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A B S T R A C T   

Herein we report our synthetic efforts in supporting the development of the bile alcohol sulfate INT-767, a FXR/ 
TGR5 dual agonist with remarkable therapeutic potential for liver disorders. We describe the process develop-
ment to a final route for large scale preparation and analogues synthesis. Key sequences include Grignard 
addition, a one-pot two-step shortening-reduction of the carboxylic side chain, and the final sulfation reaction. 
The necessity for additional steps such as the protection/deprotection of hydroxyl groups at the steroidal body 
was also evaluated for step-economy and formation of side-products. Critical bottlenecks such as the side chain 
degradation have been tackled using flow technology before scaling-up individual steps. The final synthetic route 
may be successfully employed to produce the amount of INT-767 required to support late-stage clinical devel-
opment of the compound. Furthermore, potential metabolites have been synthesized, characterized and evalu-
ated for their ability to modulate FXR and TGR5 receptors providing key reference standards for future drug 
investigations, as well as offering further insights into the structure-activity relationships of this class of 
compounds.   

1. Introduction 

The compound 3α,7α-dihydroxy-6α-ethyl-24-nor-5β-cholan-23-sul-
fate sodium salt (INT-767, 1) is a semisynthetic bile acid derivative 
endowed with FXR agonistic activity and three-fold higher potency than 
obeticholic acid (OCA, 2) (Ocaliva™) (Fig. 1a) [1], namely the only FXR 
agonist so far approved by the FDA for the treatment of primary biliary 
cholangitis (PBC) [2]. At odds with OCA (2), INT-767 (1) potently also 
activates TGR5, a membrane bile acid receptor with a crucial role in 
modulating metabolic and inflammatory processes, as well as anorexi-
genic actions of bile acids [3–5]. The pan-agonistic profile of INT-767 
(1) at the most relevant bile acid receptors and its good physicochem-
ical and preliminary PK profile [6], have prompted several studies to 

investigate the therapeutic relevance of a selective bile targeting both 
FXR and TGR5 in gut, liver and renal diseases. Accordingly, promising 
results have been reported using INT-767 (1) in animal models for the 
treatment of NASH [7] and NAFLD [8] conditions. Likewise, INT-767 (1) 
proved effective in diabetic nephropathy and retinopathy [9]. In addi-
tion to its efficacy against chronic cholangiopathies [10], it has also 
shown attenuation of intestinal ischemia reperfusion injury [11], 
reduction of hypercholesterolemia, visceral adipose tissue accumulation 
and development of atherosclerosis in rodent models [7,12–14]. 

A scalable synthesis to INT-767 (1) is thus needed to support the 
preclinical development and subsequent clinical trials. The retro-
synthetic disconnection analysis for the synthesis of INT-767 (1) coa-
lescing from OCA (2) involves as key steps the side chain shortening to 
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the nor-intermediate and the final sulfation reaction of the primary 
alcohol (Fig. 1b). Extra-steps including protection/deprotection of the 
hydroxyl group at the steroidal body may be required to avoid side- 
products formation. In 2014, the target molecule 1 as its triethyl 
ammonium salt was described using the Beckmann reaction as key step 
starting from 6α-ethyl-7-keto-deoxycholic acid (3) in 9 steps and a 40% 
overall yield (Fig. 1c) [15]. 

In this work, we were challenged to develop a robust and scalable 
process for the preparation of pharmaceutical grade INT-767 (1). The 
strategy we pursued consisted in the evaluation of the diverse methods 
for the bile acid side chain degradation and the selective insertion of the 
sulfate group. The process was optimized using batch reaction screening 
utilized to identify potential bottlenecks that were addressed using 
greener approaches as the flow chemistry before attempting the scale- 
up. The optimized route has also been adapted for the synthesis of po-
tential INT-767 metabolites that have been characterized and evaluated 
as agonists of FXR and TGR5 receptor. 

2. Results and discussion 

2.1. Side chain degradation 

The degradation of the C24-carboxylic acid to the lower bile acid 
homologue can be achieved through four different strategies (Scheme 
1): a) photochemical (tungsten lamp) decarboxylation in a CCl4 solution 
of Pb(OAc)4 and I2 or of HgO and Br2 [16], b) Beckmann rearrangement 
via mixed anhydride (TFAA) and nitrosation reaction with tri-
fluoroacetyl nitrile (TFA, NaNO2) [17], c) lead/copper-mediated 
oxidative decarboxylation (Pb(OAc)4, Cu(OAc)2) to the corresponding 
norcholene [18], or d) Barbier-Wieland degradation by Grignard addi-
tion (PhMgX), dehydration followed by oxidative cleavage [19]. All 
approaches when attempted on 5β-cholanoic acids evidenced several 

limitations, especially regarding scale-up operations. These include the 
use of hazardous reagents, requirement for extra protection and 
deprotection steps for the hydroxyl groups, long reaction times, and the 
need for extensive chromatographic purifications. 

The Barbier-Wieland degradation route was selected as the strategy 
of choice. We initially focused on addressing the main challenges; 
indeed, previous procedures required anhydrous conditions, gave 
moderate to low yields of product, and required tedious chromato-
graphic purifications. Importantly, despite these issues the reaction to 
obtain the bis-nor-5β-cholanyldiphenylethylene intermediate was 
scaled-up up to 100 g of deoxycholic ester as the starting material [19]. 
The experimental conditions involved the use of a large excess of phe-
nylmagnesium bromide (17 eq.) in refluxing dry benzene to give the 
carbinol intermediate that was then acetylated and dehydrated in a 
refluxing solution of glacial acetic acid and acetic anhydride. The pure 
product was obtained in 74% yield and reacted with CrO3 in a solution 
of glacial acetic acid, water, CHCl3 at about 50 ◦C. The crude diacetate 
was then hydrolyzed in refluxing 10% aqueous KOH to furnish the 
nor-bile acid derivative in 69% yield [19]. Nowadays, diverse protocols 
are available for batch synthesis and although major advances have been 
made, further criteria need to be met for modern manufacturing 
processes. 

Initially, we focused on avoiding the use of benzene and to reduce the 
number of equivalents of the Grignard reagent. THF was selected as the 
reaction solvent and the optimal amount of phenylmagnesium bromide 
was determined after performing screening experiments on the OCA 
methyl ester 3 (Table 1). The yield was determined by calibrated 1H 
NMR analysis of the crude reaction mixture after acid-promoted (EtOH, 
HCl, 50 ◦C) dehydration of the carbinol intermediate. Starting from the 
conditions reported in the literature (17 eq. of PhMgBr in refluxing 
THF), the best balance between yield and reagent economy was ob-
tained using 10 eq. of PhMgBr (Table 1, entry 2) while a further 

Fig. 1. a) Structure of INT-767 (1) and OCA (2). b) Retrosynthesis of INT-767 (1) from OCA (2). c) Previous synthetic approach to INT-767 (1) from 6E-7K-CDCA (3).  
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reduction of the Grignard reagent stoichiometry resulted in a progres-
sive lowering of the reaction yield. Intermediate 4a was then prepared at 
10 g scale (80% isolated yield) for investigating the next oxidative 
cleavage step. 

The oxidative cleavage of 24,24-diphenyl 3α,7α-dihydroxy-6α-ethyl- 
5β-cholan-23-ene (4a), also known as bis-nor-5β-cholanyldiphenyl-
ethylene, has previously been conducted by means of CrO3 in a solution 
of glacial acetic acid, water, CHCl3 at ~50 ◦C [19]. However, the use of 

CrO3 is unsatisfactory given its toxicity, flammability and explosive 
limits [20]. To make this step more sustainable for large scale prepa-
ration, we elected to explore the potential of using flow ozonolysis 
chemistry. Despite several reported applications, most existing protocols 
possesses limitations, which affect their application in common labo-
ratory practice and industrial processes [21]. However, the high versa-
tility to a wide range of substrates is such that it is widely used. This is 
despite ozone being potentially dangerous, needing to be formed in situ 
as its storage is not possible, and the requirement for suitable production 
equipment, thus increasing overall costs. In this context, continuous 
flow technology can be particularly attractive as a valuable alternative 
to batch approaches to increase safety standards [22] and to facilitate 
the translation of hazardous chemical transformations including those 
involving gaseous reagents under elevated pressures [23–25]. Accord-
ingly, several flow-based approaches and devices have been described in 
the literature able to realize ozonolysis reactions. Beyond safety con-
siderations, the implementation of ozone as oxidizing agent avoids the 
need for extra-steps pertaining to the protection of the hydroxyl groups 
on the steroidal body. 

