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To obtain potent liver X receptor (LXR) agonists, a structure–activity relationship study was performed on
a series of tert-butyl benzoate analogs. As the crystal structure analysis suggested applicable interactions
between the LXR ligand-binding domain and the ligands, two key functional groups were introduced. The
introduction of the hydroxyl group on the C6-position of the benzoate part enhanced the agonistic activ-
ity in a cell-based assay, and the carboxyl group in terminal improved the pharmacokinetic profile in
mice, respectively. The obtained compound 32b increased blood ABCA1 mRNA expression without
plasma TG elevation in both mice and cynomolgus monkeys.

� 2015 Elsevier Ltd. All rights reserved.
The liver X receptor a and b (LXRa and b) are members of the
nuclear hormone receptor superfamily.1 LXRa is mainly expressed
in the liver, adipose tissue, and macrophage, whereas LXRb is
expressed ubiquitously. LXRs regulate lipid metabolism and
reverse cholesterol transport by controlling the gene expression
of ApoE2 and ATP-binding cassette transporters A1 and G1
(ABCA1 and ABCG1),3 which play an important role in cholesterol
efflux from adipocyte and macrophage.4 Various research shows
liver X receptors (LXRs) as potential therapeutic targets for
atherosclerosis by enhancing the cholesterol efflux promotion
from macrophages.5

The synthetic LXR agonists, such as T0901317 (1) and GW3965
(2) (Fig. 1, Table 1), have been described as increasing the ABCA1
expression and reducing atherosclerotic plaque in a LDLR�/�
mouse model.6,7 However, these compounds also increase the
plasma and the liver triglyceride (TG) levels by induction of the
sterol regulatory element-binding protein-1c (SREBP-1c).8 SREBP-
1c activates the transcription of genes involved in fatty acid
biosynthesis, including fatty acid synthase (FAS) and stearoyl CoA
desaturase-1 (SCD-1).9 For therapeutic use, the agonists which
have a wide therapeutic window between the induction of
ABCA1 and TG elevation are desirable.

A mammalian two-hybrid assay using LXRb and SRC-1 was
developed for a high-throughput screening (HTS), which identified
a novel N-Boc-indole analog 3 as a ligand to LXRs (Fig. 2).
Separately from the chemical modification of 3 with the N-Boc-
indole core intact, early chemical modification of the indole ring
in 3 led to 4, a potent binder to LXRs (Fig. 2). On the other hand,
4 showed only moderate agonist efficacy in a cell-based assay
(Table 1). In addition, the plasma exposure level of 4 after oral
administration was fairly low, and 4 did not sufficiently show a
desired in vivo biological activity in mice.

In this letter, we describe the chemical modification of 4 to
enhance the transcriptional activation in a cell-based assay, and
to change the physicochemical property with the intent to improve
the in vivo pharmacokinetic (PK) behavior, using a structure-
guided drug design.

In an effort to find a key to enhance the efficacy in the cell-
based assay, the X-ray crystal structure of a human LXRa ligand-
binding domain (LBD) in complex with 4 and a peptide derived
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Figure 1. Chemical structures of LXR agonists.

Table 1
Profiles of 1, 2, 4 and the corresponding C6-hydroxy analog 12

R6 O

N

O

OO

F3C

Compound R6

FP assay a CTF assay b

Ki (lM) EC50 (lM) (% efficacy)

LXRa LXRb LXRa LXRb

1 0.23 0.22 0.03 (100) 0.13 (100)
2 0.21 0.16 0.54 (40) 0.10 (72)
4 H 0.87 0.18 0.31 (27) 0.21 (28)
12 OH 0.27 0.17 0.28 (89) 0.26 (76)

a FP assay: 1 constantly shows 0.20–0.30 lM of the Ki value toward both LXRs.
b CTF assay: efficacy was shown as a relative value based on 1 (100%).
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Figure 2. HTS hit compound and its derivative.

