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ABSTRACT: The peroxisome proliferator-activated
receptor (PPAR) subtype specificity of GW501516,
a well-known PPARδ-specific agonist, was studied
by examining its effects on the expression of
endogenous genes in primary hepatocytes and the
liver of wild-type and PPARα-null mice. GW501516,
like the PPARα-specific agonist Wy14,643, induced
the expression of several PPAR target genes in a
dose-dependent manner but this action was mostly
absent in the cells and liver of PPARα-null mice.
Results indicated that GW501516 acts as an efficient
PPARα activator in the mouse liver.

However, the effects of treatment with GW501516 are
not always absent in gene-knockout animals, and thus
the in vivo subtype specificity of the compound has not
been confirmed. A previous study of PPAR agonists
using primary cultured hepatocytes from wild-type and
PPARα-null mice revealed that the effect of GW501516
on target gene expression could not be detected when
hepatocytes derived from PPARα-null mice were used.
The current study investigated this unexpected finding
and concluded that GW501516 acts as an efficient
PPARα activator in the mouse liver.
2. Materials and Methods
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1. Introduction
Peroxisome proliferator-activated receptors (PPARs) are
a family of ligand-activated transcription factors that play
important roles in lipid and glucose metabolism. The
distinct PPAR subtypes PPARα, PPARδ, and PPARγ have
been identified. All PPARs bind as heterodimers with the
retinoid X receptor (RXR) to well-conserved response
elements (PPRE) (1). Their functions are believed to
overlap but diverge when acting on endogenous genes
in various tissues although their expression patterns
and ligand specificities also overlap (2). Knowledge of
the distinct physiological functions of PPARs is based
mostly on experimental results obtained using subtypespecific ligands (3) and gene-knockout mice (4) or geneknockdown cells (5).
GW501516 has been widely used as a specific
PPARδ agonist and experimental results have helped
broaden understanding of the role of PPARδ (6,7).
*Address correspondence to:
Dr. Kiyoto Motojima, Department of Biochemistry,
Meiji Pharmaceutical University, 2-522-1 Noshio,
Kiyose, Tokyo 204-8588, Japan.
e-mail: motojima@my-pharm.ac.jp

2.1. Compound
GW501516 was purchased from Calbiochem (San Diego,
CA, USA) or synthesized at Nippon Chemiphar (Misato,
Japan) and the two compounds produced the same results.
Troglitazone was synthesized at Nippon Chemiphar (8).
(4-Chloro-6-(2,3-xylidino)-2-pyrimidinyl-thio)acetic
acid (Wy14,643) and 2-(p-chlorophenoxy)isobutyric
acid ethyl ester (clofibrate) were purchased from TokyoKasei (Tokyo, Japan). Bezafibrate and gemfibrozil were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA).
2.2. Animal experiments
All protocols were approved by the Meiji Pharmaceutical
University Committee for Ethics of Experimentation and
Animal Care. Male C57BL or PPARα-null mice around 8
weeks in age were used as described (9). Mice were fed a
control diet or a diet containing 0.01% GW501516 or 0.05%
Wy14,643 for 2 days. The mice were sacrificed at the end
of each treatment period and total RNA was isolated.
2.3. Primary culture of mouse hepatocytes
Mouse hepatocytes were isolated by a two-step in situ
collagenase perfusion procedure (10). The livers of C57BL
or PPARα-null mice were first perfused with KrebsRinger bicarbonate buffer at 7.2 mL/min and then with
the buffer containing 0.3 mg/mL collagenase type IV at
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4.6 mL/min. Cells were released from the liver into 20 mL
of MEM, filtered through a cell strainer, and purified by
sedimentation twice at 50 × g for 1 min. Cells were then
plated on collagen-coated 6-well plates at a density of 0.35 ×
106 cells/well. After 3 h, the medium was replaced to remove
non-adherent hepatocytes and the treatment was started.
2.4. Cell culture and DNA transfection
CV-1 cells were maintained in DMEM (GIBCO ®;
Invitrogen, Carlsbad, CA, USA) with 10% (v/v) fetal
bovine serum (FBS) as described (11). The cells were
transiently transfected with plasmid DNA (0.4 μg/well)
using Lipofectamine (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's instructions and a
reporter assay was performed as described (11).
2.5. Isolation of RNA and real-time PCR analysis
Total RNA from mouse tissue and primary hepatocytes
was prepared using TRI Reagent® (Molecular Research
Center, Cincinnati, OH, USA) as described (9).
Reverse transcription was done with the PrimeScript®
RT reagent Kit (Takara Bio, Kyoto, Japan). Real-time
PCR was done with a LightCycler 1.5 instrument and
SYBR premix ExTaq (Takara Bio) as directed by the
manufacturer. The primers for real-time PCR of PPARαtarget gene transcripts were as described (12) and L32
was used as an internal control (12).
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in similar hepatocytes from PPARα-null mice. Using
PPARα-null hepatocytes can exclude the possibility
of the presence of significant residual activity of the
receptor due to insufficient knockdown. Real-time PCR
was used to measure changes in the mRNA levels of the
most sensitive PPARα-target genes, HD (Figure 2A) and
pyruvate dehydrogenase kinase 4 (PDK4) (Figure 2B)
(13), in primary hepatocytes with various concentrations
of PPAR agonists. No response to the PPARα agonist
Wy14,643 was noted in PPARα-null hepatocytes and
the response to the PPARγ agonist troglitazone was not
significantly affected, as expected. In contrast, the dosedependent response to GW501516 in hepatocytes was
greatly reduced or eliminated by PPARα knock-out.
The residual response to GW501516 in the PPARα-null
hepatocytes was detectable only in the cells treated with
the compound at concentrations much higher than those
reported for specific activation of PPARδ. These results
suggest that the increased levels of the mRNA of PPARtarget genes induced by treatment with GW501516 are
achieved by activation of PPARα and that the remaining
response was induced by activation of PPARδ or PPARγ
or by some other unknown pathway.

