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alization on cholane side chains in
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The G-protein coupled receptor of bile acids GPBAR1 is a bile acid receptor that plays an important role in

regulating innate immunity, glucose homeostasis and energy expenditure representing an interesting target

for the treatment of metabolic and degenerative diseases. A selective control of its activity over the other

bile acid-activated receptors is desirable to reduce unwanted effects due to activation of multiple

downstream signals regulated by diverse receptors. Here, we report the design and the synthesis of

a small series of bile acid derivatives with their side chains decorated with an epoxide ring. We

demonstrate that all the compounds selectively activate GPBAR1 in cell-based assays and regulate the

expression of pro-glucagon, a canonical GPBAR1 targeted gene in an intestinal endocrine cell line, while

have no effect on FXR, LXRa and LXRb. Finally, we elucidate the binding mode of the most potent

compound of this family through molecular modeling studies. Our study contributes to increase the

arsenal of bile acid derivatives serving as GPBAR1 modulators, widening the chemical space that can be

exploited in drug design.
1. Introduction

GPBAR1 is the rst example of the specic bile acid receptor
subclass1,2 of human G-protein coupled receptors. GPBAR1 is
expressed in several tissues, including non-parenchymal liver
cells, gallbladder, ileum, colon, heart, spleen, kidney, placenta,
lung, uterus, testis, mammary gland, prostate, skeletal muscle,
brown adipose tissue, leukocytes, macrophages, endothelial
cells and selected areas of the central nervous system. Activation
by secondary bile acids, mainly the tauro conjugated form of
lithocholic acid (TLCA, taurolithocholic acid in Fig. 1), increases
intracellular levels of cAMP and protein kinase A, allowing
signaling transduction. Responses to GPBAR1 activation are
tissue-specic. In entero-endocrine L cells, GPBAR1 activation
stimulates the release of glucagon-like peptide (GLP)-1, a well
characterized incretin that improves insulin release, thus
regulating glucose homeostasis,3 whereas in muscle and brown
adipose tissue, GPBAR1 activation increases energy expenditure
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and oxygen consumption attenuating diet-induced obesity.4

Moreover, GPBAR1 reduces liver steatosis,5 regulates gall-
bladder lling and bile homeostasis,6–8 intestinal motility,9 itch,
and analgesia.10 Finally, activation of the GPBAR1 signaling
pathway has been reported to benecially impact on multiple
inammatory diseases, such as atherosclerosis, steatohepatitis
and colitis.11

Consequently, modulation of GPBAR1 by small molecules
has shown promise in the treatment of several human diseases
ranging from type 2 diabetes, obesity and liver steatosis to
inammation and cancer.12

In the last ten years, chemical modication on bile acid and
non-bile acid scaffolds from academia and industries have led
to the identication of GPBAR1 modulators. In the context of
bile acid mimetics, designing selective GPBAR1 agonists is
challenging since bile acids are also agonists for several nuclear
receptors, mainly farnesoid X receptor, FXR, the endogenous
sensor of bile acid levels, and the two proteins share major
structural requisites for ligand binding. Since FXR and GPBAR1
act on different downstream signals, targeting both receptors
could be benecial in a variety of clinical indications, making
dual agonists attractive candidates as potential novel thera-
peutic options with applications across a range of chronic
metabolic and liver diseases.13 On the other hand, dual FXR/
GPBAR1 ligands might expose patients to multiple unwanted
effects due to activation of the diverse downstream signals
controlled by the two receptors.14,15
RSC Adv., 2017, 7, 32877–32885 | 32877
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Fig. 1 Endogenous bile acids with their bent shape.

Fig. 2 HDCA derivatives prepared in this study.
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Bile acids are truncated side chain steroidal molecules with
a carboxyl functional group at C-24 and with the steroidal
nucleus adopting 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 (Fig. 1). In that manner, two well-differentiated surfaces
are dened, the hydrophobic convex surface of the tetracyclic
core and a hydrophilic surface where the hydroxyl groups lie.

The activity and selectivity of bile acids towards their
receptors is related to the index of hydrophilicity that in turn
depends on the number, position and conguration of OH
groups. Thus, among human bile acid pool, chenodeoxycholic
acid (CDCA) with two hydroxyl group a-oriented at C-3 and C-7
is themost potent endogenous FXR agonist, whereas lithocholic
acid (LCA) and its tauro-conjugated form (TLCA) are privileged
activators of GPBAR1 (Fig. 1). Of interest, the introduction of
a hydroxyl group at C-6 as in hyodeoxycholic acid (HDCA),
a secondary bile acid generated in human small intestine,16

completely abolishes FXR activity whereas retains GPBAR1
modulation showing a weak agonistic prole.17

