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Monocarboxylate transporter (MCT)-1 mediates the transport of ketone bodies and other

monocarboxylic acids across the plasma membrane. MCT1 is up-regulated by peroxisome

proliferator-activated receptor (PPAR)-a, a transcription factor that mediates the adaptive

response to fasting by up-regulation of genes involved in fatty acid oxidation and ketogenesis.

Here, we show for the first time that MCT1 is up-regulated by dietary natural PPAR-a
agonists. Both, an oxidized fat and conjugated linoleic acids increased MCT1 mRNA

concentration in the liver of rats. Also, in the liver of pigs as non-proliferating species MCT1

was up-regulated upon PPAR-a activation by clofibrate, oxidized fat and fasting. Concomitant

with up-regulation of MCT1, mRNA level of CD147 was increased in livers of rats and pigs.

CD147 is a plasma membrane glycoprotein that is required for translocation and transport

activity of MCT1. CD147 mRNA increase upon PPAR-a activation could not be observed in

mice lacking PPAR-a, which also fail in up-regulation of MCT1 indicating a co-regulation of

MCT1 and CD147. Analysis of the 50-flanking region of mouse MCT1 gene by reporter gene

assay revealed that promoter activity of mouse MCT1 was not induced by PPAR-a, indicating

that the 50-flanking region is not involved in MCT1 regulation by PPAR-a.
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1 Introduction

Monocarboxylate transporter (MCT)-1 is a member of the

proton-linked MCT family, which is known to comprise at

least 14 isoforms [1]. MCT are involved in the transport of

monocarboxylates such as lactate, pyruvate and ketone

bodies as well as short chain fatty acids and thus are

important to energy metabolism, homeostasis and pH

control in various tissues [2, 3]. Regulation of MCT has been

demonstrated to occur via transcriptional, translational and

post-transcriptional mechanisms that appear to be age- and

tissue-dependent [4–6]. In colonic epithelium, both MCT1

mRNA and protein are up-regulated by butyrate via NF-kB-

dependent regulation of MCT1 promoter [7, 8]. MCT1 is up-

regulated during diet-induced ketosis and by lactate in rat

brain and L6 cells, respectively [9, 10]. Furthermore, MCT1

is regulated by its association with the cell surface protein

CD147, a widely expressed glycoprotein of the immu-

noglobulin supergene family [11–13]. The initial association

of CD147 and MCT1 is required for the translocation of

MCT1 to the plasma membrane [11]. In addition, the

continued presence and correct conformation of CD147 are

critical for transporter function of MCT1 [14].
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Recently we could show that MCT1 is up-regulated by

peroxisome proliferator-activated receptor (PPAR)-a [15].

PPAR-a is a lipid-activated nuclear hormone receptor

that acts as a nutritional state sensor in mammalian

cells and mediates an adaptive response to fasting [16, 17].

Upon fasting, it stimulates transcription of a magnitude

of genes involving those for synthesis of ketone

bodies [18]. Mitochondrial 3-hydroxy-3-methylglutaryl-CoA

synthase (mHCS) catalysing the first rate-limiting step in

ketogenesis is regulated by direct binding of PPAR-a to a

functional PPAR response element (PPRE) within its

promoter [19].

We could demonstrate that MCT1 mRNA was up-regu-

lated by both fasting and a synthetic PPAR-a agonist in rats

and that this increase depends on the presence of PPAR-a
since it was absent in mice lacking PPAR-a [15]. Thus,

during fasting, up-regulation of MCT1 by PPAR-a may

support the supply of cells with energy fuels. However, the

mechanism of regulation of MCT1 by PPAR-a is still

unknown.

Recently, we and others could demonstrate that PPAR-a
is also activated by various naturally occurring lipids such as

n-3 fatty acids, conjugated linoleic acids (CLAs) and oxidized

fats [20–23]. It was shown that oxidized fats, which comprise

a growing part of human nutrition in western countries [24],

influence lipid metabolism in rats similar to synthetic

PPAR-a agonists [25] and activate PPAR-a also in pigs as a

member of non-proliferating species [26]. Non-proliferating

species like human and pig have a lower expression of

PPAR-a in liver and the response of many genes to PPAR-a
activation is much weaker than in proliferating species like

rodents [27, 28].

