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Abstract

Farnesoid X receptor (FXR) and G-protein-coupled BA receptor 1 (GPBAR1) are two important
bile acid (BA) receptors. As a non-BAs drug template for GPBAR1, none of the natural
oleanane-type triterpene has been reported as FXR ligands, despite that FXR and GPBAR1 have
similar binding pockets for BAs. Here, we report the natural triterpene hedragonic acid that has
been isolated from the stem and root of Celastrus orbiculatus Thunb. (COT) as an effective
agonist for FXR. Both biochemical AlphaScreen and cell-based reporter assays showed that
hedragonic acid regulated the transcriptional activity of FXR. CD spectroscopy further suggested
the conformational changes of FXR upon the binding of hedragonic acid. Interestingly, the crystal
structure of hedragonic acid-bound FXR revealed a unique binding mode with hedragonic acid
occupying a novel binding pocket different from the classical binding position. The structural
comparison between hedragonic acid-bound FXR and oleanolic acid-bound GPBARL1 explained
the molecular basis for the selectivity of oleanane-type triterpenes for FXR. Moreover,
hedragonic acid treatment protected mice from liver injury induced by overdose acetaminophen
and decreased hepatic inflammatory responses in an FXR-dependent manner, suggesting that
hedragonic acid might be one of the major components of COT for its multifunctional
pharmaceutical uses. In conclusion, our results have provided novel structure templates for drug
design based on natural triterpenes by targeting FXR and/or GPBAR1 with pharmaceutical

values.
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Introduction

Farnesoid X receptor (FXR) and G-protein-coupled BA receptor 1 (GPBAR1) are two important
bile acid (BA) receptors. FXR, a member of the nuclear hormone receptor superfamily, is highly
expressed in mammalian liver, intestine, kidney and adrenal gland (Makishima et al., 1999; Parks
et al., 1999). Small molecules known as ligands play important roles in modulating the activity of
nuclear receptors (Benet et al., 2015; McKenna, 2016). Like many other nuclear receptors, the
ligand binding induces the conformational change of FXR, leading to the modulation of its
transcriptional function through the recruitment or release of specific co-regulators, including
coactivators like the steroid receptor coactivators (SRC) family, and corepressors such as the
nuclear corepressor (NCoR) (Jin and Li, 2010). As a BA receptor, FXR plays important roles in
maintaining bile acid homeostasis (Kong et al., 2012; Matsubara et al., 2013; Sun et al., 2017).
Moreover, FXR regulates many physiological functions including metabolism, cancer and liver
regeneration (Wagner et al., 2011). Notably, FXR null mice display strong hepatic inflammation
and develop spontaneous liver tumors (Wang et al., 2008; Yang et al., 2007). Interestingly, FXR
ligands have shown anti-inflammatory activity and liver protective effects by targeting FXR
pathway (Bhushan et al.,, 2013; Lee et al.,, 2010; Meng et al., 2010). GPBAR1 is the
membrane-bound BA receptor (Keitel and Haussinger, 2012; Maruyama et al., 2006) that is also
highly expressed in the liver and intestine, as well as in brown adipose tissue and the spleen
(Keitel and Haussinger, 2012). Similar to FXR, GPBAR1 plays important roles in regulating
energy homeostasis and glucose metabolism (Broeders et al., 2015; Thomas et al., 2009).

Activated GPBARL1 induces the production of glucagon-like peptide-1, which in turn modulates
4
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insulin secretion/sensitivity, glucagon secretion, and B-cell mass (Pellicciari et al., 2009). In
addition, binding of BAs with GPBARL increases energy expenditure in brown adipose tissue,
preventing obesity and insulin resistance (Broeders et al., 2015; Watanabe et al., 2006). Thus,
both FXR and GPBARL1 have been promising drug targets for treating a variety of diseases

affecting liver, intestine and kidney.

