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ABSTRACT: A known natural product, magnaldehyde B, was
identified as an agonist of retinoid X receptor (RXR) α.
Magnaldehyde B was isolated from Magnolia obovata (Magnolia-
ceae) and synthesized along with more potent analogs for
screening of their RXRα agonistic activities. Structural optimiza-
tion of magnaldehyde B resulted in the development of a candidate
molecule that displayed a 440-fold increase in potency. Receptor−
ligand docking simulations indicated that this molecule has the
highest affinity with the ligand binding domain of RXRα among
the analogs synthesized in this study. Furthermore, the selective
activation of the peroxisome proliferator-activated receptor
(PPAR) δ-RXR heterodimer with a stronger efficacy compared
to those of PPARα-RXR and PPARγ-RXR was achieved in
luciferase reporter assays using the PPAR response element driven reporter (PPRE-Luc). The PPARδ activity of the molecule was
significantly inhibited by the antagonists of both RXR and PPARδ, whereas the activity of GW501516 was not affected by the RXR
antagonist. Furthermore, the molecule exhibited a particularly weak PPARδ agonistic activity in reporter gene assays using the Gal4
hybrid system. The obtained data therefore suggest that the weak PPARδ agonistic activity of the optimized molecule is
synergistically enhanced by its own RXR agonistic activity, indicating the potent agonistic activity of the PPARδ-RXR heterodimer.

■ INTRODUCTION

The retinoid X receptor (RXR) is an important member of the
ligand-dependent nuclear receptor (NR) family. RXR is a
unique and ubiquitous heterodimeric partner for the NR
signaling pathway, and it forms homodimers or heterodimers
with retinoic acid receptors (RAR), peroxisome proliferator-
activated receptors (PPARs), liver X receptors (LXRs), thyroid
hormone receptors (TRs), vitamin D receptors (VDRs),
nuclear receptor related-1 protein (Nurr1), and related
receptors.1,2 The NR-RXR heterodimers and the RXR
homodimer bind to specific response elements on DNA and
regulate the transactivation of target genes, and the molecular
dynamics mechanism underlying this ligand binding-induced
activation has been revealed in the structural analysis of
NRs.3−5 In the absence of ligands, corepressor proteins bind to
the surface of NRs and cause the repositioning of C-terminal
helix 12, which is a key structural component of the activating
function 2 (AF2) domain. The binding of agonists to the
ligand binding domain (LBD), which is composed of 12 α-
helices (H1−12) with two small β-sheets between H5 and H6
(β-turn), leads to a cascade of events culminating in the
repositioning and stabilization of H12 and several other helices
to form the AF2 surface, which possesses a binding capacity for
the LXXLL motif of coactivators. NMR studies into apo-NRs6

revealed the absence or broadening of signals corresponding to
residues within the ligand binding pocket and the AF2 surface,
suggesting that these regions do not distribute in a particular
conformation. In contrast, the detection or sharpening of the
corresponding signals in holo-NRs suggests stabilization of the
LBD in the active conformation due to ligand binding to NRs.
RXR heterodimers can be classified into “permissive” and
“nonpermissive” heterodimers,7−10 whereby the activation of
permissive heterodimers, such as PPAR-RXR and RXR-LXR, is
possible by the binding of RXR agonists alone. On the other
hand, nonpermissive heterodimers, such as RXR-RAR, RXR-
TR, and VDR-RXR, are silenced by the binding of RXR
agonists only. Analysis of the structural and dynamic
differences between PPARγ-RXRα, a “permissive” hetero-
dimer, and RXRα-TRβ, a “non-permissive” heterodimer using
NMR spectroscopy, X-ray crystallography, and hydrogen/
deuterium exchange mass spectrometry (MS), revealed that
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TRβ reduces the stability of holo-RXRα LBD in the active
conformation by dimerization, whereas PPARγ does not
exhibit such an effect.6

