
Original Research

An estrogen receptor b-selective agonist inhibits non-alcoholic

steatohepatitis in preclinical models by regulating bile acid and

xenobiotic receptors

Suriyan Ponnusamy1, Quynh T Tran2, Thirumagal Thiyagarajan1, Duane D Miller3,
Dave Bridges4,5,6 and Ramesh Narayanan1,7

1Department of Medicine, University of Tennessee Health Science Center, Memphis, TN 38103, USA; 2Department of Preventive

Medicine, University of Tennessee Health Science Center, Memphis, TN 38103, USA; 3Department of Pharmaceutical Sciences,

University of Tennessee Health Science Center, Memphis, TN 38103, USA; 4Department of Physiology, University of Tennessee

Health Science Center, Memphis, TN 38103, USA; 5Department of Pediatrics, University of Tennessee Health Science Center, Memphis,

TN 38103, USA; 6Department of Nutritional Sciences, University of Michigan School of Public Health, Ann Arbor, MI 48104, USA (present

address); 7West Cancer Center, Memphis, TN 38103, USA

Corresponding author: Ramesh Narayanan. Email: rnaraya4@uthsc.edu

Impact statement
Over 75–90% of those classified as clinic-

ally obese suffer from co-morbidities, the

most common of which is non-alcoholic

steatohepatitis (NASH). While there are

currently no effective treatment

approaches for NASH, data presented

here provide preliminary evidence that an

estrogen receptor b-selective ligand could

have the potential to reduce lipid accu-

mulation and inflammation, and protect

liver from NASH.

Abstract
Non-alcoholic steatohepatitis (NASH) affects 8–10 million people in the US and up to 75% of

obese individuals. Despite this, there are no approved oral therapeutics to treat NASH and

therefore the need for novel approaches exists. The estrogen receptor b (ER-b)-selective

agonist, b-LGND2, inhibits body weight and white adipose tissue, and increases metabol-

ism, resulting in higher energy expenditure and thermogenesis. Due to favorable effects of

b-LGND2 on obesity, we hypothesized that b-LGND2 will prevent NASH directly by reducing

lipid accumulation in the liver or indirectly by favorably changing body composition. Male

C57BL/6 mice fed with high fat diet (HFD) for 10 weeks or methionine choline-deficient diet

for four weeks and treated with vehicle exhibited altered liver weights by twofold and increased serum transaminases by 2–6-folds.

These changes were not observed in b-LGND2-treated animals. Infiltration of inflammatory cells and collagen deposits, an indi-

cation of fibrosis, were observed in the liver of mice fed with HFD for 10 weeks, which were effectively blocked by b-LGND2. Gene

expression studies in the liver indicate that pregnane X receptor target genes were significantly increased by HFD, and the

increase was inhibited by b-LGND2. On the other hand, metabolomics indicate that bile acid metabolites were significantly

increased by b-LGND2. These studies demonstrate that an ER-b agonist might provide therapeutic benefits in NASH by directly

modulating the function of xenobiotic and bile acid receptors in the liver, which have important functions in the liver, and indirectly,

as demonstrated before, by inhibiting adiposity.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), which affects
27–34% of the general U.S. population and about 75–90%
of the morbidly obese population, is characterized princi-
pally by microvesicular steatosis that occurs in the absence
of alcohol consumption.1,2 NAFLD is a broader descriptor
for conditions that include non-alcoholic fatty liver and non-
alcoholic steatohepatitis (NASH). Approximately 10 million

people in the U.S. have progressed to NASH and 600,000
people to cirrhosis presenting this as the largest risk factor
for developing liver cancer.2 Approximately, 30–50% of the
patients with NASH progress to fibrosis in five years.3,4

NASH progresses into fibrosis and cirrhosis with five- and
10-year survival rates estimated at 67 and 59%, respect-
ively.5 Although the progression of NASH is typically
slow, the accompanying incidence of fibrosis and cirrhosis
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is high and the prognosis is unfavorable for these patients.
The primary risk factors for NASH are obesity and meta-
bolic disease. NASH is characterized histologically by cyto-
logical ballooning, Mallory’s hyaline (inclusion bodies
found in liver cells), scattered inflammation, and pericellu-
lar fibrosis.6 Biochemically, patients with NASH demon-
strate an increase in serum transaminases (alanine
transaminase [ALT] and aspartate transaminase [AST]), tri-
glycerides, and fatty acids, and develop insulin resistance.
Although no approved or effective treatments for NASH
are available, some alternatives such as dietary supple-
ments and liver transplant are recommended.

