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Twenty three dual PPARa and c molecules of natural product origin, previously reported by our group,
were further investigated for pan PPAR transactivation against PPARd. The in vitro cell toxicity profile,
as well as, in silico study of the most active molecules within this new class of pan PPAR agonists are also
described. 30 ,50 Dimethoxy-7 hydroxyisoflavone 6, W-baptigenin 7, 40 fluoro-7 hydroxyisoflavone 8, and
30 methoxy-7 hydroxyisoflavone 9 were identified as the most potent molecules studied within the set
compared to the commercially available pan PPAR agonist, bezafibrate 1. These novel active molecules
may thus be useful as future leads in PPAR-related disorders, including type II diabetes mellitus and met-
abolic syndrome.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The PPAR family consists of three subtypes, namely PPAR alpha,
PPAR gamma and PPAR delta/beta that are encoded by three
distinct genes.1–5 Each isotype exhibits different patterns of tissue
distribution, has specific pharmacological activators, ligand speci-
ficity, and physiological roles.1,2,4,6

PPAR alpha is mainly found in tissues with a high rate of fatty
acid metabolism, including: brown adipose tissue, liver, kidney,
heart and muscle.1,3,5 It plays an important role in the inflamma-
tory response, uptake and oxidation of fatty acids and lipoprotein
metabolism, as well as glucose homeostasis.1,4 Unsaturated fatty
acids, leukotriene B4, and 8 hydroxyeicosatetraenoic acid are
endogenous ligands of PPAR alpha.5,7

PPAR gamma is principally expressed in adipose tissue, intesti-
nal cells, and macrophages, in addition to being localized at lower
concentrations in other tissues including skeletal muscle and
endothelium.1 This receptor is involved in the regulation of
adipocyte proliferation and differentiation, as well as glucose
homeostasis and insulin sensitization.1 Unsaturated fatty acids,
15-hydroxyeicosatetraenoic acid, 9- and 13-hydroxyocta-decadie-
noic acid and 15-deoxyD12,1 prostaglandin J2 have been reported
as PPAR gamma endogenous ligands.7,5 However, they have shown
to bind PPAR gamma at micromolar levels, therefore indicating
that it may not be the case.8

PPAR delta is localized more ubiquitously and is found in most
cell types.1 Numerous studies have highlighted the physiological
importance of PPAR delta in the regulation of fatty acid catabolism,
energy homeostasis, wound healing, blastocyst implantation, as
well as lipid trafficking in macrophages and trophoblasts.9,10 PPAR
delta endogenous ligands are unsaturated fatty acids, carbaprosta-
cyclin and components of very low density lipoproteins.7

It has been suggested that pan peroxisome proliferator-acti-
vated receptor (PPAR) agonists which have the ability to activate
all three PPAR isoforms (a, c, and d)11,12 may have advantages over
PPARc and dual PPARa and c agonists in the treatment of meta-
bolic disorders such as type 2 diabetes mellitus (T2DM) and cardio-
vascular disease. Such pan PPAR agonists might overcome some of
the limitations associated with current PPAR drugs, which include
weight gain and cardiovascular risks.11–22 Recent studies have
highlighted the cardioprotective role of PPARd, as well as its poten-
tial in targeting dyslipidemia and the alleviation of weight
gain.15,23–26 The stimulation of PPARd complements the role of
PPARa in treating lipid abnormalities, in addition to helping to pre-
vent the weight gain that is a typical adverse effect of PPARc
agents.15,23,27–29
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Bezafibrate 1 is a pan PPAR agonist that has been on the market
for more than 25 years. It has a good safety profile but relatively
low potency (Fig. 1).11,15,21,30,31 Several pan PPAR agonists with
enhance activity, such as netoglitazone (PGX-510 or MCC-
555) 211,13,14,31 and DRL 11605,11,32 are either currently being
evaluated or are at early stages of clinical trials, although the ther-
apeutic potential for these new classes of drugs remain uncertain.
The development of some pan PPAR agonists including, sipoglita-
zar (TAK-654) 3, GW-625019, sodelglitazar (GW-677954) 4 and
indeglitazar (PPM-204 or PLX-204) 5, has been terminated due to
toxicity concerns (Fig. 1).11,32–34 The development of novel and
efficacious pan PPAR agonists with improved safety profiles is thus
of great interest.

In our previous paper,35 we investigated five classes of flavo-
noids (flavanones, flavones, isoflavones, chalcones, and their pyra-
zole derivatives) for dual PPARa and c activity. In total 75
compounds were examined, with 23 showing dual activity, and
four of the isoflavones 6, 7, 8, and 9 being identified as the most po-
tent dual PPARa and c agonists (Fig. 2). In this Letter, we present
our extended study on the 23 dual PPARa and c agonists35 and re-
port on their activation of PPARd, and hence, pan agonist activity.
In addition, we describe the cytotoxicity profile and in silico dock-
ing results obtained for the most efficacious pan PPAR agonists
identified in this work.

2. Results and discussion

2.1. PPARd biological evaluation

The 23 dual PPARa and c agonists reported in our previous pa-
per,35 which included flavanones, flavones and isoflavones, were
further investigated for pan PPAR agonist activity against PPARd.
Figure 1. Chemical structures of som
The compounds were examined for in vitro PPARd transactiva-
tion36 in the human embryonic kidney (HEK) 293 cell line, with
the commercially available pan PPAR agonist bezafibrate, which
is known to have a slightly higher preference for PPARd over the
other PPAR isoforms,5 used as a reference. All 23 compounds were
evaluated at both 25 and 40 lM as bezafibrate is known to provide
optimal activation at these concentrations.35 Dimethyl sulfoxide
(DMSO) solution (0.1% v/v) acted as the vehicle control. The mini-
mal PPARd fold activation obtained with the vehicle control was
considered to be one-fold activation and the results are summa-
rized in Table 1. Of these 23 compounds evaluated for PPARd trans-
activation activity, only compound 12 has been investigated for
this purpose.37

The flavanones (15–16) were weak agonists; at 25 and 40 lM,
compound 15 (1.1- and 1.3-fold activation, respectively) and com-
pound 16 (1.2- and 1.3-fold activation, respectively) exhibited only
slight PPARd activity compared to bezafibrate (7.5- and 12.0-fold
activation, respectively).

