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Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that induces oxygen-regulated genes in response
to reduced oxygen conditions (hypoxia). Expression of the oxygen-regulated HIF-1R subunit correlates
positively with advanced disease stages and poor prognosis in cancer patients. Green tea catechins are
believed to be responsible for the cancer chemopreventive activities of green tea. We found that (-)-
epicatechin-3-gallate (ECG, 1), one of the major green tea catechins, strongly activates HIF-1 in T47D
human breast carcinoma cells. Among the green tea catechins tested, 1 demonstrated the strongest HIF-
1-inducing activity, while (-)-epigallocatechin-3-gallate (EGCG, 2) was significantly less active. However,
2 is relatively unstable in the in vitro system studied. Compound 1 also increases the expression of HIF-1
target genes including GLUT-1, VEGF, and CDKN1A. In T47D cells, 1 induces nuclear HIF-1R protein
without affecting HIF-1R mRNA. Both the induction of HIF-1R protein and activation of HIF-1 by 1 can
be blocked by iron and ascorbate, indicating that 1 may activate HIF-1 through the chelation of iron.
These results suggest that intended cancer chemoprevention with high-dose green tea extracts may be
compromised, by the ability of tea catechins to promote tumor cell survival pathways associated with
HIF-1 activation.

Rapid tumor growth often outstrips the ability of blood
vessels to supply oxygen and nutrients, leaving many
regions inside solid tumors low in oxygen (hypoxia). In
cancer patients, the extent of tumor hypoxia directly
correlates with advanced disease stages, poor prognosis,
and treatment resistance.1 Hypoxia-inducible factor-1 (HIF-
1) is a transcription factor that plays a critical role in
hypoxia-activated gene expression.2 In tumor cells, HIF-1
activates the transcription of genes involved in anaerobic
metabolism, angiogenesis, survival, invasion/metastasis,
and treatment resistance, thus promoting cellular adapta-
tion and survival under hypoxic conditions.1,2 HIF-1 is a
heterodimer of the bHLH-PAS proteins HIF-1R and HIF-
1â/ARNT. HIF-1R protein is degraded rapidly under nor-
moxic conditions and stabilized under hypoxic conditions,
while HIF-1â protein is constitutively expressed. Over-
expression of the HIF-1R subunit has been observed in
many human cancers, and increased levels of HIF-1R
protein correlate with advanced disease stages and poor
prognosis.3 In multiple animal models, deletion of either
the HIF-1R or HIF-1â gene is associated with reduced
tumor vascularity and retarded tumor growth.4-8 Numer-
ous studies on HIF-1 and cancer during the past decade
support HIF-1 as an important molecular target for anti-
cancer drug discovery and development.2,9

Small molecule HIF-1 inhibitors represent potential
molecular-targeted therapeutic agents for cancer. The
current agents that inhibit HIF-1 activity are also known
regulators of other cellular pathways.2,9 While examining

natural product-derived compounds for HIF-1 inhibitory
activities, we found that the green tea catechins ECG (1)
and EGCG (2) actually activate HIF-1 under normoxic
conditions in a T47D human breast tumor cell-based
reporter assay. The cancer chemopreventive functions of
green tea [dried fresh leaves of the plant Camellia sinensis
L. Ktze. (Theaceae)] are supported by laboratory, animal-
based, and some epidemiological studies.10-12 Recently, a
phase I clinical trial of oral green tea extracts has been
completed in adult patients with solid tumors.13 Major
green tea catechins including 1, 2, (-)-epicatechin (EC, 3),
and (-)-epigallocatechin (EGC, 4) are believed to be
responsible for green tea’s cancer chemopreventive activi-
ties. However, mixed results have been obtained from
epidemiological studies that have examined the connection
between green tea and cancer.14 If green tea catechins can
activate tumor cell survival programs through HIF-1, then
this may represent one potential adverse effect of cancer
chemoprevention with green tea. This undesired activity
may contribute to the mixed results observed in clinical
green tea cancer chemoprevention studies.

