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Abstract

Monocarboxylates such as pyruvate, lactate and ketone bodies are crucial for energy supply of all tissues, especially during
energy restriction. The transport of monocarboxylates across the plasma membrane of cells is mediated by
monocarboxylate transporters (MCTs). Out of 14 known mammalian MCTs, six isoforms have been functionally
characterized to transport monocarboxylates and short chain fatty acids (MCT1-4), thyroid hormones (MCT8, -10) and
aromatic amino acids (MCT10). Knowledge on the regulation of the different MCT isoforms is rare. In an attempt to get more
insights in regulation of MCT expression upon energy deprivation, we carried out a comprehensive analysis of tissue specific
expression of five MCT isoforms upon 48 h of fasting in mice. Due to the crucial role of peroxisome proliferator-activated
receptor (PPAR)-a as a central regulator of energy metabolism and as known regulator of MCT1 expression, we included
both wildtype (WT) and PPARa knockout (KO) mice in our study. Liver, kidney, heart, small intestine, hypothalamus, pituitary
gland and thyroid gland of the mice were analyzed. Here we show that the expression of all examined MCT isoforms was
markedly altered by fasting compared to feeding. Expression of MCT1, MCT2 and MCT10 was either increased or decreased
by fasting dependent on the analyzed tissue. MCT4 and MCT8 were down-regulated by fasting in all examined tissues.
However, PPARa appeared to have a minor impact on MCT isoform regulation. Due to the fundamental role of MCTs in
transport of energy providing metabolites and hormones involved in the regulation of energy homeostasis, we assumed
that the observed fasting-induced adaptations of MCT expression seem to ensure an adequate energy supply of tissues
during the fasting state. Since, MCT isoforms 1–4 are also necessary for the cellular uptake of drugs, the fasting-induced
modifications of MCT expression have to be considered in future clinical care algorithms.

Citation: Schutkowski A, Wege N, Stangl GI, König B (2014) Tissue-Specific Expression of Monocarboxylate Transporters during Fasting in Mice. PLoS ONE 9(11):
e112118. doi:10.1371/journal.pone.0112118

Editor: Michelina Plateroti, University Claude Bernard Lyon 1, France

Received May 26, 2014; Accepted October 12, 2014; Published November 12, 2014

Copyright: � 2014 Schutkowski et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.

Funding: The authors have no support or funding to report.

Competing Interests: The authors have declared that no competing interests exist.

* Email: bettina.koenig@landw.uni-halle.de

Introduction

Monocarboxylates such as pyruvate, lactate and ketone bodies

are central players in the metabolism of carbohydrates, lipids and

amino acids and crucial for energy supply of all tissues, especially

during food shortage. The transport of monocarboxylates across

the plasma membrane of cells is mediated by monocarboxylate

transporters (MCTs). Currently, 14 members of the MCT family,

referred to as solute carrier family (SLC) 16, are described in

mammals. Among them, six members have been functionally

characterized so far (extensively reviewed in [1,2]). The MCT

isoforms 1–4 are proton-coupled transporters of monocarboxylates

and also short-chain fatty acids [3–6]. For plasma membrane

expression and activity, they require CD147 and embigin,

respectively [7,8]. MCT isoforms 1–4 vary in tissue and

subcellular distribution and differ in their substrate specificity

[1]. This allows shuttling of the substrates from tissues where they

are produced to tissues that use them for oxidation or gluconeo-

genesis. MCTs are involved in shuttling lactate between skeletal

muscle fibers [9], astrocytes and neurons [10,11] and between

tumor cells [12]. Attempts to target MCTs for tumor therapy [13]

or immunosuppression [14] underline their important role also in

pathophysiological processes. Moreover, MCT isoforms 1–4 are

involved in the transport of several drugs such as salicylic acid,

statins, c-hydroxybutyrate and bumetanide [15,16]. MCT8 is a

specific thyroid hormone transporter [17]. Mutations in the

MCT8 gene lead to severe psychomotor retardation [18]

confirming the importance of MCT8 in thyroid hormone

transport. MCT10, also referred to as TAT1, transports aromatic

amino acid residues [19] and was recently found to transport also

thyroid hormones [20,21]. Even though data reveal an important

impact of MCTs for both physiological and pathophysiological

conditions, their regulation is not sufficiently described. Studies

indicate that isoforms MCT1-4 are regulated at both transcrip-

tional and post-transcriptional level [2]. Their expression can be

modulated by substances like e.g. noradrenaline, insulin, IGF-1,

butyrate or by other regulatory factors like exercise, hypoxia or the

diabetic state. These modulations were shown to be linked to

regulatory proteins like NF-kB, calcineurin, AMPK, PGC1a, HIF-

1a and mTOR [22–28]. The regulation of the thyroid hormone

transporters MCT8 and MCT10 remains virtually unknown [29].

Recently, we could demonstrate that MCT1 mRNA is up-

regulated by peroxisome proliferator-activated receptor (PPAR)-a
in the liver of rats, mice and pigs and also in the rat hepatoma cell

line Fao [30,31]. Increase of MCT1 mRNA in liver, kidney and
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small intestine upon stimulation of mice with a synthetic PPARa
agonist was abolished in mice lacking PPARa (PPARa knockout

(KO) mice), although a functional PPAR response element (PPRE)

could not be found in the 59-flanking region of mouse MCT1 gene

[30,31]. PPARa is a lipid-activated nuclear receptor that acts as a

nutritional state sensor in mammalian cells and mediates the

adaptive response to fasting by inducing fatty acid oxidation and

ketogenesis [32,33].

Though data on modulation of MCT expression by different

substrates in selected tissues or cell types exist, there is a big gap of

knowledge on metabolic regulation of MCTs. However, MCTs

play a pivotal role in the distribution and tissue availability of

energy substrates and regulators. By their additional function as

drug transporters, any changes in MCT expression could cause

alterations of drug deposition and pharmacokinetics. Therefore, it

is crucial to investigate the MCT expression in response to feeding

and fasting.

We carried out a comprehensive analysis of tissue specific

expression of five MCT isoforms as well as the ancillary proteins

CD147 and embigin upon 48 h of fasting in mice. Due to the

crucial role of PPARa as a central regulator of energy metabolism

and as known regulator of MCT1 expression, we included both

wildtype (WT) and PPARa KO mice in our study.

Materials and Methods

Animal Studies and Dietary Procedures
Seven months old male PPARa KO mice (129S4/SvJae-

Pparatm1Gonz/J) and corresponding WT (control) mice (129S1/

SvImJ) were purchased from Jackson Laboratory (Bar Harbor,

ME, USA). The mice were kept in Macrolon cages in a room

maintained with controlled temperature (2361uC), humidity (50–

60%), and lighting (6.00 a.m to 6.00 p.m). 32 mice of each

genotype with an average initial body weight of 29.062.3 g (WT

mice) and 28.862.1 g (PPARa KO mice) (mean 6 SD, n = 32)

were randomly assigned to two groups of 16 mice each. One group

(‘‘fed’’) of each genotype received the commercial diet for rodents

(‘‘altromin 1324’’, Altromin GmbH, Lage, Germany) ad libitum
for the next 48 h (fed WT mice, n = 16; fed PPARa KO mice,

n = 16), whereas from the other group (‘‘fasted’’) the diet was

removed and mice were fasted for the next 48 h (fasted WT mice,

n = 16; fasted PPARa KO mice, n = 16). Water was available ad
libitum from nipple drinkers during the experiment. The study was

approved by the respective regional government agency of

Saxony-Anhalt (‘‘Landesverwaltungsamt’’, approval number H1-

4/T1-10). All efforts were made to minimize suffering. Mice were

then killed by decapitation under light anaesthesia with diethyl

ether.

