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Bettina Konig ", Alexander Koch, Julia Spielmann, Christian Hilgenfeld,

Gabriele 1. Stangl, Klaus Eder

Institute of Agricultural and Nutritional Sciences, Martin-Luther-University Halle-Wittenberg, D-06108 Halle (Saale), Germany

ARTICLE INFO

ABSTRACT

Article history:
Received 20 September 2006
Accepted 26 October 2006

Keywords:

Peroxisome proliferator-activated
receptor (PPAR)-a

Cholesterol

Sterol regulatory element binding
protein (SREBP)-2

Insulin-induced gene (Insig)
HMG-CoA reductase

LDL receptor

To elucidate the mechanisms underlying the cholesterol lowering effects of PPAR« agonists
we investigated key regulators of cholesterol synthesis and uptake in rats and in the rat
hepatoma cell line Fao after treatment with the PPARa agonists clofibrate and WY 14,643,
respectively. In rat liver as well as in Fao cells, PPARa activation led to a decrease of
transcriptionally active nuclear SREBP-2. mRNA concentrations of the key regulators of
SREBP processing, Insig-1 in rat liver and Insig-1 and Insig-2a in Fao cells, were increased
upon PPARa activation. Thus we suggest, that the observed reduction of the amount of
nuclear SREBP-2 was due to an inhibition of the processing of the precursor protein. Both, in
rat liver and in Fao cells, mRNA concentrations of the SREBP-2 target genes HMG-CoA
reductase (EC1.1.1.34) and LDL receptor were reduced after treatment with the PPAR«
agonists. Furthermore, treatment of Fao cells with WY 14,643 reduced cholesterol synthesis.
As a result, the amount of total cholesterol in liver, plasma and lipoproteins of clofibrate
treated rats and in WY 14,643 treated Fao cells was decreased compared to control animals
and cells, respectively. In conclusion, we could show a novel link between PPARa and
cholesterol metabolism by demonstrating that PPARa activation lowers cholesterol con-
centration by reducing the abundance of nuclear SREBP-2.

© 2006 Published by Elsevier Inc.

1. Introduction

isoform in adult liver, preferentially activates genes required
for fatty acid synthesis and their incorporation into triacyl-

In animal cells, lipid homeostasis is maintained by a feedback
mechanism that regulates the transcription of genes involved
in lipid synthesis and uptake. Transcription factors that
regulate the coordinated expression of these genes are the
family of sterol regulatory element binding proteins (SREBPs)
[1]. Three isoforms of SREBP are known in mammals, SREBP-
la, SREBP-1c and SREBP-2. While SREBP-1c, the predominant

glycerols and phospholipids, SREBP-2 preferentially activates
the low density lipoprotein (LDL) receptor gene and various
genes required for cholesterol synthesis such as 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) reductase (EC1.1.1.34) [2].
SREBP-1a is an activator of both, the cholesterol and fatty
acid biosynthetic pathway, but it is present in much lower
amounts in liver than the other two forms [3]. SREBPs are

* Corresponding author at: Institut fiir Agrar- und Erndhrungswissenschaften, Martin-Luther-Universitit Halle-Wittenberg, Emil-Abder-
halden-Str. 26, D-06108 Halle (Saale), Germany. Tel.: +49 345 5522746; fax: +49 345 5527124.

E-mail address: bettina.koenig@landw.uni-halle.de (B. Konig).

Abbreviations: ACO, acyl-CoA oxidase; Cyp, cytochrome P450; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HDL, high density
lipoprotein; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; Insig, insulin-induced gene; LDL, low density lipoprotein; PPAR, peroxisome
proliferator-activated receptor; SCAP, SREBP cleavage activating protein; SREBP, sterol regulatory element binding protein; VLDL, very low

density lipoprotein
0006-2952/$ - see front matter © 2006 Published by Elsevier Inc.
doi:10.1016/j.bcp.2006.10.027


mailto:bettina.koenig@landw.uni-halle.de
http://dx.doi.org/10.1016/j.bcp.2006.10.027

BIOCHEMICAL PHARMACOLOGY 73 (2007) 574-585 575

synthesized as 120-kDa integral membrane proteins of the
endoplasmic reticulum and form a complex with SREBP
cleavage activating protein (SCAP). When sterol concentra-
tions in cells are high, the SCAP/SREBP complex is retained in
the ER. When cells are depleted of sterols, SCAP escorts SREBP
to the Golgi for proteolytic processing. In the Golgi, sequential
cleavages occur, releasing the mature N-terminal domain of
SREBP that then translocates to the nucleus and activates
transcription of sterol regulatory element-containing genes
[2,4,5].

Retention of the SCAP/SREBP complex in the ER is
mediated by sterol-dependent binding of the complex to
one of two ER retention proteins designated insulin-induced
gene (Insig)-1 and -2 [6,7]. Insig-1 and Insig-2 are integral
membrane proteins that are expressed in most tissues with
especially high expression in the liver [6,7]. Insig-1 differs
from Insig-2 in its requirement of nuclear SREBPs for its
expression providing a feedback mechanism for lipid home-
ostasis [7]. Furthermore, Insig-1but notInsig-2 is able to cause
ER retention of the SCAP/SREBP complex in the absence of
sterols at high expression levels [7]. Unlike Insig-1, Insig-2a,
the liver-specific isoform of Insig-2, is suppressed by insulin
and induced by fasting [8]. Recently it has been shown that
activation of the peroxisome proliferator-activated receptor
(PPAR)-vy by rosiglitazone induced the expression of Insig-1in
white adipose tissue via a PPAR response element in the
promoter region of Insig-1 [9].

