
Bioorganic & Medicinal Chemistry Letters 20 (2010) 2920–2923
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

journal homepage: www.elsevier .com/ locate/bmcl
Truxillic acid derivatives act as peroxisome proliferator-activated receptor c
activators

Ramona Steri a, Matthias Rupp b, Ewgenij Proschak a, Timon Schroeter c,�, Heiko Zettl a,e, Katja Hansen c,
Oliver Schwarz d, Lutz Müller-Kuhrt d, Klaus-Robert Müller c, Gisbert Schneider e,
Manfred Schubert-Zsilavecz a,*

a Goethe-University Frankfurt, Institute of Pharmaceutical Chemistry/ZAFES/LiFF/FIRST, Max-von-Laue-Str. 9, 60438 Frankfurt, Germany
b Helmholtz Center Munich, Institute for Bioinformatics and Systems Biology, Ingolstädter Landstr. 1, 85764 Neuherberg, Germany
c Technical University of Berlin, Chair for Machine Learning, Franklinstr. 28/29, 10587 Berlin, Germany
d AnalytiCon Discovery GmbH, Hermannswerder Haus 17, 14473 Potsdam, Germany
e ETH Zürich, Institute of Pharmaceutical Sciences, Wolfgang-Pauli-Str. 10, 8093 Zürich, Switzerland

a r t i c l e i n f o a b s t r a c t
Article history:
Received 28 January 2010
Revised 4 March 2010
Accepted 4 March 2010
Available online 7 March 2010

Keywords:
Nuclear receptors
PPARc
Truxillic acid derivatives
Reporter gene assay
Molecular docking
Structure–activity relationships
0960-894X/$ - see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.bmcl.2010.03.026

* Corresponding author. Tel.: +49 69 798 29339; fa
E-mail addresses: steri@pharmchem.uni-frankfurt.de

pharmchem.uni-frankfurt.de (M. Schubert-Zsilavecz).
� Present address: Bayer Schering Pharma AG, Nonc

178, 13353 Berlin, Germany.
In previous studies, we identified a truxillic acid derivative as selective activator of the peroxisome pro-
liferator-activated receptor c, which is a member of the nuclear receptor family and acts as ligand-acti-
vated transcription factor of genes involved in glucose metabolism. Herein we present the structure–
activity relationships of 16 truxillic acid derivatives, investigated by a cell-based reporter gene assay
guided by molecular docking analysis.

� 2010 Elsevier Ltd. All rights reserved.
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Peroxisome proliferator-activated receptors (PPARs) belong to
the superfamily of nuclear receptors. By activation through different
ligands and binding to their DNA-response elements after formation
of heterodimers with the retinoid X receptor (RXR), they increase
gene transcription of several target genes playing a pivotal role in li-
pid and glucose homeostasis.1 Three isotypes exist (PPARa, PPARb
(d) and PPARc) with different expression patterns according to their
function and ligand specificity. PPARa is highly expressed in liver,
heart, kidney, skeletal muscle, the large intestine and fat body
whereas PPARb (d) occurs in nearly all tissues. PPARc has the highest
levels in fat body, heart, kidney and liver. PPAR activation leads to in-
creased expression of key enzymes and proteins that are involved in
uptake and metabolism of lipids and glucose, for example, apolipo-
protein A/C, fatty acid transport proteins and lipoprotein lipase.
Naturally, PPARs are activated by unsaturated fatty acids and eicosa-
noids such as linoleic acid and arachidonic acid.2
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Due to their central role in glucose and lipid homeostasis PPARs
represent an attractive drug target for therapy of type 2 diabetes
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Figure 1. Relative activation of human PPARc of compounds 1–16 compared to
1 lM pioglitazone. Transactivation was determined by a luciferase-based reporter
gene assay which was already described elsewhere.9 Mean values and standard
deviation of at least three independent experiments are shown. ***p < 0.005;
**p < 0.01.
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Figure 2. Top-scored binding mode of compound 1 in the ligand binding domain of
PPARc (PDB code: 1fm9)10 from molecular docking experiments.

