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Abstract

This paper describes molecular docking studies of a series of classical NSAIDs with PPARY receptor, which has been pointed as a new target
for the design of anti-cancer and anti-inflammatory drugs, and has been found to be responsible for some of the already established pharmaco-
logical effects observed for marketed drugs. The results show the molecular basis of PPARY activation by non-selective COX inhibitors.

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are inhib-
itors of prostaglandin biosynthesis through the blockage of
cyclooxygenases (COX) [1]. In addition to their general use
as anti-inflammatory, analgesic and antipyretic, NSAIDs
have an emerging utility in the preventive chemotherapy of
human cancer, as observed during the therapy of colon cancer
by sulindac (1) [2—5]. Epidemiological studies indicated that
NSAIDs are able to decrease the risk for developing lung can-
cer, consistently with an emerging role for eicosanoid biosyn-
thetic pathways in human cancer development [6].

A large number of studies have now demonstrated that
NSAIDs may exert some of their cellular actions through
COX-independent mechanisms, which are corroborated by
the fact that the therapeutic benefits of NSAIDs are typically
observed at doses much greater than those required to inhibit
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the cyclooxygenases, suggesting that they are recognized by
other targets [7—13]. This dual therapeutic profile could be
very desirable and was recently illustrated by characterization
of its molecular basis for COX-2 and p38 MAPK inhibition
[14].

Among other potential targets of NSAIDs, the peroxisome
proliferator-activated receptor (PPAR) family of nuclear re-
ceptors has been frequently cited [15—27]. Three isoforms
of PPAR have been described, i.e. PPARa, 8, and v, all of
which bind to specific DNA sequences as heterodimers with
the retinoic acid X-receptors [28]. PPARY has been shown
to be activated by the synthetic antidiabetic thiazolidinediones
(TZDs), such as rosiglitazone (2) and troglitazone (3) (TGZ),
as well as by prostaglandin D and J derivatives, which may
function as endogenous activators (Fig. 1) [29,30].

TZDs inhibit the expression of various inflammatory
proteins like iNOS, TNFa and MMP9 in macrophages and
are beneficial in disorders such as inflammatory bowel dis-
ease [31,32]. Several anti-inflammatory mechanisms have
been suggested, including inhibition of NF-kB, API1, and
STAT transcription factors by PPARYy [33]. Additional studies
with classical NSAIDs have shown a potential therapeutic
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Fig. 1. PPARY agonists and some NSAIDs evaluated in the docking studies with PPARY.

role of these drugs in Alzheimer’s disease, acting as anti-
amyloidogenic substances through PPARY activation, among
other inter-connected pathways of the disease [24]. PPARY
has been implicated both as a tumor suppressor and tumor pro-
moter and is expressed in many cancers, including colon,
breast and prostate and PPARY ligands are generally antipro-
liferative in these settings [34—37].

In addition, a variety of reports have shown the activation
of PPARY by NSAIDs and have correlated them to their
anti-tumorigenic action [16—20]. Most importantly, it has
been observed that this action seems to be dependent on the
degree of selectivity they have for cyclooxygenases 1 and 2.
For instance, the ability of various compounds to bind/activate
PPARY was examined in a study performed by Nixon and col-
leagues to assess the potential influences of this biochemical
pathway on their reported anti-tumorigenic activities [16].
Many potential PPARY ligands, including various eicosanoids

and NSAIDs, were examined for PPARY luciferase reporter
activation in colorectal carcinoma (Caco-2) cells. This study
revealed that, in general, products derived from lipoxygenases
have a greater affinity for PPARYy than products derived from
cyclooxygenases. Conventional NSAIDs that inhibit both
COX-1 and COX-2 bind to PPARY, in contrast, COX-1/2
selective inhibitors do not [16].

