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Abstract
Background Butyrate acts as a regulator in multiple inflammatory organ injuries. However, the role of butyrate in acute liver
injury has not yet been fully explored. In the present study, we aimed to investigate the association between butyrate and lipopolysaccharide (LPS)-induced acute liver injury and the signaling pathways involved.
Methods LPS-induced acute liver injury was induced by intraperitoneal injection of LPS (5 mg/kg) in G-protein-coupled
receptor 43 (GPR43)-knockout (KO) and wild-type female C57BL/6 mice. Sodium butyrate (500mg/kg) was administered intraperitoneally 30min prior to LPS exposure. Liver injury was detected by serum markers, tissue morphology, and terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). Pro-inflammatory-factor levels were detected by
enzyme-linked immunosorbent assay and real-time polymerase chain reaction (RT-PCR). Cell models were first treated
with sodium butyrate (4 lmol/mL), followed by LPS (1 lg/mL) half an hour later in GPR43 small interfering RNA (siRNA)transfected or control RAW264.7 cells. Cell-inflammation status was evaluated through detecting pro-inflammatory-factor
expression by RT-PCR and also through checking toll-like receptor 4/nuclear factor-jB (TLR4/NF-jB)-element levels including TLR4, TRAF6, IKKb, IrBa, phospho-IrBa, p65, and phospho-p65 by Western blot. The interaction between GPR43 and barrestin-2 was tested by co-immunoprecipitation.
Results Sodium butyrate reversed the LPS-induced tissue-morphology changes and high levels of serum alanine aminotransferase, aspartate transaminase, myeloperoxidase, TUNEL, and pro-inflammatory cytokines such as tumor necrosis factor-a and interleukin-6. The ameliorating effect of sodium butyrate was weakened in GPR43-KO mice and GPR43 siRNA
RAW264.7 cells, compared with those of GPR43-positive controls. Sodium butyrate downregulated some elements of the
TLR4/NF-jB pathway, including phospho-IjBa and phospho-p65, in RAW264.7 cells. Increased interactions between GPR43
and b-arrestin-2, and between b-arrestin-2 and IrBa were observed.
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Conclusion Sodium butyrate significantly attenuated LPS-induced liver injury by reducing the inflammatory response partially via the GPR43/b-arrestin-2/NF-jB signaling pathway.
Key words: sodium butyrate; short-chain fatty acids; lipopolysaccharide-induced liver injury; G-protein-coupled receptor 43;
b-arrestin-2; NF-jB

Introduction
Diet goes beyond nutritional value and profoundly influences
human health. Lifestyle changes in recent years have paralleled
the increasing incidence of various gastrointestinal and metabolic diseases, such as inflammatory bowel diseases (IBDs), intestinal cancers, and metabolic syndrome. Short-chain fatty
acids (SCFAs) are produced from dietary fibers through fermentation by the microbiota in the lower intestine and are indigestible by intestinal enzymes [1]. Locally, the majority of SCFAs are
used as fuel for colonocytes, while the rest exit the colonic tissue into portal circulation and act as primary substrates for hepatic metabolism [2]. Among SCFAs, four-carbon butyrate is the
least abundant but has the strongest physiological function and
has been extensively investigated as a key player that suppresses pathological metabolism, inflammation, and carcinogenesis throughout the entire body [3, 4].
Sepsis is a critical disease with a mortality rate of 50% [5].
Its pathogenesis primarily relates to macrophages and endothelial cells producing a large number of cytokines, such as tumor
necrosis factor (TNF)-a, interleukin (IL)-1, IL-6, and IL-8 [6].
Endotoxemia is the most common cause of sepsis. It is a pathophysiological condition in which large amounts of endotoxin release into the blood due to bacterial lysis or endotoxincontaminated-fluids injection. Liver injury induced by endotoxin is the pathophysiological basis of various liver diseases [7,
8]. The essence of endotoxin is lipopolysaccharide (LPS), which
is the major structural component of the outer membrane of
Gram-negative bacteria. LPS-induced liver inflammation [9] is a
result of interactions of multiple cytokines, chemokines, and
cell-death molecules. Inflammation is initiated by liver-resident
macrophage Kupffer cells [10] and involves TNF-a, Fas/Fas ligand, and perforin/granzyme cell-death pathways. The crosstalk of antigens within immune cells and modes of cell death
leads to the exacerbation of liver injury [11]. To date, LPSinduced liver injury has been associated with the pathology of
various chronic liver diseases [8]. For instance, evidence shows
that, even in human immunodeficiency virus (HIV) patients
with well-controlled viral-replication levels, increased circulating LPS is still a major driver of liver failure resulting in morbidity and mortality [12].
Nuclear factor-jB (NF-jB) is a well-known major inflammatory factor that pushes the inflammatory process forward to
eventually cause potential tissue damage and is activated in
LPS-induced liver injury [13]. Numerous independent studies
have shown that SCFAs restrain NF-jB-signaling-pathway activity to regulate inflammatory responses [14]. SCFAs serve as a
group of endogenous agonists of G-protein-coupled receptor 43
(GPR43) [2], which is a member of the G-protein-coupled receptors (GPCRs) that are famous for cell-signal transduction. GPR43
is highly expressed in intestinal epithelial cells and immune
cells [15–17]. Previous studies have shown that, as the most notable SCFA target, GPR43 mediates the protective effects of
SCFAs in the inflammatory process [18, 19]. b-Arrestin-2 is
widely expressed in the cytoplasm of cells and serves as a scaffold protein for a wide range of GPCRs [20]. It participates in
GPCR desensitization and internalization, and contributes to

the downstream formation of the signaling compound following GPCR activation [21]. Of note, b-arrestin-2 also has a beneficial effect in inflammation through various paths, mainly by
reducing NF-jB nuclear translocation and eventual activation
[22–24]. Given this background, the influence of sodium butyrate
on LPS-induced mouse liver injury and inflammation, and its
involvement in the NF-jB pathway via GPR43 and b-arrestin-2
were investigated in our studies.

