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Epigallocatechin gallate (EGCG), a green tea polyphenol, promotes vasodilation by phosphatidyl-
inositol 3-kinase-dependent activation of Akt and endothelial nitric oxide synthase to stimulate
production of nitric oxide. Reduction in endothelin-1 (ET-1) synthesis may also increase bioavail-
ability of nitric oxide. We hypothesized that the phosphatidylinositol 3-kinase-dependent tran-
scription factor FOXO1 may mediate effects of EGCG to regulate expression of ET-1 in endothelial
cells. EGCG treatment (10 �M, 8 h) of human aortic endothelial cells reduced expression of ET-1
mRNA, protein, and ET-1 secretion. We identified a putative FOXO binding domain in the human
ET-1 promoter 51 bp upstream from the transcription start site. Trans-activation of a human ET-1
(hET-1) promoter luciferase reporter was enhanced by coexpression of a constitutively nuclear
FOXO1 mutant, whereas expression of a mutant FOXO1 with disrupted DNA binding domain did
not trans-activate the hET-1 promoter. Disrupting the hET-1 putative FOXO binding domain by
site-directed mutagenesis ablated promoter activity in response to overexpression of wild-type
FOXO1. EGCG stimulated time-dependent phosphorylation of Akt (S473), FOXO1 (at Akt phos-
phorylation site T24), and AMP-activated protein kinase � (AMPK�) (T172). EGCG-induced nuclear
exclusion of FOXO1, FOXO1 binding to the hET-1 promoter, and reduction of ET-1 expression was
partially inhibited by the AMPK inhibitor Compound C. Basal ET-1 protein expression was enhanced
by short interfering RNA knock-down of Akt and reduced by short interfering RNA knock-down of
FOXO1 or adenovirus-mediated expression of dominant-negative Foxo1. We conclude that EGCG
decreases ET-1 expression and secretion from endothelial cells, in part, via Akt- and AMPK-stim-
ulated FOXO1 regulation of the ET-1 promoter. These findings may be relevant to beneficial
cardiovascular actions of green tea. (Endocrinology 151: 103–114, 2010)

Green tea is a functional food whose consumption is
linked to reduced cardiovascular morbidity and mor-

tality in epidemiological studies (1). The bioactive poly-
phenol epigallocatechin gallate (EGCG) is the most abun-
dant catechin in green tea constituting roughly 30% of
green tea solids (2). EGCG has a number of biochemical,
cellular, and physiological actions relevant to diseases
characterized by reciprocal relationships between endo-
thelial dysfunction and insulin resistance including diabe-

tes, metabolic syndrome, and their vascular complications
(3, 4). For example, in hepatocytes, EGCG inhibits glu-
coneogenesis through activation of phosphatidylinositol
3-kinase- (PI3K) and/or AMP-activated protein kinase
(AMPK)-dependent pathways (5, 6). In vascular endothe-
lial cells, we recently reported that EGCG acutely stimu-
lates production of nitric oxide (NO) using signaling path-
ways that require activation of Fyn/PI3K/Akt/endothelial
nitric oxide synthase (eNOS) resulting in vasodilation (7).
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Moreover, NO-dependent vasodilator actions of EGCG
are implicated in effects of chronic EGCG treatment (3
wk) to simultaneously improve endothelial dysfunction,
lower blood pressure, reduce insulin resistance, and pro-
tect against myocardial ischemia/reperfusion injury in the
spontaneously hypertensive rat (SHR) (8). Beneficial ef-
fects of ACE-inhibitors and/or insulin sensitizers on car-
diovascular and metabolic phenotypes of SHR may be
mediated by both enhanced production of NO as well as
reduction in elevated levels of the vasoconstrictor endo-
thelin-1 (ET-1) (9). Endothelial dysfunction is linked to
elevated levels of ET-1 (10, 11) that oppose vasodilator
actions of NO. ET-1 may also play a role in decreasing NO
bioavailability (12, 13). When ET-1 is overexpressed in
transgenic mice, increases in blood pressure are seen only
when endothelial nitric oxide synthase (eNOS) is knocked
out (14). It is unknown whether beneficial actions of
EGCG in endothelium involve reducing expression of va-
soconstrictors, including ET-1, that contribute to endo-
thelial dysfunction.

The forkhead box O family of transcription factors
plays an important role in vascular homeostasis. Mice
lacking Foxo1 die in utero from improper development of
the vasculature (15), and FOXO1 integrates various cell
signals at the transcriptional level that are relevant to en-
dothelial function (16–20). Akt and AMPK both phos-
phorylate FOXO1 to help regulate its transcriptional
function (21–23). Expression of ET-1 is regulated primar-
ily at the level of transcription, and a host of responsive
elements have been described within the ET-1 promoter.
In combination with constant degradation of the ET-1
mRNA, this provides exquisite and acute regulation of
ET-1 synthesis (reviewed in Ref. 24). Although we (25)
and others (26) have described insulin-stimulated ET-1
secretion, we have also demonstrated that PI3K signaling
may act to inhibit ET-1 expression (27). Therefore, we
hypothesized that EGCG treatment may reduce ET-1 ex-
pression via FOXO1. This may represent an additional
mechanism for EGCG to improve endothelial function
and a generalizable mechanism for regulation of ET-1 syn-
thesis and secretion that is relevant tootherhormoneswith
vasoactive actions in vascular endothelium.

Materials and Methods

Cell culture models
Primary bovine and human aortic endothelial cells (BAEC

and HAEC, Cell Applications, San Diego, CA) were cultured as
previously described (7, 27). NIH-3T3 fibroblasts stably over-
expressing human insulin receptor (NIH 3T3IR) were cultured as
described (28). All cells were cultured at 37 C in a humidified
atmosphere with 5% CO2.

