
Journal of Nutritional Bio
Differential action of 13-HPODE on PPARa downstream genes

in rat Fao and human HepG2 hepatoma cell lines

Bettina KönigT, Klaus Eder
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Abstract

In rats, oxidized fats activate the peroxisome proliferator-activated receptor a (PPARa), leading to reduced triglyceride concentrations in

liver, plasma and very low density lipoproteins. Oxidation products of linoleic acid constitute an important portion of oxidized dietary fats.

This study was conducted to check whether the primary lipid peroxidation product of linoleic acid, 13-hydroperoxy-9,11-octadecadienoic

acid (13-HPODE), might be involved in the PPARa-activating effect of oxidized fats. Therefore, we examined the effect of 13-HPODE on

the expression of PPARa target genes in the rat Fao and the human HepG2 hepatoma cell lines. In Fao cells, 13-HPODE increased the

mRNA concentration of the PPARa target genes acyl-CoA oxidase (ACO), cytochrome P450 4A1 and carnitine-palmitoyltransferase

1A (CPT1A). Furthermore, the concentration of cellular and secreted triglycerides was reduced in Fao cells treated with 13-HPODE. Because

PPARa mRNAwas not influenced, we conclude that these effects are due to an activation of PPARa by 13-HPODE. In contrast, HepG2 cells

seemed to be resistant to PPARa activation by 13-HPODE because no remarkable induction of the PPARa target genes ACO, CPT1A,

mitochondrial HMG-CoA synthase and D9-desaturase was observed. Consequently, cellular and secreted triglyceride levels were not

changed after incubation of HepG2 cells with 13-HPODE. In conclusion, this study shows that 13-HPODE activates PPARa in rat Fao but

not in human HepG2 hepatoma cells.

D 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidized fats are generated during processing and

storage of foods, and constitute an important portion of

Western diets. Increased intake of oxidized fats has been

linked to an enhanced incidence of coronary heart disease,

endothelial dysfunction and cancer in humans [1,2].

Several studies examined the physiological effects of

oxidized dietary fats in animal models [3–6]. In rats,

reduced concentrations of triglycerides in liver, plasma and

very low density lipoproteins (VLDL) were observed after

feeding a diet rich in oxidized fats [6–9]. This is in part
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due to the reduced expression of lipogenic enzymes in the

rat liver [6]. Furthermore, the reduced triglyceride concen-

trations resulted from an enhanced fatty acid oxidation in

the liver. It was shown recently that dietary oxidized

fats as well as cyclic fatty acid monomers, components of

heated fats, lead to activation of the peroxisome prolifer-

ator-activated receptor a (PPARa) and cause an increased

expression of its target genes [10–12]. This resembles the

mechanism of action of fibrates, a class of hypolipidemic

drugs [13].

Peroxisome proliferator-activated receptors are transcrip-

tion factors belonging to the superfamily of nuclear

receptors and are implicated in the regulation of lipid and

lipoprotein metabolism, glucose homeostasis, cellular dif-

ferentiation, cancer development as well as in the control of

the inflammatory response [14–16]. They can be activated

by peroxisome proliferators, including fibrates, fatty acids

and eicosanoids, and regulate the expression of target genes

by binding to DNA sequence elements as heterodimers with

the 9-cis-retinoic acid receptor [17]. PPARa downstream

genes participate in aspects of lipid catabolism such as fatty

acid uptake and binding, peroxisomal, mitochondrial and
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microsomal fatty acid oxidation and lipoprotein assembly

and transport [14].

Oxidized fats include a mixture of primary and

secondary lipid peroxidation products depending on their

thermal treatment. Heating fats at relatively low temper-

atures over a long period results in high concentrations of

primary lipid peroxidation products. These fats have a

more pronounced effect on the lipid metabolism of

rats than fats heated at a high temperature for a shorter

period [6]. Linoleic acid is the most predominant fatty

acid among dietary polyunsaturated fatty acids (PUFAs).