Materials and methods
Reagents and chemicals
LPS (Cat. L2630), sodium butyrate (Cat.B5887), and TRIzol reagent (Cat. T9424) were obtained from Sigma (St Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM; Cat.
C11995500B), fetal bovine serum (Cat. 10270–106), penicillin and
streptomycin (Cat. 15140122), and trypsin (Cat. 25200–056) were
obtained from Gibco (Rockville, MD, USA). The real-time PCR
Master Mix kit-SYBR Green (Cat. AQ141-04) was obtained from
TransGen (Beijing, China). Small interfering RNA (siRNA)-GPR43
was designed by GenePharma (Shanghai, China). Antiglyceraldehyde-3-phosphate dehydrogenase antibody (GAPDH;
Cat. sc-25778), horseradish peroxidase (HRP)-labeled goat antirabbit immunoglobulin G (IgG) secondary antibody (Cat. sc2004), anti-p65 (Cat. sc-372), anti-phospho-IkBa (Cat. sc-8404),
anti-IkBa (Cat. sc-371), and anti-TRAF6 (Cat. sc-7221) antibodies
were all obtained from Santa Cruz (Santa Cruz, CA, USA). AntiGPR43 (Cat. ABC299) antibodies were obtained from Merck
(Darmstadt, Germany). Anti-myeloperoxidase (MPO) primary
antibody (Cat. ab9535), anti-b-arrestin-2 (Cat. ab54790), and
anti-phospho-p65 (Cat. ab86299) were obtained from Abcam
(Cambridge, MA, USA). Lipofectamine 3000 (Cat. L3000-015) was
purchased from Invitrogen (Carlsbad, CA, USA). The First Strand
cDNA Synthesis Kit ReverTra Ace-a-TM (Cat. FSK-100) was
obtained from Toyobo (New York, NY, USA). Alanine transaminase (ALT; Cat.CSB-E16539m) and aspartate transaminase (AST;
Cat.CSB-E12649m) enzyme-linked immunosorbent assay
(ELISA) kits were all obtained from Cusabio (Wuhan, Hubei,
China). The Pierce Classic IP Kit (Cat. 26146) was obtained from
Thermo Scientific (Rockford, AL, USA).

Mouse-model preparation
Forty female C57BL/6 mice aged 6–8 weeks and weighing 18–22 g
were purchased from Guangdong Medical Laboratory Animal
Center. Because male mice often fight with each other, which
makes them more vulnerable to liver injury [25, 26], in this
study, we used only female mice. The original GPR43þ/ heterozygous C57BL/6 mice were purchased from Bioray Laboratories
Inc. (Shanghai, China) and were bred, propagated, and identified
at the Institutional Animal Care and Use Committee of Sun Yatsen University (Guangzhou, Guangdong, China). All experiments were approved by the Institutional Animal Care and Use
Committee of Sun Yat-sen University (certification no.: IACUCF3-17–1004). Animal studies were performed in compliance
with the Animal Research: Reporting of In Vivo Experiments
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(ARRIVE) guidelines [27, 28]. Forty female C57BL/6 mice were
randomly divided into 4 groups of 10 mice. Female GPR43
knockout (KO) animals and wild-type (WT) littermates were
randomly divided into four groups of six mice each. Animal
models were established by intraperitoneal injection of sodium
butyrate (500 mg/kg) or normal saline as a pretreatment, followed by intraperitoneal injection of LPS (5 mg/kg) or normal saline 30 min later. The control-group mice were injected
intraperitoneally with normal saline during both steps. After
6 h, the mice were anesthetized by intraperitoneal injection of a
mixed solution of ketamine and xylazine. Blood samples were
collected from the retrobulbar plexus and the serum was stored
at –20 C before testing. The liver of each mouse was carefully
isolated. Some liver tissues were immediately fixed in 10% neutral buffered formalin and the rest were stored at –80 C.

Cell-culture and model preparation
The RAW264.7 cell line was purchased from Shanghai Institutes
of Biological Sciences. The cells were cultured at 37 C in a 5%
CO2-humidified incubator in DMEM supplemented with 10% fetal bovine serum and 1% antibiotics (penicillin and streptomycin). Cells were seeded in a six-well plate at 2  105 cells per well
for further experimentation. Transfections of cells with GPR43
siRNA RNA oligo (GPR43 siRNA) or control siRNA RNA oligo (control siRNA) were performed using Lipofectamine 3000 for 24 h.
The experimental-group cells were first treated with sodium butyrate (4 lmol/mL), followed by LPS (1 lg/mL) half an hour later.
The control-group cells were treated with normal saline for
both of the previously mentioned steps. After 6 h, the cell
lysates were collected for further analysis. The primer sequences of the siRNAs are shown in Supplementary Table 1.

Enzyme-linked immunosorbent assay
To evaluate liver injury, the levels of ALT and AST in mouse serum were detected using ELISA kits.

Quantitative real-time PCR
Total RNA was collected using TRIzol reagent and reverse transcription was performed with the First Strand cDNA Synthesis
Kit ReverTra Ace-a-TM. The mRNA-expression levels of TNF-a,
IL-6, IL-1b, IL-8, cyclooxygenase (COX)-2, and interferon (IFN)-c
were analysed by real-time polymerase chain reaction (RT-PCR)
using a CFX Connect Real-time PCR System (BioRad; Hercules,
CA, USA) with SYBR Green (TransGen). Each sample was normalized to the b-actin gene to control for unwanted sources of
variation. Primer sequences of the above genes are provided in
Supplementary Table 2.

Histopathological score of liver injury
Hematoxylin and eosin (H&E) staining was performed as described in our previous study [24]. Terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL; dUTPdigoxigenin) staining was performed [29] according to the
instructions of the In Situ Cell Death Detection Kit (Roche; Basel,
Switzerland). Based on Hoque’s report, apoptosis and hemorrhage scores were tested in a blinded manner in five 200 magnified fields [30]. According to the rate of hepatocyte apoptosis,
apoptosis was scored from 0 to 4 per field (0: 1%; 1: 1%–5%; 2:
5%–10%; 3: 10%–20%; and 4: 20%). Hemorrhage was also scored
on a 0–4 scale based on the hemorrhage rate per field (0: 0; 1:
1%–5%; 2: 5%–20%; 3: 20%–50%; and 4: 50%).

Immunohistochemical staining
For immunohistochemical staining, sections were dewaxed and
treated with 3% hydrogen peroxide and then boiled in a Tris/
ethylenediaminetetraacetic acid (EDTA) antigen-retrieval solution (pH 6.0) for 2 min to retrieve the antigens. Non-specific antibody binding was blocked by 10% normal serum for 30 min at
room temperature. Then, the sections were incubated with primary antibodies against MPO (1:200) overnight at 4 C. The target
protein was detected using the 3,30 -Diaminobenzidine (DAB)
staining system and finally counterstained with hematoxylin.

