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Introduction
Hepatocellular carcinoma (HCC) is a common 
malignant cancer worldwide and the third leading 
cause of cancer death.1,2 Surgical resection fol-
lowed by liver transplantation is a curative treat-
ment for early stage HCC, but the tumor is prone 
to recurrence.3 Furthermore, the clinical symp-
toms of early stage HCC are frequently unclear, 
and diagnosis may be delayed until an advanced 
stage, resulting in a high mortality rate.4 Sorafenib, 

a multikinase inhibitor, is used as first-line treat-
ment for patients with advanced-stage HCC, but 
may only provide a three-month survival benefit 
in comparison with a placebo.5 Thus, establish-
ment of new chemotherapy is urgently needed, 
especially for patients with advanced HCC.

GPR41 (free fatty acid receptor 3; FFA3) is a G 
protein-coupled receptor for short chain fatty 
acids, including acetate, propionate, and butyrate. 
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Abstract
Background: Hepatocellular carcinoma (HCC) is a major cause of cancer death worldwide 
and establishment of new chemotherapies for HCC is urgently needed. GPR41 [free fatty 
acid receptor 3 (FFA3)] is a G protein-coupled receptor for short chain fatty acids, including 
acetate, propionate, and butyrate. In our previous study, we showed that propionate enhances 
the cytotoxic effect of cisplatin in HCC cells and that this mechanism is dependent on inhibition 
of histone deacetylases (HDACs) via GPR41/FFA3. However, the antitumor action of GPR41/
FFA3 has not been elucidated.
Methods: In this study, we examined AR420626 as a GPR41-selective agonist in HepG2 
and HLE cells. Nude mice were used for HepG2 xenograft studies. The apoptotic effect of 
AR420626 was evaluated using flow cytometry analysis. Expression of apoptosis-related 
proteins and HDACs was evaluated by Western immunoblot. Gene silencing of HDAC 3/5/7 
and GPR41 was performed using small interfering RNA. Expression of TNF-α mRNA was 
evaluated by TaqMan real-time polymerase chain reaction.
Results: We found that AR420626, a selective GPR41/FFA3 agonist, suppressed growth of 
HepG2 xenografts and inhibited proliferation of HCC cells by inducing apoptosis. AR420626 
induced proteasome activation through mTOR phosphorylation, which reduced HDAC proteins, 
and then increased expression of TNF-α.
Conclusion: AR420626, a selective GPR41/FFA3 agonist, may be a candidate as a therapeutic 
agent for HCC.
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GPR41/FFA3 couples to the Gi/o signaling path-
way6 and is expressed in the intestine, adipose tis-
sue, pancreatic β cells, and peripheral nervous 
system.7 GPR41/FFA3 acts as a nutritional sensor 
to regulate the sympathetic nervous system8 and 
activation of GPR41/FFA3 regulates insulin secre-
tion.9 A recent study also showed that the GPR41/
FFA3 activation alters the breast cancer pheno-
type from invasive to noninvasive.10 However, the 
antitumor action of GPR41/FFA3 is unclear.

We have shown that GPR41/FFA3 is expressed at 
discernible levels in human HCC tissues of differ-
ent pathological grades and in HCC cells, includ-
ing HepG2, HuH-7, JHH-4, and HLE cells.11 
We also found that sodium propionate enhances 
the cytotoxicity of cisplatin in HCC cells through 
a mechanism dependent on enhanced expression 
of TNF-α, which is induced by cisplatin through 
a histone deacetylase (HDAC) inhibitory path-
way via GPR41/FFA3.11 Epigenetic modifica-
tion, such as the acetylation and methylation of 
histones, plays critical roles in regulating gene 
expression. Acetylation of histones is maintained 
by a balance between histone acetyltransferase 
and HDAC. Currently, 18 HDACs have been 
identified and these are divided into four classes: 
class I (HDAC1, 2, 3, 8), class II (HDAC4, 5, 6, 
7, 9, 10), class III (SIRT1–7), and class IV 
(HDAC11) based on homology with the primary 
structure of yeast HDAC. HDACs act as core-
pressors of transcription, and HDAC activity is 
associated with transcriptionally inactive chroma-
tin, which favors gene expression patterns that 
promote tumor initiation and development.12 
Aberrant expression of HDACs occurs in certain 
human cancers, including gastric cancer, lung 
cancer, and HCC. Thus, HDACs are promising 
anticancer therapeutic targets and HDAC inhibi-
tors are considered to be potent anticancer agents 
through the promotion of acetylation of histones.