This study investigates the effects of green tea catechins
and related compounds on HIF-1 activity in vitro. Among
the compounds tested [1-4, (+)-catechin (5), and gallic acid
(6)], only catechins that contain the 3-gallate moiety (1 and
2) activate HIF-1 in a T47D cell-based reporter assay. In
addition, 1 inhibits HIF-1 activation under hypoxic condi-
tions. Apart from one hydroxyl group, 1 and 2 are structur-
ally identical. However, 2 is chemically less stable than 1.
The focus of this study is the regulation of HIF-1 activity
by ECG (1). The pathways and mechanisms involved in
HIF-1 activation have been extensively studied.1,2,9 In the
presence of oxygen, the HIF-1R subunit is prolyl hydroxy-
lated, recognized by an E3 ubiquitin ligase complex that
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contains the von Hippel-Lindau tumor suppressor protein
(pVHL), polyubiquitylated, and degraded by the 26S
proteosome.15-17 The HIF-1R protein is also asparaginyl
hydroxylated to prevent HIF-1 activation.18 At reduced
cellular oxygen levels, inhibition of HIF-1R protein prolyl
hydroxylation and degradation leads to an increase in HIF-
1R protein levels,15-17 and inhibition of HIF-1R protein
asparaginyl hydroxylation results in the activation of HIF-1
and its target genes.18 Both the prolyl and asparaginyl
hydroxylases that modify HIF-1R protein require ferrous
ion as a cofactor.15,16,18 Iron chelators can stabilize HIF-1R
protein and activate HIF-1.19 Ascorbate blocks HIF-1
activation by iron chelators but not by hypoxia.20 The ECG-
mediated induction of HIF-1R protein and activation of
HIF-1 can be reversed by the addition of iron ions or
ascorbate, suggesting that 1 activates HIF-1 in a similar
fashion as iron chelators. However, none of the previously
studied iron chelators (desferrioxamine, desferri-exochelin,
ciclopirox olamine, 2,2′-dipyridyl, and dibenzoylmethane)
that activate HIF-1 under normoxic conditions inhibit
hypoxic activation of HIF-1.19,21-23 Compound 1 (ECG)
appears to play dual opposing roles that differentially
regulate HIF-1 activity, depending on the concentration of
oxygen in the cellular environment.

Results and Discussion

HIF-1 Activation by Green Tea Catechins: Struc-
ture-Activity Relationship. While screening small mol-
ecule natural products for HIF-1 inhibitors, we observed
that certain green tea catechins activate HIF-1 under
normoxic conditions in a T47D human breast tumor cell-
based reporter assay. The effects of four major green tea
catechins (1-4) and two related compounds (5 and 6) on
HIF-1 activity were further examined. The activity of HIF-1
was monitored using a luciferase reporter under the control
of HRE from the erythropoietin gene (pTK-HRE3-luc).24,25

The HIF-1 activity following treatment with each com-
pound (16 h, normoxic conditions) is presented in Figure

1A. At the concentration of 100 µM, the catechins that
contain the 3-gallate moiety (1 and 2) activated HIF-1. A
more robust induction of HIF-1 activity was observed in
the presence of 1 than in the presence of 2 (16.8-fold versus
3.6-fold increase). None of the other compounds showed any
statistically significant effect on HIF-1 activity at the
concentrations tested. Under hypoxic conditions (1% O2),19

only 1 (100 µM) exhibited greater than 50% inhibition of
HIF-1 activation by hypoxia (79% inhibition) (Figure 1B).
A similar experiment was performed in T47D cells trans-
fected with a control reporter construct (pGL3-Control).
Compound 1 neither stimulated luciferase expression from
the control construct under normoxic conditions nor inhib-
ited it under hypoxic conditions (Supporting Information).
These results suggest that the gallate moiety is required
for HIF-1 regulatory activity. Aside from one additional
hydroxyl group in 2, the structures of 1 and 2 are es-
sentially identical. However, only 1 exhibited oxygen-
related dual regulation of HIF-1 activities in T47D cells.
EGCG (2) is unstable in aqueous solutions, and antioxi-
dants such as BHT have been shown to enhance the
stability of 2.12 The stability of 1 and 2 under hypoxic
conditions was examined in our in vitro system. Com-
pounds 1 and 2 (1.5 mg each) were added separately to
T47D cells (at 100 µM final concentration) and exposed to
hypoxic conditions for 16 h. The conditioned media were
collected and extracted, and the compounds subjected to
normal-phase TLC analysis. Both 1 and 2 produce a
moderately strong UV254 quenching reaction that results
in a dark UV absorbance on silica gel G impregnated with
UV254-absorbing fluorescence indicator (Supporting Infor-
mation). These substances also produce characteristic color
reactions upon treatment with FeCl3 and heat charring
(Supporting Information). Compound 1 extracted from the
conditioned media is chromatographically identical to a
standard sample (strong UV254 quenching reaction and blue
FeCl3 charring reaction). However, 2 could not be detected

