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Abstract Peroxisome proliferator-activated receptor (PPAR)-

 

�

 

controls the transcription of a variety of genes involved in
lipid metabolism and is the target receptor for the hypolip-
idemic drug class of fibrates. In the present study, the mo-
lecular and physiological effects of seven different PPAR-
activating drugs have been examined in a rodent model of
dyslipidemia. The drugs examined were selected to display
varying potencies and efficacies toward PPAR-

 

�

 

. To help
elucidate the link between the gene regulation elicited by
PPAR-

 

�

 

 ligands and the concomitant physiological changes,
we have used cDNA microarray analysis to identify smaller
gene sets that are predictive of the function of these
ligands.  A number of genes showed strong correlations to
the relative PPAR-

 

�

 

 efficacy of the drugs. Furthermore, us-
ing multivariate analysis, a strong relationship between the
drug-induced triglyceride lowering and the transcriptional
profiles of the different drugs could be found.—

 

Frederik-
sen, K. S., E. M. Wulff, P. Sauerberg, J. P. Mogensen, L.
Jeppesen, and J. Fleckner.
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Peroxisome proliferator-activated receptor (PPAR)-

 

�

 

 is
recognized as the target receptor for fibrates (1), which
are used in the treatment of dyslipidemic patients. Fi-
brates are recognized to exert their hypolipidemic action
by altering lipid metabolism at multiple levels, and PPAR-

 

�

 

is an important regulator of both intracellular and extra-
cellular lipid metabolism. At the intracellular level,
PPAR-

 

�

 

 regulates a number of genes that encode enzymes
involved in the oxidation of fatty acids. These include up-
regulations of acyl-CoA oxidase (2, 3) the rate-limiting en-
zyme of peroxisomal 

 

�

 

-oxidation, medium-chain acyl-CoA

 

dehydrogenase (4), a central enzyme of mitochondrial

 

�

 

-oxidation, and cytochrome P450 genes (5) involved in
microsomal 

 

�

 

-hydroxylation of fatty acids. The induction
of fatty acid oxidation, combined with the upregulation of
the fatty acid transport protein (6), causes a shift in he-
patic fatty acid metabolism with decreased triglyceride
synthesis and increased catabolism. These intracellular
changes are accompanied by regulation of extracellular
lipid metabolism and transport. Induction of the lipopro-
tein lipase by PPAR-

 

�

 

 (7) increases the lipolysis of triglyc-
erides in chylomicrons and VLDL particles. This lipolysis
generates precursors to HDL particles. The expression of
the two major apolipoproteins of HDL particles, apolipo-
proteins A-I and A-II, is also upregulated by PPAR-

 

�

 

 (8, 9).
These events are important factors in fibrate-induced in-
creases of HDL levels. The increased HDL levels may,
along with increased cholesterol efflux from peripheral
cells through upregulation of the ATP binding cassette
transporter A1 transport protein (10), facilitate the re-
verse cholesterol transport from peripheral tissues back to
the liver. Furthermore, apolipoprotein C-III (apoC-III), a
major lipoprotein of chylomicrons and VLDL particles, is
transcriptionally downregulated by PPAR-

 

�

 

 (11).
In the present study, rats fed a high-cholesterol diet

(HCD) were used as a dyslipidemic model (12) to study
the physiological and transcriptional changes occurring as
the result of treatment with various PPAR-

 

�

 

 activators.
Seven different PPAR-

 

�

 

 activators with varying efficacies
were selected and tested in the rat model. Using cDNA
microarrays, the induced transcriptional changes in the
liver were examined. The transcriptional changes of genes
encoding apoC-III and peroxisomal enoyl-CoA:hydrotase-

 

Abbreviations: ACBP, acyl-CoA binding protein (diazepam binding
inhibitor); apoC-III, apolipoprotein C-III; bifunctional enzyme, peroxi-
somal enoyl-CoA:hydrotase-3-hydroxyacyl-CoA bifunctional enzyme;
Cyp4A10, cytochrome P450 4A10; HCD, high-cholesterol diet; PLS,
partial least-squares projection to latent structures; PPAR, peroxisome
proliferator-activated receptor.
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3-hydroxyacyl-CoA bifunctional enzyme (bifunctional en-
zyme) correlated very well to the in vitro-measured PPAR-

 

�

 

efficacies of the drugs. Thus, these genes may be useful as
markers for the in vivo efficacy of PPAR-

 

�

 

 activators. Fur-
thermore, using multivariate analysis, we identified a set
of 19 genes capable of predicting the triglyceride-lowering
capacity of each of the drugs.

