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Abstract The PPAR (peroxisome proliferator activated re-
ceptor) transcription factors are ligand-activated nuclear re-
ceptors that regulate genes involved in lipid metabolism and

 

homeostasis. PPAR

 

a

 

 is preferentially expressed in liver and
PPAR

 

g

 

 preferentially in adipose tissue. Activation of PPAR

 

a

 

leads to peroxisome proliferation and increased 

 

b

 

-oxidation
of fatty acids in rodents. PPAR

 

g

 

-activation leads to adipocyte
differentiation and improved insulin signaling of mature adi-
pocytes. Both PPAR receptors are believed to be functional
targets for treatment of hyperlipidemia in man. We have

 

treated obese diabetic mice (

 

ob

 

/

 

ob

 

), which have highly ele-
vated levels of plasma triglycerides, glucose and insulin, for 1
week with WY14,643 (180 

 

m

 

mol/kg/day), a selective PPAR

 

a

 

agonist, or rosiglitazone (BRL49653; 2.5 

 

m

 

mol/kg/day), a se-
lective PPAR

 

g

 

 agonist. The doses used produce a similar
therapeutic effect in both treatment groups (lowering of tri-
glycerides and glucose). High resolution two-dimensional gel
electrophoresis of livers showed that WY14,643 and rosiglita-
zone both produced changes in expression pattern of many
proteins involved in peroxisomal fatty acid 

 

b

 

-oxidation.
However, similar experiments performed in lean mice
showed significant up-regulation of these proteins only with
WY14,643 treatment. Furthermore, the proteins up-regulated
by the drugs in obese mice had a higher basal expression in
obese controls compared to the lean littermates. Liver
PPAR

 

g

 

 mRNA levels were determined and we observed that
PPAR

 

g

 

2 mRNA levels were elevated in obese mice compared
to lean littermates. As PPAR

 

a

 

 and PPAR

 

g

 

 recognize similar
DNA response elements, it is likely that the effects of rosigli-
tazone on PPAR

 

a

 

 responsive genes in livers of the 

 

ob

 

/

 

ob

 

mice are mediated by PPAR

 

g

 

2.

 

— Edvardsson, U., M. Berg-
ström, M. Alexandersson, K. Bamberg, B. Ljung, and B. Dahl-
löf.
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Peroxisome proliferator activated receptors (PPAR) are
nuclear transcription factors that heterodimerize with

 

RXR

 

a

 

 and activate a multitude of genes involved in lipid
metabolism (1 – 3). There are three PPAR subtypes known
to date with different tissue distribution; PPAR

 

a

 

 is highly
expressed in liver and kidney and PPAR

 

d

 

 is ubiquitously
expressed. The PPAR

 

g

 

 protein exists in two isoforms, 

 

g

 

1
and 

 

g

 

2. Profiling their relative abundance revealed that
PPAR

 

g

 

1 is expressed in several tissues, whereas PPAR

 

g

 

2 is
preferentially expressed in adipose tissue (1, 3 – 6). The

 

g

 

1 and 

 

g

 

2 isoforms arise from differential promoter us-
age, which results in 30 additional N-terminal amino acids
in PPAR

 

g

 

2. Also, a third PPAR

 

g

 

 mRNA transcript has re-
cently been reported (7). This transcript gives rise to a
protein identical to PPAR

 

g

 

1 and is preferentially ex-
pressed in adipose tissue and large intestine. It has been
shown that fatty acids and/or fatty acid metabolites are ac-
tivators of PPARs (8 – 12) and it is possible to view PPARs
as physiological sensors of intracellular lipid/fatty acid
concentrations (1, 2, 10).

