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ABSTRACT: We report the biochemical characterization of sulfated polyhydroxy
sterols isolated from marine invertebrates as potent antagonists of farnesoid-X-
receptor (FXR), a ligand-regulated transcription factor involved in the regulation of
lipid and glucose homeostasis in mammals. Molecular characterization of a library of
sulfated polyhydroxysteroids resulted in the identification of a first FXR antagonist.
In contrast to partial antagonists, this compound was endowed with an antagonistic
activity on the expression of a subset of FXR-regulated genes in liver cells and
abrogated the release of nuclear coreceptor from the promoter of these genes. The
putative binding mode to FXR, obtained through docking calculations, suggested
the crucial role played by the bent shape of the molecule as well as the presence of
one hydroxyl group in its side chain. This compound is a major tool to explore the
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B INTRODUCTION

The farnesoid-X-receptor (FXR, NR1H4) is an adopted
member of the metabolic nuclear receptors (NRs) superfamily,
highly expressed in liver, intestine, kidney, and adrenals." > Shortly
after its discovery, specific bile acids (BAs) were identified' > as
endogenous ligands. In contrast to other endogenous steroids,
BAs nucleus adopts a bent shape due to the A/B cis ring juncture
that forces ring A to lie outside of the plane of the BCD ring
system. As a result, the separation between the 3a-OH and the
C-24 carboxylate of 30,70.-dihydroxy-5-cholanic acid, cheno-
deoxycholic acid (CDCA), is substantially shorter than the
contour length of the molecule (14 vs 21 A). These features as
well as the 0-orientation of the hydroxyl group at position 3 ﬁive
to BAs a profile that allows close fitting in the FXR pocket.

Recent advances in FXR biology support the notion that this
receptor represents a valuable pharmacological target.’””
However, activation of FXR leads to complex responses that
integrate beneficial actions and potentially undesirable side
effects,>”® the most relevant of which is the inhibition of BAs
synthesis through the indirect repression of the expression of
cytochrome 7A1 (Cyp7A1l), the rate-limiting enzyme of this
pathway. Furthermore, in liver cells, FXR represses the expres-
sion of basolateral transporters such as the multidrug resis-
tance protein (MRP)-4, an ATP binding protein, serving the
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basolateral excretion of BAs, a pathway that is protective in
cholestasis, a set of liver disorders characterized by accumula-
tion of BAs. Thus, the identification of selective FXR mod-
ulators targeting specific cluster of genes or FXR antagonists
might have pharmacological relevance.’ ™’

While several steroidal and nonsteroidal FXR ligands have
been so far synthesized (Figure 1),'°”"* only few natural FXR
modulators have been described including guggulsterone, the
active components of the resin extract of the tree Commiphora
mukul,""> xanthohumol,'® the principal prenylated chalcone
from beer hops, and some scalarane sesterterpenes isolated from
a marine sponge.'” Indeed, guggulsterone, initially described as
an FXR antagonist,'®"? was then proved to be a partial FXR
agonist.”® Although guggulsterone exerts antagonistic effects on
FXR-induced recruitment of Src-1, it also induces the expression
of the bile salt export pump (BSEP) transporter, a known FXR-
regulated gene. In addition, guggulsterone is a rather promiscu-
ous ligand™" interacting with the glucocorticoid, the progester-
one and the pregnane-X-receptor (PXR). Therefore, despite a
plausible mechanism of action via FXR, guggulsterone cannot be
considered an FXR antagonist.
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Figure 1. Recent examples of FXR modulators.
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Figure 2. Selected sulfated steroids from marine ophiuroids.
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As a part of our continuing research directed toward the
discovery of marine natural NRs ligands, we have investigated a
library of sulfated sterols isolated from marine echinoderms
(Figure 2). Among echinoderms, ophiuroids (commonly known
as brittle stars) have been proved a rich source of sulfated
polyhydroxysterols endowed with biological activities includin§
antiviral effects”®>* and action on specific enzymatic targets.”

Apart from few exceptions, invariably, ophiuroid sterols show
the presence of two sulfate groups located at C-3 and C-21 and the
rare A/B cis ring junction, whereas the structural modifications
relate to the presence of additional OH groups in rings A or D and
to the complexity of side chain. Ophiuroid sterols share with BAs
some key structural features: the presence of the A/B cis ring
junction, the negative charge on the side chain, and the presence of
polar groups in the O-position on ring A. These characteristics,
recognized as key structural features for BAs activation of FXR, pro-
mpted us to investigate their capability to act as FXR modulators.

