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A series of analogues of the PPARc ligand 15-deoxy-D -PGJ2 have been synthesized by functionaliza-
tion of a 5-alkyl-4-hydroxycyclopentenone core structure obtained by Piancatelli rearrangement of pre-
cursor furylcarbinol. Transient transactivation assays indicate that analogues 18 and 20 are selective
nanomolar agonists of PPARc. This subtype selectivity is lost in derivatives (23, 24) with an alkynyl
(oct-1-yn) chain at the C3 position, although the cyclopentenone derivative with cis relative configuration
(23) showed greater affinity for PPARa.

� 2009 Elsevier Ltd. All rights reserved.
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Peroxisome proliferator-activated receptors (PPARs)1,2 are
members of the nuclear hormone receptor superfamily.3 Upon
activation by a ligand, these proteins act as transcription factors,
regulating multiple physiological pathways including reproduc-
tion, growth, differentiation, development, energy metabolism
and homeostasis.1,2 The PPAR subfamily comprises three subtypes
(a, c and d) that exhibit different tissue distribution and physiolog-
ical function. Each subtype plays a defined role in lipid, lipoprotein
and glucose homeostasis.2 PPARa (NR1C1) is highly enriched in the
liver and other tissues involved in lipid oxidation; upon binding its
ligands, such as the fibrates, the activated complex stimulates lipid
metabolism downregulating or upregulating genes involved in
fatty acid uptake and degradation, and in reverse cholesterol trans-
port. PPARc (NR1C3) is highly expressed in adipose tissue, macro-
phages and vascular smooth muscles and acts as regulator of
adipocyte differentiation and other processes that affect energy
metabolism. Together, the a and c subtypes regulate the balance
between catabolism and storage of long-chain fatty acids. The
PPARd subtype (NR1C2),4 which is ubiquitously expressed, is a po-
tent transcriptional repressor4a that inhibits the ligand-induced
transcriptional activity of PPARa and PPARc. Its activation by a li-
gand increases HDL cholesterol levels, exerts glycemic control and
improves glucose tolerance and insulin resistance in ob/ob mice.4b

Recent work with selective ligands has contributed to unveil the
pleiotropic pharmacology of the PPAR subtypes, and confirmed
that their activities extend beyond metabolic homeostasis to the
treatment of inflammation, cancer and neurodegeneration.1–3
ll rights reserved.
Therefore, in addition to being relevant biological tools, ligands
selective for a particular PPAR subtype hold great therapeutic po-
tential.5 In this regard, synthetic PPARc agonists such as the anti-
(type II)diabetic thiazolidinedione drugs (TZDs) rosiglitazone 1
and pioglitazone 2 (Fig. 1) induce adipocyte gene expression and
stimulate their differentiation in cell culture,6 although their use
is not free from associated side effects, namely body weight gain
(including heart weight of rodents), adipose tissue proliferation
and fatty acid changes in bone marrow, and also cardiovascular
risks.7

The identity of the physiological ligand for PPARc remains a
matter of controversy. Some natural ligands with fatty acid and
eicosanoid skeletons are known to bind to and activate PPARc at
micromolar concentrations.8–10 These include linoleic acid, linole-
nic acid, arachidonic acid, eicosapentaenoic acid (EPA), and metab-
olites of the 15-lipoxygenase pathway such as 9-HODE and 13-
HODE.8 The most potent natural PPARc ligand is the prostaglandin
derivative 15-deoxy-D12,14-PGJ2 3 (Fig. 1),9 which induces differen-
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Figure 1. Antidiabetic glitazones (1, 2), 15-deoxy-D12,14-PGJ2 3 and analogues 4.
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tiation of adipocytes at low micromolar concentrations and re-
presses the expression of several genes in activated macrophages,
including iNOS (NO synthase) and TNFa.10a Although this metabo-
lite has been considered an endogenous ligand of PPARc, and as
such might exert some of its effects via receptor binding and trans-
activation, activities that appear to be independent of PPARc bind-
ing are increasingly being discovered.10b The functional studies are
however limited by the instability of the ligand, which is even
greater than that of common prostaglandins since the bis-unsatu-
rated alkylidenecyclopentenone structure of 15-deoxy-D12,14-PGJ2