PPAR are transcription factors belonging to the superfamily
of nuclear receptors that can be activated by fatty acids and
their metabolic derivatives. They are implicated in the
regulation of lipid and lipoprotein metabolism, glucose
homeostasis, cellular differentiation, cancer development as
well as in the control of the inflammatory response [reviewed
in 10-12]. There are three PPAR isotypes, PPAR«, PPARB/S and
PPARy, all of which regulate the expression of target genes by
binding to DNA sequence elements as heterodimers with the
9-cis retinoic acid receptor after activation [13]. PPARa is
highly expressed in tissues with high fatty acid oxidation, in
which it controls a comprehensive set of genes that regulate
most aspects of lipid catabolism [14]. Furthermore, the action
of fibrates, a class of hypolipidemic drugs, on lipid metabolism
is mediated by the activation of PPAR« [15].

Both, natural and synthetic ligands of PPARa are known to
lower the plasma and liver cholesterol concentrations in man
and animals [16-19]. Mice in which the PPARa gene has been
disrupted (PPARa-null (KO) mice) are hypercholesterolemic
[20] and show a dysregulation in the hepatic expression of
HMG-CoA reductase during the diurnal variation of choles-
terogenesis [21]. Also other studies suggested an involve-
ment of PPARa in the regulation of cholesterol synthesis;
however, both, stimulatory and inhibitory effects of fibrates
on hepatic HMG-CoA reductase and cholesterol synthesis in
rats have been reported depending on fibrates and model
used [22-24].

The objective of the present study was to further evaluate
the mechanisms underlying the cholesterol lowering effects
of PPARa activationinratliver. Therefore we treated rats with
the PPARa agonist clofibrate. Based on their central role in the
regulation of the cholesterol metabolism, we focused on
effects of PPARa activation on the gene expression and

nuclear concentration of SREBP-2 and on the gene expression
of Insig-1 and Insig-2a as key regulators of SREBP-2 activity.
Furthermore, we analyzed the expression of SREBP-2 target
genes HMG-CoA reductase and LDL receptor. To verify the
obtained results, we used the Fao cell model which is
commonly used to study the effects of PPARa agonists on
hepatic lipid metabolism in vitro [25-27]. We examined the
influence of WY 14,643, another PPARa agonist with high
specificity [28], on Insigs, SREBP-2 and its target genes and on
cholesterol synthesis in Fao cells.

2. Material and methods
2.1. Materials

WY 14,643, DMSO, MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-
diphenyltetrazolium bromide; Thiazol blue), TRIZOL™
reagent, SYBR® Green I, protease inhibitor mix and the anti-
rabbit-IgG peroxidase conjugate antibody were purchased
from Sigma-Aldrich (Steinheim, Germany). Ethyl 2-(4-chlor-
ophenoxy)-2-methylpropionate (clofibrate) was obtained from
Fluka Chemie GmbH (Buchs, Switzerland). Rat hepatoma Fao
cell line was purchased from ECACC (Salisbury, UK). F-12
Nutrient Mixture (Ham), gentamycin and fetal calf serum (FCS)
were obtained from Invitrogen (Karlsruhe, Germany). Reverse
transcriptase was supplied by MBI Fermentas (St. Leon-Rot,
Germany), and Taq polymerase by Promega (Mannheim,
Germany). Bicinchoninic acid assay reagent was a product
of Interchim (Montfucon, France). The nitrocellulose blotting
membrane was from Pall (Pensacola, FL, USA), and the ECL-
reagent kit from GE Healthcare (Miinchen, Germany). The anti-
SREBP-2 antibody (rabbit polyclonal IgG) was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and the anti-g-Actin
antibody (rabbit polyclonal IgG) was purchased from Abcam
Ltd. (Cambridge, UK). Autoradiography film for Western blot
analysis (Agfa Cronex) was from Roentgen Bender (Baden-
Baden, Germany). Male Sprague-Dawley rats were supplied by
Charles River (Sulzfeld, Germany). Radioactive [1,2-*C] acet-
ate (specific activity 110 mCi/mmol) was from Hartmann
Analytic (Braunschweig, Germany), and TLC sheets (Si 60
aluminium sheets) were from VWR International (Darmstadt,
Germany).

2.2. Cell culture

Fao rat hepatoma cells were cultured in Ham-F12 medium
supplemented with 10% FCS and 0.05 mg/ml gentamycin. Cells
were maintained at 37 °C in a humidified atmosphere of 95%
air and 5% CO,. For experiments, Fao cells were seeded in 24-
or 6-well culture plates at a density of 2.1 x 10° and
1.05 x 10° cells, respectively, per well and used prior reaching
confluence (usually 3 days after seeding). Experiments were
carried out in low-serum medium (0.5% FCS) as commonly
used for PPAR« activation studies with several agonists since
PPARa activation is more pronounced under these conditions
[29-31]. Furthermore, expression of SREBP-2 target genes is
upregulated compared to full-serum medium [32]. The cells
were preincubated with low-serum medium for 16 h and then
stimulated for 6 and 24 h with WY 14,643. WY 14,643 was
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added to the low-serum medium from a stock solution in
DMSO. Final DMSO concentration did not exceed 0.1% (v/v).
Cells treated with the appropriate vehicle concentration were
used as a control. Cell viability of Fao cells was not reduced by
24h incubation with WY 14,643 up to a concentration of
100 pM as demonstrated by the MTT assay ([33]; data not
shown).