Figure 3. Crystal structure of LXRa-LBD in complex with 4. (A) The overall
structure of LXRa-LBD in complex with 4 and SRC-1 peptide. LXRa-LBD exists as a
homodimer in the crystal. LXRa-LBD and SRC-1 peptide are depicted as ribbons, and
4 is shown as a space-filling representation. AF2 region (residues 437–447) of
LXRa-LBD are colored in yellow, other parts of LXRa-LBD in gray, and SRC-1 peptide
in green. Carbon atoms of compound 4 in cyan, oxygen in red, nitrogen in blue, and
fluoride in light blue. (B) Compound 4 in the ligand binding site of LXRa-LBD.
Compound 4, and the side chains of His421 and Trp443 are shown as a stick
representation. Other residues included in 4 binding are shown as a line
representation. The carbon atoms of His421 and Trp443 are colored in magenta
and yellow, respectively. The color scheme of 4 is the same as used in A.
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from steroid receptor coactivator-1 (SRC-1 peptide) was deter-
mined.10 LXRa-LBD adopts the three-layered a-helical sandwich
structure seen in a typical nuclear receptor LBD fold11 (Fig. 3A).
The C-terminal AF-2 helix is packed against the ligand binding
pocket, providing the binding site for SRC-1 peptide. The ligand-
binding pocket in which 4 binds is a large cavity, that is, sur-
rounded by Helix-3, Helix-5, Helix-6, Helix-7, Helix-11, and
Helix-12. Intermolecular interaction between 4 and the LXRa-
LBD are dominated by hydrophobic contacts. As Figure 3B shows,
the trifluoromethyl benzyl moiety of 4 binds deep in the pocket,
forming van der Waals contacts with the residues Phe257,
Thr258, Leu331, His421, Gln424, Leu428, Leu435, and Trp443.
The tert-butyl acetate moiety occupies the hydrophobic part which
consists of Ile295, Met298, Leu299, Thr302, Phe315, Phe326,
Phe335, and Ile339. The right part benzene ring and the N-methy-
lacetamide substituent contact Leu260, Ser264, Met298, Glu301,
Thr302, Arg305, and Phe315, facing toward the open space sur-
rounded by Helix3, Helix5, and an antiparallel b-sheet. LXRa-LBD
(residues from 204 to 447) shares 78% sequence identity with
LXRb-LBD (residues from 218 to 461), and these residues of the
LXRa ligand-binding pocket are conserved in LXRb. Additionally,
the overall structure of LXRa-LBD is very similar to that of LXRb-
LBD, as superimposing of the 4 bound LXRa-LBD on the epoxyc-
holesterol bound LXRb-LBD (PDB ID: 1P8D)12 exhibits a small root
mean square deviation of 0.9 Å over the backbone atoms of 221
residues. Thus, the interactions between 4 and LXRa-LBD would
be maintained in LXRb-LBD with 4.

Although the published crystal structures of LXRs with agonists
have indicated the importance of hydrogen bonding or electro-
static interaction between the agonist and His435 in LXRb (corre-
sponding to His421 in LXRa) on Helix10/11,12 our crystal
structure has revealed that 4 has only van der Waals interaction
with His421 in LXRa-LBD. For example, Williams et al. reported
that 1 formed a hydrogen bond with and locked His435 of LXRb
in the position to make an edge to face interaction with Trp457
of LXRb on the AF2 helix, stabilizing LXRb-LBD in the active confor-
mation (His-Trp switch).12 Compound 2 also formed the electro-
static interaction by the trifluoromethyl group with the Ne2
atom of His435 in LXRb-LBD with 3.3 Å distance (PDB ID:
1PQ6).13 Unlike these reported agonists, 4 does not have a hydro-
gen bond or an electrostatic interaction to His421 of LXRa-LBD,
but contacts with the Cd2 atom of His421 by the carbonyl oxygen
in the tert-butyl benzoate moiety with 3.9 Å distance and by the
fluoride atom on the trifluoromethyl group with 4.0 Å distance.

Presuming that the van der Waals interactions of 4 with His421
of LXRa-LBD were not sufficient to lock His421 in the proper
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Scheme 1. Reagents and conditions: (a) t-BuOK, THF, 0 �C (81%); (b) NBS, AIBN,
PhH, reflux (53%); (c) 7, Cs2CO3, DMF (97%); (d) (MeO)3CH, CSA, MeOH, 50 �C; (e)
MOMCl, i-Pr2NEt, CH2Cl2, 0 �C–rt (93%, 2 steps); (f) n-BuLi, TMEDA, Et2O, �30 �C–rt
then DMF at �30 �C; (g) NaBH4, THF–MeOH, 0 �C–rt (52%, 2 steps); (h) 7, TMAD, n-
Bu3P, THF (51%); (i) 4 N HCl–THF, 50 �C; (j) NaClO2, NaH2PO4, 2-methyl-2-butene,
H2O–t-BuOH; (k) Me2NCH(OtBu)2, toluene, reflux (40%, 3 steps). TMEDA = N,N,N0 ,N0-
tetramethylethylenediamine; TMAD = N,N,N0 ,N0-tetramethylazodicarboxamide.

