	The	pooled	embryos	
were	immunoassayed	against	TOMM20.	The	incubation	period	was	
determined	through	the	above	experiment,	where	the	mtDNA	content	
in	the	embryos	differed	between	the	H-group	and	D-group.	The	primary	
antibody	used	was	rabbit	polyclonal	anti-TOMM20	(ab31163;	Abcam,	
Cambridge,	UK),	and	the	secondary	antibody	used	was	anti-rabbit	
IgG	(H	+	L)	F(ab')2	fragment	(Alexa	Fluor®	555	Conjugate;	Cell	
Signaling	Technology,	Danvers,	MA,	USA).	The	embryos	were	
mounted	onto	glass	slides	using	an	anti-fade	reagent	containing	
DAPI	and	were	observed	under	a	Leica	DMI6000B	microscope	
using	LAS	AF	software	(Leica).	The	fluorescence	intensities	were	
quantified	using	ImageJ	software	(NIH).

Measurement of mitochondrial reactive oxygen species
One	hundred	twenty	oocytes	were	matured,	activated,	and	incubated	

with	CHX,	CB,	or	CHX	for	4.5	h	to	create	the	H-group	and	D-group	
embryos,	followed	by	culturing	for	4	days.	Randomly	selected	embryos	
(>	8-cell	stage)	were	examined	for	their	reactive	oxygen	species	
(ROS)	content	using	MitoSOX	(mitochondrial	superoxide	indicator;	
Invitrogen).	Fluorescent	images	of	the	embryos	were	captured	using	
a	Leica	DMI6000B	microscope	using	LAS	AF	software	(Leica),	and	
fluorescence	intensity	was	calculated	using	ImageJ	software	(NIH).

Statistical analysis
The	data	were	compared	between	D-groups	and	H-groups	us-

ing	Student’s	t-test,	and	the	rate	of	development	(%)	was	arcsine	
transformed	prior	to	the	analysis.	The	ratios	of	PB	extrusion	were	
compared	using	the	chi-square	test.	P	value	less	than	0.05	was	
considered	a	significant	difference.

Results

Effect of CB treatment on the ploidy of zygotes post-activation
As	shown	in	Fig.	1,	the	ratio	of	zygotes	with	2PB	was	significantly	

higher	for	H-group	zygotes	than	for	D-group	zygotes	(78.7%	vs.	
33.8%;	P	<	0.05).	In	addition,	the	average	fluorescence	intensity	of	
the	nucleus	was	higher	in	the	D-group	than	in	the	H-group	(P	<	0.05).

Effect of the presence of ZP on the cfDNA content of the SCM
We	evaluated	whether	ZP	inhibited	the	dispersion	of	cf-mtDNA	

into	the	SCM	from	the	embryos.	As	shown	in	Fig.	2,	the	presence	of	
ZP	tended	to	prevent	the	dispersion	of	cf-mtDNA	into	the	medium,	
resulting	in	a	higher	amount	of	cf-mtDNA	in	the	SCM	of	blastocysts	
without	ZP	than	in	blastocysts	with	ZP;	however,	the	difference	was	
not	significant	(P	=	0.082).	In	addition,	the	amount	of	cf-mtDNA	
was	lower	in	the	SCM	of	dead	embryos	than	that	of	blastocysts,	but	
this	difference	was	also	not	significant.	Based	on	these	results	and	
taking	into	account	the	difficulties	associated	with	handling	embryos	
and	the	SCM	of	ZP-free	embryos,	non-treated	(ZP-intact	embryos)	
were	used	in	subsequent	experiments.
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Developmental ability, mtDNA copy number, and cf-mtDNA 
and cf-nDNA content in the SCM of the D-group and 
H-group embryos
The	developmental	rate	of	oocytes	to	the	blastocyst	stage	was	

significantly	higher	in	the	oocytes	treated	with	CB	(D-group)	than	
in	those	not	treated	with	CB	(H-group).	However,	the	total	cell	
number	of	the	blastocysts	did	not	differ	between	the	two	groups	
(Table	1).	The	mtDNA	copy	number	was	greater	for	the	H-group	
blastocysts	than	for	the	D-group	blastocysts	(Table	1).	Furthermore,	
the	amount	of	cf-mtDNA	in	the	SCM	was	higher	in	the	D-group	
than	in	the	H-group	(P	<	0.05).	However,	the	amount	of	cf-nDNA	
did	not	differ	between	the	two	groups	(Fig.	3).

