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Abstract
The bile acid receptors, farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor
5 (TGR5), regulate multiple pathways, including glucose and lipid metabolism. In a
rabbit model of high-fat diet (HFD)-induced metabolic syndrome, long-term treatment
with the dual FXR/TGR5 agonist INT-767 reduces visceral adipose tissue accumulation,
hypercholesterolemia and nonalcoholic steatohepatitis. INT-767 significantly improves the
hallmarks of insulin resistance in visceral adipose tissue (VAT) and induces mitochondrial
and brown fat-specific markers. VAT preadipocytes isolated from INT-767-treated rabbits,
compared to preadipocytes from HFD, show increased mRNA expression of brown
adipogenesis markers. In addition, INT-767 induces improved mitochondrial ultrastructure
and dynamic, reduced superoxide production and improved insulin signaling and lipid
handling in preadipocytes. Both in vivo and in vitro treatments with INT-767 counteract,
in preadipocytes, the HFD-induced alterations by upregulating genes related to
mitochondrial biogenesis and function. In preadipocytes, INT-767 behaves mainly as a TGR5
agonist, directly activating dose dependently the cAMP/PKA pathway. However, in vitro
experiments also suggest that FXR activation by INT-767 contributes to the insulin signaling
improvement. INT-767 treatment counteracts HFD-induced liver histological alterations
and normalizes the increased pro-inflammatory genes. INT-767 also induces a significant
reduction of fatty acid synthesis and fibrosis markers, while increasing lipid handling,
insulin signaling and mitochondrial markers. In conclusion, INT-767 significantly counteracts
HFD-induced liver and fat alterations, restoring insulin sensitivity and prompting
preadipocytes differentiation toward a metabolically healthy phenotype.

http://joe.endocrinology-journals.org
https://doi.org/10.1530/JOE-17-0557

© 2018 Society for Endocrinology
Published by Bioscientifica Ltd.
Printed in Great Britain

Key Words
ff insulin resistance
ff mitochondrial metabolism
ff preadipocytes
ff metabolic syndrome
ff INT-767

Journal of Endocrinology
(2018) 238, 107–127

Downloaded from Bioscientifica.com at 01/09/2023 07:49:29PM
via free access

Journal of
Endocrinology

P Comeglio, I Cellai et al.

Introduction
Metabolic syndrome (MetS) is associated with a wide range
of cardiometabolic risk conditions, including coronary
heart disease, type 2 diabetes mellitus and nonalcoholic
fatty liver disease (NAFLD) (Corona et al. 2007). Among
them, insulin resistance and visceral adiposity play a central
role. In MetS, adipocytes become severely dysfunctional
and insulin resistant, showing a reduced metabolic
capacity to store surplus energy (Maneschi et al. 2016),
eventually leading to fat deposition and inflammation
within other tissues that regulate metabolic homeostasis,
such as the liver. Nonalcoholic steatohepatitis (NASH)
is considered the hepatic hallmark of insulin resistance
associated to MetS and obesity, and NASH development is
related to increased size and volume of adipocytes, which
are closely related to insulin sensitivity (Bedossa et al.
2016).
Bile acids (BAs) are hormone-like signaling molecules
that regulate glucose and lipid metabolism as well as
energy homeostasis (Houten et al. 2006, Lefebvre et al.
2009). The family of BA-activated receptors (BARs) includes
the Takeda G-protein-coupled receptor 5 (TGR5) and the
nuclear farnesoid X receptor (FXR). Upon activation,
TGR5 leads to rapid stimulation of the cAMP-dependent
pathway, with accumulation of cAMP and activation of
protein kinase A (PKA). In the intestine, BAs released
after food ingestion activate TGR5 in enteroendocrine
L-cells, leading to secretion of glucagon-like peptide-1
(GLP-1), which further stimulates postprandial insulin
secretion from pancreas. In high-fat diet (HFD) animal
models, treatment with a specific TGR5 agonist,
INT-777 (Pellicciari et al. 2009), improved glucose
tolerance (Thomas et al. 2009) and substantially reduced
visceral adiposity (Maneschi et al. 2013). These beneficial
effects seem to occur partially by enhancing energy
expenditure through activation of thermogenesis in
brown adipose tissue (BAT) and in muscle (Thomas et al.
2009). Activation of cAMP/PKA signaling by TGR5 induces
cAMP-responsive element-binding protein 1 (CREB1),
leading to increased type II iodothyronine deiodinase
(DIO2), which activates the precursor thyroid hormone,
thyroxine, thereby resulting in increased BAT activity and
energy expenditure (Thomas et al. 2008).
FXR belongs to the family of nuclear receptors and
is predominantly expressed in the liver, kidney and
intestine, with a major role in controlling BA homeostasis.
Through the induction of small heterodimer partner
(SHP) in the liver and fibroblast growth factor 19 (FGF19)
(FGF15 in rodents) in the intestine, FXR activation leads
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to inhibition of cholesterol 7α-hydroxylase (CYP7A1),
the rate-limiting enzyme in hepatic BA synthesis. In
addition to BA homeostasis, FXR regulates lipid and
glucose metabolism (Zhang et al. 2006). Obeticholic acid
(OCA) is a first-in-class potent and selective FXR agonist.
We have previously investigated the effects of OCA in a
rabbit non-genomic model of MetS induced by long-term
administration of a HFD (Morelli et al. 2012, Maneschi
et al. 2013, Vignozzi et al. 2014). This model recapitulates
the features of human MetS, including hypertension,
hyperglycemia, dyslipidemia, reduced glucose tolerance,
visceral fat accumulation and NASH (Morelli et al. 2012,
Maneschi et al. 2013, 2016, Vignozzi et al. 2014). In
this model, OCA administration prevents HFD-induced
hyperglycemia, glucose intolerance and liver alterations,
as well as visceral adipose tissue (VAT) expansion and
dysfunction (Maneschi et al. 2013, Vignozzi et al. 2014).
Interestingly, OCA improves MetS and NASH features
not only in preclinical models (Adorini et al. 2012), but
also in patients, enhancing insulin sensitivity in diabetics
with NAFLD (Mudaliar et al. 2013) and ameliorating liver
histology and function in non-cirrhotic NASH patients
(Neuschwander-Tetri et al. 2015).
Considering the pivotal role of FXR and TGR5 in
metabolic control, the aim of the present study was
to investigate the effect of a dual FXR/TGR5 agonist,
INT-767, on liver, metabolic parameters and VAT
dysfunction in the rabbit model of MetS. Several
beneficial effects of the selective TGR5 agonist, INT-777
and the selective FXR agonist, OCA, have been already
demonstrated in experimental models of MetS (Thomas
et al. 2009, Maneschi et al. 2013, Vignozzi et al. 2014).
Therefore, we decided to use OCA and INT-777 treatments
as comparators, thus helping to discriminate between
FXR- and TGR5-mediated pathways induced by INT-767.
The results show that INT-767 treatment improves
several MetS features, including insulin resistance, NASH
and visceral adipose tissue dysfunction, remodeling
visceral fat toward brown phenotype and improving
mitochondrial function.