Sample collection
Blood was collected into EDTA polyethylene tubes (Sarstedt,

Nümbrecht, Germany). Plasma was obtained by centrifugation of

the blood (1,1006g, 10 min, 4uC) and stored at 280uC. The

hypothalamus was dissected by taking the anterior commissure as

a horizontal reference and the line between the posterior

hypothalamus and the mammillary bodies as the caudal limit

[34]. The pituitary gland was dissected from the sella turcica, and

the thyroid gland was excised. The small intestine (from pylorus to

ileocecal valve) was completely excised and washed several times

with cold NaCl solution (0.9%). Intestinal mucosa was harvested

by scraping the surface of the small intestine. All tissues were

immediately snap-frozen in liquid nitrogen and stored at 280uC
pending analysis.

Analysis of triacylglycerols and non-esterified fatty acids
(NEFA)

For determination of triacylglycerol concentration in livers of

mice, total liver lipids were extracted with a mixture of n-hexane

and isopropanol (3:2, v/v) [35]. After drying an aliquot of the lipid

extract, the lipids were dissolved in Triton-X100 and chloroform

(1:1, w/w) [36]. Concentrations of triacylglycerol in liver lipid

extracts were determined using an enzymatic reagent kit (DiaSys

Diagnostic Systems, Holzheim, Germany). For the measurement

of circulating NEFA, plasma of two mice from the same group was

pooled. The concentration of NEFA was analyzed using an

enzymatic reagent kit (Wako Chemicals GmbH, Neuss, Germany).

Thyroid hormone analysis
For measurement of free thyroxine (fT4), plasma of two mice

from the same group was pooled. Plasma concentration of fT4 was

determined by means of an ELISA kit for analysis of fT4 (#CSB-

E05080m, Cusabio, Wuhan, China) according to the manufac-

turer’s instructions.

Analysis of 3-hydroxybutyrate
The concentration of 3-hydroxybutyrate in plasma was

determined using a commercially available kit (Wako Chemicals

GmbH) according to the manufacturer’s protocol.

RNA isolation and real-time RT-PCR
Total RNA was isolated from tissues using Trizol reagent (Life

Technologies, Darmstadt, Germany) according to the manufac-

turer’s protocol. Pituitary glands of two mice and thyroid glands of

two mice of the same group were pooled prior to RNA isolation.

Total RNA concentration and purity were estimated from the

optical density at 260 and 280 nm, respectively. A total of 1.2 mg

of total RNA was used for cDNA synthesis using RevertAid M-

MuLV reverse transcriptase (Thermo Fisher Scientific Inc.,

Waltham, MA, USA). For the determination of relative mRNA

concentrations, real-time detection PCR using the Rotorgene

6000 system (Corbett Research, Mortlake, Australia) and SYBR

Green I (Sigma-Aldrich, Taufkirchen, Germany) was applied. An

aliquot of cDNA template was amplified in a total volume of 20 ml

using 200 mM dNTPs (Genecraft, Cologne, Germany), 1.5 mM

MgCl2, 0.5 U GoTaq DNA polymerase (both from Promega,

Mannheim, Germany) and 5.4 pmol of each primer. The PCR

protocol provided an initial denaturation at 95uC for 3 min and

20–35 cycles of amplification comprising denaturation at 95uC for

25 s, annealing at primer-specific temperatures (57–62uC) for 30 s

and elongation at 72uC for 25 s. Subsequently, melting curve

analysis was performed from 50 to 99uC with continuous

fluorescence measurement. For determination of the mRNA

concentration a threshold cycle (Ct) and the amplification

efficiency were obtained from each amplification curve using the

software Rotor-Gene 4.6 (Corbett Research) and calculation of the

relative mRNA concentration was performed according to [37]. In

each tissue, several housekeeping genes were analyzed and their

expression stability between all groups was checked by means of Ct

values. Out of the housekeeping genes measured, for each tissue

two to three most stable housekeeping genes were used for

normalization. Primer pairs for embigin (NM_010330.4) and

hypoxanthine guanine phosphoribosyl transferase (HPRT;

NM_013556.2) were purchased from Sigma-Aldrich (www.

kicqstart-primers-sigmaaldrich.com). Characteristics of all other

primers used for PCR (Eurofins Genomics, Ebersberg, Germany)

are shown in Table 1.
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Western blot
Western blotting was performed as described earlier [38].

Tissue samples were lysed using RIPA buffer (50 mM Tris/HCl

(pH 7.5), 150 mM NaCl, 1% Triton-X100, 0.5% sodium deoxy-

cholate, 0.1% SDS, 5 mM EDTA) and tissue lyser. Twenty mg of

protein lysate were used for SDS-PAGE. Cyclophilin A was used

for normalization of protein expression data because its expression

was not affected by fasting or genotype. The following antibodies

were used: anti-MCT1 (ab90582, Abcam, Cambridge, UK), anti-

MCT2 (sc-166925, Santa Cruz Biotechnology, Santa Cruz, CA,

USA), anti MCT-8 (20676-1-AP, Proteintech, Chicago, IL, USA),

anti-Cyclophilin A (ab41684, Abcam). Primary antibodies were

detected using HRP-conjugated secondary antibodies using ECL

Prime western blotting detection reagent (GE Healthcare,

Munich, Germany).

Statistical analysis
Values are expressed as means 6 SD. Data were analyzed by

two-way ANOVA, including the factors genotype, fasting, and the

interaction of these factors using the software SPSS 20 (IBM,

Armonk, NY, USA). Values were analyzed for homoscedasticity

by Leven’s test. In case of homogeneity of variance means, the four

groups were compared by Tukey’s test, or in case of unequal

variances (concerning variance heterogeneity, effect was consid-

ered significantly different at p,0.05) by Games-Howell. Differ-

ences of p,0.05 in post-hoc comparison were considered to be

significant.

Results

Effect of fasting on body and plasma parameters
Mice that were fasted for 48 h had lower final body weights

than the fed mice, while the genotype had no effect on final body

weight (WT mice fed, 28.663.1 g; WT mice fasted, 23.262.6 g;

PPARa KO mice fed, 28.462.2 g; PPARa KO mice fasted,

23.463.0 g). Relative weights and triacylglycerol concentrations of

livers of mice were influenced by both genotype (p,0.001) and

fasting (p,0.01 and p,0.001, respectively) according to two-way

ANOVA analysis. Fasted PPARa KO mice had higher relative

liver weights than fed PPARa KO mice; those differences were not

seen in the WT mice (p,0.001; WT mice fed, 4.0760.45 g/100 g

body weight; WT mice fasted, 3.7760.31 g/100 g body weight;

PPARa KO mice fed, 4.3260.38 g/100 g body weight; PPARa

KO mice fasted, 5.1660.32 g/100 g body weight). Liver triacyl-

glycerol concentrations were higher in fed and fasted PPARa KO

mice compared to the corresponding groups of WT mice (p,

0.001; WT mice fed, 9.462.0 mmol/g; WT mice fasted,

106.9620.8 mmol/g; PPARa KO mice fed, 38.9616.1 mmol/g;

PPARa KO mice fasted, 230.4644.7 mmol/g). Fasted WT and

PPARa KO mice were characterized by higher plasma concen-

trations of NEFA than fed mice of the same genotype, whereby the

highest NEFA concentrations were observed in fasted PPARa KO

mice (Figure 1A). As expected, the circulating plasma concentra-

tion of 3-hydroxybutyrate upon fasting was increased in WT but

not in the PPARa KO mice (Figure 1B). Plasma fT4 concentra-

tions were lower in PPARa KO than in the WT mice. Fasted mice

of both genotypes had lower plasma concentrations of fT4 than

corresponding fed mice (Figure 1C).