Many natural bile acids, such as cholic acid (CA), chenodeoxycholic acid (CDCA), lithocholic
acid (LCA) and deoxycholic acid (DCA), are all ligands for both FXR and GPBAR1 (Porez et al.,
2012). However, some BAs or semi-synthetic BA derivatives selectively recognize only FXR or
GPBAR1. For example, obeticholic acid (OCA; INT-747; 6-ECDCA) and TC-100
(3a,7a,11B-Trihydroxy-6a-ethyl-5p-cholan-24-oic Acid) are potent FXR agonists (Fiorucci et al.,
2009; Pellicciari et al., 2016), INT-777 (S-EMCA) and 23(S)-methylated LCA selectively
activate GPBAR1, whereas INT-767 is an agonist for both BA receptors (Fiorucci et al., 2009;
Sun et al., 2017; Yu et al., 2015). Aside from BAs, a class of plant natural triterpenes, including
betulinic acid, oleanolic acid and ursolic acid, were identified as selective GPBAR1 agonists with
physiological functions (Genet et al., 2010; Sato et al., 2007). These natural oleanane-type
triterpenes have been non-BAs drug templates for target GPBARL1 (Castellano et al., 2013; Genet
et al., 2010). Even though FXR and GPBARL1 have similar binding pockets for BAs, none of the
oleanane-type triterpenes have been reported as FXR ligands. In this study, we identified
hedragonic acid (24-Nor-3-0x0-12-oleanen-28-oic acid), a natural pentacyclic oleanane-type

triterpene that has been isolated from the stem and root of Celastrus orbiculatus Thunb. (COT),
5
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as an effective agonist of nuclear receptor FXR with pharmaceutical potentials.

Materials and Methods

Protein preparation. The human FXR LBD (residues 243-472) was expressed as N-terminal
6>His fusion protein from the expression vector pET24a (Novagen). BL21 (DE3) cells
transformed with expression plasmids were grown in LB broth at 25 <C to an ODggo of ~1.0 and
induced with 0.1 mM isopropyl 1-thio-p-D-galactopyranoside (IPTG) at 16 <C. Cells were
harvested and sonicated in 200 mL extraction buffer (20 mM Tris pH 8.0, 150 mM NacCl, 10%
glycerol and 25 mM imidazole) per 6 liter of cells. The lysate was centrifuged at 20,000 rpm for
30 min, and the supernatant was loaded on a 5 mL NiSOy-loaded HiTrap HP column (GE
Healthcare). The column was washed with extraction buffer and the protein was eluted with a
gradient of 25-500 mM imidazole. The FXR LBD was further purified with a Q-Sepharose
column (Amersham Biosciences). To prepare the protein-ligand complex, we added a five-fold
molar excess of hedragonic acid to the purified protein, followed by filter concentration to 10
mg/mL. The FXR LBD was complexed with two-fold molar of a SRC2-3 peptide

(QEPVSPKKKENALLRYLLDKDDTKD) 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 assays using a hexahistidine
detection kit from Perkins-Elmer as described before (Li et al., 2005). The hedragonic acid was

purchased from BioBioPha (Yunnan, China), while the rest triterpenes were purchased from
6
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TargetMol (Shanghai, China). The experiments were conducted with approximately 20-40 nM
receptor LBD and 20 nM biotinylated cofactor peptides in the presence of 5 pg/mL donor and
acceptor beads in a 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 as: NCoR-1, QVPRTHRLITLADHICQIITQDFAR; NCoR-2,
GHSFADPASNLGLEDIIRKALMGSF; SRC1-2, SPSSHSSLTERHKILHRLLQEGSP; SRC2-3,

QEPVSPKKKENALLRYLLDKDDT KD; SRC3-3, PDAASKHKQLSELLRGGSG.

Circular Dichroism (CD) Spectroscopy. CD measurements were carried out using a Jasco
J-8106 spectro-polarimeter (JASCO, Tokyo) as previously described (Zhan et al., 2008). The CD
spectra were obtained in 10 mM phosphate buffer (pH 7.4) using a cell with a 0.5-cm path length.
FXR LBD protein was dialyzed against phosphate buffer (10 mM phosphate, pH7.4). Gradient
concentrations of ligands were added to the protein. After incubation for 2 min at room

temperature, the CD spectra were measured.

Dual-Luciferase Reporter assay. HEK-293T cells were maintained in DMEM containing 10%
fetal bovine serum and were transiently transfected using Lipofectamine 2000 (Invitrogen). All
mutant FXR plasmids were created using the Quick-Change site-directed mutagenesis Kit
(Stratagene). Before 24 h of transfection, 24-well plates were plated (5x10* cells per well). For
nuclear receptor luciferase reporter assay, the cells were co-transfected with plasmids encoding

full-length nuclear receptors and their cognate luciferase reporters as follows: human FXRa with
7
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ECRE-Luc, human PPARs (o, 9, and y) with PPRE-Luc; human RORs (a, B and y) with the
Pcp2/RORE-Luc; human GR or AR with the MMTV-Luc; human RARs with BRE-Luc reporter.
For GPBARL1 reporter assay, the cells were co-transfected with plasmids encoding full-length
GPBARL1 and pCRE-luc reporter (Yu et al., 2015). Ligands were added 5 h after transfection.
Cells were harvested 24 hours later for the luciferase assays with the Dual-Luciferase Reporter
assay system (Promega). The luciferase activities were normalized to renilla activity

co-transfected as an internal control.

