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BACKGROUND AND PURPOSE
Humanized mice for the nuclear receptor peroxisome proliferator-activated receptor d (PPARd), termed PPARd knock-in (PPARd
KI) mice, were generated for the investigation of functional differences between mouse and human PPARd and as tools for
early drug efficacy assessment.

EXPERIMENTAL APPROACH
Human PPARd function in lipid metabolism was assessed at baseline, after fasting or when challenged with the GW0742
compound in mice fed a chow diet or high-fat diet (HFD).

KEY RESULTS
Analysis of PPARd mRNA levels revealed a hypomorph expression of human PPARd in liver, macrophages, small intestine and
heart, but not in soleus and quadriceps muscles, white adipose tissue and skin. PPARd KI mice displayed a small decrease of
high-density lipoprotein-cholesterol whereas other lipid parameters were unaltered. Plasma metabolic parameters were similar
in wild-type and PPARd KI mice when fed chow or HFD, and following physiological (fasting) and pharmacological (GW0742
compound) activation of PPARd. Gene expression profiling in liver, soleus muscle and macrophages showed similar gene
patterns regulated by mouse and human PPARd. The anti-inflammatory potential of human PPARd was also similar to mouse
PPARd in liver and isolated macrophages.

CONCLUSIONS AND IMPLICATIONS
These data indicate that human PPARd can compensate for mouse PPARd in the regulation of lipid metabolism and
inflammation. Overall, this novel PPARd KI mouse model shows full responsiveness to pharmacological challenge and
represents a useful tool for the preclinical assessment of PPARd activators with species-specific activity.

Abbreviations
ABCA1, ATP-binding cassette type A1; ES, embryonic stem; GW0742, [4-[[[2-[3-fluoro-4-(trifluoromethyl)phenyl]-
4-methyl-5-thiazolyl]methyl]thio]-2-methylphenoxy]acetic acid; HDL-C, high-density lipoprotein-cholesterol; KI,
knock-in; LDL-C, low-density lipoprotein-cholesterol; PPAR, peroxisome proliferator-activated receptor; TG, triglyceride;
WAT, white adipose tissue

Introduction
Peroxisome proliferator-activated receptors (PPARs) are
ligand-activated transcription factors belonging to the
nuclear receptor superfamily. Three different PPAR genes (a, d

or b and g) have been identified, each displaying distinct
patterns of tissue distribution and natural and pharmacologi-
cal ligands, attesting the fact that they perform different
functions in different cell types (Gross and Staels, 2007). Of
the three isotypes, PPARd (also called PPARb or PPARb/d) is the
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most widely distributed. High expression levels were reported
in tissues such as adipose tissue, small intestine, liver, skeletal
muscle, heart and macrophages (Escher et al., 2001; Higash-
iyama et al., 2007; Girroir et al., 2008). In contrast to the
PPARa and g isotypes, an understanding of the physiological
role of the PPARd subtype in humans is lagging behind due to
the absence of clinically available PPARd-selective ligands.
The recent identification of PPARd-selective ligands, con-
comitant with the development of genetically modified
mouse models, has revealed roles for PPARd in lipid and
glucose metabolism, energy expenditure and inflammation
(Gross et al., 2005; Barish et al., 2006). As a consequence,
PPARd–selective ligands may be useful for the treatment of
dyslipidaemia, obesity and insulin resistance. In humans, the
benefit of PPARd activation on lipid metabolism, via the
up-regulation of fatty acid oxydation, was confirmed in early
clinical trials (phases I and II) with the GW501516 compound
(Sprecher et al., 2007; Risérus et al., 2008), a potent activator
of PPARd (Sznaidman et al., 2003).

The mouse is the most widely used model for physiologi-
cal and preclinical pharmacological studies. However, some
pathways are regulated in a species-specific manner. Species-
specific differences in xenobiotic response, for instance, are
due to intrinsic differences between the human and mouse
constitutive androstane receptor (CAR) (Huang et al., 2004)
and pregnane X receptor (Xie et al., 2000). Species differences
between human and rodent PPARa activity are also well
documented (Gonzalez and Shah, 2008). Sequence differ-
ences between the two species are often minor, but sufficient
to allow ligand selectivity (Keller et al., 1997) and modulation
of gene regulation specificity. Indeed in rodent liver, activa-
tion of PPARa induces peroxisome proliferation, hepatome-
galy and hepatocarcinogenesis, effects which are not
observed in human liver (Lefebvre et al., 2006). A study exam-
ining the molecular mechanism of these species differences
using a humanized mouse model showed that structural dif-
ferences between human and mouse PPARa are responsible
for the differential susceptibility to the development of hepa-
tocarcinomas (Morimura et al., 2006).

Human and mouse PPARd proteins share 92% homology
in their amino acid sequence, with a few non-conservative
modifications in the N-terminal region and the ligand-
binding domain (LBD). The pharmacological relevance of
these changes has not yet been established. However, differ-
ences in the EC50 between the two species have been reported
for some PPARd ligands such as for bezafibrate and L-165041
(Ram, 2003). Differences located in the N-terminal region
could also account for species variations in gene regulation,
as recent studies have indicated that gene specificity is in part
driven by the N-terminal region of PPARg and PPARd (Hum-
masti and Tontonoz, 2006; Bugge et al., 2009).

Physiological differences upon PPARd activation have
been reported between species, and notably in the regulation
of lipid metabolism. PPARd ligands increase, up to 50%, high-
density lipoprotein-cholesterol (HDL-C) levels in obese and
non-obese mice (Leibowitz et al., 2000; van der Veen et al.,
2005; Briand et al., 2009). In insulin-resistant obese rhesus
monkeys, a more relevant model for the study of human
pathologies, PPARd activation not only increased HDL-C
levels, but also decreased low-density lipoprotein-cholesterol
(LDL-C) and triglyceride (TG) levels and normalized insulin

concentrations (Oliver et al., 2001). Such effects on LDL-C
and TG levels were not observed in agonist-treated mice (Lei-
bowitz et al., 2000; van der Veen et al., 2005; Briand et al.,
2009). The mechanism by which PPARd activation raises
HDL-C levels is still unclear, but is believed to occur via
induction of ApoA1-dependent cholesterol efflux following
activation of the cholesterol transporter ATP-binding cassette
type A1 (ABCA1) in peripheral tissues and human macroph-
ages (Oliver et al., 2001). However, whether this pathway is
also induced by PPARd ligands in mouse macrophages
remains controversial (Lee et al., 2003; Li et al., 2004; van der
Veen et al., 2005), suggesting the existence of species differ-
ences between human and mouse PPARd.

