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GW4064 attenuates lipopolysaccharide‑induced hepatic
inflammation and apoptosis through inhibition of the
Toll‑like receptor 4‑mediated p38 mitogen‑activated
protein kinase signaling pathway in mice
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Abstract. Liver injury is associated with devastating consequences caused by inflammation and apoptosis. The farnesoid
X receptor (FXR) is a nuclear receptor that has an essential role
in hepatoprotection by maintaining the homeostasis of liver
metabolism. The present study investigated the capacity of the
FXR agonist GW4064 to protect the livers of mice from lipopolysaccharide (LPS)‑induced inflammation and apoptosis.
Male C57BL/6J [wild‑type (WT)] and FXR knockout (KO)
mice were intraperitoneally injected with LPS or saline.
LPS‑treated mice were intraperitoneally injected with vehicle
or GW4064 (20 mg/kg) twice and then sacrificed. Activation
of FXR by GW4064 alleviated hepatic inflammation in the
LPS‑induced murine liver injury model as reflected by reduced
serum levels of aspartate aminotransferase and pro‑inflammatory cytokine mRNA expression, including tumor necrosis
factor‑ α, as well as interleukin‑6 and ‑1β in WT mice. In
addition, Toll‑like receptor 4 (TLR4), p38 mitogen‑activated
protein kinase (MAPK), B‑cell lymphoma‑2‑associated
X protein and cytochrome c protein levels were decreased in
WT mice receiving LPS with simultaneous GW4064 administration compared with those receiving LPS alone, while this
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was not observed in FXR KO mice. These results indicated
that in WT mice, administration of GW4064 ameliorated
LPS‑mediated liver injury by upregulation of FXR expression,
which was in part mediated by the TLR4/p38 MAPK pathway.
Introduction
Dysregulation of innate immunity and liver inflammation are
triggered by the translocation of gut‑derived endotoxins, such
as lipopolysaccharides (LPS), to the liver (1). LPS‑induced
experimental animal models are a common means of studying
liver injury, fibrosis and sepsis (2). Liver injury triggered by
LPS has been identified to be associated with certain biological
processes, including inﬂammation and apoptosis via specific
signaling pathways. Toll‑like receptor 4 (TLR4), one receptor
for LPS, may trigger the myeloid differentiation factor 88
(MyD88)‑dependent pathway, which leads to the activation
of nuclear factor (NF)‑κ B and activates the mitogen‑activated protein kinase (MAPK) pathways (p38, extracellular
signal‑regulated kinase and c‑Jun N‑terminal kinase) (3),
which stimulates the production of proinflammatory cytokines,
chemokines and type I interferon (4). It has been reported that
suppression of TLR4 and MyD88 inhibits the translocation of
NF‑κ B and affects the levels of interleukin‑1β (IL‑1β), IL‑6
and tumor necrosis factor α (TNF‑α) (5). These inflammatory
mediators contribute to hepatocyte dysfunction, apoptosis and
necrosis, and the generation of extracellular matrix proteins,
leading to characteristic fibrosis (6).
Farnesoid X receptor (FXR) has a key role in regulating fatty
acid and glucose metabolism and also has an important role in
maintaining cholesterol and bile acid levels (7,8). In addition,
FXR has been demonstrated to have anti‑inflammatory functions, and agonist‑activated FXR was reported to inhibit NF‑κ B
target inflammatory genes in hepatocytes (9). A previous study
reported that FXR knockout (KO) mice displayed prominent
liver injury and inflammation, and developed spontaneous
liver tumors as they aged (10). A similar study indicated that
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the expression of inflammatory genes in the liver was elevated
in FXR KO mice (11). GW4064, a synthetic FXR ligand, has
been reported to alleviate LPS‑induced hepatic inflammation
by repressing macrophage activation (12) and protects liver
cells from apoptosis induced by serum deprivation in vitro and
fasting in vivo (13). In addition, activation of FXR was reported
to have hepatoprotective effects against certain toxins, which
may be a key function of FXR(12).
