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Abstract

Lipophagy is defined as a lipolysis pathway that degrades lipid droplet (LD) via autophagy. All-trans retinoic acid (atRA), a metabolite of vitamin A, stim-
ulates lipolysis through hormone-sensitive lipase and B-oxidation. However, the regulation of lipolysis by atRA-induced autophagy in adipocytes remains
unclear. In this study, we investigated the effect of atRA on autophagy in epididymal fat of mice and the molecular mechanisms of autophagy in 3T3-L1
adipocytes. Western blotting showed that atRA decreased the expression of p62, a cargo receptor for autophagic degradation, and increased the expression
of the lipidated LC3B (LC3B-II), an autophagy marker, in epididymal fat. Next, we confirmed that atRA increased autophagic flux in differentiated 3T3-L1 cells
using the GFP-LC3-RFP-LC3AG probe. Immunofluorescent staining revealed that the colocalization of LC3B with perilipin increased in differentiated 3T3-L1
cells treated with atRA. The knockdown of Atg5, an essential gene in autophagy induction, partly suppressed the atRA-induced release of non-esterified
fatty acid (NEFA) from LDs in differentiated 3T3-L1 cells. atRA time-dependently elicited the phosphorylation of AMPK and Beclin1, autophagy-inducing
factors, in mature 3T3-L1 adipocytes. Inversely, atRA decreased the protein expression of Rubicon, an autophagy repressor, in differentiated 3T3-L1 cells
and epididymal fat. Interestingly, the expression of ALDH1A1, atRA-synthesizing enzymes, increased in epididymal fat with decreased protein expression of
Rubicon in aged mice. These results suggest that atRA may partially induce lipolysis through lipophagy by activating the AMPK-Beclin1 signaling pathway

in the adipocytes and increased atRA levels may contribute to decreased Rubicon expression in the epididymal fat of aged mice. (248/250 words)
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1. Introduction

Obesity has spread worldwide and has become among the most
considerable global health problems in many countries [1]. It is of-
ten caused by an imbalance between energy intake and expendi-
ture, so the disturbed endocrine functions of adipose tissue con-
sisting of hypertrophic adipocytes are associated with an increased
risk of type 2 diabetes, hypertension, stroke, and coronary artery
disease [2,3]. Much research suggests various therapeutic targets,
including enhanced lipolysis, reduced adipogenesis, and increasing
thermogenesis, contribute to ameliorating adipocyte hypertrophy
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[4]. The anti-obesity effect of drugs and nutrients has been stud-
ied; phosphate, sulforaphane, and all-trans retinoic acid (atRA) in-
duce lipolysis in adipocytes [5-8].

Lipolysis is a catabolic process that plays an important role in
triglyceride (TG) turnover. In this mechanism, adipose triglyceride
lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride
lipase are the principal enzymes [9,10]. Unlike this canonical
lipolysis, a recent study provides a new lipolysis pathway, termed
lipophagy, in which lipid droplet (LD) is degraded via autophagy
[11]. Autophagy is a highly conserved intracellular degradation
system that a double-membrane structure called isolation mem-
brane that engulfs cytoplasmic components, forming a vesicle
(autophagosome), and their sequestered materials are decom-
posed by fusion with the lysosome [12,13]. Autophagy maintains
cellular homeostasis by targeting proteins, RNA, LD, and dam-
aged organelles [14,15]. During autophagy, LC3B is conjugated
to the phosphatidylethanolamine (PE) molecule on the isolation
membrane as lipidated LC3B (LC3B-II), an autophagy substrate,
by the ATG12-ATG5-ATG16L1 complex after cleavage of glycine
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120 residues of LC3B by ATG4, and LC3B-II contributes to the
formation of the isolation membrane [12—14]. The activation of
AMP-activated protein kinase (AMPK) or the inhibition of the
mammalian target of rapamycin complex 1 (mTORC1) stimulates
the driver of the isolation membrane formation such as unc-51
like autophagy activating kinase 1 (ULK1) [16,17]. Furthermore,
the phosphorylation of AMPKa can induce phosphorylation of
Beclin1, which regulates the isolation membrane formation and
autophagosome-lysosome fusion, leading to upregulating au-
tophagic flux [18]. On the other hand, Rubicon, an autophagy
repressor, inhibits autophagosome-lysosome fusion by binding to
the class Il phosphatidylinositol-3 kinase (PI3K) complex [19].
While recent studies revealed that Rubicon mRNA and protein
levels increase in some aged tissues, such as the kidney and liver,
Rubicon expression decreases in aged adipose tissue [20,21]. In-
terestingly, age-dependent loss of Rubicon in adipose tissue causes
systemic fat loss [21]. atRA, a metabolite of vitamin A (retinol),
has important biological roles in reproduction, immune response,
and development [22-24]. All-trans retinol is first converted to
all-trans retinal and then irreversibly oxidized by the aldehyde de-
hydrogenase 1A (ALDH1A) family to form atRA [25]. Then, atRA is
catalyzed to 4-OH-atRA by the cytochrome P450 family 26 (CYP26).
Human studies have shown a negative correlation between serum
retinol concentration and BMI, and a negative correlation between
serum RA concentration and BMI and abdominal circumference
[26,27]. The molecular mechanism by which atRA regulates a
transcription for target genes mediated by specific nuclear recep-
tors, including retinoic acid receptors (RARs), retinoid X receptors
(RXRs), and the peroxisome proliferator-activated receptor (PPAR)
B8 [28,29]. atRA increases the phosphorylation of AMPKw and in-
duces autophagy in acute promyelocytic leukemia (APL) cells [30].
Although it is suggested that atRA induces lipolysis by a PPARS/§-
mediated increase in the level of HSL [8], whether atRA regulates
lipolysis via autophagy in adipocytes has not yet been investigated.

