
ORIGINAL RESEARCH
published: 30 September 2021
doi: 10.3389/fnut.2021.729583

Frontiers in Nutrition | www.frontiersin.org 1 September 2021 | Volume 8 | Article 729583

Edited by:

Jiong-Wei Wang,

National University of

Singapore, Singapore

Reviewed by:

Xiongwen Lv,

Anhui Medical University, China

Chun-Feng Guo,

Northwest A&F University, China

Wenwei Lu,

Jiangan Uiversity, China

Chaodong Wu,

Texas A&M University, United States

*Correspondence:

Liang Zhao

lzhao@cau.edu.cn

Specialty section:

This article was submitted to

Nutritional Immunology,

a section of the journal

Frontiers in Nutrition

Received: 23 June 2021

Accepted: 02 September 2021

Published: 30 September 2021

Citation:

Li W, Deng M, Gong J, Zhang X, Ge S

and Zhao L (2021) Sodium Acetate

Inhibit TGF-β1-Induced Activation of

Hepatic Stellate Cells by Restoring

AMPK or c-Jun Signaling.

Front. Nutr. 8:729583.

doi: 10.3389/fnut.2021.729583

Sodium Acetate Inhibit
TGF-β1-Induced Activation of
Hepatic Stellate Cells by Restoring
AMPK or c-Jun Signaling

Weiwei Li 1, Mingjuan Deng 2, Jiahui Gong 1, Xiaoying Zhang 3, Shaoyang Ge 4 and

Liang Zhao 1,2*

1 Key Laboratory of Functional Dairy, College of Food Science and Nutritional Engineering, China Agricultural University,

Beijing, China, 2Department of Nutrition and Health, Beijing Advanced Innovation Center for Food Nutrition and Human

Health, China Agricultural University, Beijing, China, 3 Inner Mongolia Dairy Technology Research Institute Co., Ltd., Hohhot,

China, 4Hebei Engineering Research Center of Animal Product, Sanhe, China

Short-chain fatty acids (SCFAs) are crucial gut microbial metabolites that play a major

role in the occurrence and development of hepatic fibrosis (HF). However, the effect of

SCFAs on hepatic stellate cells (HSCs), the major pro-fibrogenic cells, is yet undefined.

In this study, the effects of three major SCFAs (acetate, propionate, and butyrate) were

assessed on the activation of HSCs. LX2 cells were activated with TGF-β1 and treated

with sodium acetate (NaA), sodium propionate (NaP), or sodium butyrate (NaB). SCFA

treatment significantly reduced the protein levels of α-SMA and the phosphorylation of

Smad2 and decreased the mRNA expression of Acta2/Col1a1/Fn in cells compared

to the TGF-β1 treatment. Among the three SCFAs, NaA revealed the best efficacy at

alleviating TGF-β1-induced LX2 cell activation. Additionally, acetate accumulated in the

cells, and G protein-coupled receptor (GPR) 43 silencing did not have any impact on the

inhibition of LX2 cell activation by NaA. These findings indicated that NaA enters into the

cells to inhibit LX2 cell activation independent of GPR43. The results of phosphokinase

array kit and Western blot indicated that NaA increased the AMP-activated protein

kinase (AMPK) activation and reduced the phosphorylation of c-Jun in cultured LX2

cells, and siRNA-peroxisome proliferator-activated receptor (PPAR) -γ abolished the

inhibitory effects of NaA against TGF-β1-induced LX2 cell activation. In conclusion, this

study showed that NaA inhibited LX2 cell activation by activating the AMPK/PPARγ and

blocking the c-Jun signaling pathways. Thus, SCFAs might represent a novel and viable

approach for alleviating HF.
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INTRODUCTION

Hepatic fibrosis (HF) is a wound-healing response of the liver to the continuous action of various
injury factors, characterized by the net accumulation of extracellular matrix (ECM) or scar (1).
A variety of chronic stimuli, including chronic viral infection (hepatitis B or C virus), toxic
damage, alcohol abuse (long-standing excessive alcohol consumption), non-alcoholic fatty liver
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disease (NAFLD)/non-alcoholic steatohepatitis (NASH),
autoimmune liver diseases, and metabolic and genetic diseases,
could cause HF (2). Subsequently, HF may progress to cirrhosis
associated with several complications, such as functional liver
failure, hepatic encephalopathy, renal and cardiac disturbances,
and hepatocellular carcinoma (HCC) (3). During HF, the
ongoing liver injury results in excessive ECM deposition,
and abundant Col1a1 and 3 lead to scarring and fibrosis
(4). HSCs are the primary source of activated myofibroblasts
and portal fibroblasts that drive the fibrogenic process. In
response to liver injury, the quiescent, vitamin-A storing HSCs
transdifferentiate to contractile, proliferative, and fibrogenic
myofibroblasts (5). Then, the cells produce collagen as well as
other types of ECM tissue inhibitors of metalloproteinases and
matrix metalloproteinases (MMPs) that elicit liver architecture
remodeling, thus propagating fibrosis (6). This process is known
as HSC activation, and activated HSCs are responsible for about
80% of total fibrillar Col1a1 in the fibrotic liver (7). Therefore,
inhibiting HSCs activation is emerging as a promising target for
fibrosis alleviation.