Initially, the reaction was evaluated under batch conditions on both 
the free and protected intermediates 4a,b (Scheme 2). Ozone was 
bubbled into a solution of 4a,b in a mixture of CH2Cl2/MeOH (1:1 v/v, 
0.12 M) cooled at − 60 ◦C. After the complete conversion of the starting 
material, the reaction was quenched by adding triphenylphosphine to 
form the C24-nor aldehyde (5a,b) that was reduced by treatment with 
NaBH4 in THF/H2O. The desired C24-nor cholan-23-ol intermediates 6a 
and 6b were isolated in 70% and 65%, respectively, after silica gel flash 
chromatography (Scheme 2). 

We next conducted the ozonolysis reaction under continuous flow 

Scheme 1. Synthetic approaches for the degradation of the C24-carboxylic acid of bile acids. (a) photochemical decarboxylation, (b) Beckmann rearrangement, (c) 
Lead/copper-mediated oxidative decarboxylation, and (d) Barbier-Wieland degradation by Grignard reaction, dehydration, and oxidative cleavage. 

Table 1 
Evaluation of phenylmagnesium bromide equiv-
alents.a.-

entry PhMgBr eq. yield b 

1 17 84% 
2 10 80% 
3 7.5 66% 
4 5 50% 
5 2.5 Traces  

a Reactions were performed on 100 mg of 3 (0.23 mmol). Reagents and con-
ditions: [3] = 0.1 M in THF, 3 M PhMgBr in Et2O (2.5–17 eq.), reflux, o.n.; then 
3 N aqueous HCl, EtOH, 50 ◦C, 4 h. 

b Determined by calibrated 1H NMR using dimethyl sulfone as the internal 
standard. 
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conditions using a commercially available benchtop unit for ozone 
generation (Ozonia Triogen laboratory ozone generator) (Scheme 3) 
[26,27]. Continuous flow technology can provide many advantages over 
traditional batch synthesis [28–30]. In the case of gas-liquid reactions, 
the use of continuous flow reactors has facilitated access to trans-
formations that were deemed to be either too dangerous to be conducted 
at large scales in batch or not efficient due to the contact time of 
high-pressure requirements of the gases [31]. Thus, the ozone stream 
generated from molecular oxygen contained into a pressurized reservoir, 
was mixed at 1 L min− 1 with a 0.12 M stock solution of 4a,b in 

CH2Cl2/MeOH (1:1, v/v) pumped by a HPLC pump at 1 mL min− 1. The 
resulting liquid-gas biphasic system was flowed through a reactor coil (I. 
D. x O.D. = 1.6 mm × 3.2 mm, 50 mL) cooled at 0 ◦C (τ = 6 min). The 
output was collected into a round bottom flask in the presence of a 
stirring solution of NaBH4 (4 eq.) in MeOH at 25 ◦C enabling both the 
quenching of ozone and the reduction of the C23-aldehyde group into 
the corresponding alcohol (6a,b) in excellent yields (88–90%) (Scheme 
3). Remarkably, the ozonolysis reaction did not involve any competitive 
oxidation reaction at either the C3 or C7 positions ruling out the need of 
C3–OH protection. This represents a great advantage to streamline the 

Scheme 2. Reagents and conditions: (a) pTSA, MeOH, ultrasound; (b) PhMgBr, THF, reflux, 25 ◦C; (c) HCl, EtOH, 50 ◦C, 80% from 2; (d) Ac2O, DMAP, pyridine, THF, 
25 ◦C; (e) O3, CH2Cl2, MeOH, − 60 ◦C, then PPh3; (f) NaBH4, THF, H2O, 0 ◦C → 25 ◦C, 70% from 4a and 65% from 4b. 

Scheme 3. Flow set-up and equipment for the one-pot two-step oxidative cleavage to C24-nor derivative 6a,b.  
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overall process as we observed that the triol intermediate 6a can easily 
crystallize from tert-butyl methyl ether facilitating the purification and 
avoiding time-consuming and expensive chromatography. 

2.2. Sulfation reaction 

The selective formation of sulfate groups remains a challenging 
synthetic aspect [32]. The presence of one or more hydroxyl groups 
makes chemical synthesis and purification of (per)sulfated compounds 
difficult, primarily due to their poor solubility in organic solvents. Our 
primary goal was to obtain the regioselective sulfation of the primary 
alcohol at the C23 position over the hydroxyl groups on the steroidal 
body. While a certain selectivity could be expected for the C7–OH group, 
which is sterically hindered, the C3–OH of bile acids has often shown a 
similar reactivity to the side chain primary alcohol. Among the wide 
variety of methods to prepare organosulfates [33], the use of sulfur 
trioxide amine/amide complexes and sulfuryl imidazolium salts were 
more suitable than others for our purpose. The complexes are relatively 
easy to prepare and are stable at high temperatures. We initially 
considered the possibility of employing the N, 
N′-dicyclohexylcarbodiimide (DCC)-sulfuric acid at different tempera-
ture (see Table S1, Supplementary material). Thus, compound 6a was 
reacted with DCC (5 eq.) in DMF at either 0 or -45 ◦C and then with a 
DMF solution of H2SO4 (1 eq.). Under these conditions we observed the 
formation of an equimolar mixture of the desired C23-monosulfate 1, 
C3-monosulfate and the C3,C23-disulfate evidencing a low regiose-
lectivity (conversion yield: 50%) (see Table S1, Supplementary mate-
rial). Based upon this outcome we next investigated a range of 
amine-sulfur trioxide complexes including N-ethylmorpholine-sulfur 
trioxide complex, N,N-diisopropylethylamine-sulfur trioxide complex, 
and sulfur trioxide-pyridine complex [34]. The reactions were per-
formed by dropwise addition of the amine-sulfur trioxide complexes 
(1.05 eq.) to a solution of triol 6a in CH2Cl2. Unfortunately, none of 
amine-sulfur trioxide complexes gave satisfactory results in terms of 
both yield and selectivity (see Table S2, Supplementary material). The 
use of the flow chemistry was also investigated by means of 
polymer-supported pyridine-sulfur trioxide complex packed in a column 
reactor. Reactions were performed by pumping a stock solution of the 
triol 6a (0.3 M in DMF or 0.25 M in pyridine) through a pre-packed 
column (at 5 μL min− 1; τ = 47 min) filled with the polymer-supported 
pyridine-SO3 complex (1.05 or 10 eq.) heated at different temperature 
(25 ◦C, 40 ◦C or 60 ◦C) (Scheme 4). Again, we failed to obtain the desired 
products 1 in a regioselective manner (see Tables S1–2, Supplementary 
material). These outcomes forced us to conduct the sulfation reaction on 
the C3-protected C24-nor intermediate 6b. Thus, compound 6b was 
dissolved in dry pyridine and treated with pyridine sulfur trioxide 
complex (pyr.SO3) (1.3 eq.) at 25 ◦C. Finally, the crude reaction mixture 
was submitted to alkaline hydrolysis (NaOH/MeOH) under reflux to 
furnish INT-767 (1) in 78% yield after C18 reverse phase 
chromatography. 

2.3. Integrating flow and batch chemistry 

A synthetic route that integrates batch and flow chemistry for the 
multigram preparation of INT-767 (1) is depicted in Scheme 5. Thus, 
methyl ester 3 (10 g) was submitted to the Barbier Wieland degradation 
in THF using 10 eq. of PhMgBr. After acid-promoted dehydration (HCl/ 
MeOH, 50 ◦C), intermediate 4a was obtained in 80% isolated yield. The 
C3–OH was then protected using acetic anhydride, pyridine, DMAP in 
THF at 25 ◦C. Ozonolysis of the olefin derivative 4b was successfully 
scaled-up in flow. Specifically, a telescoped one-pot two-step procedure 
was performed in a continuous mode without solvent switch using a 
readily assembled flow ozonolysis device, as previously discussed. After 
a standard workup procedure to quench NaBH4, the crudes were 
collected and purified by automated flash chromatography affording the 
corresponding C24-nor alcohol derivatives 6b in 88% isolated yield from 
4b on multigram scale (Scheme 5). The final sulfation step was per-
formed on the C3-acetylated intermediate 6b using pyr-SO3 in pyridine. 
The acetyl group was finally removed by treatment with NaOH in MeOH 
and the desired INT-767 (1) was obtained in 78% yield from 6b and in 
55% overall yield over 7 steps from OCA (2) (Scheme 5). 

2.4. Synthesis, characterization and SAR of INT-767 metabolites 

Drug metabolism is an important component in drug development 
and the effects of drug metabolism on pharmacokinetics (PK), phar-
macodynamics (PD), and safety need to be carefully considered [35]. It 
is therefore of paramount importance to evaluate the toxicity and ac-
tivity of metabolites and perform adequate drug bioavailability, PK and 
PD studies. Toward this end, we designed and synthesized putative 
INT-767 metabolites 6a, 7–9 (Fig. 2) for future drug investigations. The 
metabolism of natural and semi-synthetic bile acids is indeed a complex 
set of enzymatic reactions that occurs during the enterohepatic circu-
lation [36–38]. 

