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Background: Green tea polyphenol (EGCG) has beneficial effects on cardiovascular dysfunction.
Results: EGCG stimulates autophagy through a CaMKK�-mediated mechanism, which contributes to degradation of lipid
droplets.
Conclusion: Regulation of autophagic flux by EGCG plays a role in intracellular lipid accumulation.
Significance: Findings show a novel mechanism for beneficial effects of EGCG in cardiovascular complications.

Epigallocatechin gallate (EGCG) is a major polyphenol in
green tea that has beneficial effects in the prevention of cardio-
vascular disease. Autophagy is a cellular process that protects
cells from stressful conditions. To determine whether the ben-
eficial effect of EGCG is mediated by a mechanism involving
autophagy, the roles of the EGCG-stimulated autophagy in the
context of ectopic lipid accumulation were investigated. Treat-
mentwith EGCG increased formation of LC3-II and autophago-
somes in primary bovine aortic endothelial cells (BAEC). Acti-
vation of calmodulin-dependent protein kinase kinase � was
required for EGCG-induced LC3-II formation, as evidenced by
the fact that EGCG-induced LC3-II formation was significantly
impaired by knockdown of calmodulin-dependent protein
kinase kinase �. This effect is most likely due to cytosolic Ca2�

load. To determine whether EGCG affects palmitate-induced
lipid accumulation, the effects of EGCG on autophagic flux and
co-localization of lipid droplets and autophagolysosomes were
examined. EGCG normalized the palmitate-induced impair-
ment of autophagic flux. Accumulation of lipid droplets by
palmitate was markedly reduced by EGCG. Blocking autopha-
gosomal degradation opposed the effect of EGCG in ectopic
lipid accumulation, suggesting the action of EGCG is through
autophagosomal degradation. The mechanism for this could be
due to the increased co-localization of lipid droplets and
autophagolysosomes. Co-localization of lipid droplets with LC3
and lysosome was dramatically increased when the cells were

treated with EGCG and palmitate compared with the cells
treated with palmitate alone. Collectively, these findings sug-
gest that EGCG regulates ectopic lipid accumulation through
a facilitated autophagic flux and further imply that EGCG
may be a potential therapeutic reagent to prevent cardiovas-
cular complications.

Ectopic accumulation of lipids, including neutral lipid and
cholesterol esters, contributes to inflammatory status and
endoplasmic reticulum (ER)2 stress in vascular endothelium
that is associated with endothelial dysfunction and atheroscle-
rosis (1). Degradation of lipid droplets by stimulation of
autophagy (lipophagy) reduces ER stress and inflammation (2).
Autophagy is a catabolic process that plays pivotal roles in
metabolism, cell death, and differentiation (3, 4). An excess
amount of lipids, aggregated proteins, and organelles is
degraded through the autophagic process, which is one of the
protective mechanisms used to remove unused cellular materi-
als (5, 6). Macroautophagy (hereafter autophagy) occurs
through a series of events forming membrane-like structure,
compartmentalization, and fusion of vesicles that generate
autophagolysosome (5). Impairment of the lysosomal degrada-
tion process causes reduced autophagic flux leading to serious
disorders in cardiovascular and metabolic tissues (7–9).
An 11-year follow-up study shows that green tea consump-

tion is associated with reduced mortality due to cardiovascular
diseases but not with mortality due to cancer (10). We and
others have shown that the most abundant green tea polyphe-
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nol, epigallocatechin-3-gallate (EGCG), has beneficial health
effects in various pathophysiological conditions, including
insulin resistance, endothelial dysfunction, and ischemia-rep-
erfusion injuries (11–13).One of themolecularmechanisms for
EGCG-mediated protective effects is through activation of
adenosine monophosphate-activated protein kinase (AMPK)
(14, 15). However, the molecular mechanisms for linking
EGCG-stimulated AMPK and autophagy with regard to lipid
metabolism are not known. Furthermore, although polyphe-
nols, including EGCG and resveratrol, have effects on lipolysis,
it is not known whether the lipolysis is associated with lipo-
phagy (16, 17).
In this study, we investigated the mechanism of EGCG-in-

duced autophagy and its role in accumulation of intracellular
lipid accumulation. Here, we show that EGCG-stimulated
autophagy is (at least in part) through a CaMKK�/AMPK-me-
diated mechanism and has a role in degradation of lipid drop-
lets in vascular endothelial cells. Our data demonstrate a novel
mechanism for polyphenols to regulate lipidmetabolism in vas-
cular endothelial cells.

EXPERIMENTAL PROCEDURES

Materials—Anti-LC3 (4599), anti-ATG5 (8540), anti-pAMPK
(2531), anti-AMPK (2532), anti-pAkt (9271), anti-pULK1 (5869),
anti-ULK (4773), anti-pmTOR (2971), and anti-mTOR (2972)
antibodies were obtained from Cell Signaling Technology. Anti-
CaMKK� (sc-50341) and anti-LAMP-1 (sc-17768) antibodies
were obtained from Santa Cruz Biotechnology. EGCG (Sigma,
E4143) and anti-�-actin (Sigma, A5316) antibody were
obtained from Sigma. Anti-SQSTM1(p62) was purchased from
BD Biosciences (610832). Dicer siRNA for bovine ATG5 and
CaMKK� and scrambled dicer siRNA were purchased from
Integrated DNA Technologies. 3-Methyladenine (3977),
PD98059 (1213), SB203580 (1202), compound C (3093), and
STO-609 (1551) were obtained from Tocris Biosciences (Min-
neapolis, MN). Some of the inhibitors were dissolved in
dimethyl sulfoxide (DMSO), and we confirmed that the vehicle
alone did not affect our results.
Cell Culture and Transfection—Bovine aortic endothelial

