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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is a prevalent chronic
liver disease. The incidence of NAFLD has increased steadily
due to its close association with the global epidemic of obesity
and type 2 diabetes. However, there is no effective pharmaco-
logical therapy approved for NAFLD. Farnesoid X receptor
(FXR), a member of the nuclear receptor subfamily, plays
important roles in maintaining the homeostasis of bile acids,
glucose, and lipids. FXR agonists have shown promise for the
treatment of NAFLD. In this study, we report altenusin (2076A),
a natural nonsteroidal fungal metabolite, as a novel selective
agonist of FXR with an ECsq value of 3.2 + 0.2 uwM. Adminis-
tration of 2076A protected mice from high-fat diet (HFD)-
induced obesity by reducing the body weight and fat mass by

22.9% and 50.0%, respectively. Administration of 2076A also
decreased the blood glucose level from 178.3 = 12.4 mg/dl to
116.2 = 4.1 mg/dl and the serum insulin level from 1.4 *
0.6 ng/dl to 0.4 = 0.1 ng/dl. Moreover, 2076A treatment nearly
reversed HFD-induced hepatic lipid droplet accumulation and
macrovesicular steatosis. These metabolic effects were abol-
ished in FXR knockout mice. Mechanistically, the metabolic
benefits of 2076A might have been accounted for by the
increased insulin sensitivity and suppression of genes that are
involved in hepatic gluconeogenesis and lipogenesis. In sum-
mary, we have uncovered a new class of nonsteroidal FXR
agonist that shows promise in treating NAFLD and the asso-
ciated metabolic syndrome.

Introduction

Farnesoid X receptor (FXR, or NR1H4), a member of the
nuclear receptor subfamily, is highly expressed in the liver,
intestine, kidney, and adrenal gland (Forman et al., 1995).
Once activated, FXR binds to the FXR response elements to
regulate target gene transcription. Bile acids are the endog-
enous FXR ligands (Makishima et al., 1999; Parks et al., 1999;
Wang et al., 1999). When activated by bile acids, FXR stimulates
the expression of small heterodimer partner in the liver and
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executes a negative feedback regulation on the synthesis of
bile acids by inhibiting the rate-limiting enzyme cholesterol-
Ta-hydroxylase and increasing the expression of bile salt
export protein to maintain the homeostasis of bile acids and
cholesterol (Goodwin et al., 2000; Lu et al., 2000).

FXR has been reported to have multiple roles in the
pathogenesis of metabolic disorders. Previous studies showed
that the FXR knockout (KO) mice exhibited elevated plasma
levels of cholesterol and triglycerides and excessive accumu-
lation of fat in the liver (Sinal et al., 2000; Lambert et al., 2003;
Schmitt et al., 2015). FXR deficiency also led to impaired
glucose tolerance and insulin sensitivity (Ma et al., 2006).
Furthermore, hepatic overexpression of constitutively active
FXR lowered blood glucose levels in diabetic db/db and wild-
type (WT) mice (Zhang et al., 2006). In pharmacological
models, treatment with the FXR agonists GW4064 (Liu
et al., 2003; Zhang et al., 2006) or 6a-ethyl-chenodeoxycholic

ABBREVIATIONS: 6-ECDCA, 6«-ethyl-chenodeoxycholic acid; ADME, absorption, distribution, metabolism, and excretion; CAR, constitutive
androstane receptor; CDCA, chenodeoxycholic acid; FXR, farnesoid X receptor; GSIS, glucose-stimulated insulin secretion; GTT, glucose tolerance
test; HFD, high-fat diet; ITT, insulin tolerance test; KO, knockout; LBD, ligand-binding domain; NAFLD, nonalcoholic fatty liver disease; PCR,
polymerase chain reaction; PPAR, peroxisome proliferator-activated receptor; SREBP-1c, sterol-regulatory-element binding protein-1c; TGR,
G-protein-coupled bile acid receptor; UCP, uncoupling protein; WT, wild-type.
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acid (6-ECDCA), a chenodeoxycholic acid (CDCA) derivative
(Cipriani et al., 2010; Maneschi et al., 2013), lowered the
plasma levels of triglycerides and cholesterol in chow-fed mice,
and ameliorated obesity, hepatic steatosis, hyperglycemia,
and hyperlipidemia in db/db or high-fat diet (HFD)—induced
diabetic mice, rats, and rabbits.

Nonalcoholic fatty liver disease (NAFLD) is currently the
most prevalent chronic liver disease worldwide (Loomba and
Sanyal, 2013). It is estimated that 30% of patients with
NAFLD may progress to nonalcoholic steatohepatitis, the
severe form of NAFLD that could further progress to cirrhosis
and hepatocellular carcinoma. However, there are no phar-
macological therapies approved for NAFLD. The primary
therapeutic intervention for patients with NAFLD is weight
loss through dietary modification and lifestyle changes (Loomba
and Sanyal, 2013). Clearly, there is an unmet need for the
therapies of NAFLD.

