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Epigallocatechin gallate induces expression of heme oxygenase-1 in endothelial cells
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Abstract

Epigallocatechin gallate (EGCG), the major polyphenol in green tea, acutely stimulates production of nitric oxide (NO) from vascular endothelium to reduce
hypertension and improve endothelial dysfunction in spontaneously hypertensive rats. Herein, we explored additional mechanisms whereby EGCG may mediate
beneficial cardiovascular actions. When compared with vehicle-treated controls, EGCG treatment (2.5 UM, 8 h) of human aortic endothelial cells (HAEC) caused a
~three-fold increase in heme oxygenase-1 (HO-1) mRNA and protein with comparable increases in HO-1 activity. This was unaffected by pretreatment of cells
with wortmannin, LY294002, PD98059 or L-NAME (PI 3-kinase, MEK and NO synthase inhibitors, respectively). Pretreatment of HAEC with SB203580 (p38
MAPK inhibitor) or siRNA knockdown of p38 MAPK completely blocked EGCG-stimulated induction of HO-1. EGCG treatment also inhibited tumor-necrosis-
factor-a-stimulated expression of vascular cell adhesion molecule (VCAM)-1 and decreased adhesion of monocytes to HAEC. siRNA knockdown of HO-1, p38
MAPK or Nrf-2 blocked these inhibitory actions of EGCG. In HAEC transiently transfected with a human HO-1 promoter luciferase reporter (or an isolated Nrf-2
responsive region), luciferase activity increased in response to EGCG. This was inhibitable by SB203580 pretreatment. EGCG-stimulated expression of HO-1 and
Nrf-2 was blocked by siRNA knockdown of Nrf-2 or p38 MAPK. Finally, liver from mice chronically treated with EGCG had increased HO-1 and decreased VCAM-1
expression. Thus, in vascular endothelium, EGCG requires p38 MAPK to increase expression of Nrf-2 that drives expression of HO-1, resulting in increased HO-1
activity. Increased HO-1 expression may underlie anti-inflammatory actions of EGCG in vascular endothelium that may help mediate beneficial cardiovascular
actions of green tea.
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and cardiovascular risk are poorly understood. Recently, we demon-
strated that EGCG stimulates acute production of nitric oxide (NO)
from primary endothelial cells using a signaling pathway involving
fyn/PI3K/Akt/eNOS [6]. This pathway shares features in common with
insulin signaling pathways regulating activation of eNOS and NO

1. Introduction

Epigallocatechin gallate (EGCG) is a polyphenol constituting ~30%
of the solids in the green tea leaf (Camellia sinensis) [1]. In
epidemiological studies, green tea consumption is associated with a

dose-dependent decrease in the incidence of diabetes, hypertension
and cardiovascular morbidity and mortality [2-5]. However, mech-
anisms underlying beneficial actions of green tea to reduce metabolic
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production in endothelial cells [7]. In addition, like insulin, EGCG
inhibits synthesis and secretion of the vasoconstrictor ET-1 through
activation of PI3K/Akt/FoxO1 [8,9]. Similarly, EGCG inhibits gluco-
neogenesis in hepatocytes using a PI3K-dependent mechanism
similar to metabolic actions of insulin [10]. Thus, EGCG mimics
and/or augments metabolic and vasodilator actions of insulin and
opposes synthesis and secretion of ET-1. This is predicted to
simultaneously improve both metabolic and cardiovascular pheno-
types in conditions characterized by reciprocal relationships between
insulin resistance and endothelial dysfunction including diabetes,
obesity and their cardiovascular complications [11]. Indeed, chronic
oral administration (3 weeks) of EGCG to spontaneously hypertensive
rats, a model with features of the human metabolic syndrome,
simultaneously improves endothelial dysfunction, lowers blood
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pressure and circulating ET-1 levels, reduces insulin resistance,
increases circulating adiponectin levels and protects against myocar-
dial ischemia/reperfusion injury [12]. These beneficial actions of
EGCG are likely mediated, at least in part, by augmenting endothelial
bioavailability of NO [12,13].

Insulin resistance and endothelial dysfunction are caused by
genetic and/or environmental factors including glucotoxicity, lipo-
toxicity and proinflammatory signaling that promote oxidative stress
resulting in pathway-selective impairment in PI3K-dependent insulin
signaling pathways in both metabolic and vascular tissues [7,14].
Heme oxygenase-1 (HO-1), an ubiquitous enzyme up-regulated in
response to oxidant stress and inflammatory stimuli, may play an
important role in preserving vascular and metabolic homeostasis
[15,16]. HO catalyzes the oxidative degradation of heme to biliverdin
and carbon monoxide [17,18]. Among the three HO isoforms
identified, HO-1 is inducible, while HO-2 and HO-3 are constitutively
expressed [19]. Insulin stimulates increases in expression of HO-1 in
retinal pericytes, retinal endothelial cells and retinal pigment
epithelial cells through activation of IRS-1/PI3K/Akt-2 pathways
that do not involve activation of p38 MAPK [20]. Induction of HO-1
in animal models of obesity, diabetes, insulin resistance and
hypertension is associated with improvement in insulin sensitivity,
glucose tolerance and blood pressure [21-23]. To elucidate additional
mechanisms underlying putative salutary actions of green tea to
simultaneously improve both cardiovascular and metabolic function,
we characterized regulation of the HO-1 gene by EGCG in endothelial
cells from peripheral vasculature.

2. Materials and methods
2.1. Antibodies

Antibodies against phospho-p44/42 MAPK, phospho-p38 MAPK and p38 MAPK
were from Cell Signaling Technologies (Danvers, MA, USA). Anti-HO-1 and -2
antibodies were from Assay Designs (Victoria, BC, Canada). Antibodies against Nrf-2
and vascular cell adhesion molecule (VCAM)-1 were from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA).

2.2. Cell culture

Human aortic endothelial cells (HAEC) (Lonza, Walkersville, MD, USA) in primary
culture were grown in endothelial growth medium EGM-MV (Lonza) as described [24].
All experiments were conducted on HAEC between passage 3 and 6. HAEC were grown
in 60-mm dishes to 80% confluence and then serum starved for 1 h with endothelial
basal medium (Lonza) followed by treatment with EGCG (Sigma; St. Louis, MO, USA) at
various concentrations and times as indicated in the legends to the figures. EGCG was
prepared as a 50-mM stock in 50% dimethylsulfoxide (DMSO) and stored at —20°C. On
the day of use, this initial stock was diluted further to 10 mM with serum-free media,
and then this was diluted even further using serum-free media to final concentrations
as noted in the legends to the figures. For experiments using selective chemical
inhibitors, HAEC were serum starved for 1 h followed by 1-h pretreatment with PI
3-kinase inhibitors wortmannin (100 nM, Sigma) or LY294002 (50 pM, Sigma), MEK
inhibitor PD98059 (25 pM, Sigma), p38 MAPK inhibitor SB203580 (10 pM, Sigma) or
NOS inhibitor L-NAME (100 uM, Sigma). Then cells were treated with vehicle (DMSO)
or EGCG (2.5 uM, 8 h). The concentrations of chemical inhibitors cited above have
previously been shown to be selective and specific [6,69].