We have recently investigated the chemical space of HDCA,18

introducing various apolar side chains and making specic
chemical modications on its steroidal scaffold. This study led
to the identication of the rst example of LXRa/GPBAR1 dual
modulator useful in treatment of metabolic disorders. Here, we
have designed and synthesized a new series of HDCA derivatives
with the aim of discover novel selective agonists of GBPAR1.
Specically, we have introduced side chains of different length
and size containing an epoxide group on the HDCA scaffold,
which are endowed of amphipathic properties and thus able to
establish both polar and hydrophobic contacts with the
receptor counterpart. The rationale of the design is based on our
32878 | RSC Adv., 2017, 7, 32877–32885
previous computational studies showing that the side chain of
GPBAR1 ligands is placed in proximity of an amphipathic
region of the receptor.13b,18,19,20 The novel ligands described in
this study were expected to preserve or even enhance affinity
towards GPBAR1. Furthermore, since FXR agonists typically
have polar side chains, mainly carboxylic or alcoholic end
groups, the epoxide compounds should show a preferred
activity towards GPBAR1 over FXR.13d

In addition to the side chain of HDCA, we have also modied
the substituent at the C-6 position of the steroidal scaffold and
investigated the ability of the newly synthesized HDCA
analogues (1–6, Fig. 2) to activate GPBAR1 in cell-based assays
and to regulate the expression of GPBAR1 targeted genes. The
selectivity prole of the new compounds towards GPBAR1 over
other pharmacologically relevant bile acid receptors such as
FXR, LXRa and LXRb is also reported along with molecular
modeling studies on GPBAR1.
2. Results and discussion
2.1 Chemistry

Aldehyde 7 was used as intermediate in the preparation of
compounds 1 and 2. As previously described,18 a four-steps
reaction sequence on HDCA methyl ester, including protec-
tion of alcoholic functions at C-3 and C-6 (2,6-lutidine, t-butyl-
dimethylsilyl triuoromethanesulfonate, CH2Cl2), reduction of
the side chain methyl ester (LiBH4, MeOH/THF), and subse-
quent one pot Swern oxidation furnished aldehyde 7 in 76%
chemical yield (Scheme 1).

Wittig olenation with isopropyl triphenylphosphonium
iodide followed by the removal of 3a,6a-dihydroxy protective
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of compounds 1–4. Reagents and conditions: (a) n-BuLi, isopropyl triphenylphosponium iodide, THF dry, r.t.; (b) HCl 37%,
MeOH; (c) MCPBA, CHCl3 dry; (d) n-BuLi, methyl triphenylphosponium iodide, THF dry, r.t.; (e) HCl 37%, MeOH; (f) MCPBA, CHCl3 dry.

Scheme 2 Synthesis of compounds 5 and 6. Reagents and conditions: (a) n-BuLi, isopropyl triphenylphosponium iodide, THF dry, r.t.; (b) HCl
37%, MeOH; (c) MCPBA, CHCl3 dry; (d) n-BuLi, methyl triphenylphosponium iodide, THF dry, r.t.; (e) HCl 37%, MeOH; (f) MCPBA, CHCl3 dry.
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groups gave the unsaturated compound 9 that was also used as
starting material in double bound epoxidation with meta-
chloroperbenzoic acid (MCPBA) affording the epoxy derivative 1
in 87% yield. The 24(S) conguration of 1 was deduced by the
complete agreement of the chemical shis values of the Me-26
and Me-27 in the side chain with those of 24(S),25-
epoxycholesterol.21

Compound 2 (Scheme 1) was prepared as an inseparable
mixture of the two diasteroisomers at C-24 position following
the same synthetic protocol described for compound 1, using
methyl triphenylphosponium iodide in Wittig olenation and
meta-chloroperbenzoic acid (MCPBA) in epoxidation.

To obtain the corresponding 6-deoxy derivatives 3 and 4, LCA
methyl ester was subjected to the same four-step sequence
depicted for HDCA (Scheme 1). Witting olenation with iso-
propyl triphenylphosphonium iodide and methyl triphenyl-
phosponium iodide followed by the removal of 3a-hydroxy
This journal is © The Royal Society of Chemistry 2017
protective group gave the unsaturated compounds 10 and 12,
respectively, that were used as starting material in double
bound epoxidation with meta-chloroperbenzoic acid (MCPBA)
affording the epoxy derivatives 3 (68% yield) and 4, respectively.

Scheme 2 illustrates the synthetic protocols for the prepa-
ration of HDCA derivatives 5 and 6 with nor epoxy side chains.
HDCA was transformed in the C-23 protected aldehyde 13
following our previously published procedure.18,22

Wittig olenation and double bond epoxidation in the same
operative conditions described for the preparation of deriva-
tives 1 and 2, gave the corresponding nor derivatives 5 and 6.
2.2 Pharmacological evaluation

Compounds 1–6 were evaluated in a luciferase reporter assay on
HEK-293T cells transiently transfected with human GPBAR1.
Cells were stimulated with compounds 1–6 using TLCA, the
RSC Adv., 2017, 7, 32877–32885 | 32879
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Fig. 3 Agonism on GPBAR1 by transactivation assay. Luciferase
reporter assay was performed on HEK-293T cells co-transfected with
GPBAR1 and a reporter gene containing a cAMP responsive element in
front of the luciferase gene. Cells were stimulated with 1–6 (10 mM).
TLCA (10 mM) was used as a positive control. Luciferase activity served
as a measure of the rise in intracellular cAMP following activation of
GPBAR1. Value was expressed as RLU/RRU (Relative Luciferase Unit/
Relative Renilla Unit). Results are expressed as mean � standard error.
*p < 0.05 versus not treated cells (NT).
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most potent endogenous activator of GPBAR1 (10 mM), as
reference compound. As shown in Fig. 3, all derivatives gener-
ated in this study were able to induce cAMP-luciferase reporter
gene, with an efficacy at 10 mM concentration comparable to
that of TLCA.
Fig. 4 Concentration–response curve of compounds 1–6 on GPBAR1.
GPBAR1 and a reporter gene containing a cAMP responsive element in
cells were stimulated with increasing concentrations of each agent: range

