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Abstract
Monocarboxylate	 transporter	6	 (MCT6;	SLC16A5) is an orphan transporter protein 
with	 expression	 in	multiple	 tissues.	 The	 endogenous	 function	 of	MCT6	 related	 to	
human	health	and	disease	remains	unknown.	Our	previous	transcriptomic	and	prot-
eomic	analyses	in	Mct6	knockout	(KO)	mice	suggested	that	MCT6	may	play	a	role	in	
lipid	and	glucose	homeostasis,	but	additional	evidence	is	required.	Thus,	the	objective	
of	this	study	was	to	further	explore	the	impact	of	MCT6	on	metabolic	function	using	
untargeted	metabolomic	analysis	in	Mct6	KO	mice.	The	plasma	from	male	and	female	
mice and livers from male mice were submitted for global metabolomics analysis to 
assess the relative changes in endogenous small molecules across the liver and sys-
temic	circulation	associated	with	absence	of	Mct6.	More	than	782	compounds	were	
detected	with	101	and	51	metabolites	significantly	changed	 in	plasma	of	male	and	
female	mice,	respectively,	and	100	metabolites	significantly	changed	in	the	livers	of	
male	mice	(p <	.05).	Significant	perturbations	in	lipid	metabolism	were	annotated	in	
the	plasma	and	liver	metabolome,	with	additional	alterations	in	the	amino	acid	me-
tabolism	pathway	in	plasma	samples	from	male	and	female	mice.	Elevated	lipid	dia-
cylglycerol and altered fatty acid metabolite concentrations were found in liver and 
plasma	samples	of	male	Mct6	KO	mice.	Significant	reduction	of	N-	terminal	acetylated	
amino	acids	was	found	in	plasma	samples	of	male	and	female	Mct6	KO	mice.	In	sum-
mary,	the	present	study	confirmed	the	significant	role	of	MCT6	in	lipid	and	amino	acid	
homeostasis,	suggesting	its	contribution	in	metabolic	diseases.
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1  |  INTRODUC TION

Monocarboxylate	 transporters	 (MCTs)	 are	members	 of	 the	 solute	
carrier	16	(SLC16)	family	composed	of	14	isoforms.1	MCTs	1–	4	have	
been	 extensively	 characterized	 as	 proton-	dependent	 transporters	
and	are	essential	for	transporting	monocarboxylate	anions	such	as	
lactate	and	pyruvate,	while	other	MCT	isoforms	are	less	well	char-
acterized.2	 One	 of	 these,	 monocarboxylate	 transporter	 6	 (MCT6;	
SLC16A5) is classified as an orphan transporter protein with limited 
information on its endogenous function related to human health 
and disease.2	Gene	expression	data	from	our	laboratory	and	other	
research	groups	show	that	MCT6	expressed	 in	 liver,	 intestine,	and	
kidney.3–	5	Additional	evidence	suggests	that	its	expression	may	be	
influenced	by	different	dietary	states	in	rodents,	including	upregu-
lation in fasted mice3,6	 and	 in	mice	 fed	 fenofibrate-	supplemented	
diets,7	whereas	reduced	intestinal	expression	was	observed	in	rats	
fed	high	fat	diets	(HFD)	and	in	diabetic	rats.8	The	cellular	localization	
of	MCT6	 remains	 controversial	 and	 further	 investigation	 is	neces-
sary.	MCT6	was	suggested	to	be	basolaterally	localized	in	the	human	
intestine	by	Gill	 et	 al.	 (note	 that	MCT6	was	presented	 as	 “MCT5”	
in	the	study	due	to	previous	differences	in	isoform	nomenclature),9 
while	Kohyama	 et	 al.	 observed	 its	 localization	 at	 the	 apical	mem-
brane of human villus epithelial cells.10 The substrate specificity 
of	MCT6	is	distinct	from	other	MCTs	1–	4,	as	 it	does	not	transport	
lactate,	but	evidence	suggests	bumetanide,	probenecid,	nateglinide,	
and prostaglandin F2α	 (PGF2α) are substrates.3,11	MCT6-	mediated	
transport	can	be	inhibited	by	a	wide	range	of	drugs,	including	four	
loop	diuretics:	 furosemide,	piretanide,	azosemide,	and	 torasemide,	
and a series of dietary aglycone flavonoids.11,12

MCT6	is	suggested	to	play	a	role	in	lipid	and	glucose	homeosta-
sis based on our previous transcriptomic and proteomic analyses in 
Mct6	knockout	(KO)	mice.13	Mct6	KO	mice	demonstrated	increased	
plasma triglyceride concentrations and significant alterations in liver 
proteins	related	to	cellular	lipid	metabolism,	mitochondrion	organi-
zation,	and	fatty	acid	metabolism;	these	findings	are	supported	by	
the	results	of	Zhang	et	al.	suggesting	the	 involvement	of	MCT6	 in	
lipid metabolism.6,13	Liver	transcriptomic	data	further	indicated	per-
oxisome	proliferator-	activated	 receptor	α	 (Pparα)	 as	 the	 key	 regu-
lator	 in	hepatic	 lipid	homeostasis	with	 its	decreased	expression	 in	
Mct6	KO	mice.13	Additionally,	changes	 in	transporter	proteins	and	
metabolic	 enzymes	were	 found	 via	 proteomics	 in	Mct6	 KO	mice,	
including decreased organic anion transporting polypeptide 3a1 
(Oatp3a1)	 in	 kidney,	 decreased	 Oatp2b1,	 cytochrome	 P450	 4a10	
(Cyp4a10),	Cyp2c54,	and	sulfate	anion	transporter	1	(Sat1)	in	liver,	
and	 decreased	 proton-	coupled	 amino	 acid	 transporter	 4	 (Pat4)	 in	
colon.13	 Altered	 transporter	 and	 enzyme	 expression	 may	 further	
influence the fate of a wide range of endogenous compounds and 
xenobiotics.	To	further	explore	the	metabolic	function	influenced	by	
MCT6,	untargeted,	global	metabolomic	analysis	has	been	employed	
in the present study to assess the relative changes in endogenous 
small	molecules	across	 the	 liver	and	systemic	circulation.	By	com-
paring	 the	 metabolomic	 profiles	 in	 plasma	 and	 liver	 of	 Mct6	 KO	
and	wildtype	(WT)	mice,	the	potential	endogenous	function(s)	and	

substrates	 of	 MCT6	 were	 proposed.	 The	 gender	 differences	 for	
MCT6	were	further	assessed	by	comparing	the	plasma	metabolomic	
profiles	in	male	and	female	Mct6	KO	mice.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and sample collection