Currently, the literature is focused on the correlation between
gut and liver. The liver receives most of its blood flow (70%)
from intestinal vascularization, and hence, is constantly exposed
to nutrients, toxins, and products of the gut microbiota (8).
Moreover, the gastrointestinal tract receives a liver product
in the form of bile acid (9). This functional bidirectional
correlation between the liver and gastrointestinal tract is known
as the gut-liver axis (GLA) (8). The dysregulation of the
microbiota has been confirmed in patients with HF (10). Several
studies reported that the ratio of Firmicutes/Bacteroidetes in
microbiota was correlated with lipid accumulation and HF in
both human and animal models (11, 12). In a group of biopsy-
proven NAFLD patients, a higher abundance of Bacteroides were
observed in fibrosis subjects compared to those without fibrosis,
suggesting a correlation between Bacteroides and HF severity
(13). Previous studies also showed that patients with cirrhosis had
a decrease in commensal SCFA-producing bacteria, especially
butyrate-producing bacteria, including Lachnospiraceae and
Ruminococcaceae (14). Accumulating evidence indicated a
balance in themicrobial community by supplementing probiotics
or prebiotics, which alleviated HF. Gadallah et al. (15)
demonstrated that treatment with the probiotic mixture and
prebiotic insulin suppressed the expression of inflammatory IL-
6 and reduced the level of fibrotic TGF-β1 and α-SMA markers
in the experimental rats. In humanized mice, dietary fiber altered
the intestinal microbiota composition produced abundant SCFAs
and exerted a protective effect on mouse HF (16). These studies
suggested that gutmicrobiota had a tight correlation withHF, and
SCFAs could be major regulators of these processes.

SCFAs are the main microbial metabolites of dietary fibers
of gut microbiota. Acetate, propionate, and butyrate are the
most abundant SCFAs in the human gut (17). Importantly
SCFAs are not only metabolic substrates but also signaling
molecules that regulate liver metabolism (18). A previous
study indicated that fructo-oligosaccharide treatment increased
intestinal SCFAs and improved hepatic steatosis, inflammatory
cell infiltration, and hepatocyte ballooning of NASH mice (19).

Takayama et al. (20) showed that feeding partially hydrolyzed
guar gum increases butyrate, acetate, and propionate in the gut
and attenuates liver inflammatory markers (TNF-α and MCP-
1) and fibrogenic markers (Col1a1 and α-SMA) in mice. These
results indicated that regulating the level of gut SCFAs alleviates
NASH-related fibrosis via complicated processes. In addition,
direct oral supplementation of butyrate remarkably alleviates the
liver fibrosis stage by decreasing the expression of inflammatory
maker protein (MyD88) and alleviating liver steatosis and lipid
degeneration of NASH mice, interestingly, the inhibition of
iNOS may be involved in the potential mechanism for butyrate
alleviating NASH (21). However, only a few studies have focused
on the protective effects of specific SCFAs on the development
of HF, especially in HSC activation; nonetheless, the related
mechanisms are not yet elucidated.

In this study, TGF-β1-activated HSCs were employed to
evaluate the effects of three dominant SCFAs, NaA, NaP, and
NaB, on fibrotic markers. The mechanisms related to the NaA-
induced inhibition of HSC activation were assessed using protein
antibody chip and RNA interference (RNAi) in HSCs.

MATERIALS AND METHODS

Cell Culture
HSC-LX2 cells were purchased from Stem Cell Bank, Chinese
Academy of Sciences (Shanghai, China) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY, USA) containing 2% fetal bovine serum (FBS, Gibco)
and 100 U/mL penicillin and streptomycin (Beyotime, Beijing,
China) in a 5%CO2 incubator at 37◦C (22). To study the effects of
SCFAs on TGF-β1-induced fibrogenesis, LX2 cells were seeded in
six-well plates (Corning, Corning, NY, USA) in 2mL of DMEM
medium at a density of 1× 106 cells/mL. After achieving 70–80%
confluency, the cells were subjected to 12 h of serum starvation,
while the control group was incubated with fresh DMEM and the
cells in the other groups were incubated with DMEM containing
2.5 ng/mLTGF-β1 (PeproTech, RockyHill, NJ, USA) and varying
concentrations of NaA (0.1 or 1mM) for an additional 48 h. Next,
we selected the concentration based on previous toxicological
studies in LX2 cells, especially those related to fibrogenesis.
Subsequently, the cells were used forWestern blot analysis and/or
harvested for total RNA isolation.