Its primary autooxidation product is 13-hydroperoxy-9,

11-octadecadienoic acid (13-HPODE). In plants and

mammals, 13(S)-HPODE is the product of linoleic

acid oxidation by lipoxygenases.

This study was designed to test whether 13-HPODE

might be involved in the observed activation of PPARa by

oxidized fats. So far, only cyclic fatty acid monomers are

suggested to act as peroxisome proliferator analogs [10].

As a model system, the rat hepatoma cell line Fao was

chosen, which is commonly used for examination of

interactions of different substances with PPARa [18–20].

Considering the known species-specific differences of the

action of fibrates and other peroxisome proliferators [21],

we used the human hepatoma cell line HepG2 to evaluate

the relevance of the obtained results for humans. HepG2

and Fao cells have been already used for evaluation of

species-specific differences in peroxisome proliferator

action [20,22,23].

Thus, this study was focused on the ability of 13-HPODE

to activate PPARa in the rat and human hepatoma cell lines,

Fao and HepG2, respectively. Therefore, we analyzed the

mRNA concentrations of PPARa and selected PPARa

downstream genes like acyl-CoA oxidase (ACO), cyto-

chrome P450 4A1 (Cyp4A1), carnitine-palmitoyltransferase

1A (CPT1A), mitochondrial HMG-CoA synthase

(HMGCoAS2) and D9-desaturase using a semiquantitative

PCR. Considering the observed suppression of lipogenic

enzymes by oxidized fats [6], we further examined the genes

coding for sterol regulatory element-binding proteins

(SREBPs) and fatty acid synthase (FAS). In addition, we

examined the effect of 13-HPODE on the concentrations of

cellular cholesterol and cellular and secreted triglycerides in

Fao and HepG2 cells.
2. Materials and methods

2.1. Materials

Linoleic acid, soybean lipoxygenase (type V) and 3-(4,

5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) were purchased from Sigma-Aldrich (Munich,

Germany). F-12 Nutrient Mixture (Ham), RPMI 1640,

trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA), gentamy-

cin and fetal calf serum (FCS) were obtained from

Invitrogen (Karlsruhe, Germany). Rat hepatoma Fao
cell line was obtained from ECACC (Salisbury, UK) and

human HepG2 hepatoma cell line was from DSMZ

(Braunschweig, Germany).

2.2. Cell culture

HepG2 human hepatoma cells were grown in RPMI

1640 medium supplemented with 10% FCS and 0.05 mg

ml�1 gentamycin. Fao rat hepatoma cells were cultured in

Ham-F12 medium supplemented with 10% FCS and

0.05 mg ml�1 gentamycin. Cells were maintained at 378C
in a humidified atmosphere of 95% air and 5% CO2. For

experiments, cells were seeded in 24-well cell culture

plates at a density of 2.1�105 (Fao) and 1.7�105 (HepG2)

cells per well and used prior reaching confluence (usually

3 days after seeding). The cells were preincubated with

low-serum medium (0.5% FCS) for 16 h and then

stimulated for the times indicated. Fatty acids were added

to the low-serum medium from a stock solution in ethanol.

Cells treated with the appropriate vehicle concentration

were used as a control.

Cell viability after treatment with fatty acids was

assessed by the MTT assay [24].

2.3. Preparation of 13-HPODE

13-HPODE was prepared by oxidation of linoleic acid

with soybean lipoxygenase according to Funk et al. [25].

Stock solution of linoleic acid was prepared in absolute

ethanol and then diluted in PBS. The linoleic acid was

incubated with soybean lipoxygenase (100 U/100 nmol, 2 h

at 378C). The formation of 13-HPODE was monitored

spectrophotometrically between 200 and 300 nm, using

PBS as reference. The conversion of linoleic acid into

13-HPODE is observed as an increase in absorbance at

234 nm. Subsequently, the 13-HPODE was extracted

twice with n-hexane. The n-hexane was evaporated and

13-HPODE was dissolved in ethanol. The concentration of

the stock solution was calculated using the extinction

coefficient of 23 mM�1 cm�1 for conjugated diens.