Because the majority of preclinical data suggested benefits
of FXR agonism in improving glucose homeostasis and lipid
metabolism in the liver, FXR agonists have been explored as
potential therapies for NAFLD (Li et al.,, 2013). Indeed,
extensive efforts have been dedicated to the discovery of
FXR agonists for more than a decade (Ali et al., 2015). Several
classes of FXR agonists, including GW4046 (Maloney et al.,
2000; Liu et al., 2003; Zhang et al., 2006), 6-ECDCA (Cipriani
et al., 2010; Maneschi et al., 2013; Mudaliar et al., 2013),
WAY-362450 (Flatt et al., 2009; Zhang et al., 2009), and
Px-102 (a GW4046 derivative) (Gege et al., 2014), have been
developed and evaluated for their activities in relieving
NAFLD and type 2 diabetes. The 6-ECDCA (also known as
obeticholic acid) and Px-102 have entered phase II clinical
trials in patients of NAFLD and type 2 diabetes. However, the
clinical data showed that a chronic use of steroidal obeticholic
acid may produce cholesterol-related side effects (Armstrong
and Newsome, 2015; Trivedi et al., 2016). Therefore, FXR
ligands with nonsteroidal chemical structures are urgently
needed for the verification of proposed hypothesis and thera-
peutic development.

In this study, altenusin (2076A), a nonsteroidal fungal
metabolite (Nakanishi et al., 1995), was discovered as a new
class of chemical structure that selectively activates FXR. The
2076A improves lipid and glucose metabolism both in vitro
and in vivo. Moreover, treatment of mice with 2076 A markedly
reversed the pre-existing NAFLD induced by HFD.

Materials and Methods

Animals, Diet, and Drug Treatment. WT and whole-body FXR
KO male mice in the C57BL/6J background were purchased from The
Jackson Laboratory (Bar Harbor, ME). All mice were housed under a
standard 12-hour light, 12-hour dark cycle with free access to food and
water. The use of mice in this study complied with all relevant federal
guidelines and institutional policies. For the HFD model, 6-week-old
male mice were fed with HFD (cat. no. S3282) containing 60% of total
calories from animal fat purchased from Bio-Serv (Frenchtown, NdJ)
for 16 weeks. When necessary, mice were treated with 2076A isolated
by North China Pharmaceutical Group in 20% dimethyl sulfoxide by
daily i.p. injections, and the control mice received the vehicle
injections. Body composition was analyzed in live mice using
EchoMRI-100TM from Echo Medical Systems (Houston, TX).

Transient Transfection and Luciferase Reporter Gene
Assay. HEK293T cells were used for transient transfection and
luciferase reporter gene assay. For the initial screening, cells

cotransfected with pG5-SV40-Luc reporter plasmid, together with
the GAL4 chimeric receptor expression plasmids pGAL4-peroxisome
proliferator-activated receptor (PPAR)a-ligand-binding domain
(LBD), pGAL4-PPARS-LBD, pGAL4-PPARy-LBD, pGAL4-LXRa-LBD,
pGAL4-FXR-LBD, pGAL4-RXR-LBD, pGAL4-ERa-LBD, pGAL4-GR-
LBD, pGAL4-RARa-LBD, pGAL4-RARB-LBD, pGAL4-RARy-LBD,
pGAL4-RORa-LBD, pGAL4-RORB-LBD, or pGAL4-RORy-LBD using
Lipofectamine 2000 transfection reagent from Invitrogen (Zheng et al.,
2010). Ligands were added to the medium 6 hours after the transfection.
The firefly luciferase and Renilla luciferase activities were measured
after another 24 hours of incubation using Dual-Luciferase Reporter
Assay System (cat. no. E1910) from Promega (Madison, WI). Luciferase
activities were normalized to Renilla activity. For the subsequent
confirmation of FXR activation and testing of constitutive androstane
receptor (CAR) activation, cells were cotransfected with plasmids
encoding the full-length human FXR or mouse CAR, and the FXR-
responsive luciferase reporter gene tk-EcRE-Luc, or the CAR-responsive
reporter gene tk-PBRE-Luc. Cells were harvested 24 hours after the drug
treatment and measured for luciferase activity. Transfection efficiency
was normalized against 3-gal activity derived from the cotransfected
pCMX-B-gal plasmid. Fold inductions were calculated as relative
reporter activity compared with the vehicle-treated cells (Gao et al.,
2015). The EC5o was measured by dose-response fit sigmoidal nonlinear
regression curve of Origin software 7.0 version.

Isolation and Culture of Primary Mouse Hepatocytes. Pri-
mary mouse hepatocytes were isolated from 6- to 8-week-old male
mice, as previously described (Gao et al., 2015). Briefly, the liver was
first perfused with Hanks’ buffered salt solution containing 0.5 mM
EGTA and 0.1 M HEPES at 5 ml/min for 5-10 minutes and then
perfused with L-15 medium containing 1.8 mM CaCl,, 0.1 M HEPES,
and 20 pg/ml liberase (Roche, Indianapolis, IN). After perfusion, the
dissociated hepatocytes were filtered through 50-pm pore mesh and
collected by centrifugation at 500 rpm for 3 minutes at 4°C. Hepato-
cytes were seeded onto type 1 collagen-coated dishes in William E
medium containing 5% fetal bovine serum. The medium was changed
to HepatoZYME-SFM medium (GIBCO, Grand Island, NY) 2 hours
later.