Crystallization and structure determination. The crystal of FXR/hedragonic acid complex was
grown at room temperature in hanging drops containing 1.0 uL of the ligand-protein solutions
and 1.0 puL of well buffer containing 0.1 M HEPES pH 7.5, 10% w/v Polyethylene glycol 6,000,
5% vlv (+/-)-2-Methyl-2,4-pentanediol. 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.

Molecular docking. The structure of GPBAR1 for docking was a gift from Prof. Vittorio
Limongelli (D'Amore et al., 2014). The docking was carried out using the AutoDock4.2 software
package (Huey et al., 2007). Grid points of 65 <80 x 55 for GPBAR1 with a 0.375 A spacing

calculated around the binding cavity was deemed as the docking site (D'’Amore et al., 2014).
8
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Three dimensional structures of ligands were constructed using the software Discovery Studio
(Discovery Studio, verison2.5.5, Accelrys Software Inc.CA, San Diego, 2010) (Accelrys Inc.).
Atom types were assigned using the CHARMM force field. Partial charges were added using the
Gasteiger algorithm. Energy optimization was carried out to obtain the lowest energy
conformation using the steepest descent method under the implicit solvent model with a dielectric
constant of 1.0. The visualization was performed using the program Pymol (DeLano Scientific,
Palo Alto, CA). Default cutoff values of 4.0 A for van der Waals (vdW) and 2.5 A for H-bond
interactions were employed. Ten conformations were retained for each ligand. Then the docking
run consisted of 10 million energy evaluations using the Lamarckian genetic algorithm local

search method. Otherwise default docking parameters were applied.

Animals and treatments. Male mice at 8 weeks of age 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. Vehicle (40%
wi/v of 2-hydroxypropyl-B-cyclodextrin) or hedragonic acid (10 mg/kg body weight) dissolved in
vehicle were intraperitoneal (i.p.) injected once daily for five days. Six hours after the fifth
injection, 500 mg/kg body weight of APAP solved in PBS was i.p. injected to the mice. 24 hours
later, mice were sacrificed. Parts of liver tissues were fixed in 4% paraformaldehyde, and the
liver histology characterization was analyzed by haematoxylin and eosin (H&E) staining with

paraffin-embedded sections by standard procedures. Other liver tissues were collected for
9
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real-time quantitative reverse transcription PCR (RT-PCR). The serums were collected to
measure enzymes activities including lactate dehydrogenase (LDH), alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) using commercial kits (Biosino Bio-technology and

science inc., Beijing, China; Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

RT-PCR. RNA was isolated using RNA kit (Omega Bio-Tek, GA). The first strand cDNA were
obtained by TAKARA reverse transcription kit. Real-time quantitative PCR were performed on a
CFX96™ Real-Time PCR Detection System (Bio-Rad) using SYBR Premix Ex TaqTM
(TAKARA). Relative mRNA expression levels were normalized to GAPDH levels. The primers

used in this assay were listed in the Supplemental Table 1.

Statistical analysis. Results were expressed as mean =£s.e.m. P-values were calculated by using

unpaired two-tailed Student’s t-test. P less than 0.05 was considered significant.

Results

Identification of hedragonic acid as a novel FXR agonist. In search of novel modulators for
FXR, we used FXR ligand-binding domain (LBD) as a bait to screen natural compounds based
on AlphaScreen biochemical assay, which determines the efficacy of small molecules in
influencing binding affinity of FXR with co-regulator peptides (Jin et al., 2013). The screen
results revealed a natural pentacyclic oleanane-type triterpene, hedragonic acid, potently

activated FXR in a concentration dependent manner (Figure 1A). Hedragonic acid induces FXR
10
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to recruit nuclear receptor coactivator motifs from SRC1, SRC2 and SRC3, but not corepressor
motifs from NCoR (Figure 1B), suggesting that hedragonic acid is an agonist of FXR. We further
employed CD spectroscopy to detect the secondary structural changes of FXR LBD induced by
ligands (Figure 1C & 1D). The results showed that hedragonic acid induced conformational
changes of FXR LBD in a similar way to the full agonist GW4064, suggesting the physical
interaction of hedragonic acid with FXR. Moreover, cell-based reporter assays further revealed
that hedragonic acid selectively activates FXR among many other nuclear receptors tested, but
with a relative moderate activity compared to the synthetic agonist GW4064 (Figure 1E).
Importantly, hedragonic acid induced the expression of FXR target genes in primary hepatocytes
from wild type mice but not FXR knockout mice in a dose-dependent manner, affirming that

hedragonic acid is an FXR agonist (Supplemental Figure 1 & 2).