The functions of estrogens are mediated by two estrogen
receptors (ER), ER-a and ER-b. While ER-a promotes the
actions of estradiol in breast, uterus, and bone, ER-b plays
a role in diverse tissues, including the prostate, heart, and
lungs.7–10 Although the isoforms responsible for the func-
tion in several tissues have been elucidated, the isoform that
is responsible for the effects on metabolic diseases and obes-
ity is still unclear.11–13 Evidence supporting the protective
actions of estrogens during adipogenesis and lipid homeo-
stasis also arise from comparisons drawn between pre- and
postmenopausal women.14,15 Premenopausal women are
protected from fat accumulation and body weight gain,
while postmenopausal women exhibit weight gain, fat
accumulation, liver inflammation, oxidative stress, and
steatosis.16–18

The advantage of using ER-b-selective agonists to treat
NASH or NAFLD is to monetize the beneficial effects of
ER-b without the accompanying ER-a-associated side effects
principally in the breast, prostate, and uterus. Earlier studies
from our group showed that one of the ER-b-selective agon-
ists belonging to the isoquinolinone scaffold, b-LGND2,
prevented high fat diet (HFD) induced body weight and
adipose tissue gain, without affecting food consumption by
acting peripherally by converting white adipose tissue
(WAT) to brown adipose tissue (BAT).19,20 This conversion
of WAT to BAT by b-LGND2 resulted in an increase in
thermogenesis and oxygen consumption, all culminating in
weight loss. b-LGND2 was more effective than some of the
commercial drugs used as comparator.20

Due to the favorable changes promoted by b-LGND2 on
body weight and composition, we expected b-LGND2 to
effectively reduce lipid accumulation in the liver of preclin-
ical species. To test this hypothesis, we evaluated b-LGND2
in two preclinical models of fatty liver disease21,22 and per-
formed studies to understand the underlying mechanisms
of action. The results provide evidence that b-LGND2 has
the potential to protect the liver from pathological changes
promoted by modified dietary conditions.

Materials and methods

Animal studies were conducted in accordance with the
University of Tennessee IACUC approved protocol.
Animals were quarantined for three days before initiation
of any experiment. Animals were maintained in a 12 h
light:dark cycle. Animals were provided with food and
water ad libitum. If unexpected mortalities in large numbers
occurred in any single experiment, the information were

brought to the attention of the Veterinarian and the
IACUC committee and any remedial recommendations
were immediately adopted.

HFD study. Male C57BL/six mice (n¼ 5/group) of four
weeks of age were obtained from Harlan Laboratories
(Harlan, IN). The animals were divided into groups and
were fed with either regular rodent chow (normal diet
[CON]) or HFD (Harlan, IN).19,20 The composition and
characteristics of the diets are provided in Table 1. The
study consisted of three groups, with one group received
CON, while two groups received HFD. The CON group and
one of the HFD-fed groups received vehicle (15%
DMSOþ 85% polyethylene glycol [PEG-300]), while the
other HFD-fed group received b-LGND2 at 30 mg/
kg/day from the initiation of the study. All treatments
were delivered subcutaneously (s.c.). b-LGND2 (GTx, Inc.,
Memphis, TN) was selected from a library of ER-b-selective
agonists, belonging to the isoquinolinone backbone.19,20

b-LGND2 binds and activates ER-b with a 100-fold select-
ivity over ER-a. Our earlier publication demonstrated that
b-LGND2 reduced body weight and fat mass gain in mice
fed with a HFD.19 b-LGND2 was synthesized internally and
the purity and structural integrity were verified. The dose
of 30 mg/kg/day s.c. was selected based on metabolism
and pharmacokinetic (PK) properties of b-LGND2. The
half-life of b-LGND2 in human and mice liver microsomes
was 3 and 4.2 min, respectively (unpublished data). The PK
properties represented as area under the curve of 30 mg/kg
b-LGND2 in mice was�200 minmg/mL (unpublished data).
Weekly body weight, food consumption, and body compos-
ition by MRI (EchoMRI, Houston, TX) were recorded. Body
weight and body composition data from the experiments
described in the manuscript were presented in our previous
publication.20 CON diet-fed mice consumed 173� 12 g/
seven animals/week, while the HFD-fed vehicle-treated
and b-LGND2-treated mice consumed 105� 17 g/seven
mice/week and 111� 8 g/seven mice/week, respectively.
At the end of 10 weeks, the animals were sacrificed and
blood and tissues were collected for gene expression, hist-
ology, and metabolomics. Animals were fasted for 12–16 h
before sacrifice. Serum was separated from blood and ALT
and AST were measured using kits (Sigma, St. Louis, MO).