Mct6	KO	mice	were	generated	using	the	CRISPR/Cas9	system	with	
C57BL/6NCr	mice	and	bred	as	described	previously.13	 In	brief,	the	
Cas9	mRNA	 and	 guide	 RNAs	 targeting	 exon	 2	 in	 murine	 Slc16a5 
were	injected	into	the	cytoplasm	of	fertilized	C57BL/6NCr	embryos	
followed by implanting the embryos bilaterally into the oviducts 
of	CD-	1	 pseudo-	pregnant	 females.	 Pups	 from	CD-	1	 females	were	
genotyped to identify the founder mice. These founder mice with 
mutations	were	backcrossed	three	to	four	generations	to	wild-	type	
(WT)	C57BL/6NCr	mice	(Charles	River,	Wilmington,	MA,	USA).	The	
subsequent	generations	were	genotyped,	from	which	the	Mct6	KO	
mice	and	aged-	matched	WT	littermates	were	identified	and	used	in	
the	 study.	Male	 and	 female	Mct6	KO	 and	WT	mice	were	 used	 in	
the	study	with	6	mice	per	group.	All	mice	were	housed	under	12	h	
light/12	h	dark	cycle	and	were	given	ad	libitum	access	to	food	and	
water.	 The	 experiments	 were	 conducted	 in	 accordance	 with	 the	
rules	 and	 recommendations	 of	 the	 Institutional	 Animal	 Care	 and	
Use	Committee	 (IACUC),	 State	University	 of	New	York	 at	Buffalo	
(PROTO201800153,	Approved:	18/01/2017).

Blood	samples	were	collected	via	submandibular	venous	punc-
ture	 from	male	 and	 female	Mct6	KO	 and	WT	mice	 (7–	10	weeks).	
Plasma	was	isolated	by	centrifuging	at	2000	g for 10 min at 4°C in 
heparinized	tubes.	To	better	 integrate	our	previous	proteomic	and	
transcriptomic studies that have been done in the liver of male 
mice,13	 livers	 from	 male	 Mct6	 KO	 and	 WT	 mice	 were	 extracted	
and	snap	frozen	in	liquid	nitrogen	prior	to	analysis.	Liver	tissue	and	
plasma samples from both groups of mice were collected in the 
morning	 simultaneously	 under	 matched	 conditions.	 All	 samples	
were	immediately	stored	at	−80°C	until	shipped	on	dry	ice	for	fur-
ther metabolomic analysis.

Significance Statement
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2.2  |  Metabolomics measurements

Sample treatments and metabolomics measurements were per-
formed	 by	 Metabolon	 according	 to	 their	 standardized	 protocols	
(Metabolon	Inc.).	All	samples	were	prepared	by	protein	precipita-
tion	with	methanol	 followed	 by	 centrifugation.	 The	 resulting	 ex-
tracts	were	aliquoted	into	5	fractions	with	4	aliquots	for	4	different	
detection	methods	and	1	sample	for	backup.	The	organic	solvents	
were removed by TurboVap®	(Zymark)	and	samples	were	reconsti-
tuted	 in	 solvents	compatible	 for	each	of	4	methods.	All	methods	
utilized	 a	 Waters	 ACQUITY	 ultra-	performance	 liquid	 chromato-
graph	(UPLC)	and	a	Thermo	Scientific	Q-	Exactive	high	resolution/
accurate mass spectrometer interfaced with a heated electro-
spray	 ionization	 source	 and	 Orbitrap	 mass	 analyzer	 operated	 at	
35	000	mass	resolution.	One	aliquot	was	analyzed	by	a	method	op-
timized	for	more	hydrophilic	compounds	under	acidic	positive	ion	
conditions following elution from a C18	column	(Waters	UPLC	BEH	
C18-	2.1	×	100	mm,	1.7	µm) with gradient consisting of water and 
methanol,	 with	 0.05%	 perfluoropentanoic	 acid	 (PFPA)	 and	 0.1%	
formic	 acid	 (FA).	 Another	 aliquot	was	 also	 analyzed	 under	 acidic	
positive	 ion	conditions	but	optimized	for	more	hydrophobic	com-
pounds using the same C18 column and was operated at an overall 
higher	organic	content	using	methanol,	acetonitrile,	water,	0.05%	
PFPA	 and	 0.01%	FA.	 The	 third	 aliquot	was	 analyzed	 under	 basic	
negative	ion	optimized	conditions	using	a	mobile	phase	of	metha-
nol	and	water	with	6.5	mM	ammonium	bicarbonate	at	pH	8.	The	
fourth	aliquot	was	analyzed	under	negative	 ionization	 conditions	
using	 a	HILIC	 column	 (Waters	UPLC	BEH	Amide	 2.1	×	 150	mm,	
1.7	µm) with a gradient consisting of water and acetonitrile contain-
ing	10	mM	ammonium	formate	at	pH	10.8.	The	MS	analysis	alter-
nated	between	full-	scan	MS	and	data-	dependent	MSn scans with 
the	scan	range	generally	covering	70–	1000	m/z. Several types of 
control	were	also	analyzed	in	concert	with	the	experimental	sam-
ples,	including	a	cocktail	of	internal	quality	control	(QC)	standards	
(compounds	 listed	 in	 Table	 S1)	 that	 were	 spiked	 into	 every	 ana-
lyzed	sample	for	monitoring	 instrument	variability;	pooled	matrix	
samples	 created	 by	 taking	 a	 small	 volume	 of	 each	 experimental	
sample served as a technical replicate throughout the data set for 
determining	overall	process	variability;	and	extracted	water	sam-
ples	served	as	process	blanks.	The	overall	process	variability	was	
determined by calculating the RSD for all endogenous metabolites 
presented	in	pooled	matrix	samples,	with	mean	and	range	of	RSD	
of	8.3%	(3.4%–	10%)	for	plasma	samples	and	9.7%	(3.6%–	12.5%)	for	
liver samples.

The detected compounds were identified by comparing the re-
tention	index,	accurate	mass,	and	the	MS/MS	forward	and	reverse	
scores	between	the	experimental	data	and	reference	library	based	
on	 over	 3300	 authentic	 standards.	 Peaks	 were	 quantified	 using	
area-	under-	the	curve.	The	QC	and	curation	processes	were	carried	
out to ensure accurate and consistent metabolite identification and 
to	remove	system	artifacts,	misassignments	and	background	noise.	
These	 including	 using	 proprietary	 visualization	 and	 interpretation	
software	 to	 confirm	 the	 consistency	of	 peak	 identification	 among	

the	 various	 samples	 and	 checking	 library	 matches	 for	 each	 com-
pound from each sample.