In the present study, we evaluated the effect of atRA on au-
tophagy in white adipose tissue (WAT) of mice and differenti-
ated 3T3-L1 adipocytes. Furthermore, we also explored the molec-
ular mechanism underlying the atRA-induced autophagic process
in 3T3-L1 adipocytes.

2. Materials and methods
2.1. Chemicals and reagents

DMSO, atRA, mouse anti-B-actin monoclonal Ab (A5441),
DMEM, FBS, insulin, dexamethasone, 3-isobutyl-1-methylxanthine,
troglitazone, and Mission siRNA were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Buprenorphine hydrochloride was
purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan).
Pentobarbital sodium salt was purchased from Tokyo Kasei Co., Ltd.
(Tokyo, Japan). RIPA buffer, anti-LC3B (#2775), anti-p62 (#5114),
anti-Perilipin-1 (#9349), anti-ULK1 (#8054), anti-phospho-ULK1
(#5869, Ser555), anti-Beclin1 (#3495), anti-Rubicon (#8465), anti-
AMPKe (#5831), anti-phospho-AMPKe: (#50081, Thr172), anti-
SCD1 (#2794) Ab were purchased from Cell Signaling Technol-
ogy (Beverly, MA, USA). Anti-MAP LC38 (sc-271625), anti-ALDH1A1
(sc-374149), anti-phospho-EGFR (sc-57545, Tyr 1173), and anti-
EGFR (sc-373746) Ab were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Anti-ALDH1A2 (13951-1-AP), and anti-
Adiponectin (21613-1-AP) were purchased from Proteintech (Rose-
mont, IL, USA). Phosphorylated Beclin-1 (#13232, Ser90/93/96)
Ab was purchased from Signalway Antibody (College Park, MD,
USA). Goat anti-rabbit IgG(H+L)-HRP conjugate (#1706515) was
purchased from Bio-Rad (Hercules, CA, USA). Goat anti-mouse
IgG(H+L)-HRP conjugate (#62-6520), Alexa Fluor 488, and Alexa

Fluor 546 were purchased from Invitrogen (Carlsbad, CA, USA).
Aqua-Poly/Mount (18606-20) is purchased from Polysciences, Inc
(Warrington, PA, USA). OCT compound was purchased from Sakura
FineTek (Tokyo, Japan). Penicillin-streptomycin, FFA-free BSA, and
Chemi-Lumi One Super were purchased from Nacalai Tesque (Ky-
oto, Japan). Torin 1 (10997) was purchased from Cayman Chem-
ical Co. (Ann Arbor, MI, USA). FUuGENE HD Transfection Reagent
was purchased from Promega Corporation (Madison, WI, USA). Flu-
oroBrite DMEM (A1896701), Lipofectamine RNAIMAX transfection
reagent, TRIzol Reagent, oligo(dT) primer, and SYBR Green mas-
ter mix were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). M-MLV reverse transcriptase was purchased from Nip-
pon Gene (Tokyo, Japan).

2.2. Animal experiments

The animal work took place in Division for Animal Researches
and Genetic Engineering Support Center for Advanced Medical Sci-
ences, Institute of Biomedical Sciences, Tokushima University Grad-
uate School. The animals were housed in pathogen-free condi-
tions and maintained under a standard 12 h light-dark cycle with
free access to water. First, 35-week-old male C57BL/6] mice (Japan
SLC, Shizuoka, Japan) were randomly divided into two groups (n=4
per group) and intraperitoneally administrated a total of 10 mg/kg
body weight (BW) of atRA or 0.1% DMSO prepared in 500 ul sterile
saline once every two days for 4 weeks. 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. Secondly, 8-week-old male
C57BL/6] mice (Japan SLC, Shizuoka, Japan) were randomly divided
into two groups (n=4 per group) and a total of 10 mg/kg BW of
atRA or 0.1% DMSO prepared in sterile saline was intraperitoneally
administered, then the mice were euthanized 24 h later. Third, 8-
week-old male and 100-week-old male C57BL/6] mice (Japan SLC,
Shizuoka, Japan) were divided into two groups (n=5 per group).
Each group of mice was fed ad libitum before they were eutha-
nized. Epididymal fat samples were washed in 0.9% NaCl and im-
mediately snap-frozen in liquid nitrogen and stored at —80 °C.
These studies were approved by the Animal Experimentation Com-
mittee of Tokushima University School of Medicine (animal ethical
clearance No. T28-88 and T30-66) and were carried out in accor-
dance with guidelines for the Animal Care and Use Committee of
Tokushima University School of Medicine.

2.3. Plasma parameters

Plasma triglyceride (TG) and non-esterified fatty acid (NEFA)
levels were determined using commercial kit LabAssay Triglyceride
(Wako, Osaka, Japan) and LabAssay NEFA (Wako) according to the
manufacturer’s instruction, respectively [5]. Absorbance was mea-
sured by SpectraMax ABS (Molecular Devices, Sunnyvale, CA, USA).