MATERIALS AND METHODS

 

DNA microarray analysis

 

All cDNA inserts were PCR-amplified using the T7 and M13
reverse primers. PCR products (100 

 

�

 

l each) were purified on
the Qiagen 96-well PCR purification system and subsequently
checked for size and purity on agarose gels. The purified PCR
products were mixed 1:1 in DMSO (Sigma, St. Louis, MO) and
rearranged in 384-well plates. cDNA targets were spotted in du-
plicate onto silanized glass slides (Amersham Biosciences, Buck-
inghamshire, UK) at 55% relative humidity using the Molecular
Dynamics Gen. III microarray spotter. All slides were UV cross-
linked (50 mJ) in a Stratagene UV cross-linker. Cy-3- and Cy-5-
labeled single-stranded cDNA probes were prepared from 15 

 

�

 

g
of total RNA from the test and control tissues, respectively. The
RNA was incubated with 1 

 

�

 

g of anchored oligo-dT primer at
70

 

�

 

C for 10 min and subsequently chilled on ice for 30 s The
primer-annealed RNA was incubated with reaction mixture [1

 

�

 

Superscript II buffer (Life Technologies, Taastrup, Denmark), 10
mM DTT, 200 

 

�

 

M deoxy-guanosine, -adenosine, -thymidine tri-
phosphate, 100 

 

�

 

M dCTP, 100 

 

�

 

M Cy-3/Cy-5-dCTP (Amersham
Biosciences), and 200 U of Superscript II reverse transcriptase
(Life Technologies)] at 42

 

�

 

C for 2.5 h in a final volume of 20 

 

�

 

l.
The RNA template was removed by alkaline denaturation (incu-
bation with 2 

 

�

 

l of 2.5 M NaOH at 37

 

�

 

C for 15 min). Labeled
probes were purified on GFX spin columns (Pharmacia Biotech,
Uppsala, Sweden). The Cy-3- and Cy-5-labeled cDNAs were mixed
1:1 in hybridization buffer version 2 (Amersham Biosciences)
and subsequently 1:1 in formamide (Sigma). The mixed probes
were injected into an automated slide processor (Molecular Dy-
namics, Sunnyvale, CA) and hybridized at 42

 

�

 

C for 16 h. After hy-
bridization, the slide was washed in 1

 

�

 

 SSC, 0.2% SDS at 55

 

�

 

C
for 10 min and subsequently in 0.1

 

�

 

 SSC, 0.2% SDS at 55

 

�

 

C for
10 min. The slide was scanned in a Gen. III microarray laser scan-
ner (Molecular Dynamics). Image analyses were performed with
ArrayVision (Imaging Research). All ratios were calculated using
background-subtracted, artifact-removed median densities. The
Cy-3 and Cy-5 signals were normalized to the spot intensities of
all of the spots in each channel.

 

Northern blots

 

Total RNA was isolated from tissues using the Trizol reagent
according to the instructions of the manufacturer, but with two
additional phenol/chloroform extractions. An amount of 20 

 

�

 

g
of total RNA was separated on a denaturing gel containing 1%
agarose, 20 mM MOPS, 5 mM NaOAc, 6% formaldehyde, and 1
mM EDTA. The size-fractionated RNA was transferred to a Hy-
bond N

 

�

 

 membrane (Amersham Biosciences) using capillary
blotting and was subsequently immobilized by UV cross-linking.
cDNA fragments were labeled using the Prime It kit (Stratagene)
and [

 

�

 

-

 

32

 

P]dATP (3000 Ci/mmol; Amersham Biosciences). For
hybridization and prehybridization, the Express Hyb buffer
(Clontech) was used. Signals were detected using a PhosphorIm-
ager (Molecular Dynamics) and quantitated with ImageQuant
software (Molecular Dynamics).

 

Quantitative RT-PCR

 

cDNA was prepared from 1 

 

�

 

g of total RNA from each of the
treatment groups using random primers and TaqMan Reverse
Transcription reagents (Applied Biosystems, Foster City, CA) ac-
cording to the manufacturer’s instructions. Quantitative PCR was
performed on three samples from each treatment group (10-fold
dilutions of cDNA) using TaqMan PCR core reagents (Applied
Biosystems) on an ABI PRISM

 

®

 

 7000 Sequence Detection Sys-
tem. Primers and 6-carboxyfluorescein-labeled-probes for lipo-
protein lipase (LPL), fatty acid transport protein (FATP), acyl-
CoA oxidase, and 18S rRNA were ordered as Assays-on-Demand
(Applied Biosystems). Probe sequences for these assays were
as follows: LPL (ATCCATGGATGGACGGTGACAGGAA; as-
say Rn00561482_m1), FATP (TGTCAAATATAATTGCACGGT-
AGTG; assay Rn00585821_m1), acyl-CoA oxidase (TGCTGCAGA-
CAGCCAGGTTCTTGAT; assay Rn00569216_m1), and 18S rRNA
(TGGAGGGCAAGTCTGGTGCCAGCAG; assay HS99999901_s1).
Data were analyzed using ABI Prism 7000 SDS software (version
1.0; Applied Biosystems), and expression levels for LPL, FATP,
and acyl-CoA oxidase were normalized to the 18S rRNA levels.

 

In vitro PPAR activation assay

 

HEK293 cells were grown in DMEM plus 10% FCS. Cells were
seeded on 96-well plates the day before transfection to give a
confluence of 50–80% at transfection. A total of 0.8 

 

�

 

g of DNA
containing 0.64 

 

�

 

g of pM1

 

�

 

/

 

	

 

LBD, 0.1 

 

�

 

g of pCMV

 

�

 

Gal, 0.08

 

�

 

g of pGL2(Gal4)

 

5

 

, and 0.02 

 

�

 

g of pADVANTAGE was trans-
fected per well using FuGene transfection reagent according to
the manufacturer’s instructions (Roche). Cells were allowed to
express protein for 48 h followed by the addition of compound.