Thus, the aim of the present study was to investigate

whether MCT1 is also up-regulated by natural PPAR-a
agonists like oxidized fats and CLA. Therefore, we

performed an experiment with rats that were orally admi-

nistered a fresh fat, an oxidized fat, CLA or clofibrate as

positive control. We determined expression of MCT1 in liver

of rats by measurement of its mRNA concentration using

RT-PCR. Taking into account the critical role of CD147 for

MCT1 activity [14], we also determined CD147 mRNA

concentration. To test whether MCT1 is also up-regulated in

non-proliferating species, we conducted an experiment with

pigs that were fed a fresh fat, an oxidized fat or clofibrate

and analysed expression of MCT1 and CD147 in their livers.

In a second experiment with pigs, we tested the effect of

fasting on MCT1/CD147 expression in liver. To estimate

PPAR-a activation, mRNA level of the PPAR-a target gene

mHCS, the key enzyme of ketone body synthesis, was

analysed in all experiments. In rat as well as pig experi-

ments we observed an up-regulation of both MCT1 and

CD147 upon PPAR-a activation. Treatment of wild-type

mice and mice lacking PPAR-a (knockout) with the

synthetic PPAR-a agonist WY 14 643 revealed that not only

up-regulation of MCT1 but also that of CD147 is absent in

PPAR-a knockout mice, indicating a co-regulation of these

two genes. In an attempt to analyse the mechanism of

PPAR-a-mediated up-regulation of MCT1, we performed

promoter activation studies.

2 Materials and methods

2.1 Animals and diets

All experimental procedures described followed guidelines

for the care and handling of laboratory animals and were

approved by the regional council of Saxony-Anhalt.

2.1.1 Rat experiment

Male Sprague–Dawley rats supplied by Charles River

(Sulzfeld, Germany) with an average initial body weight of

115 g (725 g; SD), were randomly assigned to four groups

of nine rats each. They were kept individually in Macrolon

cages in a room controlled for temperature (22721C),

relative humidity (50–60%) and light (12 h light/dark cycle).

All rats were fed a commercial standard basal diet (‘‘altro-

min 1324’’, Altromin, Lage, Germany) containing 19%

crude protein (herbal source, mainly soy), 4% crude fat, 6%

crude fibre and 7% crude ash. To standardize food intake,

the diets were fed daily in restricted amounts of 12 g per day,

equivalent to an intake of 143 kJ metabolizable energy per
day. Water was available ad libitum from nipple drinkers

during the whole experiment. All rats were treated with

2 mL of the experimental fat by gavage once a day 2 h after

the beginning of the light cycle. The first group (control

group) received sunflower oil, the second group (oxidized fat

group) oxidized sunflower oil, the third group (CLA group)

CLA (BASF, Ludwigshafen Germany) and the fourth group

(clofibrate group) 250 mg clofibrate (Fluka, Buchs, Switzer-

land) per kg body weight in 2 mL of sunflower oil.

The oxidized fat was prepared by heating sunflower oil

for 25 days at 601C. The extent of lipid peroxidation was

determined by assaying the peroxide value, concentration of

thiobarbituric acid substances (TBARS), concentration of

conjugated dienes, concentration of total carbonyls, acid

values and the percentage of total polar compounds as

described earlier [25]. The concentrations of lipid peroxida-

tion products were (oxidized versus fresh fat): peroxide value

(379 versus 3 mEq O2/kg), TBARS (13.1 versus 1.1 mmol/kg),

conjugated dienes (274 versus o1 mmol/kg), total carbonyls

(96.9 versus 2.9 mmol/kg), acid value (5.8 versus 0.4 g KOH/

kg), and polar compounds (27.8 versus 5.1%). The CLA oil

contained 60 g CLA isomers (29.3 g c9t11-CLA, 28.9 g t10c12-

CLA, 1.4 g c10c12-CLA, 0.3 g t9t11-CLA) per 100 g CLA oil as

analysed by Ag1-HPLC-DAD [29]. At day 6 of treatment, rats

received the last dose of the experimental fats and 9 g of the

diet again 2 h after the beginning of the light cycle and were

killed 4 h later by decapitation under light anaesthesia with

diethyl ether.
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2.1.2 Pig experiment