Differential mRNA analysis and quantitative
real-time PCR

HAECs were serum-deprived 2 h before EGCG treatment (10
�M, 8 h). RNA was isolated using Totally RNA and Turbo-
Dnase kits from Ambion, Inc. (Austin, TX). RNA from cells
treated without or with EGCG was subjected to differential gene
analysis using the GeneFishing kit from Seegene (Seoul, South
Korea). For quantitative real-time PCR analysis, RNA from
BAEC and HAEC was isolated as described above. One micro-
gram of total RNA was reverse transcribed into cDNA using the
High-Capacity cDNA Archive Kit from Applied Biosystems
(Foster City, CA). Quantitative real-time PCRs were performed
using QuantiTect SYBR Green PCR Kit from QIAGEN (Valen-
cia, CA) and analyzed on the ABI Prism 7900HT Sequence De-
tection System (Applied Biosystems). The data and calculation of
��Ct (cycle threshold) were analyzed using SDS 2.2 software
from Applied Biosystems. Primers (all obtained from IDT, Cor-
alville, IA) used for human ET-1 mRNA analysis were 5�-AAA
CAG CAG TCT TAG GCG CTG A-3� (forward) and 5�-GAC
ACA CTC TTT ATC CAT CAG GGA C-3� (reverse); for bovine
ET-1 mRNA, primers used were 5�-AAG AAG TGT GTC TAC
TTC TGC CAT CTG-3� (forward) and 5�- AAA GAA GTC CTT
TAA GGA GCG CT-3� (reverse) (29); for human and bovine
�-actin mRNA analysis, primers used were 5�-CTG GCA CCC
AGC ACA ATG AAG-3� (forward) and 5�-TAG AAG CAT TTG
CGG TGG ACG-3� (reverse). ET-1 mRNA expression was nor-
malized to �-actin mRNA expression.

Measurement of ET-1 protein
The ET-1 ELISA kit from Assay Designs (Ann Arbor, MI) was

used according to manufacturer’s instructions to measure ET-1
protein concentrations in conditioned cell culture media or
whole cell lysates.

Plasmid constructs
The human ET-1 promoter luciferase reporter constructs as

described in figure legends were a kind gift from Cam Patterson
(University of North Carolina, Chapel Hill, NC) (30). Site-di-
rected mutagenesis of the human ET-1 (hET-1) promoter lucif-
erase reporter was performed using the QuikChange Site-Di-
rected Mutagenesis Kit (Stratagene, La Jolla, CA). The primers
used for mutagenesis were 5�-GGG GCT GGA ATA AAG TCG
GAG CTG TcT ACC CCC ACT CTA-3� and 5�-GAG TGG
GGG TAg ACA GCT CCG ACT TTA TTC CAG CCC CAG-3�.
This introduced a point-mutation (T3C) 55 bps upstream of the
hET-1 start-site and within the putative FOXO-binding domain.
The FOXO1 expression vectors for wild-type (FOXO1-WT),
constitutively nuclear mutant (FOXO1-AAA), and mutant with
disrupted DNA binding domain (FOXO1-DBD) have been de-
scribed elsewhere (31, 32).

Cell treatments and transfections of DNA vectors
and short interfering RNA (siRNA)

EGCG [stored as a 50 mM stock in 50% dimethylsulfoxide
(DMSO)] and Compound C (stored as a 5 mM stock in 100%
DMSO) were obtained from Sigma (St. Louis, MO). BAECs and
HAECs were serum- and supplement-deprived before treatment
with EGCG as described in figure legends. NIH-3T3IR cells were
transfected with Polyfect (QIAGEN) according to the manufac-
turer’s protocol in 24-well plates using 200 ng of luciferase re-
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porter and FOXO1 expression vector DNA and 10 ng of renilla
expression vector DNA per well. Measurement of luciferase and
renilla activity in cells 48 h after transfection was performed
using the Dual-Glo reporter assay system kits from Promega
(Madison, WI). Nontargeting (NT), Akt1, and FOXO1 siRNA
ON-TARGETplus SMARTpool oligos were obtained from
Dharmacon (Lafayette, CO) and prepared in 20 �M stocks ac-
cording to the manufacturer’s suggestions. HAECs were trans-
fected with Lipofectamine (Invitrogen, Carlsbad, CA) according
to the manufacturer’s protocol in 60-mm plates at 120 nM siRNA
per plate. After 48 h, HAECs were then serum-starved 2 h before
vehicle (DMSO) or EGCG (10 �M) treatment for 6 h.

Chromatin immunoprecipitation (ChIP) assay
HAECs were serum-deprived 2 h before DMSO vehicle or

Compound C treatment (5 �M, 30 min). Cells were then treated
with or without EGCG (10 �M, 30 min). The EZ-Magna ChIP A
ChIP Kit from Millipore (Billerica, MA) was used according to
their protocol. The immunoprecipitating antibody was anti-
FOXO1 (FKHR, H128) from Santa Cruz Biotechnology (Santa
Cruz, CA). For negative controls, nonimmune rabbit IgG from
Millipore was used. The primer sequences for PCR of the FOXO
binding domain region of the hET-1 promoter were 5�-GCC
TGT TGG TGA CTA ATA ACA C-3� (forward) and 5�-AGC
TCT CTG CCG GCT TTT TAT A-3� (reverse) which produced
a 108-bp PCR product. PCR products were visualized by sepa-
ration on agarose gels (3.5%) stained with ethidium bromide and
quantified by NIH Image J software (Bethesda, MD).

Fractionation of membrane/cytosolic and nuclear
proteins

HAECs were serum-starved 2 h before treatment with Com-
pound C (5 �M, 30 min). Cells were then treated with EGCG (10
�M, 30 min) before fractionation as described elsewhere (33). A
protein assay (BCA Protein Assay, Thermo Scientific, Rockford,
IL) was performed on the lysates to ensure equivalent loading for
immunoblot analysis.

Immunoblotting
Cells were harvested in Laemmli buffer for analysis by

SDS-PAGE. The following antibodies were from Cell Signal-
ing Technology (Danvers, MA): phosphoserine 473-Akt, Akt,
phosphothreonine 24-FOXO1 (FKHR), phosphothreonine
172-AMPK�, AMPK�, phosphoserine 79-ACC, ACC, histone
H4, caspase 3, and HA. FOXO1 (FKHR) and green fluorescent
protein (GFP) antibodies were from Santa Cruz Biotechnology.
The �-actin antibody was from Sigma. Incubations with HRP-
linked antirabbit secondary antibodies (Amersham Biosciences,
Piscataway, NJ) were performed for 1 h at room temperature.
Immunoblots were visualized using Lumiglo (Cell Signaling
Technology) and exposure to film (Amersham Hyperfilm MP,
Buckinghamshire, UK).