Fasting induced a typical PPARa target gene in mouse
tissues

To demonstrate PPARa activation, we analyzed the relative

mRNA concentration of a typical PPARa target gene, namely 3-

hydroxy-3-methylglutaryl-coenzyme A synthase (HMGCS)-2 [39],

in liver, kidney, heart, small intestine, hypothalamus, pituitary

gland and thyroid gland of the mice. As expected, two-way

ANOVA showed that the relative mRNA level of HMGCS2 was

influenced by genotype in all tissues analyzed. In liver, kidney,

heart, small intestine, hypothalamus and pituitary gland, relative

mRNA concentrations of HMGCS2 were lower in PPARa KO

mice than in corresponding WT mice (Figure 2). In these tissues,

the relative mRNA concentration of HMGCS2 was higher in

fasted than in fed WT mice (Figure 2). Strongest fasting-induced

increase of HMGCS2 mRNA level in WT mice was observed in

kidney and heart (about 60- and 17-fold, respectively); the increase

in the other tissues was about 2-3-fold (Figure 2). The mRNA level

of HMGCS2 was also induced upon fasting in these tissues of

PPARa KO mice; in liver, kidney, heart and pituitary gland this

increase was less pronounced than in fasted WT mice (Figure 2).

Surprisingly, in thyroid gland, HMGCS2 mRNA concentration

was higher in PPARa KO than in WT mice. Furthermore, the

increase upon fasting was stronger in PPARa KO than in WT

mice (about 4.2- and 2.4-fold, respectively) which is in contrast to

the observations in the other tissues (Figure 2).

Table 1. Primer sequences used in real-time RT-PCR.

Gene name (Gene synonym)
Accession
number Forward primer (59–39) Reverse primer (59–39)

3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 (HMGCS2) NM_008256.4 GGTGTCCCGTCTAATGGAGA ACACCCAGGATTCACAGAGG

Beta-2 microglobulin (B2M) NM_009735.3 TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC

CD147 NM_009768.2 ACTGGGGAAGAAGAGGCAAT AACCAACACCAGGACCTCAG

Cyclophilin A (CypA) NM_008907.1 GTGGTCTTTGGGAAGGTGAA TTACAGGACATTGCGAGCAG

Monocarboxylic acid transporter 1 (MCT1) NM_009196.4 CATTGGTGTTATTGGAGGTC GAAAGCCTGATTAAGTGGAG

Monocarboxylic acid transporter 2 (MCT2) NM_011391.1 CACCACCTCCAGTCAGATCG CTCCCACTATCACCACAGGC

Monocarboxylic acid transporter 4 (MCT4) NM_001038654.1 TCAATCATGGTGCTGGGACT TGTCAGGTCAGTGAAGCCAT

Monocarboxylic acid transporter 8 (MCT8) NM_009197.2 TGCCCTTGGTTACTTCGTCC GGGACACCCGCAAAGTAGAA

Monocarboxylic acid transporter 10 (MCT10) XM_006512864.1 TGTTCGGCTGCCGGAGAACA TGACCAGTGACGGCTGGTAG

Ribosomal protein large P0 (RPLP0) NM_007475.5 GAAACTGCTGCCTCACATCCG CTGGCACAGTGACCTCACACG

doi:10.1371/journal.pone.0112118.t001
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Fasting differentially affected expression of MCT1, MCT2
and MCT4 in mouse tissues

The effect of 48 h fasting on expression of MCT1, MCT2 and

MCT4 isoforms that preferentially transport ketone bodies, lactate

and pyruvate was studied in liver, kidney, heart, small intestinal

mucosa and hypothalamus. Using real-time detection RT-PCR,

MCT1 mRNA could be detected in all of these tissues. As shown

by two-way ANOVA, relative mRNA concentration of MCT1

was influenced by fasting in kidney and small intestine of the mice

(Figure 3A). Relative MCT1 mRNA level was about 1.7-fold

higher in kidneys of fasted mice compared to fed mice irrespective

of genotype (Figure 3A). In small intestine, MCT1 mRNA

concentration was about 40% lower in fasted than in fed mice

Figure 1. Final plasma concentrations of (A) non-esterified fatty acids (NEFA), (B) 3-hydroxybutyrate and (C) free thyroxine (fT4) in
response to fasting and PPARa. Values represent means 6 SD of plasma concentrations of wildtype (WT) and PPARa knockout (KO) mice that
were fed ad libitum or fasted for 48 h (n = 16 for 3-hydroxybutyrate, n = 8 for NEFA and fT4). Data were analyzed by two-way ANOVA. Classification
factors were genotype, fasting, and the interaction between both factors. P-values revealed by two-way ANOVA are noted above the figures.
Individual means of the treatment groups were compared by Tukey’s test in case of variance homogeneity. In case of variance heterogeneity, as
revealed by Levene’s test, individual means were compared by Games Howell test. Horizontal brackets represent differences between groups in post-
hoc comparison (**p,0.001, *p,0.05).
doi:10.1371/journal.pone.0112118.g001

Figure 2. Relative mRNA concentrations of 3-hydroxy-3-methylglutaryl-coenzyme A synthase (HMGCS)-2 in mouse tissues in
response to fasting and PPARa. Values represent means 6 SD of relative mRNA concentrations of wildtype (WT) and PPARa knockout (KO) mice
that were fed ad libitum or fasted for 48 h (n = 16 for liver, kidney, heart, small intestine and hypothalamus; n = 8 for pituitary gland, n = 6 for thyroid
gland). Data were analyzed by two-way ANOVA. Classification factors were genotype, fasting, and the interaction between both factors. P-values
revealed by two-way ANOVA are noted above the figures. Individual means of the treatment groups were compared by Tukey’s test in case of
variance homogeneity. In case of variance heterogeneity, as revealed by Levene’s test, individual means were compared by Games Howell test.
Horizontal brackets represent differences between groups in post-hoc comparison (**p,0.001, *p,0.05).
doi:10.1371/journal.pone.0112118.g002
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Figure 3. Relative mRNA concentrations of (A) monocarboxylate transporter (MCT)-1, (B) MCT2 and (C) MCT4 in mouse tissues in
response to fasting and PPARa. Values represent means 6 SD of relative mRNA concentrations of wildtype (WT) and PPARa knockout (KO) mice
that were fed ad libitum or fasted for 48 h (n = 16). Data were analyzed by two-way ANOVA. Classification factors were genotype, fasting, and the
interaction between both factors. P-values revealed by two-way ANOVA are noted above the figures. Individual means of the treatment groups were
compared by Tukey’s test in case of variance homogeneity. In case of variance heterogeneity, as revealed by Levene’s test, individual means were
compared by Games Howell test. Horizontal brackets represent differences between groups in post-hoc comparison (**p,0.001, *p,0.05). n.e., not
evaluable due to extremely low expression.
doi:10.1371/journal.pone.0112118.g003
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of both genotypes (Figure 3A). No relevant changes of MCT1

mRNA concentration were observed in liver, heart and hypothal-

amus of mice (Figure 3A).