In this study, we show that AR420626, a GPR41/
FFA3-selective agonist, induces apoptosis in 
HCC cells, including HepG2 and HLE cells. 
This mechanism was partially dependent on 
induction of the expression of TNF-α through an 
HDAC inhibitory pathway.

Methods and materials

Ethics statement
In all experiments in vitro, we did not conduct 
genetic recombination experiments, pathogen 

handling experiments, and did not use Human 
samples. Therefore, ethics approval was not 
sought for the present study. All animal experi-
ments in vivo were carried out in accordance with 
the National Institutes of Health guidelines for 
the care and use of live animals and were approved 
by the University of Fukui animal care commit-
tees (29007).

Materials
N-(2,5-Dichlorophenyl)-4-(furan-2-yl)-2-
methyl-5-oxo-1,4,5,6,7,8-hexahydro-quinoline-
3-carboxamide (AR420626) and MG-132 
(Sigma-Aldrich, St. Louis, MO, USA); TNF-α 
antagonist R-705013 (Calbiochem, Darmstadt, 
Germany); rapamycin (Selleckchem, Houston, 
TX, USA); polyclonal rabbit antibodies against 
human β-actin (Abcam, Cambridge, UK), acetyl-
histone H3 (Lys9/Lys14), cleaved caspase-3 
(Asp175), cleaved caspase-9, phospho-mTOR 
(Ser2448) (Cell Signaling Technology, Boston, 
MA, USA); monoclonal rabbit antibodies against 
HDAC1, HDAC2, HDAC4, HDAC5, HDAC6, 
HDAC7, mTOR (Cell Signaling Technology) 
and HDAC8 (Abcam); monoclonal mouse anti-
bodies against HDAC3, caspase-8 (Cell Signaling 
Technology) and 20S Proteasome β5 (Santa 
Cruz Biotechnology, Dallas, TX, USA); and 
horseradish peroxidase (HRP)-conjugated anti-
mouse and antirabbit immunoglobulins (Dako, 
Glostrup, Denmark) were used in the study.

Cell cultures
HepG2 and HLE (human hepatoma) cells from 
the Japanese Collection of Research Bioresources 
Cell Bank were grown in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal 
bovine serum and 1% penicillin/streptomycin at 
37°C in a humidified atmosphere of 5% CO2 and 
18% O2. Upon reaching the logarithmic phase of 
growth, the cells were digested with trypsin and 
seeded in different culture plates as required 
experimentally.

Cell proliferation assay
Cell proliferation was evaluated by MTS assay 
(Promega, Madison, WI, USA). HepG2 and 
HLE cells (5 × 103 cells per well) were seeded in 
96-well plates and treated with AR420626 (10, 
25 µM) at 37°C under 5% CO2 for 24, 48, and 
72 h. After each treatment, 20 µl of MTS reagent 
(from the CellTiter 96 Aqueous Assay kit) was 

https://journals.sagepub.com/home/tam


D Mikami, M Kobayashi et al.

journals.sagepub.com/home/tam	 3

added to each well, and the plates were incubated 
for a further 4 h at 37°C under 5% CO2. Absorbance 
of the product was measured with a microplate 
reader at 490 nm, with a reference wavelength of 
650 nm.

TaqMan real-time PCR
TaqMan real-time reverse transcription polymer-
ase chain reaction (PCR) was performed14 using 
specific primers and TaqMan MGB probes 
(Applied Biosystems) for human TNF-α (assay 
ID: Hs00174128_m1). Expression of TNF-α 
mRNA was normalized against β-actin mRNA, 
which was detected with a TaqMan human β-actin 
MGB control reagent kit (Applied Biosystems).

Knockdown of HDACs 3, 5, and 7 in HepG2 cells
Gene silencing of HDACs 3, 5, and 7 in HepG2 
cells was performed14 using small interfering 
RNA (siRNA) against each HDAC and control 
siRNA [all ON-TARGET plus Human, GE 
Healthcare Dharmacon, Lafayette, CO, USA. 
HepG2 cells (70% confluence)] were transfected 
with control or HDAC 3, 5, or 7 siRNA at a final 
concentration of 50 nmol/l using DharmaFECT 
transfection reagent (Dharmacon). After incuba-
tion for 48 h, HepG2 cells were examined by 
immunoblotting and TaqMan real-time PCR.

