
Life Sciences 86 (2010) 493–498

Contents lists available at ScienceDirect

Life Sciences

j ourna l homepage: www.e lsev ie r.com/ locate / l i fesc ie
A natural propenoic acid derivative activates peroxisome proliferator-activated
receptor-β/δ (PPARβ/δ)

Salvatore Genovese a, Jennifer E. Foreman b, Michael G. Borland b, Francesco Epifano a, Frank J. Gonzalez d,
Massimo Curini c, Jeffrey M. Peters b,⁎
a Dipartimento di Scienze del Farmaco, Università “G. D'Annunzio”, Chieti-Pescara, Via dei Vestini 31, 66100 Chieti Scalo, Italy
b Department of Veterinary and Biomedical Sciences and The Center for Molecular Toxicology and Carcinogenesis, The Pennsylvania State University, University Park, PA 16802,
United States
c Dipartimento di Chimica e Tecnologia del Farmaco, Sezione di Chimica Organica, Università degli Studi di Perugia, Via del Liceo, 06123 Perugia, Italy
d Laboratory of Metabolism, National Cancer Institute, Bethesda, MD 20814, United States
⁎ Corresponding author. Tel.: +1 814 863 1387; fax:
E-mail address: jmp21@psu.edu (J.M. Peters).

0024-3205/$ – see front matter © 2010 Elsevier Inc. Al
doi:10.1016/j.lfs.2010.02.008
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 10 November 2009
Accepted 2 February 2010

Keywords:
Peroxisome proliferator-activated receptor
Natural ligand
Cell proliferation
Cancer

Aims: Previous studies showed that natural prenyloxyphenylpropanoid derivatives have potent biological
properties in vivo. Given the structural similarities between these compounds and known peroxisome
proliferator-activated receptor (PPAR) agonists, the present study examined the hypothesis that propenoic
acid derivatives activate PPARs.
Main methods: Chimeric reporter assays were performed to identify propenoic acid derivates that could
activate PPARs. Quantitative polymerase chain reaction (qPCR) analysis of wild-type and Pparβ/δ-null mouse
primary keratinocytes was performed to determine if a test compound could specifically activate PPARβ/δ. A
human epithelial carcinoma cell line and primary mouse keratinocytes were used to determine the effect of

the compound on cell proliferation.
Key findings: Three of the propenoic acid derivatives activated PPARs, with the greatest efficacy being
observed with prenyloxycinnamic acid derivatives 4′-geranyloxyferulic acid (compound 1) for PPARβ/δ.
Compound 1 increased expression of a known PPARβ/δ target gene through a mechanism that requires
PPARβ/δ. Inhibition of cell proliferation by compound 1 was found in a human epithelial carcinoma cell line.
Significance: Results from these studies demonstrate that compound 1 can activate PPARβ/δ and inhibit cell
proliferation of a human skin cancer cell line, suggesting that the biological effects of 4′-geranyloxyferulic
acid may be mediated in part by activating this PPAR isoform.

© 2010 Elsevier Inc. All rights reserved.
Introduction

Oxyprenylated natural products (isopentenyloxy-, geranyloxy-
and the less spread farnesyloxy-compounds and their biosynthetic
derivatives) represent a family of secondary metabolites that were
previously considered as biosynthetic intermediates of C-prenylated
derivatives. However, recent evidence suggests that these natural
products are important, biologically active phytochemicals. More than
300 related molecules have been isolated from plants primarily
belonging to the families of Rutaceae, Apiaceae, and Compositae,
comprising common edible vegetables and fruits, as well as from fungi
and bacteria. A wide variety of compounds containing a prenyloxy
side chain were isolated and these comprise alkaloids, coumarins,
flavonoids, cinnamic acids, benzoic acids, phenols, alcohols, alde-
hydes, anthraquinones, chalcones, lignans, xanthones, aceto- and
benzophenones. Many of the isolated oxyprenylated natural products
+1 814 863 1696.

l rights reserved.
were shown to have remarkable anti-cancer, anti-inflammatory, anti-
microbial and anti-fungal effects using in vitro and in vivomodels. The
chemistry and pharmacology of this class of natural products have
been recently reviewed (Epifano et al. 2007).