Materials and methods
MetS rabbit model
Male New Zealand White rabbits (Charles River, Calco,
Lecco, Italy), age (16-week old at the beginning of
treatments) and weight matched, were individually
caged under standard conditions in a temperature and
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humidity controlled room on a 12-h light/darkness cycle.
After 1 week of regular diet, the rabbits were randomly
assigned to two different groups: untreated (n = 20), fed
a regular diet (RD) and treated (n = 21), fed a HFD, as
previously described (Maneschi et al. 2016). Subgroups
of HFD rabbits were treated with the FXR agonist OCA
(10 mg/kg daily, 5 days a week for 12 weeks, by oral gavage;
n = 9), with the selective TGR5 agonist INT-777 (30  mg/kg
daily, 5 days a week for 12 weeks, by oral gavage; n = 6) or
with the dual FXR/TGR5 agonist INT-767 (3 mg/kg daily,
5 days a week for 12 weeks, by oral gavage; n = 8). The
OCA dose used has been selected based on efficacy and
pharmacokinetics analysis in rodents (Rizzo et al. 2010)
and has been previously utilized in rabbits (Maneschi
et al. 2013). Similarly, INT-777 dose has been already
reported in the literature in several experimental models
(Pellicciari et al. 2009, Thomas et al. 2009, Maneschi et al.
2013). Although a dose of 30 mg/kg/die of INT-767 has
been reported in mice (Pathak et al. 2017, Wang et al.
2017), the administered dose of INT-767 was three-fold
lower compared to OCA, to account for its three-fold
higher potency in FXR activation (Rizzo et al. 2010). All
compounds were provided by Intercept Pharmaceuticals
Inc. (New York, NY, USA). Mean arterial pressure (MAP)
and oral glucose tolerance test (OGTT) was measured
before killing, as previously described (Filippi et al. 2009).
This study was carried out in strict accordance with the
Italian Ministerial Law #116/92 for the Care and Use of
Laboratory Animals. The protocol was approved by the
Institutional Animal Care and Use Committee of the
University of Florence. After killing, liver, small intestine
and visceral fat were harvested from the different
experimental groups and stored for the subsequent
analyses. Blood samples for glucose, total cholesterol and
triglycerides and transaminases (AST and ALT) analyses
were obtained from the marginal ear vein at week 12, in
all groups.
Histomorphometric analysis and hypoxia
detection in VAT
Immunohistochemical localization of FXR and TGR5
was performed on deparaffinized rehydrated sections as
previously described (Vignozzi et al. 2017).
To determine the diameter of adipocytes, sectional
areas of VAT in hematoxylin and eosin-stained preparations
were analyzed as previously described (Maneschi et al.
2012). VAT specimens were analyzed by bio-reductive drug
pimonidazole hydrochloride (hypoxyprobe, 1.60 mg/kg),
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to measure hypoxia, as previously described (Maneschi
et al. 2012).
Liver histomorphological analysis
Liver specimens were analyzed by bio-reductive drug
pimonidazole hydrochloride (hypoxyprobe, 1.60 mg/kg),
to measure hypoxia, as previously described (Maneschi
et al. 2012). To evaluate lipid accumulation, frozen liver
sections were cut in a cryostat and stained with Oil Red-O
for 20 min, as previously described (Maneschi et al. 2013).
Collagen content evaluation was blindly quantified by
Picrosirius Red Assay (Bio-Optica, Milan, Italy) staining.
Sections were fixed in 10% buffered-formalin, embedded
in paraffin, then sectioned at a thickness of 5 μm and
stained per the manufacturer’s instructions, as previously
described (Comeglio et al. 2017). Sectional areas of
liver in hematoxylin and eosin-stained preparations
were analyzed as previously described (Maneschi et al.
2012). Immunohistochemical studies for interferon
regulatory factor 5 (IRF5) localization were performed on
deparafﬁnized rehydrated sections. Briefly, deparaffinized
and rehydrated sections were incubated overnight at
4°C with mouse monoclonal IRF5 primary antibody
(1:50 vol/vol; Santa Cruz Biotechnology), and then
rinsed in PBS, incubated with the biotinylated secondary
goat anti-mouse antibody (Millipore Corporation) and
then with a streptavidin-biotin peroxidase complex
(Lab-Vision, Fremont, CA, USA). The reaction product was
developed with 3,3′-diaminobenzidine tetrahydrochloride
as chromogen (Sigma-Aldrich). The slides were evaluated
and photographed using a Nikon Microphot-FXA
microscope (Nikon).
Preparation of total and membrane/cytosolic
fractions for Western blot analysis
Samples of VAT and liver were immediately frozen in
liquid nitrogen after isolation. Membrane and cytosolic
protein fractions were prepared using the ProteoExtract
sub-cellular proteome extraction kit (Calbiochem, EMD
Biosciences), per the manufacturer’s instructions. Western
blot analysis with an anti-glucose transporter type 4
(GLUT4) antibody (1:500 vol/vol; Upstate Biotechnology,
Lake Placid, NY, USA), anti-ras homolog member A
(RhoA) (1:500 vol/vol; Santa Cruz Biotechnology) and
anti-theromogenin (UCP1) antibody (1:200 vol/vol;
Santa Cruz Biotechnology) was performed as previously
described (Maneschi et al. 2016).
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Isolation, characterization and differentiation of
rabbit visceral fat preadipocytes
Rabbit visceral fat preadipocytes (rPAD) isolation and
characterization from VAT samples was performed
as previously described (Maneschi et al. 2016). The
spontaneous adipogenic potential was investigated in
rPADs cultured for 10 days in 5% FBS-supplemented
DMEM. The rPADs differentiation, 2 days after confluence
(time 0), was induced by exposing cells to a differentiation
mixture (DIM) containing 5 mg/mL insulin, 1 mM
dexamethasone (Sigma-Aldrich) and 0.5 mM 3-isobutyl1-methylxanthine (IBMX; Sigma-Aldrich) in 5% stripped
FBS-supplemented DMEM for 8 days (Student et al. 1980,
Maneschi et al. 2016). Glucose uptake in DIM-rPADs,
alone or stimulated for 10 days with INT-767 1 µM, was
performed as previously described (Maneschi et al. 2012).

Fluorescence and electronic microscopy
Untreated and DIM-induced rPADs, isolated from each
experimental group, were cultured on 35 mm u-Dish
(Ibidi, Munich, Germany) for 10 days and then stained
with 200 nM MitoTracker Green (Invitrogen), alone or
in combination with 10 µM dihydroethidium (DHE;
Invitrogen) or AdipoRed Assay (Cambrex BioScience,
Walkersville, MD, USA), as previously described (Maneschi
et al. 2016).
For mitochondrial morphometric analysis, regions
of interest in the periphery of cells were considered,
where individual mitochondria are readily resolved, and
the mitochondrial length was measured. Time lapses
were recorded for 3 min with 10 s time intervals. DHE
fluorescence was used to measured superoxide radical
production in untreated rPADs. The superoxide radical
production was quantified using Fiji ImageJ software
(Schindelin et al. 2012) by measuring the change in
fluorescence intensity in the nuclei of rPAD cells during
imaging, as previously described (Maneschi et al. 2016).
To detect qualitative accumulation of intracellular
lipids, cells were washed in PBS, fixed in 10% bufferedformalin for 30 min at room temperature (RT), stained
with AdipoRed (prepared according to manufacturer’s
instructions) and DAPI (1 µg/mL; Roche) at RT for 10 min
and mounted with Prolong Gold anti-fade reagent (Life
Technologies). Images were acquired with a DM6000
microscope (Leica) equipped with a DFC350FX camera,
using a 10x/0.3na HC PL Fluotar objective and L5/A4 Leica
filter set for AdipoRed and DAPI, respectively. AdipoRedpositive cells, identified as those clearly showing lipid
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droplets staining, and total cells (number of nuclei) were
counted. Results are showed as percentage of AdipoRedpositive cells.
For lipid droplet analysis, Z-stack images were
captured sampling in accordance to Nyquist Criterion.
Images were first deconvolved using Huygens Professional
Software (Scientific Volume Imaging, Hilversum, The
Netherlands) using the Classic Maximum Likelihood
Estimation algorithm and a theoretical Point Spread
Function. Deconvolved images were then quantitatively
analyzed using the Volocity 5 Software (Perkin-Elmer) to
measure the volume and number of lipid droplets.
Electronic microscopy was used in untreated rPADs
cultured for 10 days in 5% FBS-supplemented DMEM, then
pelleted by centrifugation, fixed in Karnowsky buffer and
1% osmium tetroxide and embedded in Epon 812 (EMS,
Hatfield, PA, USA). Mitochondrial and internal cristae
surface area in stained ultrathin sections were measured
using iTEM image analysis software (EMSIS, Muenster,
Germany), as previously described (Maneschi et al. 2016).
Immunocytochemical detection of UCP-1 was carried
out on rPADs isolated from HFD rabbits, alone or treated
with INT-767 1 µM (or with an equimolar dose of the
two selective TGR5 and FXR agonist, INT-777 and OCA),
cultured on slides for 10 days. Cells were then fixed in 2%
paraformaldehyde in PBS for 10 min at RT, followed by
permeabilization with 0.1% Triton X-100 in PBS for 10 min
and blocking with 1% BSA in PBS. Immunostaining was
performed with anti-UCP-1 goat polyclonal antibody (1:50
vol/vol, Santa Cruz Biotechnology), followed by Alexa
Fluor 488 donkey anti-goat IgG (H + L) (1:200 vol/vol,
Molecular Probes). Antibody specificity was verified
by omitting the primary antibody. The percentage of
UCP-1-positive cells was calculated by counting the
stained cells in ten fields per slide of three different
experiments normalized on total cells (DAPI stained).
Oxygen consumption and intracellular ATP analysis
Quantification of oxygen consumption by rPADs isolated
from each experimental group was conducted by means
of the Oxygraph system (Hansatech Instruments,
Pentney, UK), as previously described (Rapizzi et al. 2015).
Briefly, cells (7.5 × 104) were loaded in the chamber, which
contained 300  μL of DMEM with glutamine 2  mM and
sodium succinate 20  
mM. Oxygen consumption was
monitored for 5  min at 37 °C.
ATP levels were measured using the CellTiter-Glo
luminescent cell viability assay (Promega Corporation).
This assay was performed according to the manufacturer’s
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protocol. Briefly, rPADs isolated from each experimental
group were seeded into 96-well plates (2 × 104 cells/well)
and cultured in complete growth medium. To evaluate
the effect of spontaneous differentiation, cells were
stimulated for 10 days in 5% stripped FBS-supplemented
DMEM in the presence or not of INT-767 1 µM, and
then incubated with 125 μL of CellTiter-Glo reagent.
The cultures were shaken at 300 rpm for 5 min and then
incubated at RT for 25 min to stabilize the luminescent
signal. Luminescence was measured using the VICTOR3
1420 Multilabel Counter (Packard Instruments, PerkinElmer) and normalized to number of cells.
rPADS in vitro experiments
rPADs were plated (8 × 104 cells/well) and cultured in
complete growth medium until confluence, then they were
stimulated for 10 days in 5% stripped FBS-supplemented
DMEM with INT-767 1 µM or with an equimolar dose of
the two selective TGR5 and FXR agonist, INT-777 and
OCA. To further investigate the role of TGR5 activation,
rPADs were stimulated for 18 h with INT-767 (1 µM), alone
or with cell-permeable protein kinase A inhibitor (PKI,
10 µM; Merck) or forskolin (10 µM; Sigma-Aldrich), a direct
activator of adenylate cyclase (Insel & Ostrom 2003).
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reviewed and approved by the Institutional Review Board
of the Florence University Hospital.
Human visceral fat preadipocytes (hPAD) isolation
and characterization from VAT samples was performed
from adipose tissue biopsies obtained by bariatric surgery
as previously reported (Zuk et al. 2001, Baglioni et al.
2009). A confluent and homogeneous fibroblast-like
cell population (hPADs) was obtained within 2–3 weeks.
Only cells at early culture passages were used, and each
experiment was repeated at least three times.
Cell immunophenotypical analysis of cultured hPADs
was performed using the FITC-, PE-or APC-conjugated
monoclonal antibodies (mAbs) against CD14, CD31,
CD34, CD44, CD45, CD73, CD90, CD105, CD166 and
histocompatible locus antigen-I and -II (HLA-I and
HLA-DR), and their respective isotype control mAbs (BD
Biosciences, Mountain View, CA, USA) as previously
described (Krampera et al. 2003).
Flow cytometric analysis of the surface markers on
cultured hPADs isolated from different subjects showed
a similar immunophenotypic profile (Zannettino et al.
2008), characterized by a marked positivity for stromal
mesenchymal stem cell markers (CD44, CD73, CD90,
CD105, CD166); moreover, they were negative for
endothelial (CD31), hematopoietic (CD34 and CD45) and
monocytic (CD14) markers (data not shown).

