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PPARδ is a ligand-activated receptor that dimerizes with another nuclear receptor of the retinoic acid receptor family. The
dimers interact with other co-activator proteins and form active complexes that bind to PPAR response elements and promote
transcription of genes involved in lipid metabolism. It appears that various natural fatty acids and their metabolites serve as
endogenous activators of PPARδ; however, there is no consensus in the literature on the nature of the prime activators of the
receptor. In vitro and cell-based assays of PPARδ activation by fatty acids and their derivatives often produce conflicting results.
The search for synthetic and selective PPARδ agonists, which may be pharmacologically useful, is intense. Current rational
modelling used to obtain such compounds relies mostly on crystal structures of synthetic PPARδ ligands with the recombinant
ligand binding domain (LBD) of the receptor. Here, we introduce an original computational prediction model for ligand
binding to PPARδ LBD. The model was built based on EC50 data of 16 ligands with available crystal structures and validated by
calculating binding probabilities of 82 different natural and synthetic compounds from the literature. These compounds were
independently tested in cell-free and cell-based assays for their capacity to bind or activate PPARδ, leading to prediction
accuracy of between 70% and 93% (depending on ligand type). This new computational tool could therefore be used in the
search for natural and synthetic agonists of the receptor.

Abbreviations
ALPHA, amplified luminescent proximity homogeneous assay; CARLA, co-activator-dependent receptor ligand assay;
DBD, DNA binding domain; LBD, ligand binding domain; LIC, ligand-induced complex formation assay; MUFA,
monounsaturated fatty acids; NTD, N-terminal domain; PPRE, PPAR response elements; PUFA, polyunsaturated fatty
acids; RMSD, root mean squared deviation; RXR (also known as NR2B receptors), retinoid X receptor; SFA, saturated
fatty acids; SP, scintillation proximity competition assay; TR-FRET, time resolved-fluorescence resonance energy transfer
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Introduction

The PPAR family
PPARs are ligand-activated transcription factors of the nuclear
hormone receptor superfamily. Peroxisome proliferation in
rat liver treated with the anti-hyperlipidaemic compound
clofibrate was reported over 40 years ago (de Duve, 1969).
Subsequently, several other compounds with similar effects
were identified and were collectively termed peroxisome pro-
liferators. Issemann and Green cloned the first member of the
family from rat liver, and in 1990 coined the term ‘peroxi-
some proliferator-activated receptor’ (Issemann and Green,
1990). Two other members of the family were identified in
1992 and the group now consists of three major subtypes:
PPARα, PPARδ and PPARγ (Dreyer et al., 1993). These receptors
regulate major metabolic pathways, including carbohydrate
utilization, fatty acid oxidation and lipogenesis (Wagner and
Wagner, 2010). They form heterodimers with members of the
retinoic acid receptor (RXR) family and subsequently interact
in a stereospecific manner with PPAR response elements
(PPRE) in DNA to assemble active transcriptional complexes
(Wahli and Michalik, 2012). PPRE sequences are composed of
double hexameric motifs, separated by a short spacer
sequence and organized in a direct, inverted or everted
manner (Kumar and Thompson, 1999). PPARα is predomi-
nantly expressed in the liver and primarily regulates lipid
metabolism (Pyper et al., 2010). PPARγ is mostly expressed in
adipose tissues and controls adipogenesis and carbohydrate
metabolism (Astapova and Leff, 2012).

Roles of PPARδ in the regulation of glucose
and lipid metabolism
The role of the ubiquitously expressed PPARδ in the regula-
tion of physiological and pathological processes in different
tissues have been intensely investigated (Coll et al., 2009;
Ehrenborg and Krook, 2009; Lee et al., 2009; Wagner and

Wagner, 2010; Wolf, 2010; Ehrenborg and Skogsberg, 2013;
Skerrett et al., 2014). The regulation of lipid and glucose
metabolism is considered a major function of PPARδ (Coll
et al., 2009). For instance, it orchestrates the expression of
genes involved in lipid metabolism in mature adipocytes
(Wolf, 2010). Other studies have shown that PPARδ activation
improves the plasma lipid profile in humans and in primates
(Oliver et al., 2001; Wallace et al., 2005; Sprecher et al., 2007;
Riserus et al., 2008; Thulin et al., 2008) and significantly
decreases high fat diet-induced obesity in rodents (Tanaka
et al., 2003). In addition, PPARδ-null mice exhibited lower
accumulation of lipids in adipose tissue stores (Peters et al.,
2000; Sprecher et al., 2007). The specific PPARδ agonist
GW501516 increases blood high-density lipoprotein and
decreases triglyceride levels in rhesus monkeys (Oliver et al.,
2001) and preventes obesity in mice (Wang et al., 2003).
Furthermore, PPARδ activation reduces intestinal cholesterol
absorption in mice (van der Veen et al., 2005).

PPARδ also plays an important role in the regulation of
peripheral insulin sensitivity and attenuates symptoms of the
metabolic syndrome (Tanaka et al., 2003; Lee et al., 2006;
Riserus et al., 2008). Decreased lipid accumulation in skeletal
muscles following PPARδ activation along with proliferation
of mitochondria and a consistent increase in fatty acids oxi-
dation in skeletal muscles were also linked to PPARδ-
dependent amelioration of insulin resistance (Dressel et al.,
2003; Ehrenborg and Skogsberg, 2013). Similar beneficial
effects of PPARδ activation were observed in insulin-resistant
obese rhesus monkeys (Oliver et al., 2001). Others showed
that PPARδ stimulation improved glucose tolerance, lowered
postprandial levels of plasma insulin and glucose, reduced
hepatic glucose output by increasing glycolysis and the
pentose phosphate shunt and augmented fatty acids synthe-
sis and triglycerides content in the liver (Tanaka et al., 2003;
Lee et al., 2006; Chen et al., 2008). Conversely, PPARδ-null
mice were glucose intolerant and exhibited a low metabolic
rate (Lee et al., 2006).

