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Farnesoid X receptor agonist decreases lipid accumulation
by promoting hepatic fatty acid oxidation in db/db mice
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Abstract. The development of type-2 diabetes and its
complications is associated with lipid metabolism disorder.
Farnesoid X receptor (FXR) has an important role in
regulating lipid and glucose metabolism. However, the
underlying mechanism of this remains unclear. The present
study investigated the role of fexaramine (Fex), an FXR
agonist, on lipid metabolism. For this purpose, 6-week-old
db/db mice were treated with Fex for 8 weeks via oral
gavage and db/db mice treated with corn oil were used as
controls. Body weight and food intake were monitored daily
and bi-weekly, respectively. A glucose tolerance test was
performed during the final week of feeding. Blood samples
were obtained for the analysis of lipids and enzymes related
to hepatic function, and liver tissues were analyzed by
histology and molecular examination. The results indicated
that serum and liver triglyceride levels were decreased
in db/db mice administered with Fex. Fewer small lipid
droplets were observed in the liver. Small heterodimer
partner (SHP), a downstream gene of FXR, was upregulated
following Fex treatment. The mRNA and protein expres-
sion of genes associated with fatty acid oxidation [acetyl
coenzyme A carboxylase (ACC), carnitine palmitoyl trans-
ferase la (CPT1-a) and peroxisome proliferator-activated
receptor-coactivator-1a] was also increased. Additionally,
the expression of AMP-activated protein kinase (AMPK) was
also increased. However, the expression of sterol-regulatory
element binding protein-lc and fatty acid synthase, which
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are associated with fatty acid synthesis, was not signifi-
cantly different. Taken together, the results of the present
study suggested that activation of FXR and its downstream
gene SHP may induce the AMPK-ACC-CPTI-a signaling
pathway, which promotes fatty acids oxidation, ultimately
achieving its lipid-lowering effect.

Introduction

The prevalence of diabetes has been increasing in recent
decades (1). Additionally, insulin resistance (IR) has been
demonstrated to serve a crucial function in the development of
type-2 diabetes mellitus (2). Fabbrini et al (3) recently reported
that hepatic fatty acid metabolism disorder was associated
with IR, and decreasing liver triglyceride (TG) accumulation
in obese animals was associated with improved insulin sensi-
tivity (4), strengthening the association between hepatic fatty
acid metabolism and IR.

Farnesoid X receptor (FXR) is a member of the nuclear
hormone receptor superfamily (5), which controls bile acid
(BA) synthesis and transport, as well as lipid metabolism,
through actions on the liver and intestines (6). In addition,
Duran-Sandoval et al (7) using FXR knockout (KO) mice have
identified a critical role of FXR in peripheral insulin signaling
and hepatic glucose metabolism. FXR KO mice display
glucose intolerance and insulin insensitivity; activation of
FXR with the GW4064 agonist, or with a virus overexpressing
a constitutively active form of FXR in the liver; lowered blood
glucose levels in both db/db and wild-type mice by repressing
gluconeogenic genes in the liver; and activating hepatic
glycogen synthesis (8,9). However, the underlying mechanisms
through which FXR alters hepatic fatty acid metabolism
remain undetermined.

Fexaramine (Fex) is a selective agonist of FXR. It is a
non-BA synthetic activator with marked selectivity for FXR
over other BA receptors, including pregnane X receptor,
constitutive androstane receptor, and vitamin D receptor (10).
In the present study, db/db mice were treated with Fex, in
order to evaluate the regulatory effects of activation of FXR
on hepatic glucose and fatty acid metabolism, and to elucidate
the mechanisms of this.


https://www.spandidos-publications.com/10.3892/ijmm.2018.3715
https://www.spandidos-publications.com/10.3892/ijmm.2018.3715