Methionine and choline deficient diet (MCD) study. Male
C57BL/six mice (n¼ 8/group), 8–10 weeks of age, were
randomized based on body weight and fed with either
CON or MCD (Teklad Diet 90262) and concurrently treated
with vehicle or 30 mg/kg/day s.c. b-LGND2 from Day 1.
The groups and treatments were similar to that described
for the HFD study. The composition of MCD is provided in
Table 1. The diet is deficient in amino acids methionine and
choline. The MCD diet increases oxidative stress, inflamma-
tion, and lipid deposition, resulting in steatohepatitis and
fibrosis. Typically, C57BL/6 mice fed on MCD diet loses
20% of body weight after three weeks, due to increased
hepatic oxidative stress and steatosis. Species comparison
indicated that the severity of steatosis was more in C57BL/6
mice.23 A disadvantage of MCD, although predominantly
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elicits the pathology associated with NASH, is that it lacks
the metabolic profile, which is typical of human NASH. As
MCD diet results in approximately 20% body weight loss
that could result in mortality, we used eight animals/group
in this study, while we used five animals/group in the HFD
study, a diet that does not result in body weight loss. Body
weight and food consumption were measured weekly and
body composition by MRI was measured at the beginning
and at the end of the study. At the end of four weeks, the
animals were sacrificed and blood was collected for ALT
measurement. Animals were fasted for 12–16 h. Serum
was separated from blood and ALT was measured using
kit (Sigma).

Histology. Tissues were immediately collected after sacri-
fice in 10% neutral-buffered formalin for histology studies.
Tissues were paraffin embedded and the sections were
stained with hematoxylin and Eosin (H&E) and Masson-
Trichrome for collagen.24 Random fields (five/section)
were chosen to count the number of inflammatory collagen
stained cells and represented as average/group.

RNA sequencing. RNA was isolated using the Qiagen
RNA isolation kit (Qiagen, Valencia, CA) and were further
processed for RNA sequencing. Total RNA (1 mg) was
enriched for Poly A RNA using the Ambion Dyna mRNA
Micro Poly (A) kit according to manufacturer’s standard
protocol (Thermo Fisher, Waltham, MA). The resulting
enriched RNA samples were then used to prepare barcoded
libraries for sequencing using the Ion Total RNAseq V2 kit
(Thermo Fisher, Waltham, MA) and the Ion Xpress 1-32
Barcode kit (Thermo Fisher, Waltham, MA). Libraries
were amplified for 15 cycles and then pooled using real-
time PCR data. Following pooling, the library pools were
purified on a Pippin Prep gel (Sage Science, Beverly, MA),
quantified by real-time PCR and sequenced on an ion tor-
rent proton sequencer. RNA sequencing studies were per-
formed in UTHSC Molecular Resource Center.

We used gene set enrichment analysis (GSEAv2.0.13)25,26

to determine whether our rank-ordered gene list is enriched
in genes from gene ontology, KEGG, transcription factor, or
microRNA target gene sets. The gene list was ranked based
on the shrunken log-based twofold change and the

statistical significance of the enrichment score was deter-
mined by performing 1000 phenotype permutations and
setting the enrichment statistics to classic. Other settings
for GSEA preranked were left by the software default.
These data are available through the Gene Expression
Omnibus (GSE93154).

