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Non-alcoholic fatty liver disease (NAFLD) has become the most common chronic liver
disorder, and yet with no pharmacological treatment approved worldwide. The
repositioning of old drugs provides a safe approach for drug development.
Vidofludimus, an inhibitor for dihydroorotate dehydrogenase (DHODH) for the treatment
of autoimmune disorders, is herein uncovered as a novel modulator for farnesoid X
receptor (FXR) by biochemical and crystallographic analysis. We further revealed that
vidofludimus exerts in vivo therapeutic effects on dextran sodium sulfate (DSS)-induced
colitis in an FXR-dependent manner. Notably, vidofludimus also possesses remarkable
beneficial effects in reducing NAFLD by targeting FXR, which may represent a unique
approach in developing the treatment for NAFLD. Our findings not only reveal a promising
template for the design of novel FXR ligands in treating autoimmune disorders, but also
uncover a novel therapeutic effect for vidofludimus on NAFLD based on the newly
established relationships among drugs, targets, and diseases.

Keywords: inflammatory bowel disease (IBD), nuclear receptor, ligand-binding protein, liver metabolism, drug
discovery, drug screening, crystal structure, receptor

HIGHLIGHTS

The ligands that regulate FXR activity are promising therapeutic agents for several diseases.
However, the clinical applications of FXR ligands remain much less developed. This study
identifies vidofludimus as a ligand for nuclear receptor FXR and showed therapeutic effects on
colitis depending on FXR. Furthermore, vidofludimus has been repurposed to treat fatty liver by
targeting FXR based on the new established relationships among drugs, targets, and diseases.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), caused by
accumulation of abnormal amounts of fat in the liver due to
causes other than alcohol, has become the most common liver
disorder in developed countries (Pappachan et al., 2017). Among
a variety of hepatic dysregulation caused by NAFLD, non-
alcoholic steatohepatitis (NASH) is the extreme form with
features of inflammation and fibrosis (Ratziu, 2015; Chao et al.,
2016). Despite extensive studies and investment, no
pharmacological treatment has been approved worldwide so
far for the effective control of NAFLD. Nuclear farnesoid X
receptor (FXR) plays pivotal roles in regulating inflammatory
processes and metabolism (Flatt et al., 2009; Pellicciari et al,,
2016; Tully et al., 2017; Sepe et al., 2018) and, thus, has become a
hot target for drug development. With the development of
obeticholic acid (OCA) (Pellicciari et al., 2002), a semi-
synthetic bile acid analogue and a ligand for FXR, in clinical
trials for NASH, FXR has emerged as an attractive drug target
for NAFLD.

Several lines of evidences have suggested the importance of
FXR in the management of NAFLD (Yang et al.,, 2010; Lefebvre
and Staels, 2014; Lu et al.,, 2014; Xiong et al., 2014; Carr and Reid,
2015; Jin et al,, 2015; Tully et al., 2017; Xiao et al.,, 2017). The
reduced expression of FXR has been observed in livers of obese
rodents and NAFLD patients (Yang et al., 2010; Lu et al., 2014;
Xiong et al., 2014). In addition, FXR knockout led to hepatic
steatosis in mice, which were associated with the induction of
inflammatory genes, such as IFNy and TNFa (Sinal et al., 2000;
Zhang et al., 2006; Wang et al., 2008; Mencarelli et al., 2009). On
the other hand, activation of FXR suppressed the induction of
inflammation genes in the liver and intestine, possibly by
repression of NF-kB signaling (Wang et al, 2008; Vavassori
et al, 2009; Gadaleta et al., 2011a; Gadaleta et al., 2011Db).
Interestingly, treatment with FXR agonist effectively alleviates
fat accumulation in liver, suggesting the therapeutic effects of
FXR agonists in NAFLD (Zhang et al.,, 2006; Haczeyni et al.,
2017; Tully et al., 2017; Xiao et al., 2017). Indeed, a series of FXR
ligands have been executed in clinical trials, such as OCA
(Intercept), LJN452 (Novartis), GS9674 (Gilead), and EDP305

Abbreviations: NAFLD, non-alcoholic fatty liver disease; DHODH,
dihydroorotate dehydrogenase; DSS, dextran sodium sulfate; FXR, farnesoid X
receptor; NASH, non-alcoholic steatohepatitis; OCA, obeticholic acid; PBC,
primary biliary cholangitis; PSC, primary sclerosing cholangitis; SRC, steroid
receptor coactivator; NCoR, nuclear corepressor; CDCA, chenodeoxycholic acid;
PPAR, peroxisome proliferator-activated receptor; RAR, retinoic acid receptor;
RXR, retinoid X receptor; LXR, liver X receptor; AR, androgen receptor; ER,
estrogen receptor; PXR, progesterone receptor; CAR, constitutive androstane
receptor; LBD, ligand binding domain; IBD, inflammatory bowel disease; DAI,
disease activity index; IL, interleukin; COX-2, prostaglandin-endoperoxide
synthase 2; FGF15, fibroblast growth factor 15; SHP, small heterodimer partner;
IBABP, ileal bile acid binding protein; AKR1B7, aldo-keto reductase 1b7; MPO,
myeloperoxidase; TNBS, trinitrobenzene sulfonic acid; MEF, mouse embryonic
fibroblast; MCP-1, monocyte chemotactic protein-1; CXCL2, C-X-C Motif
Chemokine Ligand-2; NF-xB, nuclear factor kappa B; IxBa, NF-kB Inhibitor o
IKK o/p, Inhibitor Of NF-xB Kinase Subunit o/; SREBP-1c, sterol regulatory
element binding protein-1c; ChREBP, carbohydrate responsive element binding
protein; OST, organic solute transporter; RA, rheumatoid arthritis.