2.4. Histological assessments

Epididymal adipose tissues were fixed in 4% PFA/PBS at
4°C overnight, and then dehydrated in 30% sucrose/PBS at 4°C
overnight. The tissues were embedded in OCT compound diluted
with 30% sucrose/PBS. Tissues were cryo-sectioned at 10 um thick-
ness and the slides were stained with H&E according to a stan-
dard protocol. Adipocyte size was visualized using a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan). Adipocyte area
was quantified using the Image] imaging software program (NIH,
Bethesda, MD, USA).
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2.5. Western blot analysis

Tissue and cell lysates were prepared using RIPA buffer. Pro-
tein samples were heated at 95°C for 5 min in sample buffer
in the presence of 5% 2-mercaptoethanol and subjected to SDS-
PAGE. The separated proteins were transferred by electrophore-
sis to polyvinylidene difluoride transfer membranes (Immobilon-
P, Millipore, MA, USA). The membranes were treated with diluted
affinity-purified anti-LC3B (1:2000), anti-p62 (1:2000), anti-ULK1
(1:3000), anti-phospho-ULK1 (1:1500), anti-Beclin1(1:1500), anti-
phospho-Beclin1 (1:1000), anti-Rubicon (1:2000), anti-ALDH1A1
(1:1000), anti-ALDH1A2 (1:1000), anti-AMPK« (1:2000), anti-
phospho-AMPKa (1:3000) Ab, and anti-Adiponectin (1:2000).
Mouse anti-f-actin monoclonal Ab was used as an internal con-
trol. Goat anti-rabbit IgG(H+L)-HRP conjugate or goat anti-mouse
IgG(H+L)-HRP conjugate were utilized as a secondary Ab, and sig-
nals were detected using Chemi-Lumi One Super.

2.6. Quantitative PCR analysis

Total RNA was isolated from differentiated 3T3-L1 cells or
epididymal adipose tissues using TRIzol Reagent according to
the manufacture’s instruction. Quantitative real-time PCR as-
says were performed by using an Applied Biosystems StepOne
qPCR instrument. In brief, the cDNA was synthesized from
1 ug of total RNA using M-MLV reverse transcriptase with
an oligo(dT) primer. After cDNA synthesis, quantitative real-
time PCR was performed in 5 pl of Fast SYBR Green master
mix. The primer sequences are as follows: mouse Rubicon (5'-
CTCATCCATGACCAGGTGTG-3' and 5'-GTCGCTCATGCAAACTGA-3’),
mouse Aldhlal (5'-ATACTTGTCGGATTTAGGAGGCT-3' and 5'-
GGGCCTATCTTCCAAATGAACA-3’), mouse Glutl (5'-CATCGTGGCCA
TCTTTGGCTTTGT-3' and 5-GGAAGCACATGCCCACAATGAAGT-3’),
mouse Orp8 (5'-GCCTTAGCAGACGGAGAACC-3’ and 5’-GCTACAACAG
TTGATGGCCC-3’), and mouse S-actin (5-CTGACCCTGAAGTACCCC
ATTGAACA-3' and 5'-CTGGGGTGTTGAAGGTCTCAAACATG-3’). The
quantification of given genes was expressed as the mRNA levels
normalized to a ribosomal housekeeping gene B-actin using the
AACt method.

2.7. Cell culture and establishment of stable cell lines

Mouse fibroblast line 3T3-L1 pre-adipocytes (JCRB9014) were
obtained from the Health Science Research Resources Bank (Os-
aka, Japan). The 3T3-L1 pre-adipocytes were cultured as described
previously [6]. Briefly, 3T3-L1 pre-adipocytes were maintained in
high-glucose DMEM containing 10% FBS and 1% penicillin strep-
tomycin at 37°C in an atmosphere containing 5% CO,. To induce
the differentiation of the pre-adipocytes into mature adipocytes,
100% confluent cells were maintained for 2 days and changed to
differentiation medium (DMEM containing 10% FBS, 10 pg/ml in-
sulin, 1 uM dexamethasone, 500 uM 3-isobutyl-1-methylxanthine,
and 1 pM troglitazone). Two days later, the media were replaced
with DMEM containing 10% FBS and refreshed every other day for
an additional 6-10 days. Retroviral plasmid vector of pMRX-IP-GFP-
LC3-RFP-LC3AG (RDB14600) developed by Dr. Noboru Mizushima
was obtained from RIKEN BRC DNA BANK (Tsukuba, Japan) [31].
Stable 3T3-L1 cells expressing GFP-LC3-RFP-LC3AG were generated
as we previously described [7].

2.8. RNAi experiments

Differentiated 3T3-L1 cells were transfected with siRNA directed
against Atg5 (SASI_MmO01_00089196 and SASI_MmO01_00089197;

Sigma-Aldrich) [7], AMPKa1/2 (sc-45313; Santa Cruz Biotechnol-
ogy) [7], Aldh1al (SASI_MmO01_00044509; Sigma-Aldrich), or nega-
tive control (SIC001; Sigma-Aldrich) using Lipofectamine RNAIMAX
transfection reagent, according to the manufacturer’s instruction.
The expression levels were assessed after 48 h using real-time PCR.

2.9. Detection of NEFA in medium

NEFA content in medium was determined as described previ-
ously [7]. To determine the release of fatty acids from LD in differ-
entiated 3T3-L1 cells, detection of NEFA in the medium was per-
formed using 48-well tissue culture plates. Cells were differenti-
ated into mature adipocytes and transfection with 100 pmol Atg5
siRNA, 100 pmol AMPKa:1/2 siRNA, or control for 24—48 h, fol-
lowed by replacement 2% FFA-free BSA culture medium and the
treatment with vehicle (DMSO), 100 nM atRA, or 250 nM Torin 1
for 24 h. After collecting the medium, NEFA content in the con-
ditioned medium was measured with a commercial kit LabAssay
NEFA (Wako) according to the manufacture’s protocol.

2.10. Autophagic flux assay

For GFP-LC3-RFP-LC3AG microplate assay was performed as de-
scribed previously [7]. Wild-type (as background) or stable 3T3-
L1 cells expressing GFP-LC3-RFP-LC3AG were seeded into 96-
well plates (Greiner CELLSTAR #655090, Greiner Bio-One, Ger-
many). After the differentiation of the pre-adipocytes into mature
adipocytes, they were treated with vehicle (DMSO), 100 nM atRA,
or 250 nM Torin 1 as positive control for 12 h. Following washing
with FluoroBrite DMEM twice, cells were imaged by using Operetta
high-content imaging system (PerkinElmer, MA, USA) at 40x mag-
nification at following settings: for EGFP (A ex: 460—490 nm, A
ex: 500—-550 nm) and for RFP (A ex: 530—560 nm, A ex: 570—650
nm).