Hepatocyte Glucose Production Assay. Forskolin-stimulated
glucose production in the primary mouse hepatocytes was measured,
as described (He et al., 2013). Briefly, hepatocytes were plated onto
collagen-coated six-well plates at the density of 2 x 10° cells/well. After
cells attached for 2 hours, the medium was changed to hepatocyte
maintenance medium overnight. The cells were then washed three
times with PBS before incubation for 4 hours in the glucose production
medium in the presence or absence of 10 wM forskolin, and with or
without the test compounds. The medium was collected, and glucose
was measured using a hexokinase-based glucose assay kit from
Sigma-Aldrich (St. Louis, MO). Glucose levels were normalized to
the protein concentrations of the cell lysates.

Real-Time Polymerase Chain Reaction Analysis. Total RNA
was isolated using the TRIzol reagent from Invitrogen. Reverse tran-
scription was performed with random hexamer primers and Superscript
RT IIT enzyme from Invitrogen. SYBR Green-based real-time polymerase
chain reaction (PCR) was performed with the ABI 7300 Real-Time PCR
System. The PCR primer sequences are shown in Table 1. The quantity of
mRNA was normalized to the cyclophilin gene.

Glucose and Insulin Tolerance Tests, and Glucose-Stimulated
Insulin Secretion Analysis. For the i.p. glucose tolerance test (GTT),
mice were fasted for 16 hours before receiving an i.p. injection of 2 g/kg
glucose, and blood glucose levels were measured using the Accu-Chek 1T
glucometer from Roche Diagnostics via tail vein at the time points of 0,
15, 30, 60, 90, and 120 minutes. At the same time points, blood
samples were also collected from tail vein and centrifuged, and then
stored at —80°C for the insulin measurements and glucose-stimulated
insulin secretion (GSIS) analysis. For the insulin tolerance test (ITT),
mice were fasted for 6 hours before receiving an i.p. injection of insulin
at 0.5 U/kg body weight, and blood glucose levels were measured at the
time points of 0, 15, 30, 60, 90, and 120 minutes.
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TABLE 1

Primer sequences for real-time PCR

A Nonsteroidal FXR Agonist That Inhibits NAFLD

Genes Forward Primer Sequence (5'-3") Reverse Primer Sequence (5'-3")
ACC TGACAGACTGATCGCAGA TGGAGAGCCCCACACAC
aP2 GATGAAATCACCGCAGACG ATTGTGGTCGACTTTCCAT
BSEP GGAGATGGCACAGGAGG GCCCGTAGTGCTTCAGCT
Cyclophilin AAGGACAGCCACACCAAC CCAGAACATGACAAACG
CYP7A1 AGCAACTAAACAACCTGCCA GTCCGGATATTCAAGGATG
FAS GCTGCGGAAACTTCAGGA AGAGACGTGTCACTCCTGG
FOXO01 TGGACATGCTCAGCAGACATC TTGGGTCAGGCGGTTCA
G6Pase ATGGAGGAAGGAATGAACA TGGGAAAGAGGACATAGAA
L-FABP ACCTCATCCAGAAAGGGA ACAATGTCGCCCAATGTCATG
MACD ATTTGGAAAGCTGCTAGTGGA CATAGCCTCCGAAAATCTG
PEPCK CTCACTGACTCGGCTTACG CCACTGAATGCAGACACTT
PGC-1a AAACTTGCTAGCGGTCCTCA TGGCTGGTGCCAGTAAGAG
PPARy GCCCTTTGGTGACTTTATGGA GCAGCAGGTTGTCTTGGATG
SHP TGGGTCCCAAGGAGTATGC CAGTGATGTCAACGTCTCC
SR-B1 CCTTCAATGACAACGACACCG CCATGCGACTTGTCAGGCT
SREBP1c ATCGGCGCGGAAGCTGTCGG ACTGTCTTGGTTGTTGATGA
UCP2 CTCAGAAAGGTGCCTCCCGA CTCGCTCCTGGAAGATGGTG
UCP3 CCTACGACATCATCAAGGAGA TCCAAAGGCAGAGACAAAG
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Tissue Histology and Plasma Biochemistry. For H&E stain-
ing, tissues were fixed in 10% paraformaldehyde, embedded in paraffin,
sectioned at 5 um, and stained with H&E. For plasma biochemistry,
blood samples were collected from mice with heparinized syringes and
then centrifuged at 5000 rpm for 8 minutes. Plasma samples were
stored at —80°C until further analysis. Plasma levels of triglycerides,
total cholesterol, aspartate aminotransferase, and alanine aminotrans-
ferase were measured by using assay kits from Stanbio Laboratory
(Boerne, TX). Plasma insulin levels were measured by using an assay
kit from Crystal Chem (Downers Grove, IL).