Human PPAR-

 

�

 

, -

 

	

 

, and -

 




 

 cDNAs were obtained by PCR am-
plification using cDNA synthesized by reverse transcription of
mRNA from human liver, adipose tissue, and placenta, respec-
tively. Amplified cDNAs were cloned into pCR2.1 and se-
quenced. The ligand binding domain (LBD) of each PPAR iso-
form was generated by PCR (PPAR-

 

�

 

, amino acid 167 to the C
terminus; PPAR-

 

	

 

, amino acid 165 to the C terminus; PPAR-

 




 

,
amino acid 128 to the C terminus) and fused to the DNA bind-
ing domain of the yeast transcription factor GAL4 by subcloning
fragments in frame into the vector pM1 (13), generating the
plasmids pM1

 

�

 

LBD, pM1

 

	

 

LBD, and pM1

 




 

LBD. Ensuing fusions
were verified by sequencing. The reporter was constructed by in-
serting an oligonucleotide encoding five repeats of the GAL4
recognition sequence [5

 

�

 

 CGGAGTACTGTCCTCCG(AG)] (14)
into the vector pGL2 promotor (Promega, Madison, WI), generat-
ing the plasmid pGL2(GAL4)

 

5

 

. pCMV

 

�

 

-Gal was purchased from
Clontech, and pADVANTAGE was purchased from Promega.

All PPAR-

 

�

 

 ligands were dissolved in DMSO and diluted
1:1,000 upon addition to the cells. Compounds were tested in
quadruple in concentrations ranging from 0.001 to 300 

 

�

 

M.
Cells were treated with compound for 24 h followed by luciferase
assay. Each compound was tested in at least three separate exper-
iments.

Medium including test compound was aspirated, and 100 

 

�

 

l
of PBS including 1 mM Mg

 

2

 

�

 

 and Ca

 

2

 

�

 

 was added to each well.
The luciferase assay was performed using the LucLite kit accord-
ing to the manufacturer’s instructions (Packard Instruments).
Light emission was quantified by counting on a Packard Lumi-
Counter. To measure 

 

�

 

-galactosidase activity, a 25 

 

�

 

l supernatant
from each transfection lysate was transferred to a new micro-
plate. 

 

�

 

-Galactosidase assays were performed on the microwell
plates using a kit from Promega and read in a Labsystems Ascent
Multiscan reader. The 

 

�

 

-galactosidase data were used to normal-
ize transfection efficiency and cell growth for the luciferase data.
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The activity of a compound is calculated as fold induction
compared with an untreated sample. For each compound, the ef-
ficacy (maximal activity) is given as relative activity compared
with Wy-14643 for PPAR-

 

�

 

, rosiglitazone for PPAR-

 

	

 

, and carba-
cyclin for PPAR-

 




 

. The EC

 

50

 

 is the concentration giving 50% of
maximal observed activity. EC

 

50

 

 values were calculated via non-
linear regression using GraphPad PRISM 3.02 (GraphPad Soft-
ware, San Diego, CA). The results are expressed as means 

 

�

 

 SD.

 

PPAR activation in vivo

 

Male Sprague Dawley rats (Crl:CD BR; Charles River, Sulzfeld,
Germany), 6 weeks of age, 280 g body weight, were fed a HCD
(1.25% cholesterol; C 13002; Research Diets, Inc.) for 10 days.
The cholesterol feeding induced a severe hypercholesterolemia
and modest hypertriglyceridemia, whereas serum glucose and in-
sulin remained within the range of normal chow-fed rats. Upon 6
days of feeding, HCD animals were administrated vehicle (1 ml/
kg), NNC 61-3058 (10 mg/kg), NNC 61-4424 (10 mg/kg), NNC
61-4706 (10 mg/kg), NNC 61-4718 (10 mg/kg), fenofibrate (300
mg/kg), rosiglitazone (30 mg/kg), or Wy-14643 (10 mg/kg)
orally daily for the subsequent 4 days. These doses have previ-
ously been determined to induce maximal efficacy in our labora-
tory. A group of rats fed normal chow was included in parallel. A
total of six animals were allocated per group. Nonfasted blood
samples were collected from the retro-orbital sinus into plain
tubes. Total serum cholesterol, circulating concentrations of
HDL-cholesterol, and serum triglycerides were measured after 4
days of treatment on the last day on HCD. Liver weight was mea-
sured at the end of the study. Body weight and 24 h food intake
were measured on day 10. All serum analyses were performed on
a Hitachi 912 autoanalyzer (Roche). Data are presented as
means with variations of the mean. Fenofibrate and carbacyclin
was purchased from Sigma, and Wy-14643 (C1323) was pur-
chased from Tokyo Kasai Kogyo Co., Ltd. (Toshima, Tokyo, Ja-
pan). The compounds rosiglitazone (15), NNC 61-4424 (16),
NNC 61-3058 (17), NNC 61-4706 (18), and NNC 61-4718 (17)
were all synthesized according to published procedures.

 

Partial least-squares projection to latent
structures analysis

 

The partial least-squares projection to latent structures (PLS)
analysis was performed with Simca-P 9 software (Umetrics,
Umea, Sweden). The normalized signal intensities from the 19
genes listed in Table 2 in both color combinations (Cy-3 and
Cy-5) were used as single observations (predictor variables). All
variables were centered and scaled to unit variance, and log
transformed, before the PLS analysis was performed.