Correlation between cf-DNA content in the medium and total 
cell number and mtDNA content in blastocysts
We	also	evaluated	whether	that	the	amount	of	cf-mtDNA	and	

cf-nDNA	in	the	SCM	is	affected	by	the	cell	number	and	mtDNA	in	
the	corresponding	blastocysts.	As	shown	in	Table	2,	the	total	cell	
number	of	blastocysts	significantly	correlated	with	the	cf-nDNA	
content	in	the	SCM	but	not	with	the	cf-mtDNA	content.	However,	
no	significant	relationship	between	mtDNA	in	the	blastocysts	and	
cf-mtDNA	and	cf-nDNA	in	the	SCM	was	observed.

Fig. 1.	 The	 oocytes	were	 activated	 and	 incubated	with	 cycloheximide	 (CHX)	 and	
cytochalasin	B	(CB)	or	with	CHX	for	4.5	h.	The	presence	of	polar	body	(PB)	
(A)	and	the	intensity	of	nuclear	staining	by	Hoechst	33342	(B)	were	compared	
between	the	D-group	and	H-group	embryos.	*	indicates	significant	differences	
(P	<	 0.05).	A:	Ratio	 (%)	 of	 embryos	with	 2PB	or	 1PB	 after	 activation.	B:	
Fluorescence	 intensity	 of	 embryos	 stained	 with	 Hoechst	 33342.	 Average	
intensity	of	H-Group	was	defined	as	1.0.

Fig. 2.	 Effect	of	the	presence	of	zona	pellucida	(ZP)	on	cell-
free	mitochondrial	DNA	(cf-mtDNA)	content	in	the	
culture	medium	of	D-group	embryos	with	or	without	
ZP	after	incubation	for	7	days.	The	culture	medium	
of	blastocysts	and	dead	embryos	was	examined.

Table 1.	 Developmental	ability	and	mitochondrial	DNA	(mtDNA)	copy	number	of	the	D-group	and	H-group	embryos

Group No.	of	trials No.	of	oocytes No.	of	blastocyst Rate	of	blastulation No.	of	blastocyst TCN No.	of	blastocyst mtDNA	copy	number
D 20 800 94 11.	8	±	1.3	a 21 31.8	±	1.9 48 219,494	±	12,686	a

H 20 800 42 5.1	±	0.6	b 10 33.9	±	2.9 32 345,645	±	27,700	b

D-group	and	H-group	embryos	were	cultured	for	7	days	when	developmental	rate	to	the	blastocyst	stage,	and	total	cell	number	(TCN)	and	mitochondrial	
DNA	copy	number	(mtDNA	copy)	in	the	blastocysts	were	examined.	Data	are	shown	as	mean	±	SEM.	a–b	P	<	0.05.

Fig. 3.	 Comparison	 of	 cell-free	 nuclear	 and	 mitochondrial	 DNA	 (cf-
nDNA	and	cf-mtDNA)	content	in	the	culture	medium	of	D-group	
and	H-group	blastocysts.	After	culturing	H-group	and	D-group	
embryos	individually	for	7	days,	 the	amount	of	cf-mtDNA	and	
cf-nDNA	 was	 compared.	 *	 indicates	 significant	 differences	
between	D-group	and	H	group	(P	<	0.05).
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H-group embryos had a higher mtDNA copy number than 
D-group embryos
We	addressed	the	kinetics	of	mtDNA	in	the	embryos	during	embryo	