In the flavone series, compound 22 (1.1- and 1.2-fold PPARd
activation at 25 and 40 lM, respectively) was the least active mol-
ecule within the set. The other flavones 17–21 and 23–28 were
also weakly active (2.3- to 4.2-fold activation at 25 lM, 4.2- to
7.3-fold activation at 40 lM), and showed much lower activity
than bezafibrate at the same concentrations (7.5- and 12.0-fold
activation, respectively).

Of the isoflavones evaluated, compounds 10 (1.1- and 1.9-fold
activation at 25 and 40 lM, respectively) and 14 (1.7- and 2.3-fold
activation, respectively) demonstrated the lowest activity at the
concentrations tested but compound 11 (7.4- and 12.2-fold activa-
tion, respectively) exhibited similar potency to bezafibrate
(7.5- and 12.0-fold activation, respectively), while compounds 12
(6.7- and 11.0-fold activation, respectively) and 13 (6.5- and
e pan PPARa, c and d agonists.1,2



Figure 2. Chemical structures of the most active dual PPARa and c molecules reported in our previous paper.35

Table 1
In vitro PPARd activation by 23 dual PPARa and c agonists

Compounds PPARd fold activation (SEM)a

25 lM 40 lM

1 Bezafibrate 7.5 (0.59) 12.0 (1.5)
6 (30 ,50-Dimethoxy-7-hydroxyisoflavone) 17.5 (1.6) 34.9 (2.3)
7 (W-baptigenin) 12.2 (1.1) 24.4 (2.2)
8 (40-Fluoro-7-hydroxyisoflavone) 12.0 (0.9) 14.2 (1.6)
9 (30-Methoxy-7-hydroxyisoflavone) 54.8 (2.8) 109.2 (3.5)
10 (30 ,40-Methylenedioxy-7-(tetrahydropyran-2-yloxy)isoflavone) 1.1 (0.08) 1.9 (0.18)
11 (40-Methoxy-7-hydroxyisoflavone) 7.4 (0.78) 12.2 (0.95)
12 (Daidzein) 6.7 (0.51) 11.0 (1.2)
13 (40 ,6,7,-Trihydroxyisoflavone) 6.5 (0.53) 10.4 (0.98)
14 (7-Methoxy-w-baptigenin) 1.7 (0.14) 2.3 (0.19)
15 (Naringenin) 1.1 (0.14) 1.3 (0.10)
16 (Hesperetin) 1.2 (0.11) 1.3 (0.15)
17 (7,20-Dihydroxyflavone) 2.9 (0.34) 4.8 (0.53)
18 (7,30-Dihydroxyflavone) 3.3 (0.27) 5.1 (0.48)
19 (7,40-Dihydroxyflavone) 3.5 (0.41) 5.9 (0.40)
20 (6,40-Dihydroxyflavone) 2.7 (0.31) 4.7 (0.36)
21 (5,40-Dihydroxyflavone) 2.3 (0.24) 4.2 (0.34)
22 (30 ,40-Dihydroxyflavone) 1.1 (0.12) 1.2 (0.15)
23 (Apigenin) 3.9 (0.48) 6.3 (0.57)
24 (Acacetin) 3.4 (0.25) 6.0 (0.45)
25 (Chrysoeriol) 3.9 (0.32) 6.5 (0.52)
26 (Diosmetin) 4.1 (0.37) 7.1 (0.54)
27 (Chrysin) 2.5 (0.29) 4.5 (0.35)
28 (Kaempferol) 4.2 (0.35) 7.3 (0.58)

a Fold activation compared to vehicle control, where the mean relative luciferase activity was normalized to the b-galactosidase activity of two experiments performed in
triplicate.
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10.4-fold activation, respectively) showed slightly reduced activity.
The PPARd activation by compound 12 was different to that re-
ported PPARd activity by Dang et al.37 and this is most likely due
to the different transactivation methods and cell lines used.

The highest PPARd agonist activity in the isoflavone series was
observed for compounds 6 (17.5- and 34.9-fold activation at 25
and 40 lM, respectively), 7 (12.2- and 24.4-fold activation, respec-
tively), 8 (12.0- and 14.2-fold activation, respectively), and 9 (54.8-
and 109.2-fold activation, respectively) (Fig. 3). It is noteworthy
that these very active PPARd agonists were the most active dual
PPARa and PPARc agonists reported in our previous paper.35

2.2. EC50 study

The PPARd EC50 profiles of the most potent pan PPAR isoflav-
ones 6, 7, 8, and 9 were compared to that of bezafibrate at six
different drug concentrations (0, 0.1, 3, 10, 30, and 100 lM). The
dose–response curves are shown in Figure 4 and the EC50 values
summarized in Table 2. To provide a better insight into the pan
PPAR activity of these molecules, the PPARc and PPARa EC50 val-
ues35 are also included in Table 2.

