
—Original Article—

Cryotolerance of porcine blastocysts is improved by treating in vitro 
matured oocytes with L-carnitine prior to fertilization
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Abstract. 	Sufficient	 generation	 of	 adenosine	 triphosphate	 (ATP)	 by	 oocytes	 is	 critical	 for	 fertilization	 and	 embryo	
development.	The	objective	of	this	study	was	to	determine	the	effects	of	supplementing	media	with	L-carnitine,	a	co-factor	
required	for	the	metabolism	of	fatty	acids,	during	the	peri-fertilization	period	on	embryo	development	and	energy	generation.	
Firstly,	in vitro	matured	(IVM)	porcine	oocytes	were	co-incubated	with	sperm	in	IVF	medium	supplemented	with	0‒24	mM	
L-carnitine.	The	blastocyst	formation	rate	of	the	control	group	was	greater	than	those	of	the	L-carnitine	groups	(P	<	0.05),	
except	for	the	3	mM	L-carnitine	group.	Subsequently,	oocytes	and/or	sperm	were	treated	without	or	with	3	mM	L-carnitine	
for	either	the	1	h	pre-IVF	oocyte	incubation;	the	pre-IVF	sperm	preparation;	the	first	30	min	of	IVF;	or	the	entire	5.5	h	of	
IVF.	Despite	similar	fertilization	rates	among	the	groups,	 the	cleavage	rate	of	 the	pre-IVF	oocyte	group	was	significantly	
greater	 than	 those	of	 the	other	groups,	except	for	 the	pre-IVF	sperm	group.	Additionally,	 the	oocyte	ATP	content	and	 the	
cryotolerance	of	the	resulting	blastocysts	were	examined	following	the	pre-IVF	oocyte	treatment.	Oocyte	ATP	content	was	
also	similar	among	the	groups	(P	>	0.05).	Following	vitrification,	the	post-warming	survival	rate	of	blastocysts	derived	from	
L-carnitine-treated	oocytes	was	greater	than	that	of	blastocysts	derived	from	untreated	oocytes	(42.4%	vs.	24.9%;	P	<	0.05).	
In	conclusion,	a	1	h	oocyte	exposure	to	3	mM	L-carnitine	immediately	prior	to	insemination	enhanced	cleavage	and	improved	
the	cryotolerance	of	resulting	blastocysts.	While	the	findings	are	suggestive	of	a	lipolytic	action,	further	studies	are	required	
to	clarify	the	contributions	of	lipid	metabolism	and	oxidative	mechanisms	to	the	observed	effects	of	the	L-carnitine	treatment.
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At	the	time	of	fertilization,	there	is	an	increased	adenosine	tri-
phosphate	(ATP)	requirement	to	support	calcium	oscillations	

and	calcium	homeostasis	[1].	In	aged	oocytes,	noted	for	having	poor	
developmental	outcomes,	deficient	ATP	content	at	fertilization	is	
believed	to	lead	to	altered	calcium	oscillation	patterns	and	homeostasis	
[2].	Sufficient	ATP	is	also	required	to	support	cellular	events	triggered	
by	fertilization,	including	polymerization	of	microtubules,	cell	cycle	
regulation,	segregation	of	chromosomes	and	membrane	biosynthesis	
[3].	ATP	production	and	accumulation	during	oocyte	maturation	is	
likely	to	be	an	important	factor	for	fertilization.	Dysfunctional	or	
low	numbers	of	mitochondria,	resulting	in	lower	ATP	content	of	
oocytes	at	fertilization,	has	been	shown	to	lead	to	a	higher	incidence	
of	fertilization	failure	[3−5].	Cattle	oocytes	morphologically	graded	
as	being	of	higher	quality	had	a	higher	ATP	content	following	in 
vitro	maturation	(IVM)	and	had	increased	blastocyst	development	
following	in vitro	fertilization	(IVF)	[6].	Further,	the	ATP	content	
of	both	mouse	and	human	oocytes	has	been	positively	correlated	
with	embryo	viability	[5,	7].	In	mouse	oocytes,	ATP	content	peaks	
at	the	time	of	extrusion	of	the	first	polar	body,	with	metaphase	II	
(MII)	stage	oocytes	consuming	greater	amounts	of	ATP	than	those	

arrested	at	the	germinal	vesicle	stage	[8].	Further,	in	porcine	MII	
stage	oocytes	that	were	aged,	the	electron	density	of	lipid	droplets	
decreased	over	time	[9].	This	higher	consumption	of	ATP	by	MII	
stage	oocytes,	coupled	with	decreasing	lipid	stores,	suggests	that	
oocytes	may	be	utilizing	lipid	substrates	during	MII	arrest	prior	to	
fertilization.
In	toad	eggs,	fertilization	triggers	a	decrease	in	triglycerides,	

hypothesized	to	be	due	to	metabolic	breakdown	of	lipid	substrates	
for	ATP	production	to	meet	increased	energy	requirements	[10].	
Porcine	oocytes	contain	large	amounts	of	endogenous	lipid	[11],	
and	although	they	differ	physiologically	from	toad	eggs,	this	lipid	
fraction	may	play	a	similar	role.	Also,	following	sperm	penetration	
of	porcine	oocytes,	the	electron	density	of	lipid	droplets	decreases,	
implying	a	reduction	of	lipid	content	at	this	time	[12].	Given	that	
lipids	are	a	very	efficient	fuel	source,	it	may	be	that	the	β-oxidation	
pathway	is	utilized	during	fertilization.
The	impact	of	supplementing	IVF	medium	with	metabolic	regulators	

is	poorly	understood.	L-carnitine	is	a	key	co-factor	involved	in	the	
carnitine	shuttle,	with	this	being	the	rate-limiting	step	in	the	entry	
of	activated	fatty	acids	to	the	mitochondrial	matrix	for	metabolic	
breakdown,	and	is	also	known	to	have	strong	antioxidant	properties.	
L-carnitine	has	also	been	shown	to	have	an	effect	on	in vitro	sperm	
parameters.	The	addition	of	1.76	mM	L-carnitine	to	testicular	mouse	
sperm	increased	motility	and	chromatin	quality	following	30‒180	
min	incubations	at	room	temperature	[13].	Further,	inclusion	of	
3.1	mM	L-carnitine	led	to	higher	human	sperm	motility	after	2	h	
incubation	at	37ºC,	although	there	was	no	effect	on	DNA	oxidation	
or	sperm	viability	[14].	The	positive	effects	on	sperm	are	believed	
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to	be	due	to	the	antioxidant	activity	of	L-carnitine.	Accumulation	
of	reactive	oxygen	species	(ROS)	in	sperm	causes	ATP	depletion,	
lipid	peroxidation	and	axonemal	phosphorylation	[15],	affecting	
sperm	motility.
Upregulation	of	the	β-oxidation	pathway	by	supplementing	IVM	

medium	with	L-carnitine	has	been	shown	to	improve	oocyte	matura-
tion	in	mice	[16],	cattle	[17]	and	pigs	[18,	19].	Also,	inclusion	of	
L-carnitine	in	embryo	culture	medium	decreased	lipid	content	and	
increased	cryosurvival	in	cattle	embryos	[20].	It	is	believed	that	by	
stimulating	lipid	metabolism,	greater	amounts	of	lipid	stores	are	
used	to	generate	ATP	to	support	development	while	also	improving	
cryotolerance	due	to	decreased	lipid	content.	Potentially,	stimulating	
lipid	metabolism	during	fertilization	may	increase	ATP	levels	to	
support	the	energy	requirements	of	the	oocyte.	Any	beneficial	effects	
seen	from	the	inclusion	of	L-carnitine	during	IVF	would	need	to	be	
clarified	as	affecting	sperm	and/or	oocytes.
The	aim	of	this	study	was	to	determine	if	L-carnitine	supplementa-

tion	either	during	or	immediately	prior	to	fertilization	of	IVM	porcine	
oocytes	enhances	fertilization	and	developmental	outcomes.	Further,	
this	study	examined	the	effect	of	supplementing	IVF	medium	with	
L-carnitine	on	the	cryotolerance	of	the	resulting	blastocysts.