2.3.  Animals, diets and sample collection

Male Sprague-Dawley rats, with an average initial body weight
of 366 g (+28; S.D.), were randomly assigned to two groups
(n=28) and kept individually in Macrolon cages in a room
controlled for temperature (22 + 2 °C), relative humidity (50-
60%) and light (12h light/dark cycle). All experimental
procedures described followed established guidelines for the
care and handling of laboratory animals and were approved by
the council of Saxony-Anhalt. The animals were treated with
250 mg/kg of clofibrate in 1 ml sunflower oil or with an equal
volume of the vehicle sunflower oil by gavage once a day 2 h
after beginning of the light cycle. All rats were fed a
commercial standard basal diet (“altromin 1324”, Altromin
GmbH, Lage, Germany). To standardize food intake, the diets
were fed daily in restricted amounts of 18 g per day. Water was
available ad libitum from nipple drinkers during the whole
experiment. At day 4 of treatment, animals received the last
dose of clofibrate or vehicle alone and 9 g of the diet and were
killed 4 h later by decapitation under light anaesthesia with
diethyl ether. Rats were non-fasted before killing because food
deprivation before killing leads to a significant down regula-
tion of the genes involved in cholesterol metabolism to be
considered in this study [34]. Blood was collected into
heparinized polyethylene tubes. The liver was excised. Plasma
was obtained by centrifugation of the blood (1100 x g, 10 min,
4 °C) and stored at —20 °C. Liver samples for RNA isolation and
lipid extraction were snap-frozen in liquid nitrogen and stored
at —80 °C.

2.4. RT-PCR analysis

Total RNA was isolated from Fao cells after the incubation in
24-well plates and rat livers, respectively, by TRIZOL™
reagent according to the manufacturer's protocol. cDNA
synthesis was carried out as described [31]. The mRNA
expression of genes was measured by real-time detection PCR
using SYBR™ Green . Real-time detection PCR was performed
with 1.25 U Taq DNA polymerase, 500 uM dNTPs and
26.7 pmol of the specific primers (Operon Biotechnologies,
Cologne, Germany; Table 1). For determination of mRNA
concentration a threshold cycle (C;) was obtained from each
amplification curve using the software RotorGene 4.6 (Corbett
Research, Australia). Calculation of the relative mRNA
concentration was made using the AAC; method as previously
described [35]. The housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; EC1.2.1.12) was used for
normalization.

2.5. Immunoblot analysis

Whole cell extracts of Fao cells were prepared by lysis in
20 mM Tris, 150 mM NaCl, 0.1% Triton X-100, 1% protease
inhibitor mix, pH 7.5, after the incubation in six-well-plates.
The protein content was determined by the bicinchoninic acid
assay. Nuclear extracts of rat livers were prepared from fresh
tissue samples (150 mg) according to Woo et al. [36] and equal
amounts of proteins were pooled from four rats per treatment
group. Thirty to fifty micrograms of Fao cell proteins and
100 pg of pooled rat liver nuclear extracts, respectively, were
separated on 10% sodium dodecylsulfate acrylamide gel
electrophoresis according to the method of Laemmli et al.
[37] and electrotransferred to a nitrocellulose membrane.
After blockingin 50 mM Tris, 150 mM NacCl, 0.2% Tween-20, pH
7.5, containing 3% nonfat dry milk, bands corresponding to
nuclear SREBP-2 (for Fao cell and rat liver samples) and B-Actin
(for Fao cell samples, as a loading control) were visualized with

Table 1 - Characteristics of the specific primers used for RT-PCR analysis

Gene Forward and reverse primers bp Annealing temperature NCBI GenBank
ACO 5 CTTTCTTGCTTGCCTTCCTTCTCC 3

5" GCCGTTTCACCGCCTCGTA 3’ 415 60 °C NMO017340
Cyp4A1l 5" CAGAATGGAGAATGGGGACAGC 3’

5" TGAGAAGGGCAGGAATGAGTGG 3’ 460 65 °C NM175837
GAPDH 5" GCATGGCCTTCCGTGTTCC 3'

5 GGGTGGTCCAGGGTTTCTTACTC 3’ 337 60 °C BC059110
HMG-CoA reductase 5" AAGGGGCGTGCAAAGACAATC 3’

5 ATACGGCACGGAAAGAACCATAGT 3’ 406 57°C BC064654
Insig-1 5" ATTTGGCGTGGTCCTGGCTCTGG 3’

5" GCGTGGCTAGGAAGGCGATGGTG 3’ 389 62 °C NM022392
Insig-2a 5" GACGGATGTGTTGAAGGATTTCT 3'

5" TGGACTGAAGCAGACCAATGTC 3’ 83 59 °C AY156086
LDL receptor 5" AGAACTGCGGGGCCGAAGACAC 3

5" AAACCGCTGGGACATAGGCACTCA 3 490 65 °C NM175762
SREBP-2 5" ATCCGCCCACACTCACGCTCCTC 3’

5" GGCCGCATCCCTCGCACTG 3’ 312 65 °C BC101902
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enhanced chemiluminescence reagents and exposed to
autoradiography film. Films were analyzed with the Gel-Pro
Analyzer software (Intas, Upland, CA, USA).

2.6. Determination of triacylglycerol and cholesterol
concentrations in Fao cells, liver, plasma and lipoproteins

Lipid extraction from Fao cells after 24 h of incubation with
100 uM of WY 14,643 or vehicle alone and measurement of
cellular and secreted triacylglycerols and cellular cholesterol
was carried out as described [31]. Rat liver lipids were
extracted using a mixture of n-hexane and isopropanol (3:2,
v/v) [38]. Aliquots of the lipid extracts were dried and dissolved
in a small volume of Triton X-100 [39]. Plasma lipoproteins
were separated by stepwise ultracentrifugation (900,000 x g,
1.5h, 4°C; very low density lipoproteins (VLDL) + chylomi-
crons: § < 1.006 g/ml; LDL: 1.006 <§ < 1.063 g/ml; high density
lipoproteins (HDL): § > 1.063 g/ml) using a Micro-Ultracentri-
fuge (Sorvall Products, Bad Homburg, Germany).

