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The Antioxidant Quercetin Inhibits Cellular Proliferation
via HIF-1-Dependent Induction of p21WAF
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Abstract

Flavonoids are dietary antioxidants that may play a role as adjunct nutritional supplements in cancer or during
inflammatory disorders. Hypoxia and the transcription factor hypoxia-inducible factor-1a also appear to play a
key role in many human cancers. In this study, we investigated the role of quercetin in the hypoxia-dependent
HIF-1a induction. It was shown that quercetin induced HIF-1a expression and HIF-1 activity under normoxia
and hypoxia in human HepG2 hepatoma cells. By using actinomycin D and cycloheximide, we showed that
quercetin acted post-transcriptionally by prolonging the HIF-1a protein half-life. Thereby quercetin interfered
with the proline hydroxylation-dependent HIF-1a protein destabilization in the N-terminal HIF-1a transacti-
vation domain. Experiments with quercetin analogues revealed that a flavonol structure and the presence of
hydroxyl groups at position 30 and 40 are a prerequisite for the HIF-1a stabilizing effects. Further, quercetin
inhibited cell proliferation and induced expression of the cell cycle inhibitor p21WAF and knocking-down
HIF-1a disrupted these effects. These results provide evidence that quercetin inhibits the cell cycle and that
induction of the HIF-system contributes to these effects of quercetin. Antioxid. Redox Signal. 13, 437–448.

Introduction

Flavonoids are a large group of polyphenols that
occur naturally in nutrients of plant origin. They possess a

common phenylbenzopyrone structure (C6–C3–C6), and are
categorized according to the saturation level and opening of
the central pyran ring, mainly into flavones, flavanols, isofla-
vones, flavonols, flavanones, and flavanonols (12). Flavonoids
possess a variety of biological activities at nontoxic concen-
trations in organisms, and especially the anti-inflammatory
and anticancer actions are of major interest (12, 47). The fla-
vonol quercetin is the most common flavonoid in nature,
and the average human intake has been estimated to be
*20 mg=day (12, 47). Although it was suggested that querce-
tin acts due to its antioxidant and free-radical scavenging
properties, the molecular details of quercetin effects associated
with antithrombotic, antihypertensive, anti-inflammatory, and
anticarcinogenic actions (5) are not yet fully elucidated.

Hypoxia is a major feature of a number of diseases; almost
all solid tumors contain hypoxic regions in which O2 concen-
trations are greatly reduced compared to the surrounding
normal tissue. It is well known that these hypoxic conditions
influence the expression of various proteins involved in pro-
liferation and cell cycle progression (38). Thereby, the tran-
scription factor hypoxia-inducible factor-1 (HIF-1) appears to

be of special importance by inducing more than 100 genes (30),
among them those encoding proteins that are involved in
regulating key aspects of the tumor cell phenotype, including
cell immortalization and de-differentiation, stem cell mainte-
nance, genetic instability, glucose uptake and metabolism, pH
regulation, autocrine growth=survival, angiogenesis, invasion=
metastasis, and resistance to chemotherapy. In addition, a
number of studies from various tumor entities showed that
increased levels of hypoxia-inducible transcription factors
(HIFs), especially HIF-1a are associated with a poor prognosis.

HIF-1 is a heterodimeric protein, consisting of two sub-
units, HIF-1a and HIF-1b, also known as arylhydrocarbon
receptor nuclear translocator protein (ARNT). Whereas HIF-
1b is expressed constitutively, HIF-1a is increased under
hypoxia. Under normoxia HIF-1a is hydroxylated by the
action of a family of prolyl hydroxylases (PHDs) and an as-
paragine hydroxylase (for review, see Ref. 17). The proline
hydroxylation at P402 and P564 of human HIF-1a promotes
binding of the von Hippel–Lindau (VHL) tumor suppressor
protein and degradation via a proteasomal pathway ( for re-
view, see Refs. 17 and 37). Asparagine hydroxylation at N803
prevents recruitment of the coactivator p300 (26). Under
hypoxia, hydroxylase activity is impaired and hydroxylation
of HIF-1a is decreased. This leads to its accumulation,
dimerization with HIF-1b, and transcriptional activation of
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target genes via binding to hypoxia responsive elements
(HREs) (43). Within the last decade a number of investiga-
tions, including our own, have shown that HIF-1a is also
responsive to different stimuli including growth and pro-
thrombotic factors, inflammatory cytokines, as well as reac-
tive oxygen species (ROS) under nonhypoxic conditions (for
review, see Ref. 19). Thus, it seems conceivable that a number
of anti-tumorigenic effects of nutrients or drugs may be me-
diated by their antioxidant potential which subsequently may
lower HIF-1 activity.

