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Abstract

Epigallocatechin gallate (EGCG) is a major polyphenol in green tea that has been shown to have anti-inflammatory, anti-
cancer, anti-steatotic effects on the liver. Autophagy also mediates similar effects; however, it is not currently known
whether EGCG can regulate hepatic autophagy. Here, we show that EGCG increases hepatic autophagy by promoting the
formation of autophagosomes, increasing lysosomal acidification, and stimulating autophagic flux in hepatic cells and
in vivo. EGCG also increases phosphorylation of AMPK, one of the major regulators of autophagy. Importantly, siRNA
knockdown of AMPK abrogated autophagy induced by EGCG. Interestingly, we observed lipid droplet within
autophagosomes and autolysosomes and increased lipid clearance by EGCG, suggesting it promotes lipid metabolism
by increasing autophagy. In mice fed with high-fat/western style diet (HFW; 60% energy as fat, reduced levels of calcium,
vitamin D3, choline, folate, and fiber), EGCG treatment reduces hepatosteatosis and concomitantly increases autophagy. In
summary, we have used genetic and pharmacological approaches to demonstrate EGCG induction of hepatic autophagy,
and this may contribute to its beneficial effects in reducing hepatosteatosis and potentially some other pathological liver
conditions.
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Introduction

Autophagy is a highly conserved cellular process in eukaryotic
cells involved in protein, lipid, and organelle degradation via the
lysosomal pathway. Autophagy begins with the formation of
double-membranous structures called phagophores, which elon-
gate and engulf portions of the cytoplasm to form autophago-
somes. Subsequently, autophagosomes fuse with lysosomes to form
autophagolysosomes, where the engulfed contents are degraded by
acidic lysosomal hydrolases [1]. Autophagy is involved in cell
growth, survival, development, and cell death. Impaired autoph-
agic flux has been associated with pathologic neurologic,
musculoskeletal, immunologic, cardiovascular, and hepatic condi-
tions [2].

The liver is one of the most important metabolic organs, and is
highly dependent on autophagy for both normal function and
protection against hepatic diseases such as non-alcoholic fatty liver
disease, viral hepatitis, and fibrotic disorders. During periods of
starvation, autophagy degrades cytoplasmic components to
produce amino acids and fatty acids that can be used to synthesize
new proteins or generate ATP for cell survival [3]. Additionally,
there is considerable evidence that impaired autophagy contrib-
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utes to a number of common hepatic diseases, including tissue
injury due to toxins, high-fat-diet, ischemia/reperfusion, and viral
hepatitis, as well as hepatocellular carcinoma [4,5].
Epigallocatechin-3-gallate (EGCG) is the most abundant
polyphenol in green tea and has been thought to be responsible
for most of latter’s therapeutic benefits. In particular, EGCG has
anti-steaototic effects on the liver [6-9]. Autophagy also has been
shown to be involved in these beneficial effects. Currently, it is not
known whether EGCG regulates hepatic autophagy. Given both
the importance of hepatic autophagy and the beneficial effect of
EGCG on pathologic liver conditions, we investigated whether
EGCG regulates autophagy and lipid clearance in the liver.