development	from	the	zygote	to	blastocyst	stages.	As	shown	in	Fig.	4A,	
the	mtDNA	content	was	constant	at	days	2–4	in	the	D-group	embryos,	
whereas	the	mtDNA	in	the	H-group	embryos	was	significantly	higher	
compared	to	that	in	the	D-group	embryos	(day	4).	Consistent	with	
our	results	(Table	1),	a	high	mtDNA	content	was	observed	in	the	
H-group	blastocysts.	To	validate	the	differential	mitochondrial	content	
in	day	4	embryos	between	the	H-group	and	D-group	embryos,	the	
expression	levels	of	a	mitochondrial	membrane	protein,	TOMM20,	
in	the	embryos	were	compared	using	immunostaining.	As	a	result,	
the	expression	levels	were	found	to	be	significantly	higher	in	the	
H-group	embryos	than	in	the	D-group	embryos	(Fig.	4B).

cf-mtDNA content differed in the SCM of 2-cell stage embryos
To	determine	whether	the	difference	between	cf-mtDNA	content	in	

the	SCM	between	the	H-group	and	D-group	embryos	was	observed	
at	an	earlier	time	point,	we	determined	the	mtDNA	content	in	the	
SCM	of	H-group	and	D-group	2-cell	stage	embryos.	As	a	result,	the	
levels	of	cf-mtDNA	content	in	the	SCM	of	2-cell	stage	embryos	were	
found	to	be	much	lower	compared	to	those	observed	in	the	SCM	
of	blastocysts	(Fig.	3)	but	higher	in	the	H-group	than	in	the	that	in	
D-group	embryos	(Fig.	5A).

Mitochondrial ROS content was higher in H-group embryos 
than in D-group embryos
Here,	we	examined	the	mitochondrial	ROS	content	in	day	4	

embryos	and	found	that	the	mitochondrial	ROS	levels	were	higher	
in	the	H-group	embryos	than	in	the	D-group	embryos	(Fig.	5B).

Discussion

The	present	study	findings	showed	that	mtDNA	copy	number	
increased	faster	and	was	greater	in	the	H-group	embryos	compared	
to	that	in	the	D-group	embryos.	Moreover,	the	amount	of	cf-mtDNA	

in	the	SCM	differed	between	the	H-group	and	D-group	embryos.	
In	addition,	the	amount	of	cf-nDNA	in	the	medium	appeared	to	be	
associated	with	the	total	cell	number	in	the	blastocysts.
Porcine	oocytes	can	be	activated	by	electric	pulses	followed	by	

CHX	and	CB	treatment	[28].	CHX	treatment	inhibits	the	synthesis	
of	proteins	necessary	for	cyclin	B,	which	reduces	MPF	activity,	
allowing	the	progression	of	cell	cycle	of	zygotes	following	activation	
[29].	In	contrast,	CB	treatment	inhibits	actin	polymerization	and	
suppresses	polar	body	extrusion,	resulting	in	diploid	embryos.	In	
this	study,	oocytes	without	CB	treatment	extruded	the	second	polar	
body,	giving	rise	to	haploid	embryos.	A	similar	trial	has	been	reported	
previously,	in	which	porcine	oocytes	were	activated	with	ethanol,	
followed	by	incubation	in	the	presence	or	absence	of	CB	for	5	h	
[30].	In	the	present	study,	differential	ploidy	was	observed	between	
the	H-group	and	D-group	embryos	at	1	and	2	days	post-activation.	
However,	many	in vitro-produced	porcine	blastocysts	have	previously	
been	found	to	be	polyploid,	mixoploid,	and	haploid	[31],	indicating	
that	ploidy	may	change	during	embryo	development.	Thus,	the	
precise	determination	of	all	blastomeres	in	blastocysts	is	difficult.	
Therefore,	careful	consideration	is	required	to	evaluate	the	results.
Consistent	with	that	in	previous	reports	[30,	32],	the	developmental	

