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Abstract. 	Mitochondria	are	highly	dynamic	organelles	that	undergo	constant	fusion/fission	as	well	as	activities	orchestrated	
by	 large	 dynamin-related	 GTPases.	 These	 dynamic	 mitochondrial	 processes	 influence	 mitochondrial	 morphology,	 size	
and	 function.	Therefore,	 this	 study	was	 conducted	 to	 evaluate	 the	 effects	 of	mitochondrial	 fission	 inhibitor,	mdivi-1,	 on	
developmental	competence	and	mitochondrial	function	of	porcine	embryos	and	primary	cells.	Presumptive	porcine	embryos	
were	cultured	 in	PZM-3	medium	supplemented	with	mdivi-1	(0,	10	and	50	μM)	for	6	days.	Porcine	fibroblast	cells	were	
cultured	in	growth	medium	with	mdivi-1	(0	and	50	μM)	for	2	days.	Our	results	showed	that	the	rate	of	blastocyst	production	
and	cell	growth	in	the	mdivi-1	(50	μM)	treated	group	was	lower	than	that	of	the	control	group	(P	<	0.05).	Moreover,	loss	of	
mitochondrial	membrane	potential	in	the	mdivi-1	(50	μM)	treated	group	was	increased	relative	to	the	control	group	(P	<	0.05).	
Subsequent	evaluation	revealed	that	the	intracellular	levels	of	reactive	oxygen	species	(ROS)	and	the	apoptotic	index	were	
increased	by	mdivi-1	(50	μM)	treatment	(P	<	0.05).	Finally,	the	expression	of	mitochondrial	fission-related	protein	(Drp	1)	was	
lower	in	the	embryos	and	cells	in	the	mdivi-1-treated	group	than	the	control	group.	Taken	together,	these	results	indicate	that	
mdivi-1	treatment	may	inhibit	developmental	competence	and	mitochondrial	function	in	porcine	embryos	and	primary	cells.
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Pigs	have	long	been	used	as	experimental	models	for	investigation	
of	organ	xenotransplantation	and	human	disease	because	of	

their	physioanatomical	similarities	to	humans.	Moreover,	porcine	
embryos	are	commonly	used	in	investigations	of	the	production	of	
transgenic	and	somatic	cell	nuclear	transfer	embryos	in	animals	[1,	
2].	However,	the	production	of	in vitro	porcine	embryos	has	various	
problems,	 including	incomplete	culture	conditions,	chromosome	
abnormalities,	polyspermy	and	mitochondrial	dysfunction	[3,	4].

Mitochondria are the major source of energy in mammalian cells 
and	are	responsible	for	production	of	adenosine	triphosphate	(ATP)	
through	oxidative	phosphorylation	and	the	tricarboxylic	acid	cycle	
[3].	Mitochondria	also	regulate	cell	signaling,	cell	growth,	reactive	
oxygen	species	(ROS)	and	apoptosis	 [5,	6].	On	 the	other	hand,	
mitochondria	in	healthy	cells	constantly	undergo	fusion	and	fission,	
which	modulate	mitochondrial	morphology	and	structure	via	large	
dynamin-related	GTPases	[7,	8].	Therefore,	dynamic	dysfunction	

of	mitochondrial	fusion/fission	causes	mitochondria	disruption	and	
cell	death	[6].
In	mammalian	cells,	mitochondrial	 fusion/fission	dynamics	

are	governed	by	a	number	of	GTPase	dynamin	family	proteins.	
Mitochondria	fusion	dynamics	are	modulated	by	the	mitofusin	1	
(Mfn	1),	mitofusin	2	(Mfn	2)	and	optic	atrophy	1	(Opa	1)	proteins	
[6].	Mfn	1	and	2	proteins	are	 located	in	 the	outer	mitochondrial	
membrane	(OMM),	while	Opa	1	is	located	in	the	inner	mitochondrial	
membrane	(IMM),	where	it	acts	as	a	key	to	fusion	[9,	10].	In	contrast,	
mitochondrial	fission	dynamics	are	mediated	by	a	dynamin-related	
protein	(Drp	1)	and	fission	1	(Fis	1)	protein	[6].	Drp	1	exists	 in	
the	cytoplasm	and	is	activated	by	posttranslational	modifications,	
including	phosphorylation,	ubiquitylation,	and	sumoylation.	Activated	
Drp	1	is	recruited	from	the	cytoplasm	to	the	mitochondria	OMM	
receptor	and	regulates	fission	through	an	interaction	with	Fis	1	[5].	
The	activity	of	Drp	1	plays	an	important	role	in	regulation	of	cell	
survival,	apoptosis	and	mitophagy	[11].	It	has	also	been	suggested	
that	Drp	1-mediated	mitochondrial	fission	is	essential	to	cell	survival	
and	maintenance	of	cellular	homeostasis	through	mitophagy	[12].	
Inoue-Yamauchi	and	Oda	[11]	showed	that	Drp	1-depleted	cells	had	
increased apoptosis and reduced mitochondrial membrane potential. 
Despite	the	importance	of	Drp	1	in	mitochondrial	function,	its	role	
is	not	well	understood	in	porcine	embryos	and	fibroblast	cells. The 
mitochondrial	fission	inhibitor,	mdivi-1,	has	been	reported	to	block	
mitochondrial	fission	[13].	Mdivi-1	 inhibits	GTPase	activity	by	
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blocking	the	self-assembly	of	Drp	1	in vitro,	which	causes	the	rapid,	
reversible	and	dose-dependent	formation	of	netlike	mitochondria	in	
wild-type	cells	[14,	15].	However,	to	the	best	of	our	knowledge,	the	
effects	of	mdivi-1	on	the	developmental	potential	of	porcine	embryos	
and	fibroblast	cells	have	not	yet	been	reported.