2.3  |  Statistical and canonical pathway analysis

Statistical	 analyses	 were	 performed	 on	 log-	transformed	 data.	
The missing values were imputed to the minimum value for 
each	 metabolite.	 Welch's	 two-	sample	 t-	test	 was	 used	 to	 test	
the	difference	between	Mct6	KO	and	WT	mice.	The	tests	were	
conducted for plasma samples from male and female mice and 
liver	samples	from	male	mice.	Adjusted	p-	value	(padj-	value)	were	
further	 calculated	 using	 the	 Benjamini-	Hochberg	 false	 discov-
ery rate method. The metabolite was considered significantly 
changed if p <	.05	with	fewer	than	6	nonmissing	values.	The	omu	
R	package	was	utilized	for	metabolomics	data	analysis.14 The ca-
nonical	pathway	analysis	and	network	 interaction	were	further	
performed	 using	 Ingenuity	 Pathway	 Analysis	 [(IPA);	 QIAGEN,	
Redwood	City,	CA,	https://www.qiage	nbioi	nform	atics.com/ipa].	
For	pathway	analysis,	a	right-	tailed	Fisher's	exact	test	was	used	
to calculate the p-	value	 to	 determine	 the	 probability	 that	 the	
overlap between the altered metabolites from each sample and 
the	 canonical	 pathway	 is	 explained	 by	 chance	 alone.	 Adjusted	
p-	values	were	further	calculated	using	the	Benjamini-	Hochberg	
method.

2.4  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http://www.guide topha rmaco logy.
org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
PHARMACOLOGY,15 and are permanently archived in the Concise 
Guide	to	PHARMACOLOGY	2021/22.16–	19

3  |  RESULTS

3.1  |  Overview of metabolomic data in Mct6 KO 
mice

To	 determine	 the	 endogenous	 role	 of	MCT6,	mass	 spectrometry-	
based untargeted metabolomics was conducted in Mct6	 (Slc16a5) 
KO	 and	WT	 mice.	 A	 total	 of	 782	 and	 795	 compounds	 were	 de-
tected	 in	 the	 plasma	 and	 liver	 of	male	mice,	 and	 784	 compounds	
in	the	plasma	of	female	mice.	Following	the	Welch's	two-	sample	t-	
test	 analysis,	101	and	100	metabolites	were	 significantly	 changed	
(p <	.05)	in	plasma	and	liver	of	male	mice,	and	51	metabolites	were	
significantly changed in plasma of female mice. The altered metabo-
lites were classified with the number of compounds in each super 
pathway	shown	in	Figures	1A,C,E.	In	male	plasma,	the	majority	of	al-
tered	metabolites	were	from	the	lipid	pathway,	with	46	metabolites	
increased and 3 metabolites decreased. The amino acid pathway had 

https://www.qiagenbioinformatics.com/ipa
http://www.guidetopharmacology.org
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the	 second	 largest	 number	 of	 changed	metabolites,	 among	which	
13 were significantly increased and 20 were decreased. Similar to 
plasma,	 lipid	 and	 amino	 acid	 pathways	 were	 the	 most	 significant	
super	pathways	altered	 in	male	 liver	samples,	with	the	majority	of	
them	decreased	 (53	 lipids	and	11	amino	acids	decreased;	20	 lipids	
and	3	amino	acids	 increased).	Unlike	samples	 from	male	mice,	 the	
largest alterations were seen in the amino acid pathway for female 
mouse	 plasma	 from	Mct6	 KO	mice,	 with	 27	 decreased	 and	 2	 in-
creased	metabolites.	For	 lipids,	 there	were	only	5	 increased	and	7	
decreased	in	plasma	samples	from	female	KO	mice.	Thus,	gender	dif-
ferences	between	the	plasma	metabolomic	profiles	after	Mct6	KO	
were	 observed.	Volcano	 plots	 (Figures	 1B,D,F)	 also	 demonstrated	
that metabolites from the lipid and amino acid super pathways rep-
resented	the	majority	of	significant	changes	(above	the	dotted	line,	
p <	.05)	in	all	samples.

3.2  |  Major metabolites changed in plasma and 
liver samples of Mct6 KO mice

The	top	20	metabolites	significantly	changed	in	male	plasma	and	liver,	
and	female	plasma	samples	are	summarized	in	Tables	1,	2,	and	3,	re-
spectively.	Lipid	metabolites	accounted	for	the	majority	of	metabolites	
(in	magnitude)	that	increased	in	male	plasma	and	both	increased	and	
decreased	in	male	liver.	Of	these	metabolites,	several	diacylglycerols	
with	C16	and	C18	fatty	acid	structures	were	increased	while	pime-
loylcarnitine was the only lipid that decreased in both liver and plasma 
samples.	Most	of	the	markedly	decreased	metabolites	in	male	and	fe-
male	plasma	were	amino	acids,	among	which	1-	carboxyethyltyrosine,	
N-	acetylmethionine,	N-	acetyltyrosine,	1-	carboxyethylphenylalanine,	
N-	acetyltryptophan,	 N-	acetylphenylalanine,	 1-	carboxyethylleucine,	
N-	acetylkynurenine,	 and	 N-	acetylleucine	 were	 decreased	 in	 both	

F I G U R E  1 Number	of	metabolites	significantly	altered	in	super	pathways	in	plasma	(A)	and	liver	(C)	from	male	Mct6	KO	mice	and	plasma	
from	female	Mct6	KO	mice	(E)	compared	to	their	respective	control	mice.	Volcano	plots	with	lipids	in	blue	and	amino	acids	in	red	from	
samples	of	male	plasma	(B),	male	liver	(D)	and	female	plasma	(F)	(dotted	line	represents	p =	.05,	NA,	metaolites	that	are	not	lipid	or	amino	
acid)
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TA B L E  3 Significantly	increased	and	top	20	significantly	decreased	metabolites	in	plasma	of	female	Mct6	KO	mice	compared	to	WT	mice

Rank Metabolite Super pathway Subpathway

Ratio 
(KO/
WT) p- value padj- valueb

Increased

1 dihydrocaffeate sulfate Xenobiotics Food	Component/Plant 2.32 4.25E-	02 6.84E-	01

2 N,N,N-	trimethyl-	5-	aminovalerate Amino	Acid Lysine	Metabolism 1.39 3.05E-	02 6.37E-	01

3 2-	aminooctanoate Lipid Fatty	Acid,	Amino 1.36 3.47E-	03 2.09E-	01

4 glucuronide	of	C14H22O4a Partially	
Characterized	
Molecules

Partially	Characterized	Molecules 1.28 6.05E-	04 5.93E-	02

5 1-	arachidonoyl-	GPA	(20:4) Lipid Lysophospholipid 1.27 4.44E-	02 6.84E-	01

6 1-	palmitoleoyl-	GPC	(16:1)a Lipid Lysophospholipid 1.21 3.92E-	02 6.84E-	01

7 sphingomyelin	(d18:1/22:2,	
d18:2/22:1,	d16:1/24:2)a

Lipid Sphingomyelins 1.17 4.01E-	02 6.84E-	01

8 tetradecanedioate	(C14-	DC) Lipid Fatty	Acid,	Dicarboxylate 1.16 2.93E-	02 6.37E-	01