The present study demonstrated that administration of FXR
agonist GW4064 in mice reduced the severity of LPS‑induced
liver injury, probably through its anti‑inflammatory properties.
The present study revealed novel role for FXR in the control
of liver inﬂammation by antagonizing the TLR4 signaling
pathway. Based on the results, FXR was suggested to be a
potential regulator of hepatic inﬂammation and apoptosis and
GW4064 may be used to treat liver inﬂammatory diseases.
This hepatoprotection by GW4064 was totally abolished in
FXR KO mice. The unanticipated link between FXR and the
TLR4/p38 MAPK/NF‑κ B axis highlights a novel mechanism
that contributes to the hepatoprotective effects of FXR activators.
Materials and methods
Animals and experimental design. A total of 15 male
C57BL/6J wild‑type (WT) mice (weight, 24‑28 g; age,
13 weeks) were obtained from the National Laboratory
Animal Center (Taiwan) and 15 FXR‑knockout (KO) mice
(B6.129X1(FVB)‑Nr1h4 tm1Gonz /J; stock no. 007214; weight,
24‑28 g; age, 13 weeks) were obtained from the Jackson
Laboratory. Mice were assigned to 6 groups (n=5 per group):
i) C57BL/6J wild‑type mice; ii) LPS‑treated wild‑type mice;
iii) LPS‑treated wild‑type mice intraperitoneally injected with
GW4064; iv) FXR KO mice; v) LPS‑treated FXR KO mice;
vi) LPS‑treated FXR KO mice were intraperitoneally injected
with GW4064. All animals were housed under a 12‑h light‑dark
cycle and were provided a standard laboratory diet ad libitum.
The study protocol was reviewed and approved by the Animal
Care and Use Committee of Chang Gung University (Taoyuan,
Taiwan) and was in accordance with the guidelines of the
NIH Guide for the Care and Use of Laboratory Animals. LPS
(cat. no. L2880; Sigma‑Aldrich; Merck KGaA, Darmstadt,
Germany) was administered intraperitoneally (i.p.) at 5 mg/kg,
and was applied to induce inflammation‑associated disease as
previously described (14,15). WT and FXR KO mice were
intraperitoneally injected with a single dose of LPS (5 mg/kg)
and were intraperitoneally injected with GW4064 twice 24 h
later (20 mg/kg i.p.; cat. no. G5172; Sigma‑Aldrich, Merck
KGaA) (16,17). In a Fisher rat model, GW4064 was reported
to lower serum triglyceride levels in a dose‑dependent manner
and to have a median effective dose of 20 mg/kg (18). All mice
were euthanized 6 h after the last GW4064 administration with
carbon dioxide. Blood samples were collected for determining
serum alanine transaminase (ALT), and liver tissues were
exsanguinated, immediately frozen in liquid nitrogen and
stored at ‑80˚C for further analysis.
Serum ALT. Serum levels of ALT were determined by spectrophotometric analysis utilizing the Randox ALT assay kit
(cat. no. AL1205; Randox, Antrim, UK) according to the
manufacturer's instructions.

Histology and immunohistochemistry. For morphological
analysis, murine liver specimens were fixed in 4% paraformaldehyde, embedded in paraffin and cut into 5‑µm sections.
Slides were deparaffinized according to standard procedures
and stained with freshly made hematoxylin (cat. no. H3136)
and eosin (H&E; cat. no. 230251) (both from Sigma-Aldrich;
Merck KGaA) followed by microscopic examination. For
H&E staining, tissues were counterstained for 10 min at
room temperature (20‑30˚C). For protein detection, sections
were rehydrated with PBS prior to being incubated in 3%
H2O2/PBS (cat. no. 31642; Sigma-Aldrich; Merck KGaA;) to
block endogenous peroxidase and blocked in 5% normal goat
serum (cat. no. 566380; Sigma-Aldrich; Merck KGaA) in PBS,
followed by staining with primary antibodies overnight at 4˚C.
