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Abstract: The modulators of farnesoid X receptor (FXR), a bile acid receptor, regulate various
biological processes including bile acid metabolism, and are associated with the control of fatty
liver and osteoporosis. Thus, the control of FXR activity and development of FXR modulators are
critical not only for research, but also for clinical application. In this study, we synthesized novel
FXR agonists 1–4 possessing isoxazole and N-substituted benzimidazole moieties, and compared
their effects on osteoblast differentiation with the known FXR agonists, chenodeoxycholic acid and
a synthetic compound, GW4064. Two (3 and 4) of the four novel FXR agonists 1–4 showed high
specificities for FXR. Computer-assisted modeling suggested that the binding of the FXR agonist
3 with ligand binding domain of FXR was similar to GW4064. FXR was expressed in mouse bone
marrow-derived mesenchymal stem cell (MSC)-like ST2 cells (ST-2 MSCs). The FXR agonists activated
the BMP-2-induced differentiation of ST-2 MSCs into osteoblasts and enhanced the expression of
RUNX2. Moreover, the potency of the FXR agonist 3 was comparable to GW4064 in promoting
osteoblast differentiation of ST-2 MSCs. These results indicate that FXR activation enhanced the
BMP-2-induced differentiation of MSCs into osteoblasts through activating RUNX2 expression.
FXR could be a potential therapeutic target for the treatment of bone diseases such as osteoporosis.
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1. Introduction

Bone formation is a developmental process involving the differentiation of mesenchymal stem
cells (MSCs) into osteoblasts [1]. Most of the bones are formed through endochondral ossification
by the condensation of MSCs. The mouse bone marrow-derived MSC-like ST-2 cells (ST-2 MSCs)
were established from the bone marrow of long bones of BC8 mice [2]. These multipotent cells
can be differentiated into a variety of cells such as osteoblasts, chondrocytes, and adipocytes [3–5].
Osteoblast differentiation is tightly regulated by various factors such as hormones, transcription factors,
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and environmental conditions. A number of hormones such as parathyroid hormone, glucocorticoid,
growth hormone, sex hormones, tumor growth factor-β, prostaglandins, and bone morphogenetic
proteins (BMPs) are involved in the process of bone remodeling [6]. BMP-2 strongly activates the
differentiation of MSCs into osteoblasts, and thereby the bone formation [7]. Moreover, runt-related
transcription factor 2 (RUNX2, also known as Cbfa1, PEBP2A1, and AML3) has been firstly identified
as an osteogenic transcription factor [8,9]. It plays important roles in the induction of differentiation
of MSCs into osteoblasts [10] by activating the expression of a variety of osteogenic proteins such as
type I collagen A1 (COL1A1), osteocalcin (OCN), and alkaline phosphatase (ALP) [8,11–13]. It was
reported that RUNX2-null mice lacked endochondral and membranous ossification and osteoblast
differentiation [9,14].

Farnesoid X receptor (FXR: NR1H4) is a member of the nuclear receptor superfamily [15], and
has been identified as a receptor for bile acids such as chenodeoxycholic acid (CDCA; Supplementary
Figure S1) and cholic acid, which are synthesized from cholesterol [16–18]. FXR forms a heterodimer
with retinoid X receptor (RXR), which enhances gene expression by binding to the FXR-responsive
element, also known as the inverted repeat-1, in the promoter region of the FXR-target genes [19–22].
FXR regulates a variety of physiological processes such as the metabolism of bile acids, lipids, and
glucoses [23,24]. In addition, bile acids enhance the differentiation of MSCs into osteoblasts though
FXR [25,26]. The ablation of FXR gene resulted in a decrease in bone mineral density [27] and deletion
of small heterodimer partner (SHP), an FXR-target gene, decreased the bone mass through repression
of osteoblast differentiation [28]. Thus, the FXR signaling is associated with the regulation of osteoblast
differentiation; however, the underlying regulation mechanism has not yet been fully understood.

Representative FXR agonists include GW4064 [29] (Supplementary Figure S1) and
6α-ethylchenodeoxycholic acid (6-ECDCA, also known as obeticholic acid) [30]. Moreover, FXR appears
to be a promising target for the treatment of nonalcoholic steatohepatitis (NASH) [31,32]. 6-ECDCA,
a synthetic CDCA analog, is about 100-fold more potent than CDCA, and was approved by the Food
and Drug Administration for the treatment of the NASH patients with primary biliary cirrhosis [30].
Tropifexor, a highly potent nonsteroidal FXR agonist, is undergoing the clinical trials for the treatment
of NASH [33]. In contrast, although GW4064 is the potent nonsteroidal FXR agonist [34], it has not
been used clinically. Thus, FXR agonists are of interest not only for research, but also for clinical
application. As the potential FXR agonists for clinical application are few, novel potent FXR agonists
are needed. Non-steroidal FXR agonists with [33,35–46] or without [47–51] isoxazole derivative
have been discovered. Many of the former share isoxazole derivative and the structure modified
stilbene moiety of GW4064. Among them, we focused on FXR agonists with the fused aromatic
moiety (e.g., N-nonsubstituted benzimidazole) as the alternative to the stilbene while maintaining the
isoxazole derivative [39], because we have previously disclosed a novel chemotype for FXR antagonists
possessing an N-substituted benzimidazole scaffold and the synthetic knowledge for the building
blocks containing benzimidazole [52–54]. In the early phase of research process of the development of
FXR agonists, therefore, we selected the N-substituted benzimidazole as the alternative to the stilbene
from the viewpoint of feasibility of the synthesis development and tackled using the scaffold for FXR
antagonists in the development of a new chemotype for FXR agonists.

To date, efforts have been made to improve the potency and efficacy for pharmacological
applications [55,56]. In this study, our effort is first to clarify whether N-substituted benzimidazole
scaffold can be used as a pharmacophore for FXR agonists. In fact, we synthesized four derivatives
possessing N-substituted benzimidazole and investigated the effect of FXR agonists such as CDCA,
GW4064, and novel potential FXR agonists 1–4 in the regulation of osteoblast differentiation of ST-2
MSCs. Moreover, we also evaluated whether the cellular system reported here is useful to assess the
biological potential of low-molecular weight nonsteroidal and steroidal FXR agonists.
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2. Results

2.1. Synthesis of Novel FXR Agonists

Different FXR modulators have some of the same shared structures; namely, the isoxazole moiety
derived from GW4064 and the carboxylic acid group extending from the aromatic ring. The initial step
in tackling FXR agonists was carried out using N-substituted benzimidazole with the carboxylic acid
as the scaffold and the isoxazole moiety of GW4064. These two moieties were bridged by the aromatic
derivatives to prepare the FXR agonists 1–4 (Scheme 1 and Supplementary Scheme S1).

Molecules 2019, 24, x FOR PEER REVIEW 3 of 18 

 

2. Results 

2.1. Synthesis of Novel FXR Agonists 

Different FXR modulators have some of the same shared structures; namely, the isoxazole 
moiety derived from GW4064 and the carboxylic acid group extending from the aromatic ring. The 
initial step in tackling FXR agonists was carried out using N-substituted benzimidazole with the 
carboxylic acid as the scaffold and the isoxazole moiety of GW4064. These two moieties were bridged 
by the aromatic derivatives to prepare the FXR agonists 1–4 (Scheme 1 and Supplementary Scheme 
S1). 

The characterization of the novel FXR agonists was performed by 1H-NMR and high-resolution 
mass spectrometry (HRMS; Supplementary information). Their purities were confirmed by HPLC 
(Supplementary Table S1). 

 

Scheme 1. Synthetic pathway of novel FXR agonists 3 and 4. Reagents and conditions: (a) K2CO3 and 
N,N-dimethylformamide (DMF) at 70 °C for 15 h; (b) 1M NaOH and methanol at 25 °C for 15 h; (c) 
methyl 4-amino-3-(methylamino) benzoate, 1-hydroxybenzotriazole (HOAt), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (WSCI-HCl), and triethylamine at 0 to 25 
°C for 15 h; (d) CH3COOH at 80 °C for 2 h; (e) 1M NaOH, methanol, and tetrahydrofuran (THF) at 25 
°C for 15 h. 

2.2. Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) Binding Assay 

An FXR TR-FRET binding assay was employed to characterize the binding abilities of FXR 
agonists 1–4 (Table 1). FXR agonist 1 possessing benzimidazole and isoxazole moieties bridged by 
phenyl ring appeared to bind nearly 2-fold greater than GW4064 (EC50: 43.7 ± 54.2 nM and 96.2 ± 62.7 
nM, respectively). The EC50 value of FXR agonist 1 was modulated by the substitution of acidic moiety 
on benzimidazole such as FXR agonist 2. Introduction of chloride to the phenyl ring (FXR agonists 3 
and 4) obviously showed differences in the results of TR-FRET binding assay. The potency of the 
substituent pattern of FXR agonist 3 was found to be high (EC50 = 13.4±7.9 nM, maximum activity 51.1 
± 27.6%; Table 1).  

Table 1. Binding ability of FXR agonists by TR-FRET binding assay. 

