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The present report describes our efforts to convert an existing LXR agonist into an LXR antagonist using a
structure-based approach. A series of benzenesulfonamides was synthesized based on structural modifi-
cation of a known LXR agonist and was determined to be potent dual liver X receptor (LXR a/b) ligands.
Herein we report the identification of compound 54 as the first reported LXR antagonist that is suitable
for pharmacological in vivo evaluation in rodents.

� 2012 Published by Elsevier Ltd.
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The liver X receptors (LXRs), LXRa (NR1H3) and LXRb (NR1H2),
are members of the nuclear receptor (NR) superfamily of ligand-
regulated, DNA-binding transcription factors.1 Both LXRs bind to
their cognate response elements as heterodimers with the retinoid
X receptors (RXRs, NR2B1-3) and play important roles in lipid biol-
ogy.2a Mammalian endogenously occurring LXR ligands include the
oxysterols 24(S),25-epoxycholesterol which is mainly found in the
liver, 22(R)-hydroxycholesterol which is present in steroidogenic
tissues, and 24(S)-hydroxycholesterol which is prevalent in brain
tissue and plasma.2 Several synthetic agonists (Fig. 1) have been re-
ported and have served as valuable tools to elucidate the role of
LXRs in mammalian biology.3,4 LXR activation results in an increase
in transcription of genes involved in the catabolism (Cyp7a)5 and
transport (ABCA1, ABCG1, ABCG5, ABCG8)6 of cholesterol. In mouse
models of atherosclerosis, LXR agonists increase plasma HDL- cho-
lesterol and decrease atherosclerotic lesions,7 suggesting a poten-
tial utility in treating cardiovascular disease.8 Moreover, there is
evidence that LXR agonists are effective in suppression of inflam-
mation, play an important role in the regulation of glucose metab-
olism and might be useful for the treatment of Alzheimer’s disease
and other neurodegenerative diseases of the CNS.4,9

However, current LXR agonists also increase plasma and hepatic
triglyceride levels in mice and hamsters, which results from LXR-
regulated induction of transcription factors involved in lipogenesis,
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such as sterol regulatory element-binding protein 1c (SREBP-1c)10

and the carbohydrate responsive binding protein (ChREBP).11 Thus,
limiting the potential utility of LXR agonists in a clinical setting.
One strategy to overcome this limitation centers on the use of
LXRb-selective agonists. This is based on evidence that while acti-
vation of either LXRa or LXRb provides relatively similar positive
effects on atherosclerosis, activation of LXRb is responsible for
hypertriglyceridemia.10b,12 However, the high level of similarity
in the LXRa and LXRb ligand binding pockets has limited the feasi-
bility of this approach and prevented the development of LXRb-
selective ligands. Another approach relies on the observation that
expression of certain LXR target genes is repressed in the basal
state. For example, in LXRa/b double knockout mice, although he-
patic expression of SREBP1c, FAS, SCD1, and ACC is decreased com-
pared to wild-type mice, expression of hepatic and intestinal
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Figure 1. Examples of LXR agonists described in the literature.
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Table 1
Binding affinities of derivatives 1, 4–14

S N

CF3

CH3

O O R2

R1

Compd R1 R2 LXRb SPA binding,19 IC50 (lM)

1 OH CF3 0.02
4 OCH3 CF3 2.2
5 OH CF2CF3 0.16
6 OH H >10
7 OH CH3 >10
8 OH Bn >10
9 OH Thien-2-yl 1.5
10 OH Phenyl 3.6
11 OH Thiazol-2-yl 7.5
12 OH 1H-Imidazol-2-yl >10
13 OH 4H-1,2,4-Triazol-3-yl >10
14 OH 1H-Tetrazol-5-yl >10

Table 2
Binding affinities of derivatives 15–28

S N

CF3

R2

O O

HO

R1

Compound R1 R2 LXRb SPA
binding,
IC50 (lM)