In general, conventional NSAIDs served as PPARY ligands
and induced luciferase activity from about 2—6.5-fold. Indo-
methacin (4) [38] (6.43-fold, at 50 uM) and ibuprofen (5)
[39] (5.81-fold at 1000 uM) induced luciferase activity as ef-
fectively as TGZ (5.22-fold, at 10 uM) (3) (Fig. 1) [16]. Diclo-
fenac (6) [40], ASA (7) [41], and sulindac sulfide (8) [42] also
displayed relatively strong binding activity, 4.06-, 4.02- and
3.81-fold at 200, 10,000 and 50 pM, respectively (Fig. 1). In-
terestingly, the prodrug, sulindac (1), and its metabolite sulin-
dac sulfone (9), weak COX inhibitors [42], were not as
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effective in binding to PPARY, showing binding activities of
2.51- and 3.33-fold, at 100 and 400 puM, respectively. On the
other hand, sulindac sulfide (8), that inhibits COX non-selec-
tively (ICs5o ratio COX-1/COX-2 =0.258) [42], showed the
strongest binding activity (3.81-fold) (Fig. 1) [16].

Among the conventional NSAIDs tested as PPARYy ligands,
piroxicam (10) [43] displayed the weakest binding activity
(1.92-fold, at 1000 uM), while acetaminophen (11) [44] does
not inhibit COX and also did not bind to PPARYy. Conversely,
the COX-2-selective inhibitors were poor ligands for PPARY.
Celecoxib (12) [45], NS398 (13) [46] and SC58125 (14) [47]
displayed no PPARY binding activity. Likewise, the COX-1-
selective inhibitor, SC560 (15) [48], did not bind to PPARY.
In general, the conventional NSAIDs that inhibit both COX-1
and COX-2 non-selectively could serve as PPARy ligands
and it was concluded that they may either exert their anti-
tumorigenic actions by activating PPARYy or competing with
the endogenous ligand(s) for PPARYy. However, any effects
of COX-1 or COX-2-selective inhibitors on tumorigenesis
have been concluded to be mediated by other pathways [16].

Based on these reports, the goal of the present study was to
investigate the molecular basis of the interaction of NSAIDs
and PPARY with flexible docking studies using FlexE software
[49]. This strategy provided models of ligand—receptor com-
plexes that have been compared to PPARYy activation data re-
ported by Nixon and colleagues [16]. The results provided
a rational basis for future design of PPARYy ligands using as
template the core of classical non-steroidal anti-inflammatory
drugs.

2. Methods
2.1. General procedures

All calculations have been performed on a PC running un-
der Linux Red Hat Enterprise version 3.0 platform. Structural
manipulations were performed using Sybyl 7.3 [50].

2.2. Construction of the ligands

The construction of the ligands for FlexE was performed as
for FlexX [51], using Sybyl version 7.3 [50]. The molecular
structure of rosiglitazone (2, Fig. 1) has been withdrawn
from the crystal structure of this drug bound to PPARY
(PDB code: 1FM6) [52]. Troglitazone (3, Fig. 1) has been
drawn upon modifications from the crystal structure of rosigli-
tazone. The four possible diastereoisomers of troglitazone
have been modeled in their neutral and ionized states. The
other ligands’ coordinates have been generated using the pro-
gram Sketcher, available in Sybyl version 7.3. Next, the
correct atom types (including hybridization states) and correct
bond types were defined, hydrogen atoms were added and
charges were assigned to each atom. Carboxylate groups pres-
ent in the structure of classical NSAIDs were modeled in their
ionized states at physiological pH. Rosiglitazone and troglita-
zone have been modeled in their neutral and ionized states, for
comparison. Finally, the structures were energy-minimized,

using the semiempirical AM1 method [53] available in the
PC Spartan ’04 software [54]. After this procedure, AMI1
and PM3 point charges were assigned to the ligands [53].

2.3. Selection of protein crystal structures

Ligand-bound crystallographic structures of PPARYy are
available in the Protein Data Bank [55]. In this study, 1IFM6,
2GTK, 2F4B, 1KNU, 1ZEO and 2ATH were evaluated and se-
lected for docking [52,56—60]. The active recognition site of
the ensemble has been defined as the collection of residues
within 10.0 A of the bound inhibitor and comprised the union
of all ligands of the ensemble. All atoms located less than
10.0 A from any ligand atom were considered. 2GTK was
used as a reference structure for the united protein preparation
[56].