Bile fistula rat experiments showed that INT-767 (1) is mainly con-
verted into the 3-glucuronide metabolite (7) [6]. The glucuronidation 
process is a common metabolic pathway in humans and plays an 
important role in liver pathology (e.g. cholestasis) [39]. The oxidation of 
the hydroxyl group at the C3 position of the bile acid nucleus is catalysed 
by the enzyme 3α-hydroxysteroid dehydrogenase (3α-HSD) [40]. In the 
liver, the interconversion between 3α-hydroxy and 3-keto facilitates the 
transit of bile salts from the sinusoidal to the canalicular side of the 
hepatocytes. Triol 6a can be formed in vivo by the action of microbial 
bile salt desulfatase in the intestine, as well documented in the literature 
[41]. Alternatively, sulfatases may be involved in the formation of sul-
fate metabolites as compound 8, which is generally formed in cholestatic 
patients as a detoxification pathway [42]. 

2.4.1. Synthesis 
The synthesis of INT-767 3β-D-glucuronide disodium salt (7) was 

achieved by a Koenigs-Knorr reaction [43]. Thus, INT-767 (1) was dis-
solved in anhydrous toluene and treated with methyl 2,3,4-tri--
O-acetyl-α-D-glucopyranosyluronate bromide (10) in the presence of 

Scheme 4. Flow set-up used for the attempted selective sulfation reaction of the primary alcohol.  
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Scheme 5. Integrated batch and flow approach for the synthesis of INT-767 (1). Reagents and conditions: (a) MeOH, pTSA. H2O, u.s.; (b) PhMgBr, THF, reflux; (c) 
HCl, EtOH, 50 ◦C, 80% from 2; (d) Ac2O, pyridine, DMAP, THF, 25 ◦C; (e) O3 stream, 0 ◦C, τ = 47 min; then NaBH4, MeOH, 88% from 4a; (f) Pyr.SO3, pyridine, 25 ◦C; 
(g) NaOH, MeOH, reflux, 78% from 6b. Overall yield: 55%. 

Fig. 2. Potential metabolites expected in vivo from INT-767 (1). Metabolic hot-spots of INT-767 (1) are shown in red while the functional groups of the metabolites 
are in blue. 

B. Cerra et al.                                                                                                                                                                                                                                   



European Journal of Medicinal Chemistry 242 (2022) 114652

7

Fetizon’s reagent and molecular sieves under dark conditions. The cor-
responding 3β-D-glucuronide methyl ester-triacetate derivative 11 (78% 
isolated yield) was subjected to alkaline hydrolysis under mild condi-
tions to give the desired INT-767 3β-D-glucuronide disodium salt (7) in 
92% isolated yield after RP-18 chromatography (Scheme 6). The syn-
thesis of the corresponding 3-oxo derivative 9 started from the reaction 
of 1 with Ac2O and Bi(OTf)3 at 25 ◦C, followed by regioselective hy-
drolysis of the acetyl group at C3 position (Scheme 6). The thus formed 
7α-acetoxy derivative 12, obtained in 85% yield after silica purification, 
was treated with Dess-Martin periodinane in CH2Cl2 and alkaline hy-
drolysis to give the desired 3-oxo INT-767 analogue 9, in 41% yield over 
4 steps. Finally, sulfation of 1 with pyr.SO3 (3 eq.), pyridine afforded the 
disulfate 8, in 61% yield (Scheme 6). 

2.4.2. FXR and TGR5 activity 
The newly prepared metabolites (6a, 7–9) were tested in a 

biochemical AlphaScreen assays and HTR-FRET to evaluate their ability 
to activate FXR and TGR5 receptors, using chenodeoxycholic acid 
(CDCA) and litocholic acid (LCA) as the reference standards, respec-
tively. As reported in Table 2, all the metabolites resulted less active 
than INT-767 (1) confirming the importance of the sulfate moiety at C23 
position and the hydroxyl group at C3α position as key structural fea-
tures for the activation of both receptors. 

Except compound 8, the screened metabolites retained FXR agonistic 
activity and exerted a full agonistic profile. Triol 6a retained a dual FXR/ 
TGR5 full agonistic profile in the micromolar range of potency sug-
gesting that the removal of the sulfate moiety at C23 position is detri-
mental for binding affinity but it is still accepted for the receptor 
activation. Moreover, persulfatation at the C3 position resulted in a loss 
of activity at both receptors. Interestingly, like the 3-oxo-CDCA that 

maintained a similar FXR potency as the parent CDCA [44], compound 9 
was a nanomolar FXR agonist albeit three times less active than INT-767 
(1) (FXR EC50 = 0.08 vs 0.03 μM, respectively). Similarly, a loss of af-
finity was observed towards the TGR5 receptor. Finally, the presence of 
the glucuronic unit induced the loss of TGR5 activity while maintaining 
a full FXR agonism in the micromolar range of potency. 

2.4.3. Molecular docking into FXR 
The binding modes of INT-767 (1), its metabolites (6a, 7–9) and OCA 

(2) into FXR were investigated using molecular docking and the avail-
able crystal structure of the active conformation of the receptor ligand 
binding domain (LBD) as obtained from the co-crystallization studies 
with compound 2 (PDB code 1OSV) [44]. Table 3 reports the top scoring 

Scheme 6. Synthesis of INT-767 metabolites (7–9). Reagents and conditions: (a) Methyl 2,3,4-tri-O-acetyl-α-D-glucopyranosyluronate bromide (10) (3 eq.), Fetizon’s 
reagent (10 eq.), toluene, 25 ◦C, dark conditions, 78%; (b) Na2CO3 (20 eq.), MeOH, 25 ◦C, 92%; (c) Ac2O (10 eq.), Bi(OTf)3 (0.05 eq.), CH2Cl2, 25 ◦C; (d) NaOH (3 
eq.), MeOH, 25 ◦C, 85% from INT-767 (1); (e) Dess-Martin periodinane (3 eq.), CH2Cl2, 25 ◦C, 18 h; (f) NaOH (20%, wt), MeOH, reflux, 48% from 12. (g) pyr.SO3 (3 
eq.), pyridine, 25 ◦C; (h) NaOH, MeOH/H2O, 25 ◦C, 61% yield from INT-767 (1). 

Table 2 
Biological characterization of INT-767 metabolites 6a, 7–9 as FXR and TGR5 
ligands.a  

Compound hFXRb (AlphaScreen Assay) hTGR5c (HTR-FRET) 

EC50 (μM) Efficacy (%) EC50 (μM) Efficacy (%)d 

INT-767 (1) 0.030 ± 0.005 280 ± 5 0.68 ± 3 120 ± 5 
OCA (2) 0.15 ± 0.5 230 ± 10 14 ± 2 52 ± 4.4 
INT-777 (13) >100 n.d. 0.9 ± 0.03 117 ± 2 
7 5 ± 0.4 115 ± 5 >100 n.d. 
9 0.08 ± 0.02 162 ± 3 5 ± 1 98 ± 2 
6a 1.2 ± 0.2 165 ± 40 1.1 ± 0.2 117 ± 2 
8 >100 n.d. >100 n.d.  

a Data represent mean values ± SD of at least three independent experiments. 
b Units are μM for EC50 and % of 50 μM CDCA value for efficacy. 
c Units are μM for EC50 and % of 10 μM LCA value for efficacy. 
d Efficacy values are here used as a measure of fluorescence change. n.d.: not 

determined. 
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binding modes of these compounds when docked into the chain A and B 
of the crystal structure 1OSV. In particular, the ligand binding energy of 
each solution was evaluated using the Gscore standard precision (SP) 
function, the Emodel score for pose selection, and the molecular 
mechanics-generalized Born surface area (MMGBSA) method. 

A poor correlation was found between the calculated ligand binding 
energies of the top scoring solutions and the coactivator recruitment 
activity of compounds in the FXR AlphaScreen assay, expressed as pEC50 
(-ln EC50). This observation suggests that the adopted scoring functions 
(Gscore SP, Emodel, MMGBSA) are unable to provide a correct estima-
tion of the binding energy of these compounds to the LBD of FXR. 
Moreover, different binding energies of the top scored solutions are 
obtained when docking ligands into chain A and chain B of the crystal 
structure 1OSV. At odds with these discrepancies, the calculated binding 
mode of OCA, when docked into chain A and B of the cognate crystal 
structure (top scoring solution), shows a very good agreement with the 
experimental binding mode in both chains of 1OSV (root mean square 
deviation, RMSD< 0.5 Å see Fig. S1, Supplementary material). Hence, 
the presence of subtle conformational differences between the ligand 
binding clefts of chain A and chain B determines different estimations of 
the ligand binding energy and may affect the calculation of the ligand 
binding mode to the receptor, as observed in the case of compounds 7 
and 8. Specifically, the overlap between chain A and B of 1OSV reveals 
different conformations of the loop region (residues 259–262) con-
necting helix H1 to helix H2 (see Fig. S2, Supplementary material). In 
turn, these conformations generate different shapes of the ligand bind-
ing cleft, with chain A showing a larger cavity than chain B. Conse-
quently, the narrow binding cleft of chain B is not suitable to study the 
binding mode of active compounds larger than OCA (1), such as com-
pound 7, whereas chain A is more permissive, yet sterically demanding 
for the larger compound 7. 