Measurement of Liver Triglyceride and Cholesterol Con-
tents. Lipids in the liver were extracted and measured, as described
(He et al., 2013). Briefly, approximately 100 mg liver was homogenized
with 3 ml T-PER (Pierce, Rockford, IL). The homogenates were used
for protein concentration analysis by the Bradford assay from Bio-Rad
(Milan, Italy). To measure the triglyceride and cholesterol contents,
100 wl tissue extracts were added to 1.6 ml CHCl3:MeOH (2:1) for
16 hours at 4°C. At the end of incubation, 200 ul 0.6% NaCl was added
and the solutions were centrifuged at 2000g for 20 minutes. The
organic layer was removed and dried, and the resulting pellet was
dissolved in 100 ul phosphate-buffered saline containing 0.5% Triton
X-100. Triglyceride and cholesterol concentrations were then mea-
sured by using assay kits from Stanbio Laboratory.

Western Blotting. For Western blot analysis, tissues and cells
were lysed in ice-cold Nonidet P-40 lysis buffer containing a protease
inhibitor cocktail from Roche, and then quantified for protein
concentrations by a bicinchoninic acid assay kit from Pierce. Protein
samples were resolved by electrophoresis on 10% SDS-polyacrylamide
gels. After transfer of proteins to nitrocellulose membranes, the
membranes were probed with primary antibodies against total AKT
(cat. no. 9272) and phospho-Akt (serine 473) (cat. no. 9271) from Cell
Signaling (Beverly, MA). Detection was achieved by using the
enhanced chemiluminescence system from Amersham (Piscataway,
NJ). The signals were quantified by using the Image J software
version 1.47 (http:/imagej.nih.gov/ij/).

Molecular Docking. Docking of 2076A into the LBD of FXR was
performed using Autodock version 4.2 software from the Scripps
Research Institute (La Jolla, CA) (Morris et al., 2009). The crystal
structure of human FXR LBD (Protein Data Bank accession code
10SH) (Downes et al., 2003) was used as the binding protein. The
three-dimensional structure of 2076 A was built, and the lowest energy
conformer was optimized using ChemDraw Ultra 11 from Cambridge
Soft (Cambridge, MA). The Lamarckian genetic algorithm was
employed for docking simulation. The coordinates of the crystalized
ligand fexaramine were chosen as active-site center, and a grid box

size of 25 A x 25 A x 25 A was used. The protein was treated as rigid,
whereas 2076A was treated as a flexible molecule. Based on the
cluster result and the binding energy, the most favorable dock
conformation was chosen for further analysis. Illustration of the
three-dimensional model was created by using the Pymol software
from DeLano Scientific (San Carlos, CA).

Statistical Analysis. Data are expressed as mean = S.D. Statis-
tical significance between two groups was determined by unpaired
two-tailed Student’s ¢ test. For comparison among multiple groups,
one-way analysis of variance followed by Dunnett’s multiple compar-
isons test was used. P value <0.05 is considered to be statistically
significant. Graphs were generated with GraphPad Prism version
5.01 (San Diego, CA).

Results

2076A is a Selective FXR Agonist. In screening for novel
FXR agonists, the GAL4-FXR-LBD chimeric receptor was
used to assess the activity of test compounds. Altenusin
(2076A) (Fig. 1A), a natural product from North China
Pharmaceutical Group’s microbial metabolite library, was
found to induce the GAL4-responsive luciferase reporter gene
activity in a concentration-dependent manner, with an esti-
mated EC5¢ value of 3.4 = 0.2 uM (Fig. 1B). The potency and
efficacy of 2076A in activating FXR in the same system were
similar to those of CDCA (EC50 = 3.8 = 0.3 uM), an
endogenous bile acid FXR agonist. When tested across a panel
of GAL4 fusion of nuclear receptors, 2076A showed little
activity on 14 other receptors at 30 uM, suggesting that 2076A
selectively activates FXR (Fig. 1C). The agonistic activity of
2076A on FXR was verified by an independent luciferase
reporter system using the full-length FXR and the FXR-
responsive tk-EcRE-Luc reporter gene (Fig. 1D). The 2076A
also had little effect on CAR, which was verified by a reporter
system using the full-length mouse CAR and the CAR-responsive
tk-PBRE-Luc reporter gene (Fig. 1E).