Concentrations of total cholesterol and triacylglycerols
were determined using an enzymatic reagent kit (Ecoline S+,
Merck, Darmstadt, Germany).

2.7. Determination of cholesterol synthesis

After a pre-incubation of 22h at 37 °C, 5% CO, with the
different concentrations of WY 14,643, 0.2 uCi [1,2-'*C]acet-
ate (specific activity 110 mCi/mmol) were added in order to
measure the newly synthesized cholesterol [40,41]. Cells
were further incubated for 2h at 37°C, 5% CO,. After
incubation the cells were washed twice with cold PBS. The
lipids were extracted twice with a mixture of hexane and
isopropanol (3:2, v/v) [38]. After removing the solvents in a
vacuum centrifugal evaporator the lipids were dissolved in
80 pl chloroform, 4 pL of which were applied to 10 x 20 cm?
TLC using a TLC spotter PS01 (Desaga, Heidelberg, Germany).
Plates were developed with a mixture of hexane, diethyl
ether and acetic acid (80:20:3, v/v/v) [42]. Lipid-bound radio-
activity was detected and quantified by autoradiography (Fuji
imager system, Tina 2 software, Raytest, Straubenhart,
Germany).

2.8. Statistical analysis

Treatment effects were analyzed by one-way ANOVA using
the Minitab Statistical Software (Minitab, State College, PA,
USA). In the cell culture experiments, means of the four
treatments were compared by Fisher’s multiple range test if
the F value was significant (P < 0.05). Differences with P < 0.05
were considered to be significant.

3. Results
3.1.  Activation of PPAR« in rat liver and Fao cells

We treated male Sprague-Dawley rats with the PPARa agonist
clofibrate for 4 days. Animals were killed 4 h after the last dose
of clofibrate and typical characteristics of PPARa activation
were analyzed. Treatment with clofibrate led to an increase in
the relative liver masses of the rats of about 22% compared to
control animals (P < 0.001; Table 2). Rats treated with the
PPARa agonist had higher mRNA concentrations of the PPARa
downstream genes acyl-CoA oxidase (ACO; EC1.3.3.6) and
cytochrome P450 (Cyp) 4A1 (EC1.14.15.3) of about 9- and 18-
fold, respectively, in their livers compared to control animals
(P < 0.001; Fig. 1). Furthermore, the triacylglycerol concentra-
tions of the livers of rats treated with clofibrate were about 40%
lower than those of control rats (P < 0.05; Table 2). The
concentrations of triacylglycerols in plasma and VLDL + chy-
lomicrons were also reduced about 59 and 81%, respectively, in
clofibrate treated rats compared to control animals (P < 0.001).

Next, we incubated rat hepatoma Fao cells with increasing
amounts of the PPARa agonist WY 14,643 for 6 and 24 h.
Incubation of Fao cells with WY 14,643 for 6 and 24 h,
respectively, led to a significant increase of the mRNA
concentration of ACO and Cyp4Al (P < 0.05; Fig. 2). Increase
of ACO mRNA concentration by incubation of Fao cells with
WY 14,643 was more pronounced after 6 h compared to 24 h
treatment, whereas Cyp4A1 mRNA increased more after 24 h
than after 6 h treatment, compared to control cells. Further-
more, we analyzed the influence of the PPAR« agonist on the
concentration of cellular and secreted triacylglycerols in Fao

Table 2 - Relative liver mass and triacylglycerol and cholesterol concentrations in liver, plasma and lipoproteins of rats

treated with clofibrate compared to control rats

Control Clofibrate

Relative liver mass (g/kg body mass) 35.7 £2.7 457 +31"
Triacylglycerols

Liver (wmol/g) 32.43+7.26 19.75 + 4.85

Plasma (mM) 0.92 +0.19 0.38 +0.13"

VLDL + chylomicrons (mM) 0.74 +0.17 0.14 +0.03"
Total cholesterol

Liver (umol/g) 14.92 £2.50 12.85 + 3.54°

Plasma (mM) 1.60 + 0.34 0.49+0.117

VLDL + chylomicrons (mM) 0.09 + 0.03 0.01+0.00"

LDL (mM) 0.41+0.12 0.12 +0.02"

HDL (mM) 0.92 +0.20 0.20+0.05"

Values are means + S.D. (n = 8). The asterisks indicate significant differences from control animals (P < 0.05; “P < 0.001).
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Fig. 1 - Effect of the PPAR«a agonist clofibrate on the mRNA
concentration of PPARx downstream genes ACO and
Cyp4A1 in rat liver. Rats were treated orally with 250 mg/
kg of clofibrate for 4 days. Control animals obtained the
appropriate volume of the vehicle sun flower oil. Total
RNA was extracted from rat livers and relative mRNA
concentrations were determined by realtime detection RT-
PCR analysis using GAPDH mRNA concentration for
normalization. Values are means + S.D. (n = 8).
“Significantly different from control animals, P < 0.001.