cells (BAEC) in primary culture were obtained from Cell
Applications (San Diego) and maintained in F-12K media
containing 5% fetal bovine serum (FBS), endothelial cell
growth supplement (15 �mol/ml, CB40006B, BD Biosci-
ences), heparin sulfate (50 �g/ml, Sigma, H3393), penicillin
(100 units/ml), and streptomycin (100 �g/ml). All experi-
ments were conducted on BAEC between three and six
passages. BAEC were transfected with dicer siRNA using
INTERFERin� reagents (Polyplus Transfection, 409-50)
according to the manufacturer’s instructions. One day after
transfection, cells were serum-starved for 2 h and then treated
with EGCG or inhibitors as indicated in the legends to figures.
The sequences are as follows: dicer siRNA for bovine atg5, 5�-
rArArUrCrUrCrUrCArCrUrGrUrUrCrArUrUrArUrCrArAr-
ArGrUrU-3� and 5�-rCrUrUrUrGrArUrArArUrGrArArCrAr-
GrUrGrArGrArGrATT-3�; bovine CaMKK�, 5�-rGrCrUr-
UrCrUrUrGrArGrGrArUrGrGrCrArArUrUrUrCrCrUrGr-
GrU-3� and 5�-rCrArGrGrArArUrUrGrCrCrArUrCrCrUrCr-
ArArGrArAGC-3�; and dsi scrambled RNA, 5�-rArUrAr-

CrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArArCrGr-
ArC-3� and 5�-rCrGrUrUrArArUrCrGrCrGrUrArUrArAr-
UrArCrGrCrGrUrAT-3�.
Preparation of Cell Lysate and Immunoblotting—Cells were

briefly washedwith ice-cold PBS after the indicated treatments.
Cells were then scraped in lysis buffer containing 50 mM Tris
(pH 7.2), 125 mMNaCl, 1% Triton X-100, 0.5% Nonidet P-40, 1
mMEDTA, 1mMNa3VO4, 20mMNaF, 1mM sodiumpyrophos-
phate, and complete protease inhibitor mixture (Roche Applied
Science, 05056489001). Cell debris was pelleted by centrifugation
at 17,000 � g for 10 min at 4 °C. Supernatants were then boiled
with Laemmli sample buffer for 5min, and proteinswere resolved
by 12% SDS-PAGE, transferred to nitrocellulosemembranes, and
immunoblotted with primary antibodies, and peroxidase-conju-
gated secondary antibodies were incubated. The bands were visu-
alized by using SuperSignal chemiluminescent substrate (Pierce,
34078). Immunoblots were quantified by Image analyzer (Vision
Works LS) and UVP Bioimaging Systems.
Transmission Electron Microscopy—Bovine aortic endothe-

lial cells were serum-starved for 2 h and then treated with
EGCG (10 �M) for 2 h. The cells were fixed with 2.5% glutaral-
dehyde in 0.1 mM cacodylate buffer (pH 7.4) for 1 h at 4 °C and
post-fixed, dehydrated, and then embedded in epoxy resin.
Ultra-thin sections (70–90 nm)were observedwith a transmis-
sion electron microscope (FEI Tecnai T12 120 kV (Hillsboro,
OR)). Images were captured on an AMT XR 60B CCD (Dan-
vers, MA). Quantification was performed in individual frames
using ImageJ software (National Institutes ofHealth, Bethesda).
The data were shown by the ratio of the total area of autopha-
gosomes and autolysosomes to the total cytoplasmic area.
Immunocytochemistry—To visualize lipid droplets, cells

grown on coverslips were fixed with 4% formaldehyde in PBS
and then stainedwith BODIPY 493/503 (Invitrogen, D3922) for
30 min at room temperature. For immunofluorescent staining
of cells, cells were treated as described in the figure legends.
After stimulation, cells were fixed in 4%paraformaldehyde/PBS
for 10min, and the cells were washed with PBS. Cells were then
permeabilized with 0.1% Triton X-100/PBS for 5 min and
washed with PBS. Cells were blocked with 5% BSA/PBS for 1 h
and then incubated with anti-LC3 or anti-LAMP-1 antibody in
5% BSA/PBS at 4 °C overnight. Cells were washed with PBS
three times (5 min each) and then incubated with Alexa 555-
conjugated goat anti-rabbit IgG (Invitrogen, A21422) for 1 h at
room temperature. Images were acquired with an Axiovert flu-
orescence microscope (Carl Zeiss Ltd., Thornwood, NY).
10–15 cells were randomly selected from each treatment to
calculate the average number of lipid droplets and the percent-
age of co-localization per cell. Quantification was performed
using ImageJ software (National Institutes of Health), and the
percentage of co-localizationwas calculated by JACoPplugin of
ImageJ. The data shown were from one representative experi-
ment of three independent repeats.
Calcium Measurements—The intracellular Ca2� levels in

BAEC were recorded using the Ca2� indicator fluo-3 (Invitro-
gen, F-14218) and a modification of previously described pro-
cedures (18, 19). Cell suspension was applied onto polyethyl-
eneimine (1 mg/ml)-coated coverslips. Cells were allowed to
adhere for 1 h, upon which floating cells were washed away.