2.11. Immunofluorescent staining

Differentiated 3T3-L1 cells were washed two times in PBS, and
fixed in cold 3% PFA/PBS at room temperature (RT) for 15 min.
After washing with PBS, Heat-induced epitope retrieval was per-
formed with the citric acid (ph=6.0) for 10 min, followed by wash-
ing three times with PBS. Differentiated 3T3-L1 cells were pro-
cessed by 0.1% Triton X-100/PBS at 4°C for 10 min, followed by
washing three times with PBS. Blocking was performed with 1%
BSA/ PBS containing 0.1% Tween-20 at RT for 30 min, followed by
washing three times with PBS. Perilipin-1 (1:200), and MAP LC38
(1:200) were applied at 4°C overnight to cells. After washing with
PBS, cells were incubated at RT for 1 h with secondary antibodies
prepared at 1:200 in Ab dilution buffer: Alexa Fluor 488 and Alexa
Fluor 548. After the secondary antibodies were removed and cells
were washed with PBS, cells were mounted in Aqua Poly/Mount.
Fluorescence was visualized using a Nikon A1R confocal micro-
scope (Nikon, Tokyo, Japan). Quantification of data was performed
using the Image] imaging software program (NIH, Bethesda, MD,
USA).

2.12. 0Oil red-0 staining

To determine the lipid accumulated in differentiated 3T3-L1
cells, oil red-O staining was performed using 48-well tissue culture
plates. Cells were differentiated into mature adipocytes and trans-
fection with 100 pmol Atg5 siRNA or control for 48 h, then the
treatment with DMSO or 100 nM atRA for 10 d. After removing the
medium and washing twice with PBS, the cells were fixed with 3%
PFA/PBS for 10 min. After washing with PBS, 60% isopropanol was
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added for 1 min and stained with oil red-O diluted with 60% iso-
propanol for 20 min. After rinsing with 60% isopropanol and PBS,
the cells were photographed under a BZ-9000 fluorescence micro-
scope. Lipid accumulation was quantified using the Image] imaging
software program.

2.13. Statistical analysis

Data were collected from more than two independent experi-
ments and were reported as the means+S.E.M. Statistical analysis
for two-group comparison was performed using a two-tailed Stu-
dent’s t test, or one-way ANOVA with a Student-Newman post-hoc
test for multi-group comparison. All data analysis was performed
using GraphPad Prism 5 software (Graphpad Software, San Diego,
CA, USA). P<.05 was considered statistically significant.

3. Results

3.1. atRA reduces the size of adipocytes and increases the LC3B-II
expression in the epididymal fat of mice

First, we investigated the effect of atRA on autophagy in adi-
pose tissue of mice intraperitoneally treated with DMSO (Con-
trol) or atRA for 4 weeks. The plasma TG and NEFA concentra-
tions showed no significant difference between the control and
atRA groups (Table 1). The body weight was lower by about 10% in

Table 1
Effects of atRA on plasma TG and NEFA levels
Control atRA
TG (mg/dl) 36.86+4.94 71.26+13.4
NEFA (mEq/dl) 0.46+0.04 0.57+0.06

Values are mean4S.E.M. (n=4/group). (Data was analyzed by two-
tailed unpaired Student’s t test).

the atRA group than in the control group. In the atRA group, tis-
sue weight adjusted by BW of the epididymal fat significantly de-
creased (Fig. 1A). However, atRA tended to decrease tissue weight
of retroperitoneal fat and subcutaneous fat and did not affect that
of brown adipose tissue weight. In addition, HE staining showed
that epididymal adipocyte area decreased in the atRA group
(Fig. 1B). We next investigated whether atRA affects autophagy-
related protein expression in the epididymal fat. Western blot-
ting revealed that atRA decreased the protein expression of p62, a
cargo receptor for autophagic degradation, and increased the LC3B-
Il protein expression in the epididymal fat (Fig. 1C and D). Recent
research suggests that oxysterol-binding protein-related protein 8
(ORP8), which is located on LDs and mediates the encapsulation of
LDs by autophagosomal membranes, is a lipophagy receptor that
plays a crucial role in cellular lipid metabolism [32]. Therefore, we
evaluated the effect of atRA on the gene expression of Orp8. As
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Fig. 1. Effects of atRA on the expression of autophagy-related proteins in the epididymal fat of mice. Thirty-five-week-old male C57BL/6] mice were treated with 0.1% DMSO
(Control) or atRA (10 mg/kg) for 4 weeks. (A) Tissue weights of the epididymal fat (Epi), retroperitoneal fat (Ret), subcutaneous fat (Sub), and brown adipose tissue (BAT) were
adjusted by body weight (BW). (B) Adipocytes from epididymal fat were stained with H&E for the determination of adipocyte size. Images were taken by microscope. Scale
bar = 50 um. Adipocyte area was calculated based on at least 100 adipocytes per group and was determined using Image] software. (C, D) Western blotting of LC3B and p62
in the epididymal fat. (E) Eight-week-old male C57BL/6] mice were treated with 0.1% DMSO (Control) or atRA (10 mg/kg) for 24 h. The Orp8 mRNA was detected by real-time
PCR in epididymal fat. B-actin was used as an internal control. Values are mean+S.E.M. (n=4). *P<.05 (two-tailed unpaired Student’s t test).
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Fig. 2. Effect of atRA on the lipolysis of LD through autophagy in 3T3-L1 adipocytes. (A) Differentiated 3T3-L1 cells were treated with 100 nM atRA, 250 nM Torin 1, or 0.1%
DMSO (Control) in DMEM containing 2% BSA-FFA for 24 h (n=5-6). The culture medium was collected and assayed for NEFA content (mEq/L/mg protein). (B) Autophagic flux
in differentiated 3T3-L1 cells stably expressing GFP-LC3-RFP-LC3AG treated with atRA, Torin 1, or DMSO (Control) for 12 h (n=25). GFP/RFP ratio data were expressed as the
fold-value against DMSO. Scale bar = 50 um. *P<.05, **P<.01 (one-way ANOVA with a Student-Newman post-hoc test). (C) After differentiated 3T3-L1 adipocytes were treated
with atRA or DMSO (Control) for 12 h (n=7-9), cells were fixed and stained for PLIN1 Ab conjugated to Alexa Fluor 488 (green) and LC3B Ab conjugated to Alexa Fluor 546
(red). Images were taken with a confocal laser-scanning microscope. Percentage colocalization of LC3B with PLIN1 was quantified using the Image] imaging software program.
Scale bar = 10 pm. *P<.05 (two-tailed unpaired Student’s ¢ test). (D, E) Differentiated 3T3-L1 adipocytes were treated with atRA or DMSO (Control) in DMEM containing 2%
BSA-FFA for 24 h after transfection with 100 pmol Atg5 siRNA (siATG5) or negative control (siControl) (n=5). The culture medium was collected and assayed for NEFA content
(mEq/L/mg protein). *P<.05, **P<.01 (one-way ANOVA with a Student-Newman post-hoc test). The comparison of atRA-induced NEFA content (mEq/L/mg protein). *P<.05
(two-tailed unpaired Student’s t test). (F, G) Differentiated 3T3-L1 cells were treated with atRA or DMSO (Control) for 10 d after transfection with siATG5 or siControl (n=6).
Cells were then fixed, stained with oil red-O staining, and analyzed with a BZ-9000 fluorescence microscope. LD size and numbers were quantified using the Image] imaging
software program. Scale bar = 50 um. *P<.05, **P<.01 (one-way ANOVA with a Student-Newman post-hoc test). NS, not significant.