(Enanta), as treatments for FXR-mediated diseases, including
primary biliary cholangitis (PBC), NASH, primary sclerosing
cholangitis (PSC), or biliary atresia. The development of these
candidates strongly proves the feasibility of FXR as a target for
metabolic diseases. However, despite much encouraging progress
in applying FXR ligands in clinical trials (Mudaliar et al., 2013;
Neuschwander-Tetri et al.,, 2015; Younossi et al., 2019), various
adverse side effects associated with FXR ligands limited their
further development and clinical application. So far, OCA is the
only FDA-designated breakthrough therapy in development for
NASH with compensated cirrhosis. As such, a new drug-design
strategy for the identification of novel FXR ligands is still an
utmost need to yield more efficacious FXR-targeted drugs with
reduced adverse effects.

Repositioning of drugs through identification of their
potentials for functionally interacting with unintended targets,
offers an increasing productivity than traditional drug
development (Hu et al., 2014; Wang et al, 2014; Bao et al,
2016; Krishnan et al., 2018). This strategy can not only improve
the optimization of current drugs, but also lead to new
therapeutic switching. In this study, we report the
identification of an immunomodulatory drug vidofludimus [2-
(3-Fluoro-3’-methoxybiphenyl-4-ylcarbamoyl)-cyclopent-1-
enecarboxylic acid (4SC-101)] as a novel modulator for FXR with
a therapeutic potential in the treatment of NAFLD.

MATERIALS AND METHODS

Protein Preparation

The human FXR ligand binding domain (LBD, residues 243-
472) was expressed as N-terminal 6xHis fusion protein from the
expression vector pET24a (Novagen, Madison, WI, USA). BL21
(DE3) cells transformed with expression plasmids were grown in
LB broth at 25°C to an ODgqq of ~1.0 and induced with 0.1 mM
isopropyl 1-thio-B-p-galactopyranoside (IPTG) at 16°C. Cells
were harvested and sonicated in 200 mL extraction buffer (25
mM Tris, pH 7.5, 300 mM NaCl, 10% glycerol, and 25 mM
imidazole) per 6 L of cells. The lysate was centrifuged at 20,000
rpm for 30 min at 4°C, and the supernatant was loaded on a 5-
mL NiSOy-loaded HiTrap HP column (GE Healthcare,
Piscataway, NJ, USA). The column was washed with extraction
buffer, and the protein was eluted with a gradient of 25 to 500
mM imidazole. The FXR LBD was further purified by gel
filtration using a HiLoad 26/600 Superdex 200 column (GE
Healthcare). The FXR LBD was complexed with a five-fold
molar excess of vidofludimus (TargetMol, China) and a two-
fold molar of a SRC2-3 peptide (ENALLRYLLDKD) before
filter concentration.

Coregulator Binding Assays

The binding of the various coregulator peptide motifs to FXR
LBD in response to ligands was determined by AlphaScreen™
(Amplified Luminescent Proximity Homogeneous Assay Screen)
assays using a hexahistidine detection kit from PerkinElmer as
described before (Jin et al., 2013). The experiments were
conducted with approximately 20 to 40 nM receptor LBD and
20-100 nM biotinylated cofactor peptides in the presence of 5 ug
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mL ™" donor and acceptor beads in an Alpha buffer containing 50
mM MOPS, 50 mM NaF, 0.05 mM CHAPS, and 0.1 mg mL™"
bovine serum albumin, all adjusted to a pH of 7.4. The peptides
with an N-terminal biotinylation are listed below.

SRC1-2, SPSSHSSLTERHKILHRLLQEGSP;

SRC2-3, QEPVSPKKKENALLRYLLDKDDTKD;
SRC3-3, PDAASKHKQLSELLRGGSG;

NCOR-1, GQVPRTHRLITLADHICQIITQDFARNQ;
NCOR-2, GHSFADPASNLGLEDIIRKALMGSF.

Drug Screening by AlphaScreen Assay

We first constructed a compound library which contains 576
compounds in clinical phase purchased from TargetMol
(Shanghai, China), 576 compound monomers extracted from
Chinese herbal medicine, 960 compound monomers extracted
from marine products, and 1152 synthetic compounds, totally
3264 compounds. The primary screen was carried out using 50
nM H6-FXR LBD, 100 nM Biotin-SRC1-2, 10 uM compounds,
and 5 ug mL~" donor and acceptor beads in the Alpha buffer,
using the same method as in coregulator binding assays. We first
got 13 candidate compounds. We next retested the 13
compounds by four repeated experiments and excluded 8 false-
positive compounds. Then, we retested the five remaining
compounds with seven concentrations dose-response and got
the most probably FXR agonist candidate.

