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Abstract All-trans retinoic acid (atRA), a metabolite
of vitamin A, reduces hepatic lipid accumulation in
liver steatosis model animals. Lipophagy, a new
lipolysis pathway, degrades a lipid droplet (LD) via
autophagy in adipose tissue and the liver. We
recently found that atRA induces lipophagy in adi-
pocytes. However, it remains unclear whether atRA
induces lipophagy in hepatocytes. In this study, we
investigated the effects of atRA on lipophagy in
Hepa1c1c7 cells and the liver of mice fed a high-fat
diet (HFD). First, we confirmed that atRA induced
autophagy in Hepa1c1c7 cells by Western blotting and
the GFP-LC3-mCherry probe. Next, we evaluated the
lipolysis in fatty Hepa1c1c7 cells treated with the
knockdown of Atg5, an essential gene in autophagy
induction. Atg5-knockdown partly suppressed the
atRA-induced lipolysis in fatty Hepa1c1c7 cells. We
also found that atRA reduced the protein, but not
mRNA, expression of Rubicon, a negative regulator
of autophagy, in Hepa1c1c7 cells and the liver of HFD-
fed mice. Rubicon-knockdown partly inhibited the
atRA-induced lipolysis in fatty Hepa1c1c7 cells. In
addition, atRA reduced hepatic Rubicon expression
in young mice, but the effect of atRA on it dimin-
ished in aged mice. Finally, we investigated the
mechanism underlying reduced Rubicon protein
expression by atRA in hepatocytes. A protein syn-
thesis inhibitor, but not proteasome or lysosomal in-
hibitors, significantly blocked the reduction of
Rubicon protein expression by atRA in Hepa1c1c7
cells. These results suggest that atRA may promote
lipophagy in fatty hepatocytes by reducing hepatic
Rubicon expression via inhibiting protein synthesis.
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Non-alcoholic fatty liver disease (NAFLD), defined
by the abundance of lipid droplets (LDs) in hepatocytes,
is the leading cause of chronic liver disease globally,
which is estimated to affect approximately 25% of the
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world’s adult population (1). NAFLD can comprise
simple steatosis or more advanced non-alcoholic stea-
tohepatitis (NASH), which is characterized by inflam-
mation and hepatocyte injury that is often
accompanied by fibrosis. While NAFLD can occur as a
consequence of diseases such as obesity and type II
diabetes, NAFLD increases the risk of type II diabetes,
dyslipidemia, hypertension, cardiovascular disease,
chronic kidney disease, liver cirrhosis, and hepatocel-
lular carcinoma (1, 2). Although simple steatosis can be
reversible, NASH can progress to liver cirrhosis, hepa-
tocellular carcinoma, and mortality (1, 2).

Autophagy maintains cellular homeostasis by tar-
geting proteins and damaged organelles (3). An isola-
tion membrane encloses a portion of cytoplasm,
forming a characteristic double-membraned organelle
termed the autophagosome. The autophagosome then
fuses with the lysosome to form an autolysosome,
which is then degraded by lysosomal enzymes (4, 5).
During autophagy, LC3 is conjugated to the phospha-
tidylethanolamine molecule on the isolation membrane
as lipidated LC3 (LC3-II), an autophagy substrate, by the
ATG12-ATG5-ATG16L1 complex after cleavage of
glycine 120 residues of LC3 by ATG4, and LC3-II con-
tributes to the formation of the isolation membrane
(3–5). Autophagy can enhance lipid catabolism and
decrease hepatic steatosis, a phenotype of NAFLD, via
lipophagy, a lipolysis pathway that degrades LD via
autophagy (1, 6–8). Since autophagy/lipophagy is
impaired in NAFLD, these studies highlight the poten-
tial of promoting lipophagy as a therapeutic approach
to treat NAFLD (1, 8, 9). In addition, some evidence
suggests that the incidence of NAFLD is steadily
increasing in the elderly population and aged animals
(10). An age-dependent decline in basal autophagy in
the liver may underlie the accumulation of hepatic
lipids, contributing to a vicious cycle promoting aging
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(11, 12). Generally, autophagy can be induced in cells
through the activation of AMP-activated protein kinase
(AMPK) or the inhibition of the mammalian target of
rapamycin complex 1 (mTORC1) (13, 14). On the other
hand, Rubicon, an autophagy repressor, is localized at
lysosomes and suppresses autophagy at the
autophagosome-lysosome fusion step via interacting
with UVRAG and Rab7 (15–17). Interestingly, recent
studies revealed that Rubicon protein expression in-
creases in the aged livers of mice but decreases in the
aged adipose of mice (18, 19). In addition, increased
Rubicon causes decreased autophagic activity in the
liver of mice fed a high-fat diet (HFD) (20). Therefore,
Rubicon may become a valuable therapeutic target for
promoting hepatic autophagy in NAFLD.

All-trans retinoic acid (atRA) is an active metabolite
of vitamin A, which plays a vital role in cell growth,
differentiation, apoptosis, muscle fiber type, and other
cell functions (21–23). Some studies revealed that atRA
exerts anticancer effects on the liver by inhibiting the
proliferation of liver cancer cells (24, 25), and atRA
promotes autophagy in hepatocellular carcinoma cell
lines and liver with ischemia and reperfusion in mice
(26, 27). atRA has also been reported to reduce hepatic
lipid accumulation in liver steatosis model animals by
repressing peroxisome proliferator-activated receptor
gamma (PPARγ) and to induce lipolysis by a PPARβ/
δ-mediated increase in the levels of hormone-sensitive
lipase (HSL) in adipocytes (28, 29). Recently, we found
that atRA induces lipophagy by activating the AMPK
pathway in adipocytes. Interestingly, although we also
demonstrated that atRA reduces Rubicon protein
expression in adipocytes, we have not determined
whether Rubicon is associated with the induction of
lipophagy by atRA in adipocytes (30). In addition, it
remains unclear whether atRA ameliorates hepatic
steatosis by inducing lipophagy and whether Rubicon is
involved in its molecular mechanism.