The following primary antibodies were used: Anti‑FXR (cat.
no. SC‑13063; 1:90; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), TLR4 (cat. no. ab47093; 1:100; Abcam, Cambridge,
UK), MyD88 (cat. no. AB16529; 1:90; EMD Millipore,
Billerica, MA, USA), phospho‑p38 MAPK (pT18/pY182;
cat. no. 612280; 1:100; BD Biosciences, Santa Clara, CA, USA),
NF‑κ B (cat. no. SC‑8008; 1:90; Santa Cruz Biotechnology,
Inc. Dallas, TX, USA), Bax (cat. no. ab7977; 1:100) and
cytochrome c (cat. no. ab13575; 1:100) (both from Abcam).
Anti‑mouse (cat. no. AP124P; 1:100; Sigma-Aldrich; Merck
KGaA) and rabbit (cat. no. ab6721; 1:100; Abcam) horseradish peroxidase (HRP)‑conjugated secondary antibodies
were used for 1 h at room temperature (20‑30˚C). Finally,
immunostaining was visualized by application of a 3,3'‑diaminobenzidine (CN/DAB) substrate kit (cat. no. 34000; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and viewed under
a light microscope (XI71; Olympus, Tokyo, Japan).
Protein isolation and western blot analysis. Mouse liver tissues
were lysed in lysis buffer [20 mM Tris (pH 7.4), 150 mM NaCl,
1% Triton X‑100, 1 mM EDTA, 1 mM EGTA, 2.5 mM
sodium pyrophosphate, 1 mM β ‑glycerophosphate, 1 mM
sodium orthovanadate] containing protease inhibitor cocktail
(cat. no. 78429; Thermo Fisher Scientific, Inc.). The Thermo
Scientific NE‑PER Nuclear and Cytoplasmic Extraction kit (cat.
no. 78835; Thermo Fisher Scientific, Inc.) provides for efficient
cell lysis and extraction of separate cytoplasmic and nuclear
protein fractions. Lysates were clarified by centrifugation at
10,000 x g for 10 min at 4˚C and the protein concentration was
determined using a Bio‑Rad Protein assay (cat. no. 500‑0006;
Bio‑Rad Laboratories, Inc., Hercules, CA, USA). Protein was
analyzed by western blot analysis. The boiled samples were
separated by 10% SDS‑PAGE and transferred onto nitrocellulose membranes (cat. no. 88018; Thermo Fisher Scientific,
Inc.). After blocking with 5% non‑fat skimmed milk or
bovine serum albumin (cat. no. A1933; Sigma-Aldrich; Merck
KGaA) in Tris‑buffered saline with 0.1% Tween‑20 for 1 h, the
membranes were probed with the corresponding antibodies
overnight at 4˚C. The following primary antibodies were used
for western blotting: Anti‑FXR (cat. no. SC‑13063; 1:500;
Santa Cruz Biotechnology, Inc.); TLR4 (cat. no. ab47093;
1:1,000; Abcam); NF‑κ B (cat. no. SC‑8008; 1:1,000); B‑cell
lymphoma-2 (Bcl‑2; cat. no. SC‑7382; 1:750) (both from
Santa Cruz Biotechnology, Inc.) and Bcl‑2‑associated
X protein (Bax; cat. no. ab7977; 1:1,000; Abcam). β ‑actin
(cat. no. MA5‑15739; 1:1,000; Thermo Fisher Scientific,
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Table I. Sequences of primers used for reverse transcription‑
quantitative polymerase chain reaction.