Reporter Assay

COS-7 or 293T cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS) at 37°C in 5% CO, and were transiently transfected
using Lipofectamine 2000 (Invitrogen). Before transfection, 24-
well plates were plated with of 5 x 10* cells per well. For full-
length receptor assay system, cells were co-transfected with 0.2
ug pCMV-hEXR, 0.2 ug EcRE-Luc, and 0.05 pg renilla, with or
without 1.2 ug pCMV-hRXR. For pBind reporter assay system,
cells were co-transfected with 0.2 pg pBind-hFXR LBD and 0.2
pg pG5-luc. Additionally, we set another control which was co-
transfected with 0.2 ug pcDNA-hPPARY, 0.2 ug PPRE-Luc, and
0.05 pg renilla. 1 uM to 5 pM ligands were added 6 h after
transfection. DMSO was used as a negative control, 1 pM OCA
was used as the positive control for FXR, and 1 uM rosiglitazone
was used as the positive control for PPARY. Cells were harvested
24 h later for luciferase assays with a dual-luciferase reporter
assay system (Promega). The luciferase activities were
normalized to Renilla cotransfected as an internal control.

Crystallization and Structure
Determination

The crystals of FXR/vidofludimus complex were grown at room
temperature in hanging drops containing 1.0 pl of the ligand-
protein solutions and 1.0 pl of well buffer containing 0.2 M
lithium chloride and 25% w/v polyethylene glycol 6000. The

crystals were directly flash frozen in liquid nitrogen for data
collection. The observed reflections were reduced, merged, and
scaled with DENZO and SCALEPACK in the HKL2000 package
(Otwinowski and Minor, 1997). The structures were determined
by molecular replacement in the CCP4 suite. Manual model
building was carried out with COOT (Emsley and Cowtan,
2004), followed by Refmac5 refinement in the CCP4 suite.

Induction of Colitis and Animal Treatment
10-week-old male wild-type C57BL/6] (WT) and homozygous FXR
deficient (FXR KO) mice in C57BL/6 background (Sinal et al., 2000)
were maintained under environmentally controlled conditions with
free access to standard chow diet and water. Animal experiments
were conducted in the barrier facility of the Laboratory Animal
Center, Xiamen University, approved by the Institutional Animal
Use and Care Committee of Xiamen University, China. Littermates
of the same sex were randomly assigned to experimental groups (n=
6 per group). For induction of colitis, mice were fed with 2.5% (w/v)
dextran sodium sulfate (DSS) in drinking water for 10 days.
Vidofludimus (20 mg/kg/day) was administrated orally from 3
days before DSS treatment, and continued until the end of the
experiments. Mice were killed by cervical dislocation. 1.5 cm of
distal colonic sections were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (H&E). Histopathological scoring was performed by
using an established semi-quantitative score ranging from 0 to 6
based on infiltration of inflammatory cells and epithelial damage.
Depletion of goblet cells was scored using a scoring index from 0 to 4
as described previously (Gadaleta et al., 2011a).

NAFLD Model Experiments

10-11 weeks old male obese LepOb/ °> C57BL/6 (ob/ob) mice were
purchased from the Model Animal Research Center of Nanjing
University, China. Mice were randomly assigned to experimental
groups. Mice were intraperitoneally (i.p.) injected with either
vehicle (40% of 2-hydroxypropyl-B-cyclodextrin (HBC), Sigma,
USA) or vehicle containing vidofludimus (10 mg/kg) once daily
for 14 days(n = 6 per group). After fasting for 6 h, mice were
weighed and sacrificed by cervical dislocation. Liver histology
characterization was analyzed by H&E staining with paraffin-
embedded sections. Fresh liver tissues were embedded in optimum
cutting temperature compound (OCT) and cryo-sectioned. The
sections were fixed in 4% paraformaldehyde in PBS, and stained
with 0.3% oil red O. Other tissues were collected and frozen in
liquid nitrogen for use, and plasma were collected to measure
metabolite parameters.

Cells

Human hepatocellular carcinoma cell line HepG2 was
maintained in DMEM containing 10% FBS. Primary mouse
embryonic fibroblast (MEF) cells were extracted from fetus of
14 d-16 d WT and FXR KO pregnant female mice and cultured
in DMEM with 10% FBS.

Frontiers in Pharmacology | www.frontiersin.org

May 2020 | Volume 11 | Article 590


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Zhu et al.

Vidofludimus Targets FXR for IBD and NAFLD

Western Blotting

HepG2 cells or MEFs were treated with vidofludimus for 1 h before
exposed to TNFo (20 ng/mL) for additional 30 min (for HepG2
cells) or 1 h (for MEFs). Lysates prepared were analyzed with anti-
IxBa, anti-phospho IKKoi/3 (Cell Signal Technology), and anti-[3-
actin (Cell Signal Technology) antibodies by Western blotting.
Nuclear extracts from the distal colon or treated MEFs were used
for assessing p65 protein level using p65 antibody (Santa Cruz)
with anti-Lamin B1 (Proteintech) as internal controls. Western
blotting was performed as standard procedures.

Quantitative Real-Time PCR (qPCR)

HepG2 cells were co-transfected with plasmids pCMX-FXR (200
ng) or pCMX-Empty Vector (200 ng) and treated with vehicle
(DMSO), 1 uM OCA, 5 ng/mL TNFa, TNFa. plus OCA, or 5 uM
vidofludimus in the presence or absence of TNFa. for 24 h. RNA
was isolated using a Tissue RNA kit (Omega Bio-Tek, GA), and
was reverse transcribed using a TAKARA reverse transcription
kit. qPCR were performed on a CFX96™ Real-Time PCR
Detection System (Bio-Rad) using SYBR Premix Ex Taq™
(TAKARA). Relative mRNA expression levels were normalized
to B2M or 36B4 gene levels. The sequences of primers used were
listed in Table S2.