To investigate whether other oleanane-type triterpenes are FXR ligands, asiatic acid, oleanolic
acid, 18p-glycyrrhetinic acid, friedelin, ursolic acid and berulinic acid were selected to test their
activities on FXR in recruiting coactivators by AlphaScreen assays. Despite high structural
similarity among these triterpenes, none of the tested triterpenes except hedragonic acid activated
FXR (Figure 1F), demonstrating a highly selective structural recognition of oleanane-type
triterpenes by FXR. Interestingly, hedragonic acid showed a weak GPBAR1 activity in cell-based
reporter assay (Figure 1G). Structurally compared to other triterpenes, hedragonic acid is
characterized with both carbonyl group on one end in the C3 (Supplemental Figure 3), which

may play a pivotal role in recognition of the pocket binding sites in FXR.
11
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Structure determination of the binding mode of hedragonic acid with FXR. To determine the
molecular basis of the binding selectivity of hedragonic acid by FXR, we solved the crystal
structure of FXR complexed with hedragonic acid (Figure 2, Supplemental Table 2, PDB ID
5wzx). The data statistics and the refined structures are summarized in Supplemental Table 2. The
structure of hedragonic acid-bound FXR LBD assumed a dimer form with the arrangement of a
three-layer helical sandwich, with hedragonic acid occupying the pocket formed by the helical
structure of H3, H9 and H11l (Figure 2A), resulting in an active conformation for FXR.
Hedragonic acid was clearly observed to fit in the electron density map as shown in Figure 2B,
predominately by hydrophobic interactions with FXR residues of Trp454, Phe329, Met328,
Phe366, Leu287, Phe461 and Trp464. In addition, two polar contacts with the C-terminal of helix
10 further anchored the ligand position: one is a 2.39 A hydrogen bond from His477 to the
carbonyl oxygen of hedragonic acid, and the other hydrogen bond is between the NH moiety of
Trp454 and a lipid carbonyl group in hedragonic acid with a 2.9 A distance (Figure 2B). Notably,
these two key pharmacophores are unique features of hedragonic acid necessary for its molecular
recognition by FXR (Figure 2C), providing a clue in drug design based on the structure of
pentacyclic triterpene. Superposition of structures of hedragonic acid-bound FXR with
GW4064-bound FXR (PDB ID 3dct) (Akwabi-Ameyaw et al., 2009) and CDCA-bound FXR
(PDB ID 4qge6) revealed that hedragonic acid occupies a distinct binding site compared to the
classical pocket occupied by GW4064 or CDCA (Figure 2C). The three ligands also exhibited

different orientations in the pockets (Figure 2C & 2D).

12
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Due to the unique binding site of hedragonic acid in FXR, hedragonic acid induces series of
conformational changes of FXR LBD (Figure 3). Specifically, the loss of classical hydrogen bond
interaction with Arg331 and the unoccupied space around the Phe336 induced the helix 5, 3 and 7
inwardly squeezed, leading to the reduction of FXR pocket size (Figure 3A). In addition,
hedragonic acid binding also induced the conformational changes of internal hydrophobic
residues of FXR, including Trp454, Phe46l and Tyr369 in comparison to GW4064- or
CDCA-bound FXR LBD (Figure 3B-3D). Thus, hedragonic acid initiates a hydrophobic
interaction between its methyl groups and the benzene ring of FXR Tyr369, in addition to a key
hydrogen bond interaction with FXR Trp454, which further echoes the formation of the unique
binding pocket of FXR by hedragonic acid. Notably, the retained hydrogen bond between the
carbonyl oxygen of hedragonic acid and the NH moiety in His447 might also play an important
role in maintaining the active state of FXR (Figure 3D), which stabilizes the protein

conformation that is capable of recruiting co-activators (Jin et al., 2013).