The mitochondrial membrane potential is a central indicator of 
cellular	viability	that	reflects	indicators	of	metabolic	activity	such	
as	oxidative	phosphorylation	and	the	electron	transport	process	[16].	
Aberrant	changes	in	mitochondrial	membrane	potential	decrease	the	
developmental	competence	in	mouse	embryos	[3].	Under	pathological	
conditions,	uncoupling	of	oxidative	phosphorylation	and	disruption	of	
mitochondrial	membrane	potential	lead	to	excessive	reactive	oxygen	
species	(ROS)	production	from	the	respiratory	chain	[17].	In	damaged	
cells	exposed	to	oxidative	stress,	increased	ROS	production	leds	to	
a disturbance in mitochondrial dynamics that induces mitochondrial 
fragmentation	and	cell	death	[18].	Apoptosis	is	a	programmed	cell	
death	mechanisms	that	plays	important	roles	in	a	variety	of	biological	
events,	such	as	cellular	homeostasis	and	the	removal	of	damaged	
cells	[19].	Apoptosis	also	induces	caspase	activation,	chromosome	
fragmentation	and	dysfunction	of	the	mitochondria	such	as	DNA	
damage	and	disruption	[20,	21].
The	present	study	was	conducted	to	 investigate	the	effects	of	

the	addition	of	mdivi-1	to	culture	medium	on	the	developmental	
ability	and	quality	of	porcine	embryos	and	fibroblast	cells.	We	also	
examined	the	mitochondrial	membrane	potential	and	expression	of	
mitochondrial	dynamics-related	proteins	in	embryos	and	fibroblast	
cells	with	and	without	mdivi-1	treatment.

Materials and Methods

Chemicals
Unless	otherwise	indicated,	all	chemicals	were	purchased	from	

Sigma-Aldrich	Korea	(Yongin,	Republic	of	Korea).

In vitro maturation (IVM)
Experiments	were	conducted	according	to	the	Animal	Care	and	Use	

Committee	of	the	Daegu	University.	Porcine	ovaries	were	collected	
from	a	local	slaughterhouse	and	transported	to	the	laboratory	at	30–35	
C	in	0.9%	saline	supplemented	with	75	μg/ml	potassium	penicillin	
G.	Cumulus	oocyte	complexes	(COCs)	were	aspirated	through	an	
18	gauge	needle	into	a	disposable	10	ml	syringe	from	follicles	3	to	6	
mm	in	diameter	[22].	After	washing	three	times	with	Tyrode’s	lactate	
(TL)-N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic	acid	(HEPES)	
medium,	approximately	50	immature	COCs	were	matured	in	500	μl	of	
IVM	medium	in	a	four-well	multidish	(Nunc,	Roskilde,	Denmark)	at	
38.5	C	in	5%	CO2	in	air.	Oocyte	maturation	was	conducted	in	North	
Carolina	State	University	(NCSU)	23	medium	supplemented	with	
10%	follicular	fluid,	0.57	mM	cysteine,	10	ng/ml	β-mercaptoethanol,	
10	ng/ml	epidermal	growth	factor,	10	IU/ml	pregnant	mare's	serum	
gonadotropin	(PMSG)	and	10	IU/ml	human	chorionic	gonadotropin	
(hCG)	[23].	After	22	h	of	culture,	oocytes	were	washed	three	times	
and	then	further	cultured	in	maturation	medium	without	hormone	
supplementation	(PMSG	and	hCG)	for	22	h.

In vitro fertilization (IVF)
After	IVM,	the	oocytes	were	subjected	to	IVF	as	described	by	

Abeydeera	and	Day	[24].	The	IVF	medium,	modified	Tris-buffered	
medium	(mTBM),	consisted	of	113.1	mM	NaCl,	3	mM	KCl,	7.5	mM	
CaCl2,	5	mM	sodium	pyruvate,	11	mM	glucose,	20	mM	Tris,	2.5	
mM	caffeine	sodium	benzoate	and	1	mg/ml	BSA.	Fresh	semen	was	
kindly	supplied	twice	a	week	by	an	artificial	insemination	company	
(Darby	Pig	AI	Center,	Anseong,	Republic	of	Korea)	and	kept	at	17	
C	for	5	days.	Semen	was	washed	three	times	by	centrifugation	with	
Dulbecco’s	phosphate	buffered	saline	(DPBS;	Gibco-BRL,	Grand	
Island,	NY,	USA)	supplemented	with	1	mg/ml	bovine	serum	albumin	
(BSA;	Fraction	V),	100	mg/ml	penicillin	G	and	75	mg/ml	streptomycin	
sulfate.	After	washing,	the	spermatozoa	were	suspended	in	mTBM	
at	pH	7.8.	Oocytes	were	then	washed	three	times	in	mTBM	with	2.5	
mM	caffeine	sodium	benzoate	and	1	mg/ml	BSA	(fatty	acid	free),	
after	which	they	were	placed	into	48	μl	of	mTBM	under	paraffin	oil.	
Diluted	spermatozoa	(2	μl)	were	subsequently	added	to	a	48	μl	drop	
of	medium	containing	15–20	oocytes	to	give	a	final	concentration	
of	1.5	×	105	sperms/ml.	The	oocytes	were	then	co-incubated	with	
the	spermatozoa	for	6	h	at	38.5	C	in	5%	CO2 in air.