 

RESULTS

 

In vitro PPAR activation

 

In vitro receptor transactivation assays with the binding
domains of each of the three PPAR receptor subtypes
were used to determine the profile of PPAR activation ca-
pacity of both the standard and the test compounds. To
compare the efficacy of compounds between tests, Wy-14643,
rosiglitazone, and carbacyclin were used as reference ago-
nists in the PPAR-

 

�

 

, PPAR-

 

	

 

, and PPAR-

 




 

 transactivation
assays, respectively. Maximum obtained fold activation
with the reference agonist (

 

�

 

20-fold with Wy-14643 in the
PPAR-

 

�

 

 assay, 120-fold with rosiglitazone in the PPAR-

 

	

 

 as-
say, and 250-fold with carbacyclin in the PPAR-

 




 

 assay) was
defined as 100%. The in vitro PPAR-activating properties
of the compounds used in this study are listed in 

 

Table 1

 

.
As is evident from Table 1, the compounds were se-

lected to display varying PPAR-

 

�

 

 efficacies. The efficacious
PPAR-

 

	

 

 activator rosiglitazone was included as a reference
compound displaying low PPAR-

 

�

 

 efficacy. The structures
of the selected compounds are shown in 

 

Fig. 1

 

.

 

In vivo pharmacological characterization

 

As a model for diet-induced dyslipidemia, Sprague Daw-
ley rats were fed a HCD containing 1.25% cholesterol,
0.5% cholic acid, and 15% fat (12) for 6 days before drug
administration. The diet-induced changes in plasma tri-
glyceride [1.25 

 

�

 

 0.16 nmol/l (normal chow) 

 

→

 

 2.03 

 

�

 

0.53 nmol/l (HCD)], total cholesterol [1.79 

 

�

 

 0.26
nmol/l (normal chow) 

 

→

 

 11.98 

 

�

 

 3.20 nmol/l (HCD)],
and HDL-cholesterol [1.15 

 

�

 

 0.18 nmol/l (normal chow)

 

→

 

 0.84 

 

�

 

 0.54 nmol/l (HCD)] in animals treated with ve-
hicle are shown in 

 

Fig. 2

 

. The compounds listed in Table 1
were subsequently administered orally once per day to the
animals for 4 days.

Compounds were given at doses previously determined
to induce maximal efficacy for the pharmacodynamic pa-
rameters of interest (data not shown). The levels of
plasma triglyceride, total cholesterol, and HDL-choles-
terol were measured on the last day of treatment. The in-
duced changes are shown in 

 

Fig. 3

 

. All compounds caused
a decrease of plasma triglyceride and total cholesterol.
The reduction of plasma triglycerides ranged from 11%
(rosiglitazone) to 74% (NNC 61-4424). The most pro-

 

TABLE 1. PPAR-activating characteristics of eight different compounds

 

Compound PPAR-

 

�

 

 PPAR-

 

	

 

 PPAR-

 




 

 PPAR-

 

�

 

 EC

 

50

 

 PPAR-

 

	

 

 EC

 

50

 

 PPAR-

 




 

 EC

 

50

 

 

 

% max

 

�

 

M

 

Fenofibrate 265 

 

�

 

 34 8 

 

�

 

 3 1 

 

�

 

 0 32.1 

 

�

 

 9.5 n.d. n.d.
NNC 61-3058 165 

 

�

 

 58 128 

 

�

 

 7 268 

 

�

 

 18 0.6 

 

�

 

 0.3 2.9 

 

�

 

 1.7 10.1 

 

�

 

 0.1
NNC 61-4424 140 

 

�

 

 12 108 

 

�

 

 18 3 

 

�

 

 0 0.4 

 

�

 

 0.2 0.2 

 

�

 

 0.1 n.d.
NNC 61-4718 122 

 

�

 

 27 99 

 

�

 

 8 126 

 

�

 

 24 0.3 

 

�

 

 0.1 0.1 

 

�

 

 0 9.3 

 

�

 

 2.0
NNC 61-4706 137 

 

�

 

 20 100 

 

�

 

 21 110 

 

�

 

 34 0.1 

 

�

 

 0 0.2 

 

�

 

 0.1 3.1 

 

�

 

 0.5
Wy-14643 100 30 

 

�

 

 4 6 

 

�

 

 6 12.6 

 

�

 

 1.1 22.0 

 

�

 

 2.8 n.d.
Rosiglitazone 43 

 

�

 

 8 100 7 

 

�

 

 5 4.1 

 

�

 

 1.4 0.2 

 

�

 

 0 n.d.
Carbacyclin 79 

 

�

 

 35 24.2 

 

�

 

 6 100 1.1 

 

�

 

 0.7 7.9 

 

�

 

 3.1 2.12 

 

�

 

 0.8

Relative efficacies are calculated as maximal activities relative to Wy-14643 for peroxisome proliferator-activated receptor-

 

�

 

 (PPAR-

 

�

 

), rosiglita-
zone for PPAR-

 

	

 

, and carbacyclin for PPAR-

 




 

. EC

 

50

 

, concentration giving 50% of maximal observed activity; n.d., not determinable.
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nounced decrease of plasma total cholesterol was ob-
served with fenofibrate (71% reduction). HDL levels were
increased by Wy-14643 (18%), rosiglitazone (62%), NNC
61-3058 (100%), and fenofibrate (302%), whereas mar-
ginal reductions were observed for the rest of the com-
pounds. Because PPAR-