Structural validation by mutagenesis assays. To validate the roles of the critical residues in the
hedragonic acid binding pocket, the site-directed mutagenesis was employed to test the
transcriptional activity of FXR in response to hedragonic acid in cell-based reporter assays.
A291W mutation was designed to cause a sharp reduction on the size of FXR pocket through the
enlargement of the corresponding side chain in the ligand binding pocket (Figure 4A & 4B). As
expected, a dramatic abolishment in the FXR transcriptional activity by GW4064, CDCA and

hedragonic acid was observed in this mutated FXR (Figure 4D). The H447F mutant was
13
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constructed to destroy the hydrogen bonds between His447 and hedragonic acid or CDCA, which
are the key interaction in their binding mode (Figure 4A & 4C). Correspondingly, H447F resulted
in the vanished FXR transcriptional induction by hedragonic acid and CDCA, respectively
(Figure 4D). Considering the unique polar distribution of the residues around the hedragonic acid
binding pocket, three mutants of L287T, T288V and F284Y were chosen to evaluate the effect of
the polar changes on the specificity of pocket binding site. Specifically, the L287T was located in
the overlapped binding site of the three ligands in their binding pockets. This mutant changed the
favorable hydrophobic environment in the ligand binding pocket as it occupied a vital position
forming hydrophobic interactions with the lipid and bulky steric moiety of ligands (Figure 4A).
Accordingly, the transcriptional activity of FXR with L287T mutation was abolished by all the
three ligands (Figure 4D). In contrast, Thr288 and Phe284 only participated in the binding pocket
of hedragonic acid. The lack of a hydroxyl side chain in the T288V mutant weakened
electrostatic interactions of FXR with the carbonyl group of hedragonic acid, leading to a
moderate decline in the transcriptional activity of FXR by hedragonic acid. In contrast, no
changes in the transcriptional activity by GW4064 and CDCA were observed in this mutant.
Based on our solved structure, a putative hydrogen bond was predicted to emerge between
hedragonic acid and the mutant F284Y, due to the hydroxyl group of tyrosine as a hydrogen bond
donor in the interaction with hedragonic acid. As expected, the FXR transactivation of this
mutant was significantly enhanced by hedragonic acid (Figure 4D), but with a relatively modest
impact on the function of CDCA and GW4064. These results further validated the unique binding

mode of hedragonic acid with FXR.
14
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Structural comparison of ligands binding to FXR and GPBAR1. The obvious difference
between hydragonic acid and oleanolic acid is apparent with the ketone for hydragonic acid and
the hydroxyl group for oleanolic acid, respectively, at position C-3 (Supplemental Figure 3),
which may dictate the differential binding affinity of oleanane-type triterpenes to FXR and
GPBARL. If the ketone of hedragonic acid is replaced with a hydroxyl group, the volume of Van
der waals and polar molecular surface would increase in this orientation of the FXR pocket
(Supplemental Figure 4 and Supplemental Table 3). In the ligand binding pocket of FXR, the
cavity formed by key residues of Phe461, Trp454 and Leu287 offers a relative narrow and
hydrophobic space for ligand binding with a 3.1A distance between the ketone oxygen atom to
the C1 atom of aromatic face (pi system) in Trp454 (Figure 5A, Supplemental Figure 4), which
acts as a critical factor for the preference of hydragonic acid from the oleanane-type triterpenes

for FXR.

To further investigate the structural mechanism of the binding specificity of oleanane-type
triterpenes to FXR and GPBAR1, we compared the two binding modes of the crystal structure of
hydrogonic acid with FXR and the docking model of oleanic acid with GPBAR1 using
AutoDock4.2 (AD4.2) (Figure 5). The docking simulations on the GPBAR1 in complex with
oleanolic acid showed that the oleanolic acid occupies the binding site of GPBAR1 by more polar
interactions than hydragonic acid in FXR (Figure 5B, F). In particular, oleanolic acid occupies
the cavity formed by TM2, TM3, TM5 and TM7, with its oleanane-type triterpenoid scaffold

forming favorable interactions with the side chains of Glu169, Tyr240, Phe96, Leu68 and Ser270
15
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(Figure 5B). Moreover, the hydroxyl group in C-3 moiety of oleanolic acid extends to the inside
position of the hydrophobic cavity formed by Leu24, Leu68 and Trp237, establishing a key
hydrogen bond interaction with Ser270 (Figure 5B & 5D). Whereas, this key hydrogen bond
might be unavailable if the C-3 position changes to the ketone of hedragonic acid, resulting in a
weaker activity to GPBARL. Also, compared to oleanolic acid, hedragonic acid is characterized
by the methyl group at C-4. The steric properties of the exocyclic methyl and triterpenoid are
important determinants to bind the different shapes of lipophilic pockets. In complex with FXR,
the single methyl group at C-4 of hedragonic acid favors its interaction through a cation-n
interaction with Trp454 with less steric effects (Figure 5C & 5E). However, more hydrophobic
interactions are acquired for the two methyl groups at C-4 of oleanolic acid when it binds to
GPBARL1 (Figure 6B). Thus, the hydroxyl group and ketone at position C-3 and the steric
hindrance of the adjacent groups in the scaffold of triterpenoid determine the preference or

selectivity of hedragonic acid and oleanolic acid to FXR and GPBAR1, respectively.