As can be seen from Table 2, isoflavones 6, 7, 8, and 9
(EC50 = 17.17, 22.34, 24.39, and 12.44 lM, respectively) are almost
twice as potent activators of PPARd than bezafibrate
(EC50 = 35.74 lM). Compound 9, with an EC50 of 12.44 lM, pro-
duced the greatest PPARd activation. The EC50 of bezafibrate was
slightly different to that previously reported EC50,5 presumably as
a result of the different transactivation methods and cell lines used.
In addition, the EC50 value for rosiglitazone is different to that re-
ported in the literature.5 This is most likely due to the different
transactivation plasmid systems used in the assay, e.g., full-length
hPPARc and tk-PPREx4-Luc plasmids used in our assays (EC50 in



Figure 3. PPARd luciferase reporter transactivation of the most efficacious isoflav-
one derivatives (25 and 40 lM) compared to the positive control bezafibrate. All
values are expressed as fold activation compared to DMSO vehicle control, where
the relative luciferase activity is normalized to the b-galactosidase signal, mean ± -
SEM of two experiments performed in triplicate.
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the lM range38) versus chimeric fusion protein GAL4-PPARc-LBD
and GAL4-Luc plasmids (EC50 in the nM range). The transactivation
plasmids used in our assay correspond more closely to the actual
in vivo cellular transactivation.35

Comparison of the PPARd EC50 values with the corresponding
PPARa and c EC50 data (Table 2) highlights the differences in
Figure 4. PPARd dose response curves of the top 4 PPAR active compounds (6, 7, 8, and 9
PPARd fold activation). EC50 values for PPARd agonist activity were calculated as the con
luciferase activity. Data shown are means ± SEM from three experiments performed in t
selectivity of these agonists towards each of the PPAR isoforms.
Compound 9 produced the weakest PPARa (EC50 = 33.13 lM) and
PPARd (EC50 = 12.44 lM) activation, while compound 8 was the
strongest PPARc agonist (EC50 = 15.38 lM).

Compound 6 showed similar efficacy for PPARc
(EC50 = 18.86 lM) and PPARd (EC50 = 17.17 lM) and a lower activa-
tion of PPARa (EC50 = 24.55 lM). In contrast, compound 7 pro-
duced weaker PPARc activation (EC50 = 26.94 lM) than a PPARd
(EC50 = 22.34 lM) or PPARa (EC50 = 8.9 lM) activation. Com-
pound 8 demonstrated greater activation of PPARc (EC50 =
15.38 lM) and similar activation of PPARa (EC50 = 23.10 lM) and
PPARd (EC50 = 24.39 lM). Compound 9 was a more potent agonist
of PPARd (EC50 = 12.44 lM) compared to PPARc (EC50 = 22.29 lM)
and PPARa (EC50 = 33.13 lM). Each of these four pan PPAR agonists
were thus found to be unique in their preferences and selectivity
for PPARa, c, and d isoforms.

2.3. SAR study

The lower PPARd activity observed for the flavanones (15–16)
suggests that the planar structure of the flavones and isoflavones
is a requirement for PPARd activation. The data for the flavone
and the isoflavone families highlights the vital role of the 7-OH
group for the activation of PPARd. Compounds 22 (flavone), 10,
and 14 (isoflavones), which were the only three agonists within
the set that lacked the 7-OH moiety all exhibited insignificant
PPARd agonism, in contrast to the compounds evaluated.

The isoflavones led to greater PPARd activation than the flav-
ones, indicating the importance of the phenyl ring on the C-3 posi-
tion of the chromane skeleton, rather than the C-2 position. In
addition, the introduction of alkoxy/halogen substituents at the
, respectively) calculated using the Prism Software (log drug concentration in lM vs
centration of the test ligand (lM) required for the half-maximal fold induction of

riplicate.



Table 2
The in vitro transactivation activity profile (EC50) of the most active pan PPARa, c, and d agonists

Compounds Transactivation EC50 (lM, SEM)a Selectivity

hPPARa25 hPPARc25 hPPARd

Bezafibrate 46.58 (1.10) 70.36 (1.04) 35.74 (1.15) hPPARd > hPPARa > hPPARc
Fenofibrate 33.51 (1.02) — — hPPARa
WY-14643 23.33 (1.07) — — hPPARa
Rosiglitazone — 43.71 (1.08) — hPPARc
6 24.55 (1.06) 18.86 (1.04) 17.17 (1.06) hPPARc = hPPARd > hPPARa
7 8.90 (1.10) 26.94 (1.08) 22.34 (1.12) hPPARa > hPPARd > hPPARc
8 23.10 (1.04) 15.38 (1.02) 24.39 (1.02) hPPARc > hPPARa = hPPARd
9 33.13 (1.05) 22.29 (1.05) 12.44 (1.05) hPPARd > hPPARc > hPPARa

a EC50 values for PPARa, c, and d agonist activity were calculated as the concentration of the test compound (lM) required for the half-maximal fold activation of luciferase
activity. Data shown are means (SEM) from three experiments conducted in triplicate.
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3, 4, and 5 positions of the isoflavone B ring resulted in significantly
higher PPARd activity, with the substituent position determining
the activity. Methoxy substitution at the 3 and 3,5 positions of
the B ring was found to lead to greater activation that at the 4 po-
sition; compounds 9 (30-methoxy) and 6 (30,50-dimethoxy) elicited
a greater PPARd activation than compound 11 (40-methoxy). Iso-
flavones 6 (30,50-dimethoxy), 7 (30,40-methylenedioxy), 8 (40-flu-
oro), and 9 (30-methoxy) demonstrated substantially higher
PPARd agonist activity compared to the other agonists evaluated,
with compound 9 (30-methoxy) being identified as the most potent
PPARd agonist.

2.4. Cytotoxicity profile of the pan PPAR isoflavones

In order to investigate whether the top four pan PPAR agonists
(6, 7, 8, and 9) were toxic, we used the HEK293 cell line as an in -
vitro cytotoxicity model, with cytotoxicity profiles established at
various concentrations (0–100 lM) using the CellTiter 96 Aqueous
One Solution cell proliferation assay, with bezafibrate as the posi-
tive control and DMSO solution (0.1% v/v) as the vehicle control.