Tables of Links

TARGETS

PPARα

PPARδ

PPARγ

Retinoic acid receptors

Retinoid X receptors (RXR)

RXRα

LIGANDS

15d-Δ12,14-PGJ2 EPA Lauric acid PGD2

12-HpETE ETYA Linoleic acid PGD3

15-HpETE Fenofibrate LTA4 PGE1

α-linolenic acid Gemfibrozil LTB4 PGE2

γ-linolenic acid GW0742 LTC4 PGF1α

Bezafibrate GW2433 LXA4 PGF2α

Capric acid GW501516 LXB4 PGI2

Cicaprost IL-6 Myristic acid Probucol

Ciprofibrate IL-8 Oleic acid Ragaglitazar

Clofibrate Iloprost Palmitic acid Stearic acid

DHA L-165041 PGA2 Wy14643

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).
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Protective role of PPARδ in the development
of atherosclerosis
Active PPARδ may also prevent or delay the development of
atherosclerosis. For example, treatment with the PPARδ
agonist L-165041 resulted in reduced monocyte recruitment
to human endothelial cells by reducing the expression of
vascular cell adhesion molecule-1, the secretion of monocyte
chemotactic protein-1 and of the inflammatory cytokines
IL-6 and IL-8 (Rival et al., 2002; Jiang et al., 2009; Liang et al.,
2010). Furthermore, activation of PPARδ by the selective ago-
nists GW0742 and GW501516 augmented the expression of
antioxidant genes, (e.g. superoxide dismutase-1, catalase and
thioredoxin), and attenuated the generation of reactive
oxygen species in vascular endothelial cells (Fan et al., 2008).
Others suggested that activated PPARδ augmented cholesterol
efflux from macrophages in atherosclerotic lesions and
thereby decreased transendothelial migration of leucocyte/
monocytes into the arterial wall (For review see Barish et al.,
2008; Piqueras et al., 2009).

PPARδ protects against pathophysiological
processes in the nervous system
The findings that PPARδ-deficient mice exhibited abnormal
neurophysiological processes, such as decreased myelination,
augmented inflammatory reactions and low score in memory
tests, suggest a critical role for PPARδ in neuronal develop-
ment and function (Peters et al., 2000). Interestingly, CNS
inflammation has been associated with increased level of
inflammatory markers, astrogliosis and τ hyperphosphoryla-
tion (Barroso et al., 2013). Moreover, it was the lack of PPARδ
function in the brain has been linked to increased vulnerabil-
ity to ischaemic insults because of defective antioxidant
responses (Arsenijevic et al., 2006; Pialat et al., 2007). Addi-
tional data, generated from effects of selective PPARδ agonists
in the brain, suggest that PPARδ activation could protect
against neurodegenerative processes (Polak et al., 2005;
Iwashita et al., 2007; Kalinin et al., 2009; Paterniti et al., 2010;
Yin et al., 2010; Martin et al., 2013).

Roles of PPARδ in embryonic, organ and
tissue development
Attempts to generate PPARδ knockout mouse models were
difficult because of high rates of embryo lethality (Michalik
et al., 2001; Barak et al., 2002). Yet, these models revealed
important roles of PPARδ in blastocyst hatching, embryo
implantation, myelination, lipid metabolism and adiposity
and epidermal cell proliferation (Lim et al., 1999; Peters et al.,
2000; Barak et al., 2002; Huang et al., 2007). Furthermore,
PPARδ seemed also involved in morphological adaptive dif-
ferentiation of various tissues, such as skeletal muscles
(Ehrenborg and Krook, 2009), and the development of oxi-
dative type I fibres (Luquet et al., 2003; Wang et al., 2004).
Recent studies suggest that PPARδ regulates cell growth (Lee
et al., 2009): for instance, it increased the number and size of
intestinal polyps and stimulated proliferation of vascular
smooth muscle cells, pre-adipocytes and epithelial cells
(Jehl-Pietri et al., 2000; Hansen et al., 2001; Zhang et al., 2002;
Gupta et al., 2004; Burdick et al., 2006). Importantly, several
PPARδ synthetic agonists exhibited carcinogenic potential
(Ehrenborg and Skogsberg, 2013).

In conclusion, because PPARδ regulates myriad cell and
organ functions, it has become a desirable target for drug
discovery. Development of selective PPARδ agonists for the
treatment and prevention of symptoms of the metabolic syn-
drome attracts attention and is highly sought. Similarly,
PPARδ-selective agonists with enhanced neuroprotective and
anti-atherosclerotic properties are of a great interest. Yet the
carcinogenic potential of PPARδ agonists should be fully
investigated in order to create selective agonists devoid of this
property. Therefore, PPARδ structural research, detailed analy-
sis of ligand binding to the receptor and its activation on the
basis of comprehensive structure activity relationship analy-
sis are required to reach these goals.

The structure of PPARδ
Generally, PPARs are organized in four functional domains:
the N-terminal domain (NTD), the DNA binding domain
(DBD), which includes two zinc fingers, the hinge domain
and the ligand binding domain (LBD) (Schmidt et al., 1992).
The NTD is the most varied domain among the different
PPARs (Helsen and Claessens, 2014). This domain, which is
relatively short, is believed to mediate ligand-independent
activity by promoting protein–protein interactions with
co-activators or co-suppressors and by inducing conforma-
tional modifications that allow allosteric interactions
(Zieleniak et al., 2008; Helsen and Claessens, 2014). Interest-
ingly, the NTD has not yet been resolved in the full length
crystal structure of PPARδ and its precise regulatory interac-
tions remain to be resolved. The DBD is the most conserved
domain among the various PPARs. Two zinc fingers form the
functional core structure, where the α-helix in the first zinc
finger promotes the recognition of specific sequence in the
PPRE in the DNA. The second zinc finger mediates the het-
rodimerization with RXR (Helsen and Claessens, 2014). Other
areas in the DBD further stabilize the DNA-PPAR complex by
direct interactions with the minor groove of the DNA and/or
alternatively by stabilizing the interactions with other
partner in the dimer complex (Hsu et al., 1998; Shaffer and
Gewirth, 2002; Roemer et al., 2006). The hinge domain,
which separates the DBD from the LBD in all PPARs, contains
a nuclear localization signal and amino acid side chains ame-
nable to post-translational modifications (Anbalagan et al.,
2012; Clinckemalie et al., 2012).

The structure of the LBD is similar among the various
PPAR (Bourguet et al., 1995; Renaud et al., 1995): it consists of
a complex of 13 α-helices and four-stranded β-sheets that
form a cavity, which is markedly larger than similar cavities
in other members of the nuclear receptor superfamily. The
Y-like shaped LBD in PPARs is composed of 25 amino acids
(Figure 1): arm-1 forms a ‘tunnel’ that transverses from the
surface of the protein to its internal part, while arm-2 and
arm-3 form a cavity. Arm-2 is considerably polar, whereas
arm-1 and arm-3 are hydrophobic. Over 80% of the amino
acid residues in the binding cavity are highly conserved
among the three PPAR isotypes, including four polar residues
in arm-2, which form critical hydrogen bonds with polar
moieties (predominantly carboxylic acids) of ligands. Corre-
spondingly, PPAR ligands are usually characterized by the
presence of a polar moiety in a predominantly non-polar
molecule (Zoete et al., 2007). Ligand binding selectivity to the
various PPARs is conferred by subtle modifications in the

BJP S Kahremany et al.