Cell Cytotoxicity Assays
An Enhanced Cell Counting Kit 8 Assay (Beyotime, Shanghai,
China) was used to determine cell cytotoxicity of SCFAs (23). LX2
cells were seeded at a density of 5× 103 per well onto flat-bottom
96-well culture plates (Corning). Cells were treated by NaA,
NaP or NaB (0 to 1mM) as mentioned earlier. The absorbance
values of viable cells were finally determined at 450 nm using
a microplate spectrophotometer (BioTek, Winooski, VT, USA).
The cell inhibitory rates were calculated using the following
formula: Cell inhibition rate (%) = (1 – A450 (sample) / A450

(control))× 100.
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Western Blot Analysis
Total protein was isolated from cultured cells using lysis buffer
supplemented with protease and phosphatase inhibitors. The
protein concentration was measured using a protein assay
kit (Bio-Rad, Hercules, CA, USA). An equivalent of 30 µg
(24) protein extract was separated by sodium dodecyl sulfate-
polyacrylamide gel electrohoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride membranes (PVDF). The membranes
were incubated with primary antibodies: phosphorylated AMPK
alpha (p-AMPKα), AMPKα, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), phosphorylated c-Jun (Ser63) (p-c-
Jun), c-Jun, phosphorylated Smad2 (p-Smad2), Smad2, β-Actin
(CST, Danvers, MA, USA), PPARα, and PPARγ (Abcam). After
incubation with a goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Beyotime, Shanghai, China) at
a dilution of 1:10,000 for 1 h, the proteins were visualized using
a Luminata Forte Enhanced Chemiluminescence Kit (Millipore,
Billerica, MA, USA). The band intensities were analyzed using
Quantity One analysis software.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was extracted using TRIzol Reagents (Ambion,
Austin, TX, USA) and subjected to reverse transcription using
a Prime Script RT-PCR kit (TaKaRa). qRT-PCR was carried
out using SYBR Premix Ex Taq (TaKaRa) on the Light-
Cycler 480 (Roche Diagnostics GmbH) and analyzed by the
software (25). The primers were synthesized by Sangon Biotech,
China (Supplementary Table 1). The fluorescence data of the
target genes were analyzed by the 2−11Ct method for relative
quantification using Actin or GAPDH as an internal control.

Measurement of Intracellular Sodium
Acetate Concentration
SCFA extraction: 108 cells were mixed with 2mL extraction
reagent (water:phosphoric acid = 1:3) and homogenized
for 20 s at 6,500 × g using a Precellys 24 homogenizer
(Bertin Technologies, Montigmyle Bretonnexux, France). The
cell extract was prepared by adding 2mL ether on ice for
10min, followed by centrifugation at 4,000 × g for 20min
(26). The remaining aqueous layer was further extracted
with ether. Subsequently, the ether layers were pooled
and diluted to 2mL. Then, samples were subjected to gas
chromatography-mass spectrometer (GC-MS) analysis using a
7890B gas chromatograph/5977 mass selective detector (Agilent
Technologies, Santa Clara, CA, USA) with an HB-5ms capillary
column (30m × 0.25mm × 0.25µm film thickness) (Agilent
Technologies), with helium as carrier gas at a constant flow
rate of 1 mL/min. Samples (0.5 µL) were injected using a
pressure pulsed split mode (10 psi) with a split ration of 10:1.
The initial column oven temperature was 100◦C for 1min, and
then increased to 120◦C at a rate of 10◦C/min and held for
5min, then increased to a final temperature of 220◦C at a rate of
30◦C/min and held for 3min. The total run time was 14.3min
and all the data was collected in full scan mode with a mass range
of 40–300 m/z (27). Pure water was used as a blank sample to

correct the background. A blank sample was processed similar to
that of cells samples. The corrected peak area of acetic acid was
calculated by the peak areas of samples minus that of the blank
sample detected under the same conditions.

Small Interfering RNA Transfection
siRNA targeting GPR43, PPARγ, or control siRNA
was synthesized by Biolino Biotech (Tianjin, China)
(Supplementary Tables 2, 3). Transfections were performed
using the Lipofectamine R© 2000 RNAiMax reagent
(Invitrogen, Karlsruhe, Germany) following the manufacturer’s
instructions. As described previously, cells were treated
with three concentrations of SCFAs and TGF-β1 for 48 h
after 24 h post-transfection (28). The downregulation of
the GPR43 or PPARγ targeted by siRNA was confirmed
by RT-PCR.

Phosphokinase Array
Relative protein phosphorylation levels were obtained
by profiling 43 specific phosphorylation sites
(Supplementary Table 4) using the Proteome Profiler Human
Phosphokinase Array Kit (ARY003B, R&D Systems), according
to the manufacturer’s instructions. Briefly, the cells were
rinsed with phosphate-buffered saline (PBS), resuspended
in lysis buffer (1 × 107 cells/mL), and agitated at 4◦C for
30min (29). The array membranes were blocked with 1.0ml
of Array Buffer one and incubated with 500 µg cell lysates
at room temperature for 1 h. Next, cocktails of biotinylated
detection antibodies were added and samples were incubated
at room temperature for 2 h. Phosphorylated proteins were
revealed using streptavidin-HRP/chemiluminescence substrate
(sc-201696, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and autoradiography films. The resulting spots were
scanned, and images were quantified using the Image Lab
software (Bio-Rad).

