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Abstract

Overly elevated circulating non-esterified fatty acids (NEFAS) is an emerging health concern
of obesity-associated energy disorders. However, methods to reduce circulating NEFAs remain
elusive. The present study determined the effect of piceatannol, a naturally occurring stilbene,
on adipocyte lipolysis and its underlying mechanism. Differentiated 3T3-L1 adipocytes, brown
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adipocytes and isolated white adipose tissue were treated with various concentrations of
piceatannol for 1.5-hr both in the basal and stimulated lipolysis conditions. Piceatannol
significantly inhibited NEFAs and glycerol release with a concomitant reduction of ATGL,
CGI-58 and PLIN1 expression in adipocytes. Using a series of inhibitor assays, piceatannol-
induced degradation of these proteins was found to be mediated by upregulation of the autophagy-
lysosome pathway. Moreover, we demonstrated that piceatannol is capable of stimulating
autophagy /n vitro. Importantly, piceatannol administration tended to lower fasting-induced serum
glycerol levels in healthy mice. Furthermore, piceatannol administration lowered lipolysis, central
adiposity and hyperinsulinemia in diet-induced obese mice. Our study provides profound evidence
of a novel inhibitory role of piceatannol in lipolysis through autophagy-lysosome-dependent
degradation of the key lipolytic proteins in adipocytes. This study offers a mechanistic foundation
for investigating the potential of piceatannol-containing foods in reducing lipolysis and its
associated metabolic disorders.
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1. Introduction

Elevated levels of circulating non-esterified fatty acids (NEFAS) is an emerging health
concern due to their contribution to the development of obesity-associated insulin resistance
and hepatic lipid dysregulation [1, 2]. Overly activated adipose lipolysis is known to
promote FA overloading to the peripheral tissues, thereby impairing the metabolic function
of these tissues. However, methods to reduce adipose lipolysis to lower circulating NEFAs
remain elusive. During periods of energy demands such as starvation and physical exercise,
adipocytes hydrolyze their stored triacylglycerol (TG) to NEFAs and glycerol by activation
of lipolysis. Lipolysis in adipose tissue requires three major enzymatic steps. Adipose
triglyceride lipase (ATGL)/desnutrin/patatin-like phospholipase domain-containing protein
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2 (PNPLAZ2) [3-5] catalyzes the first step of lipolysis for the conversion of TG to
diacylglycerol (DG); hormone-sensitive lipase (HSL) then catalyzes the hydrolysis of DG
to monoacylglycerol (MAG) which is further hydrolyzed to NEFAs and glycerol by MAG
lipase (MAGL). Among these enzymes, adipose-specific ATGL catalyzes the rate-limiting
step of lipolysis by binding to a coactivator protein, comparative gene identification-58
(CGI-58)/a/p hydrolase domain-containing 5 (ABHDD5) [6], for its maximum lipolytic
activity on lipid droplets (LDs) [7]. This association between ATGL and CGI-58 is
coordinately regulated by the LD-bound protein perilipinl (PLIN1), as protein kinase A
(PKA)-dependent phosphorylation of PLIN1 releases CGI-58 upon lipolytic stimulation.

Altered ATGL expression and activity cause perturbed lipolysis and NEFA levels, result in
several metabolic consequences. Overly activated lipolysis is often associated with obesity-
related insulin resistance and hepatic dyslipidemia due to elevated NEFA fluxes and ectopic
lipotoxicity [8]. Conversely, ATGL deficient mice showed protection from high-fat diet
(HFD)-induced insulin resistance [7, 9, 10]. However, ATGL deficiency is suggested to

be associated with cardiac dysfunction [7], islet p-cell dysfunction [11], impaired brown
adipose tissue function [10], and/or premature death [7]. Although complete deficiency of
lipolysis results in unfavorable physiological effects, partial inhibition may induce metabolic
benefits. For instance, pharmacological inhibition of ATGL activity [12, 13] and genetic
ablation of HSL or inhibition of HSL activity [14] have shown to be an attractive approach
to reduce lipolysis with few metabolic defects.

Piceatannol, a resveratrol analog, is found in various fruits and vegetables such as

grapes, blueberries, and passion fruit. Despite a well-documented role of resveratrol in

the prevention of obesity [15, 16], evidence of piceatannol’s mechanistic role in health is
largely limited to its anti-cancer, anti-oxidative and anti-inflammatory properties, primarily
as a result of its inhibition of phosphoinositide 3-kinase (PI13K), spleen tyrosine kinase
(SYK), nuclear respiratory factor-1 (NRF-1) and nuclear factor-xB (NF-xB)-mediated gene
expression [17]. Thus, due to piceatannol’s structural similarity to resveratrol, we previously
investigated its potential role in lipid metabolism and demonstrated an inhibitory effect

of piceatannol in adipogenesis /n vitro. We also found that the anti-adipogenic effect

of piceatannol is largely attributed to inhibition of mitotic clonal expansion and insulin
signaling in the early phase of adipocyte differentiation [18]. In addition, we reported that
piceatannol suppresses fat accumulation through inhibition of SBP-I-dependent lipogenesis
[19], and promotes DAF-16-dependent lifespan [20] in Caenorhabditis elegans. Considering
the central role of lipolysis in energy homeostasis and the documented effects of piceatannol
in adipocyte metabolism, we hypothesized a role of piceatannol in lipolysis regulation.