In rodent livers, activation of PPAR

 

a

 

 promotes in-
creased fatty acid oxidation in peroxisomes, mitochondria
and microsomes, and induces proliferation of peroxi-
somes (4, 13 – 15). Several proteins involved in lipid me-
tabolism, such as lipoprotein lipase, apolipoproteins A-I,
A-II and C-III, and cytochrome P450 4A, are regulated by
PPAR

 

a

 

 (1, 15, 16). Ligand activation of PPAR

 

g

 

 leads to
adipocyte differentiation in cell culture as well as in whole
animals (3, 17 – 22). In white adipose tissue, expression of
adipocyte fatty acid binding protein (aFABP) (18) and ex-
pression of insulin receptors increase upon PPAR

 

g

 

 activa-
tion (21, 23). Other proteins, such as TNF

 

a

 

, TNF

 

a

 

 recep-
tor (24), and leptin (25 – 27), are down-regulated in

 

Abbreviations: 3KCT, 3-ketoacyl CoA thiolase; ACO, acyl CoA oxi-
dase; CYP4A, cytochrome P450-4A; aFABP, adipocyte fatty acid binding
protein; PBE, peroxisomal bifunctional enzyme; PPAR, peroxisome
proliferator activated receptor; PPRE, peroxisome proliferator re-
sponse element; TZD, thiazolidinedione.
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adipocytes by PPAR

 

g

 

-activation. Taken together, activation
of either PPAR

 

a

 

 or PPAR

 

g

 

 may act to withdraw lipids and
fatty acids from the circulation through increased oxida-
tion or storage, respectively (1, 2).

It is therefore adequate that both PPAR

 

a

 

 and PPAR

 

g

 

may represent functional targets for hypolipidemic
agents. Thus, fibrates, used for clinical treatment of severe
hypertriglyceridemia, have been found to activate PPAR

 

a

 

(4, 13) and in humans, a major effect is thought to be
down-regulation of apolipoprotein C-III (2, 28, 29), an in-
hibitor of peripheral lipolysis. Peroxisome proliferation,
as a result of PPAR

 

a

 

 activation, is considered a rodent-
specific phenomenon and has not been convincingly de-
tected in humans (30). Thiazolidinediones (TZD) (23, 31,
32) are a new class of insulin sensitizers and antidiabetic
agents, with substantial effects on circulating lipids in dia-
betic rodents, and PPAR

 

g

 

 has been shown to be a molecu-
lar target of TZD action (9, 33). The first TZD in clinical
use is troglitazone, which recently was registered in the US
for treatment of non-insulin-dependent diabetes mellitus
(34). Rosiglitazone (BRL49653), a more potent PPAR

 

g

 

-
activator, is currently near registration (35).

Reporter gene assays in transfected cell lines have
shown that TZD are highly selective PPAR

 

g

 

-agonists (3,
12, 33). Thus, primary effects of TZD are expected in
tissues expressing PPAR

 

g

 

. Previously, we have used pro-
teomics (high-resolution two-dimensional electrophoresis
and mass spectrometry) to characterize the effect of the
peroxisome proliferator and PPAR

 

a

 

 agonist WY14,643 on
the livers of obese mice (36). These experiments showed
that WY14,643 induced expression of most enzymes
involved in the peroxisomal fatty acid 

 

b

 

-oxidation. Now,
we have characterized the effects of both rosiglitazone
and WY14,643 on the same set of proteins in the livers of
both obese and lean mice. We found that whereas
WY14,643 produced a similar response in both strains,
rosiglitazone showed peroxisome proliferator-like effects
only in obese mice. When compared to lean littermates,
expression analysis of mRNA showed that obese mice have
elevated liver PPAR

 

g

 

2 levels. We conclude that obesity in
this model leads to an up-regulation in the liver of the
PPAR

 

g

 

2 isoform and suggest that rosiglitazone causes
peroxisome proliferator-like effects by activating liver
PPAR

 

g

 

2 in obese mice.