LXRb GAL4,
IC50 lM
(% of basal)20

15 CF3 Me 4.1 >10
16 iBu Me >30 -
17 Ph Me 1.4 >10
18 4-F-Ph CF3CH2 1.1 >10
19 Ph (CH3)2CHCH2 0.6 8 (28)
20 tBu (CH3)2CHCH2 1.1 >10
21 Bn (CH3)2CHCH2 0.6 >10
22 Cyclohexenyl (CH3)2CHCH2 1.1 >10
23 2-Pyridyl (CH3)2CHCH2 3.8 >10
24 3-Pyridyl (CH3)2CHCH2 0.4 10
25 3,5-Pyrimidinyl (CH3)2CHCH2 2.1 10
26 1-Methyl-1H-imidazol-5-yl (CH3)2CHCH2 5.1 >10
27 3,5-Dimethyl-isoxazol-4-yl (CH3)2CHCH2 3.2 >10
28 1-Ethyl-1H-pyrazol-4-yl (CH3)2CHCH2 1.7 >10

Table 3
Binding affinities of derivatives 19, 29–50

S N

CF3

O O

HO

R1R2

Compound R1 R2 LXRb SPA binding,
IC50 (lM)

LXRb GAL4,
IC50 lM (% of basal)

19 H H 0.6 8 (28)
29 H 3-CN 0.3 10 (34)
30 H 2,5-Cl2 1.4 10 (81)
31 4-Cl 3-CN 0.6 >10
32 3-CF3 H 0.5 >10
33 4-CF3 H 2.5 >10
34 3-MeO H 1.0 >10
35 4-MeO H 0.7 >10
36 4-EtO H 0.7 >10
37 4-Me H 0.6 >10
38 4-Bu H 3.5 >10
39 2,4-F2 H 0.8 8 (0)
40 2-Me, 4-NO2 H 2.8 10 (47)
41 3-CN H 0.6 >10
42 4-CN 3-CN 0.6 >10
43 3-CH3SO2 H 0.6 5 (0)
44 3-CH3SO2 3-CN 0.4 7 (0)
45 4-CH3SO2 H 0.6 2 (0)
46 4-CH3SO2 3-CN 0.6 2 (0)
47 4-CF3SO2 3-CN 4.3 >10
48 4-PhSO2 3-CN >10 >10
49 3-COOH H 1.8 >10
50 4-COOH 3-CN 0.5 10 (0)
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ABCG5 and ABCG8 and macrophage ABCA1 and ABCG1 is either
unchanged or elevated.6a In addition, LXRa/b null mice exhibited
significantly reduced levels of VLDL plasma triglycerides relative
to their wild type littermates.10a

Taken together, these data suggest that an LXRa/b dual antago-
nist could downregulate the SREBP-1c pathway to reduce triglycer-
ide levels in hypertriglyceridemic patients without affecting
cholesterol homeostasis. Several synthetic LXR antagonists have
been reported in the literature,13 and only one report describes a
compound which is potent in cellular assays.13d No LXR antagonist
which is suitable for pharmacological in vivo evaluation in rodents
has been reported.

N-Methylsulfonamide 1 and N-trifluoroethylsulfon-amide 2
(e.g., T0901317) are dual LXRa/b agonists that have been described
previously.3a Both molecules activated LXRa in a luciferase repor-
ter gene assay (GAL4) tested in HEK-293 cells.14 Furthermore a
scintillation proximity ligand binding assay (SPA) in which the trit-
urated 1 was used as a competitive binder showed that these com-
pounds displayed strong affinities for either LXR isoform3a A
ligand-bound co-crystal structure of 2 with LXRa elucidated that
helix 12 of ligand binding domain (LBD) of LXRa seals off the ligand
binding pocket. A hydrogen bond between His421 and the acidic
hydroxyl group of the 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP)
group is observed.15 However, we reported recently that when
one of the trifluoromethyl groups of 1 is replaced by a bulky het-
eroaromatic group, a new agonist binding mode characterized by
the lack of a hydrogen bond is observed.16 Thus, the acidity and
spatial orientation of the hydroxyl group as well as the steric envi-
ronment around the hydroxyl group influence which agonist bind-
ing mode is favored.