Relative concentration of MCT2 mRNA was influenced by

fasting in liver, kidney, heart and hypothalamus and further by

genotype in kidney, heart and hypothalamus. Liver MCT2 mRNA

concentration was higher in fasted than in fed mice with a stronger

fasting-induced increase in PPARa KO than in WT mice (2.8-fold

and 1.9-fold, respectively, compared to fed mice of the respective

genotype; Figure 3B). In contrast to liver, MCT2 mRNA was

reduced upon fasting in kidney, heart and hypothalamus of mice

of both genotypes. PPARa KO mice of both treatment groups had

higher mRNA concentrations of MCT2 in hearts than the

corresponding groups of WT mice (Figure 3B). In accordance

with literature [39], MCT2 mRNA expression in small intestine

could not be detected. In our study, expression of MCT4 mRNA

could be detected in hearts of mice using real-time RT-PCR,

although to a lesser extent than in small intestine (by comparison

of cycle threshold values in real-time PCR, data not shown). No

considerable expression was observed in the other tissues

examined. In both, heart and small intestine, MCT4 mRNA

concentration was influenced by fasting (Figure 3C). In small

intestine, an additional influence of genotype was observed.

Irrespective of the genotype, the relative MCT4 mRNA concen-

tration was decreased upon 48 h of fasting by about 15% in heart

and by about 50% in small intestine compared to feeding

(Figure 3B).

To analyze whether changes observed in relative mRNA

concentration of MCTs resulted in alterations of protein

expression, we performed western blot analysis of total tissue

lysates using specific antibodies for MCT1 and MCT2 (Figure S1).

Out of the tissues analyzed regarding mRNA concentration, we

chose liver, kidney, heart and small intestine for protein expression

analysis. As shown in Figure 4A, MCT1 protein expression in

heart was not different between all four groups of mice analyzed

thus confirming the results of mRNA analysis (Figure 3A). Protein

expression of MCT1 was also not altered by treatment or genotype

in small intestine of mice (Figure 4A). This is in contrast to the

results of mRNA analysis where a reduction of MCT1 mRNA

level upon fasting was observed in both genotypes (Figure 3A).

Fasting increased MCT1 protein expression in livers of both WT

and PPARa KO mice about 1.8- and 1.9-fold, respectively,

compared to fed mice of the same genotype (Figure 4A). In

contrast, no alterations in MCT1 mRNA concentration in liver

were observed after 48 h of fasting in both genotypes (Figure 3A).

MCT1 protein expression in kidney was also influenced by fasting.

It increased about 1.9-fold in fasted compared to fed PPARa KO

mice whereas in WT mice the increase upon fasting of about 1.4-

fold narrowly failed significance level. Thus, protein expression

data of MCT1 in kidney are in agreement with results of mRNA

analysis (Figure 3A).

MCT2 protein expression was influenced by fasting in liver and

kidney. In liver, fasted WT and PPARa KO mice had 1.6-fold

higher MCT2 protein expression than the fed groups of mice

(Figure 4B), thus confirming the results of MCT2 mRNA analysis

in liver (Figure 2B). Fasting decreased MCT2 protein expression

in kidneys of both WT and PPARa KO mice compared to

respective fed mice about 16 and 32%, respectively, nevertheless

due to large standard deviations these changes did not reach

significance in post-hoc comparison (Figure 4B). However, a

reduction of MCT2 protein expression in kidney upon fasting is in

agreement with results of MCT2 mRNA analysis in kidney

(Figure 3B). No significant differences in MCT2 protein expres-

sion between the treatment groups were found in heart. Thus,

protein expression of MCT2 in heart does not match results of

corresponding mRNA analysis (Figure 3B). Regarding MCT2

protein expression, small intestine was not analyzed since no

reliable mRNA expression was found using real-time RT-PCR.

Fasting also affected expression of MCT ancillary proteins
in mouse tissues

MCT1, -2 and -4 require association with CD147 or embigin

for proper membrane localization and functioning [1]. Thus, we

also analyzed possible changes in relative mRNA concentrations of

CD147 and embigin upon fasting of mice. Fasting decreased the

relative mRNA concentration of CD147 in kidney, small intestine

and hypothalamus of both WT and PPARa KO mice compared

to fed mice (Figure S2). Decrease of kidney CD147 mRNA level

Figure 4. Relative protein expression of (A) monocarboxylate
transporter (MCT)-1 and (B) MCT2 in mouse tissues in response
to fasting and PPARa. Values represent means 6 SD of relative
protein expression of wildtype (WT) and PPARa knockout (KO) mice that
were fed ad libitum or fasted for 48 h (n = 16). Data were analyzed by
two-way ANOVA. Classification factors were genotype, fasting, and the
interaction between both factors. P-values revealed by two-way ANOVA
are noted above the figures. Individual means of the treatment groups
were compared by Tukey’s test in case of variance homogeneity. In case
of variance heterogeneity, as revealed by Levene’s test, individual
means were compared by Games Howell test. Horizontal brackets
represent differences between groups in post-hoc comparison (*p,
0.05).
doi:10.1371/journal.pone.0112118.g004
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upon fasting compared to the level of the corresponding fed group

was more pronounced in PPARa KO than in WT mice (13% and

34%, respectively; Figure S2). In liver, a fasting-associated

decrease of CD147 mRNA of about 20% was only observed in

PPARa KO mice (Figure S2).

Using real-time RT-PCR, significant mRNA expression of

embigin could only be detected in kidney and hypothalamus of

mice. A slight but significant reduction of embigin mRNA

concentration upon fasting compared to corresponding fed mice

was observed in kidneys of PPARa KO mice but not of WT mice

(Figure S2). In hypothalamus, embigin mRNA concentration was

influenced by genotype with slight but significant lower expression

in PPARa KO compared to WT mice (Figure S2).

Fasting differentially affected expression of MCT8 and
MCT10 in mouse tissues

We then studied the effect of 48 h fasting on expression of

MCT8 and MCT10, isoforms that preferentially transport thyroid

hormones and in case of MCT10 also aromatic amino acids. No

reliable MCT8 expression was observed in small intestine of mice

according to real-time RT-PCR analysis. MCT8 mRNA concen-

tration was decreased by fasting in liver, kidney, heart and thyroid

gland of both WT and PPARa KO mice (Figure 5A). In liver,

MCT8 mRNA concentration was moderately higher in fed WT

than in fed PPARa KO mice. Liver MCT8 mRNA concentration

was lower in fasted than in fed mice with a stronger fasting-

induced decrease in PPARa KO mice compared to WT mice

(about 49% and 21%, respectively, compared to fed mice of the

respective genotype; Figure 5A). In kidney and heart, relative

mRNA concentration of MCT8 was about 25 to 35% lower in

fasted than in fed mice with no significant differences between

mice of different genotypes (Figure 5A). Fasting decreased

hypothalamic MCT8 mRNA level about 26% in PPARa KO

mice whereas in WT mice no significant reduction was observed

(Figure 5A). In thyroid gland, relative mRNA concentration of

MCT8 was lower in fasted than in fed mice with a stronger fasting-

induced decrease in PPARa KO mice compared to WT mice

(about 57% and 19%, respectively, compared to fed mice of the

respective genotype; Figure 5A). In pituitary gland, relative

mRNA concentration of MCT8 mRNA was not significantly

altered (Figure 5A).