Metabolomics. Metabolomics studies were performed in
the liver of mice that were fed with CON or HFD and treated
with vehicle or b-LGND2 at Metabolon Inc. (Durham, NC)
using standard protocols.27 Briefly, samples were prepared
using the automated MicroLab STAR� system from
Hamilton Company (Reno, NV). To remove protein, dis-
sociate small molecules bound to protein or trapped in
the precipitated protein matrix, and to recover chem-
ically diverse metabolites, proteins were precipitated with
methanol under vigorous shaking for 2 min (Glen Mills
GenoGrinder 2000) followed by centrifugation. Samples
were placed briefly on a TurboVap� (Zymark; Portland,
OR) to remove the organic solvent. Several types of quality
controls were analyzed in concert with the experimental
samples: a pooled matrix sample generated by taking a
small volume of each experimental sample (or alternatively,
use of a pool of well-characterized human plasma) served
as a technical replicate throughout the data set; extracted
water samples served as process blanks; and a cocktail of
QC standards that were carefully chosen not to interfere
with the measurement of endogenous compounds were
spiked into every analyzed sample, allowed instrument
performance monitoring and aided chromatographic align-
ment. Overall process variability was determined by calcu-
lating the median RSD for all endogenous metabolites
present in 100% of the pooled matrix samples.

All methods utilized a Waters ACQUITY ultra-
performance liquid chromatography (UPLC) and a
Thermo Scientific Q-Exactive high resolution/accurate
mass spectrometer interfaced with a heated electrospray
ionization (HESI-II) source and Orbitrap mass analyzer
operated at 35,000 mass resolution. The sample extract
was dried and then reconstituted in solvents compatible
to each of the four methods. One aliquot was analyzed
using acidic positive ion conditions, chromatograph-
ically optimized for more hydrophilic compounds.

Table 1 Composition of diet used in the study

Diet Control HFD MCD

Vendor Teklad Teklad Teklad

Catalog number 7012 06414 90,262

Fat (%) 5.8 34.3 10

Carbohydrate (%) 44.3 27.3 64.3

Protein (%) 19.1 23.5 14.9

Energy (kcal/g) 3.1 5.1 4.1

Other characteristics of the diet Lacks methionine and

choline; 40% sucrose

Pathological phenotype None Fat accumulation,

metabolic phenotype

Inflammation, oxidative stress

HFD: high fat diet; MCD: methionine and choline deficient diet.
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Another aliquot was also analyzed using acidic positive
ion conditions; however, it was chromatographically opti-
mized for more hydrophobic compounds. Another aliquot
was analyzed using basic negative ion optimized conditions
using a separate dedicated C18 column. The fourth aliquot
was analyzed via negative ionization following elution from
a HILIC column (Waters UPLC BEH Amide 2.1 mm�
150 mm, 1.7mm) using a gradient consisting of water and
acetonitrile with 10 mM ammonium formate, pH 10.8.

The informatics system consisted of four major compo-
nents: the laboratory information management system, the
data extraction and peak identification software, data pro-
cessing tools for QC and compound identification, and a
collection of information interpretation and visualization
tools for use by data analysts. The hardware and software
foundations for these informatics components were the
LAN backbone and a database server running Oracle
10.2.0.1 Enterprise Edition. Peaks were quantified using
area under the curve.

Two types of statistical analyses were performed: (1) sig-
nificance tests and (2) classification analysis. Standard stat-
istical analyses were performed in ArrayStudio (OmicsSoft,
Durham, NC) on log transformed data. For those analyses
not standard in ArrayStudio, the programs R (http://cran.
r-project.org/) or JMP (SAS, Cary, NC) were used.

Principal components analysis is an unsupervised ana-
lysis that reduces the dimension of the data. Each principal
component is a linear combination of every metabolite and
the principal components are uncorrelated. The number of
principal components is equal to the number of observa-
tions. The first principal component was computed by
determining the coefficients of the metabolites that maxi-
mizes the variance of the linear combination. The second
component finds the coefficients that maximize the vari-
ance with the condition that the second component is
orthogonal to the first. The third component is orthogonal
to the first two components and so on.

Statistics. Statistical analyses were performed using JMP
Pro (SAS, Cary, NC) or sigma plot (Systat, San Jose, CA)

software. Data were analyzed by one-way analysis of vari-
ance followed by Tukey’s test. Histology measurements
were statistically analyzed using Chi-square test. RNA
sequencing and metabolomics data were also analyzed for
false discovery rate (FDR) and those genes or metabolites
that had a FDR of q< 0.05 were taken into consideration for
further analysis.