EGCG Facilitates Lipophagy

22694 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 31 • AUGUST 2, 2013



Coverslips containing adhered cells were placed overnight in
culturing medium in a 5% CO2, 95% air atmosphere incubator
at 37 °C. The following day, after 2 h of serum starvation at
37 °C, BAECwere loaded with the acetoxymethyl (AM) ester of
fluo-3 (10�g/ml) for 20min at room temperature (20–24 °C) in
external solution containing (in mM) the following: 140 NaCl, 5
KCl, 2 CaCl2, 2 MgCl2, 5 glucose, and 10 HEPES (pH 7.4); dis-
persion of the ester was aided by 0.025% Pluronic F-127
(Invitrogen, P3000MP). After washing, the indicator was
permitted to de-esterify for 20 min in BAEC at room tem-
perature in external solution. Coverslips containing fluo-3-
loaded BAEC were then mounted onto a recording chamber
and visualized. Images were acquired every 5 s, the first 10 s

being used as a base line to establish F0 (see below). After
image 10, we bath applied EGCG (10 �M, 200 s) to test its
effects on intracellular Ca2� levels. Ca2� responsiveness was
confirmed in cells at the end of each experiment by using the
Ca2� ionophore 4-bromo-A23187 (10 �M, 200 s, B1494,
Invitrogen) as described previously (20).
To assess contribution of the ER Ca2� store to EGCG-in-

ducedCa2� dynamics in BAEC,we employed a commonly used
procedure described elsewhere (21). Briefly, BAEC were prein-
cubated in external solution supplemented with cyclopiazonic
acid (CPA, 20�M, 30min; Sigma, C1530), a blocker of ERCa2�-
ATPase. After allowing the ER store to deplete for 30 min, we
bath applied EGCG in the presence of CPA.

FIGURE 1. EGCG stimulates autophagy. BAEC were treated with EGCG for the indicated times. Cell lysates were analyzed by Western blot using antibodies
against the indicated proteins. A and B, time course of EGCG (10 �M) effect on LC3-II formation. Data are mean � S.E. *, p � 0.05; **, p � 0.01 versus control (0
time point). C and D, dose-dependent response to EGCG on LC-3-II formation. Data are mean � S.E. **, p � 0.01; ***, p � 0.001 versus control (no treatment). E
and F, BAEC were transfected with control scrambled or ATG5 siRNA and incubated for 48 h. The cells were serum-starved for 2 h and then treated without or
with EGCG (10 �M) for 4 h. LC3-II bands from three independent experiments were quantified and normalized for �-actin. Data are mean � S.E. (**, p � 0.05,
versus scrambled siRNA treated).
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All experiments were done at room temperature.We used an
inverted microscope (TE 300; Nikon, Melville, NY) equipped
with wide field epifluorescence.
For visualization of fluo-3, we used a standard fluorescein/

FITC filter set (Chroma, Rockingham, VT). Images were cap-
tured through a�60 PlanApo oil-immersion objective (numer-
ical aperture (NA), 1.4; Nikon) using a CoolSNAP-HQ-cooled
charge-coupled device camera (Roper Scientific, Tucson, AZ)
driven by V�� imaging software (Digital Optics, Auckland,
New Zealand). For time-lapse image acquisition, a camera and
an electronic shutter (Vincent Associates, Rochester, NY)
inserted in the excitation pathway were controlled by software.
A xenon arc lamp (100 watts) was used as a light source. All
images shown in figures and supplemental movies represent
raw data with their pixel intensities within the camera’s (Cool-
SNAP-HQ) dynamic range (0–4095). In analysis, all imaging
data were background subtracted using regions of the coverslip
field containing no cells. Data are expressed as dF/F0 (%), where
dF represents the change of fluorescence, and F0 represents the
base-line fluorescence of cells (10 consecutive images). Ca2�

transients from background subtracted fluo-3 emission traces
were declared Ca2� peaks if over two consecutive images their
dF values exceeded the F0 � S.D. Oscillatory events were
counted for each cell, and their peaks (amplitudes) dF/F0 were
determined. Cumulative Ca2� responses were calculated by
summing dF/F0 for individual time points during the entire
EGCG challenge of BAECs.
All data on Ca2� dynamics fulfill normality as established

using the Shapiro-Wilk test. The effects of CPA on EGCG-
induced Ca2� dynamics (number of oscillatory events, peak
and cumulative dF/F0) were tested using t tests. Data are
expressed as means � S.E.
RT-PCR—The cells were treated as described in the figure

legends. Total RNA was prepared by using TRIzol (Invitrogen,

15596018) according to the manufacturer’s instructions. One
microgram of total RNAwas used for cDNA synthesis by using
the Omniscript RT kit (Qiagen, 205113). Then the cDNA was
subjected to semi-quantitative PCR analysis by using Hot Star
TaqMaster Mix kit (Qiagen, 203445). PCR product was visual-
ized with fluorescent dye (Helix Technologies, HDS001), and
the image was analyzed and quantified by Image analyzer
(Vision Works LS) and UVP. The primers for CaMKK� are
forward, TGAAGACCAGGCCCGTTTCTACTT, and reverse,
TCACACCAAAGTCCGCGATCTTGA; and for �-actin are
forward, CTGGCACCCAGCACAATGAAG, and reverse,
TAGAAGCATTGCGGTGGACG.

RESULTS

EGCG Stimulates Autophagy—Because formation of LC3-II
by cleavage and lipidation is an indication of autophagy (22–
24), we examined whether EGCG stimulates LC3-II formation.
Treatment of BAEC with EGCG increased LC3-II formation in
a time-dependent (Fig. 1, A and B) and dose-dependent (Fig. 1,
C and D) manner. To confirm that EGCG-stimulated LC3-II
formation is through an autophagy-dependent mechanism, we
transiently transfected BAEC with siRNA for atg5 and then
treated BAEC without or with EGCG. Knockdown of atg5 (one
of the genes required for autophagy, 40% reduction in ATG5
protein expression) reduced EGCG-stimulated LC3-II forma-
tion (Fig. 1, E and F). The data suggest that EGCG-stimulated
LC3-II formation is through an autophagy-dependent mecha-
nism. Next, we also observed the autophagosome formation by
electron microscopy after treating the BAEC without or with
EGCG (10 �M) (Fig. 2). EGCG stimulated formation of
autophagolysosome-like structure and made compartments
that have less dense areas compared with the normal cellular
density (white triangles) and autophagosomes (Fig. 2A, solid
line arrow). Phagophore and doublemembrane structures indi-