Table 1
In vitro transactivation activities on human PPARc for compounds 1–16

Compounds R1 R2

1 –OH

2 –OH

3 –OH

4 –OH

5 –OH

6 –OH

7 –OH

8 –OH

9 –OH

10 –OH

11 –OH

12 –OH

13 –OH
14 –OH –OH

15

16

EC50 values were calculated using SigmaPlot2001 (Systat Software GmbH, Germany) ba
tivation assay for the respective PPAR subtypes which was already described elsewhere.
deviation is given in parentheses (na = not active at 10 lM).
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mellitus and dyslipidemia. Thus, there are several synthetic activa-
tors available which are in clinical use for the treatment of such dis-
eases. For example, thiazolidinediones like pioglitazone and
rosiglitazone as activators of PPARc are used as an effective therapy
for type 2 diabetes mellitus.3 Synthetic PPARa activators include
drugs like gemfibrozil, fenofibrate and bezafibrate. Their primary
clinical use is to treat atherogenic dyslipidemia.3 Besides synthetic
drugs many herbs are traditionally used for the treatment of meta-
bolic disorders and many herbal ingredients have now been identi-
fied as PPAR activators,4 especially for PPARc, for example, carnosol
and carnosic acid5 as well as several terpenoids and flavonoids.4

For some herbals there is evidence that they improve diabetic
disorders, as was shown in animal studies, but no molecular
mechanism that could explain their glucose-lowering effects was
elucidated so far. One example for such a plant is Cynodon
dactylon, whose aqueous extract was shown to have antidiabetic
potential in rats by lowering blood glucose level and improving
Transactivation EC50 (lM) Activation compared to 1 lM pioglitazone

10.0 (±0.2) 138%

3.3 (±0.4) 123%

na

na

na

na

>>10 23% at 10 lM

4.8 (±0.6) 71%

3.6 (±0.1) 66%

8.6 (±3.0) 153%

9.3 (±2.2) 100%

na

na
na

na

na

sed on the mean values of at least three determinations in a Gal4-hybrid transac-
9 All substances were inactive at PPARa and d at 10 lM (data not shown). Standard
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hyperlipidemia.6 C. dactylon contains several flavonoids and sterols
that potentially could cause these effects, but it is also known that
there is a high amount of substituted truxillic acids in the cell walls
of C. dactylon.7

In previous studies, we have identified a substituted truxillic
acid (1) as selective PPARc activator within a virtual screening.8

We performed NMR studies to elucidate the stereochemistry of
the substituents of the cyclobutane ring of 1. The results were pub-
lished in the supplemental information of Rupp et al.8 The struc-
ture of compound 1 in Figure 2 shows the stereochemistry found
in the NMR experiments. HPLC analysis revealed that 1 is racemic
(supp. inf. of Rupp et al.8).

Herein, we further characterize the PPARc structure–activity
relationships of substituted truxillic acid derivatives by investigat-
ing 15 additional compounds which were ordered from a commer-
cial compound database by in vitro experiments. Furthermore, we
explain the structure–activity relationships of compounds 1–16 on
the basis of the binding mode proposed by molecular docking soft-
ware (Fig. 2).

All compounds were tested in a cell-based Gal4-hybrid transac-
tivation assay which was published elsewhere.9 Figure 1 shows the
relative activation of 10 lM of compounds 1–16 compared to the
activity of 1 lM pioglitazone, which was used as a positive control
and considered as 100% activation of PPARc. Compounds 2 and 10
show an activation comparable to pioglitazone, whereas com-
pounds 1, 7–9, and 11 show moderate but not full activation at
10 lM. Compounds 3–6 and 12–16 were not considered as active.
All substances turned out to be inactive on human PPARa and
PPARd (data not shown). Table 1 shows structure–activity relation-
ships around the ester moieties by comparing the respective EC50

values and maximum activation at the highest tested concentra-
tions. 2 turned out to be the most potent compound with an
EC50 of 3.3 lM with full activation of human PPARc. 9 showed a
similar EC50 value (3.6 lM), but did not achieve full activation of
the receptor.

