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ABSTRACT: Anti-inflammatory effects of liver X receptor (LXR) ligands are thought to be largely due to LXR-mediated
transrepression, whereas side effects are caused by activation of LXR-responsive gene expression (transactivation). Therefore,
selective LXR modulators that preferentially exhibit transrepression activity should exhibit anti-inflammatory properties with
fewer side effects. Here, we synthesized a series of styrylphenylphthalimide analogues and evaluated their structure−activity
relationships focusing on LXRs-transactivating-agonistic/antagonistic activities and transrepressional activity. Among the
compounds examined, 17l showed potent LXR-transrepressional activity with high selectivity over transactivating activity and did
not show characteristic side effects of LXR-transactivating agonists in cells. This representative compound, 17l, was confirmed to
have LXR-dependent transrepressional activity and to bind directly to LXRβ. Compound 17l should be useful not only as a
chemical tool for studying the biological functions of LXRs transrepression but also as a candidate for a safer agent to treat
inflammatory diseases.
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Nuclear receptors (NRs) are ligand-dependent tran-
scription factors that regulate multiple biological

functions, including homeostasis, metabolism, and the immune
system. Forty-eight kinds of NRs have been identified in
humans. Among them, liver X receptors (LXRs) consist of two
subtypes, LXRα and LXRβ, which both form heterodimers with
retinoid X receptor (RXR). LXRα is highly expressed in liver,
intestine, adipose tissue, and macrophages, while LXRβ is
present ubiquitously in organs and tissues.1 The physiological
ligands for LXRα/β are oxysterols, including 22(R)-hydrox-
ycholesterol (1) and 24(S),25-epoxycholesterol (2) (Figure
1).2,3 Upon binding of an agonist to the ligand-binding domain
(LBD) of LXR, the LXR/RXR heterodimer binds to LXR
response elements (LXRE) in promoter regions of specific
genes, and helix 12 (H12) in the LBD adopts a conformation
that closes the ligand binding pocket and forms a groove to
which coactivators can bind, allowing gene transcription to
occur.4 The products of LXRE-regulated genes,2 such as
ABCA1, ABCG1, ABCG5, ABCG8, ApoE, and GLUT4, are
involved in lipid metabolism, reverse cholesterol transport, and
glucose transport, so LXRs are considered to be potential drug
targets for atherosclerosis, hyperlipidemia, and metabolic

syndrome.5 The ligand-mediated activation of LXRE-depend-
ent gene transcription is called transactivation.
The transactivating activities of LXR ligands depend upon

their effect on recruitment of cofactors (corepressors and
coactivators), and currently known LXR ligands can be
classified into two categories with respect to transactivation.
Transactivating agonists activate expression of the target genes
mentioned above. Numerous transactivating agonists for both
LXRα/β, including T0901317 (3)6 and GW3965 (4),7 have
been reported (Figure 1).8 Although LXRs appeared to be
attractive molecular targets for medicaments, the major
drawback of transactivating agonists is upregulation of multiple
LXRE-containing target genes, including sterol regulatory
element-binding protein-1c (SREBP-1c) and fatty acid synthase
(FAS). Up-regulation of these genes, especially in liver, leads to
increased triglyceride (TG) accumulation and induces serious
hypertriglyceridemia.9 This side effect is a major barrier to
medical application of LXR-transactivating agonists.
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In contrast with transactivating agonists, transactivating
antagonists stabilize the binding of corepressors and repress
expression of the target genes. LXRs antagonists might have
therapeutic value for hepatic steatosis.10 We11,12 and other
groups10,13,14 have reported several chemical classes of LXR-
transactivational antagonists.
Recent studies have revealed that LXRs also function in the