Materials and Methods

Chemicals and media
All	chemicals	were	supplied	by	Sigma-Aldrich	(St.	Louis,	MO,	

USA)	unless	stated	otherwise.	Washing	and	preparation	of	oocytes	
were	carried	out	using	HEPES-buffered	Porcine	X	Medium	(PXM;	
108	mM	NaCl,	10	mM	KCl,	0.35	mM	KH2PO4,	0.40	mM	MgSO4,	
5.0	mM	NaHCO3,	25	mM	HEPES,	0.2	mM	sodium	pyruvate,	2.0	
mM	calcium	lactate,	3.0	mg/ml	polyvinyl	alcohol	(PVA);	[21]).	
IVM	was	performed	using	Porcine	Oocyte	Medium	(POM;	108	mM	
NaCl,	10	mM	KCl,	0.35	mM	KH2PO4,	0.4	mM	MgSO4,	25	mM	
NaHCO3,	4.0	mM	glucose,	0.2	mM	sodium	pyruvate,	2.0	mM	calcium	
lactate,	2.0	mM	glutamine,	5.0	mM	hypotaurine,	0.1	mM	cysteamine,	
Minimum	Essential	Medium	(MEM)	amino	acids	(Gibco	11130051,	
Grand	Island,	NY,	USA),	MEM	non-essential	amino	acids	(Gibco	
11140050),	65	µg/ml	penicillin	G,	50	µg/ml	streptomycin	sulfate;	[21])	
supplemented	with	3.0	mg/ml	fatty	acid-free	bovine	serum	albumin	
(BSA;	IVP	grade	gamma	irradiated,	MP	Biomedicals,	Auckland,	
New	Zealand),	10	ng/ml	epidermal	growth	factor,	10	IU/ml	equine	
chorionic	gonadotropin	(eCG;	Pregnecol;	Bioniche	Animal	Health	
Pty	Ltd,	Armidale,	NSW,	Australia)	and	10	IU/ml	human	chorionic	
gonadotropin	(hCG;	Chorulon;	Intervet	Australia	Pty	Ltd,	Bendigo	
East,	VIC,	Australia).	Tyrode’s	albumin	lactate	pyruvate-polyvinyl	
alcohol	(TALP-PVA)	medium	[22]	supplemented	with	3.0	mM	
calcium	lactate,	2.0	mM	caffeine-sodium	benzoate	and	3.0	mg/ml	BSA	
[23]	was	used	for	IVF.	The	sperm	preparation	medium	consisted	of	
TALP-PVA	medium	supplemented	with	0.5	mg/ml	BSA	(SpermTALP).	
As	per	the	experimental	design,	supplementation	of	the	TALP-PVA	
and	SpermTALP	media	with	L-carnitine	(L-carnitine	hydrochloride;	
Sigma-Aldrich	C0283)	involved	adding	a	quantity	of	the	L-carnitine	
powder	directly	to	a	volume	of	the	medium	to	achieve	the	desired	
final	concentration.	Once	the	powder	had	completely	dissolved,	the	
pH	of	the	medium	at	room	temperature	(22ºC)	was	adjusted	to	that	of	
the	corresponding	non-supplemented,	non-equilibrated	medium	(pH	

7.55)	and	then	filter	sterilized.	All	L-carnitine	supplemented	media	
were	freshly	prepared	prior	to	use	in	each	experimental	replication.	
Porcine	Zygote	Medium-3	(PZM-3;	[24])	was	used	for	embryo	in 
vitro	culture	(IVC).	All	droplets	and	wells	of	media	were	covered	
with	embryo	tested	mineral	oil	and	equilibrated	in	a	humidified	
atmosphere	of	6%	CO2	in	air	at	38.5ºC	for	at	least	3	h	prior	to	use.

In vitro maturation
Ovaries	from	prepubertal	gilts	were	collected	immediately	after	

slaughter	at	a	local	abattoir	and	transported	to	the	laboratory	within	
1	h	at	34‒38ºC	in	0.9%	NaCl	(Baxter	Healthcare,	Deerfield,	IL,	
USA)	supplemented	with	an	antibiotic/antimycotic	solution	(100	
IU/ml	penicillin	G,	0.25	µg/ml	streptomycin	sulphate	and	0.85%	
amphotericin	B;	Gibco).	Cumulus	oocyte	complexes	(COCs)	were	
aspirated	from	antral	follicles	3‒6	mm	in	diameter	using	a	21-gauge	
needle	through	which	constant	suction	(1	l/min)	was	applied,	and	
collected	in	a	vacutainer	tube.	Collected	COCs	were	washed	twice	
in	PXM.	Oocytes	with	an	evenly	granulated	cytoplasm	and	at	least	
three	complete	layers	of	compact	cumulus	cells	were	selected	and	
washed	in	POM.	Washed	COCs	were	transferred	to	4-well	dishes	
(~50	COCs	per	well;	Nunc,	Roskilde,	Denmark)	containing	POM	
(500	µl	per	well),	and	cultured	in	a	humidified	atmosphere	of	6%	
CO2	in	air	at	38.5ºC.

In vitro fertilization
After	44	h	of	IVM,	oocytes	were	partially	denuded	of	cumulus	

cells	by	gentle	pipetting	in	PXM	after	brief	exposure	(<	1	min)	to	
0.5	mg/ml	hyaluronidase.	Oocytes	were	washed	and	transferred	to	
4-well	dishes	containing	IVF	medium	(500	µl	per	well).	Meanwhile,	
boar	semen	frozen	in	a	0.25	ml	straw	was	thawed	immediately	upon	
retrieval	from	liquid	nitrogen	storage	by	agitating	the	straw	in	a	water	
bath	at	42ºC	for	20	sec.	Sperm	were	purified	by	density	gradient	
centrifugation	at	720	g	for	10	min	using	a	two-layer	(45%	and	
90%)	PureSperm	(Nidacon	Laboratories	AB,	Gothenburg,	Sweden)	
discontinuous	gradient	prepared	with	SpermTALP	medium.	Following	
this,	the	pellet	was	gently	aspirated,	made	up	to	1	ml	in	volume	
with	SpermTALP	medium	and	centrifuged	at	310	g	for	5	min.	The	
supernatant	was	removed,	and	the	pellet	was	gently	resuspended	in	
400	µl	of	SpermTALP	medium.	Sperm	motility	and	concentration	
were	then	assessed.	Sperm	were	added	to	the	insemination	wells	
(approximately	50	oocytes	per	well)	at	a	concentration	of	200	motile	
sperm/oocyte.	Gametes	were	co-incubated	for	30	min	at	38.5ºC	
in	6%	CO2	in	air,	after	which	the	oocytes	and	zona-bound	sperm	
were	carefully	transferred	to	a	second	well	containing	fresh	IVF	
medium	(500	µl)	and	incubated	for	a	further	5	h,	resulting	in	a	
total	IVF	co-incubation	of	5.5	h	[25,	26].	For	experiments	with	a	
pre-IVF	incubation	period,	oocytes	were	held	in	IVF	medium	without	
(control)	or	with	3.0	mM	L-carnitine	for	1	h,	and	then	transferred	
to	IVF	medium	without	(control)	or	with	3.0	mM	L-carnitine	(as	
per	the	experimental	design)	immediately	prior	to	insemination.

In vitro culture and embryo assessment
At	the	completion	of	IVF,	presumptive	zygotes	were	denuded	of	

remaining	cumulus	cells	and	loosely	bound	sperm,	washed	in	PZM-3,	
placed	in	50	µl	droplets	of	PZM-3	(maximum	of	15	zygotes/droplet),	
and	incubated	in	6%	CO2,	5%	O2	and	89%	N2	at	38.5ºC.	On	Day	4	
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of	IVC,	cleavage	was	assessed	and	the	PZM-3	was	supplemented	
with	10%	fetal	calf	serum	(FCS;	heat	inactivated,	Australian	origin;	
Gibco	10100139)	by	adding	5	μl	of	equilibrated	FCS	to	each	50	
µl	droplet.	Blastocyst	formation	was	assessed	on	Day	7	of	IVC.	
Blastocysts	used	to	determine	total	cell	numbers	were	washed	in	PXM	
and	transferred	to	absolute	ethanol	containing	0.3	mg/ml	Hoechst	
33342.	After	staining	for	30	min,	the	blastocysts	were	transferred	to	
absolute	ethanol,	fixed	overnight	in	the	dark	at	4ºC,	and	then	slide	
mounted.	The	stained	nuclei	were	visualized	using	fluorescence	
microscopy	(Olympus	BX61;	Olympus,	Tokyo,	Japan)	and	counted	
using	ImageJ	software	(v.	1.46r,	National	Institutes	of	Health,	USA).
To	assess	fertilization,	presumptive	zygotes	were	fixed	in	acetic	

acid:ethanol	(1:3)	12	h	after	insemination	for	a	minimum	of	3	days.	
Following	fixation,	zygotes	were	slide	mounted	and	stained	with	
1%	(w/v)	orcein	in	45%	(v/v)	acetic	acid	for	30	min,	destained	with	
glycerol:acetic	acid:water	(1:1:3)	and	examined	using	phase-contrast	
microscopy	at	400	×	magnification.	Zygotes	were	classified	as	
unfertilized	(meiotic	spindle	and	one	polar	body	present),	polyspermic	
(multiple	pronuclei	and/or	multiple	decondensed	sperm	heads	present),	
penetrated	(one	pronucleus	and/or	decondensed	sperm	head	present),	
or	fertilized	normally	(two	pronuclei	and	two	polar	bodies	present).