Materials and Methods

Reagents

EGCG, Acridine orange (AO) from Sigma-Aldrich (St Louis,
MO, USA). Antibodies recognizing LC3, GAPDH, SQSTM1/
P62, p-AMPK, p-ACC, AMPK, and ACC were purchased from
Cell Signalling Technologies (Danvers, MA, USA), whereas
antibodies recognizing B-actin, and HRP conjugated secondary
antibodies recognizing mouse and rabbit IgG were purchased
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Figure 1. EGCG stimulates autophagy. (A) Immunoblot and densitometric analysis showing dose-response of LC3-ll accumulation in HepG2 cells
treated with indicated concentrations of EGCG for 24 hours. Bars represent the mean of the respective individual ratios=SD (n=3). (B) A
representative image and quantification of GFP-LC3 puncta in transfected HepG2 cells treated with or without 40 uM EGCG for 24 h. (C) LC3
immunostaining showing increased endogenous LC3-Il puncta in HepG2 cells which were treated with 40 uM EGCG for 24 h. (D) HepG2 cells were
transfected with negative or ATG5 siRNA and incubated for 24 hr. The cells were then treated without or with EGCG (40 uM) for another 24 hr.
doi:10.1371/journal.pone.0087161.g001
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Figure 2. EGCG increases autophagy flux. (A) Acridine orange (AO) staining showing increase acidification in cells treated with 40 uM EGCG for
24 hours. (B) Evaluation of autophagic flux using lysosomal inhibitor chloroquine (CQ). HepG2 cells were pretreated with 40 uM EGCG for 20 hours
followed by 6 hours co-treatment with 10 uM CQ. (C) Quantification and representative image of early autophagosomes (overlapping GFP+RFP
puncta generating yellow puncta on overlay) shown as yellow bars and late autolysosomes (RFP puncta) shown as red bars after 24 hours of 40 uM
EGCG treatment vs. non treated cells (Control) in tandem RFP/GFP-tagged LC3 plasmid transfected HepG2 cells. Bars represent the mean of the

respective individual ratios*SE.
doi:10.1371/journal.pone.0087161.9g002

from Santa Cruz Biotechnologies. Culture media and serum from
Invitrogen (Madison, WI, USA). GFP-RFP-LC3 (t-LC3) and
eGFP-LC3 (Addgene plasmid 21073) plasmids were gifts from
Prof. T. Yoshimori (Osaka University, Osaka, Japan) [9,10].

Cell Culture and Transfection

HepG2 and Huh7 cells were purchased from ATCC and
maintained at 37°C in DMEM containing 10% FBS in a 5% CO,
atmosphere. Primary mouse hepatocytes were isolated and culture
using standard protocols.

For siRNA transfection, HepG2 cells were trypsinized, mixed
with opti-MEM medium (Invitrogen) containing Lipofectamine
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RNAimax (Invitrogen) and ATG5 or control siRNA according to
the manufacturer’s recommendations. For c¢cDNA transfection,
GFP-RFP-LC3 (t-LC3) and eGFP-LC3 plasmid was transfected
into HepG2 cells using lipofectamine 2000 reagent (Invitrogen).

Western Blot Analysis

Proteins were separated by SDS-PAGE under reducing
conditions and transferred to nitrocellulose membranes. Mem-
branes were blocked with 5% nonfat milk in phosphate-buffered
saline with 0.1% tween 20 (PBST). The blots were incubated
overnight at 4°C with primary antibodies. Immunoblot analysis
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Figure 3. EGCG increase autophagy flux and AMPK phosphorylation in primary hepatocytes. (A) Inmunoblots and densitometric
analysis showing changes in LC3-Il and P62 level in mouse primary hepatocytes cells treated with 40 uM EGCG for 24 h. Bars represent the mean of
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the respective individual ratios=SD (n=3). (B) LC3 immunostaining showing increased endogenous LC3-Il puncta in primary mouse hepatocytes
treated with 40 uM EGCG for 24 hrs. (C) Immunoblots and densitometric analysis showing changes in p-AMPK, and p-ACC level in mouse primary
hepatocytes cells treated with 40 uM EGCG for 24 h. Bars represent the mean of the respective individual ratios=SD (n=3). (D) HepG2 cells were
transfected with negative or AMPK siRNA and incubated for 24 hr. The cells were then treated without or with EGCG (40 uM) for another 24 hr. Bars

represent the mean of the respective individual ratios=SEM (n = 3).
doi:10.1371/journal.pone.0087161.9003

was performed using an enhanced chemiluminescence procedure
(GE Healthcare).

Immunofluorescence Studies

For endogenous LC3-II puncta staining, cells were washed in
PBS and then fixed with 4% paraformaldehyde for 15 minutes at
room temperature. Fixed cells were washed with PBS, permea-
bilized in 100% methanol for 10 minutes at —20°C, washed in
PBS, and blocked in blocking buffer for 1 hour at room
temperature. Cells subsequently were incubated with anti-LC3
antibody overnight at 4°C. After 3 TBST washes, cells were
incubated with Alexa Fluor—anti-rabbit antibody (Invitrogen) for 2
hours at room temperature and then washed 3 times in TBST.
Coverslips were mounted on slides using Vectashield anti-fade
reagent with 4',6-diamidino-2-phenylindole (Invitrogen). Cells
were observed under fluorescence microscope.