2.3. Differential mRNA screening analysis and quantitative real-time polymerase chain
reaction (PCR)

For the screening analysis, HAEC were serum starved 1 h before vehicle or EGCG
treatment (10 pM, 8 h). Subsequently, RNA was isolated using total RNA and Turbo-
DNase kits (Ambion, Inc., Austin, TX, USA). Isolated RNA was subjected to differential
gene analysis using the GeneFishing kit (Seegene, Seoul, South Korea) according to the
manufacturer's instructions. For quantitative real-time PCR analysis, total RNA from
HAEC was isolated using RNeasy mini kit (Qiagen, Valencia, CA, USA). One microgram
of total RNA was reverse transcribed into cDNA using a High-Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA, USA). All primers for mRNA analysis were
obtained from Integrated DNA Technologies (Coralville, IA, USA). Primers used for
human HO-1 were 5’-ATT GCC AGT GCC ACC AAG TTC AAG-3’ (forward) and 5'-TCG
CCA CCA GAA AGC TGA GTG TAA-3’ (reverse); for human HO-2: 5'-AAT GTG GAC AAT
GCC CAG CAG TTC-3’ (forward) and 5’-TAC GCA TGT CTC CTT TCC CAT CGT-3’
(reverse); for human ET-1: 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 human VCAM-1: 5’-TTG CTC
AGA TTG GTG ACT CCG-3’ (forward) and 5-AAA ACT CAC AGG GCT CAG GGT CAG-3’
(reverse); for human P-actin: 5-CTG GCA CCC AGC ACA ATG AAG-3’ (forward) and
5'-TAG AAG CAT TTG CGG TGG ACG-3’ (reverse). Quantitative real-time PCR was
performed using QuantiTect SYBR Green PCR Kit (Qiagen) and analyzed with ABI Prism
7900HT Sequence Detection System (Applied Biosystems; Foster City, CA, USA).
Quantitative PCR was performed as follows: step 1: 50°C for 2 min, step 2: 95°C for
15 min and step 3: 95°C for 15 s, 59°C for 30 s and 72°C for 30 s for 45 cycles. The data
and calculation of cycle threshold were analyzed using SDS 2.2 software (Applied
Biosystems). mRNA expression for HO-1, HO-2 and ET-1 was normalized to B-actin
mRNA expression.

2.4. Immunoblotting

For immunoblotting experiment, cells were washed with ice-cold phosphate-
buffered saline (PBS), and then cell lysates were prepared using lysis buffer containing
40 mM Tris.HCI pH 7.4, 10 mM EDTA pH 8.0, 120 mM Nacl, 0.1% NP-40 and complete
protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). For each
experiment, equal amounts of cell lysates (15-25 pg of total protein) were boiled with
Laemmli sample buffer for 5 min. Then proteins were resolved by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA, USA), transferred
to nitrocellulose membranes and subjected to immunoblotting according to standard
methods. Results from multiple independent experiments were quantified by scanning
densitometry using ImageQuant software (Molecular Dynamics, Piscataway, NJ, USA).

2.5. HO-1 activity assay

HAEC were treated as described in legends to figures, and cell lysates were
assayed for HO-1 activity using human HO-1 enzyme-linked immunosorbent assay
kit according to the manufacturer's protocol. HO-1 activity was calculated as nmol of
bilirubin (product) per pg of cell lysate protein per min. For quantification of multiple
independent experiments, results were normalized to results from the vehicle
treatment group without inhibitor pretreatment, and the data were expressed
as mean+S.E.M.

2.6. SiRNA knockdown of p38 MAPK, HO-1 and Nrf-2

HAEC were transfected with siRNA specifically targeting human HO-1 (catalog #L-
006372-00; gene HMOX-1; Dharmacon, Chicago, IL, USA), human p-38 MAPK (catalog
#L-003555-00; gene MAPK1; Dharmacon), Nrf-2 (catalog #L-003755-00; gene NFE2L2;
Dharmacon) or nontargeting control siRNA (catalog #D-001810-10-20, Dharmacon)
using Lipofectamine/PLUS Reagent (Invitrogen) for 4 h. Two days after transfection, cells
were serum starved for 1 h, and then some groups of cells were treated with vehicle or
EGCG (2.5 uM) in the absence or presence of tumor necrosis factor (TNF)-a as described
in legends to figures. Cells lysates were subjected to immunoblotting as described
above, or cells were fixed for immunohistocytochemistry.

2.7. Monocyte adhesion assay

HAEC were grown to 90% confluence in Lab-Tek chamber slides and serum starved
for 1 hin endothelial basal medium. Cells were then treated without or with TNF-a (10
ng/ml, PeproTech, USA) in the presence of vehicle or EGCG (2.5 uM) for 5 h. In some
experiments, HAEC transfected with siRNA targeting HO-1, p-38, Nrf-2 or nontargeting
control siRNA were serum starved for 1 h followed by treatment with TNF-« (10 ng/ml)
in the presence of vehicle or EGCG (2.5 uM) for 5 h. U937 monocytes (American Type
Culture Collection, Manassas, VA, USA) were grown in Dulbecco's modified Eagle's
medium containing 10% fetal bovine serum and then labeled with 5 pM calcein-AM
(Molecular Probes, Inc., USA) for 15 min. Labeled U937 cells (6x10°) were incubated for
15 min at 37°C with confluent HAEC that were pretreated with vehicle, EGCG (2.5 uM)
and/or TNF-a (10 ng/ml) for 5 h. Co-cultured cells were washed three times with PBS
and fixed in 2% formaldehyde. Prior to visualization, cells were washed three times with
PBS and treated with ProLong Gold anti-fade reagent (Invitrogen). Images of monocytes
adhering to HAEC were obtained with an Olympus 1X81 inverted microscope with
attached CCD camera (Retiga Exi, Burnaby, BC, Canada).