cells. The concentrations of cellular triacylglycerols of Fao
cells incubated with WY 14,643 for 24 h was about 13% lower
compared to control cells treated with vehicle alone [control:
41.3 + 0.9 nmol mg cell protein™!, 100 uM WY 14,643: 35.8
+ 4.4 nmol-mg cell protein?; means + S.D.
(n=3); P <0.05]. The amount of secreted triacylglycerols in
VLDL was measured in the culture medium after incubation.
Cells incubated with WY 14,643 for 24 h secreted about 24%
less triacylglycerols than control cells [control: 411 + 30
nmol-mg cell protein~* 24 h=?, 100 pM WY 14,643: 313 £ 41
nmolmg cell protein™* 24h™"; values are means+S.D.
(n=3); P <0.05].

values are

3.2. Influence of PPARa agonists on Insig-1, Insig-2a and
SREBP-2 in rat liver and Fao cells

To study the influence of PPAR« activation on key regulators of
cholesterol synthesis and uptake, we analyzed the mRNA
concentrations of Insig-1, Insig-2a and SREBP-2. Furthermore,
we determined the amount of the nuclear form of SREBP-2 by
Western-blotting. In rats treated with clofibrate, the relative
mRNA concentration of Insig-1 in the liver was about 80%
higher than in control animals (P < 0.05; Fig. 3A), whereas the
mRNA concentration of Insig-2a, the liver specific transcript of
the Insig-2 gene, was about 80% lower in the liver of clofibrate
treated rats than in control rats (P <0.001; Fig. 3A). The
concentration of SREBP-2 mRNA in the liver of rats treated
with the PPARa agonist was about 40% lower than that of
control rats (P <0.05; Fig. 3A). To analyze the amount of
nuclear SREBP-2, we isolated the nuclear fractions of livers of
the rats. The relative protein level of the mature SREBP-2 in the
livers of rats treated with clofibrate was about 70% lower than
in control animals (P < 0.05; Fig. 3B and C).

Treatment of Fao cells with WY 14,643 for 6 h led to a
significant and concentration dependent increase of Insig-1
mRNA concentration compared to control cells, and this effect
was abolished after 24 h of treatment (Fig. 4A). At the highest
concentration of WY 14,643 used, Insig-1 mRNA concentration
was about 80% higher than that of control cells after 6 h of
incubation (P < 0.05). Likewise, incubation of Fao cells with
100 uM WY 14,643 for 6 h increased the mRNA concentration
of Insig-2a about 50% compared to control cells (P < 0.05). After
24 h of incubation, Insig-2a mRNA concentration in WY 14,643
treated cells still tended to be higher (about 20%, P < 0.10) than
in control cells (Fig. 4A). SREBP-2 mRNA concentration was
unchanged in cells incubated with WY 14,643 for 6 h, whereas
it was about 20% lower after 24 h of treatment with all WY
14,643 concentrations used compared to control cells (P < 0.05;
Fig. 4A). Western blot analysis of whole Fao cell lysates
revealed that the relative protein concentration of the mature
SREBP-2 after treatment of Fao cells with 100 uM of WY 14,643

204
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Fig. 2 - Effect of the PPARa agonist WY 14,643 on the mRNA concentration of PPARa downstream genes ACO and Cyp4A1 in
Fao cells. Fao cells were grown in culture medium until subconfluent state. Medium was then changed to low-serum
medium (0.5% fetal calf serum). After 16 h preincubation in this medium, cells were incubated with increasing
concentrations of the PPAR«x agonist WY 14,643 from 25 to 100 M for 6 and 24 h, respectively. Control cells were incubated
with low-serum medium containing vehicle alone. Total RNA was extracted from cells and relative mRNA concentrations
were determined by real time detection RT-PCR analysis using GAPDH mRNA concentration for normalization. Values are
means =* S.D. (n = 3). Bars without the same superscript letter are significantly different, P < 0.05. Small letters (a and b)
denote differences in 6 h incubation, capital letters (A and B) denote differences in 24 h incubation.
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Fig. 3 - Effect of clofibrate treatment on Insig-1, Insig-2a
and SREBP-2 in rat liver. Rats were treated orally with
250 mg/kg of clofibrate for 4 days. Control animals
obtained the appropriate volume of the vehicle sun flower
oil. (A) Total RNA was extracted from rat livers and Insig-1,
Insig-2a and SREBP-2 mRNA concentrations were
determined by real time detection RT-PCR analysis using
GAPDH mRNA concentration for normalization. Values are
means =* S.D. (n = 8). (B) Liver nuclear extracts of four
animals per group were pooled and 100 pg of the samples
were separated by 10% SDS-PAGE and immunoblotted
with anti-SREBP-2 antibodies. (C) Relative intensity of the
bands in (B) was quantified by densitometry. The asterisks
indicate significant differences from control animals

(P <0.05; “P < 0.001).

for 6 h was not different from that of the control cells (Fig. 4B
and C). After 24 h of treatment, mature SREBP-2 concentration
was about 35% lower compared to untreated cells (P < 0.05).

3.3. Influence of PPAR« agonists on the mRNA
concentration of HMG-CoA reductase and LDL receptor in rat
liver and Fao cells

We analyzed the effect of PPARa agonists on the expression of
SREBP-2 target genes involved in cholesterol synthesis and
uptake. In rats treated with clofibrate, the relative mRNA
concentration of HMG-CoA reductase in the liver was about
40% lower than in control animals (P < 0.05; Fig. 5). Further-
more, treatment of rats with the PPARa agonist led to a

reduction of LDL receptor mRNA concentration about 27%
compared to control rats (P < 0.05; Fig. 5).