1724

Materials and methods

Animal models. Male db/db mice (n=20; age, 5 weeks; weight,
18-23 g) were purchased from the Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China).
Mice (n=5/cage) were maintained at a constant temperature
(23+£2°C) and humidity (50+10%) in a 12-h light/dark cycle.
Mice had ad libitum access to standard chow (consisting
of 10% fat, 70% carbohydrate and 20% protein) and water.
Following one week of acclimatization, mice were randomly
divided into two experimental groups (n=10/group): Fex
group and control (Con) group. The Fex group was admin-
istered 50 mg/kg body weight Fex [in corn oil, as detailed
by Fang er al (11); MedchemExpress, Monmouth Junction,
NIJ, USA] by gavage daily for 8 weeks, whereas the control
group received corn oil. A glucose tolerance test (GTT) was
performed during the final week of feeding as described
below. All experiments involving animals were performed
according to the procedures approved by the Institutional
Animal Care and Use Committee of the Institute of Zoology,
Hebei General Hospital (Shijiazhuang, China). The mice were
euthanized via cervical dislocation.

Biological assays. The body weight of each mouse was
recorded every day; the quantity of food consumed by
each cage was recorded twice a week, and the mean food
consumption per mouse was calculated. Following the
experimental period, the animals were fasted overnight and
sacrificed. Liver tissue was surgically removed from each
mouse, weighed, snap frozen in liquid nitrogen, and stored
at -80°C for future analysis. Blood samples were collected
from the orbital vein for the measurement of serum indexes.
Blood glucose levels were measured using an Accuchek
Active Meter (Roche Applied Science, Penzberg, Germany)
according to the manufacturer's instructions. Enzyme kits
were used to measure the total cholesterol (TC; A110-1),
TG (A111-1), free fatty acid (FFA; A042-2; all from Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), aspar-
tate aminotransferase (AST) and alanine aminotransferase
(ALT) (both from Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany).

Intraperitoneal (i.p.) GTT and serum insulin. Following
8 weeks of treatment, mice were subjected to an i.p. GTT.
Mice received i.p. injection of 2 g/kg glucose following 12 h
fasting. Glucose levels were measured from blood collected
from the tail using an Accuchek Active Meter immediately
prior to and 15, 30, 60 and 120 min following i.p. glucose
injection. For insulin, serum was prepared from blood by
centrifugation (at 2,000 x g for 10 min at 37°C), and measured
with insulin ELISA kits (ALPCO Diagnostics, Salem, NH,
USA), according to the manufacturer's guidelines.

Assay of TG in liver tissue. Liver TG content was measured as
follows: Liver samples were weighed and homogenized with
anhydrous ethanol (1 g; 9 ml) and centrifuged at 1,400 x g
for 10 min at 4°C. The supernatant was collected to deter-
mine the total amount of tissue lipids, using the ELISA kit
according to the manufacturer's protocol (Nanjing Jiancheng
Bioengineering Institute).
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Hematoxylin and eosin (H&E) staining and Oil-Red-O
staining. Liver samples were collected from mice following
8 weeks of treatment. Samples were frozen and cut into 5-mm
sections. The sliced sections were treated with H&E and also
stained with Oil Red O using a light micoscope as previously
described (12).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was isolated from liver tissue using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The mRNA concentration was quantified using a
Nano Drop spectrophotometer (Thermo Fisher Scientific, Inc.).
The diluted mRNA (0.5 mg/ml) was reverse-transcribed using
the Total RevertAid First Strand cDNA synthesis kit (Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocol, and the gene expression levels were determined on
ABI 7300 Real-Time PCR System (Applied Biosystems, USA)
using the Syber Green I Go Taqgs Qpcr Detection kit (Tiangen
Biotech Co., Ltd., Bejing, China) and normalized to GAPDH
expression using the 2244 method (13). The standard cycling
conditions were as follows: 95°C for 3 min, followed by
40 cycles at 95°C for 5 sec, 60°C for 10 sec and 72°C for 15 sec.
The primer sequences for each gene are listed in Table I.