Measurement of oocyte ATP concentration
The	ATP	concentration	of	oocytes	was	measured	using	a	commercial	

assay	kit	(FL-ASC;	Sigma).	Briefly,	oocytes	were	completely	denuded	
of	cumulus	cells,	and	washed	three	times	in	PBS	supplemented	with	
3	mg/ml	polyvinylpyrrolidone.	Oocytes	were	transferred	in	groups	
of	10	to	Eppendorf	tubes	containing	50	µl	ice-cold	PBS	and	stored	
at	−80ºC	until	analysis.	For	analysis,	samples	were	thawed	on	ice	
protected	from	light.	Ice-cold	somatic	cell	reagent	(100	µl)	was	added	
to	each	tube,	briefly	centrifuged,	and	incubated	on	ice	for	5	min.	Next,	
ice-cold	assay	mix	solution	(diluted	1:25	with	ATP	assay	mix	dilution	
buffer;	100	µl)	was	added,	and	each	tube	was	briefly	centrifuged	
and	incubated	on	ice	for	5	min.	Sample	luminescence	was	measured	
in	a	flat	bottom	96-well	plate	(Greiner	Bio-One,	Frickenhausen,	
Germany)	using	a	microplate	reader	with	a	luminescence	optical	
system	(POLARstar	Optima;	BMG	Labtech,	Ortenburg,	Germany).	
A	seven-point	standard	curve	(0‒60	pM/tube)	was	included	in	each	
assay	to	enable	the	unknown	ATP	concentrations	to	be	determined.	
The	ATP	concentration	for	each	sample	was	then	divided	by	the	
number	of	oocytes	in	the	tube	to	obtain	the	final	value	(expressed	
as	pM	ATP/oocyte).

Blastocyst vitrification and warming
On	Day	7	of	IVC,	blastocysts	were	vitrified	as	previously	described	

[25,	27].	Blastocysts	were	classified	morphologically	as	either	A,	
B	or	C	grade,	according	to	the	criteria	of	the	Society	for	Assisted	
Reproductive	Technology	(SART)	grading	system	(A	=	good,	B	=	fair,	
C	=	poor;	[28]).	Only	blastocysts	of	grades	A	and	B	were	vitrified.	
Briefly,	groups	of	up	to	10	blastocysts	were	washed	in	pre-warmed	
HEPES-buffered	Medium	199	(Gibco	12340030)	supplemented	
with	20%	FCS	(H199-FCS;	38.5ºC)	for	5	min.	Blastocysts	were	
then	transferred	to	equilibration	medium	(H199-FCS	supplemented	
with	7.5%	ethylene	glycol	and	7.5%	DMSO;	22ºC)	and	held	for	3	
min	before	being	transferred	to	vitrification	medium	(H199-FCS	
supplemented	with	17%	ethylene	glycol,	17%	DMSO	and	0.4	M	

sucrose;	22ºC)	for	45	sec.	Embryos	were	loaded	into	a	super-fine	
open-pulled	straw	(SOPS;	Minitube,	Tiefenbach,	Germany)	within	
the	45	sec	period	and	immediately	plunged	into	liquid	nitrogen.	The	
equilibration	and	vitrification	media	were	used	at	room	temperature	
(22ºC).	To	warm,	the	open	end	of	the	SOPS	was	placed	directly	into	
pre-warmed	Thaw	Medium	1	(H199-FCS	supplemented	with	0.14	
M	sucrose;	38.5ºC)	immediately	upon	retrieval	from	liquid	nitrogen.	
Blastocysts	were	held	in	this	medium	for	6	min	before	a	5	min	hold	
in	pre-warmed	Thaw	Medium	2	(H199-FCS	supplemented	with	
0.075	M	sucrose;	38.5ºC)	and	a	final	5	min	hold	in	pre-warmed	
H199-FCS	(38.5ºC).	The	warming	media	were	used	at	38.5ºC.	The	
blastocysts	were	then	washed	in	PZM-3	supplemented	with	20%	FCS,	
transferred	to	50	µl	droplets	of	PZM-3	supplemented	with	20%	FCS,	
and	cultured	in	6%	CO2,	5%	O2	and	89%	N2	at	38.5ºC.	Cryosurvival	
was	assessed	after	24	h	of	post-warming	culture,	with	surviving	
blastocysts	classified	as	those	in	which	blastocoele	re-expansion	
had	clearly	occurred.

Experimental design
Experiment	1:	Dose	response	effect	of	L-carnitine	supplementation	

during	IVF
The	medium	used	for	the	entire	5.5	h	duration	of	IVF	was	supple-

mented	with	0,	3,	6,	12	or	24	mM	L-carnitine.	The	presumptive	zygotes	
were	cultured,	cleavage	and	blastocyst	formation	were	recorded,	
and	blastocyst	cell	numbers	were	determined.	The	experiment	was	
replicated	four	times	with	30	to	45	presumptive	zygotes	per	treatment	
group	in	each	replicate.
Experiment	2:	Effect	of	L-carnitine	supplementation	during	pre-

IVF	and	IVF
IVF	was	conducted	with	the	addition	of	3	mM	L-carnitine	for	

defined	periods	(Table	1).	This	dose	was	selected	based	on	the	results	
of	Experiment	1.	Oocytes	were	subjected	to	a	1	h	pre-IVF	incubation	
in	IVF	medium	without	(control)	or	with	3	mM	L-carnitine	(pre-IVF	
oocytes).	Sperm	were	prepared	in	SpermTALP	medium	without	
(control)	or	with	3	mM	L-carnitine	(pre-IVF	sperm).	Oocytes	and	
sperm	were	co-incubated	using	the	2-step	IVF	method	described	
previously	[25,	26],	without	(control)	or	with	3	mM	L-carnitine	
supplementation	for	either	the	first	30	min	only	(IVF	brief),	or	the	
entire	5.5	h	interval	(IVF	entire).	Approximately	15	presumptive	
zygotes	per	treatment	group	were	fixed	12	h	after	insemination,	and	
stained	to	assess	fertilization.	The	remaining	zygotes	were	cultured,	
cleavage	and	blastocyst	formation	were	recorded,	and	blastocyst	cell	
numbers	were	determined.	The	experiment	was	replicated	four	times	
with	30	to	45	presumptive	zygotes	per	treatment	group	in	each	replicate.
Experiment	3:	Effect	of	L-carnitine	treatment	on	ATP	content	of	

oocytes	and	post-warming	survival	of	resulting	blastocysts
Immediately	prior	to	IVF,	oocytes	were	incubated	for	1	h	in	IVF	

medium	without	or	with	3	mM	L-carnitine	(i.e.	the	1	h	pre-IVF	
incubation	described	in	Experiment	2).	The	co-incubation	of	oocytes	
and	sperm	was	performed	in	standard	IVF	medium	without	L-carnitine	
supplementation.	A	cohort	of	oocytes	was	assayed	to	determine	their	
ATP	content	after	44	h	maturation,	and	again	following	the	1	h	pre-IVF	
incubation.	The	remaining	oocytes	were	subjected	to	IVF	and	IVC,	
and	cleavage	and	blastocyst	formation	were	recorded.	Blastocysts	of	
grade	A	and	B	[28]	were	vitrified	on	Day	7.	Cryosurvival	was	assessed	
24	h	after	warming.	The	experiment	was	replicated	four	times.	For	
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the	ATP	measurements,	10	oocytes	were	pooled	at	each	time	point	per	
group	in	each	replicate.	For	the	post-warming	survival	assessment,	
a	mean	of	9	blastocysts	were	vitrified	per	group	in	each	replicate.

Statistical analysis
Analyses	were	performed	using	GenStat	16th	Edition	(VSN	

International	Ltd,	Hemel	Hempstead,	UK).	Percentage	data	were	
arcsine	transformed	prior	to	analysis.	Oocyte	ATP	content,	cleavage,	
blastocyst	formation	and	post-warming	survival	data	were	analyzed	
by	one-way	analysis	of	variance	(ANOVA),	blocking	by	replicate.	
Fisher’s	protected	LSD	post-hoc	test	was	used	when	significant	
differences	were	detected.	Blastocyst	cell	number	data	were	analyzed	
using	the	Student’s	t-test.	All	data	are	expressed	as	the	mean	±	the	
standard	error	of	the	mean	(SEM).	A	value	of	P	<	0.05	was	considered	
to	indicate	a	statistically	significant	difference.