32880 | RSC Adv., 2017, 7, 32877–32885
The relative potency was then investigated by a detailed
measurement of the concentration–response curves with 1–6
transactivating GPBAR1 with EC50 values in the range of 1.49–
5.80 mM (Fig. 4).

Furthermore, compounds 1–6 were evaluated in vitro on
common off-targets, such as FXR and LXRa and b. As showed in
Fig. 5, none compound, when tested at 10 mM concentration,
induced FXR as well as LXRa and LXRb transactivation on
HepG2 cells, thus demonstrating that the introduction of an
epoxy functionality on HDCA and LCA scaffold represents
a good strategy to obtain potent and selective GPBAR1 agonists.

Considering the reactivity of epoxide compounds, we have
analyzed the presence in the GPBAR1 binding site and along the
ligand-binding pathway of nucleophilic amino acids that can
typically react with epoxide functions (e.g., Cys, Asp).23 The
analysis has revealed that none of these amino acids is present
either in the binding site or along the ligand-binding pathway.
However, within our family of GPBAR1 agonists, we have
investigated the stability of compounds 1 and 2 as prototypes of
a branched and a linear epoxide, respectively, in HEK-293T cell
culture medium (D-MEM additioned with 10% FBS) and in
HEK-293T cell culture medium additioned with serine, in order
to mimic the chemical environment of the GPBAR1 binding site
in which three serine residues are present. HPLC analysis
revealed the presence of intact compounds 1 and 2 aer incu-
bation for 4 h at 37 �C in cell medium and in cell medium/serine
(Fig. S2 and S3 in the ESI†), thus demonstrating the stability of
GPBAR1 activity was measured in HEK-293T cells co-transfected with
front of the luciferase gene (CRE). Twenty-four hour post transfection
from 1 mM to 50 mM. Results are expressed as mean� standard error.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Specificity of compounds 1–6 on nuclear receptors. (FXR) HepG2 cells were co-transfected with pSG5-FXR, pSG5-RXR, and with the
reporter vector phsp27TKLuc and then stimulated 18 h with CDCA (10 mM), a FXR agonist, or with 1–6 (10 mM); (LXRa and LXRb) HepG2 cells were
co-transfected with the Gal4 luciferase reporter vector and with a chimera in which the Gal4 DNA binding domain is fused to the LBD of LXRa or
LXRb, and stimulated 18 h with GW3965 (10 mM), a LXR agonist, or with 1–6 (10 mM). Data are the mean � SE of three experiments. *p < 0.05
versus not treated cells (NT).

Fig. 6 Effect of compounds 1–6 on pro-glucagon mRNA expression.
Real-time PCR analysis of mRNA expression of GPBAR1 target gene
pro-glucagon in GLUTAg cells stimulated with 10 mM TLCA or
compounds 1–6. Values are normalized relative to GAPDH mRNA and
are expressed relative to those of not treated cells (NT), which are
arbitrarily set to 1. The relative mRNA expression is expressed as 2 �
(DDCt). *p < 0.05 versus NT (non treated cells).
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the above compounds in physiological conditions and their
non-reactivity within GPBAR1.

Finally, the pharmacological potential of derivatives 1–6 is
well demonstrated through RT-PCR data showed in Fig. 6.
When administered in vitro on GLUTAg cells, all compounds
generated in this study caused a robust increase of the mRNA of
proglucagon-1, a GPBAR1 targeted gene. GLUTAg cells are an
intestinal enteroendocrine cell line, releasing glucagon-like
peptide 1 (GLP-1) by differential processing of proglucagon-1,
the gene which is expressed in these cells, in response to
GPBAR1 agonists,24 therefore are considered a suitable model in
evaluating the interactions between GPBAR1 and its ligands.
Furthermore, GLP-1 is an appealing pharmacological target in
the treatment of diabetes and GLP-1 receptor agonists are
currently used in the treatment of type 1 diabetes.25
Fig. 7 Binding mode of 1 (green sticks) in hGPBAR1 (gray cartoon).
Receptor amino acids important for ligand binding are displayed as
sticks. Receptor extracellular loops and all nonpolar hydrogens are
omitted for clarity.
2.3 Molecular modeling