Adenovirus infection
GFP adenovirus was obtained from Vector Biolabs (Philadel-

phia, PA). The HA-tagged WT- and �256-Foxo1 adenoviral
constructs (34) were a kind gift from Domenico Accili (Columbia
University, New York, NY). Quantification of virus particles
was calculated using the QuickTiter Adenovirus Quantitation
Kit (Cell Biolabs, Inc., San Diego, CA). HAECs were infected

with 5 � 107 virus particles per 60-mm plate (for ET-1 ELISA)
and 3 � 109 virus particles per chamber slide for immunocyto-
chemistry (higher titers were required for detection with the an-
ti-HA antibody). Experiments were performed 24 h after
infection.

Immunocytochemistry
Following adenovirus infection to express HA-tagged WT-

Foxo1, HAECs (cultured in chamber slides) were serum-starved
2 h, then treated with or without Compound C (5 �M) for 30 min,
and finally treated with or without EGCG (10 �M) for an addi-
tional 30 min. The cells were then fixed with 2% paraformal-
dehyde for 10 min at room temperature. Cells were then washed
in PBS containing 0.1% (vol/vol) Triton X-100 (PBST) and
blocked in 10% mouse serum (Jackson ImmunoResearch, West
Grove, PA) in PBST. HAECs were incubated overnight at 4 C in
PBST containing anti-HA antibody conjugated to Alexa Fluor
488 (Cell Signaling Technology) at a dilution of 1:25. Immuno-
fluorescence in cells was visualized using an Olympus IX81 in-
verted microscope with an attached charge-coupled device cam-
era (Retiga Exi, Burnaby, British Columbia, Canada) using
appropriate filters. Images were captured using IP Labs Software
(Scanalytics, Inc., Fairfax, VA). When scoring Foxo1-infected
HAECs, random images of the cells (four images per chamber
slide) were scored by individuals who were unaware of treatment
conditions. Only HA-positive cells were scored as either positive
for cytoplasmic immunoreactivity, nuclear, or perinuclear (or no
nuclear) immunoreactivity.

Statistics
Data are reported as mean � SEM. Statistical analyses were

performed using the Student’s t test or ANOVA as described in
the legends to the figures. Differences were considered significant
at P � 0.05.

Results

Treatment of endothelial cells with EGCG reduces
expression of ET-1 mRNA and protein, and impairs
secretion of ET-1

To identify novel biological actions of green tea poly-
phenols in vascular endothelium, we treated primary en-
dothelial cells without or with EGCG (10 �M, 8 h) and
performed differential mRNA analyses to discover genes
that may be regulated by EGCG (GeneFishing kit from
Seegene; see Materials and Methods). This concentration
of EGCG used was chosen based on preliminary experi-
ments showing that higher doses of EGCG reduced HAEC
survival after 8 h (data not shown) and our previous ob-
servations that 10 �M EGCG is a minimal dose that still
stimulates eNOS phosphorylation (7). This initial screen-
ing method suggested that EGCG treatment reduced
ET-1 mRNA (data not shown). We confirmed these ex-
ploratory results using quantitative RT-PCR analysis of
BAEC and HAEC treated without or with EGCG (10
�M, 8 h). EGCG treatment significantly reduced expres-
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sion of ET-1 mRNA by more than approximately 60% in
both BAEC and HAEC when compared with vehicle-
treated control cells (Fig. 1A). Moreover, EGCG treat-
ment of HAEC (Fig. 1B) and BAEC (data not shown)
markedly reduced both intracellular ET-1 protein and
ET-1 secreted from cells into conditioned media. In con-
ditioned media from vehicle-treated control cells, there
was a linear increase in ET-1 concentration of approxi-
mately 10-fold over 8 h. By contrast, in endothelial cells
treated with EGCG, we observed nearly complete sup-
pression of ET-1 secretion (Fig. 1C). Together, these re-

sults suggest that ET-1 mRNA, synthesis, and secretion in
vascular endothelial cells are all potently inhibited by
treatment with the green tea polyphenol EGCG.

Identification and characterization of a FOXO1
regulatory site in the hET-1 promoter and
inhibition of promoter activity by EGCG

We next investigated potential mechanisms whereby
EGCG may regulate expression of ET-1 mRNA in vascu-
lar endothelial cells. A number of transcription factors
including GATA-2, HIF-1, AP-1, and Vezf-1 have previ-
ously been implicated in the regulation of ET-1 promoter
activity (Fig. 2A) (24, 30). Upon inspection of the sequence
of the hET-1 promoter, we identified a region located 51
bps upstream from the transcription start site with a se-
quence 5�-TGTTTAC-3� that matches a consensus bind-
ing site for FOXO1 (35). FOXO1 is a known downstream
target of Akt, a kinase that we previously demonstrated is
activated by EGCG treatment of primary endothelial cells
(7). Therefore, we evaluated whether the hET-1 promoter
is a novel target for direct regulation by FOXO1. In NIH-
3T3IR cells transfected with the hET-1 promoter luciferase
reporter (or by a series of deletion mutants of the hET-1
promoter), basal ET-1 promoter activity in cells cotrans-
fected with the control empty expression vector was min-
imal (Fig. 2B, open bars). Overexpression of WT FOXO1
resulted in significant trans-activation of the 204-bp
hET-1 promoter reporter. Moreover, this trans-activation
was increased another 4-fold when a constitutively nu-
clear FOXO1 mutant (FOXO1-AAA missing three Akt
phosphorylation sites; Ser24, Ser256, and Ser319 mutated to
Ala) was cotransfected along with the hET-1 promoter
reporter (Fig. 2B). Conversely, expression of a mutant
FOXO1 with a disrupted DNA binding domain (FOXO1-
DBD; His215 mutated to Arg) was unable to significantly
trans-activate the hET-1 promoter reporter. We observed
similar results using serially truncated deletion mutants of
the 204-bp hET-1 promoter reporter that resulted in loss
of GATA-2, HIF-1, and AP-1 binding sites (down to 95-bp
promoter sequence). Importantly, with the deletion mu-
tant of the hET-1 promoter containing only 42 bp (miss-
ing putative FOXO1 binding region), greatly reduced
trans-activation of the reporter was observed with over-
expression of WT FOXO1 (when compared with full-
length promoter construct). Moreover, trans-activation
of this 42-bp reporter in response to expression of
FOXO1-AAA was substantially and significantly dimin-
ished when compared with results using reporters con-
taining 204, 143, 129, or 95 bp of the hET-1 promoter
sequence (Fig. 2B). A point mutant of the 204-bp hET-1
promoter reporter disrupting the putative FOXO1 bind-
ing motif (204 T/C; Fig. 2A) was unresponsive to coex-