Despite the promising actions of quercetin and its anti-
tumor activities, the molecular mechanisms underlying theses
effects are generally unknown. Since it was previously shown
that quercetin may have a negative (10, 26) as well as a positive
(15, 39) effect on HIF-1a in different cell types, it was the aim
of the present study to investigate whether quercetin has an
impact on HIF-1a in HepG2 hepatoma cells and to elucidate
the effect of quercetin and other flavonoids on the hypoxia-
dependent HIF-1a regulation and on cell proliferation under
normoxia and hypoxia.

Materials and Methods

All biochemicals and enzymes were of analytical grade and
from commercial suppliers.

Cell culture

HepG2, HT29, Colo320, and DLD1 cells were cultured in a
normoxic atmosphere of 16% O2, 79% N2, and 5% CO2 (by
vol.) in MEM supplemented with 10% FCS for 24 h. At 24 h,
medium was changed and culture was continued at normoxia
16% O2 or at hypoxia 8% O2 (87% N2, 5% CO2 (by vol.)).

Measurement of ROS production

The generation of ROS was measured using the fluoroprobe
5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein dia-
cetate acetyl ester (CM-H2DCFDA, Molecular Probes, Göttin-
gen, Germany) as described (9).

Plasmid constructs

The reporter plasmids, pGl3-Epo-HRE-Luc, pXRE-Luc,
pNFkB-Luc (Stratagene, Heidelberg, Germany), pATF6-Luc,
and pARE-Luc contain multiple transcription factor binding
elements; the pGl3-EpoHRE-Luc contains three hypoxia re-
sponsive elements (HRE) from the erythropoietin gene bind-
ing the hypoxia-inducible factor (HIF) (18), pXRE-Luc (34)
contains three dioxin receptor (AHR=ARNT) binding ele-
ments, the pATF6-Luc three binding sites for the transcription
factor ATF-6 (41), pNFkB-Luc contains NFkB binding sites,
and pARE-Luc contains the antioxidative response element
binding the transcription factor Nrf2 (8). The plasmid p21-
Luc, containing the human p21 promoter (36) and short hair-
pin RNA encoding for 19mer shRNA against HIF-1a and
for control shRNA (1) were described and used with the siS-
TRIKE U6 Hairpin Cloning System (Promega, Heidelberg,
Germany).

The constructs for pG5E1B-LUC, pSG424, and for Gal4-
HIF1a-TADN, Gal4-HIF1a-TADNM, Gal4-HIF1a-TADC, and
Gal4-HIF1a-TADCM (27) were already described. In Gal4-
HIF1a-TADNM and Gal4-HIF1a-TADCM proline P564 or
asparagine N803 was mutated to alanine, respectively.

RNA preparation and Northern blot analysis

Isolation of total RNA and Northern blot analysis were
performed as described (20). Digoxigenin (DIG)-labeled an-
tisense RNAs served as hybridization probes; they were
generated by in vitro transcription from pCRII-HIF1a and
pBS-Actin using T7 polymerase. Blots were quantified with a
videodensitometer (Biotech Fischer, Reiskirchen, Germany).

Western blot analysis and determination
of HIF-1a protein half-life

Western blot analysis was carried out as described (20). For
half-life studies, HepG2 cells were cultured as above and after
24 h cycloheximide (100mg=ml; Sigma, Deisenhofen, Germany)
and=or quercetin was added to the media. At indicated time
points thereafter, cells were removed and protein abundance
was measured by immunoblot analysis. In brief, media or lysates
from HepG2 cells were collected and 100mg of protein were
loaded onto a 10% or 7.5% SDS-polyacrylamide gel and after
electrophoresis and electroblotting to a methanol-activated
PVDF membrane, proteins were detected with a mouse mono-
clonal antibody against human HIF-1a (1:2000, BD Biosciences,
Heidelberg, Germany), Golgi membrane (GM) (1:10000, Bios-
ciences Göttingen, Germany) or human p21 (1:1000, Santa Cruz,
Heidelberg, Germany). The secondary antibody was an anti-
mouse IgG HRP (1:5000, Sigma). The ECL system (GE Health-
care, Freiburg, Germany) was used for detection.