Results
b-LGND2 reversed the HFD- and MCD-dependent
liver weight changes

Mice fed with HFD exhibited an increase in liver weight
compared to mice fed with CON (Figure 1(a)) and
b-LGND2 prevented this increase in liver weight.
Reflecting the change in liver weight, HFD also significantly
increased the serum ALT and AST compared to CON
(Figure 1(b)) and b-LGND2 prevented this increase and
maintained at the CON level.

MCD diet induces NASH in 4–6 weeks.28,29 The MCD diet
reproduces most of the histopathological features of NASH,
including an increase in serum transaminases.21,22,30

However, the MCD does not reproduce the obesity and insu-
lin resistance phenotypes that are characteristics of NASH in
patients, rather reduces body weight.21,22 The MCD diet also
decreases body weight, muscle mass, and fat mass. Mice
fed with MCD demonstrated a reduction in liver weight
(Figure 2(a)) and a 5–6-fold increase in serum ALTcompared
to mice fed with CON (Figure 2(b)). b-LGND2 prevented the
decrease in liver weight and the increase in serum ALT and
maintained them at the CON level. The absence of obesity in
MCD-fed mice is shown in Figure 2(c).

These data collectively demonstrate that b-LGND2 pre-
vented the pathological alterations in the liver that were
promoted by various dietary conditions.

b-LGND2 partially prevented the inflammatory cell
infiltration and fibrosis in liver of mice fed with HFD

Liver sections obtained from mice fed with CON or HFD
and treated with vehicle or b-LGND2 were stained with

Figure 1 b-LGND2 inhibits HFD-induced liver weight and serum transaminases. Male C57BL/six mice (n¼5/group) were maintained on either a rodent chow (normal

diet [CON]) or high fat diet (HFD) and treated with vehicle or 30 mg/kg/day s.c. b-LGND2 for 10 weeks. Mice were sacrificed and liver weights were recorded (a). Blood

was collected at sacrifice, serum separated, and serum transaminases were measured (b). Values are expressed as average�SE. b> a and c at p<0.05, while a and c

are not statistically different
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Masson Trichrome to measure collagen deposition, an indi-
cator of fibrosis, and hematoxylin and eosin. Histological
analysis demonstrates an increase in fibrosis in the liver of
HFD-fed mice, although the area covered by fibrosis was
very minimal, which was reduced by b-LGND2 (Figure
3(a)). Although steatosis was observed in the liver of
HFD-fed mice, it was very mild (less than 33% of the
area31). Mononuclear inflammatory infiltration was also
observed in the H&E stained liver sections of HFD-fed
mice, while the infiltration was prevented by b-LGND2
(Figure 3(b)). While 6–7 regions of mononuclear inflamma-
tory infiltration were observed in the liver of vehicle-treated
HFD-fed mice, infiltration was observed in only 2–3 regions
in the liver of b-LGND2-treated mice. Sections were quan-
tified for inflammation and collagen and represented in
Figure 3(c).

RNA sequencing studies indicate that b-LGND2
inhibited pregnane X receptor (PXR) function

RNA was extracted from the liver (n¼ 3/group) of animals
fed with CON or HFD and treated with vehicle or
b-LGND2. RNA was sequenced to determine the genes
that were differentially regulated by HFD and by
b-LGND2. About 950 genes were found to be differentially
regulated by b-LGND2 at q< 0.05 significance compared to
vehicle-treated HFD-fed samples (Figure 4(a)). Ingenuity
pathway analysis (IPA) indicated that PXR/RXR pathway

genes were highly affected (though largely suppressed) in
b-LGND2-treated samples (Figure 4(b)). Analysis of the
genes in the PXR pathway that were altered by b-LGND2
indicated that about 20 genes were regulated by b-LGND2.
Most, if not all, of the PXR-target genes were inhibited by
b-LGND2 (Figure 4(c)) to the level that they were not sig-
nificantly different from CON samples.