In the present study, we investigated the effects of
atRA on hepatic lipophagy and Rubicon expression in
mice fed an HFD or aged mice and in Hepa1c1c7 cells.
Besides, we also elucidated the role of Rubicon on
atRA-induced lipophagy in fatty acid-induced lipid
deposition in Hepa1c1c7 cells and the part of the
mechanism of reducing Rubicon expression by atRA.
MATERIALS AND METHODS

Chemicals and reagents
DMEM high glucose (08458-16), penicillin-streptomycin,

Chemi-Lumi One Super, BSA, FFA-free BSA, and 4′,6-
diamidino-2-phenylindole (DAPI; D9542) were purchased
from Nacalai Tesque. Torin 1 was purchased from Cayman
Chemical Co.. TransIT-LT1 Reagent was purchased from
TaKaRa. DMSO, atRA, palmitic acid, oleic acid, mouse anti-
β-actin monoclonal Ab (A5441), FBS, AGN193109, Mission
siRNA oligos, and cycloheximide were purchased from
Sigma-Aldrich. RIPA buffer, anti-LC3B (#2775), anti-p62
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(#5114), anti-GFP (#2912), and anti-Rubicon (#8465) Ab were
purchased from Cell Signaling Technology. Goat anti-rabbit
IgG (H + L)-HRP conjugate (#1706515) was purchased from
Bio-Rad. Goat anti-mouse IgG (H + L)-HRP conjugate (#62-
6520) and Alexa Fluor 488 were purchased from invitrogen.
Anti-mCherry (ab167453) was purchased from Abcam. 4-
[E−2-(5, 6, 7, 8-Tetrahydro-5, 5, 8, 8-tetra-methyl-2-
naphtalenyl)-1-propenyl] benzoic acid (TTNPB) was pur-
chased from Biomol Research Laboratories. Anti-Rubicon
(21444-1-AP) Ab was purchased from Proteintech. Aqua-
Poly/Mount (18606-20) was purchased from Polysciences,
Inc. Buprenorphine hydrochloride was purchased from
Otsuka Pharmaceutical Co., Ltd.. Pentobarbital sodium salt
was purchased from Tokyo Kasei Co., Ltd.. Bafilomycin A1
was obtained from Enzo Life Science. FluoroBrite™ DMEM
(A1896701), Lipofectamine RNAiMAX transfection reagent,
TRIzol™ Reagent, oligo(dT) primer, and Fast SYBRⓇ Green
master mix were purchased from Thermo Fisher Scientific.
M-MLV reverse transcriptase was purchased from Nippon
Gene.
Cell culture
The murine hepatoma cell line, Hepa1c1c7 (CRL-2026) was

obtained from ATCC. Hepa1c1c7 cells were cultured in high-
glucose DMEM containing 10% FBS, 100 units/ml penicillin,
and 100 μg/ml streptomycin at 37◦C in a humidified atmo-
sphere of 5% CO2. Cells were allowed to grow in 10-cm dish
for 2 days and were transferred to new culture media at ∼80%
confluence. To induce the lipid accumulation in vitro (fatty
Hepa1c1c7 cells), Hepa1c1c7 cells were incubated with 1 mM
FFA mixture comprising fatty acid-free BSA-conjugated oleic
and palmitic acid in the ratio 2:1 for 4 days. In all experiments,
cells were treated with reagents at 100% confluence.
Oil red-O staining
To determine the triglycerides accumulated in Hepa1d1c7

cells, oil red-O staining was performed using 12-well culture
plates. Cells were cultured to 100% confluence and then
treated with 1 mM of the mixture of oleic acid and palmitic
acid (ratio 2:1) for 4 days to induce lipid accumulation. Then
cells were treated with the vehicle (DMSO) or atRA (100 nM)
for 14 days. After removing the medium and washing twice
with PBS, the cells were fixed with 4% PFA/PBS for 10 min.
After washing with PBS, 60% isopropanol was added for 1 min
and stained with oil red-O diluted with 60% isopropanol for
20 min. After rinsing with 60% isopropanol and PBS, the cells
were photographed under a BZ-X800 fluorescence micro-
scope. Lipid area size was quantified using the ImageJ imag-
ing software program.
Western blot analysis
Tissue and cell lysates were prepared using RIPA buffer.

Protein samples were heated at 95◦C for 5 min in sample
buffer in the presence of 5% 2-mercaptoethanol and sub-
jected to SDS-PAGE. The separated proteins were transferred
by electrophoresis to polyvinylidene difluoride transfer
membranes (Immobilon-P, Millipore). The membranes were
treated with diluted affinity-purified anti-LC3B (1:2,000), anti-
p62 (1:2,000), and anti-Rubicon (1:2,000) Ab. Mouse anti-β-actin
(1:4,000) monoclonal Ab was used as an internal control. Goat
anti-rabbit IgG(H + L)-HRP conjugate or goat anti-mouse
IgG(H + L)-HRP conjugate was utilized as a secondary Ab,
and signals were detected using Chemi-Lumi One Super.



Plasmid construction and establishment of stable
cell lines

Retroviral plasmid pMRX-IP-GFP-LC3-mCherry to make
more sensitive detection for autophagy flux assay than
pMRX-IP-GFP-LC3-RFP-LC3ΔG was generated as follows:
Retroviral plasmid vector of pBABE-puro mCherry-EGFP-
LC3 (#22418) developed by Dr Jayante Debnath was obtained
from Addgene (31). The retroviral plasmid vector of pMRX-
IP-GFP-LC3-RFP-LC3ΔG (RDB14600) developed by Dr.
Noboru Mizushima was obtained from RIKEN BRC DNA
BANK (32). A DNA fragment of encoding mCherry was
amplified by RT-PCR with pBABE-puro mCherry-EGFP-LC3
as a template using primers (forward: 5′-GATCTACGCG-
TATGGTGAGCAAGG-3′; reverse: 5′-GGATCTGGATCCT-
CACTTGTACAGC-3′). Then, the PCR product was inserted
into the pMRX-IP-GFP-LC3 vector which was amplified by
RT-PCR with pMRX-IP-GFP-LC3-RFP-LC3ΔG as a template
to delete the DNA fragment of RFP-LC3ΔG using primers
(forward: TGAAACGCGTGATGACGTCCTCG; reverse:
CTAAGGATCCCAGTGTGGTGGTACG-3′).