2.4. RT-PCR analysis

Measurement of mRNA concentration was done as a

semiquantitative analysis using h-actin for normalization.

Total RNA was isolated from cells by Trizol reagent (Life

Technologies, Karlsruhe, Germany) according to the

manufacturer’s protocol. Total RNA (1.2 Ag) was used

for cDNA synthesis with 60 U Revert Aid M-MuLV

Reverse Transcriptase (Fermentas, St. Leon-Rot, Germany)

and 0.5 Ag oligo dT18 primer (Qiagen, Hilden, Germany)

for 1 h at 428C followed by an inactivation step at 708C
for 10 min. The PCR reaction was carried out in 20 Al PCR
buffer containing 2 Al RT reaction, 1 U BioTherm DNA

Polymerase (Genecraft, Lqdinghausen, Germany), 200 AM
dNTPs and 20 pmol of the specific primers. Sequences and

characteristics of the specific primers used for cDNA

amplification are listed in Table 1. After initial denatur-

ation at 958C for 3 min, cycling was performed with



Table 1

Characteristics of the specific primers used for RT-PCR analysis

Gene Forward primer Reverse primer bp Annealing

temperature

(8C)

No.

of

cycles

Genbank

accession

no.

ACO, rat 5VCTTTCTTGCTTGCCTTCCTTCTCC 3V 5VGCCGTTTCACCGCCTCGTA 3V 415 60 27 NM017340

Cyp4A1, rat 5VCAGAATGGAGAATGGGGACAGC 3V 5VTGAGAAGGGCAGGAATGAGTGG 3V 460 65 29 NM175837

CPT1A, rat 5VGGAGACAGACACCATCCAACATA 3V 5VAGGTGATGGACTTGTCAAACC 3V 416 60 28 NM031559

PPARa, rat 5VCCCTCTCTCCAGCTTCCAGCCC 3V 5VCCACAAGCGTCTTCTCAGCCATG 3V 555 65 29 M88592

SREBP-1c, rat 5VGGAGCCATGGATTGCACATT 3V 5VAGGAAGGCTTCCAGAGAGGA 3V 191 60 33 XM213329

SREBP-2, rat 5VCCGGTAATGATGGGCCAAGAGAAAG 3V 5VAGGCCGGGGGAGACATCAGAAG 3V 400 60 29 XM216989

FAS, rat 5VCCTCCCCTGGTGGCTGCTACAA 3V 5VCCTGGGGTGGGCGGTCTTT 3V 224 60 27 X62888

h-Actin, rat 5VATCGTGCGTGACATTAAAGAGAAG 3V 5VGGACAGTGAGGCCAGGATAGAG 3V 429 60 22 NM031144

ACO, human 5VGTGGGCGCATACATGAAGGAGACC 3V 5VGTGGCTGGATGCGCTGACTGG 3V 367 65 26 X71440

CPT1A, human 5VAATCATCAAGAAATGTCGCACGA 3V 5VAGGCAGAAGAGGTGACGATCG 3V 309 65 32 NM001876

HMGCoAS2,

human

5VAACGCCTAGCCTCCCGAAAGTG 3V 5VCCATAAGCCCAGGACAGTGATTGC 3V 401 60 36 NM005518

D9-Desaturase,

human

5VTTCCTGGCTCTACCCTGTCTGTCC 3V 5VGGGCACCCTCACCAAGTAAGC 3V 480 60 27 NM005063

FAS, human 5VCATCGGCGACGTGGGCATTTTG 3V 5VCCGGGTTCACCAGCAGGGAGCG 3V 494 65 26 BC007909

PPARa, human 5VTGTGGCTGCTATCATTTGCTGTGG 3V 5VCTCCCCCGTCTCCTTTGTAGTGC 3V 344 60 31 L02932

SREBP-1, human 5VGTGGCGGCTGCATTGAGAGTGAAG 3V 5VAGGTACCCGAGGGCATCCGAGAAT 3V 362 60 30 U00968

SREBP-2, human 5VCGCCACCTGCCCCTCTCCTTCC 3V 5VTGCCCTGCCACCTATCCTCTCACG 3V 390 65 28 NM004599

h-Actin, human 5VGAGCGGGAAATCGTGCGTGAC 3V 5VGCCTAGAAGCATTTGCGGTGGAC 3V 518 60 19 NM001101
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denaturation for 30 s at 958C, annealing for 30 s at a