B RESULTS AND DISCUSSION

Eight sulfated sterols, previously isolated from different col-
lections of Ophiocoma dentata®” (compounds 1 and 6), Ophiar-
thrum elegan527 (compound 2), Ophioderma longicuudum28
(compound 3), and Ophiolepis superba® (compounds 4, S, 7,
and 8) were selected. As shown in Figure 2, these compounds, all
possessing 30,2 1-disulfoxy-40-hydroxysubstituents and the A/B
cis ring junction, could be divided into two broad structural
classes: sterols with rather simple side chains (1—5) and sterols
with branched side chains (6—8). The compounds belonging to
first category show a lanosterol type side chain but differ for the
hydroxylation pattern of rings A and C. The side chain of
compounds 6—8 varies from a simple C-24 substituted (6) to
more complex branched side chains with one additional polar
OH group (7 and 8).

All of compounds were tested in vitro, using an hepatocarci-
noma cell line (HepG2 cells) transfected with FXR, RXR, and
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Figure 3. Luciferase reporter assay performed in HepG2 transiently transfected with pSGSFXR, pSGSRXR, pPCMV-f3gal, and p(hsp27) TKLUC vectors
and stimulated 18 h with (A) 10 uM CDCA and 10 M individual compounds 1—8 and (B) 10 #M CDCA alone or in combination with 50 uM

compounds 1—8.

p-galactosidase expression vectors (pSGSFXR, pSGSRXR, and
pCMV-fgal) and with p(hsp27)TKLUC reporter vector that
contains the promoter of the FXR target gene heat shock protein
27 (hsp27) cloned upstream of the Luciferase gene.

HepG2 cells were stimulated with 10 #uM compounds 1—8
with or without 10 uM CDCA. As shown in Figure 3A, despite
the resemblance of their molecular shape with that of BAs, none
of these compounds appears to be an FXR agonist in the
transactivation assay.

However, when HepG2 cells transfected with FXR vectors
were treated with compounds 1—8 (Figure 3B) in the presence
of 10 uM CDCA, all compounds, with the exception of 1, showed
a slight inhibitory activity against FXR transactivation, with
compound 8 exhibiting a potent antagonist activity resulting in
~A280% inhibition of FXR transactivation induced by CDCA. This
effect was concentration dependent, and, as shown in Figure 4, at
a concentration of 100 #M, compound 8 almost completely
reversed the effect exerted by CDCA on FXR expression
(Figure 4, *P < 0.05 vs CDCA alone).

To give support to the potential FXR antagonist activity of
compound 8, we then tested its effects on the expression of genes
that are targeted by CDCA in a FXR-dependent manner. Results
shown in Figure 5 demonstrate that compound 8 inhibits the
expression of canonical FXR target genes such as organic solute
transporter 0. (OST) and organic solute transporter 3 (OST/3)
and BSEP.

Interestingly, the antagonistic activity of compound 8 was also
observed for the Cyp7al gene, that is, negatively regulated by
FXR in a SHP-dependent manner. Altogether, these data in-
dicate that we have identified compound 8 as a potent and
selective FXR antagonist. Furthermore, compound 8 differs from
guggulsterone because this agent antagonizes the effects of FXR
ligands on Cyp7al but induces BSEP. In contrast, compound 8
antagonizes FXR activity in both FXR up-regulated and down-
regulated target genes.
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Figure 4. Concentration—response effect of compound 8 on of FXR
transactivation induced by CDCA. The luciferase reporter assay was
carried out in HepG2 transiently transfected with pSGSFXR, pSGSRXR,
pCMV-figal, and p(hsp27) TKLUC vectors and stimulated with 10 uM
CDCA alone or in combination with increasing concentrations of
compound 8. Data are means % SEs of three experiments carried out
in triplicate.