Relative mRNA concentration of MCT10 was influenced by

fasting in nearly all tissues tested with fasting-induced increases in

liver, hypothalamus and pituitary gland and decreases in kidney,

heart and thyroid gland (Figure 5B). In liver, fasting increased

MCT10 mRNA concentration in PPARa KO mice about 2.2-fold

compared to fed mice of the same genotype whereas no change

was seen in WT mice (Figure 5B). MCT10 mRNA level in

hypothalamus was slightly higher in fasted compared to fed

PPARa KO mice (Figure 5B). Relative MCT10 mRNA concen-

tration in kidney was about 21% lower in fasted compared to fed

PPARa KO mice whereas no significant reduction upon fasting

was observed in WT mice (Figure 5B). In hearts of WT mice,

relative mRNA level of MCT10 was about 29% lower in fasted

compared to fed animals, whereas reduction in PPARa KO mice

upon fasting was less pronounced (about 18% compared to fed

PPARa KO mice; Figure 5B). MCT10 mRNA concentration was

lower in thyroid gland of PPARa KO compared to WT mice and

was reduced upon fasting about 30% in both genotypes

(Figure 5B).

MCT8 protein expression was analyzed in total tissue lysates of

liver, kidney and heart of the mice using western blotting (Figure 6

and Figure S1). MCT8 protein expression was influenced by

fasting in liver and heart of mice. In accordance with mRNA

analysis, fasting led to a reduction of MCT8 protein expression in

liver and heart of mice. Nevertheless, the observed reductions of

about 20% in liver and of about 32% in hearts of fasted mice

compared to the corresponding fed animals narrowly failed the

significance level (Figure 6). No differences in MCT8 protein

expression between the four groups of mice were observed in the

kidney (Figure 6), which is in contrast to mRNA data (Figure 5B).

Discussion

Metabolic adaptation is critical to survival of any organism

during starvation. In this context, the shuttling of metabolites like

ketone bodies and lactate from producing tissues to tissues that use

them as energy fuel and for gluconeogenesis is of central

importance. These transport processes as well as transport of

thyroid hormones and aromatic amino acids are mediated by

members of the MCT family. Here, we show that fasting markedly

altered the expression of the MCT isoforms 1, 22, 24, 28 and

210 in a tissue-specific manner. Liver and kidney represent

crucial tissues in adaptation to energy deprivation by providing

ketone bodies as energy fuel and maintaining blood glucose levels

by gluconeogenesis from alternative precursors. We were able to

show an up-regulation of MCTs that are mainly involved in the

hepatic and renal transport of ketone bodies and lactate upon

fasting. We assume that the changes of MCT expression are

fasting-induced adaptations to maintain the energy supply of

tissues. Comparison of WT with PPARa KO mice showed that

regulation of the MCT isoforms in fasting conditions is also

influenced by PPARa.

In mammals, the main mechanism in adaptation during fasting

is the use of fatty acids that are released from adipose tissue as the

main energy source and the minimization of glucose utilization.

The inability of PPARa KO mice to use these fatty acids as energy

fuel due to the lack of induction of b-oxidation and ketogenesis

[32,40,41] was apparent in higher levels of NEFA in plasma and

triacylglycerols in livers of fasted PPARa KO compared to fasted

WT mice and also in the lacking increase of the plasma

concentration of 3-hydroxybutyrate in PPARa KO mice upon

fasting. The impairment of ketogenesis in PPARa KO mice is

further demonstrated by the low HMGCS2 mRNA abundance in

the liver of fasting PPARa KO mice compared to a strong

induction in WT mice upon fasting. In the thyroid gland, the

regulation of HMGCS2 mRNA level was completely different

with higher levels in the fed state and stronger fasting-induced

increase of HMGCS2 mRNA in PPARa KO compared to WT

mice. However, the meaning of this unexpected finding remains to

be established.

The finding that both genotypes showed a higher expression of

MCT1 in liver and kidney upon fasting indicates that neither

PPARa nor increased ketone body concentrations are obviously

involved in fasting-induced up-regulation of MCT1. We suggest

that up-regulation of MCT1 in liver and kidney of fasted mice

occurs in the context of its import function for lactate, which is

used as gluconeogenetic precursor and may be a regulatory action

to compensate the decreasing lactate concentrations in plasma

upon fasting [41,42]. Since mRNA concentrations of MCT1 in

livers were not changed, the fasting-induced up-regulation of

MCT1 may involve both transcriptional and post-transcriptional

mechanisms dependent on fasting endurance. After 24 h of

fasting, an up-regulation of MCT1 mRNA could be observed in

livers of both rats and pigs [30,31]. MCT2, which resembles

MCT1 in providing lactate for gluconeogenesis, is also up-

regulated in the liver of mice upon fasting. However, unlike

MCT1, it is down-regulated in kidney upon fasting which may be
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related with the different physiological roles of both MCT isoforms

in kidney. Whereas MCT1 is expressed in proximal tubulus cells

that are engaged in gluconeogenesis, MCT2 is found in distal parts

of the nephron [43]. In the heart, lactate and glucose are used for

oxidation in the fed state, whereas fatty acids are the preferred

metabolic fuel in fasted states [44]. Whereas expression of MCT1

was not changed, mRNA concentration of MCT2 and MCT4

decreased upon fasting in hearts of mice of both genotypes which

might reflect the decreasing lactate oxidation rate upon fasting.

Furthermore, MCT2 mRNA concentration in hearts was higher

in PPARa KO than in WT mice. This might be related to higher

rates of glycolysis and lactate production that were found in hearts

of PPARa KO mice compared to WT mice [45,46]. However,

examination of MCT2 protein expression using total tissue lysates

did not reveal any relevant changes in hearts. In colonocytes,

MCT1 plays an important role in the absorption of luminal short

chain fatty acids [47] and its expression and surface localization is

enhanced by substrates involving NFkB and G-protein coupled

receptor activation [26,48]. Though we observed a down-

regulation of MCT1 mRNA in small intestine of mice upon

fasting in both genotypes, its protein expression was not altered

according to western blot analysis. A recent study demonstrated

the involvement of MCT4 in butyrate transport in a small

intestinal cell line, whereas MCT1 may mediate lactate uptake

[49]. MCT4 mRNA concentration was strongly decreased in small

intestine upon fasting in both WT and PPARa KO mice in our

study. Further analysis is needed to clarify the distinct roles of

MCT1 and MCT4 in transport of monocarboxylates in small

intestine. In brain, MCT1, -2 and -4 are involved in shuttling of

lactate, which is released by astrocytes and taken up by neurons for

oxidation, and functions also in memory formation and the control

of food intake [10]. According to their selective cellular

distribution, MCT1 and MCT4 may be involved predominantly

in lactate export, whereas MCT2 preferentially mediates lactate

Figure 5. Relative mRNA concentration of (A) monocarboxylate transporter (MCT)-8 and (B) MCT10 in mouse tissues in response to
fasting and PPARa. Values represent means 6 SD of relative mRNA concentrations of wildtype (WT) and PPARa knockout (KO) mice that were fed
ad libitum or fasted for 48 h (n = 16 for liver, kidney, heart, small intestine and hypothalamus, n = 8 for pituitary gland, n = 6 for thyroid gland). Data
were analyzed by two-way ANOVA. Classification factors were genotype, fasting, and the interaction between both factors. P-values revealed by two-
way ANOVA are noted above the figures. Individual means of the treatment groups were compared by Tukey’s test in case of variance homogeneity.
In case of variance heterogeneity, as revealed by Levene’s test, individual means were compared by Games Howell test. Horizontal brackets represent
differences between groups in post-hoc comparison (**p,0.001, *p,0.05). n.e., not evaluable due to extremely low expression.
doi:10.1371/journal.pone.0112118.g005
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import in neurons [50]. Food deprivation for 48 h has been

reported to induce MCT2 mRNA in brainstem of female rats [51].