Western blotting. The nuclear, cytosolic and membrane
fractions were extracted from liver tissue as previously
described (14). To obtain total proteins, liver tissues from
the mice were lysed in a buffer containing 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS and
1 mM phenylmethylsulfonyl fluoride. The protein concentra-
tion was measured using a bicinchoninic acid assay method
(Beijing Solarbio Science and Technology, Beijing, China).
Lysates of 10-15 ug protein were separated by 10% SDS-PAGE
gel, transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA), blocked with 5%
skimmed dry milk at room temperature for 1 h, and probed
with primary antibodies at 4°C overnight. Antibodies against
FXR (ab129089, anti-rabbit; 1:1,000), small heterodimer
partner (SHP; ab32559, anti-rabbit; 1:1,000), AMP-activated
protein kinase (AMPK; ab32047, anti-rabbit; 1:1,000), phos-
phorylated (p)-AMPK (ab133448, anti-rabbit; 1:1,000), acetyl
coenzyme A carboxylase (ACC; ab45174, anti-rabbit; 1:2,000),
p-ACC (ab169768, anti-rabbit; 1:1,000), carnitine palmitoyl
transferase la (CPT1-a; ab128568, anti-mouse; 1:800), peroxi-
some proliferator-activated receptor-coactivator-la (PGC-1a;
ab54481, anti-rabbit; 1:1,000), sterol-regulatory element
binding protein (SREBP)-1c (ab28481, anti-rabbit; 1:800) and
fatty acid synthase (Fas; ab82419, anti-rabbit; 1:1,000) were
all purchased from Abcam (Cambridge, UK). The blots were
subsequently incubated with horseradish peroxidase-conju-
gated secondary antibodies, the secondary antibodies used
were peroxidase-conjugated rabbit (sc2031) or mouse (sc2032)
antibodies (1:10,000; both from GE Healthcare Bio-Sciences,
Pittsburgh, PA, USA) followed by detection via enhanced
chemiluminescence (sc2048; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). The protein bands were quantified by
densitometry using ImagelJ software (version 1.51k; National
Institutes of Health, Bethesda, MD, USA). Normalization was
performed by blotting the same samples with an antibody
against GAPDH (ab5448]1, anti-rabbit; 1:10,000; Abcam).
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Figure 1. Comparison of (A) body weight, (B) weight gain, (C) food intake, (D) body weight growth (from the beginning of the intervention to the end), (E) AST
and ALT, (F) liver weight, and (G) the ratio of liver weight to body weight between the Con and Fex groups following 8 weeks of treatment. Data are presented
as the mean + or + standard error of the mean, (n=10). “P<0.05 vs. Con group. AST, aspartate aminotransferase; ALT, alanine aminotransferase; Con, control;

Fex, fexaramine.

Statistical analysis. All data are presented as the
mean * standard error of the mean. Student's t-test was
performed for comparisons between two groups. SPSS
version 21.0 software (IBM Corp., Armonk, NY, USA) was
used for the statistical analysis. P<0.05 was considered to
indicate a statistically significant difference.

Results

Body weight and weight gain decreases significantly with
fexaramine treatment in db/db mice. Following 8 weeks
of treatment, mice in the Fex group exhibited a significant
decrease in body weight and weight gain compared with the
Con group, whereas there was no significant difference in
mean food intake per day between the two groups (Fig. 1A-D).
In order to exclude the idea that the lower body weight did not
result from the pathological effects of Fex, ALT and AST levels
in the serum were also detected, and the results indicated that
there was no statistically significant difference in ALT and
AST levels between the Con and Fex groups (Fig. 1E). This
indicated that the reduction in body weight was a result of Fex
and was independent of food intake and the pathological effect
of Fex on the liver.

To further investigate the effects of Fex on liver weight,
liver weight was also recorded. There were no significant
differences in the liver weight or the liver/body weight ratio
between the Fex group and the Con group at the end of the
experiment (Fig. 1F and G).

Effects of Fex on blood glucose, serum insulin and insulin
sensitivity. To determine the effects of Fex on blood glucose
and insulin, fasting blood glucose and serum insulin were
measured, and the results indicated that both fasting blood
glucose and serum insulin were not significantly different
between the two groups (Fig. 2A and B); the authors speculate
that this was likely due to the short intervention time of Fex.
To test whether Fex improved insulin sensitivity, an i.p. GTT
was performed following 8 weeks of Fex treatment. I.p. GTT
indicated significantly reduced blood glucose levels following
glucose loading at 15 min in the Fex group, whereas glucose
levelsat0,30,60 and 120 min did not significantly differ between
the two groups (Fig. 2C). The area under the curve (AUC) was
then calculated. In accordance with the above results, the AUC
of the Fex group was markedly lower than that of the Con
group (Fig. 2D), thus suggesting improved insulin sensitivity
with Fex treatment.
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Figure 2. (A) Blood glucose and (B) insulin level at the end of intervention. (C) An intraperitoneal glucose tolerance test was performed following 8 weeks of
treatment and (D) the AUC was calculated. Data are presented as the mean + standard error of the mean, (n=10). "P<0.05 vs. Con group. AUC, area under the