FXR Agonist EC50 (nM) Maximum Activity (%) 
GW4064 96.2 ± 62.7 135.8 ± 42.6 

1 43.7 ± 54.2 58.2 ± 26.2 
2 64.4 ± 135.1 58.3 ± 20.4 
3 13.4 ± 7.9 51.1 ± 27.6 
4 31.6 ± 26.9 76.4 ± 23.4 

+
a b, c

d e

3, 4

3-1, 4-1 3-2, 4-2

3-3, 4-3

3-1, 3-2, 3-3 and 3: R1=Cl, R2=H
4-1, 4-2, 4-3 and 4: R1=H, R2=Cl

Scheme 1. Synthetic pathway of novel FXR agonists 3 and 4. Reagents and conditions:
(a) K2CO3 and N,N-dimethylformamide (DMF) at 70 ◦C for 15 h; (b) 1M NaOH and methanol
at 25 ◦C for 15 h; (c) methyl 4-amino-3-(methylamino) benzoate, 1-hydroxybenzotriazole (HOAt),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (WSCI-HCl), and triethylamine at 0 to
25 ◦C for 15 h; (d) CH3COOH at 80 ◦C for 2 h; (e) 1M NaOH, methanol, and tetrahydrofuran (THF) at
25 ◦C for 15 h.

The characterization of the novel FXR agonists was performed by 1H-NMR and high-resolution
mass spectrometry (HRMS; Supplementary information). Their purities were confirmed by HPLC
(Supplementary Table S1).

2.2. Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) Binding Assay

An FXR TR-FRET binding assay was employed to characterize the binding abilities of FXR agonists
1–4 (Table 1). FXR agonist 1 possessing benzimidazole and isoxazole moieties bridged by phenyl
ring appeared to bind nearly 2-fold greater than GW4064 (EC50: 43.7 ± 54.2 nM and 96.2 ± 62.7 nM,
respectively). The EC50 value of FXR agonist 1 was modulated by the substitution of acidic moiety
on benzimidazole such as FXR agonist 2. Introduction of chloride to the phenyl ring (FXR agonists
3 and 4) obviously showed differences in the results of TR-FRET binding assay. The potency of the
substituent pattern of FXR agonist 3 was found to be high (EC50 = 13.4±7.9 nM, maximum activity 51.1
± 27.6%; Table 1).

Additionally, computer-assisted modeling studies with the FXR agonist 3 were conducted to
understand the binding mode of the FXR agonist 3 in the binding site of FXR ligand binding domain
(LBD). The crystal structure of the LBD complexed with GW4064 was used for the modeling. Figure 1
showed that the FXR agonist 3 (white) occupied the same binding site of FXR LBD as GW4064 (yellow).
The positions of the isoxazole moiety and the carboxyl group in the FXR agonist 3 were well overlapped
to those of GW4064. In addition, the benzimidazole of the FXR agonist 3 and the stilbene of GW4064
have shared the same space in the LBD.
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Table 1. Binding ability of FXR agonists by TR-FRET binding assay.

FXR Agonist EC50 (nM) Maximum Activity (%)

GW4064 96.2 ± 62.7 135.8 ± 42.6
1 43.7 ± 54.2 58.2 ± 26.2
2 64.4 ± 135.1 58.3 ± 20.4
3 13.4 ± 7.9 51.1 ± 27.6
4 31.6 ± 26.9 76.4 ± 23.4
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Figure 1. Modeling of FXR complexed with GW4064 and novel synthesized FXR agonist 3. A
complex-model of human FXRα-LBD monomer (PDB ID: 3DCT, purple cylinders and orange sticks)
with GW4064 (X-ray; yellow sticks) and novel FXR agonist 3 (model; white sticks) was built using
AutoDock Vina1.1.2. Left panel: view from the side. Right panel: view from above.

2.3. Specificity of FXR Agonists as Determined by Luciferase Reporter Assay

The specificity of the novel FXR agonists against FXR was examined using various nuclear receptor
response element-driven luciferase constructs. The novel FXR agonists 3 and 4 enhanced only FXR
response element-driven luciferase activities among several nuclear receptors [liver X receptor (LXR)
α and β, vitamin D receptor (VDR), peroxisome proliferator-activated receptor (PPAR) α, γ, and δ,
retinoic acid receptor (RAR) α, RXRα, FXR, and transmembrane G protein-coupled receptor 5 (TGR5);
Figure 2]. In contrast, the FXR agonists 1 and 2 increased both FXR- and LXRα-response element-driven
luciferase activities (Figure 2). These results indicate that the novel FXR agonists 3 and 4 specifically
activated FXR. Thus, we decided to use the novel FXR agonists 3 and 4 in further study.

2.4. Viability of ST-2 MSCs

The cytotoxic effects of FXR agonists, CDCA, GW4064, and novel FXR agonists 3 and 4, and an
FXR antagonist (Z)-guggulsterone (GS) on ST-2 MSCs were determined by a WST assay. No cytotoxicity
was observed after 12 days of incubation of ST-2 MSCs with any of the FXR agonists (Figure 3). Thus,
we determined to use 10 µM CDCA, 5 µM GW4064, 5 µM of novel FXR agonist 3 and 4, and 25 µM GS
in the subsequent studies.

2.5. Expression of FXR and FXR-Target Genes during Osteoblast Differentiation of ST-2 MSCs

We measured the expression levels of the FXR and FXR-target genes during osteoblast
differentiation of ST-2 MSCs. The cells were differentiated into osteoblasts for 6 or 12 days in the
presence of BMP-2 together with one of the FXR agonists and/or the FXR antagonist, GS. The expression
of the FXR gene was induced by the treatment with BMP-2 at 6 and 12 days (Figure 4). The mRNA
expression level of the FXR was elevated upon treatment with CDCA, GW4064, or the novel FXR
agonists 3 and 4 at 6 and 12 days (Figure 4). The increase in gene expression caused by the FXR
agonists was repressed by the co-treatment with GS (Figure 4). Furthermore, the expression of the
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FXR-target genes; bile salt export pump (BSEP, also known as ABCB11) and SHP, was also enhanced
by the treatment with each of the FXR agonists. In contrast, the FXR agonist-induced expression
was suppressed by co-treating with GS (Figure 4). These results indicate that the known and novel
synthesized FXR agonists enhanced the expression of the FXR and its target genes during osteoblast
differentiation of ST-2 MSCs.
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Figure 2. Specificity of FXR agonists to nuclear receptors. Huh-7, HEK293, or COS-7 cells (vehicle: V;
white columns) were transfected with each of the plasmids for the nuclear receptor and the nuclear
receptor-response element-driven luciferase gene. Then, the transfected cells were treated with
each of the nuclear receptor agonists [LXRα/β: T0901317 (T0; 50 nM), VDR: 1α,25-vitamin D3 (VD3;
100 nM), PPARα: GW7467 (50 nM), PPARγ: GW1929 (50 nM), PPARδ: GW501516 (50 nM), RARα:
all-trans-retinoic acid (atRA; 100 nM), RXRα: 9-cis-retinoic acid (cRA; 100 nM), TGR5: lithocholic
acid (LCA; 200 nM), FXR: GW4064 (100 nM); gray columns] or novel FXR agonists 1–4 (1 µM; black
columns). Luciferase activity was measured, as described in Materials and Methods. Data are shown
as means ± S.D. from three experiments in triplicate assay.
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Figure 3. Cytotoxicity of FXR agonists and GS in ST-2 MSCs. The ST-2 MSCs (vehicle: V; white columns)
were cultured for 12 days in the medium containing one of FXR agonists; 1–10 µM CDCA, 0.5–5 µM
GW4064, 0.5–5 µM of novel FXR agonists 3 or 4 (black columns), and 5–25 µM GS (gray columns). Cell
viability was measured by a WST assay. Data are shown as means ± S.D. from three experiments.

2.6. Enhancement of ALP Activity by FXR Agonists during Osteoblast Differentiation of ST-2 MSCs

The ST-2 MSCs were differentiated into osteoblasts for 6 or 12 days in RPMI-1640 medium with
BMP-2 in the presence or absence of one of the FXR agonists and/or GS. The staining and activity
of ALP were enhanced by treating with BMP-2 during osteoblast differentiation of ST-2 MSCs at 6
days (Figure 5A,B). The staining and activity of ALP were elevated by the treatment with CDCA and
GW4064, as compared with that in the BMP-2-treated ST-2 MSCs at 6 days (Figure 5A,B). Moreover,
when the cells were differentiated into osteoblasts for 12 days with BMP-2 and/or CDCA or GW4064,
the ALP staining and activity were further increased (Figure 5A,B). The CDCA- and GW4064-induced
staining and activity of ALP were suppressed by co-treating with GS (Figure 5A,B). Furthermore,
the novel FXR agonists 3 and 4 enhanced the staining and activity of ALP (Figure 5A,B), and the ability
of the FXR agonist 3 was comparable to that of GW4064 in the 6- or 12-days-differentiated ST-2 MSCs
(Figure 5A,B). The enhancement of ALP staining and activity caused by the novel FXR agonists 3 and 4
was repressed by co-incubating with GS (Figure 5A,B).