As illustrated in Figure 5, treatment with compounds 7 and 9
resulted in greater than 90% cell viability at 10 lM, while com-
pounds 6 and 8 produced cell viabilities of 80% and 78%, respec-
tively, and were thus found to be less toxic than bezafibrate
(76%) at the same concentration. Compound 9 was the only agonist
that resulted a cell viability of 74% at 100 lM, and this is compara-
ble to bezafibrate (73.7%). In summary, the isoflavones 6, 7, 8, and 9
Figure 5. Cytotoxicity profiles of compounds 6, 7, 8, 9, and PPAR pan agonist
bezafibrate. Cell viability was determined using the MTS Assay. The results are
expressed as % relative cell viability compared to DMSO vehicle control. All values
are mean ± SEM of two experiments performed in quadruplicate.
demonstrated greater cell viability (>78%) than bezafibrate (76%) at
10 lM concentration and therefore were found to be less toxic
than bezafibrate at lower concentrations. Compound 9 was identi-
fied as the least cytotoxic agonist evaluated within the set. The cell
viability values we obtained for bezafibrate indicate slightly great-
er toxicity than that previously reported in the literature.39,40

These differences are probably due to the previous cell viability
studies being conducted in a different in vitro cytotoxicity model,
a human embryonal rhabdomyosarcoma (HRMSC) cancer cell line,
using different cell proliferation assays (WST-8 and WST-1).

2.5. Molecular modeling of the most potent pan PPAR
isoflavones

The top four pan PPAR agonists were further investigated by
in silico docking studies using Glide (Maestro41) in order to provide
an insight into the binding interactions between the four active
agonists and the three PPAR isoforms and so suggest an explana-
tion for their differing potencies towards each PPAR subtype. The
binding behavior of these four compounds was also investigated
through comparison with that of known full42 and partial43 PPARc
agonists in order to establish their mode of action.

2.5.1. Binding interactions with PPARc
A typical PPARc agonist usually has a polar head group (capable

of hydrogen bonding), as well as a hydrophobic tail for interactions
within the Y shaped PPARc ligand binding cavity (Arm I, Arm II and
the entrance).1 The isoflavones identified in this study contain a
hydroxyl substituent on their chromane moiety and also a hydro-
phobic B ring that allows them to make these pivotal interactions
with the PPARc. Compounds 6, 7, 8, and 9 were docked in to a
PPARc crystal structure (PDB ID: 2Q59, resolution: 2.2 Å)43 using
the extra precision (XP) mode of Glide application, and their bind-
ing interactions with the receptor investigated.

In the docking experiments we utilized the crystal structure of
PPARc bound to ligand MRL20 (PDB ID: 2Q59) and the binding
pose of MRL20 was successfully re-created in the docking process,
with a root mean square deviation (RMSD) value of 0.037 Å. As
illustrated in Figure 6, all the docked compounds fitted the active
site in a similar orientation and all exhibited two hydrogen bonds
between their polar moieties and the PPARc. The 7-OH substituent
of the compounds forms a hydrogen bond with Glu295 (H3 helix);
while the polar oxygen of their pyranone ring affords the second
hydrogen bond with the Glu343 residue (loop connecting the S3
and S4 b strands) of the receptor.

The docking results reveal that the B ring of the isoflavones is
located in a cavity that consists of many hydrophobic amino acid
residues, including Cys285, Ile281, Val339, Ile341, Met348,
Leu353 and Met364. Compound 8, which results in the greatest
PPARc activation (EC50 = 15.38 lM), contains a hydrophobic fluoro



Figure 6. The top four active compounds docked in the ligand binding domain of PPARc protein crystal structure (PDB ID: 2Q59). Compounds 6, 7, 8, and 9 are depicted in
magenta, green, cyan, and yellow colours, respectively. The image was created using ICM software.
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substituent on the 4 position of the B ring and binds well in this
cavity. Compound 6 (EC50 = 18.86 lM), the second most active li-
gand, has a dimethoxy substituent with the two methoxy groups
interacting with the hydrophobic pocket in a favourable manner.
In contrast, compound 9 contains only one methoxy substituent
and therefore has fewer interactions with the receptor, resulting
in a slight decrease in activity (EC50 = 22.29 lM). Compound 7,
with the lowest PPARc activation (EC50 = 26.94 lM) of the four
compounds, bears a hydrophilic 30,40-methylenedioxy moiety in
the hydrophobic cavity leading to a further decrease in activity.

All the compounds can thus form two hydrogen bonds with the
amino acid residues, Glu295 and Glu343 of the PPARc ligand bind-
ing domain (LBD), through their 7-OH substituent and the polar
oxygen of their pyranone ring, respectively. Compound 8 (40-flu-
oro) exhibited the most favourable interactions with the hydro-
phobic pocket of the receptor and had the greatest activity.

2.5.2. Binding interactions with PPARa
Compounds 6, 7, 8, and 9 were docked into the PPARa crystal

structure (PDB ID: 1K7L, resolution: 2.5 Å).44 1K7L is the crystal
structure of PPARa bound to ligand GW409544. This in silico study
aimed to investigate the different potencies observed for the
agonists against PPARa (EC50 = 24.55, 8.90, 23.10 and 33.13 lM,
respectively). The accuracy of the docking process was examined
by docking the ligand, GW409544, into the 1K7L crystal structure;
the docked GW409544 successfully recreated its original crystallo-
graphic binding pose with RMSD value of 0.019 Å.

As shown in Figure 7, all the docked compounds fitted the
receptor in the same orientation as each other and formed two
hydrogen bonds with the PPARa in the active site. The 7-OH sub-
stituent of the isoflavones forms a hydrogen bond with Glu286
amino acid (H3 helix); while the polar oxygen of the pyranone car-
bonyl group forms the second hydrogen bond with the Tyr334 res-
idue (loop connecting the S3 and S4 b strands) of the receptor.

It is noteworthy that, as documented by Zoete et al.,1 almost
80% of the amino acid residues which constitute the PPAR LBD
are conserved across the three PPAR isotypes (a, c, and d) and
the differences can be correlated with ligand specificity. The se-
quence alignment of the three PPAR isotypes shows that Glu286
and Tyr334 residues of the PPARa protein are at the same position
as Glu295 and Glu343 of the PPARc protein (Fig. 8), suggesting that
these agonists bind at the same position in both PPAR isoforms.