ability	of	the	oocytes	to	the	blastocyst	stage	was	greater	for	diploid	
embryos	in	this	study.	The	mtDNA	copy	number	is	becoming	an	
increasingly	attractive	marker	for	oocyte	quality	due	to	accumulating	
evidence	showing	that	oocytes	with	greater	mtDNA	copy	numbers	
have	a	high	capacity	for	maturation,	fertilization,	and	development	
[2–4].	However,	contrary	to	the	finding	for	oocytes,	there	are	many	
discrepancies	in	the	literature	regarding	the	relationship	between	
mtDNA	copy	number	and	embryonic	quality	and	ploidy	[5,	7,	9,	10,	
13].	In	the	present	study,	H-group	blastocysts	were	found	to	have	
a	greater	mtDNA	content	than	D-group	blastocysts.	The	mtDNA	
copy	number	is	constant	during	early	porcine	embryos	[33]	because	
mitochondrial	biosynthesis	is	inactive	in	early	cleavage-stage	embryos	
[34].	Therefore,	the	mtDNA	copy	number	in	early	cleavage-stage	
embryos	reflects	that	in	oocytes,	and	begins	to	increase	before	the	
blastocyst	stage	[4].	In	line	with	this	report,	the	mtDNA	content	in	
the	D-group	embryos	was	constant	during	the	early	cleavage-stage	
and	increased	at	the	blastocyst	stage.	However,	in	the	H-group	
embryos,	an	increase	in	mtDNA	occurred	at	an	early	time	point	(day	
4	post-activation).	Although	the	factors	responsible	for	inducing	early	
mitochondrial	biosynthesis	in	the	H-group	embryos	remain	unclear,	
it	is	believed	that	embryonic	stress	(e.g.,	reactive	oxygen	stress)	
induces	mitochondrial	biosynthesis	[35,	36],	while	differential	ploidy	
induces	unbalanced	protein	stress,	resulting	in	ROS	generation	[37].	
We	found	a	greater	mitochondrial	ROS	content	in	H-group	embryos,	
indicating	that	the	mitochondria	in	these	embryos	were	affected	by	
stress.	However,	in	the	present	study,	we	did	not	evaluate	the	ROS	
content	or	other	functions	of	individual	mitochondrion.	Therefore,	
further	studies	will	be	needed	to	elucidate	the	molecular	mechanisms	
underlying	our	results.
Carbohydrate	metabolism	differs	between	inner	cell	mass	(ICM)	

and	TE	[38].	For	example,	ICM	has	a	low	pyruvate	consumption	
compared	with	TE.	In	addition,	the	mitochondrial	content	between	
TE	and	ICM	has	been	suggested	to	differ	[1].	These	reports	indicate	
that	the	differential	mtDNA	content	between	D-group	and	H-group	
blastocysts	may	be	associated	with	different	ICM	and	TE	ratios.	

Table 2.	 Correlation	 between	 cell	 free	 DNA	 (cf-DNA)	 content	 in	
the	 medium	 and	 total	 cell	 number	 and	 mitochondrial	 DNA	
(mtDNA)	content	in	blastocysts

No.	of	samples	(18)
Correlation	coefficient

TCN cf-mtDNA cf-nDNA
31.7	±	2.5 TCN – 0.2 0.52	*
107.8	±	20.8 cf-mtDNA – –0.22
6.2	±	1.2 cf-nDNA -