We measured the expression level of the ALP gene in FXR agonist-treated ST-2 MSCs. The ALP
mRNA level was enhanced by the treatment with BMP-2, as compared with that in the vehicle-treated
ST-2 MSCs at 6 days (Figure 5C). When the cells were differentiated for 6 days with BMP-2 together
with CDCA or GW4064, the transcription level of the ALP gene was elevated, as compared with that in
the BMP-2-treated ST-2 MSCs (Figure 5C). Moreover, BMP-2-, CDCA-, and GW-4064-induced ALP
gene expressions were further elevated at 12 days (Figure 5C). In addition, the FXR agonist-induced
ALP gene expression was repressed by co-treating with GS (Figure 5C). The novel FXR agonists 3
and 4 could also enhance ALP gene expression (Figure 5C). Especially, the ability of the FXR agonist
3 was comparable to that of GW4064 in the ALP gene expression during osteoblast differentiation
of ST-2 MSCs (Figure 5C). Furthermore, the enhancement of ALP gene expression by the novel FXR
agonists 3 and 4 was suppressed by the co-treatment with GS (Figure 5C). These results, taken together,
indicate that GW4064 and novel FXR agonists 3 and 4 activated the ALP activity through FXR in the
BMP-2-induced osteoblast differentiation of ST-2 MSCs. Moreover, the novel FXR agonist 3 showed
comparable potency to GW4064 in the promotion of ALP activity during osteoblast differentiation of
ST-2 MSCs.
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Figure 4. Expression of FXR and its target genes during osteoblast differentiation of ST-2 MSCs.
The ST-2 MSCs (vehicle: V; white columns) were differentiated into osteoblasts for 6 or 12 days in the
medium containing BMP-2 (50 ng/mL; gray columns) in the presence or absence of one of the FXR
agonists, 10 µM CDCA, 5 µM GW4064 (GW), and 5 µM of novel synthesized FXR agonist 3 or 4 (black
columns), and/or 25 µM GS (hatched columns). The expression levels were measured by quantitative
PCR (qPCR). Data are presented as means ± S.D. from three experiments. * p < 0.01, as compared with
the BMP-2-treated cells, # p < 0.01, ## p < 0.05, as compared with the FXR agonist-treated cells.
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Figure 5. ALP activity in BMP-2-induced differentiation of ST-2 MSCs into osteoblasts. (A) ALP
staining. ST-2 MSCs were differentiated into osteoblasts for 12 days in the medium containing BMP-2
(50 ng/mL) together with 10 µM CDCA, 5 µM GW4064 (GW), or 5 µM of novel synthesized FXR agonist
3 or 4 in the presence or absence of 25 µM GS. ALP staining was carried out as described in Materials
and Methods. The results are the representative from three experiments. (B) ALP activity. The ST-2
MSCs (vehicle: V; white columns) were cultured for 6 or 12 days in the medium containing BMP-2 (50
ng/mL; gray columns) together with one of the FXR agonists, 10 µM CDCA, 5 µM GW4064 (GW), and
5 µM of novel synthesized FXR agonist 3 or 4 (black columns) in the presence or absence of 25 µM GS
(hatched columns). Data are shown as means ± S.D. for three experiments. *p < 0.01, as compared with
the BMP-2-treated cells, # p < 0.01, as compared with the FXR agonist-treated cells. (C) Expression of
the ALP gene during osteoblast differentiation of ST-2 MSCs. The cells were cultured as described in
the legend of Figure 5B. Expression level of the ALP gene was measured by qPCR. Data are presented
as means ± S.D. from three experiments. * p < 0.01, as compared with the BMP-2-treated cells, # p <

0.01, ## p < 0.05, as compared with the FXR agonist-treated cells.
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2.7. Elevation of the Expression of Osteogenic Genes by FXR Agonists in ST-2 MSCs

Next, we measured the changes in the expression levels of the genes involved in the osteoblast
differentiation of ST-2 MSCs. When the cells were differentiated into osteoblasts in the medium
containing BMP-2, the expression level of the RUNX2, COL1A1, and OCN genes was all enhanced
at 6 and 12 days after initiation of differentiation (Figure 6). CDCA and GW4064 further enhanced
the expression of these genes at 6 days, as compared with those in the BMP-2-treated cells (Figure 6).
Moreover, the novel FXR agonist 3 and 4 elevated the expression of these genes at 6 days, and the FXR
agonist 3-induced increase was comparable to that of GW4064 (Figure 6). Interestingly, the FXR-induced
RUNX2 gene expression at 12 days was lower than that at 6 days, indicating that FXR activation
is important for the enhancement of RUNX2 gene expression during the early phase of osteoblast
differentiation of ST-2 MSCs (Figure 6). Additionally, the novel FXR agonist-induced expression of the
osteogenic genes was repressed by co-treating with GS (Figure 6). These results reveal that the known
and novel FXR agonists could activate the BMP-2-induced osteoblast differentiation of ST-2 MSCs via
activating RUNX2 expression. It is noteworthy that the novel FXR agonist 3 showed high potency,
which is comparable to that of GW4064 in osteoblast differentiation of ST-2 MSCs.
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Figure 6. Expression of osteogenic genes during osteoblast differentiation of ST-2 MSCs. The ST-2
MSCs were differentiated into osteoblasts as described in the legend of Figure 5B. Transcription levels
of the RUNX2, COL1A1, and OCN genes were measured by qPCR. Data represent as means ± S.D.
from three experiments. * p < 0.01, as compared with the BMP-2-treated cells, # p < 0.01, ## p < 0.05, as
compared with the FXR agonist-treated cells.

3. Discussion

A variety of FXR modulators have been discovered and are classified as steroidal or non-steroidal,
based on their chemical structures [57]. Although FXR is associated with the regulation of various
biological processes and diseases [23,24,31,32], during the validation of FXR modulators for drug
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development, most compounds dropped out in the preclinical and clinical stages and only a few could
enter the clinical trials [57].

Benzimidazole derivatives are generally useful intermediates/subunits in the development of
molecules of pharmaceutical or biological interest. Substituted benzimidazole derivatives have found
applications in diverse therapeutic areas [58]. The synthetic protocols have also been reported to
prepare many benzimidazole derivatives through the variation of commercially available starting
materials [59–61]. FXR agonists previously reported by Akwabi-Ameyaw et al. have the fused aromatic
rings (e.g., benzothiophene or N-nonsubstituted benzimidazole) as the alternative to the stilbene
of GW4064 and their compounds reveal the agonistic activity against FXR at nanomolar levels [39].
Encouraged by the observation obtained from the previous report [39], and considering the stability
of the derivatives such as benzothiophene (e.g., labile for oxidation) [62] and a wide diversity of the
building blocks containing N-substituted benzimidazole moiety [52–54], exploring a new series of FXR
agonists was initiated. We synthesized four compounds (1–4) to verify the usefulness of the moiety as
FXR agonists and determined their potential effects in osteoblast differentiation of ST-2 MSCs. Even the
distinct of small modification on these FXR agonists (e.g., 1 vs. 2, 1 vs. 3, 1 vs. 4, and 3 vs. 4) reflects to
the EC50 values of TR-FRET binding assay (Table 1). Eventually, FXR agonist 3 having N-substituted
benzimidazole as the pharmacophore was observed to have higher binding activity than GW4064
(Table 1). From the modeling results, the FXR agonist 3 occupied the same binding space of GW4064.
The binding space of FXR is known as hydrophobic circumstances [63]. Since the FXR agonist 3 has
the hydrophobic N-substituted benzimidazole, the FXR agonist 3 would show higher binding activity
than GW4064. The FXR agonist 3 showed high potency in FXR-mediated BMP-2-induced osteoblast
differentiation (Figures 5 and 6). Thus, owing to its biological properties, the FXR agonist 3 could
be a lead compound for developing a chemotype that is different from the existing FXR agonists.
Furthermore, the results obtained from the modeling study implied that there is the vacant space of the
LBD that is not occupied by GW4064 (Figure 1). As a clue for further molecular modifications on the
basis of the N-substituted benzimidazole moiety, the space could be filled with a modification of FXR
agonist 3, especially a building block extended from benzimidazole. In addition, we validated another
FXR agonists 1, 2, and 4 in this study. Novel FXR agonists 1 and 2 activated through FXR and LXRα in
the luciferase assay (Figure 2). While, FXR agonists 3 and 4 have specificities to FXR and activated the
osteoblast differentiation of ST-2 MSCs. The potency of FXR agonist 3 is higher than FXR agonist 4 and
comparable to GW4064 in BMP-2-induced osteoblast differentiation of ST-2 MSCs. Therefore, we could
develop a new chemotype for FXR agonists with increased agonistic activity.