To further confirm the activation of FXR by 2076A, primary
hepatocytes isolated from the WT and FXR KO mice were
treated with vehicle, 2076A, or CDCA before being measured
for the expression of known FXR-responsive genes. As
shown in Fig. 1F, compared with the vehicle, 2076A dose-
dependently induced the expression of small heterodimer
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Fig. 1. The 2076A is a selective FXR agonist. (A) Chemical structure of 2076A. (B) Activation of the GAL4-hFXR LBD chimeric receptor by 2076A. Cells
were cotransfected with GAL4-hFXR LBD and the GAL4-responisve luciferase report tk-UAS-Luc. The transfected cells were treated with increasing
concentrations of 2076A for 24 hours before luciferase assay. (C) The 2076A did not activate GAL4 fusions of 14 other nuclear receptors. (D) Activation of
the full-length FXR by 2076A. Cells were cotransfected with FXR and the FXR-responsive tk-EcRE-Luc luciferase report gene. The transfected cells were
treated with increasing concentrations of 2076A for 24 hours before luciferase assay. (E) Lack of activation of CAR by 2076A. Cells were cotransfected
with the full-length mouse CAR and the CAR-responsive tk-PBRE-Luc luciferase report. The transfected cells were treated with 2076 A or TCPOBOP for
24 hours before luciferase assay. (F) The expression of FXR-responsive genes in primary hepatocytes isolated from WT and FXR KO mice. The
hepatocytes were treated with vehicle or 2076A (10, 25, or 50 M) for 24 hours before cell harvesting and real-time PCR analysis; CDCA (50 uM) was
included as the positive control. The data represent mean + S.D. n = 3 for each group. *P < 0.05; **P < 0.01 compared with the vehicle-treated group. The
transfection results represent one of three independent experiments.
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partner, bile salt export pump, and scavenger receptor class
B1, three known FXR target genes, and suppressed the
expression of cholesterol-7a-hydroxylase, a gene negatively
regulated by FXR (Goodwin et al., 2000; Lu et al., 2000), in
hepatocytes isolated from WT mice, whereas these responses
were abolished in hepatocytes isolated from FXR KO mice.
Computational Docking Analysis of the Binding of
2076A to FXR. To determine whether 2076A can bind to
FXR, we performed a molecular docking simulation by using
the Autodock 4.2 software and the crystal structure of the
human FXR LBD (Downes et al., 2003). In the dominant
conformational cluster, the conformation with the lowest
binding energy was used to predict the binding mode. As
shown in Fig. 2, 2076A fits well into the ligand-binding pocket
of FXR. The hydroxyl, methoxy, and carboxyl groups of 2076 A
were able to establish several hydrogen bond contacts with
four amino acids in the ligand-binding pocket, His298, Ser336,
Leu352, and Tyr365. In addition to hydrogen bonds, multiple
hydrophobic interactions were also observed between 2076A
and several amino acids within the pocket, namely Met294,
Met332, Phe340, [1e356, and Met369. These results suggested
that 2076A can bind to the LBD of FXR to activate FXR.
Treatment with 2076A Leads to Metabolic Benefits in
Chow-Fed Mice. We went on to investigate whether 2076A
could produce metabolic benefits in vivo. We first treated
chow-fed WT mice daily with increasing doses of 2076A (5, 10,
30 mg/kg) by i.p. injections for 1 week. As shown in Fig. 3 and
at the dose of 30 mg/kg, treatment with 2076A lowered the
levels of fed and fasting blood glucose and plasma triglycer-
ides. Based on these results, we chose the dose of 30 mg/kg for
the subsequent in vivo experiments. All three doses of 2076A
had little effect on the body weight, the ratio of liver to body
weight, or the plasma levels of alanine aminotransferase and
aspartate aminotransferase (data not shown), suggesting that
2076A was well tolerated by mice without noticeable toxicity.
Treatment with 2076A Inhibits HFD-Induced Obe-
sity. To further investigate the metabolic benefit of 2076A

Fig. 2. Computational docking analysis of the binding of 2076A to FXR.
The docking analysis was based on the crystal structures of human FXR
from the Protein Data Bank (PDB identification: 10SH). The hydrogen
bond interactions between 2076A and FXR are shown in yellow dash lines.
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and its dependence on FXR, we challenged WT and FXR KO
male mice with HFD for 16 weeks beginning at the age of
6 weeks, and then treated the mice with 2076A (30 mg/kg) daily
by i.p. injections for 3 weeks, during which the mice remained
on HFD. The results showed that the average weight of WT
mice treated with 2076A decreased by 22.9% compared with
their vehicle-treated counterparts without significant dif-
ference in food intake (data not shown), but this effect was
abolished in FXR KO mice (Fig. 4, A and C). Necropsy showed
that the visceral fat mass and subcutaneous fat mass were
remarkably lowered in 2076A-treated WT mice, but not in
2076A-treated FXR KO mice (Fig. 4B). Body composition
analysis by magnetic resonance imaging further revealed that
treatment with 2076A reduced the fat mass of WT mice from
an average of 17.1 + 2.8 g to 8.5 = 4.8 g (a reduction of
approximately 50%), but had little effect on the lean mass in
WT mice (Fig. 4C). These results suggested that the majority
of the reduced body weight in 2076A-treated WT mice was
accounted for by the decrease of fat mass. Histopathological
analysis of the visceral fat by H&E staining showed that the
sizes of adipocytes in 2076A-treated WT mice, but not in
2076A-treated FXR KO mice, were reduced (Fig. 4D).