primer-specific temperature (Table 1) and elongation for

1 min at 728C, followed by a final extension step for 7 min

at 728C. Initially, the linearity of PCR for each specific

primer pair was tested to ensure that amplification of target

cDNA remained in the exponential range. The final PCR

products were electrophoresed on a 1% agarose gel and

visualized by ethidium bromide staining. The relative

intensities of the bands were quantified by densitometric

analysis and corrected for the corresponding h-actin band

densities. Data are expressed relatively to mRNA levels of

control cells.

2.5. Lipid extraction and concentration determination

Total cellular lipids were extracted with a mixture of n-

hexane and isopropanol (3:2). Lipid extracts were dried and

dissolved in a small volume of Triton X-100 [26]. For

determination of triglyceride concentration in VLDL, cell

supernatants were collected after 24 h incubation and

centrifuged for 5 min at 350�g to remove residual cells.

Concentrations of cholesterol and triglycerides were deter-

mined using an enzymatic reagent kit (Ecoline S+, Merck,

Darmstadt, Germany).

2.6. Statistical analysis

Effects of various concentrations of 13-HPODE or

linoleic acid were analyzed using one-way ANOVA using

the Minitab Statistical Software (Minitab, State College,

PA). For significant F values, means were compared by

Fisher’s multiple range test. Furthermore, the direct com-

parison of the effects of 13-HPODE and linoleic acid at

equal concentration was done by pairwise Student’s t test.

Differences with Pb.05 were considered to be significant.
3. Results

3.1. Effect of 13-HPODE and linoleic acid on mRNA

concentrations of selected genes involved in lipid

metabolism of Fao cells

Cell viability of Fao cells was not reduced by 24 h

incubation with 13-HPODE up to a concentration of 50 AM
as demonstrated by the MTT assay. Incubation of Fao cells

with increasing amounts of 13-HPODE led to a significant

and concentration-dependent increase of mRNA levels of

the PPARa downstream genes ACO, Cyp4A1 and CPT1A

(Fig. 1). At the highest 13-HPODE concentration used,

mRNA levels of these genes were about 50–70% higher

than those of the control cells. mRNA concentration of

PPARa itself did not change. At 50 AM 13-HPODE, a

slight but significant increase of mRNA concentration was

further found for SREBP-1c and SREBP-2, whereas FAS

mRNA was not influenced at all (Fig. 1). For comparison,

Fao cells were stimulated with linoleic acid under identical

conditions. After 6 h incubation, a significant increase of

10–27% of ACO and Cyp4A1 mRNA levels was observed.

Pairwise comparison of the relative mRNA levels of cells

treated with equal concentrations of 13-HPODE and

linoleic acid, respectively, revealed that the effects of

13-HPODE are significantly stronger than those of linoleic

acid. mRNA concentrations of all other genes tested were

not affected by incubation with linoleic acid (Fig. 1). After

12 h incubation of Fao cells with 13-HPODE, Cyp4A1 and

CPT1A mRNA levels remained elevated over control, but

to a lesser extent, compared to 6 h incubation, whereas

mRNA concentrations of ACO, PPARa, SREBP-1c,

SREBP-2 and FAS remained constant (data not shown).

No significant changes in mRNA levels of all examined



Fig. 1. Effect of 13-HPODE and linoleic acid on mRNA concentrations of selected genes involved in lipid metabolism of Fao cells. Fao cells were grown in

culture medium until subconfluent state. Medium was then changed to low-serum medium (0.5% FCS). After 16 h preincubation in this medium, 13-HPODE

or linoleic acid were added from ethanolic stock solution to give final concentrations of 10, 25 and 50 AM, respectively, and cells were incubated for 6 h.