Figure 4. Overlay of 2 in LXRb-LBD (PDB ID: 1PQ6) on 4 in LXRa-LBD. Compounds 2
and 4 are shown as stick representations, with the carbon atoms colored in orange
and cyan, respectively. LXRa-LBD is shown as a surface representation with the
color scheme of carbon in gray, nitrogen in blue, and oxygen in red.
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Scheme 2. Reagents and conditions: (a) 6, K2CO3, DMF, rt–0 �C (70–80%); (b) 3 N aq
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(85%); (f) succinic anhydride, Et3N, CH2Cl2, 0 �C–rt (68%).
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position for the His-Trp switch, we tried to modify the compound
to form a more robust interaction with His421. Based on the crystal
structure, the compound which had the hydroxyl group on the C6
position of the tert-butyl benzoate part was predicted to achieve a
hydrogen bond with the Ne2 atom of His421.

To test our hypothesis, the C6-hydroxy derivative, 12, was
designed. The synthetic routes of 4 and 12 are shown in
Scheme 1. Tert-butyl esterification and bromination of acid chlo-
ride 5 provided the key intermediate, 6. By benzylation of phenol
714 with 6, 4 was prepared. On the other hand, C6-hydroxyl
group-installed 12 was synthesized from benzaldehyde 8.15

ortho-Lithiation of benzaldehyde dimethyl acetal 9, obtained by
the successive protection of phenol and aldehyde of 8, was fol-
lowed by a reaction with DMF and reduction by NaBH4 to give
another key intermediate, 10. A Mitsunobu reaction using
TMAD16 of 10 and 7 led to 11. Deprotection of compound 11 under
an acidic condition followed by oxidation and tert-butyl esterifica-
tion provided 12.

The LXR binding and the efficacy of transcriptional activation of
4 and 12 were evaluated in the fluorescence polarization (FP)
assay17 and the cell transfection (CTF) assay18, respectively
(Table 1). Though the effect of the C6-hydroxyl group installation
on Ki in the FP assay and EC50 in the CTF assay was small, 12
achieved a three-fold improvement of the efficacy in the CTF assay,
as expected.

In parallel to the work to achieve the interaction with His421,
we focused on improving the physicochemical properties of our
LXR ligand. Because the obtained tert-butyl benzoate analogs
tended to show poor solubilities (data not shown), we assumed
that the low solubility was one of the reasons for low oral absorba-
bility of 4. Hence we tried to introduce the hydrophilic group to
tert-butyl benzoate analogs.

A clue for the modification to improve solubility was also
obtained from the crystal structures. While searching for a suitable
hydrophilic group to introduce, we focused our attention on 2,
which had a terminal carboxyl group in the structure. In the crystal
structure of LXRb-LBD with 2,13 the carboxyl group of 2 interacts
with Arg319 (Arg305 in LXRa) on Helix5 and Leu330 (Leu316 in
LXRa) on the loop between bsheet-1 and bsheet-2. Overlay of the
structure of LXRb-LBD with 2 on that of LXRa-LBD with 4 showed
that the N-methylacetamide group of 4 occupies a position similar
to that of the phenyl ring of the phenyl acetic acid moiety of 2
(Fig. 4). However, 4 does not occupy the space where the terminal
carboxyl methyl group of 2 binds. Thereby, we supposed that the
carboxyl group could be fused into 4 by replacing or extending
the N-methylacetamide group with the tethered carboxyl group.
Based on this idea, carboxylic acid analogs were designed and syn-
thesized (Scheme 2).

Compounds 14a–c were prepared from phenols (13a–c)19 with
the methoxycarbonyl group and 6 in 2 steps (benzylation and
hydrolysis). Compound 17 was synthesized from commercially
available 15. Phenol 15 was converted to 16 in 2 steps.
Benzylation of 16 with 6, followed by deprotection of the N-alloc
group and amidation with succinic anhydride gave 17.

First, compounds which directly tethered the carboxyl group by
several lengths of the linear methylene chain instead of N-methy-
lacetamide moiety were tested. As seen from the data in Table 2,
the binding affinities of 14a and 14c to LXRs were drastically
decreased. Nevertheless, 14b retained a three-fold decreased bind-
ing affinity for LXRb compared to 4. Compound 17 which contained
the extended carboxyl methyl group at the terminal part of 4 also
retained moderate binding affinities for LXRs. We suspected that
the decreased binding affinities of the carboxylic acid analogs were
due to improper interactions of the carboxyl group with the LXRs.
Because there was a wide space between the ligand binding pocket
and the loop where the carboxyl group was intended to interact,
flexible linkers may not have held the carboxyl group at an appro-
priate location to interact with Leu316 on the loop. Therefore, the
benzene ring was selected as a rigid linker to fix the terminal car-
boxyl group, and biphenyl analogs were designed for the following
chemical modification.