Quantitative determination of intracellular cAMP
Intracellular cyclic AMP was measured using a cAMP
competitive ELISA kit according to the manufacturer’s
instructions (Invitrogen). Briefly, rPADs isolated from HFD
experimental group were plated (5 × 104 cells/well) and
maintained in DMEM supplemented with 10% FBS until
the confluence. Cells were then washed and transferred
to serum-free medium for 24 h. Subsequently, cells were
treated with increasing concentrations (0.3–30 µM)
of INT-767 for 1 min, culture media was removed and
cells were lysed with 0.1 M HCl, to stop endogenous
phosphodiesterase activity, and after centrifugation, the
supernatants were used directly in the assay.
Isolation, characterization and siRNA analysis of
human visceral fat preadipocytes
Adipose tissue samples were obtained, following informed
patient consent, from eight subjects (obese males, age
25–65 years; BMI ≥40 kg/m2) undergoing bariatric surgery
for weight loss. All subjects affected by cancer, infections,
chronic or acute inflammation and autoimmune diseases
were excluded. The protocol used in the present study was
http://joe.endocrinology-journals.org
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RNA extraction, quantitative RT-PCR analysis and
siRNA analysis
Isolation of total RNA from tissues and cells, cDNA synthesis
and quantitative real-time RT-PCR were performed as
previously described (Comeglio et al. 2017). Specific PCR
primers for rabbit target genes were designed on sequences
available at NCBI GenBank (http://www.ncbi.nlm.nih.
gov) or Ensemble Genome (http://www.ensembl.org)
and were purchased from Life Technologies. In particular,
rabbit FGF19 sequence (ENSOCUT00000003867.3) was
used as template. FGF15 and FGF19 are orthologous
proteins with similar functions, with the former described
in the mouse and the latter found in the rabbit (Shang
et al. 2014). The 18S ribosomal RNA subunit was used as
the reference gene for the relative quantization of the
target genes based on the comparative threshold cycle
(Ct) 2−ΔΔCt method (Livak & Schmittgen 2001).
siRNA targeting human FXR (NR1H4 ON-TARGETplus
SMARTpool) and TGR5 (GPBAR1 ON-TARGETplus
SMARTpool), positive (ON-TARGETplus GAPD Control
Pool) and negative (ON-TARGETplus Non-Targeting Pool)
sequences were purchased from Dharmacon (Lafayette, CO,

Downloaded from Bioscientifica.com at 01/09/2023 07:49:29PM
via free access

Journal of
Endocrinology

P Comeglio, I Cellai et al.

INT-767 prevents metabolic
syndrome features

238:2

112

USA). Cells were treated with OCA, INT-767 and INT-777
(1 µM) for 72 h. Transfection was performed in subconfluent
hPADs for 72 h with 25 nM of siRNA by DharmaFECT
transfection reagent (Dharmacon) in DMEM-F12 medium,
according to the manufacturer’s instruction. The efficiency
of knockdown was measured by qRT-PCR (GAPD, FXR and
TGR5). Quantitative mRNA expression of target genes was
performed as described above.
Statistical analysis
Results are expressed as mean ± s.e.m. For mitochondria
length, median with minimum and maximum values are
reported. The statistical analysis was performed with a
one-way ANOVA test followed by Mann–Whitney post hoc
analysis to evaluate the differences between groups, with
P < 0.05 as significant. Statistical analysis was performed
with the SPSS 24.0 (SPSS). Half-maximal response effective
concentration (EC50) values and maximal effect (Emax)
values were calculated using the computer program
ALLFIT (DeLean et al. 1978).

Results
FXR and TGR5 expression in rabbit tissues
FXR and TGR5 mRNA expression was examined in a large
panel of rabbit tissues (Fig. 1). Data are expressed as fold
increase relative to mRNA expression in the prostate,
arbitrarily chosen as reference tissue due to the extremely
low levels of both targets. The highest expression level of
FXR was found in intestine, followed by liver. Compared
to the intestine, FXR expression showed a two-log unit
lower level in (VAT) (Fig. 1A). TGR5 mRNA expression
showed a relatively more homogeneous pattern with
minor variations among tissues (Fig. 1B). Intestine showed
the highest expression, while prostate and skeletal muscle
showed the lowest one.
Feeding a HFD for 12 weeks was associated with
a significant increase of both FXR and TGR5 mRNA
expression in the liver, compared to rabbits fed RD
(P < 0.001; Fig. 1C and D, respectively). No significant
modifications in receptors expression were observed in
the other tissues investigated (Fig. 1C and D).
Beneficial metabolic effects of INT-767 treatment in
HFD-induced MetS model
To test the in vivo effects of INT-767 on glucose and lipid
metabolism, HFD rabbits were treated with INT-767.
http://joe.endocrinology-journals.org
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Figure 1
FXR and TGR5 expression in rabbit tissues. FXR (A) and TGR5 (B) mRNA
expression were analyzed by quantitative RT-PCR in a panel of rabbit
tissues isolated from RD group. Target tissue comparison in RD and HFD
of FXR and TGR5 mRNA expression are reported in C and D, respectively.
Data are calculated per the 2−ΔΔCt comparative method, using the 18S
ribosomal RNA subunit as the reference gene for normalization. Results
are expressed as fold-change of mRNA expression and reported as the
mean ± s.e.m. Statistical analysis was performed using Mann–Whitney tests
(*P < 0.05 vs RD).

Results were compared to those obtained in a cohort of
age- and weight-matched RD rabbits and in two other
cohorts of HFD rabbits treated with the FXR selective
agonist, OCA, or with the TGR5 selective agonist, INT-777.
Total body weight did not show any significant difference
among groups (Table 1). The observed tendency in HFD
body weight reduction, when compared to RD, is reflected
by a lower physical endurance, measured as the distance
covered on a treadmill (RD: 241.11 ± 107.29 m/running
session; HFD: 116.36 ± 64.27 m/running session; P < 0.01,
n = 9 for each group). In contrast, all agonists significantly
reduced VAT mass compared to HFD, even when expressed
as percentage of body weight (Fig. 2A and Table 1).
HFD induced a significant increase of transaminases as
compared to RD (Table 1). Both transaminases showed
a trend toward a reduction in all treatment groups as
compared to HFD, although not reaching statistical
significance (Table 1). However, all the treatments were
able to reduce the hepatic-specific transaminase, ALT, to
a level that was no longer significantly different when
compared to RD (Table 1). In addition, INT-767 and OCA,
but not INT-777, significantly ameliorated several other
MetS-related parameters, such as hyperglycemia (Fig. 2B),
glucose intolerance (Fig. 2C) and hypercholesterolemia
(Fig. 2D). In contrast, HFD-induced increase in MAP and
triglycerides levels were not significantly affected by any
treatment (Fig. 2E and F, respectively).
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Table 1 Metabolic and biochemical parameters in the different rabbit experimental groups.
RD

Body weight (g)
Week 12
VAT (g)
Week 12
AST (U/L)
Week 12
ALT (U/L)
Week 12

HFD

3700.58 ± 48.23

3683.63 ± 54.30

HFD + OCA

3570.42 ± 98.91

HFD + INT-767

3389.50 ± 145.07

HFD + INT-777

3443.60 ± 166.86

29.44 ± 1.67

43.00 ± 1.70°°°

17.00 ± 2.53°°°,*

23.71 ± 3.97*

17.88 ± 4.07°,*

30.56 ± 1.27

91.33 ± 15.08°°°

67.21 ± 8.98°°°

61.83 ± 5.83°°°

62.40 ± 6.24°°

32.50 ± 1.54

55.09 ± 3.25°°°

41.79 ± 5.53

46.75 ± 6.50

38.80 ± 7.96

Data are expressed as mean ± s.e.m. Data reported in bold are those that resulted significantly different among groups at the ANOVA analysis (P < 0.001).
For these parameters, Mann–Whitney analysis was then performed (°P < 0.05, °°P < 0.01, °°°P < 0.001 vs RD; *P < 0.001 vs HFD).