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed using the
Thermo Scientific Pierce Classic IP Kit according to the manufacturer’s protocol. Cells were seeded in six-well plates at
2  105 cells per well. First, we treated the cells with sodium butyrate (4 lmol/mL) or normal saline for 30 min and then collected cell lysates. In another experiment, the experimentalgroup cells were first treated with sodium butyrate (4 lmol/mL),
followed by LPS (1 lg/mL) half an hour later. The control-group
cells were treated with normal saline in those two steps. After
6 h, the lysates were collected for further analysis. Then, 20 lL
resin was added to a Pierce centrifuge column and the lysates
were centrifuged at 1,000 g for 1 min and washed. The antibody
was added and incubated on the rotator for 90–120 min at room
temperature. The centrifuge column was then rinsed twice and
3 lL of sodium borohydride solution was added, followed by
15 min of gentle shaking. The centrifuge column was then
washed six times using the indicated washing buffer according
to the manufacturer’s instructions. Immunoprecipitation antibodies or normal IgG (negative control) were added and incubated on a rotator at 4 C overnight. The centrifuge column was
then rinsed six times using the indicated wash buffer and the final samples were analysed by Western blotting using the indicated antibodies.

Western-blot analysis
We separated the proteins by electrophoresis and transferred
them to polyvinylidene difluoride membranes. The membranes
were then blocked for 2 h at room temperature and incubated
with primary antibodies against GPR43, TLR4, TRAF6, IKKb, IjBa,
phospho-IjBa, p65, phospho-p65, and GAPDH at 4 C overnight.
After rinsing, the membranes were then incubated with HRPconjugated secondary antibodies for 2 h at room temperature.
The results were visualized using an enhanced chemiluminescence system. Image-Pro Plus 6.0 software (Media Cybernetics;
Rockville, MD, USA) was used for densitometry analyses.

Statistical analysis
SPSS version 21.0 (SPSS Inc.; Chicago, IL, USA) was used for statistical analyses. The data and statistical analyses complied
with the recommendations on experimental design and analysis in pharmacology [31]. The data are expressed as the
mean 6 SD and statistical analyses were performed using oneway ANOVA followed by Bonferroni’s comparison post-hoc
tests. A value of P < 0.05 was considered statistically significant.

Butyrate prevents LPS-induced liver injury via GPR43

Results
Sodium butyrate alleviates LPS-induced liver injury and
inflammation in C57BL/6 mice
To investigate the role of sodium butyrate in LPS-induced liver
injury, we evaluated the severity of liver injury by obtaining histological scoring, performing immunohistochemical staining
for MPO and TUNEL (dUTP-biotin), and measuring the levels of
serum ALT and AST. To investigate inflammation, the levels of
hepatic pro-inflammatory factors were measured using RT-PCR.
As shown in Figure 1, we observed that the hemorrhage score,
MPO index, and apoptosis score were significantly higher in the
LPS-injected group than in the vehicle control group. In the sodium butyrate þ LPS group, the hemorrhage score, MPO index,
apoptosis score, and serum levels of ALT and AST were significantly lower than those in the LPS group that were pretreated
with normal saline (Figure 1A–C). In terms of inflammation, the
mRNA levels of TNF-a, IL-6, IL-1b, IL-8, COX-2, and IFN-c in liver
tissue were significantly lower in the sodium butyrate þ LPS
group than those in the LPS group (Figure 1D). Based on these
findings, sodium butyrate alleviated LPS-induced liver injury as
well as liver inflammation in C57BL/6 mice.

GPR43 deficiency weakened the protective effect of
sodium butyrate on LPS-induced liver injury and inflammation in C57BL/6 mice
As butyrate can be served as endogenous agonists of GPR43, we
next examined the effect of sodium butyrate in LPS-induced
liver injury in GPR43-deficient mice. As shown in Figure 2, the
hemorrhage score, MPO index, and apoptosis score were significantly higher in LPS-treated mice than those in the control
group. A lower index was shown in the sodium butyrate þ LPS
group compared with that in the LPS group in the same genotype of mice. In comparison, the two different mouse genotypes
in the sodium butyrate þ LPS group, the hemorrhage score, MPO
index, and apoptosis score were higher in GPR43 KO mice than
in GPR43 WT mice (Figure 2A and B). Similar results were found
regarding the levels of serum ALT and AST (Figure 2C). We evaluated the inflammation level and observed that the expression
of inflammatory factors in the liver was also significantly increased due to LPS. After pretreatment with sodium butyrate,
the mRNA levels of TNF-a, IL-6, and IL-1b in liver tissue were
significantly decreased. In the sodium butyrate þ LPS group, the
levels of pro-inflammatory factors were higher in GPR43 KO
mice than in GPR43 WT mice (Figure 2D). These results indicated that deletion of GPR43 weakened the effect of sodium butyrate on LPS-induced liver injury and inflammation.

Sodium butyrate/GPR43 ameliorated liver injury and
inflammation by inhibiting macrophage activation in
C57BL/6 mice
To confirm whether butyrate decreased the production of proinflammatory factors in macrophages, RAW264.7 cells, which
are mouse leukemia macrophages, were utilized. As shown in
Figure 3, the expression of inflammatory factors in RAW264.7
cells was significantly increased due to LPS. Similarly, in the sodium butyrate þ LPS group, the mRNA levels of TNF-a, IL-6, IL1b, IL-8, COX-2, and IFN-c in RAW264.7 cells were significantly
decreased compared with those in the LPS group (Figure 3A). To
verify whether the GPR43 level was suppressed, 24 h after transfection with GPR43 siRNA, protein and mRNA expressions of
GPR43 were checked and showed significant downregulation
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(Figure 3B). Similar to the results in the animal models, after sodium butyrate pretreatment, the mRNA levels of TNF-a, IL-6,
and IL-1b in the cell line were significantly decreased. In the sodium butyrate þ LPS group, the levels of pro-inflammatory factors were higher in GPR43 siRNA cells than in control siRNA
cells (Figure 3C). These results indicated that deletion of GPR43
attenuated the effect of sodium butyrate on LPS-induced inflammation in macrophages.