756 British Journal of Pharmacology (2015) 172 754–770



structure of their LBD (Batista et al., 2012; Carrieri et al.,
2013). It has been shown that a single amino acid mutation
in the LBD can dramatically change ligand recognition by the
receptor (Xu et al., 1999). The large volume of the binding
cavity allows several binding options (dynamic binding equi-
librium) of the lipophilic domain of ligands in the LBD, as
was documented for the interaction of eicosanoic acid with
the LBD PPARs (Xu et al., 2001) or for ragaglitazar with
PPARα/γ (Ebdrup et al., 2003). Interestingly, arm-1 forms a
very narrow tunnel in PPARδ LBD, which restricts the entry of
compounds with bulky moieties near the polar head. This
structure eliminates the binding of various PPARs α/γ ligands
to the PPARδ LBD (Xu et al., 1999). This structure also
explains the relatively small number of known ligands to
PPARδ in comparison with the two other isotypes. For
instance, the bulky acidic head group in thiazolidinediones
permits their binding interaction with PPARγ but not with
PPARδ. Yet the relatively small phenoxyacetic acid moiety in
the PPARδ agonist GW501516 fits well the narrow entry
tunnel to the LBD (Oliver et al., 2001).

PPARδ activation
The current hypothesis of PPAR activation claims that the
binding of a ligand to the LBD triggers conformational
changes in the entire receptor. Such changes that occur in
helix 12 of the LBD enable interactions of co-activator mol-
ecules (e.g. steroid receptor co-activator-1) with the receptor
(Kallenberger et al., 2003). These conformational changes
also increase the strength of the binding interaction between

PPARs and their cognate partner RXR to form active dimers
that interact with PPRE in gene promoters (Okuno et al.,
2001). The fact that PPARs have significant constitutive activ-
ity in the total absence of ligands and co-activators indicates
that the classical ligand-dependent activation of PPARs is not
exclusive (Issemann and Green, 1990; Hallenbeck et al.,
1992).

This review focuses on ligand binding selectivity and sub-
sequent activity of PPARδ. The human PPARδ is made of 441
amino acids that are organized in the classical NTD (aa 1–70),
DBD (aa 71–145), which includes two zinc fingers (aa 74–94
and 111–133), the hinge domain (aa 146–254) and the LBD
(aa 254–441) (Schmidt et al., 1992). The secondary structure
of the protein consists of 10 β-strands and 15 α-helices. While
a full crystal structure of PPARγ has been recently reported
(Chandra et al., 2008), most structural information on PPARδ
is restricted to analysis of LBD and hinge domain crystals
(Fyffe et al., 2006).

It has been shown that certain saturated, mono-
unsaturated and polyunsaturated fatty acids (SFA, MUFA and
PUFA) and eicosanoids and prostaglandins activate PPARδ
(Benetti et al., 2011). Recently, we have reported that
4-hydroxynonenal (4-HNE) and 4-hydroxydodecadienal
(4-HDDE), the peroxidation products of PUFA, activate PPARδ
in cultured endothelial cells and pancreatic β-cells (Riahi
et al., 2010; Cohen et al., 2011b; 2013). The mechanism by
which these two 4-hydroxyalkenals activate PPARδ is unclear.
These chemically reactive aldehydes avidly form covalent
bonds with nucleophilic groups of amino acids (i.e. histidine,
lysine, arginine or cysteine). Yet it has been reported that
steric hindrance prevents 4-HNE covalent interaction with
histidine residues in the LBD of PPARδ (Coleman et al., 2007).

PPARδ activators
The following methods were employed by different groups to
study ligand binding interactions with PPARδ: co-activator-
dependent receptor ligand assay (CARLA) (Krey et al., 1997),
ligand-induced complex formation assay (LIC) (Forman et al.,
1997), scintillation proximity competition assay (SP) (Xu
et al., 1999), time resolved-fluorescence resonance energy
transfer (TR-FRET) (Naruhn et al., 2010) and amplified lumi-
nescent proximity homogeneous assay (ALPHA) (Jin et al.,
2011).

CARLA reflects molecular consequences of ligand binding
to the receptor and is based on the principle that binding of
ligands to a nuclear receptor increases the binding affinity of
a labelled ‘broad spectrum’ co-activator protein [35S]-SRC1 to
the receptor complex. Principally, CARLA detects productive
physical interactions between two proteins in the presence of
a ligand and is not aimed at determining the association of
ligands with the LBD per se. LIC is based on the observation
that ligand-activated nuclear receptors bind to response ele-
ments in DNA as dimers. Thus, a gel shift mobility assay is
employed to detect the capacity of PPAR-RXR complexes with
potential ligands to interact with PPRE-containing DNA
sequences. The SP competition assay uses the changes in light
emission when PPARδ, immobilized on scintillant micro-
scopic beads with radiolabelled ligand (e.g. [3H]-GW2433),
interacts with test compounds. TR-FRET analysis is an inte-
grated method that includes two fluorescent techniques: first,
FRET interaction between two fluorophores, a donor and an

Figure 1
PPARδ crystal structure with the cavity in the ligand binding site
(bkue surface). PDB code: 3GWX.
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acceptor, which triggers energy transfer from the donor to the
acceptor. Second, TRF (time resolved fluorescence) method
takes advantage of the long-lived fluorophores lanthanides,
which enables the elimination of non-specific signals. Briefly,
Fluormone™ Pan-PPAR Green (Life Technologies, Carlsbad,
CA, USA) is mixed with test compounds, followed by the
addition of a mixture of the PPARδ-LBD and terbium anti-GST
(glutathione-S-transferase) antibody. When the Fluormone
Pan-PPAR Green is bound to the receptor, energy transfer
from the terbium-labelled antibody to the tracer occurs and
resolved as a high TR-FRET ratio. Competitive ligand binding
to PPARδ is detected by the test compound’s ability to dis-
place the tracer and a reduced FRET signal. The ALPHA bead-
based assay resolves the interactions of a fluorophore donor
with its acceptor. The donor bead contains a high concentra-
tion of photosensitizers, which converts ambient oxygen to a
more excited singlet state when excited at 680 nm. This bead
is covered with an antibody against PPARδ. The acceptor bead
is a chemiluminescer that is covered with the LBD of PPARδ.
The binding interaction between the antibody and the LBD
across the two beads results in singlet-induced luminescence.
PPARδ ligands interfere with the binding interaction between
the beads and lower the luminescence.