INT-767 acts as a dual FXR/TGR5 agonist in liver,
VAT and intestine
We first evaluated the potential agonistic ability of
INT-767 on TGR5 and FXR in tissues expressing high BAR
levels, compared to the selective agonists. In the liver, FXRdependent genes – including SHP, bile salt export pump and
the two hepatic FGF19 receptors (fibroblast growth factor
receptor 4, FGFR4; Klothoβ, KLB) – were all upregulated by
INT-767, which also decreased CYP7A1 mRNA expression
(Fig. 3A). INT-767 significantly induced several other FXRdependent genes, including FGF19 as well as transporters
of phospholipids (multidrug resistance protein 3, MDR2;
multidrug resistance-associated protein 2, MRP2) and of BAs
(organic solute transporter alpha and beta, OSTA and OSTB)
(Fig. 3A). These effects were also observed in OCA-treated
rabbits (Fig. 3A). In contrast, INT-777 did not significantly
modulate any FXR-dependent gene tested (Fig. 3A). INT-767
also stimulated the hepatic expression of genes downstream
TGR5, like exchange factor directly activated by cAMP 1
(EPAC1) and PKA (Fig. 3A). A similar effect was also observed
in INT-777-treated rabbits (Fig. 3A).
In VAT, INT-767 induced expression of genes related
to FXR signaling (SHP) and to the TGR5 pathway (cAMPresponsive element binding protein 1, CREB1; cyclin D1,
CCND1). These effects were also mimicked by OCA and
INT-777 treatment, respectively (Fig. 3B).
Finally, in the small intestine, INT-767 significantly
induced mRNA expression of SHP, as well as FGF19 (Fig. 3C).
These effects were mimicked by FXR agonist OCA, but not by
INT-777. INT-767 and INT-777 increased mRNA expression
of the TGR5-dependent prohormone convertase 1 (PCSK1).
A PCSK1 increase was also observed in OCA-treated rabbits.
In vivo treatment with INT-767 counteracts
HFD-induced VAT remodeling
Immunohistochemical analysis showed FXR nuclear
positivity in both adipocytes and endothelial cells lining
http://joe.endocrinology-journals.org
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the blood vessels (Supplementary Fig. 1, panel a and b,
see section on supplementary data given at the end of
this article). Likewise, TGR5 positivity was observed in the
membrane of adipocytes and stromal cells (Supplementary
Fig. 1, panel c and d).

Figure 2
Metabolic effects of OCA, INT-767 and INT-777 treatments in HFD-induced
MetS model. Metabolic parameters at the end of treatment (12 weeks)
are reported as mean ± s.e.m. for VAT (A), glycaemia (B), OGTT (C),
Cholesterol (D), MAP (E) and triglycerides (F). Kruskal–Wallis (P values
reported outside the panels) or Mann–Whitney (P values of HFD vs RD
and HFD vs treatments inside the panels) analyses are reported. AUC,
incremental area under the curve of glucose blood level during oral
glucose tolerance test (OGTT); MAP, mean arterial pressure; VAT, visceral
adipose tissue. A full colour version of this figure can be found at https://
doi.org/10.1530/JOE-17-0557.
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Kruskal–Wallis analysis and Mann–Whitney pairwise
comparisons indicated that INT-767 significantly
increased VAT mRNA expression of genes related to cell
survival (B-cell lymphoma 2 (BCL2)), cGMP signaling
(protein kinase G1 (PKG1)), brown adipogenesis (cell
death activator CIDE-A, CIDEA; LIM homeobox 8, LHX8),
mitochondriogenesis (nuclear respiratory factor 1,
NRF1;
peroxisome
proliferator-activated
receptor
gamma coactivator 1-alpha, PGC1A; mitochondrial
transcription factor A, TFAM), insulin signaling (six
transmembrane protein of prostate 2, STAMP2), lipid
metabolism (peroxisome proliferator-activated receptor
alpha, PPARA) and lipid handling (perilipin 1, PLIN1;
syntaxin-5, STX5; vesicle-associated membrane protein
4, VAMP4) (Fig. 5A).
In addition, INT-767 treatment reduced in the liver
expression of pro-inflammatory genes (interleukin 6 (IL6);
tumor necrosis factor alpha (TNFA)) and strongly induced
anti-inflammatory/regulatory genes (forkhead box P3
(FOXP3); interleukin 10 (IL10)) (Fig. 5B).

Figure 3
Comparison of OCA, INT-767 and INT-777 treatments on mRNA expression
of FXR- and TGR5-related genes in rabbit liver (A), visceral fat (B) and
small intestine (C). Data are calculated per the 2−ΔΔCt comparative
method, using the 18S ribosomal RNA subunit as reference gene for
normalization and are reported as fold-change of mRNA expression over
HFD. Statistical analysis was performed using the Mann–Whitney test
(*P < 0.05, **P < 0.01, ***P < 0.001 vs HFD).

Considering the relatively high mRNA expression levels
of both FXR and TGR5 in VAT (Fig. 1A and B) and the ability
of INT-767 to reduce VAT mass (Fig. 2A), we first investigated
the effects of INT-767 in counteracting HFD-induced VAT
alterations. In HFD rabbits, histomorphometric analysis of
VAT specimens revealed increased adipocyte size (Fig. 4A)
and decreased tissue oxygenation (Fig. 4B; both P < 0.0001
vs RD). INT-767 treatment normalized adipocyte diameter
and HFD-induced VAT hypoxia (Fig. 4A and B, respectively;
both P < 0.0001). The intracellular localization of the insulinregulated glucose transporter GLUT4 and of the small
GTP-binding protein RhoA, involved in insulin signaling,
were assessed by Western blot analysis (Fig. 4C and D,
respectively). In VAT extracts, HFD was associated with
reduced GLUT4 (Fig. 4C; P < 0.05) and with increased RhoA
membrane docking (Fig. 4D; P < 0.0001). Both alterations
were normalized by INT-767 treatment (Fig. 4C and D).
Interestingly, INT-767 treatment also significantly increased
UCP1 expression in VAT, compared to HFD (Fig. 4E).
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In vivo treatment with INT-767 enhances expression
of genes involved in brown adipogenesis and
mitochondrial biogenesis in preadipocytes
Considering the effects of INT-767 on genes related to
brown adipogenesis, mitochondriogenesis and insulin
signaling, we examined spontaneous differentiation of
rPADs isolated from the different experimental groups
after 10 days of culture (Fig. 6).
Compared to rPADs from RD rabbits, HFD
treatment significantly reduced mRNA expression of
brown adipogenesis (bone morphogenetic protein
4, BMP4; homeobox protein Hox-9, HOXC9; LHX8;
transmembrane protein 26, TMEM26), pro-fission
proteins of mitochondria (mitochondrial fission 1
protein, FIS1) and cyclic-guanosine monophosphate
(cGMP) signaling (soluble guanylyl cyclase beta-1,
GCSB1) markers (Fig. 6A and B). In contrast, fatty acid
binding protein 4 (FABP4), a white adipogenesis marker,
was significantly increased (P < 0.05; Fig. 6A). Treatment
of HFD rabbits with INT-767 increased mRNA expression
of several genes involved in brown adipogenesis (BMP4,
CIDEA, HOXC9, LHX8, TMEM26), mitochondrial
biogenesis (NRF1, TFAM), membrane respiratory chain
(NADH dehydrogenase beta subcomplex 3, NDUFB3;
NADH dehydrogenase beta subcomplex 5, NDUFB5;
succinate dehydrogenase iron-sulfur subunit, SDHB;
solute carrier family 25 member 12, SLC25A12),
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Figure 4
Effects of INT-767 treatment on adipocyte size, hypoxia, GLUT4 and RhoA membrane translocation and UCP1 in VAT sections from RD, HFD and HFD plus
INT-767-treated rabbits. Panel A shows the histomorphometric analysis of adipocyte diameter (µm) in the different experimental groups (n = 3/group)
with hematoxylin-eosin staining (scale bar = 100 µm). Panel B shows the immunohistochemical staining of hypoxyprobe adducts in VAT sections.
Hypoxyprobe adducts were revealed in hypoxic cells (PO2 <10  mmHg) of VAT transverse sections by a hypoxyprobe-1-MAb (scale bar = 100 µm). RD optical
density was taken as 100% in the computer-assisted quantitative image analysis of three independent experiments for each group. Panel C shows
representative immunoblots with anti-GLUT4 and anti-signal transducer and activator of transcription 1 (STAT1) primary antibodies on membrane (m)
and cytosolic (c) VAT protein extracts. The bar graphs show the optical density analyses of membrane/cytosol GLUT4 ratio (n = 3/group). Data are
expressed as percentage of RD values. Panel D shows representative immunoblots with anti-RhoA and anti-actin primary antibodies on membrane (m)
and cytosolic (c) VAT protein extracts. Bar graphs show the optical density analyses of membrane/cytosol RhoA ratio (n = 3/group). Data are expressed as
percentage of RD values. Panel E shows representative immunoblots with anti-UCP1 and anti-STAT1 primary antibodies on VAT protein extracts from
experimental rabbits. Bar graphs show the optical density analyses of UCP1 (n = 3/group). Data are expressed as percentage of RD values (°P < 0.05,
°°P < 0.001, °°°P < 0.0001 vs RD; *P < 0.01, **P < 0.001, ***P < 0.0001 vs HFD). A full colour version of this figure can be found at https://doi.org/10.1530/
JOE-17-0557.

pro-fission proteins of mitochondria (FIS1) and cGMP
signaling (soluble guanylyl cyclase alpha-1, GCSA1;
GCSB1, PKG1) (Fig. 6A and B). In contrast, compared
to HFD, white adipogenesis markers (FABP4; peroxisome
proliferator-activated receptor gamma, PPARG) were
significantly reduced by in vivo dosing of INT-767
(Fig. 6A). Genes related to TGR5 signaling (PKA, EPAC1,
CCND1, cAMP-responsive element modulator (CREM),
CREB1, DIO2) were significantly increased by INT-767
treatment, whereas the FXR-dependent SHP expression
was not affected (Fig. 6C).
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In vivo treatment with INT-767 enhances
mitochondrial function and preserves their
ultrastructure in preadipocytes
To address the mechanisms underlying INT-767-induced
VAT remodeling, we studied its effects on mitochondrial
function in rPADs by using MitoTracker, a mitochondriatargeted fluorescent probe, which accumulates within
active mitochondria (Fig. 7). Cells with similar shapes
were chosen and time-lapse microscopic imaging was used
to assess mitochondrial dynamics (fission–fusion events)
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Figure 5
INT-767 treatment modulates mRNA expression of target genes in rabbit
visceral fat (A) and liver (B and C) tissues. Data are calculated per the
2−ΔΔCt comparative method, using the 18S ribosomal RNA subunit as
reference gene for normalization and are reported as fold-change of
mRNA expression over RD. Statistical analysis was performed using
Kruskal–Wallis and Mann–Whitney tests (°P < 0.05, °°P < 0.01, °°°P < 0.001
vs RD; *P < 0.05, **P < 0.01, ***P < 0.001 vs HFD). Panel D shows
representative immunoblots with anti-GLUT4 and anti-STAT1 primary
antibodies on membrane (m) and cytosolic (c) liver protein extracts. The
bar graphs show the optical density analyses of membrane/cytosol GLUT4
ratio (n = 3/group). Data are expressed as percentage of RD values
(°P < 0.01 vs RD; *P < 0.05 vs HFD).