MATERIALS AND METHODS

 

Materials

 

The IsoDalt system was from Hoefer (San Francisco, CA).
Equipment for isoelectric focusing (IEF), IPGphor, Immobiline
DryStrips (18 cm, pH 3 – 10 NL (non-linear)), IPG-buffer 3– 10
NL, and Drystrip cover fluid were purchased from Amersham
Pharmacia Biotech (Uppsala, Sweden). Iodoacetamide and so-
dium thiosulfate were from Sigma (St. Louis, MO). Silver nitrate,
formaldehyde, and sodium carbonate were from Merck (Darm-
stadt, Germany). Nonidet P-40 (NP-40) was from United States
Biochemical Corp. (Cleveland, OH). Duracryl (30%, 0.65% Bis)
and all other chemicals were electrophoresis grade, obtained
from ESA Inc. (Chelmsford, MA). WY14,643 was purchased from

 

Sigma (St. Louis, MO) and rosiglitazone was obtained from Me-
dicinal Chemistry, Astra Hässle AB.

 

Animals and drug treatment

 

Obese mice (

 

ob

 

/

 

ob

 

; Umeå) and their lean littermates (

 

1

 

/?)
were from Bomholtgård Breeding and Research Centre, Den-
mark (genotyping of lean mice was not considered critical for
this study and for practical reasons we therefore used 

 

1

 

/? lean
control mice). The 7-week-old animals were treated orally once
daily for 1 week with WY14,643 (180 

 

m

 

mol/kg/day) or rosiglita-
zone (2.5 

 

m

 

mol/kg/day). On the last day of the experiment the
mice were anesthetized in CO

 

2

 

 and exsanguinated via a carotid
artery. The blood was collected in vials containing EDTA.

 

Metabolic effects

 

In plasma, insulin was analyzed using a rat insulin RIA kit (RI-
13K; Linco, St. Louis, MO) and triglycerides (TG) and glucose
were analyzed spectrophotometrically on the Cobas Mira plus
(Hoffman la Roche, Basel, CH) using Calibrator Human (07
3718 6; Roche, Basel, CH) as calibrant. For TG the enzymatic kit
“Triglycerides/Glycerol Blanking” (450032; Boehringer Mann-
heim, Indianapolis, IN) was used, and for glucose “Glucose HK”
(07 3672 4; Roche, Basel, CH).

 

Sample preparation for two-dimensional electrophoresis

 

The apical ends of the left liver lobes were rapidly removed,
frozen in liquid nitrogen, and stored at 

 

2

 

150

 

8

 

C until subsequent
electrophoretic analysis. Liver samples were weighed and homog-
enized with a glass/Teflon homogenizer (5 strokes at 400 rpm)
in 8 volumes of solubilizing solution (8 

 

m

 

 Urea, 0.3% (w/v)
dithiothreitol (DTT), 2% (v/v) NP-40, and 2% (v/v) IPG-buffer
3 – 10 NL). To remove solid tissue, the homogenate was centri-
fuged at 100 000 

 

g

 

 for 30 min at 15

 

8

 

C. The supernatant was care-
fully removed and immediately frozen at 

 

2

 

70

 

8

 

C.

 

First dimension (isoelectric focusing)

 

Electrophoresis of mouse liver proteins was performed on in-
dividual samples, four from each treatment group and from lean
controls, and six from obese controls. Immobiline DryStrips (18
cm, pH 3 – 10 NL (non-linear)) were used for isoelectric focus-
ing. Each strip was rehydrated for 12 h in 350 

 

m

 

l of rehydration
solution containing 4 

 

m

 

l (

 

,

 

100 

 

m

 

g) of solubilized liver protein.
The rehydration solution consisted of 8 

 

m

 

 urea, 2% (v/v) NP-40,
0.3% (w/v) DTT, and 0.5% (v/v) IPG-buffer 3– 10 NL. The strips
were run under a layer of Drystrip cover fluid, at 20

 

8

 

C, in a IPG-
phor unit according to the manufacturer’s instructions. The fo-
cusing was carried out at 500 V; 1 h, 1000 V; 1 h and 8000 V; 9 h
to reach a total of 74 kVh.

 

Equilibration of IPG gel strips

 

After IEF the strips were equilibrated 2 

 

3

 

 15 min with gentle
shaking (37). The first equilibration solution contained 30%
glycerol (w/v), 6 

 

m

 

 urea, 2% SDS, 50 m

 

m

 

 Tris/HCl, pH 8.8, 65
m

 

m

 

 DTT, and a trace of bromophenol blue as tracking dye. The
second equilibration was carried out in same solution, except
that DTT was replaced by 260 m

 

m

 

 iodoacetamide.