Twenty-seven male 8-wk-old pigs (German Landrace� Large

White�Pietrain), obtained from a local breeder, were kept in

a room under controlled temperature of 23721C and 50–60%

relative humidity with lighting from 06.00 to 18.00. After 1 wk

of adaptation the pigs were weighed, randomly assigned to

three groups of nine pigs each with mean body weights of

12.071.1 kg (control group), 12.270.9 kg (oxidized fat group)

and 11.970.6 kg (clofibrate group) and then fed the experi-

mental diets. The diets were nutritionally adequate for

growing pigs [30] and contained 14.4 MJ/kg metabolizable

energy. The composition of the experimental diet was (g/kg

diet): wheat (400), soy bean meal (230), wheat bran (150),

barley (98.1), fat (90) and mineral premix (30) including

L-lysine, L-threonine and DL-methionine. The first (control)

group obtained fresh fat, the second group (oxidized fat

group) oxidized fat and the third group (clofibrate group)

fresh fat with additionally 5 g clofibrate per kg diet, which was

freshly added to the diet each day.

The oxidized fat was sunflower oil that was heated at

2001C for 24 h. The fresh fat was a mixture of sunflower oil

and palm oil in a ratio of 93:7. This ratio was chosen to

equalize the fatty acid composition of the fresh fat with that

of the oxidized fat, since the heating process caused a loss of

PUFA. The major fatty acids in the fresh fat and the

oxidized fat were (g/100 g total fatty acids): palmitic acid

(16:0), 9.0 versus 6.8; stearic acid (18:0), 4.0 versus 4.2; oleic

acid [18:1(n-9)], 24.3 versus 24.1; linoleic acid [18:2(n-6)], 60.0

versus 60.6; and a-linolenic acid [18:3(n-3)], 0.1 versus 0.1.

Other fatty acids, including transfatty acids, were present

only in traces (o0.5 g/100 g fatty acids). The extent of lipid

peroxidation in the fats after inclusion into the diets was

estimated after extraction from the diets with a mixture of

hexane and isopropanol according to the method of Hara

and Radin [31]. The concentrations of lipid peroxidation

products were (oxidized versus fresh fat): peroxide value

(10.0 versus 2.5 mEq O2/kg), TBARS (271 versus 9mmol/kg),

conjugated dienes (89.1 versus 22.7 mmol/kg), total carbo-

nyls (24.5 versus 2.5 mmol/kg) and acid value (8.0 versus 1.6 g

KOH/kg). To standardize food intake, each pig received

daily 700 g of diet throughout the whole experiment. Water

was provided by nipple drinking systems ad libitum. The

experimental diets were fed for 28 days. After completing of

the feeding period the pigs were fed with 300 g of the

respective diets 4 h before killing with a captive bolt pistol.

In a second experiment, 20 male, 10-wk-old pigs received

a nutritionally adequate diet [30]. One day before the start of

the experiment, at an average body weight of 25 kg, the pigs

were divided into two groups of ten animals each. At the day

of the experiment, the first group (control group) received

the diet ad libitum for the next 24 h. The second group

received their last meal at 8 a.m. and was then fasted for the

next 24 h. Pigs were then killed at the morning of the next

day either in the fed status (control group) or after a 24-h

fasting period (treatment group).