Statistical Analysis

All values are mean * s.e.m. Data in Figure 6 were analyzed by
Student’s t test (two-tailed). The statistical significance of the
differences of data in Figure 4 and Figure S5 were determined
using one-way ANOVA with Dunnett’s multiple comparisons
test. A P value of <0.05 was considered significant.

Data and Software Availability

The crystal structure of FXR in complex with vidofludimus has
been deposited in the PDB under ID code 5ylj. For statistics, see
Table S1.

RESULTS

Identification of an Immunomodulatory
Drug Vidofludimus as an FXR Modulator

As a ligand-regulated nuclear receptor, the activity of FXR is
mediated through ligand-dependent recruitment or release of
specific co-regulators, including coactivators, such as the steroid
receptor coactivators (SRCs), and corepressors, such as NCoR
(Lefebvre et al., 2009). In search for novel modulators for FXR,
we screened a compound library using an AlphaScreen assay,
which determines the efficacy of small molecules in influencing
binding affinity of nuclear receptors with co-regulator peptides
(Jin et al., 2013).

The results revealed that vidofludimus (SC12267 or 4sc-101)
(Figure S1), a drug in clinical phase with a chemical structure
distinct from reported FXR ligands such as GW4064, CDCA, and
OCA, strongly promoted the interaction of FXR with various
coactivator LXXLL motifs from the family of SRCs (SRC1, SRC2,

and SRC3), with a less extent than that of OCA, while without
impacting the recruitment of co-repressor motifs from NcoR
(Figure 1A). Furthermore, full-dose curves revealed that
vidofludimus activated FXR in a concentration dependent
manner with an ECs, of about 450 nM in inducing the
recruitment of various coactivator LXXLL motifs (Figures 1B-
D), suggesting that vidofludimus is a highly potent FXR ligand.
We further performed an AlphaScreen assay to test the selectivity
of vidofludimus against other nuclear receptors. The results
revealed that vidofludimus selectively activated the coactivator
recruitment by FXR, with no impacts on other nuclear receptors
tested, including peroxisome proliferator-activated receptor
(PPAR) o, 3, and v, retinoic acid receptor (RAR) o and J,
retinoid X receptor (RXR) o, liver X receptor (LXR) o, androgen
receptor (AR), estrogen receptor (ER), progesterone receptor
(PXR), and constitutive androstane receptor (CAR) (Figure 1E).
These results suggest that vidofludimus is a selective ligand of
nuclear receptor FXR.

Structural Determination of the FXR LBD
in Complex With Vidofludimus

To unravel the molecular basis for the recognition of FXR by
vidofludimus, we performed structural studies on the FXR LBD
complexed with vidofludimus. The data and model refinement
statistics of the crystal structure are summarized in Table S1
(PDB ID 5y1j). The structure revealed that the vidofludimus-
bound FXR LBD adopts a canonical active conformation in a
three-layer helical sandwich arrangement that resembles most
agonist-bound nuclear receptor structures (Figure 2A). The
existence of vidofludimus was apparent from the highly
revealing electron density map showed in Figure 2B, whose
interaction with FXR was stabilized by a combination of
hydrogen bonds, charge interactions, and hydrophobic
interactions (Figure 2C). Superposition of different ligand-
bound FXR structures revealed that vidofludimus aligned well
with GW4064 (PDB ID 3dct) (Akwabi-Ameyaw et al., 2009) and
OCA (PDB ID 1lot7) (Mi et al, 2003) and occupied a similar
binding site in the FXR pocket (Figure 3A). Notably, the
methoxyl group of vidofludimus initiates steric clashes with the
hydrophobic environment for stabilizing helix 12 of FXR, partly
composed of F461, L465, and W469 on AF2 (Figure 2D, Figure
S2). The conformation of the FXR helix 12, an activation
function-2 (AF-2) motif, is critical to the ligand-induced co-
regulator recruitment (Jin and Li, 2010). The binding of
vidofludimus thus interferes with the configuration of the
active conformation of FXR AF2 (Figure S2D), resulting in the
weaker ability in recruiting coactivator motifs than that of OCA
(Figures 1A-D).