(Fig. 7A and B). Computer-assisted measurement of
mitochondria length in rPAD is reported in Fig. 7C.
Mitochondria in RD rPADs showed heterogeneity in shape
and length, resulting in a wide length distribution and an
average length of 4.2 µm (1.08–10.6 µm) (Fig. 7C). These
mitochondria were particularly dynamic, continuously
moving and changing shape (Fig. 7A, RD sequential images
in Fig. 7B and Supplementary Movie 1). Conversely,
in rPAD from HFD, mitochondria appeared randomly
dispersed, aggregated, fragmented and nearly immobile
(Fig. 7A), with less elongated mitochondrial network and
an average length of 2.6 µm (0.9–7.8 µm; P < 0.0001 vs
RD) (Fig. 7C, HFD images in Fig. 7B and Supplementary
Movie 2). Interestingly, the mitochondrial networks of
rPADs from INT-767 group were highly dynamic (Fig. 7A),
http://joe.endocrinology-journals.org
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Figure 6
In vivo treatment with INT-767 enhances expression of genes involved in
brown adipogenesis and mitochondrial biogenesis in preadipocytes.
rPADs were analyzed after 10 days of spontaneous differentiation. Panel
A reports the mRNA expression of genes involved in brown and white
adipogenesis. Panel B shows the mRNA expression of genes involved in
mitochondrial biogenesis and function and involved in NO/cGMP
signaling. Panel C displays the mRNA expression of FXR- and TGRdependent genes. Data are calculated per the 2−ΔΔCt comparative method,
using the 18S ribosomal RNA subunit as reference gene for normalization
and are expressed as fold-change over RD cells (mean ± s.e.m.) from at
least three independent experiments. Statistical analysis was performed
using the Mann–Whitney test (°P < 0.05, °°P < 0.01, °°°P < 0.001 vs RD;
*P < 0.05, **P < 0.01, ***P < 0.001 vs HFD).

continuously undergoing mitochondrial fission and fusion,
with rapid changing in shape and length, with an average
length of 3.6 µm (0.9–11.2 µm; P < 0.0001 vs HFD) (Fig. 7C,
INT-767 images in Fig. 7B and Supplementary Movie 3).
We next studied changes in mitochondrial
ultrastructure by transmission electron microscopy. The
analysis further highlighted mitochondrial dysfunction
in rPAD from HFD rabbits, with pronounced reduction of
the cristae, up to complete loss, and increased electron
density of the matrix (P < 0.0001 vs RD; Fig. 7D, E, F
and G). INT-767 treatment normalized HFD-induced
reduction of mitochondrial cristae (P < 0.0001 vs HFD;
Fig. 7G), which resulted even higher than in RD rabbits
(P < 0.0001; Fig. 7G).
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Figure 7
INT-767 treatment improves mitochondrial
function. Panel A shows the mitochondrial
function, visualized by incubation of the
mitochondria-targeted fluorescent probe
(MitoTracker) in rPAD isolated from RD, HFD and
INT-767-treated rabbits. Panel B shows
representative time-lapse images of rPAD stained
with MitoTracker and imaged for 3 min.
Computer-assisted measurement of mitochondria
length is reported in panel C. For morphometric
analysis of mitochondrial length, well-resolved
mitochondria in the cell periphery were analyzed
by ImageJ software. At least 50 individual
mitochondrial structures in at least ten cells/
group were measured to determine
mitochondrial length (μm) distribution. Data were
obtained from three independent experiments.
Lines within the distribution represent the
median values. Respective P values are reported
within the panel. INT-767 treatment normalizes
mitochondrial ultrastructure in rPADs. rPADs were
isolated from RD (panel D), HFD (panel E) and
HFD + INT-767-treated (panel F) rabbits and
analyzed by transmission electron microscopy
(TEM). Bar graphs in panel G show the ratio of
cristae membrane surface area to the outer
membrane surface area, evaluated by iTEM image
analysis software. Data are reported as
mean ± s.e.m. (°°°P < 0.001 vs RD; ***P < 0.001 vs
HFD). A full colour version of this figure can be
found at https://doi.org/10.1530/JOE-17-0557.

Time-dependent accumulation of DHE-derived
fluorescence served as a surrogate marker of spontaneous
superoxide production in rPADs (Fig. 8A and B). As a
function of time, RD rPADs did not show any DHEderived fluorescence accumulation (RD sequential
30-s images in Fig. 8A and Supplementary Movie 4). A
time-dependent increase in superoxide generation was
observed in rPAD from HFD (HFD sequential 30-s images
in Fig. 8A and Supplementary Movie 5). INT-767 treatment
significantly reduced superoxide production, compared
to HFD (INT-767 sequential 30-s images in Fig. 8A and
Supplementary Movie 6). Quantification of fluorescence
intensity changes over time indicates that in vivo INT-767
treatment improved rPADs ability to reduce superoxide
accumulation (Fig. 8B).
In order to assess the mitochondrial activity, we
next evaluated oxygen consumption and quantification
of intracellular ATP levels as readouts of mitochondrial
http://joe.endocrinology-journals.org
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function. In vivo INT-767 treatment significantly increased
oxygen consumption, compared to RD and HFD rabbits
groups (both P < 0.001; Fig. 8C), whereas no statistically
significant difference was observed between RD and HFD
experimental groups. The results of the intracellular ATP
quantification in rPADs isolated from each experimental
group are also reported. Compared to rPADs from RD
and HFD rabbits, in vivo INT-767 treatment significantly
decreased ATP intracellular levels (both P < 0.001; Fig. 8D),
whereas no difference was observed between RD and HFD
experimental groups.
INT-767 enhances adipogenic differentiation, lipid
droplet formation and insulin sensitivity in
DIM-induced preadipocytes
As previously demonstrated (Maneschi et al. 2013), we
here confirmed (Fig. 9A and C) that rPADs isolated from
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Figure 8
INT-767 treatment normalizes superoxide production in rPADs. Panel A
displays representative time-lapse images of rPADs isolated from RD, HFD
and INT-767-treated rabbits, stained with 10 μM dihydroethidium (DHE)
and imaged for 3 min. Bar graphs show changes in integrated
fluorescence intensity measured in the nuclei of rPAD cells during
time-lapse imaging (B). Integrated intensity was measured in the initial
(Io′) and final (I180′) images of the time-lapse series. The relative change in
fluorescence intensity over time in each cell was calculated as follows:
(I180′ − Io′) × 100/Io′ (°P < 0.001 vs RD). Effects of INT-767 treatment on O2
consumption and intracellular ATP content in rPADs. Panel C shows the
oxygen consumption in rPADs isolated from RD, HFD and INT-767-treated
rabbit after 10 days of spontaneous differentiation. It was measured by
the Oxygraph system instrument. Bar graph shows the ratio of oxygen
consumption normalized per mL of cell volume. Data are reported as the
mean ± s.e.m. of at least three independent experiments (°P < 0.005 vs RD;
*P < 0.005 vs HFD). The quantification of intracellular ATP levels measured
in rPADs isolated from each experimental group after spontaneous
differentiation is shown in panel D. Luminescence was normalized to the
number of total cells. Data are reported in RLU per cell as the
mean ± s.e.m. of at least three independent experiments (°P < 0.005 vs RD;
*P < 0.005 vs HFD). A full colour version of this figure can be found at
https://doi.org/10.1530/JOE-17-0557.
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HFD showed a reduced percentage of AdipoRed-positivity
after DIM exposure, when compared to RD. Interestingly,
in vivo INT-767 treatment induced a significant increase of
AdipoRed-positive cells as compared with not only those
isolated from HFD, but also from RD (Fig. 9A and C).
The intracellular lipid droplet content was analyzed
by confocal microscopy in DIM-treated rPADs isolated
from the different experimental groups (Fig. 9B).
Lipid droplets of HFD rPADs were increased in volume
compared to RD (P < 0.001; Fig. 9D). In vivo INT-767
treatment normalized lipid droplet remodeling, reducing
their volume (P < 0.0001; Fig. 9D) and increasing droplets
number (P < 0.05; Fig. 9E), compared to rPADs from HFD
rabbits.
In vivo INT-767 treatment also enhanced insulininduced uptake of 3H-2-deoxy-d-glucose (Fig. 9F). In
DIM-induced rPADs from all experimental groups, insulin
increased dose-dependently 3H-2-deoxy-d-glucose uptake,
with similar EC50 values (shared EC50 = 1.6 ± 0.6 nM), but
different maximal effect (Fig. 9F). In rPAD from HFD
rabbits, insulin Emax was significantly reduced compared to
RD rPADs (HFD = 114.2 ± 5.8%, RD = 180.1 ± 9.5%, P = 0.002;
Fig. 9F). In vivo treatment with INT-767 normalized the
ability of rPADs to respond to increasing concentrations
of insulin (Emax: INT-767 =1 74.9 ± 9.1%, P = 0.027 vs
HFD and P = 0.49 vs RD; Fig. 9F). We also investigated
the effect of in vitro treatment with INT-767 (1 µM for
10 days) on insulin-induced uptake of 3H-2-deoxy-dglucose in DIM-induced rPADs isolated from HFD rabbits.
Treatment in vitro with INT-767 significantly increased
insulin Emax (176.1 ± 27.5%), compared to untreated HFD
(134.0 ± 12.7%, P = 0.028; Fig. 9G).
INT-767 directly acts on differentiating rPAD via
TGR5 stimulation
To evaluate whether INT-767 effects in adipocytes were
mediated by FXR or TGR5, we performed a series of
in vitro experiments in rPADs. Increasing concentrations
(0.3–30 µM) of INT-767 dose-dependently stimulated
cAMP production in rPAD from HFD (Fig. 10A). We next
examined the effect of a 10-day stimulation with 1 µM
INT-767 in HFD rPADs, compared to an equimolar dose
of INT-777 or OCA on genes related to FXR or TGR5
activation. By RT-PCR, we found that INT-767 significantly
upregulated genes related to TGR5 signaling, including
CCND1, CREB1, DIO2, EPAC1 and PKA, reaching levels
similar to those observed with INT-777, (Fig. 10B).
INT-767 increased TGR5 and SHP mRNA expression, even
though the latter did not reach statistical significance
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Figure 9
INT-767 treatment normalizes adipogenic differentiation, lipid droplet remodeling and insulin sensitivity in DIM-induced rPADs. RD, HFD and HFD +
INT-767 3 mg rPADs images were acquired with a Leica DM6000 microscope (magnification 10×) and were analyzed for adipogenic differentiation
(panel A; scale bar = 10 μm). RD, HFD and HFD + INT-767 3 mg rPADs were imaged by confocal microscopy (magnification 63×) for the analysis of lipid
droplets in AdipoRed-stained rPAD cells (panel B; scale bar = 10 µm). AdipoRed-positive cells were counted in at least four fields for each slide and
expressed as percentage of total cells in three independent experiments (panel C). Confocal microscopy images were quantitatively analyzed using
Volocity 5 software to measure volume (µm3; panel D) and number (panel E) of lipid droplets within single cells. At least eight cells/group were analyzed.
Results are reported as mean ± s.e.m. (°P < 0.001 vs RD; *P < 0.05, **P < 0.001, ***P < 0.0001 vs HFD). Panel F reports the effect of in vivo INT-767 treatment
in DIM-induced rPADs on insulin-induced uptake of 3H-2-deoxy-d-glucose after exposure to increasing concentrations of insulin. Results are expressed in
percentage over baseline (no insulin) and are reported as mean ± s.e.m. of four different experiments, each performed in duplicate and using a different
cell preparation per group. The relative EC50 and Emax values are reported in the text (°P < 0.01, °°P < 0.001 HFD vs RD; *P < 0.05, **P < 0.001 HFD + INT-767
3 mg vs HFD). Panel G shows the dose–response curves of radiolabeled 3H-glucose uptake in DIM-treated rPADs after exposure to increasing
concentrations of insulin. Results are expressed as percentage over baseline and are reported as mean ± s.e.m. of four different experiments, each
performed in duplicate and using a different cell preparation per group. The relative EC50 and Emax values are reported in the text (*P < 0.05 vs HFD).
A full colour version of this figure can be found at https://doi.org/10.1530/JOE-17-0557.