To understand the mechanism for the metabolic benefit, we
analyzed the expression of genes involved in energy expendi-
ture and lipogenesis. Uncoupling proteins (UCPs) are a sub-
group of mitochondrial carrier proteins that can affect energy
expenditure. UCP2 and UCP3 are two key regulators of
mitochondrial energy metabolism (Boss et al.,, 2000). The
expression of UCP2 and UCP3 was significantly increased in
the adipose tissue and skeletal muscle of 2076A-treated WT
mice, but not the FXR KO mice (Fig. 4E). When the adipose
expression of genes involved in adipocyte differentiation and
lipogenesis was analyzed, we found the mRNA levels of
PPARYy and adipocyte protein 2, two key adipocyte differenti-
ation markers (MacDougald and Lane, 1995), were significantly
decreased in 2076A-treated WT mice, but not the FXR KO mice
(Fig. 4F). The expression of lipogenic genes acetyl-CoA carbox-
ylase, fatty acid synthase, and sterol-regulatory-element bind-
ing protein-1c (SREBP-1c¢) was downregulated in 2076A-treated
WT mice, but not the FXR KO mice (Fig. 4G).

Treatment with 2076A Reverses HFD-Induced He-
patic Steatosis. Next, we examined the effect of 2076A on
HFD-induced hepatic steatosis. Upon the 19-week HFD
feeding and as expected, the vehicle-treated WT mice dis-
played marked hepatic steatosis, which was supported by both
the gross appearance of the liver (Fig. 5A) and histologic
analysis by H&E staining (Fig. 5B). Administration with
2076A for 3 weeks, while the mice remained on HFD, almost
completely reversed the lipid droplet accumulation and
macrovesicular steatosis in WT, but not in FXR KO mice
(Fig. 5B). Compared with the vehicle control, treatment with
2076A decreased the liver weight from 1.5 = 0.3 gto1.1+0.1¢g
in WT mice, but not in FXR KO mice (Fig. 5C). When the lipid
contents were analyzed, we found both the hepatic triglyceride
(Fig. 5D) and cholesterol (Fig. 5E) contents in 2076A-treated
WT mice were reduced to approximately half of the vehicle
group levels, and these effects were not seen in 2076A-treated
FXR KO mice. These data demonstrated that 2076A could
reverse pre-existing hepatic steatosis in a FXR-dependent
manner. Treatment of primary mouse hepatocytes with 2076 A
also inhibited oleic acid—induced steatosis in vitro (data not
shown).
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In understanding the mechanism by which 2076A inhibits
hepatic steatosis, we found the expression of lipogenic genes
MACD, acetyl-CoA carboxylase, fatty acid synthase, SREBP-
lc, and liver fatty acid-binding protein was all significantly
suppressed in the livers of 2076A-treated WT mice, but not in
the FXR KO mice (Fig. 5F). Liver fatty acid—binding protein,
highly expressed in the hepatocytes, can function as a metabolic
sensor by regulating the expression of SREBP-1¢, PPARYy, and
C/EBPa (Chen et al., 2013). These results suggested that 2076A
inhibits hepatic lipogenesis by suppressing the lipogenic gene
expression.

Treatment with 2076A Alleviates HFD-Induced
Hyperglycemia, Hyperinsulinemia, and Insulin Resis-
tance. The chronic HFD model is associated with hallmarks of
metabolic syndrome, such as hyperglycemia, hyperinsulinemia,
and insulin resistance. Indeed, the 19-week HFD feeding
in WT mice resulted in hyperglycemia with a fasting
blood glucose level of 178.3 = 12.4 mg/dl (Fig. 6A) and
hyperinsulinemia with a serum insulin level of 1.4 = 0.6 ng/dl
(Fig. 6B). Upon 3-week treatment of 2076 A, the plasma levels
of glucose and insulin in WT mice were decreased to 116.2 =
4.1 mg/dl (Fig. 6A) and 0.4 = 0.1 ng/dl (Fig. 6B), respectively,
and these effects were not seen in the FXR KO mice,
suggesting that 2076 A may have lowered the plasma glucose
level by increasing the insulin sensitivity. Treatment with
2076A also lowered the serum level of cholesterol (Fig. 6C),
but had little effect on the serum level of triglycerides (Fig.
6D) in WT mice.

To determine the effect of 2076A on glucose tolerance and
insulin sensitivity, we also performed GTT, ITT, and GSIS
tests. Compared with the vehicle-treated groups, treatment of
HFD-fed WT mice, but not the HFD-fed FXR KO mice, with
2076A significantly enhanced the ability of mice to clear the
exogenous glucose in GTT (Fig. 6E) and improved their
response to insulin to dispose glucose in ITT (Fig. 6F). The
GSIS results showed that the 2076A-treated WT mice showed
attenuated glucose-stimulated insulin secretion (Fig. 6G),

2076A

consistent with their better performances in GTT and ITT.
Treatment with 2076A had little effect on the morphology and
volume of the pancreatic islets (data not shown). These results
suggested that 2076A alleviates hyperglycemia and hyper-
insulinemia, and improves insulin sensitivity in diabetic mice
in a FXR-dependent manner.