Proteins were prepared for the docking studies, using the
Biopolymer module of Sybyl 7.3. Amber7 FF99 charges
were attributed to the protein atoms [50]. The first step in the
generation of suitable protein structures for the ensemble su-
perimposition is the deletion of extra chains. In this work, chain
A was kept while the others were deleted, since the software is
able to deal only with monomers. Next, biopolymer protein
analysis tool was used, in a stepwise process of analysis and
correction of geometry parameters. For each structure, the de-
scription of an ensemble contains the definition of the protein
atoms (via chain identifiers and hetero groups), the resolution
of ambiguities in the PDB file (alternate location indicators,
etc.), the location of hydrogen atoms at heteroatoms, and the
definition of the active site atoms. The assignment of hydrogen
positions has been made on the basis of default rules except for
the definition of the hydrogen positions inside the histidine
side-chain. The side-chains of lysine, arginine and the carbox-
ylate groups of aspartic and glutamic acids have been modeled
in their ionized states. Water molecules contained in the PDB
file have been removed. All carboxylic acid and amino groups
were modeled in their ionized forms.

3. Results and discussion

All the selected molecules for the molecular docking stud-
ies are depicted in Fig. 1. Care was taken to include in the
studies the PPARYy agonists rosiglitazone (2) and troglitazone
(3), and an indomethacin derivative belonging to the indole
acetic acid class (16), which has shown to be a potent PPARYy
agonist [56]; non-selective cyclooxygenase inhibitors such as
ASA (7) [41], sulindac (1), sulindac sulfide (8) and sulfone
(9) [42]; a selective COX-1 inhibitor, SC560 (15) [48] and a se-
lective COX-2 inhibitor, celecoxib (12) (Fig. 1) [45].

The proposed interaction modes of the ligands in the active
site of PPARy were determined as the highest scored confor-
mations (best-fit ligands) among 30 conformations and bind-
ing modes generated according to FlexX scoring function
[50,51], which correspond to the structures with the most fa-
vorable free energy of binding, i.e. AGy;,q (kJ/mol) (Fig. 2).
It is worth of note that AG values shown in this study have
been based on PM3 charges [53] (Fig. 2) due to a better
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Fig. 2. In silico AGping values (kJ/mol) obtained for docking of rosiglitazone (2), troglitazone (3) and the selected NSAIDs to PPARYy by using FlexE. (a) and (b)
Refer to the neutral and ionized states of rosiglitazone and troglitazone, respectively.

qualitative correlation of the binding energy (AGyping) to
PPARY activation, since non-selective cyclooxygenase inhibi-
tors, such as sulindac (1), sulindac sulfide (8), sulindac sulfone
(9) and ASA (7), showed the most favorable binding energies,
while highly potent and selective COX-1 (SC560) or COX-2
inhibitors (celecoxib) showed the worst energy values, corrob-
orating PPARY activation data reported in the literature [16]
(Fig. 2).

The docking analysis was firstly performed with the
co-crystallized ligands rosiglitazone (2) and (2S5)-3-(1-{[2-
(2-chlorophenyl)-5-methyl-1,3-oxazol-4-yl]methyl }-1H-indol-
5-yl) 2-ethoxypropanoic acid (16) (PDB codes: 1FM6 and
2GTK) [52,56], to assess the efficiency of the FlexE program
for the docking known ligands.

The top docking of pose obtained for rosiglitazone (2, Fig. 3a)
shows good correspondence to the crystallographic structure
[52], with a RMS value of 0.68 A [52], and reproduces the
binding mode of this compound, showing hydrogen bonding
interactions of the thiazolidinedione ring with Ser289,
Tyrd473, His223, His449 [52]. Interestingly, the ionized
form of this compound gave a better AGy;, Vvalue
(—36.84kJ/mol) in comparison to its neutral form
(—18.17 kJ/mol) (Fig. 2). These results are in opposition to
what has been observed in rigid receptor docking of this
compound and PPARYy [61].

FlexE docked (16) at the same pocket as in the crystal
structure, with a RMS value of 0.11 A (Fig. 3b). According
to the structural studies reported recently, hydrogen bonding
interactions of the carboxylic acid groups of known PPARYy
agonists with Tyr473 and His449 in the AF-2 helix of the re-
ceptor represent the structural basis for the PPARY agonist ac-
tivity due to stabilization of this secondary structure [56].
Also, interaction with His323 gives extra stability to the li-
gand—PPARY complexes. Correspondingly, Fig. 3b shows

a network of hydrogen bonding interactions of the carboxylate
group of the indomethacin derivative (16) with Ser289,
His323, His449 and Tyr473. This region is known as arm I,
and is composed mostly of polar residues [62]. Furthermore,
additional van der Waals interactions of the 2-Cl—CgH,4 moi-
ety of 16 with Val339, Ile341 and Leu353 (Fig. 3b) in the vi-
cinity of a hydrophobic region named arm II of the receptor
[62] explain the affinity of this compound to PPARY. This re-
sult shows a reasonable qualitative assessment of binding
mode prediction with FlexE method [49].