FIGURE 2. Electron microscopic images of BAEC treated without or with EGCG. A and B, BAEC were treated without (upper panels) or with (lower panels) 10
�M EGCG for 2 h. Autophagosomes (thin solid arrows), autophagolysosomes (white triangle), and phagophore (black arrow) are indicated. C and D, areas of
autophagosome and autophagolysosome were calculated as described under “Experimental Procedures.” Data are mean � S.E. (***, p � 0.001, versus
nontreated (NT) cells).
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cate that active autophagy occurs with EGCG treatment (Fig.
2B). The autophagosome area (Fig. 2C) and autophagolyso-
somal (Fig. 2D) area were increased 3- and 7-fold, respectively,
in the EGCG-treated cells when comparedwith untreated cells.
The rates of autophagosome formation and degradation are
steady state in normal conditions, which is altered in various
stressful conditions (25). We examined whether EGCG stimu-
lates autophagic flux by comparing accumulation of LC3-II
with and without inhibition of lysosomal degradation. We
blocked lysosomal degradation by using ammonium chloride/
leupeptin (NH4Cl/Leu) as reported previously (26). Treatment
with NH4Cl/Leu alone causes accumulation of LC3-II, and
treatment with EGCG and NH4Cl/Leu further enhanced the
accumulation of LC3-II (Fig. 3,A and B). The subtracted values
(the difference in the amount of LC3-II without blocking lyso-
somal degradation from the value with lysosomal degradation)
indicate that EGCG stimulates autophagic flux (Fig. 3C).
Sequestosome 1 (SQSTM1, p62), a ubiquitin-binding protein,
is involved in autophagy and is known as an indication of
autophagic degradation (27–29).We examinedwhether EGCG

facilitates degradation of SQSTM1. Treatment of EGCG signif-
icantly decreased the SQSTM1 level (Fig. 3, D and E). This
suggests that EGCG enhances autophagic degradation.
EGCG-stimulated LC3-II Formation Is through a CaMKK�/

AMPK-mediated Mechanism—We previously reported that
EGCG stimulates AMPK (30). Because AMPK directly phos-
phorylates uncoordinated-51-like kinase (ATG1/ULK1) (31,
32), we examined whether EGCG stimulates phosphorylation
of AMPK and ULK1. Treatment of BAEC with EGCG stimu-
lated the phosphorylation ofAMPKandULK1 in a time-depen-
dent manner (Fig. 4A). To identify signal transduction path-
ways for EGCG-stimulated autophagy, we treated BAEC with
various inhibitors. EGCG-stimulated LC3-II formation was
inhibited by 3-methyladenine (PI3K inhibitor), compound C
(AMPK inhibitor), and STO-609 (CaMKK� inhibitor) but not
by PD98059 (MEK inhibitor) and SB203580 (p38MAPK inhib-
itor) (Fig. 4, B and C). We previously demonstrated that EGCG
stimulates H2O2 production, which is known to stimulate
CaMKK� and AMPK in vascular endothelial cells (33). Thus,
we examined whether H2O2 is involved in LC3-II formation.

FIGURE 3. EGCG enhances autophagic flux. A and B, BAEC were treated without or with EGCG (10 �M, 4 h). The lysosomal inhibitor (NH4Cl (20 mM), Leu (200
�M)) was treated 1 h prior to cell harvest, and cell lysate was collected and analyzed by immunoblotting for LC3-II formation. Three independent experiments
were performed, and the density of LC3-II/LC3-I was quantified. Data are mean � S.E. (***, p � 0.001). C, differences between the absence and presence of
NH4Cl/Leu were calculated for the indication of autophagic flux. Three independent experiments were quantified and calculated. Data are mean � S.E. (*, p �
0.05). D and E, BAEC were treated without or with EGCG (10 �M) for the indicated time points. Cell lysate was harvested and analyzed by immunoblot with
anti-SQSTM1(p62) antibody. SQSTM1 was significantly degraded by treatment with EGCG, which indicates autophagic degradation was enhanced. Three
independent experiments were performed, and data are mean � S.E. (***, p � 0.001). NT, not treated.
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However, pretreatment of cells with N-acetylcysteine, an anti-
oxidant, was not able to inhibit the EGCG-stimulated LC3-II
formation (Fig. 4, D and E). In contrast, the same amount of
N-acetylcysteine was able to inhibit EGCG-stimulated phos-
phorylation of Akt (Fig. 4, F and G). Inhibition of CaMKK� by
STO-609 inhibited EGCG-stimulated phosphorylation of
AMPK and ULK1 (Fig. 5, A and B). mTOR plays an important

role in autophagy, and inhibition of mTOR stimulates
autophagy in response to various stimuli (34, 35).We examined
whether EGCG inhibits phosphorylation of mTOR. Surpris-
ingly, EGCGdid not inhibit the phosphorylation ofmTOR, and
pretreatment with STO-609 did not affect the EGCG-stimu-
lated phosphorylation of mTOR (Fig. 5C). These data suggest
that the EGCG-stimulated autophagy is independent of mTOR