2.1.3 Mouse experiment

Female PPAR-a knockout mice (129S4/SvJae-Pparatm1Gonz/J)

and corresponding wild-type control mice (129S1/SvImJ)

were purchased from the Jackson Laboratory (Bar Harbor,

ME, USA). Mice from both genotypes with an average initial

body weight of 24.3 g (73.2; SD) were randomly assigned to

two groups and kept individually in Macrolon cages in a room

controlled for temperature (22721C), relative humidity

(50–60%) and light (12-h light/dark cycle). Mice of the treat-

ment groups (wild-type mice n 5 8 and PPAR-a��mice

n 5 8) obtained 40 mg/kg body weight WY 14 643 once a day

2 h after beginning of the light cycle by gavage for 4 days. WY

14 643 was dissolved in DMSO/sun flower oil (50/50 v/v) at a

final concentration of 8 mg/mL as described earlier [32].

Control animals (wild-type mice n 5 8 and PPAR-a��mice

n 5 8) obtained the appropriate volume of the vehicle DMSO/

sun flower oil. All mice were fed with a commercial standard

basal diet (‘‘altromin 1324’’). To standardize food intake, the

diets were fed daily in restricted amounts of 4 g per day. Water

was available ad libitum from nipple drinkers during the

whole experiment. At day 4 of treatment, mice received the

last dose of WY 14 643 or vehicle alone and 1 g of the diet and

were killed 4 h later by decapitation under light anaesthesia

with diethyl ether.

2.2 Sample collection

After killing, the livers were excised and samples for RNA

isolation were snap-frozen in liquid nitrogen and stored at

�801C.

2.3 RT-PCR analysis

Total RNA isolation from liver samples and cDNA synthesis

were carried out as described earlier [20]. The mRNA

expression of genes was measured by real-time detection

PCR using SYBRs Green I and the Rotor Gene 2000 system

(Corbett Research, Mortlake, Australia) as described earlier

[15]. Primer pairs were designed using Primer3 software

(http://frodo.wi.mit.edu/primer3/) and are listed in Table 1.

For determination of mRNA concentration a threshold cycle

and amplification efficiency were obtained from each

amplification curve using the software RotorGene 4.6

(Corbett Research). Calculation of the relative mRNA

concentration was made using the amplification efficiencies

and the threshold cycle values [33]. The housekeeping gene

b-actin was used for normalization.

2.4 Promoter reporter gene constructs

To identify putative PPRE in the mouse MCT1 promoter,

approximately 2.2 kb of the 50-flanking region including

1250 B. König et al. Mol. Nutr. Food Res. 2010, 54, 1248–1256
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positions �2142 to 156 relative to the transcription start site

(NCBI GenBank NT_039240) were analysed using NUBIS-

can [34]. Furthermore, the sequence of the first intron

starting at position 1169 relative to the transcription start

site and including about 10 kb was analysed.

The mouse MCT1 promoter/intron construct containing

at least two putative PPRE was generated by PCR amplifi-

cation of the mouse MCT1 sequence from positions �1656

to 1868 using mouse BAC clone RP23-208N5 (imaGene,

Berlin, Germany). The promoter construct pGL4.10-

mMCT1_�1654/156 was generated by subcloning of the

generated PCR product containing two adapters of SacI and

XhoI site into the SacI and XhoI sites of the pGL4.10[luc2]

basic reporter vector (encoding the synthetic Firefly lucifer-

ase reporter gene; Promega, Mannheim, Germany). The

PCR primer sequences were as follows: 50-atcgagctccgaact-

cagaaatctgcctg-30 and 50-tagctcgaggctccttggctgctgcac-30. The

reporter gene construct pGL4.23-mMCT1_1151/1868

containing sequences from the first intron including at least

one putative PPRE was generated by subcloning of the

generated PCR product containing two adapters of XhoI and

HindIII site into the XhoI and HindIII sites of the

pGL4.23[luc2/minP] reporter vector (containing a minimal

promoter sequence and the synthetic Firefly luciferase

reporter gene; Promega). The PCR primer sequences were

as follows: 50-atcctcgagcacacataacggttag-30 and 50-tagaagct-

tatgtactcggcaaagggatg-30. After cloning, the integrity and

fidelity of all mMCT1 constructs were verified by DNA

sequencing.