2.8. HO-1 promoter and antioxidant-response element (ARE) activity

HAEC were grown to 80% confluence in six-well plates, and each well of cells was
co-transfected with 0.2 pg of HO-1 phLUC45 DNA and 10 ng of Renilla luciferase
reporter (pRL-TK, Promega; internal control) using Lipofectamine/PLUS reagent for 4 h
according to the manufacturer's protocol. HO-1 phLUC45 is a luciferase reporter
construct containing the human HO-1 promoter driving a luciferase reporter gene (4.5
kb of the 5’ flanking region of human HO-1; kindly provided by Dr. Shigeki Shibahara,
Department of Molecular Biology and Applied Physiology, Tohoku University School of
Medicine, Sendai, Japan) [25]. Transfected cells were cultured in complete medium.
Forty-eight hours posttransfection, cells were serum starved for 1 h and then treated
with vehicle, EGCG (2.5 uM) or insulin (100 nM, Humulin, Eli Lilly) in the absence or
presence of the p38 MAPK inhibitor SB203580 (10 uM) for 6 h. Luciferase activity was
determined using the Dual-luciferase Reporter Assay System (Promega) in conjunction
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with a Lumat LB9501 luminometer (Berthold Technologies, Oak Ridge, TN, USA). HO-1
promoter-driven luciferase activity was normalized to Renilla luciferase activity.

For the ARE luciferase assay, HAEC were grown in six-well dishes to 60%-70%
confluence in complete growth media. The cells were co-transfected with 1 pg of the
luciferase reporter gene construct containing wild-type ARE (ARE-WT), a deletion
mutant (ARE-Ti) lacking the ARE-core binding sequence or a point mutant (ARE-GC)
with mutations in the GC box of the ARE core sequence that prevents binding of ARE
elements (kindly provided by Dr. Jeffrey A. Johnson, University of Wisconsin,
Madison, WI, USA ) [26,27] and 10 ng of Renilla luciferase reporter (internal control)
using Lipofectamine/PLUS reagent for 4 h according to the manufacturer's protocol.
Forty-eight hours after transfection, cells were serum starved for 1 h and then treated
with vehicle or EGCG (2.5 uM) for 6 h. Luciferase activity was determined as
described above.

2.9. Preparation and analysis of mouse liver homogenates and mRNA

All procedures in mice were approved by the National Heart, Lung and Blood
Institute, National Institutes of Health Animal Care and Use Committee. Mice
(C57BL/6]) were treated with EGCG (75 mg/kg body weight daily) or vehicle five
times a week (daily except for weekends) for 5 weeks. Liver samples from three
EGCG-treated and three placebo-treated mice were homogenized in ice-cold PBS and
then lysed in lysis buffer (40 mM Tris.HCl pH 7.4, 10 mM EDTA pH 8.0, 120 mM Nacl,
0.1% NP-40 and complete protease inhibitor mixture). Samples were subjected to
immunoblotting as described above. Total RNA was isolated from other liver samples
from the same mice using the RNeasy mini kit (Qiagen, Valencia, CA). Total RNA was
subjected to quantitative PCR using a High-Capacity cDNA Archive Kit and SYBR
green real-time PCR according to the manufacturer's instructions (Qiagen). mRNA for
HO-1, HO-2, ET-1, VCAM-1 and p-actin was amplified using primer sets as described
above. Data and calculation of AACt (cycle threshold) were analyzed using SDS 2.2
software. HO-1, HO-2, ET-1 and VCAM-1 mRNA expression was normalized to [3-actin
mRNA expression.

2.10. Statistics

Data are expressed as mean+S.E.M. of multiple independent experiments.
Student's t tests (paired or unpaired) and one-way analysis of variance (ANOVA)
followed by Dunnett's multiple comparisons test was used to evaluate differences
where appropriate. P values<.05 were considered to indicate statistical significance.

3. Results

3.1. EGCG stimulates increased expression of HO-1 mRNA and protein in
vascular endothelial cells

We previously demonstrated that EGCG treatment of vascular
endothelial cells stimulates production of the vasodilator NO through
signaling pathways involving H,0,/Fyn/PI3K/Akt/eNOS [6] and in-
hibits synthesis and secretion of the vasoconstrictor ET-1 through
activation of PI3K/Akt/FoxO1 [8]. To identify additional mechanisms
whereby EGCG may mediate beneficial cardiovascular actions, we
used differential gene expression analysis to screen for changes in
gene expression in peripheral vascular endothelial cells in response to
EGCG treatment. In our initial screen, among a number of genes
whose expression significantly changed, we found that treatment of
HAEC with EGCG (10 puM, 8 h) significantly induced expression of the
gene for HO-1, an important enzyme in cellular antioxidant defenses
(Fig. 1A). This preliminary result was subsequently confirmed by
quantitative reverse transcriptase (RT)-PCR in HAEC (Fig. 1B, C); that
is, EGCG treatment of HAEC (10 M, 8 h) increased expression of HO-1
mRNA two-fold without significantly affecting expression of the HO-2
isoform. As a positive control, ET-1 mRNA expression was appropri-
ately suppressed by EGCG treatment consistent with our previous
findings [8]. Interestingly, a lower concentration of EGCG (2.5 pM, 8 h)
stimulated an even greater three-fold increase in HO-1 mRNA without
altering the previously observed effects on HO-2 and ET-1 (Fig. 1C).

With respect to protein levels, EGCG treatment of HAEC (2.5 uM,
8 h) increased expression of HO-1 protein ~1.5-fold without
significantly altering HO-2 protein expression (Fig. 2). This effect of
EGCG to increase expression of HO-1 protein was time dependent
(Fig. 3A). Moreover, corresponding to results with HO-1 mRNA
expression (Fig. 1C), we observed a concentration-dependent effect of
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Fig. 1. Treatment of endothelial cells with EGCG increased HO-1 mRNA expression. (A)
HAEC were serum deprived for 2 h and then treated with vehicle or EGCG (10 pM, 8 h).
Total RNA was isolated from these cells and subjected to differential gene analysis as
described in “Materials and methods.” M=marker lane. (B) HAEC were serum deprived
for 1 h and then treated with vehicle or EGCG (10 uM, 8 h). One pg of total RNA was
reverse transcribed and subjected to quantitative real-time PCR for HO-1, HO-2, ET-1
and B-actin using QuantiTect SYBR Green PCR with appropriate primer sets as
described in “Materials and methods.” HO-1, HO-2 and ET-1 mRNA expressions were
normalized to B-actin mRNA expression. Data shown are the mean+S.E.M. of four
independent experiments (vehicle vs. EGCG treatment for HO-1, HO-2 and ET-1; P<.02,
P>.18 and P<.0005, respectively). (C) HAEC were treated as in panel (B) except that
various concentrations of EGCG were used as indicated. Total RNA was subjected to
quantitative real-time PCR analysis as described in panel (B). Data shown are the mean
+S.EM. of four independent experiments. EGCG treatment caused increased
expression of HO-1 (but not HO-2) mRNA and attenuated ET-1 mRNA expression
(P<.001 by ANOVA and Dunnett's posttest).

EGCG to stimulate HO-1 (but not HO-2) protein expression. The
highest induction was observed with an EGCG concentration of 2.5
uM (Fig. 3B). Taken together, our results suggest that EGCG treatment
of endothelial cells at concentrations in the low micromolar range
(comparable to levels in human circulation after consumption of
green tea [28]) specifically stimulated substantial increases in
expression of HO-1 (but not HO-2) mRNA and protein.