 

Second dimension (SDS-PAGE)

 

The gels used in this study were continuous 14% T, 0.3% C
gels in the format of 23 

 

3

 

 20 

 

3

 

 0.1 cm. After the equilibration,
each IEF strip was drained on a filter paper and immersed in SDS
running buffer (24 m

 

m

 

 Tris base, 0.2 

 

m

 

 glycine, and 0.1% SDS)
before it was sealed at the top of the second dimension gel with
1% agarose in SDS running buffer. Electrophoresis was per-
formed in the IsoDalt tank (Hoefer) at 100 V for 

 

,

 

19 h, until the
tracking dye reached the anodic end of the gels.
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Silver staining

 

Analytical gels were silver stained according to Shevchenko et
al. (38) with some modifications. The gels were fixed in 50% eth-
anol, 5% acetic acid for 1 h, washed in 50% ethanol for 30 min
and additionally 60 min with water to remove the remaining acid.
Thereafter, the gels were sensitized by a 1-min incubation in
0.02% sodium thiosulfate and rinsed with two changes of dis-
tilled water for 1 min each. After rinsing, the gels were incubated
in 0.1% silver nitrate for 30 min. After incubation, the gels were
rinsed twice with distilled water for 1 min and then developed in
0.04% formaldehyde, 2% sodium carbonate. When the devel-
oper turned yellow (

 

,

 

30 sec) it was discarded and replaced with
fresh solution. When desired intensity of staining was achieved
(

 

,3.5 min), the development was terminated by discarding the
reagent, followed by washing with 5% acetic acid for 5– 10 min.
Finally, the gels were washed in water and stored in sealed plastic
bags at 48C.

Image analysis
Silver-stained gels were imaged using a cooled CCD camera-

based instrument, Fluor-S™ MultiImager (Bio-Rad). Raw scans
were processed by the 2D software PDQuest (PC version 5.1) ac-
cording to the following procedure: make gel image, ball back-
ground subtraction (radius 80), two times averaging smooth,
spots detected and fitted to Gaussian volumes (39). After manual
landmarking of approximately 140 spots in each gel image, the
spot patterns of the different gels were automatically matched to
each other and each spot was given a unique identification num-
ber (SSP). Individual quantifications of resolved proteins were
normalized to the total intensity of detected spots in each gel. To
find spots that differed quantitatively between the control and
treated groups, the average intensities (n 5 4 – 6) of resolved
spots were compared using the statistical and quantitative func-
tions within the PDQuest software.

RNA isolation
Fresh liver samples were rinsed in PBS and frozen immediately

in liquid N2. Total RNA was prepared using RNA-Stat 60 (Tel-
Test, Inc., Friendswood, TX) according to the manufacturer’s
suggestions. Concentration and yield were determined by optical
density measurement at 260 nm and the integrity of the RNA was
verified by agarose gel electrophoresis and quantification of the
28S and 18S ribosomal bands.

Ribonuclease protection assay (RPA)
Nucleotides 1– 323 (position 1 is the A in the initial ATG) from

mouse PPARg2 in a pBluescript vector (Stratagene, La Jolla, CA)
served as template for PPARg probe synthesis. 32P-labeled anti-
sense probe was generated using Promega in vitro transcription
kit and the probe was purified by PAGE.

The RPAII kit (Ambion Inc., Austin, TX) was used for mRNA
quantification. Briefly, 20 mg total liver RNA or 5 mg total RNA
from white adipose tissue was hybridized at 458C overnight to
80,000 cpm probe. The samples were subsequently treated with an
RNaseT1/RNaseA mix at 378C for 30 min to digest single-stranded
RNA prior to separation on a 6% denaturing polyacrylamide gel.
Radioactivity on the dried gel was visualized using a STORM™
phosphorimager (Molecular Dynamics, Sunnyvale, CA).