Figure 1. Structure-activity relationship of green tea catechins and
related compounds that regulate HIF-1 in T47D cells. Cell-based
reporter assay data that measures HIF-1 activity in the presence (and
absence) of test compounds under normoxic conditions (A) and hypoxic
conditions (1% O2) (B). Averages from one representative experiment
performed in quadruplicate are shown, and the bars represent standard
deviation. An asterisk (*) indicates p < 0.05 when compared to the
control.
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in the extract where it was incubated with T47D cells. An
expanded secondary study of the chemical stability of 2 was
performed (Supporting Information). In these experiments,
samples of 2 (#1 through #4) were incubated with various
modified media under hypoxic conditions, extracted from
the treated media, and analyzed by TLC along with 2, 3,
4, and 6 standards. In the case of sample #5, 2 was mixed
with DMEM/F12 media supplemented with FCS (5%, v/v)
and Pen/Strep and immediately extracted as an incubation
t0 control for extraction efficiency and stability under
extraction conditions. Compound 2, which is chromato-
graphically identical to the 2 standard, was efficiently
extracted with no significant decomposition. However, no
2 could be detected from extracts following incubation with
T47D cells in 5% FCS medium with antibiotics (sample 1),
cell-free 5% FCS medium with antibiotics (sample 2), cell-
free medium with antibiotics (sample 3), or cell-free
medium (sample 4). In samples #1 to #4, 2 was replaced
by two chromatographically distinct degradation products.
Specifically, an orange-charring compound and a UV-active
compound that does not produce a char reaction with Rf

values lower than that of the 2 standard. Subsequent
attempts to isolate and characterize the degradation
products by NMR were unsuccessful since these products
appear to rapidly undergo further decomposition to an
unrecognizable, perhaps polymeric, product. These results
indicate that 2 is chemically unstable in DMEM/F12
medium. Rapid degradation of 2 may contribute to the
observed difference in HIF-1 regulatory activity between
1 and 2.

ECG (1) Induces HIF-1 Target Genes through
Stabilizing Nuclear HIF-1r Protein. To date, over 60
genes have been identified as direct targets of HIF-1.2
While most of these genes are induced by hypoxia in a cell
type specific manner, genes such as VEGF, GLUT-1, and
CDKN1A (or p21waf1/cip1) are induced in most cell types. The
effects of 1 on VEGF, GLUT-1, and CDKN1A gene expres-
sion were examined. T47D cells were exposed to 1 (100 µM)
for 30 min, followed by another 16 h incubation under
normoxic and hypoxic (1% O2) conditions. Total RNA
samples were prepared from both control and treated cells.
The levels of VEGF, GLUT-1, and CDKN1A mRNA in the
total RNA samples were determined by quantitative real-
time RT-PCR and normalized to that of the internal control
18S rRNA (Figure 2A).26 Under normoxic conditions, 1
induced all three genes examined. The levels of GLUT-1
and VEGF mRNA in the sample treated with 1 were twice
that produced by the sample exposed to hypoxia. Although
1 inhibited hypoxic activation of HIF-1 (Figure 1B), it did
not inhibit hypoxic induction of GLUT-1 and VEGF mRNAs
(Figure 2A). Actually, the levels of GLUT-1 and VEGF
mRNA in the sample of 1 exposed to hypoxia are compa-
rable to levels observed in the sample of 1 incubated under
normoxic conditions. A similar pattern of induction was
observed for CDKN1A mRNA, although at a reduced level.
VEGF is among the most potent angiogenic factors identi-
fied to date. The levels of VEGF proteins in T47D cells
treated with 1 were examined, and the data are shown in
Figure 2B. The conditions for compound treatment and
hypoxic exposure were the same as those described to
obtain the total RNA samples. Treatment with 1 increased
cellular VEGF proteins to a level similar to that observed
under hypoxic conditions.