regulation of inflammation in macrophages.15−17 In vitro,
several LXR ligands inhibit the expression of proinflammatory
mediators, such as interleukin-6 (IL-6), interleukin-1β (IL-1β),
and inducible nitric oxide synthase (iNOS), in response to
bacterial infection or lipopolysaccaride (LPS) stimulation. The
promoter regions of these proinflammatory genes do not
contain LXRE, which is present in all genes showing LXR-
dependent transactivation. This gene expression-inhibitory
function of LXR, i.e., inhibition of LXRE-independent gene
transcription by an LXR ligand, is called transrepression. In
2007, Ghisletti et al. proposed that 4 showed transrepressional
activity through including SUMOylation of LXR and blocking
of corepressor clearance.18 Studies in LXR-knockout mice
indicated that transrepression is mediated by both LXRα and
LXRβ. Transrepressional activities of LXR ligands were
reported to improve skin inflammation,19 rheumatoid arthri-
tis,20 sepsis,21 and hepatic injury caused by endotoxemia22 in
animal models. Therefore, LXR ligands that show trans-
repression activity are promising candidates for treatment of
these inflammatory diseases.
Selective LXR modulators that preferentially exhibit trans-

repression activity should exhibit anti-inflammatory properties
with fewer side effects. Although LXR ligands such as 3 and 4
exhibit both transactivating and transrepressional activities, the
first transrepression-selective LXR modulators were reported by
GlaxoSmithKline in 2008.23 Compound 5 has similar trans-
repressional activity to 3 and does not increase TG
accumulation. However, 5 showed transactivating-agonistic
activity in a cell-based reporter assay. In 2012, we reported
that 6 showed more potent transrepressional activity than 3 or
5 and lacked transactivating activity at 30 μM under our assay
conditions.24 Very few transrepression-selective LXR modu-
lators have yet been reported,23,24 and a recent Perspective
noted that “SAR of transrepression is not well understood, and
this remains an underexplored area with potential in several
disease areas.”8 Therefore, investigation of the SAR of
transrepression-selective LXR modulators having various

scaffolds should improve our understanding of the molecular
basis of LXR-mediated transrepression. In this Letter, we
present styrylphenylphthalimides as a new chemical class of
potent and transrepression-selective LXR modulators.
Styrylphenylphthalimide analogues were synthesized as

described in the Supporting Information. To identify a lead
compound, we focused on our LXR-transactivational antago-
nists since they might show transrepression in an LXR-
dependent manner and do not show LXR-agonistic activity.
Thus, we screened our antagonists and their analogues for
transrepressional activity. Cell-based transrepressional activity
was evaluated in terms of reduction of LPS-induced IL-6
expression (designated below as IL-6-inhibitory activity) in
differentiated THP-1 (human acute monocytic leukemia) cells,
which express both LXRα/β.25 LXR-transactivating agonistic
activity and antagonistic activity were measured by means of
the Gal4-human LXR reporter system. The screening identified
ortho-phenethylphenylphthalimide (7),11 which showed a 31%
reduction of IL-6 level at 10 μM (Table 1). This compound
showed no LXRα/β-transactivating agonistic activity at 30 μM,
but had weak LXRα/β-transactivational antagonistic activity.

Figure 1. Chemical structures of endogenous LXR ligands (1 and 2), synthetic LXR ligands (3 and 4), and transrepression-selective LXR ligands (5
and 6).

Table 1. SAR of Substituted Position of Phenethylphenyl
Group

LXRs transactivation

LXRs
transrepression

agonistic activity
EC50 (μM)

antagonistic
activity IC50 (μM)c

compd position

% inhibition of
IL-6 level at

10 μM LXRα LXRβ LXRα LXRβ

7 2 31 N.A.b N.A.b 13 >30
(46%)

8 3 9 N.A.b N.A.b 11 >30
(48%)

9 4 N.A.a N.A.b N.A.b >30
(20%)

>30
(26%)

aNo activity at 10 μM. bNo activity at 30 μM. cPercent inhibition at 30
μM is given in parentheses.
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The results of screening led us to select 7 as a novel lead
compound, and we next synthesized various analogues to clarify
the SAR. First, the substitution position of the central phenyl
group was investigated. Meta (8) and para (9) analogues11

lacked IL-6-inhibitory activity (Table 1). This result led us to fix
the site of phenethyl substitution as the ortho-position. None of
the analogues in Table 1 showed LXRs-agonistic activity.