Among the various known RXR heterodimers, the available
therapeutic approaches mostly target PPAR-RXR. The three
subtypes of the PPAR family, namely PPARα, PPARγ, and
PPARδ (also known as PPARβ/δ), differ in tissue distribution
and their role in biological systems.11,12 More specifically,
PPARγ is the most studied subtype of the PPAR family and is
expressed abundantly in adipose tissues, the large intestine, and
hematopoietic cells, and plays a critical role in the regulation of
adipogenesis, insulin sensitivity, and lipid metabolism.12,13

Thiazolidinediones (e.g., rosiglitazone and pioglitazone) are
the only class of clinically used PPARγ agonist therapeutics for
the treatment of type 2 diabetes mellitus to ameliorate insulin
resistance.14,15 PPARα is expressed abundantly in the liver,
colon crypt, and myocardium.12 Fibrates (e.g., bezafibrate and
fenofibrate) are PPARα agonists used clinically for the
treatment of hypercholesterolemia and hypertriglyceridemia.
Although proven therapies targeting PPARγ and PPARα are
known, prescription drugs for targeting PPARδ, which is
ubiquitously expressed in most tissues and is known to regulate
lipid metabolism and glucose homeostasis,12 do not exist due
to the serious side effects observed with the use of known
agonists.16,17 However, research aimed at addressing these
challenges is ongoing, and preclinical studies using certain
synthetic PPARδ agonists (e.g., GW501516 and GW0742)
have found benefits against obesity-induced insulin resistance,
type 2 diabetes mellitus, and cardiovascular disease.18−20 In
this context, the development of new PPARδ agonists to
reduce these adverse effects and conditions is highly important
and will be useful for treating type 2 diabetes mellitus, and as
such, is the objective of this study. Regardless of their effects in
permissive or nonpermissive heterodimers, RXR agonists
concertedly enhance transactivation as partner NR agonists.7,21

Although the functional elucidation of RXR has not been
completely achieved due to multiple signaling pathways
involving RXR heterodimers, RXR is considered an attractive
target for drug discovery.22 Indeed, bexarotene (targretin), a
selective RXR ligand, has been clinically used for the treatment
of cutaneous T cell lymphoma. In addition, 9-cis retinoic acid, a
ligand for both RXR and RAR, has been used in the treatment
of Kaposi’s sarcoma and chronic hand eczema. Furthermore,
various studies have indicated the beneficial effects of RXR
agonists against type 2 diabetes mellitus23,24 and Alzheimer’s
disease,25 although their efficiency for the treatment of
Alzheimer’s disease has been controversial.
We have been interested in the discovery and evaluation of

RXR ligands from natural resources and have previously
reported studies that honokiol isolated from the bark of
Magnolia obovata (Magnoliaceae) is an RXR agonist.26

Honokiol activates RXRα at a half-maximal effective
concentration (EC50) of 16.5 μM in the luciferase reporter
assay (Figure 1). However, this compound showed a much
lower potency than that of bexarotene (EC50: 18.7 nM). In
addition, honokiol exhibited a maximum activation of only
28.6% relative to the 100 nM concentration of bexarotene. In
our quest to find agonists of higher potency and efficacy, we
carried out further chemical investigations of the roots of M.
obovata in an unpublished preliminary study. Indeed, we
identified a known neolignan magnaldehyde B (1)27 to be a
more effective against RXRα than honokiol. Magnaldehyde B
(1) activated RXRα with an EC50 value of 5.58 μM and

displayed an Emax of 79.4% in the luciferase reporter assay
(Figure 1). Furthermore, we previously carried out receptor−
ligand docking simulations, which indicated that the carbonyl
group within drupanin (i.e., 3-prenyl-4-hydroxy-trans-cinnamic
acid) plays a vital role in the formation of hydrogen bonds with
Arg316,28 which is a key residue for activation of the
receptor.29,30 Magnaldehyde B (1) also contains a phenyl-
propanoid unit with an aldehyde group which points to the
importance of the aldehyde carbonyl functionality as an
essential structural element for the activation of RXR.
Recently, Scheepstra et al. reported that honokiol targets