The development of humanized mouse models has pro-
vided useful tools to explore the functional and regulatory
differences between human and mouse orthologous genes.
Moreover, humanized mouse models are also valuable tools
for preclinical pharmacological evaluation of ligands. In this
study, we report the development of a new mouse model
humanized for PPARd, named the PPARd knock-in (PPARd KI)
mouse. Moreover, we have characterized this model and the
role of human PPARd in lipid metabolism in vivo using these
mice.

Methods

PPARd gene targeting
Genomic clones encompassing the 5′ region to exon 3 and 3′
region to exon 8 of the mouse PPARd gene were obtained by
screening a Sv/129 genomic mouse library, generated and
kindly provided by A. Bègue (Institut de Biology de Lille,
France). The targeting vector was constructed using PCR
amplification introducing new cloning sites in the human
cDNA. A NcoI site was generated upstream of the start codon
by modifying one base before the ATG. The human PPARd
cDNA was inserted between the newly generated NcoI site and
the BglII site located a few base pairs upstream of the stop
codon at the end of the exon 8. This results in the replacement
of the coding region only. A neomycin cassette flanked by two
loxP sites was introduced into the intron sequence upstream
of the human cDNA. The targeting vector contained 1.7 kb of
homologous sequence 5′ of the neomycin cassette and 6.3 kb
of homologous sequence 3′ of the human PPARd cDNA
(Figure 1A). A herpes simplex virus thymidine kinase gene was
inserted at the 3′ end of the construct for negative selection
against random insertion of the targeting vector.

Targeting of the constructs to obtain heterozygous embry-
onic stem (ES) cells was performed using standard procedures
(Lee et al., 1995). After positive and negative selection,
homologous recombination of the ES clones was verified by
Southern blot analysis using 5′ and 3′ probes (Figure 1B). One
of the three positive ES clones microinjected into C57BL/6J
blastocysts generated chimeric mice with ~60% agouti coat
colour.

Chimeric mice with germ line transmission were obtained
by breeding with C57BL/6J mice. The transmission of the
modified allele was monitored by Southern blot analysis with
the 5′ probe and BamHI digestion in the first generation of
the progenies. Genotypes of subsequent generations were
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determined by PCR. Mice were backcrossed 10 generations in
order to obtain a C57BL/6J-stabilized genetic background.

RNA extraction and quantitative PCR analysis
Tissue RNA isolation and quantitative PCR analysis were per-
formed as previously described (Lalloyer et al., 2009). Results
are expressed normalized to 36B4 or cyclophilin.

Analysis of human and mouse
PPARd transcripts
In order to verify the replacement of mouse PPARd coding
sequence by the human orthologous cDNA, a RT-PCR analy-
sis was performed with a set of primers with the forward
primer specific to each species (human forward: 5′AGAAAG
AGGAAGTGGCAGA3′, mouse forward: 5′AGAAAGAGGAA

Figure 1
Targeted replacement of the mouse PPARd gene by the human orthologous cDNA. (A) Strategy for the development of the PPARd KI mouse model.
From top to bottom: wild-type locus of the mouse PPARd gene with the coding sequence initiating in exon 3 and ending in exon 8, the targeting
vector and the targeted locus. Expected DNA restriction fragments and their size are represented by double-headed arrows under the respective
genomic structures. Restriction sites are: B, BamHI; H, HpaI; Hd, HindIII. Black boxes indicate exons, grey boxes the cDNA, arrow heads loxP sites,
black arrow the thymidine kinase (TK) expression cassette, open arrow the neomycin (Neo) expression cassette. (B) Genomic Southern blot
analysis of four targeted embryonic stem cell clones (recombinant ES clones) as opposed to wild-type cells (+/+). Southern blots show integration
of the targeting vector with appropriate genomic alterations at 5′ and 3′ termini to the homologous recombination sites. When one allele of the
mouse PPARd gene is replaced by homologous recombination, BamHI and HpaI restriction fragments of 13.4 kb appeared when the gene was
analysed with the 5′ probe and 3′ probe respectively. (C) Southern blot analysis of tail DNA from wild-type (+/+), heterozygous (+/KI) and
homozygous (KI/KI) mutant mice carrying either the wild-type, one or both targeted alleles. Deduced genotypes are indicated on top. (D) RT-PCR
with species-specific primers performed on liver samples from wild-type (+/+), heterozygous (+/KI) and homozygous (KI/KI) PPARd KI mice. ES,
embryonic stem; KI, knock-in.
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GTGGCCAT3′) and the reverse primer located in a region
homologous between the two species (common reverse:
5′GAGAAGGCCTTCAGGTCG3′). The species-specific
forward primers displayed mismatches in their 3′ region. In
order to reduce cross-reaction of the species-specific primers,
the annealing temperature was set at 66°C. PCR amplification
products were separated on an agarose gel stained with
ethidium bromide and visualized under UV light.

Animal experiments
All animal care and experimental procedures complied with
the European Community specifications (Council Directives
86/609/EEC) regarding the use of laboratory animals and
were approved by the Pasteur Institute of Lille Animal facili-
ties (licence number B59-35009) and The Nord-Pas de Calais
Ethical Committee for animal use. Homozygous PPARd KI
and wild-type (WT) littermates used for fasting and high-fat
diet (HFD) studies were of mixed background Sv129/C57BL/
6J. Studies with chow diet were performed using 10 genera-
tion back-crossed homozygous PPARd KI C57BL/6J mice.
C57BL/6J mice used for backcrossing and as controls for
GW0742 treatment were from a commercial source (Iffa
Credo, France). Mice were group housed and given access to
chow diet and water ad libitum.