Using the CARLA, Krey et al. identified eicosatetraynoic
acid, eicosapentanoic acid, linoleic acid, linolenic acid, 8(S)-
hydroxyeicosatetraenoic [8(S)HETE] acid and bezafibrate as
high-affinity ligands to the LBD of PPARδ (Krey et al., 1997).
Forman et al. (1997) used LIC to compare the binding inter-
actions of ligands with PPARδ LBD with their ability to trans-
activate the PPREX3-TK-LUC vector in transfected cells. Of
all compounds tested, the best binding affinities were
reported for carbaprostacyclin (cPGI, a synthetic analogue of
PGI2), followed by iloprost (another PGI2 analogue), arachi-
donic and linoleic acid. Interestingly, the transactivation
capacity of these compounds in the cell-based assay was dif-
ferent: arachidonic acid > cPGI > iloprost > linoleic acid.
Unlike the results of the above-mentioned CARLA assay,
8(S)-HETE exhibited insignificant binding interaction with
PPARδ LBD in the LIC assay and no activity in the cell-based
assay. Also, eicosapentanoic acid, predicted to be an activa-
tor of PPARδ in the CARLA, lacked significant binding inter-
actions with the LBD in the LIC assay, while exhibiting a
marked transactivation capacity in the cell-based assay.
Moreover, some compounds that interacted positively in the
activation assay (e.g. PGA1, PGA2 or 15d-PGJ2) lacked a sig-
nificant binding interaction with the LBD. Xu et al. (1999)
also tested some of these putative PPARδ ligands in the SP
assay and ranked them as follows: arachidonic acid > eicosa-
pentanoic acid > linoleic acid > linolenic acid. These find-
ings correspond well with some of the results of CARLA and
LIC assays. Interestingly, the most potent fatty acid tested in
the SP assay was γ-linoleic acid. Other potent ligands were
oleic acid, stearic acid, palmitic acid and palmitoleic acid.
Using the TR-FRET assay, Naruhn et al. (2010) found that
15-HETE was most potent in inducing the binding of a
co-activator-derived peptide to the PPARδ LBD in vitro, fol-
lowed by arachidonic acid and 15-HpETE. Yet 8-HETE,
12-HETE and 12-HpETE had no significant interaction with
the LBD. Using the ALPHA screen assay, Jin et al. (2011)
confirmed that iloprost was bound to the LBD of PPARδ and
PPARα. More studies utilizing other methods report that

some of the above-mentioned compounds and prostaglan-
dins could interact with PPARδ (Yu et al., 1995). Coleman
et al. (2007) identified several arachidonic and linoleic acid
metabolites (e.g. 12/15-HpETE, 15-HETE) as potent activa-
tors of PPARδ. Riahi et al. (2010) and Cohen et al. (2011b)
introduced 4-hydroxyalkenals as another class of PPARδ acti-
vators. The peroxidation products of arachidonic acid,
4-HDDE and 4-HNE, transactivated PPREX3-TK-LUC in
transfected vascular endothelial cells and cultured pancreatic
β-cells.

Molecular modelling

Known crystal structures of PPARδ
LBD-synthetic ligand complexes
In addition to the above-mentioned functional studies, there
are 16 crystal structures of synthetic PPARδ ligands with
PPARδ LBD listed in the Protein Data Bank (PDB) (Table 1).
These data have been used to analyse the binding pocket in
the LBD and to determine obligatory interactions between
various synthetic PPARδ agonists, such as GW501516,
GW0742 and TIPP204 (Sznaidman et al., 2003), and amino
acid side chains in the LBD. Hitherto, no crystal structure of
the whole monomeric PPARδ protein or its heterodimer with
RXR has been reported. We decided to use the X-ray crystal-
lographic data of the above-mentioned complexes with syn-
thetic ligands and create an in silico model that may predict
the degree of possible direct interactions of natural ligands
(fatty acids and their metabolites) and other synthetic ligands
with the PPARδ LBD. This model also tests the assumption
that both large (e.g. long fatty acid and their metabolites) and
small (e.g. hydroxyalkenals) ligands may enter and interact
within the bulky cavity in the LBD.

Our model was developed based on previously published
crystallographic data of 16 PPARδ LBD-ligand complexes
and validated on a database of 82 compounds (SFA, MUFA,
PUFA and some of their enzymatic and non-enzymatic
metabolites and several synthetic compounds; see Tables 2
and 3). These were evaluated for their potential to bind to
PPARδ LBD, using pharmacophore modelling and docking
simulations. Because the binding site of the protein con-
tains two histidine residues (H323, H449) that are impor-
tant for ligand binding, we also examined the effect of the
protonation states of these two residues on the ligand
binding modes. The molecular modelling methods used for
the following in silico analysis are given in the Supporting
Information section.

Binding hypothesis and the
pharmacophore model
Analysis of the binding modes of the 16 crystallographic
ligands led to the hypothesis that PPARδ binders occupy
arm-1 and arm-3 of the protein’s binding site and frequently
form interactions with H323, H449 or Y473. This hypothesis
is in line with a previous study of PPARγ agonists (Iwata et al.,
2001). This binding hypothesis was transformed into a phar-
macophore model by superposing the 16 crystallographic
ligands in their complex (i.e. bioactive) conformations. The
resulting pharmacophore was further refined by adding
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Table 1
Activity data for the 16 crystallographic ligands of PPARδ bound to the ligand binding domain

Protein Data Bank code Ligand structure EC50 (nM) Reference

1GWX 190 (Xu et al., 1999)

2Q5G 130 (Pettersson et al., 2007)

2XYJ 738 (Keil et al., 2011)

2XYW 318 (Keil et al., 2011)

2XYX 1.6 (Keil et al., 2011)

2ZNP 0.9 (Oyama et al., 2009)

2ZNQ 12 (Oyama et al., 2009)

3D5F 3800 http://www.rcsb.org/pdb/explore/
explore.do?structureId=3d5f
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Table 1
Continued