Immunoblot analysis
HepG2 and HLE cells were lysed in radioimmu-
noprecipitation assay buffer with phosphatase 
inhibitors (Sigma-Aldrich). Lysates (5 µg pro-
tein) were analyzed by immunoblotting with 
antibodies for β-actin (1:1000), cleaved cas-
pase-3 (1:1000), caspase-8 (1:1000), caspase-9 
(1:1000), acetyl-H3 (1:1000), mTOR (1:1000), 
phospho-mTOR (1:1000), 20S proteasome β5 
(1:1000), HDAC1 (1:1000), HDAC2 (1:1000), 
HDAC3 (1:1000), HDAC4 (1:1000), HDCA5 
(1:1000), HDAC6 (1:1000), HDAC7 (1:1000), 
and HDAC8 (1:5000) for 24 h, and then with 
appropriate HRP-conjugated secondary antibod-
ies (1:1000) at room temperature for 1 h. 
Immunoreactive bands were visualized as previ-
ously described.14

Quantification of apoptosis
An annexin V kit (MBL, Nagoya, Japan) was 
used to evaluate apoptosis in HepG2 and HLE 
cells resuspended in 85 µl of binding buffer. The 

suspension was incubated with 10 µl of annexin 
V-FITC and 5 µl of propidium iodide for 15 min 
at room temperature in the dark. Then, 400 µl of 
binding buffer was added to each tube and the 
percentage of apoptotic cells was determined by 
flow cytometry using a BD FACSCanto™ II Flow 
Cytometer.

In vivo xenograft study
Animals were housed in pathogen-free condi-
tions. All experimental procedures were in con-
formity with the Regulations for Animal Research 
at the University of Fukui and were reviewed by 
the Animal Research Committee. Mice were 
housed under standard conditions (12 h light/12 h 
dark). Six-week-old male SHO nude mice 
(Charles River, Japan) were subcutaneously 
injected with 1.0 × 106 HepG2 cells into the right 
flank of each mouse. After the tumor reached 
500–1000 mm3, mice were randomly allocated to 
two groups (n = 5 per group) treated with intra-
peritoneal injection of AR420626 dissolved in 
saline at 0.1 mg/kg on days 0–4 and 0.2 mg/kg on 
days 7–11 (AR group) and with saline alone (con-
trol group). The tumor size was measured with 
calipers and the weight was estimated as 
(length × width2)/2. To standardize tumor weights 
between the groups, relative tumor weights at dif-
ferent times were obtained from the formula 
TWi/TWo, in which TWi and TWo are the mean 
tumor weights of a group on days n and 0, respec-
tively. Body weights were measured on the dates 
shown in the results. After treatments, blood 
samples were collected to measure laboratory 
data, and kidney, liver, and heart were obtained 
to analyze their histology. All animals were 
humanely killed by CO2 asphyxiation at 18 days.

Determination of laboratory data
Counts of red blood cells, white blood cells and 
platelets were measured by an automated cellular 
analyzer: XN-9000 (Sysmex). Concentrations of 
creatinine (Cr) in mouse blood samples were 
determined using standard enzymatic methods 
(Cygnus Auto CRE, Shino-Test Corp., Tokyo, 
Japan) with a Toshiba 2000FR analyzer (Toshiba 
Medical Systems Corp., Tokyo, Japan) in dupli-
cate in a central laboratory. Serum activities of 
aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), lactate dehydrogenase 
(LDH), and creatine kinase-MB isoform (CK-
MB) were precisely and accurately determined by 
commercial assay kits using nicotinamide adenine 
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dinucleotide methods (L-type AST.J2, L-type 
ALT.J2, and L-type LD.J, FUJIFILM Wako Pure 
Chemical Corp., Osaka, Japan and Cygnus Auto 
CK-MB MtO, SHINO-TEST Corp., Tokyo, 
Japan, respectively) with the Toshiba 2000FR 
analyzer, in duplicate in a central laboratory.

Statistical analysis
Data are expressed as the mean ± standard devia-
tion. For all experiments, gaussian distribution 
was determined using a Kolmogorov–Smirnov 
test. The significance of differences between two 
groups was evaluated by Mann–Whitney U test or 
Student’s t test. Differences among more than 
two groups were assessed by analysis of variance 
with a Tukey post hoc test. p values of < 0.05 were 
considered to indicate statistical significance.