3.2. EGCG-stimulated expression of HO-1 mRNA, protein and activity
in vascular endothelial cells requires activation of p38 MAPK but not
PI 3-kinase

To help elucidate mechanisms by which EGCG treatment
increased expression of HO-1 mRNA and protein, we used specific
chemical inhibitors to block some signaling pathways known to be
activated by EGCG [6,8,10]. After serum starving HAEC for 1 h, cells
were pretreated without or with wortmannin (100 nM, PI3K
inhibitor) or SB203580 (10 puM, p38 MAPK inhibitor) for 1 h and
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Fig. 2. Treatment of endothelial cells with EGCG increased protein expression of HO-1 but not HO-2. (A) HAEC were serum starved for 1 h and then treated with vehicle or EGCG (10
HM, 8 h). Cell lysates were immunoblotted using antibodies against HO-1, HO-2 and B-actin as indicated. Representative results from two independent experiments are shown in each
set of blots. (B) Results from six independent experiments represented in panel (A) were quantified by scanning densitometry and normalized to 3-actin expression (mean+S.E.M.)
(vehicle vs. EGCG treatment for HO-1 and HO-2 expression; P<.0001 and P>.60, respectively).

then treated without or with EGCG (2.5 uM, 6 h) (Fig. 4). As shown HO-1 mRNA and decreased expression of ET-1 mRNA without
previously (Figs. 1-3), treatment of HAEC with EGCG in the absence of significantly changing expression of HO-2 mRNA and protein (Fig.
pathway-selective inhibitors significantly increased expression of 4A, left group; Fig. 4B, lanes 1 and 2; Fig. 4C, left group). Moreover,
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Fig. 3. Treatment of endothelial cells with EGCG increased expression of HO-1 protein, but not HO-2, in a time- and concentration-dependent manner. (A) HAEC were serum starved for
1 h and then treated with vehicle or EGCG (10 uM) for the indicated times. (B) HAEC were serum-starved for 1 h and then treated with vehicle or EGCG (8 h) at the indicated
concentrations. In panels (A) and (B), cell lysates were immunoblotted using antibodies against HO-1, HO-2 or 3-actin. Representative blots from experiments repeated independently
four times are shown in panels (A) and (B). Data in bar graphs are mean+S.E.M. of four independent experiments quantified by scanning densitometry and normalized to B-actin
expression. EGCG significantly increased the amount of HO-1 protein (but not HO-2) in a time- (P<.001 by ANOVA and Dunnett's posttest) and concentration-dependent fashion
(P<.05 by ANOVA and Dunnett's posttest).
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EGCG stimulated a significant increase in intracellular HO-1 activity
(Fig. 4D, left group). Similar results for HO-1 expression were
observed in the presence of wortmannin pretreatment, where
EGCG-stimulated inhibition of ET-1 mRNA expression was blocked
as expected (Fig. 4A, middle group; Fig. 4B, lanes 3-4; Fig. 4C, D,
middle groups) [8]. Thus, activation of PI3K was not required for EGCG
to stimulate increased expression of HO-1 mRNA and protein and
HO-1 activity in peripheral vascular endothelial cells. By contrast, in
cells pretreated with SB203580, EGCG treatment of HAEC was
unable to significantly induce expression of HO-1 mRNA, protein or
HO-1 activity (Fig. 4A, right group; Fig. 4B, lanes 5-6; Fig. 4C, D, right
groups). To demonstrate the specificity of our chemical inhibitors
under these experimental conditions, we showed that wortmannin
pretreatment did not block EGCG-stimulated phosphorylation of
either p44/p42 MAPK or p38 MAPK, while pretreatment with
SB208530 blocked EGCG-stimulated phosphorylation of p38 MAPK
but not p44/p42 MAPK (Fig. 4B and C). Similar to wortmannin
pretreatment, pretreatment of HAEC with PD98059 (25 pM, MEK
inhibitor), LY 294002 (50 pM, another PI 3-kinase inhibitor) or
L-NAME (100 M, NOS inhibitor) did not significantly affect the ability
of EGCG to stimulate increased expression of HO-1 protein (Fig. 5).
Since pathway-selective chemical inhibitors may have nonspecific
actions, we used siRNA knockdown to help definitively assess the role
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Fig. 5. EGCG-stimulated increases in HO-1 protein expression did not require MEK, PI3K
or NOS activity. HAEC were serum starved for 1 h and then pretreated without or with
various pathway-selective chemical inhibitors for 1 h (PD=PD98059, 25 puM;
LY=LY294002, 50 uM; L-NAME, 100 puM). This was followed by treatment without or
with EGCG (2.5 uM, 6 h). Cell lysates were immunoblotted using antibodies against HO-
1, HO-2 and p-actin as indicated. Immunoblots shown are representative results from
at least three independent experiments.

of p38 MAPK in EGCG-stimulated HO-1 expression. As with previous
experiments (Figs. 2-4), in HAEC transfected with nontargeting
control siRNA, EGCG treatment (2.5 puM, 8 h) significantly increased
expression of HO-1 protein (Fig. 6A, lanes 1-4; Fig. 6B). By contrast, in
HAEC transfected with siRNA specifically targeting p38 MAPK, EGCG-
stimulated induction of HO-1 was completely blocked (Fig. 6A, lanes
5-8; Fig. 6B). In this experimental preparation, transfecting HAEC
with siRNA targeting p38 MAPK (but not nontargeting control siRNA)
significantly and substantially reduced expression of p38 MAPK
protein as expected (Fig. 6A, C). Taken together, our results strongly
suggest that EGCG-stimulated increases in expression and activity of
HO-1 in HAEC required activation of p38 MAPK but not other
signaling pathways activated by EGCG.