To gain further insights into the molecular mechanism mediat-
ing the antagonistic activity of compound 8, we then investigated
the effect of this agent on a well-characterized corepressor of
FXR, that is, the nuclear corepressor (NCoR). Because NCoR is
released upon FXR binding to the promoter of target genes (see
graphical abstract), an FXR antagonist would stabilize NCoR on
the promoters of OST-.. Because stabilization of NCoR at the
OSTa promoter would prevent its transcription, the results of
this experiments would effectively provide a mechanistic expla-
nation to the molecular mechanism of action of compound 8 on
FXR. For this purpose, we have performed an experiment of
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Figure 5. Real-time PCR of (A) BSEP, (B) OSTa, (C) OSTf, and (D) Cyp7c.1 carried out on cDNA isolated from HepG2 not stimulated or primed

with 10 #uM CDCA alone or in combination with 50 4M 8.
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Figure 6. Chromatin immunoprecipitation shows that compound 8
antagonizes the effect of CDCA and stabilizes NCoR on the OSTa
promoter.

chromatin immunoprecipitation with an anti-NCoR antibody on
HepG2 cells left untreated or primed with CDCA alone or in
combination with compound 8. The binding of NCoR on
immunoprecipitates was tested by real-time polymerase chain
reaction (RT-PCR) using the canonical FXR responsive element
expressed on the OSTa promoter. As shown in Figure 6, in basal
conditions, NCoR was constitutively bound on the OSTa
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Figure 7. Superposition of 6-ECDCA (yellow) with compound 1
(green), 2 (violet), 3 (cyan), 4 (orange), 5 (light blue), 6 (pink), 7
(dark blue), and 8 (purple) in the canonical binding site of FXR (chain A
of crystal structure 10SV).

promoter. When FXR was activated by CDCA, the amount of
NCoR bound to the OSTa promoter was strongly down-
regulated. This result is consistent with the recruitment of
coactivators and with the activation of the gene transcription
mediated by CDCA. Finally, in cells simultaneously treated with
both CDCA and compound 8, NCoR was again recruited on the
promoter, indicating that compound 8 prevents the dislodgment
of the corepressor complex and the recruitment of the coactiva-
tors on the OSTa promoter. Therefore, compound 8 exerts its
antagonistic activity on FXR by stabilizing the NCoR complex,
containing NCoR, on the promoters of FXR target genes, thus
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Figure 8. Three-dimensional models of docking pose of 8 (A, purple), 7 (B, dark blue), and 1 (C, green), with FEXR (see the text for details).

preventing the recruitment of the transcription coactivator
complex essential for transcription of these genes.

Docking Studies. To examine the crucial interactions
involved in the binding mode of 8 to FXR at an atomic level,
as well as to further clarify the effects exerted by the present
series of marine steroids toward FXR, we ran a molecular
docking simulation (Autodock Vina Software)®® with com-
pounds 1—8. The relative positioning in the binding site of
FXR* of 1—8 with respect to 6-ECDCA is depicted in the
Figure 7; as shown, the steric hindrance of the sulfate group at
position 3 caused a general shift of the nucleus with respect to
6-ECDCA.

Nevertheless, for all of the docking complexes relative to
compounds 1—8, the sulfate group at position 3 was able to
establish hydrogen bond contacts with three amino acids, crucial
for the receptor activation® (namely, Tyr358 in Helix 7, His444
in Helix 10/11, and Trp466 in Helix12), while the sulfate group
at position 21 was able to interact with the polar amino acids
Arg328 ofhelix S and Met262 of helix 2 located at the entry of the
pocket. For all of compounds 1—8, the steroid nucleus accom-
modates the binding site (Figure 7), establishing hydrophobic
interactions with the cavity pocket formed by Leu284, Met287,
His291, 11e294 (helix 3), Met325, 1le332, Phe333 (helix S),
Leu34S, and 1le349 (helix 6). Moreover, for all of the docking
complexes, a hydrogen bond between the OH group of Ser329
(helix S) side chain and the hydroxyl group at position 4 was
evident. While the OH group at position 11 of 1, 3, and 6
interacted with the CO of Leu284, the carbonyl group at position
11 of 2, the hydroxyl groups at position 12 of 3, at position 5 of 4
and at position 2 of 5 did not show any interactions with the
receptor.

In addition to the interactions reported above, the presence of
a hydroxyl group at position 26 in compound 8 appeared to be
critical for its FXR antagonistic activity, mainly for the involve-
ment of this OH group in an additional hydrogen bond with
Thr267 (Helix 2), as depicted in Figure 8A. Such an interaction
was absent for compound 7, where the OH at position 26
(Figure 8B) showed a hydrogen bond contact with Arg328,
already involved in an interaction with the sulfate group at posi-
tion 21.

The lack of simultaneous and eflicient interactions—for all of
our compounds—necessary for the stabilization of the active
conformation of helix12 and the loop H1—H2,* may account for
their inability to exert agonist activity, even competing with
6-ECDCA in occupying its binding site and so exhibiting
antagonist activity.