Since it has been reported that troglitazone (3) is an equal
mixture of four stereoisomers involving two asymmetric cen-
ters, with each of them having similar pharmacologic effects,
we have modeled the four stereoisomers and found that the
R.R-isomer presented the best AGy;,q value (Fig. 2) [63]. Sur-
prisingly, it presented a higher (unfavourable) AGy;,q value
(—28.193 kJ/mol) when compared to indomethacin (4)
(—34.37 kJ/mol) (Fig. 2). We hypothesized that this result is
related to some limitations in the calculation of the charge dis-
tribution in the thiazolidinedione ring in its ionized form, al-
though the AGy;,q observed for this compound in the neutral
form was even worse (—19.50 kJ/mol) as observed for rosigli-
tazone (2, Fig. 2). However, since the latter also bears the
thiazolidinedione moiety, steric effects generated by the tri-
methyl-chromanol ring in the evaluation of AGy;,q by FlexE
are probably being overestimated.

The next step in this work was the docking evaluation of
COX inhibitors indomethacin (4), acetyl salicylic acid
(ASA) (7), sulindac (1), sulindac sulfide (8), sulindac sulfone
(9), SC560 (15) and celecoxib (12). The top ligand—receptor
poses obtained for these compounds with FlexE are depicted
in Figs. 3—5.

The best docking pose obtained for indomethacin (4) shows
that its carboxylate group hydrogen bonds to His323, His449,
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Tyr473 and Ser289 (Fig. 3c). Additionally, its p-Cl group is in
close van der Waals contact with Ile281, which is part of arm
IT of PPARY. This result supports the excellent AGy;,q found
for this drug and further corroborates PPARYy activation by
this compound (Fig. 3¢). Following the analysis, we inspected
the best docking pose obtained for ASA, which showed, as ex-
pected, that this NSAID is able to perform the same hydrogen
bonding interactions observed for indomethacin (Fig. 3d).
Also, the oxygen atom of the ester carbonyl group hydrogen
bonds to His449 (Fig. 3d). However, no van der Waals contacts
have been observed.

Docking of sulindac (1), which bears a sulfoxide group, has
revealed new interacting possibilities at the ligand binding
site. Even though its carboxylate group hydrogen bonds to
His449 and the fluorine atom hydrogen bonds to His323, we
have also observed a strong interaction at the vicinity of the
ligand binding site, between the oxygen atom of the sulfoxide
group and Arg288 (Fig. 4a).

The visual inspection of the top pose obtained for sulindac
sulfide (8) (Fig. 4b) also reveals key hydrogen bonding inter-
actions with Tyr327, His323 and Ser289. An extra feature pre-
sented by this NSAID is the proximity of the methylthio
moiety to the hydrophobic amino acid residue Leu356, within
van der Waals contact (Fig. 4b). The hydrophobic interaction
performed by this compound may be related to a pharmaco-
phoric demand to enhance PPARY activation. This assumption
is supported by the fact that the ligands’ binding site, south to

the AF-2 helix [56], is mostly lined with hydrophobic amino
acid residues.

Finally, analysis of the top pose of sulindac sulfone with
PPARY (Fig. 4c) shows hydrogen bonding interactions of the
carboxylate group of sulindac sulfone (9) with Tyr473,
His323 and Ser289. An additional hydrogen bond is performed
by the sulfone group with the —NH moiety in the backbone of
Phe363.

Following the docking studies, we have analyzed the puta-
tive interactions of SC560 (15), a selective COX-1 inhibitor,
and PPARY (Fig. 5a). Only one hydrogen bond, between one
fluorine atom belonging to the CF; group and —NH in the
backbone of Phe282, was observed. However, the p-Cl—
C¢H, ring of SC560 is in van der Waals contact with the
side-chain of Leu330 and Met364. Additional hydrophobic
contacts have also been observed between the CF3 group of
SC560 (15) and the side-chain of 1le281 (Fig. 5a).