The level of HMG-CoA reductase mRNA in Fao cells after
treatment with different concentrations of WY 14,643 for 6 h
was not changed compared to control cells. Incubation of Fao
cells with WY 14,643 for 24 h led to a reduction of HMG-CoA
reductase mRNA concentration about 38, 35 and 24% at 25, 50
and 100 pM WY 14,643, respectively, compared to untreated
cells (P < 0.05; Fig. 6). LDL receptor mRNA concentration was
unchanged in cells incubated with WY 14,643 for 6 h compared
to control cells. After 24 h treatment, LDL receptor mRNA
concentration was about 30, 35 and 33% lower in Fao cells
incubated with 25, 50 and 100 puM WY 14,643, respectively,
than in untreated cells (P < 0.05; Fig. 6).

3.4. Effect of PPAR« agonists on cholesterol concentration
in liver, plasma and lipoproteins of rats and on cholesterol
concentration and synthesis in Fao cells

PPARa activation in rats by clofibrate reduced the amount of
total cholesterol in ratliver about 14% compared to control rats
(P < 0.05; Table 2). Also, the cholesterol concentration of the
plasma of clofibrate treated rats was about 69% lower than
that of untreated animals (P < 0.001). The amount of total
cholesterol in VLDL + chylomicrons, LDL and HDL was
decreased about 89, 70 and 78%, respectively, by treatment
of rats with the PPARa agonist (P < 0.001; Table 2).

In Fao cells treated with 100 uM WY 14,643 for 24 h, the
concentration of cellular cholesterol was about 16% lower
compared to control cells incubated with vehicle alone [control:
21.9 + 1.5 nmol-mg cell protein~?, 100 uM WY 14,643: 18.4 +
3.1 nmol-mg cell protein~?; values are means+ S.D. (n=3);
P < 0.05]. Furthermore, cholesterol synthesis was significantly
lower about 27, 25 and 44% in Fao cells incubated with 25, 50 and
100 M WY 14,643, respectively, for 24 h compared to control
cells (P < 0.05; Fig. 7).

4, Discussion

The cholesterol concentration in mammalian cells is tightly
controlled by a feedback mechanism involving Insigs, SCAP
and SREBPs [43]. The aim of this study was to elucidate the
mechanism by which PPARa ligands influence cholesterol
synthesis and uptake in rat liver. For that, we first examined
the effect of clofibrate treatment on the cholesterol metabo-
lism of rats. Clofibrate is known to be a hypolipidemic drug and
its plasma triacylglycerol and cholesterol lowering effects are
well reported [18]. Treatment of rats with clofibrate for 4 days
led to a strong PPARa activation as indicated by an upregula-
tion of the PPARa target genes ACO and Cyp4A1l and increased
relative liver weights which are due to the induced peroxisome
proliferation [44,45]. Both, ACO and Cyp4A1 are typical PPAR«
downstream genes and are considered as marker genes for
PPARa activation [46,47]. The increased expression of these
genes involved in fatty acid B-oxidation is one of the
mechanisms underlying the hypotriglyceridemic effect upon
PPARa activation. Others are increased hydrolysis of plasma
triglycerides, stimulation of cellular fatty acid uptake,
decreased synthesis of fatty acids and triglycerides and
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Fig. 4 - Effect of WY 14,643 on Insig-1, Insig-2a and SREBP-2 in Fao cells. Fao cells were grown in culture medium until
subconfluent state. Medium was then changed to low-serum medium (0.5% fetal calf serum). After 16 h preincubation in
this medium, cells were incubated with increasing concentrations of the PPAR« agonist WY 14,643 from 25 to 100 pM for 6
and 24 h, respectively. Control cells were incubated with low-serum medium containing vehicle alone. (A) Total RNA was
extracted from cells and Insig-1, Insig-2a and SREBP-2 mRNA concentrations were determined by realtime detection RT-
PCR analysis using GAPDH mRNA concentration for normalization. (B) After cell lysis, equal amounts of proteins were
separated by 10% SDS-PAGE and immunoblotted with anti-SREBP-2 and anti-B-Actin antibodies. Representative
immunoblots after 6 and 24 h incubation of Fao cells with or without 100 pM WY 14,643 are shown. (C) Relative intensity of
the bands in (B) was quantified by densitometry using p-Actin-specific band as loading control. Values are means + S.D.
(n = 3). Bars without the same superscript letter (a—c) are significantly different, P < 0.05. ‘Significantly different from control

cells (P < 0.05).

decreased production of VLDL [15]. Indeed, rats treated with
the PPAR« agonist had markedly reduced triacylglycerol levels
in liver, plasma and VLDL + chylomicrons. Second, to verify
the results obtained in the rat study we used an in vitro model
and the PPARa agonist WY 14,643. Compared to clofibrate, WY
14,643 is a more potent PPARa agonist and exhibits a more
strict PPAR subtype specificity [28,48] allowing us to assign the
observed effects actually to an activation of PPAR«. Incubation
of the Fao cells with WY 14,643 for 6 and 24 h led to a strong

activation of PPARa as indicated by several fold increased
mRNA concentrations of ACO and Cyp4Al. Furthermore,
treatment of cells with WY 14,643 largely reduced the
concentration of intracellular and secreted triacylglycerols.
Next, we analyzed the effect of PPARa activation on key
regulators of cholesterol synthesis and uptake. Both, in the
liver of rats treated with clofibrate and in Fao cells treated with
WY 14,643 for 24 h, the amount of the transcriptionally active
form of SREBP-2 in the nucleus was reduced compared to
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RNA was extracted from rat livers and relative mRNA
concentrations were determined by realtime detection RT-
PCR analysis using GAPDH mRNA concentration for
normalization. Values are means *+ S.D. (n = 8).
‘Significantly different from control animals, P < 0.05.