In the present study, we demonstrate that piceatannol exhibits an anti-lipolytic effect in
adipocytes. We further uncover that the anti-lipolytic effect of piceatannol is primarily
attributed to autophagy-induced lysosomal degradation of ATGL, CGI-58, and PLINL1.
Moreover, acute administration of piceatannol lowered adipose mass and circulating levels
of insulin and leptin in high-fat diet-induced obese mice. Overall, our data suggest that
piceatannol is a novel lipolysis inhibitor that promotes autophagy-lysosome system-induced
degradation of lipolytic protein clusters.
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2. Materials and Methods

2.1.

Materials and reagents

Piceatannol was purchased from Alexis Biochemicals (Lausen, Switzerland).
Dexamethasone (DEX), 3-isobutyl-1-methyl-xanthine (IBMX), and insulin were obtained
from Sigma-Aldrich (St. Louis, MO). Fetal calf serum (FCS) and fetal bovine serum
(FBS) were purchased from PAA (Dartmouth, MA). Dulbecco’s modified Eagle’s medium
(DMEM), penicillin/streptomycin, and sodium pyruvate were obtained from Invitrogen
(Carlsbad, CA). Protein assay kit was obtained from Bio-Rad Laboratories (Hercules,
CA). Antibodies against ATGL, pHSL, Atg7, p62, and LC3 were obtained from Cell
Signaling Technology (Beverly, MA). Antibodies for HSL, PLIN1, CGI-58, p-actin, rabbit,
and mouse secondary were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Isoproterenol, MG132, 3-methyladenine (3-MA) and chloroquine (CQ) were purchased
from Fisher Scientific (Pittsburgh, PA).

2.2. Cell culture

3T3-L1 preadipocytes were purchased from American Type Culture Collection (Manassas,
VA) and maintained in 10% FCS-DMEM in a humidified atmosphere with 5% CO, at
37°C. The cells were incubated to differentiate two days post confluency (designated as
Day 0) by supplementation of 5 pM DEX, 0.5 mM IBMX, and 167 nM insulin in 10%
FBS-DMEM. The medium was changed to 10% FBS-DMEM containing insulin on Day 2
and to 10% FBS-DMEM on Day 4. Cells were differentiated for 8-10 days and subjected
to each experiment, as indicated. The brown adipose tissue (BAT) cell line (kindly provided
by Prof. Shihuan Kuang, Purdue University) was cultured in DMEM with 10% FBS. The
differentiation of BAT cells was induced using a medium containing 2.85 uM insulin, 0.3
UM DEX, 1 uM rosiglitazone, 0.63 mM IBMX, DMEM and 10% FBS for 4 days followed
by 4 days of treatment with differentiation medium containing DMEM, 10% FBS, 200 nM
insulin and 10 nM triiodothyronine.

2.3. Animal study

All animal treatment was performed under protocol 1112000347, approved by the Purdue
Animal Care and Use Committee. Five-week-old male C57BL/6 mice were purchased from
Harlan Laboratories (Indianapolis, IN). Mice were maintained on a regular light/dark cycle
and kept on a standard chow diet. Six-week-old mice were used for ex vivo lipolysis
experiments. Three-week-old male C57BL/6J mice purchased from Jackson Laboratories
(Bar Harbor, ME) were maintained on a high-fat diet (HFD, 60% of calorie from fat) until
28 weeks of age, at which mice were assigned groups to either HFD + vehicle or HFD +
piceatannol (n=8/group). Piceatannol (10 mg/kg body weight) was administered daily via
intraperitoneal (/.p.) injection for two weeks until euthanasia following overnight fasting.
Piceatannol treatment solution was prepared by dissolving in a vehicle solution of 30%
polyethylene glycol-400, 1% polysorbate-80, and 1% ethanol. The solution was prepared
fresh twice per week and stored at 4°C. At the end of the study, mice were euthanized by
asphyxiation using CO5 and cervical dislocation. Immediately following euthanasia, body
composition was analyzed using dual-energy X-ray absorptiometry (DEXA) (PIXImus,
Fitchburg, WI). Tissues were weighed and immediately frozen using dry ice and ethanol.
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Blood samples were collected from overnight fasted mice through cardio-puncture and
stored on ice until centrifugation at 1,500 x g for 10 minutes at 4°C.

Lipolysis assay

For the in vitrolipolysis assay, 3T3-L1 cells and BAT cells were differentiated for 8-10
days and treated as indicated in each experiment. Conditioned media was collected for

free glycerol and NEFA measurement. For the ex vivo lipolysis assay, C57BL/6 mice were
fasted overnight before being sacrificed. Epididymal fat pads were collected, washed in
phosphate-buffered saline (PBS), and diced into small pieces. 50 mg of tissue was incubated
with piceatannol in DMEM containing 1% fatty acid-free bovine serum albumin (BSA)

for 90 min. The medium was collected to measure glycerol and FFA release. Levels of
glycerol and FFA were determined using free glycerol reagent (Sigma, St. Louis, MO)

and NEFA detection kit (Zen-bio, Research Triangle Park, NC), respectively, following the
manufacturer’s instructions.