Measurement of Intracellular AMP:ATP
Ratio
Following exposure to acetate, LX2 cells were removed the
supernatant and washed three times with ice-cold PBS, and
then added 3mL of ice-cold aqueous acetonitrile (50%, v/v)
(VWR) to break cells to extracte intracellular nucleotides. The
resulting extract was maintained on ice for 10min, followed
by centrifugation at 14,000 × g for 1min at 0◦C. The extract
of cell contents was collected and dried using a refrigerated
SpeedVac (Savant). The dried extract was resuspended in 240
µL of deionized water and filtered using a 0.22-µm syringe
filter unit for high-performance liquid chromatography (HPLC)
analysis (30). The chromatographic separation and analysis
were performed on an Agilent system (1,200 series), equipped
with a diode-array detector and a C18 reverse-phase column
(Kromasil, 5µm, 100 Å; 4.6 × 150mm) at a flow rate
of 1 mL/min and a linear gradient of acetonitrile (0–7%)
in 10mM triethylammonium acetate buffer (Glen Research)
over 20min. AMP and ATP were identified based on their
retention times.
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Statistical Analyses
Numeric data were presented as mean ± SD. Statistical
significance was determined using the one-way ANOVA followed
by LSD post-tests with SPSS 22.0. Differences were considered
significant at a two-tailed p-value < 0.05.

RESULTS

NaA-H Ameliorates TGF-β1-induced LX2
Cell Activation
A CCK-8 assay was performed to evaluate the potential cytotoxic
effect of SCFA on HSCs. The results showed that after treatment
with the maximum concentration of SCFAs (1mM) for 48 h,
>80% of the LX2 cells survived (Figure 1A), indicating that
SCFAs did not affect cell viability. Regarding the antifibrotic
effects of the three different SCFAs on TGF-β1-induced HSCs
activation, the protein expression level of α-SMA, the marker
of fibrogenesis, was analyzed by Western blot. Compared to the
control group, TGF-β1 treatment significantly elevated α-SMA
in the MOD group, which indicated LX2 cell activation by TGF-
β1. SCFA treatment significantly inhibited the overexpression
of α-SMA in activated LX2 cells except high-dose of NaP
compared to the MOD group. Specifically, high-dose of NaA
(NaA-H) or NaB (NaB-H) reduced 72.2 or 53.7% α-SMA levels
in cells compared to the MCD group (Figures 1B,D). NaA-
H generated maximum efficacy at reducing α-SMA among
the SCFA treatment groups. Similar results were also observed
in gene expression levels of Acta2, the α-SMA-coding gene.
TGF-β1 treatment increased the levels of Acta2 compared to
the control group, while treatment with high-dose of SCFAs
inhibited Acta2 levels, which were 57.7% (NaA-H), 26.4%
(NaB-H), and 19.8% (NaP-H) lower than those in the MOD
group, respectively (Figure 1C). These results confirmed that
NaA-H had the best inhibitory effect on LX2 cell activation.
Moreover, SCFAs also suppressed the overexpression of fibrosis
marker genes Col1a1 and Fn in TGF-β1-activated LX2 cells.
For Col1a1 gene expression, a high dose of NaA or NaB
showed significant inhibition compared to the MOD group
(Figure 1D). For Fn gene, all high-dose groups of three SCFAs
represented significant inhibition to theMODgroup (Figure 1E).
The results indicated that SCFA treatment ameliorated TGF-β1-
induced LX2 cell activation. NaA-H revealed the best efficacy
at alleviating TGF-β1-induced LX2 cell activation relative to
propionate and butyrate. Therefore, NaA-H was selected for
further experiments.

NaA Treatment Inhibited TGF-β1/Smad2
Signaling in LX2 Cells
As the downstream cascade, Smad2 signaling plays a key role
in TGF-β1-induced HSC activation. Compared to the control
group, TGF-β1 markedly enhanced the phosphorylation level of
Smad2 protein, while NaA treatment significantly ameliorated
the phosphorylation of Smad2 (Figure 2). These phenomena
were consistent with previous results, indicating that NaA
inhibits the phenotype and key signaling pathways.