2.5 Transient transfection and dual luciferase assay

For promoter activation studies, HepG2 cells were used,

which are an accepted model for studying the regulation of

genes by PPAR-a [35–37]. HepG2 cells (about 70% conflu-

ent) were transiently transfected with either the generated

MCT1 promoter constructs, negative control vector

pGL4.10-mMCT1_0 and pGL4.23-mMCT1_0, respectively,

or positive control vector 3�ACO PPRE (containing three

copies of consensus PPRE from the ACO promoter in front

of a luciferase reporter gene; this vector was a generous gift

from Dr. Sander Kersten, Nutrigenomics Consortium, Top

Institute Food and Nutrition, Wageningen, The Nether-

lands), and pGL4.74[hRluc/TK] (encoding the Renilla luci-

ferase reporter gene; Promega), which was used as an

internal control reporter vector to normalize for differences

in transfection efficiency, using FuGENE 6 transfection

reagent (Roche Diagnostics, Mannheim, Germany) accord-

ing to the manufacturer’s protocol. In addition, co-trans-

fections with mouse PPAR-a expression plasmid pCMX-

mPPAR-a and mouse RXR-a expression plasmid pCMX-

mRXR-a (both, generous gifts from R. M. Evans, Salk

Institute for Biological Studies, San Diego, CA, USA) were

carried out. Subsequently, cells were treated with either

100mM WY 14 643 or vehicle (DMSO 5 control) for 24 h.T
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Afterwards the cells were washed with phosphate-buffered

saline and lysed with passive lysis buffer (Promega). Luci-

ferase activities were determined with the Dual-Luciferase

Reporter Assay System from Promega according to the

manufacturer’s instructions using a Mithras LB940 lumin-

ometer (Berthold Technologies, Bad Wildbad, Germany) as

described earlier [38].

2.6 Statistics

Data of all experiments were analysed using the Minitab

Statistical Software (Minitab, State College, PA, USA).

Treatment effects of rat and pig experiments were evaluated

by one-way ANOVA. For significant F values (po0.05),

means of the treatments (fasting, clofibrate, oxidized fat,

CLA) were compared pairwise with the control group by

Student’s t test. Treatment effects of mice experiment

were analysed by two-way ANOVA with classification

factors being treatment (WY 14 643), genotype and the

interaction of treatment (WY 14 643) and genotype. In all

experiments, means were considered significantly different

for po0.05.

3 Results

3.1 Effect of PPAR-a agonists on MCT1/CD147

expression in rat liver

mRNA concentration of the PPAR-a target gene mHCS was

higher in rats fed oxidized fat, CLA or clofibrate compared

with control (fresh fat) rats (po0.05; Fig. 1), indicating

activation of PPAR-a by all agonists tested. Furthermore,

both MCT1 and CD147 mRNA concentrations were higher

in the liver of rats fed oxidized fat, CLA or clofibrate

compared with control rats (po0.05; Fig. 1).

3.2 Effect of PPAR-a agonists and fasting on MCT1/

CD147 expression in pig liver

mHCS was up-regulated by both oxidized fat and clofibrate in

the liver of pigs compared with pigs fed a fresh fat (control

group), indicating PPAR-a activation (po0.05; Fig. 2A).

mRNA concentration of MCT1 was higher in the liver of pigs

fed the oxidized fat or clofibrate than in the livers of control

pigs (po0.05; Fig. 2). CD147 mRNA level was higher in the

liver of clofibrate-treated than in that of control pigs (po0.05)

but was not influenced by oxidized fat treatment (Fig. 2A).

Fasting of pigs for 24 h led to a potent activation of PPAR-a in

liver as indicated by a strong up-regulation of mHCS

compared with non-fasted (control) pigs (po0.001, Fig. 2B).
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Figure 1. Effect of oxidized fat, CLA and clofibrate on the mRNA

concentrations of mHCS, MCT1 and CD147 in rat liver. Rats were

treated orally with fresh fat (control group), oxidized fat, CLA or

250 mg/kg of clofibrate for 6 days. Total RNA was extracted from

rat livers and mRNA concentrations were determined by real-time

detection RT-PCR analysis using b-actin mRNA concentration for

normalization. Values are means7SD (n 5 9). Symbols indicate

significant differences from control rats (�po0.05, ��po0.001).
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Figure 2. Effect of oxidized fat, clofibrate (A) and fasting (B) on