a result, atRA increased Orp8 mRNA expression in the epididymal next investigated whether atRA induces autophagic flux in ma-
adipose tissue of mice (Fig. 1E). ture 3T3-L1 cells by using an autophagic flux assay probe, the
GFP-LC3-RFP-LC3AG [31]. The probe is cleaved by Atg4 under au-

3.2. atRA partially contributes to lipolysis through autophagy in tophagy induction and divided into GFP-LC3 and RFP-LC3AG. After
3T3-L1 adipocytes autophagosome-lysosome fusion, the interior GFP-LC3 is degraded,
and the acidic environment of the autolysosome diminishes GFP

To clarify the involvement of autophagy in atRA-induced lipol- fluorescence. However, RFP-LC3AG cannot be degraded because it
ysis, we analyzed the release of NEFA from LDs in differentiated is not incorporated into autophagosomes, so RFP fluorescence can
3T3-L1 cells. The NEFA levels in the media increased by either be used as internal control due to its stability. Therefore, a de-

treatment of atRA or Torin 1, autophagy inducer (Fig. 2A). We cline in the GFP/RFP ratio indicates enhanced autophagy. We have
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previously reported that sulforaphane decreased the GFP/RFP ra-
tio in differentiated 3T3-L1 cells stably expressing the GFP-LC3-
RFP-LC3AG [7]. In adipocytes stably expressing the GFP-LC3-RFP-
LC3AG, treatment with atRA or Torin 1 significantly caused the
reduction of the GFP/RFP ratio compared with DMSO (Fig. 2B).
These results indicate that atRA increases autophagic flux in 3T3-
L1 adipocytes. LDs are coated with various proteins that regulate
lipid metabolism, such as the storage of TG and lipolysis in the LDs.
Perilipins family proteins (PLIN1-5) are the most representative
LD-associated proteins. In adipocytes, PLIN1 is the most abundant
protein coating LDs [33,34]. Therefore, we examined the effects of
atRA on the colocalization of LC3B with PLIN1 in adipocytes us-
ing immunofluorescent staining. The ratio of LC3B colocalized with
PLIN1 increased by atRA in differentiated 3T3-L1 cells (Fig. 2C). In
addition, we confirmed the effect of atRA on the gene expression
of Orp8. Like in vivo, atRA increased Orp8 mRNA expression in 3T3-
L1 adipocytes (Supplementary Fig. S1A).

ATG5 is located downstream of the AMPK signaling pathway,
which is one of the most famous autophagy induction pathways
[12,16]. Therefore, to reveal the effect of atRA-induced autophagy
on lipid accumulation, we used mature 3T3-L1 cells with knock-
down of Atg5 induced by Atg5-specific siRNA, as described previ-
ously [7]. We investigated the rapid effect of atRA for 24 h on the
release of NEFA from LDs in 3T3-L1 adipocytes treated with Atg5-
specific siRNA. Atg5 knockdown partially suppressed the atRA-
induced increase of the NEFA release from LDs in differentiated
3T3-L1 cells (Fig. 2D and E). In addition, Atg5-knockdown 3T3-L1
adipocytes and control 3T3-L1 adipocytes were treated with atRA
or DMSO for 10 days, and then oil red-O staining was performed.
No differences showed in the number of LDs in 3T3-L1 adipocytes
between atRA treatment and DMSO. Atg5 knockdown inhibited the
atRA-induced reduction in the LD size in 3T3-L1 adipocytes (Fig. 2F
and G). These results indicate that atRA partially induces lipolysis
through autophagy in 3T3-L1 adipocytes.