The top pose obtained for celecoxib (12) complexed with
PPARY (Fig. 5b) showed hydrogen bonding interactions be-
tween the sulfone group of this selective COX-2 inhibitor
with Tyr473, His323, His449 and Ser289. Also, the p-CH;—
CgH, ring is in van der Waals contact with Met364 and
Leu330. Finally, the CF; group of celecoxib is in van der
Waals contact with Ile281 (Fig. 5b).

Comparing the interactions performed by these two selec-
tive COX inhibitors and the other structures, it becomes very
obvious that, even when they are able to stabilize the AF-2
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helix by means of hydrogen bonds, they may not be strong
enough because they do not involve ionic groups.

Finally, in order to better understand the molecular basis of
the differential activation of PPARY performed by selective
and non-selective COX inhibitors, we investigated the molec-
ular surfaces of the amino acid residues pertaining to the re-
gions named arm I and arm II of the ligand binding domain
(LBD) [62].

The visual analysis of the best ligand—receptor docking
poses of rosiglitazone (2), sulindac sulfide (8), celecoxib
(12) and SC560 (15) (Fig. 6a—d) clearly demonstrates that ro-
siglitazone (Fig. 6a) possesses a polar head and also a hydro-
phobic tail that is able to reach part of arm II in PPARY, as
observed experimentally (Fig. 6a) [52].

When we compare the same surfaces with the top docking
pose of sulindac sulfide (Fig. 6b), it becomes clear that it pos-
sesses not only the same polar head as rosiglitazone but also
the hydrophobic tail that is represented by the methylthio-
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Fig. 6. Molecular surfaces of the amino acid residues pertaining to the ligand
binding site of PPARYy and the top poses obtained by molecular docking of (a)
rosiglitazone (2), (b) sulindac sulfide (8), (c) celecoxib (12) and (d) SC560
(15), with PPARYy. Blue and yellow surfaces indicate amino acids from arm
I (mostly polar residues) and arm II (mostly hydrophobic residues), respec-
tively (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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benzilidene group, which is able to partially reach arm II.
However, neither celecoxib (Fig. 6¢) nor SC560 (Fig. 6d)
are able to reach arm II and also do not bind tightly to arm
I as already observed above (Fig. 5a—b). Thus, we may hy-
pothesize that both factors keep selective COX inhibitors
from stabilizing the AF-2 helix that is important for keeping
the receptor in its active conformation.

4. Conclusions

In this paper we used flexible molecular docking tools to
investigate putative binding modes of NSAIDs with PPARY
that may help in the design of new ligands of this receptor, us-
ing as template the core of classical non-steroidal anti-inflam-
matory drugs, as it has already been reported for indomethacin
derivatives [57]. The binding scores (AGping) of the ligands
from FlexE were found in accordance with their relative
PPARY activation.

Additionally, the investigation of the predicted binding
mode of sulindac sulfide has shown that it possesses the phar-
macophoric requisites to bind PPARY, that is, a polar head and
a hydrophobic tail, which is partially buried in the region en-
compassed by arm II, a hydrophobic region of the receptor,
what may be accounting for its better activity. On the other
hand, celecoxib and SC560, selective COX inhibitors, do not
bear the same structural requisites, being poor PPARY ligands
evidentiated by weak binding in arms I and II. In short, based
on these data, the design of new molecules bearing either the
core of classical non-steroidal anti-inflammatory drugs or
modified skeletons of selective COX inhibitors that fulfill
these pharmacophoric requisites may be useful in the search
for new candidates to the therapy of a variety of diseases.

Acknowledgements

The authors wish to thank IM-INOFAR (#420.015/2005-1,
Br), PRONEX (Br), CNPq (Br), FAPERJ (Br), FUJB (Br) for
financial support and fellowships (to LML, CMRS, EJB,
CAMF and NCR).