Protein Data Bank code Ligand structure EC50 (nM) Reference

3DY6 1259 (Shearer et al., 2008)

3ET2 – (Artis et al., 2009)

3GWX 4000 (Xu et al., 1999)

3GZ9 54 (Connors et al., 2009)

3OZ0 5 (Luckhurst et al., 2011)

3PEQ 7.4 (Evans et al., 2011)

3SP9 – (Jin et al., 2011)

3TKM 1.1 (Batista et al., 2012)
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Table 2
Comparison of the computational model-based and the in vitro assays data on the binding interactions of natural compounds with PPARδ

Compound and in silico prediction Krey et al. (1997) Forman et al. (1997) Xu et al. (1999) Naruhn et al. (2010)

ω3-PUFA

α-Linolenic C18:3b + + + NT

γ-Linolenic C18:3b NT NT + NT

Dihomo-γ-linolenicb NT NT + NT

EPA C20:5a + + + NT

DHA C22:6b +** + NT NT

ω6-PUFA

Linoleic C18:2b + + + NT

Arachidonic C20:4b + + + NT

ω9-MUFA

Palmitoleic C16:1b NT NT + NT

Oleic C18:1a + NT + NT

Elaidic C18:1b + NT NT NT

Erucic C22:1b + NT – NT

Nervonic C24:1b + NT NT NT

ω2-MUFA

Petroselinic C18:1 + NT NT NT

Saturated fatty acids

Capric C10:0c NT NT – NT

Lauric C12:0c NT – – NT

Myristic C14:0b NT NT + NT

Palmitic C16:0b NT +** – NT

Stearic C18:0b NT NT + NT

Arachidic C20:0a NT NT – NT

Behenic C22:0b NT NT – NT

Dicarboxylic fatty acids

Dodecanedioic C12c +** NT NT NT

Eicosanoids

5(S)-HETEa – NT NT NT

5-HpETEb NT NT NT NT

±8-HETE NT + NT –

8(S)-HETEb + NT NT NT

8(R)-HETE – NT NT NT

15-HpETE* NT NT NT +

15(S)HpETEb NT NT NT NT

15(R)HpETEa NT NT NT NT

15(S)-HETEb NT NT NT +

15(R)-HETEa NT NT NT +

12-HpETEb NT NT NT –

±12-HETEa NT NT NT –

LTA4
b NT NT NT NT

LTB4
a – NT NT NT

LTC4
a NT NT NT NT

9(S)-HODEa NT NT NT NT

9(R)-HODEb NT NT NT NT

12-HpODEb NT NT NT NT
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excluded volumes taken from the complex of the LBD of
PPARδ with 5,8,11,14,17-eicosapentanoic acid (EPA; PDB
code 3GWX). The decision to base excluded volumes on a
single complex stems from the fact that all PPARδ crystal
structures are highly similar. 3GWX was selected for having
one of the highest resolutions. Excluded volumes are points
in space occupied by protein atoms, which represent steric
hindrances in the binding site. Such points cannot be occu-
pied by ligand atoms. In accordance with the binding
hypothesis, the final pharmacophore model (Figure 2) is
comprised of the H-bond acceptor matching ligand moieties,
which are able to form hydrogen bonds with H323/H449/
Y473 and two hydrophobic features placed along arm-1 and
arm-3, which match the hydrophobic part of the ligands.
This pharmacophore successfully recognized 13 out of the 16
known ligands shown in Table 1. A close examination of the

three exceptions, namely 2XYX, 2XYW, 2XYJ, revealed that
they share a common sulfonylthiadiazole scaffold and adopt
common binding modes within PPARδ, distinct from the
binding modes adopted by the other ligands. In particular,
these ligands do not form interactions with H323, H449 or
Y473 and occupy a lower distal pocket near I213, L219 and
W228 that is not filled by the other ligands.

A potential limitation in applying the above-described
binding hypothesis to the 82 database ligands is that this
model was developed from a set of large ligands (average MW
= 481.48), whereas the majority of the database ligands are
smaller (averaged MW = 315.61). In order to partially circum-
vent this difficulty, the hydrophobic features of the pharma-
cophore model were placed at intermediate rather than at
extreme points along arm-2 and arm-3, thereby allowing
smaller ligands to fit these features.

Table 2
Continued

Compound and in silico prediction Krey et al. (1997) Forman et al. (1997) Xu et al. (1999) Naruhn et al. (2010)

13(S)-HODEb NT NT NT NT

13(R)-HODEc NT NT NT NT

5,15-di-HpETEb NT NT NT NT

5,6-diHETEa NT NT NT NT

Prostaglandins

PGA1
c NT + NT NT

PGA2
b NT + NT NT

PGB1
b NT NT NT NT

PGB2
b NT +** NT NT

PGD1
b NT NT NT NT

PGD2
b NT +** NT NT

PGD3
b NT NT NT NT

PGE1
c NT NT NT NT

PGE2
c NT +** NT NT

PGE3
c NT NT NT NT

PGF1α
a NT NT NT NT

PGF2α
b NT – NT NT

PGF3α
b NT NT NT NT

15d-Δ12,14-PGJ2c +** – NT NT

PGI2b NT – NT NT

Lipoxins

LXA4
a NT NT NT –

LXB4
c NT NT NT –

4-Hydroxyalkenals

4-HpNEc NT NT NT NT

4-HNEc NT NT NT NT

4-HDDEb NT NT NT NT

4-HNAc NT NT NT NT

Sixty two natural ligands out of the 82 database ligands were classified as either aPPARδ binders, bweak binders or cnon-binders. NT, not tested.
*Stereoisomers are not indicated in the in vitro assays.
**Weak binding.
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Effect of histidine protonation states on
docking results
In the absence of information (e.g. crystal structures, binding
data) on the direct interaction of the 82 database ligands with
PPARδ, our analysis had to exclusively rely on results
obtained from docking simulations. With this in mind, we
started this analysis by evaluating the performances of Glide
(Schrödinger, Camberley, UK) (Friesner et al., 2004; Halgren
et al., 2004) in terms of its ability to reproduce the 16 crystal
structures. Glide is a docking tool aimed at predicting the
structures (i.e. binding modes, also known as poses) and
energy (i.e. binding free energies) of ligand protein com-
plexes. Flexibly docking the 16 crystallographic ligands into
the binding sites of their respective LBDs led to root mean
squared deviation (RMSD) values in the range of 0.14–4.78 Å,
as the lowest energy poses (except for 3GWX, for which the
RMSD was 7.8 Å). RMSD values >2 Å are typically considered
unsatisfactory in docking simulations. In order to improve
this parameter, we focused our attention on the two histidine