With a unique molecular structure different from GW4064
and OCA (Figure 3B, Figure S1), vidofludimus also displays
unique interactions with FXR, which induces series of
conformational changes of FXR pocket to adapt to the ligand
binding. Compared to the FXR bound with GW4064 and OCA,
the helix 6 of vidofludimus-bound FXR was shifted outward,
while the helix 7 was shifted inward upon the binding of
vidofludimus (Figures 3C, D). In addition, unlike long acid
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FIGURE 1 | Vidofludimus, an anti-inflammatory drug in clinical phase, was uncovered as a novel FXR ligand. (A) Various co-regulator binding motifs bind to FXR in
response to 1 uM vidofludimus or OCA by AlphaScreen assay. (B-D) Dose-response curves and ECsos for vidofludimus in inducing FXR to recruit coactivator motifs
by AlphaScreen assay. The peptide sequences are listed in Experimental Section. (E) Purified nuclear receptor LBD proteins, including His x 6 tagged FXR, PPARa.,
PPARS, PPARY, RARa, RARB, RXRa, and LXRa, and GST-tagged AR, ER, CAR and PXR were used in the assay to test the abilities of recruiting biotin-labeled
SRC2-3 peptide induced by DMSO, 1 uM vidofludimus or ligands specific for each receptor: FXR, 1 uM OCA; PPARe, 1 uM GW590735; PPARS, 1 uM GWO0472;
PPARY, 1 uM rosiglitazone; RARo. and RARB, 1 uM all-trans-retinoic acid; RXRa, 1 uM 9-cis-retinoic acid; LXRa, 1 uM 22(R)-hydroxycholesterol; AR, 0.1 uM
dihydrotestosterone; ER, 0.1 uM estradiol; PXR, 1 uM rifampicin; CAR, 1 uM CITCO. Values are the means + s.e.m. of three independent experiments.
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FIGURE 2 | Recognition of vidofludimus by FXR. (A) The structure of vidofludimus bound with FXR LBD in carton representation (PDB ID 5y1j). FXR LBD is colored
in dark blue and the SRC2-3 motif is in gray. The bound vidofludimus drug is shown in stick representation with carbon, nitrogen, and oxygen atoms depicted in
orange, blue, and red, respectively. (B) 2Fo-Fc electron density map (1.06) showing the bound vidofludimus and the surrounding FXR residues. (C) Schematic
representation of FXR-vidofludimus interaction. The residues labeled orange are polar, while the residue in blue indicates hydrophobic one. Hydrogen bonds are
indicated by arrows from proton donors to acceptors, and the charge interaction was indicated by solid lines with arrow. (D) The hydrophobic environment that
contacts ligands for stabilizing the active conformation of helix 12 of FXR, where ligand vidofludimus is in orange, GW4064 (PDB ID 3dct) is in yellow, and OCA (PDB

ID 1ot7) is in green.

substituent group in the GW4064, OCA, and CDCA (Figure
S$2B) which insert the polar pocket formed by H1, H5, and H3,
the cyclopentene acid group in vidofludimus occupies the
hydrophobic pocket formed by H5, H6, and H7(Figures S2A,
C). Although there are several mechanistic studies that have
demonstrated that canonical Arg331 interaction plays an
important role in full agonists to FXR, due to classic target
genes in hepatocytes capture activation efficacy under treatment
of OCA and vidofludimus (Figure S3), this polar interaction

seem to be not necessary in FXR activation epically in partial
agonists and FXR modulators. Moreover, in this binding mode
the hydrophobic side chains of F336 shifted outward to make
extra space for the binding of vidofludimus (Figure 3E), while
the polar H294 shifted to initiate a hydrogen bond with
vidofludimus (Figure 3F, Figure S2D). Due to the recent
study (Merk et al, 2019), the partial agonism in contrast is
conferred by a kink in helix 11 that destabilizes the H11-H12
loop which is a critical determinant for helix 012 orientation.
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FIGURE 3 | Conformational changes of FXR induced by the binding of vidofludimus. (A) Overlays of the structures of vidofludimus (orange)-bound FXR (dark blue)
(PDB ID 5y1j) with GW4064 (yellow)-bound FXR (cyan) (PDB ID 3dct), and OCA (green)-bound FXR (gray) (PDB ID 10t7). (B) Superposition of vidofludimus (orange)
with GW4064 (yellow) and OCA (green). (C-F) Overlays of the FXR-vidofludimus structure (dark blue) with the FXR-GW4064 (cyan) and FXR-OCA (gray), where

ligands vidofludimus, GW4064, and OCA are in orange, yellow, and green, respectively.
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FIGURE 4 | Vidofludimus ameliorates histological pathology associated with DSS-induced colitis in an FXR-dependent manner. (A) Mice were treated daily with
vehicle or vidofludimus by p.o. gavage for 13 days, with tissues and serum collected 6 h after the final treatment. Mice (WT, KO) treated with PBS instead of DSS
were used as controls. (B) Percentage of initial body weight during DSS treatment. (C) Representative images for colon of wild-type (WT) and FXR knockout (KO)
mice; (D) Representative images for H&E-stained colon sections. DSS-treated WT mice that received vidofludimus (Vido) were protected from DSS-induced colitis.
Single-headed arrows point to inflammatory infiltrates and double-headed arrows to epithelial degeneration. Scale bars, 100 um. (E) gRT-PCR analysis of
inflammatory genes in colon homogenates from WT and KO mice administered with DSS. (F) gRT-PCR analysis of FXR target genes in ileum homogenates from WT
and KO mice administered with DSS. Values are mean + s.e.m of 6 mice. *p < 0.05, **p < 0.01, **p < 0.001 versus vehicle-treated mice.
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The conformational changes of FXR pocket in H11-H12 loop
induced by vidofludimus are more similar to those induced by
GW4064 which stabilizes formation of an extended helix a1l
and binds the H11-H12 loop; but different with those induced by
CDCA and OCA (Figure S4). Therefore, vidofludimus cannot
induce FXR to recruit NCoR (Figure 1A). All these indicate that
FXR has a great flexibility to adapt the binding of diverse ligands.