In our study, MCT1 mRNA concentration in hypothalamus of

mice was not affected by 48 h fasting, whereas level of

hypothalamic MCT2 mRNA decreased. A recent study suggested

that lactate uptake via MCT2 may be involved in control of food

intake [52].

Plasma membrane expression and activity of MCT1-4 is

dependent on the ancillary proteins CD147 and embigin [1].

For MCT1, the preferred binding partner is CD147 [8], for

MCT2 it might be embigin [53]. Analysis of mRNA concentration

of both CD147 and embigin in our study showed a tissue-specific

regulation that only partly matched the changes observed for

expression of MCT1-4.

Besides the metabolic changes in fuel utilization, fasting is also

accompanied by a decrease in energy expenditure via down-

regulation of the hypothalamus-pituitary-thyroid axis. The thyroid

hormone transporters MCT8 and MCT10 show a wide tissue

distribution [19,21,54,55]. Here we show reduced levels of MCT8

in response to fasting in liver, kidney, heart, hypothalamus and

thyroid gland of mice which might be caused by the reduced levels

of thyroid hormones upon fasting. However, other studies showed

that hyper- or hypothyroid states did not modulate MCT8

transcript level in hypothalamus [56,57]. In hypothalamus, MCT8

is notably expressed in regions involved in the negative thyroid

hormone feedback on hypothalamic thyreotropin releasing hor-

mone [56] and its down-regulation upon fasting may be involved

in this feedback mechanism. Recently, we demonstrated that

down-regulation of both TSHb mRNA expression, and plasma

thyroid hormone concentrations upon fasting is stronger in

PPARa KO compared to WT mice [58]. In our present study,

the concentrations of fT4 in plasma were also lower in PPARa
KO mice than in WT mice and a stronger fasting-induced down-

regulation in PPARa KO compared to WT mice could be

observed regarding the MCT8 mRNA levels in liver and thyroid

gland. The physiological relevance of thyroid hormone transport

by MCT10 is still unclear [29]. However, the ability of MCT10 to

transport aromatic amino acids across plasma membranes is

essential for extracellular aromatic amino acid homeostasis control

[59]. The liver is the major metabolic organ for catabolism of

amino acids and amino acid catabolism is higher in fasted PPARa
KO than in WT mice [60]. In our study, we could observe a

strong increase of MCT10 mRNA concentration in the liver of

PPARa KO mice upon 48 h of fasting compared to fed animals,

whereas no significant induction was observed in WT mice.

MCT10 is strongly involved in the transport of aromatic amino

acids. The increased expression of MCT10 in liver of PPARa KO

mice is presumably associated with the stimulated protein

catabolism. In kidney, heart and thyroid gland, MCT10 mRNA

concentration was decreased upon fasting of mice. Thus, further

information on tissue-specific physiological functions of MCT10 is

needed to estimate the relevance of these changes.

Our data show that PPARa does not play a key role in the

fasting regulation of MCTs. Though we could already show an up-

regulation of MCT1 by PPARa activation [30], the present data

revealed that PPARa seems not to be involved in induction of

MCT1 upon fasting. For other MCT isoforms as MCT2 and

MCT10, a minor impact of PPARa on expression was seen.

However, the small differences between PPARa KO and WT

mice in the present study do not confirm a decisive role of PPARa
in fasting adaptation of the analyzed MCT isoforms.

In summary, the current findings show that fasting changes the

expression of MCT isoforms in a tissue-specific manner. Since

MCTs play a fundamental role in the transport of energy

providing metabolites and hormones involved in regulation of

energy homeostasis, we assumed that the observed fasting-induced

adaptations of MCT expression seem to ensure an adequate

energy supply of tissues during the fasting state. Despite the crucial

role of PPARa in fasting adaptations, it appears to have only

minor impact on regulation of MCTs. The current data illustrate

the complex regulation of MCT isoforms and may serve as basis

for subsequent studies to elucidate the functional impact of these

MCT changes on energy supply of cells and also for drug

transport. Due to the prominent role of MCT isoforms 1–4 for the

intestinal transport and cellular uptake of statins, b-lactam

antibiotics or c-hydroxybutyrate, the energy state of individuals

should be considered in assessing the efficacy of treatments with

those drugs.

Supporting Information

Figure S1 Detection of MCT1, MCT2, MCT8 and Cyclophilin

A (CypA) in different tissues of mice by western blot analysis.

20 mg of total lysates of the indicated tissues (L, liver; K, kidney; H,

heart; SI, small intestine) were analyzed by western blot using (A)

anti-MCT1, (B) anti-MCT2 and (C) anti-MCT8 antibodies. The

low molecular weight part of each blot was cropped and analyzed

using anti-Cyclophilin A antibody. Predicted molecular masses of

the proteins are 53 kDa for both MCT1 and MCT2, 60 kDa for

MCT8 and 18 kDa for Cyclophilin A.

(TIFF)

Figure 6. Relative protein expression of monocarboxylate
transporter (MCT)-8 in mouse tissues in response to fasting
and PPARa. Values represent means 6 SD of relative protein
expression of wildtype (WT) and PPARa knockout (KO) mice that were
fed ad libitum or fasted for 48 h (n = 16). Data were analyzed by two-
way ANOVA. Classification factors were genotype, fasting, and the
interaction between both factors. P-values revealed by two-way ANOVA
are noted above the figures. Individual means of the treatment groups
were compared by Tukey’s test in case of variance homogeneity. In case
of variance heterogeneity, as revealed by Levene’s test, individual
means were compared by Games Howell test. No significant differences
in post-hoc comparison were revealed.
doi:10.1371/journal.pone.0112118.g006
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Figure S2 Relative mRNA concentration of (A) CD147 and (B)

embigin in mouse tissues in response to fasting and PPARa.

Values represent means 6 SD of relative mRNA concentrations of

wildtype (WT) and PPARa knockout (KO) mice that were fed ad
libitum or fasted for 48 h (n = 16). Data were analyzed by two-way

ANOVA. Classification factors were genotype, fasting, and the

interaction between both factors. P-values revealed by two-way

ANOVA are noted above the figures. Individual means of the

treatment groups were compared by Tukey’s test in case of

variance homogeneity. In case of variance heterogeneity, as

revealed by Levene’s test, individual means were compared by

Games Howell test. Horizontal brackets represent differences

between groups in post-hoc comparison (**p,0.001, *p,0.05).

(TIF)

Acknowledgments

We are grateful for technical assistance by Heike Giese.

Author Contributions

Conceived and designed the experiments: GIS BK. Performed the

experiments: AS NW BK. Analyzed the data: AS NW BK. Wrote the

paper: AS GIS BK.

References

1. Halestrap AP (2012) The monocarboxylate transporter family—Structure and
functional characterization. IUBMB Life 64: 1–9.