FIG. 1. Treatment of vascular endothelial cells with EGCG reduces
expression of ET-1 mRNA and protein. A, BAECs and HAECs were
serum-starved overnight and then treated with vehicle (DMSO) or
EGCG (10 �M, 8 h). Quantitative RT-PCR was then performed as
described in Materials and Methods to evaluate expression of ET-1
mRNA in endothelial cells. Results shown are mean � SEM of six
independent experiments normalized to �-actin mRNA expression.
EGCG treatment significantly decreased expression of ET-1 mRNA
when compared with vehicle-treated cells (*, P � 0.001 for BAEC and
HAEC, by Student’s t test). B, HAECs were treated as in panel A, and
then ET-1 protein concentration was measured by ELISA in cell lysates
or in conditioned media as described in Materials and Methods. Results
shown are the mean � SEM of three independent experiments. EGCG
treatment caused a significant reduction in the concentration of ET-1
protein both intracellularly as well as in conditioned media when
compared with vehicle-treated cells (*, P � 0.0005 for cell lysates and
conditioned media measurements, by Student’s t test). C, BAECs were
treated as in panel A and ET-1 protein concentration in conditioned
media was determined as in panel B at the indicated times. Results are
expressed as the mean � SEM of determinations performed in triplicate
(*, P � 0.003 at 120 min and beyond when compared with vehicle-
treated cells; P � 0.06 at 60 min by Student’s t test).
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pression of WT FOXO1 (Fig. 2C). Finally, activation of
the 204 T/C mutant hET-1 promoter by coexpression of
FOXO1-AAA was severely impaired when compared
with the WT 204-bp reporter (Fig. 2C). Thus, we have
identified a novel FOXO1 binding sequence on the hET-1
promoter that is responsive to FOXO1 regulation.

Next, in HAECs transfected with the luciferase reporter
construct driven by 204 bp of the hET-1 promoter, EGCG
treatment (10 �M, 18 h) significantly reduced ET-1 pro-
moter activity when compared with DMSO-treated con-
trol cells (Fig. 2D). Together, these data suggest that
EGCG reduces activity of the hET-1 promoter, and this
contributes to a reduction of ET-1 mRNA and protein
expression (Fig. 1).

EGCG stimulates phosphorylation
of Akt, AMPK, ACC, and FOXO1 in
endothelial cells

We previously demonstrated that
EGCG has endothelium-dependent va-
sodilator actions mediated by activa-
tion of a signaling pathway involving PI
3-kinase/Akt/eNOS that leads to in-
creased production of NO (7, 8). Be-
cause FOXO1 may directly bind to and
regulate the ET-1 promoter (Fig. 2), we
examined the ability of EGCG to stim-
ulate phosphorylation of Akt and
AMPK, two upstream kinases that reg-
ulate FOXO1 action through phos-
phorylation (21–23). Using BAECs, we
performed experiments in which cells
were serum-starved overnight followed
by treatment with varying concentra-
tions of EGCG (ranging from 0.5 to 50
�M) for 10 min (Fig. 3). Phosphoryla-
tion of Akt (Ser473) (Fig. 3, A and B) and
FoxO1 (Thr24) (Fig. 3, C and D) in-
creased in response to EGCG treatment
in a concentration-dependent manner
(determined by immunoblotting with
phospho-specific antibodies).

To examine the time course of phos-
phorylation, HAECs were serum starved
for 2 h, followed by EGCG treatment (10
�M) for various times. Concentrations of
EGCG greater than 10 �M were toxic to
thecells over a 6-h time course (data not
shown). As we previously reported (7),
EGCG stimulated phosphorylation of
Akt at Ser473 in a time-dependent man-
ner (maximal stimulation at 30 min;
Fig. 4 A, panel 1, B, open bars). FOXO1
phosphorylation at Thr24 (an Akt phos-

phorylation site) was also stimulated by EGCG treatment
in a time-dependent manner that mirrored the time course
of Akt phosphorylation (Fig. 4, A, panel 2, and B, open
bars). EGCG also acutely stimulated phosphorylation of
AMPK� at Thr172 (maximal stimulation by 5 min; Fig. 4,
A, panel 3, and B, gray bars). Phosphorylation of ACC at
Ser79 (an AMPK target) in response to EGCG stimula-
tion was also maximal after 5 min (Fig. 4, A, panel 5,
and B, gray bars). Together, our data suggest that
EGCG acutely stimulates phosphoyrylation (and pre-
sumably activation) of Akt and AMPK. These upstream
kinases may then phosphorylate their substrate FOXO1
in endothelial cells.