Osteoblast differentiation is regulated via complex and multiple steps by various factors [13,64].
Nuclear receptors are ligand-dependent transcription factors that regulate various diseases such as
diabetes, cardiovascular disease, obesity, and osteoporosis [65]. Some nuclear receptors are involved
in the control of bone formation and osteoblast differentiation [65]. It is known that the activation of
FXR induces osteoblast differentiation [25,26]. Bile acids, ligands for FXR, activate the differentiation
of MSCs into osteoblasts [25,26]. FXR gene-deficient mice were reported to have lower bone mineral
density [27]. However, the molecular mechanism of FXR-mediated osteoblast differentiation remains
unclear. In this study, we investigated the role of FXR in osteoblast differentiation of ST-2 MSCs
using the known and novel FXR agonists. CDCA is a bile acid derived from cholesterol that has been
recognized as a natural ligand of FXR [16]. In addition, a synthetic compound, GW4064 has been shown
to be the most potent FXR agonist [34]. Importantly, the novel FXR agonist 3 showed similar effects as
GW4064 in the promotion of BMP-2-induced differentiation of ST-2 MSCs into osteoblasts (Figures 5
and 6). The role of FXR in osteoblast differentiation of ST-2 MSCs was further demonstrated using
the FXR antagonist GS, which clearly decreased the FXR agonist-promoted osteoblast differentiation
of ST-2 MSCs. Moreover, we further have to prove the specificity of novel FXR agonists against FXR
using FXR-deficient cells.

Bone formation (osteoblastogenesis) is coupled to bone resorption (osteoclastogenesis) in the bone
homeostasis (bone remodeling and repair). An imbalance in bone homeostasis results in diseases
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such as osteoporosis and osteopenia [66]. We observed that FXR activation enhanced osteoblast
differentiation (Figures 5 and 6), whose results are supported by the previous finding that bile acid
promoted osteoblastogenesis through FXR [26,27]. Moreover, bone mineral density was decreased [27]
and osteoclast differentiation was enhanced in FXR gene-knockout mice [67]. Therefore, FXR is
critical in the regulation of not only bone formation (osteoblastogenesis), but also bone resorption
(osteoclastogenesis). Osteoblast differentiation of ST-2 MSCs was induced by the endogenous FXR
ligand, a bile acid CDCA (Figures 5 and 6), indicating that bile acid is associated with the bone
formation [27]. In addition, bile acids suppressed osteoclast differentiation [67]. Thus, bone remodeling
might be regulated by bile acids, indicating that bone homeostasis could be associated with liver
activity. The association between bone remodeling and the liver activity through FXR should be further
investigated using known and novel FXR modulators.

Another important finding in the present study is that FXR activation enhanced the expression of
RUNX2 in the early stage of BMP-2-induced differentiation of ST-2 MSCs into osteoblasts (Figure 6).
RUNX2 is a key protein in the activation of osteoblast differentiation and plays an important role in
the commitment of BMP-2-induced osteoblast differentiation from mouse C2C12 myoblasts [68,69].
A variety of transcription factors are involved in the transcriptional regulation of the RUNX2 gene
during osteoblast differentiation [70]. The homeodomain proteins such as distal-less homeobox (DLX)
3, DLX5, and Msh homeobox 2 (MSX2) are important in the regulation of the early stage of osteoblast
differentiation of MSCs [71]. However, the expression level of these homeodomain proteins was not
affected by FXR agonists in the BMP-2-induced differentiation of ST-2 MSCs into osteoblasts (data
not shown). From another perspective, FXR activation may stimulate the BMP-2 signaling in the
elevation of the RUNX2 expression during osteoblast differentiation of MSCs, because the BMP-2
signaling stimulated the RUNX2 expression in osteoblast differentiation of MSCs [72]. The mechanism
of transcriptional activation of the RUNX2 gene by FXR in the promotion of the early stage of osteoblast
differentiation of MSCs should be further investigated.

4. Materials and Methods

4.1. Materials

GW4064, (Z)-guggulsterone (GS), T0901317, 1α,25-vitamin D3, GW7647, and GW1929 were
obtained from Cayman Chemical (Ann Arbor, MI, USA). CDCA, lithocholic acid, and Fast-blue BB salt
were purchased from Sigma (St. Louis, MO, USA). GW501516 was from ChemScene LLC (Newark, NJ,
USA). All-trans retinoic acid and 9-cis-retinoic acid were from FUJIFILM Wako Pure Chemical (Osaka,
Japan). BMP-2 was from Miltenyi Biotec. (Bergisch Gladbach, Germany). Naphthol AS-MX phosphate
was from Nacalai Tesque (Kyoto, Japan). Amino acid derivative and the coupling reagents were from
Watanabe Chemical (Hiroshima, Japan) or Peptide Institute (Osaka, Japan). All other chemicals were
from Tokyo Chemical Industry (Tokyo, Japan), FUJIFILM Wako Pure Chemical, and Aurora Fine
Chemicals (San Diego, CA, USA) unless otherwise stated.

4.2. Synthesis of FXR Agonists

The synthetic schemes for novel FXR agonists 1–4 were depicted in Supplementry Scheme S1 (1,
2) and Scheme 1 (3, 4). The isoxazole moiety of GW4064 [34] and N-substituted benzimidazole
part [53,54] were prepared according to the previous reports. The isoxazole derivative was
coupled with 4-hydroxybenzoate derivatives in DMF containing K2CO3 to yield 3–1 and 4–1. After
removal of the methyl ester group of 3-1 and 4-1 (Scheme 1), subsequent coupling with methyl
4-amino-3-(methylamino)benzoate [52] using HOAt, WSCI-HCl, and triethylamine in DMF yielded 3–2
and 4–2. Immediate ring closure of 3–2 and 4–2 in CH3COOH gave the corresponding N-substituted
benzimidazole derivatives, 3–3 and 4–3. Removal of methyl esters of 3–3 and 4–3 was achieved by 1 M
NaOH in methanol/THF to give 3 and 4.
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4.3. TR-FRET Binding Assay

The binding activity of FXR agonists was determined using a LanthaScreen TR-FRET FXR
Coactivator Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) as described previously [53].
TR-FRET signal was detected by an EnVision Multilabel Plate Reader (Perkin Elmer, Waltham, MA,
USA). The EC50 values of each compound were calculated using a probit analysis [53]. Maximum
activities (%) were determined by calculating the percentage activities with respect to that of 0.5 µM of
GW4064 [73].

4.4. Modeling of FXR Complex with GW4064 and Novel FXR Agonist 3

Model complexes of the LBD of human FXRα with GW4064 (PDB ID: 3DCT) and novel FXR
agonist 3 were built using AutoDock Vina1.1.2 with the standard parameters [74].

4.5. Luciferase Reporter Assay

Luciferase reporter assay was performed as described previously [53]. Briefly, human hepatoma
Huh-7 (for FXR, RARα, and RXRα), transformed African green monkey kidney fibroblast COS-7
(for LXRα/β and PPARα/γ/δ), or human embryonic kidney HEK293 (for VDR and TGR5) cells were
transfected with each of plasmids for nuclear receptor and nuclear receptor-response element-driven
luciferase gene. Then they were treated with each of nuclear receptor agonists [LXRα/β: T0901317 (T0;
50 nM), VDR: 1α,25-vitamin D3 (VD3; 100 nM), PPARα: GW7467 (50 nM), PPARγ: GW1929 (50 nM),
PPARδ: GW501516 (50 nM), RARα: all-trans-retinoic acid (atRA; 100 nM), RXRα: 9-cis-retinoic acid
(cRA; 100 nM), bile acid-activated receptor (TGR5): lithocholic acid (LCA; 200 nM), FXR: GW4064
(100 nM)] or novel FXR agonists 1–4 (1 µM). The luciferase activity was measured as described
previously [53].

4.6. Cell Culture

Mouse ST-2 MSCs were obtained from RIKEN BioResource Research Center (Tsukuba, Japan)
and cultured in RPMI-1640 medium (Sigma) containing 10% (v/v) fetal calf serum and antibiotics
(100 units/mL penicillin and 100 µg/mL streptomycin; Nacalai Tesque) at 37 ◦C in an atmosphere of
5% CO2. The ST-2 MSCs were allowed to differentiate into osteoblasts for 6 or 12 days in RPMI-1640
medium with BMP-2 (50 ng/mL). The medium was changed every 3 days.

4.7. Cell Toxicity Assay

The ST-2 MSCs were cultured in a 96-well plate in RPMI-1640 medium containing one of various
concentrations of FXR agonists (0–10 µM CDCA, 0–5 µM GW4064, and 0–5 µM of novel FXR agonists
3 or 4 or 0–25 µM GS) for 12 days. The cells were washed twice with PBS, and cell viability was
determined using Cell Counting Kit-8 (Dojindo Molecular Technologies, Kumamoto, Japan) according
to the protocols provided by the supplier. The cell viability (%) was shown relative to the vehicle-treated
cells (0 µM).

4.8. RNA Extraction and Quantitative PCR

RNAiso Plus was used to isolate total RNA (Takara-Bio, Kyoto, Japan). Subsequently total RNA
(1 µg) was reverse-transcribed to cDNAs using ReverTra Ace reverse transcriptase (Toyobo, Osaka,
Japan) and random hexamer (Takara-Bio). Thereafter, the mRNA levels were determined by qPCR
analysis using a Power SYBR Green Master Mix (Thermo Fisher Scientific) in an Applied Biosystems
7500 Real Time PCR System (Thermo Fisher Scientific). The sequences of the gene-specific primers were
shown in Table 2. The relative mRNA expression levels were determined using the 2−∆∆CT method
and normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Table 2. Nucleotide sequences of primers used in qPCR.