 

�

 

 agonists are known to cause
peroxisomal proliferation in livers of rodents, increases
in liver weights were also measured from all treatment
groups. Normalized liver weights (liver weights as percent-
age of total body weights) increased the most with dosing
of fenofibrate [5.8 

 

�

 

 0.3 

 

→

 

 8.0 

 

�

 

 0.3 (

 

�

 

37.9%)] and Wy-
14643 [5.6 

 

�

 

 0.4 

 

→

 

 6.9 

 

�

 

 0.4 (

 

�

 

23.2%)], but significant
increases were also observed for NNC 61-3058 [5.6 

 

�

 

 0.4 

 

→

 

6.7 

 

�

 

 0.3 (

 

�

 

19.6%)], NNC 61-4706 [5.6 � 0.4 → 6.4 �
0.4 (�14.3%)], and NNC 61-4718 [5.6 � 0.4 → 6.2 � 0.2

(�10.7%)]. Treatment groups dosed with rosiglitazone
[5.8 � 0.3 → 5.7 � 0.3 (�1.7%)] and NNC 61-4424 [5.7 �
0.2 → 5.9 � 0.4 (�3.5%)] did not exhibit any significant
change in liver weights.

cDNA microarray analyses
To gain insight into the underlying patterns of tran-

scriptional changes induced by the PPAR agonists, cDNA
microarray analyses were performed on RNA extracts
from liver. Total RNA was prepared from individual ani-
mals, and pools were generated from each of the animal
groups (n  6). A cDNA microarray containing 2,400 mu-
rine genes was used. This gene collection included 132
PPAR-regulated clones previously identified by differen-
tial display (19) along with 20 previously identified PPAR-�
targets. Furthermore, 125 clones encoding enzymes of the
major carbohydrate- and lipid-metabolizing biochemical
pathways and 125 transcription factors were included in
the array. Finally, �2,000 nonredundant randomly se-
lected clones constituted the remainder of this gene col-
lection. All experiments were performed as dual-color hy-
bridizations using the Cy-3 and Cy-5 fluorescent dyes to
label the reference and test samples, respectively. Experi-
ments were repeated with reversed dyes in the labeling of
test and reference RNA. A total of 89 genes were found to
be regulated by at least one of the compounds when ac-
cepting only clones that were found to be at least 2-fold
regulated and consistently regulated irrespective of dye
combination. To focus on the transcriptional changes that
were most likely to be a direct consequence of the PPAR-�
stimulation, genes that were 2-fold or higher regulated by
at least three compounds were identified and are listed in
Table 2.

Fig. 1. Chemical structures of the tested com-
pounds: rosiglitazone, Wy-14643, fenofibrate, NNC 61-
4424, NNC 61-3058, NNC 61-4718, and NNC 61-4706.

Fig. 2. High-cholesterol diet (HCD) effects on plasma lipid pa-
rameters. Percentage changes in plasma lipid parameters (HCD-
fed rats relative to chow-fed controls).
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Identification of biomarker genes
To investigate whether the quantitative regulation of

the genes listed in Table 2 reflected the in vitro efficacies
of the drugs, the fold change of each gene was plotted as a
function of the relative efficacy. For the genes encoding
peroxisomal bifunctional enzyme, cytochrome P450 4A10
(Cyp4A10), diazepam binding inhibitor [acyl-CoA bind-
ing protein (ACBP)], and apoC-III, very good linear cor-
relations between the expression changes and the relative
in vitro efficacies of the ligands were found. Linear regres-
sion coefficients for these four genes are 0.8 or greater. To
confirm the findings of the microarray experiments and
the correlation to the in vitro efficacies, Northern blot
analysis were done on these regulated genes. The North-
ern blot data for apoC-III and bifunctional enzyme con-
firmed the microarray data and the correlations to the rel-
ative in vitro efficacies (Fig. 4). Cyp4A10 and ACBP were
also clearly shown to be regulated based on the Northern
blot data, but the correlation to relative efficacies was
weaker (r2 values between 0.5 and 0.6) than the correla-
tion found based on the microarray data. Intensities from
the Northern blots were normalized to the signal intensi-
ties for ribosomal phosphoprotein 36B4, which has previ-
ously been shown not to be regulated by PPAR-� agonists
in rat liver (6).

In the hope of identifying biomarker genes whose ex-
pression correlate to one or more of the physiological pa-
rameters, each gene of the identified gene set was tested
for such behavior. Whereas none of the identified regu-
lated genes on their own correlates very well to the

changes in either total cholesterol or triglycerides, apoC-
III reduction was found to correlate inversely to the in-
crease in HDL levels (Fig. 5). It is noteworthy that the out-
lier in Fig. 5 is rosiglitazone, which does not significantly
regulate any of the PPAR-� target genes (Table 2). The in-
creases in liver weights of the different treatment groups
correlated to neither any of the physiological parameters
nor to the relative in vitro efficacies of the PPAR-� ago-
nists.

Even though apoC-III appears to be a useful biomarker
for HDL increase and the relative in vitro PPAR-� efficacy
also to a certain, but lesser, degree correlates to this phar-
macodynamic property (Fig. 4A), the PPAR-� efficacies
found in vitro fail to describe the physiological changes
very well. More complex information, such as the com-
bined expression profiles from multiple genes, may be a
better way of predicting physiological outcomes based on
gene expression changes.