For ectopic eGFP-LC3 puncta, eGFP-LC3 plasmid was
transfected into HepG2 cells with Lipofectamine 2000 Transfec-
tion Reagent (Invitrogen, Madison, WI, USA). Cells were
observed under fluorescence microscope.

For autophagic flux analysis, tandem RFP/GFP-tagged LC3
plasmid was transfected into HepG2 cells with Lipofectamine
2000 Transfection Reagent (Invitrogen, Madison, WI, USA). Cells
were visualized using LSM710 Carl Zeiss confocal microscope.

Acridine Orange Staining

Cells were grown on glass coverslips and treated with 40 pM
EGCG for 24 h. Thereafter, the cells were incubated with either
1 pg/ml acridine orange (Sigma, St. Louis, MO, USA) for 15 min
at 37°C followed by 3 PBS washes, and then immediately observed
under fluorescence microscope.

Bodipy 493/503 Staining and Fat Measurement in vitro

Huh?7 cells were pre-treated with 40 uM EGCG, cotreated with
BSA-conjugated fatty acid (0.1 mM palmitic acid and 0.2 mM
oleic acid) and 40 uM EGCG for 16 hours, followed by 24 hours
treatment with 40 uM EGCG. Cells were incubated with the
fluorescent dye BODIPY 493/503 (5 pug/ml, Invitrogen) for
10 min to stain intracellular lipid droplets. Subsequently, the cells
were washed, resuspended in PBS, and analyzed (1x10* cells/
measurement) using a Macsquant flow cytometer (Miltenyi
Biotec).

Animal Models

Animal studies were conducted in accordance with the
principles and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use
Committee (IACUC) at the Duke-National University of Singa-
pore Graduate Medical School.

For acute EGCG administration, male C57BL/6 mice (8 weeks
old) were obtained from NUSCARE and housed in hanging
polycarbonate cages under a 12-hour light/12-hour dark cycle at
23°C with food and water available ad libitum. EGCG (25 mg/kg)
were 1.p injected daily for 3 days. Animals were sacrificed in CO2
chambers and livers were collected in liquid N2 and subsequently
used for protein isolation.
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For high-fat/Western-style diet and chronic EGCG treatment,
male C57BL/6 mice ages 5 to 6 wks were purchased from Jackson
Laboratories (Bar Harbor, ME). All animal experiments were
carried out under protocol 91-024 approved by the Institutional
Animal Care and Use Committee at Rutgers University (Piscat-
away, NJ). Mice were fed low-fat diet (LF; 10% energy as fat), high
fat/Western-style diet (HFW; 60% energy as fat, reduced levels of
calcium, vitamin D3, choline, folate, and fiber), or high-fat/
Western-style plus EGCG diet (HFWE; HFW supplemented with
3.2 ¢ EGCG/kg diet) for 17 wks. The dose of 3.2 g EGCG/kg
diet inmice is equivalent to 10 cups of green tea (2 g tea leaves per
cup) per day for an average person requiring 2000 kcal/d based
on allometric scaling. Food intake and body weights were
monitored weekly throughout the experiment [11].

Electron Microscopy

Fresh tissue was placed in fixative containing 2% paraformal-
dehyde and 3% gluteraldehyde in pH 7.4 phosphate buffer
overnight at 4°C. Tissue was washed once in PBS, followed by
post-fixation with 1% osmium tetroxide. Samples were dehydrated
in washes with ascending concentrations of alcohol, followed by
embedding in Araldite. Sections were cut and stained with uranyl
acetate and lead citrate. Imaging was performed on Olympus
EM208S transmission electron microscope.

Statistics

Cell culture experiments were performed in triplicates and
repeated 3 independent times using matched controls. Results
were expressed as mean®SD. Statistical significance was calcu-
lated using Student’s t-test, taking p<<0.05 as significant.