Results

Experiment 1: Dose response effects of L-carnitine 
supplementation during IVF
The	dose	response	effects	of	L-carnitine	supplementation	on	cleav-

age	and	blastocyst	formation	are	shown	in	Fig.	1.	The	cleavage	rates	
were	similar	among	the	treatment	groups	(P	>	0.05).	The	blastocyst	
formation	rates	of	the	6,	12	and	24	mM	L-carnitine	groups	were	lower	
than	that	of	the	control	group	(P	<	0.05).	Supplementation	with	3	mM	
L-carnitine	did	not	reduce	the	blastocyst	formation	rate	compared	
with	the	control	(P	>	0.05).	The	mean	blastocyst	cell	number	of	the	
24	mM	L-carnitine	group	(32.0	±	6.7	cells)	was	lower	than	that	of	
the	3	mM	L-carnitine	group	(71.9	±	12.4	cells;	P	<	0.05),	but	did	
not	differ	significantly	from	that	of	the	control	group	(70.8	±	15.9	
cells)	and	the	other	L-carnitine	groups	(6	mM:	43.4	±	7.0	cells;	12	
mM:	47.8	±	11.2	cells).
The	3	mM	L-carnitine	dose	was	selected	for	use	in	the	subsequent	

experiments,	as	the	higher	L-carnitine	doses	had	detrimental	effects	
on	blastocyst	development.

Experiment 2: Effects of L-carnitine supplementation during 
pre-IVF and IVF
The	period	of	L-carnitine	supplementation	during	pre-IVF	and/

or	IVF	did	not	significantly	affect	the	percentages	of	penetrated	
oocytes	(54.9	±	9.3%	to	65.4	±	11.6%)	or	normally	fertilized,	
monospermic	oocytes	(10.4	±	4.6%	to	30.4	±	7.2%).	The	incidence	

of	male	pronuclear	formation	(84.4	±	5.5%	to	91.1	±	3.2%)	was	
also	similar	among	the	groups	(P	>	0.05).	The	effects	of	L-carnitine	
supplementation	on	cleavage	and	blastocyst	formation	are	shown	in	
Fig.	2.	The	cleavage	rate	of	oocytes	exposed	to	L-carnitine	during	
the	1	h	pre-IVF	period	was	higher	than	those	of	control	oocytes	(no	

Fig. 1.	 The	effects	of	L-carnitine	dose	during	 IVF	on	 the	development	
of	 porcine	 embryos.	 The	 IVF	medium	was	 supplemented	with	
0,	3,	6,	12	and	24	mM	L-carnitine	and	used	for	 the	duration	of	
gamete	co-incubation	as	described	for	the	2-step	IVF	procedure	
[25,	26].	Data	 are	 expressed	as	 the	percentages	 (mean	±	SEM)	
of	 total	 oocytes	 that	 cleaved	 (black	 bars)	 and	 cleaved	 embryos	
that	formed	blastocysts	(gray	bars).	Bars	without	a	common	letter	
differ	significantly	(P	<	0.05).

Fig. 2.	 The	effects	of	supplementing	3	mM	L-carnitine	to	media	used	for	
gamete	 IVF	 preparation	 and	 co-incubation	 on	 the	 development	
of	 porcine	 embryos.	 L-carnitine	 supplementation	 of	 the	 sperm	
preparation	 medium	 (SpermTALP	 medium)	 and	 IVF	 medium	
(TALP-PVA	medium)	used	 for	each	 treatment	group	 is	detailed	
in	 Table	 1.	 L-carnitine	 was	 either	 completely	 absent	 (Control)	
or	present	in	the	SpermTALP	medium	used	to	prepare	the	sperm	
for	IVF	(pre-IVF	sperm);	 the	IVF	medium	used	to	incubate	the	
matured,	denuded	oocytes	for	1	h	prior	to	IVF	(pre-IVF	oocytes);	
the	 IVF	 medium	 used	 for	 the	 initial	 30	 min	 of	 gamete	 co-
incubation	(IVF	brief);	or	the	IVF	medium	used	for	the	entire	5.5	
h	of	gamete	co-incubation	(IVF	entire).	Data	are	expressed	as	the	
percentages	 (mean	±	SEM)	of	 total	oocytes	 that	cleaved	 (black	
bars)	 and	 cleaved	 embryos	 that	 formed	blastocysts	 (gray	 bars).	
Bars	without	a	common	letter	differ	significantly	(P	<	0.05).

Table 1.	 Design	of	Experiment	2a)

Treatment	group Sperm	
preparation	b)

Pre-IVF	c) 
(1	h)

IVF	step	1	c) 
(30	min)

IVF	step	2 c) 
(5	h)

Control	(untreated) – – – –
Pre-IVF	sperm LC – – –
Pre-IVF	oocytes – LC – –
IVF	brief – – LC –
IVF	entire – LC LC LC
a) LC:	 medium	 was	 supplemented	 with	 3	 mM	 L-carnitine.	 b) Sperm	
preparation	procedures	were	performed	using	SpermTALP	medium	and	
took	a	maximum	of	1	h	to	complete.	c)	All	pre-IVF	oocyte	incubations	and	
IVF	gamete	co-incubations	were	performed	using	TALP-PVA	medium.



L-CARNITINE	TREATMENT	DURING	PORCINE	 IVF 267

L-carnitine	exposure)	and	oocytes	exposed	to	L-carnitine	during	the	
entire	IVF	period	(P	<	0.05).	The	cleavage	rate	of	oocytes	fertilized	
using	sperm	exposed	to	L-carnitine	during	the	pre-IVF	period	did	
not	differ	from	those	of	the	other	groups	(P	<	0.05).	The	blastocyst	
formation	rates	of	all	the	groups	did	not	differ	(P	>	0.05).	Likewise,	
the	blastocyst	cell	numbers	of	all	the	groups	(67.1	±	20.7	cells	to	
103.0	±	19.4	cells)	did	not	differ	significantly	(67.1	±	20.7	cells	vs. 
103.0	±	19.4	cells;	P	=	0.112).

Experiment 3: Effects of L-carnitine treatment on ATP content 
of oocytes and post-warming survival of resulting blastocysts
The	oocyte	ATP	content	was	similar	among	groups	before	and	

after	incubation	(P	>	0.05;	Fig.	3).	There	was	no	difference	in	the	ATP	
content	of	oocytes	following	incubation	with	or	without	L-carnitine	
(P	>	0.05;	Fig.	3).	Consistent	with	the	results	of	Experiment	2,	
treatment	of	oocytes	with	L-carnitine	prior	to	IVF	(i.e.	the	1	h	pre-
IVF	period)	increased	the	cleavage	rate	compared	with	the	control	
(86.6	±	1.3%	vs.	79.1	±	2.9%;	P	<	0.05).	The	blastocyst	formation	
rates	did	not	differ	significantly	(L-carnitine:	14.0	±	4.1%;	control:	
13.2	±	3.7%).	Also,	the	proportions	of	Day	7	blastocysts	that	were	
classified	as	A	or	B	grade,	and	were	therefore	vitrified,	did	not	
differ	significantly	(L-carnitine:	40	vitrified	of	44	total;	control:	34	
vitrified	of	38	total).	The	post-warming	survival	rate	of	blastocysts	
derived	from	the	L-carnitine-treated	oocytes	was	greater	than	that	
of	blastocysts	derived	from	the	untreated	control	oocytes	(42.4	±	
6.0%	vs.	24.9	±	5.4%;	P	<	0.05;	Fig.	4).

Discussion

This	study	examined	the	potential	of	L-carnitine	treatments	im-
mediately	prior	to	and	during	IVF	to	elevate	the	ATP	concentration	

of	porcine	oocytes	and	thereby	improve	fertilization	outcomes.	The	
capacity	of	oocytes	and	early	stage	embryos	to	generate	ATP	has	been	
correlated	with	developmental	competence	and	embryo	development	
in	cattle,	mice	and	humans	[5–7,	29].	L-carnitine	treatments	during	in 
vitro	maturation	have	previously	been	found	to	increase	ATP	levels	
in	mouse	oocytes	[16].	However,	the	results	of	this	study	indicate	
that	the	relatively	brief	L-carnitine	treatment	did	not	alter	ATP	levels	
significantly	or	improve	fertilization.	Rather,	when	included	for	
the	duration	of	gamete	co-culture,	supplementation	of	6‒24	mM	
L-carnitine	exerted	detrimental	effects	on	subsequent	development.	
Though	the	inhibition	of	fatty	acid	β-oxidation	and	the	concomitant	
upregulation	of	glucose	metabolism	do	not	appear	to	be	detrimental	
to	pig	embryo	development	[30],	the	results	suggest	that	adjustments	
to	glucose	metabolism	induced	by	L-carnitine	treatments	during	IVF	
may	hamper	post-fertilization	events.
Incubation	of	oocytes	in	fertilization	medium	supplemented	with	

L-carnitine	for	1	h	prior	to	gamete	co-incubation	increased	the	post-
warming	survival	of	vitrified	Day	7	blastocysts.	Porcine	oocytes	and	
embryos	have	large	amounts	of	intracellular	lipid	droplets	[11,	31],	
which	is	known	to	be	the	reason	for	their	poor	cryotolerance	[32].	
Previous	studies	have	shown	that	inclusion	of	L-carnitine	during	
bovine	embryo	culture	decreased	lipid	content	[20]	and	increased	
cryosurvival	rates	[33,	34].	The	results	of	this	study	show	that	only	
a	short	exposure	to	L-carnitine	significantly	improved	the	cryotoler-
ance	of	resulting	blastocysts.	This	remarkable	finding	suggests	that	
even	though	stimulation	of	lipid	metabolism	during	IVF	may	be	
detrimental	to	some	aspects	of	embryo	development,	any	reduction	
in	cytoplasmic	lipid	content	ultimately	enhances	the	capacity	of	

Fig. 3.	 The	effect	of	adding	L-carnitine	to	the	medium	used	during	the	
pre-IVF	period	on	 the	 concentration	 (mean	±	SEM)	of	ATP	 in	
porcine	oocytes.	After	 44	h	 of	 IVM,	oocytes	were	 denuded	of	
cumulus	 cells,	 selected	 for	 the	 presence	 of	 a	 polar	 body,	 and	
sampled	 either	 immediately	 (0	 h)	 or	 after	 incubation	 (1	 h)	 in	
IVF	medium	without	 (solid	 line)	 or	 with	 (dashed	 line)	 3	mM	
L-carnitine.