In summary, here, we describe a novel class of FXR antagonists
of marine origin. In addition to its value as a pharmacology tool,

an FXR antagonist might have a clinical utility. Indeed, results
from mice harboring a disrupted FXR have shown that FXR
deficiency protects against development of cholestasis, and it has
been suggested that discovery of FXR antagonists might hold
utility in the treatment of this condition. The present study
describes the first FXR antagonist and grounds the basis for its
exploitation in proof-of-concept studies in preclinical models of
cholestasis. Despite the fact that compound 8 antagonizes FXR
transactivation caused by CDCA in a concentration-dependent
manner, it is increasingly recognized that BAs might activate
additional receptors.”” TGRS is a G protein-coupled seven
transmembrane receptor activated by LCA and DCA but not
by CDCA. However, it is highly unlikely that TGRS mediates any
of described activity of compound 8 for the following reasons.
First of all, similarly to primary hepatocytes, HepG2 cells used in
the present report lack the expression of TGRS. It is extensively
reported that liver expression of TGRS is very limited and that
only nonparenchimal cells (that is, sinusoidal endothelial cells
and resident macrophages, Kuppfer cells) express the receptor.*”
Second, to avoid interference by nongenomic effects, transacti-
vation experiments were carried out using genes that express a
canonical FXR responsive elements and that are induced or
repressed by FXR in a promoter-dependent fashion. Third,
TGRS has no effect on BSEP, OSTa, OSTp, and Cyp7o.l
expression in hepatocytes, and this fact excludes in principle that
TGRS might be involved in the reported effects.

Further in vivo studies aimed to establish the therapeutic
potential of compound 8 were hampered by the scarcity of
biological material available in our laboratories (8.7 mg). Indeed,
compound 8 might become a standard probe in the field;
therefore, its production in large scale represents a pressing
target. Because the structural and stereochemistry complexity of
the molecule makes its total synthesis quite difficult to perform,
the planned large scale recollection of the shallow water
O. superba, a common species along Japanese coasts, would
afford a huge amount of biological material. Finally, the discovery
of sulfated sterols as FXR antagonists reaffirms the utility of
examining natural product libraries for identifying novel receptor

ligands.

B EXPERIMENTAL SECTION

HPLC was performed using a Waters model 510 pump equipped with
Waters Rheodine injector and a differential refractometer, model 401.
All sulfated sterols were isolated and purified as described in the cited
references. The identity of each compound was secured by comparison
of their NMR and MS data with those reported in the cited references.
The purities of compounds 1—8 were determined to be greater than
95% by HPLC analysis on a C-18 column Macherey-Nagel Nucleodur
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100-S (S u, 250 mm X 4.6 mm, 1.0 mL/min) using 45% MeOH/H,0
(isocratic mode) as eluent.

Plasmids, Cell Culture, Transfection, and Luciferase
Assays. HepG2 cells were plated in a six-well plate at 5 x 10°
cells/well. All transfections were made using Fugene HD transfection
reagent (Roche). For the luciferase assay, Hepg2 cells were trans-
fected with 100 ng of pSGS-FXR, 100 ng of pSG5-RXR, and 200 ng
of pCMV-fgalactosidase and with S00 ng of the reporter vector
p(hsp27)-TK-LUC containing the FXR response element IR1 cloned
from the promoter of heat shock protein 27 (hsp27). The pGEM
vector (Promega) was added to normalize the amounts of DNA
transfected in each well (2.5 ug/well). At 48 h post-transfection, cells
were stimulated for 18 h and then lysed in 100 uL of diluted reporter
lysis buffer (Promega), and 0.2 uL of cellular lysates was assayed for
luciferase activity using the Luciferase Assay System (Promega).
Luminescence was measured using an automated luminometer.
Luciferase activities were normalized for transfection efficiencies by
dividing the relative light units by -galactosidase activity expressed
from cotransfected pCMV-fgal.