In vitro culture (IVC)
In	all	experiments,	the	embryos	were	cultured	in	50	μl	drops	of	

porcine	zygote	medium	(PZM)	3	supplemented	with	3	mg/ml	BSA	
at	38.5	C	in	5%	CO2	in	air	for	6	days.	To	modulate	mitochondrial	
fission,	fertilized	embryos	were	 treated	with	mdivi-1	(0,	10	and	
50	μM)	that	was	added	to	the	culture	medium.	The	rates	of	cleav-
age-	and	blastocyst-stage	embryos	were	determined	on	days	2	and	
6,	respectively.

Mitochondrial membrane potential analysis
A	mitochondrial	membrane	potential	assay	kit	with	JC-1	(Cayman	

Chemical,	Ann	Arbor,	MI,	USA)	was	used	to	measure	mitochondrial	
membrane	potential	in	embryos	and	fibroblast	cells.	Embryos	derived	
from	cleavage-	(day	2)	and	blastocyst-stage	(day	6)	embryos	were	
collected	and	then	stained	with	JC-1	(1:100)	in	culture	medium	for	
30	min	at	38.5	C.	After	staining,	the	embryos	were	washed	three	
times	with	0.1%	polyvinyl	alcohol	(PVA)	in	DPBS,	after	which	they	
were	placed	in	3	μl	drops	of	IVC	medium	on	a	slide.	Fibroblast	cells	
adhered	to	the	coverslip	were	recovered	from	mdivi-1	treatment	for	
2	days	and	then	stained	with	JC-1	(1:100)	in	growth	medium	for	30	
min	at	38.5	C.	After	staining,	the	cells	were	washed	three	times	with	
DPBS	and	then	placed	on	a	slide.	The	embryos	and	fibroblast	cells	
were	subsequently	examined	under	an	epifluorescence	microscope	
(IX	51,	Olympus,	Tokyo,	Japan).	High	mitochondrial	polarization	
was	indicated	by	red	fluorescence	due	to	J-aggregate	formation	by	
the	concentrated	dye.	Low	mitochondrial	polarization	was	indicated	
by	green	fluorescence.	Mitochondrial	membrane	potential	was	
assessed	as	the	ratio	of	red	fluorescence	to	green	fluorescence	using	
the	ImageJ	1.38	software	(National	Institutes	of	Health,	Bethesda,	
MD,	USA)	[25].	A	total	of	20	cleavage	embryos	and	20	blastocysts	
were	examined	in	each	treatment	group	and	harvested	cells.

Measurement of ROS levels
The	level	of	ROS	in	each	embryo	was	measured	using	the	di-

chlorodihydrofluorescein	diacetate	method	(H2DCFDA;	Invitrogen,	
Molecular	Probes,	Eugene,	OR,	USA)	as	previously	described	[26].	
At	day	6,	blastocysts	produced	in vitro	were	recovered	and	used	for	
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the	experiment.	After	washing	three	times	in	IVC	medium,	blastocysts	
were	transferred	into	IVC	medium	containing	5	μM	H2DCFDA	for	
20	min	at	38.5	C	in	5%	CO2	in	air.	A	stock	solution	of	H2DCFDA	
dissolved	in	dimethylsulfoxide	(DMSO)	was	then	diluted	in	IVC	
medium,	after	which	the	permeabilized	blastocysts	in	H2DCFDA	
were	washed	three	times	with	0.1%	PVA	in	DPBS,	placed	into	a	50	
μl	drop	and	covered	with	mineral	oil.	The	fluorescent	emissions	from	
the	embryos	were	recorded	with	a	fluorescent	microscope	(Olympus)	
equipped	with	a	cooled	charge-coupled	device	(CCD)	camera	in	
which	filters	at	488	nm	and	520	nm	were	used	for	excitation	and	
emission,	respectively.	The	recorded	fluorescent	images	were	analyzed	
by	subtracting	the	background	and	measuring	the	integrated	density	
using	the	ImageJ	software	(version	1.38).	A	total	of	20	blastocysts	
were	examined	in	each	treatment	group.