NaA Entered Into Cells to Inhibit LX2 Cell
Activation Independent of GPR43
Next, we examined whether GPR43, a promising receptor of
acetate, participated in the LX2 cell inhibition by acetate. GPR43
siRNA was used to silence its target mRNA, specifically in LX2
cells. Herein, we designed three siGPR43 sequences; the silencing
efficiency of the siGPR43-2 sequence was 90.6%, and hence, it was
selected for downstream experiments in LX2 cells (Figure 3A).
The results showed that GPR43 silencing did not have an impact
on the decreased expression of α-SMA protein and Col1a1
mRNA by NaA (Figures 3B,C), indicating that NaA inhibited
the activation of LX2 cells via pathways independent of GPR43.
In addition to G proteins, histone deacetylase (HDAC) enzymes
may also act as target sites of SCFA. SCFAs exert their effects by
binding to metabolite-sensing GPR41, GPR43, and GPR109A or
epigenetically via HDAC modulation. Since the GPR43 receptor
does not influence the function of acetate, the impact of acetate
on HDAC was further investigated and speculated to be involved
in the beneficial effects of SCFAs. Compared to the control
group, TGF-β1 or NaA treatment did not significantly alter
the expression of HDAC2, HDAC4, HDAC5, HDAC6, HDAC7,
HDAC8, HDAC9, and HDAC11. Although NaA treatment had
a significant effect on the expression of HDAC1, HDAC3 and
HDAC10, TGF-β1 treatment had no influence on the expression
of these genes indicating they were not involved in activation
of LX2 cells. Therefore, the results showed that HDAC did
not participated in NaA inhibiting the activation of LX2 cells
(Supplementary Figure 1). These results indicated that GPR43
or HDAC might not participate in the inhibition of NaA-
activated HSCs.

On the other hand, NaA may enter into the cells and have
some effects. To verify this hypothesis, we used aGC-MS to detect
the intracellular acetate content. Compared to the control and
model groups, treatment with NaA (1mM) caused a significant
increase in the content of acetate, while the other two groups were
lower than the detection limit (0.42µg/mL) (Figure 3D). The
present results showed that inhibiting HSC activation by acetate
might be achieved by NaA entering into the cell.

NaA Attenuated LX2 Cells Activation in an
AMPKα- and c-Jun-Dependent Manner
To analyze the potential mechanism of NaA on the activation
of LX2 cells induced by TGF-β1, a phosphokinase array
kit containing 43 kinase phosphorylation targets was used
(Supplementary Table 2). TGF-β1 induced significant changes
in the phosphorylation level of 18 proteins compared to the
control group. NaA treatment altered the phosphorylation
level of 22 proteins compared to the MOD group. Herein,
the significant changes in the phosphorylation of the protein
effectuated by both TGF-β1 and NaA treatment were investigated
(Figure 4A). We found that the phosphorylation of AMPKα

was decreased when LX2 cells were exposed to a medium
containing TGF-β1, while NaA supplementation enhanced the
phosphorylation of AMPKα significantly (Figures 4B,C). On
the other hand, phosphorylation of c-Jun was significantly
upregulated in TGF-β1-activated HSCs, and NaA treatment
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FIGURE 1 | Effects of SCFAs on TGF-β1 induced LX2 cells activation. (A) SCFAs cytotoxic effects. After serum starvation for 12 h, a CCK8 assay was performed for

LX2 cells treated with SCFAs at doses of 0–1mM for 48 h. (B) The protein expression of α-SMA was assessed by the Western blot. LX2 cells were treated with or

without 2.5 ng/ml TGF-β1 and 1mM of SCFAs for 48 h. (C–E) Real-time PCR was used to evaluate the mRNA expressions of Acta2, Col1a1, and Fn. LX2 cells were

treated with or without 2.5 ng/ml TGF-β1 and 1mM of SCFAs for 48 h. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs,

data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared with CON, and *p < 0.05, **p < 0.01, as compared with MOD. The significant difference was

assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD), low dose of sodium acetate

(NaA-L), high dose of sodium acetate (NaA-H), low dose of sodium propionate (NaP-L), high dose of sodium propionate (NaP-H), low dose of sodium butyrate

(NaB-L), high dose of sodium butyrate (NaB-H), arbitrary unit (AU).
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FIGURE 2 | NaA inhibited TGF-β1 induced HSCs activation in LX2 cells. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 1mM of NaA for 48 h. Western

blot was used to evaluate the phosphorylation of Smad2. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the

mean ± SD, #p < 0.05, as compared with CON, and *p < 0.05, as compared with MOD. The significant difference was assessed using the one-way ANOVA

followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).

restored the increasing trend (Figures 4B,D). These findings
indicated that AMPKα and c-Jun pathways were highly related
to the inhibition of NaA-activated LX2 cells.

Next, we employed Western blot to verify the ChIP data and
confirmed that the phosphorylation of AMPKα was significantly
decreased in LX2 cells after short-term exposure to 2.5 ng/mL
TGF-β1, which was increased after NaA addition (Figure 5A).
Also, NaA treatment significantly reduced TGF-β1-induced
phosphorylation of c-Jun (Figure 5B), which was consistent with
the ChIP results. Furthermore, we used HPLC to measure the
intracellular AMP/ATP content and found that the AMP/ATP

ratio decreased in the MOD group but was restored in the
NaA treatment group, which might contribute to the changes
in the AMPKα phosphorylation level (Figure 5C). These results
indicated that a high dose of NaA was capable of inhibiting
TGF-β1-induced cell activation via AMPKα and c-Jun pathways.