both sides of the AF-2 domain in RXR, and they analyzed the
dual-binding behavior of honokiol in a twofold approach with a
ligand binding pocket side and a coactivator binding side being
the two binding modes.31 The same research group also
discovered potent agonists for the RXR homodimer and the
RXR-Nurr1 heterodimer.32 Although the activity and mode of
action of honokiol are known to a certain extent, no structure−
activity relationship (SAR) studies on the RXR agonistic
activity of honokiol derivatives have been reported prior to this
work, and so we sought to evaluate RXR agonistic activities of
1 and its analogs to improve their activities and render them
potential candidates for therapeutic development. Further-
more, we investigate the ability of the synthesized agonists to
activate the PPARδ-RXR heterodimer selectively over PPARα-
and PPARγ-RXR heterodimers by a nonconventional mecha-
nism.

■ RESULTS AND DISCUSSION
Structural Optimization of Magnaldehyde B. We

envisioned the retrosynthesis of the biaryl targets via the key
disconnection to the aryl bromide fragment A and the
arylboronic acid fragment B, which could be coupled together
in the forward synthesis employing a Suzuki−Miyaura coupling
protocol in a unified divergent approach to 1 and its analogs
(Scheme 1). The synthetic pathway for the preparation of 1−8
is shown in Scheme 2.
We began the synthesis of the magnaldehyde B analogs with

the preparation of a range of substituted fragment A
derivatives. The Horner-Wadsworth-Emmons reaction of the
TBS-protected aldehyde 19 afforded the desired fragment A
(20) in good yield. A subsequent DIBAL-mediated 1,2-
reduction of 20 followed by MnO2 oxidation of the resultant
alcohol afforded 21. The 1,4-reduction of 20a using CoCl2 and
NaBH4 furnished the reduced derivative 22a in 89% yield.

Figure 1. Magnaldehyde B (1) is a more effective RXRα agonist than
honokiol. (a) Structures of honokiol and 1. (b) RXRα agonistic
activities of honokiol and 1 with bexarotene. Data are means ± SD
(SD = standard deviation) of three biological replicates.
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Hydrogenation of 20b under a hydrogen atmosphere with Pd/
C catalysis delivered 22b in a quantitative yield. The
corresponding aldehyde 23 was synthesized by the LiAlH4
reduction of 22, followed by a Dess−Martin oxidation of the
obtained alcohol. However, acetal protection of the formed
aldehyde 23b was required due to its instability.
The synthesis of fragment B began with the allylation of 4-

bromophenol 25, followed by a Claisen rearrangement and
TBS protection of the resultant phenol. The transformation of
26 through a halogen-metal exchange/borylation sequence
furnished the desired fragment B (27) in an excellent yield
(88% overall yield). With the two fragments in hand, a
Suzuki−Miyaura coupling was performed. The reaction of aryl
bromides 20−24 with boronic acid 27 using the Pd2(dba)3 and
X-Phos system in the presence of K2CO3 as the base in a
mixture of THF/H2O at 95 °C, followed by deprotection of
the coupled products afforded the corresponding biaryl
products 1−8 in moderate to good yields.
The RXRα agonistic activities of 1−8 are included in Table

1, whereby it is apparent that molecules bearing a hydroxy
group at the C-4 position (1, 3, 5, and 7) displayed
significantly lower EC50 values than those of their analogs
without this group (2, 4, 6, and 8, respectively). Furthermore,
the obtained results indicate that the presence of a double
bond between the C-8′ and C-9′ atoms was likely to negatively
impact the agonistic activity. In compounds 1−8, compound 7
exhibited the highest potency (EC50 = 260 nM) for the
activation of RXRα. Following our achievement of the optimal
substitutions for fragment A, we decided to further modify
fragment B of 7. In addition, we modified fragment A of 8 to
confirm the necessity for the presence of a hydroxy group at
the C-4 position.
As shown in Scheme 3, various modified fragment B boronic