IPA also indicated that genes representing lipid and fatty
acid metabolism were listed as top ‘‘disease and function-
related’’ genes (Figure 4(d) left panel). About 83 genes
belonging to these pathways were differentially regulated
by b-LGND2 with most of the genes being down-regulated
compared to HFD-vehicle-treated samples and statistically
indifferent from the CON-fed animals. In addition, �100
inflammatory-response genes were differentially regulated
in the b-LGND2-treated samples (mostly inhibited), indi-
cating that anti-inflammatory effects could be at least one
of the mechanisms by which b-LGND2 elicits its effects.
Cardiovascular disease is another class that was enriched
in the IPA analysis, agreeing with our previously published
data and with alteration in the lipid metabolism pathways.9

One of the important classes of lipid transport proteins is
the apolipoprotein (Figure 4(d) right panel). Expression of
several apo class members was reduced in the liver of vehi-
cle-treated HFD-fed mice, which were all increased signifi-
cantly by b-LGND2. These results demonstrate that
b-LGND2 has effects on multiple pathways all converging

Figure 2 b-LGND2 reverses MCD-mediated liver weight and serum transaminases changes. Male C57BL/six mice (n¼8/group) were maintained on a normal diet

(CON) or methionine choline deficient diet (MCD) and treated with vehicle or 30 mg/kg/day s.c. b-LGND2 for four weeks. Mice were sacrificed and liver weights were

recorded (a). In panel a, b< a and c at p<0.05, while a and c are not statistically different. Blood was collected at sacrifice, serum separated, and ALT was measured

(b). In panel (b), b> a and c at p<0.05, while a and c are not statistically different. Percent change from the beginning of the study in body weight, fat mass, and lean

mass of the animals fed with CON or MCD and treated with b-LGND2 are provided in panel (c). In panel (c), b and c< a at p<0.05, while b and c are not statistically

different. Values are expressed as average�SE. Liver weight was normalized to body weight (b.wt.)
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to protect the liver against the damage induced by enriched
fatty food.

To confirm the histological findings, we searched for the
expression of specific genes that contribute to fibrosis and
inflammation (Figure 4 and supplementary table). Col27A1
and Col5A1, two genes belonging to the collagen class
and were shown to be increased in cirrhosis,32 were up-
regulated in the liver of vehicle-treated HFD-fed mice but
not in the b-LGND2-treated HFD-fed mice. On the other
hand, expression of inflammatory genes such as CxCl1,
which are involved in neutrophil chemoattractant proper-
ties,33 were up-regulated in the liver of vehicle-treated HFD-
fed mice but not in the b-LGND2-treated HFD-fed mice.

One of the genes, Cxcl12, shown to be a protector of liver
from inflammation and injury,34,35 was up-regulated signifi-
cantly by b-LGND2. Earlier studies have shown that admin-
istration of Cxcl12 analog elicited anti-inflammatory effects
and protected liver from oxidative stress.35

Global metabolomics profiling indicates that b-LGND2
increased bile acid family metabolites

To further decipher the mechanism of action of b-LGND2,
we performed global metabolomics profiling in the liver of

mice fed with CON or HFD and treated with vehicle or
b-LGND2 (Figure 5). HFD increased 77 and decreased
124 metabolites, compared to CON, while b-LGND2
increased 34 and decreased 81 metabolites, compared
to HFD-fed vehicle-treated mice. Principal component
analysis of the samples indicates that samples from
b-LGND2-treated mice were clustered adjacent to
samples from CON-fed mice (Figure 5(a)). Unsupervised
hierarchical clustering of the samples clustered
b-LGND2-treated samples between CON- and HFD-
vehicle-treated samples (Figure 5(b)). Random forest classi-
fication using metabolites in the liver of the HFD-fed
b-LGND2-treated and vehicle-treated groups resulted in a
predictive accuracy of 88%.

Bile acids, one of the major pathways important for
lipid homeostasis, were significantly regulated by HFD
(Figure 5(c) and (d)). Cholic acid and its derivatives are
the bile acids that modulate the function of farnesoid X
receptor (FXR).36 Several cholic acid metabolites were up-
regulated by b-LGND2 (some statistically significant, while
others showing an increasing trend), all of which have
effects on lipid homeostasis and cholesterol metabolism.
One of the important target genes of FXR, Apoc2,37,38 was

Figure 3 b-LGND2 prevents liver pathology in HFD-fed mice. Male C57BL/six mice (n¼5/group) were maintained on a normal diet (CON) or high fat diet (HFD) and

treated with vehicle or 30 mg/kg/day s.c. b-LGND2 for 10 weeks. Mice were sacrificed and liver from mice (n¼ 3/group) were fixed in formalin and stained with Masson

trichrome stain (a) or hematoxylin and eosin (b). Arrows in (a) indicate collagen deposition and in (b) indicate inflammatory cells infiltration. (c) The sections were

quantified and averages/group are represented as bar graph. b> a and c at p<0.05, while a and c are not statistically different
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up-regulated in b-LGND2-treated samples (Figure 4(d)),
providing evidence for potential FXR activation by
b-LGND2.