curve; Con, control; Fex, fexaramine.

Table I. Primers used for gene expression analysis.

Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
GAPDH ACCCAGAAGACTGTGGATGG GGAGACAACCTGGTCCTCAG

FXR GCCATCAAGGACGTCAGCA CTTCCTCCGAGTAGCGAATCAG
SHP CGATCCTCTTCAACCCAGATG AGGGCTCCAAGACTTCACACA
AMPK ATCCAAACACCAAGGCGT TTCCATTCATAGTCCAACTGCT
CPT1-a CGCACGGAAGGAAAATG TGTGCCCAATATTCCTGG

PGC-1a ACCAAACCCACAGAGAACAG GGGTCAGAGGAAGAGATAAAGTTG
ACC TGACAGACTGATCGCAGAGAAAG TGGAGAGCCCCACACACA
SREBP-1c GGAGCCATGGATTGCACATT GCTTCCAGAGAGGAGGCCAG

Fas GCTGCGGAAACTTCAGGAAAT AGAGACGTGTCACTCCTGGACTT

FXR, farnesoid X receptor; SHP, small heterodimer partner; AMPK, AMP-activated protein kinase; CPT1-a, carnitine palmitoyl transferase
la; PGC-1a, peroxisome proliferator-activated receptor-coactivator-1a; ACC, acetyl coenzyme A carboxylase; SREBP-1c, sterol-regulatory

element binding protein-1c; Fas, fatty acid synthase.

Improved liver and serum lipid profile in Fex-treated mice.
Following 8 weeks of treatment with Fex, serum and liver TG
levels were significantly decreased in the Fex group compared
with the Con group (Fig. 3A and B). Serum TC in the Fex
group exhibited no significant difference compared with the
Con group (Fig. 3C). Serum FFA was significantly decreased
in the Fex group, compared with controls (Fig. 3D). As revealed
by H&E staining, the number and size of lipid droplets in the

livers of the mice treated with Fex were also markedly reduced
(Fig. 3E and F).

Effect of Fex on genes associated with hepatic fatty acid
metabolism. RT-qPCR and western blotting were used to
measure the mRNA and protein expression level, respectively,
of certain genes associated with fatty acid metabolism in the
livers of mice treated with or without Fex. Both mRNA and
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Figure 3. Effect of Fex on (A) serum TG, (B) hepatic TG, and serum (C) TC and (D) FFA following 8 weeks of treatment. Effect of Fex on liver lipid generation
assessed via (E) hematoxylin and eosin, and (F) Oil-Red-O staining (original magnification, x400). Data are presented as the mean + standard error of the
mean, (n=10). "P<0.05 vs. Con group. Fex, fexaramine; TG, triglycerides; TC, total cholesterol; FFA, free fatty acids; Con, control.
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Figure 4. (A) The mRNA expression levels of FXR and SHP in the liver.
The protein expression levels of (B) FXR and (C) SHP as calculated via
densitometric analysis of (D) western blotting. Data are presented as the
mean + standard error of the mean, (n=5). "P<0.05 vs. Con group. FXR,
farnesoid X receptor; SHP, small heterodimer partner; Con, control; Fex,
fexaramine.

