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ABSTRACT: GPBAR1 agonists have been identified as potential lead for the treatment of diseases related to colon inflammation 
such as Crohn’s and ulcerative colitis. In this paper, we report the discovery of a small library of hyodeoxycholane analogs, decorated 
at C-6 with different substituents, as potent and selective GPBAR1 agonists. In vitro pharmacological assays showed that compound 
6 selectively activates GPBAR1 (EC50 = 0.3 M) and reduces the production of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-
α,) in THP1 cells. The binding mode of compound 6 in GPBAR1 was elucidated by docking calculations. Moreover, compound 6 
protects against TNBS-induced colitis in Gpbar1+/+ rodent model representing an intriguing lead for the treatment of these 
inflammatory disorders. 

In the last decades the onset of several chronic inflammatory 
disorders is increased in the worldwide population. Pathologies 
such as inflammatory type 2 diabetes mellitus, metabolic 
syndrome, inflammatory bowel disease (IBD), atherosclerosis 
and rheumatoid arthritis have become more and more frequent. 
Inflammatory bowel disease (IBD) is a common disorder that 
involves chronic remittent or progressive inflammatory 
conditions of gastrointestinal tract. Crohn’s disease (CD), a life-
long disease, and ulcerative colitis (UC), are the most common 
forms of IBD. Multiple factors play an important role in the 
pathogenesis of IBD. Among these may be included diet, 
immunological factors, environmental factors, microbiome, 
infectious agents and genetic susceptibility.1
The current treatment of IBD includes anti-inflammatory 
aminosalicylates and corticosteroids, antibiotics, biologic, 
immunosuppressive and anti-TNF- agents.2
The lack of alternative approaches and the limited efficacy of 
this treatment, due to the incomplete remission and the arising 
of severe side effects, urge for new pharmacological tools, 
including molecules able to regulate the intestinal immune 
response. In this scenario, the targeting of GPBAR1 constitutes 
a therapeutic option for the treatment of IBDs. 
GPBAR1, cell-surface G-protein coupled bile acid receptor 1 
(also known as TGR5 or M-BAR1), belongs to the rhodopsin-
like superfamily of G protein coupled receptors (GPCRs) and 
can be activated by a wide range of ligands, including 
endogenous BAs primarily lithocholic acid (LCA), deoxycholic 
acid (DCA) and their taurine-conjugates, tauro-LCA (TLCA) 

and tauro-DCA (TDCA) as well as many steroids.3-6 Activation 
of GPBAR1 results in the increase of intracellular cAMP levels, 
which in turn triggers specific intracellular signalling cascades. 
In the human body, GPBAR1 is expressed in the gallbladder, 
small intestine, and is also located in tissues and cells not 
participating in the enterohepatic circulation such as muscle, 
brain, adipose tissue, immune system, and endothelial cells.7
Thus in recent years, academic and industrial investigations 
have been focused on the development of steroidal and non-
steroidal GPBAR1 modulators useful in the treatment of 
enterohepatic and metabolic disorders.8-12

GPBAR1 has an important role in intestinal homeostasis and 
inflammation-driven immune disfunction. Previous studies 
have shown that Gpbar1-/- mice have an altered intestinal 
morphology with increased permeability and higher 
susceptibility to develop colitis. In addition, in the immune 
system, GPBAR1 reduces phagocytic activity and the 
production of pro-inflammatory cytokines (TNF-, IL-1, IL-
1, IL-6, and IL-8).13

Recently, manipulating bile acid scaffolds, we succeeded in the 
discovery of potent and selective GPBAR1 agonists and 
demonstrated that GPBAR1 agonism shifts macrophagic 
population toward an anti-inflammatory M2 phenotype in 
mouse models of colitis, thus confirming that targeting 
GPBAR1 can be a valid therapeutic option in IBDs.14