Wild-type control and PPARd KI mice (7–15 weeks of age)
were matched according to weight, glycaemia and cholesterol
levels. Mice were fed either a standard chow diet or an HFD
containing 35.5% (w/w) fat manufactured by Safe (Augy,
France) as described by Luo et al. (1998). Mice were treated
with the GW0742 compound (Sznaidman et al., 2003) (in
0.5% hydroxypropyl methyl cellulose, 1% Tween 80, pH 3.2)
at the dose of 10 mg·kg-1 or vehicle by oral gavage twice a day
for 14 days. On the day they were killed, mice were deprived
of food for 6 h. For the fasting experiment, food was with-
drawn for 24 h. Blood was collected by retro-orbital veni-
puncture under isoflurane anaesthesia. Mice were killed by
cervical dislocation and tissues were harvested, flash frozen
and stored at -80°C until required.

Plasma metabolite analysis
Plasma lipid concentrations were determined in mice
deprived of food for 6 or 24 h. Glycaemia was determined
using Glucotrend (Roche). Retro-orbital blood samples were
drawn in EDTA-coated tubes at death. Plasma was separated
by low-speed centrifugation and kept at 4°C or frozen. Plasma
free fatty acids (FFAs), b-hydroxybutyrate, lactate were deter-
mined using kits from Wako, Randox Laboratories and Trinity
Biotech, respectively.

Cholesterol and TG concentrations were determined by
enzymatic assays using commercially available reagents
(Biomerieux, France). Lipids of individual plasma samples
were separated by fast protein liquid chromatography (FPLC)
by gel filtration onto a Sepharose 6 10/300 GL column (GE
Healthcare) with online cholesterol and TG determination.
This system allows separation of the three major lipoprotein
classes – VLDL, LDL and HDL.

Macrophage isolation
Peritoneal macrophages were isolated from WT and PPARd KI
mice 3 days after a thioglycolate challenge. Macrophages

were cultured in RPMI 1640 medium and 10% FBS for 24 h
followed by a 12 h starvation period in medium with 0.2%
FBS prior to treatment. Macrophages were treated during 24 h
with vehicle or GW0742 at 100 nM. The inflammatory
response was studied in macrophages treated with LPS
(Sigma) at 100 ng·mL-1 for 24 h in the presence of vehicle or
GW0742 at 100 nM.

Statistical analysis
Differences between two groups were compared with Stu-
dent’s unpaired two-tailed t-test. Multiple comparison was
performed with one-way ANOVA. Significant differences were
subjected to post hoc analysis using the Tukey’s test. A P-value
of 0.05 or less was considered statistically significant. Calcu-
lations were performed using Graphpad Prism software.

Results

Gene replacement of the mouse PPARd gene
with the human PPARd cDNA
The targeting strategy used for the development of the
humanized PPARd mouse is illustrated in Figure 1A. In brief,
the mouse PPARd coding region, spanning from the start
codon in exon 3 to the stop codon in exon 8, was replaced
with the cDNA of the human orthologous gene through
homologous recombination in ES cells. Homologous recom-
bination between the endogenous mouse PPARd locus and
the targeting construct results in a chimeric gene in which all
the mouse protein coding sequences have been replaced with
sequences coding for human PPARd. This chimeric gene,
called targeted locus, retains all the mouse regulatory ele-
ments of the promoter region as well as the 5′ and 3′UTR.

Recombinant ES clones were positively and negatively
selected against neomycin and thymidine kinase activity,
respectively. Successful integration and replacement with the
human PPARd cDNA was confirmed by Southern blot analysis
with 5′ and 3′ probes (Figure 1B). The targeted locus was
transmitted to the F1 generation from chimera mice that
were obtained from one of the targeted cell lines (Figure 1C).
Humanized homozygote mice (PPARd KI) were born at pre-
dicted Mendelian frequencies, appeared grossly normal and
produced normal progeny. No weight and size differences
were observed during the lifespan of the PPARd KI mice.

Analysis of human PPARd expression level
Successful replacement and expression of human PPARd was
monitored in liver by RT-PCR using species-selective primers
(Figure 1D). Human PPARd mRNAs were detected in heterozy-
gous and homozygous PPARd KI mice, whereas mouse PPARd
mRNA was absent in homozygous PPARd KI mice. Northern
blot analysis, using a common probe located downstream of
the stop codon in the 3′UTR, indicated that a full length mRNA
was processed from the chimeric human PPARd gene (Fig-
ure S1). mRNA expression levels of human PPARd were deter-
mined by quantitative PCR in several tissues in which PPARd is
metabolically active. Using primers located in the common
5′UTR, and when compared with mouse PPARd mRNA levels,
human PPARd transcript levels were found to be lower in a
number of tissues such as liver, macrophages, small intestine

BJPA humanized PPARd mouse model

British Journal of Pharmacology (2011) 164 192–208 195



and heart (Figure 2). In contrast, hPPARd expression was
similar in white adipose tissue (WAT), skin and soleus (rich in
oxidative fibre types and expressing high levels of PPARd) and
quadriceps (composed of mixed oxidative and glycolytic fibre
types and expressing lower PPARd levels) muscles. Levels of
PPARa and PPARg transcripts were also analysed in order to
detect compensatory mechanisms triggered by the replace-
ment of mouse PPARd and down-regulation of hPPARd expres-
sion, as previously shown in PPARa null mice (Muoio et al.,
2002). PPARa mRNA levels were similar between WT and
PPARd KI mice, except for a statistically non-significant
decrease in macrophages (Figure 2). PPARg mRNA levels in
PPARd KI mice were similar in skeletal muscles, WAT and
macrophages but were lower in liver, small intestine and heart
and strongly elevated in skin (Figure 2).