3.3. atRA induces the activation of AMPK-Beclin1 signaling pathway
and decreases Rubicon in 3T3-L1 adipocytes and the epididymal fat
of mice

The phosphorylation of ULK1 and Beclin1 by activated AMPKo
is one of the most popular mechanisms of autophagy induction
[16-18]. Previous report showed that atRA induces AMPKw acti-
vation in APL cells [30]. To investigate the molecular mechanisms
by which atRA induces autophagy in 3T3-L1 adipocytes, we mon-
itored the time-dependent effects of atRA on the phosphoryla-
tion of AMPKw, ULK1, and Beclin1. Western blotting showed that
phosphorylated-AMPKo (p-AMPKw) levels significantly increased
after 9, 10, and 12 h of atRA treatment (Fig. 3A and B). Fur-
thermore, atRA significantly increased phosphorylated-Beclin1 (p-
Beclin1) levels for 8, 9, and 12 h compared with DMSO. However,
phosphorylated-ULK1 (p-ULK1) levels showed no significant differ-
ence in atRA compared with DMSO at each time up to 12 h. Re-
cently, it was reported that reducing Rubicon, a protein that in-
hibits autophagy, increases autophagic flux in white adipose tis-
sues and adipocytes of mice [21]. To clarify whether atRA affects
the Rubicon expression, we evaluated the time-dependent effects
of atRA on Rubicon protein expression in 3T3-L1 adipocytes. Ex-
pectedly, atRA treatment significantly reduced Rubicon protein lev-
els at 10 h in differentiated 3T3-L1 cells (Fig. 3C and D). However,
Rubicon mRNA expression was not changed after atRA treatment
up to 10 h (Fig. 3E). The activation of the AMPK-Beclin1 signaling
pathway and the reduction of Rubicon are the mechanisms of au-
tophagy induction. However, we reported that AMPK is involved in
lipophagy in adipocytes [7], but it has been reported that the re-
duction of Rubicon does not induce lipolysis in mouse adipocytes

Table 2
Effects of atRA on plasma TG and NEFA levels
Control atRA
TG (mg/dl) 52.85+1.80 72.0+15.3
NEFA (mEq/dl) 0.38+0.03 0.46+0.04

Values are mean=+S.E.M. (n=4/group). (Data was analyzed by two-
tailed unpaired Student’s t test).

[21]. Therefore, to clarify whether atRA induces lipolysis via the
AMPK-Beclin1 signaling pathway in adipocytes, we used mature
3T3-L1 cells with knockdown of AMPK« 1/2 induced by AMPKo1/2-
specific siRNA as described previously [7]. AMPKo1/2 knockdown
suppressed the atRA-induced release of NEFA from LD in differen-
tiated 3T3-L1 cells by about 30% (Fig. 3F and G). These results sug-
gest that atRA induces lipophagy by activating the AMPK-Beclin1
signaling pathway in 3T3-L1 adipocytes.

Next, mice were treated with atRA at 10 mg/kg body weight
for 24 h to confirm the regulation of p-AMPK, p-Beclinl1, and Rubi-
con expression by atRA in vivo. Plasma TG and NEFA levels showed
no significant difference between the control and atRA groups
(Table 2). Similarly to in vitro results, atRA treatment induced an
increase in the phosphorylation of AMPK, a little increase in the
phosphorylation of Beclin1, and a decrease in the Rubicon protein
expression in the epididymal fat of mice compared with the con-
trol (Fig. 4A-D). The p62 and the LC3B-II protein expression tended
to decrease in the atRA-treated group. However, the expression
of Rubicon mRNA was unchanged in the epididymal fat of mice
treated with atRA (Fig. 4E). These results suggest that atRA may ac-
celerate autophagy by activating the AMPK-Beclin1 signaling path-
way and decreasing Rubicon protein expression in the epididymal
fat, just like in vitro.

3.4. Aging increases ALDH1A1 expression in the epididymal fat of
mice

Rubicon protein expression in the epididymal fat of aged mice
is lower than in young mice [21]. However, the direct cause of the
decrease in Rubicon protein in the adipose tissue of aged mice re-
mains unknown. We hypothesized that atRA levels in the epididy-
mal fat of aged mice are higher than that of young mice, decreas-
ing Rubicon expression. To clarify the relationship between the re-
duction of Rubicon and atRA levels in the adipose tissue of aged
mice, we first examined Rubicon expression in the epididymal fat
of 100-week-old mice. We confirmed that the Rubicon and p62
protein in the epididymal fat of aged mice were lower than that of
young mice (Fig. 5A and B). In addition, qPCR showed that Rubicon
mRNA expression tended to decrease in the epididymal fat of aged
mice (Fig. 5C). Next, we investigated the activation of the AMPK-
Beclin1 signaling in the epididymal fat of aged mice. Western blot-
ting showed that p-AMPK, p-Beclin1, and p-ULK1 levels in the epi-
didymal fat of aged mice were higher than those of young mice
(Fig. 5D and E). Finally, atRA is synthesized from all-trans retinal
by the ALDH1A family [25], we examined ALDH1A family expres-
sion in the epididymal fat of aged mice. The ALDH1A1 protein ex-
pression, but not ALDH1A2, increased in the epididymal fat of aged
mice compared with young mice (Fig. 5F and G). In other words,
the increase of atRA synthetic enzymes may imply high atRA levels
in adipose tissues of aged mice.