Fig. 4. EGCG-stimulated increases in HO-1 mRNA, protein and enzyme activity required
p38 MAPK, but not PI3K, activity. HAEC were serum starved for 1 h and then pretreated
without or with pathway-selective chemical inhibitors (wortmannin or SB208530) for
1 h as described in “Materials and methods.” This was followed by treatment without
or with EGCG (2.5 pM, 6 h). (A) One pg of total RNA was reverse transcribed and
subjected to quantitative real-time PCR for HO-1, HO-2, ET-1 and p-actin using
QuantiTect SYBR Green PCR with appropriate primer sets as described in “Materials
and methods.” HO-1, HO-2 and ET-1 mRNA expressions were normalized to [3-actin
mRNA expression. Data shown are mean=+S.E.M. of four independent experiments. In
the absence of pretreatment with inhibitors, when compared with vehicle treatment,
EGCG increased expression of HO-1 (P<.0002) but not HO-2 mRNA (P>.25) while
decreasing expression of ET-1 mRNA (P<.0001). In the presence of wortmannin
pretreatment, EGCG stimulated increased expression of both HO-1 and ET-1 mRNA
(P<.01), but did not change expression of HO-2 (P>.28). In the presence of SB203580,
EGCG treatment did not increase expression of either HO-1 or HO-2 mRNA (P>.25) but
did decrease expression of ET-1 mRNA (P<.0005). (B) Cell lysates were immunoblotted
using antibodies against HO-1, HO-2, phospho-p44/42 MAPK, phospho-p38 MAPK and
3-actin as indicated. Immunoblots shown in panels (B) and (C) are representative
results from at least three independent experiments. (C) Results from four
independent experiments represented in panel (B) were quantified by scanning
densitometry and normalized to [3-actin expression (mean+S.E.M.). In the absence of
pretreatment with inhibitors, when compared with vehicle treatment, EGCG
stimulated increased expression of HO-1 (P<.0007) but not HO-2 (P>.29). Pretreatment
of cells with wortmannin had no effect on EGCG-induced expression of HO-1 (P>.18).
Pretreatment of cells with SB208530 diminished EGCG-induced expression of HO-1
(P<.001). (D) Cell lysates from cells treated as above were used to determine HO-1
activity. Data shown are mean+S.E.M. of three independent experiments. In the
absence of pretreatment with inhibitors, when compared with vehicle treatment,
EGCG stimulated increased activity of HO-1 (P<.008). In the presence of wortmannin
pretreatment, EGCG also stimulated increased activity of HO-1 (P<.05). Pretreatment of
cells with SB203580 blocked EGCG-stimulated increases in HO-1 activity (P>.9).
Wort=wortmannin; SB=SB208530. In the absence of pretreatment with inhibitors or
with wortmannin pretreatment, when compared with vehicle treatment, EGCG
stimulated increased phosphorylation of both p44/42 MAPK and p38 MAPK (P<.001).
With SB pretreatment, when compared with vehicle treatment, EGCG stimulated
increased phosphorylation of p44/42 MAPK (P<.05) but did not alter phosphorylation
of p38 MAPK (P>.33).
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Fig. 6. siRNA knockdown of p38 MAPK blocked EGCG-stimulated increases in HO-1
expression. (A) HAEC were transfected with scrambled siRNA (control) or siRNA
specifically targeting p38-MAPK as described in “Materials and methods.” Forty-eight
hours after transfection, cells were serum starved for 1 h and then treated with vehicle
or EGCG (2.5 pM, 8 h). Whole cell lysates were subjected to immunoblotting using
antibodies against HO-1, p38 MAPK and p-actin as indicated. Immunoblots shown
represent two independent experiments that were repeated independently three
times (total of six independent experiments). (B) Results for HO-1 expression from six
independent experiments represented in panel (A) were quantified by scanning
densitometry and normalized to {3-actin expression (mean+S.E.M.). In cells trans-
fected with scrambled control siRNA, when compared with vehicle treatment, EGCG
stimulated increased expression of HO-1 (P<.0001). By contrast, in cells transfected
with siRNA targeting p38-MAPK, this effect of EGCG was completely blocked (P>.23).
(C) Results for p38-MAPK expression from six independent experiments represented
in panel (A) were quantified by scanning densitometry and normalized to R-actin
expression (mean+S.E.M.). When compared with cells transfected with scrambled
(control) siRNA, cells transfected with siRNA targeting p38-MAPK had a reduction of
p38-MAPK expression of ~40% in the absence or presence of EGCG treatment
(P<.0001). When compared with vehicle treatment, EGCG did not alter expression of
p38-MAPK in cells transfected with either scrambled (control) siRNA or siRNA
targeting p38-MAPK (P>.17).

3.3. EGCG-stimulated activation of the human HO-1 promoter and a
Nrf-2-responsive promoter requires p38 MAPK activity

In the present study, we found that the ability of EGCG to stimulate
increased expression of HO-1 requires p38 MAPK (Figs. 4 and 6).
Therefore, we used the p38 MAPK inhibitor SB208530 to examine
mechanisms by which EGCG stimulates activation of the human HO-1
promoter. In HAEC transiently transfected with phHOLuc45 (4.5 kb of
the human HO-1 promoter driving a luciferase reporter [25]), EGCG-
stimulated activation of the HO-1 promoter was completely blocked

by pretreatment of cells with SB203580 (Fig. 7A). Similarly, in HAEC
transiently transfected with a luciferase reporter construct driven by
the Nrf-2-responsive ARE (ARE-WT, constructed from a 34-bp
fragment from the ARE region of the 5’-flanking promoter region of
the human HO-1 gene [29]), EGCG-stimulated activation of ARE-WT
was completely blocked by pretreatment of cells with SB208530 (Fig.
7B, left group). Mutants of ARE-WT lacking the core DNA binding
sequence (ARE-Ti [30]) or with point mutations in the GC box of the
ARE core binding region for Nrf-2 (ARE-GC [26]) were both
unresponsive to EGCG treatment in either the absence or presence
of SB208530 (Fig. 7B, center and right groups). Taken together, these
data strongly suggest that EGCG increases expression of HO-1 by p38
MAPK-dependent induction of Nrf-2.
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Fig. 7. Activation of the human HO-1 promoter and Nrf-2 responsive promoter
constructs in response to EGCG required p38 MAPK activity. (A) HAEC were co-
transfected with a luciferase reporter construct driven by the human HO-1 promoter
(phHOLUC-45) and a Renilla luciferase construct (internal control). Forty-eight hours
after transfection, cells were serum starved for 1 h and then pretreated without or with
SB203580 (10 uM) for 1 h followed by treatment with vehicle or EGCG (2.5 puM, 6 h).
Luciferase activity normalized to Renilla luciferase activity was assessed in cell lysates as
described in “Materials and methods.” Data shown are mean4+S.E.M. of four
independent experiments. In the absence of SB, EGCG stimulated increased HO-1
promoter activity (when compared with vehicle; P<.001). This effect was completely
blocked by SB pretreatment (P>.05). (B) HAEC were transfected with ARE-WT, ARE-Ti
or ARE-GC mutant-Luc reporter constructs along with a Renilla luciferase construct.
Forty-eight hours after transfection, cells were serum starved for 1 h and then treated
with vehicle or EGCG (2.5 uM, 6 h). Luciferase activity normalized to Renilla luciferase
activity was assessed in cell lysates as described in “Materials and methods.” Data
shown are mean4S.E.M. of three independent experiments. In cells transfected with
ARE-WT, EGCG treatment increased luciferase activity (when compared with vehicle
treatment, P<.001), and SB inhibited this effect of EGCG (P<.01). In cells transfected
with either ARE-Ti or ARE-GC, EGCG had no significant effect to alter luciferase activity
in either the absence or presence of SB (when compared with vehicle treatment, P>.05).
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To more completely define the roles of p38 MAPK and Nrf-2 in
EGCG-stimulated expression of HO-1, we next examined effects of
EGCG treatment on Nrf-2 and HO-1 expression in HAEC treated
without or with EGCG in the absence or presence of Nrf-2 or p38
MAPK knockdown by siRNA (Fig. 8). Treatment of HAEC with EGCG
(2.5 uM, 8 h) simultaneously increased Nrf-2 and HO-1 protein
expression (Fig. 8A and B). When compared with control cells
transfected with nontargeting siRNA, in HAEC transfected with siRNA
targeting Nrf-2, EGCG treatment no longer increased expression of
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Fig. 8. EGCG-stimulated increases in expression of HO-1 in endothelial cells required
Nrf-2 and p38 MAPK. (A) HAEC were serum starved for 1 h and then treated
without or with EGCG (2.5 uM, 8 h). Nuclear extracts were prepared as described in
“Materials and methods” and then immunoblotted using antibodies against Nrf-2,
HO-1 and P-actin. (B) Results from three independent experiments represented in
panel (A) were quantified by scanning densitometry and normalized to (-actin
expression (mean+S.E.M.). EGCG stimulated increased Nrf-2 expression (P<.001).
(C and D) HAEC were transiently transfected with scrambled siRNA (control) or siRNA
targeting Nrf-2 or p38 MAPK-1 as described in “Materials and methods.” Forty-eight
hours after transfection, cells were serum starved for 1 h and then treated with vehicle
or EGCG (2.5 puM, 8 h). Nuclear extracts were immunoblotted using antibodies against
HO-1, Nrf-2 and p-actin. Representative blots are shown for experiments that were
repeated independently three times.