acids were synthesized and employed in the Suzuki−Miyaura
cross-coupling reactions. The hydrogenation of 27 using Pd/C
proceeded quantitatively to afford the propyl substituted
boronic acid 28. Borylation of 3-allyl bromobenzene 29 was
performed to furnish corresponding des-hydroxy fragment B,
30, and subsequent hydrogenation of 30 delivered 3-propyl
benzeneboronic acid 31 in a quantitative yield. With all desired
fragments in hand, the Suzuki−Miyaura coupling of fragments
A and B was performed employing the previously developed
coupling conditions, giving the corresponding coupled
products 9−14 in good yields.
The RXRα agonistic activities of the synthesized series 9−14

were also examined, and the results are presented in Table 1.
Similar to their analogs 1−8, compounds bearing a hydroxy
group at the C-4 position (9, 11, and 13) displayed
significantly lower EC50 values than those of their nonhydroxy
analogs (10, 12, and 14, respectively). On the other hand,
molecules with a hydroxy group at the C-2′ position (7, 8, 11,
and 12) gave higher EC50 values than those of their

nonhydroxy analogs (9, 10, 13, and 14, respectively), which
indicates that the absence of the hydroxy group at the C-2′
position contributes to a reduction in the EC50 value.
Therefore, compound 13, which possessed the best sub-
stitution pattern, displayed the greatest potency (12.7 nM)
among the various test compounds evaluated herein.
Furthermore, the activity of 13 was comparable to that of
the full-agonist, bexarotene.

Scheme 1. Retrosynthetic Analysis for Magnaldehyde B
Analogs

Scheme 2. Synthesis of 1−8a

aReagents and conditions: (a) TBSCl, imidazole, DCM, 0 °C, then rt,
16 h, 98%; (b) NaH, ethyl 2-phosphonoacetate, THF, 0 °C then rt, 1
h, 20a 90%, 20b 85%; (c) DIBAL-H, THF, −78 °C; (d) MnO2,
DCM, rt, 2 days. 21a 48% (2 steps), 21b 98% (2 steps); (e) NaBH4,
CoCl2, MeOH, −10 °C, 30 min, 22a 89%; (f) Pd/C, H2, EtOH, rt, 16
h, 22b quant.; (g) LAH, THF, 0 °C, 1 h; (h) DMP, DCM, rt, 3 h, 23a
72% (2 steps); (i) ethylene glycol, PTSA, toluene, reflux, 16 h, 23b
58% (3 steps); (j) allyl bromide, K2CO3, DMF, 60 °C, 1 h, 99%; (k)
200 °C, 3 h, 92%; (l) TBSCl, imidazole, DMF, rt, 16 h, 97%; (m) n-
BuLi, THF, −78 °C 1 h then B(Oi-Pr)3, −78 °C to rt, 16 h, 90%; (n)
Pd2(dba)3, X-Phos, K2CO3, THF, H2O, 95 °C; (o) TBAF, THF, 0 °C
then rt, 16 h; (p) HCl aq., 3 h.
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Based on the above results, we could make the following
conclusions regarding the SAR study: (i) the carbonyl group at
the C-9 position greatly enhances the Emax value; (ii) the
presence of a hydroxy group at the C-4 position contributes to

a reduction in the EC50 value; (iii) the presence of a single
bond between C-7 and C-8 is more advantageous for activation
than a double bond; (iv) the absence of a hydroxy group at the
C-2′ position contributes to a reduction in the EC50 value; and
(v) reduction of the double bond between C-8′ and C-9′ may
likely improve the activity.
In addition, we synthesized compounds 15−17 to probe the

necessity for the presence of alkoxy groups and gain insight
into their ideal length. As no significant differences were
observed between 13 and 15−17 (Supplementary Figure 1), it
was apparent that the intensity of the agonistic activity was
independent of the presence or length of the n-alkoxy group.