Gene
TNF‑α
IL‑1β
IL‑6
IFN‑γ
FXR
SHP
BAX
BCL‑2
Bcl‑xL
GAPDH

Direction

Primer sequence

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

5'‑TTGACCTCAGCGCTGAGTTG‑3'
5'‑CCTGTAGCCCACGTCGTAGC‑3'
5'‑GCAACTGTTCCTGAACTCA‑3'
5'‑CTCGGAGCCTGTAGTGCAG‑3'
5'‑GTACTCCAGAAGACCAGAGG‑3'
5'‑TGCTGGTGACAACCACGGCC‑3'
5'‑AGCAACAACATAGCGTCAT‑3'
5'‑CCTCAAACTTGGCAATACTC‑3'
5'‑GGCCTCTGGGTACCACTACA‑3'
5'‑AAGAAACATGGCCTCCACTG‑3'
5'‑ACTGGCTGCAGTTCAGTGGC‑3'
5'‑GGTGAAGAGGATCGTGCCC‑3'
5'‑TTTGCTTCAGGGTTTCATCC‑3'
5'‑CAGTTGAAGTTGCCGTCAGA‑3'
5'‑TCTTTGAGTTCGGTGGGGTC‑3'
5'‑TGCATATTTGTTTGGGGCAGG‑3'
5'‑TTGGACAATGGACTGGTTGA‑3'
5'‑GTAGAGTGGATGGTCAGTG‑3'
5'‑TCACCACCATGGAGAAGGC‑3'
5'‑GCTAAGCAGTTGGTGGTGCA‑3'

F, forward; R, reverse; TNF‑α, tumor necrosis factor‑α; IL‑1β,
interleukin‑1β; IFN‑γ, interferon‑γ; FXR, farnesoid X receptor;
SHP, small heterodimer partner; Bcl‑2, B‑cell lymphoma 2; Bax,
Bcl‑2‑associated X protein; Bcl‑xL, Bcl extra‑large protein; GAPDH,
glyceraldehyde 3‑phosphate dehydrogenase.

Inc.) and histone H1 (cat. no. SC‑56695; 1:1,000; Santa Cruz
Biotechnology, Inc.) antibodies were used to confirm equal
protein loading for all samples. Anti‑mouse (cat. no. AP124P;
1:5,000; EMD Millipore) and rabbit (cat. no. ab6721; 1:5,000;
Abcam) horseradish peroxidase (HRP)‑conjugated secondary
antibodies were used for 1 h at room temperature. Bound
HRP‑conjugated antibodies were visualized by enhanced
chemiluminescence (cat. no. 34080; Thermo Fisher Scientific,
Inc.). Quantification of the blots was performed using
ImageQuant 5.2 software (GE Healthcare, Little Chalfont,
UK) and calibrated using β ‑actin or histone as an internal
control.
Reverse transcription‑quantitative polymerase chain reaction
(RT‑qPCR). Total RNA was extracted from the liver tissue
using TRIzol reagent (cat. no. 15596018; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions, and the concentration and integrity of the isolated
RNA were determined at the optical density at 260/280 nm.
Complementary (c)DNA was synthesized from total RNA
(4 µg) using the RevertAid™ First Strand cDNA Synthesis kit
(cat. no. 00187457; Thermo Fisher Scientific, Inc.), followed by
qPCR using the LightCycler® 480 SYBR-Green I Master (cat.
no. 04707516001; Roche Applied Science, Penzberg, Germany)
on a LightCycler 1.5 apparatus (cat. no. 03515885001; Roche
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Applied Science, Penzberg, Germany). PCR was performed
using the following conditions: 95˚C for 10 min, followed by
45 cycles of 95˚C for 15 sec, 57˚C for 30 sec and 72˚C for
30 sec. The qPCR data were normalized to GAPDH expression as an internal control. The sequences of primers used for
RT‑qPCR are listed in Table I.
Statistical analysis. Values a re expressed as the
mean ± standard error of the mean. The statistical analyses
were performed using one‑way analysis of variance followed
by the Student Newman‑Keuls multiple‑range test. SAS v9.4
software was used for statistical analysis (SAS Institute,
Inc., Cary, NC, USA). P<0.05 was considered to indicate a
statistically significant difference.
Results
Effects of GW4064 on serum ALT, histopathological changes
and inflammatory responses in the liver. To evaluate whether
activation of FXR had a protective effect on LPS‑induced liver
injury, WT and FXR KO mice were used and a highly potent
FXR agonist, GW4064, was applied in the present study.