either Nrf-2 or HO-1 (Fig. 8C). Similar results were observed with
siRNA knockdown of p38 MAPK (Fig. 8D). Taken together, our
results suggest that both p38 MAPK and Nrf-2 are required for EGCG
to stimulate increased expression of HO-1 in vascular endothelial
cells. Moreover, p38 MAPK activity is required for EGCG to stimulate
increased expression of Nrf-2. Therefore, one mechanism for EGCG
to increase expression of HO-1 likely involves activation of p38
MAPK that subsequently induces expression of Nrf-2. Nrf-2 binding
to the ARE region of the HO-1 promoter then increases expression of
HO-1 mRNA and protein, resulting in an increase in total cellular
HO-1 activity.

3.4. EGCG treatment of vascular endothelial cells opposes increased
expression of VCAM-1 and monocyte adhesion caused by exposure
to TNF-a

Proinflammatory cytokines including TNF-« contribute to endo-
thelial dysfunction, in part, by increasing expression of cellular
adhesion molecules, resulting in increased adhesion of monocytes to
vascular endothelium [31,32]. One potential mechanism for EGCG to
improve cardiovascular health may be to oppose actions of proin-
flammatory cytokines in vascular endothelium. To evaluate this
possibility, we treated serum-starved HAEC without or with EGCG
(2.5 uM, 5 h) in the absence or presence of TNF-a (10 ng/ml, 5 h)
(Fig. 9). In the absence of EGCG treatment, exposure to TNF-o
resulted in a ~five-fold increase in VCAM-1 expression (Fig. 9A and B;
c.f, lanes 1 and 3) and increased adhesion of monocytes to HAEC
(Fig. 9C; c.f,, first and third columns). Interestingly, treating HAEC
simultaneously with EGCG and TNF-« nearly completely abrogated
these proatherogenic actions of TNF-a (Fig. 9A and B; c.f, lanes 3
and 4; Fig. 9C; c.f, third and fourth columns). To evaluate whether
these salutary effects of EGCG were mediated by increased
expression of HO-1, we used siRNA to specifically knock down
HO-1, p38 MAPK or Nrf-2 (transcription factor implicated in HO-1
expression [30,33,34]) in HAEC treated with TNF-a (10 ng/ml, 5 h)
in the absence or presence of EGCG (2.5 uM, 5 h) (Fig. 10). In HAEC
transfected with nontargeting control siRNA and treated with
TNF-a, EGCG treatment reduced expression of VCAM-1 and
increased expression of HO-1 while reducing monocyte adhesion
to HAEC (Fig. 10C, columns 1 and 2) without significantly altering
expression of HO-2 (Fig. 10A and B, lanes 1 and 2) (when compared
with HAEC transfected with nontargeting control siRNA and treated
with TNF-a¢ in the absence of EGCG). Importantly, in HAEC
transfected with siRNA targeting HO-1, treatment of cells with
EGCG did not increase HO-1 expression, and EGCG no longer blocked
the ability of TNF-« to increase expression of VCAM-1 (Fig. 10A and
B, lanes 3 and 4). Moreover, siRNA knockdown of HO-1 also
prevented the ability of EGCG to inhibit monocyte adhesion to HAEC
in response to TNF-a (Fig. 10C, columns 3 and 4). With respect to
monocyte adhesion, similar results were observed with siRNA
knockdown of p38 MAPK or Nrf-2 (Fig. 10C columns 5-8). Therefore,
the ability of EGCG to oppose antiatherogenic actions of TNF-« in
HAEC requires the induction of HO-1 that is likely mediated by p38
MAPK and Nrf-2.

3.5. In vivo effects of EGCG treatment on HO-1 and VCAM-1 expression
in mice

HO-1 is generally expressed in tissues where heme metabolism
takes place [35] and is highly inducible in response to oxidative stress
in many organs including liver [16,36,37]. To determine if effects of
EGCG to increase HO-1 expression and inhibit VCAM-1 expression in
primary endothelial cells have physiological correlates in vivo, we
treated mice (C57BL/6]) with vehicle control or purified EGCG
(75 mg/kg body weight daily) five times per week for 5 weeks as
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Fig. 9. EGCG treatment of endothelial cells impaired TNF-a-stimulated expression of VCAM-1 and monocyte adhesion. (A) HAEC were serum starved for 1 h and then treated with
vehicle or TNF-a (10 ng/ml, 5 h) in the absence or presence of EGCG (2.5 uM). Whole cell lysates were subjected to immunoblotting using antibodies against VCAM-1, HO-1 and [>-
actin as indicated. A representative set of blots from experiments that were repeated independently six times is shown. (B) Results from six independent experiments represented in
panel (A) were quantified by scanning densitometry and normalized to 3-actin expression (mean4S.E.M.). In the absence of TNF-o, EGCG treatment did not alter expression of VCAM-
1 (when compared with vehicle treatment, P>.19). In the absence of EGCG, TNF-« treatment significantly increased expression of VCAM-1 (when compared with vehicle-treatment,
P<.0001). In the presence of EGCG, TNF-a-induced expression of VCAM-1 was significantly reduced (when compared with the absence of EGCG, P<.003). (C) U937 monocytic cells
(6x10°) were labeled as described in “Materials and methods” and then incubated for 30 min at 37°C with confluent HAEC treated with various combinations of EGCG, TNF-a and
vehicle as indicated [same conditions as panel (A)]. Chambered wells were then washed three times with PBS, and cells were fixed in 2% formaldehyde. Labeled monocytes adhering to
HAEC were visualized using an epifluorescent microscope as described in “Materials and methods” (upper panel). Phase contrast view of cells is shown in lower panel.