Binding Mode Analysis of 13. To explore the molecular
basis of the interaction between RXRα and the prepared
synthetic ligands, we carried out receptor−ligand docking
simulations using the Autodock Vina program,33 and the best-
calculated affinities of the prepared compounds are displayed
in Table 1. Because docked binding poses of 1−14 were
similar to the crystal structure of the honokiol derivative
reported by Scheepstra et al., the results of our docking
simulations were likely to be real (Supplementary Figure 2).
Thus, compound 13 displayed the most potent activity among
the molecules evaluated in this study, and Figure 2 shows the
docking pose and the predicted interactions between RXRα
LBD and 13. Previous studies indicated that RXRα agonists
interacted with Arg316 and Ala327 via a carboxyl group by
forming hydrogen bonds, which contributed to an affinity for
the receptor.28−30 As expected, our docking studies showed
that the ester moiety of 13 forms three hydrogen bonds with
Arg316 and one hydrogen bond with Ala327. Although no
meaningful findings about the advantages of the single bond
between C-7 and C-8 were obtained from the results of our
docking studies, it was considered that it could affect the
orientation of the proton acceptors. Additionally, the docking
studies suggested hydrogen bond formation between the
hydroxy group at C-4 and the Asn306 residue, which
contributes to improved binding to the receptor, and results
in an enhanced potency. Furthermore, the aromatic ring within
fragment A was predicted to form a π−π T-shaped interaction
with the Phe313 residue. Our results also revealed that almost
all amino acid residues interacting with fragment A are
localized in H5 and in the β-turn between H5 and H6 (Figure
2b). Compared with the crystal structures of liganded RXRα
and those of apo-RXRα,3,34,35 only minor alterations in the
structures surrounding H5 and the β-turn were displayed
before and after ligand binding (Figure 2c). These findings
indicate that the structure of fragment A in the evaluated
molecules plays an important role in the binding of the
molecule to the receptor, and 3-substituted 4-hydroxy-7,8-
dihydrocinnamic acid is the optimal substitution of fragment A
for efficient binding to H5 and the β-turn.
In contrast, the moiety derived from fragment B occupied

the hydrophobic part within the ligand-binding pocket of holo-
RXRα and appeared to interact with Ile268, Ile324, Ile345,
Phe346, Val349, and Cys432 through electrostatic interactions
(Figures 2a and 2d). From the crystallographic analysis, these
residues were determined to be localized in the H3 (Ile268), β-
turn (Ile324), H7 (Ile345, Phe346, and Val349), and H11
(Cys432) segments of the receptor. Among the helices, the
structures of H3 and H11 were drastically altered upon ligand
binding, as evaluated by structural studies of RXRα.3,4 When
the ligand is attracted to the ligand binding pocket of apo-
RXRα, H-11 is pushed by the ligand and is repositioned to

Table 1. RXRα Agonistic Activities and Calculated Docking
Affinities of 1−14

compounds EC50 (nM)a Emax (%)
b

calculated affinity
(kcal/mol)c

bexarotene 18.7 ± 2.1 100 −12.9
honokiol 16 500 ± 1240 28.6 ± 8.7 −10.0
1 5580 ± 820 79.4 ± 3.9 −10.5
2 8140 ± 730 49.0 ± 3.0 −10.3
3 1310 ± 130 46.9 ± 5.4 −10.4
4 10 300 ± 100 65.0 ± 4.3 −10.5
5 824 ± 190 53.7 ± 3.2 −10.1
6 2460 ± 240 48.6 ± 5.4 −10.2
7 260 ± 10 55.7 ± 5.6 −10.6
8 10 200 ± 800 57.4 ± 11.8 −10.7
9 23.0 ± 1.7 69.8 ± 2.4 −11.1
10 4720 ± 920 85.5 ± 8.9 −10.6
11 180 ± 11 60.4 ± 3.0 −10.8
12 7070 ± 2380 67.5 ± 8.2 −10.7
13 12.7 ± 1.1 71.3 ± 9.3 −11.2
14 1810 ± 80 67.0 ± 8.4 −10.7

aEC50 values are presented as mean ± SD of three independent
experiments (SD is standard deviation). bEmax data are presented as
mean ± SD of the maximum activation relative to the bexarotene-
induced maximum activation for RXRα. cCalculated affinities are best
scores obtained from Autodock Vina.