TUNEL assay
Apoptotic	cells	in	blastocysts	were	detected	using	an	In	Situ	Cell	

Death	Detection	Kit	(Roche	Diagnostics,	Mannheim,	Germany).	
Briefly,	blastocysts	were	recovered	from	IVC	after	6	days,	washed	
three	times	with	0.1%	PVA	in	DPBS	and	then	fixed	in	4%	(v/v)	
formaldehyde	diluted	in	DPBS	for	1	h	at	4	C.	For	membrane	per-
meabilization,	the	fixed	embryos	were	incubated	in	DPBS	containing	
0.1%	(v/v)	Triton	X-100	for	30	min	at	4	C.	The	fixed	embryos	were	
subsequently	incubated	in	TUNEL	reaction	medium	for	1	h	at	38.5	C	
in	the	dark,	after	which	they	were	washed	and	transferred	into	2	mg/
ml	of	DAPI	and	mounted	on	slides.	After	TUNEL	and	DAPI	staining,	
whole-mount	embryos	were	examined	under	an	epifluorescence	
microscope	(Olympus)	to	determine	the	number	of	apoptotic	nuclei	
and	total	number	of	nuclei.	A	total	of	20	blastocysts	were	examined	
in each treatment group.

Cell culture
Porcine	ear	skin	fibroblasts	(pESFs)	of	passages	3	were	used	

in	 this	study.	Cells	were	cultured	 in	growth	medium	containing	
Dulbecco’s	modified	Eagle’s	medium	(DMEM,	Welgene,	Daegu,	
Republic	of	Korea)	supplemented	with	10%	fetal	bovine	serum	
(FBS;	Gibco-BRL),	1%	nonessential	amino	acids	(Gibco-BRL)	and	
500	μg/ml	penicillin/streptomycin	(HyClone,	Thermo	Scientific,	
Tewksbury,	MA,	USA)	under	5%	CO2	at	38.5	C.	The	pESFs	cells	
were	seeded	at	0.8	×	106	cells	per	60	mm	culture	dish	and	treated	
with	50	μM	mdivi-1	for	48	h.

Western blot analysis
Immunoblot	analysis	was	carried	out	on	30	embryos	per	group	and	

harvested	cells.	Briefly,	samples	were	lysed	in	radioimmunoprecipita-
tion	assay	(RIPA)	buffer	with	protease	inhibitor	and	phosphatase	
inhibitor.	Sample	aliquots	containing	equal	amounts	of	protein	were	
then boiled in sample loading buffer and separated by sodium dodecyl 
sulphate	polyacrylamide	gel	electrophoresis	 (SDS-PAGE),	after	
which	they	were	transferred	onto	polyvinylidene	fluoride	(PVDF)
membranes	(Immobilon-P,	Millipore).	Subsequently,	membranes	were	
blocked	with	3%	BSA	(fatty-acid	free)	in	TBS	buffer	containing	0.1%	
Tween	20	(TBST)	at	4	C	overnight,	rinsed	in	TBST	and	probed	with	
the	following	primary	antibodies	at	4	C	overnight:	rabbit	anti-Drp	1	
(1:1000;	Santa	Cruz	Biotechnology,	Santa	Cruz,	CA,	USA),	rabbit	
anti-Mfn	1	(1:1000;	Santa	Cruz	Biotechnology),	rabbit	anti-Mfn	2	

(1:1000;	Santa	Cruz	Biotechnology)	and	mouse	anti-actin	(1:5000;	
Santa	Cruz	Biotechnology).	The	blot	then	was	washed	with	TBST	
and	 incubated	with	 the	 following	secondary	antibodies	at	4	C	
overnight:	goat	anti-mouse	(1:4000;	Thermo	Scientific,	Rockford,	
IL,	USA)	and	goat	anti-rabbit	(1:4000;	Thermo	Scientific).	Finally,	
the	membranes	were	visualized	using	enhanced	chemiluminescence	
detection	reagent	(Advansta,	Menlo	Park,	CA,	USA)	according	to	
the	manufacturer's	instructions.

Statistical analysis
Each	experiment	was	repeated	more	 than	three	 times,	and	all	

percentage data and data sets obtained in the present study are 
presented	as	 the	mean	±	standard	deviation	(SD).	The	Student’s	
t-test	was	used	to	compare	the	means	of	two	samples,	while	ANOVA	
was	used	to	compare	the	means	of	multiple	samples.	A	P	<	0.05	was	
considered	to	indicate	statistical	significance.

Results

Effects of mdivi-1 treatment on developmental competence of 
porcine embryos
No	previous	studies	have	 investigated	 the	effect	of	mdivi-1	

on	 the	preimplantation	development	of	porcine	embryos.	Thus,	
we	investigated	the	appropriate	mdivi-1	concentration	of	culture	
medium	for	preimplantation	development	of	porcine	embryos.	
After	fertilization,	presumptive	porcine	zygotes	were	cultured	in	
IVC	medium	supplemented	with	0,	10	and	50	μM	mdivi-1	for	6	
days.	As	shown	in	Table	1,	the	rate	of	blastocyst	formation	in	the	
presence	of	50	μM	mdivi-1	was	significantly	 lower	 than	that	of	
the	control	(31.6	±	3.4%	vs.	21.3	±	1.6%;	P	<	0.05).	Otherwise,	no	
difference	was	observed	in	cleavage	rates	between	the	treatment	
and nontreatment groups.