FIGURE 4. EGCG-stimulated autophagy is through AMPK and CaMKK� but not through reactive oxygen species production. A, BAEC were treated with
EGCG (10 �M) for the indicated times, and then cell extracts were analyzed by immunoblotting with the indicated antibodies. Three independent experiments
were performed and quantified. B and C, BAEC were pretreated with inhibitors for 30 min; 3-methyladenine (3-MA, 5 mM), PD98059 (PD, 25 �M), SB203508 (SB,
10 �M), compound C (CC, 10 �M), or STO-609 (STO, 10 �M), and then treated with EGCG (10 �M, 4 h). Cell extracts were analyzed by Western blot by using the
indicated antibodies. Data are mean � S.E. (*, p � 0.05; **, p � 0.01 versus EGCG alone). D–G, BAEC were pretreated with the indicated dose of N-acetylcysteine
and then treated with EGCG (10 �M, 4 h, D and E, or 3 h, F and G). Cell extracts were analyzed by Western blot using the indicated antibodies. Experiments were
repeated three times and quantified by densitometry. Data are mean � S.E., ***, p � 0.001.
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activity. To confirm that CaMKK� is involved in EGCG-stim-
ulated LC3-II formation, we transiently transfected BAECwith
siRNA for CaMKK�, and we then treated with EGCG. Knock-
down of CaMKK� by siRNA was able to reduce the mRNA
expression of CaMKK� by 48%. Reduction of CaMKK� inhib-
ited EGCG-stimulated LC3-II formation (Fig. 5D). Thus, the
data suggest that EGCG stimulates autophagy through a
CaMKK�-mediated mechanism.
EGCG Stimulates Cytosolic Ca2� Levels That Are Required

for LC3-II Formation—BecauseCaMKK� requires intracellular
calcium signaling to be activated (36), we evaluated if BAEC
have the ability to increase cytosolic Ca2� (Ca2�

cyt) in response
to EGCG. Serum-starved BAECwere loaded with the Ca2� dye
fluo-3 to monitor their Ca2�

cyt levels. Bath applied EGCG (10
�M, 200 s) caused an increase in Ca2�

cyt levels, which displayed
an oscillatory pattern (n � 44) (supplemental Movie 1). It has
been established that in other cells, e.g. astrocytes, this oscilla-

tory pattern resembles calcium release from internal stores,
mainly ER (19, 37). To test whether internal Ca2� stores, in
particular the ER store, supply Ca2� during EGCG stimulation
of BAEC,we pretreated serum-starvedBAECwithCPA (20�M,
30 min), a widely used blocker of ER Ca2�-ATPase. During the
course of this pretreatment with CPA, the depletion of the ER
store in the presence of extracellular Ca2�was evident as a slow
increase in Ca2�

cyt levels (n � 36; dF/F0 � 47 � 3%; p � 0.01,
paired t test), which reached a new base line (Fig. 6, compare
images a inA andB). Becausewewere interested in the ability of
BAEC to handle Ca2�

cyt once the ER store had been depleted,
we used Ca2�

cyt levels after the CPA pretreatment as a base line
(F0) for further analysis. Indeed, CPA was kept throughout the
remainder of the experimental paradigm. Hence, bath applica-
tion of EGCG to CPA-treated cells (n � 36) caused attenuated
Ca2�

cyt dynamics (Fig. 6B and supplementalMovie 2); the aver-
age number of oscillatory events was reduced when compared

FIGURE 5. CaMKK� is involved in EGCG-stimulated AMPK, ULK1, and autophagy but not mTOR. A–C, BAEC were pretreated with STO-609 (10 �M) for 30
min and then treated with EGCG (10 �M) for 2 min. Cell lysates were analyzed by immunoblotting with the indicated antibody. The increased fold was
calculated by LC3-II/�-actin. Experiments were repeated three times and quantified by densitometry. Data are mean � S.E.; ns � 0.05, **, p � 0.01, and ***, p �
0.001. D, BAEC were transfected with control scrambled or CaMKK� siRNA and incubated for 48 h. The cells were serum-starved for 2 h and then treated without
or with EGCG (10 �M) for 4 h. LC3-II bands from three independent experiments were quantified and normalized for �-actin. Reduction of CaMKK� was
examined by RT-PCR. Data are mean � S.E. (**, p � 0.01, and ***, p � 0.001).
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with those recorded from the control cells (n � 44) exposed to
EGCG in the absence of CPA (Fig. 6C; 3.3 � 0.6 and 5.7 � 0.9,
respectively). Furthermore, peaks/amplitudes of oscillatory
events were decreased in CPA-treated cells in comparison with
control cells (peak dF/F0 � 24 � 7 and 55 � 16%, respectively)
(Fig. 6D). These data point toward BAEC utilization of the ER
store for supply of cytosolic Ca2� during the EGCG challenge.

To critically evaluate the amount of Ca2� supplied from the
ER store to cytosol during the entire EGCG stimulus, we
obtained cumulative Ca2� responses. CPA-treated cells in
comparison with control cells showed grossly reduced EGCG-
induced cumulative Ca2� responses (cumulative dF/F0 �
108 � 18 and 654 � 157%, respectively; t test, p � 0.01) (Fig.
6E). Therefore, BAEC respond to EGCG by an increase in
Ca2�

cyt showing an oscillatory pattern, and this Ca2� excitabil-
ity requires the supply of Ca2� from the ER store. It should be
noted, however, that the cumulative response is not completely
blocked by CPA, which may indicate that other sources of
Ca2�, such as the entry from the external space and mitochon-
dria, might also contribute to EGCG-inducedCa2� excitability;
for discussion of Ca2� sources, see Ref. 20. This intracellular
Ca2� contributed to EGCG-stimulated LC3-II formation
because chelating intracellular Ca2� by BAPTA-AM (10�M, 30

min) or by the presence of extracellular EGTA (1 mM, 30 min)
inhibited LC3-II formation (Fig. 6F).
EGCG Facilitates Autophagic Flux and Lipophagy—It has