Cell transfection and luciferase assay

About 4�105 HepG2 cells per 60 mm dish were transfected
as described (20). In brief, 2.5 mg of Luc reporter plasmids
were transfected. Transfection efficiency was controlled by
cotransfection of 0.25 mg Renilla luciferase expression vector
(pRLSV40) (Promega). The detection of luciferase activity
was performed with the Luciferase Assay Kit (Berthold,
Pforzheim, Germany). To investigate HIF-1a transactivation,
2 mg reporter construct pG5-E1B-Luc were cotransfected with
500 ng of the Gal4-HIF1aTADN, Gal4-HIF1aTADC, or re-
spective mutant constructs (27). After 5 h, medium was
changed and cells were cultured under normoxia for 12 h,
then stimulated with quercetin or quercetin analogues and
further cultured for 24 h under normoxia or hypoxia.

For shRNA experiments, cells were transfected with 10 or
20 mg psiSTRIKE U6-HIF-1alpha. After transfection, cells were
cultured for the next 24 h under normoxia before conducting
the experiment.

Proliferation assay

Proliferative activity was evaluated by 5-bromo-
20deoxyuridine (BrdU) labeling (Roche Diagnostics, Roche,
Mannheim, Germany) according to the manufacturer’s in-
structions. The absorbance values obtained in the ELISA with
the cells under normoxia were set to 100%; values measured
under hypoxia were then normalized to the values obtained
under hypoxia.

Statistical analysis

Each experiment was performed at least three times and
representative data are shown. Data in bar graphs are given as
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mean values� standard error of the mean (s.e.m.). Statistical
differences were calculated by using the Student t-test with
error probabilities of p< 0.05 to be significant.

Results

Reduction of ROS levels by flavonols,
flavones, and flavanones

To investigate whether quercetin and other flavonoids
have the potential to reduce ROS levels in HepG2 cells, we
compared the effect of hypoxia with that of quercetin and
other flavonols, flavones, and flavanones. The additional fla-
vonols used were kaempferol and myricetin, the flavones
were apigenin and luteolin and the flavanones were nar-
ingenin and taxifolin (Fig. 1). In line with previous reports,
hypoxia decreased ROS levels by about 30% and as expected,
quercetin as well as all other tested flavonols, flavones and
flavanones, when added at a concentration of 100mM, re-
duced ROS levels by about 20% (Fig. 2).

Different induction of HIF-1a protein levels and HIF-1
activity by quercetin, myricetin, and luteolin

In the next experiments we tested whether quercetin and all
other used flavonols, flavones, and flavanones have an impact
on the hypoxia-dependent induction of HIF-1a. To do this,
cultured HepG2 cells were treated as above with 100mM
quercetin, kaempferol, myricetin, apigenin, luteolin, narin-
genin, and taxifolin under normoxia (16% O2) or hypoxia
(5% O2), respectively, and HIF-1a protein levels were analyzed
by Western blotting. Surprisingly, when HepG2 cells were
treated with quercetin, myricetin, and luteolin for 4 h, HIF-1a
protein levels were induced under normoxia and hypoxia, al-
though the inducible effect under hypoxia was less dominant

FIG. 1. Chemical structure of different flavonoids. Flavo-
noids possess a common 2-phenyl-1,4-benzopyrone structure
with two aromatic rings (A and B), and can be categorized
according to the saturation level and opening of the central
pyran ring (C) and the substituent at position 3. The position 7
on the A ring and positions 20,30,40, on the B ring are frequently
occupied by various substituents, mostly hydroxyl (OH)
groups.