H&E staining revealed that the liver parenchymal cells were
homogeneously swollen and that hypertrophy and multiple
focal hepatic necrosis were present in LPS‑treated mice.
FXR KO mice had enlarged livers, whereas those injected
with LPS developed more severe liver injury and hepatocyte
ballooning (Fig. 1A). FXR KO mice exhibited increased serum
ALT levels compared with WT mice (Fig. 1B), while GW4064
administration in LPS‑injected animals resulted in apparently
normal hepatocytes in liver sections (Fig. 1A), as evidenced
by a significant decline in the increase of serum ALT levels
in WT mice, whereas no beneficial effect was seen in FXR
KO mice (Fig. 1B). To further address whether FXR may
modulate inflammatory gene expression in mice, the present
study compared the induction of pro‑inflammatory cytokines
by LPS in WT and FXR KO mice. Of note, GW4064 attenuated liver injury as indicated by inhibition of LPS‑induced
increases in pro‑inflammatory cytokines in WT mice, but not
in FXR KO mice (Fig. 1C).
Effects of GW4064 on FXR and small heterodimer partner
(SHP) levels in liver tissue. Next, the present study determined whether FXR expression was affected upon LPS
injection in mice. LPS injection reduced FXR protein levels
and mRNA expression in WT mice (Fig. 2). Compared with
WT mice, FXR KO mice displayed lowed FXR and SHP
mRNA expression in the liver. In addition, GW4064 significantly inhibited the LPS‑mediated reduction in FXR protein
levels and SHP mRNA expression in WT mice, whereas no
effect was observed in FXR KO mice after LPS or GW4064
administration (Fig. 2).
GW4064 represses LPS‑induced hepatic TLR4/MyD88/p38
MAPK/NF‑ κ B signaling in mice. The present study further
determined the role of FXR in the LPS‑induced TLR4/MyD88
pathway in the livers of WT and FXR KO mice. GW4064 significantly repressed LPS‑induced TLR4 (Fig. 3A) and MyD88
(Fig. 3B) protein levels in WT mice. TLR4 (Fig. 3A) and MyD88
(Fig. 3B) protein levels were higher in FXR KO mouse livers
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Figure 1. GW4064 ameliorates LPS‑induced liver injury and hepatic inflammation in WT mice. WT and FXR KO mice were treated with or without GW4064
(20 mg/kg) twice after LPS injection (5 mg/kg). All mice were sacrificed after the last GW4064 injection. (A) Fresh WT mouse liver tissues were fixed in
4% paraformaldehyde and 5‑µm sections were stained with H&E. Hepatocyte inflammation and damage was histopathologically analyzed (indicated by white
arrows; magnification, x200; scale bar, 100 µm). (B) Serum ALT levels in the livers of WT and FXR KO mice were determined. (C) Total RNAs from liver
tissues were isolated and hepatic mRNA expression of inflammatory cytokines was determined by reverse transcription‑quantitative polymerase chain reaction
analysis. Values are expressed as the mean ± standard error of the mean (n=5 mice for each group). *P<0.05, WT vs. LPS; #P<0.05, LPS vs. LPS+GW4064;
£
P<0.05, WT vs. FXR KO; ¤P<0.05, FXR KO vs. FXR KO+LPS. WT, wild-type; KO, knockout; FXR, farnesoid X receptor; LPS, lipopolysaccharide;
H&E, hematoxylin and eosin; ALT, alanine transaminase; TNF, tumor necrosis factor; IL, interleukin; IFN, interferon.

Figure 2. GW4064 administration increases FXR protein levels and mRNA expression in liver tissues of WT mice after LPS injection. WT and FXR KO
mice were treated with or without GW4064 (20 mg/kg) twice after LPS injection (5 mg/kg). All mice were sacrificed after the last GW4064 injection.