Immunoblot assay

Differentiated 3T3-L1 cells and isolated mouse adipose tissue were subjected to lysis buffer
containing Tris-HCI (100 mM, pH 8.0), NaCl (100 mM), TritonX-100 (0.5% v/v), protease
inhibitor cocktail, sodium orthovanadate (1 mM), and sodium fluoride (10 mM) to prepare
cell and tissue lysates. Protein concentration was determined by a protein assay kit (Bio-
Rad Laboratories, Hercules, CA). Proteins were separated by 10% SDS-polyacrylamide

gel electrophoresis, followed by transfer onto nitrocellulose membrane using Mini Trans-
Blot electrophoretic transfer cell (Bio-Rad Laboratories, Hercules, CA). After transfer, the
membrane was washed and blocked in 5% non-fat milk in Tris-buffered saline with 0.1 %
Tween-20 (TBST) for 1 hr at room temperature and probed with the indicated antibodies
overnight at 4°C. The immunoblot was visualized with horseradish peroxide-conjugated
secondary antibodies and enhanced by chemiluminescence (Thermo Fisher Scientific,
Waltham, MA). Western blots were also developed by fluorescent secondary antibodies
and imaged by a LI-COR Odyssey CLx imaging system (Licor, Lincoln, NE). Briefly,
membranes were blocked by Licor blocking buffer for 1 h, followed by incubation with
primary antibodies overnight, washed with PBS, incubated in secondary antibodies for 1 h,
washed with PBS, and imaged on the Odyssey CIx. The primary antibodies were described
in Materials and Reagents. The secondary antibodies (1:10,000) were produced in goat to
the species of the primary antibody and were conjugated with IRdye fluorophores visible in
the 700 and 800 channels of the CLx imager. Images were acquired on the CLx imager at
169 um resolution.

Immunofluorescence assay

HelL a cells were cultured in cover glass-inserted plates overnight and then treated with
the indicated treatments for 2 hrs. The cells were fixed with 3.7% formaldehyde for 30
min and permeabilized in 0.2% Triton-contained PBS for 20 min at room temperature.
PBS containing 1% bovine serum albumin and 0.1 % Tween-20 was used for blocking,
and the cells were incubated with LC3 antibody (1:100) (Novus Biologicals, Centennial,
CO). Primary antibody binding was detected using a Texas red-conjugated secondary
antibody (Thermo Fisher Scientific, Waltham, MA). 4’ -6-Diamidino-2-phenylindole
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(DAPI) (Calbiochem, San Diego, CA) was used for nuclear staining. LC3 and DAPI
signals from the cells were visualized by LSM 710 confocal microscopy (Carl Zeiss, Inc.,
Thornwood, NY).

GFP-expressing S. Typhimurium (ATCC, Manassas, VA) were grown following the
manufacturer’s protocol. To test the protective role of piceatannol in bacteria infection
through autophagy, adipocytes (10%/well) were treated with or without 50 pM piceatannol
for 90 min, following the treatment of 5 mM 3-Methyladenine (3-MA, Sigma-Aldrich, Inc.,
St. Louis, MO) for 24 hrs. In a parallel experiment, adipocytes were treated with either
vehicle or Pic in the absence of 3-MA. Cells were then infected with 2x107 freshly grown
S. Typhimurium. At 30-min post infection, cells were washed three times with PBS and
incubated in serum-free medium supplemented with 100 ug/ml of Gentamicin for 5 hours
to remove extracellular bacteria. Cells were subjected to immunofluorescence assay with
a-tubulin antibody (Santa Cruz Biotechnology, Inc., Dallas, TX) and a Texas red-conjugated
secondary antibody. a-tubulin and GFP signals from the cells were visualized by LSM 710
confocal microscopy.

2.7. Indirect calorimetry

Mice were transferred to an indirect calorimetry system (Oxymax, Columbus Instruments,
Columbus, OH) and individually housed to determine energy expenditure using Weir
constants [(V0,%3.9)+(VCO,x1.1)] and respiratory exchange ratio (VCO,/VO,). During
this time, mice were maintained on a 12-hour light/dark cycle and had free access to food
and water. The metabolic chamber detected VO, and VCO, every 22 minutes.

2.8. Intraperitoneal glucose tolerance test

An intraperitoneal glucose tolerance test (IPGTT) was conducted by first collecting blood
from the tail vein of mice after an overnight fast to determine baseline fasting glucose using
a glucometer (Bayer Contour, Bayer Healthcare, LLC, Mishawaka, IN). A bolus of 50%
glucose solution at 2 g/kg body weight was immediately administered intraperitoneally, and
blood glucose was measured at 15, 30, 60, and 120 minutes.

2.9. Serum measurements

Serum insulin and leptin were determined by ELISA following the manufacturer’s
protocol. Free glycerol and triglycerides were determined spectrophotometrically using the
supplier’s instructions, where true serum triglycerides were calculated as the difference
between total triglycerides (following lipase treatment) and free glycerol (Sigma, St. Louis,
MO). Similarly, serum-free cholesterol and cholesterol ester were determined based on

the manufacturer’s protocol (Biovision Inc., Milpitas, CA). Serum alanine transaminase
(Thermo Fisher Scientific, Waltham, MA) and FFA (Sigma, St. Louis, MO) were also
determined using the manufacturer’s protocol.