residues located at the arm-1 of the Y-shaped pocket in the
LBD (H323, H449). We assumed that their protonation states
could affect the binding modes obtained with Glide. In most
crystal structures, both residues form hydrogen bonds with
ligand moieties and accordingly were considered to be impor-
tant for ligand binding. We supposed that the computation-
ally determined protonation states for these residues may
depend on the presence of a ligand. This assumption was
verified by computationally calculating for each crystal struc-
ture the protonation states of H323 and H449 in the presence
of its ligand. These calculations were performed by the
‘Prepare Protein Protocol’ as detailed in the method section of
the Supporting Information. Indeed, protonation patterns
different from those obtained for the various structures in
their ligand-free states were observed. Moreover, repeating
the docking procedure for these newly prepared structures led
to smaller RMSD values in the range of 0.39–1.15 Å, as the
lowest energy poses (again except for 3GWX, with an RMSD
value of 7.4 Å). Based on these results, we concluded that
the protonation states for H323 and H449 are important
for establishing reliable binding modes by the docking
simulations.

Docking simulations
Superimposing all 16 PPARδ LBD crystal structures (including
3GWX) available from the PDB (Table 1) revealed only slight
differences among them (average RMSD = 0.91 Å), suggesting
that they could all be adequately represented by a single
structure. This in turn implied that docking of ligands to any
of the PPARδ crystal structures should lead to similar binding
modes. In order to test this hypothesis, we performed cross-
docking simulations, whereby each ligand was docked into all
16 structures and its resulting binding modes were compared
with those observed in ‘its own’ crystal. Prior to docking, the

Table 3
Comparison of the computational model-based and the in vitro
assays data on the binding interactions of PPARδ synthetic ligands

Compound and in silico
prediction

Krey et al.
(1997)

Forman et al.
(1997)

Prostaglandin analogues

cPGIb NT +

Iloprost (R)c NT +*

Iloprost (S)b

Cicaprostb NT +

Hypolipidaemic agents

Bezafibrateb + NT

Ciprofibrateb + –

Clofibratec – +**

Fenofibratec – NT

Gemfibrozilc +** NT

Wy14643c +** –

ETYAb + NT

BRL49653c +** –

Probucolc +** NT

Nafenopinb + NT

Other

2Br-C16a NT +**

GW501516a NT NT

TTAb NT +

Histidine-4-hydroxyhexenalc NT NT

Histidine-4-hydroxynonenalc NT NT

Histidine-4-HDDEc NT NT

Twenty synthetic ligands out of the 82 database ligands classi-
fied as either aPPARδ binders, bweak binders or cnon-binders. NT,
not tested.
*Stereoisomers are not indicated in the article.
**Weak binding.

Figure 2
Pharmacophore model, green feature represents the H-bond accep-
tor matching ligand moieties, which form hydrogen bonds with
H323/H449/Y473. Blue features represent the hydrophobic part of
the ligands. Grey features represent the excluded volumes.
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protonation state of each structure was determined in the
presence of its ‘native’ ligand. Visual inspection revealed that
the best results were obtained for the crystal structures of
1GWX and 3GWX (results not shown). Although the RMSD
value of 3GWX was high, we tested this structure because of
its excellent resolution.

In order to quantify these results, RMSD values between
docked and crystal poses were recalculated and averaged
across all ligands. These new values were found to be similar
for both protein crystal structures (6.1 Å). Because the reso-
lution of 3GWX was slightly better than that of 1GWX (2.4 Å
and 2.5 Å, respectively), it was selected for the docking analy-
sis of the other 82 database ligands.

As discussed earlier, the results of the docking simulations
for the 16 crystallographic ligands were shown to depend on
the protonation states of H323 and H449. To ascertain
whether these states could also affect the results obtained for
the 82 database ligands, it was important to determine the
preferred protonation state of PPARδ LBD. To set a plausible
criterion for selecting this state, we assumed that a correct
protonation will induce ligand binding in a conformation
corresponding to the binding hypothesis. Given Glide’s good
performances in reproducing the crystal structures of the 16
ligands (Supporting Information Table S1), we further
assumed that a large percentage of Glide-generated poses
corresponding to the binding hypothesis is indicative of a
good PPARδ binder. Multiple protonation states of H323 and
H449 were determined in the presence of the 16 crystallo-
graphic ligands and of a diverse subset of 10 ligands taken
from the database. These ligands were selected based on their
structural diversity as manifested in their chemical structures.
Structural diversity was assessed by visually inspecting all
ligands (see Supporting Information Table S2). Out of a total
nine possible combinations of protonation states, only seven
were obtained by the ‘Prepare Protein Protocol’ within Dis-
covery Studio (Accelrys, 2013) (Table 4). 3GWX was proto-
nated according to all seven patterns and used further for
docking the 16 ligands. For each protonation state, we then
determined the number of the resulting poses that matched
the binding hypothesis, as represented by the pharmacophore
model. The results (Supporting Information Table S3) demon-
strated that docking into a structure in which both histidine
moieties were protonated (3GWX_1 in Table 4) produced the
largest number of pharmacophore-fitting poses. This structure
was therefore selected for docking of the 82 database ligands.
Furthermore, for 11 out of the 16 ligands, more than 70% of
the poses matched the pharmacophore, which was designed
based on our binding hypothesis. According to these data, we
hypothesized that PPARδ binders are ligands for which 70% of
their Glide-generated poses fit the pharmacophore model.

The 82 database ligands were subsequently docked into
the 3GWX_1 structure using Glide and the resulting poses
were evaluated by the pharmacophore model for their fitness
to the binding hypothesis. Using the 70% threshold men-
tioned earlier, 38 ligands were predicted to bind PPARδ (Sup-
porting Information Table S4).

Quantitative prediction of EC50 values
Next, we attempted to develop a quantitative predictor of
ligand binding to PPARδ LBD. For this purpose, we studied
Glide-generated poses obtained by docking the 16 crystallo-

graphic ligands into the 3GWX structure in its seven proto-
nation states. The first attempt to correlate lowest energy
scores with EC50 values produced poor results at all protona-
tion states (not shown). In order to achieve better computa-
tional estimates of ligand binding-free energies, we selected
for each ligand poses matching our binding hypothesis and
based on these, estimated its binding-free energy to PPARδ
using Equation S1 (See Supporting Information).