In this context, our speculation started from the observations 
that the concomitant introduction of an alkyl group at C-6 and 
a nitrile end group on C-23 side chain produces a potent and 
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selective GPBAR1 agonist (NorECDCN in Figure 1),15 and that 
hyodeoxycholic acid (HDCA, 1),16,17 a natural secondary bile 
acid, is a weak GPBAR1 agonist.18,19 Thus, combining this 
information, and considering that chemical modifications on 
bile acid scaffold profoundly influence the pharmacokinetic 
properties and the activity towards BAs receptors,20 our 
medicinal chemistry strategy has consisted in the evaluation of 
the effect on GPBAR1 activation, introducing a nitrile group in 
the side chain and different alkyl, alkenyl or aromatic 
substituents at C-6 on HDCA (Figure 1).
Since GPBAR1 can be activated by many natural steroids and 
terpenoids featuring a flat shape,5 we have speculated on the 
stereochemistry of A/B ring junction of the steroidal nucleus in 
order to investigate the effect of physical shape change on the 
affinity towards GPBAR1.
Figure 1. 
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The synthetic protocol started with HDCA (1) that was first 
formylated at C-3 and C-6 hydroxyl groups and then subjected 
to one-carbon degradation at C-24 through the so-called second 
order “Beckmann rearrangement”21. Alkaline conditions 
(NaOH 6N) used in the treatment of the reaction afforded the 
C-3 and C-6 deprotection giving the nornitrile (2) (Scheme 1). 
Oxidation with pyridinium dichromate (PDC) afforded a 
mixture of C-6 and C-3 mono and di-keto derivatives which 
were efficiently separated by flash chromatography to obtain 
the desired 6-keto nornitrile (3) in 60% chemical yield. 
Treatment with several Grignard reagents gave 6-substituted 
compounds 4-14 showed in the Scheme 1. 
From a stereochemical point of view, treatment with methyl and 
ethyl magnesium bromides produced a mixture of 6α- and 6β-
alkylated derivatives, in a 63/37 ratio for compounds 4 and 5 
and in a 81/19 ratio for compounds 6 and 7, efficiently separated 
by HPLC, where invariably the 6-alkyl epimers (5 and 7) were 
eluted more rapidly than the corresponding 6-alkyl ones (4 and 
6).22 Of interest, in agreement with the steric influence played 
by the ring A oriented on the α-face of ring B, the reaction with 
more hindered/longer Grignard reagents, such as propyl-, 
isopropyl-, vinyl-, 4-pentenyl-, phenyl- magnesium bromide, 
proceeded in a stereoselective manner, affording the exclusive 
formation of the corresponding 6β epimers 8-12, through the 
approach of the Grignard reagent from the upper-face of the 
steroidal nucleus. 
Finally, the treatment with allyl- and benzyl magnesium 
bromides afforded surprisingly the 6-substituted compounds 
13 and 14. 
Structural and stereochemical characterization was based on 
careful analysis of NMR data. According to literature data,23 in 
the 1H NMR spectra, the -orientation of the hydroxyl group at 
C-6 as in compounds 5 and 7 produces the diagnostic down-
field shifted signal for CH3-19 (i.e. H 1.14 in 5 vs 0.98 in 4; H 
1.15 in 7 vs 1.01 in 6). Additionally, NOESY cross peaks H2-
24/H-5, H-8 and H3-19 confirmed the 6-orientation of the 
ethyl group at C-6 on compound 6. 
To access to compounds 17-20 with the trans A/B ring junction, 
HDCA (1) was subjected to methylation on the side chain and 
then to C-6 regioselective oxidation as previously described. 
Alkaline hydrolysis at the side chain methyl ester produced the 

concomitant epimerization at C-5 affording compound 15 in 
quantitative yield. One-carbon degradation at C-24 followed by 
Grignard reactions, as previously described, afforded 
compounds 17-20. In agreement with the flat shape due to the 
trans A/B ring junction and the steric influence played by the 
methyl group at C-10, the approach of the nucleophile 
proceeded from the  face of the steroidal nucleus producing 
exclusively the 6-alkyl epimers (Scheme 1). 

Scheme 1. Synthetic procedure to prepare derivatives 4-14 
and 17-20a
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aReagents and conditions. a) HCOOH, HClO4, 45-50°C; b) TFA, 
trifluoroacetic anhydride, NaNO2, 45-50°C and then NaOH, 90% 
over two steps; c) PDC, in DCM dry, 60% yield; d) Methyl-, ethyl-, 
propyl-, isopropyl-, allyl-, vinyl-, 4-pentenyl-, phenyl- and benzyl- 
magnesium bromides, in THF dry, 0°C; e) p-TsOH, MeOH dry; f) 
NaOH, MeOH:H2O (1:1), reflux, quantitative yield. 

The synthetized compounds were evaluated on GPBAR1 in 
transactivation assays. They were also tested on Farnesoid X 
Receptor (FXR) in order to determine their activity towards this 
related nuclear bile acid receptor. For this purpose, Hek293T 
cells transfected with GPBAR1 and HepG2 cells transfected 
with FXR, were incubated with 10 µM of compounds 2 and 4-
20. Activities of compounds on GPBAR1 and FXR were 
compared to those of the reference compounds TLCA and 
CDCA, respectively, that were set as 100% of activity. As 
shown in Table 1, all tested compounds, with a cis A/B ring 
junction, were effective in transactivating GPBAR1, while they 
exerted a minimal effect on FXR, showing a marked selectivity 
toward GPBAR1 over this receptor (Table 1). Compounds 17-
20, endowed with a trans junction, showed no agonistic activity 
towards GPBAR1 and FXR (Figures S2 and S3). 
Results shown in Table 1 demonstrated that the best match in 
terms of % efficacy, EC50 and selectivity has been found for 
compounds 4-7 and 11. 
The physicochemical parameters of the most efficacious 
compounds were measured by LC-MS analysis. As shown in 
Table S1 all compounds exhibited good aqueous solubility and 
a suitable logD. 
Therefore, we have investigated whether these compounds 
could exert an in vitro activity on GPBAR1-target genes. For 
this purpose, THP1 monocytic/macrophage cells, were primed 
with LPS (lipopolysaccharide), and co-incubated with or 
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without compounds 4-7 and 11 at 10 µM. As shown in Figure 
2, all compounds reduced the production of pro-inflammatory 

cytokines (IL-1β, IL-6) in THP1 cells but only compounds 4 
and 6-7 decrease also the production of TNF-  