Analysis of plasma lipids in chow fed mice
Serum lipid concentrations and distributions were analysed
in adult, female and male, mice at the age of 10 weeks. In
males, serum cholesterol levels were significantly lower (13%)
in PPARd KI mice compared with WT controls (Table 1 and
Figure S2A). Analysis of the lipid distribution profiles indi-

cated that the reduction of cholesterol occurred in the HDL
fraction. Similarly, in females, total cholesterol and HDL-C
were 18% lower in PPARd KI mice when compared with WT
mice (Table 1), although this did not reach statistical signifi-
cance. Analysis of TG levels did not show significant differ-
ences between WT and PPARd KI mice in both female and
male mice (Table 1 and Figure S2B). Glycaemia in mice was
similar between male WT and PPARd KI mice (2.03 �

0.35 g·L-1 vs 2.12 � 0.26 g·L-1, respectively), whereas in
female mice glycaemia was significantly lower (17%) in
PPARd KI versus WT mice (1.78 � 0.37 g·L-1 vs. 2.15 �

0.32 g·L-1, respectively, P = 0.007).

hPPARd did not alter metabolic parameters
during fasting
As PPARd acts as a fatty acid sensor and is activated during
adaptive responses to fasting or exercise (Sanderson et al.,
2009), the response of PPARd KI mice to 24 h fasting was
tested next.

As expected, an increase of FFAs and b-hydroxybutyrate
and a decrease of lactate, TG and blood glucose was observed
in WT mice after a 24 h fasting period (Figure 3A).

Figure 2
Comparative expression analysis of the different PPAR isotypes in PPARd KI and wild-type (WT) mouse tissues. Transcript levels of PPARd, PPARa
and PPARg were measured in liver, skeletal muscle (soleus and quadriceps), white adipose tissue (WAT), peritoneal macrophages, small intestine,
heart and skin. Relative expression of PPAR transcripts in WT and PPARd KI mice was measured by quantitative PCR. Expression values are
normalized to 36B4 and expression of PPARd, PPARa and PPARg in WT mice was set at 100 for each tissue. Values represent means � SD. Significant
differences by Student’s t-test. *P < 0.05; **P < 0.005; ***P < 0.001 WT versus PPARd KI. KI, knock-in.

BJP B Gross et al.

196 British Journal of Pharmacology (2011) 164 192–208



Table 1
Lipid profiles of WT and PPARd KI mice on chow diet

Genotype
Male Female
WT (n = 22) PPARd KI (n = 28) WT (n = 10) PPARd KI (n = 16)

Cholesterol (g L-1) Total 1.09 � 0.25 0.94 � 0.20** 0.91 � 0.15 0.75 � 0.29

VLDL 0.04 � 0.02 0.04 � 0.02 0.02 � 0.02 0.01 � 0.02

LDL 0.15 � 0.05 0.14 � 0.04 0.10 � 0.05 0.09 � 0.05

HDL 0.90 � 0.20 0.76 � 0.18** 0.80 � 0.12 0.65 � 0.25

Triglycerides (g L-1) Total 1.20 � 0.38 1.29 � 0.33 1.04 � 0.49 0.95 � 0.37

VLDL 0.47 � 0.20 0.44 � 0.22 0.35 � 0.14 0.28 � 0.18

LDL 0.21 � 0.07 0.18 � 0.07 0.11 � 0.03 0.10 � 0.04

HDL 0.09 � 0.04 0.07 � 0.08 0.14 � 0.11 0.12 � 0.06

Plasma lipoproteins of 10 week-old male and female WT and PPARd KI mice fed a chow diet were individually separated according to their
size by FPLC. Values represent means � SD. Significant differences by Student’s t-test *P < 0.05; **P < 0.005***P < 0.001 WT vs PPARd KI. FPLC,
fast protein liquid chromatography; HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein.

Figure 3
Expression of hPPARd did not alter the metabolic response to fasting. (A) Plasma metabolites were analysed in fed, 24 h fasted wild-type and PPARd
KI mice. (B) Expression of genes involved in carbohydrate, lipid and lipoprotein metabolism were measured by quantitative PCR in livers from fed
and fasted wild-type and PPARd KI mice. Expression values are normalized to cyclophilin and expression of fed wild-type mice was set at 100.
Values represent means � SD. Significant differences by one-way ANOVA analysis. *P < 0.05; **P < 0.005; ***P < 0.001 fed versus fasted. KI,
knock-in.
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Cholesterol levels did not change upon fasting in WT mice.
PPARd KI mice displayed a similar response to WT mice.
Similarly, at the transcriptional level, mRNA levels the keto-
genic enzyme, 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS 2), a PPAR target gene, and aldehyde dehydrogenase
3 family, member A2 (ALDH3 A2), a specific PPARa target gene
thus reflecting PPARa activity (Sanderson et al., 2009), were
induced by fasting in both WT and PPARd KI mice (Figure 3B).
Hepatic mRNA levels of fasting-regulated PPARd target genes
such as lipin 2 (LPIN2) and ST3 b-galactoside a-2,3-
sialyltransferase 5 (ST3GAL5) (Sanderson et al., 2009) were
regulated in a similar manner in WT and PPARd KI mice
during fasting (Figure 3B). These results indicate that the
response of PPARd-selective genes, as well as PPARa-selective
genes, is similar between PPARd KI and WT mice upon fasting.

Effect of GW0742 treatment on plasma lipids
and lipid gene regulation
The effect of hPPARd activation on lipid and glucose metabo-
lism was assessed in male WT and PPARd KI mice fed a

standard chow diet and treated with the PPARd-selective acti-
vator GW0742 (Sznaidman et al., 2003) for 14 days at a dose
of 20 mg·kg-1·day-1. Treatment with GW0742 did not alter
body weight of either WT and PPARd KI mice but increased
liver weight by 26% and 40% in WT and PPARd KI mice,
respectively (Table 2), probably due to the induction of per-
oxisome proliferation (van der Veen et al., 2005). GW0742
treatment did not alter blood glucose concentration in either
genotype (Table 2).

GW0742 treatment significantly increased total choles-
terol in WT (24%) and PPARd KI mice (33 %) (Table 3). FPLC
profile analysis of plasma lipids indicated that this rise was
essentially caused by an increased cholesterol content in HDL
and LDL particles (Table 3 and Figure S3A). In WT mice the
HDL-C and LDL-C increase was 19% and 64%, whereas in
PPARd KI mice the increase was 31% and 40%, respectively.
The variations in response between WT and PPARd KI mice
were not statistically, significantly different.