protein expression levels of FXR were significantly higher in
the livers of the Fex group than in the Con group, and SHP, a
downstream gene of FXR exhibited a similar change (Fig. 4),
which indicated that Fex can activate hepatic FXR signaling.
Lipogenesis and fatty acid oxidation are two key metabolic
pathways that regulate hepatic triacylglycerol metabolism (15).
The protein and mRNA expression levels of the genes asso-
ciated with these two pathways were evaluated. The mRNA
expression levels of AMPK, CPT1-a and PGC-1a and protein
expression of p-AMPK/AMPK, p-ACC, CPT1-a and PGC-1a,
which are associated with fatty acid oxidation, were signifi-
cantly increased by Fex treatment, whereas the total ACC
did not markedly differ between the two groups (Fig. 5).
SREBP-I1c and Fas, which were associated with lipogenesis,
did not significantly differ between the two groups both in
mRNA and protein levels (Fig. 6). These results indicated that
hepatic FXR signaling can reduce serum lipid, probably by
activating fatty acid oxidation.

Discussion

A previous study demonstrated that Fex could protect against
diet-induced weight gain (11). Ryan et al (6) had demonstrated
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Figure 5. Effect of Fex on fatty acid oxidation in the liver. (A) The mRNA expression levels of AMPK, CPTI-a and PGC-1la. (B-E) The protein expression
levels of p-AMPK/AMPK, p-ACC/ACC, CPT1-a and PGC-lo were examined by western blotting and densitometric analysis of protein expression. Data
are presented as the mean + standard error of the mean, (n=5). "P<0.05 vs. Con group. Fex, fexaramine; AMPK, AMP-activated protein kinase; ACC, acetyl
coenzyme A carboxylase; CPT1-a, carnitine palmitoyl transferase la; PGC-1a, peroxisome proliferator-activated receptor-coactivator-1a; p-, phosphorylated;
Con, control.
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Figure 6. Effect of Fex on lipogenesis in the liver. (A) The mRNA expression levels of SREBP-1c and Fas. (B and C) The protein expression levels of SREBP-1c
and Fas were examined by western blotting and densitometric analysis of protein expression. Data are presented as the mean + standard error of the mean,
(n=5). Fex, fexaramine; SREBP-Ic, sterol-regulatory element binding protein-1c; Fas, fatty acid synthase; Con, control.

that the impact of vertical sleeve gastrectomy on body weight  suggesting an association between FXR and body weight. In
and glucose tolerance appeared lesser in FXR deficient mice, the present study, it was demonstrated that mice fed with Fex
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exhibited a significant decrease in body weight and weight
gain compared with the Con group, and the change was inde-
pendent of food intake and the pathological effect of Fex on
the liver.

Hepatic steatosis is closely associated with liver weight and
de Oliveira et al (16) previously demonstrated that a high-fat
diet can result in significant body weight gain in C57BL mice.
The current study revealed that Fex intervention for 8 weeks
could significantly reduce body weight compared with the
animals of the model group. However, there was no signifi-
cant difference in the liver weight and liver/body weight ratio
between the Fex group and the Con group animals in the
present study. The db/db mouse is a diabetes animal model
associated with leptin deficiency, and does not require a
high-fat diet (17); therefore, the liver weight and steatosis is not
very clear compared with the high-fat diet-induced model. In
the present study, db/db mice were used as a diabetes animal
model, which may be the main reason why liver weight was
not changed by Fex intervention. Another reason for this result
may be the short duration of the drug intervention; it may be
speculated that a long term Fex treatment for 12 weeks might
induce more notable changes in db/db mice.

In diabetic animals, FXR expression is diminished,
suggesting a link between FXR and glucose metabolism (18).
Accordingly, it has been demonstrated that FXR activation
in db/db mice could alleviate hyperglycemia, enhancing
insulin response (8). Consistently, mice with FXR deficiency
displayed peripheral insulin resistance and defects in their
glucose disposal rate (19). In the current study, Fex was used,
an FXR-specific agonist to activate FXR in the liver, and
demonstrated that activation of FXR could result in both
hypoglycemia and an improvement in insulin sensitivity. The
effects of Fex treatment, such as hypoglycemia and improved
insulin sensitivity, can be illustrated by the decreased blood
glucose levels following glucose loading in 15 min, and the
AUC in the Fex group. However, fasting blood glucose and
serum insulin did not differ significantly between the two
groups; therefore, the reason for this phenomenon requires
further study to be elucidated.