The ethylene linker moiety was next examined (Table 2). At
the same time, a methoxy group was introduced at the para-
position of the phenethylphenyl group because many types of
LXR ligands possess a methoxy group(s).11,23,26,27 However,
introduction of the methoxy group (20b) did not result in any
increase of IL-6-inhibitory activity compared with 7. Replace-
ment of the ethyl linker of methoxy analogue 20b with the

Table 2. SAR of Substituent Effects of Styryl Group

LXRs transactivation

LXRs transrepression agonistic activity EC50 (μM) antagonistic activity IC50 (μM)d

compd bonda R % inhibition of IL-6 level at 10 μM LXRα LXRβ LXRα LXRβ

7 s H 31 N.A.c N.A.c 13 >30 (46%)
20b s MeO 35 N.A.c N.A.c >30 (30%) N.A.c

17a d H 12 N.A.c N.A.c >30 (40%) >30 (38%)
17b d MeO 50 N.A.c N.A.c >30 (30%) >30 (21%)
17c d F N.A.b N.A.c N.A.c >30 (48%) >30 (37%)
17d d Br 14 N.A.c N.A.c >30 (21%) >30 (28%)
17e d CN 27 N.A.c N.A.c 27 >30 (35%)
17f d Me 16 N.A.c N.A.c >30 (49%) >30 (20%)
17g d CF3 27 N.A.c N.A.c 23 >30 (17%)
17h d n-Bu 29 N.A.c N.A.c >30 (38%) >30 (15%)
17i d t-Bu 16 N.A.c N.A.c 6.8 6.8

as, single bond; d, double bond. bNo activity at 10 μM. cNo activity at 30 μM. dPercent inhibition at 30 μM is given in parentheses.

Table 3. SAR of Introduction of Methoxy and Methyl Group(s)

LXRs transactivation

LXRs transrepression agonistic activity EC50 (μM) antagonistic activity IC50 (μM)c

compd R % inhibition of IL-6 level at 10 μM LXRα LXRβ LXRα LXRβ

17b 4-MeO 50 N.A.b N.A.b >30 (30%) >30 (21%)
17j 2-MeO N.A.a N.A.b N.A.b 30 >30 (39%)
17k 3-MeO 28 N.A.b N.A.b 30 >30 (17%)
17l 3,4-diMeO 78 N.A.b N.A.b 3.3 4.3
17m 3,5-diMeO N.A.a N.A.b N.A.b 13 15
17n 3,4,5-triMeO 15 N.A.b N.A.b >30 (44%) >30 (38%)
18l 40 N.A.b N.A.b 17 21
20l 13 N.A.b N.A.b 23 >30 (33%)
17f 4-Me 16 N.A.b N.A.b >30 (49%) >30 (20%)
17o 2-Me N.A.a N.A.b N.A.b 22 25
17p 3-Me 10 N.A.b N.A.b 25 >30 (20%)
17q 3,4-diMe 32 N.A.b N.A.b >30 (41%) N.A.b

17r 3,5-diMe N.A.a N.A.b N.A.b >30 (43%) >30 (30%)
aNo activity at 10 μM. bNo activity at 30 μM. cPercent inhibition at 30 μM is given in parentheses.
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ethylene linker (17b) improved IL-6-inhibitory activity. This
result led us to fix the linker as an ethylene group.
We next explored the effect of the substituent on the