2.10. RNA isolation and gPCR

A portion of epididymal white adipose tissue (WAT) was collected in RNAlater at
the time of necropsy and stored in TRIzol at —80°C until analysis. Tissue samples
were then thawed on ice and homogenized with additional TRIzol to achieve proper

J Nutr Biochem. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 7

dilution. The total RNA was extracted using the manufacturer’s protocol. M-MuLV
reverse transcriptase kit was combined with isolated RNA (2 pg/ul) in order to synthesize
cDNA. Samples were then amplified by PCR. Diluted cDNA, primers of interest,

and SYBR green Tag mixture were combined to analyze mRNA expression using
quantitative PCR (qPCR) in the StepOne real-time PCR system (Applied Biosystems,
Foster City, CA). PPARG forward: CCCAATGGTTGCTGATTACAAT, reverse:
CTACTTTGATCGCACTTTGGTATTCT,; FAS forward: GCCACCCACCGTCAGAAG,
reverse: TGTCACATCAGCCACTTGAGTGT; Leptinforward:
CACACACGCAGTCGGTATCC, reverse: AGCCCAGGAATGAAGTCCAA; ATGL
forward: GAGACCAAGTGGAACATC, reverse: GTAGATGTGAGTGGCGTT; CG/-58
forward: TGGTGTCCCACATCTACATCA, reverse: CAGCGTCCATATTCTGTTTCCA,;
RPL27 forward: CCTGGCCGGACGCTACT, reverse: AGGTGCCATCGTCAATGTTCT;
and g-actin forward: AGATGACCCAGATCATGTTTGAGA, reverse:
CACAGCCTGGATGGCTACGT. Expression was calculated using the AACT method using
B-actinor RPL27 as the housekeeping gene.

2.11. Statistical analysis

All numerical values are presented as mean + S.E.M. and data are represented from a
minimum of three independent experiments. The statistical analysis of the experimental data
was performed by using the software SAS 9.2. A two-tailed Student’s t-test was used to
determine the statistical difference between the two groups. For the comparisons of multiple
means in Fig. 3, a one-way analysis of variance was used, followed by the Dunnett’s test

to determine the significant difference, with £< 0.05 considered significant. Data with
different letters are considered statistically different.

3. Results

3.1

Piceatannol inhibits lipolysis by promoting degradation of ATGL, CGI-58 and PLIN1

in adipocytes

To further understand the role of piceatannol in lipid metabolism, we investigated the effect
of piceatannol on lipolysis in differentiated 3T3-L1 adipocytes by measuring the release of
glycerol and NEFAs from adipocytes. Mature 3T3-L1 adipocytes were treated with various
piceatannol concentrations (0 uM —50 pM) in DMEM containing 1% fatty acid-free bovine
serum albumin for 90 min in the presence or absence of isoproterenol, a non-selective
B-adrenergic agonist. Piceatannol treatment resulted in a dose-dependent inhibition of
glycerol and FFA release both at the basal and isoproterenol-stimulated conditions (Fig.
1A, B). Similarly, piceatannol treatment inhibited cAMP-stimulated lipolysis in 3T3-L1
adipocytes when treated with forskolin (Fig. S1A) and IBMX (Fig. S1B). To further verify
the inhibitory effect of piceatannol on lipolysis, minced mouse WAT was treated with or
without piceatannol in DMEM containing 1% fatty acid-free bovine serum albumin for 90
min and the release of glycerol and NEFASs in the media was measured. Similar to our /in
vitro study, a 90-min piceatannol treatment inhibited the release of glycerol (Fig. S1C) and
NEFAs (Fig. S1D) from isolated mouse WAT ex vivo, providing evidence to support an
anti-lipolytic function of piceatannol.
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To gain mechanistic insight into piceatannol-inhibited lipolysis, the effect of piceatannol
treatment on the levels of LD-associated lipolytic proteins in adipocytes was examined by
immunoblot analysis. We noted that piceatannol treatment resulted in a significant decrease
in ATGL, CGI-58 and PLIN1 levels in a dose- (Fig. 1C) and time-dependent manner (Fig.
1D). However, there was no significant effect on the mRNA levels of A7GL and CG/-58

in adipocytes (Fig. S1E). Piceatannol treatment also resulted in a dose-dependent inhibition
of glycerol release (Fig. 1E) and suppression of ATGL and PLIN1 levels (Fig. 1F) in
cultured brown adipocytes. Collectively, our results indicate a potential non-genomic effect
of piceatannol on lowering ATGL, CGI-58, and PLIN1 protein levels in adipocytes.

Resveratrol has been reported to modulate lipolysis, possibly through an increase in Sirtl
activity [21], an inhibition of phosphodiesterase activity [22], and an increase in ATGL
expression [23]. Since resveratrol shares structural similarity with piceatannol, we next
investigated whether resveratrol also displays an anti-lipolytic property in adipocytes. Unlike
piceatannol, 90-min of 50 UM resveratrol treatment showed no effect on the release of
NEFAs (Fig. 1G) both in basal and isoproterenol-stimulated conditions and ATGL levels
(Fig. 1H). Collectively, these results indicate a distinct role of piceatannol in lipolysis as
compared with resveratrol, in that piceatannol acutely inhibits lipolysis through suppression
of ATGL, CGI-58 and PLIN1 levels in adipocytes.