To gain insights into the structure-activity relationships, we next 
analyzed the top scoring solutions of active compounds 1, 2, 6a and 9 
into chain B of 1OSV. Given the lack of reliability of the adopted scoring 
functions (Gscore SP, Emodel, MMGBSA), surfaces representing inter-
action property complementarity (Fig. 3) and a qualitative assessment of 
interactions between binding site residues and docked ligands (Fig. 4) 
were considered, rather than ligand binding energies. Fig. 3 reveals that 
the ligand binding site of FXR is endowed with a large central hydro-
phobic core (Hy) that accommodates the steroid nucleus and the C6α 
ethyl group of the bile acid derivatives. Two hydrogen bond donor 
pockets (P1: Tyr358, His444; P2: Arg328) surround the terminal aspects 
of the ligand at C3α and C23/C24 positions, respectively, whereas two 
additional hydrogen bond acceptor pockets are located nearby position 
C7α (P3: Ser329; P4: Tyr366). Although all compounds share the same 
interactions in pockets P3 and P4, making hydrogen bonds between the 
conserved C7α hydroxyl group and the side chain of Ser329 or Tyr366, 
different interactions occur at P1 and P2 (Fig. 4). Specifically, the pocket 
of the receptor accomodating the terminal C23/C24 acidic group (P2) 
bears a neutral formal charge, since Arg328 is involved in a salt bridge 
interaction with Glu331. 

As previously reported [45], such structural peculiarity allows for an 
atypical replacement of the carboxylic group with a primary amine 
moiety in bile acids that maintain the FXR agonist activity [46]. Thus, 

the higher activity of INT-767 (1) than OCA (2) can be tentatively 
explained with the reported observation that sulfate groups, on a sta-
tistical basis, preferentially occupy polar binding sites bearing a neutral 
formal charge [47]. In such a neutrally charged local environment, the 
sulfate group would make stronger hydrogen bond interactions than the 
analogous carboxylic group (Fig. 7a and b) whose intensity is not 
correctly estimated by the adopted scoring functions. In accordance with 
this observation, compound 6a, in which the carboxylic group is 
replaced by the hydroxyl group, still retains the FXR agonist activity in 
the low micromolar range of potency, albeit with one-fold lower potency 
than OCA (2) due to the presence of only one hydrogen bond interaction 
with Arg328 (Fig. 4c). The other terminal hydrogen bond donor pocket 
(P1: Tyr358, His444) is located nearby the activation function of the 
nuclear receptor (helix H12), and contains two residues of the triad 
(Tyr358, His444, Trp466) whose conformational changes and hydrogen 
bond interactions account for the recruitment of the coactivator. In 
contrast to pocket P2 (Arg328), pocket P1 is more demanding in terms of 
steric and hydrogen bond properties of the functional group inserted at 
C3 position of the bile acid scaffold. Indeed, compounds 1, 2 and 6a can 
make two hydrogen bond interactions with Tyr358 and His444, the first 
being a donor type and the second an acceptor type (Fig. 4a–c). The lack 
of this dual faced hydrogen bonding property at the C3 position de-
termines a decrease of coactivator recruitment efficacy in compound 9 
(Fig. 7d). 

Docking studies of compound 8 return a solution only when using 
chain A of 1OSV with a larger binding site as template structure. On the 
basis of such solution, the lack of recruitment activity for compound 8 in 
the FXR AlphaScreen assay (Table 2) may again be explained with the 
lack of the hydrogen bond donor complementarity of the sulfate group at 
C3 to engage the side chain of Tyr358 (see Fig. S3, Supplementary 
material). Although a reliable docking solution for compound 7 into 
chain A or B of 1OSV is lacking, it is envisaged that this compound might 
adopt a similar binding pose to OCA (2), with the hydroxyl groups of the 

Table 3 
Scored binding mode at FXR.  

Ligand FXR 1OSV Chain A 1OSV Chain B 

pEC50 (μM) Gscore SP (kcal/mol) Emodel (kcal/mol) MMGBSA ΔG (kcal/mol) Gscore SP (kcal/mol) Emodel (kcal/mol) MMGBSA ΔG (kcal/mol) 

INT-767 (1) 3.51 − 11.60 − 94.13 − 90.37 − 11.36 − 91.40 − 79.27 
OCA (2) 1.90 − 11.95 − 95.14 − 89.68 − 12.14 − 106.77 − 78.61 
6a − 0.18 − 11.79 − 86.66 − 102.71 − 11.35 − 86.18 − 87.49 
8 − 4.61 − 9.46 − 45.43 − 65.67 n.d. n.d n.d. 
7 − 1.61 n.d. n.d. n.d. n.d. n.d n.d. 
9 2.53 − 11.80 − 97.05 − 98.92 − 10.68 − 90.40 − 92.94  

Fig. 3. Surfaces representing interaction property complementarity of FXR 
binding site (chain B 1OSV) mapped on the overlay of top scored solutions from 
the docking study of compounds 1, 2, 6a and 9. Yellow surface shows the hy-
drophobic pocket of the receptor (Hy); red surfaces show hydrogen bond donor 
areas (P1: Tyr358, His444; P2: Arg328); purple surfaces show hydrogen bond 
acceptor areas (P3: Ser329; P4: Tyr366). The image was generated 
using SiteMap. 
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glucuronic moiety making acceptor and donor hydorgen bonds with 
Tyr358 and His444 while region P1 undergoes significant conforma-
tional changes to accommodate this bulky moiety. 

2.4.4. Molecular docking into TGR5 
The recent cryo-electron microscopy (EM) structure of TGR5 (PDB 

code 7CFN) in complex with INT-777 (13) [46] was used to study the 
binding mode of INT-767 (1), its metabolites (6a, 7–9) and OCA (2) into 
the seven transmembrane helical receptor. Although a poor correlation 
is still observed between the calculated ligand binding energies of the 
top scored solutions and the agonist activity of compounds (-ln EC50) in 
the TGR5 cellular assay (Table 4), a low agreement is found between the 
calculated binding mode of INT-777 (top scored solution) and its 
experimental binding mode in 7CFN (root mean square deviation, 
RMSD = 1.5 Å, Fig. 5), with the largest displacement being observed on 
the side chain atoms of the compound. 

Given the poor reliability of the adopted scoring functions (Gscore 
SP, Emodel, MMGBSA), as discussed in the case of FXR, structure- 
activity relationships were analyzed inspecting surfaces representing 
interaction property complementarity and the interactions of active 
compounds (1–2, 13, 6a and 9) into 7CFN, according to the top scoring 
solution. In contrast to the FXR binding site (Fig. 3), the surface mapping 
of TGR5 binding site reveals more pockets of potential ligand in-
teractions (P1–P6) beside the central hydrophobic pocket (Hy) accom-
modating bile acids’ steroid nucleus (Fig. 6). Specifically, two pockets 
for hydrogen bond donor interactions (P1: Tyr240; P2: Tyr89, Ala250, 

Gln253) are located at C3 and C23/C24 positions, respectively. Like-
wise, four pockets for hydrogen bond acceptor interactions are located 
at C7 (P3: Ser247), C12 (P4: carbonyl group of Leu71), C16 (P5: Ser157) 
and C3 (P6: Ser270). According to the top score solutions (Fig. 7b–f), 
docked compounds make conserved hydrogen bond interactions be-
tween the C3α hydroxyl group (1–2, 7 and 13) or C3 carbonyl group (9) 
and the side chain of Tyr240 (P1). Then, the carboxylic group (2, 13) 
and the sulfate group (1, 9) engage Tyr89 (P2) in a further hydrogen 
bond interaction, whereas the C23 hydoxyl group of compound 6a is 
hydrogen bonded to the carbonyl group of Ala250 (P2). It is worth 
noting that, according to the experimental binding mode of INT-777 
(13) in 7CFN, the side chain of this compound adopts a different 
conformation wherein the carboxylic group does not interact with any 
polar residue of the receptor (Fig. 7a). This observation provides an 
explanation to the low agreement found between the calculated binding 
mode and the experimental binding mode of INT-777 (13) (RMSD = 1.5 
Å, Fig. 6), perhaps suggesting a poor energetic refinement of the EM 
structure of TGR5. 