This plasmid was transfected into 50% confluent Hepa1c1c7
cells using TransIT-LT1 Reagent for 48 h. The medium was
replaced with a medium containing the final concentration of
2 μg/ml puromycin for 10 days. The cells were then subjected
to single-cell sorting using a JSAN cell sorter (Bay Bioscience)
to yield a single clone that strongly emitted both GFP and
mCherry fluorescence. The FL1 filter (λ ex: 488 nm, λ em:
525 nm) and FL7 (λ ex: 586 nm, λ em: 600 nm) were used for
the detection of GFP and mCherry, respectively.

Autophagy flux assay
For GFP-LC3-mCherry microplate assay, wild-type (as

background) or stable Hepa1c1c7 cells expressing GFP-LC3-
mCherry were seeded into 96-well plates (Greiner CELL-
STAR #655090, Greiner Bio-One). Cells were allowed to grow
up to 100% confluence, then they were treated with vehicle
(DMSO) or 100 nM atRA for 24 h. Following washing with
FluoroBrite DMEM twice, cells were imaged by using Oper-
etta high-content imaging system (PerkinElmer) at 40x
magnification at following settings: for EGFP (λ ex:
460−490 nm, λ em: 500−550 nm) and for mCherry (λ ex:
530−560 nm, λ em: 570−650 nm).

RNAi experiments
Hepa1c1c7 cells were transfected with siRNAdirected against

Atg5 (SASI_Mm01_00089196 and SASI_Mm01_00089197;
Sigma-Aldrich), Rubicon (SASI_Mm02_00316863; Sigma-
Aldrich), or negative control (SIC001; Sigma-Aldrich) using
Lipofectamine RNAiMAX transfection reagent, according to
the manufacture's instruction.

Detection of NEFA in medium
NEFA content in the medium was determined as described

previously (33). To determine the release of fatty acids from
LD in differentiated Hepa1c1c7 cells, the detection of NEFA
in the medium was performed using 48-well tissue culture
plates. Cells were treated with a 1 mM mixture of FFA to
induce lipid accumulation and transfection with 10 pmol Atg5
siRNA, 10 pmol Rubicon, or siControl for 24 h, followed by
replacement 2% FFA-free BSA culture medium and the
treatment with vehicle (DMSO) or 100 nM atRA for 48 h.
After collecting the medium, NEFA content in the condi-
tioned medium was measured with a commercial kit
Induc
LabAssay NEFA (Wako) according to the manufacturer's
protocol. The sample was mixed with reagent 1 and incubated
at 37◦C for 10 min. Then, reagent 2 was added and after
10 min incubation at 37◦C, a colored product was formed with
a maximal absorbance at 550 nm. The data were calibrated
using the standard curve.
Quantitative PCR analysis
Total RNA was isolated from Hepa1c1c7 cells or liver tissues

using TRIzol™ Reagent according to the manufacturer's in-
structions. Quantitative real-time PCR assays were performed
using an Applied Biosystems StepOne qPCR instrument. In
brief, the cDNA was synthesized from 1 μg of total RNA using
M-MLV reverse transcriptase with an oligo(dT) primer. After
cDNA synthesis, quantitative real-time qPCR was performed
in 5 μl of Fast SYBRⓇ Green PCR master mix. The primer
sequences (mouse Rubicon and mouse β-actin) were described
previously (33).
Immunofluorescence staining
Hepa1c1c7 cells were cultured to 100% confluence on

coated glasses and then fixed with 3% PFA for 15 min at room
temperature (RT) followed by permeabilization with 0.1%
Triton X-100 for 10 min and blocking with 1% BSA for 30 min.
Cells then were incubated overnight at 4̊C with anti-Rubicon
antibody. Then cells were incubated at RT with green fluo-
rescent anti-rabbit IgG and DAPI solution for 1 h. Then, cells
were washed 3 times with PBS and mounting. After drying,
image acquisition was at 100x oil magnification using BZ-X800
fluorescence microscope. Image quantification was per-
formed using image analysis software by measuring the in-
tensity of green areas where the Rubicon is expressed. A
minimum of 5 image fields were used for the analysis in each
group.
Animal experiments
The animal work took place in the Division for Animal

Research and Genetic Engineering Support Center for
Advanced Medical Sciences, Institute of Biomedical Sciences,
Tokushima University Graduate School. The animals were
housed in pathogen-free conditions and maintained under a
standard 12 h light-dark cycle with free access to water. First,
seven-week-old male C57BL/6J mice (Japan SLC, Shizuoka,
Japan) were fed an HFD, that contained 45% kcal as fat, 35%
kcal as carbohydrate, 20% kcal as a protein with an energy
density of 4.73 kcal/gm (No. D12451; Research Diets, New
Brunswick) for 8 weeks. Then mice were randomly divided
into two groups (n = 5 per group) and intraperitoneally
administrated a total of 10 mg/kg body weight (BW) of atRA
or 1% DMSO prepared in 500 μl sterile saline once every two
days for 4 weeks. Secondly, young (8-week-old) and aged (86-
week-old) mice were randomly divided into two groups each
(n = 5 per group) and a total of 10 mg/kg body weight of atRA
or 1% DMSO (control) prepared in sterile saline was intra-
peritoneally administered, then the mice were euthanized
24 h later. Each group of mice was fasted for 20 h with water
ad libitum before sacrifice with a total of 0.1 mg/kg BW of
buprenorphine hydrochloride and a total of 50 mg/kg BW of
pentobarbital sodium salt, and tissues were removed. Liver
samples were washed in 0.9% NaCl and immediately snap-
frozen in liquid nitrogen and stored at −80◦C. These studies
were approved by the Animal Experimentation Committee of
Tokushima University School of Medicine (animal ethical
tion of lipophagy via Rubicon in hepatocytes by atRA 3



clearance No. T28-88 and T30-66) and were carried out in
accordance with guidelines for the Animal Care and Use
Committee of Tokushima University School of Medicine.
Statistical analysis
Data were collected from more than two independent ex-

periments and were reported as the mean and SEM. The
statistical analysis for the two-group comparison was per-
formed using an unpaired two-tailed t test. All data analyses
were performed using the GraphPad Prism 5 software pro-
gram (GraphPad Software). P values of <0.05 were considered
to indicate statistical significance.
RESULTS