3 renders this compound particularly prone to Michael addition.
In fact, covalent binding of 3 to PPARc by addition of a sulfahydryl
of a cysteine (Cys285) residue of the LBP to the unsaturated ketone
has been demonstrated.11

In order to fully exploit the therapeutic potential of these PG-re-
lated compounds, more stable cyclopentenones that retain PPAR
transcriptional activity are highly desirable. We report herein the
preparation of a series of PPAR ligands with cyclopentenone core
structure (compounds 4) having substituents at C3 and C5 as well
as a x-4-alkoxy carboxylic acid side chain. Transient transactiva-
tion studies confirmed the PPARc activation profile of the C3-iod-
ocyclopentenones, which are nanomolar agonists, thus
considerably more potent than ligand 3. This activity is largely
independent of the relative configuration of the 4,5-disubstituted
cyclopentenone ring but is very sensitive to the substitution of
the iodine atom by a hydrogen or a long alkynyl chain.

The synthetic sequence started with the preparation of trans-5-
heptyl-4-hydroxycyclopentenone 8 from alcohol 7 (the addition
product of heptylmagnesium bromide 6 to furfural 5) according
to the procedure described by Piancatelli.12 The transformation of
7–8 involves the rearrangement of a hydroxypentadienyl carbocat-
ion through a Nazarov-type electrocyclic reaction.13 In practice, 2-
furylcarbinol 7 was heated to 65 �C for 48 h in the presence of sub-
stoichiometric quantities of polyphosphoric acid in a 2:1 (v/v) ace-
tone/H2O mixture. Variable amounts of the starting material were
partially recovered and recycled. The corrected yield of the trans-
formation was 50%. The direct alkylation of the C4-hydroxy group
of 8 was unsuccessful, and all our attempts led to the rearrange-
ment product with the isomeric 2-alkyl-4-hydroxycyclopentenone
skeleton.12,14 Therefore, protection of 8 as silyl ether 9 with
TBDMSCl/DMAP and Et3N15 in CH2Cl2 was followed by a-iodin-
ation to 10 upon addition of a solution of iodine in a CH2Cl2/pyri-
dine mixture16 to a cooled (0 �C) solution of 9 (87% yield).
Reduction of the carbonyl group required the use of excess Luche’s
reagent (NaBH4, CeCl3�7H2O in MeOH).17 The diastereomeric alco-
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Scheme 1. Reagents and reaction conditions: (a) Mg, 1-bromoheptane, diethyl
ether, reflux; then 25 �C, 2 h (85%); (b) PPA, acetone/H2O (2:1 v/v), 65 �C, 48 h (50%
brsm); (c) TBDMSCl, Et3N, DMAP, CH2Cl2, 0–25 �C, 12 h (81%); (d) I2, pyridine/
CH2Cl2, 0–25 �C, 2 h (87%); (e) NaBH4, CeCl3�7H2O, MeOH, 0 �C, 2 h [11 (64%), 12
(9%), 13 (14%)].
hols (1S*,4S*,5R*)- and (1R*,4S*,5R*)-11 were obtained in a 1:1 ratio
accompanied by small amounts of products 12 and 13 resulting
from overreduction (Scheme 1) (87% overall yield). The inseparable
mixture of diastereomers 11 was carried on through the following
steps.

O-alkylation was achieved by treatment18 of 11 with tert-butyl
6-iodohexanoate 1419 in DMF at 0 �C (79%). Desilylation was car-
ried out using a solution of n-Bu4NF in THF at 25 �C for 10 h, afford-
ing the mixture of alcohols 16 in 99% yield (Scheme 2). Oxidation
of 16 with PDC20 in CH2Cl2 required stirring for 12 h at 25 �C
(94%) and the mixture of ketones 17 and 19 was separated at this
stage by column chromatography.21 Hydrolysis of the tert-butyl es-
ters 17 and 19 was carried out with TFA,22 affording carboxylic
acids 18 and 20, respectively, in high yields. Copper-promoted
Stille cross-coupling23 [(CH3CN)2PdCl2, CuI, AsPh3, NMP, 80 �C,
40 min] with the stannane 21 derived from oct-1-yne24 provided
enynes 22 and 24, in 89% and 95% yields, respectively. Hydrolysis
with TFA produced carboxylic acids 23 and 25 in quantitative yield.