Piceatannol promotes autophagy-lysosome pathway-dependent degradation of a

lipolytic protein cluster of ATGL, CGI-58, and PLIN1

Our results in Fig. 1 implicate a potential role of piceatannol in the degradation of lipolytic
proteins in adipocytes. Since proteasomal proteolysis and the autophagy-lysosome system
are primary mechanisms of protein degradation in eukaryotes [24], we first examined

the possible role of proteasomal proteolysis in mediating piceatannol-degraded lipolytic
proteins in adipocytes using MG132, a proteasome inhibitor. However, MG132 treatment
resulted in no effect on piceatannol-induced inhibition of glycerol release in adipocytes
(Fig. 2A) or degradation of ATGL (Fig. 2B). We next examined whether the autophagy-
lysosome pathway mediated piceatannol-induced degradation of lipolytic proteins by using
3-MA, which inhibits autophagy by blocking type 111 PI3K activity [25, 26], and the
lysosome inhibitor CQ [27]. Consistent with the previous studies [28, 29], both 3-MA

and CQ increased glycerol release of adipocytes in the basal condition (Fig. 2C, E).
Moreover, piceatannol-suppressed glycerol release was reversed by 3-MA (Fig. 2C) and
CQ treatments (Fig. 2E). Notably, a 90-min 3-MA or CQ treatment blunted piceatannol-
induced degradation of ATGL, CGI-58 and PLIN1 (Fig. 2D), and ATGL (Fig. 2F) in
adipocytes, respectively. These results imply a possibility of an autophagy-dependent
piceatannol-promoted degradation of lipolytic proteins in adipocytes. Upon autophagy
activation, the autophagy protein LC3 (microtubule-associated protein 1 light chain 3a)
becomes conjugated to phosphatidylethanolamine (PE) to form lipid-conjugated LC3 (LC3-
I1) located on the membrane of the autophagosomes [30]. Indeed, our immunofluorescence
analysis revealed an increased LC3 expression and punctuated distribution of LC3 in HeLa
cells treated with piceatannol both in the presence or absence of 3-MA (Fig. 3A). We also
observed that acute piceatannol treatment altered expression of autophagy marker proteins
in adipocytes, as evidenced by an increase of autophagy-related gene 7 (ATG7) and a
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decrease of autophagosome cargo p62 levels. The effect of piceatannol on ATG7 and p62
was alleviated in adipocytes when treated with 3-MA (Fig. 3B). As autophagy is known

to be a defensive degradation mechanism against intracellular pathogen infection [31] such
as the food-borne pathogen S. typhimurium [32, 33], we further tested whether piceatannol-
induced autophagy could protect adipocytes from infection by S. typhimurium. We found
that 3T3-L1 adipocytes were resistant to S. typhimurium infection regardless of the presence
of piceatannol as shown by little or no signal of GFP-expressing S. typhimurium after 30-
min of bacterial infection (Fig. 3C top left vs. top right). This resistance to S. typhimurium
infection was diminished when the basal autophagy in 3T3-L1 adipocytes was impaired

by 3-MA treatment as demonstrated by an approximately 6-fold increase in the GFP

signal in 3T3-L1 adipocytes. However, piceatannol treatment resulted in a reversal of 3-MA-
attenuated basal autophagy in 3T3-L1 adipocytes as demonstrated by a lower intracellular
GFP signal in 3-MA and piceatannol co-treated adipocytes than that of 3-MA-treated cells.
These results indicate that piceatannol protects 3T3-L1 adipocytes from 3-MA-promoted S.
typhimurium infection. These results strongly support the role of piceatannol in autophagy
activation in adipocytes.

Piceatannol administration lowers lipolysis, obesity-associated central adiposity and

hyperinsulinemia in vivo

In order to verify the anti-lipolytic potential of piceatannol /n vivo, overnight fasted wild-
type obese C57BL/6 mice were subjected to an intraperitoneal (/.0.) injection of piceatannol
(10 mg/kg body weight) or vehicle solution. After 8 h of piceatannol administration,

mice were sacrificed to determine the effect of piceatannol on fasting-induced lipolysis.
Piceatannol administration showed no effect on fasting-decreased serum glucose levels (Fig.
4A). Although not statistically significant (o = 0.074), piceatannol treatment tended to
inhibit lipolysis, as judged by a reduction in fasting-induced serum glycerol levels after
piceatannol treatment (Fig. 4B).

To investigate the functional impact of piceatannol on obesity-associated lipolysis /in vivo,
6-week-old male C57BL/6 mice were fed a high-fat diet (HFD) for 24 weeks followed by
daily 7p. injection of vehicle or piceatannol (10 mg/kg/day) for 15 days. The mice in both
groups showed no apparent alteration in body weight (Fig. 4C) at the end of the study. In
contrast, piceatannol administration slightly decreased food intake (Fig. 4D) and epididymal
white adipose tissue weight (Fig. 4E), and tended to decrease total body fat content (v =
0.056, Fig. 4F). To assess piceatannol’s effect on energy homeostasis, we monitored the
metabolic parameters of piceatannol-treated mice by indirect calorimetry. There was no
noticeable difference in energy expenditure in both the light and dark cycles between the
two groups (Fig. 4G), suggesting similar basal metabolism. The lack of available physical
activity data limits conclusions regarding other effects of piceatannol on overall energy
expenditure. However, piceatannol-treated mice had a lower respiratory exchange ratio
(RER) than vehicle-treated mice (Fig. 4H), indicating a shift in substrate utilization towards
enhanced lipid oxidation in the piceatannol-treated mice.