9 3-	methylhistidine Amino	Acid Histidine	Metabolism 1.14 3.93E-	02 6.84E-	01

Decreased

1 cholate Lipid Primary	Bile	Acid	Metabolism 0.05 4.10E-	02 6.84E-	01

2 1-	carboxyethyltyrosine Amino	Acid Tyrosine	Metabolism 0.15 5.81E-	05 1.52E-	02

3 N-	acetylmethionine Amino	Acid Methionine,	Cysteine,	SAM	and	
Taurine	Metabolism

0.27 2.12E-	05 8.32E-	03

4 xylose Carbohydrate Pentose	Metabolism 0.32 1.34E-	02 4.88E-	01

5 1-	carboxyethylphenylalanine Amino	Acid Phenylalanine	Metabolism 0.34 5.19E-	03 2.71E-	01

6 N-	acetyltyrosine Amino	Acid Tyrosine	Metabolism 0.36 7.93E-	05 1.55E-	02

7 1-	carboxyethylleucine Amino	Acid Leucine,	Isoleucine	and	Valine	
Metabolism

0.39 1.56E-	02 4.88E-	01

8 N-	acetyltryptophan Amino	Acid Tryptophan	Metabolism 0.39 1.13E-	04 1.77E-	02

9 hyodeoxycholate Lipid Secondary	Bile	Acid	Metabolism 0.41 4.50E-	02 6.84E-	01

10 ophthalmate Amino	Acid Glutathione	Metabolism 0.42 2.14E-	02 6.18E-	01

11 1-	carboxyethylisoleucine Amino	Acid Leucine,	Isoleucine	and	Valine	
Metabolism

0.44 1.42E-	02 4.88E-	01

12 biotin Cofactors and 
Vitamins

Biotin	Metabolism 0.46 1.77E-	03 1.26E-	01

13 1-	carboxyethylvaline Amino	Acid Leucine,	Isoleucine	and	Valine	
Metabolism

0.47 3.33E-	02 6.67E-	01

14 N-	acetylleucine Amino	Acid Leucine,	Isoleucine	and	Valine	
Metabolism

0.47 7.57E-	03 3.49E-	01

15 N-	acetylphenylalanine Amino	Acid Phenylalanine	Metabolism 0.48 1.50E-	03 1.18E-	01

16 N-	acetylcitrulline Amino	Acid Urea	cycle;	Arginine	and	Proline	
Metabolism

0.48 4.83E-	04 5.41E-	02

17 N2,N5-	diacetylornithine Amino	Acid Urea	cycle;	Arginine	and	Proline	
Metabolism

0.50 1.27E-	03 1.10E-	01

18 N-	acetylisoleucine Amino	Acid Leucine,	Isoleucine	and	Valine	
Metabolism

0.51 1.20E-	02 4.88E-	01

19 N-	acetylkynurenine Amino	Acid Tryptophan	Metabolism 0.53 2.43E-	03 1.58E-	01

20 xanthosine Nucleotide Purine	Metabolism,	(Hypo)
Xanthine/Inosine containing

0.56 1.69E-	02 5.10E-	01

aNo	available	standard	for	the	metabolite;	[1]	[2]	indicates	isomers	with	2	distinct	peaks.
bpadj-	value	were	adjusted	p-	value	using	the	Benjamini-	Hochberg	false	discovery	rate	method.
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male	 and	 female	 Mct6	 KO	 mice.	 In	 addition	 to	 lipids	 and	 amino	
acids,	xylose	from	the	carbohydrate	super	pathway	was	the	second	
most	 increased	 metabolite	 in	 male	 plasma	 (3.20-	fold,	 p =	 1.67E-	
02,	padj =	3.11E-	01)	but	was	decreased	in	female	plasma	(0.32-	fold,	
p =	1.34E-	02,	padj =	4.88E-	01).	Since	xylose	is	an	indicator	of	intes-
tinal	absorption	used	clinically,	the	difference	in	xylose	may	suggest	
different	 intestinal	absorption	in	male	and	female	Mct6	KO	mice.20 
Heme	was	the	top	metabolite	increased	in	plasma	of	male	Mct6	KO	
mice	(3.83-	fold,	p =	5.80E-	03,	padj =	2.16E-	01),	which	in	high	concen-
tration	can	be	cytotoxic	via	the	formation	of	reactive	oxygen	species	
and	intercalation	with	cell	membranes,	resulting	in	lipid	and	protein	
peroxidation.21 The most decreased metabolite in plasma of female 
Mct6	KO	mice	was	cholate	(0.054-	fold,	p =	4.10E-	02,	padj =	6.84E-	
01),	which	is	a	primary	bile	acid	metabolite	from	cholesterol	catabo-
lism	and	an	important	signaling	molecule	for	lipid,	glucose	and	energy	
metabolism.22	However,	cholate	may	be	associated	with	a	high	false	
positive rate based on its adjusted p-	value,	which	warrants	 further	
validation.	 Thus,	 although	 there	 were	 differences	 in	 metabolomic	
profiles	between	female	and	male	mice	after	Mct6	KO,	altered	lipid	
metabolism was associated with the observed changes in all samples 
in this analysis.

3.3  |  Metabolomic canonical pathway analysis

The top five canonical pathways in each sample were identified 
by	 Ingenuity	 Knowledge	 Base	 in	 IPA	 and	 summarized	 in	 Table	 4.	
Ingenuity	Target	Explorer	 (https://targe	texpl	orer.ingen	uity.com)	was	
used	to	gather	pathway	information.	Pathways	associated	with	amino	
acid	metabolism,	such	as	glutamate	degradation	 (p =	4.15E-	03)	and	
tyrosine	degradation	 (p =	9.65E-	03)	were	among	 the	 top	 five	path-
ways	identified	in	plasma	in	male	Mct6	KO	mice.	In	male	mouse	liver	
samples,	top	pathways	were	mostly	involved	in	lipid	metabolism,	in-
cluding	ceramide	degradation	(p =	5.39E-	03),	sphingomyelin	metabo-
lism	 (p =	 5.39E-	03)	 and	 sphingosine	 and	 sphingosine-	1-	phosphate	
metabolism	(p =	1.12E-	02).	Alterations	observed	in	fatty	acid-	derived	
liver	 endocannabinoids,	 with	 their	 known	 anticancer	 activity,	 also	
made endocannabinoid cancer inhibition one of the top pathways in 
liver	(p =	1.41E-	04).23	In	plasma	samples	from	female	Mct6	KO	mice,	
the	farnesoid	X	receptor/retinoid	X	receptor	(FXR/RXR)	pathway	was	
identified	as	one	of	the	top	canonical	pathways	(p =	2.18E-	03).	Since	
FXR	 is	a	sensor	of	bile	acid	 levels	and	a	modulator	of	bile,	 lipid	and	
glucose	homeostasis,	 the	altered	FXR/RXR	pathway	also	 suggested	
the	crucial	role	of	MCT6	in	linking	bile	acid	regulation	with	lipoprotein,	
lipid and glucose metabolism.