Compound 9, with the lowest PPARa activation (EC50 =
33.13 lM), has a methoxy substituent on the 3 position of the



Figure 7. The top four active compounds docked in the LBD of PPARa protein crystal structure (PDB ID: 1K7L). Compounds 6, 7, 8, and 9 are depicted in magenta, green, cyan,
and yellow colours, respectively. The image was created using ICM software.
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B ring and the hydrophobic methyl moiety of this group is situated
in an area of the LBD surrounded by hydrophobic residues, with
Val254, Val332, Cys275 and Cys278 making the most favourable
interactions, especially the hydrophobic sulphur moieties of
Cys275 and Cys278 which are orientated directly towards this
methyl group. In addition, the hydrophilic oxygen of the methoxy
substituent was found to have suboptimal interactions with the
hydrophilic oxygens of the carboxylate moiety of Cys275 (Fig. 7),
resulting in the lower potency of compound 9. Compound 8, con-
taining a hydrophobic fluoro group at the 4 position of the B ring,
and compound 6, with 30,50-dimethoxy substitution, showed simi-
lar activities (EC50 = 23.10 lM and 24.55 lM), whereas com-
pound 7, with a hydrophilic 30,40-methylenedioxy substituent,
showed the highest PPARa activity (EC50 = 8.9 lM) of the four
compounds, as was observed in PPARc study.

All four compounds can thus form two hydrogen bonds with
Glu286 and Tyr334 of the PPARa LBD through their 7-OH substitu-
ent and the polar oxygen of their pyranone carbonyl group. Com-
pound 7 (30,40-methylenedioxy), which had the highest PPARa
activity, exhibited the most favourable interactions with the
hydrophilic section of the binding pocket. It is interesting to
observe that the compounds docked into the PPARa crystal struc-
ture bound in the same space, and showed a similar hydrogen
bonding network to that observed in the PPARc in silico study.
Compound 8, however, was found to have the highest PPARc activ-
ity, while compound 9 had the highest PPARa activity, and we sug-
gest that this difference in potency is due to the differences in the
LBD amino acid composition (approx. 20%) between the two
receptors.

2.5.3. Binding interactions with PPARd
The binding interaction of the pan PPAR agonists with the active

site residues of PPARd was also investigated in silico. For this study
the active isoflavones were docked into 2Q5G PPARd crystal struc-
ture (resolution: 2.7 Å)45 co-crystallized with 1FA ligand. Once
again, the native ligand IFA was employed in the study as a mea-
sure of docking accuracy, which optimally superimposed its origi-
nal crystallographic pose with an RMSD value of 0.026 Å.

The isoflavones docked in the 2Q5G PPARd crystal structure
(Fig. 9) all showed a similar binding pose and this is consistent
with the observed docking poses in the PPARc and PPARa in
silico studies. All four compounds, however, could form only one



Figure 8. The sequence alignment of the LBD of the three PPAR isotypes (a, c, and
d) reported by Zoete et al.34 used in our study as a reference.
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hydrogen bond between the 7-OH substituent of the isoflavones
and Thr292 amino acid (H3 helix) of PPARd (Fig. 9), in contrast to
the hydrogen bonding network observed in the PPARc and PPARa
studies, where two hydrogen bonds were formed.

Compound 9, the most potent PPARd ligand studied within the
set (EC50 = 12.44 lM), contains a methoxy substituent on the
30 position of the B ring, which is accommodated well in the hydro-
phobic pocket of the LBD surrounded by hydrophobic amino acid
residues such as Phe282, Cys285, Leu339, Ile363 and Ile364
(Fig. 9). In addition, this pocket also contains two basic amino acids
(Lys367 and His449) which form cation–p interactions with the
B ring. The other three compounds also contain substituents which
are nicely accommodated within the hydrophobic cavity, leading
to activities ranging from 17.17 to 24.39 lM.

Interestingly, all four compounds docked in PPARd in a space
slightly below that observed in the PPARa and c crystal structures,
and did not interact with Glu286 and Glu295 amino acid residues
as seen in PPARa and c studies, respectively; forming a hydrogen
bond with Thr292. This is believed to be due to differences in ami-
no acid composition, as well as slight topological variations be-
tween the PPARd LBD (which is narrower in some parts) and the
other two receptors.

2.5.4. Binding behaviour study of the isoflavones (full vs partial)
There are two groups of PPARc agonists, best known as full ago-

nists and partial agonists/specific PPAR modulators (SPPARMs).
The full agonists make a distinct interaction with the Tyr473 (he-
lix 12/AF2 domain/Arm I) of the LBD of the PPARc thereby antago-
nizing the receptor. The full agonists stabilize helix 12 of the LBD,
while the partial agonists/SPPARMs activate the receptor through
stabilization and interactions with other parts of the protein LBD,
including the entrance of the binding cavity and the b sheet.1,11,12

The binding interaction of the active isoflavones was compared
to both full and partial PPAR agonists in order to establish their
mode of action. For this study, three different PPARc crystal struc-
tures were employed (PDB ID: 1FM6,42 2Q5943 and 2Q5S43). The
first two crystal structures represent the PPARc bound with the full
agonists, rosiglitazone and MRL20, while in the latter; the receptor
was co-crystallized with the partial agonist nTZDpa.

Compounds 6, 7, 8, and 9 were docked into all the three PPARc
crystal structures along with rosiglitazone, MRL20, and nTZDpa as
controls for each respective receptor. As illustrated in Figure 10A–
C, in contrast to rosiglitazone and MRL20 (full agonists), the
isoflavones did not interact with Tyr473 of helix 12. The docked
compounds posed in the vicinity of the b sheet in a similar manner
to nTZDpa (partial agonist). Thus, it was concluded that although
these active isoflavones exert a much higher transactivation activ-
ity than the known full PPARc agonists (e.g. rosiglitazone), they do
not interact with Tyr473 of helix 12 of the LBD, which is necessary
for full agonist behaviour. Instead they interact mostly in the vicin-
ity of the b sheet in a similar manner to partial agonists/ SPPARMs;
thus highlighting the unique binding of these novel isoflavones.