Using this approach, a reasonable correlation was
obtained for ligand docked into the 3GWX_6 structure (r2 =
0.4 across 11 ligands) (Supporting Information Fig. S1A). No
poses matching the binding hypothesis were obtained for
ligands 3TKM, 2ZNP, 2ZNQ, 3ET2 and 3SP9 upon docking
into the 3GWX_6 structure. This correlation improved to r2 =
0.57 upon removal of a single outlier (2XYJ; see Supporting
Information Fig. S1B). Having obtained this correlation, the
82 database ligands were docked into the 3GWX_6 structure,
their poses were processed as explained earlier and their EC50

values were predicted according to the regression Equation S2
(Supporting Information Fig. S1). Because the least efficacious
crystallographic ligands have EC50 values in the range of 4 μM
(Table 1), we classified ligands with predicted EC50 values
smaller than this value as potential PPARδ binders. These
results are presented in Supporting Information Table S5.

Consensus scoring
Docking simulations based on the pharmacophore model, on
the one hand, and the quantification of the docking results

Table 4
Seven different protonation patterns for the binding site histidine
residues H323 and H449

His 449 His 323

3GWX-1

3GWX-2

3GWX-3

3GWX-4

3GWX-5

3GWX-6

3GWX-7

In all cases the ligand is roughly positioned between the two
histidine residues. The ligand position is indicated by the blue
oval shape.
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using Equation S1 and the regression Equation S2, on the
other, provided two independent predictors (docking-based
predictor and regression-based predictor) of ligand binding to
PPARδ.

Interestingly, these predictors were developed from
docking poses obtained from PPARδ LBD structures that differ
in their protonation patterns (3GWX_1 and 3GWX_6). Both
structures may represent two states on the potential energy
surface of the protein. Because the relative importance of
these states is unknown, the most reliable predictor of ligand
binding can be potentially obtained by considering a consen-
sus approach in which the binding of each ligand to PPARδ is
predicted by the two models. Therefore, we combined the
results presented in Supporting Information Tables S4 and S5
into a consensus predictor (Tables 2 and 3). According to this
predictor, the 82 ligands are classified to 16 binders (predicted
to bind PPARδ LBD by both predictors, denoted by superscript
letter a), 42 weak binders (predicted to bind by only one
predictor, denoted by superscript letter b) and 24 non-binders
(predicted not to bind by both predictors, denoted super-
script letter c). This in silico generated prediction data corre-
lated well with the in vitro results of ligand binding and
activation of PPARδ, as shown in Tables 2 and 3.

The computer modelling predictions were tested against
the experimental data available on 41 different ligands
(Table 2). Specifically, ω-3 PUFA [α-linolenic acid, γ-linolenic
acid, dihomo-γ-linolenic acid, EPA and docosahexaenoic acid
(DHA)], ω-6 PUFA (linoleic acid and arachidonic acid) and
MUFA (palmitoleic acid, oleic acid, petroselinic acid, elaidic
acid, erucic acid, nervonic acid), which interacted well with
the PPARδ LBD in the above-mentioned in vitro binding
assays (Forman et al., 1997; Krey et al., 1997; Xu et al., 1999;
Naruhn et al., 2010; Jin et al., 2011), were similarly classified
by the computational model we developed. Our analysis on
the positive binding interaction of erucic acid to the PPARδ
LBD agrees with the experimental data obtained by Krey et al.
(1997), but not with Xu et al. (1999). The computational
model confirms the binding of myristic acid, palmitic acid
and stearic acid to the PPARδ LBD (Forman et al., 1997; Xu
et al., 1999) and agrees with the lack of significant binding
interaction of capric acid and lauric acid (Forman et al., 1997;
Xu et al., 1999). However, the computational analyses of the
longer saturated arichidic acid and behenic acid deviated
from the experimental binding data (Xu et al., 1999). The
model successfully identified eicosanoids 8(S)-HETE,
15-HpETE, 15(S)-HETE and 15(R)-HETE as PPARδ LBD binders
and also confirmed the lack of binding of 8(R)-HETE (Krey
et al., 1997). It is worth noting that while the model predicted
good to moderate binding of 5(S)-HETE, 12-HpETE, 12-HETE
and LTB4 to PPARδ LBD, the in vitro binding assays failed to
detect such binding interactions (Forman et al., 1997; Krey
et al., 1997; Naruhn et al., 2010). The binding of prostaglan-
dins to the PPARδ LBD was also evaluated: PGA2, PGB2 and
PGD2 that interacted well with the receptor in the in vitro
binding assay (Forman et al., 1997) docked well to the LBD in
silico (Table 2). The model also predicted the lack of binding
of PGE2 and 15d-Δ12,14PGJ2, which indeed failed to bind to
PPARδ LBD in the in vitro binding assay (Forman et al., 1997;
Krey et al., 1997). Inconsistent with the in vitro binding assays
(Forman et al., 1997), our model predicted that PGA1 could
not bind and PGI2 could bind to PPARδ LBD. Similar incon-

sistency exited for LXA4, whereas the analysis of LXB4 agreed
with the in vitro binding data (Naruhn et al., 2010). Interest-
ingly, our model predicted that the short 4-hydroxyalkenals
(4-HpNE, 4-HNE) were not ligands for PPARδ LBD, whereas
the longer 4-HDDE was. We reported before that 4-HNE and
4-HDDE activated PPARδ in cell-based assays. The carboxylic
derivative of 4-HNE, namely 4-hydroxynonenic acid, which
was not active in vitro (Riahi et al., 2010), is not a predicted
ligand for PPARδ LBD either.

The potential binding interaction of synthetic com-
pounds with PPARδ LBD was also analysed using the same
computational model and compared with the in vitro binding
analyses performed independently by Krey et al. and Forman
et al. (Forman et al., 1997; Krey et al., 1997). Table 3 shows an
excellent correlation for 14 compounds out the 15 that were
tested in the in vitro assays and the in silico modelling.

The present computational model, which is based on
crystal structures of PPARδ LBD complexes with small syn-
thetic ligands and EPA, independently of in vitro binding
assay parameters, shows high degree of correlation to the
experimental data on the binding interactions of fatty acids
and their metabolites (Table 2): of the 41 different fatty acids
and their metabolites that were tested in the different binding
assays, our model predicted binding interactions for 28
(68.3%). This correlation increased to 93.3% for the 15 syn-
thetic ligands. Importantly, the 82 database ligands were not
used in any way during the model construction phase and
consequently constitute a valid external test set. We therefore
suggest that the computational model we developed reliably
predicts binding interaction of natural and synthetic ligands
to the recombinant PPARδ LBD and may therefore assist in
planning and performing complex in vitro binding assay,
while mitigating the risk of testing inactive compounds.