Scheme 3. Synthesis of 9−14a

aReagents and conditions: (q) Pd/C, MeOH, rt, 3 h, quant; (r) n-
BuLi, B(Oi-Pr)3, THF, −78 °C to rt, 16 h, 57%; (s) Pd/C, MeOH, rt,
3 h, quant; (t) Pd2(dba)3, X-Phos, K2CO3, THF, H2O, 95 °C; (u)
TBAF, THF, 0 °C then rt, 16 h.
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form a continuous helix with H10. Meanwhile, H12 is also
repositioned by its hydrophobic interactions with H3 and H4.
Furthermore, the transient conformational changes of the C-
terminal H11 and H12 were accompanied by the bending of
H3 toward the ligands. Consequently, H3−5 and H12 form
the AF-2 surface, which is a coregulator binding site in holo-
RXRα. As the moiety derived from fragment B was positioned
near the position where H11 was originally located in its apo

form (Figure 2c),3 the structure derived from fragment B
would be expected to mainly play a role in pushing H11 and
inducing the conformational transient. From the results of our
docking studies, it is difficult to deduce the reason for the
observed enhancement in potency due to the absence of a
hydroxy group at the C-2′ position. However, the absence of
this hydroxy group and the presence of a hydroxy group at the
C-4 position were effective for enhancing the affinities with

Figure 2. Docked models of 13 with RXRα LBD (PDB ID: 5MKU). Dashed lines indicate nonbonded interactions, including conventional
hydrogen bonds (blue), other hydrogen bonds (π-donor or carbon hydrogen bonds; aqua), π−π T-shaped interactions (brown), π−σ interactions
(orange), and alkyl or π-alkyl interactions (magenta). (a) All interactions are between 13 and RXRα LBD. The amino acid residues displaying
interactions with 13 are depicted. (b) Detected interactions between 13 and H5/β-turn. (c) Docked models superimposed with the ribbon diagram
of apo-RXRα LBD (the structure is PDB entry 6HN6 [3]). The ribbon diagrams of the docked model and apo-RXRα LBD are depicted with solid
ribbons and line ribbons, respectively. (d) 2D diagram showing all interactions between 13 and RXRα LBD.
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LBD, considering the outstanding EC50 values (23.0 and 12.7
μM, respectively) and calculated affinities (−11.1 and −11.2
kcal/mol, respectively) observed for 9 and 13 (Table 1). As
mentioned above, the hydroxy group at C-4 presumably assists
ligand binding to H5, which suggests that the moiety derived
from fragment A with a hydroxy group at the C-4 position
binds to the receptor in a more precise manner. In this precise
conformation, the hydroxy group at C-2′ appears to hinder the
increased affinity of molecular binding with RXRα.
Moreover, LC-MS analyses revealed that the ester bond of

13 was gradually hydrolyzed in the culture supernatant of the
HEK293 cells (Supplementary Figure 3). Since 15 may
possibly activate RXRα as an active metabolite, receptor−
ligand docking simulations between 15 and RXRα LBD were
also performed. As a result, no significant difference in affinity
(−11.2 kcal/mol) or docking pose (Supplementary Figure 4)
were observed between the two compounds. In addition,
considering the finding that 15 activated RXRα to the same
extent as 13, some or all of the RXRα agonistic effects of 13
seemed to be activation of the receptor by 15.
Activating Efficiency of 13 for the PPAR Subtypes.We

next investigated the variation in the activating efficiency of 13
for each PPAR subtype, as the subtle but significant PPARγ
agonistic effect of honokiol has been previously reported.36,37