terminal benzene ring of the styryl moiety (Table 2). We
synthesized several analogues 17c−17i possessing various small
(F, Me) or large (Br, n-Bu, t-Bu) monosubstituents and with
electron-withdrawing (CN, F, Br, CF3) or electron-donating
(Me, n-Bu, t-Bu) groups. However, all the analogues prepared
showed weaker activity than 17b. This result indicates that the
methoxy group is important for transrepression activity. The
tertiary-Bu analogue 17i showed the strongest LXRs-antago-
nistic activity among the compounds listed in Table 2, but
showed only weak IL-6-inhibitory activity. This result indicated
that not all the LXRs antagonists are potent IL-6 inhibitors.
Next, we investigated the substitution pattern of methoxy

group(s) (Table 3). Compared with the case of the mono-
methoxy group, IL-6-inhibitory activity of the ortho-methoxy
analogue 17j was weaker than those of the meta (17k) and para
(17b) analogues. So, we focused on di/tri-methoxy analogues
bearing methoxy groups at the meta- and/or para-positions.
The 3,4-dimethoxy analogue 17l showed increased IL-6-
inhibitory activity (78% inhibition at 10 μM). However, the
IL-6-inhibitory activity was dramatically decreased in the cases
of 3,5-dimethoxy analogue 17m and 3,4,5-trimethoxy analogue
17n. Next, we again tried to optimize the linker moiety. We
found the E-isomer 17l was more potent than the
corresponding Z-isomer 18l or the ethyl derivative 20l.
Monomethyl isomers 17f,o,p and dimethyl isomers 17q−r
were less potent than 17l. These results again show that
methoxy group(s) are important for transrepression activity. As
for substitution positions, 3,4-diMe analogue 17q showed more
potent IL-6-inhibitory activity than 3,5-diMe analogue 17r, and
this was consistent with the results for diMeO-substituted
derivatives. Therefore, 3,4-disubstitution might match the
binding pocket of LXR.
Compound 17l showed dose-dependent transrepressional

activity. The IC50 value was estimated to be 1.5 μM, which was
about 16-fold more potent than representative LXR agonist 3
and 1.1-fold more potent than our previous transrepression-
selective LXR ligand 6 (Table 4). Furthermore, 17l was
transrepression-selective, that is, it showed LXRα/β-antago-
nistic activity with IC50 values of 3.3 and 4.3 μM, respectively,
and did not show LXRs-agonistic activity or LXRs-inverse
agonistic activity at 30 μM.
LPS transmits inflammatory signaling through Toll-like

receptor 4 (TLR4) in the plasma membrane, and this induces
degradation of the transrepressional complex on the promoter
region of proinflammatory genes, thereby activating gene
transcription.28 So, LPS-induced IL-6 expression is also reduced
by TLR4 antagonists or TLR4-signaling inhibitors. To examine
whether the decrease of IL-6 by 17l was LXR-dependent, we
used the recently developed CRISPR/Cas (clustered regularly

interspaced short palindromic repeats/CRISPR associated
proteins) technology.29 LXRβ level in differentiated THP-1
cells was decreased by transfection of LXRβ CRISPR/Cas9
knockout plasmid (Figure S1a, Supporting Information). The
IL-6 level was significantly reduced by 17l without transfection
of LXRβ CRISPR/Cas9 knockout plasmid (Figure S1b).
However, the decrease in IL-6 expression induced by 17l was
blocked by transfection of LXRβ CRISPR/Cas9 knockout
plasmid (Figure S1c). This result indicates that LXRβ
contributes to the decrease of LPS-induced IL-6 expression
by 17l, at least in part. On the other hand, ligands for other
NRs such as peroxisome proliferator-activated receptors
(PPARs) are also known to show transrepression activity.18