Sodium butyrate/GPR43 signaling inhibited macrophage
activity by regulating TLR4/NF-jB p65 networks in the
RAW264.7 cell line
Given that the TLR4/NF-jB signaling pathway has been associated with LPS-induced liver injury in our previous studies, we
prospect that sodium butyrate may alleviate LPS-induced macrophage inflammation through negative regulation of the TLR4/
NF-jB signaling pathway. To identify the mechanism, we
detected the expression of some key elements in the TLR4/NFjB signaling pathway. The results showed that TLR4, TRAF6,
IKKb/a, phospho-IjBa, IjBa, phospho-p65, and p65 significantly
increased in RAW264.7 cells after treatment with LPS for 6 h
(Figure 4A and B), which suggested that LPS-induced liver injury
was related to activation of the TLR4/NF-jB signaling pathway.
It was also observed that phospho-IjBa and phospho-p65 were
not significantly increased in the cells that were treated with
sodium butyrate þ LPS (Figure 4A), indicating that sodium butyrate might be involved in the negative regulation of the TLR4/
NF-jB signaling pathway through interacting with IjBa and p65,
resulting in reduced pro-inflammatory-factor production in
RAW264.7 cells. In cells that were transfected with GPR43/control siRNA, phospho-IjBa and phospho-p65 were decreased in
both sodium butyrate þ LPS groups and the control siRNA group
was lower than the GPR43 siRNA group, indicating that GPR43
might be involved in sodium-butyrate-mediated regulation of
the TLR4/NF-jB p65 signaling pathway (Figure 4B).

Sodium butyrate increased the binding capacity of
GPR43 with b-arrestin-2, as well as b-arrestin-2 with
IrBa, in the RAW264.7 cell line
The present study showed that sodium butyrate exerts beneficial effects on LPS-induced liver injury. It was also found that
the effect is mediated by GPR43, which later impacts on the
TLR4/NF-jB signaling pathway. To obtain a better understanding of the molecular mechanism, we examined whether barrestin-2 inhibited in the NF-jB signaling pathway. Co-IP
experiments on cell models were used to further investigate the
interaction among GPR43, b-arrestin-2, and IrBa. Co-IP results
showed that sodium butyrate increased the binding capacity of
GPR43 with b-arrestin-2 (Figure 5A), as well as the binding capacity of b-arrestin-2 with IrBa (Figure 5B).

Discussion
SCFAs are end products of the saccharolytic fermentation of dietary fibers by the anaerobic intestinal microbiota and have a
carbon number of between 2 and 6 [32, 33]. The increasing value
of SCFA modulation on inflammatory damage and the metabolism of both enteral and parenteral environments has now been
recognized. Many studies have indicated that SCFAs exhibit a
wide range of functions from immune regulation (IBD [34], autoimmune hepatitis, multiple sclerosis [35], allergy [36], dermatitis
[37], etc.) to metabolism (non-alcoholic fatty liver disease [38],
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Figure 1. Sodium butyrate alleviates LPS-induced liver injury and inflammation. (A) H&E staining, immunohistochemical staining for MPO and TUNEL staining of liver
tissue in C57BL/6 mice treated with SB, SB þ LPS, LPS, and the vehicle group (magnification, 200). (B) Histology score of hemorrhage, MPO index, and apoptosis index
was calculated from TUNEL staining in C57BL/6 mice treated with SB, SB þ LPS, LPS, and the vehicle group. (C) Serum levels of ALT and AST were detected using ELISA
kits in female C57BL/6 mice treated with normal saline, SB, LPS, and SB þ LPS. (D) RT-PCR was used to determine relative mRNA levels of TNF-a, IL-6, and IL-1b in liver
tissues.*P < 0.05 vs vehicle group; #P < 0.05 vs LPS group. Values are expressed as mean 6 SD (n ¼ 10 in each group). MPO, myeloperoxidase; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling; SB, sodium butyrate; LPS, lipopolysaccharide; ALT, alanine aminotransferase; AST, aspartate transaminase.

obesity, insulin resistance [39, 40], dysregulated bile-acid synthesis [41], hypertensive cardiovascular damage [42], pathological bone loss [43], etc.) in a variety of tissues and organs. Soluble
dietary fibers act as an energy source for a selected group of gut

bacteria promoting the growth of beneficial microorganisms in
the intestine; thus, these fibers are regarded as ‘prebiotics’ in
the intestinal microenvironment [44, 45]. In addition to the direct physical action of SCFAs, this ‘microenvironment selection’
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Figure 2. GPR43 deficiency interrupted the protection of sodium butyrate on LPS-induced liver injury and inflammation. (A) H&E staining, immunohistochemical staining for MPO, and TUNEL staining of liver tissue in female GPR43 KO mice and WT littermates treated with SB, SB þ LPS, LPS, and normal saline (magnification, 200). (B)
Histology score of hemorrhage, MPO index, and the apoptosis index was calculated from TUNEL staining in female GPR43 KO mice and WT littermates treated with SB,
SB þ LPS, LPS, and normal saline. (C) Serum levels of ALT and AST were detected using ELISA kits. (D) RT-PCR was used to determine relative mRNA levels of TNF-a, IL6, and IL-1b in liver tissues. *P < 0.05 vs vehicle group in the same type of mice; #P < 0.05 vs LPS group in the same type of mice; 䉱 P < 0.05 vs SB þ LPS group in GPR43 WT
mice. Values are expressed as mean 6 SD (n ¼ 6 per group). MPO, myeloperoxidase; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling;
SB, sodium butyrate; LPS, lipopolysaccharide; ALT, alanine aminotransferase; AST, aspartate transaminase; RT-PCR, real-time polymerase chain reaction.

160

|

Q.-J. Luo et al.

Figure 3. Sodium butyrate/GPR43 ameliorated liver injury and inflammation via repressing macrophage activation. (A) RT-PCR was used to determine relative mRNA
levels of TNF-a, IL-6, IL-1b, IL-8, COX-2, and IFN-c produced by RAW264.7 cell line. *P < 0.05 vs vehicle group; #P < 0.05 vs LPS group. Values are expressed as mean 6 SD
(n ¼ 6 per group). (B) Expression of GPR43 in RAW264.7 cells was detected by Western blot. Levels of GAPDH are shown as a loading control; relative quantitative evaluation of the Western-blot analysis for the normalized GPR43/GAPDH was analysed from the Western-blot assay (values are expressed as mean 6 SD, n ¼ 6 per group,
Bonferroni’s comparison post-hoc test). The relative mRNA level of GPR43 expression was detected to evaluate the siRNA interference ratio. (C) RT-PCR was used to determine relative mRNA levels of TNF-a, IL-6, and IL-1b produced by RAW264.7 cell line transfected with GPR43 siRNA RNA oligo (GPR43 siRNA) or control siRNA RNA
oligo (Control siRNA). *P < 0.05 vs vehicle group in the same type of cell; #P < 0.05 vs LPS group in the same type of cell; P < 0.05 vs SB þ LPS group in control siRNA group.
Values are expressed as mean 6 SD (n ¼ 6 per group). RT-PCR, real-time polymerase chain reaction; SB, sodium butyrate.