atRA partially contributes to lipolysis through
autophagy in Hepa1c1c7 cells

Although Hepa1c1c7 cells are mouse hepatoma cell
lines, Hepa1c1c7 cells have been used to study hepato-
cyte lipid accumulation (34–36). Therefore, we believe
that there is no problem in using Hepa1c1c7 cells in our
experiment. To investigate the effect of atRA on
lipolysis in hepatocytes, we first treated Hepa1c1c7 cells
with a mixture of FFA for 4 days to induce fatty
Hepa1c1c7 cells, then cells were treated with 0.1% DMSO
(vehicle) or 100 nM atRA for 14 days. Oil red-O staining
showed the lipid accumulation remarkably decreased
by atRA compared to DMSO treatment in fatty Hep-
a1c1c7 cells (Fig. 1A). We next investigated whether
atRA affects autophagy-related protein expression in
Hepa1c1c7 cells. Western blotting showed that the
expression of LC3-II did not increase after 24 h of
treatment with atRA in Hepa1c1c7 or fatty Hepa1c1c7
cells. On the other hand, atRA treatment decreased the
expression of p62, a cargo receptor for autophagic
degradation, in Hepa1c1c7 or fatty Hepa1c1c7 cells
(Fig. 1B). As a novel methodology for measuring auto-
phagy flux, the GFP-LC3-RFP-LC3ΔG and GFP-LC3-
RFP probe were established (32). A decline in the
GFP/RFP ratio indicates enhanced autophagy. We
have previously reported that sulforaphane or atRA
decreased the GFP/RFP ratio in differentiated 3T3-L1
adipocytes stably expressing the GFP-LC3-RFP-LC3ΔG
(33). In this study, we created another probe, GFP-LC3-
mCherry (Supplemental Fig. S1A), to construct an
autophagy activity evaluation system with higher
detection sensitivity because the brightness of the red
fluorescence of mCherry is higher than that of RFP
(37). Firstly, we determined whether Hepa1c1c7 cells
stably expressing the GFP-LC3-mCherry are suitable
for the autophagy flux assay by autophagy inducer
Torin 1 or autophagy inhibitor Bafilomycin A1. As a
result, we confirmed that Hepa1c1c7 cells stably
expressing the GFP-LC3-mCherry functioned correctly
(Supplemental Fig. S1B, C). In Hepa1c1c7 cells stably
expressing the GFP-LC3-mCherry, atRA treatment
significantly decreased the GFP/mCherry ratio
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compared with control in the presence of FFA or not
(Fig. 1C). These results indicate that atRA increases
autophagic flux in Hepa1c1c7 cells. To reveal the effect
of atRA-induced autophagy on lipid deposition by FFA
treatment, we used fatty Hepa1c1c7 cells with knock-
down of Atg5 induced by Atg5-specific siRNA. As ex-
pected, Atg5-specific siRNA reduced the endogenous
ATG5 protein levels by more than 60% in fatty Hep-
a1c1c7 cells (Fig. 1D). Atg5-knockdown partly inhibited
the atRA-induced increase of the NEFA release from
LDs in fatty Hepa1c1c7 cells (Fig. 1E). Taken together,
atRA could partially induce lipolysis by enhancing
autophagy in fatty Hepa1c1c7 cells.

atRA induces lipophagy through regulating
Rubicon expression in fatty Hepa1c1c7 cells

Rubicon suppresses autophagy at the
autophagosome-lysosome fusion step (15–17). We have
previously reported that atRA decreased the Rubicon
protein expression in differentiated 3T3-L1 adipocytes
(30). To examine the mechanism of how atRA induces
autophagy in Hepa1c1c7 cells, we investigated the time-
dependent effects of atRA on the Rubicon protein
expression in Hepa1c1c7 cells treated with FFA or not.
Hepa1c1c7 cells were treated with 100 nM atRA for up
to 24 h. Rubicon protein expression significantly
decreased at 24 h after atRA treatment in the presence
of FFA or not (Fig. 2A). However, the expression of
Rubicon mRNA was unchanged by atRA treatment in
Hepa1c1c7 or fatty Hepa1c1c7 cells (Fig. 2B). We also
examine the dose-dependent effects of atRA or
TTNPB, a primary agonist of the retinoic acid receptor
(RAR), on the decrease of Rubicon protein expression
in fatty Hepa1c1c7 cells. Unlike low dose (−9 and −8 log
M), a high dose (−7 log M) of atRA or TTNPB signifi-
cantly decreased Rubicon protein expression in fatty
Hepa1c1c7 cells (Fig. 2C). Conversely, AGN139109, a
potent pan-RAR antagonist, inhibited atRA-induced
reduction of Rubicon expression in fatty Hepa1c1c7
cells (Fig. 2D). In addition, immunofluorescence stain-
ing showed that Rubicon expression decreased by atRA
in Hepa1c1c7 or fatty Hepa1c1c7 cells (Fig. 2E).