been demonstrated that treatment with palmitate inhibits
autophagic flux in pancreatic beta cells (38). So, we examined
whether EGCG affects autophagic flux that was inhibited by
palmitate.We treated BAECwith palmitate (200�M, 4 h) in the
presence or absence of lysosomal inhibitors (NH4Cl/Leu) (Fig.
7). As expected, the ratio of LC3-II/LC3-I was not further
increased in the presence of the lysosomal inhibitor complex
(NH4Cl/Leu) compared with the cells incubated with palmitate
in the absence of NH4Cl/Leu. In contrast, treatment of BAEC
with EGCG and palmitate increased the ratio of LC3-II/LC3-I
in the presence of NH4Cl/Leu compared with the cells treated
withoutNH4Cl/Leu. The results suggest that palmitate inhibits
lysosomal degradation of LC3-II, which is opposed by treat-
ment with EGCG. Excess intake of lipid causes obesity and
ectopic lipid accumulation, which is implicated as one of the
causes for cardiometabolic syndrome (39–41). Fatty acid over-
load increases intracellular lipid droplets, and the presence of
lipid droplets in non-adipose tissue plays a role in various
pathophysiologies (42, 43).We examinedwhether EGCG-stim-
ulated autophagic flux contributes to the reduction of intracel-

FIGURE 6. Elevation of intracellular calcium is required for EGCG-stimulated autophagy. A, serum-starved BAEC were pre-loaded with fluo-3 (10 �g/ml)
and then stimulated with EGCG (10 �M). Cytosolic fluorescence was observed and quantified. The pseudocolor scale is a linear representation of the fluores-
cence intensity ranging from 200 to 1200 intensity units. Oscillation of calcium signaling was observed in EGCG-treated cells. B, BAEC were pretreated with CPA
(20 �M) 30 min prior to EGCG treatment. C–E, pretreatment of BAEC with CPA reduced calcium signaling. C, number of events; D, peak of signaling; and E,
cumulative fluorescence were quantified as described under “Experimental Procedures”; F, bovine aortic endothelial cells were pretreated with Ca2� chelators
for 30 min, EGTA (1 mM), or BAPTA-AM (10 �M), and then treated with EGCG (10 �M, 4 h). **, p � 0.01. Cell lysates were harvested and analyzed by immuno-
blotting. LC3-II bands from three independent experiments were quantified and normalized for �-actin. Data are mean � S.E. (*, p � 0.05).
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lular lipid droplets. Treatment with palmitate caused accumu-
lation of lipid droplets (Fig. 8,A–D, the 3rd rows, and E) that are
decreased by EGCG (Fig. 8, A and C, the 4th rows, and E). This
EGCG-stimulated reduction of lipid droplets was diminished
by treatmentwithNH4Cl/Leu (Fig. 8,B andD, the 4th rows, and
E). The accumulation of lipid droplets was observed only in the
cells treatedwith palmitate andnot in the cells treatedwithBSA
or BSA plus EGCG (Fig. 8, A–D, the 1st and the 2nd rows). To
test whether lipid droplets are associated with lipophagy, we
examined whether LC3 (Fig. 8, A and B) or LAMP-1 (Fig. 8, C
and D) co-localize with lipid droplets. In the cells treated with
palmitate, only a small number of co-localizationswas observed
both in the presence and absence of NH4Cl/Leu (Fig. 8, A–D,
the 3rd rows). When the cells were treated with palmitate and
EGCG, the number of co-localizations between lipid droplets
with LC3 or LAMP-1 was slightly increased in the absence of
NH4Cl/Leu, probably due to the rapid degradation (Fig. 8, A
andC, the 4th rows), and significantly increased in the presence
of NH4Cl/Leu (Fig. 8, B and D, the 4th rows). To exclude the
possibility that EGCG inhibits formation of lipid droplets, we
treated BAEC with EGCG after incubation with palmitate (Fig.
8H, right column) and compared the results with co-treatment
with palmitate and EGCG (Fig. 8H, left column). The number of
lipid droplets was almost identical whether EGCG was treated
together with or after palmitate (Fig. 8I). This suggests that the
effect of EGCG in reduction of lipid droplets is mainly depend-
ent on degradation but not inhibition of formation. These
results suggest that EGCG decreases accumulation of lipid
droplets through facilitation of lysosomal degradation, which

may contribute to prevention of lipotoxicity in vascular endo-
thelial cells.

DISCUSSION

This study demonstrates that EGCG stimulates autophagy
through a CaMKK�/AMPK-dependent mechanism and facili-
tates autophagic flux (Fig. 9). Furthermore, EGCG-stimulated
lysosomal degradation leads to reduced accumulation of intra-
cellular lipid droplets in vascular endothelial cells. These EGCG
effects in vascular endothelium may contribute to protection
from lipid-mediated endothelial dysfunction and cardiovascu-
lar complications.
EGCG Induces Autophagy throughAMPKandCaMKK�—In

this study, we demonstrate that EGCG induces autophagosome
and autophagolysosome formation (Fig. 2) through a
CaMKK�/AMPK signaling pathway leading to facilitation of
autophagic flux (Figs. 3 and 5).
Previously, it has been shown that a high concentration (50–