To further elucidate the differential binding modes between oleanolic acid and hedragonic acid to
GPBAR1, we mutated several key residues that contribute to the ligand interaction, and then
tested the activity of these mutated GPBARL in response to oleanolic acid and hedragonic acid in
cell based reporter assays. The mutations Y89F and E169A were predicted to damage the polar
interaction of ligands (Figure 5B, Supplemental Figure 5), and the A67W and L71T mutations
were designed to destroy the hydrophobic environment for ligand binding (Figure 5D,

Supplemental Figure 5). As expected, these mutations substantially reduced GPBAR1 activities
16
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mediated by both oleanolic acid and hedragonic acid (Supplemental Figure 5). The S270A
mutation was designed to abolish the hydrogen bond between oleanolic acid and GPBARL. As
expected, S270A substantially decreased the activity of GPBARL1 regulated by oleanolic acid, but
not by hedragonic acid (Supplemental Figure 5). These results further affirm the ligand-binding
pocket of GPBARL simulated by molecular docking, and highlight the differential roles of

GPBARL1 transmembrane residues in recognizing various ligands.

Hedragonic acid showed therapeutic effects on liver injury and inflammation dependent on
FXR. FXR mediated by ligands plays important roles in liver protection. To investigate the
effects of hedragonic acid in liver injury, APAP induced liver injury was used as a mouse model.
After being administrated with hedragonic acid (10 mg/kg) for 5 days, mice were i.p. injected
with a single challenge of APAP (500 mg/kg). 24 hours later, liver sections and activities of liver
enzymes were examined. H&E-stained liver sections showed that hedragonic acid pretreatment
maintained the liver morphological characteristics compared with the hepatocytes injury shown
in vehicle-treated control (Figure 6A & 6B). Consistently, serum levels of LDH, ALT and AST
were significantly lower in the hedragonic acid treated mice compared with those in the
vehicle-treated mice (Figure 6C). It has been reported that activated FXR by ligands could induce
several genes involved in xenobiotic metabolism (Lee et al., 2010). We then monitored the
MRNA levels of glutathione S-transferase a3 (Gsta3) and Gsta4, GSH metabolism-related genes
(Gelm and Gpx1), and glucuronosyltransferase (Ugtlal) in the liver samples of the mice. The

results showed that hedragonic acid treatment significantly induced the expression of these genes
17
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(Figure 6D). Overdose of APAP caused liver injury also displays liver inflammation due to the
increased activities of AST, ALT and LDH. Hedragonic acid treatment also decreased the mRNA
levels of inflammatory genes including iNOS, TGFB, TNFa, COX-2, IL-1p and MIP-1a in liver
samples of the mice challenged with overdose APAP (Figure 6E). These results demonstrate that
administration of hedragonic acid could provide protection from APAP-induced liver injury and

inflammation.

To investigate whether the liver protection effects of hedragonic acid is dependent on FXR,
primary hepatocytes were isolated from wild-type (WT) and FXR knock-out (KO) mice,
respectively. After pretreatment with hedragonic acid for 18 hours, 20 pg/ml of LPS was
administrated to the cells. The mRNA levels of the inflammatory genes were measured 6 hours
later. The results showed that hedragonic acid significantly decreased the mRNA level of TNFa
and IL-1p in LPS-treated primary hepatocytes from wild type mice but not in the hepatocytes
from FXR KO mice (Figure 6F), indicating that hedragonic acid elicits its anti-inflammatory

responses by targeting FXR.