3.4  |  Alteration of lipid metabolites in plasma and 
liver of male Mct6 KO mice

As	 the	majority	 of	 compounds	 altered	 in	 plasma	 and	 liver	 sam-
ples	of	male	Mct6	KO	mice	were	 lipid	metabolites,	 further	clas-
sification according to their subpathways was conducted and 

depicted in Figure 2 with detailed compound information listed 
in	Table	S2.	Most	diacylglycerols	were	 increased	 in	both	plasma	
and	 liver,	which	may	 indicate	 an	 increased	 risk	of	 insulin	 resist-
ance.24	Decreased	phosphatidylcholines	(PC)	and	phosphatidyle-
thanolamines	 (PE)	were	 found	 in	 liver,	which	may	have	 resulted	
from	the	decreased	phosphoethanolamine	(0.76-	fold,	p =	2.81E-	
02,	padj =	3.80E-	01)	and	choline	phosphate	(0.71-	fold,	p =	2.24E-	
02,	padj =	3.80E-	01)	concentrations	in	liver.	On	the	contrary,	PC	
species	were	increased	in	plasma,	which	may	be	the	result	of	in-
creased	 lysophosphatidylcholine	acyltransferase	1	 (Lpcat1)	pre-
sent	 in	 the	 colon	 of	Mct6	KO	mice	 (1.67-	fold,	padj =	 2.91E-	02),	
as	reported	in	our	previous	proteomic	data,	leading	to	increased	
formation	of	PC.13,24	A	number	of	 sphingolipids,	 including	cera-
mides,	 dihydroceramides,	 sphingomyelins,	 and	 dihydrosphingo-
myelins,	were	decreased	 in	 liver.	However,	 increased	ceramides	
and	 sphingomyelins	 were	 present	 in	 plasma.	 In	 addition,	 ele-
vated	 sphingosines	were	 observed	 in	 liver,	which	may	 relate	 to	
the	 increased	 sphingosine-	1-	phosphate	 phosphatase	 (SGPP1)	 in	
kidney	proteomics	 in	Mct6	KO	mice	 (1.69-	fold,	padj =	3.88E-	02)	
that	augmented	the	formation	of	sphingosines	from	sphingosine-	
1-	phosphate.13,25 In accordance with the increased plasma tri-
glyceride	concentrations	in	Mct6	KO	mice	in	our	previous	study,	

TA B L E  4 Top	five	canonical	pathways	significantly	enriched	
based	on	metabolomic	change	between	Mct6	KO	and	WT	mice

Name p- valuea padj- valueb

Plasma	(male)

Renal Cell Carcinoma Signaling 2.89E-	04 2.75E-	02

Acute	Myeloid	Leukemia	Signaling 8.58E-	04 4.07E-	02

Glutamate	Degradation	II 4.15E-	03 1.32E-	01

Glioma	Signaling 7.59E-	03 1.42E-	01

Tyrosine Degradation I 9.65E-	03 1.42E-	01

Liver	(male)

Endocannabinoid	Cancer	Inhibition	
Pathway

1.41E-	04 1.00E-	02

Ceramide Degradation 5.39E-	03 1.26E-	01

Sphingomyelin	Metabolism 5.39E-	03 1.26E-	01

Sphingosine	and	Sphingosine−1-	
phosphate	Metabolism

1.12E-	02 1.96E-	01

Role	of	PKR	in	Interferon	Induction	
and	Antiviral	Response

1.67E-	02 2.18E-	01

Plasma	(female)

FXR/RXR	Activation 2.18E-	03 8.91E-	02

Myc	Mediated	Apoptosis	Signaling 6.69E-	03 8.91E-	02

Sonic	Hedgehog	Signaling 6.69E-	03 8.91E-	02

Apelin	Pancreas	Signaling	Pathway 6.69E-	03 8.91E-	02

Dilated Cardiomyopathy Signaling 
Pathway

1.33E-	02 8.91E-	02

ap-	value	were	calculated	using	a	Fisher's	exact	test.
bpadj-	value	were	adjusted	p-	value	using	the	Benjamini-	Hochberg	false	
discovery rate method.

https://targetexplorer.ingenuity.com
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increased	 levels	of	 long-	chain	 fatty	acids	were	 found	 in	plasma,	
such	 as	 palmitoleate	 (1.81-	fold,	 p =	 2.13E-	02,	 padj =	 3.11E-	01),	
myristoleate	 (1.56-	fold,	 p =	 3.55E-	02,	 padj =	 3.38E-	01),	 and	
myristate	(1.52-	fold,	p =	4.68E-	03,	padj =	2.15E-	01).	Under	a	normal	
physiological	state,	long-	chain	fatty	acids	need	to	be	converted	to	
long-	chain	acylcarnitines	for	transport	into	mitochondria	and	fur-
ther	oxidation.26	In	liver	samples,	decreased	acylcarnitines	were	
found,	 indicating	Mct6	 KO	may	 result	 in	 incomplete	 fatty	 acid	
oxidation.	Although	PGF2α	was	identified	as	a	MCT6	substrate	in	
our	previous	study,	it	was	decreased	but	not	to	a	significant	level	
in	 liver	metabolomic	data	(0.77-	fold,	p =	5.13E-	02,	padj =	3.96E-	
01).	 However,	 other	 eicosanoids	 were	 significantly	 decreased	
in	 liver,	 including	 15-	hydroxyeicosatetraenoic	 acid	 (15-	HETE)	
(0.77-	fold,	 p =	 3.92E-	02,	 padj =	 3.80E-	01),	 12-	HETE	 (0.76-	fold,	
p =	 4.20E-	02,	 padj =	 3.80E-	01),	 12-	hydroxyheptadecatrenoic	
acid	 (12-	HHTrE)	 (0.72-	fold,	 p =	 3.09E-	03,	 padj =	 3.07E-	01)	 and	

6-	keto	PGF1α	(0.68-	fold,	p =	6.36E-	03,	padj =	3.80E-	01).	Two	en-
docannabinoids,	anandamide	(arachidonoyl	ethanolamide)	(0.66-	
fold,	p =	 2.31E-	02,	padj =	 3.80E-	01)	 and	2-	arachidonoylglycerol	
(0.62-	fold,	p =	1.18E-	02,	padj =	3.80E-	01),	were	both	significantly	
decreased	in	liver.	Carrier-	mediated	transport	of	these	two	endo-
cannabinoids has been suggested but not yet identified27;	 thus,	
the	contribution	of	MCT6	in	their	membrane	transport	deserves	
to	be	further	evaluated.	In	addition,	using	both	metabolomic	and	
transcriptomic	data,	a	network	depiction	of	the	most	significant	
lipid	metabolic	pathways	in	the	liver	of	Mct6	KO	male	mice	was	
generated	via	IPA	(Figure	3).	 It	 is	evident	from	the	network	that	
Pparα	plays	a	key	role	in	regulating	the	metabolic	changes	in	he-
patic lipid homeostasis.