No differences in the levels of serum alanine transaminase, an indicator of liver injury,
(Fig. 5A), serum glucose (Fig. 5B), and glucose tolerance (Fig. 5C) were detected between

J Nutr Biochem. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 10

the two groups of mice. Notably, piceatannol treatment lowered serum insulin levels (Fig.
5D). Consistent with our /in7 vitroresults and the acute suppressive effect of piceatannol

in fasting-induced serum glycerol levels (Fig. 4B), a 15-day piceatannol administration
resulted in approximately 25 % and 33 % decreases in serum-free fatty acids (Fig. 5E) and
glycerol (Fig. 5F) levels, respectively, in obese mice. Moreover, piceatannol-administrated
mice exhibited a 38 % lower serum leptin level compared with control mice (Fig. 5G).
However, there were no differences in serum lipid levels such as TG, free cholesterol, and
cholesterol ester (Fig, 5H-J) between the two groups of mice.

We next tested whether piceatannol-suppressed serum markers of lipolysis are associated
with changes in the protein levels of ATGL and CGI-58 in adipose tissue. The WAT isolated
from mice treated with vehicle and piceatannol displayed decreased protein levels of ATGL
with no noticeable change in CGI-58 levels (Fig. 6A and B). Furthermore, piceatannol
showed no effect on the mRNA levels of adipocyte marker genes such as PPARG and

FAS, and the genes involved in lipolysis such as ATGL and CG/-58 (Fig. 6C). Consistent
with the reduced epididymal fat pad weight in Fig. 4E and the serum level of leptin in
piceatannol-treated mice in Fig. 5G, these mice displayed a significantly lower levels of
leptinmRNA in epididymal WAT compared with control vehicle-treated mice (Fig. 6C).

4. Discussion

In the present study, we highlight a new role of piceatannol in impeding adipocyte lipolysis
through degradation of the key lipolytic proteins. We further provide direct evidence that
activation of the autophagy-lysosome pathway is required to mediate piceatannol-induced
degradation of lipolytic proteins in adipocytes, thereby impacting obesity-related lipolysis.

Elevated plasma NEFA levels and overly activated adipose lipolysis are reported to
exacerbate obesity-related insulin resistance and hepatic dysfunction primarily through the
lipotoxic potential of FAs in the peripheral tissues [1, 2]. Accordingly, partial inhibition

of lipolysis is proposed as an attractive approach to lower plasma NEFA levels and their
associated lipotoxicity. This notion has been partly supported by evidence from studies of
various animal models lacking the ATGL [34], HSL [14], or MAGL [35] gene, or employing
a small-molecular inhibitor for HSL [14] or ATGL [13]. However, safe therapeutics that
inhibit lipolysis by targeting multiple lipolytic proteins have yet to be explored.

Our current study fills this gap by identifying piceatannol as a natural small molecule
inhibitor of lipolysis. Indeed, the anti-lipolytic property of piceatannol was previously
proposed by Les et al. [36] in that piceatannol exhibited an anti-lipolytic effect in adipocytes
in vitro, mostly at physiologically irrelevant doses. Our study further demonstrates that
piceatannol suppressed glycerol and FA release from differentiated adipocytes and brown
adipocytes both at basal and stimulated lipolysis conditions at lower does ranging 25 uM
—50 uM Jn vitro. Although limited data are currently available regarding the physiological
doses of piceatannol and its bioavailability in humans, a single intravenous administration
of piceatannol (10 mg/kg) in rats showed Cy,ax Of piceatannol at 41 uM in 6hr [37].
Furthermore, our study demonstrates that intraperitoneal administration of piceatannol

at 10 mg/kg BW appeared to suppress fasting-induced plasma glycerol levels in mice
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(Fig. 4B). These results support that 10 mg/kg BW of piceatannol could be applicable

to physiological conditions and affect energy metabolism. Furthermore, we showed that
piceatannol administration lowered fasting-induced plasma glycerol both in lean and obese
mice. Notably, a 15-day treatment of piceatannol rendered a decrease in visceral adipose
tissue mass and plasma levels of FFAs, glycerol, insulin, and leptin, and shifted substrate
utilization towards lipid oxidation in diet-induced obese mice. Despite its anti-lipolytic
function, piceatannol-treated diet-induced obese mice did not display systemic accumulation
of TG in peripheral tissues such as WAT and the liver, as reported in the mice with genetic
inactivation of lipolysis [38]. Piceatannol administration rather resulted in a decrease in
epididymal fat pad weight in diet-induced obese mice. Our finding of lower WAT weight

is in accordance with previous studies showing that pharmacological inhibition of lipolysis
lowers TG accumulation in WAT both in lean [39] and high-fat diet-induced animals [12,
13]. The apparently opposing observations of lipolysis inhibition and epididymal fat pad
weight reduction is likely explained by piceatannol’s effect on other lipid-related pathways.
For example, piceatannol is known to inhibit lipogenesis and TG accumulation, modulate
the gut microbiota profile, and increase fatty acid oxidation /7 vivo[40]. Our observation of
increased RER in piceatannol-treated mice suggest the piceatannol may also alter fatty-acid
oxidation. Further studies investigating the mechanism by which piceatannol may reduce
WAT mass are merited.