FIG. 2. FOXO1 drives activity of the hET-1 promoter through a specific FOXO1 DNA binding
domain. A, Schematic representation of a 204-bp segment of the hET-1 promoter luciferase
reporter construct with serial 5� deletions at the indicated sites. Known binding sites of
various transcription factors are indicated (GATA-2, HIF-1, AP-1, and Vezf-1). A putative
FOXO-binding domain (pFBD) is located 51 bps upstream of the transcription start site. A
point mutant of the 204-bp ET-1 reporter was created as indicated to disrupt the FOXO-
binding domain. B, NIH-3T3IR cells were cotransfected with various hET-1-luciferase reporter
constructs and expression vectors for either WT or mutant FOXO1 (pcDNA is an empty
expression vector used as a negative control). Luciferase activity was measured as described in
Materials and Methods. FOXO1-AAA is a constitutively nuclear mutant (*, P � 0.001 by
ANOVA and Student-Newman-Keuls post-test when compared with �204, �143, �129, and
�95 vectors). FOXO1-DBD is a mutant with a disrupted DNA binding domain (ns, not
significantly different from other luciferase vectors). The ET-1 promoter reporter that is
truncated to 42 bps is missing the pFBD (†, P � 0.05 by ANOVA and Student-Newman-Keuls
post-test when compared with �204, �143, �129, and �95 vectors for WT FOXO1
cotransfections). C, NIH-3T3IR cells were cotransfected with the 204-bp hET-1-luciferase
reporter containing either WT sequence or a mutation in the pFBD TGTcTAC (204 T/C) and
WT or constitutively nuclear FOXO1 (pcDNA is an empty expression vector used as a negative
control). FOXO1-AAA- and FOXO1-WT-induced activity of the WT hET-1 promoter was
significantly greater than activity induced in the hET-1 promoter with the disrupted putative
FOXO1 binding motif (*, P � 0.0005 by Student’s t test for both FOXO1-AAA and FOXO1-
WT in 204 T/C vs. 204 transfected cells). D, HAECs were transiently transfected with the
204-bp hET-1 promoter reporter (as shown in panel A) or the promoterless pGL2 vector
(Promega). Cells were treated with vehicle (DMSO) or EGCG (10 �M) 24 h posttransfection.
Luciferase activity (normalized to renilla lucifierase) was measured 18 h later (*, P � 0.008 by
Student’s t test comparing vehicle-treated vs. EGCG-treated HAECs with the 204-bp reporter;
n � 3 per condition).
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Endogenous FOXO1 directly binds to the hET-1
promoter to regulate its activity

Because FOXO1 is phosphorylated in response to
EGCG treatment of primary endothelial cells, we next ex-
amined interactions between endogenous FOXO1 and the
endogenous ET-1 promoter in primary human endothelial
cells using a ChIP assay. EGCG treatment of HAEC (10
�M, 30 min) decreased the amount of FOXO1 bound to
the ET-1 promoter by approximately 54% (Fig. 5, A and
B). We also assessed the role of AMPK by using a specific
inhibitor. Pretreatment with Compound C (5 �M, 30 min)
slightly increased FOXO1 association with the hET-1 pro-
moter, but importantly, Compound C blocked the effect
of EGCG to reduce FOXO1 binding to the hET-1 pro-
moter compared with EGCG treatment alone (Fig. 5, A,
lane 4, and B). Therefore, our data suggest that EGCG
activates an intracellular signaling cascade in which
FOXO1 is phosphorylated and dissociated from the
hET-1 promoter in conjunction with reduced ET-1
expression.

AMPK plays a role in nuclear exclusion of FOXO1
and the regulation of ET-1 mRNA and protein
expression by EGCG

We used a specific inhibitor of AMPK (Compound C)
to evaluate the role of AMPK in modulating translocation
of FOXO1 from the nucleus into the cytoplasm in vascular
endothelial cells in response to EGCG treatment. HAECs
infected with adenoviral constructs to express HA-tagged
Foxo1 were pretreated with vehicle control or Compound
C for 30 min followed by treatment without or with
EGCG (10 �M, 30 min; Fig. 6 and supplemental Fig. S1,
published as supplemental data on The Endocrine Soci-
ety’s Journals Online web site at http://endo.endojournals.
org). Cells were then fixed and incubated with a fluores-
cently labeled anti-HA antibody to detect Foxo1
localization (supplemental Fig. S1). Images from each of
the control and experimental conditions were scored in a
blinded fashion (as described in Materials and Methods

FIG. 3. EGCG increases Akt (Ser473) and FoxO1 (Thr24)
phosphorylation in a dose-dependent manner. BAECs were serum-
starved overnight and then treated for 10 min with the indicated doses
of EGCG. Cell lysates were then analyzed my immunobloting with
phospho- and nonphospho-specific antibodies. A, Representative
immunoblot of Akt phosphorylation stimulated with the indicated
doses of EGCG. B, Quantification (mean � SEM) of multiple
independent experiments shown in panel A (*, P � 0.01 by ANOVA
and Dunnett’s posttest). C, Representative immunoblot of FoxO1
phosphorylation stimulated with the indicated doses of EGCG.
D, Quantification (mean � SEM) of multiple independent experiments
shown in panel C (*, P � 0.05 by ANOVA and Dunnett’s posttest).

FIG. 4. EGCG stimulates phosphorylation of Akt, AMPK, and FOXO1
in vascular endothelial cells. HAECs were serum-starved for 2 h
followed by treatment with EGCG (10 �M) for the indicated times. As
a control, some cells were treated with vehicle for 360 min (360V).
A, Cells lysates were immunoblotted with antibodies against
phosphorylated and nonphosphorylated proteins. Total AMPK and
�-actin expression remained constant throughout the experiment and
served as loading controls. Images shown are representative of
experiments that were repeated independently three times.
B, Quantification of the immunoblot analysis in part A. Basal (time 0)
phosphorylation is arbitrarily set to 1 for each protein. Phospho-Akt
(S473) and phospho-FOXO1 (T24; Akt phosphorylation site) were
maximally phosphorylated after 30 min (lane 5 in panel A; *, P � 0.05
by ANOVA and Dunnett’s posttest). Phospho-AMPK� (T172) and
phospho-ACC (S79; AMPK phosphorylation site) were maximally
stimulated after 5 min (lane 3 in panel A; †, P � 0.05 by ANOVA and
Dunnett’s posttest).
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and supplemental Fig. S1) to quantify the subcellular lo-
calization of HA-WT-Foxo1. The quantification of these
results from multiple indepdendent experiments is shown
in Fig. 6, A–C. When compared with vehicle pretreated
control cells in the absence of EGCG treatment, pretreat-
ment with Compound C resulted in a significantly higher
fraction of cells with nuclear Foxo1 localization (Fig. 6C;
supplemental Fig. S1, panel 4) and less Foxo1 in the cy-
toplasm (Fig. 6A) or perinuclear region (Fig. 6B). EGCG
treatment in vehicle pretreated cells increased both cyto-
plasmic and perinuclear Foxo1 localization (Fig. 6, A and
B; supplemental Fig. S1, panel 6) consistent with increased
FOXO1 phosphorylation shown in Figs. 3 and 4. When
cells were pretreated with Compound C, the ability of
EGCG to promote cytoplasmic localization of Foxo1 was
significantly impaired (Fig. 6, A and B; supplemental Fig.
S1, panel 8). Togetherwithdata inFigs.4and5, these results
strongly suggest AMPK plays an important role in the ability
of EGCG to inhibit expression of ET-1 through phosphor-
ylation, and subsequent translocation, of FOXO1 in vascu-
lar endothelial cells.