(A) Representative immunohistochemical staining images of mouse liver tissues for FXR are displayed. Staining for FXR is indicated by a dark‑brown color
(black arrows; magnification, x200; scale bar, 100 µm). (B) Hepatic mRNA expression of FXR and SHP were determined by reverse transcription‑quantitative
polymerase chain reaction analysis. (C and D) FXR proteins were determined by western blot analysis. Histone was used as a control. Expression levels were
densitometrically quantified and presented as relative intensity units. Values are expressed as the mean ± standard error of the mean (n=5 mice for each group).
*
P<0.05, WT vs. LPS; #P<0.05, LPS vs. LPS + GW4064; £P<0.05, WT vs. FXR KO. WT, wild-type; KO, knockout; FXR, farnesoid X receptor; LPS, lipopolysaccharide; SHP, small heterodimer partner.
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Figure 3. GW4064 attenuates LPS‑induced TLR4/MyD88/p38 MAPK/NF‑κ B pathway in WT mice. WT and FXR KO mice were treated with or without
GW4064 (20 mg/kg) twice after LPS injection. At 6 h following the last GW4064 injection, livers were subjected to IHC staining. Representative images for
(A) TLR4, (B) MyD88, (C) p‑p38 and (D) NF‑κ B from mouse liver sections. IHC staining for TLR4, MyD88, p‑p38 and NF‑κ B is indicated by a dark‑brown
color (indicated by black arrows; magnification, x200; scale bar, 100 µm). (E and F) TLR4 and NF‑κ B protein expression was assessed by western blot analysis.
Quantified levels were determined by densitometry and data are presented as relative intensity units. β‑actin and histone were used as controls. Values are
expressed as the mean ± standard error of the mean (n=5 mice for each group). *P<0.05, WT vs. LPS; #P<0.05, LPS vs. LPS + GW4064; £P<0.05, WT vs. FXR
KO; ¤P<0.05, FXR KO vs. FXR KO + LPS. NF, nuclear factor; p‑p38, phosphorylated p38; WT, wild‑type; KO, knockout; FXR, farnesoid X receptor;
LPS, lipopolysaccharide; MyD88, myeloid differentiation factor 88; TLR, Toll‑like receptor; IHC, immunohistochemical.

than in WT mice (Fig. 3). Furthermore, GW4064 treatment did
not affect LPS‑induced increases in TLR4 and MyD88 protein
levels in FXR KO mice (Fig. 3A and B).
LPS injection induced phopho‑p38 (Fig. 3C) and NF‑κ B
(Fig. 3D-F) protein levels in WT mice. Treatment with
GW4064 markedly inhibited the LPS‑induced increases
in the protein levels of phopho‑p38 and NF‑ κ B in WT
mice (Fig. 3C and D). The induction of hepatic inducible
phopho‑p38 and NF‑κ B protein levels by LPS in FXR KO
mice was markedly higher than in WT mice. However,
treatment with GW4064 did not affect LPS‑induced
phopho‑p38 (Fig. 3C) and NF‑κ B (Fig. 3D‑F) protein levels
in FXR KO mice (Fig. 3C and D). These results indicate

that GW4064 reduced the LPS‑induced upregulation
of the TLR4/p38 MAPK/NF‑ κ B signaling pathway via
FXR‑dependent signalling in WT mice.
GW4064 inhibits LPS‑induced hepatic apoptosis in mice.
Stimulation of WT and FXR KO mice with LPS induced
similar expression levels of apoptotic proteins and genes.
Bax (Fig. 4A) and cytochrome c (Fig. 4B) were significantly
higher in FXR KO mice than in WT mice after LPS treatment.