HIF-1 is a heterodimer of the HIF-1R and HIF-1â
subunits. Stabilization of the oxygen-regulated HIF-1R
subunit is a key step in HIF-1 activation. The effect of 1
on HIF-1R protein stability was examined. As shown in

Figure 3A, treatment with 1 (100 µM, 4 h) induces nuclear
HIF-1R protein without affecting the constitutively ex-
pressed HIF-1â protein. However, an opposite effect was
observed under hypoxic conditions (1% O2): compound 1
inhibited the induction of nuclear HIF-1R protein by
hypoxia (Figure 3A). The levels of HIF-1R mRNA in total

Figure 2. Compound 1 induces HIF-1 target gene expression in T47D
cells under normoxic conditions. Quantitative real-time RT-PCR
analysis of GLUT-1, VEGF, and CDKN1A mRNA levels upon treat-
ment with 1 (100 µM), hypoxia (1% O2), and both for 16 h (A). The
data (mean ( SD) are normalized to an internal control (18S rRNA),
and the relative expression level is determined by the ∆∆CT method.26

The levels of VEGF proteins in whole cell lysate were determined by
ELISA and normalized to the amount of protein (B). The treatments
are the same as (A). Bars represent standard deviation from one
representative experiment performed in triplicate.

Figure 3. Compound 1 regulates nuclear HIF-1R protein availability
in T47D cells. Western blot results of nuclear extract samples for HIF-
1R and HIF-1â proteins following 4 h treatment with 1 (100 µM) under
normoxic or hypoxic (1% O2) conditions (A). Results from quantitative
real-time RT-PCR analysis of HIF-1R mRNA levels (B). Compound
treatment and data processing of the real-time RT-PCR studies are
the same as that described in Figure 2A.
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RNA samples isolated from cells treated with 1 (100 µM,
16 h) and control cells were determined by real-time RT-
PCR, and the data are shown in Figure 3B. Compound 1
neither increased HIF-1R mRNA level under normoxic
conditions nor decreased HIF-1R mRNA level under hy-
poxic conditions. These results suggest that 1 regulates
HIF-1 by modulating the availability of nuclear HIF-1R
protein.

The anticarcinogenic activities of green tea have been
primarily attributed to the major green tea catechins (1-
4), in particular, the most abundant and extensively
studied 2 (EGCG).10-12 The proposed mechanisms of action
range from scavenging reactive oxygen species to inhibiting
enzymes key to cancer promotion and progression. Recent
studies have established that 2 can act as a potential
antiangiogenic compound.27-32 In the present study, 2 (100
µM) moderately activated HIF-1 under normoxic conditions
and did not inhibit hypoxia-induced HIF-1 activation.
Chemical stability studies suggest that the lack of stability
of 2 in this cell-based in vitro system may contribute to its
relatively weak HIF-1 regulatory activity. In comparison
to 2, relatively few studies have been published that
describe the biological activities associated with 1. In the
present study, 1 activates HIF-1 under normoxic conditions
and inhibits HIF-1 under hypoxic (1% O2) conditions. The
activation of HIF-1 by 1 coincides with increased mRNA
levels of the three HIF-1 target genes examined. However,
1 did not inhibit hypoxic induction of these HIF-1 target
genes. This discrepancy (inhibition of HIF-1 in the reporter
assay versus no effect on HIF-1 target gene expression at
the mRNA level) may be due to the partial inhibition of
HIF-1 by 1 under hypoxic conditions. The residual HIF-1
activity is sufficient to induce the expression of HIF-1
target genes under hypoxic conditions.