To further confirm that inhibition of AMPK by Com-
pound C can block the nuclear-to-cytoplasmic transloca-
tion of FOXO1, we performed subcellular fractionation
and immunoblot analysis of endogenous FOXO1 in
HAECs. Cells were serum-starved and treated with Com-

pound C and EGCG as in Fig. 6. With EGCG treatment
alone, FOXO1 in the nuclear-enriched (Triton X-100-in-
soluble) fraction is reduced (supplemental Fig. S2A, lanes
5 and 6, supplemental Fig. S2B). Pretreatment with Com-
pound C increases FOXO1 appearance in the nuclear-
enriched (Triton X-100-insoluble) fraction (supplemental
Fig. S2A, lane 7, and supplemental Fig. S2B). Together
with Fig. 6, these data add further support to the notion
that EGCG promotes FOXO1 phosphorylation and trans-
location from the nucleus to the cytoplasm in HAECs.

We next used Compound C to help evaluate the role of
AMPK in EGCG-stimulated inhibition of ET-1 mRNA

FIG. 5. EGCG reduces endogenous FOXO1 association with the
endogenous hET-1 promoter and decreases overall promoter activity.
A, ChIP assay was performed on HAECs as described in Materials and
Methods after treatment with vehicle alone (lane 1), EGCG (lane 2),
Compound C (lane 3), or EGCG with pretreatment with Compound C
(lane 4). In immunoprecipitated (IP) samples with FOXO1 antibodies,
the amount of PCR product encompassing the putative FOXO1 binding
domain on the hET-1 promoter was reduced following EGCG
treatment. Pretreatment with Compound C blocked the effects of
EGCG. The images are from the same gel and are representative of at
least three independent experiments. B, Quantification of the PCR
reactions was performed by normalizing the intensity of the FOXO1
immunopricipitated band of the hET-1 promoter with its respective
input band using NIH Image J software. The vehicle controls were
arbitrarily set to 100% for each experiment (mean � SEM). EGCG (E)
treatment reduced the amount of hET-1 promoter associated with
FOXO1 by 51%, and the effect of EGCG was blocked by pretreatment
with the AMPK inhibitor Compound C (CC) (*, P � 0.028 and †, P �
0.021 by two-way ANOVA).

FIG. 6. Inhibition of AMPK increases nuclear localization of FOXO1
and impairs effects of EGCG (E) to cause nuclear translocation of
FOXO1. Bar graphs represent the mean � SEM of four independent
experiments. A, Cells were scored in a blinded fashion based on the
appearance of cytoplasmic HA immunoreactivity (see supplemental Fig.
S1). Compound C (CC) pretreatment reduced basal and EGCG-
stimulated HA-Foxo1 in the cytoplasm (*, P � 0.0001 by two-way
ANOVA), whereas EGCG treatment increased cytoplasmic HA
immunoreactivity (†, P � 0.0009 by two-way ANOVA). B, Cells were
scored based on the appearance of perinuclear HA-WT-Foxo1. EGCG
treatment tended to increase perinuclear Foxo1 localization (P � 0.056
by two-way ANOVA), whereas pretreatment of cells with Compound C
almost completely blocked perinuclear localization of Foxo1 and
substantially inhibited the effect of EGCG to increase perinuclear
localization of Foxo1 (*, P � 0.01 by two-way ANOVA). C, Cells were
scored based on the appearance of nuclear HA-WT-Foxo1 localization.
Compound C pretreatment significantly increased nuclear Foxo1
localization in the absence or presence of EGCG treatment, whereas
EGCG treatment alone significantly reduced nuclear Foxo1 localization
when compared with vehicle-treated (Veh) cells (*, P � 0.0001 and †,
P � 0.0012 by two-way ANOVA for Compound C and EGCG
treatments, respectively).
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and protein (Fig. 7). In agreement with data presented in
Fig. 1, EGCG significantly reduced ET-1 mRNA and pro-
tein expression in HAECs. Inhibition of AMPK activity
with Compound C increased expression of both ET-1
mRNA and protein even in the absence of EGCG treat-
ment (when compared with vehicle treated-control cells).
Importantly, pretreatment of HAECs with Compound C
significantly blunted the effects of EGCG to reduce ex-
pression of ET-1 mRNA and protein (not significantly
different from vehicle-treated cells). Thus, AMPK plays a
role in the actions of EGCG to inhibit ET-1 expression that
is likely mediated (at least in part) through FOXO1.

Akt and FOXO1 regulate basal ET-1 secretion in
vascular endothelial cells

To further explore the role of Akt and FOXO1 in reg-
ulation of ET-1 secretion, we reduced Akt or FOXO1 ex-
pression by transfecting HAECs with specific siRNA oli-
gos (Fig. 8A). A NT siRNA oligo that has four or more
mismatches with all human RNA sequences was used as a
negative control. After cells were transfected with siRNA
to reduce expression of Akt1 or FOXO1, they were then
serum-starved for 2 h before treatment without or with
EGCG (10 �M, 6 h). EGCG treatment of control NT-
transfected cells resulted in reduced ET-1 secretion into
conditioned media consistent with results shown in Fig. 1.
Knockdown of FOXO1 resulted in reduced secretion of
ET-1 in the basal state (absence of EGCG stimulation)
when compared with control cells in the basal state (Fig.
8A). Knockdown of Akt resulted in increased secretion of
ET-1 in the basal state (absence of EGCG stimulation)
when compared with control cells in the basal state. Re-
duction of Akt is likely to reduce FOXO1 phosphorylation
resulting in a relative increase in nuclear localization of
FOXO1. Together, these data suggest that FOXO1 plays

a role to promote basal ET-1 secretion in vascular endo-
thelium and that this function of FOXO1 is regulated by
its upstream kinase Akt. Interestingly, EGCG treatment of
cells with knockdown of FOXO1 or Akt resulted in fur-
ther reduction of ET-1 secretion (when compared with
transfected cells not treated with EGCG). This suggests
that Akt/FOXO1 interactions do not explain all of the
regulation of ET-1 secretion by EGCG. Indeed, we ob-
tained similar results when we infected HAEC with an
adenoviral construct expressing a dominant-negative mu-