No.	of	samples	(18)
Correlation	coefficient

Mt	No. cf-mtDNA cf-nDNA
217,319	±	15,790 Mt	No. – 0.03 0.18

90.7	±	9.1 cf-mtDNA - 0.02
9.6	±	1.0 cf-nDNA -

Data	are	presented	as	mean	±	SEM.	TCN,	Total	cell	number	of	blastocysts;	
Mt	No,	Mitochondrial	DNA	copy	number	in	blastocyst;	cf-mtDNA,	cell-
free	mitochondrial	 DNA	 copy	 number	 in	 culture	medium;	 cf-ntDNA,	
cell-free	nucleic	DNA	copy	number	in	culture	medium.	*	P	<	0.05,
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However,	Ho	et al.	[11]	reported	that	the	mtDNA	copy	number	per	
cell	obtained	from	biopsied	TE	was	comparable	to	that	obtained	
from	whole	embryos.	Furthermore,	another	study	[39]	found	that	the	
mtDNA	copy	number	did	not	differ	between	ICM	and	TE.	In	addition,	
in	present	study,	comparative	total	cell	number	was	observed	between	
the	H-group	and	D-group	blastocysts.	Therefore,	we	speculated	that	
differences	in	the	mtDNA	copy	numbers	arose	due	to	other	molecular	
mechanisms,	which	will	need	to	be	addressed	in	future	studies.
The	measurement	of	DNA	in	the	SCM	can	be	hampered	by	several	

factors.	In	the	present	study,	we	first	addressed	the	effect	of	the	
presence	of	ZP	on	the	amount	of	cfDNA	content	in	the	medium.	The	
presence	of	ZP	did	not	significantly	affect	the	amount	of	cfDNA	content	

in	the	medium,	although	a	higher	cfDNA	content	was	detected	in	
the	medium	of	ZP-free	embryos.	Based	on	these	results,	we	selected	
intact	ZP	embryos	for	use	in	subsequent	experiments.	However,	
the	presence	of	ZP	may	have	resulted	in	an	underestimation	of	the	
cfDNA	content	in	the	medium.	Next,	we	evaluated	whether	dead	
embryos	had	higher	levels	of	cfDNA	content.	By	comparing	the	
cfDNA	content	in	the	medium	between	well-developed	blastocysts	
and	morphologically	dead	embryos,	lower	levels	of	cfDNA	were	
observed	in	the	medium	of	the	dead	embryos,	although	there	was	
no	significant	difference.	These	results	suggest	that	live	developing	
embryos	secrete	cfDNA	into	the	medium.	Consistent	with	these	
findings,	studies	using	cancer	cell	lines	or	granulosa	cells	have	

Fig. 4.	 Comparison	of	mitochondrial	quantity	between	D-group	and	H-group	embryos.	A:	Mitochondrial	DNA	copy	number	in	embryos	at	2,	3,	4,	and	
7	days	after	activation.	*	indicates	significant	differences	between	D-group	and	H-group	within	the	same	days	after	activation.	B:	Expression	
levels	and	representative	pictures	of	TOMM20	in	day	4	embryos.	The	average	fluorescence	intensity	of	D-group	was	defined	as	1.0.	*	indicates	
significant	differences	between	D-group	and	H-group	(P	<	0.05).

Fig. 5.	 Comparison	of	cell-free	mitochondrial	DNA	(cf-mtDNA)	and	reactive	oxygen	species	(ROS)	levels	between	the	D-group	and	H-group	embryos.	
A:	Two-cell	 stage	 embryos	 (24	h)	 after	 activation	were	 examined	 for	 ploidy	 (2PB	or	1PB),	 and	 the	 cf-mtDNA	content	 in	 the	medium	was	
compared	between	the	D-group	and	H-group	embryos.	B:	The	levels	of	mitochondrial	ROS	in	embryos	(day	4	post-activation)	were	examined	
by	MitoSOX	staining.	The	expression	levels	of	the	H-group	embryos	were	defined	as	1.0.	*	P	<	0.05.	(The	fluorescence	intensity	of	the	H-group	
embryos	was	defined	as	1.0.)
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previously	shown	that	live	cells	(not	apoptotic	and	or	necrotic	cells)	
actively	secrete	cfDNA	into	media	[40,	41].	It	is	generally	assumed	
that	the	greater	the	mtDNA	content	and	total	cell	number	of	the	
blastocysts,	the	greater	the	amount	of	cfDNA	in	the	SCM.	In	the	
present	study,	a	significant	correlation	was	observed	between	the	
total	cell	number	of	the	blastocysts	and	the	cf-nDNA	content	in	the	
medium.	Kiersten	et al.	[42]	reported	that	the	amount	of	cfDNA	
content	in	blastocoel	fluid	positively	correlated	with	the	embryonic	
grade,	determined	by	measuring	dsDNA.	However,	the	molecular	
mechanism	underlying	this	relationship	remains	unclear.
cfDNA	has	been	studied	as	a	non-invasive	marker	for	embryonic	