The full lengths of the PPARα, PPARγ, and PPARδ expression
vectors were used for the study of the luciferase reporter gene
assay. Luciferase reporter assays for PPARγ and PPARδ were
performed using HEK293 cells, as well as for RXRα, while the
assay for PPARα was performed using HepG2 cells because
the high background PPARα activity in HEK293 cells masked
the activities of the test samples. Surprisingly, 13 appeared to
exhibit selective activation of PPARδ (Emax 193%, EC50 0.92
μM; Figure 3a) with a stronger efficacy compared to those of
PPARα (Emax 22%, EC50 0.55 μM; Figure 3b) and PPARγ
(Emax 14%, EC50 0.23 μM; Figure 3c). Furthermore, the Emax
for PPARδ of 13 was 193%, indicating that 13 displayed
significantly stronger activation than that of even GW501516,
an existing PPARδ-selective agonist. The PPARδ agonistic
activity was sustained with the significant up-regulation of the
adipose differentiation-related protein (Adfp) mRNA, a
PPARδ-specific target gene38 obtained from the liver of mice
treated with a single shot of 13 (100 mg/kg body weight;
Figure 3d).
In general, PPARδ forms permissive heterodimers with RXR

in the activated conformation, where PPARδ presumably
dimerizes with endogenous RXR in cells. The effects on the
PPARδ-RXR heterodimer were measured in the reporter gene
assay using full-length expression vectors, thereby allowing us
to assume that 13 activates the PPARδ-RXR heterodimer
through the activation of RXR. To explore the involvement of
the RXR agonistic activity of 13 on the PPARδ activity in the
assay using full-length expression vectors, we examined the
effect of PA452, an RXR pan-antagonist,39 on the activity of
13. We confirmed in advance that the RXRα agonistic activity
of 13 was completely inhibited by PA452 in a manner similar
to that seen with bexarotene (Figure 4a). The effect of PA452
against the PPARδ-RXR agonistic activity of 13 was then
evaluated by the luciferase reporter gene assay using PPARδ
expression vectors. The obtained results indicated that the
PPARδ-RXR activity of 13 was significantly inhibited by
PA452, whereas the activity of GW501516 was not affected
(Figure 4b). It was therefore assumed that PA452 interfered
with the binding of the RXR agonist to RXRs, and inhibited

the transcriptional activation of RXRα homodimers by RXR
agonists. While PA452 was unable to inhibit the transcriptional
activation of PPARδ-RXR heterodimers by a conventional
PPARδ agonist that binds to PPARδ (e.g., GW501516), it
successfully inhibited the transcriptional activation of PPARδ-
RXR heterodimers by 13. These observations indicated a
reasonable possibility that PA452 blocked the PPARδ agonistic
activity of 13 by interfering with the binding between RXR
LBD and 13 (Figure 4c), thereby indicating that the PPARδ-
RXR agonistic activity of 13 is induced to an extent via binding
to RXR LBD. Furthermore, it was presumed that PPARδ LBD
is also involved in the activation of the PPARδ-RXR
heterodimer by 13, because GSK0660, which is a PPARδ
antagonist, also inhibited the PPARδ-RXR agonistic activity of
13 (Figure 4b). To evaluate the “true” PPARδ agonistic
activity of 13, we performed reporter gene assays using the
Gal4 hybrid system. Because the cells in these assays express a
hybridized receptor in which the N-terminal DNA binding
domain (DBD) of PPARδ has been replaced by Gal4 DBD,
when the ligand binds to PPARδ LBD, Gal4 DBD binds to the
upstream activation sequence (UAS) on the reporter gene.40

As a result, the “true” PPARδ agonistic activities excluding the
effect of the heterodimer can be measured. More specifically,
compound 13 exhibited little activation of PPARδ (Emax 6.3%)
in the assay using the Gal4 hybrid system (Figure 4d).
Although the PPARδ agonistic activity of 13 was weak, it was
detected with statistical significance, unlike in the case of 14,
which showed no activation for the PPARδ-RXR heterodimer
(Supplementary Figures 5 and 6). Overall, the finding that 13
activates PPARδ-RXR heterodimers significantly more potently
than the monomeric PPARδ suggests that the particularly weak