The most intriguing finding of this study was the acute and robust effect of piceatannol on
the degradation of lipolytic proteins that are needed for LD catabolism. Acute piceatannol
treatment led to a marked reduction of ATGL, CGI-58, and PLIN1 levels in adipocytes

with little effect on HSL levels. Despite the fact that more than 50 % of piceatannol is
degraded in the cell culture media in about 12 hr (Kershaw, J. et al. unpublished data),

the levels of piceatannol-degraded lipolytic protein clusters remained low after 24 hr of
treatment. This warrants a more detailed study of the degradation kinetics of lipolytic protein
clusters in piceatannol-treated adipocytes. To elucidate the potential mechanism underlying
piceatannol-induced degradation of the lipolytic protein cluster in adipocytes, we probed

the autophagy-lysosome-dependent protein degradation pathway. Using various autophagy
and lysosome inhibitors, we found that piceatannol-induced degradation of the lipolytic
protein clusters in adipocytes requires activation of the autophagy-lysosome system,
indicating a pro-autophagic effect of piceatannol in adipocytes. In addition to cytosolic

LD breakdown, the activation of autophagy is suggested to participate in LD catabolism
both in basal and nutrient-deficient conditions through activation of lipophagy-, autophagy-
induced selective sequestration of LD to the autophagosome and the resulting degradation
of lipids by lysosomal lipases [41]. This selective targeting of LD to autophagosomes
requires recognition of LD-associated proteins and their autophagic degradation in various
cells, including adipocytes. For example, chaperon-mediated autophagy (CMA)-induced
degradation of LD-associated PLINSs is shown to be necessary for LD lipophagy [42, 43].
Consistently, our finding of piceatannol-induced PLIN1 degradation in adipocytes supports a
potential causative role of piceatannol in lipophagy induction. On the other hand, the current
understanding of ATGL s role in adipocyte lipophagy is largely limited to the ability of
autophagy-lysosome-dependent enzymatic LD breakdown [44] and an upstream regulator of
lipophagy [45]. However, the direct targeting of ATGL to autophagy-dependent degradation
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has not yet been reported. Our study provides the first investigation, to our knowledge, of
an autophagy-induced selective degradation of ATGL and an ATGL-interacting coactivator
CGI-58 by piceatannol, a natural polyphenol, in adipocytes. We demonstrated that acute
treatment of cultured adipocytes and brown adipocytes with piceatannol resulted in the
degradation of ATGL, CGI-58, and PLINZ1. Importantly, chemical inhibition of autophagy
and lysosome activity blocked the effect of piceatannol on the degradation of these proteins.
Notably, previous studies suggest that piceatannol’s action in autophagy appears to be cell-
type specific. Piceatannol was shown to promote autophagy in human leukemia cells [46],
fibrosarcoma cells [47], and osteosarcoma cells [48], as judged by p62 degradation and LC3
lipidation. Contrary to these studies, piceatannol inhibited methylglyoxal-induced autophagy
in murine osteoblastic cells [49] and oxidized low-density lipoprotein-induced autophagy

in bone marrow-derived macrophages [50]. Unlike piceatannol, other known autophagy
activators such as PP242 (a mTORC2 specific inhibitor) and trehalose (a transcription factor
EB inducer) failed to inhibit forskolin-stimulated lipolysis in adipocytes (Kershaw, J. et

al. unpublished data). Collectively, our results reveal piceatannol as potential novel food-
derived regulator of adipocyte lipolysis through autophagy-induced selective degradation

of lipolytic proteins. In order to elucidate the mechanism by which piceatannol induces
selective degradation of lipolytic protein clusters, future endeavors need to resolve the
following issues: investigation of (i) piceatannol-induced recognition of these proteins to
autophagy components; and (ii) piceatannol-induced selective recruitment of these proteins
to lysosomal degradation in adipocytes.

In conclusion, our study provides profound evidence of a novel function of piceatannol in
modulating lipolysis and promoting autophagy-lysosome-dependent degradation of the key
lipolytic proteins in adipocytes. This study provides a mechanistic foundation to investigate
piceatannol-containing foods as a possible dietary strategy to reduce lipolysis and fatty
acid-induced lipotoxicity, thereby lowering lipotoxicity-related metabolic disorders.
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HSL hormone-sensitive lipase
LDs lipid droplets
MAG monoacylglycerol
MAGL MAG lipase
NEFAs non-esterified fatty acids
NF-xB nuclear factor-xB
PI3K phosphoinositide 3-kinase
PLIN1 perilipinl
PNPLA2 patatin-like phospholipase domain-containing protein 2
PKA protein Kinase A
PPARYy peroxisome proliferator-activated receptory
SYK spleen tyrosine kinase
TG triacylglycerol
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Highlights
. Piceatannol inhibits lipolysis in adipocytes with a concomitant reduction of
the lipolytic proteins.
. Piceatannol-inhibited lipolysis resultes from autophagy-lysosome-dependent