No clear interactions are observed engaging the C12α hydroxyl 
group of INT-777 (13), with the carbonyl group of Leu71 (P4) being the 
closest hydrogen bond acceptor group to such steroidal position (Fig. 7a 
and b). Conversely, a hydrogen bond interaction is observed between 
the C12α hydroxyl group of all compounds and the side chain of Ser247 
(P3). 

Consistent with the importance of these residues in the interaction 
with bile acids, mutagenesis experiments have shown that mutants 

Fig. 4. Top scored solutions from the docking study into chain B 1OSV of OCA (a), INT-767 (b), compounds 6a (c) and 9 (d). Hydrogen bond interactions are shown 
with yellow dashed lines. Ionic interactions are shown with purple dashed lines. Interacting residues are labelled. The images were generated with the software 
Maestro, using chain B of 1OSV after its processing with the Protein Preparation Wizard (PPW) tool. 

Table 4 
Scored binding mode at TGR5.  

Ligand TGR5 7CFN 

pEC50 

(μM) 
Gscore SP (kcal/ 
mol) 

Emodel (kcal/ 
mol) 

MMGBSA ΔG (kcal/ 
mol) 

1 0.39 − 8.49 − 69.93 − 61.14 
2 − 2.64 − 8.45 − 70.38 − 60.66 
13 0.11 − 8.42 − 73.00 − 64.96 
6a − 0.10 − 8.18 − 61.35 − 68.05 
8 n.a. − 6.84 − 54.71 − 46.18 
7 − 4.61 − 8.65 − 48.21 − 63.74 
9 − 1.61 − 8.30 − 68.22 − 62.49  

Fig. 5. Overlap between the experimental bioactive conformation (green car-
bon sticks) and the docked conformation of INT-777 (13) (orange carbon sticks) 
in 7CFN. 
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Tyr240Ala, Ser247Ala and Tyr89Ala impair TGR5 activation [48–50], 
whereas the significance of some other pockets of the binding site, such 
as P4 (carbonyl group of Leu71) and P5 (Ser157), have been highlighted 
through previous ligand-based computational studies [51,52]. The lack 
of TGR5 activity for compounds 7 and 8 can likely be ascribed to the 
presence of an unfavorable negative electrostatic environment at the 
bottom of the binding site, generated by Glu169, that is not comple-
mentary to the electrostatic potential distribution on the surface of these 
compounds showing extensive negative charged regions (see Fig. S4, 
Supplementary material). 

3. Conclusions 

In summary, we have described the synthesis development for the 
large scale preparation of INT-767 (1) [53], a bile sulfate submitted to 
clinical studies. Our approach reduces the step counts and overcomes 
previous synthesis limitations like the use of harsh reaction conditions 
and toxic reagents. Overall, our route leads to higher efficiency and 
yields under mild reaction conditions, the use of lower amount of re-
agents, simple downstream procedures, resulting in high quality mate-
rial and improved safety standards, as well as in reduced costs and 
wastes. 

In addition to ensuring ready availability of compound useful for 
advancing preclinical and clinical studies, we have prepared a series of 
INT-767 metabolites suitable for PD/PK studies. Moreover, the in vitro 
profile of such metabolites has shown a reduced potency at both FXR 
and TGR5 receptor with respect to the parent compound, as also 
confirmed by computational analysis. Molecular docking studies into 

Fig. 6. Surfaces representing interaction property complementarity of TGR5 
binding site (7CFN) mapped on the overlay of top scored solutions from the 
docking study of compounds 1, 2, 13, 6a and 9. Yellow surface shows the 
hydrophobic pocket of the receptor (Hy); red surfaces show hydrogen bond 
donor areas (P1: Tyr240; P2: Tyr89, Ala250, Gln253); purple surfaces show 
hydrogen bond acceptor areas (P3: Ser247; P4: Leu71; P5: Ser157; P6: Ser270). 
The image was generated using SiteMap. 

Fig. 7. Experimental binding mode of INT-777 (13) into 7CFN (a) and top scored solutions from the docking study of INT-777 (b), OCA (c), INT-767 (d), compounds 
6a (e) and 9 (f). Hydrogen bond interactions are shown with yellow dashed lines. Key residues surrounding the ligand are labelled. The images were generated with 
the software Maestro, using 7CFN after its processing with the Protein Preparation Wizard (PPW) tool. 

B. Cerra et al.                                                                                                                                                                                                                                   



European Journal of Medicinal Chemistry 242 (2022) 114652

11

the binding sites of FXR and TGR5 provide interesting insights into the 
structure-activity relationships of active compounds, including INT-767 
(1) and some of its metabolites (6a, 9). These models highlight the 
importance of the hydrogen bond complementarity at C3α of the bile 
acid scaffold with the side chains of residues Tyr358 and His444 for the 
coactivator recruitment activity in FXR, and the need of high electro-
static potential complementarity between bile acids and binding site 
residues for TGR5 activity. 

4. Materials and methods 

4.1. Chemistry 

4.1.1. General methods 
Unless otherwise noted, chemicals were obtained from commercial 

suppliers and used without further purification. Reactions requiring 
anhydrous conditions were conducted in flame-dried glass apparatus 
under a positive pressure of N2 using freshly distilled solvent according 
to reported procedures. NMR spectra were recorded on a Bruker AC 400- 
MHz spectrometer (Bruker, Madison, WI, USA) in the indicated solvent. 
Chemical shifts are reported in parts per million (ppm) and are relative 
to CDCl3 (7.26 ppm and 77.0 ppm), CD3OD (3.31 ppm and 49.0 ppm), 
DMSO‑d6 (2.50 ppm and 39.5 ppm) or D2O (4.80 ppm). The abbrevia-
tions used are as follows: s, singlet; brs, broad singlet; d, doublet; dd, 
double of doublets; dt, doublet of triplets; t, triplet; q, quartet; qui, 
quintet; m, multiplet; and brm, broad multiplet. Coupling constants (J) 
are reported in Hertz (Hz). Thin-layer chromatography (TLC) was per-
formed on aluminium backed silica plates (silica gel 60 F254, Merck, 
Darmstadt, Germany). Spots were visualized by UV detector (l: 254 nm) 
and/or by staining and warming with phosphomolybdic acid (5% w/v 
solution in EtOH). When required, flash chromatographic purifications 
were performed using Biotage Isolera (Biotage AB, Uppsala, Sweden). 
Melting points were determined using a Buchi 535 electrothermal 
apparatus. Purity of target compounds was >95%. HPLC analyses were 
performed on a Shimadzu (Kyoto, Japan) LC-20A Prominence equipped 
with a CBM-20A communication bus module, two LC-20AD dual piston 
pumps, an SPD-M20A photodiode array detector, and a Rheodyne 7725i 
injector (Rheodyne Inc., Cotati, CA, USA) with a 20-μL stainless steel 
loop. A GraceSmart RP18 column (Grace, Sedriano, Italy, 250 × 4.6 mm 
i.d., 5 mm, 100 Å) was used as the analytical column. A Varian 385-LC 
evaporative light scattering detector (ELSD) (Agilent Technologies, 
Santa Clara, CA, USA) was utilized for the analyses. The analog-to- 
digital conversion of the output signal from the ELSD was allowed by 
a common interface device. The adopted ELSD conditions were: Tvap =

70 ◦C, Tneb = 50 ◦C, gas flow = 1.0 L min− 1, gain = 1. The HPLC analyses 
were performed at 1.0 mL min− 1 eluent flow rate, after previous con-
ditioning by passing through the column the selected mobile phase for at 
least 30 min at the same eluent velocity. Before use, all the mobile 
phases were always filtered through a 0.22 mm Millipore filter (Bedford, 
MA – USA) and then degassed with 20 min sonication. The column 
temperature was controlled through a heather/chiller thermostat (Grace 
7956 R, Grace, Sedriano, Italy). All the analyses were performed at a 
25 ◦C column temperature using analytical grade MeCN and ultrapure 
water (σ = 18.3 MΩ x cm) obtained through New Gradient. The 
following gradient was used: H2O (NH4HCO2 40 mM, pH 2.5)/MeCN 
60:40 (v/v), 6 min → H2O (NH4HCO2 40 mM, pH 2.5)/MeCN 50:50 (v/ 
v), ramp 1 min, then isocratic H2O (NH4HCO2 40 mM, pH 2.5)/MeCN 
50:50 (v/v), 26 min. Detector: ELSD (Tvap 70 ◦C, Tneb 50 ◦C, gas flow 1 L 
min− 1). High resolution mass spectrometry (HRMS) measurements were 
recorded on Agilent 6500 Q-TOF series instrument (Agilent technolo-
gies, USA). The MS system was set with an electrospray ionization 
source (ESI) in the negative mode with optimized parameters. Mass-
Hunter software version B.05.01 (Agilent Technology) was used to 
control the LC–MS/MS system, for data prediction, acquisition, analysis, 
and processing. Samples were dissolved in MeOH. 