As all computational models, the current one also suffers
from several limitations. Some of these limitations are
common to most pharmacophore-based and docking-based
models. Such models focus on predicting binding affinities
(or binding trends) of ligand–protein complexes rather than
the downstream outcome of the binding event (e.g. activa-
tion). Moreover, binding is often equated with simple scoring
function, which typically only considers ligand binding site
interactions and neglects important contributions from des-
olvation, loss of entropy (translational, rotational and vibra-
tional) and conformational changes (resulting from the
energy required by both ligand and protein to attain their
bioactive conformations). Thus, the present model is con-
founded by the same limitations of the in vitro binding assays,
which poorly predict or correlate to cell-based activation of
PPARδ by natural or synthetic ligands. Therefore, further
analysis of potential PPARδ ligands based on this model
requires confirmation in a cell-based activation assay of
PPARδ. Forman et al. show clearly the lack of a correlation
between the ability of ligands to bind to recombinant LBD of
the various PPAR and the degree of the activation of the
receptor in cells (Forman et al., 1997). For example, 15d-PGJ2

did not bind to PPARδ LBD but activated the receptor in the
PPARδ-based transactivation assay14-fold. Conversely, PGD2

and DHA that negligibly bound to PPARδ LBD activated the
receptor fourfold and sixfold respectively.

Several explanations for these discrepancies can be pro-
posed. For instance, the allosteric activation and induced
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conformational changes in PPARδ may modulate its interac-
tions with its cognate partners (RXR, co-activators and DNA-
containing PPRE sequences); a similar modulation in RXR can
also enhance or limit its ability to dimerize and interact with
PPRE. Moreover, the dimer PPARδ-RXR may allosterically
assume different conformations that reduce or increase the
binding affinity of co-activators or co-repressors, and thus
affect its capacity to assemble an active transcriptional
complex (Zoete et al., 2007). It has been shown that ligand
binding to many transcription factors, including PPARs and
steroid receptors, induces conformational changes in distant
domains of the proteins or their cognate dimerization part-
ners (Nolte et al., 1998; Gampe et al., 2000; Lu et al., 2008).
For instance, Venalainen et al. suggested that ligand binding
to RXRα (also known as NR2B1) in its complex with PPARα
induced conformation changes in the latter’s helix 8–9 loop
within the heterodimerization interface and in helices 3 and
4 at the co-activator binding site, contributing to the stabili-
zation of the heterodimer and its complex with co-activators
(Venalainen et al., 2010). Several studies have suggested that
ligand binding to PPARs resulted in a more compact and rigid
structure to the LBD (Johnson et al., 2000; Cronet et al., 2001;
Berger et al., 2003). It has been proposed that the binding of
co-activators to PPARs requires allosteric modifications in the
AF-2 helical domain in the receptor dimer, followed by con-
formational changes in a hydrophobic cleft on the surface of
the receptor (Johnson et al., 2000). Nonetheless, models
based solely on recombinant PPARδ-LBD crystals with various
ligands are not useful for the analysis of conformational
changes induced by ligand binding to PPARδ or PPARδ-RXR
dimers. In the absence of whole receptor or whole-dimer
crystals, a partial understanding of these complex allosteric
modulations may be deduced from analysis of co-crystals of
LBD of PPARs and RXR with co-activator proteins. Some
studies on such co-crystals suggest that the binding interac-
tions of co-activators with the receptor were enhanced by an
allosteric interaction in the AF-2 helical domain (Johnson
et al., 2000; Cronet et al., 2001; Sznaidman et al., 2003;
Ostberg et al., 2004; Xu et al., 2004; Burgermeister et al.,
2006). Theoretical and practical modelling of PPAR activation
should also take into consideration recent findings on the
involvement of side chains of highly conserved amino acids
that stabilize helix 12 of the LBD and induce ligand-
independent activation of the receptor (Zoete et al., 2007).

Many of the proposed PPARδ endogenous activators are
fatty acid and fatty acid metabolites, which are substrates of
various enzymatic and non-enzymatic pathways that gener-
ate numerous lipid-derived mediators (e.g. PGs, lipoxins,
HETEs, EETs, oxidized fatty acids, 4-hydroxyalkenals, oxo-
alkenals) (Yoda and Okazaki, 1991; Cohen et al., 2011a;
Massey and Nicolaou, 2011; Murakami, 2011; Catala, 2013;
Walley et al., 2013). The assumption that these fatty acids,
and their derivatives and metabolites, directly activate PPARs
in cells requires a careful examination. For instance, our pre-
vious studies suggested that the non-enzymatic peroxidation
products of arachidonic acid, namely 4-HDDE and 4-HNE
activated PPARδ in vascular endothelial cells and insulin
secreting β-cells (Riahi et al., 2010; Cohen et al., 2011b). Yet
the current computational model predicts the binding of
4-HDDE, but not 4-HNE to PPARδ LBD. This disparity may
result from further metabolism of these molecules to direct

ligands of PPARδ. Similarly, these metabolites may also func-
tion as allosteric modulators of PPARδ or PPARδ-RXR dimers
and enhance the binding of endogenous ligands or
co-activators with the receptor.

In summary, the computational chemistry approach we
propose to predict and analyse binding interactions of
ligands with the PPARδ-LBD is highly suitable for synthetic
ligands. Although this approach exhibits a high degree of
prediction of positive binding interactions of natural activa-
tors with the LBD, it is not yet ideal, because of the complex-
ity of ligand binding and ligand-induced conformational and
allosteric changes in PPARδ and PPARδ-RXR dimers and the
lack of crystals for the whole PPARδ and PPARδ-RXR dimer.
Potential improvements to the model therefore include the
introduction of conformational flexibility via molecular
dynamic simulations. Alternatively, statistical modelling
approaches (e.g. quantitative structure-activity relationship)
could be employed using activation data as the independent
variable to build predictive models. Such approaches,
however, require a large database (e.g. >100 compounds).
Nevertheless, the present in silico modelling may be useful for
designing potent and selective PPARδ ligands without relying
solely on PPARδ-LBD crystallographic analysis. Moreover, the
model may prove useful in the search for natural and syn-
thetic activators of PPARδ.
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