Peroxisome proliferator-activated receptors (PPARs) belong to a
family of nuclear receptors comprising three family members: PPARα
(NR1C1), PPARβ/δ (known also as PPARβ or PPARδ) (NR1C2), and
PPARγ (NR1C3). In response to ligand activation, PPARs heterodimer-
ize with the retinoid X receptor and bind to response elements,
leading to increased transcription of target genes. Genes targeted by
PPARs are typically involved in the regulation of lipid and glucose
homeostasis, cell proliferation and differentiation, and inflammation
(reviewed in Lee et al. 2003; Peraza et al. 2006; Peters et al. 2005,
2008; Peters and Gonzalez 2009). Each PPAR isoform displays a
tissue-selective expression pattern. PPARα is predominantly found in
the liver, heart, kidney and muscle and is involved in the regulation of
fatty acid catabolism and inflammatory processes. PPARγ is expressed
in adipose, macrophages and other cell types and is known to regulate
adipocyte differentiation, sensitivity to insulin and inflammation.
PPARβ/δ is expressed at high levels in liver, skin and large and small

mailto:jmp21@psu.edu
http://dx.doi.org/10.1016/j.lfs.2010.02.008
http://www.sciencedirect.com/science/journal/00243205


494 S. Genovese et al. / Life Sciences 86 (2010) 493–498
intestine (Girroir et al. 2008) and was recently shown to be an
excellent target for metabolic syndrome (Barish et al. 2006). Due to
their central role in lipid and glucose homeostasis, all three PPARs
have been targeted for the prevention and treatment of dyslipidemias,
metabolic syndrome, diabetes and cancer (reviewed in Evans et al.
2004; Lee et al. 2003; Michalik et al. 2004; Peters and Gonzalez 2009;
Peters et al. 2008). Thus, it is not surprising that the search for novel,
natural compounds capable of modulating the activity of PPARs is a
field of growing interest. Towards this goal, the present studies were
designed to evaluate whether natural and semi-synthetic prenylox-
yphenylpropanoids activate PPARs to provide insight into the
mechanism of biological action of these chemicals. The rationale for
this evaluation was based on the recent finding that prenyloxyphe-
nylpropanoids are chemopreventive in a rodent colon cancer model
(Curini et al. 2006), and there is good evidence that activating PPARs
can prevent colon tumorigenesis (Michalik et al. 2004; Peters and
Gonzalez 2009; Peters et al. 2008). In particular, we focused on the
following compounds (Fig. 1): prenyloxycinnamic acid derivatives
4′-geranyloxyferulic acid (compound 1) obtained from Acronychia
baueri Schott., boropinic acid (compound 2) extracted from Boronia
pinnata Sm., 4′-geranyloxy-p-coumaric acid (compound 3) obtained
from A. baueri, 4′-isopentenyloxy-p-coumaric acid (compound 4)
obtained from Esenbeckia hieronymi, and 4′-geranyloxy-dihydro-p-
coumaric acid (compound 5) and 4′-isopentenyloxy-dihydro-p-
coumaric acid (compound 6), which were both extracted from
Zanthoxylum pistaciflorum Hayata (Rutaceae).

Materials and methods

Chemical synthesis

Compounds 1–6 (Fig. 1) were synthesized as previously described
(Genovese et al. 2009). The purity of each compound was assessed by
GC–MS (N99.5%).

Reporter assays

COS-1 cells (ATCC, Manassas, VA) were cultured in high-glucose
Dulbecco's Minimal Essential Medium (DMEM) supplemented with
10% fetal bovine serum (FBS, Sigma, St. Louis, MO), 0.2 mg/ml
streptomycin and 200 U/ml penicillin (Gibco, Grand Island, NY) on
10 cm culture dishes. When cells were ∼80% confluent, they were
transfected with plasmid DNA using lipofectamine reagent (Invitro-
gen, Carlsbad, CA) following the manufacturer's recommended
Fig. 1. Structure of compounds e
procedures. Previously described plasmids (Bility et al. 2004)
containing the ligand-binding domain of mouse PPARα, PPARβ/δ or
PPARγ fused to the DNA binding domain of the yeast transcription
factor Gal4 under control of the SV40 promoter and another plasmid
encoding the UAS-firefly luciferase reporter under control of the Gal4
DNA response element were used. After 6 h, the DNA–lipofectamine
complexwas removed, and the cells were allowed to recover for 1 h in
culture medium. Following this recovery, the transfected COS-1 cells
were split to 24 well plates. The following day, the cells were treated
with culture medium containing the compounds of interest at
concentrations of 10, 50, or 100 µM and a positive control (PPARα-
50 µM Wy-14,643, PPARβ/δ-0.2 µM GW0742, or PPARγ-3 µM trogli-
tazone) to evaluate PPAR activation. Six hours after treatment, the
plates were washed and treated with 1X passive lysis buffer
(Promega, Madison, WI), rocked for 1 h and then placed in a
−80 °C freezer overnight. Luciferase activity was measured using
the Luciferase reporter assay kit (Promega, Madison, WI) and a Turner
TD-20/20 Luminometer (Turner BioSystems, Sunnyvale, CA) follow-
ing the manufacturer's recommended procedures. The protein
concentration of the cell lysate was determined using the BCA protein
assay kit (Pierce, Rockford, Illinois) following the manufacturer's
protocol. Luciferase activity was normalized to the protein concen-
tration of each sample. The fold induction of normalized luciferase
activity was calculated relative to DMSO (vehicle)-treated cells, and
represents the mean of three independent samples per treatment
group.
RNA analysis and quantitative real-time quantitative polymerase chain
reaction