References

[1] W.L. Smith, E.A. Meade, D.L. DeWitt, Ann. N.Y. Acad. Sci. 744 (1994)
50—57.
[2] D.E. Duggan, K.F. Hooke, E.A. Risley, T.Y. Shen, C.G. Arman,
J. Pharmacol. Exp. Ther. 201 (1977) 8—13.
[3] L.J. Marnett, Cancer Res. 52 (1992) 5575—5589.
[4] C. Duperron, A. Castonguay, Carcinogenesis 18 (1997) 1001—1006.
[5] C.V. Rao, A. Rivenson, B. Simi, E. Zang, G. Kelloff, V. Steele,
B.S. Reddy, Cancer Res. 55 (1995) 1464—1472.
[6] D.M. Schreinemachers, R.B. Everson, Epidemiology 5 (1994) 138—146.
[7] 1. Tegeder, J. Pfeilschifter, G. Geisslinger, FASEB J. 15 (2001) 2057—
2072.
[8] G.E. Landretha, M.T. Henekab, Neurobiol. Aging 22 (2002) 937—944.
[9] T. Shimada, A. Koitabashi, Y. Fujii, T. Hashimoto, K. Hosaka, K. Tabei,
T. Namatame, M. Yoneda, H. Hiraishi, A. Terano, FEBS Lett. 558 (2004)
33-38.
[10] P.M. Brooks, R.O. Day, N. Engl. J. Med. 324 (1991) 1716—1725.
[11] E.A.Meade, W.L. Smith, D.L. DeWitt, J. Biol. Chem. 268 (1993) 6610—6614.

[12] J.M. Lehmann, J.M. Lenhard, B.B. Oliver, G.M. Ringold, S.A. Kliewer,
J. Biol. Chem. 272 (1997) 3406—3410.

[13] C. Jiang, A.T. Ting, B. Seed, Nature 391 (1998) 82—86.

[14] G.M. Sperandio da Silva, L.M. Lima, C.A.M. Fraga, C.M.R. SanfAnna,
E.J. Barreiro, Bioorg. Med. Chem. Lett. 15 (2005) 3506—3509.

[15] M.S. Jaradat, B. Wongsud, S. Phornchirasilp, S.M. Rangwala, G. Shams,
M. Sutton, K.J. Romstedt, D.J. Noonan, D.R. Fellera, Biochem.
Pharmacol. 62 (2001) 1587—1595.

[16] J.B. Nixon, H. Kamitanib, S.J. Baeka, T.E. Eling, Prostaglandins Leukot.
Essent. Fatty Acids 68 (2003) 323—330.

[17] S.V. Fulzele, M.S. Shaik, A. Chatterjee, M. Singh, J. Pharm. Pharmacol.
58 (2006) 327—336.

[18] N. Babbar, N.A. Ignatenko, R.A. Casero Jr., E.-W. Gerner, J. Biol. Chem.
278 (2003) 47762—47775.

[19] R. Yamazaki, N. Kusunoki, T. Matsuzaki, S. Hashimoto, S.J. Kawali,
J. Pharmacol. Exp. Ther. 302 (2002) 18—25.

[20] C. Hafner, A. Reichle, T. Vogt, Curr. Cancer Drug Targets 5 (2005)
393—419.

[21] M. Sudhan Shaik, A. Chatterjee, T. Jackson, M. Singh, Int. J. Cancer 118
(2006) 396—404.

[22] A. Lleo, E. Galea, M. Sastre, Cell. Mol. Life Sci. 64 (2007) 1403—1418.

[23] S. Ulrich, S.M. Loitsch, O. Rau, A. von Knethen, B. Briine, M. Schubert-
Zsilavecz, .M. Stein, Cancer Res. 66 (2006) 7348—7354.

[24] K.P. Townsend, D. Pratico, FASEB J. 19 (2005) 1592—1601.

[25] B.M. Spiegelman, Eur. J. Med. Res. 2 (1997) 457—464.

[26] M. Sastre, I. Dewachter, S. Rossner, N. Bogdanovic, E. Rosen,
P. Borghgraef, B.O. Evert, L. Dumitrescu-Ozimek, D.R. Thal,
G. Landreth, J. Walter, T. Klockgether, F. van Leuven, M.T. Heneka,
Proc. Natl. Acad. Sci. U.S.A. 103 (2006) 443—448.

[27] M.G. Belvisi, D.J. Hele, M.A. Birrell, Eur. J. Pharmacol. 533 (2006)
101—109.