NaA-Alleviated LX2 Cell Activation Is
Related to PPARγ Pathway
We also explored whether PPARγ, the potential target of
SCFA for HF, is involved in the protective effect of SCFAs
in HSC activation. The roles of PPARγ in the inhibition of
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FIGURE 3 | GPR43 possessed limiting ability in the process of NaA inhibited TGF-β1 induced HSCs activation. (A) LX2 cells were cultured and transfected with 50 nM

Lipofectamine® 2000 RNAiMax reagent and GPR43 siRNA, selected the sequences with the best silence efficiency. (B) Western blot was used to evaluate the protein

of α-SMA. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. (C,D) Real-time PCR was used to evaluate

the mRNA expression of Col1a1. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. LX2 cells were

treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, as compared with CON, and *p < 0.05, **p < 0.01,

as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell

treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).
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FIGURE 4 | Potential targets of NaA. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h. After quantitative analysis of the results

using gray analysis software. (A) The component-target network. Phosphorylation analysis of 43 potential targets. 43 protein contains a protein called p53, protein

p53 has three phosphate sites (s15, s392, and s46), we will uniform them as p53. The red represents to compare with the CON, the model is significantly different,

(Continued)
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FIGURE 4 | the green represent to the NaA treatment group is significantly different from MOD, the yellow part means that both MOD and NaA treatment group are

significant. (B–D) Phospho-kinase array screening. Differentially expressed phosphor-proteins are labeled by frames, two types with opposite trends, namely AMPKα

and c-Jun amino-terminal kinase. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, as

compared with CON, and *p < 0.05, as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control

group (CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).

FIGURE 5 | Research on the specific mechanism of NaA on the activaon of LX2 cells. LX2 cells were treated with or without 2.5 ng/ml TGF-β1 and (0–1) mM of NaA

for 48 h at 24 h post-transfection. (A) HPLC was used to evaluate Intracellular AMP: ATP. (B,C) Western blot was used to evaluate phosphorylation of AMPKα and

c-Jun. LX2 cells were treated as detailed in the section Materials and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared

with CON, and **p < 0.01, as compared with MOD. The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group

(CON), group model cell treated with a TGF-β1 (MOD), sodium acetate (NaA), arbitrary unit (AU).
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acetate-activated LX2 cells were verified using PPARγ silencing.
The expression of PPARγ in the silenced cells was decreased
(Figure 6A), and siPPARγ-2 represented the best silencing
efficiency. Western blot showed that the inhibition of α-SMA
(Figure 6B) and phosphorylation of Smad2 (Figure 6C) by
SCFAs were significantly disrupted by siRNA-PPARγ. Moreover,
siRNA-PPARγ abolished the inhibitory effects of SCFAs against
TGF-β1 induced increase in the gene expression of Col1a1 and
Fn (Figures 6D,E). Taken together, these data indicated that the
inhibition of HF by SCFAs was dependent on PPARγ.

DISCUSSION

This study evaluated the potential antifibrotic effects of three
dominant SCFAs, acetate, propionate, and butyrate, based on
TGF-β1-activated LX2 cells. NaA represented the best efficacy
at inhibiting fibrotic markers, indicating the ability to alleviate
HSCs activation. Furthermore, the underlying mechanisms were
elucidated. We found that NaA could enter into cells to inhibit
HSC activation rather than through GPR43 receptor or act as
an inhibitor of HDAC. Finally, we demonstrated NaA regulates
AMPKα/PPARγ and c-Jun signaling pathways, which further
block TGF-β1/Smad2 to suppress the activation of LX2 cells. To
the best of our knowledge, this is the first study to investigate the
direct effects of different SCFAs on activating HSCs and revealing
the underlying mechanisms.

As major gut microbial metabolites, SCFAs showed their
direct or indirect influence on the gut-liver communications and
played a role in liver functions (22). However, inconsistent effects
of different SCFAs on liver functions were observed previously.
Previous studies demonstrated that SCFAs contributed to
obesity and liver steatosis as they provide ∼10% of daily
caloric consumption and might enhance nutrient absorption by
promoting the expression of glucagon-like peptide 2 (GLP-2),
obesity, and liver steatosis that could trigger liver inflammation
and NAFLD, as well as HF (31). Moreover, another study
showed that acetate activated the parasympathetic nervous
system resulting in increased ghrelin secretion and glucose-
stimulated insulin secretion (GSIS), which in turn generated
ectopic lipid deposition and insulin resistance in the liver
(32). Conversely, accumulating evidence showed that SCFAs act
through GPR41 and GPR43 in L cells to promote peptide YY
(PYY) and GLP-1 and alter satiety and energy intake, which
further alleviates obesity or NAFLD indirectly (33). SCFAs
also regulate hepatic metabolism by altering hepatic AMPK
phosphorylation and expression of PPARα target genes involved
in free fatty acids (FFAs) oxidation. Thus, SCFAs might act both
directly and indirectly to alleviate hepatic metabolism disorder
via complicated processes (17). HF was closely associated with
various types of chronic inflammatory damage in the liver as a
compensatory pathophysiological process, especially for steatosis
or steatohepatitis. The activation of HSCs had been confirmed
to play a critical role in HF (6). Currently, there is no evidence
to show how exogenous SCFAs directly affect HF. To address
whether SCFAs improved HF symptoms and which SCFAs