In an attempt to describe the observed pharmacody-
namic changes as observed in vivo (Fig. 3) by using all of
the found transcriptional changes, multivariate data anal-
ysis was invoked. PLS uses a linear multivariate model to
relate two data matrices (X) and (Y) (20). Using PLS anal-
ysis, all of the regulated gene expression changes (Table
2) were defined as predictor variables (X) and the phar-
macological parameters were defined as dependent vari-
ables (Y). PLS, unlike multiple linear regression, can ana-
lyze highly correlated X variables. Here, rather than using
ratios, the normalized signal intensities for the given
genes from treated and control animals in both color

Fig. 3. Pharmacodynamics of the tested compounds. Changes in plasma lipid parameters in Sprague Dawley rats fed a HCD after 4 days of
oral treatment. All changes are relative to vehicle-treated rats fed a HCD.
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combinations (Cy-3 and Cy-5) were used as single observa-
tions. All variables were centered and scaled to unit vari-
ance and log transformed.

By using PLS modeling, it was possible to build a model
to predict the PPAR-�-mediated change in triglyceride
with good confidence, and this was the pharmacodynamic
property that was predicted the best (Fig. 6). When vali-
dating the PLS model for triglyceride change by permut-
ing the data, the R2 value, describing the relation between
the observed and predicted variables, decreased from 0.88
to 0.18. This strongly indicates that the model for triglyc-
eride lowering is valid and not overfitted. In contrast, us-
ing the same set of gene expression data, it was not possi-
ble to generate models that could predict either total
cholesterol changes or HDL changes. In the latter case,
this was predicted just as well simply by following the ex-
pression level of apoC-III.

DISCUSSION

In the present study, Sprague Dawley rats fed a HCD (12)
were used as a model for diet-induced dyslipidemia to exam-

ine physiological and transcriptional changes during treat-
ment with seven structurally different PPAR-� activators.
These included the reference compounds fenofibrate,
Wy-14643, and rosiglitazone along with four new com-
pounds, NNC 61-3058, NNC 61-4424, NNC 61-4706, and
NNC 61-4718. The structural differences (Fig. 1) were re-
flected in their relative PPAR-� efficacies (ranging from 50%
to 265%), and were as such well suited for a comparative
study of PPAR-�-mediated transcriptional and physiological
changes. The functional similarity (i.e., PPAR-� activation of
the compounds) will help to discriminate core PPAR-�-regu-
lated genes from ligand-specific gene regulations.

All of the studied PPAR-� agonists had expectedly a low-
ering effect on the plasma levels of triglyceride and total
cholesterol (Fig. 3). The reduction in plasma levels of tri-
glyceride ranged from 11% for rosiglitazone to 74% for
NNC 61-4424. Lowering of triglycerides is the hallmark
of fibrates in both humans and animal models, and
drugs such as gemfibrozil (21), ciprofibrate (22), bezafi-
brate, and fenofibrate (23) have been reported to reduce
plasma triglycerides in the range of 40–60% in either nor-
mal chow- or cholesterol-fed rats. Total plasma cholesterol
is also a parameter that has been observed to be reduced

TABLE 2. Genes identified to be significantly regulated in common by several compounds

GenBank Accession No. Gene Name

Fold Regulations

Fen
ofi

brate

W
y-14643

N
N

C
 61-3058

N
N

C
 61-4424

N
N

C
 61-4706

N
N

C
 61-4718

R
osiglitazon

e

K03249

Peroxisomal enoyl-CoA:
hydrotase-3-hydroxyacyl-CoA
bifunctional enzyme 38.4 (7.3) 10.4 13.7 9.2 (7.4) 10.6 6.2 1.4

AB018421 Cytochrome P450 4A10 38.2 (9.6) 13.8 13.4 15.8 (8.0) 11.5 10.6 1.5
m26756 Malic enzyme mRNA 31.1 (4.3) 3.7 2.8 1.6 (1.9) 2.4 1.8 1.5
aa870693 l-Lactate dehydrogenase (M-chain) 8.8 (4.2) 5.9 3.9 6.2 (3.4) 3.7 3.0 3.7
aa674347 Acetyl-CoA C-acyltransferase, �-ketothiolase 7.7 (1.4) 2.2 2.3 2.1 (1.5) 2.4 1.7 1.1
aa717130 Acetyl-CoA C-acetyltransferase 6.4 (4.4) 6.5 4.5 3.7 (2.9) 4.5 4.1 1.2

X61431
mRNA for diazepam binding inhibitor

(acyl-CoA binding protein) 5.5 (5.2) 2.6 3.1 2.0 (2.1) 2.3 2.2 0.8
U15977 Long-chain fatty acyl CoA synthetase 4.6 (1.4) 3.4 4.7 2.4 (1.9) 2.5 2.3 1.2
L13619 Growth response protein (CL-6) mRNA 4.6 (0.6) 0.4 2.0 0.4 (0.8) 2.1 1.2 3.2