the mRNA concentrations of mHCS, MCT1 and CD147 in pig

liver. (A) Pigs were fed a diet containing fresh fat (control group),

oxidized fat or 5 g/kg diet of clofibrate for 28 days. (B) Pigs were

fasted for 24 h before killing; control animals received standard

diet ad libitum. Total RNA was extracted from pig livers and

mRNA concentrations were determined by real-time detection

RT-PCR analysis using b-actin mRNA concentration for normal-

ization. Values are means7SD (n 5 9 (oxidized fat/clofibrate);

n 5 10 (fasting)). Symbols indicate significant differences from

control rats (�po0.05, ��po0.001).
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Furthermore, both, MCT1 (po0.001) and CD147 mRNA

(po0.05) concentrations were higher in the liver of fasted

than that of control pigs (Fig. 2B).

3.3 Effect of WY 14 643 on MCT1/CD147 expression

in PPAR-a knockout mice

As already observed [15], both mHCS and MCT1 mRNA

concentrations increased in wild-type mice treated with WY

14 643 but were unchanged in PPAR-a knockout mice

(po0.05; Fig. 3). Also, CD147 mRNA was higher in livers of

wild-type mice treated with WY 14 643 compared with

control mice, whereas this up-regulation was not observed

in PPAR-a knockout mice (po0.05; Fig. 3).

3.4 Analysis of MCT1 promoter activity

Sequence analysis of the 50-flanking region and the first

intron of mouse MCT1 using NUBIScan revealed putative

PPRE at positions �622 to �615 and 1437 to 1449 relative

to the transcription start site. To test whether mouse MCT1

promoter is activated by PPAR-a, we cloned the 50-regulatory

region of mouse MCT1 (sequence spanning from �1654 to

156) into a luciferase reporter vector, and transiently

transfected HepG2 cells with the promoter reporter

construct, which was named pGL4.10-mMCT1_�1654/156.

As shown in Fig. 4, luciferase activity of HepG2 cells tran-

siently transfected with the pGL4.10-mMCT1_�1654/156

construct was much higher than that of cells transfected

with negative control vector pGL4.10-mMCT1_0, indicating

strong transcriptional activity of mouse MCT1 promoter.

However, the PPAR-a ligand WY 14 643 did not increase the

luciferase activity in HepG2 cells transiently transfected

with the pGL4.10-mMCT1_�1654/156 construct but that of

HepG2 cells transiently transfected with the positive control

vector 3�ACO PPRE (Fig. 4). In addition, co-transfection of

mouse PPAR-a expression plasmid pCMX-mPPAR-a and

mouse RXR-a expression plasmid pCMX-mRXR-a did not

increase transcriptional activity of mouse MCT1 promoter in

the absence or presence of WY 14 643. In contrast, luciferase

activity of HepG2 cells transfected with the positive

control vector 3�ACO PPRE was strongly increased upon

co-transfection of pCMX-mPPAR-a and pCMX-mRXR-a in

the absence and presence of WY 14 643, indicating the

functionality of the assay (Fig. 4). In a second trial, we

cloned the first 700 bp of the first intron of mouse MCT1
(sequence spanning from 1151 to 1868) into a luciferase

reporter vector with minimal promoter. Transfection of

HepG2 cells with the resulting plasmid pGL4.23-mMCT1_

1151/1868 did not increase luciferase activity of the cells

both, in the presence of WY 14 643 and upon co-transfection

with expression plasmids for mouse PPAR-a and mouse

RXR-a (data not shown).
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Figure 4. Effect of the PPAR-a agonist WY 14 643 on the promoter

activity of mouse MCT1 in HepG2 cells. HepG2 cells were tran-

siently transfected with either pGL4.10-mMCT1_�1654/156

construct containing one putative PPRE of mouse MCT1

promoter, negative control vector pGL4.10-mMCT1_0 or positive

control vector 3�ACO PPRE, and internal control vector

pGL4.74. In addition, co-transfections with mouse PPAR-a
expression plasmid pCMX-mPPAR-a and mouse RXR-a expres-