control animals and cells, respectively. This can be due on the
one hand to a reduced transcription of the gene or reduced
stability of the transcript resulting in lowered mRNA con-
centrations and reduced availability of the SREBP-2 precursor
protein. However, also a reduced amount of nuclear SREBP-2
can lead to decreased mRNA concentrations of the SREBP-2
gene since SREBP-2 contains a sterol regulatory element in its
enhancer/promoter region and the nuclear form can activate
its own gene in an autoregulatory loop [49]. In the liver of
clofibrate treated rats, the mRNA concentration of SREBP-2
was reduced compared to control rats. In Fao cells, after 6 h of
incubation with WY 14,643 the mRNA concentration of SREBP-
2 was unchanged, whereas it was significantly reduced after

cholesterol synthesis
o (=] o [=] -
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b B
|
25 pm 50 pM
WY 14,643

control 100 pM

Fig. 7 - Effect of WY 14,643 on the relative cholesterol
synthesis rate in Fao cells. Cells were pre-incubated for
22 h with different concentrations of WY 14,643 or with
vehicle alone (control). Thereafter, cells were incubated for
further 2 h with or without the indicated concentrations of
WY 14,643 with addition of [1,2-'*C]acetate in order to
measure the newly synthesized cholesterol. Cellular lipids
were extracted with a mixture of hexane and isopropanol.
Lipids were separated by thin-layer chromatography and
lipid-bound radioactivity was detected and quantified by
autoradiography. Values are means =+ S.D. (n = 3). Bars
without the same superscript letter (a—c) are significantly
different, P < 0.05.

24 h of incubation compared to control cells. This observation
in Fao cells indicates, that a reduction of SREBP-2 mRNA did
not precede the decrease of its nuclear form and thus there
may be another reason for the observed reduction of nuclear
SREBP-2 upon PPARa activation.

The integral membrane proteins Insig-1 and -2 have been
previously identified as modulators of SREBP activity [6,7].
They anchor the SCAP/SREBP complex in the endoplasmic
reticulum in the presence of sterols. Overexpression of Insig-1
in the liver of transgenic mice inhibited processing of SREBPs
[50]. Inversely, reduction of both Insig mRNAs by RNA
interference or by mutational inactivation led to an increase
in nuclear SREBPs [51-53]. We could show that in the liver of
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Fig. 6 — Effect of WY 14,643 on the mRNA concentration of HMG-CoA reductase and LDL receptor in Fao cells. Fao cells were
grown in culture medium until subconfluent state. Medium was then changed to low-serum medium (0.5% fetal calf
serum). After 16 h preincubation in this medium, cells were incubated with increasing concentrations of the PPARa agonist
WY 14,643 from 25 to 100 pM for 6 and 24 h, respectively. Control cells were incubated with low-serum medium containing
vehicle alone. Total RNA was extracted from cells and relative mRNA concentrations were determined by real time
detection RT-PCR analysis using GAPDH mRNA concentration for normalization. Values are means * S.D. (n = 3). Bars
without the same superscript letter (a—c) are significantly different, P < 0.05.
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rats treated with clofibrate the mRNA concentration of Insig-1
was increased compared to control animals. Furthermore,
incubation of Fao cells with WY 14,643 for 6h led to a
significant and dose-dependent increase of the mRNA con-
centrations of Insig-1 and, to a lesser extent, of Insig-2a, the
liver-specific transcript of the Insig-2 gene. The induction of
Insig-1 mRNA concentration in WY 14,643 treated Fao cells
observed after 6 h of incubation was completely abolished
after 24 h. We suggest that this is due to a decline in Insig-1
transcription caused by reduced nuclear SREBP-2. The
transcription of Insig-1 requires nuclear SREBPs [7]. In contrast
to Insig-1, the expression of Insig-2 is not dependent on
nuclear SREBPs permitting feedback regulation of cholesterol
synthesis over a wide range of sterol concentrations by the
concerted action of both Insig-1 and Insig-2 [7]. The level of
Insig-2a mRNA after 24 h of incubation of the Fao cells with
WY 14,643 was not as high as after 6 h of incubation but tended
to be still elevated over control.

Taken together these data suggest that the reduced amount
of nuclear SREBP-2 upon PPARa activation in rat liver and Fao
cells, respectively, may be rather due to increased expression
of Insigs which retard SREBP-2 processing than to decreased
transcription of the SREBP-2 gene. Recently it was demon-
strated that Insig-1 is regulated by PPARy in white adipose
tissue of diabetic mice via a PPAR response element in its
promoter region [9]. In Fao cells, the increase of Insig-1 and -2a
mRNA concentrations was observed simultaneously with ACO
and Cyp4A1l induction after short term incubation of the Fao
cells with WY 14,643. Considering the existence of a PPAR
response element in the Insig-1 promotor one could speculate,
that the upregulation of Insig-1 and Insig-2a may be directly
mediated by PPARa. Further experiments are required to prove
this hypothesis.

In contrast to our results obtained with the Fao cell model,
PPARa activation in rats markedly reduced the mRNA
concentration of Insig-2a in the liver. The expression of
Insig-2a, the liver-specific transcript of Insig-2, is specifically
down-regulated by insulin [8]. It has been reported that
activation of PPARa improved insulin sensitivity in different
models of insulin resistance, probably by reducing lipid
accumulation in tissues due to increased fatty acid oxidation
and by down-regulation of a gene involved in insulin receptor
signalling in hepatocytes [54-57]. Thus we suggest that
improvement of insulin sensitivity in the liver of clofibrate
treated rats may account for the down-regulation of Insig-2a.
Nevertheless, the reduced expression of Insig-2a did not
interfere with the inhibition of SREBP-2 processing in
clofibrate treated rats, indicating that Insig-1 is more impor-
tant than Insig-2a in the regulation of SREBP-2 activity. Yabe
et al. [8] discussed a special role of Insig-2a in processing of
SREBP-1c in the liver of mice allowing the SREBP-1c to exit the
ER to stimulate fatty acid synthesis, even at elevated hepatic
cholesterol concentrations.