2. Halestrap AP, Wilson MC (2012) The monocarboxylate transporter family—
role and regulation. IUBMB Life 64: 109–119.

3. Broer S, Schneider HP, Broer A, Rahman B, Hamprecht B, et al. (1998)

Characterization of the monocarboxylate transporter 1 expressed in Xenopus
laevis oocytes by changes in cytosolic pH. Biochem J 333: 167–174.

4. Broer S, Broer A, Schneider HP, Stegen C, Halestrap AP, et al. (1999)
Characterization of the high-affinity monocarboxylate transporter MCT2 in

Xenopus laevis oocytes. Biochem J 341: 529–535.

5. Dimmer KS, Friedrich B, Lang F, Deitmer JW, Broer S (2000) The low-affinity
monocarboxylate transporter MCT4 is adapted to the export of lactate in highly

glycolytic cells. Biochem J 350: 219–227.

6. Moschen I, Broer A, Galic S, Lang F, Broer S (2012) Significance of short chain

fatty acid transport by members of the monocarboxylate transporter family
(MCT). Neurochem Res 37: 2562–2568.

7. Kirk P, Wilson MC, Heddle C, Brown MH, Barclay AN, et al. (2000) CD147 is

tightly associated with lactate transporters MCT1 and MCT4 and facilitates
their cell surface expression. EMBO J 19: 3896–3904.

8. Ovens MJ, Manoharan C, Wilson MC, Murray CM, Halestrap AP (2010) The
inhibition of monocarboxylate transporter 2 (MCT2) by AR-C155858 is

modulated by the associated ancillary protein. Biochem J 431: 217–225.

9. Brooks GA (2009) Cell-cell and intracellular lactate shuttles. J Physiol 587:
5591–5600.

10. Pellerin L, Magistretti PJ (2012) Sweet sixteen for ANLS. J Cereb Blood Flow
Metab 32: 1152–1166.

11. Pierre K, Pellerin L (2005) Monocarboxylate transporters in the central nervous

system: distribution, regulation and function. J Neurochem 94: 1–14.

12. Sonveaux P, Vegran F, Schroeder T, Wergin MC, Verrax J, et al. (2008)
Targeting lactate-fueled respiration selectively kills hypoxic tumor cells in mice.

J Clin Invest 118: 3930–3942.

13. Pinheiro C, Longatto-Filho A, Azevedo-Silva J, Casal M, Schmitt FC, et al.

(2012) Role of monocarboxylate transporters in human cancers: state of the art.
J Bioenerg Biomembr 44: 127–139.

14. Murray CM, Hutchinson R, Bantick JR, Belfield GP, Benjamin AD, et al. (2005)

Monocarboxylate transporter MCT1 is a target for immunosuppression. Nat

Chem Biol 1: 371–376.

15. Morris ME, Felmlee MA (2008) Overview of the proton-coupled MCT
(SLC16A) family of transporters: characterization, function and role in the

transport of the drug of abuse gamma-hydroxybutyric acid. AAPS J 10: 311–
321.

16. Vijay N, Morris ME (2014) Role of monocarboxylate transporters in drug
delivery to the brain. Curr Pharm Des 20: 1487–1498.

17. Friesema EC, Ganguly S, Abdalla A, Manning Fox JE, Halestrap AP, et al.

(2003) Identification of monocarboxylate transporter 8 as a specific thyroid
hormone transporter. J Biol Chem 278: 40128–40135.

18. Friesema EC, Grueters A, Biebermann H, Krude H, von Moers A, et al. (2004)

Association between mutations in a thyroid hormone transporter and severe X-

linked psychomotor retardation. Lancet 364: 1435–1437.

19. Kim DK, Kanai Y, Chairoungdua A, Matsuo H, Cha SH, et al. (2001)
Expression cloning of a Na+-independent aromatic amino acid transporter with

structural similarity to H+/monocarboxylate transporters. J Biol Chem 276:
17221–17228.

20. Abe S, Namba N, Abe M, Fujiwara M, Aikawa T, et al. (2012) Monocarboxylate
transporter 10 functions as a thyroid hormone transporter in chondrocytes.

Endocrinology 153: 4049–4058.

21. Visser WE, Friesema EC, Jansen J, Visser TJ (2007) Thyroid hormone transport
by monocarboxylate transporters. Best Pract Res Clin Endocrinol Metab 21:

223–236.

22. Thomas C, Bishop DJ, Lambert K, Mercier J, Brooks GA (2012) Effects of acute

and chronic exercise on sarcolemmal MCT1 and MCT4 contents in human
skeletal muscles: current status. Am J Physiol Regul Integr Comp Physiol 302:

R1–14.

23. Chenal J, Pellerin L (2007) Noradrenaline enhances the expression of the

neuronal monocarboxylate transporter MCT2 by translational activation via

stimulation of PI3K/Akt and the mTOR/S6K pathway. J Neurochem 102:

389–397.

24. Chenal J, Pierre K, Pellerin L (2008) Insulin and IGF-1 enhance the expression

of the neuronal monocarboxylate transporter MCT2 by translational activation

via stimulation of the phosphoinositide 3-kinase-Akt-mammalian target of

rapamycin pathway. Eur J Neurosci 27: 53–65.

25. Ullah MS, Davies AJ, Halestrap AP (2006) The plasma membrane lactate

transporter MCT4, but not MCT1, is up-regulated by hypoxia through a HIF-

1alpha-dependent mechanism. J Biol Chem 281: 9030–9037.

26. Borthakur A, Priyamvada S, Kumar A, Natarajan AA, Gill RK, et al. (2012) A

novel nutrient sensing mechanism underlies substrate-induced regulation of

monocarboxylate transporter-1. Am J Physiol Gastrointest Liver Physiol 303:

G1126–1133.

27. Enoki T, Yoshida Y, Hatta H, Bonen A (2003) Exercise training alleviates

MCT1 and MCT4 reductions in heart and skeletal muscles of STZ-induced

diabetic rats. J Appl Physiol (1985) 94: 2433–2438.

28. Leino RL, Gerhart DZ, Duelli R, Enerson BE, Drewes LR (2001) Diet-induced

ketosis increases monocarboxylate transporter (MCT1) levels in rat brain.

Neurochem Int 38: 519–527.

29. Visser WE, Friesema EC, Visser TJ (2011) Minireview: thyroid hormone

transporters: the knowns and the unknowns. Mol Endocrinol 25: 1–14.

30. König B, Koch A, Giggel K, Dordschbal B, Eder K, et al. (2008)

Monocarboxylate transporter (MCT)-1 is up-regulated by PPARalpha. Biochim

Biophys Acta 1780: 899–904.

31. König B, Fischer S, Schlotte S, Wen G, Eder K, et al. (2010) Monocarboxylate

transporter 1 and CD147 are up-regulated by natural and synthetic peroxisome

proliferator-activated receptor alpha agonists in livers of rodents and pigs. Mol

Nutr Food Res 54: 1248–1256.

32. Kersten S, Seydoux J, Peters JM, Gonzalez FJ, Desvergne B, et al. (1999)

Peroxisome proliferator-activated receptor alpha mediates the adaptive response

to fasting. J Clin Invest 103: 1489–1498.

33. Lee SS, Chan WY, Lo CK, Wan DC, Tsang DS, et al. (2004) Requirement of

PPARalpha in maintaining phospholipid and triacylglycerol homeostasis during

energy deprivation. J Lipid Res 45: 2025–2037.