described in “Materials and methods.” Liver homogenates from three
EGCG-treated and three vehicle-treated mice were processed and
assessed for HO-1, HO-2, ET-1 and VCAM-1 mRNA expression using
quantitative RT-PCR (Fig. 11A). Similar to our acute in vitro
experiments in vascular endothelial cells, chronic in vivo treatment
of mice with EGCG caused an increase in HO-1 mRNA expression in

liver without changing HO-2 mRNA expression (ET-1 mRNA
expression was also decreased). Liver samples were immunoblotted
using antibodies against HO-1 and VCAM-1. Gratifyingly, expression
of HO-1 protein increased while expression of VCAM-1 protein
decreased in livers from mice treated in vivo with EGCG (when
compared with livers from placebo-treated mice) (Fig. 11B, C).
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Fig. 10. siRNA knockdown of HO-1 blocked the inhibitory action of EGCG on TNF-a-stimulated VCAM-1 expression and monocyte adhesion in endothelial cells. (A) HAEC were
transiently transfected with scrambled siRNA (control) or siRNA targeting HO-1 as described in “Materials and methods.” Forty-eight hours after transfection, cells were serum starved
for 1 h and then treated with vehicle or TNF-a (10 ng/ml) for 5 h in the presence or absence of EGCG (2.5 uM). Cell lysates were then subjected to immunoblotting using antibodies
against VCAM-1, HO-1, HO-2 and B-actin as indicated. Immunoblots shown are representative of experiments that were repeated independently four times. (B) Results for VCAM-1
expression from four independent experiments represented in panel (A) were quantified by scanning densitometry and normalized to 3-actin expression (mean4+S.E.M.). In cells
transfected with control scrambled siRNA, EGCG treatment diminished TNF-o stimulated VCAM-1 expression (P<.001). In cells transfected with HO-1 siRNA, EGCG treatment failed to
modulate TNF-a-induced VCAM-1 expression (P>.05) (by ANOVA and Bonferroni's posttest). (C) HAEC were transfected with scrambled siRNA (control) or siRNA specifically
targeting HO-1, p38-MAPK or nrf-2. Forty-eight hours after transfection, cells were serum starved for 1 h and then treated with vehicle or TNF-a (10 ng/ml) for 5 h in the presence or
absence of EGCG (2.5 uM). Labeled U937 monocytes (6x10°) were incubated for 30 min at 37°C with confluent HAEC pretreated with EGCG and/or TNF-a. Co-cultured cells were
washed three times with PBS and fixed in 2% formaldehyde. Images of monocytes adhering to HAECs were visualized using an epifluorescent microscope (upper panel). Phase contrast
view of cells is shown in lower panel.

Therefore, chronic treatment of rodents with EGCG at doses sulfficient 4. Discussion

to raise circulating EGCG levels into the micromolar range [38] had

significant effects to increase HO-1 expression and decrease VCAM-1 The green tea polyphenol EGCG mediates biological actions
expression in liver. These results raise the possibility that mecha- in vascular endothelium, liver and other insulin targets that may
nisms of action for EGCG to acutely induce HO-1 and oppose contribute to beneficial metabolic and cardiovascular effects of
proinflammatory events in vascular endothelial cells have correlates drinking green tea [2-6,8,10,12,39,40]. In the present study, we
in vivo that may be physiologically relevant to cardiovascular and identified and characterized the ability of EGCG to induce

metabolic health benefits of green tea consumption. expression of HO-1 in endothelial cells, resulting in anti-
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Fig. 11. Increased expression of HO-1 mRNA and protein and decreased expression of
VCAM-1 in the liver of mice treated chronically with oral EGCG. Mice (C57BL/6]) were
given EGCG (75 mg/kg body weight, n=3) or vehicle (n=3) by gavage five times per
week (daily except for weekends) for 5 weeks. (A) Total RNA extracted from liver
homogenates from three mice in each group was subjected to real-time quantitative
PCR for HO-1, HO-2, ET-1 and P-actin. Results shown are mean+S.E.M. of mRNA
expression for HO-1, HO-2 and ET-1 normalized to -actin from three mice each in the
vehicle- and EGCG-treatment groups. Mice treated with EGCG had higher expression of
HO-1 mRNA and lower expression of ET-1 mRNA in liver than mice treated with vehicle
(P<.02). By contrast, EGCG treatment of mice did not alter expression of HO-2 mRNA in
liver when compared with vehicle-treated mice (P>.43). (B) Liver homogenates of
vehicle- and EGCG-treated mice were immunoblotted using antibodies against HO-1,
VCAM-1 and P-actin as indicated (results from three mice from each group are shown).
(C) Results represented in panel (B) (n=3 for each group) were quantified by scanning
densitometry and normalized to [3-actin expression (mean4S.E.M.). Livers from mice
treated with EGCG had higher expression of HO-1 (P<.013) and decreased expression of
VCAM-1 (P<.015) when compared with livers from control mice treated with vehicle.

inflammatory actions that may oppose atherogenesis and improve
endothelial dysfunction.

4.1. EGCG stimulates increased HO-1 expression in endothelial cells via
p38 MAPK and Nrf-2

We identified HO-1 as a candidate gene for regulation of
cardiovascular and metabolic function that was induced in response

to EGCG treatment. Low micromolar concentrations of EGCG
specifically increased expression of HO-1, but not HO-2, mRNA and
protein in a time-dependent manner in human vascular endothelial
cells (maximal effect at 2.5 uM EGCG). We found that induction of HO-
1 protein in response to EGCG treatment in HAEC required p38 MAPK,
but not PI3K, MEK, ERK (p44/42 MAPK) or NOS. Moreover, expression
of Nrf-2, a transcription factor that regulates HO-1 expression
[29,30,41-44] by binding to ARE regions of the human HO-1 promoter
[29,30], was also increased by EGCG treatment of HAEC in a p38
MAPK-dependent fashion. siRNA knockdown of Nrf-2 prevented
induction of HO-1 in response to EGCG in HAEC. Finally, EGCG-
stimulated increases in HO-1 promoter activity and ARE-driven
reporter constructs also required p38 MAPK.