Next, to clarify whether Rubicon is associated with
lipophagy by atRA, we used fatty Hepa1c1c7 cells with
knockdown of Rubicon by Rubicon-specific siRNA. As
expected, Rubicon-specific siRNA reduced the endog-
enous Rubicon protein levels by more than 60% in
fatty Hepa1c1c7 cells (Fig. 3A). Oil red-O staining
showed that Rubicon-knockdown inhibited the atRA-
induced decrease in lipid deposition in fatty Hep-
a1c1c7 cells (Fig. 3B). In addition, we confirmed that
Rubicon-knockdown significantly inhibited the atRA-
induced increase of the release of NEFA from LDs
in fatty Hepa1c1c7 cells (Fig. 3C, D). These results
suggest that atRA partially induces lipophagy by
downregulating Rubicon expression in fatty Hep-
a1c1c7 cells.
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Fig. 1. Effects of atRA on the lipolysis of LD through autophagy in Hepa1c1c7 cells. A: Hepa1c1c7 cells were treated with 1 mM
mixture of oleic acid and palmitic acid (ratio 2:1) for 4 days as an FFA-treated group to induce lipid accumulation (fatty Hepa1c1c7
cells), then cells were treated with 100 nM atRA or 0.1% DMSO (vehicle) for 14 days. Cells were then fixed, and stained with oil red-O
staining. Scale bar = 100 μm. Lipid accumulation was quantified using the ImageJ imaging software program (n = 4). B: Western
blotting of LC3 and p62 proteins in Hepa1c1c7 or fatty Hepa1c1c7 cells treated with atRA or DMSO (vehicle) for 24 h (n = 3–4). β-actin
was used as an internal control. C: autophagic flux in Hepa1c1c7 or fatty Hepa1c1c7 cells stably expressing GFP-LC3-mCherry treated
with atRA or DMSO for 24 h. GFP/mCherry ratio data were expressed as the fold-value against DMSO (n = 10). Images were taken
with a fluorescence microscope. Scale bar = 50 μm. D: endogenous ATG5 protein was detected by western blotting 48 h after
transfection with 100 pmol Atg5 siRNA (siATG5) or siControl (n = 3). ***P < 0.001 (two-tailed unpaired t test). E: Fatty Hepa1c1c7 cells
were treated with atRA or DMSO in DMEM containing 2% BSA-FFA for 48 h after transfection with siATG5 or siControl (n = 3–4).
The culture medium was collected and assayed for NEFA content (mEq/L/mg protein). Values are mean ± SEM. *P < 0.05, **P < 0.01,
***P < 0.001 (one-way ANOVA with a Student-Newman post hoc test). NS, not significant.
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Fig. 2. Effects of atRA on the Rubicon expression in Hepa1c1c7 cells. A and B: Hepa1c1c7 or fatty Hepa1c1c7 cells were treated with
100 nM atRA or 0.1% DMSO at the indicated time (0, 3, 6, 12, and 24 h). A: The Rubicon protein was detected by immunoblot analysis
with a specific antibody. B: The Rubicon mRNA levels were evaluated by real-time PCR. *P < 0.05 versus DMSO (two-tailed unpaired t
test). C: Western blotting of Rubicon in fatty Hepa1c1c7 cells treated with vehicle (NT, DMSO) or the indicated concentrations
(−9, −8, −7 log M) of atRA or TTNPB for 24 h. *P < 0.05 versus NT (one-way ANOVA with a Student-Newman post hoc test). D:
Western blotting of Rubicon in fatty Hepa1c1c7 cells treated by 100 nM atRA with or without 10 μM AGN139109 (AGN) for 24 h. E:
Rubicon Ab and a secondary Ab conjugated to Alexa Fluor 488 (green). Nuclear staining with DAPI is shown in blue. Images were
taken with a fluorescence microscope. Scale bar = 100 μm. Values are mean ± SEM. (n = 3–4). ***P < 0.001 (one-way ANOVA with a
Student-Newman post hoc test).
atRA reduces lipid accumulation and Rubicon
protein expression in the liver of mice fed an HFD

Because Rubicon increases in association with
autophagy impairment in the livers of mice fed an
HFD (20), we examined the effect of atRA on the
expression of Rubicon in the livers of HFD-fed
mice. Mice fed an HFD for 8 weeks were
randomly divided into two groups and treated with
0.1% DMSO (Control) or atRA 10 mg/kg body weight
for 4 weeks. Oil red-O staining demonstrated that
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atRA treatment significantly decreased hepatic lipid
accumulation in mice fed an HFD (Fig. 4A). Treat-
ment of atRA significantly reduced hepatic Rubicon
protein expression in HFD-fed mice (Fig. 4B). How-
ever, hepatic Rubicon mRNA expression was un-
changed in the atRA group as well as in vitro
experiments (Fig. 4C). Although LC3-II protein
expression was unchanged, atRA treatment reduced
p62 protein expression in the livers of HFD-fed
mice, but not significantly (P = 0.06) (Fig. 4B).
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Fig. 3. Effects of atRA on the lipophagy via decreasing Rubicon expression in Hepa1c1c7 cells. A: Endogenous Rubicon protein was
detected by western blotting 48 h after transfection with 100 pmol Rubicon siRNA (siRubicon) or siControl (n = 3). **P < 0.01 (two-
tailed unpaired t test). B: Fatty Hepa1c1c7 cells transfected with 100 pmol siRubicon or siControl were treated with 100 nM atRA or
0.1% DMSO for 14 days (n = 3–4). Lipid deposition was stained with oil red-O staining. Scale bar = 100 μm. C and D: fatty Hepa1c1c7
were treated with atRA or DMSO containing 2% BSA-FFA for 48 h after transfection with siRubicon or siControl. The culture
medium was collected and assayed for NEFA content (mEq/L/mg protein). The comparison of atRA-induced NEFA levels. Values
are mean ± SEM. (n = 3–4). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA with a Student-Newman post hoc test).

Fig. 4. Effects of atRA on the Rubicon expression in the liver of mice fed an HFD. Eight-week-old male mice were fed a high-fat
diet (HFD) for 8 weeks and were randomly divided into two groups and treated with 0.1% DMSO (Control) or atRA (10 mg/kg body
weight) for 4 weeks (n = 5). A: Oil red-O staining and quantifying lipid deposition in the liver of mice. Scale bar = 100 μm. Lipid
accumulation was quantified using the ImageJ imaging software program. B: Western blotting of Rubicon, p62, and LC3-II protein
levels in the liver of mice. β-actin was used as an internal control. C: the Rubicon mRNA levels were assessed by real-time PCR. Values
are mean ± SEM. *P < 0.05 (two-tailed unpaired t test). NS, not significant.
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atRA decreased Rubicon protein expression in the
livers of young, but not aged, mice

An age-dependent decline in basal autophagy in the
liver may underlie the accumulation of hepatic lipids,
which has been proposed to contribute to worsening
metabolic conditions and impaired autophagy, result-
ing in a vicious cycle promoting aging (11, 12). Besides,
Rubicon levels increase in association with autophagy
impairment in the livers of mice fed an HFD, recapit-
ulating NAFLD (20). In the present study, 8-week-old
and 86-week-old mice were treated with 0.1% DMSO
(Control) or atRA 10 mg/kg body weight for 24 h to
evaluate whether age affects the reduction of Rubicon
expression induced by atRA in the liver of mice.
Interestingly, although young mice showed that atRA
significantly decreased Rubicon and p62 protein levels
in the liver, aged mice showed no effects of atRA on
their expression (Fig. 5A). In addition, atRA treatment
affected no remarkable difference in hepatic Rubicon
mRNA expression in both young and aged mice
(Fig. 5B). Collectively, these findings suggest atRA
reduced hepatic Rubicon protein expression in young
than aged mice.