2.6. Preliminary in vivo studies of isoflavone 9

The genetically defective pre-diabetic Zucker diabetic fatty
(ZDF) rats are characterized by obesity, hyperphagia and insulin
resistance. They develop glucose intolerance by 10 weeks of age,
which progressively deteriorates as they get older (15 weeks old)
and are hence typically considered to be optimum models for
pre-diabetic in vivo studies.46 The anti-diabetic efficacy of pan
PPAR ligand 9 with the lowest cytotoxicity profile and the highest
selectivity for PPAR alpha and delta isotypes was evaluated in vivo
on 9 weeks old pre-diabetic male ZDF rats for of 6 weeks.

Healthy Zucker lean (ZL) rats of the same age were also used in
the study as controls. The rats were divided into four groups as
shown in Table 3. Group 1 (ZDF) and group 2 (ZL) were treated
in the evenings with 3 mg/kg/day of potential diabetic drug



Figure 9. The top four active compounds docked in the LBD of PPARd protein crystal structure (PDB ID: 2Q5G). Compounds 6, 7, 8, and 9 are depicted in magenta, green, cyan,
and yellow colours, respectively. The image was created using ICM software.
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compound 9, while group 3 (ZDF) and 4 (ZL) were exposed only to
the acacia solution (controls). Animals were housed in groups of 3–
4 per cage and fed with standard pelleted diet and water. In total,
14 rats were used in this preliminary study.

Obesity is one of the main factors influencing insulin resistance
in T2DM and weight loss will ameliorate insulin sensitivity and in-
creases the glucose metabolism.47 In our in vivo study, the body
weight gain of the rats was monitored every evening before the
drug treatment and the feeding process, while the food intake
was measured every morning. The acquired body weight gain of
the four animal groups collected over the 6 weeks of the study is
presented in Figure 11. As expected, the ZL rats afforded a lower
body weight gain compared to the ZDF rats (63 g vs 103 g, week
6, untreated animals). Interestingly in week three of the study,
the drug treated ZDF rats started to demonstrate reduced body
weight gain compared to the control untreated ZDF rats. The
resulting weight gain reduction was statistically significant in
week six of the study (94 g vs 103 g, p <0.05). The results obtained
clearly elucidate alleviation of weight gain induced by compound 9
in the ZDF drug treated rats. This beneficial effect is envisaged to be
due to PPAR alpha and delta agonism activity of the novel pan
PPAR ligand.

Oral glucose tolerance test is a routine medical procedure
used with the diabetic patients. It measures body’s ability to
maintain blood glucose homeostasis upon glucose induced
hyperglycemia.48 In week 5 of the study, the animals were fasted
overnight and subjected to an oral glucose tolerance test. In
brief, a blood sample was taken from the animals and their
blood glucose content at the fasted state determined, after which
2 g/kg of glucose solution was administered to the rats and
blood samples collected at 15, 30, 45, 60, 90 and 120 min after
the oral glucose intake.



Figure 10. (A) Compounds 6 (magenta), 7 (green), 8 (cyan), 9 (yellow), and rosiglitazone (purple) docked in the ligand binding domain of the PPARc protein (PDB ID: 1FM6).
Rosiglitazone interacted with Tyr473, however, the isoflavones did not interact with this amino acid. (B) The four active compounds and MRL20 (orange) docked in the LBD of
the PPARc protein (PDB ID: 2Q59). MRL20 interacted with Tyr473. The isoflavones, however, did not interact with this amino acid. (C) The four active compounds and nTZDpa
(purple) docked in the LBD of the PPARc protein (PDB ID: 2Q5S). The isoflavones fitted the receptor in the vicinity of the b sheet, consistent with nTZDpa. No interaction with
Tyr473 was observed. All the images were created using ICM software.

Figure 11. Body weight gain profile of the four animal groups over the course of
study. ZDF drug treated (n = 3), ZDF control (n = 4), ZL drug treated (n = 4), ZL
control (n = 3). The presented values are mean ± SEM.

Table 3
The four different animal groups studied in vivo

Groups Animals Treatment No. animals

1 ZDF Drug treated 3
2 ZL Drug treated 4
3 ZDF Acacia treated (control) 4
4 ZL Acacia treated (control) 3
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The obtained blood glucose content acquired over the 2 h peri-
od of the study is illustrated in Figure 12. The ZL drug treated and
control rats reacted in a similar manner to the glucose tolerance
test and demonstrated 95–98 (mg/dL) blood glucose level at the
fasted state and 120–124 (mg/dL) blood glucose level after 2 h of
the glucose intake. The data obtained was in agreement with the
reported blood glucose levels for healthy individuals by the U.S.
National Institute of Health (NIH) at zero minute (<110 mg/dL)
and at 2 h (<140 mg/dL)49 time intervals of the glucose tolerance
test.

The ZDF rats treated with compound 9 showed a slightly lower
blood glucose content (113 mg/dL) than the control untreated ZDF
rats (124 mg/dL) prior to the glucose administration at zero min-
utes. In addition, they exhibited a lower glucose peak (247 mg/
dL) at 30 min compared to the ZDF control group (270 mg/dL).
More interestingly, the drug treated pre-diabetic animals afforded
a lower blood glucose level after 2 h of the glucose intake (154 mg/
dL) than the untreated pre-diabetic rats (185 mg/dL). The obtained
blood glucose data for the control ZDF rats correlated well with the
upper level of the pre-diabetes profile, while the acquired data for
the drug treated ZDF rats were more agreeable with the lower level
of the borderline pre-diabetes profile reported by the U.S. NIH