3. Results and Discussion
To confirm that primary mouse hepatocytes were
suitable for the PPAR agonist assay, the primary cultured
hepatocytes were treated with several PPARα agonists
and the levels of mRNA expressed by the endogenous
PPARα-target genes were measured. Primary hepatocytes
are known to maintain liver function and presumably
these cells could be used to estimate the in vivo response
of various agonists at various doses. Quantitative realtime PCR was used to measure the levels of hydratasedehydrogenase bifunctional enzyme (HD) mRNA in
control primary hepatocytes and primary hepatocytes
treated with a PPARα agonist (Figure 1A). All of the
PPAR-target genes examined, including the genes acylCoA oxidase (AOx) and liver-type fatty acid binding
protein (L-FABP), responded to an extent to a wide
variety of PPARα agonists in a dose-dependent manner
(not shown). This response was much stronger in
primary cultured mouse hepatocytes than in a standard
transactivation assay system using CV-1 cells and the
PPARα expression plasmid, in which no response to the
weak agonist clofibrate was observed (Figure 1B).
In vitro studies suggest that GW501516 acts strictly
as a PPARδ-specific agonist in a dose-dependent manner.
To test this assumption, the response of wild-type primary
hepatocytes to GW501516 was compared to the response

Figure 1. Cell-based PPAR ligand assay. PPARα agonist
assays of various compounds were performed using the
endogenous response in primary cultured hepatocytes from
wild-type mice (A) or by reporter gene assay in cultured
CV-1 cells (B). A) Mouse primary hepatocytes were prepared
and cultured with serial 2-fold dilutions of PPARα agonists
for 18 h. The starting concentrations of the agonists were:
Wy14,643 (open bar), 50 μM; bezafibrate (closed bar), 200
μM; gemfibrozil (lightly shaded bar), 200 μM; and clofibrate
(darkly shaded bar), 200 μM. cDNA was synthesized from
total RNA and the levels of mRNAs were quantified with
real-time PCR. The levels of hydratase-dehydrogenase
bifunctional enzyme (HD) mRNA are shown. Each agonist
was assayed using independently isolated hepatocytes from
at least three mice and a representative result is shown. B) A
standard reporter gene assay was done with serial dilutions of
the agonists in A). Experiments were conducted at least three
times and a representative result is shown. Experimental error
was less than 30% in all cases.
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Figure 3. Response in the mouse liver. The effect of PPARαknockout on the response of endogenous target genes to
PPARδ agonist GW501516 in the mouse liver was examined.
Wild-type (W) and PPARα-null mice (KO) were fed a
control diet or a diet containing 0.01% GW501516 or 0.05%
Wy14,643 (as the control) for 2 days. cDNA was synthesized
from total RNA isolated from the liver and the levels of four
PPAR-regulated mRNAs were measured with real-time PCR.
Data represent means (± S.D.) from 3 experiments.

Figure 2. Effect of PPARα knockout. The effect of PPARαknockout on the response of endogenous target genes in
primary hepatocytes to the PPARδ agonist GW501516
was examined. Primary hepatocytes were prepared from
wild-type and PPARα-null mice and cultured with various
concentrations of GW501516 for 18 h. The PPARα agonist
Wy14,643 (at 50 μM) and the PPARγ agonist troglitazone (5
μM) served as controls. cDNA was synthesized from total
RNA and the levels of mRNAs of hydratase-dehydrogenase
bifunctional enzyme (HD) (A) and pyruvate dehydrogenase
kinase 4 (PDK4) (B) were measured with real-time PCR.
Solid bars represent data from hepatocytes isolated from
wild-type mice (W) and open bars represent the data from
PPARα-null mice (KO). Data represent means (± S.D.) from
4 experiments.