Fig. 4.	 The	 effect	 of	 adding	 L-carnitine	 to	 the	 medium	 used	 during	
the	 pre-IVF	 period	 on	 the	 post-warming	 survival	 of	 vitrified	
blastocysts.	 Following	 IVM,	 oocytes	 were	 partially	 denuded	
of	 cumulus	 cells	 and	 cultured	 in	 TALP-PVA	medium	 without	
(−LC)	 or	 with	 (+LC)	 3	 mM	 L-carnitine	 for	 1	 h,	 immediately	
prior	 to	 gamete	 co-incubation	 in	 TALP-PVA	 medium	 without	
L-carnitine.	After	IVF	and	IVC,	Day	7	blastocysts	of	grade	A	and	
B	quality	were	vitrified	and	their	cryosurvival	was	assessed	24	
h	post-warming.	Data	are	expressed	as	the	percentages	(mean	±	
SEM)	of	vitrified-warmed	blastocysts	that	formed	a	blastocoele.	
Bars	without	a	common	letter	differ	significantly	(P	<	0.05).
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porcine	embryos	to	survive	vitrification.	The	increased	post-warming	
survival	rate	seen	with	L-carnitine	supplementation	was	not	due	to	a	
difference	in	the	morphological	characteristics	of	the	blastocysts,	as	
the	proportions	of	A	and	B	grade	expanded	and	hatching	blastocysts	
vitrified	in	the	untreated	control	and	L-carnitine-treated	groups	were	
similar.	Clearly,	the	effectiveness	of	morphological	assessment	for	
evaluating	the	cryotolerance	of	porcine	blastocysts	is	limited,	and	
further	studies	are	needed	to	characterize	the	apparent	variations	in	
the	cytoplasmic	lipid	content	of	embryos	treated	with	L-carnitine.
Embryo	cleavage	rates	were	increased	following	IVF	of	oocytes	

incubated	with	L-carnitine	for	1	h	prior	to	the	addition	of	sperm.	
Mitochondrial	ATP	is	essential	for	sustaining	calcium	oscillations	
triggered	by	fertilization	events,	which	then	subsequently	upregulate	
ATP	production	to	satisfy	energy	demands	[1,	35].	In	humans,	total	
carnitine	content	of	follicular	fluid	was	not	correlated	with	embryo	
developmental	outcomes	following	IVF,	although	enzymes	involved	
in	β-oxidation	were	strongly	expressed	in	mature	oocytes	and	the	
expression	of	enzymes	involved	in	carnitine	synthesis	was	not	detected	
[36].	Given	this,	the	addition	of	exogenous	L-carnitine	may	aid	in	
upregulating	β-oxidation	rates	in	the	oocyte.	Higher	ATP	content	
in	mature	oocytes	has	been	correlated	with	greater	developmental	
success	[5,	6],	with	the	majority	of	ATP	derived	from	oxidative	
phosphorylation	[1,	2,	8].	Acetyl-CoA,	produced	via	β-oxidation,	is	
metabolized	through	the	tricarboxylic	acid	(TCA)	cycle	to	produce	
NADH	and	FADH2,	both	of	which	are	then	fully	metabolized	via	
oxidative	phosphorylation	to	produce	ATP.	However,	in	this	study,	
there	was	no	associated	increase	in	the	ATP	content	of	oocytes	
following	incubation	in	medium	supplemented	with	L-carnitine.	This	
does	not	preclude	the	possibility	that	the	L-carnitine	treatment	induced	
an	increase	in	ATP	production,	but	this	increase	was	accompanied	
by	an	increase	in	ATP	consumption,	resulting	in	no	net	gain,	which	
may	account	for	the	improved	oocyte	and	blastocyst	quality.
Other	studies	have	found	no	correlation	between	ATP	content	of	

porcine	oocytes	and	developmental	competence	[37,	38].	In	some	
homozygous	mouse	strains,	excessive	ATP	production	and	increased	
cytoplasmic	lipid	deposition	were	associated	with	early	cleavage	
arrest	[39].	It	is	possible	that	rather	than	a	critical	level	of	ATP	
being	required	to	support	fertilization,	the	higher	ATP	content	is	
indicative	of	a	healthy,	functional	mitochondria	population	necessary	
for	embryo	development.	Current	media	formulations	do	not	contain	
co-factors	to	support	β-oxidation.	In	humans,	IVF	patients	with	higher	
reproductive	potential	have	decreased	levels	of	total	carnitine	in	serum	
and	follicular	fluid,	suggesting	upregulation	of	lipolytic	pathways	
and	depletion	of	carnitine	stores	in	these	patients	[40].	Expression	
of	carnitine	synthesis	enzymes	is	low	in	human	oocytes	and	early	
embryos,	while	β-oxidation	enzymes	are	strongly	expressed	[36],	
supporting	a	role	for	exogenous	carnitine	in	embryo	culture	media.	
However,	inappropriate	lipolytic	activity	induced	by	L-carnitine	
treatment	during	the	entire	IVF	period	may	explain	the	reduced	
developmental	potential	of	oocytes	observed	at	the	higher	doses.
Alternatively,	the	effects	of	L-carnitine	may	be	attributed	to	its	

strong	antioxidant	properties.	Markers	of	oxidative	stress	in	human	
follicular	fluid	have	been	correlated	to	fertilization	and	pregnancy	
outcomes	following	IVF	[41,	42],	with	higher	fertilization	success	
seen	in	oocytes	recovered	from	follicular	fluid	with	higher	antioxidant	
levels	[41].	Addition	of	L-carnitine	to	medium	for	the	duration	of	

porcine	oocyte	maturation	decreased	levels	of	intracellular	ROS,	
hydrogen	peroxide	and	lipid	peroxides,	reduced	apoptosis,	and	
increased	glutathione	concentrations	[18,	19,	43–45].	Oxidative	
stress	is	proposed	to	be	the	catalyst	for	post-ovulatory	oocyte	aging	
[46],	which	is	associated	with	reduced	fertilization	rates	and	poor	
embryo	quality.	Certain	compounds	with	antioxidant	activity	have	
been	shown	to	delay	signs	of	post-ovulatory	oocyte	aging	[47,	
48].	The	antioxidant	properties	of	L-carnitine	may	have	assisted	in	
maintaining	oocyte	developmental	competence	prior	to	fertilization,	
resulting	in	the	observed	increase	in	cleavage	rate	and	improvement	
in	blastocyst	cryotolerance.	Culture	in	antioxidant-containing	medium	
following	IVF	has	previously	been	found	to	reduce	ROS	levels	in	
porcine	embryos	and	improve	the	cryotolerance	of	the	resulting	
blastocysts,	without	any	apparent	enhancement	of	blastocyst	yield	
or	quality	[49].	Here,	the	improved	blastocyst	cryotolerance	was	
achieved	by	exposure	to	L-carnitine	for	only	1	h	immediately	prior	
to	IVF.	If	the	effect	of	this	L-carnitine	exposure	was	indeed	via	an	
antioxidant	effect,	it	seems	incredible	that	such	a	brief	treatment	
can	elicit	such	a	long-term	benefit.	Similar	to	the	findings	of	the	
present	study,	at	the	higher	concentrations	of	L-carnitine	tested,	high	
concentrations	of	antioxidants	included	in	medium	during	bovine	IVF	
decreased	blastocyst	formation	rates	[50].	Perhaps	the	findings	together	
highlight	the	importance	of	reducing	the	ROS	levels	in	oocytes	and	
zygotes,	while	antioxidant	exposure	during	gamete	co-incubation	is	
not	ideal.	Reactive	oxygen	species	are	required	for	fertilization	[51,	
52],	playing	a	role	in	sperm	capacitation,	hyperactivation	and	the	
acrosome	reaction	[53].	This	indicates	that	higher	doses	or	longer	
exposure	to	L-carnitine	may	be	detrimental	during	IVF	due	to	its	
antioxidant	properties	suppressing	the	concentrations	of	vital	ROS.	
Further	research	is	required	to	determine	the	optimal	concentration	
and	incubation	time	to	maximize	the	beneficial	effects	of	L-carnitine	
supplementation	at	fertilization.
Although	there	were	no	beneficial	effects	on	fertilization,	cleavage	