Primary mouse keratinocytes from wild-type and Pparβ/δ-null mice
were isolated from2-day-old neonates as described previously (Kim et al.
2006). Keratinocytes were cultured in low calcium (0.05 mM) Eagle's
minimal essential medium with 8% chelexed fetal bovine serum at 37 °C
and 7% CO2 (Kim et al. 2006). The keratinocytes were cultured until they
were approximately 80% confluent and were then treated with 0.1%
DMSO, 0.2 µM GW0742, and two concentrations of compound 1 (10 μM
or 100 μM). After 8 h of treatment, totalmRNAwas isolated from the cells
using RiboZol and following manufacturer's recommended protocol
(AMRESCO, Solon, OH). ThemRNAencoding Angiopoietin-like 4 (Angptl4),
acyl CoA oxidase (Aco), or Kruppel-like factor 4 (Klf4) was quantified using
quantitative real-time polymerase chain reaction (qPCR) analysis. The
cDNA was generated using 2.5 µg total RNA with MultiScribe Reverse
Transcriptase kit (Applied Biosystems, Foster City, CA). Primers were
xamined for PPAR activity.
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designed for qPCR using the Primer Express software (Applied
Biosystems, Foster City, CA). The sequence and GenBank accession
number for the forward and reverse primers used to quantify mRNAs
were: Angptl4 (NM_020581) forward, 5′-TTCTCGCCTACCAGA-
GAAGTTGGG-3′ and reverse, 5′-CATCCACAGCACCTACAACAGCAC-3′;
Aco (NM_004035) forward, 5′-TGCTGATGAAGTATGCCCAGGTGA-3′
and reverse, 5′-TCCCACAAGGAAGGACCTGACAAA-3′; and Klf4
(NM_004235) forward, 5′-TGACCAGGCACTACCGTAAACACA-3′ and
reverse, 5′-TCTTCATGTGTAAGGCGAGGTGGT-3′. The mRNA was normal-
ized to the gene encoding glyceraldehyde 3-phosphate dehydrogenase
(Gapdh; BC083149)using the followingprimers: forward, 5′-GGTGGAGC-
CAAAAGGGTCAT-3′ and reverse, 5′-GGTTCACACCCATCACAAACAT-3′.
qPCR reactions were carried out using SYBR green PCR master mix
(Finnzymes, Espoo, Finland) in the iCycler and detected using the MyiQ
Real-TimePCRDetectionSystem(Bio-RadLaboratories,Hercules, CA). The
following conditionswereused for PCR: 95 °C for 15 s, 94 °C for 10 s, 60 °C
for 30 s and 72 °C for 30 s and repeated for 45 cycles. The PCR included a
no template control reaction to control for contamination and/or genomic
amplification. All reactions had N95% efficiency. Relative expression levels
of mRNA were normalized to Gapdh and analyzed for statistical
significance using one-way analysis of variance (Prism 5.0, GraphPad
Software Inc., La Jolla, CA).

Cell culture and cell proliferation analysis

A human epithelial carcinoma cell line (A431) was obtained from
American Type Culture Collection (ATCC, Manassas, VA). Cells were
maintained in Dulbecco's Modified Eagle Medium (DMEM) with 10%
fetal bovine serum at 37 °C and 5% CO2. For proliferation assays, cells
were plated on 12 well dishes at a density of ∼40,000 cells per well
24 h prior to determining plating efficiency with a Z1 coulter particle
counter® at time 0 (Beckman Counter, Hialeah, FL). After plating
efficiency was determined cells were treated for 24, 48, and 72 h with
0.1% dimethyl sulfoxide control, 10 µM GW0742, 50 µM compound 1,
or 100 µM compound 1. Culture medium was changed every 24 h.
Cells were quantified every 24 h with a Z1 coulter particle counter®.
Triplicate samples for each treatment were used for each time point
for every treatment, and each replicate was counted three times.

Mouse primary keratinocytes from wild-type and Pparβ/δ-null
mice were isolated and cultured as previously described (Borland
et al. 2008) in medium with 0.1% dimethyl sulfoxide control, 1 µM
GW0742, 25 µM compound 1 or 100 µM compound 1. Cell prolifer-
ation was quantified by counting three independent replicates per
treatment at each timepoint using a Z1 coulter particle counter®
(Beckman Counter, Hialeah, FL) as previously described (Borland et al.
2008).