Figure 12. The glucose tolerance profile of the four animal groups studied. ZDF
drug treated (n = 3), ZDF control (n = 4), ZL drug treated (n = 4), ZL control (n = 3).
The presented values are mean ± SEM. ⁄p <0.05 compared to ZDF control.
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(110 mg/dL < 0 min < 126 mg/dL and 140 mg/dL < 2 h < 200 mg/
dL).49 Moreover, the demonstrated blood glucose content by the
control untreated ZDF rats after 2 h of the glucose intake corre-
sponded well with the studies of Augstein et al.50

The optimum results obtained from the pre-diabetic ZDF trea-
ted rats with the pan PPAR ligand 9 compared to the untreated
pre-diabetic ZDF rats highlighted the improved glucose lowering
efficacy of this novel isoflavone in vivo. High PPAR gamma agonism
by compound 9 was thought to be one of the factors that may have
led to the reduced blood glucose content of the drug treated ZDF
rats. The alleviated body weight gain of the drug treated obese
pre-diabetic rats elucidated due to favourable PPAR alpha and delta
potency of compound 9 as discussed previously, was also envis-
aged to be responsible for the observed ameliorated blood glucose
levels. The obtained results from the in vivo study of the novel pan
PPAR compound 9 compared to the recent study of Keil et al.,51

clearly highlighted the importance of pan PPAR agonist activity
in effective treatment of diabetes. The novel dual PPAR gamma
and delta sulfonylthiadiazole derivative reported by Keil et al.,51

although was quite potent, but it was not able to address the
weight gain adverse effect associated with the diabetes.

T2DM and obesity have been associated with fatty liver disease,
characterized by enlarged liver size due to fat accumulation.52,53 In
week 6 of the study the rats were euthanized and their livers col-
lected. The obese animals (ZDF), as expected, showed a higher liver
mass than the lean controls (ZL). However, the drug treated ZDF
rats exhibited a lower liver mass then the untreated ZDF rats (Ta-
ble 4). The attenuated liver mass in the drug treated animals was
envisaged to be due to PPAR alpha and delta agonistic efficacy (li-
pid lowering property) of the novel isoflavone. The acquired
favourable data further enforced the vital complementary role of
PPAR delta and alpha activation in improved treatment of T2DM
and metabolic syndrome. In conclusion the obtained results clearly
Table 4
The obtained liver mass of the four animal groups studied

Animal groups Liver mass (g, mean)

Group 1 (ZDF, drug treated) 19.7 (p <0.05)
Group 3 (ZDF, control) 23.9
Group 2 (ZL, drug treated) 8.3 (p <0.05)
Group 4 (ZL, control) 8.6
elucidated the in vivo activity of novel isoflavone 9 in improving
in vivo model of pre-diabetes.

3. Conclusion

Twenty three dual PPARa and c agonists were examined for pan
PPAR activity by investigating their effects on PPARd. The isoflav-
ones induced the highest pan PPAR agonist activity within the
three classes of compounds studied. Compounds 6, 7, 8, and 9 were
identified as the most efficacious pan PPARa, c and d agonists with
PPARd EC50 of 17.17, 22.34, 24.39, and 12.44 lM, respectively.
These active compounds were at least twice as potent in activating
PPARd than the positive control bezafibrate (EC50 = 35.74 lM).
Compound 9 with an EC50 of 12.44 lM induced the greatest PPARd
activation.

In summary, we have identified novel pan PPAR isoflavones 6, 7,
8, and 9, which may be more effective than the dual PPARa and c
agonists due to the beneficial effects of PPARd activation (e.g. re-
duced cardiovascular complications, alleviation of weight gain, as
well as, regulating effect on dyslipidemia). Such pan PPAR agonists
may have an improved insulin sensitivity and glucose lowering ef-
fect than rosiglitazone due to higher PPARc transactivation effi-
cacy, and may also have reduced adverse effects due to the
complementary beneficial effects of PPARa and PPARd activation.
In addition, as these drugs could target both hyperglycemia and
dyslipidemia, they may be beneficial in targeting metabolic syn-
drome. Bezafibrate is the only pan PPAR agonist that is currently
available, having been in clinical use as a lipid lowering drug for
more than 25 years. Its role in metabolic syndrome has, however
been studied only recently. The novel pan PPAR isoflavones 6, 7,
8, and 9 may thus be promising drug candidates to be studied fur-
ther as potential drugs for treatment of T2DM and metabolic
syndrome.
4. Experimental

4.1. Cell culture

HEK293 cell line was obtained from American Type Culture Col-
lection (ATCC, USA). All materials used for tissue culture were pur-
chased from Invitrogen, Australia, unless specified. HEK293 cells
were grown in Dulbecco’s Modified Eagle’s Medium/F-12
(DMEM/F-12) containing L-glutamine supplemented with penicil-
lin (100 U/mL), streptomycin (100 lg/mL) and 10% (v/v) heat-inac-
tivated fetal bovine serum.

4.2. PPARd transfection and luciferase assay

The PPARd transfection and luciferase procedures were per-
formed as described previously by Bramlett et al.36 with slight mod-
ifications. The HEK293 cell line was transfected with (1 lg/lL)
tk-PPREx4-Luc plasmid (a kind gift from Dr Teruo Kawada, Kyoto
University, Japan) plus (1 lg/lL) pBI-G-hPPARd plasmid (a kind gift
from Dr Sarah Roberts-Thomson, Queensland University, Australia)
and (0.5 lg/lL) pSV-b-galactosidase (Promega, Australia) control
plasmid. Cells were transfected with FuGENE 6 transfection reagent
(Roche, Australia) in accordance with the manufacturer’s instruc-
tions. After 24 h at 37 �C, cells were harvested and plated into 96-
well plates (5 � 104 cells/well) in DMEM/F-12 media containing
10% FBS. The cells were allowed to attach overnight at 37 �C, after
which they were treated with either the test drug samples (25
and 40 lM or bezafibrate (25 and 40 lM as PPARd positive control
or DMSO (0.1%) as vehicle control. The cells were lysed after 48 h
incubation at 37 �C and assayed for luciferase and b-galactosidase
activities using the Bright-Glo luciferase assay system and
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Beta-Glo assay system (Promega, Australia), respectively, in
accordance with the manufacturer’s instructions. The results are
expressed as relative luciferase activity normalized to the b-galac-
tosidase signal (fold difference compared to vehicle control).