In addition, it was confirmed that the activation of apoptotic
signaling by LPS was higher in FXR KO mice than in WT
mice (Fig. 4A‑C). Administration of LPS and FXR deficiency
induced the mRNA expression of the major apoptotic gene
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Figure 4. GW4064 attenuates LPS‑induced apoptotic factors in WT mice. WT and FXR KO mice were treated with or without GW4064 (20 mg/kg) twice
after LPS injection. At 6 h following the last GW4064 injection, livers were removed for analysis. Representative IHC staining for (A) Bax and (B) cytochrome
c from mouse liver sections. IHC staining for Bax and cytochrome c are indicated by a dark‑brown color (black arrows; magnification, x100; scale bar,
200 µm). (C) Total RNA from liver tissues was isolated and the hepatic Bax/Bcl‑2 and Bax/Bcl‑xL ratio as well as caspase‑3 were determined by reverse
transcription‑quantitative polymerase chain reaction analysis. (D and E) Bax and Bcl‑2 protein was determined by western blot analysis. Western blot analyses
were scanned by densitometry and data presented as relative intensity units. β‑actin was used as a control. Values are expressed as the mean ± standard error of
the mean (n=5 mice for each group). *P<0.05, WT vs. LPS. #P<0.05, LPS vs. LPS + GW4064; £P<0.05, WT vs. FXR KO; ¤P<0.05, FXR KO vs. FXR KO + LPS.
Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; Bcl‑xL, Bcl extra‑large protein; WT, wild‑type; KO, knockout; FXR, farnesoid X receptor;
LPS, lipopolysaccharide; IHC, immunohistochemical.

caspase‑3 (Fig. 4C) and increased the Bax/Bcl‑2 and Bax/Bcl
extra‑large protein (Bcl‑xL) mRNA ratios (Fig. 4E). LPS caused
a significantly greater increase in the hepatic Bax/Bcl‑2 and
Bax/Bcl‑xL ratio in FXR KO mice compared with that in WT
mice (Fig. 4C). GW4064‑mediated FXR activation significantly
attenuated the LPS‑dependent increase of cytochrome c as well
as the Bax/Bcl‑2 and Bax/Bcl‑xL ratio, and caspase‑3 expression in WT mice, but not in FXR KO mice (Fig. 4). Thus, the
results clearly demonstrated that GW4064 has a critical role in
suppressing apoptosis associated with LPS‑induced liver injury.
Discussion
Being initially known to regulate liver metabolism, FXR has
recently emerged as a factor participating in hepatic inflammation, apoptosis and macrophage infiltration (12,19). However,
it has remained to be elucidated whether FXR has a role in
LPS‑induced hepatic inflammation and apoptosis mediated via
the TLR4/MyD88 signaling pathway. The present study applied
two strategies, namely the use of the FXR agonist GW4064 and
FXR KO mice, and demonstrated that FXR is indispensable
for the effect of GW4064 on the TLR4/MyD88 pathway. The
present study revealed that GW4064 has an inhibitory effect
on TLR4/MyD88‑mediated inﬂammatory factors, including
TNFα, IL‑6, IL‑1β and interferon (IFN)‑γ mRNA expression in
WT but not in FXR KO mice. Several lines of evidence suggested
that LPS activates NF‑κ B mobilization and the p38 MAPK

pathway through its direct binding to TLR4, ultimately causing
the production of pro‑inflammatory cytokines such as TNF‑α
and IL‑6 (20,21). NF‑κB is activated via MyD88‑dependent and
‑independent pathways, the former of which being more robust
and immediate, and the latter accounting for a modest degree
in a delayed fashion (22). In addition, the p38 MAPK pathway
is also as a key regulator of the expression of inflammatory
cytokines, including IL‑6 and TNF‑α, the main determinant
of LPS‑stimulated liver damage (23). The results of the present
study may be directly associated with a study by Yao et al (12),
which demonstrated that FXR agonist GW4064 alleviates endotoxin‑induced hepatic inflammation by repressing
macrophage activation in mice. The results of the present
study illustrate that the FXR counter‑regulates the hepatic
pro‑inflammatory response via the TLR4 signal pathway. It is
therefore suggested that FXR represents a unique signaling that
differentially regulates the inﬂammatory response mediated
via the TLR4/MyD88 pathway. FXR inhibits the inﬂammatory
response through several mechanisms, including the formation
of direct complexes with NF‑κ B family members and/or the
modulation of MAPK activity (9,24). In addition, GW4064 was
reported to alleviate endotoxin‑induced hepatic inflammation
by repressing macrophage activation (12) and protect against
hepatocellular inflammation via induction of suppressor
of cytokine signaling 3 (25). Therefore, FXR activation by
GW4064 represses the expression of a set of TLR4‑regulated
genes, including pro‑inflammatory cytokines and apoptotic
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factors, and these counter‑regulatory effects are lost in FXR
KO mice.