Therefore, selectivity of 17l over PPARs was evaluated.
Compound 17l did not show agonistic activities toward
PPARα, PPARγ, or PPARδ, respectively (Figure S2, Supporting
Information).
We next investigated whether 17l binds directly to LXR by

means of time-resolved fluorescence resonance energy transfer
(TR-FRET) assay. In theory, the binding affinity between LXR
and the coactivator peptide can be evaluated in terms of the
TR-FRET ratio in the presence of agonist 3. In our experiment,
the binding affinity was maximum when the concentration of 3
was higher than 0.1 μM. Inhibition of binding between LXR
and the coactivator by 17l was assayed in terms of decrease of
this FRET signal due to competition of 3 with 17l. Under the
assay conditions used, compound 17l inhibited the FRET signal
in a dose-dependent manner (Figure 2). This result indicates
that 17l binds directly to LXRβ LBD. IC50 value of 17l was
estimated to 1.8 μM from Figure 2.
Compounds 17l and 3 were expected to share the same

binding site because 17l showed antagonistic activity toward
agonist 3 in LXRs LBD reporter gene assay. To understand the
binding mode between 17l and LXR, 17l was computationally
docked into the cocrystal structure of LXRα LBD complexed

Table 4. IC50 Values and EC50 Values of Representative Transrepression-Selective LXR Modulators

LXRs transactivation

LXRs transrepression agonistic activity EC50 (μM) antagonistic activity IC50 (μM)

compound inhibition of IL-6 level IC50 (μM) LXRα LXRβ LXRα LXRβ

3 26 ± 17 0.21 ± 0.10 0.066 ± 0.013 N.T.b N.T.b

6 1.7 ± 1.6 N.A.a N.A.a 4.1 ± 0.045c 11 ± 0.43c

17l 1.5 ± 0.8 N.A.a N.A.a 3.3 ± 1.8 4.3 ± 0.46
aNo activity at 30 μM. bNot tested. cData taken from ref 24.

Figure 2. LXR binding assay of 17l by means of TR-FRET.
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with 4 (Figure S3a, Supporting Information).30 The most
favored conformation had a free energy of binding of −11 kcal/
mol, indicating that 17l binds at the binding site of LXRα
(Figure S3b). The dimethoxyphenyl group on 17l faces toward
H12 and occupies the pocket to which the chloro-
trifluorophenyl group of 4 binds. The docking model predicts
hydrogen-bonding interaction of the carbonyl group on 17l and
the hydroxyl group on Thr302 of LXRα. According to the X-
ray crystal structures of 3 and LXRs LBD,31,32 the hydroxyl
group of 3 forms a hydrogen bond with a histidine residue
(His421 for LXRα and His435 for LXRβ) in helix 11, adjacent
to H12, and this histidine interacts with a tryptophan residue in
H12; these interactions induce proper folding of H12, affording
transcriptionally active LXRs. It is noteworthy that 17l did not
appear to form a hydrogen bond with His421. This might be
the reason why 17l showed selective transrepressional activity,
versus transactivating activity.
We next examined the selectivity of 17l by means of mRNA

expression analysis of ABCA1 and SREBP-1c. In THP-1 cells,
17l did not upregulate ABCA1 and SREBP-1c mRNA
expression, unlike 3 (Figure 3), indicating that it does not

exhibit transactivating agonist activity. Therefore, 17l should
not increase blood TG and may be a safer candidate as an anti-
inflammatory medicine than LXR ligands possessing both
transactivating-agonistic activity and transrepression activity.
In summary, we have identified novel LXR antagonists with a

phenethylphenylphthalimide skeleton and investigated their
SAR, focusing on IL-6-inhibitory activity and transactivational
agonistic/antagonistic activities evaluated by means of LXR
reporter gene assay. Representative compound 17l was found
to show potent LXR transrepressional activity with high
selectivity and did not increase expression of SREBP-1c (a
side effect of LXR agonists) in cells. In addition, 17l was
confirmed to have LXR-dependent transrepressional activity by
using the CRISPR/Cas system and was shown to bind directly
to LXRβ. This compound should be useful not only as a
chemical tool for studying the biological functions of LXRs
transrepression but also as a candidate for a safer agent to treat
inflammatory diseases.
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(31) Svensson, S.; Östberg, T.; Jacobsson, M.; Norström, C.;
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