4.3. Cell proliferation assay

HEK293 cells were grown overnight in complete DMEM/F-12
media in 96-well plates (5 � 104 cells/well). The cells were then
treated with varying concentrations of bezafibrate or isoflavones 6,
7, 8, 9 (0–100 lM) or DMSO (0.1%). The treated cells were incu-
bated for 48 h at 37 �C in a humidified atmosphere with 5% CO2.
MTS (tetrazolium salt) reagent (CellTiter96� Aqueous One Solution
Cell Proliferation Assay, Promega) was then added followed by
incubation for an additional 2 h at 37 �C and the absorbance was
analyzed using a BMG POLARstar Galaxy Microplate Reader (k:
490 nm). Interference from the background colour of each of the
evaluated drugs was also measured in the same manner (k:
490 nm) using a control 96-well plate without HEK293 cells. The
colour control background absorbance readings were subtracted
from the corresponding absorbance of the drug-treated cell con-
taining wells to eliminate any colour interference. The cell prolifer-
ation results are expressed as % relative cell viability compared to
DMSO vehicle control.

4.4. Statistical analysis

Statistical significance was assessed using the Student’s un-
paired two-tailed t-test within the GraphPad PRISM 5.02 software.
p-Values less than 0.05 (p <0.05) were considered statistically
significant.

4.5. Molecular modeling protocols

All the molecular modeling within this study was performed
using Maestro software v9.1 (Schrödinger)41 operating in a Linux
environment.

4.5.1. Database preparation
Compounds 6, 7, 8, 9, rosiglitazone, MRL20, nTZDpa, GW409544

and 1FA were built and adjusted for chemical correctness using
Maestro Build panel. Geometry minimizations were performed
on all ligands using the OPLS_2005 force field41 and the Truncated
Newton Conjugate Gradient (TNCG).41
4.5.2. Preparing protein structures
The 2Q59 (resolution: 2.2 Å), 1K7L (resolution: 2.5 Å), 2Q5G

(resolution: 2.7 Å), IFM6 (resolution: 2.1 Å), 2Q5S (resolution:
2.0 Å) and 2Q5P (resolution: 2.3 Å) crystal structures were down-
loaded from RCSB Protein Data Bank (http://www.pdb.org). Each
of the crystal structures was then individually subjected to the pro-
tein preparation and refinement protocols using, Protein Prepara-
tion Wizard of the Maestro program. Briefly, the protein crystal
structures were corrected for bond orders, hydrogen atoms and
converting selenomethionines to methionines. The missing side
chains and loops were predicted, the water molecules deleted be-
yond 5 Å of hetero groups, the appropriate protein chains and co-
crystallized ligand selected and the state penalties calculated for
the native ligand. The lowest obtained state value closest to
0.00 kcal/mol employed and the proteins further refined for H-
bond assignment. The hydrogen bond network was optimized
and ultimately the protein structures minimized using OPLS2005
force field. The acquired refined and minimized protein structures
were then used individually in the grid generation and the docking
process.
4.5.3. Ligand docking and post docking evaluation
Docking was performed using the Glide application of the Mae-

stro program, with extra precision (XP) function to estimate pro-
tein-ligand binding affinities. Ligands were docked into the LBD
of the prepared PPAR crystal structures. The acquired pose viewer
file from the docking calculation was inspected using the XP Visu-
alizer. The hydrogen bond network formed within 2.5 Å vicinity of
each docked ligand and the receptor was examined with the de-
fault minimum donor angel of 120� and minimum acceptor angle
of 90�.

4.6. In vivo protocols

Seven male pre-diabetic Zucker diabetic fatty (ZDF) rats and se-
ven Zucker lean (ZL) rats, 9 weeks old, were purchased from Mon-
ash University Animal Services, Melbourne, Victoria. The animals
were housed in groups of 3–4 per cage and accommodated at Syd-
ney University, Animal House. They were studied for 6 weeks. The
animals were divided into four groups: Group 1 (ZDF) and group 2
(ZL) were treated in the evenings with 3 mg/kg/day of potential
diabetic drug, isoflavone 46 (prepared in acacia solution, Sigma),
while group 3 (ZDF) and 4 (ZL) were exposed only to the acacia
solution (controls). The animals were fed with standard pelleted
diet (Animal House) and water. The amount of body weight gain
monitored every evening prior to gavage drug treatment, while
the amount of food intake measured every morning.

In week 5 of the study the animals were fasted overnight
(�12 h), part of their leg was shaved (back of the leg) to allow bet-
ter visualization of their main vein and a blood sample drawn from
their leg. They were subsequently given orally 2 g/kg glucose solu-
tion (Sigma) and more blood samples collected at 15, 30, 45, 60, 90
and 120 min after the oral glucose intake. The blood glucose levels
were quantified using a normal glucometer.

In week six, the rats were fasted overnight and put unconscious
using a mixture of anaesthetic drugs, ketamine (75 mg/kg, Sigma)
and xylazine (10 mg/kg, Sigma). The drugs were administered by
an injection. When animals were under full anaesthesia, 1 ml blood
sample was drawn from their heart using a 22 G needle positioned
in a 30� angle under the middle of their ribs. The animals were then
dissected and the following tissues collected: (1) adipose tissue lo-
cated below the intestine, (2) skeletal muscle from back of the legs,
(3) pancreas, (4) liver, (5) kidney and (6) small intestine. The mass
of the obtained livers were measured and recorded.

4.7. Statistical analysis

Statistical significance was assessed using the Student’s un-
paired two-tailed t-test within the GraphPad PRISM 5.02 software.
p-Values less than 0.05 (<0.05) were considered statistically
significant.
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