Table 2
Binding affinities of the carboxyl group introduced compounds

R1

F3C

O O

O

Compound R1

FP assay
Ki (lM)

LXRa LXRb

14a (CH2)3COOH N.D. 4.9
14b (CH2)4COOH N.D. 0.63
14c (CH2)5COOH 8.6 1.2
17 N(CH3)CO(CH2)2COOH 4.0 0.66

N.D.: not determined since a reasonable sigmoid curve could not be obtained.

Table 3
Binding affinities of the carboxyl group introduced biphenyl compounds

R2

F3C

O O

O

Compound R2

FP assay
Ki (lM)

LXRa LXRb

25a m-COOH 6.3 3.4
25b p-COOH n.a.a n.a.
25c m-CH2COOH 5.1 0.36
25d p-CH2COOH 1.0 0.26

a n.a.: >10 lM.

Y. Matsui et al. / Bioorg. Med. Chem. Lett. 25 (2015) 3914–3920 3917
The synthesis of biphenyl derivatives (25a–d) are shown in
Scheme 3. 4-Iodo benzene analog 19, derived from 18 and 6, was
converted to boronate ester 20. Compounds 25a–d were prepared
by Suzuki coupling with the appropriate combination of the left
hand (19, 20) and the right hand (21–24) parts. The following
hydrolysis of methyl ester was required for 25b and 25d. Toward
the synthesis of the C6-hydroxyl group-installed analog, 30a was
prepared by the Suzuki coupling of 26 and 27. Compound 30b
was also obtained from deprotection of the Suzuki coupling
k-m, d
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Scheme 3. Reagents and conditions: (a) K2CO3, DMF, rt; (b) bis(pinacolato)diboron,
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product of 28 and 29. A Mitsunobu reaction of 30a with 10 using
ADDP,20 followed by acid hydrolysis led to 31a. Synthesis of 32a
was carried out by the succeeding O-allylation of 31a, oxidation
to carboxylic acid, tert-butyl esterification, deprotection of the allyl
group, and hydrolysis of methyl ester. In the same manner, 32b
was synthesized from 30b and 10 via aldehyde 31b.

Although the binding affinities of phenyl benzoic acids (25a and
25b) were not attractive, biphenylacetic acids (25c and 25d) main-
tained similar potency values to 4 in the LXRb binding. (Table 3).

Based on the structure–activity relationship (SAR) of evaluated
compounds, biphenylacetic acid derivatives having the hydroxyl
group at the C6-position of the tert-butyl benzoate part were
designed, expecting to show both improved efficacy of transcrip-
tional activation and oral absorbability. As listed in Table 4, para-
biphenylacetic acid 32b showed higher potencies and efficacies
than the corresponding meta-analog 32a in the CTF assay. It was
also noteworthy that 32b showed a potent cholesterol efflux activ-
ity.21 Hence 32b was selected for further in vivo studies.
Compound 32b exhibited a much higher Cmax and plasma concen-
tration at 6 h after oral administration at a dose of 10 mg/kg than
the lead compounds 4 and 12 in mice (Table 5).

To verify the ligand design, the crystal structure of LXRa-LBD in
complex with 32b and SRC-1 peptide was determined.22 As we
have intended, the hydroxyl group of 32b forms a hydrogen bond
to His421 with the length of 3.4 Å (Fig. 5A). Although the location
of the carboxyl group of compound 32b is slightly shifted in LXRa-
LBD compared with that of 2 in LXRb-LBD, one of the carboxyl
group oxygens has a hydrogen bond to the main-chain of Leu316
(Fig. 5B), which is comparable to the one seen in 2 with LXRb-LBD.
Table 4
Profiles of compounds which have both the hydroxyl group and the carboxyl group

R2

F3C

OH

O O

O

Compound R2

CTF assay EC50 (lM)
(% efficacy)

Cholesterol efflux assay a

LXRa LXRb % efficacy (dose/lM)

32a m-CH2COOH 1.3 (39) 0.53 (27) 58(1), 3(0.1)
32b p-CH2COOH 0.51 (79) 0.16(51) 69(1), 57(0.1)

a Cholesterol efflux assay: % efficacy was shown at the concentration indicated
with parenthesis (lM). The relative value is based on the activity that 1 shows
efficacy (100%) at 1 lM concentration.



Table 5
Plasma concentration of the compounds

Compound

Plasma concentrationa

Cmax (lg/ml) At 6 h (lg/ml)

4 1.7 1.0
12 1.0 0.67
32b 8.9 5.3

a The compounds were orally administered to mice at a dose of 10 mg/kg.