Treatment with 2076A Sensitizes Insulin Signaling
and Inhibits Hepatic Gluconeogenesis In Vitro and
In Vivo. To understand the molecular mechanism underly-
ing the antidiabetic effect of 2076A, we investigated the effect
of 2076A on insulin signaling by measuring the phosphoryla-
tion of AKT at Ser473, a phosphorylation site required for
downstream propagation of the insulin signaling (Hernandez
et al., 2001). In vitro, treatment of primary mouse hepatocytes
with 2076A in the absence (Fig. 7A) or presence (Fig. 7B) of
insulin (100 nM) robustly increased the AKT phosphorylation.
In vivo, treatment of WT mice with 2076A increased the
phosphorylation of AKT in the liver and skeletal muscle, but
not in the white adipose tissue (Fig. 7C).

Increased hepatic gluconeogenesis is an important patho-
genic event in the development of diabetes (Barthel and
Schmoll, 2003), so we next investigated the effect of 2076A
on hepatic gluconeogenesis. Treatment of primary mouse
hepatocytes with 2076A dose-dependently inhibited forskolin-
induced glucose production (Fig. 7D). In vivo, treatment with
2076A significantly suppressed the expression of hepatic
gluconeogenic genes, including forkhead box protein O1,
phosphoenolpyruvate carboxykinase, glucose-6-phosphatase,
and PPARvy coactivator-la in WT, but not in FXR KO mice
(Fig. TE).

Discussion

In this study, we have discovered a new class of nonsteroidal
FXR agonist 2076A that exhibits marked metabolic benefits.
Administration of 2076A to HFD-induced obese mice resulted
in significant reductions in body weight and fat mass,
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Fig. 4. Treatment with 2076A inhibits HFD-induced obesity. WT (n = 4 for each group) and FXR KO mice (n = 5 for each group) were fed with HFD for
16 weeks and then treated i.p. with 2076A (30 mg/kg per day) for 3 weeks. (A) Representative appearance of mice at the end of the experiment. (B)
Representative appearance of visceral of mice. (C) Body weight and body composition analysis. (D) Histologic analysis of the visceral fat by H&E staining.
(E-G) The mRNA expression of mitochondrial uncoupling proteins UCPs in the white adipose tissue and skeletal muscle (E), adipocyte differentiation
marker genes (F), and lipogenic genes (G) in the visceral fat was measured by real-time PCR. *P < 0.05; ***P < 0.001, compared with the vehicle-treated
group. Note only the differences between vehicle group and 2076A-treated group within the same genotype (WT or FXR knockout) were compared, so the
unpaired two-tailed Student’s ¢ test was used.
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Fig. 5. Treatment with 2076A reverses HFD-induced hepatic steatosis. Mice were the same as described in Fig. 4. (A) Appearance of the livers at the end
of the experiment. (B) Histologic analysis of liver sections by H&E staining. (C) Liver weight (left) and the ratio of liver weight to body weight (right). (D
and E) The hepatic levels of triglycerides (D) and cholesterol (E). (F) The hepatic mRNA expression of genes involved in lipogenesis was measured by real-
time PCR. WT, n = 4 for each group; FXR KO, n = 5 for each group. *P < 0.05; **P < 0.01, compared with the vehicle-treated group.

alleviation of dyslipidemia and insulin resistance, and re- The 2076A is a fungal metabolite that was originally
versal of hepatic steatosis. The metabolic benefits of 2076A  purified as a weak inhibitor of the myosin light-chain kinase
were abolished in FXR KO mice, suggesting that FXR is the from the endophytic fungal strain Alternaria sp. This fungal
mediator of these effects. strain was isolated from the leaves of medicinal plant
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Fig. 6. Treatment with 2076A alleviates HFD-induced hyperglycemia, hyperinsulinemia, and insulin resistance. Mice were the same as described in Fig.
4. (A) Fasting blood glucose level. (B) Fasting serum insulin level. (C) Serum cholesterol level. (D) Serum triglyceride level. (E-G) GTT (E), ITT (F), and
GSIS (G) test. The GTT, ITT, and GSIS results were also quantified as the area under the curve (AUC). WT, n = 4 for each group; FXR KO, n = 5 for each
group. *P < 0.05; **P < 0.01, compared with the vehicle-treated group.

polygonumse negalense in Egypt (Nakanishi et al.,, 1995). compelling evidence that 2076A is a novel class of FXR
The 2076A was subsequently reported to have other bioactiv- agonist.

ities, such as radical scavenging and antifungal (Johann et al., FXR plays critical roles in maintaining the homeostasis of
2012; Wang et al., 2012). The present study has provided bile acids, lipid, and glucose by regulating the transcription of
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Fig. 7. Treatment with 2076A sensitizes insulin signaling and inhibits

hepatic gluconeogenesis in vitro and in vivo. (A) Treatment of primary

hepatocytes with 2076A increased the basal phosphorylation of Akt (p-AKT), as shown by Western blotting. Shown on the right is the densitometric
quantification of the blots. (B) Treatment of primary hepatocytes with 2076A elevated the insulin-stimulated phosphorylation of Akt (p-AKT), as shown
by Western blotting. Shown on the right is the densitometric quantification of the blots. (C) WT mice were treated with vehicle or 2076A (30 mg/kg per
day) for 1 week before tissue harvesting and measurement of p-AKT in the liver, white adipose tissue, and skeletal muscle. Shown on the right is the
densitometric quantification of the blots. (D) The inhibitory effect of 2076A on the forskolin-stimulated glucose production in primary hepatocytes
isolated from WT mice. (E) The effect of 2076A on the hepatic expression of gluconeogenic genes in WT (n = 4) and FXR KO (n = 5) mice. *P < 0.05; **P <