FIG. 2. Reduction of ROS levels by hypoxia and various
flavonoids. Cultured HepG2 cells were exposed either to
hypoxia (5% O2) or treated under normoxia (16% O2) with the
flavonols quercetin, kaempferol, myricetin, the flavones api-
genin and luteolin, as well as the flavanones naringenine and
taxifolin (100 mM) for 30 min. ROS generation was determined
by DCF fluorescence. In each experiment DCF fluorescence at
16% O2 was set to 100%. Values are means� SEM of three
independent culture experiments; *significant difference 16%
O2 vs. 5% O2 or vs. flavonoid treatment.
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than that under normoxia. The flavonol kaempferol, the fla-
vone apigenine and the flavanones naringenin and taxifolin
had no effects (Figs. 3A–3C).

To find out whether the induction of HIF-1a mediated by
quercetin, myricetin, and luteolin also resulted in enhanced
HIF-1 activity, reporter gene analyses were performed with a
luciferase construct (pGL3-EPO-HRE) that contains three
HIF-binding hypoxia responsive elements (HRE) as enhancer
elements in front of the promoter. In HepG2 cells transfected
with the plasmid pGL3-EPO-HRE, luciferase (Luc) activity
was induced by about 3-fold under hypoxia (Fig. 3D). The
treatment of transfected HepG2 cells with quercetin increased

Luc activity by about 5-fold under normoxia or hypoxia, re-
spectively. Similarly, myricetin also enhanced Luc activity by
about 3.5-fold under normoxia and under hypoxia (Fig. 3D).
Taxifolin, naringenin, and kaempferol did not affect Luc ac-
tivity under normoxia or the hypoxia-mediated induction of
Luc activity. Although luteolin enhanced HIF-1a protein
levels, surprisingly it decreased Luc activity under normoxia
and hypoxia. Further, apigenin decreased Luc activity under
both normoxia and hypoxia and abolished thereby the in-
duction of Luc activity by hypoxia (Fig. 3D). Together, these
data indicate that a flavonol structure and presence of hy-
droxyl groups in the 30 and 40 position as in quercetin and
myricetin induce HIF-1a protein levels and HIF-1 activity. By
contrast, the only presence of the hydroxyl groups in the 30

and 40 position together with a flavone structure as in luteolin
only allows HIF-1a protein induction whereas a flavanone
structure like in naringenin and taxifolin has no effects on
HIF-1a irrespective of the presence of the hydroxyl groups in
the 30 and 40 position.

Quercetin induces HIF-1a protein levels
via a post-transcriptional mechanism

Given the striking and stable induction of HIF-1a after
treatment with quercetin, we hypothesized that quercetin may
act in a manner like hypoxia. To gain further insight into this
regulation, we compared the induction by quercetin by that
mediated by hypoxia. We found that the enhancement of HIF-
1a by quercetin under normoxia proceeded in a manner almost
similar to that mediated by hypoxia. The hypoxia-dependent
induction of HIF-1a was clearly visible after 1 h and reached
maximal values after 4 h. Then, HIF-1a levels remained stable
until 12 h, where they started to decline (Figs. 4A and 4B).
These data are in line with the idea that quercetin may influ-
ence HIF-1a levels via a similar mechanism as hypoxia.