100 �M) of EGCG stimulates autophagy leading to cell death in
cancer cells (44, 45). Another study reported that EGCG stim-
ulates autophagy, which leads to inhibition of endotoxin-in-
duced septic shock through EGCG-induced degradation of
HMGB1, a late lethal inflammatory factor (46). However, a
molecular mechanism for the EGCG-stimulated autophagy
with regard to Ca2�/CaMKK� and lipid droplet is unknown. In
this study, we demonstrate a novelmechanism for EGCG-stim-
ulated autophagy and its functional consequence in degrada-
tion of lipid droplets.
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 (47). Thus,
activation of AMPK is crucial for initiation of autophagy.
Because AMPK is an energy-sensing enzyme recognizing the
AMP/ATP ratio, starvation conditions activate autophagy
through an AMPK-dependent mechanism (48). Thus, EGCG
may be mimicking starvation or caloric restriction conditions,
which are consistent with the beneficial health effects of poly-
phenols, including EGCG and resveratrol (49–52). EGCG also
has an anti-diabetic effect that is similar to metformin, an anti-
diabetic drug that activates AMPK (53). This suggests that
EGCGandmetforminmayhave a commonmechanism to ame-
liorate metabolic and cardiovascular disorders. Knockdown of
ATG5 or CaMKK� was significantly but not completely able to
block the LC3-II formation (Figs. 1E and 5D). This may be due
to the incomplete removal of ATG5 or CaMKK�, because
siRNAs were able to knock down only 40 and 48% of ATG5 and
CaMKK�, respectively. However, it is possible that the remain-
ing LC3-II after knockdown of ATG5 orCaMKK� could be due
to theCaMKK�- orATG5-independentmechanism.Using pri-
mary cells from knock-out mice may help to understand the
precise mechanism. In this study, our results suggest that
EGCG stimulates LC3-II formation at least in part through an
ATG5- and CaMKK�-mediated mechanism.

We observed that EGCG activates AMPK, whereas EGCG
did not stimulate the phosphorylation ofmTOR (Fig. 5C). Acti-
vation of AMPK inhibits mTOR in starvation-induced
autophagy (54, 55). However, we were not able to observe that
mTOR is inhibited by EGCG, which may be a cell type-specific

FIGURE 7. Palmitate-induced inhibition of autophagic flux, which was
opposed by co-treatment with EGCG. BAEC were treated with BSA (0.1%) or
palmitate (200 �M)/BSA conjugate in the presence or absence of EGCG (10
�M) for 4 h. Lysosomal inhibitor (20 mM NH4Cl, 200 �M leupeptin) was treated
1 h prior to cell harvest. Cell lysate was analyzed by immunoblotting for LC3-II
formation. Three independent experiments were performed, and density of
LC3-II/LC3-I was quantified. Data are mean � S.E. (*, p � 0.05; ***, p � 0.001).
ns, not significant.
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or a stimulus-specific response. Interestingly, we observed that
EGCG was not able to induce LC3-II formation in mouse
embryonic fibroblasts (data not shown). In addition, other
studies have shown that palmitate induces autophagy through
an mTOR-independent mechanism (56). This unexpected

result suggests that EGCG-stimulated accumulation of LC3-II
is independent of the mTOR pathway.
EGCG Induces Cytosolic Ca2� Dynamics Implicated in

Autophagy—EGCG induces intracellular Ca2� dynamics, and
chelating cytosolic calcium by BAPTA-AM or reducing avail-

FIGURE 8. EGCG enhances lipophagy. BAEC were seeded on glass coverslips. Cells were treated with BSA (0.1%) (the top two rows in A–D) or palmitate (200
�M)/BSA (0.1%)) conjugate (the bottom two rows in A–D) in the absence or presence of EGCG (10 �M) for 4 h without (A and C) or with (B and D) lysosomal
inhibitors (20 mM NH4Cl, 200 �M leupeptin). The accumulation of lipid droplets was stained with BODIPY 493/503 (green). The co-localization of lipid droplets
with LC3 (A and B, red) or LAMP-1 (C and D, red) was by immunocytochemistry using anti-LC3 and anti-LAMP-1 antibodies as described under “Experimental
Procedures.” Insets show the higher magnification of the areas in the squares. Arrows indicate co-localization events. Nucleus was stained with Hoechst 33342
(blue). E, number of lipid droplets (LDs) was counted, and the average number of lipid droplets per cell was calculated. Data are mean � S.E. (*, p � 0.05; **, p �
0.01, and ***, p � 0.001, n � 12). The percentage of lipid droplet co-localization with LC3 (F) or LAMP-1 (G) in cells treated with palmitate in the absence or
presence of EGCG without or with NH4Cl/leupeptin was quantified. Data are mean � S.E. (*, p � 0.05, n � 6). H and I, BAEC were incubated with palmitate (200
�M)/BSA (0.1%) conjugate without or with EGCG (10 �M) for 4 h (left column) or preincubated with palmitate for 4 h and then treated without or with EGCG (10
�M) for another 4 h (right column). Cells were fixed with paraformaldehyde and then stained with BODIPY 493/503 (green). Nuclei were stained with Hoechst
33342 (blue). The number of lipid droplets (LDs) was counted, and the average number of lipid droplets per cell was calculated. Data are mean � S.E. (***, p �
0.001, n � 10).
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ability of extracellular Ca2� by EGTA suppressed autophagy
(Fig. 6F). This suggests that cytosolic Ca2� load is necessary for
EGCG-induced autophagy. Consistent with our data, previous
reports show that the heightened free cytosolic calcium induces
autophagy through activation of CaMKK� andAMPK (57–59).
EGCG stimulates Ca2� release from the ER store, because
treatment with CPA, a blocker of ER Ca2�-ATPase, reduced
cytosolic Ca2� load. It has been shown that Ca2� is required for
CaMKK� to activate AMPK, although CaMKK� can autono-
mously activate other substrates, including CaMKI and
CaMKIV, without Ca2�/CaM binding (60). Our data suggest
that the elevated cytosolic Ca2� dynamics are necessary for
EGCG-stimulated autophagy. Resveratrol, a major polyphenol
in red wine, activates CaMKK�/AMPK through inhibition of
cAMP-degrading phosphodiesterase and PKC� that leads to
the activation of ryanodine receptor to increase intracellular
calcium levels (52). However, the link between autophagy and
polyphenol-induced intracellular calcium is not known. Here,
we show for the first time that EGCG elicits an increase in
cytosolic Ca2�, which contributes to autophagy. In addition to
the signaling molecules to stimulate the CaMKK�/AMPK axis,
increased cytosolic Ca2� may contribute to autophagosomal
membrane formation from the ERmembrane. Previously, it has
been shown that ERmembranes co-localize with calciumphos-