Gene Accession No. Forward Primer Reverse Primer

FXR nM_001163700 5′-GGAGAGGAAGACTCAGTCCAGA-3′ 5′-GCCTGGACGACAGAGCTAAA-3′

BSEP nM_021022 5′-GGACACACCTGAGAGGACCTT-3′ 5′-AGATCGTTGACGGATGGAAG-3′

SHP nM_011850 5′-CTGAAGGGCACGATCCTCT-3′ 5′-GCCTCCTGTTGCAGGTGT-3′

ALP nM_007431 5′-AACCCAGACACAAGCATTCC-3′ 5′-GAGAGCGAAGGGTCAGTCAG-3′

RUNX2 nM_009820 5′-GCACCGACAGTCCCAACT-3′ 5′-CTCCGAGGGCTACAACCTT -3′

COL1A1 nM_007742 5′-CATGTTCAGCTTTGTGGACCT-3′ 5′-GCAGCTGACTTCAGGGATGT-3′

OCN nM_001032298 5′-AGACTCCGGCGCTACCTT-3′ 5′-CTCGTCACAAGCAGGGTTAAG-3′

GAPDH nM_008084 5′-CAAGGAGTAAGAAACCCTGGACC-3′ 5′-CGAGTTGGGATAGGGCCTCT-3′

4.9. ALP Staining

The ST-2 MSCs were allowed to differentiate into osteoblasts for 12 days in RPMI-1640 medium
with BMP-2 (50 ng/mL) and one of FXR agonists together with or without GS (25 µM). Then, the cells
were washed twice with PBS and fixed with 10% (v/v) formaldehyde in PBS at 25 ◦C for 10 min. The cells
were again washed with PBS, and incubated with the staining solution (0.1 mg/mL naphthol AS-MX
phosphate and 0.6 mg/mL Fast-blue BB salt in 0.1 M Tris-Cl, pH 8.8) at 25 ◦C for 30 min. After removing
the staining solution, the cells were washed with PBS and visualized under a microscope (CKX-41,
Olympus, Tokyo, Japan).

4.10. ALP Activity Assay

The ST-2 MSCs were cultured in a 96-well plate for 6 or 12 days in RPMI-1640 medium containing
BMP-2 (50 ng/mL) together with one of the FXR agonists [3 or 4 (5 µM), CDCA (10 µM), or GW4064
(1 µM)] and/or GS (25 µM). The ALP activity was measured using LabAssay ALP (FUJIFILM Wako
Pure Chemical) according to the manufacturer’s protocols. Protein concentrations were measured
using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).

4.11. Statistical Analysis

Data are expressed as the means ± S.D. Statistical analysis was performed using an unpaired t test
or one-way ANOVA. Tukey’s post hoc test was used for multiple comparisons. A value of p < 0.05 was
considered statistically significant.

5. Conclusions

Novel FXR agonists 3 and 4, possessing isoxazole and N-substituted benzimidazole moieties
showed high specificities to FXR. Computer-assisted modeling suggested that FXR agonist 3 occupied
the same binding site of FXR LBD as GW4064. FXR activation promoted the early stage of
BMP-2-induced osteoblast differentiation of ST-2 MSCs through activation of RUNX2, indicating
that FXR is a potential target for developing the medicines for the treatment of bone diseases. Moreover,
the FXR agonist 3 has high potency, which is comparable to the synthetic FXR agonist, GW4064,
in the promotion of osteoblast differentiation. Additionally, the cellular system employed in this
study is useful for validating the abilities of FXR modulators and for elucidating the FXR-mediated
regulatory mechanism.

Supplementary Materials: The following are available online: Figure S1: Chemical structure of potent FXR
agonists, Scheme S1: Synthetic pathway of novel FXR agonists 1 and 2., Supplementary material: Identification of
FXR agonists by mass spectroscopy and nMR spectrum., Table S1: Purity of novel synthetic FXR agonists.

Author Contributions: K.F., Y.I., K.G., and N.T. conceived and designed the experiments; K.F., Y.I., Y.Y., K.G., and
N.T. performed the experiments, analyzed the data, and contributed reagents/materials/analysis tools; K.F., Y.I.,
K.G., and N.T. wrote the paper.

Funding: This research received no external funding

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2019, 24, 4155 14 of 17

References

1. Zhang, C.; Cho, K.; Huang, Y.; Lyons, J.P.; Zhou, X.; Sinha, K.; McCrea, P.D.; de Crombrugghe, B. Inhibition
of Wnt signaling by the osteoblast-specific transcription factor Osterix. Proc. Natl. Acad. Sci. USA 2008, 105,
6936–6941. [CrossRef] [PubMed]

2. Ogawa, M.; Nishikawa, S.; Ikuta, K.; Yamamura, F.; Naito, M.; Takahashi, K.; Nishikawa, S. B cell ontogeny in
murine embryo studied by a culture system with the monolayer of a stromal cell clone, ST2: B cell progenitor
develops first in the embryonal body rather than in the yolk sac. EMBO J. 1988, 7, 1337–1343. [CrossRef]
[PubMed]

3. Jiang, Y.; Jahagirdar, B.N.; Reinhardt, R.L.; Schwartz, R.E.; Keene, C.D.; Ortiz-Gonzalez, X.R.; Reyes, M.;
Lenvik, T.; Lund, T.; Blackstad, M.; et al. Pluripotency of mesenchymal stem cells derived from adult marrow.
Nature 2002, 418, 41–49. [CrossRef] [PubMed]

4. Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.;
Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem
cells. Science 1999, 284, 143–147. [CrossRef]

5. Spees, J.L.; Lee, R.H.; Gregory, C.A. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell
Res. Ther. 2016, 7, 125. [CrossRef]

6. Hadjidakis, D.J.; Androulakis, I.I. Bone remodeling. Ann. N. Y. Acad. Sci. 2006, 1092, 385–396. [CrossRef]
7. Chen, D.; Zhao, M.; Mundy, G.R. Bone morphogenetic proteins. Growth Factors 2004, 22, 233–241. [CrossRef]
8. Ducy, P.; Zhang, R.; Geoffroy, V.; Ridall, A.L.; Karsenty, G. Osf2/Cbfa1: A transcriptional activator of osteoblast

differentiation. Cell 1997, 89, 747–754. [CrossRef]
9. Komori, T.; Yagi, H.; Nomura, S.; Yamaguchi, A.; Sasaki, K.; Deguchi, K.; Shimizu, Y.; Bronson, R.T.; Gao, Y.H.;

Inada, M.; et al. Targeted disruption of Cbfa1 results in a complete lack of bone formation owing to
maturational arrest of osteoblasts. Cell 1997, 89, 755–764. [CrossRef]

10. Lian, J.B.; Javed, A.; Zaidi, S.K.; Lengner, C.; Montecino, M.; van Wijnen, A.J.; Stein, J.L.; Stein, G.S. Regulatory
controls for osteoblast growth and differentiation: Role of Runx/Cbfa/AML factors. Crit. Rev. Eukaryot.
Gene Expr. 2004, 14, 1–41. [CrossRef]

11. Komori, T. Regulation of skeletal development by the Runx family of transcription factors. J. Cell. Biochem.
2005, 95, 445–453. [CrossRef] [PubMed]

12. Harada, H.; Tagashira, S.; Fujiwara, M.; Ogawa, S.; Katsumata, T.; Yamaguchi, A.; Komori, T.; Nakatsuka, M.
Cbfa1 isoforms exert functional differences in osteoblast differentiation. J. Biol. Chem. 1999, 274, 6972–6978.
[CrossRef] [PubMed]

13. Komori, T. Regulation of osteoblast differentiation by transcription factors. J. Cell. Biochem. 2006, 99,
1233–1239. [CrossRef] [PubMed]

14. Takarada, T.; Hinoi, E.; Nakazato, R.; Ochi, H.; Xu, C.; Tsuchikane, A.; Takeda, S.; Karsenty, G.; Abe, T.;
Kiyonari, H.; et al. An analysis of skeletal development in osteoblast-specific and chondrocyte-specific
runt-related transcription factor-2 (Runx2) knockout mice. J. Bone Miner. Res. 2013, 28, 2064–2069. [CrossRef]
[PubMed]

15. Forman, B.M.; Goode, E.; Chen, J.; Oro, A.E.; Bradley, D.J.; Perlmann, T.; Noonan, D.J.; Burka, L.T.;
McMorris, T.; Lamph, W.W.; et al. Identification of a nuclear receptor that is activated by farnesol metabolites.
Cell 1995, 81, 687–693. [CrossRef]

16. Makishima, M.; Okamoto, A.Y.; Repa, J.J.; Tu, H.; Learned, R.M.; Luk, A.; Hull, M.V.; Lustig, K.D.;
Mangelsdorf, D.J.; Shan, B. Identification of a nuclear receptor for bile acids. Science 1999, 284, 1362–1365.
[CrossRef] [PubMed]