FIG. 7. Compound C impairs the inhibitory actions of EGCG on ET-1
mRNA expression and ET-1 secretion. HAECs were serum-starved for
2 h, pretreated without or with the AMPK inhibitor Compound C (5
�M, 30 min), and then treated without or with EGCG (10 �M, 6 h).
ET-1 mRNA expression and ET-1 secretion was significantly reduced
following EGCG treatment when compared with all other treatment
groups (*, P � 0.0019 and P � 0.0001 by two-way ANOVA for mRNA
and protein, respectively). Compound C blocked the effect of EGCG
while significantly increasing ET-1 mRNA and protein expression
(†, P � 0.0055 and P � 0.0001 by two-way ANOVA for mRNA and
protein, respectively). The bar graph represents the mean � SEM of at
least three independent experiments.

FIG. 8. siRNA knockdown of Akt and FOXO1 or expression of a
dominant negative Foxo1 mutant in endothelial cells alters ET-1 levels
in conditioned media. Results shown in bar graphs are the mean � SEM

of at least four independent experiments. A, HAECs were transfected
with siRNA to reduce expression of Akt1 or FOXO1 as described in
Materials and Methods. A NT siRNA was used as a negative control. In
the absence of EGCG treatment, when compared with conditioned
media from vehicle-treated control cells transfected with NT, conditioned
media from vehicle-treated cells transfected with Akt1 siRNA or FOXO1
siRNA had significantly increased (67%) or decreased (27%) ET-1 levels,
respectively (*, P � 0.0001 by two-way ANOVA). EGCG treatment
reduced ET-1 expression in all three siRNA transfection groups (†, P �
0.0001 by two-way ANOVA). Representative immunoblots
demonstrate appropriate knock-down of Akt1 and FOXO1 protein by
respective siRNA constructs. B, HAECs were infected with adenoviral
constructs to express GFP (control) or a dominant-negative Foxo1
mutant (HA-tagged �256-Foxo1) and then treated with vehicle or
EGCG as described in Materials and Methods. In conditioned media
from vehicle-treated (VEH) cells expressing �256-Foxo1, ET-1 levels
were decreased by 60% when compared with vehicle-treated control
cells (*, P � 0.025 by two-way ANOVA). EGCG treatment reduced ET-
1 expression in both GFP and �256-Foxo1 infected cells (†, P � 0.017
by two-way ANOVA). Representative immunoblots demonstrate
expression of appropriate adenoviral constructs.
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tant of FOXO1 (�256-Foxo1) to inhibit endogenous
FOXO1 function (Fig. 8B). The �256-Foxo1 mutant re-
tains the DNA-binding portion of the protein, but lacks
trans-activating capabilities (34). In control cells infected
with GFP, we observed a significant reduction in ET-1
secretion in response to EGCG treatment. When com-
pared with control cells in the basal state, ET-1 secretion
was reduced by expression of �256-Foxo1 (in the absence
of EGCG treatment). Nevertheless, EGCG treatment of
cells expressing �256-Foxo1 was still able to reduce ET-1
secretion even further (Fig. 8B).

Discussion

Putative beneficial effects of green tea consumption to im-
prove cardiovascular health (1) may be mediated, in part,
by the ability of EGCG to stimulate production of NO
from vascular endothelium resulting in vasodilation (7). It
is likely that acute PI3K/Akt-dependent vasodilator ac-
tions of EGCG contribute to chronic effects of EGCG
treatment to simultaneously improve the cardiovascular
and metabolic phenotype of SHR rats (8). However, ad-
ditional mechanisms by which EGCG improves endothe-
lial dysfunction may also exist. In the present study, we
focused on the hypothesis that EGCG may inhibit pro-
duction of ET-1 in endothelial cells.

EGCG reduces expression and secretion of ET-1
from endothelial cells

We demonstrated that treatment of primary endothe-
lial cells with EGCG significantly decreased ET-1 mRNA,
protein, and protein secretion. Thus, beneficial effects of
EGCG treatment to improve endothelial dysfunction may
be mediated by decreased ET-1 levels in addition to in-
creased NO production. Our findings are relevant to un-
derstanding potential therapeutic actions of EGCG in dis-
eases characterized by reciprocal relationships between
insulin resistance and endothelial dysfunction. In endo-
thelial cells, insulin stimulates both production of NO by
PI3K/Akt-depedent pathways and secretion of ET-1 via
MAPK-dependent pathways (36–38). Insulin resistance
with pathway-selective impairment in PI3K-dependent
pathways causes an imbalance with decreased NO pro-
duction and increased ET-1 secretion in response to com-
pensatory hyperinsulinemia that accompanies insulin re-
sistance (4, 39, 40). EGCG treatment has the potential to
restore balance between NO production and ET-1 secre-
tion, because it both enhances production of NO and in-
hibits secretion of ET-1. Furthermore, reduced ET-1 ex-
pression may also directly increase NO bioavailability.
Reports by Lteif et al. (12) and Mather et al. (13) suggest

that endogenous ET-1 in obese humans contributes to re-
duced NO production and decreased glucose disposal.
Long-term ET-1 exposure disrupts insulin-stimulated
IRS-1/PI3K/Akt signaling resulting in lower glucose up-
take in adipocytes (41). ET-1-stimulated PKC activity may
also contribute to insulin resistance (42). Therefore, ET-1
signaling may disrupt the IRS-1/PI3K/Akt pathway in
skeletal muscle and vascular endothelium that drives sub-
strate metabolism and vasodilation, respectively.