A variety of protein kinase signaling pathways including Akt,
MAPK, PKA and PKG are implicated in regulation of HO-1 expression
in various tissues [45,46]. Cell-specific regulation of transcription
factors including nuclear factor-xB, heat-shock factor, activator
protein-1 and Nrf-2 increases HO-1 mRNA and protein expression
[45,46]. Nrf-2, a redox-sensitive leucine-zipper transcription factor
activated by oxidants, binds to AREs in promoter regions of genes
involved in cellular antioxidant responses including HO-1 [45-47]. In
the basal state, Nrf-2 is cytoplasmic and bound to Keapl, an actin
binding protein that keeps Nrf-2 in an inactive form [48]. Keapl
recruits ubiquitin ligases that target Nrf-2 to degradation. Modifica-
tion of Nrf2 by oxidative stress or phosphorylation leads to
dissociation from Keap1 and translocation to the nucleus where it
binds to AREs to enhance HO-1 promoter activity [49,50]. Nrf-2 has a
short half-life (~30 min) and is regulated in part through changes in
stability [51]. Our data suggest that EGCG-induced increases in Nrf-2
expression via p38 MAPK may limit Nrf-2 degradation. Interestingly,
carnosal, a polyphenol in rosemary, and curcuminoids enhance
cellular Nrf-2 expression in PC12 (pheochromocytoma cell line) and
MING (pancreatic 3-cell line), respectively [43,52]. However, PI3K/Akt
signaling, not p38 MAPK signaling, plays a major role in carnosal- and
curcuminoid-induced increases in cellular Nrf2 and HO-1 expression
[43,52]. By contrast, even though we found that EGCG (2.5 uM)
activates Akt and ERK, inhibition of p38 MAPK kinase (but not Akt or
ERK) was sufficient to completely suppress EGCG-stimulated in-
creases in Nrf2 and HO-1 expression in vascular endothelial cells.

p38 MAPK is implicated in HO-1 induction in various cell types
[20,46]. However, insulin, peroxynitrite and celecoxib utilize the
PI3K/Akt pathway to increase HO-1 in an Nrf-2 dependent fashion in
endothelial cells [20,53,54]. Therefore, relative contributions of
PI3K/Akt, ERK and p38 MAPK pathways to HO-1 regulation depend
on specific cell types and stimuli for HO-1 induction. Transforming-
growth-factor-p- and cadmium-induced HO-1 expression requires
p38 MAPK, but not ERK, in pulmonary epithelial cells (A549) or breast
cancer cells (MCF-7), respectively [42,55]. By contrast, both p38
MAPK and ERK are required to mediate cadmium- and NO-induced
HO-1 expression in gastric cancer cells and Hela cells, respectively
[56,57]. With respect to carnosal-induced HO-1 expression, both
PI3K/Akt and p38 MAPK are required [43]. Regulation of HO-1 by
insulin in endothelial cells requires PI3K/Akt, but not p38 MAPK [20].
Thus, stimulation of HO-1 expression may require a specific set of
signaling pathways in a cell- and compound-specific fashion. In some
studies, very high concentrations of EGCG (50 pM) that may be
cytotoxic activate both PI3K/Akt and MAPK pathways to regulate HO-
1 expression in endothelial cells and lymphoblasts (EGCG, 20 uM)
[33,58]. In our study, stimulatory effects of EGCG were observed at
low micromolar concentrations that are achievable in vivo after green
tea consumption (<5 pM). Thus, findings from in vitro studies using
high concentrations of EGCG may represent toxic and/or stress
responses with limited therapeutic relevance. Data from our study are
the first to demonstrate in a single experimental system of primary
endothelial cells that EGCG regulates HO-1 expression through a
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mechanism requiring p38 MAPK upstream of Nrf2 that then binds and
activates the HO-1 promoter.

4.2. EGCG suppresses proinflammatory actions of TNF-« in endothelial
cells through up-regulation of HO-1

TNF-a is a proinflammatory cytokine that promotes endothelial
dysfunction and atherogenesis, in part, by increasing expression of
cell surface adhesion molecules including VCAM-1 in vascular
endothelium [59]. This leads to increased monocyte adhesion to
endothelium, a necessary step in atherogenesis [60,61]. We found
that treatment of HAEC with EGCG (2.5 uM) substantially inhibited
induction of VCAM-1 by TNF-a that prevented TNF-o-stimulated
increases in monocyte adhesion to endothelial cells. Using siRNA to
knockdown specific genes, we demonstrated that these antiathero-
genic actions of EGCG required p38 MAPK, Nrf-2 and HO-1.

The cell surface integrin that binds VCAM-1 is selectively
expressed in monocytes and a subset of lymphocytes [62,63].
Therefore, endothelial VCAM-1 expression plays a key role in
mediating monocyte and lymphocyte adhesion in atherosclerotic
lesions. Loss of laminar blood flow and proatherogenic factors
including cytokines, oxidized low-density lipoprotein and hyperin-
sulinemia in the presence of insulin resistance all stimulate VCAM-1
expression [63]. Activation of signaling pathways including, PI3K/Akt,
ERK, p38 MAPK, c-Src and ROS modulate redox-sensitive transcrip-
tion factors to mediate cytokine-induced VCAM-1 expression in
endothelium [64]. EGCG at high concentrations (>50 uM) decreases
angiotensin-II- and cytokine- (TNF-a or interleukin-1P) stimulated
VCAM-1 expression in endothelial cells [32,65]. However, in these
previous studies, intracellular mechanisms mediating anti-inflamma-
tory actions of EGCG were not elucidated. In the present study, we
show that low micromolar concentrations of EGCG activated a
signaling cascade involving p38 MAPK/Nrf-2/HO-1 in the endotheli-
um to antagonize proatherogenic actions of TNF-a. This is consistent
with previous studies demonstrating that adenovirus-mediated
overexpression of Nrf-2 is sufficient to suppress TNF-o-stimulated
VCAM-1 expression in endothelial cells [66]. Moreover, products of
HO-1 activity including bilirubin and CO contribute to reducing
VCAM-1 expression in endothelium [67,68]. Thus, EGCG-induced
expression of HO-1 in endothelium may oppose cytokine-stimulated
VCAM-1 expression, in part, through its enzymatic products.

4.3. Actions of EGCG on HO-1 expression in vivo

To determine if effects of EGCG to increase HO-1 expression in
primary endothelial cells also occur in vivo, we examined livers from
mice chronically treated with EGCG or vehicle (placebo). We chose
to examine liver because it is an easily accessible tissue known to
express HO-1 in a regulated manner. Gratifyingly, livers from mice
treated with EGCG had significantly increased expression of HO-1
that corresponded to decreased expression of VCAM-1. Given our
results from endothelial cells, it seems plausible that increased
expression of HO-1 due to EGCG treatment in vivo may be
responsible for diminished expression of VCAM-1. Therefore,
antiatherogenic mechanisms we elucidated in primary endothelial
cells may be relevant to in vivo therapy with EGCG and/or beneficial
health effects of drinking green tea that reduce cardiovascular and
metabolic morbidity and mortality.
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