Effects of mdivi-1 treatment on mitochondrial membrane 
potential of the cleavage- and blastocyst-stage embryos
We	next	assessed	the	mitochondrial	membrane	potential	of	pre-

implantation	porcine	embryos	by	treatment	with	mdivi-1	during	
culture	periods.	The	mitochondrial	membrane	potential	was	assessed	
by	JC-1	staining	of	cleavage-	 (4–8	cells)	and	blastocyst-stage	
embryos	in	the	mdivi-1	treated	and	nontreated	groups	(Fig.	1).	The	
cleavage-	and	blastocyst-stage	embryos	in	the	mdivi-1-treated	group	
showed	significantly	lower	mitochondrial	membrane	potential	than	
those	in	the	nontreated	group	(P	<	0.05).	Thus,	this	result	suggests	

Table 1.	 Effect	 of	 different	 concentrations	 of	 mdivi-1	 treatment	 on	
developmental	competence	in	porcine	embryos

Mdivi-1	
(μM)

No.	of	embryos	
cultured

%	of	embryos	
cleaved	(n)

%	of	blastocysts 
(n)

0 227 94.9	±	2.9	(216) 31.6	±	3.4	(71)a

10 219 92.7	±	2.4	(203) 28.9	±	3.9	(63)a

50 220 92.0	±	3.6	(203) 21.3	±	1.6	(47)b

Data	 are	 shown	 as	 the	 mean	 ±	 SD.	 Values	 were	 obtained	 from	 ten	
replicates. a,b	 Values	 with	 different	 superscripts	 are	 significantly	
different	relative	to	the	other	groups	(P	<	0.05).



YEON	et al.84

that	mdivi-1	treatment	during	embryo	culture	periods	may	induces	
mitochondrial dysfunction.

Effects of mdivi-1 treatment on expression of mitochondrial 
fission- and fusion-related proteins in porcine embryos
We	first	assessed	the	expression	levels	of	mitochondrial	fission-	and	

fusion-related	proteins,	including	Drp	1,	in	cleavage-	(4–8	cells)	and	
blastocyst-stage	embryos.	When	compared	with	the	nontreated	group,	
the	expression	levels	of	Drp	1	in	the	cleavage-	and	blastocyst-stage	
embryos	were	significantly	 lower	 in	 the	mdivi-1-treated	group	
(Fig.	2A	and	B).	However,	the	expression	levels	of	mitochondrial	
fusion-related	proteins	(Mfn	1	and	Mfn	2)	did	not	differ	significantly	
between	 the	control	and	mdivi-1-treated	groups	 (Fig.	2C,	D,	E	
and	F).	These	results	suggest	 that	mdivi-1	 treatment	of	porcine	
preimplantation	embryos	results	in	reduced	fission	protein	expression	
of	preimplantation	stage	embryos	without	changing	the	expression	
of mitochondrial fusion proteins.

Effects of mdivi-1 treatment on expression levels of ROS and 
the apoptotic index in porcine embryos
We	next	 investigated	 the	 intracellular	 levels	of	ROS	and	 the	

apoptotic	index	in	mdivi-1-treated	blastocysts.	As	shown	in	Fig.	3A	
and	B,	the	intracellular	levels	of	ROS	were	significantly	increased	
in	blastocysts	derived	from	50	μM	mdivi-1-treated	embryos	when	

compared	with	the	nontreated	group	(P	<	0.05).	In	addition,	the	number	
of	TUNEL-positive	nuclei	and	the	apoptosis	index	was	increased	
in	blastocyst	derived	from	the	50	μM	mdivi-1-treated	group	when	
compared	with	the	nontreated	group	(P	<	0.05;	Table	2,	Fig.	3C).	
Moreover,	the	total	cell	number	was	decreased	in	blastocyst-stage	
embryos	cultured	in	the	presence	of	mdivi-1	when	compared	with	
those	cultured	in	the	absence	of	mdivi-1	(P	<	0.05;	Table	2,	Fig.	3C).

Effect of mdivi-1 treatment on morphology and mitochondrial 
membrane potential of pig fibroblast cells
We	also	 investigated	 the	cell	morphology	and	mitochondrial	

membrane	potential	 in	fibroblast	cells	 treated	with	mdivi-1.	As	
shown	in	Fig.	4A,	 the	cell	proliferation	pattern	was	 inhibited	 in	
the	mdivi-1-treated	group	when	compared	with	nontreated	groups.	
In	addition,	mitochondrial	membrane	potential	was	significantly	
decreased	in	the	mdivi-1	treatment	group	(P	<	0.05;	Fig.	4B	and	C).	
These	results	demonstrated	that	mdivi-1	treatment	during	culture	
periods	affects	growth	and	mitochondrial	membrane	potential	of	
fibroblast	cells.

Effects of mdivi-1 treatment on expression of mitochondrial 
dynamics-related proteins in pig fibroblast cells
Western	blot	was	also	used	to	determine	the	relative	abundance	

of	Drp	1,	Mfn	1	and	Mfn	2	proteins	in	primary	cells	cultured	in	the	

Fig. 1.	 Epifluorescent	images	of	mitochondrial	membrane	potential	in	the	cleavage-	and	blastocyst-stage	embryos.	Fluorescence	microscopy	imaging	of	
mitochondrial	membrane	potential	and	fluorescence	intensity	in	the	porcine	cleavage-stage	(A	and	B)	and	blastocyst-stage	(C	and	D)	embryos.	
Data	are	shown	as	the	mean	±	SD.	Statistically	significant	differences	are	indicated	by	asterisks	(P	<	0.05).	Scale	bar	=	100	μm.
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presence	or	absence	of	mdivi-1.	As	shown	in	Fig.	5,	 the	protein	
expression	levels	of	Drp	1	were	lower	in	the	mdivi-1-treated	group	
(P	<	0.05).	However,	there	was	no	difference	in	the	expression	levels	
of	Mfn	1	and	Mfn	2.	These	results	suggest	that	mdivi-1	treatment	
during	cell	proliferation	inhibits	the	expression	of	Drp	1.