The hET-1 promoter is a novel target for
trans-activation by FOXO1

By inspection, we observed that the hET-1 promoter
contains a consensus binding site for FOXO1 51 bps up-
stream from the transcription start site (35). In the present
study, we validated this location as a bona fide binding site
for FOXO1 in the hET-1 promoter. Overexpression of
WT FOXO1 trans-activated the ET-1 promoter, and this
was even more pronounced with expression of a consti-
tutively-nuclear FOXO1 mutant. Disruption of the puta-
tive FOXO1 binding motif on the ET-1 promoter by de-
letion or point mutation abrogated the ability of the ET-1
promoter to be trans-activated by a constitutively nuclear
FOXO1 mutant. A FOXO1 mutant with disrupted DNA
binding domain was unable to trans-activate the ET-1 pro-
moter. Moreover, siRNA knockdown of FOXO1 or ex-
pression of a dominant-negative Foxo1 reduced basal
ET-1 expression in human vascular endothelial cells. Fi-
nally, EGCG treatment of endothelial cells resulted in de-
creased ET-1 promoter activity and decreased association
between endogenous FOXO1 and endogenous ET-1 pro-
moter. Together, these results establish a novel role for
FOXO1 in vascular endothelium to regulate the ET-1
gene. Moreover, our results provide an additional mech-
anism for EGCG to improve endothelial function. That is,
in addition to stimulating production of NO through
PI3K/Akt/eNOS, EGCG may also inhibit ET-1 expression
and secretion through FOXO1. Thus, in endothelial cells,
EGCG treatment may simultaneously increase NO pro-
duction and decrease ET-1 secretion leading to an im-
provement in endothelial function and, potentially, insu-
lin action (4). Our results in endothelial cells are consistent
with previous findings that EGCG induces FOXO1 phos-
phorylation in HEK 293 cells (43), and reduces ET-1 ex-
pression in ovarian cancer cells (44). It is important to note
that primary endothelial cells are more sensitive to EGCG
than HEK 293 cells, because they respond to lower doses
of EGCG (10 �M) that increase FoxO1 phosphorylation
more acutely (�30 min). Finally, the molecular mecha-
nism for EGCG-induced ET-1 down-regulation in pri-
mary endothelial cells described here may also be gen-
eralizable to other compounds or conditions that
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promote phosphorylation of FOXO1 in endothelial
cells (16, 18, 19, 21, 45).

EGCG activates AMPK and Akt to regulate FOXO1
and modulate ET-1 expression

One of the primary mechanisms for regulation of
FOXO1 function is phosphorylation by upstream kinases
including Akt and AMPK that subsequently cause trans-
location of FOXO1 from the nucleus to the cytoplasm
(21–23). We previously demonstrated that EGCG treat-
ment phosphorylates and activates Akt in endothelial cells
(7) and AMPK in hepatocytes (5). In the present study, we
showed that EGCG treatment of endothelial cells causes
phosphorylation of both Akt and AMPK in a time and
dose-dependent manner that is accompanied by phos-
phorylation of their substrates FOXO1 and ACC at their
Akt and AMPK phosphorylation sites, respectively. This is
associated with translocation of FOXO1 from the nucleus
to the cytoplasm. Using compound C to inhibit AMPK
activity resulted in increased nuclear localization of
FOXO1 and impairment in the ability to EGCG to pro-
mote translocation of FOXO1 from the nucleus to the
cytoplasm. Pretreatment with compound C significantly
increased basal ET-1 mRNA and protein expression and
blunted the effect of EGCG to reduce ET-1 mRNA, pro-
tein, and FOXO1-association with the hET-1 promoter.
Thus, one mechanism for EGCG to reduce ET-1 synthesis
and secretion is likely to involve phosphorylation of
FOXO1 by AMPK. In other studies, AMPK alters FOXO
function to regulate life-span (46) and response to fluid-
shear stress (21). AMPK may also mediate some effects on
ET-1 through the Krüppel-like factor 2 transcription fac-
tor (47). In skeletal muscle, AMPK stimulates glucose up-
take (48), whereas in the endothelium, AMPK activates
eNOS by phosphorylating serine 1177 (49). Metformin,
may promote beneficial effects to improve endothelial dys-
function and insulin resistance, in part, by activating
AMPK, and thus, eNOS (50). Results from our study sug-
gest that down-regulation of ET-1 may also play a role in the
beneficial metabolic and vascular actions of metformin.

Both Akt signaling (51) and FOXO1 gene regulation
(15, 20, 52) have previously been implicated in maintain-
ing vascular homeostasis, and both are activated or inhib-
ited, respectively, by insulin. Insulin, however, creates a
net increase in ET-1 expression (26), but EGCG has dis-
tinct signaling characteristics from insulin by activating
Fyn upstream of PI3K/Akt and not the insulin receptor (7).
Furthermore, we have demonstrated that stimulation of
ET-1 secretion in response to DHEA and insulin is MAPK-
dependent, whereas inhibition of ET-1 secretion in re-
sponse to DHEA and insulin is PI3K-dependent (25, 27).
Therefore, PI3K/Akt and MEK/MAPK pathways main-

tain a physiological balance that act together to control net
ET-1 expression and secretion. In the present study, we
focused on effects of EGCG on the PI3K/Akt pathway and
the downstream transcription factor, FOXO1. Using
siRNA to knockdown Akt increased basal expression of
ET-1 protein, whereas siRNA knockdown of FOXO1 or
expression of a dominant inhibitory mutant of FOXO1
significantly reduced basal expression of ET-1 protein.
These results are consistent with the concept that Akt is
upstream of FOXO1 and that phosphorylation of
FOXO1 by Akt may down-regulate ET-1 expression.
However, even with Akt or FOXO1-knock-down or in-
hibition, there was still a residual effect of EGCG to fur-
ther reduce ET-1 expression. This may be due to residual
endogenous Akt or FOXO1, the presence of AMPK, or
other unidentified regulatory factors that regulate ET-1
expression in response to EGCG.

In summary, we report multiple novel findings. First,
EGCG has a robust effect to reduce ET-1 synthesis and
secretion in vascular endothelial cells. Second, we have
identified a novel bona fide FOXO1 binding site in the
hET-1 promoter. Third, EGCG regulates ET-1 synthesis
and secretion, in part, through AMPK- and Akt-mediated
phosphorylation of their downstream target FOXO1 that
results in dissociation of FOXO1 from the hET-1 pro-
moter and nuclear exclusion of FOXO1. The reduction of
ET-1 expression by EGCG in endothelial cells may con-
tribute to the reduced cardiovascular morbidity and mor-
tality associated with drinking green tea. Moreover, our
results provide a generalizable mechanism for Akt,
AMPK, and FOXO1 to contribute to the complex regu-
lation of ET-1 and overall vascular homeostasis.
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