RESULTS

Drug treatment and therapeutic effects

Male obese and lean mice were treated for 1 week with
WY14,643 (180 mmol/kg/day) or rosiglitazone (2.5 mmol/

kg/day), doses that were previously determined by dose –
response experiments to be equally effective in male
obese mice regarding lowering of plasma triglycerides and
glucose (data not shown). In Fig. 1 we show that both sub-
stances again caused similar reductions in plasma triglyc-
erides and glucose in obese insulin-resistant mice, to levels
of the lean control mice. In lean insulin-sensitive mice,
drug treatment did not significantly affect triglyceride or
glucose levels.

Two-dimensional gel electrophoresis
Liver samples, 4 from each treatment group and 6

from obese controls, were homogenized in rehydration
buffer and analyzed by two-dimensional electrophoresis
as described in Materials and Methods. The images of
the 26 gels were captured and analyzed by using the
PDQuest software as described in Materials and Meth-
ods. Previously, we have characterized the dominant re-
sponse to WY14,643 in obese mice and found that 16

Fig. 1. Therapeutic effects of rosiglitazone and WY14,643. Plasma
levels of triglycerides (A), insulin (B), and glucose (C) in obese and
lean mice after 1 week treatment with rosiglitazone (2.5 mmol/kg/
day) or WY14,643 (180 mmol/kg/day) in comparison to untreated
obese and lean animals. Values are mean 6 SE, n 5 4 (obese con-
trols, n 5 6). * P , 0.05 using Student’s t-test for each treated
group versus obese or lean controls.
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spots were clearly up-regulated by the treatment. These
spots were identified by in-gel tryptic digestion and mass
spectrometry (MALDI-TOF and MS/MS) as described
(36). Of these spots, 14 were identified as polypeptides
from acyl CoA oxidase (ACO), peroxisomal bifunctional
enzyme (PBE), and 3-ketoacyl thiolase (3KCT), enzymes
which are central components of the peroxisomal fatty
acid b-oxidation. Furthermore, one spot was identified
as adipocyte fatty acid binding protein, aFABP, which
may be viewed as a substrate carrier for this metabolic
pathway, and one spot was identified as HMG-CoA syn-
thase which is not directly involved in peroxisomal fatty
acid b-oxidation. In this study, we focused on the regula-
tion of the 15 spots that are components of, or are re-
lated to (aFABP), peroxisomal fatty acid b-oxidation.
These spots are located in the basic region of the gels
covering a pI range from 3 to 10 (see the master gel in
Fig. 2A). Representative gels of liver samples from un-
treated, rosiglitazone- and WY14,643-treated obese mice
are shown as cut-outs from 2D-gels in Fig. 2B. By visual
inspection of the gels, we found that both rosiglitazone
and WY14,643 apparently up-regulated most of these 15
spots.

Thereafter, semiquantitative data obtained from com-

puter-aided image analysis were analyzed and we found
that in obese animals, out of these 15 spots, WY14,643
and rosiglitazone induced significant up-regulation of
14 and 9 spots, respectively (Fig. 3A). As each enzyme is
represented by several spots, a common finding in two-
dimensional electrophoresis most likely representing
cleavage and degradation occurring in vivo, it is impor-
tant to note that rosiglitazone did affect at least one
spot from all of the three identified peroxisomal en-
zymes. To explain that several spots, originating from
one protein, are not regulated in a coordinated manner
by pharmacological treatments would require complete
knowledge of the primary sequence of each spot, as well
as an understanding of each activation/degradation
pathway. Such an analysis has not been possible to per-
form in this study. In lean mice, rosiglitazone did not
cause any significant changes whereas WY14,643 caused
significant up-regulation of 15 spots (Fig. 3B). It is in-
teresting to note that all spots representing ACO, PBE,
and 3KCT had a higher basal expression in obese com-
pared to lean mice (Fig. 3C), but this was not the case
for aFABP. Thus, rosiglitazone caused a similar, but
somewhat less pronounced, induction of peroxisomal
enzymes in obese mice as compared to WY14,643. In

Fig. 2
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contrast, only WY14,643 induced this metabolic pathway
in lean mice.