4.1.2. Synthesis 

4.1.2.1. 24,24-Diphenyl 3α,7α-dihydroxy-6α-ethyl-5β-cholan-23-ene 
(4a). To a solution of compound 2 (10 g, 23.8 mmol) in MeOH (100 
mL), p-TSA-H2O (0.45 g, 0.24 mmol) was added, and the mixture was 
sonicated for 2 h. The mixture was then concentrated under reduced 
pressure, and the resulting residue was dissolved in CH2Cl2 (300 mL), 
washed with saturated aqueous NaHCO3 solution (200 mL), H2O (200 
mL) and brine (200 mL). The organic phase was dried over anhydrous 
Na2SO4 and concentrated under reduced pressure. The crude thus ob-
tained (quantitative recovery) was dissolved in dry THF (80 mL) and a 3 
M solution of phenylmagnesium bromide in Et2O (80 mL, 238 mmol) 
was added dropwise over 15 min. The resulting solution was refluxed 
overnight. The reaction was cooled to room temperature and 3 N 
aqueous HCl (200 mL) was slowly added. The mixture was extracted 
with CH2Cl2 and the combined organic layers were dried over anhy-
drous Na2SO4 and concentrated under reduced pressure to give a crude 
brown oil (20 g). The residue was dissolved in EtOH (50 mL) and treated 
with 3 N aqueous HCl (25 mL). After stirring at 50 ◦C for 4 h, the reaction 
mixture was concentrated in vacuo and diluted with H2O (100 mL). The 
aqueous phase was extracted with CH2Cl2, and the combined organic 
layers were dried over anhydrous Na2SO4 and concentrated under 
reduced pressure. The crude was purified by flash chromatography 
(Eluent: CHCl3/MeOH) to give the desired product 24,24-diphenyl 
3α,7α-dihydroxy-6α-ethyl-5β-cholan-23-ene (4a) (10.3 g, 19.1 mmol, 
80% yield) as a pale yellow oil. 1H NMR (CDCl3, 400 MHz): δ 0.67 (s, 3H, 
18-CH3), 0.89–0.93 (m, 6H, 19-CH3 + 6-CH2CH3), 0.99 (d, J = 6.60 Hz, 
3H, 21-CH3), 2.23–2.29 (brm, 1H, 22-CH2), 3.37–3.52 (m, 1H, 3β-CH), 
3.70 (s, 1H, 7β-CH), 6.12 (t, J = 6.50 Hz, 1H, 23-CH), 7.16–7.45 (brm, 
10H, 2 x C6H5). 13C NMR (CDCl3, 100.6 MHz): δ 11.6, 11.8, 19.1, 20.7, 
22.2, 23.1, 23.7, 28.2, 30.6, 33.2, 34.0, 35.5 (x2), 36.0, 36.9, 39.5, 40.0, 
41.2, 42.8, 45.2, 50.5, 50.8, 55.9, 70.9, 72.4, 77.2, 115.3, 120.5, 126.7 
(x2), 127.1, 128.0, 128.8, 129.6, 130.0, 140.4, 142.2, 143.0. 

4.1.2.2. 24,24-Diphenyl 3α-acetoxy-7α-hydroxy-6α-ethyl-5β-cholan-23- 
ene (4b). To a solution of compound 4a (10.3 g, 19.1 mmol) in THF 
(100 mL), pyridine (2.5 mL, 30.5 mmol), DMAP (0.6 g, 4.8 mmol) and 
Ac2O (2.2 mL, 22.9 mmol) were sequentially added and the resulting 
mixture was stirred at 25 ◦C for 8 h. The mixture was diluted with 
CH2Cl2 (200 mL), washed with 3 N aqueous HCl (200 mL), saturated 
aqueous NaHCO3 solution (200 mL), H2O (200 mL), brine (200 mL), 
dried over anhydrous Na2SO4 and concentrated under reduced pressure. 
The crude (white solid, nearly quantitative recovery) was used for the 
next step without further purification. 1H NMR (CDCl3, 400 MHz): δ 
0.65 (s, 3H, 18-CH3), 0.90 (t, J = 7.34 Hz, 3H, 6-CH2CH3), 0.95 (s, 3H, 
19-CH3), 0.97 (d, J = 6.56 Hz, 3H, 21-CH3), 2.05 (s, 3H, 3-CO2CH3), 
2.23–2.32 (brm, 1H, 22-CH2), 3.69 (s, 1H, 7β-CH), 4.55–4.61 (m, 1H, 3β- 
CH), 6.11 (t, J = 6.28 Hz, 1H, 23-CH), 7.11–7.39 (brm, 10H, 2 x C6H5). 
13C NMR (CDCl3, 100.6 MHz): δ 11.6, 11.7, 19.1, 20.7, 21.3, 21.5, 22.2, 
23.1, 23.9, 26.8, 28.1, 29.0, 34.1, 35.2, 35.5, 36.0, 36.9, 38.9, 39.3, 
41.0, 42.9, 44.9, 50.5, 55.9, 73.2, 74.6, 77.2, 121.5, 125.8, 126.7 (x2), 
127.1, 128.0, 128.1, 128.9, 129.4, 130.0, 140.4, 142.2, 142.9, 170.4, 
170.6. 

4.1.2.3. Ozonolysis reaction under flow conditions. A solution of com-
pound 4a or 4b (5 mmol) in CH2Cl2/MeOH (42 mL, 1:1, v/v) was 
pumped with a flow rate of 1 mL min− 1 to be mixed with a stream of 
ozone (1 L min− 1) and flowed through a reactor coil (FEP, V = 50 mL, τ 
= 6 min) at 0 ◦C. The reactor output was purged with nitrogen and was 
poured into a round bottom flask containing a stirred methanolic solu-
tion of NaBH4 (0.76 g, 20 mmol). The reaction mixture was then 
quenched with 3 N aqueous HCl (40 mL) and the phases were separated. 
The organic layer was washed with H2O (40 mL), brine (40 mL), dried 
over Na2SO4 and concentrated under vacuum. The crude 6a was crys-
tallized from tert-butyl methyl ether while 6b was purified by flash 
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automated chromatography (Eluent: petroleum ether/EtOAc). 6a: 
White solid (m.p.: 153–154 ◦C). Isolated yield: 90% (1.76 g, 4.52 mmol). 
1H NMR (CDCl3, 400 MHz): δ 0.66 (s, 3H, 18-CH3), 0.87–0.92 (m, 6H, 6- 
CH2CH3 + 19-CH3), 0.92–0.96 (m, 3H, 21-CH3), 3.36–3.47 (m, 1H, 3β- 
CH), 3.61–3.68 (m, 1H, 7β-CH), 3.70 (m, 2H, 23-CH2OH). 13C NMR 
(CD3OD, 100.6 MHz): δ 12.9, 13.1, 20.2, 22.8, 24.4, 24.6, 25.4, 30.3, 
32.1, 35.0, 35.3, 35.4, 37.5, 37.6, 40.7, 41.9, 42.4, 44.0, 44.6, 47.8, 
52.5, 58.8, 61.7, 72.0, 74.0. 6b: White solid. Isolated yield: 88% (1.90 g, 
4.41 mmol). 1H NMR (CDCl3, 400 MHz): δ 0.66 (s, 3H, 18-CH3), 
0.86–0.92 (m, 6H, 6-CH2CH3 + 19-CH3), 0.95 (d, 3H, J = 6.50 Hz, 21- 
CH3), 1.95 (s, 3H, CH3CO), 3.59–3.63 (m, 1H, 7β-CH), 3.66–3.72 (m, 
2H, 23-CH2OH), 4.42–4.55 (m, 1H, 3β-CH). 13C NMR (CDCl3, 100.6 
MHz): δ 11.8, 11.9, 19.0, 20.9, 21.7, 22.3, 23.2, 23.9, 26.8, 28.5, 29.8, 
33.0, 33.3, 35.3, 35.73, 39.1, 39.7, 40.1, 41.3, 42.3, 45.2, 50.7, 56.5, 
61.0, 70.9, 74.8, 170.9. 