Activation of TLR4 signaling in Kupffer cells may subsequently initiate inﬂammatory pathways that promote hepatocyte
injury, cholestasis, apoptosis and necrosis, as well as activation
of stellate cells (26,27). An in vitro study indicated that chenodeoxycholic acid and GW4064, two FXR agonists, rescued
HepG2 cells from serum deprivation‑induced apoptosis (9). In
addition, an in vivo study indicated that FXR activation ameliorated hepatocyte apoptosis during concanavalin A‑induced
acute liver injury (28). TNF‑α and IL‑1β induce apoptosis by
inducing caspase‑8 and -9 activity, leading to the activation
of caspase‑3 in this apoptotic cascade (29). The present study
provided a functional link between these observations and
demonstrated that an increase of apoptosis within the livers
of LPS‑injected mice is strongly correlated with an increased
TLR4 mRNA expression and reduced FXR protein levels.
These results, together with the knowledge of the involvement
of TLR4 and FXR in hepatic and microphage injury (9,12,14),
motivated us to further elucidate the role of TLR4 and FXR
in liver cell apoptosis. The present results indicate that LPS
treatment led to the upregulation of the pro‑apoptotic Bax
and downregulation of the anti‑apoptotic Bcl‑2 in WT mice.
It was identified that the pro‑inflammatory cytokines TNF‑α
and IL‑1β were elevated alongside LPS‑induced liver injury
and apoptosis. In addition, treatment with GW4064 alleviated
LPS‑induced hepatocyte apoptosis in the centrilobular area of
the liver of WT mice but not in FXR KO mice.
The present results confirmed that the hepatoprotective action
of GW4064 was mediated through FXR activation. Induction
of hepatic TNF‑α and IFN‑γ mRNA expression in response to
LPS was significantly greater in FXR KO mice compared with
that in WT mice, suggesting that certain inflammatory genes
are more sensitive to the loss of FXR signaling in mice. Previous
studies indicated that FXR KO livers from 9‑12 month‑old mice
displayed prominent liver injury and inflammation (10), and that
FXR KO mice are more sensitive to inﬂammation mediated by
NF‑κ B and LPS than WT mice (9,30). Of note, according to
another previous study, FXR deficiency completely abolished
the ability of FXR agonist WAY‑362450 to decrease the elevations of aspartate aminotransferase and ALT. In addition, the
protective effect of WAY‑362450 on hepatic vascular cell adhesion protein 1, and TIMP metallopeptidase inhibitor 1 mRNA
elevation was also lost in the FXR KO mice (31). The present
results suggested a potential role of FXR activation in protecting
against liver inflammation by modulation of the TLR4 signaling
pathway and MyD88 activation in the hepatic inflammatory
response. This mutual suppression between FXR and TLR4
signaling may be an important mechanism for preventing liver
apoptosis. Therefore, FXR activation may inhibit the increase
of TLR4/MyD88 activation through its anti‑inflammatory
function in the murine liver. Furthermore, it was observed
that activation of FXR repressed inflammatory cytokines at
the mRNA level, which was associated with changes in the
expression of TLR4/MyD88 signaling and NF‑κ B activation.
Of note, these beneﬁcial effects were seen in WT mice, while
they were not detected in FXR KO mice. Taken together, the
present results suggested that the protective effects of GW4064
are likely to involve multiple downstream signaling. Regulation
of signaling downstream of FXR by GW4064 may provide a
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novel approach for preventing inﬂammasome overexpression in
order to attenuate hepatic injury. However, to fully dissect the
FXR‑dependent and ‑independent functions of GW4064, it is
necessary to further assess the function of this compound in
FXR KO mice.
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