Results

AR420626 inhibits growth of HepG2 xenografts
We previously showed that propionate, a physio-
logical GPR41/FFA3 agonist, enhanced the cyto-
toxicity of cisplatin in HCC cells, and that 
cisplatin and propionate in combination signifi-
cantly suppressed growth of HepG2 xenografts in 
comparison with cisplatin alone.11 Similarly, 

AR420626, a selective GPR41/FFA3 agonist, 
significantly suppressed growth of HepG2 xeno-
grafts (p < 0.01) (Figure 1). There was no signifi-
cant difference in daily food intake or body weight 
changes between the control and AR groups 
(Supplementary Figure S1), and no deaths in 
either group. In addition, there were no signifi-
cant differences in the serum levels of Cr, AST, 
ALT, CK-MB, LDH, and blood cell counts 
between the control and AR groups. 
(Supplementary Table S1). In addition, there 
were no histological changes of kidney, liver, and 
heart between the two groups (data not shown).

AR420626 suppresses proliferation of HCC cells 
by inducing apoptosis
To determine the molecular mechanism of 
AR420626 inhibition of growth of HepG2 xeno-
grafts (Figure 1), in vitro analysis was performed 
in HepG2 and HLE cells. AR420626 significantly 
inhibited proliferation of HepG2 cells at 25 µM for 
24 h and at 10 µM and 25 µM for 48 and 72 h 
(Figure 2a), and of HLE cells at 25 µM for 48 h 
and at 10 µM and 25 µM for 72 h (Figure 2b). As 
shown in Supplementary Figure S2, the IC50 of 
AR420626 in HepG2 was about 25 µM. In fluo-
rescence activated cell sorting (FACS) analysis, 
the apoptosis rate at 48 h was significantly higher 
in each cell line and increased in a dose-depend-
ent manner (Figure 2c, d).

AR420626 elicits an extrinsic apoptotic pathway 
and histone H3 acetylation
Apoptosis is regulated by highly coordinated acti-
vation of caspase cysteine proteases.15 The level of 
activated (cleaved) caspase-3, which causes DNA 
fragmentation and myonuclear apoptosis15,16 was 
determined in HCC cells by Western blotting 
(Figure 3a). AR420626 significantly increased 
expression of cleaved caspase-3 in a dose-depend-
ent manner. Immunoblotting also showed that 
AR420626 increased cleaved caspase-8 in HCC 
cells in a dose-dependent manner, and slightly 
increased cleaved caspase-9 in HepG2 cells at 
25 µM (Figure 3a). Cleaved caspase-8 is induced 
by activation of death receptors including CD95 
(Fas) and tumor necrosis factor receptor 1 
(TNFR1) in the extrinsic apoptosis pathway.17

Next, time course experiments were performed to 
investigate the detailed molecular mechanism of 
AR420626-induced apoptosis in HCC cells. 
Significant increases in protein levels of cleaved 

Figure 1.  AR420626 inhibition of growth of HepG2 
xenografts. Six-week-old male SHO nude mice were 
subcutaneously injected with 1.0 × 106 cells. When 
the tumor size reached 500–1000 mm3, mice were 
randomly allocated to two groups (n = 5 per group) and 
treated with intraperitoneal injection of AR420626 
dissolved in saline at doses of 0.1 mg/kg on days 
0–4 and 0.2 mg/kg on days 7–11. Xenografts were 
measured as described in the Materials and Methods. 
Results are shown as the mean ± SD (n = 5). **p < 0.01 
by Student’s t test. ip, intraperitoneal. 
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caspase-3 and -8 were observed at 24 h, while a 
significant increase in histone H3 acetylation was 
found at 3 h and persisted for 24 h in HepG2 cells 
(Figure 3b). Furthermore, cleaved caspase-3 and 
-8 levels were significantly increased at 12 h and 
persisted for 24 h, and histone H3 acetylation was 
significantly increased at 1 h and persisted for 24 h 
in HLE cells (Figure 3b).

GPR41/FFA3 gene silencing in HepG2 cells 
using siRNA was performed to determine whether 
AR420626-induced apoptosis is mediated by a 
GPR41/FFA3 pathway. This silencing signifi-
cantly reduced GPR41/FFA3 protein expression 
(Figure 3c) and significantly blocked 25 µM 
AR420626-induced cleavage of caspase-3 in 
HepG2 cells (Figure 3d). These results show 
that AR420626 induces apoptosis in a GPR41/
FFA3-mediated manner. We previously showed 
that propionate enhances the effect of cisplatin 
through an HDAC inhibitory pathway via 
GPR41/FFA3.11 AR420626 significantly induced 
histone H3 acetylation in a dose-dependent 

manner in HCC cells (Figure 3a), and GPR41/
FFA3 silencing in HepG2 cells significantly 
blocked 25 µM AR420626-induced acetylation of 
histone H3 (Figure 3d).