(Fig. 10B). OCA significantly increased mRNA expression
of PKA and TGR5 (Fig. 10B). Several genes related to
mitochondrial biogenesis and function (FIS1; mitofusin
1, MFN1; mitofusin 2, MFN2; NDUFB3; NRF1) and
to brown differentiation (LHX8) were increased by
INT-767 (Fig. 10C). The large majority of these genes were
also upregulated by INT-777, but not by OCA (Fig. 10C).
Furthermore, both in vitro treatments with OCA and
INT-767 significantly increased mRNA expression of
GLUT4, STAMP2 and insulin receptor substrate 1 (IRS1) in
rPAD from HFD rabbits, whereas INT-777 showed a milder
effect on these insulin signaling markers (Fig. 10C).
To further ascertain the role of TGR5 activation in
mediating INT-767 effect on rPADs, INT-767 was tested
in vitro with or without the cell-permeable protein kinase
A inhibitor (PKI 14-22 amide, myristoylated, 1 µM) or
forskolin (10 µM). Co-treatment of INT-767 with PKI
significantly blunted all the INT-767-induced effects on
genes related to TGR5 signaling (CREB1; DIO2; PKA) and
mitochondrial function (FIS1; MFN1; MFN2; NDUFB3;
NRF1) (Fig. 10D). Forskolin, as a positive control, could
mimic the effect of INT-767 on the TGR5 downstream
effectors (Fig. 10D).
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UCP1 expression in HFD rPADs (Fig. 10E, F, G
and H) was analyzed with fluorescent microscope
immunocytochemistry after in vitro treatment with
INT-767 1 µM or an equimolar dose of OCA or INT-777.
INT-767 treatment was able to promote significant brown
adipogenesis, expressed as percentage of UCP-1-positive
cells over total cells, compared to untreated rPADs
(P < 0.001; Fig. 10I). Likewise, INT-777 in vitro treatment
also determined a significant UCP1 increase, whereas the
OCA-induced increase did not reach statistical significance
(Fig. 10I). Accordingly, in vitro INT-767 treatment (1 µM)
determined a significant increase, when compared
to untreated HFD rPADs of oxygen consumption
(HFD: 30.83 ± 3.15 nmol O2/mL; HFD + INT-767 1 µM:
69.44 ± 14.74 nmol O2/mL; P < 0.05), as well as a reduction
of ATP formation (HFD: 13.89 ± 0.92 relative light unit
(RLU)/cell number; HFD + INT-767 1 µM: 9.34 ± 0.59
RLU/cell number; P < 0.005).
siRNA in hPADs
siRNA targeting of FXR and TGR5 was evaluated in hPADs
isolated from VAT samples obtained from obese patients
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Figure 10
INT-767 directly acts on differentiating rPAD via
TGR5 stimulation. Panel A shows the effect of the
in vitro treatment with INT-767 on the
intracellular cAMP production in rPADs cells
isolated from the HFD experimental group. The
basal cAMP concentration of untreated
serum-starved cells was taken as control (NT).
Data are expressed as pmol of cAMP per mg of
total proteins and reported as mean ± s.e.m. of
three independent experiments (*P < 0.05,
**P < 0.01 vs NT). Panel B reports the in vitro
effects on TGR5-related genes mRNA expression
by 10-day stimulation with OCA (1 µM), INT-767
(1 µM) or INT-777 (1 µM) of HFD rPADs. Data are
calculated per the 2−ΔΔCt comparative method,
using the 18S ribosomal RNA subunit as reference
gene for normalization and are reported as
fold-change of mRNA expression over untreated
cells. Panel C shows the in vitro effects on mRNA
expression of mitochondria-related genes after
10-day stimulation of HFD rPADs with OCA
(1 µM), INT-767 (1 µM) or INT-777 (1 µM). Panel D
displays the in vitro effects on HFD rPADs
following 18-h stimulation with INT-767 (1 µM) in
the presence or absence of the specific highaffinity PKA inhibitor PKI (10 µM). Forskolin
(10 µM) was used as positive control (°P < 0.05,
°°P < 0.01, °°°P < 0.001 vs untreated; *P < 0.05,
**P < 0.01 vs INT-767 1 µM). Panels E, F, G, H and I
show the effect of OCA, INT-767 and INT-777
treatment for 10 days on UCP-1 expression in
rPADs. Displayed are representative images of
HFD rPADS, left untreated (E) and treated with
OCA (F), INT-767 (G) and INT-777 (H). Panel I
shows the percentage of UCP-1 positive cells
calculated by counting the stained cells in ten
fields per slide of three different experiments
normalized on total cells (DAPI stained) (°P < 0.001
vs untreated; scale bar = 50 µm). A full colour
version of this figure can be found at https://doi.
org/10.1530/JOE-17-0557.

undergoing bariatric surgery, which represent the human
equivalent of the HFD rabbit. Positive controls (GAPDH),
negative controls and target genes (FXR and TGR5) analyses
showed that the experimental procedure was functional
(Fig. 11A, B and C). As readouts for the specific receptors
silencing, we selected markers for TGR5-dependent
mitochondrial activity (FIS1) and brown adipogenesis
(beta-3 adrenergic receptor, ADRB3), and FXR-dependent
insulin signaling (IRS1). Both FIS1 and ADRB3 mRNA
expression, upregulated by INT-767 and INT-777 in vitro
treatment, were significantly reduced by TGR5 silencing,
whereas OCA treatment and FXR silencing did not appear
to modulate these genes expression (Fig. 11D and E).
http://joe.endocrinology-journals.org
https://doi.org/10.1530/JOE-17-0557

© 2018 Society for Endocrinology
Published by Bioscientifica Ltd.
Printed in Great Britain