or	blastocyst	formation	rates	when	the	sperm	preparation	medium	was	
supplemented	with	L-carnitine,	prior	evidence	suggests	that	this	is	an	
area	for	future	research.	Spermatozoa	have	a	low	antioxidant	defense	
capacity	and	are	particularly	susceptible	to	oxidative	damage	due	to	
a	high	lipid	content	of	membranes	[54].	Incubation	in	L-carnitine	
has	been	shown	to	increase	the	motility	and	chromatin	quality	of	
testicular	mouse	sperm	[13],	as	well	as	the	motility	of	human	sperm	
[14].	However,	given	that	cleavage	rates	were	increased	in	oocytes	
incubated	with	L-carnitine	prior	to	fertilization,	with	sperm	prepared	
in	the	absence	of	L-carnitine,	there	was	clearly	a	beneficial	effect	of	
L-carnitine	on	oocytes.	The	individual	effects	of	L-carnitine	on	male	
and	female	gametes	needs	to	be	further	clarified	in	future	studies.
In	conclusion,	incubation	of	oocytes	in	fertilization	medium	

supplemented	with	3	mM	L-carnitine	for	1	h	prior	to	co-incubation	
with	sperm	increased	the	capacity	of	oocytes	to	undergo	cleavage	and	
improved	the	cryotolerance	of	the	resulting	blastocysts.	Inclusion	of	3	
mM	L-carnitine	for	any	of	the	examined	periods	of	gamete	co-culture	
had	no	significant	effects	on	fertilization	status	or	the	development	
of	blastocysts.	Also,	the	fertilizing	capacity	of	sperm	appeared	to	
be	unaffected	by	exposure	to	L-carnitine	during	sperm	preparation.	
Although	the	oocyte	ATP	levels	were	not	significantly	elevated	by	the	
brief	pre-IVF	treatment,	the	metabolism	of	lipids	and	other	energy	
substrates	may	have	been	altered	by	L-carnitine	supplementation.	
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Alternatively,	the	antioxidant	properties	of	L-carnitine	may	have	
provided	benefit	for	the	maintenance	of	oocyte	viability	during	the	
pre-insemination	period.	However,	given	that	such	a	brief	exposure	of	
oocytes	to	an	antioxidant	seems	unlikely	to	be	of	benefit	to	blastocysts	
that	form	7	days	later,	we	propose	that	the	improvement	in	blastocyst	
cryotolerance	was	due	to	a	reduction	in	oocyte	lipid	content.	More	
detailed	in vitro	assessments	are	needed	to	determine	the	influence	
of	the	brief	L-carnitine	treatment	on	sperm	functionality	and	oocyte	
and	blastocyst	quality.

Acknowledgments

The	 authors	 thank	 the	 employees	 of	Wollondilly	Abattoir	 for	
supplying	the	ovaries	used	in	this	study.

References

 1. Dumollard R, Marangos P, Fitzharris G, Swann K, Duchen M, Carroll J.	 Sperm-
triggered	 [Ca2+]	 oscillations	 and	Ca2+	 homeostasis	 in	 the	mouse	 egg	 have	 an	 absolute	
requirement	 for	 mitochondrial	 ATP	 production.	 Development	 2004;	 131:	 3057–3067.	
[Medline]  [CrossRef]

 2. Igarashi H, Takahashi T, Takahashi E, Tezuka N, Nakahara K, Takahashi K, 
Kurachi H.	Aged	mouse	oocytes	fail	to	readjust	intracellular	adenosine	triphosphates	at	
fertilization.	Biol Reprod	2005;	72:	1256–1261.	[Medline]  [CrossRef]

 3. Chappel S.	The	 role	 of	mitochondria	 from	mature	 oocyte	 to	 viable	 blastocyst.	Obstet 
Gynecol Int	2013;	2013:	183024.	[Medline]  [CrossRef]

 4. Swain JE, Pool TB.	ART	failure:	oocyte	contributions	to	unsuccessful	fertilization.	Hum 
Reprod Update	2008;	14:	431–446.	[Medline]  [CrossRef]

 5. Van Blerkom J, Davis PW, Lee J.	ATP	content	of	human	oocytes	and	developmental	
potential	and	outcome	after	in-vitro	fertilization	and	embryo	transfer.	Hum Reprod	1995;	
10:	415–424.	[Medline]  [CrossRef]

 6. Stojkovic M, Machado SA, Stojkovic P, Zakhartchenko V, Hutzler P, Gonçalves PB, 
Wolf E.	Mitochondrial	distribution	and	adenosine	triphosphate	content	of	bovine	oocytes	
before	and	after	in	vitro	maturation:	correlation	with	morphological	criteria	and	develop-
mental	capacity	after	 in	vitro	 fertilization	and	culture.	Biol Reprod	2001;	64:	904–909.	
[Medline]  [CrossRef]

 7. Quinn P, Wales RG.	 The	 relationships	 between	 the	ATP	 content	 of	 preimplantation	
mouse	embryos	and	their	development	in	vitro	during	culture.	J Reprod Fertil	1973;	35:	
301–309.	[Medline]  [CrossRef]

 8. Dalton CM, Szabadkai G, Carroll J.	Measurement	 of	ATP	 in	 single	 oocytes:	 impact	
of	maturation	and	cumulus	cells	on	 levels	and	consumption.	J Cell Physiol	2014;	229:	
353–361.	[Medline]  [CrossRef]

 9. Hao ZD, Liu S, Wu Y, Wan PC, Cui MS, Chen H, Zeng SM.	Abnormal	changes	 in	
mitochondria,	 lipid	 droplets,	 ATP	 and	 glutathione	 content,	 and	 Ca(2+)	 release	 after	
electro-activation	contribute	to	poor	developmental	competence	of	porcine	oocyte	during	
in	vitro	ageing.	Reprod Fertil Dev	2009;	21:	323–332.	[Medline]  [CrossRef]

 10. Alonso TS, Bonini de Romanelli IC, Bazan NG.	Changes	in	triacylglycerol,	diacylglyc-
erol	and	free	fatty	acids	after	fertilization	in	developing	toad	embryos.	Biochim Biophys 
Acta	1986;	875:	465–472.	[Medline]  [CrossRef]

 11. McEvoy TG, Coull GD, Broadbent PJ, Hutchinson JSM, Speake BK.	 Fatty	 acid	
composition	of	lipids	in	immature	cattle,	pig	and	sheep	oocytes	with	intact	zona	pellucida.	
J Reprod Fertil	2000;	118:	163–170.	[Medline]  [CrossRef]

 12. Kikuchi K, Ekwall H, Tienthai P, Kawai Y, Noguchi J, Kaneko H, Rodriguez-
Martinez H.	 Morphological	 features	 of	 lipid	 droplet	 transition	 during	 porcine	 oocyte	
fertilisation	and	early	embryonic	development	to	blastocyst	in	vivo	and	in	vitro.	Zygote 
2002;	10:	355–366.	[Medline]  [CrossRef]

 13. Aliabadi E, Soleimani Mehranjani M, Borzoei Z, Talaei-Khozani T, Mirkhani H, 
Tabesh H.	Effects	of	L-carnitine	and	L-acetyl-carnitine	on	testicular	sperm	motility	and	
chromatin	quality.	Iran J Reprod Med	2012;	10:	77–82.	[Medline]

 14. Banihani S, Sharma R, Bayachou M, Sabanegh E, Agarwal A.	Human	sperm	DNA	
oxidation,	motility	and	viability	in	the	presence	of	L-carnitine	during	in	vitro	incubation	
and	centrifugation.	Andrologia	2012;	44(Suppl	1):	505–512.	[Medline]  [CrossRef]

 15. Dokmeci D.	Oxidative	stress,	male	infertility	and	the	role	of	carnitines.	Folia Med (Plo-
vdiv)	2005;	47:	26–30.	[Medline]

 16. Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ, Robker RL. 
Beta-oxidation	is	essential	for	mouse	oocyte	developmental	competence	and	early	embryo	
development.	Biol Reprod	2010;	83:	909–918.	[Medline]  [CrossRef]

 17. Ferguson EM, Leese HJ.	A	potential	 role	 for	 triglyceride	 as	 an	 energy	 source	 during	
bovine	 oocyte	maturation	 and	 early	 embryo	 development.	Mol Reprod Dev	 2006;	 73:	
1195–1201.	[Medline]  [CrossRef]