atRA decreases Rubicon protein expression via
reducing translation efficiency in Hepa1c1c7 cells

Because the above findings suggested that atRA
decreased Rubicon protein expression without chang-
ing the levels of Rubicon mRNA, we hypothesized that
A

Fig. 5. Difference of effects of atRA on the Rubicon expression i
six-week-old male C57BL/6J mice were randomly divided into two g
body weight) for 24 h (n = 4–5). A: Western blotting of Rubicon, LC3
an internal control. B: the RubiconmRNA levels were assessed by real
ANOVA with a Student-Newman post hoc test).
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atRA increases the degradation of Rubicon protein via
proteasome or lysosomal pathway based on recent
research (20, 38). Unexpectedly, Western blotting
revealed that atRA decreased Rubicon protein levels in
the presence of proteasome inhibitor MG132 or lyso-
somal inhibitor Bafilomycin A1 in fatty Hepa1c1c7 cells
(Fig. 6A, B). Therefore, we next hypothesized that atRA
might decrease Rubicon protein expression via inhib-
iting Rubicon protein synthesis. Translation inhibitor
cycloheximide blocked the reduction of Rubicon pro-
tein by atRA in fatty Hepa1c1c7 cells (Fig. 6C). These
results suggested that atRA could down-regulate
Rubicon protein expression via decreasing Rubicon
protein synthesis in hepatocytes.
DISCUSSION

In the present study, we determined that atRA con-
tributes to lipolysis via autophagy through down-
regulating Rubicon expression in fatty Hepa1c1c7
cells. NAFLD, defined by the accumulation of LDs in
hepatocytes, increases the risk of type II diabetes, car-
diovascular disease, chronic kidney disease, liver
cirrhosis, and hepatocellular carcinoma (1, 2). Because
lipophagy can decrease hepatic steatosis and is
impaired in NAFLD patients, promoting lipophagy may
be a therapeutic approach to treat NAFLD (1, 8). Some
studies reported that atRA reduced hepatic lipid accu-
mulation in liver steatosis model animals (28). Recently,
B

n the liver of young and aged mice. Eight-week-old and eighty-
roups and treated with 0.1% DMSO (Control) or atRA (10 mg/kg
-II, and p62 protein levels in the liver of mice. β-actin was used as
-time PCR. Values are mean ± SEM. *P < 0.05, **P < 0.01 (one-way
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Fig. 6. The study of the mechanism by which atRA decreases Rubicon protein expression in Hepa1c1c7 cells. A–C: Western blotting
of Rubicon in Hepa1c1c7 or fatty Hepa1c1c7 cells treated by 100 nM atRA with or without (A) 1 μMMG132, (B) 100 nM Bafilomycin A1
(BAF), or (C) 10 μg/ml cycloheximide (CHX) for 24 h. β-actin was used as an internal control (n = 3–4). Values are mean ± SEM.
*P < 0,05, **P < 0,01 (one-way ANOVA with a Student-Newman post hoc test). NS, not significant. D: schematic illustration of the
induction of lipophagy via reducing Rubicon expression by atRA in hepatocytes.
although we found that atRA induces lipophagy by
activating the AMPK pathway in mice adipocytes (30), it
remains unclear whether atRA ameliorates hepatic
steatosis by inducing lipophagy. Here, we observed that
atRA decreased the FFA-induced lipid accumulation in
Hepa1c1c7. We also found that atRA increased auto-
phagic activity in Hepa1c1c7 or fatty Hepa1c1c7 cells
from the results of p62 expression and the GFP/
mCherry ratio with the GFP-LC3-mCherry probe. In
addition, we confirmed that Atg5 knockdown partially
blocked the increased release of NEFA from LDs by
atRA in fatty Hepa1c1c7 cells. These results were similar
to our previous study, which found that atRA partially
contributes to lipolysis through autophagy in 3T3-L1
adipocytes (30). In addition, Wu et al. reported that
retinoic acid activates autophagy in renal tubular
epithelial cells treated with or without cisplatin, an anti-
tumor drug (39). These reports suggest that the induc-
tion of autophagy by atRA is not liver-specific. In the
present study, we confirmed that atRA induces auto-
phagy not only in fatty Hepa1c1c7 cells but also in
Hepa1c1c7 cells untreated with fatty acid. Fang et al.
reported that atRA induces autophagy in mouse and
human hepatocarcinoma cells untreated with fatty acid
Induc
(40). That is to say, atRA activates autophagy in the
liver, and just one of the downstream consequences is
the release of NEFA.

Two central processes mediate the breakdown of
triglycerides stored within LD: cytosolic lipolysis and
lipophagy. The classical lipolysis pathway is mediated
by three cytosolic lipases, including adipose triglyceride
lipase (ATGL), HSL, and monoglyceride lipase (41).
Interestingly, LC3, an autophagy substrate, promotes
the movement of cytoplasmic ATGL to LD through
interaction with the LC3-interacting region domain of
ATGL and induces lipophagy (42). In addition, cytosolic
lipolysis targets the larger-sized LD to make them
smaller, and then lipophagy targets the smaller-sized
LD (43). These reports suggest that cytosolic lipolysis
and lipophagy are not independent but operate in
tandem. atRA has also been reported to reduce hepatic
lipid accumulation in liver steatosis model animals by
repressing PPARγ and to induce lipolysis by a PPARβ/
δ-mediated increase in the levels of HSL in adipocytes
(28, 29). These results and our findings suggest that
atRA reduces the lipid accumulation in hepatocytes by
enhancing lipophagy, cytosolic lipolysis in conjugation
with autophagy, and HSL and lowering lipogenesis.
tion of lipophagy via Rubicon in hepatocytes by atRA 9