AR420626 induces apoptosis via a  
TNF-α pathway
AR420626 elicited an extrinsic apoptotic path-
way and induced histone H3 acetylation prior to 
increases in cleaved caspase-3 and -8 in HCC 
cells. Therefore, we hypothesized that AR420626 
induced apoptosis via upregulation of a TNF-α 
pathway, and we performed time course experi-
ments to investigate expression of TNF-α mRNA, 
a pro-apoptotic cytokine, in HCC cells. At 25 µM, 
AR420626 significantly increased the TNF-α 
mRNA level in HepG2 cells from 1 to 24 h, with 
a peak around 24 h (Figure 4a), and in HLE cells 
from 1 to 24 h in a dose-dependent manner, with 
a peak at around 3 h (Figure 4b). AR420626 
induction of cleaved caspase-3 was significantly 
blocked by a TNF-α antagonist in HepG2 cells 

Figure 2.  AR420626 suppression of proliferation of HCC cells by inducing apoptosis. (a) MTS assay of the 
effects of AR420626 (10, 25 µM) on proliferation of HepG2 cells for 24, 48, and 72 h. (b) MTS assay of the effects 
of AR420626 (10, 25 µM) on proliferation of HLE cells for 24, 48, and 72 h. Data are shown as the mean ± SD of 
3 independent experiments. *p < 0.05, **p < 0.01, NS: not significant by one-way analysis of variance (ANOVA) 
with a Tukey–Kramer multiple comparison test. (c) HepG2 cells and (d) HLE cells were treated with AR420626 
(10, 25 µM) for 48 h. Cells were then stained with annexin V and PI, and cytometry was performed. Data are 
shown as the mean ± SD of % apoptosis from 3 independent experiments. **p < 0.01 by one-way ANOVA with a 
Tukey–Kramer multiple comparison test.
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(Figure 4c) and HLE cells (Figure 4d). Collectively, 
these results show that AR420626 induces apopto-
sis by upregulating TNF-α expression.

AR420626 reduces expression of HDACs
We hypothesized that the increase in acetylation 
of histone H3 induced by AR420626 indicated a 
decrease in HDAC activity in HCC cells. 
Therefore, the protein levels of HDACs 1–8 were 
determined in HCC cells. At 25 µM, AR420626 
distinctly reduced the levels of HDACs 3, 4, 5 
and 7 in HepG2 cells and those of HDACs 3, 4, 
6, 7, and 8 in HLE cells at 48 h (Figure 5a). In 
parallel, histone H3 acetylation was significantly 
enhanced in HCC cells at 48 h (Figure 5a). A 
time course experiment showed that the levels of 
HDACs 4–7 were reduced at 1 h and gradually 

decreased until 24 h in HepG2 cells (Figure 5b, 
d), those of HDACs 1–3 were significantly 
reduced at 24 h, and that of HDAC8 was signifi-
cantly reduced at 1 h and gradually decreased 
until 24 h (Figure 5b, c). Histone H3 acetylation 
was significantly upregulated at 3 h and gradually 
further increased to 24 h, in parallel with the 
reduced HDAC levels (Figure 5b). Collectively, 
these results indicate that AR420626 increases 
histone H3 acetylation via reduction of levels of 
several HDACs, particularly class II HDACs.

AR420626 induces TNF-α-induced apoptosis 
through HDAC inhibition
The effect of reduction of HDAC levels on 
expression of TNF-α in HepG2 cells was investi-
gated using gene silencing of HDAC3, as a 

Figure 3.  AR420626 elicits an extrinsic apoptotic pathway and histone deacetylase inhibition. (a, b) HepG2 
and HLE cells were treated with vehicle or AR420626 (10, 25 µM) for 48 h. Western blotting was used to detect 
histone H3 acetylation and the apoptosis-related proteins, cleaved caspase-3, -8, and -9, in cell lysates. Levels 
of cleaved caspase-3, -8, and -9 and acetyl-H3 (all relative to β-actin) were set to 1.0 in cells treated with 
vehicle. Data are shown as the mean ± SD of 3 separate experiments. *p < 0.05, **p < 0.01, NS: not significant 
by one-way analysis of variance with a Tukey–Kramer multiple comparison test. (c) HepG2 and HLE cells were 
treated with AR420626 (25 µM) for 1, 3, 12, and 24 h. Western blotting was used to detect histone H3 acetylation 
and cleaved caspase-3 and -8 in cell lysates. (d) Immunoblotting of GPR41 in cells with small interfering 
RNA (siRNA)-mediated GPR41 knockdown for 48 h. (e) HepG2 cells treated with control or GPR41 siRNA were 
treated with vehicle or AR420626 (25 µM). Western blotting was used to detect histone H3 acetylation and 
cleaved caspase-3 in cell lysates.
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representative class I HDAC, and of HDACs 5 
and 7, as representative class II HDACs, in 
HepG2 cells. Silencing of all three HDACs sig-
nificantly reduced their expression (Figure 6a) 
and significantly increased TNF-α mRNA levels 
in comparison with control siRNA treatment at 
24 h (Figure 6b). These results show that reduc-
tion of HDAC levels is sufficient to induce expres-
sion of TNF-α.