Gene expression levels of genes involved in HDL metabo-
lism were assessed in liver, a major tissue involved in lipid

Figure 3
Continued.
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and lipoprotein metabolism. mRNA expression levels of the
scavenger receptor B1, an HDL receptor, and the ABCA1
transporter protein, which regulates ApoA1-dependent cho-
lesterol efflux and HDL formation, were not modified in
treated mice from either genotype (Figure 4A and data not
shown). The genes of the two major HDL apolipoproteins,
APOA1 and APOA2, were not regulated either (data not
shown). Among the genes involved in HDL remodelling,
PLTP, which catalyses the transfer of phospholipids from
VLDL to HDL and between HDL particles, was up-regulated
upon GW0742 treatment in both WT and PPARd KI mice
(Figure 4A).

Analysis of genes involved in LDL metabolism such as the
LDL-receptor, LDL-R, did not reveal an effect of GW0742 in
WT and PPARd KI mice (data not shown). By contrast, mRNA
of APOB, the major apolipoprotein of LDL, was slightly
down-regulated in PPARd KI-treated mice only (Figure 4A).
The physiological significance of this differential regulation is
not known.

GW0742 treatment did not alter total TG levels in either
WT or PPARd KI mice. Interestingly, FPLC separation of the
lipoprotein fractions indicated a decrease of 50% and 36% in
TG content of LDL particles in WT- and PPARd KI-treated

mice, respectively. This decrease was not detected in the total
pool as the TG content of LDL particles only represents a
minor percentage of total TG (Table 3 and Figure S3B). The
decreased TG levels in LDL particles upon GW0742 treatment
in WT and PPARd KI mice was associated with a fourfold
increase in mRNA levels of lipoprotein lipase (LPL) and a 30%
decrease in the LPL inhibitors, apolipoprotein C3 (APOC3)
and angiopoietin-like 3 (ANGPTL3) in liver (Figure 4A). In
addition, mRNA levels of pyruvate dehydrogenase kinase 4
(PDK4), an inhibitor of the pyruvate dehydrogenase complex,
were strongly up-regulated in WT and PPARd KI mice
(Figure 4B). The regulation of these genes was not signifi-
cantly different between WT and PPARd KI mice.

In addition, the regulation of genes involved in intra-
hepatic lipid metabolism including fatty acid b-oxidation,
storage and transport, was analysed. GW0742 treatment
induced in both genotypes an increase in the mRNA levels of
acyl-CoA oxidase (ACO), carnitine palmitoyltransferase 1b
(CPT1b), liver-fatty acid binding protein (L-FABP), liver-fatty
acid transport protein (L-FATP) and CD36 (Figure 4B). Inter-
estingly, the up-regulation of ACO, L-FATP and CD36, but not
CPT1b or L-FABP, was slightly, albeit significantly lower in
PPARd KI-treated versus WT-treated mice.

Table 2
Effect of GW0742 treatment on liver weight and blood glucose of WT and PPARd KI male mice

Genotype
WT PPARd KI
Vehicle GW0742 Vehicle GW0742

Liver weight (% of body weight) 4.62 � 0.30 5.85 � 0.34*** 4.13 � 0.28 5.76 � 0.61***

Blood glucose (g L-1) 2.01 � 0.22 1.97 � 0.20 2.04 � 0.42 2.04 � 0.25

Mice were treated by oral gavage with GW0742 (20 mg·kg-1·day-1) or vehicle alone for 14 days (n = 8 per group). Values represent means
� SD. Significant differences by one-way ANOVA analysis, *P < 0.05; **P < 0.005; ***P < 0.001 vehicle versus GW0742.

Table 3
Influence of GW0742 treatment on lipid profiles of WT and PPARd KI male mice

Genotype
WT PPARd KI
Vehicle GW0742 Vehicle GW0742

Cholesterol (g L-1) Total 1.10 � 0.11 1.37 � 0.08*** 1.03 � 0.07 1.37 � 0.10***

VLDL 0.05 � 0.03 0.05 � 0.02 0.04 � 0.02 0.05 � 0.01

LDL 0.14 � 0.03 0.23 � 0.06*** 0.15 � 0.02 0.21 � 0.04*

HDL 0.89 � 0.09 1.06 � 0.04*** 0.82 � 0.05 1.08 � 0.10***

Triglycerides (g L-1) Total 1.00 � 0.39 0.94 � 0.23 0.94 � 0.20 0.89 � 0.17

VLDL 0.39 � 0.25 0.41 � 0.16 0.38 � 0.18 0.34 � 0.15

LDL 0.14 � 0.04 0.07 � 0.01** 0.11 � 0.05 0.07 � 0.02*

HDL 0.08 � 0.05 0.08 � 0.04 0.07 � 0.03 0.09 � 0.06

Mice were treated by oral gavage with GW0742 (20 mg·kg-1·day-1) or vehicle alone for 14 days (n = 8 per group). Plasma lipoproteins were
individually separated according to their size by FPLC. Values represent means � SD. Significant differences by one-way ANOVA analysis,
*P < 0.05; **P < 0.005; ***P < 0.001 vehicle versus GW0742. FPLC, fast protein liquid chromatography; HDL, high-density lipoprotein; VLDL,
very low-density lipoprotein.
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Gene expression of ABCA1, uncoupling
protein 2 and angiopoietin-like 4 is
up-regulated by mouse and human
PPARd in skeletal muscle
PPARd is highly expressed in oxidative type I muscle fibres
(Muoio et al., 2002; Wang et al., 2004) and plays a predomi-
nant role in fatty acid oxidation in skeletal muscle by regu-
lating mitochondrial gene expression of enzymes of fatty acid
oxidation (Ehrenborg and Krook, 2009). mRNA levels of fatty
acid oxidation and lipid handling genes were thus analysed
in the soleus muscle, mainly constituted of oxidative type I
muscle fibres (Dressel et al., 2003; Wang et al., 2004). Surpris-
ingly, mRNA levels of CPT1b, CD36, PDK4, uncoupling
protein 3 (UCP3), L-FATP, glucose transporter type 4 (GLUT4)
and PPARg coactivator 1a (PGC1a), which have been
described previously as PPARd regulated genes in muscle
(Dressel et al., 2003; Tanaka et al., 2003; Sprecher et al., 2007),

were not changed upon GW0742 treatment in either WT or
PPARd KI mice (Figure 5), and data not shown. By contrast,
the ABCA1, uncoupling protein 2 (UCP2) and angiopoietin-
like 4 (ANGPTL4) transcripts were up-regulated to the same
extent in WT- and PPARd KI-treated mice (Figure 5).