may allow further understanding of their role in the suppression of systemic inflammation, pathologic metabolization, and
carcinogenesis [46].
The liver harbors the largest proportion of macrophages in
all solid organs of the body in response to various toxin exposures. Kupffer cells are resident macrophages that are seeded
along sinusoidal endothelial cells and are important scavengers
and gatekeepers for the liver microenvironment [47]. In principle, Kupffer cells are sensors of initial tissue damage, given that
numerous toxins enter the portal vein every day. Both endogenous ligands generated from injured cells (viral infection, nonalcoholic steatohepatitis, alcoholic liver disease, autoimmune
diseases, etc.) and exogenous ligands generated from the gut

microbiota (foods, drugs, chemicals, etc.) are under close surveillance once they enter liver sinusoids. By recognizing them,
Kupffer cells can become activated and initiate proinflammatory cascades. Other liver immune cells [48] include
monocyte-derived macrophages, dendritic cells, and ‘innatelike’ T lymphocytes, which are mainly Th17 cells [49, 50]. The
majority of liver blood flow is derived from the portal circulation, which is rich in LPS, allowing close contact of microbial
products with Kupffer cells. LPS, as the most famous pathogenassociated molecular pattern, activates macrophages by binding
TLR4 and cluster of differentiation 14 (CD14), leading to the
upregulation of various inflammatory cytokines, including TNFa, IL-1b, IL-6, IL-12, and IL-18 [51], thus further activating hepatic
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Figure 4. Sodium butyrate/GPR43 signaling repressed macrophage activity via regulating TLR4/NF-jB p65 networks. (A) Expression of TLR4, TRAF6, IKKb/a, phosphoIjBa, IjBa, phospho-p65, and p65 in RAW264.7 cells was detected by Western blot. Levels of GAPDH are shown as a loading control; relative quantitative evaluation of
the Western-blot analysis for phospho-IjBa/IjBa, phospho-p65/p65 expression was obtained using Image-Pro Plus6.0 software. *P < 0.05 vs vehicle group; #P < 0.05 vs
LPS group. Values are expressed as mean 6 SD (n ¼ 6 per group). (B) Expression of TLR4, TRAF6, IKKb/a, phospho-IjBa, IjBa, phospho-p65, and p65 in RAW264.7 cells
that were transfected with GPR43 siRNA RNA oligo (GPR43 siRNA) or control siRNA RNA oligo (control siRNA) was detected by Western blot. Levels of GAPDH are shown
as a loading control; relative quantitative evaluation of the Western-blot analysis for (phospho-IjBa/GAPDH)/(IjBa/GAPDH), (phospho-p65/GAPDH)/(p65/GAPDH) expression was obtained using Image-Pro Plus6.0 software. *P < 0.05 vs vehicle control group in the same type of cell; #P < 0.05 vs LPS group in the same type of cell; 䉱
P < 0.05 vs SB þ LPS group in the control siRNA group. Values are expressed as mean 6 SD (n ¼ 6 per group). SB, sodium butyrate.

stellate cells to recruit Kupffer cells and circulating macrophages [52]. Furthermore, recent literature indicates a greater
role for Kupffer cells and TNF-a as the main inflammatory mediator that activates the apoptotic pathway [53].
In this study, we established an LPS-induced liver-injury
model in female C57BL/6 mice and an LPS-induced liver-inflammation model in the RAW264.7 cell line (macrophages) to investigate the effect of sodium butyrate in attenuating
inflammation in vivo and in vitro. The results confirmed that sodium butyrate reduced the levels of ALT and AST in serum,
minimized structural damage, decreased inflammatory infiltration, and reduced liver expression of inflammatory factors induced by LPS. The inflammatory reaction took place in liver
macrophages.
Previous studies have shown that butyrate activation of
GPR43, the most notable SCFA target, may increase the influx of

calcium ions [54, 55] or bind to b-arrestin-2 to modulate the immune response, alleviating the immune response. We established an LPS-induced liver-injury model in female GPR43 KO
mice and WT littermates, and LPS-induced inflammation in
RAW264.7 cells that were transfected with GPR43 siRNA or control siRNA to investigate the effect of GPR43. Our findings confirmed that deletion of GPR43 partially weakened the effect of
sodium butyrate on LPS-induced liver injury in mice and LPSstimulated inflammation in RAW264.7 cells. We also found that
GPR43 is highly expressed in pro-inflammatory macrophages.
This proved that GPR43 acts as a butyrate receptor and mediates
anti-inflammatory effects.
Several other receptors for SCFAs [56] have also been identified in previous studies, such as G-protein-coupled receptor 41/
free fatty acid receptor 3 (GPR41/FFAR3; associated with adiposity and energy homeostasis) [57], GPR109A (associated with
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Figure 5. Sodium butyrate increases the binding capacity of GPR43 and b-arrestin-2, b-arrestin-2 and IrBa. (A) Co-IP was used to detect changes associated with pretreatment with sodium butyrate for 30 min of GPR43 and b-arrestin-2 in RAW264.7cells. (B) Co-IP was used to detect changes associated with pretreatment with sodium
butyrate for 30 min of b-arrestin-2 and IrBa in RAW264.7cells, followed by lipopolysaccharide treatment for 6 h. Relative quantitative evaluation of the Western-blot
analysis for GPR43/b-arrestin-2, b-arrestin-2/IrBa expression was obtained using Image-Pro Plus 6.0 software.*P < 0.05 vs vehicle group; #P < 0.05 vs LPS group; values
are expressed as mean 6 SD (n ¼ 6 per group, Bonferroni’s comparison post-hoc test). Co-IP, co-immunoprecipitation.

immune-cell chemotaxis and activation) [58], and olfactory receptor 78 (associated with the regulation of hormone secretion
and blood pressure) [59]. Various studies have shown that these
receptors have a similar role to that of GPR43. For example, it
was previously found that dietary fiber protects against colitis
via GPR43 and GPR109A in a dextran sulfate sodium (DSS)-induced colitis model [16, 60]. In addition, SCFAs also act as histone deacetylase (HDAC) inhibitors and extensively influence
inflammatory networks in this way. In another study, HDAC
was found to be the underlying mechanism of SCFA-mediated
inhibition of LPS-induced TNF-a production in neutrophils [61].
The mechanism could be quite complex, going far beyond what
we explored in our study, but the ultimate role of SCFAs points
to a disease-alleviating effect.
In the present study, sodium butyrate reduced the expression of inflammatory cytokines induced by LPS and downregulated the TLR4/NF-jB pathway in RAW264.7 cells. NF-jB is a
transcription factor that is pivotal in inflammatory responses
through regulating gene expression [13, 62]. NF-jB activity is
regulated by signal-induced IjB degradation, acetylation and
deacetylation of proteins in the NF-jB pathway, as well as NFjB target-gene manipulation [63]. The interruption of NF-jB by
butyrate has been extensively studied in the past. For instance,
HDAC inhibition by butyrate alleviates p65 binding to IjBa,
which in turn results in the export and reduced expression of
NF-jB [64]. Butyrate also rescues the redox machinery, controls
reactive oxygen species (ROS) [65], activates PPAR-c [66], and
inhibits IFN-c signaling [67], resulting in suppression of the NFjB pathway.