3.5  |  Alteration of amino acid metabolites in 
plasma of male and female Mct6 KO mice

As	the	largest	super	pathway	decreased	in	plasma	samples	of	both	
male	and	female	Mct6	KO	mice,	the	changes	of	amino	acids	in	terms	
of	 subpathways	were	 further	explored	and	 illustrated	 in	Figure	4	
with	detailed	metabolite	information	listed	in	Table	S3.	Branched-	
chain	amino	acid	metabolites	(BCAAs)	from	leucine,	isoleucine	and	
valine metabolism were the top subpathway altered in female but 
not	in	male	Mct6	KO	mice.	The	gender	difference	in	BCAA	catabo-
lism has also been described in rats28 and humans.29	A	significant	
number	 of	 N-	terminal	 acetylated	 amino	 acids	 were	 decreased	 in	
plasma	samples,	 including	16	 in	female	mice	and	10	 in	male	mice.	
Many	 of	 them	 demonstrated	 high	 significance	 with	 low	 false	
positive	 rates,	 such	 as	 N-	acetylmethionine,	 N-	acetyltyrosine,	 N-	
acetyltryptophan,	which	were	significantly	decreased	in	both	male	
and female plasma samples with adjusted p-	value	less	than	.05.	The	
reduction	may	be	related	to	reduced	N-	terminal	acetyltransferase	
(NAT)	 enzymatic	 activity,	 leading	 to	 impairment	 of	mitochondrial	
degradation.30,31	 N-	formylmethionine,	 another	 marker	 of	 mito-
chondrial	protein	turnover,32 was also decreased in plasma of male 
(0.64-	fold,	 p =	 5.23E-	03,	 padj =	 2.15E-	01)	 and	 female	 (0.67-	fold,	
p =	3.82E-	03,	padj =	2.14E-	01)	Mct6	KO	mice.	Several	tryptophan	
metabolites	were	 increased	 in	male	Mct6	mice,	 including	 indole-
propionate	(1.58-	fold,	p =	1.87E-	02,	padj =	3.11E-	01),	indolepropi-
onylglycine	(1.57-	fold,	p =	1.67E-	02,	padj =	3.11E-	01),	and	picolinate	
(1.42-	fold,	 p =	 1.86E-	02,	 padj =	 3.11E-	01).	 Increased	 circulating	
tryptophan	metabolites	were	also	observed	 in	OAT1	or	OAT3	KO	
mice,	suggesting	that	OAT1	and	OAT3	may	coordinate	regulation	of	
kidney	tryptophan	metabolism.33	MCT6	may	work	similarly	to	OAT1	
and	OAT3	in	regulating	tryptophan	metabolism	as	inferred	from	the	
elevated tryptophan metabolites observed in the present plasma 
metabolome.	Phenol	 sulfate,	a	 tyrosine	metabolite	and	a	protein-	
bound	uremic	solute,	was	increased	in	male	Mct6	mice	(1.59-	fold,	
p =	3.88E-	02,	padj =	3.57E-	01).	Although	it	has	been	identified	as	
an	OATP	substrate,34	the	contribution	of	MCT6	to	its	transport	re-
mains	to	be	further	explored.

F I G U R E  2 Number	of	lipid	metabolites	significantly	altered	in	
each	subpathway	in	plasma	(A)	and	liver	(B)	from	male	Mct6	KO	
mice compared to control mice
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F I G U R E  3 Overlay	of	transcriptomic	and	metabolomic	network	depiction	of	the	most	significant	lipid	metabolic	pathways	in	the	liver	
of	Mct6	KO	male	mice	compared	with	the	WT	male	mice:	lipid	metabolism,	molecular	transport,	and	small	molecule	biochemistry.	Genes	
(bold)/metabolites	upregulated	or	downregulated	in	Mct6	KO	mice	are	represented	in	red	or	green,	respectively	as	log	fold-	change	(ABCA7,	
ATP	binding	cassette	subfamily	A	member	7;	ADIPOR2,	adiponectin	receptor	2;	COX4I2,	cytochrome	c	oxidase	subunit	4I2;	DGAT1,	
diacylglycerol	O-	acyltransferase	1;	DYSF,	dysferlin;	FABP,	fatty	acid-	binding	protein;	GLO1,	glyoxalase	I;	HTT,	huntingtin;	NPC1,	intracellular	
cholesterol	transporter	1;	PPARA,	peroxisome	proliferator-	activated	receptor	alpha;	TNF,	tumor	necrosis	factor).	Solid	lines	represent	direct	
interactions	and	dashed	lines	represent	indirect	interactions.	The	network	was	constructed	using	IPA	(QIAGEN)

F I G U R E  4 Number	of	amino	acid	
metabolites significantly altered in each 
subpathway	in	plasma	from	male	(A)	and	
female	(B)	Mct6	KO	mice	compared	to	
their respective control mice
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4  |  DISCUSSION

To supplement the previous data supporting the top associated 
functions	of	Mct6	in	metabolic	processes,13 an untargeted metabo-
lomic	analysis	was	performed	in	the	present	study.	Again,	the	per-
turbation in lipid metabolism was annotated in the plasma and liver 
metabolome,	with	 additional	 alterations	 in	 amino	acid	metabolism	
in plasma samples of male and female mice. The present study con-
firmed	the	significant	role	of	MCT6	in	lipid	and	energy	homeostasis.