Generally, autophagy can be induced in cells by
activating the AMPK pathway or reducing the expres-
sion of Rubicon, a well-known negative regulator of
autophagy (13–17). Interestingly, Rubicon expression
increased in the livers of mice fed an HFD, and
hepatocyte-specific Rubicon knockout improved the
autophagy activity and liver steatosis in mice fed an
HFD (20). Therefore, Rubicon is a potential target for
the treatment of NAFLD. Several studies have reported
aging, palmitic acid, and hepatitis B or C virus as posi-
tive factors for hepatic Rubicon expression (18, 20, 44,
45), but not much has been reported on negative reg-
ulators. Recently, we have presented that atRA reduces
Rubicon protein expression in adipocytes, but we have
not demonstrated whether Rubicon is associated with
the induction of lipophagy by atRA in adipocytes (30).
Here, we also showed that treating atRA or TTNPB, a
primary agonist of RAR, decreased Rubicon protein
expression in fatty Hepa1c1c7 cells. Conversely, a potent
pan-RAR antagonist inhibited atRA-induced reduction
of Rubicon expression in fatty Hepa1c1c7 cells. Besides,
Rubicon knockdown could partially block the reduced
lipid deposition by atRA and increase the release of
NEFA from LDs by atRA in fatty Hepa1c1c7 cells. These
results indicated that atRA induces lipophagy via
decreasing Rubicon protein levels in mice hepatocytes.
In addition, Minami et al. recently demonstrated that
liver lipophagy prevents liver steatosis in mice fed an
HFD (46). Taken together, atRA may be effective as a
treatment strategy for NAFLD. However, further
studies are necessary to fully elucidate the underlying
molecular mechanism of atRA on the lipophagy via
Rubicon in the liver and the adverse effects on the
body.

The present study confirmed that atRA reduces
Rubicon protein expression without altering Rubicon
mRNA levels in fatty Hepa1c1c7 cells. These results
were similar to our previous results in adipocytes (30).
As mentioned above, hepatic Rubicon expression in-
creases in the mice fed an HFD or aged mice (18, 20).
The present study confirmed that atRA reduced he-
patic Rubicon expression in the mice fed an HFD. In
addition, atRA decreased Rubicon expression in the
livers of young mice, but the effect of atRA on reduced
Rubicon expression diminished in the livers of aged
mice. The reason may be that the mechanism by which
an HFD increases Rubicon expression differs from the
mechanism by which aging increases it (20, 38). Tanaka
et al. reported that palmitic acid upregulates hepatic
Rubicon expression by decreasing degradation via the
proteasome system (20). In contrast, Yamamuro et al.
reported that aging increases Rubicon expression in
adipocytes by decreased degradation via the autophagy
pathway (38). Indeed, autophagic activity decreases with
age in many species (47). However, experiments using
proteasome or lysosomal inhibitors confirmed that
atRA decreased Rubicon protein levels in a pathway
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distinct from these pathways in fatty Hepa1c1c7 cells.
Therefore, we hypothesized that atRA affects Rubicon
protein synthesis but not Rubicon protein degradation.
Our study suggested that atRA decreases Rubicon
expression by inhibiting protein synthesis in fatty
Hepa1c1c7 cells by experiment using a translation in-
hibitor. The major signaling protein complex that reg-
ulates mRNA translation is mTORC1. Activated
mTORC1 promotes mRNA translation by phosphory-
lating various proteins, including eukaryotic initiation
factor 4E (eIF4E)/eIF4E-binding protein 1 (4E-BP1) and
S6 kinase. Phosphorylation of 4E-BP1 by mTORC1
blocks the interaction between eIF4E and 4E-BP1;
therefore, eIF4E can participate in the eIF4F complex
(consists of eIF4G, eIF4A, and eIF4E) to initiate trans-
lation (48, 49). Interestingly, atRA binding to RARγ in-
hibits protein synthesis of myoblast determination
protein (MyoD) by the dephosphorylation of 4E-BP1
(50). Therefore, although the effect of atRA on the
reduced Rubicon expression may be dependent on
protein synthesis in hepatocytes, we have not deter-
mined the detailed molecular mechanism of it.

In conclusion, as shown in Fig. 6D, the present study
suggested that atRA induces lipophagy by decreasing
Rubicon protein in hepatocytes. We also determined
that atRA ameliorates lipid accumulation in the livers
and decreases hepatic Rubicon expression in mice fed
an HFD. In addition, our study demonstrated that atRA
reduces hepatic Rubicon protein in young mice, but the
ability of atRA to reduce hepatic Rubicon expression
diminished in aged mice.

Data Availability
All data are contained within the manuscript.

Supplemental data
This article contains supplemental data.

Acknowledgments
We thank Dr J. Debnath (University of California San

Francisco) for providing pBABE-puro mCherry-EGFP-LC3
plasmid, Dr N. Mizushima (The University of Tokyo) for
providing pMRX-IP-GFP-LC3-RFP-LC3ΔG plasmid. for
technical assistance. We also thank Fujii Memorial Institute
of Medical Science, Support Center for Advanced Medical
Sciences, Tokushima University Graduate School of
Biomedical Sciences, A. Yamazaki-Uebanso, Y. Nobe, E.
Harumoto, N. Yamamoto, Y. Hamada, and M. Kobayashi
(Department of Clinical Nutrition and Food Management,
Institute of Biomedical Sciences, Tokushima University
Graduate School) for technical assistance.

Author contributions
N. T. A. and Y. M. methodology; N. T. A., Y. M., Y. T., and

Y. H. formal analysis; N. T. A., and Y. M. investigation; N. T.
A. writing–original draft; M. M. and K. O. conceptualization,
M. M., Y. A., and K. O. validation; M. M. and Y. T. writing-
review & editing; M. M. and Y. T. supervision; M. M. and Y.



T. project administration; M. M. and Y. T. funding acquisi-
tion; M. T. visualization; T. F. and A. F. resources; Y. M. and
H. O. data curation.