Similarly, IRS1 expression was upregulated by OCA and
INT-767 in vitro treatment and significantly reduced by
FXR silencing. Accordingly, IRS1 gene expression was
neither induced nor downregulated by INT-777 treatment
and TGR5 silencing, respectively (Fig. 11F).
INT-767 treatment inhibits HFD-induced NASH
As INT-767 treatment improves HFD-induced VAT
alterations and ameliorates several features in
dysfunctional adipocytes, including insulin resistance,
we tested whether in vivo treatment with INT-767 could
improve MetS-associated NASH, the hepatic hallmark of
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Figure 11
FXR and TGR5 silencing in hPADs. Panel A shows the relative mRNA
expression of GAPDH in Control (untreated) cells, positive control (PC;
GAPDH silencing), negative control (NC; non-targeting pool) and after
incubation with transfectant without siRNA, TGR5 siRNA and FXR siRNA
in untreated (NT) or treated (OCA, INT-767, INT-777) hPADs. Panels B and
C show the relative mRNA expression of TGR5 and FXR, respectively.
Panels D, E and F show the relative mRNA expression of FIS1, ADRB3 and
IRS1, respectively, in Control (untreated) cells and after incubation with
transfectant without siRNA, TGR5 siRNA and FXR siRNA in untreated (NT)
or treated (OCA, INT-767, INT-777) hPADs. Experiments were performed
in triplicate using four different hPAD preparations. Data are calculated
per the 2−ΔΔCt comparative method, using the 18S ribosomal RNA subunit
as reference gene for normalization. Results are expressed in fold-change
over Control (untreated) cells and are reported as mean ± s.e.m. on an
arithmetic scale graph. §P < 0.001 vs Control; P < 0.05 vs NT (FXR siRNA);
*P < 0.05, **P < 0.01, ***P < 0.001 vs NT (transfectant); °P < 0.05, °°°P < 0.001
vs OCA (transfectant); ^P < 0.05, ^^P < 0.01, ^^^P < 0.001 vs INT-767
(transfectant); #P < 0.05, ##P < 0.01, ###P < 0.001 vs INT-777 (transfectant).

insulin resistance. Feeding rabbits a HFD for 12 weeks
induced severe histological alterations within the liver
(Fig. 12), including hypoxia (A), fat accumulation (B),
collagen deposition (C) and mononuclear cell infiltrates
(D). In addition, HFD increased type 1 pro-inflammatory
macrophages, as shown by increased staining with
M1 marker IRF5 (Fig. 12E). All these alterations were
significantly counteracted by INT-767 treatment (Fig. 12A,
http://joe.endocrinology-journals.org
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B, C, D and E). HFD treatment also had marked effects on
gene transcripts in liver homogenates (Fig. 5B), inducing
a significant increase of pro-inflammatory genes (IL2; IL6;
TNFA), which was paralleled by a decrease of cluster of
differentiation 206 (CD206) expression, a marker of antiinflammatory M2 macrophages. INT-767 significantly
reduced mRNA expression of all the above mentioned
pro-inflammatory genes, while significantly increasing
the anti-inflammatory ones, including FOXP3 and IL10
(Fig. 5B). Interestingly, INT-767 treatment was also able
to markedly increase the circulating level of the antiinflammatory cytokine IL10 (RD: 16.07 ± 2.26 pg/mL; HFD:
12.88 ± 1.60 pg/mL; HFD + INT-767: 32.50 ± 6.01 pg/mL,
P = 0.007 vs HFD). INT-767 also induced a significant
reduction of hepatic expression of genes related to de
novo fatty acid synthesis (acetyl-CoA carboxylase 1, ACC1;
fatty acid synthase, FAS), while increased those related
to lipid uptake (scavenger receptor B1, SRB1), efflux
(ATP-binding cassette transporter 1, ABCA1), metabolism
(diacylglycerol O-acyltransferase 2, DGAT2; PPARA) and
lipid droplet formation (PLIN1; synaptosomal-associated
protein 23, SNAP23; STX5; VAMP4) (Fig. 5B). Markers of
mitochondrial biogenesis (NRF1; PGC1A; peroxisome
proliferator-activated
receptor
gamma
coactivator
1-beta, PGC1B; TFAM) and function (FIS1; MFN1; MFN2;
dynamin-like protein, OPA1; SDHB; SLC25A12) were
also significantly increased by INT-767. Finally, we
found a significant reduction of the hepatocyte-derived
profibrogenic agent SNAI2 in INT-767-treated rabbits as
compared to HFD (Fig. 5C).
In the liver, INT-767 treatment stimulated the
expression of genes related to insulin signaling, including
IRS1 and STAMP2 (Fig. 5C). Western blot analysis
showed that plasma membrane translocation of GLUT4,
significantly hampered by HFD, was normalized by
INT-767 treatment (Fig. 5D).

Discussion
The limited ability of adipocytes to store and metabolize
excess nutrients is a key element in determining insulin
resistance, leading to ectopic lipid deposition in tissues
such as liver. Feeding rabbits HFD for 12 weeks was
associated with a substantial deterioration of preadipocyte
insulin sensitivity, which was coupled to multiple
mitochondrial ultrastructural and functional alterations
(Maneschi et al. 2016). Mitochondrial morphology and
dynamics are hallmarks of mitochondrial functions (Liesa
& Shirihai 2013). In healthy, dynamic mitochondria,
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Figure 12
INT-767 treatment inhibits NASH development.
Panel A shows the immunohistochemical staining
of hypoxyprobe adducts in liver sections from RD,
HFD and HFD + INT-767 (3 mg/kg) rabbits. RD
optical density was taken as 100% in the
computer-assisted quantitative image analysis of
three independent experiments/group (°P < 0.001,
°°P < 0.0001 vs RD; *P < 0.001 vs HFD). Panel B
displays lipid accumulation in liver sections, as
revealed by Oil Red-O staining. Data are reported
as percentage over RD (°P < 0.05, °°P < 0.01 vs RD;
*P < 0.05 vs HFD). Panel C reports Sirius Red
staining of liver sections. In each section,
Picrosirius red-positive areas were measured in
five non-overlapping randomly chosen fields and
were determined by excluding staining artifacts.
Data are expressed as percentage over RD
(°P < 0.0001 vs RD; *P < 0.05 vs HFD). Panel D shows
representative images from hematoxylin/eosin
staining of liver sections. Arrows indicate
mononuclear cell infiltrates (CV, centrolobular
vein). Panel E displays the immunohistochemical
localization of IRF5 (M1 macrophage marker),
whose positivity is quantified and expressed as
fold-change over RD (°P < 0.01, °°P < 0.001 vs RD;
*P < 0.01 vs HFD). All images are representative of
those obtained in at least three rabbits/group
(scale bar = 100 µM). A full colour version of this
figure can be found at https://doi.org/10.1530/
JOE-17-0557.