AR420626 induces apoptosis via proteasome 
activation in HepG2 cells
Time course experiments showed reduced levels 
of HDACs, and especially class II HDACs, 
which are mainly localized in the cytoplasm,18 in 
the early phase. We hypothesized that GPR41/
FFA3 might affect HDACs through regulation 
of HDAC expression via the proteasome system, 
and we examined whether MG-132, a specific 
proteasome inhibitor, could attenuate the 
AR420626-induced reduction of HDACs. 
MG-132 significantly reduced AR420626-
induced cleavage of caspase-3 and histone H3 
acetylation in HepG2 cells at 24 h (Figure 7a). At 

24 h after treatment with MG-132, this reduction 
of HDACs (especially HDACs 1, 3, 4, 5, 6, and 
8) was significantly attenuated and that of 
HDAC7 was partially attenuated (Figure 7b). In 
addition, at 6 h after AR420626 treatment, the 
mRNA levels for HDACs 1–8 were significantly 
upregulated in HepG2 cells (data not shown). 
Collectively, these results show that AR420626 
enhances proteasome-mediated breakdown of 
HDACs, leading to histone acetylation and apop-
tosis in HepG2 cells.

AR420626 induces apoptosis via activation of 
the mTORC1 pathway in HepG2 cells
A recent study showed that the mammalian target 
of rapamycin complex 1 (mTORC1) pathway 
enhances protein degradation through proteas-
ome activation.19 Therefore, we investigated the 
time course of mTOR phosphorylation. At 25 µM, 
AR420626 significantly induced mTOR phos-
phorylation at 1 h and this persisted for 24 h 
(Figure 8a). Rapamycin, an mTORC1-selective 
inhibitor, inhibited the AR420626-induced cleav-
age of caspase-3 and acetylation of histone H3 in 

Figure 4.  AR420626 induces apoptosis via the TNF-α-induced extrinsic apoptotic pathway. (a) HepG2 cells 
were treated with AR420626 (25 µM) for 1, 3, 12, and 24 h. (b) HLE cells were treated with AR420626 (25 µM) for 
1, 3, 12, and 24 h. TNF-α mRNA levels were quantified by TaqMan real-time polymerase chain reaction, with 
the level in cells treated with vehicle set to 1.0. Data are shown as the mean ± SD of 3 separate experiments. 
*p < 0.05, **p < 0.01, NS: not significant by one-way analysis of variance with a Tukey–Kramer multiple 
comparison test. (c) HepG2 cells and (d) HLE cells were treated with AR420626 (10, 25 µM) with or without a 
TNF-α antagonist (10 µM) for 24 h. Western blotting was used to detect cleaved caspase-3 in cell lysates.
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a dose-dependent manner at 24 h (Figure 8b). 
Furthermore, the cotreatment of Rapamycin at 
1 µM and MG-132 at 1 µM was completely inhib-
ited the AR420626-induced cleavage of caspase-3 
(Supplementary Figure S3). In addition, consist-
ent with the previous report,19 AR420626 signifi-
cantly induced expression of proteasome β5 at 
12 h, and this expression gradually increased until 
24 h (Figure 8a). Taken together, these results 
show that AR420626 enhances mTOR phospho-
rylation and induces proteasome activation, 
resulting in reduction of levels of HDAC proteins 
in HepG2 cells.

Discussions
In this study, we showed that AR420626, a selec-
tive agonist of GPR41/FFAR3, induces apoptosis 
in HCC cells by upregulating expression of TNF-
α via HDAC inhibition.