Results

Activation of PPARs by substituted prenyloxyphenylpropanoids

A series of differentially substituted prenyloxyphenylpropanoids
(compounds 1–6) with structural similarities to PPAR ligands were
examined for their ability to activatemouse PPARs. The two propenoic
acid compounds (compounds 1 and 2) contain a methoxyphenyl
group activated mouse PPARs with the greatest efficacy. Compound 1
activated PPARα, PPARβ/δ and PPARγ, and the efficacy was greater for
PPARβ/δ as compared to PPARα and PPARγ (Fig. 2). Compound 2 also
activated all three PPARs, and the efficacy was greater for PPARα and
PPARβ/δ as compared to PPARγ (Fig. 1). Compound 3 activated PPARα
at concentrations greater than 50 μM (Fig. 2). Compounds 4–6 did not
cause a significant increase in PPAR activity (Fig. 1). Interestingly,
compound 5 significantly repressed PPARα and PPARβ/δ activity in a
dose dependent manner (Fig. 2). Since compound 1 caused a
significant increase in PPARβ/δ activity with the greatest efficacy,
this compound was examined further in other assays.
Compound 1 causes a PPARβ/δ-dependent increase in gene expression

Activation of PPARβ/δ with the known PPARβ/δ ligand GW0742
caused a marked increase in expression of mRNA encoding Angptl4 in
wild-type mouse keratinocytes that was not seen in similarly treated
Pparβ/δ-null keratinocytes (Fig. 3A). Culturing wild-type mouse
keratinocytes with compound 1 at a concentration of 10 µM caused
a modest increase in the expression of Angptl4 mRNA, an effect that
was not found in Pparβ/δ-null keratinocytes (Fig. 3A). Culturing wild-
type mouse keratinocytes with compound 1 at a concentration of
100 µM caused a marked increase in the expression of Angptl4 mRNA
comparable to that observed with GW0742, and this change was not
observed in Pparβ/δ-null keratinocytes (Fig. 3A). Culturing wild-type
keratinocytes in the presence of compound 1 caused no change in
expression of the PPARα target gene Aco or the PPARγ target gene Klf4
(Fig. 3B, C).

Compound 1 inhibits cell proliferation of a human epithelial carcinoma
cell line

Ligand activation of PPARβ/δ has been shown to inhibit cell
proliferation inmany different cell types including cancer cells (Peters
and Gonzalez 2009). Since compound 1 can activate PPARβ/δ in a
mouse primary keratinocytes, cell proliferation was examined in a
human epithelial carcinoma cell line in response to compound 1. No
differences in cell proliferation were observed after 24 or 48 h
between any of the treatment groups (Fig. 4A). However, inhibition of
cell growth was observed in A431 cells after 72 h following treatment
with 100 μM compound 1, similar to results observed with the
positive control PPARβ/δ ligand GW0742 (Fig. 4A). To determine if
inhibition of cell proliferation by compound 1 was mediated by
PPARβ/δ, cell proliferation was examined in wild-type and Pparβ/δ-
null mouse primary keratinocytes. Ligand activation of PPARβ/δ with
1 µM GW0742 caused inhibition of cell proliferation in wild-type
keratinocytes after 48 and 72 h of culture, and this effect was not
found in similarly treated Pparβ/δ-null mouse primary keratinocytes
(Fig. 4B). No change in cell proliferation was found in keratinocytes
following treatment with 25 µM compound 1. However, inhibition of
cell proliferation was found in wild-type keratinocytes after 24 h of
treatment with 100 µM compound 1 and this effect was not found in
similarly treated Pparβ/δ-null keratinocytes (Fig. 4B). Interestingly,
after 48 and 72 h of culture, inhibition of cell proliferation was
observed in both genotypes of keratinocytes treated with 100 µM
compound 1 (Fig. 4B).

Discussion

One of the main representative natural compounds belonging to
the class of prenyloxyphenylpropanoids, auraptene (Fig. 5), was
previously shown to activate both PPARα and PPARγ (Kuroyanagi
et al. 2008; Takahashi et al. 2008). In HepG2 cells, auraptene increased
PPARα-dependent reporter activity and increased expression of well-
characterized PPARα target genes (Takahashi et al. 2008). Since the
increase in PPARα target gene expressionwas only observed in HepG2
cells that over-expressed PPARα, this demonstrates some specificity
for this PPAR isoform in mediating this effect. Similarly, others also
showed that auraptene could activate both PPARα and PPARγ based
on reporter assays and modulation of both PPARα and PPARγ target
gene expression (Kuroyanagi et al. 2008). Interestingly, in these
studies, the changes in expression of known PPARγ targets including
aP2 andMCP1were diminished in the presence of a PPARγ antagonist
demonstrating that PPARγwas required for these effects (Kuroyanagi
et al. 2008). These observations collectively support the idea that
PPARs may mediate the effect of natural prenyloxyphenylpropanoids.