b-Arrestin binds to uncoupled GPCRs at the G-protein as a
negative regulatory molecule of GPCR signaling pathways [68].
Upon ligand binding, GPCRs undergo conformational changes
that allow them to be recognized by the family of G-proteincoupled receptor kinases and further enhance b-arrestin recruitment and binding to the receptors, which sterically hinders
further signaling to G-proteins, leading to the classical phenomenon of receptor desensitization [69]. b-Arrestins also scaffold
various proteins to potentiate distinct downstream signaling
events through the generation of ‘signalosomes’, including the
Hedgehog, Wnt, Notch, and transforming growth factor-beta
(TGF-b) pathways, and downstream kinases such as mitogenactivated protein kinase (MAPK) and phosphatidylinositol-3
kinase [70, 71]. Many previous studies have also confirmed that
b-arrestin-2 inhibits the NF-jB signaling pathway [22, 27, 72] in
several ways. For instance, b-arrestin-2 binds to TAB1, inhibiting the binding of TAB1 to TAK1 and blocking TAK1 phosphorylation and subsequent IjB kinase (IKK) phosphorylation, which
ultimately reduces the nuclear transfer of NF-jB [73]. In addition, b-arrestin-2 directly binds with IjB, which inhibits IjB
phosphorylation and degradation and reduces NF-jB nuclear
transfer and activation [23]. It has also been reported that barrestin-2 directly interacts with IKKs, NF-jB-inducing kinase
(NIK), and TRAF6 to regulate the inflammatory process [24, 74].
In this study, we demonstrated that, after activation, GPR43
couples with b-arrestin-2, increasing the binding capacity of barrestin-2 and IrBa, as measured in co-immunoprecipitation
experiments. This binding inhibited the phosphorylation and
degradation of IrB, thus inhibiting the free activation and
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nuclear translocation of NF-jB and partially down-regulating
the TLR4/NF-jB signaling pathway to inhibit the inflammatory
response.
However, there are several questions that remain to be
addressed. First, some researchers believe that butyrate is a
double-edged sword for health [75]. ROS and nitric oxide (NO)
are produced by butyrate in certain circumstances [76], indicating both suppressive and promoting roles in neutrophil chemotaxis. The effect of butyrate on obesity is also regarded as
controversial regarding metabolic aspects. Additionally, there is
sufficient evidence to indicate the involvement of other
signaling pathways in these SCFA receptors, such as engagement of b-arrestins by GPR109A, gustducin by GPR41, and GPR43
Gq/11-dependent activity inducing the influx of [Caþþ] into the
cytoplasm [77, 78]. The mechanism of the beneficial effect of butyrate on inflammation is more complicated than one possible
pathway presented here.
In summary, butyrate, a SCFA, mediates potent antiinflammatory effects to inhibit the TLR4/NF-jB inflammatory
signaling pathway by signaling through GPR43 and b-arrestin-2.
Sodium butyrate prevents LPS-induced liver injury through the
GPR43/b-arrestin-2/NF-jB signaling pathway. Chemical inhibitors such as sodium butyrate could be promising strategies to
prevent and treat LPS-induced liver injury and inflammation.
Translating the findings into clinical practice may open up new
avenues to pursue interventions in the future.
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online.

Authors’ contributions
Q.J.L., Y.W.G., and X.Q.W. conceived of and designed the project.
Q.J.L., S.M.X., and S.W.T. performed the experiments. H.L.L. and
J.J. supplied essential reagents. W.X.Y., K.K.A., and L.L. analysed
and interpreted the data. Q.J.L., S.M.X., Y.W.G., and X.Q.W.
drafted the manuscript. All authors read and approved the final
manuscript.

Funding
This work was supported by the Science and Technology
Foundation
of
Guangzhou
China
[201903010099,
201803010018] and the National Natural Science Foundation
of China [81470848].

Conflicts of interest
None declared.

References
1. Macfarlane GT, Macfarlane S. Bacteria, colonic fermentation,
and gastrointestinal health. J AOAC Int 2012;95:50–60.
2. Koh A, Vadder FD, Datchary PK et al. From dietary fiber to host
physiology: short-chain fatty acids as key bacterial metabolites. Cell 2016;165:1332–45.
3. Lin MY, Zoete MRD, Putten JPMV et al. Redirection of epithelial
immune responses by short-chain fatty acids through inhibition of histone deacetylases. Front Immunol 2015;6:554.