X61147
Mus musculus mRNA for iron-responsive

element binding protein 3.0 (1.5) 3.0 1.8 1.2 (1.2) 2.1 1.6 1.0
BC003278 EST, similar to ubiquitin-specific protease 3.0 (2.3) 1.4 1.0 0.4 (0.7) 1.2 1.2 0.5
AF144101 Succinyl-CoA synthetase (Sucla1) mRNA 2.7 (2.0) 2.3 2.7 1.4 (1.6) 2.4 2.0 0.9
AA797169 Long-chain acyl-CoA dehydrogenase 2.5 (2.0) 2.6 2.6 3.2 (1.5) 2.1 1.9 1.2
U12791 HMG-CoA synthase 1.9 (1.3) 4.1 3.4 1.1 (6.6) 2.6 2.3 1.0
AB017130 Hex(prh) gene, exon 1 0.5 (1.0) 0.5 0.8 0.6 (0.5) 0.6 0.8 2.9
AI182326 Glucose transporter type 2, liver, GLUT-2 0.4 (0.3) 0.3 0.3 1.1 (0.4) 0.6 0.4 1.2
AA833220 Phosphatidylinositol 3-kinase regulatory 	-subunit 0.4 (0.5) 0.4 0.3 0.5 (0.7) 0.5 0.4 0.7
AA451446 1,4-�-Glucan branching enzyme 0.2 (0.3) 0.4 0.4 0.9 (0.8) 0.7 0.6 0.9
L04150 Apolipoprotein C-III 0.2 (0.6) 0.3 0.2 0.3 (0.6) 0.3 0.4 0.7
J02752a Acyl-CoA oxidase 18.0 10.9 18.1 9.1 5.0 7.9 1.4
L03294a Lipoprotein lipase 10.1 3.25 15.0 5.8 8.4 27.5 1.3
U89529a Fatty acid transport protein 3.0 2.0 4.5 3.2 1.5 2.9 0.8

Hepatic gene expression was analyzed using a cDNA microarray containing 2,400 genes. The table lists the selection of genes that are regulated
2-fold or more by at least three of the PPAR-� agonists. Numbers are fold regulations calculated as expression levels from high-cholesterol diet-fed
animals treated with compounds versus expression levels from high-cholesterol diet-fed vehicle-treated animals. Fold changes shown in parentheses
(for Wy-14643 and NNC 61-4706) denote data from 10 days of compound dosing; all other regulations derive from animals dosed for 4 days as de-
scribed in Materials and Methods.

a Real time PCR analyses of known PPAR target genes that were either undetectable in the microarray analyses (lipoprotein lipase) or not
present on the array (fatty acid transport protein and acyl-CoA oxidase).
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by fibrates in rats (24). In the present study, rather large
reductions in plasma total cholesterol were observed, with
Wy-14653 (60% reduction) and fenofibrate (71% reduc-
tion) as the most efficacious drugs. These sizable reduc-
tions can most likely be explained by the very large diet-
induced increase in total cholesterol. The drug-induced
increase in HDL-cholesterol is also very diet-dependent in
rats. In chow-fed rats, drugs such as bezafibrate, clofibrate,
fenofibrate, and gemfibrozil have shown no HDL-increas-
ing effect (25). But in rats fed a HCD, fenofibrate, ciprofi-
brate, and especially gemfibrozil have been shown to in-
crease HDL-cholesterol (26, 27). In the present study, an
increase in HDL-cholesterol was observed for fenofibrate,
NNC 61-3058, and Wy-14653. Surprisingly, an increase in
HDL-cholesterol (62%) was also observed for rosiglita-
zone. For rosiglitazone, this effect seems to be related to
other factors than activation of PPAR-�, because NNC 61-
4706, NNC 61-4718, and NNC 61-4424, which are more ef-
ficacious PPAR-� activators, do not increase HDL but actu-
ally marginally reduce HDL in the range of 9–16%. The
rosiglitazone-mediated upregulation of HDL levels, how-
ever, does raise the question of whether the HDL upregu-
lation mediated by the PPAR-� agonists is an effect solely
mediated through PPAR-� activation.

Many of the genes that were found to be regulated (Ta-
ble 2) are involved in lipid metabolism and have previ-
ously been shown to be regulated by PPAR agonists. These
include bifunctional enzyme (peroxisomal �-oxidation)
(28), Cyp4A10 (microsomal �-hydroxylation) (29), acetyl-
CoA C-acetyltransferase (mitochondrial �-oxidation) (30),
�-ketothiolase (mitochondrial �-oxidation), long-chain acyl-
CoA dehydrogenase (mitochondrial �-oxidation) (31), long-
chain fatty acyl-CoA synthetase (fatty acid activation) (32),
ACBP (fatty acid compartmentalization) (33), apoC-III (li-
poprotein metabolism) (11), HMG-CoA synthase (ketone
body synthesis) (34), and malic enzyme (NADPH supply
for fatty acid synthesis) (35). It has also previously been
shown that the liver GLUT-2 promotor contains a func-
tional PPAR response element (36). In experiments in
which animals were dosed for 10 days with Wy-14643 and
NNC 61-4706 (Table 2), gene regulations were found to
be very similar to those observed in animals dosed for 4
days. Data indicate a slight tendency toward larger gene
expression changes after 4 days of dosing for a number of
genes, which might reflect minor transcriptional feedback
regulation during longer treatment protocols. In addition
to the compound-mediated transcriptional effects, the
HCD used may also have influenced the expression pro-