The approach we used for converting agonist 1 into an antago-
nist was to substitute one of the trifluoromethyl groups of 1 with a
moiety that will push helix 12 away from the binding site, prevent-
ing the ligand-bound receptor from adopting a conformation
which can undergo transcription. Similar strategies for the conver-
sion of agonists to both partial agonists as well as antagonists have
been reported previously (for e.g., the conversion of full agonist
diethylstilbestrol to antagonist 4-hydroxytamoxifen by preventing
helix 12 from adopting an agonist-bound conformation through
steric interference).17

Our initial efforts focused on whether groups of different size
and shape might be attached to either the alcohol moiety or one
of the trifluoromethyl groups of 1. Not surprisingly, replacing the
acidic hydroxyl group of the HFIP moiety with a methyl ether
(Table 1, compound 4) compromises binding affinity to LXRb.
Maintaining the capability of the hydroxyl group to form a hydro-
gen bond with His435 was crucial to binding of the compounds,
thus we left the alcohol in place during further analoging efforts.
The replacement of one or both of the trifluoromethyl groups of
1 with simple alkyl groups also resulted in loss of binding
(Table 1).18 Replacement of one of the trifluoromethyl groups with



Table 4
N-Alkyl modification of compound 45

S N

CF3

R

O O

HO

S
O

O

Compound R RLM%
rema

LXRb SPA binding,
IC50 (lM)

LXRb GAL4,
IC50 (lM)

45 <5 0.6 2

51 F3C 85 1.0 9

52 F3C 42 0.5 4

53 36 1.2 6

54 >95 0.5 2

55 <5 0.3 7

56 <5 0.15 1.5

a Compound percentage remaining after incubation in rat liver microsomes at
1.0 lM for 30 min.

Figure 2. (A) Compound 45 reduces basal activity and antagonizes the dose
response of compound 1 in a transient transfection assay in HEK-293 cells using the
mSREBP-1c promoter. (B) Compound 45 antagonizes compound 2 in a triglyceride
accumulation assay in HepG2 cells.

Figure 3. (A) Compound 45 antagonizes compound 1 in a QuantiGene Assay
measuring endogenous SREBP-1 expression in Caco2 cells. Expression level is
normalized by expression of the housekeeping gene GAPDH. (B) Compound 45
reduces the basal expression level of SREBP-1 by approximately 50%.
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a variety of aryl and heterocyclic moieties generated compounds
with generally diminished binding, consistent with our previous
observations.16
However, replacement of one of the trifluoromethyl groups
with alkyne substituents (Table 2) resulted in compounds with
good binding properties. In addition, changing the N-methyl group
of the sulfonamide to a larger trifluoroethyl or isobutyl group was
mostly beneficial (Table 2). These compounds were evaluated for
antagonist activity in a GAL4 reporter gene assay using transiently
transfected HEK293 cells.20 19 showed the most robust activity,
decreasing the activation by the agonist 1 by 72%, with an IC50 of
8 lM.

Table 3 summarizes the results from a broad survey of substit-
uents around the benzenesulfonamide and phenylacetylene moi-
ety. Consistent with previous results obtained in the agonist
series, small substituents in the meta position of the benzenesul-
fonamide, such as a 3-CN group, conferred equal or better binding
properties over the unsubstituted counterparts (see e.g., 19 vs 29,
43 vs 44, 45 vs 46).3a In the phenylacetylene region, a broad range
of small substituents, such as methoxy-, cyano-, methylsulfonyl or
carboxylic acid were tolerated without significantly affecting bind-
ing, though larger, lipophilic groups were less preferred (33, 38, 47,
and 48). A 3- or 4-methylsulfonyl substituent gave compounds
with good affinity to the receptor while also showing very robust
antagonist activity in the GAL4 reporter gene assay, decreasing
the activation by the agonist 1 completely with an IC50 of 2–
5 lM (43–46). When directly comparing 45 with 46, we saw no
additional benefit from the modification of the benzenesulfonyl
moiety with a 3-cyano substituent. Both p-methyl sulfonylphenyl-



Table 5
Pharmacokinetic parameters following iv dosing in male Sprague–Dawley rats. a,b

Compound CL (L/h/kg) Vss (L/kg) MRT (h) AUC (lgh/L)

45 4.8 4.4 1.3 102
54 1.1 2.3 2.2 885

a n = 3 animals per study.
b Dosed at 0.5 mg/kg iv.