We performed molecular docking experiments with compound
1 in order to obtain a potential ligand binding pose that could help
to explain structure–activity relationships of truxillic acid deriva-
Figure 3. Two-dimensional representation of the residue interaction pattern for
compound 1 docked into the LBD of PPARc; generated using the software MOE
(Chemical Computing Group, www.chemcomp.com).
tives. The GOLD 4.0 software11 was used to generate the potential
binding mode of compound 1 to the PPARc ligand binding domain
co-crystallized with the full agonist farglitazar (PDB code: 1fm9).10

The top-scored binding mode (chemscore = 39)12 is shown in
Figure 2. The carboxylic group of compound 1 interacts with the
amino acid residues S289, H323, H449, and Y473 (Figs. 2 and 3),
which are responsible for activation of PPAR.13 Ester derivatives
15 and 16 lack an acidic group and are therefore inactive.

According to our model, one of the phenyl moieties and the 2-
methylphenylester moiety occupy the left proximal binding pock-
et.14 Residues within this hydrophobic region are responsible for
selectivity between the PPAR subtypes. This region is larger for
PPARc, therefore compounds with rigid and bulky moieties in this
area often lack PPARa activity.13 One of the phenyl moieties
interacts closely with F282. Moreover, the 2-methylphenylester
moiety of compound 1 undergoes p–p stacking with F363 (Figs.
2 and 3). Compound 2 occupies the left proximal pocket in a more
favorable way, which might provide a structural explanation why
compound 2 exhibits a lower EC50 than compound 1. The 3-meth-
ylphenylester moiety reaches deeply into the left proximal binding
pocket and the 3-methyl substituent interacts favorably with L353,
L356, and I281. Compound 1 which carries a methyl substituent in
ortho-position is not able to interact with any of these residues,
which could be a possible explanation for its slightly lower EC50

of 10 lM.
The properties of the ester residue are highly important for the

structure–activity relationships of the tested truxillic acid deriva-
tives. Neither an aromatic nor an aliphatic hydroxyl group is toler-
ated in this region, which obviously lacks any polar residues that
may undergo favorable interactions with a hydrophilic moiety.
This would explain the lack of activity of compounds 3, 12, 13
and compound 14, where the complete ester substituent is
missing.

Compounds 4 and 5, which contain bulky and hydrophobic
amide substituents, were also not able to activate the receptor in
our transactivation assay. We suspect that the rigid cyclic second-
ary amide moieties of these compounds cause a sterical clash with
F282.

The aliphatic ester residues of compounds 6–11 are suitable to
interact with the left proximal binding pocket of PPARc. We ob-
serve that the relative activation of compounds 6–10 increases
with the number of carbon atoms within the aliphatic ester residue
(Fig. 4). Compound 11 which contains the most carbon atoms
within the ester residue however shows a decreased relative
activation. These results lead us to the assumption that the left
Number of C-atoms
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Figure 4. Relation between number of C-atoms in the ester moieties of compounds
6–11 to relative activation of PPARc compared to 1 lM pioglitazone; mean values
and standard deviation of at least three independent experiments are shown.
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proximal binding pocket is filled optimally with an aliphatic chain
with seven carbons whereas an increase in chain length as in com-
pound 11 exceeds the capabilities of the hydrophobic binding site
and is therefore less tolerated.

In summary, a series of truxillic acid derivatives was identified
as subtype-selective PPARc activators. The molecular docking
experiments suggest that the structure–activity relationships of
the tested compounds are mainly influenced by the properties of
the ester moieties, which vary between aromatic and aliphatic res-
idues in our study. Compounds with aromatic, hydrophobic ester
moieties such as 1 and 2 exhibit the most potent (compound 2)
and full activation of human PPARc whereas the activity and
potency of compounds with aliphatic residues (6–11) obviously
depend on the chain length. Further synthetic efforts, for example
considering the substitution pattern of the two phenyl residues,
would certainly provide a deeper insight into the structure–activ-
ity relationships.

In spite of the fact that the activity of the compounds is rather
low compared to known PPARc agonists, the presented truxillic
acid derivatives might provide a starting point for a natural prod-
uct inspired synthesis program with the aim of improving potency
and exploring new chemical space besides existing PPAR agonists.
Recently, novel scaffolds are often identified by virtual screening
procedures which are increasingly based on natural product li-
braries.15,16 These scaffolds might serve as valuable starting points
for lead structure optimization and development of potentially
safer drugs.
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