Table 1. Efficacy, EC50 values and selectivity for compounds 2 and 4-14

*Activity toward GPBAR1 in a reporter assay was assessed in HEK-293T cells transfected with a cAMP responsive element (CRE) cloned 
upstream to the luciferase gene. For calculation of efficacy data, maximal transactivation of CRE caused by each compound (10 μM) was 
compared to maximal transactivation caused by TLCA (10 μM). **Activity toward FXR in a reporter assay was assessed in HepG2 cells 
transfected with a FXR responsive element (IR1) cloned upstream to the luciferase gene. For calculation of efficacy data, maximal 
transactivation of IR1 caused by each compound (10 μM) was compared to maximal transactivation caused by CDCA (10 μM). #GPBAR1 
affinity expressed as EC50 values. ##GPBAR1/FXR selectivity calculated as ratio between % of activity toward GPBAR1 and % of activity 
toward FXR. Data are calculated from the same experiment conducted in triplicate.
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Figure 2. In vitro effects of selected compounds on human 
monocytes activation. Relative mRNA expression of pro- and anti-
inflammatory genes was assessed by RT-PCR in THP1 cells: A) 
IL-1β; B) IL-6; C) TNF-α; D) IL-10 and E) GPBAR1, relative 
mRNA expression. Values are normalized relative to GAPDH 
mRNA and are expressed as mean ± SEM (n = 3); *p < 0.05.

Additionally, exposure to compound 6 increased the expression 
for anti-inflammatory gene IL-10, that is a specific target of 
GPBAR1.These results prompted us to investigate the effect of 
compound 6 in a TNBS-induced colitis model in Gpbar1+/+ and 
Gpbar1-/- mice. The development and the severity of colitis in 
Gpbar1+/+ mice, assessed by body weight loss, CDAI (Clinical 
Disease Activity Index) and histological sections, were 
attenuated by treatment with 6. Conversely, this compound did 
not produce effects in the Gpbar1-/- mice (Figures 3 A-C). 
We also analyzed the expression of pro- and anti-inflammatory 
cytokines in the colon of these animals (Figure 4). As expected, 
TNBS administration increased the expression of pro-
inflammatory cytokines IL-6, IL-1 and TNF-α both in wild-
type mice and in Gpbar1-/- mice. On the contrary, compound 6 
was able to revert this inflammatory pattern by reducing the 
expression of pro-inflammatory cytokines and also increasing 
the expression of the anti-inflammatory cytokine, IL-10. These 
beneficial effects were lost in mice lacking the receptor. 
To elucidate the binding mode of the newly developed HDCA 
analogues, we performed docking calculations that are widely 
used to generate and assess ligand/protein complexes based on 
scoring functions.24-26 In particular, we investigated the most 
promising compound of the series, 6, into the homology model 
of hGPBAR1 that we have previously reported and validated 
through drug design studies.17,27,28 

In the best scored and most recurrent docking pose, compound 
6 is predicted to bind GPBAR1 similar to other BA derivatives 
previously reported as agonists of this receptor.17,27-29 The 
ligand’s steroidal scaffold is hosted in a wide hydrophobic 
pocket where it can form favourable interactions with the side 

Compound C-6 substituents
CN

HO
OHRH

6

GPBAR1*
Eff. (% vs TLCA)

FXR**
Eff. (% vs CDCA)

GPBAR1#

EC50 µM
GPBAR1/FXR##

Selectivity

2 H 118.7 ± 3.16 3.5 ± 0.34 2.65 33.9
4 6-CH3 95.4 ± 0.24 6.4 ± 0.23 6.9 14.9

5 6-CH3 83.4 ± 2.4 5.5 ± 0.7 0.57 15.1

6 6-CH2CH3 101.2 ± 4.1 12.3 ± 0.47 0.3 8.2

7 6-CH2CH3 65.9 ± 1.69 6.6 ± 0.065 0.66 9.9

8 6-CH2CH2CH3 67.1 ± 2.1 3.1 ± 0.29 1.2 21.6

9 6-CH(CH3)2 22.2 ± 0.13 4.3 ± 0.31 2.78 5.16

10 6-CH=CH2 62.5 ± 2.18 2.2 ± 0.5 2.26 28.4

11 6-(CH2)3CH=CH2 90.1 ± 1.35 1.6 ± 0.05 0.78 56.31

12 6-C6H5 38.8 ± 1.79 18.2 ± 1.08 4.58 2.13

13 6-CH2CH=CH2 62.5 ± 2.15 4.1 ± 0.04 0.1 15.2

14 6-CH2C6H5 8.3 ± 0.015 4.4 ± 0.49 9.33 1.88
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4