sion plasmid pCMX-mRXR-a were carried out. Subsequently,

cells were treated with 100 mM WY 14 643 or vehicle (DMSO 5

control) for 24 h. Afterwards cells were lysed and luciferase

activities were determined. Relative luciferase activity is shown

as the ratio of Firefly/Renilla luciferase. One representative result

from three independent experiments is presented; values are

means7SD from three replicates.
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Figure 3. Effect of WY 14 643 on the mRNA concentrations of

mHCS, MCT1 and CD147 in the liver of wild-type and PPAR-a�/�

(knockout) mice. Mice were treated orally with 40 mg/kg of WY

14 643 for 4 days. Control mice obtained the appropriate volume

of vehicle sunflower oil/DMSO. Total RNA was extracted from

livers and mRNA concentrations were determined by real-time

detection RT-PCR analysis using b-actin mRNA concentration

for normalization. Values are means7SD (n 5 8). Means with

unlike letters differ significantly (po0.05). Significant effects

(po0.05) from two-way ANOVA: mHCS: genotype, WY 14 643,

WY 14 643�genotype; MCT1: genotype, WY 14 643, WY

14 643�genotype; CD147: genotype, WY 14 643, WY

14 643�genotype.
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4 Discussion

Recently, we could demonstrate that MCT1, which is

responsible for transport of ketone bodies and other mono-

carboxylic acids in and out of cells, is up-regulated by PPAR-

a, which was activated by synthetic ligands and fasting,

respectively, in rats and mice [15]. The present study was

conducted to examine whether MCT1 expression is also

influenced by dietary natural PPAR-a agonists. Here, we

show that feeding of rats with both, an oxidized fat and CLA,

increased MCT1 mRNA concentration in liver compared with

control rats fed a fresh fat, in a comparable extent as observed

for the synthetic PPAR-a agonist clofibrate. Furthermore, also

mRNA concentration of mHCS was up-regulated in liver of

rats upon treatment with oxidized fat and CLA, respectively,

indicating PPAR-a activation. mHCS catalyses the first rate-

limiting step in ketogenesis and has a functional PPRE

within its promoter [19]. It is known that oxidized fatty acids

and CLA are also able to activate PPAR-g [39, 40], indicating

that also PPAR-g activation by oxidized fat and CLA may

contribute to the observed induction of MCT1. Nevertheless,

in our previous study we could show that the synthetic and

selective PPAR-g agonist troglitazone did not increase MCT1

mRNA in Fao rat hepatoma cells [15]. Thus, we conclude that

up-regulation of MCT1 by CLA and oxidized fat is rather

mediated by activation of PPAR-a than PPAR-g. Therefore,

the data of the present study indicate that the dietary PPAR-a
agonists oxidized fat and CLA have similar effects on ketone

body synthesis and transport than synthetic PPAR-a agonists

in rats. This is in accordance with previous studies showing

that dietary oxidized fats exert similar effects on cholesterol

metabolism and carnitine homeostasis as synthetic PPAR-a
agonists in rats [25, 41].

Since pigs as well as humans belong to the so-called non-

proliferating species that response differently upon PPAR-a
activation compared with proliferating species as rats and mice

[27, 28], pigs represent a suitable model for humans to study

the effects of PPAR-a activation. It has been already shown

that clofibrate, oxidized fat as well as fasting activate PPAR-a in

liver and other tissues of pigs [26, 27, 42]. This is consistent

with the up-regulation of mHCS in the liver of pigs treated

with clofibrate or oxidized fat as well as fasted pigs compared

with control groups observed in this study. Concomitant with

the raise in mHCS mRNA, also up-regulation of MCT1 was

observed in the liver of pigs of the treatment groups compared

with control pigs. Thus, not only in proliferating species like

rats and mice but also in pigs as a model for non-proliferating

species up-regulation of ketogenesis upon PPAR-a activation is

accompanied by an up-regulation of ketone body transporter

MCT1. Since MCT1 is also involved in the transport of phar-

maceutical agents like g-hydroxybutyrate, salicylic acid and

statins [43] up-regulation of MCT1 upon dietary intake of

oxidized fats or CLA may also have implications for drug

delivery in humans.