0.01, compared with the vehicle-treated group.

genes involved in lipid and glucose homeostasis and inflam-
mation. However, the metabolic benefits of FXR are not
without controversies. For example, it has been reported that
the HFD-fed FXR whole-body KO mice displayed metabolic
improvement (Prawitt et al., 2011; Gonzalez et al., 2015), and
glycine-B-muricholic acid, a bile acid derivative and FXR
antagonist, exhibited metabolic benefits in diet-induced and
genetic obese mice through intestine-selective FXR antago-
nism (Jiang et al., 2015). However, the majority of previous
studies demonstrated the metabolic benefits of FXR agonists,
such as PX-102 and obeticholic acid, in improving glucose
homeostasis and lipid metabolism. PX-102, a derivative of

GW4064 with improved absorption, distribution, metabolism,
and excretion (ADME) properties (Gege et al., 2014), is
currently tested in a phase Ila study in patients with NAFLD
(https://www.clinicaltrials.gov). Obeticholic acid (also known
as 6-ECDCA and INT-767), a semisynthetic FXR agonist
derived from CDCA, has been shown to have therapeutic
benefits, including improving lipid and glucose homeostasis,
anti-inflammation, and antifibrosis in the liver, kidney,
and intestine (Cipriani et al., 2010; Mudaliar et al., 2013).
Obeticholic acid was recently approved by the Food and Drug
Administration for the treatment of primary biliary cirrhosis
and became the first-in class FXR agonist drug (Trivedi et al.,
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2016). In addition, obeticholic acid showed promising results
in a phase IIb clinical trial in patients with type 2 diabetes,
NAFLD, and nonalcoholic steatohepatitis (Mudaliar et al.,
2013; Armstrong and Newsome, 2015). Consistent with these
notions, the current study demonstrated that activation of
FXR by 2076A can relieve metabolic disorder in mice.

The FXR-dependent antiobesity and antisteatotic activity of
2076A was consistent with previous reports that FXR agonists
lowered plasma levels of cholesterol and triglyceride and
decreased accumulation of fat in the liver (Liu et al., 2003;
Zhang et al., 2006; Cipriani et al., 2010; Maneschi et al., 2013).
The suppression of lipogenic genes in 2076A-treated WT mice
was consistent with the observation that the expression of
lipogenic genes was upregulated in FXR KO mice (Ma et al.,
2006). The alleviation of hyperglycemia and hyperinsulinemia
and improved insulin sensitivity in HFD-induced obese and
diabetic mice by 2076A were consistent with the report that
FXR deficiency led to impaired glucose tolerance and insulin
sensitivity in mice and rats (Ma et al., 2006). The inhibition of
gluconeogenesis by 2076A was also consistent with a previous
report that FXR KO mice had elevated expression of gluco-
neogenic genes (Ma et al., 2006).

The 2076A is a selective FXR agonist, but has little activity
on 15 other nuclear receptors, among which is the xenobiotic
receptor CAR. We and others reported that activation of CAR
inhibits obesity and relieves insulin resistance (Dong et al.,
2009; Gao et al., 2009). The lack of CAR activation suggested
that CAR does not contribute to the metabolic benefit of
2076A. The G protein—coupled bile acid receptor (TGR5) is a
member of the G protein—coupled receptor superfamily.
Activation of TGR5 by bile acids or synthetic ligands has been
shown to be beneficial in body weight maintenance and
glucose metabolism (Chen et al.,, 2011; Wang et al., 2011).
Our results showed that 2076A had little effect on the hepatic
expression of TGR5 in vivo. Moreover, treatment of TGR5-
transfected cells with 2076A failed to activate the cotransfected
TGR5-responsive reporter gene pCRE-luc (data not shown).
The 2076A is a nonbile acid compound, and its metabolic
benefits were abolished in FXR KO mice. These results
suggest that the metabolic benefits of 2076A are FXR-
dependent but TGR5-independent. FXR has also been report-
ed to induce the expression of FGF21 in rats and HepG2 cells
(Cyphert et al., 2012). It will be interesting to know whether
the induction of FGF21 by FXR is conserved in mice, and, if so,
whether the induction of FGF21 contributes to the antiobesity
effect of 2076A. There is also growing evidence that micro-
biome is an important contributor to NAFLD (Quigley et al.,
2016), and FXR has been shown to impact gut microbiota
(Gonzalez et al., 2016; Zhang et al., 2016). Future studies are
necessary to determine whether 2076A can alter the compo-
sition of microbiome.

In summary, we have discovered the natural product 2076A
as a new class of nonsteroidal FXR agonist with marked
metabolic benefits. The distinct pharmacophore of 2076A
provides much needed opportunities to target FXR for the
treatment of NAFLD and associated metabolic syndrome.
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