Vidofludimus Ameliorates Histological
Pathology Associated With DSS-Induced
Colitis in an FXR-Dependent Manner
Vidofludimus, an inhibitor for dihydroorotate dehydrogenase
(DHODH), is in clinical trials for the treatment of autoimmune
disorders such as inflammatory bowel disease (IBD) (Fitzpatrick
et al,, 2010; Herrlinger et al., 2013). The results from previous work
suggest that there may be alternative pathways in addition to
DHODH for the anti-inflammation effects regulated by
vidofludimus (Fitzpatrick et al., 2012). We wondered whether the
functional roles of FXR are involved in the IBD therapy through
vidofludimus. As expected, vidofludimus significantly ameliorated
DSS-induced colitis as assessed by significantly reduced body weight
loss, prevented colonic shortening, decreased histological scores,
and disease activity index (DAI) scores in WT mice (Figures 4A-C,
Figure S5). Interestingly, the IBD therapeutic effects of
vidofludimus were not observed in FXR KO mice, suggesting the
functional importance of FXR in the pharmacological pathway of
this immunomodulatory drug candidate. Distal colonic sections
from vidofludimus-treated FXR KO mice further revealed
multifocal inflammatory cell infiltration and edema with crypt
and epithelial cell destruction and ulceration (Figure 4D). By
contrast, no mucosal inflammation was observed in colonic
sections of vidofludimus-treated WT mice (Figure 4D). In DSS-
treated WT mice, but not FXR KO mice, vidofludimus significantly
decreased colonic mRNA expression of the pro-inflammatory genes
interleukin (IL)-1f, IL-6, IL-17, and prostaglandin-endoperoxide
synthase 2 (COX-2) (Figure 4E). Consistent with these
observations, chronic per os (p.o.) treatment with vidofludimus
induced multiple intestinal FXR target genes, including fibroblast
growth factor 15 (FGF15), small heterodimer partner (SHP), and
ileal bile acid binding protein (IBABP) in WT mice, but failed to
activate their expression in FXR KO mice (Figure 4F). These data
indicate that vidofludimus exerts the therapeutic effects on DSS-
induced colitis in an FXR-dependent manner.

Vidofludimus Mediates the Anti-
Inflammatory Effects by Targeting FXR

The nuclear factor (NF)-xB is an important transcriptional
factor that regulates the expression of a variety of genes
involved in the control of the immune system and
inflammatory response. It has been reported that vidofludimus
repressed the nuclear protein level of NF-xB p65 subunit
stimulated by trinitrobenzene sulfonic acid (TNBS) in rats
(Fitzpatrick et al., 2012), for which the mechanism remains
unclear. Interestingly, our result revealed that vidofludimus
reduced the nuclear protein level of p65 stimulated by DSS by

targeting FXR (Figures 5A, B), highlighting the important roles
of FXR in the actions of vidofludimus.

The nuclear translocation of p65 is determined by the
dissociation of the cytometric NF-kB/IxB complex due to the
degradation of IxB (Yamamoto and Gaynor, 2004). Stimuli
including the TNF-a. activate the IKK complex by inducing the
phosphorylation of IKK o/f, resulting in the degradation of IxB
proteins (Yamamoto and Gaynor, 2004). We then investigated
the protein stabilization of IkBo and the upstream
phosphorylation of IKK o/ by the vidofludimus treatment in
TNFo stimulated HepG2 cells. As shown in Figure 5C, TNFo
obviously induced the phosphorylation of IKK o/f and lowered
the level of IxBo. Furthermore, vidofludimus treatment
suppressed the TNFo-induced phosphorylation of IKK o/f,
leading to the inhibition of the degradation of IkBo. protein in
a concentration-dependent manner, which could further capture
p65 in the cytoplasm and block the nuclear translocation of p65.
Meanwhile, we analyzed NF-kB target gene expression in HepG2
cells. Cells were stimulated with TNFa. to induce NF-B activity.
Indeed, NF-«B target genes MCP-1 and CXCL-2 increased upon
TNFo stimulation. Co-treatment with vidofludimus or OCA
abolished this effect in HepG2 cells transfected with FXR, but not
in cells transfected with empty vector control (Figures 5E, F),
indicating that FXR activation by OCA or vidofludimus blocks
NEF-kB activity.

To further investigate the role of FXR in this pathway, we
isolated MEF cells from WT and FXR KO mice and assessed the
IkBa. protein level and the nuclear p65 level. As expected, TNFo
induced the degradation of IxBo and increased the nuclear p65
level, vidofludimus treatment obviously stabilized IxBow and
inhibited p65 protein level in the nucleus of WT MEFs, and
both effects were substantially reduced in FXR KO MEFs (Figure
5D), which is consistent with the effects of p65 reduction by
vidofludimus in vivo (Figures 5A, B). Together, our data
demonstrate that vidofludimus might ameliorate colitis
through the IKK-IkB-NF-kB signaling pathway mediated by
FXR, thereby revealing an alternative functional target of this
immunomodulatory drug candidate.