The activity of the cyclopentenones as PPAR ligands was mea-
sured in transactivation assays in a cellular context that is more
representative of a physiological response than a binding assay.
We used a reporter assay with genetically engineered HeLa cell
lines that had been stably cotransfected with a chimeric receptor
construct and the cognate reporter gene to evaluate the effects of
the described cyclopentenones on PPARa, PPARd, and PPARc-med-
iated transactivation. The system is based on fusion proteins,
which consist of the ligand-binding domain of the corresponding
receptor and the DNA-binding domain of the yeast Gal4 transcrip-
tion factor. The cells also contain stably integrated luciferase
reporters, which are controlled by five Gal4 response elements in
front of a minimal b-globin promoter; these are referred to as re-
porter genes ‘(17mer)5-bGlob-Luc-SVNeo and Gal-PPAR[DE-
F](a,d,c)-puro’. In this assay, the activation or inhibition of
receptors by an agonist (activator) or an inverse agonist (inhibitor)
in the cells leads to the induction/repression of the luciferase re-
porter gene which generates light in the presence of the substrate.
The synthesized compounds were evaluated in 96-well plates ver-
sus a reference ligand (Fig. 2): GW9578 26 for PPARa, GW501516
27 for PPARd, and rosiglitazone 1 (BRL49653) for PPARc. Dose
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Scheme 2. Reagents and reaction conditions: (a) NaH, DMF, �10 �C to 0 �C, 4 h
(79%); (b) n-Bu4NF, THF, 25 �C, 10 h (99%); (c) PDC, CH2Cl2, 0–25 �C, 12 h [17 (47%),
19 (47%)]; (d) TFA, 25 �C, 5–10 min [18 (99%), 20 (83%), 23 (99%), 25 (99%)]; (e)
(CH3CN)2PdCl2, AsPh3, CuI, NMP, 80 �C, 40 min [22 (89%), 24 (95%)].
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Figure 2. Structures of PPAR reference agonists (26, 27), the non-iodinated
cyclopentenones 28 and 29, and ligands GW4331 30 and analogue rac-31.

Figure 3. Superimposition of the docking solution for cyclopentenones 18 (in
yellow) and 20 (in blue).
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response curves were constructed and the concentration at which
50% of the maximal activation is achieved was calculated. The EC50

values of each compound expressed in nM for the three PPAR sub-
types (a,d,c) is shown in Table 1.

The diastereomeric C3-iodocyclopentenones 18 and 20 exhib-
ited nanomolar affinities for the PPARc subtype, with the cis iso-
mer 18 transactivating exclusively through PPARc. There is a
change in subtype selectivity for the C3-alkynylsubstituted deriva-
tives 23 and 25, which showed a higher affinity for PPARa, with 23
exhibiting greater discrimination among subtypes than reference
agonist GW9578 26. Moreover 25 retains some of the PPARd activ-
ity of iododerivative 20, which might be associated to the trans rel-
ative configuration of the substituents at the cyclopentenone core
in both structures. The effect of the halogen is most pronounced,
since the non-iodinated analogues 28 and 29 (Fig. 2, synthesis
not shown) exhibited weak affinity for all the PPAR subtypes (Table
1).