Discussion

To our knowledge, the data provided here are the first evi-
dence to demonstrate that an ER-b-selective agonist
has robust hepatoprotective effects in models of NASH.
ER-b-selective agonist, b-LGND2, prevented the NASH
phenotype promoted by two mechanistically distinct indu-
cers, the HFD and the MCD. It is important to point out that
while HFD increased the liver weight, the MCD, which pro-
motes NASH by a different mechanism, decreased the liver
weight. Under both these conditions, b-LGND2 reversed
the weight back to the level of the CON-fed mice, indicating
that the liver alterations are not elicited only by blocking fat

accumulation, which happened in the HFD condition, but
also in the absence of fat accumulation as in MCD. This
demonstrates that b-LGND2, in addition to effects on adi-
pose and lipid homeostasis, promotes favorable changes by
a pathway that is independent of lipid accumulation. We
propose that this alternate pathway could affect oxidative
damage or inflammation. RNA sequencing data corrobor-
ate this hypothesis with enrichment of genes belonging to
xenobiotic metabolism signaling (e.g. Ugt2b28, Rela,
Ugt1a6), NRF2-mediated oxidative stress response (e.g.
Gsta, Gstm5), and mitochondrial dysfunction (e.g. Atpg1,
Cox17). This work indicates that in addition to the primary
effect on lipid accumulation, b-LGND2 also has effects on
alternate pathways that could provide additional levels of
protection against NASH or NAFLD.

Based on our previous results in models of obesity and
metabolic diseases,19 we expected b-LGND2 to provide
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Figure 4 b-LGND2 regulates distinct gene expression program in the liver of mice fed with HFD. Male C57BL/six mice (n¼5/group) were maintained on a normal diet

(CON) or high fat diet (HFD) and treated with vehicle or 30 mg/kg/day s.c. b-LGND2 for 10 weeks. Mice were sacrificed and liver sections were snap frozen. RNA was

isolated and expression of genes was measured by next-generation sequencing (n¼3/group). Genes that were statistically significantly (q<0.05) regulated by

b-LGND2 compared to vehicle-treated HFD-fed mice are represented in panel (a). (b) Ingenuity pathway analysis with statistically significant genes (q<0.05) was

performed to determine the pathways regulated by b-LGND2 in liver. (c) Genes that are differentially regulated by b-LGND2 (q< 0.05) and belonging to the PXR pathway

are represented. (d) Genes (q<0.05) that are important for lipogenesis (left) and clearance of lipids (right) are represented. In panel (d) left figure, b> a and c at p<0.05,

while a and c are not statistically different. In panel (d) right figure, b< a and c at p< 0.05, while a and c are not statistically different. Values are expressed as

average�SE
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beneficial effects in preclinical models of NASH through
control of lipid and triglycerides level or increase in metab-
olism pathways. However, the suppressed PXR and
increased bile acid metabolites were serendipitous findings
but congruent observations as there is no precedence for the
interaction between ER-b and PXR or FXR or induction of
bile acids by ER agonists. Several studies have earlier indi-
cated the importance of PXR and FXR signaling in main-
taining normal liver physiology and emergence of liver
pathology.39 Activation of PXR and constitutive androstane
receptor (CAR) may be beneficial for metabolic disorders
such as type II diabetes but will result in an increase in
triglycerides and incidence of NASH. Hence, inhibiting

PXR is highly recommended for maintaining normal lipid
levels and preventing NASH or NAFLD. Activation of PXR
in mice caused hepatic fat accumulation due to increase in
lipogenesis and fatty acid uptake.40,41 Several target genes
of PXR such as Cyp2c9, Cyp3A4, Ugt1a1, which were inhib-
ited by b-LGND2, are all implicated in the formation of
NASH through activation of PXR.