Table 6
Pharmacokinetic parameters following po dosing in male Sprague–Dawley ratsa,b

Compound F (%) AUC (lgh/L)

45 9 86
54 31 1380

a n = 3 animals per study.
b Dosed at 5 mg/kg po.

XianYun Jiao et al. / Bioorg. Med. Chem. Lett. 22 (2012) 5966–5970 5969
acetylene derivatives 45 and 46 demonstrated potent antagonism
(GAL4 IC50 = 2 lM) with no evidence of cell toxicity.

The functional activity of 45 was further characterized in an
mSREBP reporter assay in HEK-293 cells and in a triglyceride accu-
mulation assay in HepG2 cells (Fig. 2). 45 shows antagonism on an
mSREBP-1c reporter, lowering the basal activity of the reporter and
right-shifting the agonist dose response. 45 also shows antagonism
in a triglyceride accumulation assay and at 10 lM causes a 15 fold
right shift in the agonist dose response. 45 was also tested for its
NH2
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ability to block induction of endogenous SREBP-1c by the agonist
1. Consistent with data in Figure 2A, 45 lowers the basal level of
SREBP-1 transcript by 50%, and right-shifts the agonist dose re-
sponse (Fig. 3).

Unfortunately, 45 displayed a poor pharmacokinetic profile in
male Sprague–Dawley rats making it unsuitable as a tool com-
pound for in vivo proof-of-concept studies (Table 5). Metabolite
ID studies with rat liver microsomes revealed hydroxylation and
oxidative cleavage of the isobutyl group to be the major clearance
pathway. Hence we turned our attention towards the structure-
metabolism relationship of a number of N-alkyl derivatives, as
shown in Table 4. While the cyclobutylmethyl- and cyclopentylm-
ethyl groups (55 and 56) were still metabolically labile, consistent
with their possibility to undergo cytochrome p450 mediated oxi-
dative cleavage, 51 and 52 had dramatically improved microsomal
stability. This is most likely due to the reduced acidity of the
hydrogen atoms on the carbon next to the nitrogen. The cyclopro-
pylmethyl derivative 54 displayed the best balance of potency and
microsomal stability. We were pleased to see that this translated
into an improved in vivo pharmacokinetic profile with significantly
lower rat clearance of 54 (1.1 L/h/kg) compared to 45 (4.8 L/h/kg),
and about eight-fold higher AUC following i.v. dosing. (Table 5).

The oral PK profile of 54 was also significantly improved (Ta-
ble 6) displaying good oral availability and good exposure follow-
ing oral dosing at 5 mg/kg in rats (Table 6) and was suitable for
in vivo pharmacological investigations in rodents (data not
shown).
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The general synthetic route to compounds with LXR antagonis-
tic properties is shown in Scheme 1. Sulfonylation of 57 with the
corresponding sulfonyl chloride in pyridine afforded 58 in excel-
lent yield. Aklylation of sulfonamide 58 with an appropriate alkyl
bromide or iodide in the presence of 60% sodium hydride in min-
eral oil yielded 59 which was further transformed into 60 by gen-
erating the lithium salt of 59 and quenching with ethyl
trifluoroacetate. Finally, the anion of the substituted acetylene
was generated by n-butyllithium in THF at �78 �C which was then
added to 60 to form 15–56 in good to excellent yields. The synthe-
sis of 1–14 has been described previously.18

An alternative route to 60 (Scheme 2) started with the reaction
of 61 with a corresponding alkylamine to provide the N-alkylani-
line derivative 62. Sulfonylation of 62 with the appropriate sulfo-
nyl chloride in pyridine furnished 60.

In conclusion, we were able to design a series of LXR antagonists
starting from the LXR agonist 1 via structural modification of one
of the trifluoromethyl groups. 54 is the first potent cell-active
LXR antagonist reported to date and is suitable for pharmacological
in vivo evaluation in rodents.21
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