FIG. 3. Different inductions of HIF-1a protein and HIF-1
activity by the flavonols, flavones, and flavanones. (A)
HepG2 cells were treated with 100mmol of each quercetin,
kaempferol, myricetin, apigenin, luteolin, naringenine, and
taxifolin and further cultured under normoxia (16% O2) or
hypoxia (5% O2) for 4 h. The HIF-1a protein level measured
under normoxia was set to 100%. Values are means� SEM of
three independent culture experiments; *significant differ-
ence 16% O2 vs. 5% O2; **significant difference 16% O2 or 5%
O2 vs. flavonoid treatment. (B, C) Representative Western
blot. 100mg of protein from the HepG2 cells were subjected
to Western analysis with an antibody against HIF-1a or Golgi
membrane (GM). Autoradiographic signals were obtained
by chemiluminescence and scanned by videodensitometry.
(D) HepG2 cells were transfected with a Luc gene construct
containing three copies of the EPO HRE element in front of
the SV40 promoter (pGl3EPO-HRE). The transfected cells
were treated with 100 mmol of each quercetin, kaempferol,
myricetin, apigenin, luteolin, naringenine, and taxifolin, and
further cultured for 24 h under normoxia (16% O2) or hyp-
oxia (5% O2). In each experiment the LUC activity of pGL3-
EPO-HRE at 16% O2 was set to 1, respectively. Values are
means� SEM of three independent culture experiments;
*significant difference 16% O2 vs. 5% O2; **significant dif-
ference 16% O2 or 5% O2 vs. flavonoid treatment; #significant
difference 16% O2 or 5% O2 vs. flavonoid treatment.
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We next aimed to investigate whether this enhance-
ment of HIF-1a levels was due to transcriptional or post-
transcriptional regulation. We have previously reported that
the redox sensitive transcription factor NFkB can mediate a
transcriptional activation of HIF-1a (1). Therefore, we tested
whether the effects of quercetin may affect also the activity of
NFkB and other transcription factors. Since HIF-1 is a dimer
consisting of HIF-1a and ARNT, and quercetin was also found
to be bound by the AHR (34), we included a construct regu-
lated by the xenobiotica responsive element that could be
bound by the dioxin receptor consisting of AHR and ARNT.
In addition, we have reported that generation of ROS at the
endoplasmic reticulum (ER) affects HIF-1a stability (27), and
to verify whether quercetin induces effects on the ER like ER
stress, we included a construct that is regulated by the ER
stress responsive transcription factor ATF-6. In line with our

above findings that quercetin reduces ROS levels, we also
intended to include a construct regulated by the antioxidant
responsive element (ARE) binding the factor Nrf2.

By using these constructs in luciferase reporter gene assays,
we found that in addition to the HRE-Luc construct, the NFkB
construct was upregulated by hypoxia in line with previous
findings (1, 23). Although quercetin again induced HRE-Luc
activity by about 5-fold, it reduced the pNFkB-Luc activity in
line with the idea that a reduction of ROS levels decreases
NFkB activity. Further, quercetin increased the Luc activity
from the pXRE-Luc construct by about 2.5-fold under both
normoxia and hypoxia. In addition, quercetin had no influ-
ence on the ATF-6 regulated Luc activity whereas it induced
Luc activity from the pARE-Luc construct by about 3-fold
under normoxia and by about 4-fold under hypoxia (Fig. 4C).
These data suggest that quercetin does not influence HIF-1a
levels via transcriptional induction of NFkB, ATF-6, or Nrf2.

To find out whether post-transcriptional mechanisms are
involved in the quercetin-dependent HIF-1a induction, HepG2
cells were pretreated with the transcription inhibitor actino-
mycin D (Act D) or translation inhibitor cycloheximide (CHX)
for 30 min prior to stimulation with quercetin. While CHX
completely abolished the hypoxia-dependent HIF-1a protein
induction, Act D only reduced it by about 50%. It was then
found that pretreatment with CHX inhibited HIF-1a induction
mediated by both hypoxia and quercetin. In contrast, querce-
tin could still induce HIF-1a protein levels in the presence of
Act D (Figs. 5A and 5B). These results indicated that the in-
duction of HIF-1a by quercetin occurred post-transcriptionally
and needed de novo synthesis of HIF-1a protein in the cells. To
further confirm this, HIF-1a mRNA expression was detected
by Northern blot analysis. In line with previous studies (28,
44), we found that hypoxia upregulated HIF-1a mRNA
abundance by about 2-fold. By contrast, treatment with
quercetin did not show significant increases in HIF-1a mRNA
abundance under both normoxia and hypoxia (Figs. 5C and