Results

EGCG Stimulates the Formation of Autophagosomes in
HepG2 Cells

To investigate the effect of EGCG on hepatic autophagy, we
first studied the well-characterized HepG2 human hepatoma cells,
which retain many liver-specific metabolic functions [12]. LC3-II
(microtubule-associated protein light chain 3-II), the phosphati-
dylethanolamine-conjugated form of LC3, is present in autopha-
gosomes and thus is commonly used as a marker of autophago-
some formation. Treatment with EGCG increased LC3-II
formation in a dose-dependent manner in HepG2 cells (Fig. 1A).
EGCG also induced LC3-II formation in the Huh7 human
hepatoma cell line (Supplementary Fig. 1A). Cytoplasmic LC3
puncta are characteristic of autophagosomal membrane forma-
tion; thus, we examined EGCG induction of LC3 puncta by
ectopic expression of eGFP-LC3 plasmid in HepG2 cells. As
shown in Fig. 1B, eGFP-LC3 showed a diffuse distribution pattern
in control cells, whereas it was arranged as cytoplasmic punctuate
dots in EGCG-treated cells. We further confirmed these findings
by immunofluorescence staining for endogenous LC3-1I (Fig. 1C).
To show that the EGCG-stimulated autophagosome formation
occurred by an autophagy-dependent mechanism, we knocked
down ATGS in HepG2 and Huh7 cells by siRNA transfection,
and then treated these cells with or without EGCG. Knockdown
of ATG?) decreased EGCG-stimulated LC3-1I in both HepG2 and
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Figure 4. In vivo effects of EGCG on hepatic autophagy. (A) Immunoblots showing hepatic levels of LC3-l, p62, p-AMPK, p-ACC, and CHOP in
EGCG treated mouse liver (i.p. administration of 25 mg/kg body weight EGCG for 3 days). (B) EM showing livers obtained from control (a) and EGCG
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treated mice (b-h). (b) Aotolysosome with lipid droplet. (c-e) Autophagosome with different magnification. (f) Autophagosome with lipid droplet
fusion with lysosome. (h) Autophagosome inside a large lipid droplet. L: lipid droplet; N: nuclear; AP: autophagosome; AL: autolysosomes. Scale bars:
2 um (@ and ¢); 1 um (d and g); 0.2 um (b, e, f and h). (C) Bar graphs showing Number of autophagic vesicles (including both autophagosome and
autolysosomes) in control and EGCG treated mice liver based on EM micrograph images. Scoring was done by counting 5 different cells in 5 random

fields per condition. Values are means=SE for 3 mice in each group.
doi:10.1371/journal.pone.0087161.9g004

Huh7 cells (Fig. 1D and Supplementary Fig. 1B) suggesting that
EGCG-stimulated autophagosome formation indeed occurred via
an autophagy-dependent mechanism.

EGCG Increases Autophagic Flux in HepG2 Cells and

Mouse Hepatocytes in Primary Culture

Autophagic flux progresses from autophagosome to autolyso-
some formation via fusion of autophagosomes with acidic
lysosomes [13]. We assessed lysosomal activity using acridine
orange, a lysosomotropic dye that emits orange fluorescence at low
PH conditions [14]. We observed that EGCG-treated cells showed
increased orange fluorescence indicating additional lysosomal
acidification after EGCG treatment (Fig. 2A).

We next used two methods to assess whether EGCG facilitated
autophagic flux. First, we compared the generation of LC3-II by
EGCG alone or in combination with chloroquine (CQ). CQ
neutralizes the lysosomal PH and blocks the degradation of the
cargo in autophagosomes after fusion with lysosomes, and thereby
blocks autophagic flux [14]. As shown in Fig. 2B, EGCG in
combination with CQ showed increased levels of LC3-II
compared with either EGCG or CQ alone, indicating increased
autophagic flux is induced by EGCG. Second, we transfected
tandem fluorescence RFP-GFP-LC3 (t-LC3) plasmid into cells to
demonstrate autophagic flux [10]. In this assay, GFP- and RFP-
tagged to LC3 detects autophagosomes, whereas RFP detects only
autolysosomes due to denaturation of GFP in the acidic
environment of the autolysosome. Thus, in the overlaid images,
yellow dots represent autophagosomes, and red dots represent
autolysosomes. We observed that EGCG increased both autopha-
gosome (yellow dots) and autolysosome (remaining red dots)
formation in merged images (Fig. 2C) suggesting that fusion and
protein degradation within the lysosome had occurred. Collec-
tively, these results demonstrated increased autophagic flux after
EGCG treatment.