In order to investigate the binding mode of the newly synthe-
sized HDCA derivatives to GPBAR1, we performed docking
simulation that is a widely used computational technique to
This journal is © The Royal Society of Chemistry 2017
generate and rank ligand/protein complexes based on empirical
scoring functions.26 In the present case, we performed docking
calculations on the most potent compound of the series 1 in the
receptor homology model of GPBAR1 that has been successfully
used in our previous drug design studies.13b,18,19,20 The docking
results showed that 1 binds to GPBAR1 similarly to other BA
compounds previously investigated by us as agonists of this
receptor (Fig. 7).13b,18,19,20

In particular, the ligand steroidal scaffold establishes
a number of hydrophobic interactions with the side chains of
Tyr89, Phe96, Leu174 and Trp237 and Tyr240, while the 3a- and
6a-hydroxyl groups engage H-bond interactions with Glu169 on
the transmembrane helix-5 (TM-5) and with Asn93 on TM3,
respectively. The latter interaction is however not fundamental
to activate the receptor, in fact, compounds 3 and 4, which do
not present the 6a-OH group and thus cannot interact with
Asn93, display EC50 values comparable to their 6a-hydroxylated
analogues. On the other side of the binding site, the epoxide
side chain of 1 can reach and contact the serine residues on TM-
1 and TM-7 (Fig. 7). In the same region, the ligand epoxide side
chain can even form hydrophobic interactions with the side
RSC Adv., 2017, 7, 32877–32885 | 32881
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chains of Leu68 and Leu71 and Leu263. The amphipathic
nature and the plasticity of this receptor region allow bile acids
to accommodate side chains with different steric and electro-
static properties, thus explaining the similar agonist proles
shown by all the epoxide analogues presented in this study.

3. Experimental
3.1 Chemistry

All chemicals were obtained from Sigma-Aldrich, Inc. Solvents
and reagents were used as supplied from commercial sources
with the following exceptions. Dichloromethane, tetrahydro-
furan and trimethylamine were distilled from calcium hydride
immediately prior to use. Methanol was dried frommagnesium
methoxide as follow. Magnesium turnings (5 g) and iodine (0.5
g) were reuxed in a small (50–100 mL) quantity of methanol
until all of the magnesium has reacted. The mixture was diluted
(up to 1 L) with reagent grade methanol, reuxed for 2–3 h then
distilled under nitrogen. All reactions were carried out under
argon atmosphere using ame-dried glassware. Reaction prog-
ress was monitored via thin-layer chromatography (TLC) on
Alugram silica gel G/UV254 plates. Silica gel MN Kieselgel 60
(70–230 mesh) from Macherey-Nagel Company was used for
column chromatography. Tested samples were obtained by
HPLC purication on a Waters Model 510 pump equipped with
a Waters Rheodine injector and a differential refractometer,
model 401 and the purities of compounds were determined to
be greater than 95%.

High-resolution ESI-MS spectra were performed with
a Micromass Q-TOF mass spectrometer. NMR spectra were ob-
tained on Varian Inova 400, 500 and 700 NMR spectrometer (1H
at 400, 500 and 700 MHz, 13C at 100, 125 and 175 MHz,
respectively) equipped with a SUN microsystem ultra 5 hard-
ware and recorded in CDCl3 (dH ¼ 7.26 and dC ¼ 77.0 ppm). All
of the detected signals were in accordance with the proposed
structures. Coupling constants (J values) are given in hertz (Hz),
and chemical shis (d) are reported in ppm and referred to
CHCl3 as internal standards. Spin multiplicities are given as s
(singlet), dt (doublet triplet), d (doublet), or m (multiplet).

3.1.1 Synthetic procedures
3.1.1.1 3a,6a-Di(tert-butyldimethylsilyloxy)-5b-cholan-24-al (7).

Aldehyde 7 was prepared starting from HDCA as previously
described.18

3.1.1.2 5b-Cholest-24-en-3a,6a-diol (9). To a solution of iso-
propyl triphenylphosphonium iodide (5.4 g, 12.5 mmol) in THF
(2 mL), n-BuLi (5 mL, 12.5 mmol) was added dropwise at room
temperature until the solution reached a red color. Aer 30min,
a solution of aldehyde 7 (1.5 g, 2.5 mmol) in THF (5 mL) was
added. Aer 1 h, the mixture was quenched by addition of
saturated aqueous NaHCO3 (50 mL) and extracted with EtOAc (3
� 50 mL). The organic phase was dried (Na2SO4) and concen-
trated. Purication on silica gel (hexane) gave the protected
intermediate in 84% yield. To a solution of this intermediate
(1.3 g, 2.1 mmol) in MeOH, 1 mL of HCl 37% v/v was added.
Aer 1 h, silver carbonate was added, the reaction mixture was
centrifuged, and the supernatant was concentrated in vacuo to
give compound 9 as a colorless amorphous solid (850 mg,
32882 | RSC Adv., 2017, 7, 32877–32885
quantitative yield). An analytic sample was puried by HPLC on
a Nucleodur 100-5 C18 (5 mm; 10 mm i.d. � 250 mm) with
MeOH/H2O (96 : 4) as eluent (ow rate 3 mL min�1, tR ¼ 12.0
min). Selected 1H NMR (400 MHz, CDCl3): dH 5.10 (1H, t, J ¼
6.7 Hz, H-24), 4.08 (1H, dt, J ¼ 11.9, 4.6 Hz, H-6b), 3.64 (1H, m,
H-3b), 1.68 (3H, s, Me-26), 1.60 (3H, s, Me-27), 0.92 (3H, d, J ¼
7.0 Hz, Me-21), 0.91 (3H, s, Me-19), 0.65 (3H, s, Me-18); 13C NMR
(100 MHz, CDCl3): dC 130.9, 125.3, 71.6, 68.2, 56.2 (2 � C), 48.4,
42.9, 40.0, 39.9, 36.4, 36.2, 35.6, 35.3, 35.0, 34.9, 30.3, 29.3, 28.4,
25.7, 24.7, 24.3, 23.3, 20.9, 18.4, 17.7, 12.1. HR ESIMS m/z
403.3576 [M + H]+, C27H46O2 requires 403.3578.