Effect of GW0742 on metabolic parameters
and inflammation in high-fat diet-fed mice
As PPARd activation has been shown to prevent diet-induced
obesity, the response of PPARd KI mice to high-fat diet (HFD)
feeding was assessed. Mice were fed 7 weeks with a HFD prior
to 14 days treatment with the GW0742 compound. During
the 7 weeks of HFD feeding, weight gain and plasma meta-
bolic parameters (TG, cholesterol, glucose and insulin) were
similar in both genotypes (Figure S4A, and data not shown).

Fourteen-day treatment with GW0742 did not modify
weight or blood glucose and plasma insulin levels in both

Figure 4
Effect of GW0742 treatment on gene regulation in livers of wild-type (WT) and PPARd KI mice. Liver mRNA expression levels from vehicle- and
GW0742-treated WT and PPARd KI mice were measured by quantitative PCR. Analysed transcript were classified according to their metabolic
function: (A) lipoprotein and TG metabolism (B) fatty acid oxidation and transport. Expression values are normalized to cyclophilin and expression
of vehicle-treated WT mice was set at 100. Values represent means � SD. Significant differences by one-way ANOVA analysis. *P < 0.05; **P < 0.005;
***P < 0.001 vehicle versus GW0742. #P < 0.05; ##P < 0.005 ###P < 0.001 WT versus PPARd KI. KI, knock-in; TG, triglyceride.
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WT and PPARd KI mice (Figure S4B). GW0742 treatment
increased liver weight size similarly in WT and PPARd KI mice
(Figure S4B). GW0742 treatment increased total and HDL-
cholesterol levels to a similar extent in WT and PPARd KI mice
(Figure 6A). Plasma TG did not change upon GW0742 treat-
ment in both WT and PPARd KI mice (Figure 6A). mRNA
levels of genes involved in lipid and lipoprotein metabolism,
including ACO, and CD36 were similarly regulated upon
GW0742 treatment in both WT and PPARd KI mice, whereas
mRNA of PLTP up-regulation was slightly weaker in PPARd
KI-treated mice compared with WT-treated mice (Figure 6B).

High-fat diet feeding causes liver steatosis and inflamma-
tion. Expression of acute response genes in hepatocytes such as
fibrinogen-a and fibrinogen-b was down-regulated in a similar
manner in both WT and PPARd KI mice following GW0742
treatment (Figure 6C). Regulation of the inflammatory
response by PPARd in Kupffer cells, the resident hepatic mac-
rophages, was also investigated. Transcription of cytokines
such as TNFa and IL-1 receptor antagonist-a (IL-1Ra) were
down-regulated and up-regulated, respectively, upon GW0742
treatment to a similar extent in WT and PPARd KI mice. mRNA
levels of specific markers of alternative macrophage activation,

such as dectin-1 (CLEC7A) and arginase 1 (ARG1), were simi-
larly down-regulated by GW0742 in WT and PPARd KI mice
(Figure 6C). These results are in contradiction with those of
Odegaard et al. showing a strong induction of mRNA levels of
CLEC7A and ARG1 by GW0742 (Odegaard et al., 2008) in
Sv129/SvJ mice. This discrepancy could be caused by different
mouse genetic background used for the studies.

Response of hPPARd to GW0742
in macrophages
Peroxisome proliferator-activated receptor d represents the
major PPAR isotype in human and mouse macrophages
(Vosper et al., 2001; Lee et al., 2003); and acts as a modulator of
the inflammatory response (Lee et al., 2003; Welch et al., 2003)
and as a VLDL sensor (Chawla et al., 2003; Lee et al., 2006).

At first, regulation of genes involved in the inflammatory
response by hPPARd was assessed in LPS-stimulated peritoneal
macrophages treated with GW0742 at 100 nM. LPS stimula-
tion of cells was accompanied by a strong increase in mRNA
levels of iNOS and MCP1, although this increase was weaker
and stronger, respectively, in macrophages of PPARd KI when
compared with WT macrophages (Figure 7A), probably as a

Figure 4
Continued.
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consequence of reduced hPPARd mRNA levels (Figure 2).
However, GW0742 stimulation resulted in a similar decrease
in LPS-induced mRNA levels of iNOS and MCP1 between
macrophages of WT and PPARd KI mice (Figure 7A).

Human–mouse dissimilarities have been observed in the
regulation of the transcription of some genes involved in
lipid homeostasis in macrophages in response to PPARd
ligands, such as ABCA1, liver X receptor a (LXRa) and the
lipid transporter A-FABP (Oliver et al., 2001; Vosper et al.,
2001; Lee et al., 2003; Li et al., 2004). To determine whether
the PPARd protein sequence is involved in these species-
specific regulations, mRNA levels of these genes were analy-
sed in peritoneal macrophages treated with GW0742
(100 nM). No significant regulation of mRNA levels was
detected for ABCA1, LXRa and A-FABP upon GW0742-
treatment in macrophages of WT- and PPARd KI-treated mice
(Figure 7B). By contrast, mRNA levels of CPT1a, CD36 and
adipophilin (ADRP), were up-regulated to a similar extent in

WT- and PPARd KI-treated mice (Figure 7B), demonstrating
the efficacy of the GW0742 treatment. Interestingly, the
expression level of CPT1a was significantly lower in untreated
macrophages of PPARd KI compared with WT mice. Further-
more, the increase in CPT1a and ADRP mRNA induced was
significantly lower in PPARd KI- versus WT-treated mice, this
might be due to the lower expression level of hPPARd in
macrophages (Figure 2).