4.1  |  Increased diacylglycerol levels and insulin 
resistance risk in Mct6 KO mice

In	the	metabolomic	profile	of	male	Mct6	KO	mice,	numerous	dia-
cylglycerols were elevated in plasma and liver samples compared 
to WT mice. Diacylglycerol is an important class of neutral lipids 
involved in multiple metabolic processes and signaling path-
ways.24 Its elevation in plasma may be the result of the increased 
plasma	concentration	of	triacylglycerol	in	Mct6	KO	mice,13 as tria-
cylglycerol is a metabolic precursor of diacylglycerol.24 In addition 
to	 formation	 from	 triacylglycerol,	 diacylglycerol	 can	 be	 derived	
from phospholipids by phospholipase C or indirectly by phos-
pholipase	D,35 with diacylglycerol generated from phospholipase 
D-	generated	 phosphatidates	 catalyzed	 by	 phosphatidate	 phos-
phatases	 (LPIN).36 Our previous proteomics study revealed in-
creased	expression	of	Lpin1	in	the	liver	(1.90-	fold)	and	Lpin3	in	the	
colon	(1.34-	fold)	of	Mct6	KO	mice,13 which may contribute to the 
increased	 diacylglycerols	 in	metabolomic	 profiles.	 Proteomics	 in	
Mct6	KO	mice	also	showed	that	diacylglycerol	kinase	zeta	(Dgkz),	
a	 kinase	 that	 converts	 diacylglycerol	 back	 into	 phosphatidate,37 
was	 decreased	 in	 kidney	 (0.63-	fold)	 and	 this	 may	 also	 contrib-
ute to the elevated diacylglycerol levels. Increased diacylglycer-
ols were observed in the liver and muscle of obese rats38; and in 
mice	fed	a	high-	fat,	ketogenic	diet	causing	insulin	resistance.39 In 
fact,	diacylglycerol	 affects	 insulin	 signaling	by	activating	protein	
kinase	C,	leading	to	subsequent	phosphorylation	of	insulin	recep-
tor	substrate,	thereby	inhibiting	downstream	signaling	for	glucose	
uptake.24	Thus,	accumulated	diacylglycerols	in	Mct6	KO	mice	may	
adversely affect insulin signaling and cause potential insulin re-
sistance.	Although	we	have	not	observed	different	glucose	levels	
in	the	Mct6	KO	mice	versus	the	WT	mice	under	normal	chow	or	
overnight	 fasting,	 the	potential	 relationship	 to	 insulin	 resistance	
requires	further	exploration	under	different	dietary	status.

4.2  |  Alteration of sphingolipids and association 
with hepatic steatosis in Mct6 KO mice

Sphingolipids,	 including	 ceramides,	 dihydroceramides,	 sphingomy-
elins	and	sphingosines,	which	play	important	roles	in	insulin	resist-
ance	 and	 hepatic	 metabolism,40 were significantly altered in liver 
and	plasma	samples	of	male	Mct6	KO	mice.	 IPA	also	revealed	that	

the top canonical pathways associated with the metabolic changes 
observed	 in	 liver	 were	 ceramide	 degradation,	 and	 sphingomyelin,	
sphingosine	 and	 sphingosine-	1-	phosphate	 metabolism	 pathways.	
Increased plasma ceramides have been observed in obese children 
and adolescents with type 2 diabetes and correlate with plasma tri-
glycerides and insulin resistance.41 Ceramides were also increased 
in	 plasma	of	male	Mct6	KO	mice,	which	 further	 corroborated	 the	
suggested	role	of	Mct6	in	glucose/lipid	metabolism.6,13	In	addition,	
since	MCT1	is	suggested	to	play	a	role	in	energy	homeostasis	and	in	
diet-	induced	obesity,	MCT1and	MCT6	may	also	share	a	similar	role	
in the regulation of energy balance.

4.3  |  Change of fatty acids and acylcarnitines in 
Mct6 KO mice

The	critical	role	of	MCT6	in	 lipid	metabolism	is	also	evident	 in	the	
changes of fatty acids and their metabolites in liver and plasma 
samples	of	Mct6	KO	mice.	 Increased	saturated	fatty	acids,	 includ-
ing	myristate	 and	palmitate,	were	 found	 in	plasma,	which	may	 in-
crease	the	risk	of	metabolic	diseases	and	insulin	resistance.42,43	As	
essential	mediators	of	mitochondrial	fatty	acid	oxidation,	acylcarni-
tines	were	significantly	decreased	in	livers	of	Mct6	KO	mice;	these	
changes	 involved	 predominantly	 long-	chain	 acylcarnitines.	 Unlike	
medium-	chain	fatty	acids	that	can	freely	diffuse	into	mitochondria,	
long-	chain	 fatty	acids	need	to	be	 first	activated	to	acyl-	coenzyme	
A	 (-	CoA)	 esters	 followed	 by	 esterification	 with	 carnitine	 to	 form	
acylcarnitines	in	order	to	be	imported	into	mitochondria,	a	process	
known	 as	 the	 carnitine	 shuttle.26 The reduced liver acylcarnitine 
may	lead	to	acyl-	CoA	trapping	and	prevent	further	CoA-	dependent	
lipid	 oxidation	 processes.	 Genome-	wide	 association	 studies	 also	
identified	 SLC16A9	 (MCT9)	 as	 a	 pH-	independent	 carnitine	 efflux	
transporter,	 possibly	 responsible	 for	 carnitine	 efflux	 from	 absorp-
tive epithelia into the blood.44	Thus,	the	involvement	of	MCT6	in	the	
carnitine shuttle in mitochondria and/or at the plasma membranes 
is highly plausible and remains to be further evaluated. The recent 
finding	of	the	presence	of	MCT2	at	peroxisomes	in	prostate	cancer	
also	suggests	the	overlapping	function	of	MCT2	with	MCT6	in	the	
regulation	of	fatty	acid	oxidation.45

4.4  |  Decreased liver eicosanoids and 
endocannabinoids in Mct6 KO mice

As	a	transporter	of	PGF2α,	MCT6	may	also	be	involved	in	the	regu-
lation	of	other	eicosanoids,	as	some	were	decreased	in	the	liver	of	
Mct6	KO	mice.	The	cyclooxygenase-	derived	prostaglandin	metab-
olite,	 6-	keto	 PGF1α,	 and	 the	 thromboxane	metabolite,	 12-	HHTrE,	
were	 decreased	 in	 liver.	 The	 potential	 regulatory	 role	 of	MCT6	 in	
the	 transport	of	6-	keto	PGF1α	 and	12-	HHTrE	 requires	 further	 in-
vestigation.	12-	HETE	and	15-	HETE	were	decreased	 in	 liver;	 these	
eicosanoids	are	stable	arachidonic	acid	(AA)	metabolites	formed	by	
lipoxygenase	or	CYP450	enzymes.46	Since	members	of	the	CYP2C	
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and	CYP4A	subfamilies	are	predominantly	involved	in	AA	metabo-
lism,47	 reductions	 in	 Cyp4a10	 (0.68-	fold)	 and	 Cyp2c54	 (0.69-	fold)	
observed	 in	 liver	 proteomics	 of	Mct6	mice	may	 contribute	 to	 the	
decreases	in	12-	HETE	and	15-	HETE.