4.1.2.4. 3α,7α-dihydroxy-6α-ethyl-24-nor-5β-cholan-23-sulfate sodium 
salt (INT-767, 1). Compound 6b (5 g, 11.4 mmol) was dissolved in dry 
pyridine (150 mL) and treated with pyridine sulfur trioxide complex 
(pyr.SO3) (2.4 g, 14.8 mmol) at 25 ◦C for 16 h. The crude was evaporated 
under vacuo and the residue thus obtained was dissolved in NaOH/ 
MeOH (10% w/v, 150 mL) and heated at reflux for 28 h. The crude was 
concentrated under reduced pressure and purified by automated flash 
chromatography (RP-18; Eluent: H2O/MeCN) to give 1 (4.40 g, 8.90 
mmol, 78% yield) as white solid (m.p.: 206–207 ◦C). 1H NMR (CD3OD, 
400 MHz): δ 0.71 (s, 3H, 18-CH3), 0.89–0.92 (m, 6H, 19-CH3 + 6- 
CH2CH3), 1.00 (d, J = 6.38 Hz, 3H, 21-CH3), 2.00–2.03 (m, 2H, 22-CH2), 
3.31–3.35 (m, 1H, 3β-CH), 3.66 (s, 1H, 7β-CH), 4.01–4.07 (brm, 2H, 23- 
CH2). 13C NMR (CD3OD, 100.6 MHz): δ 10.6, 10.7, 17.7, 20.5, 22.1, 
22.3, 23.1, 27.9, 29.8, 32.8, 33.0, 33.1, 35.1, 35.2, 35.4, 39.6, 40.1, 
41.7, 42.4, 45.6, 50.2, 56.4, 65.7 (3-CH), 69.7 (23-CH2), 71.8 (7-CH). 
HPLC-ELSD purity: >95% (r.t.: 12.58 min). HRMS m/z [M − H]- calcd 
for C25H44O6S: 471.27856; found: 471.27912; Δppm = +1.19. 

4.1.2.5. INT-767 3β-D-glucuronide methyl ester-triacetate (11). To sus-
pension of INT-767 (1) (750 mg, 1.5 mmol) in anhydrous toluene (75 
mL) molecular sieves (0.75 g, 4 Å, 325 mesh), methyl 2,3,4-tri-O-acetyl- 
α-D-glucopyranosyluronate bromide (10) (1.8 g, 4.6 mmol) and Fet-
izon’s reagent (16.84 g, loading 0.9 mmol Ag2CO3 g− 1, 10 eq.) were 
added and the resulting suspension was stirred at 25 ◦C under argon 
atmosphere and in the dark for 40 h [43]. The suspension was filtered 
over Celite and the filtrate was concentrated under reduced pressure. 
The crude was purified by automated flash chromatography on silica 
(Eluent: CH2Cl2/MeOH from 100:0 to 85:15, v/v) affording the desired 
INT-767 3β-D-glucuronide methyl ester-triacetate (11) (935 mg, 1.18 
mmol, 78% yield) as white solid. 1H NMR (CDCl3, 400 MHz) δ: 0.65 (s, 
3H, 18-CH3), 0.86–0.90 (m, 6H, 19-CH3 + 6-CH2CH3), 0.96 (d, J = 6.50 
Hz, 3H, 21-CH3), 2.01–2.05 (m, 9H, 3 x OCOCH3), 3.42–3.48 (m, 1H, 
3-CH), 3.67 (brs, 1H, 7-CH), 3.75 (s, 3H,CO2CH3), 4.03 (d, 1H, J = 9.20 
Hz, 5′-CH), 4.02–4.20 (m, 2H, 23-CH2), 4.67 (d, J = 7.62 Hz, 1H, 1′-CH), 
4.92–4.96 (m, 1H, 2′-CH), 5.19–5.27 (m, 2H, 3′-CH + 4′-CH). 

4.1.2.6. INT-767 3β-D-glucuronide disodium salt (7). To a solution of 
compound 11 (0.93 g, 1.2 mmol) in MeOH (17 mL), Na2CO3•10H2O 
(6.75 g, 23.6 mmol) was added and the resulting suspension was stirred 
at 25 ◦C for 72 h. The solvent was removed under reduced pressure and 
the crude was purified by RP-18 automated flash chromatography 
(Eluent: H2O/MeOH) affording 7 (076 mg, 1.1 mmol, 92% yield) as 
white solid (m.p.: >220 ◦C, dec). 1H NMR (DMSO‑d6, 400 MHz) δ: 0.61 
(s, 3H, 18-CH3), 0.81–0.84 (m, 6H, 19-CH3 + 6-CH2CH3), 0.88 (d, J =
6.50 Hz, 3H, 21-CH3), 3.00–3.15 (m, 3H, 2′-CH + 3′-CH + 4′-CH), 
3.35–3.45 (m, 1H, 3-CH), 3.51 (brs, 1H, 7-CH), 3.61–3.75 (m, 2H, 23- 
CH2), 4.02–4.08 (m, 1H, 5′-CH), 4.17 (d, J = 7.16 Hz, 1H, 1′-CH). 13C 
NMR (DMSO‑d6, 100.6 MHz) δ: 12.1, 12.2, 18.9, 20.8, 22.5, 23.4, 23.5, 
26.2, 28.3, 31.1, 31.3, 32.9, 35.4, 35.6, 35.8, 40.3, 40.5, 41.7, 42.5, 

45.9, 50.5, 56.4, 63.8 (23-CH2), 68.6 (3′-CH), 72.6 (5′-CH), 73.8 (7-CH), 
74.0 (3-CH), 76.4 (4′-CH), 77.1 (2′-CH), 99.6 (6′-CH), 173.5 (CO2Na). 
HRMS m/z [M − H]- calcd for C31H52O12S: 648.3179; found: 648.4258. 

4.1.2.7. 3α-hydroxy-7α-acetoxy-6α-ethyl-24-nor-5β-cholan-23-sulfate 
(12). To a suspension of INT-767 (1) (5 g, 10.11 mmol) in CH2Cl2 (180 
mL) were added Ac2O (9.55 mL, 101.1 mmol) and Bi(OTf)3 (0.33 g, 0.51 
mmol) and the resulting suspension was stirred at 25 ◦C for 3 h. A 
saturated aqueous NaHCO3 solution (50 mL) was added dropwise and 
the phases were separated. The aqueous phase was extracted with 
CH2Cl2, and the combined organic extracts were washed with H2O (40 
mL), brine (40 mL), dried over Na2SO4 and concentrated under vacuum. 
The crude mixture (nearly quantitative recovery) was dissolved in 
MeOH and treated with NaOH (1.2 g, 30 mmol). The resulting mixture 
was stirred at 25 ◦C for 1 h. The solvent was evaporated under reduced 
pressure and the crude was purified by RP-18 automated flash chro-
matography (Eluent: H2O/MeOH) affording the desired 3α-hydroxy-7α- 
acetoxy-6α-ethyl-24-nor-5β-cholan-23-sulfate (12) (4.56 g, 8.5 mmol, 
85% yield from 1) as white solid. 1H NMR (CD3OD, 400 MHz) δ: 0.70 (s, 
3H, 18-CH3), 0.90–0.99 (m, 9H, 19-CH3 + 21-CH3 + 6-CH2CH3), 2.06 (s, 
3H, OCOCH3), 3.33–3.39 (m, 1H, 3-CH), 3.95–4.05 (m, 2H, 23-CH2), 
5.09 (brs, 1H, 7-CH). 13C NMR (CD3OD, 100.6 MHz) δ: 10.6, 10.7, 17.7, 
19.7, 20.4, 22.1, 22.2, 23.5, 27.7, 29.8, 32.4, 32.7, 34.1, 35.1 (x3), 38.8, 
39.3, 41.0, 42.64, 45.1, 50.5, 56.0, 65.6, 71.2, 73.4, 171.1. 

4.1.2.8. 3α-oxo-7α-hydroxy-6α-ethyl-24-nor-5β-cholan-23-sulfate sodium 
salt (9). To a suspension of compound 12 (1.5 g, 2.8 mmol) in anhy-
drous CH2Cl2 (90 mL), Dess-Martin periodinane (3.5 g, 8.4 mmol) was 
added at 25 ◦C under argon atmosphere. The resulting suspension was 
stirred at 25 ◦C for 18 h. The reaction was quenched by adding 5% (wt) 
aqueous solution of Na2S2O3 (200 mL) and extracted with CH2Cl2. The 
combined organic extracts were dried over anhydrous Na2SO4 and 
concentrated under reduced pressure. The crude was dissolved in MeOH 
(5 mL), 20% (wt) aqueous solution of NaOH (5 mL) was added and the 
mixture was refluxed for 48 h. The solvent was removed under vacuo 
and the crude mixture was purified by RP-18 automated flash chroma-
tography (Eluent: H2O/MeOH) affording the desired 3α-oxo-7α-hy-
droxy-6α-ethyl-24-nor-5β-cholan-23-sulfate sodium salt (9) (1.05 g, 2.1 
mmol, 48% yield) as white solid (m.p.: 180–182 ◦C). 1H NMR (CD3OD, 
400 MHz) δ: 0.75 (s, 3H, 18-CH3), 0.92 (t, J = 7.32 Hz, 3H, 6-CH2CH3), 
1.01–1.03 (m, 6H, 21-CH3 + 19-CH3), 2.49 (m, 1H, 4α-CH), 3.23 (m, 1H, 
4β-CH), 3.73 (s, 1H, 7-CH), 4.06 (m, 2H, 23-CH2). 13C NMR (CD3OD, 
100.6 MHz) δ: 11.7, 12.1, 19, 22.1, 22.5, 23.1, 24.3, 29.2, 34.1, 34.7, 
36.4, 36.7, 37.5, 38.0, 40.8, 41.3, 41.4, 42.9, 43.7, 51.4, 57.6, 67.0 (23- 
CH2), 70.8 (7-CH), 216.7 (3-C––O). HRMS m/z [M − H]- calcd for 
C25H42O6S: 470.2702; found: 470.3598. 