It was recently shown that auraptene and another structurally
related compound, 4′-geranyloxyferulic acid (compound 1; Figs. 1, 5),



Fig. 2. Activation of mouse PPARα, PPARβ/δ, and PPARγ by differentially substituted prenyloxyphenylpropanoids. Transfected COS-1 cells containing chimeric mouse PPAR reporter
plasmids were treated with the indicated concentration of prenyloxyphenylpropanoid compounds or positive control (50 µM Wy-14,643 (Wy), 0.2 µM GW0742, or 3 µM
troglitozone). The fold induction of normalized luciferase activity was calculated relative to DMSO (vehicle)-treated cells and represents the mean of three independent samples per
treatment group; P values were calculated with a one-way ANOVA using Tukey's multiple comparison test. Values within a row with different superscripts are significantly different
at P≤0.05.
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have potent chemopreventive activities in a rodent colon cancer
model (Tanaka et al. 2010). There is compelling evidence that
activating either PPARγ and/or PPARβ/δ can be chemopreventive in
colon cancer (Harman et al. 2004; Marin et al. 2006; Michalik et al.
2004; Peters and Gonzalez 2009; Peters et al. 2008). Thus, the present
study examined the idea that 4′-geranyloxyferulic acid and other five
natural prenyloxycinnamic acids may activate PPARs (Fig. 1). Initial
screening for PPAR activity from these six compounds with three
different concentrations (10, 50, and 100 μM) showed that only
compounds with a methoxy group in position 3 of the aromatic ring
are able to activate PPARswith some specificity for PPARβ/δ, while the
other four compounds lacking this moiety are essentially unable to
activate PPARs. This outcome provides a basis to begin to establish a
structure–activity relationship. Although all of the six compounds
examined have a lipophilic side chain differing only in the length, the
presence of a long hydrophobic chain resembling that of fatty acids,
does not appear to be a crucial structural requirement for activating
PPARs in the case of prenyloxycinnamic acids. This is of interest
because a long hydrophobic side chain is a common structural
characteristic of fatty acids, which are well known natural ligands of
PPARs (Forman et al. 1997). This may be due to the fact that all
compounds tested are planar rigid molecules with low conforma-
tional mobility, which may prevent the interaction between the
oxyterpenyl side chain and the hydrophobic cluster that represents a
peculiar feature of all isoforms of PPARs (O'Sullivan 2007). On the
other hand, the presence of a methoxy group in the aromatic portion
of each molecule seems to provide some selectivity towards PPARβ/δ.
This moiety could allow for interaction with a key portion of the
receptor ligand-binding domain allowing the lipophilic chain to be
oriented in such a way to interact with the hydrophobic cluster of
these receptors. Thus, amethoxy 3-substituted aromatic ringmight be
used in the future as a structural requirement for the design and
synthesis of novel selective PPARβ/δ ligands. Comparing the structure
of compounds 1 and 2 with that of the selective PPARβ/δ ligand
GW0742 (Fig. 5), some structural similarities can be observed. For
example, the presence of an oxyacetic acid moiety and a lipophilic
group in position 4 of GW0742 closely resemble the α,β-unsaturated
carboxylic acid and the O-side chain of compounds 1 and 2,
respectively. Moreover it is of interest to note that although sharing
some structural similarities with auraptene, like the terpenyloxy side
chain, auraptene is reported to activate only PPARα and PPARγ, while
compound 1 (4′-geranyloxyferulic acid) and compound 2 (boropinic
acid) was capable of activating PPARα and PPARβ/δ, with greater
efficacy for PPARβ/δ.

Results from these studies clearly establish that 4′-geranyloxy-
ferulic acid can increase expression of the PPARβ/δ target gene
Angptl4 and that this effect requires a functional receptor since this
change was not found in keratinocytes lacking expression of PPARβ/δ.
This observation is consistent with reporter assays and provides
convincing evidence that PPARβ/δ can mediate the biological effects



Fig. 3. Activation of PPARβ/δ target gene expression in mouse primary keratinocytes
Wild-type (+/+) and/or Pparβ/δ-null (−/−) keratinocytes were cultured as described
and treated with the indicated concentration of 4′-geranyloxyferulic acid (compound 1;
Cpd 1) or a positive control (0.2 µM GW0742). (A) PPARβ/δ-dependent increase in
Angiopoietin-like 4 (Angplt4), (B) lack of change in expression of the PPARα target gene
acyl CoA oxidase I (Aco1) in wild-type keratinocytes, and (C) lack of change in
expression of the PPARγ target gene Kruppel-like factor 4 (Klf4) in wild-type
keratinocytes. Values represent the mean±SEM and were calculated from three
independent samples per treatment. Values with different letters are significantly
different at Pb0.05.