|

163

4. Vinolo MA, Rodrigues HG, Hatanaka E et al. Short-chain fatty
acids stimulate the migration of neutrophils to inflammatory
sites. Clin Sci 2009;117:331–8.
5. Zhu Y, Qu J. Toll like receptors and inflammatory factors in
sepsis and differential expression related to age. Chin Med J
(Engl) 2007;120:56–61.
6. Blackwell TS, Christman JW. Sepsis and cytokines: current
status. Br J Anaesth 1996;77:110–7.
7. Enomoto N, Ikejima KB, Rivera C et al. Role of Kupffer cells
and gut-derived endotoxins in alcoholic liver injury. J
Gastroenterol Hepatol 2000;15:20–5.
8. Kudo H, Takahara T, Yata Y et al. Lipopolysaccharide triggered TNF-alpha-induced hepatocyte apoptosis in a murine
non-alcoholic steatohepatitis model. J Hepatol 2009;51:168–75.
9. Li JD, Peng Y, Li Q et al. Potential protective effect of nuclear
factor-kappaB decoy oligodeoxynucleotides on endotoxininduced liver injury. Transplant Proc 2011;43:3613–7.
10. Krenkel O, Tacke F. Liver macrophages in tissue homeostasis
and disease. Nat Rev Immunol 2017;17:306–21.
11. Khan HA, Ahmad MZ, Khan JA et al. Crosstalk of liver immune
cells and cell death mechanisms in different murine models
of liver injury and its clinical relevance. Hepatobiliary Pancreat
Dis Int 2017;16:245–56.
12. Crane M, Lewin SR. HIV and lipopolysaccharide: double trouble in the liver. J Leukoc Biol 2017;101:1077–9.
13. Vinolo MA, Rodrigues HG, Hatanaka E et al. Suppressive effect
of short-chain fatty acids on production of proinflammatory
mediators by neutrophils. J Nutr Biochem 2011;22:849–55.
14. Carretta MD, Hidalgo AI, Burgos J et al. Butyric acid stimulates
bovine neutrophil functions and potentiates the effect of
platelet activating factor. Vet Immunol Immunopathol 2016;176:
18–27.
15. Yeon-Hee H, Yukihiko N, Daisuke H et al. Acetate and propionate short chain fatty acids stimulate adipogenesis via
GPCR43. Endocrinology 2005;146:5092–9.
16. Maslowski KM, Vieira AT, Ng A et al. Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 2009;461:1282–6.
17. Bayne M, Chou CC, Lundell D et al. Short-chain fatty acids act
as antiinflammatory mediators by regulating prostaglandin
E_2 and cytokines. World J Gastroenterol 2009;15:5549–57.
18. Brown AJ, Goldsworthy SM, Barnes AA et al. The Orphan G
protein-coupled receptors GPR41 and GPR43 are activated by
propionate and other short chain carboxylic acids. J Biol Chem
2003;278:11312–9.
19. Nilsson NE, Kotarsky K, Owman C et al. Identification of a free
fatty acid receptor, FFA2R, expressed on leukocytes and activated by short-chain fatty acids. Biochem Biophys Res Commun
2003;303:1047–52.
20. Gu YJ, Sun WY, Zhang S et al. The emerging roles of b-arrestins in fibrotic diseases. Acta Pharmacol Sin 2015;36:1277–87.
21. Luttrell LM, Lefkowitz RJ. The role of beta-arrestins in the termination and transduction of G-protein-coupled receptor signals. J Cell Sci 2002;115:455–65.
22. Gao H, Sun Y, Wu Y et al. Identification of beta-arrestin2 as a
G protein-coupled receptor-stimulated regulator of NFkappaB pathways. Mol Cell 2004;14:303–17.
23. Luan B, Zhang Z, Wu Y et al. Beta-arrestin2 functions as a
phosphorylation-regulated suppressor of UV-induced NFkappaB activation. EMBO J 2005;24:4237–46.
24. Witherow DS, Garrison TR, Miller WE et al. Beta-Arrestin
inhibits NF-kappaB activity by means of its interaction with
the NF-kappaB inhibitor IkappaBalpha. Proc Natl Acad Sci USA
2004;101:8603–7.

164

|

Q.-J. Luo et al.

25. Sanchez O, Viladrich M, Ramirez I et al. Liver injury after an
aggressive encounter in male mice. Am J Physiol Regul Integr
Comp Physiol 2007;293:R1908–16.
26. Hirschfield GM, Gallimore JR, Kahan MC et al. Transgenic
human C-reactive protein is not proatherogenic in apolipoprotein E-deficient mice. Proc Natl Acad Sci USA 2005;102:
8309–14.
27. Kilkenny C, Browne W, Cuthill IC et al. Animal research:
reporting in vivo experiments—the ARRIVE guidelines. J Cereb
Blood Flow Metab 2011;31:991–3.
28. McGrath JC, Lilley E. Implementing guidelines on reporting
research using animals (ARRIVE etc.): new requirements for
publication in BJP. Br J Pharmacol 2015;172:3189–93.
29. Tan S, Wei X, Song M et al. PUMA mediates ER stress-induced
apoptosis in portal hypertensive gastropathy. Cell Death Dis
2014;5:e1128.
30. Hoque R, Farooq A, Ghani A et al. Lactate reduces liver
and pancreatic injury in Toll-like receptor- and
inflammasome-mediated inflammation via GPR81-mediated
suppression of innate immunity. Gastroenterology 2014;146:
1763–74.
31. Curtis MJ, Bond RA, Spina D et al. Experimental design and
analysis and their reporting: new guidance for publication in
BJP. Br J Pharmacol 2015;172:3461–71.
32. Ohira H, Tsutsui W, Fujioka Y. Are short chain fatty acids in
gut microbiota defensive players for inflammation and atherosclerosis. J Atheroscler Thromb 2017;24:660–72.
33. Cummings JH, Pomare EW, Branch WJ et al. Short chain fatty
acids in human large intestine, portal, hepatic and venous
blood. Gut 1987;28:1221–7.
34. Sun M, Wu W, Liu Z et al. Microbiota metabolite short chain
fatty acids, GPCR, and inflammatory bowel diseases.
J Gastroenterol 2017;52:1–8.
35. Melbye P, Olsson A, Hansen TH et al. Short-chain fatty acids
and gut microbiota in multiple sclerosis. Acta Neurol Scand
2019;139:208–19.
36. Trompette A, Gollwitzer ES, Yadava K et al. Gut microbiota
metabolism of dietary fiber influences allergic airway disease
and hematopoiesis. Nat Med 2014;20:159–66.
37. Schwarz A, Bruhs A, Schwarz T. The short-chain fatty acid sodium butyrate functions as a regulator of the skin immune
system. J Invest Dermatol 2017;137:855–64.
38. Dinga Y, Yanagib K, Chengc C et al. Interactions between gut
microbiota and non-alcoholic liver disease: the role of
microbiota-derived metabolites. Pharmacol Res 2019;142:314.
39. McNabney SM, Henagan TM. Short chain fatty acids in the colon and peripheral tissues: a focus on butyrate, colon cancer,
obesity and insulin resistance. Nutrients 2017;9:1348.
40. Hernández MAG, Canfora EE, Jocken JWE et al. The shortchain fatty acid acetate in body weight control and insulin
sensitivity. Nutrients 2019;11:1943.
41. Sheng L, Jena PK, Hu Y et al. Hepatic inflammation caused by
dysregulated bile acid synthesis is reversible by butyrate supplementation. J Pathol 2017;243:431–41.
42. Bartolomaeus H, Balogh A, Yakoub M et al. Short-chain fatty
acid propionate protects form hypertensive cardiovascular
damage. Circulation 2019;139:1407–21.
43. Lucas S, Omata Y, Hofmann J et al. Short-chain fatty acids regulate systemic bone mass and protect from pathological bone
loss. Nat Commun 2018;9:55.
44. Nicholson JK, Holmes E, Kinross J et al. Host-gut microbiota
metabolic interactions. Science 2012;336:1262–7.
45. Gibson TM, Ferrucci LM, Tangrea JA et al. Epidemiological and
clinical studies of nutrition. Semin Oncol 2010;37:282–96.