Iron Overcomes ECG (1)-Induced HIF-1 Activation
and HIF-1r Protein Stabilization. Under normoxic
conditions, HIF-1R protein is post-translationally modified
by prolyl hydroxylation prior to proteasomal degradation
and by asparaginyl hydroxylation to prevent HIF-1 activa-
tion.15,16,18 Both prolyl and asparaginyl hydroxylases are
dioxygenases, requiring iron(II) as a cofactor for activity.
Since green tea catechins have been shown to form
complexes with iron(III) in aqueous solution,33 we tested
whether ECG-induced HIF-1 activation can be blocked by
iron ions. In a T47D cell-based dual luciferase reporter
assay for HIF-1 activity, iron(II) was added at a 1:1 and
3:1 stoichiometry prior to the addition of 1. The HIF-1
activating iron chelator desferrioxamine (DFO)19 was used
as a positive control. As shown in Figure 4A, iron(II)
completely inhibited ECG-induced HIF-1 activation at the
concentration of 300 µM FeSO4 [3:1 stoichiometry of iron-
(II) to 1]. HIF-1 activation by DFO was blocked by iron(II)
at both concentrations tested (100 and 300 µM FeSO4). A
more robust activation of HIF-1 was observed in the
presence of 1 (3.4 times that induced by DFO). The levels
of nuclear HIF-1R and HIF-1â proteins were also examined,
and the data are shown in Figure 4B. Iron(II) blocked
nuclear HIF-1R protein induction by 1 (4 h incubation)
without affecting the constitutively expressed HIF-1â
protein. At the 1:1 stoichiometry, iron(II) blocked 1-induced
accumulation of HIF-1R protein (Figure 4B) but did not
inhibit 1-activated HIF-1 (Figure 4A). A similar experiment
was performed with the addition of iron(III), and the data
are shown in Figure 5. At the 3:1 stoichiometry (150 µM
Fe2(SO4)3 to 100 µM 1), iron(III) inhibited ECG-activated
HIF-1 by 52%. Meanwhile, iron(III) completely inhibited
HIF-1 activation by DFO at both the 1:1 and 3:1 stoichi-

ometry. Western blot analysis revealed that iron(III)
blocked ECG-induced nuclear HIF-1R protein accumulation
without affecting the level of nuclear HIF-1â protein
(Figure 5B).

Availability of the oxygen-regulated HIF-1R subunit is
critical to HIF-1 activity. Western blot and real-time RT-
PCR analysis revealed that 1 induces HIF-1R protein
without affecting HIF-1R mRNA. An increase in translation
or decrease in degradation (or both) can each lead to the
accumulation of HIF-1R protein. The following observations
prompted us to test the hypothesis that 1 induces HIF-1R
protein by blocking their degradation: (1) compound 1
forms complexes with iron(III)33 and (2) compound 1
inhibits proteasome activity.34 If 1 prevents HIF-1R protein
degradation by inhibiting prolyl hydroxylases (through
sequestering the cofactor iron), then addition of iron will
overcome the action of 1. If 1 blocks HIF-1R protein
degradation by inhibiting proteasome activities, then ad-
dition of iron will not reverse the induction of HIF-1R
protein. In the present study, addition of iron in the form
of either iron(II) or iron(III) each blocked ECG-induced

Figure 4. Iron(II) blocks HIF-1 activation by 1 under normoxic
conditions. Reporter assay data showing that addition of iron(II)
inhibits HIF-1 activation by 1 and by the iron chelator DFO in a dose-
dependent manner (A). Averages from one representative experiment
performed in quadruplicate are shown, and the bars represent standard
deviation. An asterisk (*) indicates p < 0.05 when compared to the
control. HIF-1R and HIF-1â proteins in the nuclear extract samples
were detected by Western blot (B). These extracts were prepared from
T47D cells treated with 1, FeSO4, or both, at the indicated concentra-
tions for 4 h.

Figure 5. Iron(III) inhibits HIF-1 activation by 1 under normoxic
conditions. Reporter assay data (A) and Western blot results (B).
Compound treatment and data presentation are the same as described
in Figure 4, except that Fe2(SO4)3 was used instead of FeSO4.
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HIF-1R protein accumulation. These results support the
hypothesis that 1 induces HIF-1R protein by inhibiting
HIF-1R prolyl hydroxylases. The inhibitory effects of iron
on 1-activated HIF-1 are dependent on the species of iron
[iron(II) or iron(III)] and the ratio between iron and 1. At
the stoichiometric ratio of 1:1, neither iron(II) nor iron-
(III) inhibited HIF-1 activation by 1, although they each
blocked ECG-induced HIF-1R protein accumulation. One
possible scenario is that the intracellular iron concentration
dropped below the threshold required to overcome the effect
of ECG on HIF-1 during extended incubation (16 h for
HIF-1 activity versus 4 h for HIF-1R protein level). At the
stoichiometric ratio of 3:1, iron(II) completely blocked ECG-
induced HIF-1 activation, while iron(III) produced only a
50% decrease in HIF-1 activation. This may be due to the
fact that iron(II) is a necessary cofactor for prolyl hydroxy-
lase activity. Increasing levels of iron(II) directly enhance
the enzymatic activity.