Fig. 4. Effect of 4′-geranyloxyferulic acid on cell growth in mouse primary keratinocytes
and a human epithelial carcinoma cell line. Wild-type (+/+) and Pparβ/δ-null (−/−)
keratinocytes or A431 cells were cultured as described and treated with the indicated
concentration of 4′-geranyloxyferulic acid (compound 1; Cpd 1) or a positive control
(GW0742). (A) Compound 1 (4′-geranyloxyferulic acid) inhibits cell proliferation in a
human epithelial carcinoma cell line. A431 cells were cultured for 72 h in the presence
or absence of compound 1 (4′-geranyloxyferulic acid) or GW0742 at the indicated
concentrations. Cell number was quantified every 24 h. (B) Primary keratinocytes were
cultured for 72 h in the presence or absence of compound 1 (4′-geranyloxyferulic acid)
or GW0742 at the indicated concentrations. Cell number was quantified every 24 h.
1 µM GW0742 inhibits cell proliferation in (+/+)mouse primary keratinocytes but not
in (−/−)mouse primary keratinocytes after 48 and 72 h. 100 µM compound 1 (4′-
geranyloxyferulic acid) inhibits cell proliferation in (+/+) mouse primary keratino-
cytes but not in (−/−)mouse primary keratinocytes after 24 h. 100 µM compound 1
(4′-geranyloxyferulic acid) inhibits cell proliferation in both genotypes after 48 and
72 h. Values represent the mean±SEM and were calculated from three independent
samples per treatment. *Significantly less than control at P≤0.05.

Fig. 5. Comparison of structures between auraptene, GW0742 and compound 1
(4′-geranyloxyferulic acid).
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of 4′-geranyloxyferulic in a cell type that expresses high levels of
PPARβ/δ (Girroir et al. 2008). To examine the functional significance
of the ability of 4′-geranyloxyferulic acid to activate PPARβ/δ in an
epithelial cell, the effect of this compound on cell proliferation was
examined in a human epithelial carcinoma cell line. Consistent with
results from previous studies (reviewed in Peters and Gonzalez 2009),
activating PPARβ/δ in A431 cells caused inhibition of cell proliferation,
similar to that observed with the PPARβ/δ ligand GW0742. However,
inhibition of cell proliferation was also found in primary keratinocytes
lacking expression of PPARβ/δ. Thus, the inhibitory effects of 4′-
geranyloxyferulic acid are likely influenced by other PPARβ/δ-
independent mechanisms as well.

Conclusions

Results from these studies clearly establish for the first time that
4′-geranyloxyferulic acid (compound 1) can activate PPARβ/δ in
keratinocytes and inhibit cell proliferation of a human epithelial
carcinoma cell line. Since PPARβ/δ-dependent inhibition of cell
proliferation is also observed in keratinocytes after 24 h of treatment,
these findings are consistent with previous studies showing that
PPARβ/δ inhibits cell proliferation in mouse and human keratino-
cytes/skin (Borland et al. 2008; Burdick et al. 2007; Chong et al. 2009;
Kim et al. 2004, 2006, 2005; Kippenberger et al. 2001; Man et al. 2007;
Michalik et al. 2001; Peters et al. 2000). However, the growth
inhibitory effects of 4′-geranyloxyferulic acid are also likely mediated
by other PPARβ/δ-independent mechanisms since inhibition of cell
proliferation is found in keratinocytes lacking expression of PPARβ/δ
after 48 and 72 h of exposure. It is likely that the PPARβ/δ-
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independent inhibition of cell proliferation induced by geranylox-
yferulic acid (compound 1) mask PPARβ/δ-dependent mechanisms
that also facilitate inhibition of cell growth. Nevertheless, natural
prenyloxycinnamic acids represent a new and novel class of PPARβ/δ
ligands. This class of compounds are easily synthesized from widely
available and non-toxic materials using inexpensive approaches
resulting in high-yielding, environmentally friendly compounds.
Alternatively, the active natural products can be easily extracted
from edible fruits and vegetables. Results from these studies provide a
rationale to develop new semi-synthetic prenyloxycinnamic acids
capable of activating PPARβ/δ.

While the role of PPARβ/δ in carcinogenesis remains controversial,
there is a large body of evidence that this receptor can prevent
tumorigenesis including colon cancer (reviewed in Peters and
Gonzalez 2009; Peters et al. 2008). These observations are consistent
with the known ability of PPARβ/δ to mediate the induction of
terminal differentiation, inhibit cell growth and modulate anti-
inflammatory activities (reviewed in Kilgore and Billin 2008; Peters
and Gonzalez 2009; Peters et al. 2008). This is of particular interest
because it was recently demonstrated that 4′-geranyloxyferulic acid
inhibits azoxymethane-induced colon cancer in mice through
mechanisms that include attenuation of inflammatory signalling
(Tanaka et al. 2010). While the present studies did not specifically
examine the chemopreventive effects of this compound, whether the
mechanism of the reported colon cancer chemopreventive action of
4′-geranyloxyferulic acid is mediated (at least in part) by activation of
PPARβ/δ should be examined since it has been shown that activating
PPARβ/δ with GW0742 inhibits azoxymethane-induced colon cancer
in mice through a mechanism that requires PPARβ/δ (Hollingshead et
al. 2008; Marin et al. 2006). If future studies demonstrate a definitive
role for PPARβ/δ in mediating the chemopreventive effects of 4′-
geranyloxyferulic acid, development and characterization of more
active and selective agents based on the structure of prenyloxycin-
namic acid that can activate PPARβ/δ, and other inhibitory pathways,
could lead to more effective chemopreventive strategies.