 18. Somfai T, Kaneda M, Akagi S, Watanabe S, Haraguchi S, Mizutani E, Dang-Nguyen 
TQ, Geshi M, Kikuchi K, Nagai T.	Enhancement	of	lipid	metabolism	with	L-carnitine	
during	in	vitro	maturation	improves	nuclear	maturation	and	cleavage	ability	of	follicular	
porcine	oocytes.	Reprod Fertil Dev	2011;	23:	912–920.	[Medline]  [CrossRef]

 19. Wu GQ, Jia BY, Li JJ, Fu XW, Zhou GB, Hou YP, Zhu SE.	 L-carnitine	 enhances	
oocyte	maturation	and	development	of	parthenogenetic	embryos	in	pigs.	Theriogenology 
2011;	76:	785–793.	[Medline]  [CrossRef]

 20. Sutton-McDowall ML, Feil D, Robker RL, Thompson JG, Dunning KR.	Utilization	
of	endogenous	fatty	acid	stores	for	energy	production	in	bovine	preimplantation	embryos.	
Theriogenology	2012;	77:	1632–1641.	[Medline]  [CrossRef]

 21. Yoshioka K, Suzuki C, Onishi A.	 Defined	 system	 for	 in	 vitro	 production	 of	 porcine	
embryos	 using	 a	 single	 basic	 medium.	 J Reprod Dev	 2008;	 54:	 208–213.	 [Medline]  
[CrossRef]

 22. Bavister BD.	 A	 consistently	 successful	 procedure	 for	 in	 vitro	 fertilization	 of	 golden	
hamster	eggs.	Gamete Res	1989;	23:	139–158.	[Medline]  [CrossRef]

 23. Grupen CG, Armstrong DT.	Relationship	between	cumulus	cell	apoptosis,	progesterone	
production	and	porcine	oocyte	developmental	competence:	temporal	effects	of	follicular	
fluid	during	IVM.	Reprod Fertil Dev	2010;	22:	1100–1109.	[Medline]  [CrossRef]

 24. Yoshioka K, Suzuki C, Tanaka A, Anas IMK, Iwamura S.	Birth	of	piglets	derived	from	
porcine	zygotes	cultured	in	a	chemically	defined	medium.	Biol Reprod	2002;	66:	112–119.	
[Medline]  [CrossRef]

 25. Bartolac LK, Lowe JL, Koustas G, Sjöblom C, Grupen CG.	A	comparison	of	different	
vitrification	devices	and	the	effect	of	blastocoele	collapse	on	the	cryosurvival	of	in	vitro	
produced	porcine	embryos.	J Reprod Dev	2015;	61:	525–531.	[Medline]  [CrossRef]

 26. Gil MA, Ruiz M, Vazquez JM, Roca J, Day BN, Martinez EA.	Effect	of	short	periods	
of	sperm-oocyte	coincubation	during	in	vitro	fertilization	on	embryo	development	in	pigs.	
Theriogenology	2004;	62:	544–552.	[Medline]  [CrossRef]

 27. Vajta G, Holm P, Kuwayama M, Booth PJ, Jacobsen H, Greve T, Callesen H.	Open	
Pulled	 Straw	 (OPS)	 vitrification:	 a	 new	way	 to	 reduce	 cryoinjuries	 of	 bovine	 ova	 and	
embryos.	Mol Reprod Dev	1998;	51:	53–58.	[Medline]  [CrossRef]

 28. Racowsky C, Vernon M, Mayer J, Ball GD, Behr B, Pomeroy KO, Wininger D, Gib-
bons W, Conaghan J, Stern JE.	Standardization	of	grading	embryo	morphology.	Fertil 
Steril	2010;	94:	1152–1153.	[Medline]  [CrossRef]

 29. Nagano M, Katagiri S, Takahashi Y.	ATP	content	and	maturational/developmental	abil-
ity	of	bovine	oocytes	with	various	cytoplasmic	morphologies.	Zygote	2006;	14:	299–304.	
[Medline]  [CrossRef]

 30. Sturmey RG, Leese HJ.	 Role	 of	 glucose	 and	 fatty	 acid	metabolism	 in	 porcine	 early	
embryo	development.	Reprod Fertil Dev	2008;	20:	149.		[CrossRef]

 31. Youngs CR, Knight TJ, Batt SM, Beitz DC.	Phospholipid,	cholesterol,	triacylglycerol,	
and	fatty	acid	composition	of	porcine	blastocysts.	Theriogenology	1994;	41:	343.		[Cross-
Ref]

 32. Nagashima H, Kashiwazaki N, Ashman RJ, Grupen CG, Nottle MB.	Cryopreserva-
tion	of	porcine	embryos.	Nature	1995;	374:	416.	[Medline]  [CrossRef]

 33. Ruiz A, Hansen PJ, Block J.	Effects	of	lipid	metabolic	regulators	during	bovine	embryo	
culture	on	blastocyst	 development	 and	 cryosurvival.	Reprod Fertil Dev	 2013;	26:	 138.		
[CrossRef]

 34. Takahashi T, Inaba Y, Somfai T, Kaneda M, Geshi M, Nagai T, Manabe N.	Supple-
mentation	of	culture	medium	with	L-carnitine	improves	development	and	cryotolerance	
of	bovine	embryos	produced	in	vitro.	Reprod Fertil Dev	2013;	25:	589–599.	[Medline]  
[CrossRef]

 35. Campbell K, Swann K.	Ca2+	oscillations	stimulate	an	ATP	increase	during	fertilization	
of	mouse	eggs.	Dev Biol	2006;	298:	225–233.	[Medline]  [CrossRef]

 36. Montjean D, Entezami F, Lichtblau I, Belloc S, Gurgan T, Menezo Y.	 Carnitine	
content	 in	the	follicular	fluid	and	expression	of	 the	enzymes	involved	in	beta	oxidation	
in	 oocytes	 and	 cumulus	 cells.	 J Assist Reprod Genet	 2012;	29:	 1221–1225.	 [Medline]  
[CrossRef]

 37. Brad AM, Bormann CL, Swain JE, Durkin RE, Johnson AE, Clifford AL, Krisher 
RL.	Glutathione	and	adenosine	triphosphate	content	of	in	vivo	and	in	vitro	matured	por-
cine	oocytes.	Mol Reprod Dev	2003;	64:	492–498.	[Medline]  [CrossRef]

 38. Brevini TAL, Vassena R, Francisci C, Gandolfi F.	Role	of	adenosine	triphosphate,	ac-
tive	mitochondria,	and	microtubules	in	the	acquisition	of	developmental	competence	of	
parthenogenetically	activated	pig	oocytes.	Biol Reprod	2005;	72:	1218–1223.	[Medline]  
[CrossRef]

 39. Ginsberg L, Hillman N.	ATP	metabolism	in	tn/tn	mouse	embryos.	J Embryol Exp Mor-
phol	1975;	33:	715–723.	[Medline]

 40. Várnagy A, Bene J, Sulyok E, Kovács GL, Bódis J, Melegh B.	Acylcarnitine	esters	
profiling	of	serum	and	follicular	fluid	in	patients	undergoing	in	vitro	fertilization.	Reprod 
Biol Endocrinol	2013;	11:	67.	[Medline]  [CrossRef]