3.1.1.3 24(S),25-Epoxy-5b-cholestan-3a,6a-diol (1). To a solu-
tion of compound 9 (500 mg, 1.24 mmol) in CHCl3 dry, meta-
chloroperbenzoic acid was added (643 mg, 3.73 mmol) at room
temperature. The reaction was stirred overnight and then
extracted with an aqueous solution of Na2SO3 (5%) and CH2Cl2
(3 � 50 mL) to give compound 1 (450 mg, 87%). Tested sample
was obtained through HPLC (Fig. S1, Panel A in ESI†) on Phe-
nomenex Luna C18 (5 mm; 4.6 mm i.d. � 250 mm) with MeOH/
H2O (85 : 15) as eluent (ow rate 1 mL min�1, tR ¼ 15.0 min).
The S conguration at C24 was determined in comparison with
1H-NMR data reported in literature for 24(S),25-epox-
ycholesterol.21 1H NMR (700 MHz, CDCl3) and

13C NMR (175
MHz, CDCl3) in Tables 1 and 2, ESI;†HR ESIMSm/z 419.3525 [M
+ H]+, C27H47O3 requires 419.3528.

3.1.1.4 25-Homo-5b-chol-24-en-3a,6a-diol (11). Compound
11 (370 mg, 0.99 mmol, 60%) was synthesized, starting from
compound 7 (1 g, 1.65 mmol) by an analogous procedure to that
detailed above for compound 9, using a solution of methyl tri-
phenylphosphonium iodide. An analytic sample was puried by
HPLC on a Nucleodur 100-5 C18 (5 mm; 10 mm i.d. � 250 mm)
with MeOH/H2O (96 : 4) as eluent (ow rate 3 mL min�1) giving
pure compound 11 (tR ¼ 11.2 min). Selected 1H NMR (400 MHz,
CDCl3): dH 5.80 (1H, m, H-24), 4.99 (1H, d, J ¼ 17.1 Hz, H-25),
4.91 (1H, d, J ¼ 9.8 Hz, H-25), 4.05 (1H, dt, J ¼ 12.0, 4.5 Hz,
H-6b), 3.62 (1H, m, H-3b), 0.91 (3H, s, Me-19), 0.92 (3H, d, J ¼
7.0 Hz, Me-21), 0.64 (3H, s, Me-18);13C NMR (100 MHz, CDCl3):
dC 139.6, 113.9, 71.6, 68.1, 56.2, 56.1, 48.4, 42.8, 39.9, 39.8, 36.0,
35.5, 35.3, 35.2, 35.1, 34.8, 30.5, 30.2, 29.2, 28.2, 24.2, 23.5, 20.7,
18.4, 12.0. HR ESIMS m/z 375.3263 [M + H]+, C25H43O2 requires
375.3266.

3.1.1.5 24,25-Epoxy-25-homo-5b-cholan-3a,6a-diol (2). The
epoxidation on compound 11 (125 mg, 0.33 mmol) has been
performed in the same conditions described for compound 1
obtaining, crude compound 2. HPLC purication (Fig. S1, Panel
B in the ESI†) on a Phenomenex Luna C18 (5 mm; 4.6 mm i.d. �
250 mm) with MeOH/H2O (85 : 15) as eluent (ow rate 1 mL
min�1) gave pure 2 (tR ¼ 11.2 min) as a mixture of two diaste-
reoisomers at C-24 position. 1H NMR (700 MHz, CDCl3) and

13C
NMR (175 MHz, CDCl3) in Tables 1 and 2, ESI;† HR ESIMS m/z
391.3212 [M + H]+, C25H43O3 requires 391.3214.