The	 fatty	 acid-	derived	 endocannabinoids,	 anandamide	 and	
2-	arachidonoylglycerol,	 are	 well-	studied	 cannabinoid	 receptor	
agonists	 that	were	 decreased	 in	 livers	 of	Mct6	KO	mice.	 The	 en-
docannabinoid system has been implicated in pathophysiological 
aspects associated with liver diseases and metabolic disorders.48 
Obese individuals display increased circulating anandamide and 
2-	arachidonoylglycerol.48,49	Thus,	the	influence	of	MCT6	in	lipid	me-
tabolism may be related to its regulatory role in the endocannabi-
noid	system.	Although	the	 transmembrane	protein	 transporter	 for	
anandamide	and	2-	arachidonoylglycerol	has	not	been	 identified	to	
date,	fatty	acid	binding	proteins	(FABPs)	can	function	as	intracellular	
carriers for anandamide.50,51	Previous	liver	transcriptomics	showed	
significantly decreased Fabp2	(0.51-	fold)	in	Mct6	KO	mice,13 which 
may	contribute	 to	 the	change	 in	anandamide	 levels.	However,	 the	
mechanism involved in regulating the transport of endocannabinoid 
by	MCT6	needs	further	evaluation.

4.5  |  Reduction of N- terminal acetylated 
amino acids and impaired mitophagy potential in 
Mct6 KO mice

A	 great	 number	 of	 N-	terminal	 acetylated	 amino	 acids	 were	 de-
creased	 in	 plasma	 samples	 of	Mct6	KO	mice.	N-	terminal	 acetyla-
tion is the process of covalent attachment of an acetyl group to an 
amino	group	at	the	N-	terminal	end	of	polypeptides,	and	is	catalyzed	
by	 NATs.52	 Alteration	 of	 N-	terminal	 acetylation	 can	 impact	 vari-
ous	 protein	 properties,	 including	 stability,	 folding,	 protein-	protein	
interactions,	 and	 subcellular	 targeting.52	N-	terminal	 acetylation	 is	
also	critical	 for	mitophagy,	an	autophagy	pathway	that	selectively	
degrades damaged mitochondria.53	 Loss	 of	 N-	terminal	 acetyl-
transferases	 A	 (NatA)	 enzymatic	 activity	 causes	 impairment	 of	
mitophagy,30	while	knockdown	of	NatC	reduces	the	expression	of	
mitochondrial proteins and induces loss of mitochondrial membrane 
potential and mitochondrial fragmentation.31 Considering substrate 
specificity,	the	N-	terminal	acetylated	amino	acids	that	can	be	formed	
by	 NatA	 or	 NatC,	 including	 N-	acetylalanine,	 N-	acetylleucine,	 N-	
acetylmethionine,	N-	acetylphenylalanine,	and	N-	acetyltryptophan,	
were	decreased	in	both	male	and	female	plasma	samples	of	Mct6	KO	
mice.52	Thus,	MCT6	may	influence	NAT	function	to	result	in	reduced	
N-	terminal	acetylated	amino	acids	and	more	 importantly,	possibly	
induce	impaired	mitophagy	and	increase	the	risk	of	liver	diseases.

4.6  |  Potential diseases associated with reduced 
MCT6 expression in human

As	murine	Mct6	and	human	MCT6	share	similar	amino	acid	sequence	
(~68%	 according	 to	 Clustal	 Omega),	 the	 metabolomic	 alterations	

in	Mct6	KO	mice	may	be	observed	 in	human	with	 reduced	MCT6	
expression	and	result	 in	physiological	or	pathological	changes.	For	
example,	MCT6	downregulation	may	 increase	diacylglycerol	 levels	
and cause impaired insulin signaling responses and hepatic insulin 
resistance.	Insufficient	lipid	oxidation	may	be	found	in	those	individ-
uals	with	reduced	MCT6	expression	due	to	decreased	acylcarnitine	
levels	 and	 deregulated	 mitophagy.	 Reduced	 expression	 of	 Pparα,	
which	has	been	revealed	in	the	principal	network	generated	by	pre-
vious	transcriptomic	data	in	Mct6	KO	mice,	may	also	contribute	to	
decreased	lipid	oxidation.	As	a	key	regulator	in	intracellular	lipid	me-
tabolism,	the	reduction	of	PPARα	may	downregulate	the	expression	
of	enzymes	 involved	 in	conversion	of	 fatty	acids	 to	acyl-	CoA,	and	
peroxisomal	 and	mitochondrial	 fatty	 acid	 catabolism.54	 Therefore,	
reduced	MCT6	expression	in	human	may	enhance	the	risk	of	 insu-
lin	resistance	and	metabolic	diseases,	 in	part,	via	PPAR-	dependent	
pathway.

4.7  |  Conclusions and future directions

With	 untargeted	 metabolomic	 analysis,	 we	 identified	 metabolic	
changes in lipids and amino acids as a result of the absence of 
Mct6	 in	 mice.	 These	 findings,	 in	 conjunction	 with	 our	 previous	
proteomic	and	transcriptomic	data,	 implicated	the	unique	role	of	
MCT6	 in	metabolic	 diseases	 through	 its	 ability	 to	 influence	 the	
levels	of	key	mediators	of	metabolic	processes.	However,	the	spe-
cific	endogenous	function	of	MCT6	may	not	be	comprehensively	
explored	 in	 the	current	metabolomic	analysis,	which	was	 limited	
by studies performed in only plasma and liver matrices under 
normal	 diet	 conditions.	 Therefore,	 additional	 tissue	 metabolic	
profiles,	including	muscle,	another	regulatory	center	of	metabolic	
homeostasis,	and	colon,	which	has	the	highest	MCT6	expression	
and	 the	 most	 significant	 changes	 in	 proteomic	 analysis,13 need 
to	be	evaluated.	In	addition,	these	studies	should	be	followed	up	
with	 larger	 cohorts	 of	 KO	 and	WT	mice	 in	 order	 to	 strengthen	
the statistical power and inferences made in this study. Due to 
the	fact	that	clinical	indicators	of	perturbations	in	lipid	oxidation	
can	be	provoked	by	many	 variables,	 such	 as	 fasting,	 illness,	 and	
prolonged	exercise;	the	metabolic	changes	witnessed	after	Mct6	
deactivation	 in	mice	can	be	 further	examined	 in	different	 states	
of energy consumption.26	Further	 in-	vitro	 studies	are	warranted	
to	 confirm	 the	 Mct6	 substrate	 specificity	 of	 metabolites	 dem-
onstrating	 significant	 changes	 between	Mct6	KO	 and	WT	mice.	
The	interactions	of	MCT6	with	other	members	from	the	MCT	and	
OAT	families	also	require	further	investigation	in	order	to	assess	
whether these transporters possess shared biological functions. 
Additionally,	based	on	the	gender	differences	in	plasma	metabolic	
profiles	in	the	current	study,	future	‘omics	studies	should	be	con-
ducted	 in	 both	 sexes	 of	mice	 to	 further	 evaluate	 the	 impact	 of	
gender	on	 the	 regulation	of	MCT6	 function.	Taken	 together,	 the	
physiological	 role	 of	MCT6	 in	 lipid	 and	 amino	 acid	 homeostasis	
suggests its clinical utility as a potential target and prognostic fac-
tor for metabolic disorders.
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