Control cells were incubated with low-serum medium containing vehicle alone. Acyl-CoA oxidase, Cyp4A1, CPT1A, PPARa, SREBP-1c, SREBP-2 and FAS

mRNA levels were determined by semiquantitative RT-PCR analysis using h-actin mRNA concentration for normalization as described in the experimental

procedures section. Values are meansFS.D. (n =6). Data are expressed relative to mRNA levels of control cells. Small letters (a, b, c) denote differences in

13-HPODE; capital letters (A, B) denote differences in linoleic acid ( P b.05). The symbols * and # indicate significant differences at P b.05 and P b.1,

respectively, from linoleic acid at equal concentration.
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genes were observed after 24 h incubation. Stimulation of

Fao cells with linoleic acid for 12 and 24 h did not influence

mRNA concentrations of ACO, Cyp4A1, CPT1A, PPARa,

SREBP-1c, SREBP-2 and FAS (data not shown). h-Actin
mRNA that was used as a control for normalization was not

influenced at all by treatment of the cells with 13-HPODE

and linoleic acid, respectively.

3.2. Effect of 13-HPODE on mRNA concentrations of

selected genes involved in lipid metabolism of HepG2 cells

Incubation of HepG2 cells with 13-HPODE concentra-

tions above 25 AM strongly reduced cell viability as tested

by the MTT assay (data not shown). Consequently, HepG2

cells were incubated with 13-HPODE concentrations up to

25 AM for mRNA analysis. As with Fao cells, the PPARa

downstream genes ACO and CPT1A were analyzed.
Cyp4A11, the gene corresponding to rat Cyp4A1, was not

examined because no Cyp4A11 mRNA was found in

HepG2 cells [27,28]. Furthermore, the PPARa target genes

D9-desaturase and HMGCoAS2 were included. The mRNA

concentrations of ACO, CPT1A and D9-desaturase were not

affected after stimulation of HepG2 cells with 13-HPODE

for 6 h. For HMGCoAS2, a slight but significant

concentration-dependent induction of mRNA level after

6 h incubation was observed (Fig. 2). No changes in mRNA

levels of all examined PPARa downstream genes could be

seen after 24 h incubation of HepG2 cells with 13-HPODE

(Fig. 2). Peroxisome proliferator-activated receptor a

mRNA was readily detectable by RT-PCR in HepG2 cells

used in this study, indicating that the absence of effects on

PPARa downstream genes was not due to lacking expres-

sion of PPARa.



Fig. 2. Effect of 13-HPODE onmRNA concentrations of selected genes involved in lipid metabolism of HepG2 cells. HepG2 cells were grown in culture medium

until subconfluent state. Medium was then changed to low-serum medium (0.5% FCS). After 16 h preincubation in this medium, 13-HPODE was added from

ethanolic stock solution to give final concentrations of 5, 10 and 25 AM, respectively, and cells were incubated for 6 and 24 h. Control cells were incubated with

low-serummedium containing vehicle alone. Acyl-CoAoxidase, CPT1A,D9-desaturase andmitochondrial hydroxymethylglutaryl-CoA synthase (HMGCoAS2)

mRNA levels were determined by semiquantitative RT-PCR analysis using h-actin mRNA concentration for normalization as described in the Materials and

Methods. Values are meansFS.D. (n =4). Data are expressed relative to mRNA levels of control cells. Means with unlike letters differ, P b.05.
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Furthermore, no alterations of SREBP-1, SREBP-2 and

FAS mRNA levels occurred after stimulation of HepG2

cells with 13-HPODE for 6 and 24 h (data not shown).