 41. Oyawoye O, Abdel Gadir A, Garner A, Constantinovici N, Perrett C, Hardiman P. 

http://www.ncbi.nlm.nih.gov/pubmed/15163630?dopt=Abstract
http://dx.doi.org/10.1242/dev.01181
http://www.ncbi.nlm.nih.gov/pubmed/15659708?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.104.034926
http://www.ncbi.nlm.nih.gov/pubmed/23766762?dopt=Abstract
http://dx.doi.org/10.1155/2013/183024
http://www.ncbi.nlm.nih.gov/pubmed/18603645?dopt=Abstract
http://dx.doi.org/10.1093/humupd/dmn025
http://www.ncbi.nlm.nih.gov/pubmed/7769073?dopt=Abstract
http://dx.doi.org/10.1093/oxfordjournals.humrep.a135954
http://www.ncbi.nlm.nih.gov/pubmed/11207207?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod64.3.904
http://www.ncbi.nlm.nih.gov/pubmed/4752146?dopt=Abstract
http://dx.doi.org/10.1530/jrf.0.0350301
http://www.ncbi.nlm.nih.gov/pubmed/24002908?dopt=Abstract
http://dx.doi.org/10.1002/jcp.24457
http://www.ncbi.nlm.nih.gov/pubmed/19210923?dopt=Abstract
http://dx.doi.org/10.1071/RD08157
http://www.ncbi.nlm.nih.gov/pubmed/3081035?dopt=Abstract
http://dx.doi.org/10.1016/0005-2760(86)90066-4
http://www.ncbi.nlm.nih.gov/pubmed/10793638?dopt=Abstract
http://dx.doi.org/10.1530/reprod/118.1.163
http://www.ncbi.nlm.nih.gov/pubmed/12463532?dopt=Abstract
http://dx.doi.org/10.1017/S0967199402004100
http://www.ncbi.nlm.nih.gov/pubmed/25242977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21950483?dopt=Abstract
http://dx.doi.org/10.1111/j.1439-0272.2011.01216.x
http://www.ncbi.nlm.nih.gov/pubmed/16152768?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20686180?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.110.084145
http://www.ncbi.nlm.nih.gov/pubmed/16804881?dopt=Abstract
http://dx.doi.org/10.1002/mrd.20494
http://www.ncbi.nlm.nih.gov/pubmed/21871210?dopt=Abstract
http://dx.doi.org/10.1071/RD10339
http://www.ncbi.nlm.nih.gov/pubmed/21705056?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22365693?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18408352?dopt=Abstract
http://dx.doi.org/10.1262/jrd.20001
http://www.ncbi.nlm.nih.gov/pubmed/2659480?dopt=Abstract
http://dx.doi.org/10.1002/mrd.1120230202
http://www.ncbi.nlm.nih.gov/pubmed/20797348?dopt=Abstract
http://dx.doi.org/10.1071/RD09307
http://www.ncbi.nlm.nih.gov/pubmed/11751272?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod66.1.112
http://www.ncbi.nlm.nih.gov/pubmed/26211782?dopt=Abstract
http://dx.doi.org/10.1262/jrd.2015-065
http://www.ncbi.nlm.nih.gov/pubmed/15226010?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2003.11.001
http://www.ncbi.nlm.nih.gov/pubmed/9712317?dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1098-2795(199809)51:1<53::AID-MRD6>3.0.CO;2-V
http://www.ncbi.nlm.nih.gov/pubmed/20580357?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2010.05.042
http://www.ncbi.nlm.nih.gov/pubmed/17266788?dopt=Abstract
http://dx.doi.org/10.1017/S0967199406003807
http://dx.doi.org/10.1071/RDv20n1Ab137
http://dx.doi.org/10.1016/S0093-691X(05)80253-5
http://dx.doi.org/10.1016/S0093-691X(05)80253-5
http://www.ncbi.nlm.nih.gov/pubmed/7700349?dopt=Abstract
http://dx.doi.org/10.1038/374416a0
http://dx.doi.org/10.1071/RDv26n1Ab48
http://www.ncbi.nlm.nih.gov/pubmed/22954232?dopt=Abstract
http://dx.doi.org/10.1071/RD11262
http://www.ncbi.nlm.nih.gov/pubmed/16872595?dopt=Abstract
http://dx.doi.org/10.1016/j.ydbio.2006.06.032
http://www.ncbi.nlm.nih.gov/pubmed/23054356?dopt=Abstract
http://dx.doi.org/10.1007/s10815-012-9855-2
http://www.ncbi.nlm.nih.gov/pubmed/12589661?dopt=Abstract
http://dx.doi.org/10.1002/mrd.10254
http://www.ncbi.nlm.nih.gov/pubmed/15659704?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.104.038141
http://www.ncbi.nlm.nih.gov/pubmed/1176866?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23866102?dopt=Abstract
http://dx.doi.org/10.1186/1477-7827-11-67


LOWE	et al.270

Antioxidants	and	reactive	oxygen	species	 in	follicular	fluid	of	women	undergoing	IVF:	
relationship	to	outcome.	Hum Reprod	2003;	18:	2270–2274.	[Medline]  [CrossRef]

 42. Pasqualotto EB, Agarwal A, Sharma RK, Izzo VM, Pinotti JA, Joshi NJ, Rose BI. 
Effect	of	oxidative	stress	in	follicular	fluid	on	the	outcome	of	assisted	reproductive	proce-
dures.	Fertil Steril	2004;	81:	973–976.	[Medline]  [CrossRef]

 43. Hashimoto S, Miyata Y, Yamanaka M, Morimoto Y.	 Influence	of	L-carnitine	on	 the	
apoptosis	 of	 granulosa	 cells	 and	 the	 meiotic	 competence	 of	 porcine	 growing	 oocytes.	
Reprod Domest Anim	2008;	43:	190–191.

 44. Yazaki T, Hiradate Y, Hoshino Y, Tanemura K, Sato E.	L-carnitine	improves	hydrogen	
peroxide-induced	impairment	of	nuclear	maturation	in	porcine	oocytes.	Anim Sci J	2013;	
84:	395–402.	[Medline]  [CrossRef]

 45. You J, Lee J, Hyun SH, Lee E.	L-carnitine	treatment	during	oocyte	maturation	improves	
in	 vitro	 development	 of	 cloned	 pig	 embryos	 by	 influencing	 intracellular	 glutathione	
synthesis	and	embryonic	gene	expression.	Theriogenology	2012;	78:	235–243.	[Medline]  
[CrossRef]

 46. Lord T, Aitken RJ.	Oxidative	stress	and	ageing	of	the	post-ovulatory	oocyte.	Reproduc-
tion	2013;	146:	R217–R227.	[Medline]  [CrossRef]

 47. Goud PT, Goud AP, Diamond MP, Gonik B, Abu-Soud HM.	 Nitric	 oxide	 extends	
the	 oocyte	 temporal	 window	 for	 optimal	 fertilization.	Free Radic Biol Med	 2008;	 45:	

453–459.	[Medline]  [CrossRef]
 48. Lord T, Nixon B, Jones KT, Aitken RJ.	Melatonin	prevents	postovulatory	oocyte	aging	

in	the	mouse	and	extends	the	window	for	optimal	fertilization	in	vitro.	Biol Reprod	2013;	
88:	67.	[Medline]  [CrossRef]

 49. Castillo-Martín M, Bonet S, Morató R, Yeste M.	 Comparative	 effects	 of	 adding	
β-mercaptoethanol	or	L-ascorbic	acid	 to	culture	or	vitrification-warming	media	on	 IVF	
porcine	embryos.	Reprod Fertil Dev	2014;	26:	875–882.	[Medline]  [CrossRef]

 50. Ali AA, Bilodeau JF, Sirard MA.	Antioxidant	 requirements	 for	bovine	oocytes	varies	
during	 in	 vitro	 maturation,	 fertilization	 and	 development.	 Theriogenology	 2003;	 59:	
939–949.	[Medline]  [CrossRef]

 51. Fujii J, Tsunoda S.	 Redox	 regulation	 of	 fertilisation	 and	 the	 spermatogenic	 process.	
Asian J Androl	2011;	13:	420–423.	[Medline]  [CrossRef]

 52. Miesel R, Drzejczak PJ, Kurpisz M.	Oxidative	stress	during	the	interaction	of	gametes.	
Biol Reprod	1993;	49:	918–923.	[Medline]  [CrossRef]

 53. de Lamirande E, O’Flaherty C.	Sperm	activation:	role	of	reactive	oxygen	species	and	
kinases.	Biochim Biophys Acta	2008;	1784:	106–115.	[Medline]  [CrossRef]

 54. Saleh RA, Agarwal A.	Oxidative	stress	and	male	infertility:	from	research	bench	to	clini-
cal	practice.	J Androl	2002;	23:	737–752.	[Medline]

http://www.ncbi.nlm.nih.gov/pubmed/14585872?dopt=Abstract
http://dx.doi.org/10.1093/humrep/deg450
http://www.ncbi.nlm.nih.gov/pubmed/15066450?dopt=Abstract
http://dx.doi.org/10.1016/j.fertnstert.2003.11.021
http://www.ncbi.nlm.nih.gov/pubmed/23607575?dopt=Abstract
http://dx.doi.org/10.1111/asj.12016
http://www.ncbi.nlm.nih.gov/pubmed/22578613?dopt=Abstract
http://dx.doi.org/10.1016/j.theriogenology.2012.02.027
http://www.ncbi.nlm.nih.gov/pubmed/23950493?dopt=Abstract
http://dx.doi.org/10.1530/REP-13-0111
http://www.ncbi.nlm.nih.gov/pubmed/18489913?dopt=Abstract
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.035
http://www.ncbi.nlm.nih.gov/pubmed/23365415?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.112.106450
http://www.ncbi.nlm.nih.gov/pubmed/23815877?dopt=Abstract
http://dx.doi.org/10.1071/RD13116
http://www.ncbi.nlm.nih.gov/pubmed/12517395?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(02)01125-1
http://www.ncbi.nlm.nih.gov/pubmed/21460861?dopt=Abstract
http://dx.doi.org/10.1038/aja.2011.10
http://www.ncbi.nlm.nih.gov/pubmed/8286587?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod49.5.918
http://www.ncbi.nlm.nih.gov/pubmed/17920343?dopt=Abstract
http://dx.doi.org/10.1016/j.bbapap.2007.08.024
http://www.ncbi.nlm.nih.gov/pubmed/12399514?dopt=Abstract