were the most effective, we provided primary data concerning
the direct effects of acetate, propionate, and/or butyrate on
alleviating TGF-β1-induced LX2 cell activation. Among these,
high-dose sodium acetate (1mM) was considered efficacious in
alleviating LX2 cell activation. Similarly, in our previous study,
NaA displayed maximum efficacy at decreasing liver steatosis
(18), i.e., supplementation of SCFA is beneficial for managing
HSC activation. We also observed that high dose of propionate
increased level of α-SMA and related gene (Acta2), but have
no influence on Colla1 and Fn. These results suggested high
dose of propionate might induce the fibrosis. However, few
studies provided similar evidence, except Lee et al. (34) showed
propionate level in stool samples increased with worsening
fibrosis severity (level of fibrogenic genes and proteins, such as α-
SMA) of non-obese NAFLD patients. We noticed that high dose
propionate (500–1,000 µmol/L) stimulated viability of LX2 cells
(Figure 1A). Since we speculated that induced expression of α-
SMA by high dose propionate may related high cell viability by
the treatment of propionate. The clear mechanism need to be
elucidated in furture studies.

The mechanisms of acetate inhibiting HSCs activation were
further investigated in LX2 cells. The biological responses of
acetate on host cells result from the inhibition of HDAC
or the activation of GPRs, such as GPR41 and GPR43
(32). GPR43 has been identified in the colon, as well as in
adipocytes, hepatocytes, enteroendocrine cells, and immune
cells (polymorphonuclear cells and macrophages) (35). Next,
we assessed whether acetate activates GPR43, the membrane
FA receptor for which acetate had the highest affinity, during
the HSC suppression (36). In contrast to expectations, the
decrease in GPR43 by RNA silencing could not attenuate
acetate-altered expression of α-SMA protein and Col1a1 mRNA.
Then, we investigated whether acetate altered HSC activation
by inhibiting HDAC in LX2 cells, while acetate and/or TGF-
β1 treatment did not have an impact on the expression of
HDAC mRNA, indicating that NaA inhibited the activation
of HSCs via pathways independent of GPR43 or HDAC. On
the other hand, the concentration of intracellular acetate was
significantly increased in LX2 cells treated by NaA, indicating
that acetate entered the cells and affected the intracellular
signals. This phenomenon was consistent with the previous
report, wherein SCFAs attenuate intestinal inflammation by
entering Caco-2 cells (37) through monocarboxylate transporter
1 (MCT1) or sodium monocarboxylate transporter 1 (SMCT1)
transport protein and act independently of GPR43 or HDAC
(26). Similarly, another study indicated that acetate was absorbed
mainly by passive diffusion, accumulated inside m-ICcl2 cells,
and stimulated lipid consumption in enterocytes (30). The
increasing intracellular concentration of NaA demonstrated
that NaA partially inhibits LX2 cell activation by entering
the cells.

Acetate might directly interact with intracellular signaling
molecules to regulate HSCs activation. However, the molecular
mechanisms underlying this effect are yet to be elucidated.
Herein, we used antibody-based array kits to analyze the
mechanism by which acetate inhibited LX2 cell activation.
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FIGURE 6 | NaA-mediated anti-fibrosis effects were partially reversed by siRNA-PPARγ. LX2 cells were cultured and transfected with 50 nM Lipofectamine® 2000

RNAiMax reagent and PPARγ siRNA. (A) Real-time PCR was used to evaluate the mRNA expression of PPARγ, selected the sequences with the best

(Continued)
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FIGURE 6 | silence efficiency. (B,C) Western blot was used to evaluate the protein of α-SMA and phosphorylation of Smad2. LX2 cells were treated with or without

2.5 ng/ml TGF-β1 and 0, 1mM of NaA for 48 h at 24 h post-transfection. (D,E) Real-time PCR was used to evaluate the mRNA expressions of Col1a1 and Fn. LX2

cells were treated with or without 2.5 ng/ml TGF-β1 and 0–1mM of NaA for 48 h at 24 h post-transfection. LX2 cells were treated as detailed in the section Materials

and Methods. For all bar graphs, data are the mean ± SD, #p < 0.05, ##p < 0.01, as compared with CON, and *p < 0.05, **p < 0.01, as compared with MOD.

The significant difference was assessed using the one-way ANOVA followed by LSD post-tests. Control group (CON), group model cell treated with a TGF-β1 (MOD),

sodium acetate (NaA), arbitrary unit (AU).