[28] J. DiRenzo, M. Soderstrom, R. Kurokawa, M.H. Ogliastro, M. Ricote,
S. Ingrey, A. Horlein, M.G. Rosenfeld, C.K. Glass, Mol. Cell. Biol. 17
(1997) 2166—2176.

[29] JM. Lehmann, L.B. Moore, T.A. Smith-Oliver, W.O. Wilkison,
T.M. Willson, S.A. Kliewer, Biol. Chem. 270 (1995) 12953—12956.

[30] B.M. Forman, P. Tontonoz, J. Chen, R.P. Brun, B.M. Spiegelman,
R.M. Evans, Cell 83 (1995) 803—812.

[31] B.M. Forman, J. Chen, R.M. Evans, Ann. N.Y. Acad. Sci. 804 (1996)
266—275.

[32] M. Li, G. Pascual, C.K. Glass, Mol. Cell. Biol. 20 (2000) 4699—4707.

[33] C.G. Su, X. Wen, S.T. Bailey, W. Jiang, S.M. Rangwala, S.A. Keilbaugh,
A. Flanigan, S. Murthy, M.A. Lazar, G.D. Wu, J. Clin. Invest. 104 (1999)
383—389.

[34] J.S. Welch, M. Ricote, T.E. Akiyama, F.J. Gonzalez, C.K. Glass, Proc.
Natl. Acad. Sci. U.S.A. 100 (2003) 6712—6717.

[35] C.Grommes, G.E. Landreth, M.T. Heneka, Lancet Oncol. 5 (2004) 419—429.

[36] J.D. Burton, M.E. Castillo, D.M. Goldenberg, R.D. Blumenthal, Anti-
Cancer Drugs 18 (2007) 525—534.

[37] EG. Yang, Z.W. Zhang, D.G. Xin, C.J. Shi, J.P. Wu, Y.I. Guo, Y.F. Guan,
Acta Pharmacol. Sin. 26 (2005) 753—761.

[38] T.Y. Shen, R.L. Ellis, T.B. Windholz, A.R. Matzuk, A. Rosegay,
S. Lucas, B.E. Witzel, C.H. Stammer, A.N. Wilson, FEW. Holly,
J.B. Willett, L.H. Sarett, WJ. Holtz, C.A. Winter, E.A. Risley,
G.W. Nuss, J. Am. Chem. Soc. 85 (1963) 488—489.

[39] E.F. Davies, G.S. Avery, Drugs 2 (1971) 416—446.

[40] R.N. Brogden, R.C. Heel, G.E. Pakes, T.M. Speight, G.S. Avery, Drugs
20 (1980) 24—27.

[41] W. Sneader, BMJ 321 (2000) 1591—1594.

[42] E. Wong, C. Bayly, H.L. Waterman, D. Riendeau, J.A. Mancini, J. Biol.
Chem. 272 (1997) 9280—9286.

[43] J.G. Lombardino, E.H. Wiseman, Med. Res. Rev. 2 (1982) 127—152.

[44] R.J. Flower, J.R. Vane, Nature 240 (1972) 410—411.

[45] T.D.Penning,J.J. Talley, S.R. Bertenshaw, J.S. Carter, PW. Collins, S. Docter,
M.J. Graneto, L.E. Lee, J.W. Malecha, J.JM. Miyashiro, R.S. Rogers,
DJ. Rogier, S.S. Yu, G.D. Anderson, E.G. Burton, J.N. Cogburn,
S.A. Gregory, C.M. Koboldt, W.E. Perkins, K. Seibert, A.W. Veenhuizen,
Y.Y. Zhang, P.C. Isakson, J. Med. Chem. 40 (1997) 1347—1365.



N.C. Romeiro et al. | European Journal of Medicinal Chemistry 43 (2008) 1918—1925 1925

[46] N. Futaki, S. Takahashi, M. Yokoyama, I. Arai, S. Higuchi, S. Otomo,
Prostaglandins 47 (1994) 55—59.

[47] K. Seibert, Y. Zhang, K. Leahy, S. Hauser, J. Masferrer, W. Perkins,
L. Lee, P. Isakson, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 12013—12017.