Discussion

Species differences in the response to PPARd activation
between mouse and humans can be attributed to factors such
as differences in protein sequence between the species, dif-
ferent expression levels of PPARd in the tissues, relative
binding affinities for the heterodimerization partner RXR,
differences in the PPREs in the promoters of its target genes,

Figure 5
Effect of GW0742 treatment on gene regulation in soleus muscle of wild-type and PPARd KI mice. mRNA expression levels of vehicle- and
GW0742-treated wild-type and PPARd KI mice were measured by quantitative PCR. Expression values are normalized to 36B4 and expression of
vehicle-treated wild-type mice was set at 100. Values represent means � SD. Significant differences by one-way ANOVA analysis. *P < 0.05; **P <
0.005; ***P < 0.001 vehicle versus GW0742. KI, knock-in.
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differences in expression levels of nuclear receptor coactiva-
tors. The development of humanized mice for PPARd allows
us to establish the contribution of PPARd protein sequence
variations to the differential regulation observed between
mouse and humans. This model is also useful to study the
in vivo role of human PPARd signalling pathways.

In our PPARd KI mouse model, human PPARd expression
is under control of the native PPARd mouse promoter.
RT-PCR analysis with species-specific primers demonstrated
the successful replacement of mouse PPARd by its human
orthologue. Furthermore, Northern blot analysis revealed
that a full length mRNA was generated from the chimeric
human PPARd gene. Quantification of transcript levels indi-
cated that human PPARd mRNA levels are lower in some
tissues, such as liver, small intestine, heart and macrophages,
whereas its expression is similar in WAT, soleus and quadri-
ceps muscles and skin. The presence of the neomycin expres-

sion cassette inserted in intron sequences has been reported
to interfere with mRNA splicing, leading to a decreased
expression level of the targeted gene (Nagy, 2000). This
hypomorphic phenotype could be reversed upon removal of
the neomycin expression cassette (Raffaï and Weisgraber,
2002). In our PPARd KI model, the neomycin expression
cassette introduced in the targeting vector is flanked by two
LoxP sites allowing excision by the Cre recombinase. Breed-
ing of PPARd KI mice with MeuCre transgenic mice, which
express the Cre recombinase ubiquitously at an early stage of
embryo development (Leneuve et al., 2003), indicated that
excision of the neomycin expression cassette did not restore
nor modify mRNA expression levels of the chimeric human
PPARd gene (data not shown). Therefore, the replacement of
six exons and five introns by the cDNA sequence of human
PPARd probably eliminates regulatory sequences located in
the removed introns. The existence of such regulatory

Figure 6
Similar response of hPPARd KI and wild-type (WT) mice upon being fed a high-fat diet. (A) Plasma lipids were analysed in WT and PPARd KI mice
fed high-fat diet for 7 weeks followed by 14 days treatment with vehicle or GW0742 at 20 mg·kg-1·day-1. (B, C) Hepatic expression of genes
involved in lipid metabolism and in the inflammatory response were analysed in vehicle- and GW0742-treated WT and PPARd KI mice by
quantitative PCR. Expression values are normalized to 36B4 and expression of vehicle-treated WT mice was set at 100. Values represent means �

SD. Significant differences by one-way ANOVA analysis. *P < 0.05; **P < 0.005; ***P < 0.001 vehicle versus GW0742. #P < 0.05; ##P < 0.005
###P < 0.001 WT versus PPARd KI. KI, knock-in.
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elements were unknown at the time of the generation of the
mouse model.

Replacement of mouse PPARd by its human orthologue
clearly leads to a functional protein, as PPARd-deficiency
generated embryonic lethality at the homozygous stage,
which was not encountered in the PPARd KI mouse model
(Peters et al., 2000; Barak et al., 2002). The physiological
effect of the replacement was first assessed in 10-week-old
male and female mice. In male mice, expression of hPPARd
triggered a decrease of total cholesterol, mainly caused by
the reduction of HDL-C. A reduction of LDL-C was also
observed but this did not reach statistical significance.
These effects could be due to the decreased level of PPARd in
some tissues. This down-regulation is associated, in liver
and small intestine, with a reduction in PPARg mRNA levels,
and in macrophages with a decrease in PPARa mRNA levels,
albeit the latter was not statistically significant. PPARg
was described to play a role in the modulation of the
inflammatory response and fibrosis in liver (Kallwitz et al.,
2008) and small intestine (Wahli, 2008). It is unlikely that
these compensatory changes in expression of PPARg and
PPARa explain this phenotype, although this cannot be for-

mally excluded. Furthermore, the replacement and the
decrease of PPARd mRNA levels did not impact on TG
metabolism as plasma TG did not change, supporting the
conclusion that human PPARd can fully replace mouse
PPARd activity in this pathway. Analysis of mRNA levels of
genes involved in HDL and LDL homeostasis in liver did
not identify differentially regulated genes, which would
explain the decrease in HDL-C and LDL-C in the PPARd KI
mouse model.

Fasting is a physiological situation resulting in the acti-
vation of PPARd by endogenous fatty acids released from
adipose tissue (Sanderson et al., 2009). Analysis of the meta-
bolic response to fasting in PPARd null mice indicated a role
for PPARd in the regulation of hepatic glucose and lipid
metabolism, although the effects (reduced plasma cholesterol
and increased glucose) are less marked compared with PPARa
null mice (Sanderson et al., 2010). PPARd KI mice displayed a
similar fasting response as WT mice. This was confirmed by
similar changes in liver LPIN2 and ST3GAL5 mRNA levels in
WT and PPARd KI mice, the regulation of which has been
reported to be PPARd-dependent (Sanderson et al., 2009;
2010).

Figure 6
Continued.
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The response of human PPARd to activation was also
assessed using a pharmacological approach with the GW0742
compound, a PPARd–selective activator (Sznaidman et al.,
2003). The GW0742 compound is equipotent on human and
mouse PPARd as evaluated in cell-based transfection assay
(EC50 ~30 nM for human PPARd and EC50 ~50 nM for mouse
PPARd), with more than 1000-fold selectivity over mouse
PPARa and mouse PPARg (Graham et al., 2005). Consistent
with the role of PPARd activation in improving the blood
lipid profile in humans and in different animal models (Lei-
bowitz et al., 2000; Oliver et al., 2001; van der Veen et al.,
2005; Wallace et al., 2005; Sprecher et al., 2007; Risérus et al.,
2008; Roberts et al., 2009), GW0742 treatment induced
HDL-C to a similar extent in both strains of mice. GW0742
treatment had also a minor effect on TG levels with a
decreased TG content in LDL particles in both WT and PPARd
KI mice. By contrast, GW0742 treatment induced an increase
in LDL-C, in line with recent results of Briand et al. (Briand
et al., 2009) obtained with GW0742 in mice with a similar
genetic background to those in our study. Overall, activation
of human PPARd triggered similar biological effects in mice
fed a normal chow diet and HFD fed mice. Moreover, activa-
tion of hPPARd resulted in a similar anti-inflammatory
response in liver and macrophages of WT and PPARd KI mice.