The reduced abundance of transcriptionally active SREBP-2
in the nucleus upon PPAR« activation in the livers of clofibrate
treated rats and in Fao cells after 24 h of incubation with WY
14,643 was mirrored by lowered mRNA concentrations of two
SREBP-2 target genes encoding proteins for cholesterol
synthesis and uptake. In clofibrate treated rats as well as in
Fao cells stimulated with WY 14,643 for 24 h, the mRNA

concentrations of both, HMG-CoA reductase and LDL receptor
were decreased compared to control animals and cells,
respectively. Furthermore, cholesterol synthesis rate in Fao
cells incubated with WY 14,643 for 24h was decreased
compared to control cells which is in agreement with the
reduced mRNA concentration of HMG-CoA reductase, the
rate-limiting enzyme of cholesterol synthesis, upon PPARa
activation.

In clofibrate treated rats, the reduced expression of genes
involved in cholesterol synthesis and uptake was reflected by
decreased concentrations of total cholesterol in the liver,
plasma and lipoproteins. A similar decline in serum choles-
terol levels associated with decreased HMG-CoA reductase
activity in liver microsomes was observed in rats fed 0.3%
clofibrate in the diet for 3-7 days [58]. Also in Fao cells, reduced
cholesterol synthesis and uptake resulted in a decrease of the
total cholesterol concentration after 24 h of incubation with
WY 14,643.

Thus, our data show for the first time that PPAR« activation
lowers the cholesterol concentration in rat liver, plasma and
lipoproteins and in Fao cells by reducing the amount of
nuclear SREBP-2 thereby decreasing cholesterol synthesis and
uptake. Further, our data indicate that this reduction of
nuclear SREBP-2 is mediated by increased expression of Insigs
(Fig. 8).

Several reports indicated an involvement of PPAR« in the
regulation of cholesterol synthesis in the liver. In wild-type
mice, an antiparallel relationship exists between the expression
of the PPARa gene and that of HMG-CoA reductase and LDL
receptor genes; in PPARa-null (KO) mice, the diurnal variation of
cholesterogenic gene expression was abolished [21]. These
observations are in agreement with our study that shows that
PPARa activation inhibits the expression of HMG-CoA reductase
and LDL receptor by reducing the amount of nuclear SREBP-2.

Clofibrate
WY 14,643 FhaRa
via Insigs (?)
pSREBP-2 nSREBP-2

|

HMG-CoA reductase |
LDL receptor |

cholesterol |

Fig. 8 - Schematic diagram of the proposed pathways
leading to decreased cholesterol synthesis and
concentration upon PPAR« activation. PPAR« activation by
clofibrate or WY 14,643 reduces the amount of nuclear
SREBP-2, probably via an upregulation of Insigs. In turn,
this leads to a decreased expression of SREBP-2 target
genes HMG-CoA reductase and LDL receptor implicated in
cholesterol synthesis and uptake and finally to reduced
cholesterol concentrations.
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Also other studies supported our results on the mechanism
underlying the cholesterol lowering effect of PPAR« agonists by
indicating that clofibrate inhibited HMG-CoA reductase activity
and decreased cholesterol synthesis in rats and in cultured
hepatocytes [22,24,58-60]. However, there are also few studies
which are in contrast to our results. The PPARa agonists
gemfibrozil and ciprofibrate upregulated cholesterol synthesis
and HMG-CoA reductase activity or mRNA concentration inrats
and in cultured hepatocytes [23,24,61]. WY 14,643 treatment of
wild-type mice resulted in a decreased rate of cholesterol
synthesis, whereas in PPARa-null (KO) mice cholesterol synth-
esis was unaffected by WY 14,643 treatment [62]. While this
reduction of cholesterol synthesis by PPARa is consistent with
our data, the authors found increased HMG-CoA reductase
mRNA levels in wild-type mice but not PPARa-null (KO) mice
treated with WY 14,643 [62]. The reasons for the conflicting
results concerning the effects of PPARa agonists on cholesterol
synthesis and HMG-CoA reductase are difficult to explain but
may depend on experimental conditions, species and type of
fibrate used. Furthermore, HMG-CoA reductase is regulated by a
complex feedback mechanism including transcriptional, trans-
lational and posttranslational levels and the sterol-dependent
ubiquitination and proteolytic degradation of the protein
mediated by Insigs [63,64]. Thus, measurements of HMG-CoA
reductase mRNA may not always reflect the actual activity of
the enzyme.

In conclusion, data from the rat experiment and the in vitro
study strongly suggest that PPARa activation lowers the
cholesterol concentration by reducing the abundance of
nuclear SREBP-2, probably via an upregulation of Insigs. This
leads in turn to diminished expression of the SREBP-2 target
genes HMG-CoA reductase and LDL receptor and reduced
cholesterol synthesis and uptake. Thus, these date give
important insights in the complex regulation of lipid home-
ostasis in liver cells by providing a novel link between PPAR«
and cholesterol metabolism. Moreover, these results may
help to explain the cholesterol lowering effects of natural
ligands of PPARa such as polyunsaturated fatty acids,
conjugated linoleic acids and oxidized fatty acids in man
and animals [16,17,65].
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