[48] CJ. Smith, Y. Zhang, C.M. Koboldt, J. Muhammad, B.S. Zweifel,
A. Shaffer, J.J. Talley, J.L. Masferrer, K. Seibert, P.C. Isakson, Proc.
Natl. Acad. Sci. U.S.A. 95 (1998) 13313—13318.

[49] H. Claussen, C. Buning, M. Rarey, T. Lengauer, J. Mol. Biol. 308 (2001)
377-395.

[50] Sybyl, Version 7.3, Tripos Associates, St. Louis, MO, 2007.

[51] M. Rarey, B. Kramer, T. Lengauer, G.A. Klebe, J. Mol. Biol. 261 (1996)
470—489.

[52] RT. Gampe Jr, V.G. Montana, M.H. Lambert, A.B. Miller,
R.K. Bledsoe, M.V. Milburn, S.A. Kliewer, T.M. Willson, HE. Xu,
Mol. Cell 5 (2000) 545—555.

[53] M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am. Chem.
Soc. 107 (1985) 3902—3909.

[54] Spartan *04; Wavefunction, Inc. 18401 Von Karman Avenue, Suite 370.
Irvine, California 92612, USA.

[55] HM. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat,
H. Weissig, IN. Shindyalov, PE. Bourne, Nucleic Acids Res. 28
(2000) 235—242.

[56] B. Kuhn, H. Hilpert, J. Benz, A. Binggeli, U. Grether, R. Humm,
M. Meyer, P. Mohr, Bioorg. Med. Chem. Lett. 16 (2006) 4016—4020.

[57] N. Mahindroo, Y.-H. Peng, C.-H. Lin, U.-K. Tan, E. Prakash, T.-W. Lien,
L-L. Lu, H.-J. Lee, J.T.-A. Hsu, X. Chen, C.-C. Liao, P.-C. Lyu, Y.-
S. Chao, S.-Y. Wu, H.-P. Hsieh, J. Med. Chem. 49 (2006) 6421—6424.

[58] P. Sauerberg, 1. Pettersson, L. Jeppesen, P.S. Bury, J.P. Mogensen,
K. Wassermann, C.L. Brand, J. Sturis, H.F. Woldike, J. Fleckner,
A.-S.T. Andersen, S.B. Mortensen, L.A. Svensson, H.B. Rasmussen,
S.V. Lehmann, Z. Polivka, K. Sindelar, V. Panajotova, L. Ynddal,
E.M. Wulff, J. Med. Chem. 45 (2002) 789—804.

[59] G.Q. Shi, J.F. Dropinski, B.M. McKeever, S. Xu, J.W. Becker,
J.P. Berger, K.L. MacNaul, A. Elbrecht, G. Zhou, T.W. Doebber,
P. Wang, Y.-S. Chao, M. Forrest, J.V. Heck, D.E. Moller, A.B. Jones,
J. Med. Chem. 48 (2005) 4457—4468.

[60] N. Mahindroo, C.-F. Huang, Y.-H. Peng, C.-C. Wang, C.-C. Liao, T.-
W. Lien, S.K. Chittimalla, W.-J. Huang, C.-H. Chai, E. Prakash, C.-
P. Chen, T.-A. Hsu, C.-H. Peng, I.-L. Lu, L.-H. Lee, Y.-W. Chang,
W.-C. Chen, Y.-C. Chou, C.-T. Chen, C.M.V. Goparaju, Y.-S. Chen,
S.-J. Lan, M.-C. Yu, X. Chen, Y.-S. Chao, S.-Y. Wu, H.-P. Hsieh, J.
Med. Chem. 48 (2005) 8194—8208.

[61] S. Khanna, M.E. Sobhia, P.V. Bharatam, J. Med. Chem. 48 (2005) 3015—
3025.

[62] V. Zoete, A. Grosdidier, O. Michielin, Biochim. Biophys. Acta 1771
(2007) 915—925.

[63] T. Yoshioka, T. Fujita, T. Kanai, Y. Aizawa, T. Kurumada, K. Hasegawa,
H. Horikoshi, J. Med. Chem. 32 (1989) 421—428.



	NSAIDs revisited: Putative molecular basis of their interactions with peroxisome proliferator-activated gamma receptor (PPARgamma)
	Introduction
	Methods
	General procedures
	Construction of the ligands
	Selection of protein crystal structures

	Results and discussion
	Conclusions
	Acknowledgements
	References