Figure 3. Effects of 13 on RXR heterodimers with each PPAR
subtypes. (a−c) Effects of 13 on PPARδ (a), PPARα (b), and PPARγ
(c) in the luciferase reporter assay using PPRE-Luc plasmids. Data
presented are means ± SD of three biological replicates. (d) Effect of
13 on the expression of adfp mRNA in the liver. Data are represented
as mean ± SE (SE is standard error; one-way ANOVA with Tukey
Kramer test, ** indicates p < 0.01 versus the control).
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PPARδ agonistic activity of 13 is synergistically enhanced by
its own RXR agonistic activity. As a result of evaluating the
activities of compounds 1−14 toward the PPARδ-RXR
heterodimer, compounds 7, 9, and 11, for which the EC50
values were 3.30, 1.34, and 6.12 μM, respectively, were also
found to exhibit strong activities at a concentration of 10 μM
(Supplementary Figure 5). Therefore, the presence of a single
bond between C-7 and C-8, and the presence of a hydroxy
group at the C-4 position were considered crucial to give a
strong activity toward the PPARδ-RXR heterodimer.

■ CONCLUSION
We herein reported the synthesis of magnaldehyde B along
with its more potent analogs for screening of their RXRα

agonistic activities. Although several PPARδ-selective agonists
that bind to PPARδ LBD have been developed, to the best of
our knowledge, PPARδ/RXR dual-agonists had yet to be
reported. We note that activation of the PPARδ-RXR
heterodimer by a nonconventional mechanism has the
potential to solve the issues that have previously hindered
the development of drugs targeting PPARδ. Thus, our
molecular design and SAR studies revealed that the maximum
PPARδ activity was achieved for structure 13, and this activity
was double that revealed by the luciferase reporter gene assay
for the reported agonist GW501516, thereby suggesting that
RXR-targeted agonists may activate the receptor more
efficiently than conventional PPARδ-targeted agonists. How-
ever, comparison of EC50 values showed that the PPARδ-RXR

Figure 4. PPARδ-RXR agonistic activity of 13 is probably mainly due to the activation of RXR. (a, b) Effects of antagonists on the RXRα agonistic
activity (a) and the PPARδ agonistic activity (b) of 13 in the luciferase reporter assay. Data presented are means ± SD of three biological replicates
(two-way ANOVA with Tukey Kramer test, ** indicates p < 0.01 versus the control, ## indicates p < 0.01 versus the groups without antagonist
treatment). (c) Plausible mechanism of PPARδ-RXR activation by 13. GW501516 activated the PPARδ-RXR heterodimer even in the presence of
PA452 (left), whereas 13 was unable to activate the heterodimer in the presence of PA452 (right). (d) Effects of 13 on PPARδ in the reporter gene
assay using the Gal4 hybrid receptor. GW501516 was used as the positive control. Data are represented as mean ± SD of three biological replicates.
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agonistic activity of 13 was not as potent as that of GW501516,
suggesting the need to further refine the structure to improve
its potency. It should be noted that evaluation of the action of
the prepared compounds for activation to other RXR-NR
heterodimers has yet to be conducted, and so the possibility
for side effects cannot be ruled out at this time. However, the
new molecular class of agonists developed in this study show
great potential for improving human health, as the use of
strategies for targeting PPARδ has broader implications due to
the fact that this receptor is believed to be a therapeutic target
for metabolic disorders, including obesity, type 2 diabetes
mellitus, dyslipidaemia, and nonalcoholic fatty liver disease. In
ongoing research, we aim to further refine the structure, taking
into account the bioavailability and evaluating its effect in
animal models for diseases.

■ METHODS
Detailed methods are provided in the Supporting Information.
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