chains of residues such as Leu71, Phe96, Leu174, and Trp237 
(Figure 5). Additional Van der Waals contacts are formed by 
the 6β-ethyl group of 6 which occupies the ancillary pocket 
shaped by residues Leu97, Phe138 and Leu173.
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Figure 3. Compound 6 protects against colitis in a GPBAR1-dependent manner. Gpbar1+/+ and Gpbar1-/- mice were treated with TNBS alone 
or in combination with compound 6 (30 mg/kg). A) Changes in body weight. B) CDAI of mice during the course of TNBS-induced colitis. 
C) H&E staining of colon sections from control mice, mice treated with TNBS, and mice treated with TNBS and compound 6 (original 
magnification 10x). (n = 5);#p < 0.05
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Figure 4. Compound 6 reversed TNBS-induced inflammation in a 
GPBAR1-dependent manner. Gpbar1+/+ and Gpbar1-/- mice were 
treated with TNBS alone or in combination with compound 6 (30 
mg/kg). Relative mRNA expression of pro- and anti-inflammatory 
genes was assessed by RT-PCR colon samples: A) Il-1β, B) Il-6, 
C) Tnf-α, D) Il-10 and E) Gpbar1, relative mRNA expression. 
Values are normalized relative to Gapdh mRNA and are expressed 
as mean ± SEM (n = 5); *p < 0.05. 

Besides this hydrophobic interaction network, the 3α- and 6α- 
OHs of the ligand can establish H-bonds with the side chains of 
Glu169 on TM5 and Asn93 on TM3, respectively. On the 
opposite side of the binding cavity, the ligand side chain points 
toward the amphipathic cleft defined by the side chains of 
residues of TM helices 1, 2, and 7, which have been described 
in previous papers as interacting points for BAs derivatives.27 

Here, the ligand’s nitrile group can form direct or water-
mediated H-bond interactions with Ser267 and Ser270, which 
might contribute to stabilize the ligand binding pose. 

Figure 5. Binding mode of 6 in hGPBAR1.27 The ligand is 
represented as green sticks, while the receptor is shown as gray 
cartoons. Amino acids involved in the ligand binding are depicted 
as sticks. Non-polar hydrogens are omitted for clarity, while H-
bonds are shown as black dashed lines.

We note that the ligand interaction with Glu169 has been 
previously identified by us and by other authors as a major 
anchor point for BAs to GPBAR1, presumably triggering the 
receptor activation.27,30
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On the other hand, the interaction with Asn93 was reported to 
play a minor role in the binding of BAs to GPBAR1. In fact, 
LCA derivatives display good GPBAR1 agonist profiles, 
although they do not present alcohol groups at either the C-6 or 
C-7 position that could interact with Asn93.28 These data might 
explain our findings indicating that compound 7, which 
displays an inverted configuration at C-6 and thus cannot 
interact with Asn93 (Figure S1), shows however a good EC50 
value, comparable to that of 6 (Table 1).
In conclusion, we report the discovery of a new chemotype of 
GPBAR1 agonists designed on hyodeoxycholic acid scaffold. 
We have decorated the C-6 position with different substituents 
and speculated also on the stereochemistry of A/B ring junction 
of the steroidal nucleus obtaining a small library of derivatives. 
Interestingly, we note that compounds featured with a cis A/B 
ring junction showed a marked selectivity toward GPBAR1 
over FXR in transactivation assays, exerting minimal activating 
effects on the latter receptor. Our studies identified compound 
6 as potent and selective GPBAR1 agonist. The activation of 
the receptor, combined with the ability to revert both the 
expression of inflammatory genes in vitro and the inflammatory 
pattern in TNBS-induced colitis model in a GPBAR1-
dependent manner, indicate compound 6 as a promising lead for 
the treatment of GPBAR1-related inflammatory bowel 
disorders.
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interleukin 6; IL-1β, interleukin 1; IL-10, interleukin 10; LCA, 
lithocholic acid; LDB, ligand binding domain; LPS, 
lipopolysaccharide; NOESY, Nuclear Overhauser Effect 
SpectroscopY; PDC, pyridinium dichromate; TNBS, 2,4,6-
Trinitrobenzenesulfonic acid; TNF-α, Tumor necrosis factor alpha;  
TFA, trifluoroacetic acid; TLCA, taurolithocholic acid.
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