Finally, no effect on mRNA concentrations of PPARa

downstream genes was observed after incubation of

HepG2 cells with linoleic acid at concentrations up to

25 AM (data not shown).
Fig. 3. Influence of 13-HPODE and linoleic acid on concentrations of cellular cho

were incubated with 13-HPODE and linoleic acid, respectively, for 24 h in low-se

(HepG2). Control cells were treated with low-serum medium containing vehic

triglyceride concentration in VLDLs. Total cellular lipids were extracted with a mi

dissolved in a small volume of Triton X-100. Cholesterol and triglyceride con

meansFS.D. (n =4). Small letters (a, b) denote differences in cellular triglycerides
3.3. Influence of 13-HPODE on the concentrations of

cellular and secreted lipids of Fao and HepG2 cells

To test whether the observed induction of PPARa

downstream genes resulted in alterations of cellular and

secreted lipids, we examined the concentrations of cellular

cholesterol and cellular and secreted triglycerides after
lesterol and cellular and secreted triglycerides in Fao and HepG2 cells. Cells

rum medium. Final fatty acid concentrations were 50 AM (Fao) and 25 AM
le alone. Cell supernatant after incubation was used for determination of

xture of n-hexane and isopropanol (3:2), extracts were dried and lipids were

centrations were determined using an enzymatic reagent kit. Values are

, capital letters (A, B) denote differences in secreted triglycerides ( P b.05).
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stimulating the cells with 13-HPODE. For comparison, cells

were incubated with linoleic acid at equal concentration.

Control cells were treated with vehicle alone. Final

concentrations of fatty acids during incubation were 50 AM
for Fao and 25 AM for HepG2 cells, respectively.

Cholesterol concentration in Fao cells was not influenced

by incubation with 13-HPODE and linoleic acid, respec-

tively (Fig. 3). The cellular triglyceride concentration

was about 20% higher in cells treated with linoleic

acid compared to 13-HPODE-treated and control cells.

13-HPODE-treated cells secreted about 20% less triglycer-

ides compared to cells incubated with linoleic acid and

control cells (Fig. 3).

Remarkably, the ratio of cellular to secreted triglyceride

concentration was much higher in HepG2 compared to Fao

cells (Fig. 3). We could not find any difference in cellular

cholesterol and cellular and secreted triglyceride concen-

trations of HepG2 cells treated with 13-HPODE and linoleic

acid, respectively, for 24 h.
4. Discussion

Lipid hydroperoxides are the fundamental primary

products of autooxidation of PUFA. They can further react

with oxygen and decompose to form a great variety of

secondary oxidation products. Linoleic acid oxidation

products represent an important portion of oxidized dietary

fats. The aim of this study was to evaluate a possible

involvement of the primary lipid peroxidation product of

linoleic acid, 13-HPODE, in the observed activation of

PPARa by oxidized fats in rat liver. Our data demonstrate

that incubation of rat hepatoma Fao cells with 13-HPODE

for 6 h led to a significant and concentration-dependent

increase of mRNA concentrations of the PPARa down-

stream genes ACO, Cyp4A1 and CPT1A. Linoleic acid, the

precursor of 13-HPODE, did also slightly enhance ACO and

Cyp4A1 mRNA levels, but clearly less effective than its

oxidized form. Acyl-CoA oxidase catalyses the rate-limiting

step of peroxisomal h-oxidation and represents a direct

target of PPARa. Induction of ACO is generally considered

as marker of peroxisome proliferation [29]. Cyp4A1

catalyses the microsomal N-hydroxylation of fatty acids

[30]. CPT1A is involved in the first limiting step of

mitochondrial h-oxidation, the entry flux of fatty acids into

the mitochondria by catalyzing the formation of fatty acyl

carnitine for translocation across the inner mitochondrial

membrane. Both Cyp4A1 and CPT1A are regulated by

PPARa and strongly induced by fibrates and other

peroxisome proliferators [30,31]. Because PPARa mRNA

was not affected by 13-HPODE and linoleic acid, respec-

tively, the observed increased expression of PPARa

downstream genes was not due to a higher PPARa

expression. Hence, the up-regulation of ACO, Cyp4A1

and CPT1A genes should be the result of an activation of

PPARa by 13-HPODE and linoleic acid, respectively. The

observed changes in mRNA levels of PPARa downstream
genes are very small. This is consistent with the described

PPAR-mediated effects of other fatty acids [32,33]. Com-

pared to lipid- and glucose-lowering drugs, PPAR binding

and activation by fatty acids are weaker, which is also in

accordance with the high plasma concentrations of fatty

acids [34]. The finding that linoleic acid, which was used

as a control, had a negligible effect on expression of

PPARa downstream genes further supports that the ob-

served effect was specific for 13-HPODE.