17. Lu, T.T.; Makishima, M.; Repa, J.J.; Schoonjans, K.; Kerr, T.A.; Auwerx, J.; Mangelsdorf, D.J. Molecular basis
for feedback regulation of bile acid synthesis by nuclear receptors. Mol. Cell 2000, 6, 507–515. [CrossRef]

18. Chiang, J.Y. Bile acid regulation of gene expression: Roles of nuclear hormone receptors. Endocr. Rev. 2002,
23, 443–463. [CrossRef]

19. Moore, D.D.; Kato, S.; Xie, W.; Mangelsdorf, D.J.; Schmidt, D.R.; Xiao, R.; Kliewer, S.A. International Union of
Pharmacology. LXII. The NR1H and NR1I receptors: Constitutive androstane receptor, pregnene X receptor,
farnesoid X receptor α, farnesoid X receptor β, liver X receptor α, liver X receptor β, and vitamin D receptor.
Pharmacol. Rev. 2006, 58, 742–759. [CrossRef]

http://dx.doi.org/10.1073/pnas.0710831105
http://www.ncbi.nlm.nih.gov/pubmed/18458345
http://dx.doi.org/10.1002/j.1460-2075.1988.tb02949.x
http://www.ncbi.nlm.nih.gov/pubmed/3261687
http://dx.doi.org/10.1038/nature00870
http://www.ncbi.nlm.nih.gov/pubmed/12077603
http://dx.doi.org/10.1126/science.284.5411.143
http://dx.doi.org/10.1186/s13287-016-0363-7
http://dx.doi.org/10.1196/annals.1365.035
http://dx.doi.org/10.1080/08977190412331279890
http://dx.doi.org/10.1016/S0092-8674(00)80257-3
http://dx.doi.org/10.1016/S0092-8674(00)80258-5
http://dx.doi.org/10.1615/CritRevEukaryotGeneExpr.v14.i12.10
http://dx.doi.org/10.1002/jcb.20420
http://www.ncbi.nlm.nih.gov/pubmed/15786491
http://dx.doi.org/10.1074/jbc.274.11.6972
http://www.ncbi.nlm.nih.gov/pubmed/10066751
http://dx.doi.org/10.1002/jcb.20958
http://www.ncbi.nlm.nih.gov/pubmed/16795049
http://dx.doi.org/10.1002/jbmr.1945
http://www.ncbi.nlm.nih.gov/pubmed/23553905
http://dx.doi.org/10.1016/0092-8674(95)90530-8
http://dx.doi.org/10.1126/science.284.5418.1362
http://www.ncbi.nlm.nih.gov/pubmed/10334992
http://dx.doi.org/10.1016/S1097-2765(00)00050-2
http://dx.doi.org/10.1210/er.2000-0035
http://dx.doi.org/10.1124/pr.58.4.6


Molecules 2019, 24, 4155 15 of 17

20. Pellicciari, R.; Costantino, G.; Fiorucci, S. Farnesoid X receptor: From structure to potential clinical applications.
J. Med. Chem. 2005, 48, 5383–5403. [CrossRef]

21. Fiorucci, S.; Rizzo, G.; Donini, A.; Distrutti, E.; Santucci, L. Targeting farnesoid X receptor for liver and
metabolic disorders. Trends Mol. Med. 2007, 13, 298–309. [CrossRef] [PubMed]

22. Lee, F.Y.; Lee, H.; Hubbert, M.L.; Edwards, P.A.; Zhang, Y. FXR, a multipurpose nuclear receptor.
Trends Biochem. Sci. 2006, 31, 572–580. [CrossRef] [PubMed]

23. Urizar, N.L.; Dowhan, D.H.; Moore, D.D. The farnesoid X-activated receptor mediates bile acid activation of
phospholipid transfer protein gene expression. J. Biol. Chem. 2000, 275, 39313–39317. [CrossRef] [PubMed]

24. Ma, K.; Saha, P.K.; Chan, L.; Moore, D.D. Farnesoid X receptor is essential for normal glucose homeostasis.
J. Clin. Investig. 2006, 116, 1102–1109. [CrossRef] [PubMed]

25. Chou, C.C.; Yang, J.S.; Lu, H.F.; Ip, S.W.; Lo, C.; Wu, C.C.; Lin, J.P.; Tang, N.Y.; Chung, J.G.; Chou, M.J.; et al.
Quercetin-mediated cell cycle arrest and apoptosis involving activation of a caspase cascade through the
mitochondrial pathway in human breast cancer MCF-7 cells. Arch. Pharm. Res. 2010, 33, 1181–1191.
[CrossRef]

26. Id Boufker, H.; Lagneaux, L.; Fayyad-Kazan, H.; Badran, B.; Najar, M.; Wiedig, M.; Ghanem, G.; Laurent, G.;
Body, J.J.; Journe, F. Role of farnesoid X receptor (FXR) in the process of differentiation of bone marrow
stromal cells into osteoblasts. Bone 2011, 49, 1219–1231. [CrossRef]

27. Cho, S.W.; An, J.H.; Park, H.; Yang, J.Y.; Choi, H.J.; Kim, S.W.; Park, Y.J.; Kim, S.Y.; Yim, M.; Baek, W.Y.; et al.
Positive regulation of osteogenesis by bile acid through FXR. J. Bone Miner. Res. 2013, 28, 2109–2121.
[CrossRef]

28. Jeong, B.C.; Lee, Y.S.; Bae, I.H.; Lee, C.H.; Shin, H.I.; Ha, H.J.; Franceschi, R.T.; Choi, H.S.; Koh, J.T. The
orphan nuclear receptor SHP is a positive regulator of osteoblastic bone formation. J. Bone Miner. Res. 2010,
25, 262–274. [CrossRef]

29. Nicolaou, K.C.; Evans, R.M.; Roecker, A.J.; Hughes, R.; Downes, M.; Pfefferkorn, J.A. Discovery and
optimization of non-steroidal FXR agonists from natural product-like libraries. Org. Biomol. Chem. 2003, 1,
908–920. [CrossRef]

30. Markham, A.; Keam, S.J. Obeticholic acid: First global approval. Drugs 2016, 76, 1221–1226. [CrossRef]
31. Armstrong, L.E.; Guo, G.L. Role of FXR in liver inflammation during nonalcoholic steatohepatitis. Curr.

Pharmacol. Rep. 2017, 3, 92–100. [CrossRef] [PubMed]
32. Gege, C.; Hambruch, E.; Hambruch, N.; Kinzel, O.; Kremoser, C. Nonsteroidal FXR Ligands: Current status

and clinical applications. Handb. Exp. Pharmacol. 2019, 256, 167–205. [CrossRef] [PubMed]
33. Tully, D.C.; Rucker, P.V.; Chianelli, D.; Williams, J.; Vidal, A.; Alper, P.B.; Mutnick, D.; Bursulaya, B.;

Schmeits, J.; Wu, X.; et al. Discovery of Tropifexor (LJN452), a highly potent non-bile acid FXR agonist for
the treatment of cholestatic liver diseases and nonalcoholic steatohepatitis (NASH). J. Med. Chem. 2017, 60,
9960–9973. [CrossRef] [PubMed]

34. Maloney, P.R.; Parks, D.J.; Haffner, C.D.; Fivush, A.M.; Chandra, G.; Plunket, K.D.; Creech, K.L.; Moore, L.B.;
Wilson, J.G.; Lewis, M.C.; et al. Identification of a chemical tool for the orphan nuclear receptor FXR.
J. Med. Chem. 2000, 43, 2971–2974. [CrossRef] [PubMed]

35. Akwabi-Ameyaw, A.; Bass, J.Y.; Caldwell, R.D.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.;
Jones, S.A.; Kaldor, I.; Liu, Y.; et al. Conformationally constrained farnesoid X receptor (FXR) agonists:
Naphthoic acid-based analogs of GW 4064. Bioorg. Med. Chem. Lett. 2008, 18, 4339–4343. [CrossRef]

36. Bass, J.Y.; Caldwell, R.D.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.; Madauss, K.P.; Marr, H.B.;
McFadyen, R.B.; Miller, A.B.; et al. Substituted isoxazole analogs of farnesoid X receptor (FXR) agonist
GW4064. Bioorg. Med. Chem. Lett. 2009, 19, 2969–2973. [CrossRef]

37. Akwabi-Ameyaw, A.; Bass, J.Y.; Caldwell, R.D.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.;
Madauss, K.P.; Marr, H.B.; McFadyen, R.B.; et al. FXR agonist activity of conformationally constrained
analogs of GW 4064. Bioorg. Med. Chem. Lett. 2009, 19, 4733–4739. [CrossRef]

38. Bass, J.Y.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.; Madauss, K.P.; Marr, H.B.; McFadyen, R.B.;
Miller, A.B.; Mills, W.Y.; et al. Conformationally constrained farnesoid X receptor (FXR) agonists: Heteroaryl
replacements of the naphthalene. Bioorg. Med. Chem. Lett. 2011, 21, 1206–1213. [CrossRef]