34. Glowinski J, Iversen LL (1966) Regional studies of catecholamines in the rat

brain. I. The disposition of [3H]norepinephrine, [3H]dopamine and [3H]dopa

in various regions of the brain. J Neurochem 13: 655–669.

35. Hara A, Radin NS (1978) Lipid extraction of tissues with a low-toxicity solvent.

Anal Biochem 90: 420–426.

36. De Hoff JL, Davidson LM, Kritchevsky D (1978) An enzymatic assay for

determining free and total cholesterol in tissue. Clin Chem 24: 433–435.

37. Pfaffl MW (2001) A new mathematical model for relative quantification in real-

time RT-PCR. Nucleic Acids Res 29: e45.

38. Bettzieche A, Brandsch C, Eder K, Stangl GI (2009) Lupin protein acts

hypocholesterolemic and increases milk fat content in lactating rats by

influencing the expression of genes involved in cholesterol homeostasis and

triglyceride synthesis. Mol Nutr Food Res 53: 1134–1142.

39. Iwanaga T, Takebe K, Kato I, Karaki S, Kuwahara A (2006) Cellular

expression of monocarboxylate transporters (MCT) in the digestive tract of the

mouse, rat, and humans, with special reference to slc5a8. Biomed Res 27: 243–

254.

40. Leone TC, Weinheimer CJ, Kelly DP (1999) A critical role for the peroxisome

proliferator-activated receptor alpha (PPARalpha) in the cellular fasting

response: the PPARalpha-null mouse as a model of fatty acid oxidation

disorders. Proc Natl Acad Sci U S A 96: 7473–7478.

41. Hashimoto T, Cook WS, Qi C, Yeldandi AV, Reddy JK, et al. (2000) Defect in

peroxisome proliferator-activated receptor alpha-inducible fatty acid oxidation

determines the severity of hepatic steatosis in response to fasting. J Biol Chem

275: 28918–28928.

42. Xu J, Xiao G, Trujillo C, Chang V, Blanco L, et al. (2002) Peroxisome

proliferator-activated receptor alpha (PPARalpha) influences substrate utiliza-

tion for hepatic glucose production. J Biol Chem 277: 50237–50244.

43. Becker HM, Mohebbi N, Perna A, Ganapathy V, Capasso G, et al. (2010)

Localization of members of MCT monocarboxylate transporter family Slc16 in

Fasting Regulation of Monocarboxylate Transporters

PLOS ONE | www.plosone.org 10 November 2014 | Volume 9 | Issue 11 | e112118



the kidney and regulation during metabolic acidosis. Am J Physiol Renal Physiol

299: F141–154.
44. Liepinsh E, Makrecka M, Kuka J, Makarova E, Vilskersts R, et al. (2014) The

heart is better protected against myocardial infarction in the fed state compared

to the fasted state. Metabolism 63: 127–136.
45. Campbell FM, Kozak R, Wagner A, Altarejos JY, Dyck JR, et al. (2002) A role

for peroxisome proliferator-activated receptor alpha (PPARalpha) in the control
of cardiac malonyl-CoA levels: reduced fatty acid oxidation rates and increased

glucose oxidation rates in the hearts of mice lacking PPARalpha are associated

with higher concentrations of malonyl-CoA and reduced expression of malonyl-
CoA decarboxylase. J Biol Chem 277: 4098–4103.

46. Gelinas R, Labarthe F, Bouchard B, Mc Duff J, Charron G, et al. (2008)
Alterations in carbohydrate metabolism and its regulation in PPARalpha null

mouse hearts. Am J Physiol Heart Circ Physiol 294: H1571–1580.
47. Ritzhaupt A, Wood IS, Ellis A, Hosie KB, Shirazi-Beechey SP (1998)

Identification and characterization of a monocarboxylate transporter (MCT1)

in pig and human colon: its potential to transport L-lactate as well as butyrate.
J Physiol 513: 719–732.

48. Borthakur A, Saksena S, Gill RK, Alrefai WA, Ramaswamy K, et al. (2008)
Regulation of monocarboxylate transporter 1 (MCT1) promoter by butyrate in

human intestinal epithelial cells: involvement of NF-kappaB pathway. J Cell

Biochem 103: 1452–1463.
49. Kekuda R, Manoharan P, Baseler W, Sundaram U (2013) Monocarboxylate 4

mediated butyrate transport in a rat intestinal epithelial cell line. Dig Dis Sci 58:
660–667.

50. Rinholm JE, Bergersen LH (2012) Neuroscience: The wrap that feeds neurons.
Nature 487: 435–436.

51. Matsuyama S, Ohkura S, Iwata K, Uenoyama Y, Tsukamura H, et al. (2009)

Food deprivation induces monocarboxylate transporter 2 expression in the
brainstem of female rat. J Reprod Dev 55: 256–261.

52. Cortes-Campos C, Elizondo R, Carril C, Martinez F, Boric K, et al. (2013)

MCT2 expression and lactate influx in anorexigenic and orexigenic neurons of
the arcuate nucleus. PLoS One 8: e62532.

53. Wilson MC, Meredith D, Fox JE, Manoharan C, Davies AJ, et al. (2005) Basigin

(CD147) is the target for organomercurial inhibition of monocarboxylate
transporter isoforms 1 and 4: the ancillary protein for the insensitive MCT2 is

EMBIGIN (gp70). J Biol Chem 280: 27213–27221.
54. Friesema EC, Jansen J, Heuer H, Trajkovic M, Bauer K, et al. (2006)

Mechanisms of disease: psychomotor retardation and high T3 levels caused by

mutations in monocarboxylate transporter 8. Nat Clin Pract Endocrinol Metab
2: 512–523.

55. Ramadan T, Camargo SM, Summa V, Hunziker P, Chesnov S, et al. (2006)
Basolateral aromatic amino acid transporter TAT1 (Slc16a10) functions as an

efflux pathway. J Cell Physiol 206: 771–779.
56. Alkemade A, Friesema EC, Unmehopa UA, Fabriek BO, Kuiper GG, et al.

(2005) Neuroanatomical pathways for thyroid hormone feedback in the human

hypothalamus. J Clin Endocrinol Metab 90: 4322–4334.
57. Heuer H, Maier MK, Iden S, Mittag J, Friesema EC, et al. (2005) The

monocarboxylate transporter 8 linked to human psychomotor retardation is
highly expressed in thyroid hormone-sensitive neuron populations. Endocrinol-

ogy 146: 1701–1706.

58. Wege N, Schutkowski A, König B, Brandsch C, Weiwad M, et al. (2013)
PPARalpha modulates the TSH beta-subunit mRNA expression in thyrotrope

TalphaT1 cells and in a mouse model. Mol Nutr Food Res 57: 376–389.
59. Mariotta L, Ramadan T, Singer D, Guetg A, Herzog B, et al. (2012) T-type

amino acid transporter TAT1 (Slc16a10) is essential for extracellular aromatic
amino acid homeostasis control. J Physiol 590: 6413–6424.

60. Kersten S, Mandard S, Escher P, Gonzalez FJ, Tafuri S, et al. (2001) The

peroxisome proliferator-activated receptor alpha regulates amino acid metab-
olism. FASEB J 15: 1971–1978.

Fasting Regulation of Monocarboxylate Transporters

PLOS ONE | www.plosone.org 11 November 2014 | Volume 9 | Issue 11 | e112118