Up-regulation of ACO, Cyp4A1 and CPT1A genes by

PPARa activation results in an enhanced fatty acid

oxidation in the cells followed by reduced triglyceride

levels. This phenomenon is also part of the mechanism of

hypolipidemic action of fibrates [13,35]. Reduced triglyc-

eride levels in liver, plasma and VLDL were also observed

in rats fed oxidized fats and could be attributed to activation

of PPARa [6,12]. The cellular triglyceride level was

elevated in Fao cells incubated 24 h with linoleic acid

compared to vehicle-treated cells. This may be attributed to

enhanced triglyceride synthesis by addition of a fatty acid to

the cells incubated in low-serum medium. In 13-HPODE-

treated cells, triglyceride level was reduced compared to

cells treated with linoleic acid. We suggest that this is due

to the strong activation of PPARa downstream genes by

13-HPODE leading to enhanced fatty acid oxidation.

Furthermore, the level of secreted triglycerides was lower

when cells were incubated with 13-HPODE instead of

linoleic acid. This result corresponds also well with the

stronger induction of genes implicated in h-oxidation of fat-

ty acids by 13-HPODE compared to its nonoxidized form.

These data further support our finding that 13-HPODE

enhances PPARa downstream genes by activation of

PPARa in Fao cells. The weak induction of PPARa

downstream genes by linoleic acid was not sufficient to

cause measurable changes in triglyceride concentrations.

Several endogenous oxidized lipids were recently

identified as PPAR ligands. 8S-hydroxy-5,9,11,14-eicosate-

traenoic acid [8(S)-HETE], an arachidonic acid metabolite

from lipoxygenation, has been shown to be a strong

activator of the human PPARa [36] and plays an important

role in keratinocyte differentiation [37]. Lipoxygenase

products of linoleic acid are constituents of oxidized LDL

and have been shown to be present in atherosclerotic le-

sions [38]. 9S-hydroxy-10,12-octadecadienoic acid and

13S-hydroxy-9,11-octadecadienoic acid (9- and 13-HODE)

are activators of PPARg [39,40] that is involved in the

differentiation of several cell types including adipocytes,

monocytes and macrophages [14]. Furthermore, 9- and

13-HODE were found to activate PPARa in human primary

endothelial cells in transient transfection experiments [41].

To our knowledge, 13-HPODE has not been described as a

ligand of PPARs in liver cells. The implication of

13-HPODE in the pathogenesis of atherosclerosis has been

reported. It increased the expression of cell adhesion

molecules and inflammatory chemokines in vascular

smooth muscle cells via activation of nuclear factor-kappa
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B [42,43]. Furthermore, 13-HPODE activated NAD(P)H

oxidases in smooth muscle cells [44] and affected NO

synthase activity in endothelial cells and macrophages

[45,46]. Considering these literature data on PPAR activa-

tion by structurally related compounds, we suggest that the

observed induction of PPARa downstream genes in Fao

cells is the result of a direct activation of PPARa by

13-HPODE. Nevertheless, we cannot exclude the possibil-

ity that PPARa was not directly activated by 13-HPODE,

but by another compound that has been intermediately

formed from 13-HPODE.

In our experiments, linoleic acid at the highest concen-

tration of 50 AM also slightly enhanced ACO and Cyp4A1

mRNAs in Fao cells, but the effect of 13-HPODE at the

same concentration on PPARa downstream genes was much

stronger than that of its nonoxidized form (Fig. 1). Linoleic

acid is known to bind all PPAR subtypes at micromolar

concentrations, but with the highest affinity to PPARa [47].