39. Akwabi-Ameyaw, A.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.; Madauss, K.P.; Marr, H.B.;
Miller, A.B.; Navas, F., 3rd; Parks, D.J.; et al. Conformationally constrained farnesoid X receptor (FXR)
agonists: Alternative replacements of the stilbene. Bioorg. Med. Chem. Lett. 2011, 21, 6154–6160. [CrossRef]

http://dx.doi.org/10.1021/jm0582221
http://dx.doi.org/10.1016/j.molmed.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17588816
http://dx.doi.org/10.1016/j.tibs.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16908160
http://dx.doi.org/10.1074/jbc.M007998200
http://www.ncbi.nlm.nih.gov/pubmed/10998425
http://dx.doi.org/10.1172/JCI25604
http://www.ncbi.nlm.nih.gov/pubmed/16557297
http://dx.doi.org/10.1007/s12272-010-0808-y
http://dx.doi.org/10.1016/j.bone.2011.08.013
http://dx.doi.org/10.1002/jbmr.1961
http://dx.doi.org/10.1359/jbmr.090718
http://dx.doi.org/10.1039/b300525a
http://dx.doi.org/10.1007/s40265-016-0616-x
http://dx.doi.org/10.1007/s40495-017-0085-2
http://www.ncbi.nlm.nih.gov/pubmed/28983452
http://dx.doi.org/10.1007/164_2019_232
http://www.ncbi.nlm.nih.gov/pubmed/31197565
http://dx.doi.org/10.1021/acs.jmedchem.7b00907
http://www.ncbi.nlm.nih.gov/pubmed/29148806
http://dx.doi.org/10.1021/jm0002127
http://www.ncbi.nlm.nih.gov/pubmed/10956205
http://dx.doi.org/10.1016/j.bmcl.2008.06.073
http://dx.doi.org/10.1016/j.bmcl.2009.04.047
http://dx.doi.org/10.1016/j.bmcl.2009.06.062
http://dx.doi.org/10.1016/j.bmcl.2010.12.089
http://dx.doi.org/10.1016/j.bmcl.2011.08.034


Molecules 2019, 24, 4155 16 of 17

40. Smalley, T.L., Jr.; Boggs, S.; Caravella, J.A.; Chen, L.; Creech, K.L.; Deaton, D.N.; Kaldor, I.; Parks, D.J. Novel
heterocyclic scaffolds of GW4064 as farnesoid X receptor agonists. Bioorg. Med. Chem. Lett. 2015, 25, 280–284.
[CrossRef]

41. Genin, M.J.; Bueno, A.B.; Agejas Francisco, J.; Manninen, P.R.; Bocchinfuso, W.P.;
Montrose-Rafizadeh, C.; Cannady, E.A.; Jones, T.M.; Stille, J.R.; Raddad, E.; et al. Discovery of
6-(4-{[5-cyclopropyl-3-(2,6-dichlorophenyl)isoxazol-4-yl]methoxy}piperidin-1-yl)-1-methyl-1H-indole-3-
cARBOXYLIC acid: A novel FXR agonist for the treatment of dyslipidemia. J. Med. Chem. 2015, 58,
9768–9772. [CrossRef] [PubMed]

42. Kinzel, O.; Steeneck, C.; Schluter, T.; Schulz, A.; Gege, C.; Hahn, U.; Hambruch, E.; Hornberger, M.;
Spalwisz, A.; Frick, K.; et al. Novel substituted isoxazole FXR agonists with cyclopropyl, hydroxycyclobutyl
and hydroxyazetidinyl linkers: Understanding and improving key determinants of pharmacological
properties. Bioorg. Med. Chem. Lett. 2016, 26, 3746–3753. [CrossRef] [PubMed]

43. Sepe, V.; Marchiano, S.; Finamore, C.; Baronissi, G.; Di Leva, F.S.; Carino, A.; Biagioli, M.; Fiorucci, C.;
Cassiano, C.; Monti, M.C.; et al. Novel isoxazole derivatives with potent FXR agonistic activity prevent
acetaminophen-induced liver injury. ACS Med. Chem. Lett. 2019, 10, 407–412. [CrossRef] [PubMed]

44. Kainuma, M.; Kasuga, J.; Hosoda, S.; Wakabayashi, K.; Tanatani, A.; Nagasawa, K.; Miyachi, H.;
Makishima, M.; Hashimoto, Y. Diphenylmethane skeleton as a multi-template for nuclear receptor ligands:
Preparation of FXR and PPAR ligands. Bioorg. Med. Chem. Lett. 2006, 16, 3213–3218. [CrossRef] [PubMed]

45. Hosoda, S.; Hashimoto, Y. Structural development studies of nuclear receptor ligands. Pure Appl. Chem.
2007, 79, 615–626. [CrossRef]

46. Deaton, D.N.; Navas, F.I.; Spearing, P.K. Farnesoid X Receptor Agonists. Patent WO 2008157270, 13 June 2008.
47. Flesch, D.; Gabler, M.; Lill, A.; Gomez, R.C.; Steri, R.; Schneider, G.; Stark, H.; Schubert-Zsilavecz, M.;

Merk, D. Fragmentation of GW4064 led to a highly potent partial farnesoid X receptor agonist with improved
drug-like properties. Bioorg. Med. Chem. 2015, 23, 3490–3498. [CrossRef]

48. Merk, D.; Lamers, C.; Ahmad, K.; Carrasco Gomez, R.; Schneider, G.; Steinhilber, D.; Schubert-Zsilavecz, M.
Extending the structure-activity relationship of anthranilic acid derivatives as farnesoid X receptor modulators:
Development of a highly potent partial farnesoid X receptor agonist. J. Med. Chem. 2014, 57, 8035–8055.
[CrossRef]

49. Flesch, D.; Cheung, S.Y.; Schmidt, J.; Gabler, M.; Heitel, P.; Kramer, J.; Kaiser, A.; Hartmann, M.; Lindner, M.;
Luddens-Damgen, K.; et al. Nonacidic farnesoid X receptor modulators. J. Med. Chem. 2017, 60, 7199–7205.
[CrossRef]

50. Wang, H.; Zhao, Z.; Zhou, J.; Guo, Y.; Wang, G.; Hao, H.; Xu, X. A novel intestinal-restricted FXR agonist.
Bioorg. Med. Chem. Lett. 2017, 27, 3386–3390. [CrossRef]

51. Richter, H.G.; Benson, G.M.; Bleicher, K.H.; Blum, D.; Chaput, E.; Clemann, N.; Feng, S.; Gardes, C.;
Grether, U.; Hartman, P.; et al. Optimization of a novel class of benzimidazole-based farnesoid X receptor
(FXR) agonists to improve physicochemical and ADME properties. Bioorg. Med. Chem. Lett. 2011, 21,
1134–1140. [CrossRef]

52. Teno, N.; Iguchi, Y.; Yamashita, Y.; Mori, N.; Une, M.; Nishimaki-Mogami, T.; Gohda, K. Discovery and
optimization of benzimidazole derivatives as a novel chemotype of farnesoid X receptor (FXR) antagonists.
Bioorg. Med. Chem. 2017, 25, 1787–1794. [CrossRef] [PubMed]

53. Teno, N.; Yamashita, Y.; Iguchi, Y.; Fujimori, K.; Une, M.; Nishimaki-Mogami, T.; Hiramoto, T.; Gohda, K.
Nonacidic chemotype possessing N-acylated piperidine moiety as potent farnesoid X Receptor (FXR)
antagonists. ACS Med. Chem. Lett. 2018, 9, 78–83. [CrossRef] [PubMed]

54. Teno, N.; Yamashita, Y.; Masuda, A.; Iguchi, Y.; Oda, K.; Fujimori, K.; Hiramoto, T.; Nishimaki-Mogami, T.;
Une, M.; Gohda, K. Identification of potent farnesoid X receptor (FXR) antagonist showing favorable
PK profile and distribution toward target tissues: Comprehensive understanding of structure-activity
relationship of FXR antagonists. Bioorg. Med. Chem. 2019, 27, 2220–2227. [CrossRef] [PubMed]

55. Luan, Z.L.; Huo, X.K.; Dong, P.P.; Tian, X.G.; Sun, C.P.; Lv, X.; Feng, L.; Ning, J.; Wang, C.; Zhang, B.J.; et al.
Highly potent non-steroidal FXR agonists protostane-type triterpenoids: Structure-activity relationship and
mechanism. Eur. J. Med. Chem. 2019, 182, 111652. [CrossRef]