4.1.2.9. 7α-hydroxy-6α-ethyl-24-nor-5β-cholan-3α,23-disulfate sodium 
salt (8). To a solution of INT-767 (1) (1.5 g, 3.0 mmol) in dry pyridine 
(23 mL), pyridine sulfur trioxide complex (pyr.SO3) (1.4 g, 9 mmol) was 
added at room temperature and the resulting mixture was stirred for 48 
h. The crude was evaporated under vacuo and the residue thus obtained 
was dissolved in NaOH/MeOH (10% w/v, 150 mL) and refluxed for 36 h. 
The crude was concentrated under reduced pressure and purified by 
automated flash chromatography (RP-18; Eluent: H2O/MeCN) to give 
the desired 7α-hydroxy-6α-ethyl-24-nor-5β-cholan-3α,23-disulfate so-
dium salt (8) (1.1 g, 1.8 mmol, 61%) as white solid (m.p.: 210–212 ◦C, 
dec.). 1H NMR (D2O, 400 MHz) δ: 0.58 (s, 3H, 18-CH3), 0.78–0.82 (m, 
6H, 19-CH3 + 6-CH2CH3), 0.90 (d, J = 5.13 Hz, 3H, 21-CH3), 3.63 (brs, 
1H, 7-CH), 3.94–4.05 (m, 3H, 3-CH + 23-CH2). 13C NMR (D2O, 100.6 
MHz) δ: 12.5 (x 2), 13.0, 19.7, 22.1, 23.1, 24.3, 24.7, 28.6, 29.3, 31.5, 
34.3, 34.5, 35.9, 36.4, 40.5, 41.1, 42.7, 43.7, 46.1, 51.4, 56.5, 68.9 (23- 
CH), 71.9 (7-CH), 82.9 (3-CH). HRMS m/z [M − H]- calcd for 
C25H44O9S2: 552.2427; found: 552.3482. 
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4.2. Biology 

Activation of the FXR receptor was determined using a recruitment 
coactivator assay, namely, AlphaScreen technology. Briefly, assays were 
conducted in white, low volume, 384-well ProxyPlate using a final 
volume of 10 μL containing 10 nM glutathione transferase-tagged hFXR- 
LBD protein and 30 nM biotinylated Src-1 peptide. The stimulation was 
carried out with different bile acid derivatives concentrations for 30 min 
at 25 ◦C. Luminescence was read in an EnVision 2103 microplate 
analyzer (PerkinElmer, USA) after incubation with the detection mix 
(acceptor and donor beads) for 4 h at 25 ◦C in the dark. Dose-response 
curves were conducted in triplicate. TGR5 activation was evaluated by 
measuring the level of intracellular cAMP using a HTR-FRET assay 
(Lance kit - PerkinElmer) according to the manufacturer’s protocol. 
NCI–H716 cells were cultured on 96-well plates coated with Matrigel 
0.75 mg/mL; BD Biosciences) in DMEM supplemented with 10% FCS, 
100 units/ml penicillin, and 100 μg/mL streptomycin sulfate, after 24 h, 
the cells were stimulated with dose response of compounds for 1 h at 
37 ◦C in OptiMEM containing 1 mM of 3-isobutyl-1-methylxanthine. The 
plate was read in EnVision microplate analyzer (PerkinElmer Life and 
Analytical Sciences). 

4.3. Molecular docking 

The crystallographic structure of FXR with PDB code 1OSV was 
selected as template of the ligand binding domain (LBD) of the receptor 
for docking studies of the compounds [44]. In addition, the 
cryo-electron microscopy (EM) structure of TGR5 (PDB code 7CFN) [48] 
was selected for docking studies of the compounds into the G-protein 
coupled receptor of bile acids. These structures were retrieved from the 
Research Collaboratory for Structural Bioinformatics (RCSB, 
http://www.rcsb.org/; access date April 2022) and processed employ-
ing the Protein Preparation Wizard (PPW) tool, as implemented in 
Maestro (Schrödinger Release 2021-3: Maestro v12.9, Schrödinger, LLC, 
New York, NY, 2021) [54]. Specifically, missing residues were inserted 
with Prime (Schrödinger Release 2021-3: Prime, Schrödinger, LLC, New 
York, NY, 2021) and hydrogen atoms were added sampling water 
orientation and optimizing the hydrogen bond network with PROPKA 
[55,56] Internal geometries of protein atoms and bonds were then 
optimized restraining the atomic coordinate of heavy atoms with a with 
a Root Mean Square Distance (RMSD) convergence criterion of 0.3 Å. 
Compounds were designed with Maestro and their geometry was opti-
mized using LigPrep (Schrödinger Release 2021-3: LigPrep, 
Schrödinger, LLC, New York, NY, 2021). In particular, compounds were 
considered in their ionization state at the target pH of 7 ± 2. All ge-
ometry refinements of protein and compound structures were carried 
out using the OPLS4 force field with a convergence criterion of energy 
minimization gradient set to 0.05 kJ/Å-mol [57]. Docking studies were 
performed using Glide (Schrödinger Release 2021-3: Glide v12.9, 
Schrödinger, LLC, New York, NY, 2021 Glide v12.9, Schrödinger, LLC, 
New York, NY, USA) [58,59], with the standard precision (SP) scoring 
function and setting twice the enhanced sampling functionality for a 
thorough conformational sampling of the compounds. The grid box was 
defined considering the binding poses of the co-crystallized ligands in 
chain A and chain B of 1OSV (chain A grid center: 11.688, 37.427, 
16.762; chain B grid center: 15.080, 18.048, 57.906), as well as 7CFN 
(grid center: − 9.283 27.736 13.600). In this latter case, only the main 
binding pose of INT-777 was considered which is located in the middle 
of the seven helical bundle of 7CFN. The inner and outer boxes of each 
grid were sized 10 × 10 × 10 Å and 30 × 30 × 30 Å, respectively. At 
most 5 output docking poses for each ligand were saved from docking 
calculations and ranked according to three different estimations of the 
ligand binding free energy: SP Gscore, Emodel score for pose selection, 
and the molecular mechanics-generalized Born surface area (MMGBSA) 
score which was calculated using Prime (Schrödinger Release 2021-3: 
Prime v12.9, Schrödinger, LLC, New York, NY, 2021). In particular, 

the calculation of ligand binding free energies with MMGBSA was car-
ried out using the OPLS4 force field and a Variable-dielectric generalized 
Born (VSGB) solvation water model. SiteMap (Schrödinger Release 
2021-3: SiteMap v12.9, Schrödinger, LLC, New York, NY, 2021) was 
used to calculate binding site properties and generate solvent accessible 
surfaces representing the interaction property complementarity with the 
ligands [58,59]. 
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Abbreviations 

CDCA chenodeoxycholic acid 
DCC N,N′-dicyclohexylcarbodiimide 
EM electron microscopy 
FXR farnesoid X receptor 
3α-HSD 3α-hydroxysteroid dehydrogenase 
HTR-FRET homogeneous time-resolved fluorescence resonance energy 

transfer 
LBD ligand binding domain 
LCA lithocholic acid 
MMGBSA molecular mechanics-generalized Born surface area 
NAFLD non alcoholic fatty liver disease 
NASH non alcoholic steato hepatitis 
OCA obeticholic acid 
P pocket 
PBC primary biliary cirrhosis 
PD pharmacodynamics 
PK pharmacokinetics 
PPW protein preparation wizard 
TGR5 Takeda-G-protein-receptor-5 
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F. De Franco, M. Pruzanski, J. Auwerx, K. Schoonjans, R. Pellicciari, Probing the 
binding site of bile acids in TGR5, ACS Med. Chem. Lett. 4 (2013) 1158–1162. 

[50] C.G.W. Gertzen, L. Spomer, S.H.J. Smits, D. Häussinger, V. Keitel, H. Gohlke, 
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