3.1.1.6 3a-tert-Butyldimethylsilyloxy-5b-cholan-24-al (8).
Aldehyde 8 (1.8 g, 3.8 mmol, 72%), was synthesized starting
from LCA (2 g, 5.3 mmol) as previously described.18

3.1.1.7 5b-Cholest-24-en-3a-ol (10). Compound 10 (367 mg,
0.95 mmol, 40% over two steps) was prepared from 8 (900 mg,
1.9 mmol) as detailed for compound 9. An analytic sample was
This journal is © The Royal Society of Chemistry 2017
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puried by HPLC on a Nucleodur 100-5 C18 (5 mm; 4.6 mm i.d.
� 250 mm) with MeOH/H2O (99 : 1) as eluent (ow rate 1 mL
min�1, tR ¼ 12.4 min). Selected 1H NMR (400 MHz, CDCl3): dH
5.08 (1H, t, J¼ 6.6 Hz, H-24), 3.62 (1H, m, H-3b), 1.68 (3H, s, Me-
26), 1.60 (3H, s, Me-27), 0.92 (3H, ovl, Me-21), 0.92 (3H, s, Me-
19), 0.64 (3H, s, Me-18); 13C NMR (100 MHz, CDCl3): dC 130.9,
125.2, 71.9, 56.5, 56.2, 42.7, 42.1, 40.4, 40.2, 36.5, 36.1, 35.8,
35.6, 35.3, 34.6, 30.6, 28.3, 27.2, 26.4, 25.7, 24.7, 24.2, 23.4, 20.8,
18.6, 17.6, 12.0. HR ESIMS m/z 387.3620 [M + H]+, C27H47O
requires 387.3623.

3.1.1.8 24(S),25-Epoxy-5b-cholestan-3a-ol (3). Compound 3
(213mg, 68%) was prepared from 10 (300mg, 0.78 mmol) by the
procedure detailed for 1. Tested sample was obtained by HPLC
purication on Nucleodur 100-5 C18 (5 mm; 4.6 mm i.d. � 250
mm) withMeOH/H2O (92 : 8) as eluent (ow rate 1 mLmin�1, tR
¼ 16.0 min). 1H NMR (400MHz, CDCl3) and

13C NMR (100MHz,
CDCl3) in Tables 1 and 3, ESI;†HR ESIMSm/z 403.3576 [M + H]+,
C27H47O2 requires 403.3579.

3.1.1.9 25-Homo-5b-chol-24-en-3a-ol (12). Compound 12
(653 mg, 1.8 mmol, quantitative yield over two steps) was
prepared from 8 (900 mg, 1.9 mmol) as described for 9, using
a solution of methyl triphenylphosphonium iodide. An analytic
sample was puried by HPLC on a Nucleodur 100-5 C18 (5 mm;
4.6 mm i.d. � 250 mm) with MeOH/H2O (99 : 1) as eluent (ow
rate 1 mL min�1, tR ¼ 10.2 min). Selected 1H NMR (400 MHz,
CDCl3): dH 5.80 (1H, m, H-24), 4.99 (1H, d, J ¼ 17.1 Hz, H-25),
4.91 (1H, d, J ¼ 9.8 Hz, H-25), 4.05 (1H, dt, J ¼ 12.0, 4.5 Hz,
H-6b), 3.62 (1H, m, H-3b), 0.91 (3H, s, Me-19), 0.92 (3H, d, J ¼
7.0 Hz, Me-21), 0.64 (3H, s, Me-18); 13C NMR (100 MHz, CDCl3):
dC 139.6, 113.9, 71.6, 56.5, 56.2, 42.7, 42.2, 40.5, 40.2, 36.5, 35.8,
35.3, 35.2, 34.8, 34.6, 30.5, 30.2, 28.3, 27.2, 26.4, 24.2, 23.5, 20.8,
18.4, 12.0. HR ESIMS m/z 359.3314 [M + H]+, C25H43O requires
359.3317.

3.1.1.10 24,25-Epoxy-25-homo-5b-cholan-3a-ol (4). Crude
compound 4 (521 mg, 1.39 mmol) was prepared from 12
(500 mg, 1.39 mmol) in the same operative conditions previ-
ously described for 2. Tested sample was obtained as a mixture
of two diastereoisomers at C-24 position by HPLC purication
on Nucleodur 100-5 C18 (5 mm; 4.6 mm i.d. � 250 mm) with
MeOH/H2O (92 : 8) as eluent (ow rate 1 mL min�1, tR ¼ 15.1
min). 1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz,
CDCl3) in Tables 1 and 3, ESI;†HR ESIMSm/z 375.3263 [M + H]+,
C25H43O2 requires 375.3265.

3.1.1.11 3a,6a-Di(tert-butyldimethylsilyloxy)-24-nor-5b-cholan-
23-al (13). Aldehyde 13 was prepared from HDCA as previously
described.18

3.1.1.12 25-nor-5b-Cholest-23-en-3a,6a-diol (14). Compound
14 (264 mg, 0.7 mmol, 80% over two steps) was prepared from
13 (500 mg, 0.85 mmol) by the same procedure described for 9.
An analytic sample was puried by HPLC on a Nucleodur 100-5
C18 (5 mm; 10 mm i.d. � 250 mm) with MeOH/H2O (96 : 4) as
eluent (ow rate 3 mL min�1, tR ¼ 16.0 min) giving pure
compound 14. Selected 1H NMR (400 MHz, CD3OD): dH 5.12
(1H, br t, J ¼ 6.8 Hz, H-23), 4.01 (1H, dt, J ¼ 11.9, 4.6 Hz, H-6b),
3.50 (1H, m, H-3b), 1.70 (3H, s, Me-26), 1.59 (3H, s, Me-25), 0.93
(3H, s, Me-19), 0.90 (3H, d, J ¼ 6.7 Hz, Me-21), 0.69 (3H, s, Me-
18).13C NMR (100 MHz, CD3OD): dC 132.8, 124.2, 72.4, 68.6, 57.6
This journal is © The Royal Society of Chemistry 2017
(2 � C), 49.9, 44.1, 41.3 (2 � C), 38.2, 37.0, 36.8, 36.2, 35.6, 35.5,
31.1, 29.9, 29.5, 26.1, 25.5, 24.1, 21.9, 19.2, 18.0, 12.4. HR ESIMS
m/z 389.3420 [M + H]+, C26H45O2 requires 389.3424.