4. Discussion

In the present study, we showed that atRA induces lipophagy
through the AMPK-Beclinl signaling pathway in mice adipocytes.
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Fig. 3. Effect of atRA on the AMPK-Beclin1 signaling pathway and Rubicon expression in 3T3-L1 adipocytes. (A—D) Western blotting of phosphorylated-AMPK«a (p-AMPKa),
total AMPKw, phosphorylated-ULK1 (p-ULK1), total ULK1, phosphorylated-Beclin1 (p-Beclin1), total Beclin1, and Rubicon in 3T3-L1 adipocytes treated with 100 nM atRA or
0.1% DMSO (Control) for the indicated periods (n=3-4). B-actin was used as an internal control. (E) The Rubicon mRNA levels in 3T3-L1 adipocytes treated with atRA or DMSO
(Control) for the indicated periods (0, 6, 8, and 10 h) were detected by real-time PCR (n=3-4). 8-actin was used as an internal control. *P<.05 vs. DMSO (two-tailed unpaired
Student’s t test). (F, G) 3T3-L1 adipocytes were treated with 100 nM atRA or 0.1% DMSO (Control) in DMEM containing 2% BSA-FFA for 24 h after transfection with 100 pmol
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*P<.05 (two-tailed unpaired Student’s t test).

We also determined that atRA decreases Rubicon protein in
adipocytes and the epididymal fat. Recently, it has been reported
that lipophagy contributes to lipolysis in adipocytes [7,35]. These
studies have shown the effects of drugs or dietary functional
food factors on lipophagy, but it remains unclear whether essen-
tial nutrients induce lipophagy in adipocytes. atRA is closely re-
lated to lipid metabolism, such as induction of lipolysis through
the increase in HSL, inhibition of fat synthesis, and increase in
thermogenesis and B-oxidation [8,36]. However, it was not clear
whether atRA causes lipophagy. Our study found that each Atg5- or
AMPKa 1/2-knockdown partially inhibited the atRA-induced release
of NEFA from LDs in mature 3T3-L1 adipocytes. Largely, there are
two pathways in which the activation of AMPKw leads to upregu-
lating autophagic flux, such as via ULK1 and Beclin1 [16—18]. We
confirmed that atRA increased p-AMPKa and p-Beclin1 levels but
not p-ULK1 in mature 3T3-L1 adipocytes. The main sensor of cel-
lular energy status in effective all eukaryotic cells is the AMPKc,
which is highly conserved across all eukaryotic species. Generally,

AMPKe is activated in response to energy stress by sensing in-
creases in AMP/ATP and ADP/ATP ratios [37]. In addition, atRA re-
duces Glutl mRNA expression and contributes to a decrease in in-
tracellular ATP, leading to the activation of AMPK [38]. However,
our study showed that atRA slightly increased Glutl mRNA ex-
pression in differentiated 3T3-L1 cells (Supplementary Fig. S1B).
Merhi et al. reported that atRA promoted calcium entry through
store-operated calcium channels in APL cells, leading to AMPKo
phosphorylation and autophagy [30]. Taken together, atRA may
increase p-AMPKo through calcium entry in mouse adipocytes,
leading to an increase in p-Beclinl levels and induction of
autophagy.

In the present study, we showed that atRA treatment increases
the release of NEFA from LDs in differentiated 3T3-L1 cells, how-
ever, atRA administration to mice for 4 weeks did not affect plasma
NEFA levels compared with the control group. It has been reported
that atRA treatment activates fatty acid oxidation (FAO) in skeletal
muscle via increasing the expression of genes related to FAO and
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CD36, fatty acid transporter, in mice [39]. Therefore, the NEFA re-
leased from adipocytes by atRA may be used for FAO in skeletal
muscle. In addition, we showed that atRA treatment tended to in-
crease plasma TG levels in mice. One of the mechanisms regulating
plasma TG levels is lipolysis by lipoprotein lipase (LPL) on the ves-
sel wall [40]. Apo C-III, one of the lipoproteins, suppresses lipolysis
by LPL and contributes to high plasma TG levels [41]. Interestingly,
it has been reported that atRA increases serum TG levels in rats
[42] and apo C-III in human hepatocytes which are the primary
cells producing apo C-IIl [43]. Therefore, atRA might tend to in-
crease plasma TG levels by inhibiting LPL-induced lipolysis through
an increase in apo C-III, independent of lipophagy in adipose tis-
sue. For these reasons, the effects of atRA on the NEFA and TG lev-
els might differ between in vivo and in vitro.

Unlike the AMPK-Beclin1l pathway, Rubicon is known as an
autophagy repressor [19]. The present study found that atRA
decreased Rubicon protein, not mRNA expression, in 3T3-L1
adipocytes and the epididymal fat. This result suggests that atRA
reduces Rubicon protein expression via post-transcriptional regula-
tion. Tanaka et al. have shown that palmitic acid increases Rubi-
con protein expression by inhibiting proteasome-mediated degra-
dation in hepatocytes [44]. Intracellular saturated fatty acids (SFAs:
palmitic acid and stearic acid) and monounsaturated fatty acids
(MUFAs: palmitoleate and oleate) balance is appropriately con-
trolled by a lipogenic enzyme stearoyl-CoA desaturase (SCD) which
catalyzes the conversion of SFAs to MUFAs [45]. That is to say,
an increase in SCD expression indicates a decrease in intracellu-
lar SFAs. One group reported that atRA upregulated Scd mRNA ex-
pression in retinal pigment epithelial cells through RAR and RXR
[46]. However, we confirmed that atRA did not increase SCD1 pro-

tein expression in differentiated 3T3-L1 cells (Supplementary Fig.
S2A). Beyond that, high glucose treatment increased Rubicon pro-
tein expression via phosphorylation of EGFR in podocytes [47].
RAR-selective ligands, including atRA, reduced EGFR levels and the
magnitude and duration of EGFR activation in EGF-stimulated cells
[48]. However, atRA did not decrease the phosphorylation of EGFR
in differentiated 3T3-L1 cells (Supplementary Fig. S2B). These re-
sults suggest that atRA decreases Rubicon via pathways other than
SCD and EGFR in adipocytes. Interestingly, the Rubicon protein
was degraded by autophagy in 3T3-L1 adipocytes, just like LC3
and p62 proteins [49]. Therefore, atRA may decrease Rubicon pro-
tein through autophagy-mediated degradation of Rubicon in 3T3-
L1 adipocytes.