Figure 5. Compound 32b in the ligand binding site of LXRa-LBD. Compound 32b is
shown as a stick representation with the carbon atoms in green. The color scheme
for LXRa-LBD is the same as that used in Figure 3B. Hydrogen bonds are shown as
red broken lines. (A) the C6-hydroxyl group is hydrogen bonding to His421. (B) 2 in
LXRb-LBD is overlaid on 32b in LXRa-LBD. Compound 2 is shown in stick with
carbon atoms in orange while LXRb-LBD is not shown. The carboxyl group of 32b
slightly shifted from that of 2.

Figure 6. Effect of 32b and 1 in C57Bl/6 mice. Animals were dosed daily by oral
gavage (n = 5/group) for 7 days before measurements. ⁄: p<0.05 as compared with
the vehicle group by Dunnett’s test.

Figure 7. Effect of 32b in cynomolgus monkeys. Animals were dosed daily by oral
gavage (n = 6/group) for 14 days. Results are represented as mean + SE. (A) Line plot
of blood ABCA1 mRNA levels on Day 1 and on Day 14. (B) Triglyceride level.

3918 Y. Matsui et al. / Bioorg. Med. Chem. Lett. 25 (2015) 3914–3920
The effects of 32b and 1 on blood ABCA1, liver FAS and liver
SCD-1 mRNA levels, and on plasma TG levels were investigated
in C57Bl/6 mice after repeated oral administration at 1 mg/kg for
7 days (Fig. 6). Both 32b and 1 significantly elevated the blood
ABCA1 mRNA levels. On the contrary, 32b did not affect the liver
FAS mRNA levels, liver SCD-1 mRNA levels, nor plasma TG levels
while 1 elevated them. To further investigate the pharmacological
property, 32b (0, 0.1, 0.3, 1, 3 or 10 mg/kg) was orally administered
to cynomolgus monkeys for 14 days. Treatment with 32b signifi-
cantly elevated blood ABCA1 mRNA expression in a dose depen-
dent manner on both Day 1 and Day 14 (Fig. 7A). Importantly,
32b did not affect plasma TG after repeated dosing as well as single
dosing (Fig. 7B).

To elucidate why 32b had the wide window between ABCA1
and TG elevation, a fluorescence resonance energy transfer
(FRET) assay was carried out using LXRs and synthetic peptides
from transcriptional cofactors.23 Two cofactors, peroxisome-
proliferator-activated receptor gamma coactivator 1a (PGC1a)
and activating signal cointegrator 2 (ASC2), were identified as the
potential determinants. PGC1a has been reported as a potent tran-
scriptional coactivator for LXRa, and potentiates its transcriptional
activity upon the SREBP-1c gene promoter.24 ASC2 has also been
identified as a physiologically important transcriptional coactiva-
tor of LXRa in regard to lipid metabolism in the liver.25 The effect
of 32b for LXRa on PGC1a or ASC2 recruitment was less efficacious
than that of 1, while both 32b and 1 induced the recruitment of
PGC1a or ASC2 to LXRb to almost the same extent (Fig. 8). This
characteristic cofactor recruitment property of 32b might be one
of the reasons why 32b has the favorable pharmacological prop-
erty of ABCA1 expression without FA expression, SCD1 expression,
nor TG elevation.

In summary, a SAR study on a series of tert-butyl benzoate ana-
logs was performed to obtain a potent LXR agonist. The 4 bound
LXRa-LBD structure, along with the 2 bound LXRb-LBD structure,
led us to introduce the hydroxyl group at the C6-position of the
tert-butyl benzoate core to enhance the efficacy in the cell-based
reporter assay, and to introduce the carboxyl group tethered by



Figure 8. Effects of 32b and 1 on cofactor recruitment to LXRs. Effects of 32b and 1
on PGC1a or ASC2 recruitment to LXR were examined by a fluorescence resonance
energy transfer assay. ⁄p<0.05, as compared with the vehicle control group and 1
group or 32b group and 1 group using Student’s t-test. The data are represented as
mean + SE (n = 4). (A) PGC1a to LXRa. (B) ASC2 to LXRa. (C) PGC1a to LXRb. (D)
ASC2 to LXRb.
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biphenyl at one terminal to improve the oral absorbability. The
obtained compound, 32b, exhibited a potent LXR agonistic activity
in a cell-based assay, showed good exposure of post-oral adminis-
tration, and induced blood ABCA1 mRNA expression without
affecting the plasma TG levels in both mice and cynomolgus
monkeys.
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