3.1.1.13 23(S),24-Epoxy-25-nor-5b-cholestan-3a,6a-diol (5).
Epoxidation on compound 14 (100 mg, 0.3 mmol) was per-
formed in the same operative conditions described for 1,
furnishing compound 5 (105 mg, 0.26 mmol, 87%). Tested
sample was obtained by HPLC on a Nucleodur 100-5 C18 (5 mm;
10 mm i.d. � 250 mm) with MeOH/H2O (90 : 10) as eluent (ow
rate 3 mL min�1), giving pure 5 (tR ¼ 10.4 min). The S cong-
uration was determined in comparison with 1H NMR data re-
ported in literature for compound 24(S),25-epoxycholesterol.21
1H NMR (400 MHz, CDCl3) and

13C NMR (100 MHz, CDCl3) in
Tables 1 and 2, ESI;†HR ESIMSm/z 405.3369 [M + H]+, C26H45O3

requires 405.3371.
3.1.1.14 5b-Chol-24-en-3a,6a-diol (15). Wittig olenation on

aldehyde 13 (500 mg, 0.85 mmol), as described for compound
14, using a solution of methyl triphenylphosphonium iodide,
gave compound 15 (290 mg, 0.8 mmol, 95% over two steps). An
analytic sample was puried by HPLC on Nucleodur 100-5 C18
(5 mm; 10 mm i.d. � 250 mm) with MeOH/H2O (96 : 4) as eluent
(ow rate 3 mL min�1), giving pure compound 15 (tR ¼ 11.0
min). Selected 1H NMR (400 MHz, CDCl3): dH 5.77 (1H, m, H-
23), 5.01 (1H, ovl, H-24), 4.99 (1H, ovl, H-24), 4.06 (1H, dt, J ¼
12.1, 4.6 Hz, H-6b), 3.63(1H, m, H-3b), 0.92 (3H, d, J ¼ 6.6 Hz,
Me-21), 0.91 (3H, s, Me-19), 0.66 (3H, s, Me-18). 13C NMR (100
MHz, CDCl3): dC 137.3, 115.7, 71.6, 68.1, 56.1, 55.8, 48.4, 42.8,
40.5, 39.9, 39.8, 35.9, 35.8, 35.5, 35.1, 34.8, 30.3, 29.2, 28.2, 24.2,
23.5, 20.7, 18.6, 12.0. HR ESIMS m/z 361.3101 [M + H]+,
C24H41O2 requires 361.3103.

3.1.1.15 23,24-Epoxy-5b-cholan-3a,6a-diol (6). Epoxidation
on 15 (100 mg, 0.3 mmol) in the same operative conditions
described for 2 furnished crude 6 (108 mg, 0.3 mmol). Tested
sample was obtained as a mixture of two diastereoisomers at C-
23 position by HPLC purication on Nucleodur 100-5 C18 (5
mm; 4.6 mm i.d. � 250 mm) with MeOH/H2O (80 : 20) as eluent
(ow rate 1 mL min�1, tR ¼ 37.5 min). 1H NMR (500 MHz,
CD3OD and 400 MHz, CDCl3) and

13C NMR (100 MHz, CDCl3) in
Tables 1 and 2, ESI;†HR ESIMSm/z 377.3056 [M + H]+, C24H41O3

requires 377.3058.
3.2 Biological assay

3.2.1 Cell culture. HepG2, an immortalized epatocarci-
noma cell line, was cultured and maintained at 37 �C and 5%
CO2 in E-MEM additioned with 10% FBS, 1% glutamine and 1%
penicillin/streptomycin. HEK-293T and GLUTAg cells were
cultured and maintained at 37 �C and 5% CO2 in D-MEM
additioned with 10% FBS, 1% glutamine and 1% penicillin/
streptomycin.