We next investigated the effect of EGCG on hepatic autophagy
by using primary mouse hepatocytes. EGCG treatment increased
LC3-IT levels (Fig. 3A) and LC3 puncta formation (Fig. 3B),
confirming EGCG-induced autophagosome formation in primary
hepatocytes. SQSTM1/p62 (p62) protein is an ubiquitin-binding
scaffold protein that co-localizes with ubiquitinated protein
aggregates in many proteinopathies of the liver. p62 accumulates
when autophagy is inhibited, and decreases when autophagic flux
occurs [15]. Immunoblotting showed significant reduction of p62
in EGCG-treated hepatocytes indicating by yet another method
that there was increased autophagic flux (Fig. 3A).

EGCG Induces Autophagy by Stimulating AMPK Activity

AMPK  promotes autophagy by directly phosphorylating
mammalian autophagy-initiating kinase Ulkl, a homologue of
yeast ATGI [16]. EGCG treatment increased phosphorylation of
AMPK (Fig. 3C), as well as the phosphorylation of the AMPK
downstream target, acetyl-CoA carboxylase (ACC), indicating
increased AMPK activity after EGCG treatment. Furthermore,
knockdown of AMPK decreased EGCG-induced LC3-II in
HepG2 cells (Fig. 3D), suggesting a critical role for AMPK in
EGCG-stimulated autophagy.

PLOS ONE | www.plosone.org

EGCG Promotes Hepatic Autophagy in vivo

In order to demonstrate the effect of EGCG on hepatic
autophagy i vivo, we injected C57BL/6 mice with EGCG
(25 mg/kg) daily for 3 days. As shown in Fig. 4A, injection of
EGCG increased hepatic LC3-1I and decreased p62 protein levels
in mouse livers, indicating increased autophagic flux. The
phosphorylation of AMPK and ACC also was increased i vivo
(Fig. 4A). Furthermore, CHOP, an endothelium reticulum (ER)
stress marker [17], was decreased by EGCG.

Next, we observed the formation of autophagosomes and
autolysosomes by electron microscopy. EGCG stimulated the
formation of both autophagosome and autolysosomes (Fig. 4B and
Q). Interestingly, lipid was found inside double-membraned
autophagosomes and autolysosomes (Fig. 4B, panels b and f),
suggesting that EGCG induced-autophagy likely contributed to
hepatic lipid metabolism.

EGCG-induces Lipid Clearance is Associated with Increase
in Hepatic Autophagy both in vitro and in vivo

To futher understand the effect of EGCG on hepatic lipid
metabolism, we first treated Huh7 cells with mixed fatty acid
(palmitic and oleic acid) and examined the effect of EGCG on lipid
clearance. Intracellular lipid content was determined by bodipy
staining, followed by flow cytometry. As shown in Fig. 5A,
intracellular lipid content was significantly decreased by EGCG.
To determine whether autophagy induced by EGCG is directly
involved in this process, we used ATG5 siRNA to block
autophagosome formation. ATG5 knockdown significantly abol-
ished EGCG-mediated reduction of intracellular lipid (Fig. 5B),
and strongly suggested involvement of autophagy in the reduction
of intracellular lipid. AMPK knockdown also blocked both
EGCG-induced autophagy (Fig. 3D) and lipid clearance (Supple-
mentary Fig. 2).