56. Giancristofaro, A.; Barbosa, A.J.M.; Ammazzalorso, A.; Amoia, P.; De Filippis, B.; Fantacuzzi, M.;
Giampietro, L.; Maccallini, C.; Amoroso, R. Discovery of new FXR agonists based on 6-ECDCA binding
properties by virtual screening and molecular docking. MedChemComm 2018, 9, 1630–1638. [CrossRef]

http://dx.doi.org/10.1016/j.bmcl.2014.11.050
http://dx.doi.org/10.1021/acs.jmedchem.5b01161
http://www.ncbi.nlm.nih.gov/pubmed/26568144
http://dx.doi.org/10.1016/j.bmcl.2016.05.070
http://www.ncbi.nlm.nih.gov/pubmed/27268696
http://dx.doi.org/10.1021/acsmedchemlett.8b00423
http://www.ncbi.nlm.nih.gov/pubmed/30996771
http://dx.doi.org/10.1016/j.bmcl.2006.03.075
http://www.ncbi.nlm.nih.gov/pubmed/16617018
http://dx.doi.org/10.1351/pac200779040615
http://dx.doi.org/10.1016/j.bmc.2015.04.035
http://dx.doi.org/10.1021/jm500937v
http://dx.doi.org/10.1021/acs.jmedchem.7b00903
http://dx.doi.org/10.1016/j.bmcl.2017.06.003
http://dx.doi.org/10.1016/j.bmcl.2010.12.123
http://dx.doi.org/10.1016/j.bmc.2017.01.040
http://www.ncbi.nlm.nih.gov/pubmed/28190654
http://dx.doi.org/10.1021/acsmedchemlett.7b00363
http://www.ncbi.nlm.nih.gov/pubmed/29456791
http://dx.doi.org/10.1016/j.bmc.2019.04.029
http://www.ncbi.nlm.nih.gov/pubmed/31029550
http://dx.doi.org/10.1016/j.ejmech.2019.111652
http://dx.doi.org/10.1039/C8MD00272J


Molecules 2019, 24, 4155 17 of 17

57. Massafra, V.; Pellicciari, R.; Gioiello, A.; van Mil, S.W.C. Progress and challenges of selective Farnesoid X
Receptor modulation. Pharmacol. Ther. 2018, 191, 162–177. [CrossRef]

58. Keri, R.S.; Hiremathad, A.; Budagumpi, S.; Nagaraja, B.M. Comprehensive review in current developments
of benzimidazole-based medicinal chemistry. Chem. Biol. Drug Des. 2015, 86, 19–65. [CrossRef]

59. Largeron, M.; Nguyen, K.M.H. Recent advances in the synthesis of benzimidazole derivatives from the
oxidative coupling of primary amines. Synthesis 2018, 50, 241–253. [CrossRef]

60. Yadav, G.; Ganguly, S. Structure activity relationship (SAR) study of benzimidazole scaffold for different
biological activities: A mini-review. Eur. J. Med. Chem. 2015, 97, 419–443. [CrossRef]

61. Alasmary, F.A.; Snelling, A.M.; Zain, M.E.; Alafeefy, A.M.; Awaad, A.S.; Karodia, N. Synthesis and evaluation of
selected benzimidazole derivatives as potential antimicrobial agents. Molecules 2015, 20, 15206–15223. [CrossRef]

62. Keri, R.S.; Chand, K.; Budagumpi, S.; Balappa Somappa, S.; Patil, S.A.; Nagaraja, B.M. An overview of
benzo[b]thiophene-based medicinal chemistry. Eur. J. Med. Chem. 2017, 138, 1002–1033. [CrossRef] [PubMed]

63. Mi, L.Z.; Devarakonda, S.; Harp, J.M.; Han, Q.; Pellicciari, R.; Willson, T.M.; Khorasanizadeh, S.; Rastinejad, F.
Structural basis for bile acid binding and activation of the nuclear receptor FXR. Mol. Cell 2003, 11, 1093–1100.
[CrossRef]

64. Lin, G.L.; Hankenson, K.D. Integration of BMP, Wnt, and notch signaling pathways in osteoblast differentiation.
J. Cell. Biochem. 2011, 112, 3491–3501. [CrossRef] [PubMed]

65. Imai, Y.; Youn, M.Y.; Inoue, K.; Takada, I.; Kouzmenko, A.; Kato, S. Nuclear receptors in bone physiology and
diseases. Physiol. Rev. 2013, 93, 481–523. [CrossRef]

66. Chen, X.; Wang, Z.; Duan, N.; Zhu, G.; Schwarz, E.M.; Xie, C. Osteoblast-osteoclast interactions. Connect. Tissue
Res. 2018, 59, 99–107. [CrossRef]

67. Zheng, T.; Kang, J.H.; Sim, J.S.; Kim, J.W.; Koh, J.T.; Shin, C.S.; Lim, H.; Yim, M. The farnesoid X receptor
negatively regulates osteoclastogenesis in bone remodeling and pathological bone loss. Oncotarget 2017, 8,
76558–76573. [CrossRef]

68. Lee, M.H.; Javed, A.; Kim, H.J.; Shin, H.I.; Gutierrez, S.; Choi, J.Y.; Rosen, V.; Stein, J.L.; van Wijnen, A.J.;
Stein, G.S.; et al. Transient upregulation of CBFA1 in response to bone morphogenetic protein-2 and
transforming growth factor beta1 in C2C12 myogenic cells coincides with suppression of the myogenic
phenotype but is not sufficient for osteoblast differentiation. J. Cell. Biochem. 1999, 73, 114–125. [CrossRef]

69. Lee, K.S.; Kim, H.J.; Li, Q.L.; Chi, X.Z.; Ueta, C.; Komori, T.; Wozney, J.M.; Kim, E.G.; Choi, J.Y.; Ryoo, H.M.; et al.
Runx2 is a common target of transforming growth factor beta1 and bone morphogenetic protein 2,
and cooperation between Runx2 and Smad5 induces osteoblast-specific gene expression in the pluripotent
mesenchymal precursor cell line C2C12. Mol. Cell. Biol. 2000, 20, 8783–8792. [CrossRef]

70. Bruderer, M.; Richards, R.G.; Alini, M.; Stoddart, M.J. Role and regulation of RUNX2 in osteogenesis. Eur. Cell.
Mater. 2014, 28, 269–286. [CrossRef]

71. Hassan, M.Q.; Tare, R.S.; Lee, S.H.; Mandeville, M.; Morasso, M.I.; Javed, A.; van Wijnen, A.J.; Stein, J.L.;
Stein, G.S.; Lian, J.B. BMP2 commitment to the osteogenic lineage involves activation of Runx2 by DLX3 and
a homeodomain transcriptional network. J. Biol. Chem. 2006, 281, 40515–40526. [CrossRef]

72. Lee, M.H.; Kim, Y.J.; Kim, H.J.; Park, H.D.; Kang, A.R.; Kyung, H.M.; Sung, J.H.; Wozney, J.M.;
Kim, H.J.; Ryoo, H.M. BMP-2-induced Runx2 expression is mediated by Dlx5, and TGF-beta 1 opposes
the BMP-2-induced osteoblast differentiation by suppression of Dlx5 expression. J. Biol. Chem. 2003, 278,
34387–34394. [CrossRef] [PubMed]

73. Iguchi, Y.; Yamaguchi, M.; Sato, H.; Kihira, K.; Nishimaki-Mogami, T.; Une, M. Bile alcohols function as the
ligands of membrane-type bile acid-activated G protein-coupled receptor. J. Lipid Res. 2010, 51, 1432–1441.
[CrossRef] [PubMed]

74. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring
function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef]
[PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.pharmthera.2018.06.009
http://dx.doi.org/10.1111/cbdd.12462
http://dx.doi.org/10.1055/s-0036-1590915
http://dx.doi.org/10.1016/j.ejmech.2014.11.053
http://dx.doi.org/10.3390/molecules200815206
http://dx.doi.org/10.1016/j.ejmech.2017.07.038
http://www.ncbi.nlm.nih.gov/pubmed/28759875
http://dx.doi.org/10.1016/S1097-2765(03)00112-6
http://dx.doi.org/10.1002/jcb.23287
http://www.ncbi.nlm.nih.gov/pubmed/21793042
http://dx.doi.org/10.1152/physrev.00008.2012
http://dx.doi.org/10.1080/03008207.2017.1290085
http://dx.doi.org/10.18632/oncotarget.20576
http://dx.doi.org/10.1002/(SICI)1097-4644(19990401)73:1&lt;114::AID-JCB13&gt;3.0.CO;2-M
http://dx.doi.org/10.1128/MCB.20.23.8783-8792.2000
http://dx.doi.org/10.22203/eCM.v028a19
http://dx.doi.org/10.1074/jbc.M604508200
http://dx.doi.org/10.1074/jbc.M211386200
http://www.ncbi.nlm.nih.gov/pubmed/12815054
http://dx.doi.org/10.1194/jlr.M004051
http://www.ncbi.nlm.nih.gov/pubmed/20023205
http://dx.doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Synthesis of Novel FXR Agonists 
	Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) Binding Assay 
	Specificity of FXR Agonists as Determined by Luciferase Reporter Assay 
	Viability of ST-2 MSCs 
	Expression of FXR and FXR-Target Genes during Osteoblast Differentiation of ST-2 MSCs 
	Enhancement of ALP Activity by FXR Agonists during Osteoblast Differentiation of ST-2 MSCs 
	Elevation of the Expression of Osteogenic Genes by FXR Agonists in ST-2 MSCs 

	Discussion 
	Materials and Methods 
	Materials 
	Synthesis of FXR Agonists 
	TR-FRET Binding Assay 
	Modeling of FXR Complex with GW4064 and Novel FXR Agonist 3 
	Luciferase Reporter Assay 
	Cell Culture 
	Cell Toxicity Assay 
	RNA Extraction and Quantitative PCR 
	ALP Staining 
	ALP Activity Assay 
	Statistical Analysis 

	Conclusions 
	References