A key finding was that AR420626 induced apop-
tosis by reducing expression of HDACs, since 
aberrant expression of HDACs is associated with 
cancer aggressiveness and a poor prognosis.20 In a 
previous study, an expression of a subset of 
HDACs in liver cancer was shown to be higher 
than that in normal liver tissues, and to be associ-
ated with the presence of cirrhotic and dysplastic 
nodules.21 In particular, HDAC1, 2, 3, 4, 5, and 
8 are upregulated in many HCC cells.22 
Inactivation of HDAC1 reduces tumor cell 
growth and induces autophagic cell death in 
Hep3B cells,23 aberrant expression of HDAC2 
induces proliferation by dysregulation of expres-
sion of G1/S cell cycle proteins in Hep3B cells24 
and HDAC2 expression plays an important role 
in the prognosis of HCC.25 HDAC3 plays a sig-
nificant role in regulating proliferation and inva-
sion of liver cancer cells.26 Furthermore, 
knockdown of HDAC4 suppresses proliferation 

Figure 5.  AR420626 reduces expression of histone deacetylases (HDACs). (a) HepG2 and HLE cells were 
treated with vehicle or AR420626 (10, 25 µM) for 48 h. Western blotting was used to detect HDACs 1–8 in cell 
lysates. (b) HepG2 cells were treated with vehicle or AR420626 (25 µM) for 1, 3, 12, and 24 h. Western blotting 
was used to detect HDACs 1–8 in cell lysates. (c, d) Levels of HDACs (all relative to β-actin) were set to 1.0 in 
cells treated with vehicle. Data are shown as the mean ± SD of 3 separate experiments. *p < 0.05, **p < 0.01, NS 
not significant by one-way analysis of variance with a Tukey–Kramer multiple comparison test.
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of HCC cells,27 knockdown of HDAC5 inhibits 
cancer cell proliferation by induction of G1/S cell 
cycle arrest and leads to apoptosis in HCC cells,28 
knockdown of HDAC6 reduces migration and 
invasion of HCC cells,29 and knockdown of 
HDAC8 represses tumor cell growth and induces 
apoptosis in BEL-7402 and HepG2 cells.30 Thus, 

suppression of HDACs is likely to be effective for 
treatment of HCC.

We also found that AR420626 reduced expression 
of HDACs (especially HDACs 2–7), in addition to 
increasing histone H3 acetylation, which suggests 
that GPR41/FFA3 may have an HDAC-inhibitory 

Figure 6.  The histone deacetylase (HDAC) inhibitory pathway induces apoptosis through a TNF-α-induced 
pathway. (a) HepG2 cells were treated with control, HDAC3, HDAC5, and HDAC7 siRNA. Western blotting was 
used to detect HDACs 3, 5, and 7 in cell lysates from cells with control and HDAC 3, 5, and 7 siRNA knockdown. 
(b) TNF-α mRNA levels in the knockdown cells were quantified by TaqMan real-time polymerase chain 
reaction, with the level in cells treated with control small interfering RNA set to 1.0. Data are shown as the 
mean ± SD of 3 separate experiments. **p < 0.01 by Mann–Whitney U test.

Figure 7.  AR420626 induces apoptosis via proteasome activation in HepG2 cells. (a, b) HepG2 cells were 
treated with AR420626 (25 µM) with or without MG-132 (20 µM) for 24 h. Western blotting was performed to 
detect (a) cleaved caspase-3 and histone H3 acetylation and (b) HDACs 1–8 in cell lysates.
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effect, regulating expression of HDACs via the 
ubiquitin-proteasome system in HepG2 cells. In 
support of this hypothesis, treatment with MG-132, 
a specific proteasome inhibitor, reversed 
AR420626-elicited downregulation of HDACs 1, 
3, 4, 5, 6, and 8 in HepG2 cells and significantly 
reduced cleavage of caspase-3 and acetylation of 
histone H3. mTORC1 signaling enhances protein 
degradation through an increase in proteasome lev-
els,19 and in the current study, AR420626 induced 
mTOR phosphorylation within 1 h and this per-
sisted until at least 24 h. Rapamycin, an mTORC1 
selective inhibitor, inhibited the AR420626-
induced cleavage of caspase 3 in a dose-dependent 
manner. These results indicate that GPR41/FFA3 
stimulation evoked mTORC1 phosphorylation to 
activate proteasomes to induce HDAC degrada-
tion, leading to apoptosis in HepG2 cells.