Ascorbate and Trolox Inhibit ECG (1)-Induced
HIF-1 Activation. Reactive oxygen species (ROS) have
been implicated in mediating HIF-1 activation and HIF-
1R protein stabilization induced by hypoxia, iron chelation,
and other stimuli.35-39 The effects of two commonly used
antioxidants (vitamin C and the water-soluble vitamin E
analogue Trolox) on ECG-induced HIF-1 activation were
examined in T47D cells. The iron chelator DFO19 was
included as a positive control for HIF-1 activation. A T47D
cell-based dual luciferase reporter assay was used to
monitor HIF-1 activity. Ascorbate (vitamin C) and Trolox
were added immediately before the addition of 1 or DFO
(100 µM each). The normalized data are presented in
Figure 6A. Ascorbate inhibited 1-activated HIF-1 by 86%
and completely blocked DFO-activated HIF-1. At the same
concentration (100 µM), Trolox was less effective at inhibit-
ing HIF-1 activation than ascorbate (31% inhibition of
1-activated HIF-1 and 47% inhibition of DFO-activated
HIF-1). The effects of ascorbate and Trolox on 1-induced
accumulation of nuclear HIF-1R protein were further
examined, and the Western blot data are shown in Figure
6B. Ascorbate or Trolox alone exerted no effect on the levels
of nuclear HIF-1R or HIF-1â proteins. Ascorbate blocked
1-induced accumulation of nuclear HIF-1R protein without
affecting the HIF-1â protein level. In contrast, co-treatment
with both Trolox and 1 increased the nuclear HIF-1R
protein level in comparison to treatment with 1 alone. The
observation that ascorbate blocks 1-induced HIF-1 activa-
tion supports the hypothesis that 1 activates HIF-1 by

functioning as an iron chelator. A recent study has shown
that ascorbate inhibits HIF-1 activation by iron chelators
but does not similarly affect hypoxia-induced activation.20

Ascorbate promotes prolyl hydroxylation and ubiquitina-
tion of HIF-1R protein in the presence of iron chelators.
Our results suggest that 1 acts as an iron chelator to
activate HIF-1 under normoxic conditions.

Of primary significance is the observation that 1 induces
HIF-1R protein and activates HIF-1 target genes under
normoxic conditions in T47D human breast tumor cells.
Results from both epidemiological and laboratory studies
have, in general, supported the health-promoting benefits
of green tea consumption.10-12 However, mixed results have
been obtained regarding the cancer chemopreventive effects
of green tea in human studies.14 Our findings may provide
one possible explanation for the mixed results obtained
from some of these studies. “Undesired” physiological
consequences such as the activation of tumor cell survival
programs through HIF-1 may compromise the cancer
chemopreventive effects of high-dose green tea extract
supplementation. The overall cancer chemopreventive ef-
fect of green tea extract supplementation in clinical studies
will ultimately be determined by the combination of both
“beneficial” and “adverse” effects associated with the
specific chemical entities contained in each product.

The abundance of each particular catechin varies be-
tween different types of tea and tea-based supplements.
In green tea, the concentration of 1 ranges from 0.97% to
7.83% (percentage weight of dry tea leaves), and the
concentration of 2 ranges from 3.15% to 10.09%.12 The HIF-
1-inducing activity of 1 is observed only at higher concen-
trations (i.e., 100 µM). This concentration is unlikely to be
achieved in vivo by simply drinking green tea. One early
study failed to detect 1 in the plasma samples of human
subjects 1 h after drinking one cup of powdered green tea
(detection limit of 1: 1.0 ng mL-1).40 A later report indicates
that compound 1 accumulates in a linear fashion in plasma,
reaching a concentration of 50.6 nM 24 h after consuming
four doses of various black tea preparations.41 It is clear
that this plasma concentration of 1 is far below that
required to activate HIF-1 in vitro. However, the following
factors can significantly increase the bioavailability of 1
and reduce the actual amount needed to activate HIF-1 in
humans. First, commercial freeze-dried decaffeinated green
tea solids (green tea extract, also known as GTE) contain
a mixture of naturally occurring tea catechins. High dose
or “mega dose” treatment regimens that use highly con-
centrated GTE products for cancer chemoprevention are
becoming increasingly popular and involve ingesting mul-
tiple gram-level quantities repeatedly throughout the day.
For example, the doses of GTE given to cancer patients in
one phase I clinical trial were as high as 13.6 g daily.13