It was previously demonstrated that high-fat/western-style diet
(HFW; 60% energy as fat, reduced levels of calcium, vitamin D3,
choline, folate, and fiber) caused more severe hepatosteatosis and
metabolic syndrome than high fat diet (HF, 60% energy as fat),
and EGCG treatment significantly reduced liver triglyceride by
52% [11]. We performed immunoblots on the same hepatic
samples and observed increased LC3-II in EGCG-treated HFW
mice (Fig. 5C). Moreover, the ER stress marker CHOP was also
reduced after EGCG treatment (Fig. 5C).

Discussion

Recently, there have been several reports suggesting that some
of the beneficial effects of EGCG may be mediated by regulation
of autophagy [18,19]. However, the effects of EGCG on
autophagy seem to be tissue-specific. In macrophages, EGCG
promotes autophagic degradation of endotoxin-induced HMGBI,
a late lethal inflammatory factor [18]. The autophagy-promoting
effect of EGCG also occurs in bovine aortic endothelial cells, and
accounts for its reduction of lipid accumulation [19]. However, in
human retinal pigment epithelial cells, EGCG reduces UVB light-
induced retinal damage by down-regulation of autophagy [20].
Although EGCG also is protective against liver injury, it is not
known whether it regulates hepatic autophagy to mediate these
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doi:10.1371/journal.pone.0087161.g005
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effects. In our study, we provide several different lines of evidence
to demonstrate that EGCG induces autophagy and autophagic
flux in cultured hepatic cells and n vivo: First, EGCG induction of
autophagosome formation was demonstrated by immunodetection
of LC3-II, and visualization of ectopic and endogenous LC3-II
puncta; second, EGCG increased lysosomal acidification; third,
autophagic flux was demonstrated by co-treatment with CQ,
tandem RFP-GFP-LC3 fluorescence, and immunodetection of
p62; and fourth, EGCG-induced autophagy not only was observed
in human hepatoma cell lines, but also in primary mouse
hepatocytes and mouse liver. Thus, our study provides a better
understanding of EGCG’s actions on the liver, and strongly
suggests that EGCG-induced autophagy may mediate some of its
therapeutic effects.

Our electron micrographs showed co-localized lipid within the
autophagosome and autolysosome compartments, demonstrating
ingestion of cytosolic lipids by autophagosomes and their
subsequent delivery to lysosomes. This autophagy-mediated
degradation of intracellular lipid droplets plays an important role
in hepatic fatty acid metabolism, and impaired autophagy leads to
hepatosteatosis [21-24]. EGCG decreased lipid accumulation in
several animal hepastosteatosis models, including hepastosteatosis
induced by chronic high fat diet feeding [6], ethanol feeding [25],
and acute ischemia/reperfusion injury [26]. Recently Kim et al.
reported that EGCG decreased ectopic lipid accumulation by
stimulating autophagic flux in bovine aortic endothelial cells [27].
We observed that EGCG significantly decreased hepatic triglyc-
eride [11] and was associated with increased autophagy in mice on
HFW diet for 17 weeks. Interestingly, acute administration of
EGCG for three days increased co-localization of lipid inside
autophagic vesicles suggesting that autophagy accounts for some of
its actions to decrease hepatosteatosis. Furthermore, EGCG
decreased intracellular lipid content in fatty acid treated cells in
an autophagy-dependent mechanism. Altogether, our results show
an essential role for EGCG induction of autophagy to reduce
ectopic hepatic lipid accumulation caused by high fat diet. EGCG
may modulate autophagy in other types of chronic and acute
hepatic diseases. Last, it is noteworthy that EGCG also reduced
hepatic CHOP levels i vivo, suggesting that it also may play a role
in relieving ER stress in hepatic cells.

AMPK is a key mediator for the initial process of autophagy by
stimulating the phosphorylation of ULK and formation of its
protein complex with multiple autophagic proteins [16]. EGCG
activates CaMKKB/AMPK by stimulating Ca®* release from ER
stores [27]. Lin et al. reported that EGCG increased phosphory-
lation of AMPK and decreased lipid accumulation in cultured
HepG2 cells [28]. We observed increased phosphorylation of
AMPK and its downstream target ACC in cultured primary
hepatocytes and i vivo after EGCG treatment. Furthermore,
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