~ o JC, Abrantes AM, Pires AS et al. Revisit dietary fi46. Encarnaça
ber on colorectal cancer: butyrate and its treatment. Cancer
Metastasis Rev 2015;34:465–78.
47. Bouwens L, Baekeland M, Zanger RD et al. Quantitation, tissue
distribution and proliferation kinetics of Kupffer cells in normal rat liver. Hepatology 1986;6:718–22.
48. Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin
Invest 2017;127:55–64.
49. Yamashita T. Intestinal immunity and gut microbeta in atherogenesis. J Atheroscler Thromb 2017;24:110–9.
50. Ge J, Wang K, Meng QH et al. Implication of Th17 and Th1 cells
in patients with chronic active hepatitis B. J Clin Immunol
2010;30:60–7.
51. Tsutsui H, Nishiguchi S. Importance of Kupffer cells in the development of acute liver injuries in mice. IJMS 2014;15:
7711–30.
52. Seki E, Tsutsui H, Nakano H et al. Lipopolysaccharide-induced
IL-18 secretion from murine Kupffer cells independently of
myeloid differentiation factor 88 that is critically involved in
induction of production of IL-12 and IL-1beta. J Immunol 2001;
166:2651–7.
53. Nagy LE. The Role of innate immunity in alcoholic liver disease. Alcohol Res 2015;37:237–50.
54. Poul EL, Loison C, Struyf S et al. Functional characterization of
human receptors for short chain fatty acids and their role in
polymorphonuclear cell activation. J Biol Chem 2003;278:
25481–9.
55. Pluznick J. A novel SCFA receptor, the microbiota, and blood
pressure regulation. Gut Microbes 2014;5:202–7.
56. Andrade-Oliveira V, Amano MT, Correa-Costa M et al. Gut
bacteria products prevent AKI induced by ischemia-reperfusion. J Am Soc Nephrol 2015;26:1877–88.
57. Samuel BS, Shaito A, Motoike T et al. Effects of the gut microbiota on host adiposity are modulated by the short-chain
fatty-acid binding G protein-coupled receptor, Gpr41. Proc
Natl Acad Sci USA 2008;105:16767–72.
58. Stoddart LA, Smith NJ, Milligan G. Free fatty acid receptors
FFA1, -2, and -3, pharmacology and pathophysiological functions. Pharmacol Rev 2008;60:405–17.
59. Fleischer J, Bumbalo R, Bautze V et al. Expression of odorant
receptor Olfr78 in enteroendocrine cells of the colon. Cell
Tissue Res 2015;361:697–710.
60. Macia L, Tan J, Vieira AT et al. Metabolite-sensing receptors
GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the inflammasome. Nat
Commun 2015;6:6734.
61. Oliveira RC, Fachi JL, Vieira A et al. Regulation of immune cell
function by short-chain fatty acids. Clin Trans Immunol 2016;5:
e73.
62. Venkatraman A, Ramakrishna B, Shaji R et al. Amelioration of
dextran sulfate colitis by butyrate: role of heat shock protein
70 and NF-kappaB. Am J Physiol Gastrointest Liver Physiol 2003;
285:G177–84.
63. Li M, van Esch BCAM, Wagenaar GTM et al. Pro- and antiinflammatory effects of short chain fatty acids on immune
and endothelial cells. Eur J Pharmacol 2018;831:52–9.
64. Gogulamudi VR, Periasamy R, Raghavaraju G et al.
Inhibition of HDAC enhances STAT acetylation, blocks NF-jB,
and suppresses the renal inflammation and fibrosis in Npr1
haplotype male mice. Am J Physiol Renal Physiol 2017;313:
F781–95.
65. Sacco P, Decleva E, Tentor F et al. Butyrate-loaded chitosan/
hyaluronan nanoparticles: a suitable tool for sustained

Butyrate prevents LPS-induced liver injury via GPR43

inhibition of ROS release by activated neutrophils. Macromol
Biosci 2017;17:1700214.
66. Raso GM, Simeoli R, Russo R et al. Effects of sodium butyrate
and its synthetic amide derivative on liver inflammation and
glucose tolerance in an animal model of steatosis induced by
high fat diet. PLoS One 2013;8:e68626.
67. Schwab M, Reynders V, Loitsch S et al. Involvement of different nuclear hormone receptors in butyrate-mediated inhibition of inducible NF kappa B signaling. Mol Immunol 2007;44:
3625–32.
68. Charles PYJ, Kaur S, Shenoy SK. G protein-coupled receptor
signaling through b-arrestin-dependent mechanisms. J
Cardiovasc Pharmacol 2017;70:142–58.
69. Premont RT, Gainetdinov RR. Physiological roles of G proteincoupled receptor kinases and arrestins. Annu Rev Physiol 2007;
69:511–34.
70. Luttrell LM, Roudabush FL, Choy EW et al. Activation and targeting of extracellular signal-regulated kinases by betaarrestin scaffolds. Proc Natl Acad Sci USA 2001;98:2449–54.
71. McDonald PH, Chow CW, Miller WE et al. Beta-arrestin 2: a
receptor-regulated MAPK scaffold for the activation of JNK3.
Science 2000;290:1574–7.

|

165

72. Jiang MP, Xu C, Guo YW et al. Beta-arrestin 2 attenuates
lipopolysaccharide-induced liver injury via inhibition of
TLR4/NF-kappaB signaling pathway-mediated inflammation
in mice. World J Gastroenterol 2018;24:216–25.
73. Oh DY, Talukdar S, Bae EJ et al. GPR120 is an omega-3 fatty
acid receptor mediating potent anti-inflammatory and
insulin-sensitizing effects. Cell 2010;142:687–98.
74. Wang Y, Tang Y, Teng L et al. Association of beta-arrestin and
TRAF6 negatively regulates Toll-like receptor-interleukin 1
receptor signaling. Nat Immunol 2006;7:139–47.
75. Liu H, Wang J, He T et al. Butyrate: a double-edged sword for
health? Adv Nutr 2018;9:21–9.
76. Rodrigues HG, Sato FT, Curi R et al. Fatty acids as modulators
of neutrophil recruitment, function and survival. Eur J
Pharmacol 2016;785:50–8.
77. Sivaprakasam S, Prasad PD, Singh N. Benefits of short-chain
fatty acids and their receptors in inflammation and carcinogenesis. Pharmacol Ther 2016;164:144–51.
78. Gaidarov I, Chen X, Anthony T et al. Differential tissue and
ligand-dependent signaling of GPR109A receptor: implications for anti-atherosclerotic therapeutic potential. Cell Signal
2013;25:2003–16.