To examine whether the response of primary
hepatocytes to PPAR agonists is a true reflection of in
vivo response, wild-type and PPARα-null mice were
fed a control diet or a diet containing the PPAR agonist
GW501516 or Wy14,643. The levels of expression
of mRNA of the target genes in the liver were then
compared. As shown in Figure 3, the levels of HD,
PDK4, AOx, and L-FABP mRNA increased with
administration of GW501516 and Wy14,643 in the liver
of wild-type mice but did not in the liver of PPARα-null
mice, suggesting that the effect of GW501516 on the
expression of PPAR-target genes in the liver was mostly
due to activation of PPARα.
Most of the effects of GW501516 in the mouse liver
that have been reported to activate lipid metabolism
can be explained by its effects on PPARα instead of
on PPARδ. If the subtype specificity of GW501516 is
limited to PPARδ (3), the two nuclear receptors may play

almost identical roles and there may be no physiological
significance in having two overlapping receptors in the
liver. This was the major impetus for the present study,
which found that the effect of GW501516 on several
PPAR target genes in primary hepatocytes and the liver
depends on the expression of PPARα. The possibility that
the effect of GW501516 on PPARα was overestimated
because of the much lower level of expression of PPARδ
compared to that of PPARα in the liver can be excluded
given the results of a recent study by Girroir et al. (14).
Using quantitative Western blotting, Girroir et al. found
that liver tissue is one type of tissue that expresses the
highest levels of PPARδ in mice. In addition, the doses
of GW501516 used in the current study were lower
than those suggested to be strictly specific to PPARδ.
At the very least, the current doses were no higher than
those used to specifically activate PPARδ in previously
published studies (5-7). As the level of expression of
PPARδ in the liver was not greatly affected by the
absence of PPARα or by treatment with PPAR ligands
(not shown), the present results strongly suggest that
the effects of GW501516 in the liver are the result of
activating PPARα. However, this does not necessarily
exclude the possibility that activation of PPARα by
GW501516 depends on PPARδ.
Activation of PPARα by GW501516 can be
explained by two mechanisms: either by direct
activation by binding of GW501516 to PPARα or by
indirect activation through direct binding and activation
of PPARδ. The first mechanism raises two important
points; the in vivo subtype specificity of PPAR ligands
might differ from that predicted by in vitro studies (3),
and earlier experimental data using GW501516 as a
PPARδ-specific ligand, and especially data from whole
animal studies, may need to be re-interpreted. The
subtype specificity of GW501516 for human PPARδ is
reported to be > 500-fold higher than that for PPARα
and PPARγ. This conclusion is based on the results
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obtained using a cell-based transient transactivation
assay and a binding assay using recombinant proteins.
In such instances, only the ligand-binding domains
(LBDs) of PPARs usually represent whole receptors.
However, the LBD domains do not exist alone in the
cell but interact with other domains of the receptors
and with many other transcription factors, all of which
affect the overall structures of the ligand-binding
pockets (15). The results of GW501516 and PPARLBDs docking studies by I. Nakagome (Kitasato
University, personal communication) suggest that the
binding pocket of PPARα may be distorted or widened
by such interactions for GW501516 to efficiently bind.
Thus, the subtype specificity of a chemical compound
for PPARs may differ somewhat between the subtype
specificity according to an oversimplified assay system
and that determined with an in vivo system. In a recent
study of a physiologically relevant endogenous ligand
for PPARα in the liver, Chakravarthy et al. reported
a similar discrepancy in ligand specificity for in vitro
estimations using LBD and the in vivo response of fulllength receptors (16).
Indirect activation of PPARα by GW501516 could be
achieved by increasing the level of expression of PPARα
and its co-activators and/or by activating production
of an endogenous ligand of PPARα. Since the level of
PPARα expression in the mouse liver is high enough
for a large response (17), increased production of an
endogenous ligand may play a crucial role. Subsequent
to the current study, Barroso et al. (18) suggested the
possibility of a PPARδ-dependent effect of GW501516
on increased production of an endogenous PPARα
ligand, 1-palmitoyl-2-oleoyl-phosphatidilcholine,
although their suggestion is based solely on the
assumption that GW501516 is a specific PPARδ ligand.
They examined the long-term effect of GW501516 on
high-fat diet-induced hyperglyceridemia and hepatic
fatty acid oxidation in wild-type mice. Thus, increased
production of an endogenous PPARα ligand was one of
many changes observed, and evidence of a cause and
effect relationship was not provided. PPARδ-null mice
will need to be used to clarify the mechanism of PPARα
activation by GW501516.
The results of the current study do not conflict with
the position that PPARδ has an important physiological
role in the liver. Shan et al. (19) showed that PPARδ
protects against liver toxicity induced by environmental
chemicals in PPARδ-null mice, so PPARδ could have a
unique role in the liver. Sanderson et al. (20) suggested a
unique function of PPARδ in the liver.
Preliminary results suggested that the response
to GW501516 in skeletal muscle was only partially
eliminated in PPARα-null mice. GW501516 appears to
activate both PPARδ and PPARα in skeletal muscle. A
primary cultured muscle cell system is needed for further
analysis, but the effect of GW501516 is likely to differ
somewhat between tissues.
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