Conflict of interest statement

No perceived conflicts.

Acknowledgements

This work was supported in part by the National Institutes of
Health, CA124533, CA126826, and CA141029 (J.M.P.).

References

Barish GD, Narkar VA, Evans RM. PPARδ: a dagger in the heart of the metabolic
syndrome. Journal of Clinical Investigation 116, 590–597, 2006.

Bility M, Thompson JT, McKee RH, David RM, Butala JH, Vanden Heuvel JP, Peters JM.
Activation of mouse and human peroxisome proliferator-activated receptors
(PPARs) by phthalate monoesters. Toxicological Sciences 82, 170–182, 2004.

Borland MG, Foreman JE, Girroir EE, Zolfaghari R, Sharma AK, Amin SM, Gonzalez FJ,
Ross AC, Peters JM. Ligand activation of peroxisome proliferator-activated receptor-
β/δ (PPARβ/δ) inhibits cell proliferation in human HaCaT keratinocytes. Molecular
Pharmacology 74, 1429–1442, 2008.

Burdick AD, Bility MT, Girroir EE, Billin AN, Willson TM, Gonzalez FJ, Peters JM. Ligand
activation of peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) inhibits
cell growth of human N/TERT-1 keratinocytes. Cellular Signalling 19, 1163–1171,
2007.

Chong HC, Tan MJ, Philippe V, Tan SH, Tan CK, Ku CW, Goh YY, Wahli W, Michalik L, Tan
NS. Regulation of epithelial–mesenchymal IL-1 signaling by PPARβ/δ is essential for
skin homeostasis and wound healing. Journal of Cell Biology 184, 817–831, 2009.

Curini M, Epifano F, Genovese S, Marcotullio MC, Menghini L. 3-(4′-geranyloxy-3′-
methoxyphenyl)-2-trans propenoic acid: a novel promising cancer chemopreven-
tive agent. Anti-cancer Agents in Medical Chemistry 6, 571–577, 2006.

Epifano F, Genovese S, Menghini L, Curini M. Chemistry and pharmacology of
oxyprenylated secondary plant metabolites. Phytochemistry 68, 939–953, 2007.
Evans RM, Barish GD, Wang YX. PPARs and the complex journey to obesity. Nature
Medicine 10, 355–361, 2004.

Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsaturated fatty acids, and
eicosanoids are ligands for peroxisome proliferator-activated receptors α and δ.
Proceedings of the National Academy of Sciences of the United States of America
94, 4312–4317, 1997.

Genovese S, Epifano F, Curini M, Dudra-Jastrzebska M, Luszczki JJ. Prenyloxyphenyl-
propanoids as a novel class of anticonvulsive agents. Bioorganic & Medicinal
Chemistry Letters 19, 5419–5422, 2009.

Girroir EE, Hollingshead HE, He P, Zhu B, Perdew GH, Peters JM. Quantitative expression
patterns of peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) protein in
mice. Biochemical and Biophysical Research Communications 371, 456–461, 2008.

Harman FS, Nicol CJ, Marin HE, Ward JM, Gonzalez FJ, Peters JM. Peroxisome
proliferator-activated receptor-delta attenuates colon carcinogenesis. Nature
Medicine 10, 481–483, 2004.

Hollingshead HE, Borland MG, Billin AN, Willson TM, Gonzalez FJ, Peters JM. Ligand
activation of peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) and
inhibition of cyclooxygenase 2 (COX2) attenuate colon carcinogenesis through
independent signaling mechanisms. Carcinogenesis 29, 169–176, 2008.

Kilgore KS, Billin AN. PPARβ/δ ligands as modulators of the inflammatory response.
Current Opinion in Investigational Drugs 9, 463–469, 2008.

Kim DJ, Akiyama TE, Harman FS, Burns AM, Shan W, Ward JM, Kennett MJ, Gonzalez FJ,
Peters JM. Peroxisome proliferator-activated receptor beta (delta)-dependent
regulation of ubiquitin C expression contributes to attenuation of skin carcino-
genesis. Journal of Biological Chemistry 279, 23719–23727, 2004.

Kim DJ, Murray IA, Burns AM, Gonzalez FJ, Perdew GH, Peters JM. Peroxisome
proliferator-activated receptor-β/δ (PPARβ/δ) inhibits epidermal cell proliferation
by down-regulation of kinase activity. Journal of Biological Chemistry 280,
9519–9527, 2005.

Kim DJ, Bility MT, Billin AN, Willson TM, Gonzalez FJ, Peters JM. PPARβ/δ selectively
induces differentiation and inhibits cell proliferation. Cell Death and Differentiation
13, 53–60, 2006.