Author ORCIDs
Masashi Masuda https://orcid.org/0000-0003-3762-2770
Yuki Mori https://orcid.org/0000-0002-7348-2034
Yuichiro Adachi https://orcid.org/0000-0002-1722-4778
Masaki Takikawa https://orcid.org/0009-0004-8706-2665
Hirokazu Ohminami https://orcid.org/0000-0002-3833-
8360
Yutaka Taketani https://orcid.org/0000-0003-4690-4243

Funding and additional information
This work was supported by JSPS KAKENHI Grant

Numbers JP20K21761, JP21H03359 (to M. Masuda), and
JP23H03329 (to Y. Taketani). This work was also supported
by Research Clusters of Tokushima University: Research
Cluster for Precision Nutrition (to Y. Taketani).

Conflict of interest
The authors declare that they have no conflicts of interest

with the contents of this article.

Abbreviations
4E-BP1, eIF4E-binding protein 1; AMPK, AMP-activated

protein kinase; atRA, all-trans retinoic acid; DAPI, 4′,6-
diamidino-2-phenylindole; eIF4E, eukaryotic initiation fac-
tor 4E; HFD, high-fat diet; HSL, hormone-sensitive lipase;
LC3-II, lipidated LC3; LD, lipid droplet; mTORC1, mamma-
lian target of rapamycin complex 1; MyoD, myoblast deter-
mination protein; NAFLD, non-alcoholic fatty liver disease;
NASH, non-alcoholic steatohepatitis; PPARγ, peroxisome
proliferator-activated receptor gamma; RAR, retinoic acid
receptor; TTNPB, 4-[E−2-(5, 6, 7, 8-Tetrahydro-5, 5, 8, 8-tetra-
methyl-2-naphtalenyl)-1-propenyl] benzoic acid.

Manuscript received June 25, 2024, and in revised form July
13, 2024. Published, JLR Papers in Press, July 18, 2024,
https://doi.org/10.1016/j.jlr.2024.100598
REFERENCES

1. Mashek, D. G. (2020) Hepatic lipid droplets: a balancing act be-
tween energy storage and metabolic dysfunction in NAFLD.Mol.
Metab. 50, 101115

2. Anstee, Q. M., Targher, G., and Day, C. P. (2013) Progression of
NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis.
Nat. Rev. Gastroenterol. Hepatol. 10, 330–344

3. Mizushima, N., and Komatsu, M. (2011) Autophagy: renovation of
cells and tissues. Cell. 147, 728–741

4. Mizushima, N., Yoshimori, T., and Ohsumi, Y. (2011) The role of
Atg proteins in autophagosome formation. Annu. Rev. Cell Dev.
Biol. 27, 107–132

5. Shibutani, S. T., and Yoshimori, T. (2014) A current perspective
of autophagosome biogenesis. Cell Res. 24, 58–68

6. Singh, R., Kaushik, S., Wang, Y., Xiang, Y., Novak, I., Komatsu, M.,
et al. (2009) Autophagy regulates lipid metabolism. Nature. 458,
1131–1135

7. Dong, H., and Czaja, M. J. (2011) Regulation of lipid droplets by
autophagy. Trends. Endocrinol. Metab. 22, 234–240

8. Ramos, V. D. M., Kowaltowski, A. J., and Kakimoto, P. A. (2021)
Autophagy in hepatic steatosis: a structured review. Front. Cell
Dev. Biol. 9, 657389
Induct
9. Allaire, M., Rautou, P. E., Codogno, P., and Lotersztajn, S. (2019)
Autophagy in liver diseases: time for translation? J. Hepatol. 70,
985–998

10. Mitra, S., De, A., and Chowdhury, A. (2020) Epidemiology of non-
alcoholic and alcoholic fatty liver diseases. Transl. Gastroenterol.
Hepatol. 5, 16

11. Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R. I.,
Simon, A. K., Bjedov, I., et al. (2021) Autophagy in healthy aging
and disease. Nat. Aging. 1, 634–650

12. Xu, F., Hua, C., Tautenhahn, H. M., Dirsch, O., and Dahmen, U.
(2020) The role of autophagy for the regeneration of the aging
liver. Int. J. Mol. Sci. 21, 3606

13. Jung, C. H., Ro, S. H., Cao, J., Otto, N. M., and Kim, D. H. (2010)
mTOR regulation of autophagy. FEBS Lett. 584, 1287–1295

14. Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011) AMPK and
mTOR regulate autophagy through direct phosphorylation of
Ulk1. Nat. Cell Biol. 13, 132–141

15. Matsunaga, K., Saitoh, T., Tabata, K., Omori, H., Satoh, T., Kur-
otori, N., et al. (2009) Two Beclin 1-binding proteins, Atg14L and
Rubicon, reciprocally regulate autophagy at different stages.
Nat. Cell Biol. 11, 385–396

16. Sun, Q., Westphal, W., Wong, K. N., Tan, I., and Zhong, Q. (2010)
Rubicon controls endosome maturation as a Rab7 effector. Proc.
Natl. Acad. Sci. U. S. A. 107, 19338–19343

17. Bhargava, H. K., Tabata, K., Byck, J. M., Hamasaki, M., Farrell, D.
P., Anishchenko, I., et al. (2020) Structural basis for autophagy
inhibition by the human Rubicon–Rab7 complex. Proc. Natl.
Acad. Sci. U. S. A. 117, 17003–17010

18. Nakamura, S., Oba, M., Suzuki, M., Takahashi, A., Yamamuro, T.,
Fujiwara, M., et al. (2019) Suppression of autophagic activity by
Rubicon is a signature of aging. Nat. Commun. 10, 847

19. Yamamuro, T., Kawabata, T., Fukuhara, A., Saita, S., Nakamura,
S., Takeshita, H., et al. (2020) Age-dependent loss of adipose
Rubicon promotes metabolic disorders via excess autophagy.
Nat. Commun. 11, 4150

20. Tanaka, S., Hikita, H., Tatsumi, T., Sakamori, R., Nozaki, Y.,
Sakane, S., et al. (2016) Rubicon inhibits autophagy and acceler-
ates hepatocyte apoptosis and lipid accumulation in nonalco-
holic fatty liver disease in mice. Hepatology. 64, 1994–2014

21. Clagett-Dame, M., and DeLuca, H. F. (2002) The role of vitamin A
in mammalian reproduction and embryonic development. Annu.
Rev. Nutr. 22, 347–381
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