The chaperone and transmembrane protein CD147 is

essential for the correct membrane assembly and transporter

function of MCT1 [11, 14]. Several studies demonstrated that

up-regulation of MCT1 by different stimuli was accompanied

by an up-regulation of its chaperone CD147 [44–46].

Furthermore, silencing studies showed that maturation and

cell surface expression of CD147 depend on MCT1 expres-

sion [47, 48]. Also in our study, up-regulation of MCT1 was

generally accompanied by an increase of CD147 mRNA level

supporting that CD147 activity is regulated by MCT1. In

accordance with that, CD147 up-regulation upon PPAR-a
activation could not be observed in PPAR-a knockout mice,

which also failed in up-regulation of MCT1. However, in

other studies, maturation and surface expression but not

mRNA level of CD147 were affected [45, 47], indicating

differences in the regulatory mechanisms.

Transcriptional regulation of genes by PPAR is mediated

by binding of activated PPAR/retinoid X receptor hetero-

dimers to specific DNA sequences, called PPRE present in

and around the promoter of PPAR target genes [49, 50].

Furthermore, several studies demonstrate functionally active

PPRE in intronic sequences of PPAR-a target genes [51–53].

Whether or not the up-regulation of MCT1 is mediated by

binding of PPAR-a to PPRE sequences within the MCT1
gene is not known. In silico analysis of mouse MCT1

promoter and the first intron revealed at least to putative

PPRE at positions �622 to �615 and 1437 to 1449 relative

to the transcription start site with high homology to the

consensus PPRE (AGGTCAAAGGTCA). To determine

whether these putative PPRE are fuctional, we cloned the

proximal promoter region and the respective part of the first

intron, respectively, in luciferase reporter vectors. However,

for both reporter gene constructs, no induction of promoter

activity by the PPAR-a agonist WY 14 643, with or without co-

expression of mPPAR-a/mRXR-a, could be observed. This

indicates that mouse MCT1 gene is probably not regulated by

direct binding of PPAR-a/RXR-a to sequences in the

50-regulatory region. Also, the putative PPRE in the analysed

first intron seems not to be responsible for regulation of

mouse MCT1 by PPAR-a. We cannot exclude that other than

the analysed sequences of mouse MCT1 gene are responsible

for its regulation by PPAR-a. On the other hand, an indirect

regulation of MCT1 by PPAR-a by interference with other

regulatory pathways or proteins that regulate MCT1 expres-

sion is possible. Substrate-induced up-regulation of MCT1

was demonstrated [4, 10]. However, since incubation of Fao

cells with b-hydroxybutyrate and acetoacetate did only slightly

increase MCT1 mRNA concentration (data not shown) other

mechanisms than substrate induced activation of MCT1 by

increased ketone body concentrations may account for the

observed up-regulation of MCT1 by PPAR-a.

In conclusion, this study shows that natural PPAR-a
agonists like constituents of oxidized fats and CLA up-

regulate MCT1 in liver. Also, in pigs that belong as humans

to the non-proliferating species, MCT1 was up-regulated

upon PPAR-a activation by clofibrate, oxidized fat and fast-

ing. Since MCT1 is involved in the transport of pharma-

ceutical agents, up-regulation of MCT1 by dietary PPAR-a
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agonists may also have implications for drug delivery. We

could also show that the chaperone CD147, which is

essential for translocation and activity of MCT1, is co-

induced with MCT1 also in a PPAR-a-dependent manner.

However, the mechanism of up-regulation of MCT1 by

PPAR-a seems not to involve a transcriptional action of

PPAR-a on the 50-flanking region of mouse MCT1.

We thank Sebastian Luci and Alexander Koch for assistance
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