Discussion

In	 the	present	study,	we	demonstrated	 that	mdivi-1	 treatment	
significantly	decreased	embryo	development	and	impaired	embryo	
quality by reducing mitochondrial membrane potential and blastocyst 
cell	number	and	increasing	ROS	and	apoptosis,	which	was	followed	
by	a	decrease	in	the	expression	levels	of	Drp	1.	We	also	confirmed	
that	mdivi-1	in	pESFs	significantly	reduced	cell	growth,	mitochondrial	
membrane	potential	and	 the	expression	 levels	of	Drp	1.	On	the	
other	hand,	because	there	has	been	no	research	that	has	dealt	with	
mdivi-1	treatment	in	porcine	early	embryos	and	fibroblast	cells,	a	
concentration	experiment	was	conducted.	Based	on	two	previous	
studies	[27,	28],	a	concentration	of	50	μM	was	applied	to	in	in vitro 
fertilized	embryos	for	6	days	and	fibroblast	cells	for	2	days.
Mitochondrial	membrane	potential	is	a	key	indicator	of	mitochon-

drial	health,	reflecting	metabolic	activity	and	function,	 including	

production	of	ATP,	 ion	 transport	and	oxidative	phosphorylation	
[16].	Hua	et al.	[25]	showed	that	downregulation	of	Mfn	1	levels	
significantly	decreased	the	mitochondrial	membrane	potential	and	
developmental	competence	of	bovine	somatic	cell	nuclear	transfer	
(SCNT)	embryos.	The	 imbalance	 in	mitochondrial	dynamics	 in	
response	to	cadmium	treatment	also	induced	excessive	mitochondrial	
fragmentation	and	ROS,	loss	of	mitochondrial	membrane	potential	and	
production	of	ATP	in	the	liver	tissue	of	rats	[8].	Ferree	and	Shirihai	
[29]	also	showed	that	loss	of	phosphatase	and	tensin	homolog-induced	
kinase	1	(PINK	1),	a	mitochondrial	dynamics	regulator,	induced	an	
increase	in	damaged	mitochondria,	and	decreased	mitochondrial	
membrane	potential	and	ATP	synthesis.	Furthermore,	a	previous	
investigation	revealed	that	mdivi-1	treatment	of	myotubes	decreased	
mitochondrial	DNA	content	and	mitochondrial	membrane	potential	
and inhibited myotube formation during myogenic differentiation 
[30].	The	results	of	the	present	study	showed	that	mdivi-1	treatment	
led	to	a	significant	decrease	in	the	mitochondrial	membrane	potential	
in	porcine	embryos	and	fibroblast	cells	(Fig.	1	and	4).	Overall,	these	
findings	indicate	that	 the	balance	of	mitochondrial	fusion/fission	
might	play	an	important	role	in	the	development	of	porcine	embryos	
and	fibroblast	cells.
Within	embryos	and	cells,	mitochondria	may	exist	as	complex	

Fig. 2.	 Comparative	analysis	of	the	expression	of	mitochondrial	fission	proteins	in	cleavage-	and	blastocyst-stage	embryos.	Representative	Western	
blot	analysis	of	Drp	1	(A),	Mfn	1	(C),	Mfn	2	(E),	and	β-actin	protein.	Quantification	of	signals	from	Western	blots	showing	the	fold	change	in	
Drp	1/β-actin	protein	(B),	Mfn	1/β-actin	protein	(D),	and	Mfn	2/β-actin	protein	(F)	expression.	Values	are	shown	as	the	mean	±	SD.	Statistically	
significant	differences	are	indicated	by	asterisks	(P	<	0.05).
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interconnected	networks,	as	discrete	individual	structures	or	as	a	
dynamic,	 interchangeable	combination	of	 the	 two	[31].	 Indeed,	
the	structure	of	the	mitochondrial	network	has	been	found	to	differ	
significantly	between	embryos	and	cell	 types	[32].	The	extent	of	
mitochondrial	interconnectivity	is	regulated	cytoskeletal	elements	
[33]	and	by	the	action	of	specific	proteins,	including	Mfn	1,	Mfn	
2	and	Opa	1,	which	are	involved	in	the	process	of	fusion,	and	Drp	
1	and	Fis	1,	which	have	a	role	in	mitochondrial	fission	[34].	These	
variations	in	dynamics	appear	to	be	necessary	to	ensure	proper	function	
and	distribution	of	mitochondria,	and	defects	in	these	processes	have	
been	linked	to	disease	[35].	Preimplantation	embryos	and	fibroblast	
cells	also	contain	two	distinct	genomes.	One	is	located	in	the	nucleus	
(nDNA),	whereas	the	other	is	located	in	mitochondria	(mtDNA)	and	
is	transmitted	by	maternal	inheritance.	Furthermore,	mitochondria	
are essential to the life and death of preimplantation embryos 
and	fibroblast	cells	[36];	however,	mitochondrial	morphology	and	
function,	which	are	related	to	the	changes	in	mitochondrial	fission/
fusion,	differ	between	embryos	and	fibroblast	cells.	In	fibroblast	cells,	
mitochondria	are	elongated	organelles	containing	swollen	cristae	
and	possess	high	membrane	potential,	and	they	provide	cell	energy	
with	sufficient	ATP	through	aerobic	metabolism.	But	in	oocytes	and	