Another major finding in the study was that 
AR420626 induced apoptosis by producing 

TNF-α via HDAC inhibition in HepG2 cells. 
Death receptors, including CD95 (Fas) and 
TNFR1, mediate the extrinsic pathway for apop-
tosis by activating caspase-8.17 In the current 
study, we found that 25 µM AR420626 signifi-
cantly enhanced cleavage of caspase-3 and -8. 
Time course experiments showed that 25 µM 
AR420626 significantly induced expression of 
TNF-α mRNA in HepG2 cells from 1 to 24 h, 
with a peak at around 24 h, and in HLE cells from 
1 to 24 h, with a peak at around 3 h. In addition, 
induction of caspase-3 cleavage by AR420626 
was completely blocked by a TNF-α antagonist 
in HCC cells. Finally, knockdown of HDAC3, a 
representative class I HDAC, and HDACs 5 and 
7, representative class II HDACs, significantly 
induced expression of TNF-α mRNA in HepG2 
cells. These findings suggest that AR420626 
induces apoptosis by increasing expression of 
autocrine TNF-α via inactivation of HDACs. 
Suppression of HDACs and the resulting histone 

Figure 8.  AR420626 induces apoptosis via activation of the mammalian target of rapamycin complex 1 
(mTORC1) pathway in HepG2 cells. (a) HepG2 cells were treated with vehicle or AR420626 (25 µM) for 1, 3, 12, 
and 24 h. Western blotting was used to detect phospho-mTOR, mTOR, and proteasome β5 in cell lysates. (b) 
Levels of proteasome β5 treated with AR420626 (25 µM; all relative to β-actin) were set to 1.0 in cells treated 
with vehicle. Data are shown as the mean ± SD of 3 separate experiments. *p < 0.05 by one-way analysis 
of variance (ANOVA) with a Tukey–Kramer multiple comparison test. (c) HepG2 cells were treated with 
AR420626 (25 µM) with or without rapamycin (1, 10 µM) for 24 h. Western blotting was used to detect histone 
H3 acetylation, cleaved caspase-3, and proteasome β5 in cell lysates. (d) Levels of proteasome β5 treated with 
AR420626 (25 µM) with or without rapamycin (1, 10 µM) (all relative to β-actin) were set to 1.0 in cells treated 
with vehicle. Data are shown as the mean ± SD of 3 separate experiments. *p < 0.05, NS not significant by one-
way ANOVA with a Tukey–Kramer multiple comparison test.
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acetylation leads to the upregulation of gene expres-
sion. Therefore, AR420626-induced HDACs 
downregulation might directly upregulate TNF-α 
gene expression through modifying the chromatin 
states of its gene regulatory region. However, we 
can’t rule out the possibility that the reduction of 
HDACs indirectly affects to TNF-α gene expres-
sion by modulation of other relative transcrip-
tional factors. Chromatin immunoprecipitation 
(ChIP) assays might need to demonstrate the 
regulatory mechanism of TNF-α gene expres-
sion. In addition, genome-wide ChIP-on-chip 
analysis will help to evaluate the global influence 
of AR420626-induced HDACs reduction.

Currently, sorafenib, an oral multikinase inhibi-
tor, has been approved as first-line treatment for 
patients with advanced-stage HCC, but may only 
provide a three-month survival benefit in com-
parison with a placebo.5 Furthermore, HCC 
becomes resistant to sorafenib within 6 
months.31,32 Therefore, the signaling pathway of 
AR420626 targeting may be a candidate thera-
peutic agent for HCC. However, the current 
study is associated with some limitations. First, 
there is the possibility that AR420626 acts directly 
on proteins other than GPR41/FFA3. Second, 
the toxicities of AR420626 is not clearly shown. 
The previous study reported that AR420626 
(0.1 mg/kg, ip) significantly inhibited exogenous 
serotonin-induced defecation.33 Another study 
showed that AR420626 (0.1 mg/kg, ig) signifi-
cantly inhibited the indomethacin-induced small 

intestinal ulcers.34 In addition, AR420626 at 
10 µM significantly elevated peptide YY ex vivo.35 
In this present study, we could not specify the 
toxicities of AR420626 in bone marrow, heart, 
kidney, and liver in laboratory tests and histologi-
cal changes in treated AR420626 (0.1~0.2 mg/kg, 
ip) in vivo. Furthermore, IC50 of AR420626 in 
HepG2 cells was 25 µM in vitro. Therefore, in this 
study, we used 2–2.5 fold of higher concentra-
tions compared with the previous reports. Further 
toxicity tests are needed for clinical application of 
AR420626.

Conclusion
Our current findings show that AR420626 signifi-
cantly inhibited proliferation of HCC cells by 
inducing apoptosis by expression of TNF-α via 
reduction of HDACs in a GPR41/FFA3-
dependent manner (summarized in Figure 9). Our 
results suggest that AR420626 may exert thera-
peutic effects on HCC and that a selective agonist 
of GPR41/FFAR3 might serve as a novel thera-
peutic agent for HCC.
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