the inner membrane is characterized by abundant cristae
that provide a higher surface area, allowing for a greater
buffering of reactive oxygen species, in concert with the
endoplasmic reticulum (Newmeyer & Ferguson-Miller
2003). Accordingly, mitochondria in rPADs from HFD
rabbits were small, immobile and highly fragmented, with
loss of mitochondrial cristae and increased superoxide
formation. In vivo INT-767 treatment improved these
mitochondrial alterations in rPADs, coupled with a
reduced superoxide content and ATP synthesis and
increased oxygen consumption. These mitochondrial
functional improvements were associated with increased
UCP1 expression induced by INT-767.
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Lipid droplet remodeling was also markedly improved
by in vivo INT-767 treatment. Lipid droplets closely interact
with the endoplasmic reticulum and the mitochondria
(Aon et al. 2014), and shield other cell organelles from the
potential lipotoxicity of fatty acids (Nguyen et al. 2017),
representing an efficient way to maintain ROS within
levels compatible with signaling while ensuring energy
supply as well as insulin sensitivity (Kelley et al. 2002,
Bach et al. 2003, Toledo et al. 2006, Gao et al. 2010, Mason
& Watt 2015). In line with this view, in vivo exposure
to INT-767 not only improved mitochondrial function
and lipid droplets handling but also normalized insulin
sensitivity in preadipocytes.
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A striking finding of this study is that in rPADs from
INT-767-treated rabbits, the expression of genes related
to brown adipogenesis and cGMP signaling, a pathway
playing a pivotal role in adipocyte remodeling toward
a brown phenotype (Haas et al. 2009, Mitschke et al.
2013, Hoffmann et al. 2015, Maneschi et al. 2016), was
significantly upregulated, compared to rPADs from HFD
animals. This was accompanied by a marked reduction
of white adipogenesis-related markers and an increase of
mitochondrial biogenesis and function markers. These
results indicate an overall improved metabolism and/or
a direct effect on adipocytes of in vivo INT-767 treatment.
Interestingly, the gut-restriced FXR agonist fexaramine
(Fex) induces enteric FGF15 in mice with diet-induced
obesity, without activating FXR target genes in the liver
(Fang et al. 2015). Fex promotes metabolic improvements,
with reduction of diet-induced weight gain, bodywide inflammation and hepatic glucose production,
while enhancing thermogenesis and browning of white
adipose tissue (Fang et al. 2015). These results suggest
that gut-restricted FXR activation also might contribute
to the overall improvement of metabolic alterations.
Interestingly, we found that both FXR and TGR5 were
highly expressed in intestine.
Therefore, in order to try to elucidate whether
INT-767 could directly act on adipose tissue, we performed
a series of in vitro experiments. Exposure of rPADs from HFD
animals to INT-767 for 10 days induced UCP1 expression
and oxygen consumption, which were associated
with reduction of ATP formation. The UCP1-induced
higher respiration and the uncoupling of the oxidative
phosphorylation process results in dissipation of oxidation
energy as heat (Rousset et al. 2004). These observations are
well in line with the currently accepted model wherein
regulation of UCP1 coupled with a reduction of ATP serves
as a central point of brown adipogenesis (Klingenspor et al.
2017, Fromme et al. 2018). Accordingly, in INT-767-treated
cells, a substantial increase in the mRNA expression
of NRF1 was also observed. NRF1 is considered as a
major player for UCP1 expression and BAT thermogenic
function (Bartelt et al. 2018). INT-767 also induced genes
related to mitochondrial biogenesis and function. In these
experiments, INT-767 behaves mainly as a TGR5 agonist,
directly activating the cAMP/PKA pathway. These effects
of INT-767 were mimicked by an equimolar concentration
of the selective TGR5 agonist, INT-777, and by the direct
PKA activator, forskolin, while abrogated by the selective
PKA inhibitor, PKI. This conclusion is also supported
by the finding that INT-767 induced dose-dependently
cAMP production and, moreover, both in vitro and
http://joe.endocrinology-journals.org
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in vivo INT-767 treatments induced in rPADs the expression
of TGR5-dependent genes. Our findings are consistent
with the recent observation that another dual FXR/TGR5
agonist could promote in vitro trans-differentiation of
murine 3T3-L1 preadipocytes into a beige phenotype
by increasing intracellular cAMP (Carino et al. 2017).
TGR5 is generally implicated in the induction of energy
expenditure in BAT, reducing in mice diet-induced obesity
and insulin resistance (Watanabe et al. 2006). Treatment
of human brown adipocytes with BAs or TGR5 agonists
(INT-777) significantly enhances energy expenditure and
mitochondrial respiration through an UCP1-dependent
mechanism (Broeders et al. 2015).
The observed changes in mitochondria and lipid
droplets features, along with the modulation of the gene
expression profile, indicate that INT-767 could reshape
VAT by promoting, mostly through TGR5 activation,
a differentiation program of preadipocytes toward a
brown phenotype, leading to metabolically healthier
mitochondria. Accordingly, we detected an induction
of UCP1 in VAT homogenates derived from in vivo
INT-767-treated rabbits, compared to untreated HFD.
Several genes related to mitochondriogenesis, proliferation
and browning were also increased in VAT homogenates
from INT-767-treated rabbits, compared to HFD. These
effects were accompanied by increased mRNA expression
of lipid droplet genes and PPARA, a potent regulator of
differentiation, fatty acid oxidation and insulin-stimulated
glucose uptake (Goto et al. 2011). In VAT, INT-767
treatment also normalized insulin-regulated membrane
translocation of GLUT4 (Govers 2014) and RhoA (Kanda
et al. 2006) and increased expression of STAMP2 (Wellen
et al. 2007). Accordingly, in vitro treatment with INT-767 in
rPADs significantly upregulated the expression of GLUT4,
STAMP2 and IRS1. These in vitro effects, mimicked by OCA
but not by INT-777, indicate that FXR activation mostly
contributed to improved insulin signaling by INT-767.
The use of rabbits as experimental models presents
some limitations. Specifically, this model is unsuitable for
knockdown studies, as gene disruptions are difficult to
achieve in rabbits (Kawano & Honda 2017). In particular,
in vitro silencing of FXR/TGR5 in rabbit PADs is not
possible with the currently available commercial tools for
silencing. One possible approach could be represented
by the use of the CRISPR/Cas9 technology, in order to
further clarify the specific contribution of each receptor.
Meanwhile, we decided to carry out siRNA silencing
experiments on human PADs isolated from obese subjects
undergoing bariatric surgery, which represent the human
equivalent of the HFD rabbit. We demonstrated that FXR
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silencing downregulated IRS1 mRNA expression, readout
of FXR-induced insulin sensitivity. Likewise, siRNA
directed toward TGR5 caused a marked reduction in FIS1
and ADRB3 mRNA expression, respectively markers of
mitochondrial biogenesis and brown adipogenesis.
In vivo INT-767 dosing in HFD rabbits also prevented
other features related to insulin insensitivity, such as
adipocytes hypertrophy and hypoxia. We found that FXR
was highly expressed not only in adipocytes but also in
endothelial cells of the VAT vascular network. Increasing
evidence supports a role for FXR in the process of vascular
remodeling, in part through an effect on endothelial
cells (He et al. 2006, Li et al. 2009, Hageman et al. 2010,
Miyazaki-Anzai et al. 2010, Vignozzi et al. 2017). Therefore,
a FXR-dependent activity of INT-767 on a cellular target
different from adipocytes (i.e. endothelial cells) in VAT
should be further investigated.
Overall, our results suggest that INT-767 exerts two
distinct actions in VAT, promoting a TGR5-mediated
browning program and a FXR-mediated improved insulin
signaling. Nevertheless, it should be noticed that in vitro
treatment with OCA in rPADs was also able to induce the
expression of TGR5 and its downstream effector PKA.
Similarly, in vivo administration of OCA upregulated not
only the expression of SHP but also of the expression of
TGR5 in VAT. Accordingly, a recent study identifies TGR5
as a FXR target gene due to the putative FXR-responsive
element localized in the TGR5 promoter (Pathak et al.
2017), thus suggesting an intimate cross-talk between FXR
and TGR5 signaling.
The selective activation of FXR, using OCA, was shown
to reduce VAT mass, while improving insulin signaling
in rPADs. However, our findings indicate that INT-767
is more potent than OCA on preadipocytes, not only
improving their insulin sensitivity but also promoting
browning differentiation.
Our results also point toward positive systemic effects
of INT-767 treatment in MetS rabbits. Accordingly, NASH
features were markedly reduced in HFD rabbits treated
with INT-767, showing significantly decreased hepatic
inflammation, steatosis, fibrosis and hypoxia. INT-767
effectively modulated the mRNA expression of several
mediators of hepatic cholesterol uptake and metabolism
and lipid droplet-associated genes. Overall, these data
indicate potential molecular mechanisms underlying the
protective effect of INT-767 from hepatic lipotoxicity.
INT-767 treatment also induced hepatic expression of
genes related to mitochondria biogenesis and function,
and increased expression of PPARA. This finding is
relevant, because the coordinated interplay between FXR
http://joe.endocrinology-journals.org
https://doi.org/10.1530/JOE-17-0557

© 2018 Society for Endocrinology
Published by Bioscientifica Ltd.
Printed in Great Britain

INT-767 prevents metabolic
syndrome features

238:2

124

and PPARA controls key hepatic metabolic pathways,
including fatty acid and glucose metabolism (Preidis et al.
2017).
Hepatic steatosis per se could trigger the development
of hepatic insulin resistance and inflammation (Petersen
& Shulman 2017). Supporting this view, INT-767 increased
translocation to the plasma membrane of the insulindependent GLUT4, accompanied by upregulation of IRS1
and STAMP2, whose overexpression improves hepatic
steatosis and insulin resistance in NAFLD (Kim et al. 2015).
Consistent with previous results obtained in a mouse
model of NASH (McMahan et al. 2013), INT-767 also
counteracts HFD-induced liver inflammation as testified
by a shift toward an anti-inflammatory macrophage M2
phenotype, which also promotes hepatic fibrosis regression
(Krenkel & Tacke 2017, Tacke 2017). In addition, INT-767
treatment reduces liver ﬁbrosis and down-regulates mRNA
expression of SNAI2, a key profibrotic transcription factor
(Wynn & Ramalingam 2012).
Confirming the results obtained in VAT, analysis of
the expression of FXR- and TGR5-related genes in the
liver indicates that INT-767 behaves as a dual FXR/TGR5
agonist. INT-767 increased the hepatic expression of
canonical TGR5 and FXR target genes, while decreasing
CYP7A1 expression. In addition, INT-767 treatment
stimulates the FXR-dependent FGF19 signaling not only
in the liver but also in the intestine. Interestingly, INT-767
also upregulates the intestinal expression of the TGR5dependent PCSK1, an enzyme involved in the biosynthetic
processing of GLP-1 (Dhanvantari et al. 2001). Therefore,
the relative contribution of FXR and TGR5 activation via
the small intestine on the general improvement of HFDinduced metabolic alterations could not be excluded.
Further studies aimed at investigating more deeply the
specific actions of FXR/TGR5 agonists on FGF19 signaling
are most certainly warranted.
In summary, our study demonstrates that INT-767,
a dual FXR and TGR5 agonist, reverses insulin resistance,
hypercholesterolemia, VAT dysfunction and NASH,
protecting rabbits from HFD-induced MetS. These
beneficial effects of INT-767 were due, at least in part, to
a direct effect on differentiating preadipocytes. Our data
point toward rPADs metabolic rewiring promoted by
INT-767, mainly through an FXR-dependent increase of
insulin sensitivity and a TGR5-dependent improvement
of mitochondrial function and browning differentiation.
Indeed, INT-767, as a dual and potent agonist for FXR
and TGR5, is able to induce beneficial effects related to
both the single receptors. However, other non-mutually
exclusive mechanisms may cooperate to improve the
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metabolic phenotype. Activation of FXR and TGR5 in the
liver could, per se, explain the protective effects against
NASH exerted by INT-767 treatment. Additionally, the
effects of INT-767 on the FXR-dependent FGF19 and/or
the TGR5-dependent proconvertase in intestine raise the
obvious possibility that one or both these intestinal factors
may contribute to the improved metabolic phenotype.
In conclusion, we provide evidence that INT-767
exerts remarkable pleiotropic effects in MetS, reflected
by improved insulin sensitivity, enhanced mitochondrial
function, inhibition of NASH development and
amelioration of adipose tissue functions, leading to
preadipocyte differentiation toward a metabolically
healthy phenotype.

Supplementary data
This is linked to the online version of the paper at https://doi.org/10.1530/
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