Vidofludimus Reduces Hepatic Steatosis
and Inflammation by Targeting FXR in ob/
ob Mice
Given the important roles of FXR in NAFLD (Chao et al., 2016),
we want to explore novel therapeutic effects of vidofludimus on
NAFLD as an FXR ligand in addition to its anti-inflammatory
function. The ob/ob mice produce a truncated inactive form of
leptin and have been extensively studied as a model for NAFLD.
Of note, no significant improvement of morbid obesity were
observed by vidofludimus treatment in ob/ob mice (Figure S6).
Excitingly, the vidofludimus treatment on ob/ob mice
significantly reduced the levels of plasma triglycerides and
cholesterol without affecting body weight (Figures 6A-C).
Serum cholesterol, including HDL and LDL/very LDL levels,
was significantly decreased in ob/ob mice after treatment with
vidofludimus. Histological examination and oil red O staining of
liver sections obtained from vehicle-treated ob/ob mice showed
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FIGURE 5 | Vidofludimus treatment blocked nuclear translocation of p65 by suppressing IKK-1xB-NF-kB pathway. (A, B) Western blotting analysis of nuclear p65
from colon of WT and FXR KO mice treated with DSS and/or vidofludimus. The relative density of the western blotting bands of (A) is shown in (B). For (B), values
are mean = s.e.m. *p < 0.005 versus the samples from mice with DSS treatment. (C) Inhibition of TNFo-induced IKKo/ phosphorylation and IkBo degradation by
vidofludimus. HepG2 cells treated with vidofludimus for 1 h and/or TNFo. (20 ng/ml) for additional 30 min were analyzed by western blotting. (D) Western blotting
analysis of IkBow and nuclear p65 levels in MEFs from WT and FXR KO mice. MEF cells were treated with vidofludimus (5 uM) for 1 h and/or TNFo (20 ng/mL) for
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means + s.e.m. of three independent experiments. o < 0.01, versus cells transfected with FXR treated with DMSO plus TNFo.
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FIGURE 6 | Vidofludimus reduces hepatic steatosis and inflammation in ob/ob mice. 10-11 weeks of male ob/ob mice were intraperitoneally (i.p.) injected with
vehicle or vidofludimus (Vido, 10 mg/kg) once daily for 14 days. (A-C) Plasma parameters after 6-h fast. TG, triglycerides; TCHO, total cholesterol. (B) Hepatic
triglyceride (TG) levels. (D) Representative images for histological visualization of steatosis in liver sections stained with H&E and oil red O. Scale bars, 100 pm.
(E) Relative mRNA expression of hepatic FXR target genes and genes involved in lipogenesis and inflammation. (F) gPCR analysis of FXR target genes in ileum

homogenates. Values are mean + s.e.m. of 6 mice. *p < 0.05, *p < 0.01, **p < 0.001 versus vehicle-treated mice.

the extensive existence of vesicular hepatocyte vacuolation, while
vidofludimus treatment obviously reversed the liver from hepatic
steatosis with the disappeared hepatic lipid accumulation and
showed tight compact structure of the liver cells (Figure 6D), in
consistent with the triglyceride levels in liver tissues (Figure 6B).

The down-regulation of sterol regulatory element binding
protein-1c (SREBP-1c) and carbohydrate responsive element
binding protein (ChREBP), two major mediators of lipogenic
gene expression (Dentin et al., 2005), in liver tissues of
vidofludimus-treated mice (Figure 6E), further provided the
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molecular mechanisms of vidofludimus on hepatic steatosis
amelioration in ob/ob mice. In addition to its potent anti-
steatotic action, vidofludimus also suppressed the expression of
inflammatory biomarkers in the liver (Figure 6E). Notably, the
mRNA level of the FXR target genes FGF15, SHP, and iBABP in
ileum, and organic solute transporter (OST) P in liver were all
significantly upregulated in ob/ob mice administered with
vidofludimus (Figures 6E, F), suggesting the effects of
vidofludimus on NAFLD is through targeting FXR. Taken
together, these results demonstrate that vidofludimus possesses
remarkable beneficial effects in reducing hepatic steatosis
and inflammation.

DISCUSSION

Vidofludimus is a novel oral immunomodulatory drug that has
been carried out in Phase II trial to treat IBD and rheumatoid
arthritis (RA) and in preclinical testing to treat lupus.
Vidofludimus is a potent inhibitor of DHODH that is a key
enzyme involved in the de novo pyrimidine biosynthesis
(Fitzpatrick et al., 2010; Kulkarni et al., 2010), thus
vidofludimus inhibits the proliferation of activated T and B
cells via blocking DHODH (Leban et al., 2005). Vidofludimus
also inhibits the expression of pro-inflammatory cytokines like
IL-17 in activated lymphocytes, even in the presence of
exogenous uridine, suggested a pharmacological effect that was
independent of inhibiting DHODH and T-cell proliferation
(Fitzpatrick et al., 2012), however, of which the targeting
mechanism remains unclear. In the present study, we found
that vidofludimus inhibited the expression of IL-17 and other
inflammatory cytokines including IL-6 and IL-1B, as well as
COX-2 in the intestine from DSS-induced colitis mice is
dependent on the existence of FXR. Crystallographic data
authentically displayed that vidofludimus can bind in the
ligand-binding pocket of FXR with a unique binding mode.
Meanwhile, biochemical analysis proved that vidofludimus
potently activated the FXR activity. In addition to cofactor
recruitment assays, we performed two reporter systems (full-
length system and pBind system) to detect the ligand-induced
activity of nuclear receptors. The results showed that compared
to the vehicle control, the activity of firefly luciferase to renilla
luciferase ratio elevated about 3 times in the positive control in
the FXR full-length system, and elevated about 30 times in the
FXR pBind system, and both the firefly luciferase and the renilla
luciferase reading were normal in these two groups in both COS-
7 and 293T cells. While the firefly luciferase reading in cells
treated with vidofludimus decreased sharply as the concentration
increased from 1 to 5 uM, and the renilla luciferase reading were
the same as positive and vehicle control. We hypothesize that
vidofludimus may have some interference with Luciferase Assay
Reagent IT (LAR II) that quantifies the firefly luminescence. The
phenomena in PPAR gamma reporter assay showed the same
results, further supporting this hypothesis. In vivo mouse
experiment further demonstrated that vidofludimus
efficaciously improved DSS-induced colitis in WT mice but not