Thus, we can conclude that 13-HPODE is a more potent

activator of PPARa than its precursor. Analogously,

8(S)-HETE has a 50-fold higher affinity for Xenopus laevis

PPARa than its precursor, arachidonic acid [34].

As mentioned above, feeding of rats with oxidized fats

did also suppress the expression of lipogenic enzymes like

FAS in the liver [6]. The SREBP family of transcription

factors plays a key role in the regulation of lipogenic

enzymes and cholesterol synthesis [48,49]. SREBP-1 has

emerged as a regulator of fatty acid and triglyceride

synthesis, whereas SREBP-2 regulates cholesterol synthesis

[49]. At the highest 13-HPODE concentration used, we

observed a small but significant increase of SREBP-1c and

SREBP-2 mRNA concentration in Fao cells. Increase of

SREBP-1c and SREBP-2 after fibrate treatment was

observed in rats and mice and was abolished in PPARa

null mice [50–52]. Possibly, the depletion of fatty acids due

to stimulation of h-oxidation by fibrates causes an increase

in SREBP-1c, which is required for stimulating fatty acid

synthesis [52]. Nevertheless, the level of FAS mRNA,

which is regulated by SREBP-1c, was not changed in

our experiments.

To assess the impact of the observed effect of PPARa

activation by 13-HPODE in human cells, we further

examined the influence of 13-HPODE on human hepatoma

HepG2 cells. In contrast to Fao cells, no induction of

PPARa downstream genes was observed after stimulating

HepG2 cells for 6 h with 13-HPODE. Only HMGCoAS2

mRNA was slightly enhanced after 6 h incubation at the

highest 13-HPODE concentration used. HMGCoAS2 is the

main enzyme involved in ketone body formation and is

directly controlled by PPARa [53]. Also, longer incubation

times (24 h) did not result in changes of the mRNA levels of

the examined genes. Furthermore, no change of SREBP-1

and SREBP-2 mRNA levels was observed after 13-HPODE

treatment in contrast to Fao cells. It is well established that

species-specific differences exist in PPARa function

(reviewed in Ref. [21]). Mediated by PPARa, fibrates
and other peroxisome proliferators cause hypolipidemic,

peroxisome proliferation and liver carcinogenic effects

[13,14,35]. Rats and mice are extremely responsive to these

effects, whereas humans are resistant to the proliferative and

carcinogenic effects of these drugs, but the hypolipidemic

effect still manifests [21,29]. There is no conclusive

evidence that humans are not responsive to peroxisome

proliferation. Only few studies exist demonstrating a weak

induction of the peroxisome proliferation marker enzyme

ACO by fibrates and other peroxisome proliferators in

HepG2 cells [22,54,55]. Most studies revealed that ACO

expression is not induced in HepG2 cells and human

hepatocytes after treatment with these substances

[20,23,27,28,56]. On the other hand, genes encoding

enzymes that catalyze branch points or rate-limiting steps

in the utilization of fatty acids for ketone body formation,

the long chain fatty acyl-CoA synthetase, CPT1A and

HMGCoAS2, are responsive to PPARa activation in HepG2

cells and human hepatocytes [23,27,28]. Controversial data

exist on PPARa-mediated activation of D9-desaturase, a key

enzyme in fatty acid biosynthesis, in HepG2 cells by fibrates

[28,55]. D9-desaturase gene itself is regulated by PPARa in

rodents [57]. Considering the much more potent action of

fibrates on PPARa compared to fatty acids [34], the lack

of effects of 13-HPODE on PPARa downstream genes of

HepG2 cells is consistent with previous reports and reflects

the known species-specific differences of peroxisome

proliferators action.

In summary, we present indirect evidence that

13-HPODE, the primary lipid peroxidation product of

linoleic acid, activates PPARa in rat hepatoma Fao cells.

Thus, 13-HPODE might be one of the components that are

responsible for the observed PPARa-activating effect of

oxidized fats in rat liver. In contrast, HepG2 cells did not

respond to a stimulation with 13-HPODE indicating that

also the effect of oxidized fats in humans may be different

from that observed in rats.
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