Bile acids are important players in the maintenance of
cholesterol levels, as they are immediate products of chol-
esterol catabolism.42 Bile acids function by binding to FXR
and activating genes that are important for maintaining bile
acid homeostasis.43,44 FXR is critical for liver and intestinal
function. Whereas bile acids directly activate FXR, CAR and
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Figure 5 b-LGND2 regulates bile acid metabolites. Male C57BL/six mice (n¼5/group) were maintained on a normal diet (CON) or high fat diet (HFD) and treated with

vehicle or 30 mg/kg/day s.c. b-LGND2 for 10 weeks. Mice were sacrificed and liver sections were snap frozen and metabolites were measured (n¼4/group).

(a) Principal component analysis (PCA) showing the metabolites of individual samples. Circles represent CON-fed animals, white triangles represent HFD-fed vehicle-

treated animals, while green triangles represent HFD-fed b-LGND2-treated animals. (b) Heat map (of metabolites q<0.05) showing hierarchical clustering of individual

samples. (c) Various bile acid metabolites expressed in the liver of mice maintained under different conditions. (d) Levels of bile acid metabolites are provided as bar

graphs. Values are expressed as average�SE. * indicates significance at q<0.05 from CON-fed mice and # indicates significance at q< 0.05 from HFD vehicle-treated

mice
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PXR regulate bile acid formation, thereby having an indirect
effect on FXR function. Similar to PXR, CAR, whose expres-
sion was inhibited by b-LGND2, promotes lipid accumula-
tion and hence inhibitors of CAR will be good therapeutics
for NASH.45

Bile acids have also been shown to be important for
the prevention of NASH.45,46 Studies have shown that
knockdown of FXR in mouse models has resulted in
hypercholesterolemia and development of NASH.47

These results show that FXR and PXR have opposing
actions, which was reflected in our RNA sequencing
studies where PXR-target genes were inhibited and FXR-
target genes and ligands were up-regulated. This is not
the first report showing a regulation of FXR and PXR in
opposite directions by a chemical entity. Guggulsterone
inhibits FXR and activates PXR, although directly, unlike
b-LGND2.48,49

In order to ensure that b-LGND2 has no direct effect on
PXR nor FXR, we performed transient transactivation
studies by transfecting HepG2 cells with SHP-LUC and
FXR or DR4-LUC and PXR, in the absence of ER-a or
ER-b. b-LGND2 failed to induce or inhibit the expression
of SHP-LUC or DR4-LUC (data not shown). This suggests
that b-LGND2 did not have a direct effect on FXR or PXR
promoter activity and the effects it elicited on PXR targets
could be through an indirect mechanism of inducing
ER-b-target genes, which in turn could have resulted in
altering the function of PXR and FXR. Understanding the

mechanism of ER-b regulation of PXR and FXR would
further enhance the understanding of the dynamics and
might provide additional therapeutic targets.

We have summarized these results in a model depicted
in Figure 6. Activation of ER-b by b-LGND2 induced ER-b-
target genes that could have resulted in an increase in bile
acids. The bile acids bind to FXR to increase FXR-target
genes, which in turn inhibited fat accumulation and inci-
dence of NASH. On the other hand, the ER-b-target
genes blocked PXR activation, inhibited PXR-target genes,
and eventually reduced liver fat accumulation and liver
damage.

Collectively, these results provide firsthand evidence
supporting the beneficial effects of ER-b-selective agonist,
b-LGND2, in NASH, liver fibrosis, and overall in NAFLD.
Currently, at least 5–6 different drugs are in clinical trials for
the treatment of NASH. Several of these (obeticholic acid,
PX104, and aramchol) are FXR agonists, while GFT505 is a
PPAR-a/d agonist and cenicriviroc is an immune modula-
tor. However, these molecules do not have an effect on PXR.
Since b-LGND2 regulates both FXR and PXR, albeit indir-
ectly, it might be superior in reducing the NASH incidence
than a FXR or PPAR agonist.

Authors’ contributions: SP, TT, DB performed experiments;
DDM provided reagents; NQT analyzed data; RN con-
ceived idea, performed data analysis, and wrote
manuscript.
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Figure 6 Model depicting the regulation of FXR and PXR by b-LGND2. FXR: farnesoid X receptor; PXR: pregnane X receptor
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