Discussion

Dual or selective FXR and/or GPBAR1 agonists are prevailing strategies in drug discovery for
enterohepatic and metabolic disorders (Fiorucci et al., 2009). As endogenous ligands, BAS
provide promising templates for structure-based drug design and development. So far, however,

only OCA, that is derived from CDCA, has been approved for clinical use for the treatment of
18
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primary biliary cholangitis (PBC). Notwithstanding that the phase Il FLINT trial results
demonstrated that OCA is a potential therapy for the NASH patient population with diabetes, the
severe side effects, including jaundice, worsening ascites, PBC, reduction in HDL-C, increment
in LDL-C and especially severe pruritus, still exist to limit its clinical usage. Therefore, exploring
non-BAs agonists for FXR or GPBARL might point to a potential direction in drug development
by targeting BA receptors. Since series of natural triterpenes have been identified as GPBAR1
agonists, the triterpenes have become promising lead compounds for drug design by targeting
GPBARL1. However, it remains unclear why these triterpenes selectively recognize GPBARL1, but
not FXR, even though FXR and GPBARL1 share similar binding pockets for BAs. In this study,
we identified the natural triterpene hedragonic acid as a first oleanane-type triterpene FXR
agonist. The crystal structure of hedragonic acid in complex with FXR reveals a unique binding
mode with hedragonic acid occupying an unclassical binding site. Structural comparison shed
light on the molecular selectivity of similar oleanane-type triterpenes to their preferred receptors
FXR or GPBARL. In vivo and in vitro studies demonstrate that hedragonic acid exerts its
physiological functions dependent on FXR. These results provide novel evidences for drug

design based on natural triterpenes by targeting FXR and/or GPBARL.

With a great variety of structural compounds, natural products from the herbal medicine are an
extremely productive source for new medicines or lead compounds for drug discovery and
development (Koehn and Carter, 2005). COT is a woody vine of the Celastraceae family, which

is widely distributed in Eastern Asia and also North America (Hou, 1955). As a traditional
19
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Chinese medicinal herb, the extracts from the stem and root of COT have been used as a remedy
against swelling, pain, rheumatoid arthritis, bruises, amenorrhea, vomiting, limbs numbness,
hepatitis, Jaundice hepatitis and cancer (Group, 1999; Wang et al., 2012). It has been reported
that compounds isolated from COT show specific pharmacological functions (Li et al., 2016;
Yang et al., 2006; Zhang et al., 2016). However, since numerous and complex compositions exist
in the plant extracts, the mechanism of the multifunctional COT remains unclear. Hedragonic
acid is one of the main components of COT (Li, 2012) and is here identified as an agonist of
nuclear receptor FXR with effective liver protection and anti-inflammatory activity. Considering
the important roles of FXR in physiology and pathology, these results suggest that hedragonic

acid might be one of the major components of COT for its pharmaceutical uses by targeting FXR.
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Figure Legends

Figure 1. Identification of natural triterpene hedragonic acid as a novel FXR agonist. (A)
Dose responses of compounds in inducing FXR to recruit SRC1-2 co-regulator binding motif by
AlphaScreen assay. (B) Various co-regulator binding motifs bind to FXR in response to 1 uM
hedragonic acid or GW4064 by AlphaScreen assay. The peptide sequences are listed in
Experimental Section. (C-D) Compounds physically bind to the ligand binding domain of FXR
by CD spectroscopy assay. (E) Receptor-specific transactivation by hedragonic acid. HEK-293T
cells were co-transfected with plasmids encoding full-length nuclear receptors and their cognate
response reporters, respectively (see Experimental Section). After transfection, cells were treated
with dimethyl sulphoxide (DMSO), 1 uM hedragonic acid or ligands specific for each receptor:
FXR, 0.5 uM GW4064; peroxisome proliferator-activated receptor (PPAR)a, 1 uM GW590735;
PPARS, 1 uM GWO0472; PPARy, 1 uM rosiglitazone; AR, 0.1 uM dihydrotestosterone; GR, 0.1
puM dexamethasone; RARa and RARP, 1 uM all-trans-retinoic acid. Data were normalized to
renilla activity co-transfected as an internal control. Values are the means =+ s.e.m. of three
independent experiments. (F) FXR selectively recognized hedragonic acid from various natural
triterpenes to recruit SRC1-2 by AlphaScreen assay, *p<0.001 versus vehicle control, n.s., no
significance (Student’s t-test). (G) The GPBAR1 activities of compounds (5uM) by reporter assay,
*p<0.01 versus vehicle control (Student’s t-test). Values are the means =+ s.e.m. of three

independent experiments.
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Figure 2. Structural determination of the FXR LBD in complex with hedragonic acid. (A)
The dimer structure of FXR LBD bound with hedragonic acid in ribbon representation. FXR
LBD is in light green and the SRC2-3 motif is in orange. The bound hedragonic acid is shown in
stick representation with carbon and oxygen atoms depicted in cyan and red, respectively. (B)
2Fo0-Fc electron density map (1.0c) showing the bound hedragonic acid in FXR LBD. (C)
Specific location of herdragonic acid in the binding pocket. The unique binding pocket of
hedragonic acid is shown in dashed black circle, and the classical binding pocket is shown in
dashed yellow circle. (D) Superposition of hedragonic acid (cyan) with GW4064 (orange) and

CDCA (purple).