The bioavailability of 1 following long-term GTE intake in
large quantities may be significantly greater than the
plasma level of 1 achieved from simply drinking tea.
Currently, clinical data on plasma levels of ECG (free or
conjugated forms) following GTE intake are not available
in the published literature. Whether individuals consuming
large quantities of GTE can accumulate 1 in tissues over
a period of time and reach concentrations necessary for
HIF-1 activation remains to be resolved. Second, other
catechins such as EC (3) have been shown to exert
synergistic effects with gallocatechins such as 1 and 2 in
lung cancer cells.42 As a consequence, the actual quantity
of 1 required to activate HIF-1 may be significantly lower
if given in the form of GTE, in relation to the activation
observed with purified compounds. Third, the flavonoid

Figure 6. Ascorbate and Trolox reduce HIF-1 activation by 1 under
normoxic conditions. Reporter assay data (A) and Western blot results
(B). Compound treatment time and data presentation are the same as
described in Figure 4.
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quercetin, also found in relatively high amounts in tea, has
been shown to activate HIF-1 in endothelial cells.43 It is a
logical extension to speculate that GTE may activate HIF-1
in an additive or even synergistic fashion with HIF-1-
activating compounds such as 1 and quercetin, and other
catechins that increase the bioavailability of active green
tea components.

Experimental Section

Cell Culture and General Experimental Procedures.
T47D cells (ATCC) were grown in DMEM/F12 medium (JRH
Biosciences) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Hyclone), 50 units mL-1 penicillin G (sodium salt), and
50 µg mL-1 streptomycin sulfate (referred to as “Pen/Strep”)
(Life Technologies) in a humidified atmosphere (5% CO2:95%
air) at 37 °C. Compounds 1-6 were from Sigma. A stock
solution of 10 mg mL-1 was prepared in 95% ethanol and
stored at -80 °C. The stock solutions were thawed to room
temperature, dried under argon, and resuspended in DMEM/
F12 medium supplemented with Pen/Strep before use. Ascor-
bate (Sigma) was freshly prepared each time. Unless otherwise
specified, all the compounds were purchased from Sigma.

Transient Transfection and Reporter Assays. For T47D
cell-based reporter assays employing the pTK-HRE3-luc re-
porter24 or the control construct pGL3-Control (Promega), both
the transfection and the luciferase reporter assay were per-
formed as described.25 Dual luciferase assay with the pTK-
HRE3-luc reporter and the internal control pRL-TK (Promega)
was performed with the following modifications: (1) a mixture
of pTK-HRE3-luc (50 µg mL-1) and pRL-TK (5 µg mL-1) was
used to transiently transfect T47D cells by electroporation, and
(2) a dual luciferase assay system (Promega) was employed to
determine luciferase activities following manufacturer’s in-
structions. Firefly luciferase activity was normalized with that
of the Renilla luciferase.

Extraction and TLC Analysis. Exponentially growing
T47D cells were seeded at the density of 9.375 × 104 cells cm-2

into 150 mm diameter tissue culture plates. After 24 h, an
equal volume of serum-free DMEM/F12 medium containing
Pen/Strep and the test compound was added and incubated
for 30 min before exposure to hypoxia (1% O2). Following a 16
h incubation, the conditioned media were collected and im-
mediately extracted. For each sample, 30 mL of EtOAc was
used to extract 25 mL of the conditioned media (three times
total). The combined extracts (approximately 90 mL) were
dried over MgSO4. Following filtration, the solvents were
removed in vacuo. The residue was reconstituted with 0.1 mL
of MeOH and subjected to TLC analysis [Alugram Sil G/UV254

silica gel sheets with benzene-EtOAc-AcOH (3:6:1) as the
solvent system]. The TLC plates were visualized under UV254

and then sprayed with 10% ferric chloride in EtOH and heated.
Compounds 1 and 2 were detected at Rf values of 0.34 and
0.23, respectively. The stability of 2 was analyzed in the
absence of cells, using the same protocol as that used in the
presence of cells. As an extraction control, 2 was mixed with
DMEM/F12 medium containing 5% FBS and Pen/Strep im-
mediately before extraction. The extraction and TLC analysis
were performed as described.