We found that acetate might inhibit HSC activation through
AMPKα and c-Jun pathways. AMPK acted as the primary
sensor of cellular energy status and was closely related to
HF (38). A previous study showed that the loss of AMPK
exaggerates the pathology of NASH caused by diet, including
increased liver damage and fibrosis (38), while AMPK activation
reduced NASH and HF by suppressing the production of fat,
promoting the mitochondrial function in the liver, and inhibiting
the proliferation of HSCs (39). AMPK is also considered the
target of SCFAs involved in the alleviation of metabolic disease.
Some studies reported that enterocytes exposed to acetate
induced a marked increase in phosphorylated AMPKα and
ameliorated lipid metabolism (30). These observations suggested
that AMPK might play a role in HSC suppression by acetate.
The antibody-based array kits and Western blot revealed that
the phosphorylation of AMPKα was reduced after TGF-β1
treatment, indicating that the low phosphorylation level of
AMPKα is closely related to HSC activation. We observed that
acetate restored the decreased phosphorylation level of AMPKα

induced by TGF-β1 and regulated the intracellular ratio of
AMP and ATP, which might be critical to induce AMPKα

phosphorylation. Reportedly, acetate was converted to acetyl
CoA with the formation of AMP by the catalytic action of
cytosolic acetyl CoA synthetase (AceCS1), and it might lead
to increased AMP/ATP ratio in the cytosol. An increase in
AMP/ATP ratio in the cytosol activated AMPK (40), which was
considered as the primary mechanism related to activation of
AMPK by acetate. Based on the results of the phosphokinase
array and Western blot, we observed that c-Jun was involved
in acetate-alleviated LX2 cell activation. Also, acetate reduced
the phosphorylation of c-Jun and thus reduced the expression
of the protein. Moreover, the reduced expression of c-Jun
could inhibit its binding with Smad2, which in turn affects the
TGF-β1-induced transcription of α-SMA (41). Fu et al. (42)
demonstrated that acetate reduces the phosphorylation of c-Jun
in adipocytes. Although c-Jun signaling was found to participate
in the process of acetate-inhibited HSCs activation, future studies
should explore the detailed mechanisms underlying the roles of
c-Jun in HF, especially in HSC activation.

PPARγ is a nuclear receptor expressed in vascular smooth
muscle cells and HSCs. It plays a role in the transcriptional
control of cell growth, differentiation, and liver fibrosis. Cross-
regulation by PPARγ of key fibrogenic factor TGF-β1 signaling
have been identified as a main mechanisms by which PPARγ

inhibits liver fibrosis (43, 44). PPARγ has been shown to
disrupt TGF-β1-activated stress-activated protein kinase/c-Jun
N-terminal kinase signaling, leading to decreased Smad2/3

activity and myofibroblast activation (34, 43). Similarly, Choi
et al. showed that Capsaicin can ameliorate hepatic fibrosis by
inhibiting the TGF-β1/Smad pathway via PPARγ activation (45).
Our study indicated that NaA can activate PPARγ by increasing
the phosphorylation of AMPK or reducing the phosphorylation
of c-Jun. Considering the credible relation between PPARγ and
TGF-β1/Smad2 pathway, we concluded that NaA inhibited TGF-
β1/Smad2 pathway via PPARγ activation. PPARγ was highly
expressed in quiescent HSCs of the normal liver but stimulated
the inhibited HSC proliferation during hepatic fibrogenesis
by reducing the expression of α-SMA protein and Col1a1
mRNA (46). Intriguingly, PPARγ agonists/ligands inhibit both
HSCs activation and HF (47). Therefore, PPARγ status is a
pivotal marker for the success of antifibrotic therapy. AMPK
is a known upstream agonist of PPARγ, and the activation
of AMPK upregulates PPARγ expression (48). Some studies
showed that the activation of AMPK/PPARγ pathway was
related to the alleviation of NAFLD in mice (49). Na et al.
(50) reported that acetate activated AMPK by increasing the
AMP/ATP ratio, thereby increasing the PPARγ expression for
blood pressure control. In this study, we found that NaA
inhibited TGF-β1-induced increase in α-SMA expression and
Smad2 phosphorylation, and silenced PPARγ disrupted the
effects of NaA. These results at least partially confirmed the
involvement of PPARγ in the inhibition of LX2 cells activated
by NaA. We also observed that the phosphorylation level of
AMPKα was related to HSC activation and thus, speculated that
NaA inhibited HSC activation via AMPK/PPARγ pathway. The
detailed interactions between AMPK and PPARγ and the role of
acetate in this process need to be elucidated further.

CONCLUSION

The TGF-β1-activated LX2 cells were alleviated by the effects
of three dominant SCFAs, acetate, propionate, and butyrate.
Acetate showed the best efficacy in suppressing fibrogenic
markers and key signaling pathways in LX2 cells. We also
found that NaA enters the cells and inhibits LX2 cell activation
independent of GPR43, the canonical receptor of acetate. NaA
also restores the phosphorylation levels of AMPK that are
reduced in activated HSCs, while c-Jun and PPARγ are involved
in the progress of inhibiting the activation of HSCs. Next, we
suggested that the AMPK/PPARγ/Smad2 pathway is a novel
mechanism associated with NaA-mediated anti-fibrosis against
the activation of HSCs. This study provides evidence with respect
to the correlation between gut microbial metabolites and the
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occurrence and development of HF and the connection of gut-
liver axis and proposed sodium acetate as a putative candidate
for the regulation of HF.
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