early	cleavage-stage	embryos,	mitochondria	are	oval	and	spherical,	
and	anaerobic	metabolism	serves	as	the	principal	source	of	ATP	to	
meet	the	energy	demand	of	life	activities	[25].	Parone	et al.	[37]	
showed	that	the	depletion	of	Drp	1	impaired	cell	proliferation,	levels	
of	cellular	ATP,	levels	of	cellular	ROS	and	autophagy	in	mammalian	
cells.	Vazquez-Martin	et al.	[38]	showed	that	mdivi-1	treatment	of	
mouse	embryonic	fibroblasts	impaired	colony	growth	and	morphology	
of	induced	pluripotent	stem	cells.	Furthermore,	treatment	in	HeLa	
cells	with	the	mitochondrial	fission	inducer	tyrphostin	A9	induced	
formation	of	fragmented	mitochondrial	filaments,	reduction	of	cellular	
ATP	levels	and	collapse	of	the	mitochondrial	membrane	potential	
[39].	On	the	other	hand,	Wakefield	et al.	[40]	showed	that	treatment	
of	mouse	embryos	with	 the	mitochondria	metabolism	inhibitor	
aminooxyacetate	decreased	blastocyst	development	and	inner	cell	
mass	and	trophectoderm	cell	numbers	and	reduced	ATP	production.	
The	results	of	the	present	study	showed	that	mdivi-1	treatment	led	to	
a	significant	decrease	in	the	developmental	competence	of	porcine	
preimplantation	embryos	and	proliferation	of	fibroblast	cells	(Table	1,	
Fig.	4).	Therefore,	these	results	suggest	that	mdivi-1	treatment	induces	
an	imbalance	of	mitochondrial	dynamics	and	impairs	developmental	
competence	in	porcine	embryos	and	fibroblast	cells.
ROS	are	primarily	generated	 in	mitochondria	as	by-products	

of	normal	cell	metabolism,	and	 the	principal	source	of	ROS	is	
hydrogen	peroxide	[41].	Damaged	mitochondria	can	increase	ROS	
production	[42].	Lower	levels	of	ROS	in	embryos	are	necessary	
for	normal	cellular	functions	[43],	whereas	higher	levels	of	ROS	
damage	embryos	[42].	Previous	studies	showed	that	depletion	of	
Drp	1	in	HeLa	cells	significantly	increased	the	levels	of	cellular	
ROS	[29].	Furthermore,	mitochondrial	 fragmentation	mediated	
by	fission	has	been	shown	to	 induce	 increased	ROS	production	
levels	under	high	glucose	conditions	[44].	Thus,	 the	balance	of	
mitochondrial dynamics is important for regulation of intracellular 
ROS	production.	The	results	of	the	present	study	showed	that	ROS	
levels	were	significantly	higher	in	the	mdivi-1-treated	group	than	
the	nontreated	group	(Fig.	3A	and	B).	Similarly,	a	previous	study	
showed	that	downregulation	of	Mfn	1	levels	led	to	increased	ROS	
levels	in	bovine	SCNT	embryos	[25].	Taken	together,	these	findings	
suggest	that	an	imbalance	in	mitochondria	fusion/fission	damages	
mitochondria,	leading	to	the	production	of	excessive	ROS.
Apoptosis	play	a	vital	 role	 in	embryonic	development	and	 is	

an	important	indicator	of	the	quality	of	produced	blastocysts	[45].	
Song et al.	[46]	showed	that	overexpression	of	fatty	acid-binding	
protein	3	(FABP	3)	in	embryonic	cancer	cells	led	to	an	imbalance	
in	mitochondrial	dynamics	and	 increased	apoptosis.	Moreover,	

Fig. 3.	 Fluorescence	 microscopy	 imaging	 of	 intracellular	 ROS	
expression	 (A),	fluorescence	 intensity	 (B)	and	apoptotic	pattern	
(C)	 in	 blastocysts.	 The	 chromatin	 content	 is	 stained	 by	 DAPI	
(blue,	 a	 and	 b),	 fragmented	 DNA	 is	 labeled	 by	 the	 TUNEL	
reaction	(green	and	white	arrow,	a1	and	b1),	and	colocalization	
with	DAPI	appears	sky	blue	(a2	and	b2).	Data	are	shown	as	the	
mean	±	SD.	Statistically	significant	differences	are	indicated	by	
asterisks	(P	<	0.05).	Scale	bar	=	200	μm.