. Piceatannol administration lowers lipolysis, central adiposity and

degradation of the lipolytic proteins in adipocytes.

hyperinsulinemia in diet-induced obese mice
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Fig. 1. Piceatannol inhibits lipolysis by lowering ATGL, CGI-58 and PLIN1 levels in adipocytes
Differentiated 3T3-L1 adipocytes (A-D, G, H) and murine brown adipocytes (E.F) were

incubated with piceatannol (0-50 uM) or resveratrol (0-50 uM) in the presence or absence
of isoproterenol (10 pM) in DMEM containing 1% fatty acid-free bovine serum albumin for
90 min or at the indicated time points. The medium was collected to measure the released
glycerol (A, E) and FFA (B, G) levels as described in the Experimental Section. Data are
presented as means £ SEM. (n=3, *, p < 0.05; **, p < 0.01). Total cellular proteins at 90 min
or the indicated time points were extracted from the differentiated 3T3-L1 adipocytes (C,

D, H) and brown adipocytes (F), and analyzed by Western blot analysis for ATGL, CGI-58,
PLINZ, p-HSL, HSL and B-actin. /so: isoproterenol, Pic: piceatannol, Res: resveratrol, Cont.
control, Und' undifferentiated.
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Fig. 2. Piceatannol promotes autophagy-lysosome pathway-dependent degradation of a lipolytic
protein cluster of ATGL, CGI-58, and PLIN1 in adipocytes
Differentiated 3T3-L1 adipocytes were incubated with piceatannol (0-50 uM) in the

presence or absence of various concentration of MG132 (A, B), 10 mM 3-MA (C, D) and 10
UM CQ (E, F) in DMEM containing 1% fatty acid-free bovine serum albumin for 90 min.
The medium was collected to measure the released glycerol (A, C, E) levels as described

in the Experimental Section. Data are presented as means £ SEM. (n=3, *, p < 0.05). Total
cellular proteins isolated from these cells were analyzed by Western blot analysis for ATGL,
CGI-58, PLIN1 and p-actin (B, D, F).
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Fig. 3. Piceatannol treatment stimulates autophagy in vitro.
(A) Immunofluorescence analysis of Hela cells treated with 50 pM piceatannol (Pic), 5 mM

3-MA or the combination of Pic and 3-MA in serum-free medium for 2 hr (LC3: red and
DAPI: blue) (top). Quantification of the fluorescence intensity of LC3 was shown (bottom).
(B) Hela cells described in panel A were then subjected to Western blot analysis for ATGL,
ATG7, p62 and B-actin. (C) 3T3-L1 adipocytes were treated with piceatannol (25 pM) for
90 min followed by GFP-expressing S. typhimurium infection for 30 min. a-tubulin (red)
and EGFP (green) signals were visualized by confocal microscopy (top). Quantification of
the fluorescence intensity of EGFP was shown (bottom). Scale bar indicates 20 pm. Data
are presented as means + SEM and different letters indicate statistical significance. NT:
non-treated.

J Nutr Biochem. Author manuscript; available in PMC 2023 July 01.
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Fig. 4. Piceatannol administration suppresses fasting-induced serum glycerol and obesity-
associated central adiposity in vivo.

Overnight fasted wild-type obese C57BL/6J mice (n=3/group) were subjected to /.p.
injection of piceatannol (10 mg/kg body weight) or vehicle solution for 8 h followed by
serum glucose (A) and glycerol (B) analyses. Diet-induced obese mice (n=6-8/group) were
administered (10 mg/kg body weight) via 7p. injection for 15 days. Body weight (C) and
food intake (D) were measured during the study. Weight of liver and WAT (Epr. epididymal,
Ing. inguinal, Ret. retroperitoneal) (E) and percent fat mas and lean mass (F) were measured
at the end of the study. After 14-days of piceatannol administration, mice were put into a
metabolic chamber to measure energy expenditure (EE) (G) and respiratory exchange ratio
(RER) (H). Data are presented as means + SEM. (*, p < 0.05).

J Nutr Biochem. Author manuscript; available in PMC 2023 July 01.
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Fig. 5. Piceatannol administration improves serum levels of insulin, free fatty acids, glycerol and
leptin in diet-induced obese mice.

Serum levels of alanine transaminase (A), glucose (B), insulin (D), free fatty acids (E),
glycerol (F), leptin (G), TG (H), free cholesterol (1) and cholesterol ester (J) were
measured in overnight-fasted piceatannol-treated diet-induced obese mice. (C) An IPGTT
was performed in mice with 2 g/kg glucose /p. injection at the end of the study. Data are
presented as means £ SEM. (n=7-8, *, p < 0.05; **, p < 0.01).

J Nutr Biochem. Author manuscript; available in PMC 2023 July 01.
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Fig. 6. Piceatannol administration alters high-fat diet-induced expression of ATGL and leptin
levels in WAT of diet-induced obese mice.

Total proteins and RNA isolated from epididymal WAT of piceatannol-administrated diet-
induced obese mice were subjected to Western blot analysis and quantitative RT-PCR for the
analysis of ATGL, CGI-58 and ATG7 proteins (A, B) and mMRNA levels of PPARG, FAS,
leptin, ATGL and CG/-58 (C), respectively. Data in panels B and C are presented as means
+ SEM. (n=3-4, *, p < 0.05).
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