RNA Extraction and Quantitative Real-Time RT-PCR.
Total RNA samples were extracted from the control and
treated T47D cells using the RNeasy kit (QIAGEN) im-
mediately following treatments. The concentration and purity
of RNA samples were determined spectrophotometrically by
absorbance at 230, 260, 280, and 320 nm, and the integrity
was confirmed by agarose gel electrophoresis. Synthesis of the
first strand cDNAs, quantitative real-time PCR reactions, and
data analysis were performed as described.26 The following
gene-specific primer pairs were used: hif1a 5′-CTGATAT-
TAAACCTAAATGTTCTGCCTACC-3′, 5′-CAGTCTGCTCAA-
AATATCTTTATACCAAC-3′; glut1 5′-CCTAAGGATCTCT-
CAGGAGCACAG-3′, 5′-TCAGGTTTGGAAGTCTCATCCAG-3′;
vegf 5′-TGTATTTGACTGCTGTGGACTTGAG-3′, 5′-TCAG-
GATCTGAGTGGGAACATTC-3′; cdkn1a 5′-TGGCAGTAGAG-

GCTATGGACAG-3′, 5′-CTCCCAGCCCCATATGAGC-3′; and
18S rRNA 5′-CGGAGGTTCGAAGACGATCA-3′, 5′-CATCGTT-
TATGGTCGGAACTACG-3′.

Nuclear Extract Preparation and Western Blot Analy-
sis. Ten million exponentially growing T47D cells were plated
into a 100 mm diameter tissue culture plate (Corning) in a
volume of 10 mL of DMEM/F12 medium supplemented with
10% (v/v) FBS and Pen/Strep. After incubating overnight at
37 °C, test compounds were added and incubated for another
30 min at 37 °C. The cells were then exposed to normoxic
conditions (5% CO2:95% air), hypoxic conditions (5% CO2:1%
O2:94% N2), or other test reagents that activate HIF-1 for
another 4 h at 37 °C. Nuclear extract preparation and Western
blot analysis of HIF-1R and HIF-1â proteins were performed
as described.25

ELISA Assay for Human VEGF Protein. Exponentially
grown T47D cells were plated at the density of 3.6 × 105 cells
per well in a volume of 1 mL of DMEM/F12 medium supple-
mented with 10% (v/v) FBS and Pen/Strep into 12-well plates
(Corning). After incubating for 24 h, test compounds dissolved
in serum-free DMEM/F12 medium with Pen/Strep were added
in a volume of 1 mL. Following a 30 min incubation at 37 °C,
the cells were exposed to normoxic (5% CO2:95% air) or hypoxic
(5% CO2:1% O2:94% N2) conditions for another 16 h. The
conditioned media were removed, and the cells washed twice
with ice-cold 1× PBS and lysed in 250 µL of 20 mM Tris, pH
7.4, 0.5% (v/v) NP-40 (Calbiochem), and a protease inhibitor
cocktail (Sigma, Catalog No. P2714). The cell lysate was
transferred to a microcentrifuge tube, vortexed for 20 s, and
spun at 14 000 rpm (Centrifuge 5415C, Eppendorf) for 10 min
at 4 °C, and the supernatant was transferred to a new tube.
The levels of VEGF proteins in the cell lysate were determined
using an ELISA assay for human VEGF proteins (R&D
Systems) as described,25 and the protein concentration in the
cell lysate was determined using a micro BCA assay kit
(Pierce).

Statistical Analysis. Data comparisons were performed
using ANOVA and Fisher’s PLSD post hoc analyses (StatView
Software Version 5.01, SAS Institute Inc). Differences were
considered significant when p < 0.05.
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