Lambert er al (20) used FXR KO mice to verify the func-
tional role of FXR. They demonstrated that FXR KO mice
exhibited higher serum levels of BA, TG and FFAs in close
association with increased high-density lipoprotein choles-
terol and lipoprotein lipase activity. Furthermore, another
study demonstrated that FXR KO mice are characterized by
elevated plasma bile salt, TG and cholesterol levels, as well as
increased hepatic TG and cholesterol levels (21). These find-
ings all demonstrated that there is a close association between
FXR and lipid metabolism. In the present study, it was demon-
strated that TG levels in the serum and liver of mice gavaged
with Fex were significantly decreased, and lipid droplets in
the liver also appeared to be reduced in both number and
size. Based on these findings, it was speculated that activation
of FXR exerted an effect of lowering TG levels in both the
plasma and the liver.

AMPK has a central role in controlling lipid metabo-
lism through modulating the downstream ACC and
carnitine palmitoyl transferase 1 (CPT1) pathway (22). The
phosphorylation of ACC at Ser79 by AMPK leads to the inac-
tivation of ACC (23), and the level of Ser79 phosphorylation

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 42: 1723-1731, 2018

1729

is commonly used as an in-vivo measure of AMPK signaling
in response to various stimuli (24). CPT1 catalyzes the first
rate-limiting step in the § oxidation of long-chain fatty acids
in mitochondria and it can be inhibited by unphosphorylated
ACC (25). There are three isoforms of CPT1: CPT1a, CPTI1
and CPTlc. Of the three isoforms of CPT1, only CPTla
localizes in the mitochondria (26). AMPK extracellular
signaling is the regulated kinase pathway downstream of
FXR (27). AMPK activity was determined by measuring
the phosphorylation level of the AMPKa subunit at Thrl72,
which reflects the activation of AMPK (28). A previous study
also demonstrated that FXR can upregulate the expression
of SHP (29). In the current study, it was demonstrated that,
upon FXR activation, SHP expression was upregulated, and
the expression of p-AMPK/AMPK, ACC and CPTla was
increased, which induces fatty acid  oxidation, thereby
improving lipid metabolism. Based on the aforementioned
results, it was hypothesized that FXR may induce fatty acid 3
oxidation through the AMPK-ACC-CPTla pathway.

PGC-1la is a transcription co-factor that interacts with
numerous transcription factors, and has been demonstrated
to be a potent activator of mitochondrial biogenesis and fatty
acid oxidation (30). Hepatic PGC-1a protein expression and
transcriptional activation of mitochondrial biogenesis have
been reported to be lower in a rodent model with hepatic
steatosis (31). Furthermore, an elevation in hepatic PGC-1a
expression results in increased mitochondrial content and/or
function, increased complete fatty acid oxidation and TCA
cycle flux, and reduced hepatic triacylglycerol content and
secretion (32). Therefore, it was further investigated whether
PGC-1la mediates the lipid-lowering effect of FXR. The
results demonstrated that PGC-1a was significantly increased
by Fex treatment, which indicated that FXR may increase the
expression of PGC-la in the liver to exert a lipid-lowering
effect.

Previous studies have reported that activation of FXR
lowers plasma triglyceride levels by a mechanism that involves
the repression of hepatic SREBP-1c expression (33,34).
However, Matsukuma et al (35) reported that although acti-
vation of FXR represses SREBP-1c expression, activation of
FXR does not suppress SREBP-1c target genes, including fatty
acid synthase. In the current study, it was demonstrated that
the relative protein expression of both SREBP-1c and Fas did
not significantly differ between the Fex group and the Con
group, and the inconsistencies of these studies require further
investigation.

In conclusion, the present study indicated that db/db mice
treated with Fex exhibited lower TG and FFA levels and
improved lipid metabolism, and this may be achieved via
sequential events involving the activation of FXR by Fex,
and activation of the FXR downstream signaling pathway,
AMPK-ACC-CPTla, which results in increase of fatty acid
[ oxidation, ultimately achieving lipid-lowering effects. These
findings may provide a mechanistic basis for targeting FXR
as a potential therapeutic strategy to combat dyslipidemia in
diabetic patients.
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