ploidy,	and	although	the	prediction	of	embryonic	ploidy	has	been	
reported	[43],	there	is	insufficient	evidence	for	the	prediction	of	
embryonic	ploidy	from	the	cfDNA	content	in	the	medium.	In	this	
context,	TE	biopsy	analysis	has	also	been	reported	[42].	Contrary	
to	our	expectations,	we	did	not	detect	a	significant	difference	in	the	
cf-nDNA	content	in	the	medium	between	the	H-group	and	D-group	
blastocysts.	In	this	study,	we	used	a	primer	set	targeting	a	single-copy	
gene	(located	on	chromosome	15).	Further,	the	blastocyst	developed	
in	this	study	had	a	small	total	cell	number	(approximately	30).	
Therefore,	the	low	frequency	of	nucleic	DNA	in	embryos	and	the	
primer	set	examined	may	be	insufficient	to	detect	clear	differences	
in	cf-nDNA	content.	In	addition	to	cf-nDNA,	the	cf-mtDNA	content	
was	higher	and	thus	more	easily	detected	by	real-time	PCR	[24,	41].	
It	has	been	reported	that	the	amount	of	cf-mtDNA	content	in	the	
medium	is	associated	with	the	ratio	of	embryonic	fragmentation	at	
days	2	and	3	[16].	In	contrast,	Stigliani	et al.	[15]	showed	that	a	high	
mtDNA/nuclear	DNA	ratio	in	the	SCM	of	day	3	human	embryos	
indicates	a	high	potency	of	embryonic	development.	In	our	study,	
we	found	that	the	cf-mtDNA	content	in	the	medium	was	higher	in	
the	D-group	blastocysts	than	in	the	H-group	blastocysts,	indicating	
that	ploidy	affects	the	amount	of	cf-mtDNA	content	in	the	medium.	
We	further	examined	whether	this	difference	occurred	at	an	earlier	
developmental	stage	using	the	SCM	of	2-cell	stage	embryos.	As	
the	results,	the	cf-mtDNA	content	was	found	to	be	lower	than	that	
in	the	SCM	at	the	blastocyst	stage.	However,	to	our	surprise,	the	
cf-mtDNA	content	was	higher	in	the	H-group	blastocysts	than	in	
the	D-group	blastocysts.	These	results	suggest	that	there	may	be	
complex	factors	affecting	cf-mtDNA	secretion	by	embryos.	When	
granulosa	cells	were	treated	with	mitochondrial	uncoupler	inducing	
mitochondrial	dysfunction,	the	amount	of	cf-mtDNA	in	the	medium	
increased	[44].	Vitrification	tends	to	affect	the	levels	of	cf-mtDNA	
in	the	SCM	of	bovine	embryos,	as	does	the	treatment	of	vitrified-
warmed	embryos	with	resveratrol,	which	was	previously	reported	to	
improve	embryonic	development	and	increases	cf-mtDNA	content	
in	the	medium	[22,	45].	In	addition,	it	has	been	reported	that	the	
inhibition	of	autophagy	increases	the	cf-mtDNA	content	and	that	
the	inhibition	of	either	proteasome	or	intracellular	vesicle	formation	
decreases	cf-tDNA	content	in	the	SCM	of	bovine	granulosa	cells	[41].	
Taken	together,	our	results	indicate	that	not	only	simple	embryonic	
factors	(cell	number	and	mtDNA	content)	but	also	mitochondrial	
homeostasis	should	be	considered	when	evaluating	cf-DNA	content	
in	the	medium.
Therefore,	our	findings	suggest	that	embryonic	ploidy	affects	

the	mtDNA	content	of	blastocysts	and	the	amount	of	cf-mtDNA	
content	in	the	medium.
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