We then addressed by Molecular Docking the interaction of the
potent and selective ligands 18 and 20 with PPARc. Understanding
the structural factors responsible for the subtype selectivity is not a
trivial endeavor in these nuclear receptors, since the Y-shaped LBP
of the PPAR subtypes is a large domain25 and thus capable of bind-
ing a variety of synthetic ligands and fatty acids (and even two
fatty acids simultaneously26) in alternative conformations as
shown in several crystal structures.27 First, the geometry of the li-
gands was optimized using the ab initio quantum chemistry pro-
gram GAUSSIAN 0328 and the B3LYP/6-31G* basis set, in conjunction
with the Stuttgart/Dresden—relativistic-effective core potential
for iodine. The choice of the PPARc-(R)-31 complex crystal struc-
ture (PDB code 2i4j)27c was prompted by the presence in 31, an
analogue of ureidofibrate GW2331 30, of an alicyclic chain con-
nected to a five-membered ring core, which is also found in ligands
18 and 20. The genetic algorithm29 implemented in AutoDock30

with the target PPARc crystal structure upon removal of the ligand
(R)-31 was used to generate different PPARc-cyclopentenone 18/
20 conformers by randomly changing torsion angles and the over-
all orientation of the molecules. A volume for exploration was de-
fined in the shape of a three-dimensional cubic grid with a spacing
of 0.3 Å that enclosed the residues that are known to constitute the
ligand-binding pocket. At each grid point, the atomic affinity
potentials for the carbon, oxygen, iodine and hydrogen atoms pres-
ent in 18/20 were pre-calculated for rapid intra- and intermolecu-
lar energy evaluation of the docking solutions. To obtain additional
validation of the proposed binding mode for the ligand, GRID31 was
also used to search for sites on the receptor that could be comple-
mentary to the functional groups present in the ligand. For the
GRID calculations, a 18 Å � 21 Å � 21 Å lattice of points spaced at
0.5 Å was established at the binding site, with C3 (CH3 group),
COO- (aliphatic carboxylate) and I (iodine) as probes, and dielectric
constants of 4.0 for the macromolecule and 80.0 for the bulk water.
Table 1
PPAR-transcriptional activities (EC50 in nM) of cyclopentenones and reference
agonists

Compound PPARa PPARd PPARc

18 NAa,b NA 60
20 1000 500 30
23 500 NA 4000
25 500 2000 8000
28 NDc 2000 2000
29 1000 NA 4000
GW9578, 26 250 1000 250
GW501516, 27 NA 8 NA
Rosiglitazone, 1 NA NA 15

a NA: not active.
b Activity cut-off: >10,000.
c ND: not determined.
A variety of binding modes were found by the automated dock-
ing method in the region delimited for exploration, but the major-
ity were judged as unproductive. The highest score for the docking
pose PPARc-18 and PPARc-20 was selected as representative
(Fig. 3). The docking was validated by the GRID maps.32

Iodocyclopentenones bind in a similar orientation than other
PPARc inhibitors like the ureidofibrate derivatives 31 (in this case,
whereas the R enantiomer is a full agonist, the S enantiomer is a
partial agonist in transient transactivation assays).27c The carbox-
ylic acid establishes contacts with Tyr473 and His323 (Fig. 3) as well
as with His449 and Ser289 (not shown for clarity). Diastereomer 20
shows an opposite orientation of the alkyl chain relative to 18,
pointing towards the region that other fatty acid ligands such as
DHA occupy (see S.I.).

This binding mode moreover explains the drastic reduction of
activity of the derivatives with an alkyne substituent in place of
the halogen atom at C3 since the halogen points towards a rather
restricted region. The fact that the non-iodinated cyclopentenones
28 and 29 show also reduction in binding affinity despite their
smaller size suggests instead the likely involvement of stabilizing
‘halogen bonds’33 or charge-transfer complex from binding pocket
heteroatom lone pairs (Lewis base) to the halogen (Lewis acid). A
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recent thermodynamic study has highlighted the role of the ligand
halogen atoms (identity and position) on protein–ligand binding
parameters.34

In conclusion, these preliminary results establish proof-of-prin-
ciple that more stable analogues of 15-deoxy-D12,14-PGJ2 3 with
cyclopentenone structure35 can be generated that exhibit PPARc-
subtype selectivity and greater potency than the native ligand.
Since the synthetic scheme allows for the straightforward incorpo-
ration of additional substituents at C3 (other halogens, alkyl, alke-
nyl, aryl or alkynyl group via Pd-catalyzed cross-coupling
reactions) a greater number of PPARc ligands are being prepared,
aided by molecular modeling, in order to better define the require-
ments of the PPAR subtype selectivity in these series.
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