Table 2.	 Effect	of	mdivi-1	treatment	on	the	apoptotic	index	in	porcine	
blastocysts

Mdivi-1	
(μM)

No.	of	
blastocysts

No.	of	cells Apoptotic	index	
(%)Total TUNEL	positive

0 22 45.0	±	7.2a 1.2	±	1.1a 2.6	±	2.6a

50 21 35.0	±	6.3b 3.0	±	1.8b 8.3	±	4.3b

Data	 are	 shown	 as	 the	 mean	 ±	 SD.	 Values	 were	 obtained	 from	 ten	
replicates. a,b	Values	 with	 different	 superscripts	 are	 significantly	
different	relative	to	the	other	group	(P	<	0.05).
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treatment	of	mouse	embryos	with	Ochratoxin	A,	an	 inhibitor	of	
mitochondrial	transport	systems,	induced	apoptosis	through	activation	
of	a	mitochondrion-dependent	pathway	[47].	Additionally,	sodium	
butyrate	treatment	of	human	colorectal	cancer	cells	was	found	to	

modulate	mitochondrial	fission	and	fusion	by	inhibiting	activation	
of	Drp	1,	leading	to	G2	and	M	phase	cell	cycle	arrest	and	apoptosis	
[48].	 In	 the	present	study,	 the	apoptotic	 index	was	significantly	
higher	 for	 the	mdivi-1-treated	group	 than	 the	nontreated	group	

Fig. 4.	 Representative	 photograph	 of	 the	 morphology	 and	 growth	 pattern	 in	 porcine	 fibroblast	 cells	 (A).	 Fluorescence	 microscopy	 imaging	 of	
mitochondrial	membrane	potential	(B)	and	fluorescence	intensity	(C)	in	porcine	fibroblast	cells.	Data	are	shown	as	the	mean	±	SD.	Statistically	
significant	differences	are	indicated	by	asterisks	(P	<	0.05).	Scale	bar	=	100	μm.

Fig. 5.	 Comparative	analysis	of	the	expression	of	mitochondrial	fusion/fission	proteins	in	porcine	fibroblast	cells.	Representative	Western	blot	analysis	
of	Drp	1,	Mfn	1,	Mfn	2,	and	β-actin	protein	(A).	Quantification	of	signals	from	Western	blots	showing	the	fold	change	in	Drp	1/β-actin	protein,	
Mfn	1/β-actin	protein	and	Mfn	2/β-actin	protein	expression	(B).	Values	are	shown	as	the	means	±	SD.	Statistically	significant	differences	are	
indicated	by	asterisks	(P	<	0.05).
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(Table	2,	Fig.	3C).	Similarly,	mdivi-1	treatment	during	myogenic	
differentiation	increased	apoptosis	[30].	Also,	the	total	numbers	of	
cells	in	blastocysts	derived	from	embryos	cultured	with	mdivi-1	was	
lower	than	in	the	nontreated	group	(Table	2).	Taken	together,	these	
results	suggest	that	an	imbalance	in	mitochondria	fusion/fission	may	
induce	lower	qualities	of	porcine	blastocysts.

The balance of the mitochondrial dynamics is regulated by fusion/
fission-related	proteins.	Drp	1-mediated	mitochondrial	fission	 is	
necessary	for	cell	survival	because	it	removes	impaired	mitochon-
dria	and	maintains	cellular	homeostasis	through	mitophagy	[12].	
Additionally,	mdivi-1	binds	outside	the	GTPase	domain	to	a	surface	
involved	in	oligomeric	assembly	and	thereby	inhibits	Dnm	1/Drp	1	
GTPase	activation,	and	it	displays	less	Drp	1	translocation	from	the	
cytosol	onto	mitochondria	[49],	indicating	that	mdivi-1	inhibits	Drp	
1	translocation	from	cytosol	to	mitochondria	but	does	not	inhibit	the	
protein	level	of	Drp	1.	However,	in	the	present	study,	though	Mfn	1	
and	2	did	not	show	differences	in	the	protein	analysis,	because	the	
Drp	1	levels	showed	differences,	which	led	to	mdivi-1	especially	
suppressing	Drp	1	among	the	mitochondrial	fission	proteins,	resulting	
in	the	balance	of	the	mitochondrial	dynamics	being	upset,	 it	was	
concluded	that	the	developmental	competence	and	quality	of	porcine	
embryos	and	fibroblast	cells	were	affected.	This	is	the	first	report	
regarding	the	action	of	mdivi-1	on	the	inhibition	of	Drp	1	expression	
in	porcine	embryos	and	fibroblast	cells,	and	the	definite	mechanism	
of	our	findings	should	be	confirmed	by	further	experiments.	 In	
addition,	the	changes	in	the	expression	levels	of	both	fusion	and	
fission	proteins	might	be	an	important	factor	in	cellular	metabolism	
and mitochondrial function.
In	conclusion,	the	results	of	the	present	study	suggest	that	treat-

ment	of	porcine	preimplantation	embryos	and	fibroblast	cells	with	
mdivi-1	results	in	decreased	blastocyst	production	and	cell	growth.	
Furthermore,	our	mdivi-1	treatment	groups	showed	significantly	
decreased	embryonic	qualities,	including	mitochondrial	membrane	
potential,	ROS	level	and	apoptosis,	which	affected	the	expression	
levels	of	Drp	1.	Therefore,	our	results	suggest	that	expression	of	
Drp	1	protein	regulates	the	developmental	competence	of	porcine	
embryos	and	fibroblast	cell	proliferation	by	modulating	mitochondrial	
dynamics.
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