FXR KO mice. These solid evidences indicate that in addition to
DHODH, FXR is an important target for vidofludimus to exert its
therapeutic effects on autoimmune disorders. Based on these
results and the crucial roles of FXR in regulating NAFLD,
repositioning of vidofludimus demonstrates that this potential
IBD drug efficaciously ameliorated the NAFLD symptoms in ob/
ob mice as expected, thus uncovering a novel disease indication
and molecular basis for the drug development of vidofludimus.
With the established safety and drug tolerability of vidofludimus
in patients with IBD (Herrlinger et al., 2013), vidofludimus has
potential to be a promising drug candidate for the treatment
of NAFLD.

The efficacies of several agents in clinical trials, such as an
FXR agonist (Ocaliva) (Neuschwander-Tetri et al., 2015;
Younossi et al., 2019), CCR2 and CCR5 antagonists
(Cenicriviroc) (Lalezari et al,, 2011), and PPARo, and PPARG
agonists (Elafibranor) (Ratziu et al., 2016), are encouraging based
on liver biopsy or noninvasive markers, these clinical findings
will need to translate into durable safety and efficacy. Pruritus
and increased LDL cholesterol were the most commonly
reported adverse events in obeticholic acid clinical studies (10
mg/25 mg oral dose of OCA once daily over a period of 18
months) (Younossi et al., 2019). According to recent paper from
Yu. et al. (2019) bile acids (including CDCA) can work as natural
ligands for human sensory neuron-expressed Mas-related G
protein-coupled receptor X4 (MRGPRX4). Bile acids or other
MRGPRX4 specific agonist induced itch in human subjects,
providing a promising cause of OCA induced-pruritus
(Meixiong et al., 2019a; Meixiong et al., 2019b; Yu et al.,, 2019).
In addition, whether bile acid receptor TGR5 participates in
cholestatic itch in human also remains unclear (Hodge et al.,
2013; Cipriani et al., 2015). LDL-C is the low-density lipoprotein
and the component of the cholesterol profile that causes the
damage. Early increases in LDL cholesterol were observed in
OCA treated patients who initiated with statins treatment.
However, the initial LDL cholesterol increases reversed to
below baseline levels as of month 6 and were sustained
through month 18 (Younossi et al, 2019). In contrast, no
drug-related serious adverse events were observed in
vidofludimus clinical studies (35 mg oral dose of vidofludimus
once daily over a period of 12 weeks), and Phase Ila ENTRANCE
study met its primary endpoint in 88.5% of patients (complete and
partial response). A total of 75 adverse events (AEs) were reported,
of which 19 AEs were judged by investigators as “probably” drug-
related. These included isolated cases of glucosuria, musculoskeletal
pain, leucocyturia, nasopharyngitis, abdominal pain, fatigue,
myalgia, microhematuria, tachycardia, insomnia, and dyspepsia.
By comparing the clinical side effects of these two FXR ligands,
vidofludimus appears to be a multi-target drug for IBD and NAFLD
treatment, and the potential of DHODH inhibition in therapeutic
effect and toxicity worth further exploration. The combination of
two mechanisms of action provides an innovative therapeutic
approach with broad clinical potential in various metabolic
diseases, and the possibility of drug combinations as a future
therapeutic option is increasingly likely because of concern that
attacking a single target will not be sufficiently potent. In addition,
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the effects of vidofludimus on metabolism may be due to tissue-
selective targeting of FXR in intestine in addition to liver, because
vidofludimus showed similar or stronger regulation of FXR target
genes in intestine (Figure 6F), compared to those in liver (Figure
6E). Although enteric FGF15 is shown to benefit hepatic steatosis
(Fang et al., 2015), the role of drug-activated intestinal FXR in body
physiology is poorly understood. Furthermore, many evidences
have demonstrated that the transcriptional activation of nuclear
receptors does not necessarily correlate with their biological effects
(Gronemeyer et al., 2004; Picard et al., 2004; Higgins and Depaoli,
2010; Bokoch et al., 2010; Venkatanarayan et al., 2015).
Administration of a full and potent FXR agonist, GW4064,
resulted in weight gain and fat accumulation in mice (Watanabe
et al., 2011), and even hepatobiliary injury to medaka
eleutheroembryo (Howarth et al., 2010). In contrast, Our
previously published data showed that doramectin, abamectin,
and ivermectin as FXR partial agonists (Jin et al., 2013; Jin et al,,
2015) have significant therapeutic effects on NAFLD in a relatively
low dose. Accordingly, the FXR ligand vidofludimus in this study
was characterized as partial agonist, different from classical
full agonist.

Given the important roles of FXR in a variety of physiological
and pathological processes, the ligands that regulate FXR activity are
promising therapeutic agents for different diseases. Compared with
many other nuclear receptors, the clinical applications of FXR
ligands remain much less developed. Our findings reveal a
promising template for the design of novel FXR ligands for the
treatment of autoimmune disorders, such as IBD and RA.
Moreover, the identification of FXR as a functional target for
vidofludimus has not only provided novel mechanisms to
optimize the compound for its immunomodulatory function but
also uncovered its therapeutic effects on NAFLD based on the new
established relationships among drugs, targets, and diseases.
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