3.2.2 Luciferase reporter gene assay. To evaluate GPBAR1
mediated transactivation, HEK-293T cells were transfected with
200 ng of human pGL4.29 (Promega), a reporter vector con-
taining a cAMP response element (CRE) that drives the tran-
scription of the luciferase reporter gene luc2P, with 100 ng of
pCMVSPORT6-human GPBAR1, and with 100 ng of pGL4.70
(Promega), a vector encoding the human Renilla gene. To
RSC Adv., 2017, 7, 32877–32885 | 32883
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investigate the specicity of compounds on FXR, HepG2 cells
were transfected with 100 ng of human pSG5-FXR, 100 ng of
human pSG5-RXR, 200 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) and with 100 ng
of pGL4.70. To evaluate the specicity of compounds on LXRa
and LXRb, HepG2 cells were transfected with 200 ng of the
reporter vector p(UAS)5XTKLuc, 100 ng of a vector containing
the ligand binding domain of LXRa or LXRb cloned upstream of
the GAL4-DNA binding domain (i.e. pSG5-LXRaLBD-GAL4DBD
or pSG5-LXRbLBD-GAL4DBD) and 100 ng of pGL4.70. At 24 h
post-transfection, cells were stimulated 18 h with 10 mM TLCA,
CDCA, GW3965 and compounds 1–6. Luciferase activities were
assayed and normalized with Renilla activities. To calculate the
EC50 of 1–6 versus GPBAR1, a dose–response curve was per-
formed in HEK-293T transfected as described above and stim-
ulated 18 h with 1, 5, 10, 25 and 50 mM of compounds. Aer
treatments, 10 mL of cellular lysates were read using Dual
Luciferase Reporter Assay System (Promega Italia srl, Milan,
Italy) according manufacturer specications using the
Glomax20/20 luminometer (Promega Italia srl, Milan, Italy).
Luciferase activities were assayed and normalized with Renilla
activities.

3.2.3 Real-time PCR. Total RNA was isolated from GLUTAg
cells using the TRIzol reagent according to the manufacturer's
specications (Invitrogen). One microgram of puried RNA was
treated with DNase-I and reverse transcribed with Superscript II
(Invitrogen). For Real Time PCR, 25 ng template was dissolved
in 20 mL containing 200 nmol L�1 of each primer and 12.5 mL of
2� SYBR FAST Universal ready mix (Invitrogen). 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 and 60 �C for 30 s in StepOnePlus (Applied Biosystems). The
relative mRNA expression was calculated and expressed as 2 �
(DDCt). Forward and reverse primer sequences were the
following: mouse GAPDH, ctgagtatgtcgtggagtctac and
gttggtggtgcaggatgcattg; mouse pro-glucagon, tgaaga-
caaacgccactcac and caatgttgttccggttcctc.
3.3 Stability of compound 1 and compound 2 in cell medium
and toward serine amino acid

One microliter of individual 60 mM solutions in DMSO of the
compound 1 and compound 2 was diluted either in 499 mL of
cell medium (D-MEM additioned with 10% FBS) or in 499 mL of
cell medium additioned with 5 equivalent of serine in a 1.5 mL
Eppendorf. The Eppendorf were gently shaken 4 h at 37 �C and
injected on an HPLC apparatus equipped with a differential
refractometer, model 401. Analysis was performed on Phe-
nomenex Luna C18 (5 mm; 4.6 mm i.d. � 250 mm) column with
MeOH/H2O (85 : 15) as eluent (ow rate 1 mL min�1). One
microliter of individual DMSO solutions of compound 1 and
compound 2 was also diluted in 499 mL of MeOH/H2O (85 : 15).
For each sample, the stability was determined comparing HPLC
peak area of the sample in the standard solution with HPLC
peak area in cell medium and in cell medium additioned with
serine.
32884 | RSC Adv., 2017, 7, 32877–32885
3.4 Molecular docking

The Glide (version 7.1) soware package27 was used to perform
molecular docking calculations in the three-dimensional model
of hGPBAR1.13b Ligand and receptor structures were prepared as
described in a previous paper.19 A box centered on the GPBAR1
binding cavity was created; the Cartesian coordinates of the box,
X, Y, and Z length were all set to 24.74, 26.74, 22.74 �A, respec-
tively. The standard precision (SP) mode of the GlideScore
function was used to score the predicted binding poses. All the
residue labels were taken from the wild-type amino acidic
sequence of human GPBAR1. All gures were rendered using
PyMOL (http://www.pymol.org).
4. Conclusions

With the aim at developing selective agonists of GPBAR1, we
have described a novel family of HDCA-derivatives. All of these
compounds activate the receptor in cell-based assay displaying
EC50 values in the low micromolar range and increase the
release of GLP-1, a well validated GPBAR1 target, from GLUTAg
cells, a murine cell line of intestinal endocrine L cells.
Remarkably, the novel derivatives result inactive on common
off-targets of GPBAR1 ligands, such as LXRs and FXR and this
nding leads to the conclusion that the introduction of an
epoxide group on the bile acid side chain can shi ligand
selectivity towards GPBAR1 over FXR and other nuclear recep-
tors. These aspects have been investigated through molecular
docking studies disclosing the binding mode to GPBAR1 of the
newly synthesized BA derivatives and providing new valuable
hints for the selective modulation of the membrane bile acid
receptor.

The present results contribute to increase the arsenal of bile
acids derivatives serving as GPBAR1 modulators, widening the
chemical space that can be exploited in drug design and paving
the way for testing the novel derivatives in rodent models of
common metabolic disorders including obesity and diabetes.
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A. Capolupo, M. C. Monti, S. Fiorucci and A. Zampella, Sci.
This journal is © The Royal Society of Chemistry 2017
Rep., 2016, 6, 29320; (g) A. Carino, S. Cipriani,
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