Kippenberger S, Loitsch SM, Grundmann-Kollmann M, Simon S, Dang TA, Hardt-
Weinelt K, Kaufmann R, Bernd A. Activators of peroxisome proliferator-activated
receptors protect human skin from ultraviolet-B-light-induced inflammation.
Journal of Investigative Dermatology 117, 1430–1436, 2001.

Kuroyanagi K, Kang MS, Goto T, Hirai S, Ohyama K, Kusudo T, Yu R, Yano M, Sasaki T,
Takahashi N, Kawada T. Citrus auraptene acts as an agonist for PPARs and enhances
adiponectin production and MCP-1 reduction in 3T3-L1 adipocytes. Biochemical
and Biophysical Research Communications 366, 219–225, 2008.

Lee CH, Olson P, Evans RM. Minireview: lipid metabolism, metabolic diseases, and
peroxisome proliferator-activated receptors. Endocrinology 144, 2201–2207, 2003.

Man MQ, Barish GD, Schmuth M, Crumrine D, Barak Y, Chang S, Jiang Y, Evans RM, Elias
PM, Feingold KR. Deficiency of PPARβ/δ in the epidermis results in defective
cutaneous permeability barrier homeostasis and increased inflammation. Journal of
Investigative Dermatology 128, 370–377, 2007.

Marin HE, Peraza MA, Billin AN, Willson TM, Ward JM, Kennett MJ, Gonzalez FJ, Peters
JM. Ligand activation of peroxisome proliferator-activated receptor β/δ (PPARβ/δ)
inhibits colon carcinogenesis. Cancer Research 66, 4394–4401, 2006.

Michalik L, Desvergne B, Tan NS, Basu-Modak S, Escher P, Rieusset J, Peters JM, Kaya G,
Gonzalez FJ, Zakany J, Metzger D, Chambon P, Duboule D, Wahli W. Impaired skin
wound healing in peroxisome proliferator-activated receptor (PPAR)α and PPARβ
mutant mice. Journal of Cell Biology 154, 799–814, 2001.

Michalik L, Desvergne B, Wahli W. Peroxisome-proliferator-activated receptors and
cancers: complex stories. Nature Reviews. Cancer 4, 61–70, 2004.

O'Sullivan SE. Cannabinoids go nuclear: evidence for activation of peroxisome
proliferator-activated receptors. British Journal of Pharmacology 152, 576–582,
2007.

Peraza MA, Burdick AD, Marin HE, Gonzalez FJ, Peters JM. The toxicology of ligands for
peroxisome proliferator-activated receptors (PPAR). Toxicological Sciences 90,
269–295, 2006.

Peters JM, Gonzalez FJ. Sorting out the functional role(s) of peroxisome proliferator-
activated receptor-β/δ (PPARβ/δ) in cell proliferation and cancer. Biochimica et
Biophysica Acta 1796, 230–241, 2009.

Peters JM, Lee SST, Li W, Ward JM, Gavrilova O, Everett C, Reitman ML, Hudson LD,
Gonzalez FJ. Growth, adipose, brain and skin alterations resulting from targeted
disruption of the mouse peroxisome proliferator-activated receptor β/δ. Molecular
and Cellular Biology 20, 5119–5128, 2000.

Peters JM, Cheung C, Gonzalez FJ. Peroxisome proliferator-activated receptor-α and
liver cancer: where do we stand? Journal of Molecular Medecine 83, 774–785,
2005.

Peters JM, Hollingshead HE, Gonzalez FJ. Role of peroxisome-proliferator-activated
receptor β/δ (PPARβ/δ) in gastrointestinal tract function and disease. Clinical
Science (London) 115, 107–127, 2008.

Takahashi N, Kang MS, Kuroyanagi K, Goto T, Hirai S, Ohyama K, Lee JY, Yu R, Yano M,
Sasaki T, Murakami S, Kawada T. Auraptene, a citrus fruit compound, regulates gene
expression as a PPARalpha agonist in HepG2 hepatocytes. Biofactors 33, 25–32,
2008.

Tanaka T, de Azevedo MB, Duran N, Alderete JB, Epifano F, Genovese S, Tanaka M, Curini
M. Colorectal cancer chemoprevention by two beta-cyclodextrin inclusion
compounds of auraptene and 4′-geranyloxyferulic acid. International Journal of
Cancer 126, 830–840, 2010.


	A natural propenoic acid derivative activates peroxisome proliferator-activatedreceptor-β/δ (PPARβ/δ)
	Introduction
	Materials and methods
	Chemical synthesis
	Reporter assays
	RNA analysis and quantitative real-time quantitative polymerase chain reaction
	Cell culture and cell proliferation analysis

	Results
	Activation of PPARs by substituted prenyloxyphenylpropanoids
	Compound 1 causes a PPARβ/δ-dependent increase in gene expression
	Compound 1 inhibits cell proliferation of a human epithelial carcinoma cell line

	Discussion
	Conclusions
	Conflict of interest statement
	Acknowledgements
	References