Liver expression of PPARg mRNA

PPARa and PPARg show similar binding to the peroxi-
somal proliferator response element (PPRE) of ACO
(20). It is therefore conceivable that PPARg, if expressed
in liver, will bind to the same PPREs as PPARa and hence
mimic PPARa-mediated gene regulation. Therefore, we
decided to compare mRNA expression levels of PPARg1
and PPARg2 in livers from the lean and obese mice. As
can be seen in Fig. 4, lean mice expressed only low levels
of PPARg1 and barely detectable amounts of PPARg2.
However, obese animals showed markedly elevated levels
of the PPARg2 isoform, whereas the PPARg1 levels re-
mained low. Thus, the peroxisome proliferator-like liver

effects of rosiglitazone in obese mice may be due to activa-
tion of PPARg2.

DISCUSSION

In our efforts to map the mechanisms of action of anti-
hyperlipidemic drugs, we first characterized the response
of the selective PPARa activator WY14,643 in livers from
obese mice (36). We found the expected induction of cen-
tral components of the peroxisomal fatty acid b-oxidation
pathway, a response typical for peroxisome proliferators.
Now, we asked whether the TZD rosiglitazone, reported to
be a selective PPARg-agonist (9, 33), may cause similar ef-
fects as WY14,643 in lean and obese mice.

The results are summarized as follows. i) At equally

Fig. 2. (A) Two-dimensional master gel with the 15 spots characterizing the major peroxisome prolifera-
tor-like response in obese mice: (1) 3-ketoacyl-CoA thiolase, (16) peroxisomal bifunctional enzyme, (17)
3-ketoacyl-CoA thiolase, (18) 3-ketoacyl-CoA thiolase, (19) peroxisomal bifunctional enzyme, (24) aFABP,
(25) acyl CoA oxidase, (26) acyl CoA oxidase, (30) 3-ketoacyl-CoA thiolase, (31) peroxisomal bifunctional
enzyme, (32) 3-ketoacyl-CoA thiolase, (33) acyl CoA oxidase, (34) peroxisomal bifunctional enzyme, (35)
peroxisomal bifunctional enzyme, (36) peroxisomal bifunctional enzyme. (B) Enlarged sections, cut-out
as indicated by the box in (A), from representative gels of liver samples from obese control, rosiglitazone-
and WY14,643-treated mice. Arrows indicate spots up-regulated by the rosiglitazone and/or the WY14,643
treatment.
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effective doses in obese mice (with regard to correction
of hypertriglyceridemia and hyperglycemia), rosiglita-
zone and WY14,643 induce similar responses identified
as up-regulation of peroxisomal fatty acid b-oxidation.
ii) In lean mice, WY14,643 exerted effects similar to
those in obese mice whereas rosiglitazone had no effect
on the studied proteins. iii) Livers from obese mice con-
tain more PPARg2 mRNA than livers from lean mice. To
conclude, our findings suggest that the elevated levels

of liver PPARg2 in obese mice may render these animals
susceptible to a peroxisome proliferator-like activation
by rosiglitazone. In relation to this, it is interesting to
note that others have found elevated PPARg expression
in livers from obese mice fed a high fat-containing diet
(40). Also, a recent report on PPARa knockout mice,
which become obese, showed an increased expression
of liver PPARg in fat-filled liver cells from males, whereas
the expression of aFABP, adipoQ, and hormone-sensitive

Fig. 3
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lipase remained unchanged (41). The results are in line
with our data concerning the hepatic expression of
PPARg and aFABP in obesity. Thus, obesity and high-fat
feeding regulate PPARg levels in mice, and this may de-

termine the response to PPAR activators in vivo. In par-
ticular, the PPARg2 isoform may be the one that is regu-
lated in obesity. To understand the pharmacodynamic
effects of PPAR activators in humans, it will be impor-
tant to investigate possible regulatory effects of obesity
on hepatic PPARg expression in human subjects.
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