Consistent with the biological effects, analysis of tran-
scription levels of a number of genes involved in lipoprotein
and lipid metabolism in liver, soleus muscle and macroph-
ages showed similar patterns of regulation in both mouse
models. Interestingly, despite a lower level of expression of
PPARd in the liver and macrophages, few differences in the
amplitude of gene regulation could be detected suggesting
that 50% of transcript levels of PPARd is sufficient to maintain
an optimal response by the PPARd activator. Although in vivo
studies showed a plasma concentration of GW0742 of 1 mM
at a dose of 20 mg·kg-1·day-1 in mice (van der Veen et al.,
2005), we cannot exclude the possibility that higher concen-
trations of GW0742 are achieved in tissues such as the liver,
which could result in the activation of other PPARs. However,
it is noteworthy that transcript levels of several classical
PPARa-regulated genes, such as APOA1, APOA2 and CPT1a,
were not modified in livers of GW0742-treated mice, render-
ing this possibility unlikely, although a partial activation of
PPARa, with regulation of only a subset of PPARa target
genes, by GW0742 cannot be formally excluded.

The PPARd KI mouse model was also used to investigate
the human–mouse dissimilarities in PPARd regulation of
genes involved in cholesterol and lipid trafficking in mac-
rophages such as ABCA1, LXRa and A-FABP. In contrast to
PPARd-induced regulation in human macrophages (Vosper
et al., 2001; Lee et al., 2003; Li et al., 2004), mRNA levels of
ABCA1, LXRa and A-FABP were not changed upon GW0742
treatment in macrophages from WT and PPARd KI mice.
Despite decreased hPPARd transcript levels, hPPARd activa-
tion resulted in regulation of ACO, CPT1a, MCP1 and iNOS.
A similar functional response to hPPARd activation was also
observed in vivo in Kupffer cells. Therefore the lack of respon-
siveness of macrophages to GW0742 for ABCA1, LXRa and
A-FABP in PPARd KI, as in WT, is not caused by differences in
the PPARd protein sequence between mouse and human.
Distinct methodologies used for the isolation of human and
mouse macrophages, differentiated blood monocytes for

Figure 7
Effect of GW0742 treatment on gene regulation in peritoneal mac-
rophages of wild-type (WT) and PPARd KI mice. (A) Expression of
genes involved in the inflammatory response was analysed by quan-
titative PCR in peritoneal macrophages from WT and PPARd KI mice.
Macrophages were treated with vehicle or LPS (100 ng·mL-1) for
24 h in presence of vehicle or GW0742 (100 nM). Expression values
are normalized to cyclophilin and expression of LPS + vehicle-treated
WT macrophages was set at 100. Values represent means � SD.
Significant differences by one-way ANOVA analysis. §§§P < 0.005
vehicle versus LPS + vehicle; *P < 0.05; **P < 0.005; ***P < 0.001 LPS
+ vehicle versus LPS + GW0742. #P < 0.05 WT versus PPARd KI. (B)
Expression of genes involved in lipid homeostasis were analysed by
quantitative PCR in peritoneal macrophages from WT and PPARd KI
mice treated with vehicle or GW0742 (100 nM) for 24 h. Expression
values are normalized to cyclophilin and expression of vehicle-
treated WT mice was set at 100. Values represent means � SD.
Significant differences by one-way ANOVA analysis. *P < 0.05; **P <
0.005; ***P < 0.001 vehicle versus GW0742. #P < 0.05; ##P < 0.005
###P < 0.001 WT versus PPARd KI. KI, knock-in.
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human macrophages versus peritoneal or bone marrow
derived macrophages for mouse, could explain the differen-
tial regulation of these genes between mouse and human
macrophages.

In conclusion, our humanized mouse model for PPARd
shows that human PPARd is able to replace the function of
mouse PPARd. Using the PPARd-specific activator, GW0742,
we have shown that mouse and human PPARd have similar
functions in lipid and lipoprotein metabolism as a conse-
quence of the regulation of a similar gene repertoire. There-
fore, this study underscores the use of this PPARd KI mouse
model for the study of the function of human PPARd and as
a tool for preclinical assessment of novel PPARd activators
with a human spectrum of action.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 The size of PPARd mRNA of WT and PPARd KI mice
is similar. mRNA isolated from liver, small intestine, white
adipose tissue, and skin of WT (+/+), PPARd KI heterozygote
(+/KI) and homozygote (KI/KI) mice was analysed by North-
ern blot using a probe located in the 3′UTR of mouse PPARd.
Figure S2 FPLC separation of plasma lipoproteins of
10-week-old male WT and PPARd KI mice fed a chow diet.
Plasma from individual WT (open squares) and PPARd KI
(black circles) mice was separated by gel filtration coupled to
an online cholesterol (A) and triglyceride (B) determination
system. Data are a mean representation of 22 and 28 animals
for WT and PPARd KI mice respectively.
Figure S3 FPLC separation of plasma lipoproteins of
GW0742-treated WT and PPARd KI male mice. WT and PPARd
KI mice were gavaged with vehicle or GW0742
(20 mg·kg-1·day-1) for 14 days. Plasma from individual mice
were separated by gel filtration coupled to an online choles-
terol (A) and triglyceride (B) determination system. Data are a
mean representation of eight mice per group.
Figure S4 Response of PPARd KI mice to a high-fat diet. (A)
WT and PPARd KI mice were fed (n = 12–14 per group) during
7 weeks a high-fat diet (HFD) containing 35.5% of fat. Weight
gain of WT (open squares) and PPARd KI (black circles) mice
is expressed in percentage of body weight at day 0. (B) After 7
weeks of HFD, mice were treated with vehicle (white bars) or
GW0742 (20 mg·kg-1·day-1, black bars) for 14 days (n = 6–8
per group). Body weight, blood glucose, insulin levels and
liver weight were measured.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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