Quantitative RT-PCR. Fifty nanograms of template was added to
the PCR mixture (final volume, 25 uL) containing the following
reagents: 0.2 uM each primer and 12.5 uL of 2X SYBR Green qPCR
master mix (Invitrogen, Milan, Italy). All reactions were performed in
triplicate, and the thermal cycling conditions were as follows: 2 min at
95 °C, followed by 40 cycles of 95 °C for 20 s, 55 °C for 20's, and 72 °C
for 30 s, in an iCycler iQ instrument (Biorad, Hercules, CA). The mean
value of the replicates for each sample was calculated and expressed as
the cycle threshold (Cr: cycle number at which each PCR reaction
reaches a predetermined fluorescence threshold, set within the linear
range of all reactions). The amount of gene expression was then
calculated as the difference (ACr) between the Cr value of the sample
for the target gene and the mean Cr value of that sample for the
endogenous control (GAPDH). Relative expression was calculated as
the difference (AACr) between the ACr values of the test sample and of
the control sample (not treated) for each target gene. The relative
quantitation value was expressed and shown as 2“2, All PCR primers
were designed with PRIMER3-OUTPUT software using published
sequence data from the NCBI database.

Chromatin Immunoprecipitation. HepG2 cells (10 x 10°)
were stimulated for 18 h with 10 uM CDCA alone or with the
combination of CDCA and 50 M compound 8. Cells left untreated
received the vehicle alone (1% DMSO). At the end of the treatment,
cells were cross-linked with 1% formaldeide at room temperature for 10
min. The reaction was terminated by incubation with Glicine at a final
condition of 125 mM for 5 min at room temperature. Cells were lysed in
500 uL of Chip Lysis Buffer (1% SDS, 10 mM EDTA, and S0 mM Tris-
HCI, pH 8), sonicated, and then pelleted at 13000 rpm for 1 min at 4 °C.
The supernatant was collected, diluted with ChiP dilution buffer (0.01%
SDS, 1% Triton X-100, 1.2 mM EDTA, pH 8, 16.7 mM Tris-HCI, pH 8,
and 167 mM NaCl), and 20 ug of chromatin was immunoprecipitated
with an anti-NCoR antibody (upstate) or with an anti-IgG as negative
control. Immunoprecipitates were collected with protein A beads
(Amersham Bioscience) and washed sequentially, first with a low-salt
wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8, 20 mM
Tris-HC, pH 8, and 150 mM NaCl) and then with high-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8,20 mM Tris-HCI, pH
8, and 500 mM NaCl). DNA was eluted with S00 4L of elution buffer
(1% SDS and 0.1 M NaHCO3) for 30 min at 65 °C, and the cross-linking
reactions were reversed by adding 20 uL of S M NaCl by heating
the mixture overnight at 65 °C. The DNA was recovered from
immunoprecipitated material by proteinase K treatment at 65 °C for
1 h followed by phenol/chloroform (1:1) extraction and ethanol
precipitation and dissolved into SO uL of water. Five microliters were
used for quantitative RT-PCR of the OSTa promoter with the following

sense and antisense primers: CTCTGGGAAGTCTAAAGTTCAG
and CTCCTAAAGTCCAGTTCCTG.

Computational Details. Prior to docking calculations, full
exploration of the conformational space of 1—8 was performed
through molecular dynamics (MD) calculations at 300 K for SO ns
using the MMFFs force field (MacroModel software package)31 to
give 100 structures (obtained by sampling every S00 ps), each of
which was minimized using the Polak—Ribier conjugate gradient
algorithm (PRCG, maximum derivative less than 0.05 kcal/mol).
These calculations provided the lowest energy minimum conformer
for 1—8.

Docking of the minimized energy structure of 1—8 to the crystal
structure of the FXR bound to 6-ethyl-chenodeoxycholic acid was
carried out with the Autodock Vina 1.0.3 software, considering an
exhaustiveness value of 512, and adding to the Protein Data Bank
(PDB) structure (accession code 10SV)* all of the polar hydrogens. For
all of the docking studies, a grid box size of 26 A x 26 A x 26 A, centered
at coordinates 11.57 (x), 41.0 (y), and 15.496 (z) of the PDB structure,
including all of the FXR surface, was used. All bonds of sulfated steroids
1—8 were treated as active torsional bonds, whereas the target was
treated as rigid. Illustrations of the 3D model were generated using
Chimera,** Python.*
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BAs, bile acids; BSEP, bile salt export pump; CDCA, cheno-
deoxycholic acid; Cyp7al, cytochrome; P450, family 7subfamily
A, polypeptide; FXR, farnesoid-X-receptor; NCoR, nuclear cor-
epressor; NRs, nuclear receptors; LBD, ligand-binding domain;
OSTa, organic solute transporter alpha; OSTJ3, organic solute
transporter beta; PDB, Protein Data Bank; PXR, pregnane-
X-receptor; PXREs, PXR response elements; RXR, retinoid-X-
receptor; RT-PCR, real-time polymerase chain reaction
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