Fig. 4. Relationship between regulated target genes
and the relative drug peroxisome proliferator-acti-
vated receptor-� (PPAR-�) efficacy. A: Comparison of
quantitative expression levels as measured in microar-
rays and Northern blot analysis and the relative PPAR-�
efficacies of the tested compounds using linear regres-
sion analysis. Fold regulations as calculated in Table 2
were used for the microarray data, whereas signal in-
tensities for the genes in Northern blots were col-
lected using a PhosphorImager and normalized to the
signals for ribosomal phosphoprotein 36B4. For apoli-
poprotein C-III (apoC-III), the log fold change was
used because this gene is downregulated and its ex-
pression ratios lie between 1 and 0. B: Northern blots
showing the expression of peroxisomal enoyl-CoA:hy-
drotase-3-hydroxyacyl-CoA bifunctional enzyme (bi-
functional enzyme), apoC-III, and ribosomal phos-
phoprotein 36B4.
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files of a number of the genes listed in Table 2. Recently, a
microarray study of the transcriptional responses to a
HCD reported 69 genes as regulated in livers of mice
(37). Genes significantly downregulated by the choles-
terol component of the diet included malic enzyme,
ACBP, and HMG-CoA synthase. These were also regulated
in the present study (Table 2) and are as described above
known PPAR target genes. Thus, the regulation of these
genes was most likely affected by both the ligand-medi-
ated decrease of total cholesterol (Fig. 3) and the direct
PPAR-�-mediated transcriptional activation. This empha-
sizes the importance of the choice of diet for gene expres-
sion studies and suggests that predictive gene sets may be
most accurate when used in animal models similar to the
one in which they were identified.

When searching for possible correlations between the
observed in vitro PPAR-� efficacies for each compound

and the expression profiles of the regulated genes, a num-
ber of very clear relationships were identified (Fig. 4A).
The best linear regressions, based on data from both
Northern blotting and microarrays, were found for apoC-
III and bifunctional enzyme. This is to our knowledge the
first time that a relationship between the gene expression
profiles from a series of different drug treatments and the
efficacy of the included compounds has been reported.
These genes may be useful in the in vivo evaluation of new
PPAR-�-activating compounds.

Even though expression profiles of single genes can
correlate to different pharmacodynamic properties (Fig.
5), models that take multiple variables (e.g., gene expres-
sion profiles) into account may provide a much more ro-
bust prediction of the physiological response of interest.
This may especially be the case for drugs with multiple tar-
get points, such as fibrates and thiazolidinediones. There-
fore, we used a multivariate model called PLS and defined
the expression profiles of the regulated genes (Table 2) as
predictor (X) variables and the pharmacodynamic param-
eters as dependent (Y) variables. The pharmacodynamic
property, which was best predicted using the hybridization
signals from the regulated genes, was triglyceride lowering
(Fig. 6). When plotting the observed triglyceride lowering
against the values predicted by the PLS model, a very
good correlation was observed (R 2  0.88). A very large
fraction of the genes used as predictor variables do indeed
encode enzymes involved in triglyceride metabolism. In
comparison to the very good prediction of triglyceride
change, the prediction of the total cholesterol and the
HDL level changes were weaker. When plotting the pre-
dicted values against the observed values for these param-
eters, the R2 values were �0.6 for the change in plasma to-
tal cholesterol and 0.2 for the change in HDL levels. It is
very important not to “overfit” PLS models, and any
model must always be validated, for example, by permut-
ing the data that should cause an observed correlation be-
tween predicted and observed variables to disappear.

In the present study, seven different PPAR-� activators
with varying efficacies were dosed in rats fed a HCD. Our

Fig. 5. Relationship between the degree of downregulation ob-
served for apoC-III and the change in HDL-cholesterol. Fold
changes for apoC-III were calculated as described in Table 2. Be-
cause apoC-III is downregulated (i.e., fold regulations are in the in-
terval between 1 and 0), these values were plotted as log-trans-
formed to expand the scale. HDL ratios were calculated as the HDL
levels observed in treated animals (HCD-fed) versus those observed
in vehicle-treated animals (HCD-fed).

Fig. 6. Generation of a model to predict triglyceride (TG) changes from multivariate gene expression
data. Partial least-squares projection to latent structures regression analysis of the change in triglyceride used
the observed transcriptional changes listed in Table 2. The four data points shown for each compound repre-
sent the normalized signal intensities from the Cy-3- and Cy-5-labeled probe preparations. On the x axis, the
values for the predicted triglyceride reduction based on gene expression data are plotted. On the y axis, the
actual data for the triglyceride reduction are plotted.
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observations have shown that comparative gene expres-
sion profiling in vivo can reveal useful biomarkers that
correlate very well to both the receptor-activating proper-
ties of the drugs found in vitro and the pharmacodynamic
properties observed in vivo. For the prediction of pharma-
codynamic parameters, the use of multivariate models
such as PLS seems to be a very useful way of interpreting
complex gene expression data in a physiological context.
Using the information from 19 regulated genes, a very
good prediction of the triglyceride-lowering effect of the
included drugs could be made. The data from the present
study will be useful when evaluating the potential of new
PPAR-� activators in rats and demonstrate the applicabil-
ity of gene expression profiling in the characterization of
potentially new drug candidates.

The authors thank Lene Hansen, Tine Pedersen, Anette Sen-
eca, and Rikke Burgdorf for expert technical assistance, Dr.
Vladka Panajotova for performing the animal studies, and Drs.
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