Figure 3. Conformational changes of FXR LBD induced by ligand binding. Superposition of
the FXR/hedragonic acid structure (FXR is in light green and hedragonic acid is in cyan) with the
FXR/GW4064 structure (PDB ID 3dct, FXR is in dark green and GW4064 is in orange) and
FXR/CDCA (PDB ID 4eq6, FXR is in white and CDCA is in purple). (A) Hedragonic acid
binding to FXR reduced the pocket size formed by helix 5, 3 and 7 compared to GW4064 or
CDCA. (B-D) Conformational changes of indicated amino acids induced by ligand binding. The
conformational changes and hydrogen bonds are shown using dashed arrows and lines,

respectively.

Figure 4. Functional correlation of the hedragonic acid and FXR interactions. (A-C)

Superposition of the FXR/hedragonic acid structure (FXR is in light green) with the
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FXR/GW4064 structure (PDB ID 3dct, FXR is in dark green and the GW4064 is in orange) and
FXR/CDCA (PDB ID 4eqg6, FXR is in white and CDCA is in purple). The dashed lines indicate
the hydrogen bond interaction between His447 and hedragonic acid, and the mutations of A291W
and T288V are shown in dashed black circle and dashed grey circle, respectively. (D) Different
effects of mutations of key FXR residues on its transcriptional activity in response to hedragonic
acid, GW4064 and CDCA in cell-based reporter assays. HEK-293T cells were co-transfected
with plasmids encoding full-length wild-type (WT) FXR or FXR mutants as indicated in the
figure, together with an ECRE luciferase reporter. The cells were treated with 1 uM hedragonic
acid, 0.5 uM GW4064 and 1 uM CDCA, respectively. Values are the means +s.e.m. of three

independent experiments.

Figure 5. Structural comparison of ligands binding to FXR and GPBARL. (A) The crystal
structure of hedragonic acid bound with FXR LBD in ribbon representation. FXR LBD is in light
green and hedragonic acid is in light blue. (B) The docking model of oleanoic acid binding to
GPBAR1. GPBARL is in grey and oleanolic acid is in pink. The selective positions are marked
by dashed circle. (C-D) Detailed information of binding pocket of FXR bound with hedragonic
acid (C) and GPBARL1 bound with oleanoic acid (D). The dashed lines indicate the hydrogen
bond interaction between Ser270 and oleanolic acid. (E-F) Schematic representation of
FXR-hedragonic acid (E) and GPBAR1-oleanolic acid (F) interactions. The polar residues around
binding pocket are indicated in orange, and the non-polar ones are in light green. Hydrogen bond

interactions are indicated by arrows, and the cation-n interaction is marked by symbols.
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Figure 6. Hedragonic acid treatment protected liver from injury and alleviated hepatic
inflammation induced by APAP. 8-week-old wild-type mice (4-6 mice per group) were
pretreated with vehicle or hedragonic acid (10 mg/kg) once daily for 5 days as described in
Experimental Section. Mice were challenged with one dose of 500 mg/kg APAP after the 5
administration of hedragonic acid, and then were sacrificed 24 hours later. (A-B) Representative
pictures of H&E-stained paraffin-embedded liver sections from mice treated by vehicle (A) and
hedragonic acid (B). (C) Serum levels of ALT, AST, and LDH. (D) hepatic mRNA levels of genes

involved in xenobiotic metabolism by RT-PCR. (E) mRNA levels of inflammatory genes in liver

tissues of mice. For C-E, *p<0.05, **p<0.01, ***p<0.001 versus vehicle control (Student’s t-test).

(F) The primary hepatocytes from wild type (WT) and FXR knockout (KO) mice were pretreated
with 5 uM hedragonic acid for 18 hours before treatment with LPS (20 pg/mL) for 6 hours. The
relative mRNA levels of IL-1p and TNFo were monitored by RT-PCR. *p<0.05 versus
DMSO+LPS control (Student’s t-test). Values are the means =+ s.e.m. of three independent

experiments.
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