phate precipitate-induced LC3-positive autophagosome (61).
This suggests that calcium-induced autophagosome formation
may be attributable to interaction with the ERmembrane. Fur-
ther studies are necessary to reveal the role of cytosolic Ca2�

and CaMKK� in autophagy.
EGCG Facilitates Lipophagy—In this study, we demonstrate

that EGCG facilitates autophagic flux, which contributes to
oppose palmitate-induced accumulation of lipid droplets in
endothelial cells (Figs. 7 and 8). Reduction of lipid droplets in
endothelial cells through autophagic flux suggests a novel
mechanism for EGCG-mediated beneficial health effects.
Autophagy (or lipophagy) plays a role in lipid metabolism both
in adipose tissue and in non-adipose tissue (42, 43, 62). Reduc-
tion of lipid accumulation in adipose tissue leads to weight loss
and improvement of whole body metabolism. In contrast,
reduced lipid accumulation in vascular endothelium may con-
tribute to cardiovascular function, because triglyceride and
cholesterols are themajor components of lipid droplets that are
associated with atherosclerosis and coronary heart disease.
Chronic high fat diet and acute high cholesterol diet lead to
impaired lysosomal degradation (63), and fatty acid inhibits
autophagic flux due to the failure of lysosomal degradation in
beta cells (38). Consistentwith these reports, our data show that
palmitate impairs autophagic flux in primary aortic endothelial
cells, and EGCG enhances degradation of lipid droplets
through facilitation of autophagic flux.
Despite the reduced number of lipid droplets in the EGCG-

treated cells, a larger number of lipid droplets co-localize with
LC3 and LAMP-1 in the presence of NH4Cl/Leu (Fig. 8). The
reason for the smaller number of lipid droplets and the fewer
co-localizations of lipid droplets and LC3 or LAMP-1 in the
presence of EGCG without NH4Cl/Leu seems to be due to the
rapid degradation of lipid droplets.
The accumulation of lipid droplets is much more prominent

in the cells treated with palmitate alone than the cells treated
with palmitate alongwith EGCG.One possibility is that triglyc-
eride synthesis could be slower in EGCG-treated cells. How-
ever, we observed that reduction of the lipid droplet was almost
identical whether the cells were co-treated or post-treated with
EGCG with palmitate (Fig. 8, H and I). Moreover, co-localiza-
tion of lipid droplets with autophagosomes was markedly
increased in the EGCG-treated cells when lysosomal degrada-
tion was blocked (Fig. 8). These suggest that treatment with
palmitate seems to inhibit the fusion process of autophagosome
and lysosome, and the fusion is facilitated by EGCG.
Autophagic flux can be divided into three steps as follows: (i)

formation of autophagosome; (ii) formation of autolysosomeby
fusion of lysosome and autophagosome; and (iii) lysosomal deg-
radation. Formation of autophagosome was dramatically
increased by EGCGas shown the sampleswith lysosomal inhib-
itors (Fig. 3, A and B, 2nd and 4th lanes), and lysosomal degra-
dation was increased (Fig. 3, C–E). Nonetheless, our results
suggest that EGCG stimulates lipophagy through facilitation of
autophagosome formation, lysosomal fusion, and degradation.
This does not exclude the possibility that other lipases, includ-
ing hormone-sensitive lipase and endothelial lipase, may con-
tribute to reduction of lipid accumulation. In fact, EGCG stim-
ulates hormone-sensitive lipase in adipocytes and pancreatic

FIGURE 9. Schematic diagram of proposed EGCG-stimulated signaling
pathway to activate lipophagy. EGCG-induced oscillation of cytosolic Ca2�

levels by stimulating Ca2� store in ER that activates CaMKK�/AMPK pathways
and facilitation of autophagic flux. Saturated fatty acid (palmitate) causes
impairment of autophagic flux, which leads to accumulation of ectopic lipid
accumulation. The facilitated autophagic flux by EGCG affects degradation of
accumulated lipid droplets in vascular endothelial cells, which may contrib-
ute to improvement of cardiovascular function and prevention of cardiovas-
cular disease. This EGCG-stimulated lipophagy may explain the beneficial
health effect of green tea consumption.
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lipases in the serum that are associated with weight loss in adi-
pose tissue (64, 65). In contrast, our data present for the first
time that EGCG reduces endothelial ectopic lipid accumula-
tion. We previously reported that EGCG intake protects from
insulin resistance, hypertension, and ischemia-reperfusion
injury in the heart in spontaneously hypertensive rats (12).
These beneficial health effects of EGCG in cardiovascular tis-
sues may be associated with the EGCG-induced facilitation of
autophagy. Further studies are required to understand the
more detailed regulatory mechanisms for EGCG-stimulated
autophagic flux.
In summary, EGCG induces autophagy through a Ca2�/

CaMKK�/AMPK-mediated mechanism, which contributes to
reduction in the palmitate-induced accumulation of lipid
droplets in endothelial cells. These findings suggest the follow-
ing: 1) heightened intracellular calcium dynamics activating
CaMKK�/AMPK may play an important role in the beneficial
health effect of green tea; 2) EGCG stimulates autophagic flux,
a key step for autophagic degradation, which may help reduce
the accumulation of lipid; 3) supplementation of green tea may
have the a beneficial effect in endothelial function through
facilitation of lipophagy. These effects of green tea polyphenol
may help prevent metabolic and cardiovascular disorders.
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