Adiponectin is a secreted cytokine from adipocytes that regu-
lates other metabolic organ functions through some secreted cy-
tokines [50]. Interestingly, adiponectin increases lipolysis by acti-
vating lipophagy in breast cancer cells [51]. Although Kosacka et al.
have reported that up-regulated autophagy inhibits adiponectin ex-
pression in visceral adipocytes of rats [52], it is unclear whether
lipophagy affects adiponectin expression. Unfortunately, there are
currently no lipophagy selective inducers. Because we confirmed
that Torin 1, an autophagy inducer, increased the release of NEFA
levels from LDs in differentiated 3T3-L1 cells in this study, we
considered Torin 1 a lipophagy inducer. Then, we found that
adiponectin protein expression decreased after 8, 12, and 20 h of
Torin 1 treatment (Supplementary Fig. S3A). Based on this finding,
lipophagy may decrease adiponectin in mouse adipocytes. In addi-
tion, although it has been reported that the reduction of Rubicon
suppresses adiponectin expression [21], the effect of adiponectin
on Rubicon has not been investigated. Our study showed that
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atRA decreases Rubicon expression at 10 h in differentiated 3T3-
L1 cells. Interestingly, high-vitamin A diets dramatically decline
adiponectin expression in the WAT of mice [53]. In addition, we
confirmed that atRA did not change adiponectin expression at 6, 8,
10 h in differentiated 3T3-L1 cells before atRA decreased Rubicon
expression (Supplementary Fig. S3B). Although these results sug-
gest that adiponectin may not affect Rubicon expression in mouse
adipocytes, further study is necessary to understand the interplay
between adiponectin and Rubicon, as well as the regulatory mech-
anisms influencing Rubicon, especially in response to adiponectin
and atRA.

RAS signaling is essential in driving normal physiological cellu-
lar proliferation, and dysregulation of this signaling pathway com-

monly occurs during tumorigenesis [54]. Failure of autophagy is as-
sociated with cancer in breast, ovarian, colon, lung, and brain [55].
Interestingly, Sabarwal et al. reported that the expression of Rubi-
con is minimal in normal renal epithelial cells (RPTEC), whereas
it is significantly overexpressed in human renal cancer cell lines
(786-0, ACHN, and Caki-1) [56]. That is to say, these reports sug-
gest that Rubicon may be involved in the regulation of not only au-
tophagy but also the RAS pathway and cancer growth/progression.
Hepatocarcinogenesis is closely related to the impaired metabolism
of retinoids. The vitamin A content of hepatoma tissue starts to
decline early in carcinogenesis [57]. A cohort study demonstrated
an inverse dose-response relation between the serum retinol level
before diagnosis and the development of hepatoma [58]. In addi-
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tion, clinical trials have shown that acyclic retinoids have an in-
hibitory effect on hepatocarcinogenesis. After 1 year of treatment
with acyclic retinoids, patients who had undergone liver cancer
treatment were found to have a reduced incidence of liver cancer
recurrence for approximately 4 years after the end of treatment
[59]. In the present study, we showed that atRA reduced Rubicon
expression, and if the mechanism can be elucidated, it may be a
potential target for cancer therapy research.

Although Rubicon protein decreases in the adipose tissue of
aged mice, the underlying molecular mechanism remains unclear
[21]. The epidemiological study reported that the serum concen-
tration of retinol increased with aging [60]. All-trans retinol is first
converted to all-trans retinal and then irreversibly oxidized by the
ALDH1A family to form atRA [25]. ALDH1A1 is the most highly ex-
pressed member of the ALDH1A family in adipocytes [61]. In the
present study, we confirmed the increase of ALDH1A1 protein ex-
pression and the phosphorylation of AMPK and Beclin1 but the de-
crease of Rubicon protein expression in the epididymal fat of aged
mice compared to young mice. In addition, Aldhlal knockdown de-
creased the phosphorylation of AMPK and Beclin1 and increased
Rubicon protein expression in differentiated 3T3-L1 cells (Supple-
mentary Fig. S4A and B). Therefore, these results suggest that atRA
levels are higher in the adipose tissue of aged mice than in young
mice, resulting in increased atRA, which may partially contribute
to inducing autophagy by activating the AMPK-Beclin1 signaling
pathway and reducing Rubicon in adipocytes of aged mice (Sup-
plementary Fig. S4C). ALDH1A1 expression is induced by transcrip-
tional regulation via CCAAT/enhancer-binding protein 8 (C/EBPS)
and B-catenin [62]. It has also been reported that protein expres-
sion of C/EBPS increases in the brane of aged mice, and B-catenin
increases in the skin of aged mice [63,64]. Therefore, C/EBPS and
B-catenin may upregulate ALDH1A1 expression, increasing atRA
levels in the epididymal fat of aged mice. Based on these reports,
we confirmed whether aged mice showed an increase in Aldhlal
mRNA expression in the adipose tissue; however, aging did not in-
crease them (Supplementary Fig. S5). Further studies will be re-
quired to identify the mechanisms by which aging induces an in-
crease in ALDH1A1 protein levels.

In conclusion, as shown in Figure 6, the present study showed
that atRA induces lipophagy by activating the AMPK-Beclin1 sig-
naling pathway in adipocytes. atRA also decreases Rubicon expres-
sion in adipocytes. In addition, atRA can decrease Rubicon protein
in adipocytes and the epididymal fat, which may contribute to de-
creasing Rubicon expression in the epididymal fat of aged mice
with increased ALDH1A1 expression. To our knowledge, this is the
first study to find a nutrient factor that induces lipophagy and de-
creases Rubicon in adipocytes.
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