FIG. 4. Modulation of quercetin-dependent HIF-1a in-
duction by actinomycin D (Act D) and cycloheximide
(CHX). HepG2 cells were pre-treated with Act D (5mg=ml) or
CHX (10mg=ml) for 30 min, then stimulated with quercetin
(100mM) under normoxia (16% O2) or hypoxia (8% O2) for
4 h. HIF-1a protein was detected by Western blot analysis
and HIF-1a mRNA was detected by Northern blot analysis,
respectively. (A) The expression of HIF-1a protein under
normoxia was set to 100%. Values are means� SEM of three
independent culture experiments; *significant difference 16%
O2 vs. 5% O2; **significant difference 16% O2 or 5% O2 vs.
quercetin;þ significant difference 16% O2 or 5% O2 with ac-
tinomycin vs. 16% O2 or 5% O2 with actinomycin and
quercetin. (B) Representative Western blot. 100 mg of protein
from the whole-cell extract were subjected to Western anal-
ysis with an antibody against HIF-1a or Golgi membrane
(GM). Autoradiographic signals were obtained by chemilu-
minescence and scanned by videodensitometry. (C) The ex-
pression of HIF-1a mRNA under normoxia was set to 100%.
Values are means� SEM of three independent culture ex-
periments; *significant difference 16% O2 vs. 5% O2. (D)
Representative Northern blot analysis. 20 mg of total RNA of
each sample were subjected to Northern blot analysis with
HIF-1a or b-actin antisense RNA probes. Autoradiographic
signals were obtained by chemiluminescence and scanned
by videodensitometry.
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5D). These results show that quercetin induced HIF-1a levels
mainly post-transcriptionally.

Quercetin enhances HIF-1a protein stability
via inhibition of proline hydroxylases

In order to gain further support that quercetin affects HIF-
1a protein stability, we determined the half-life of HIF-1a in
response to quercetin. To do this, we transfected HepG2 cells
with vectors encoding full-length wild-type V5-tagged HIF-1a
and thereafter the cells were either treated only with cyclo-
heximide to block ongoing protein synthesis or both, cyclo-
heximide and quercetin. Then, the HIF-1a protein levels were
determined by Western analysis with the antibody against the
V5-tag. Our data show that, compared to the controls treated
only with cycloheximide, quercetin induced the half-life of
HIF-1a by about 2-fold (Figs. 6A and 6B).

These results and the data from our experiments with Act D
and cycloheximide led to the hypothesis that quercetin can
interfere directly with the proline and asparagine hydroxylase
mechanisms which influence HIF-1a stability or transactiva-
tion. There are two transactivation domains (TADs) present in
HIF-1a referred to as amino-terminal (TADN) and carboxy-
terminal (TADC) TAD. To investigate whether quercetin may
interfere with HIF-1a transactivation, HepG2 cells were
cotransfected with the luciferase reporter construct pG5-
E1B-Luc that contains 5 copies of a Gal4 response element and
vectors allowing expression of fusion proteins consisting of
the Gal4-DNA binding domain (Gal4) and either HIF-1a
TADN or TADC.

We found that HIF-1a TADN and TADC transactivity
could be significantly induced by hypoxia in line with pre-
vious studies (3, 16, 27, 35). Treatment with quercetin under
normoxia also increased HIF-1a TADN activity by about
2-fold whereas quercetin had no effect on TADC transactivity
(Fig. 6C). It has been well demonstrated that the key amino
acid proline 564 in the TADN plays a crucial role in HIF-1a
stabilization (37). It can be hydroxylated by HIF prolyl
hydroxylases (PHDs) under normoxia, thereby mediating the
interaction of HIF-1a and VHL which then targets HIF-1a for
proteasomal degradation. The mutation of the critical amino
acid proline (P 564) in the construct Gal4-HIF1aTADNM,
which led to a hydroxylation-resistant fusion protein, caused
an increase in transactivity under normoxia and a loss of the
response to hypoxia and quercetin (Fig. 6C). Furthermore,
asparagine (N 803) in HIF-1a TADC can also be hydroxylated
by another hydroxylase named FIH and thus block the in-
teraction of HIF-1a and p300=CBP (11, 25, 29). While this
mutation of asparagine 803 to alanine enhanced transactiva-
tion, it also abolished hypoxic induction but again, quercetin
had no effect on TADCM activity (Fig. 6C). The induction of
HIF-1a TADN transactivity by quercetin indicated that it
might accumulate HIF-1a through protein stabilization. To
test this we measured the Gal4TADN and -TADC protein
levels. In line with the transfection assays, hypoxia and
quercetin enhanced Gal4-HIF-1aTADN levels while the levels
of the degradation resistant Gal4-HIF1aTADNM (P564A)
were enhanced and no longer upregulated by hypoxia or
quercetin. In contrast, the Gal4-HIF1aTADC and Gal4-
HIF1aTADCM (N803A) protein levels were not regulated by
hypoxia in line with other studies (6, 16) and quercetin (Fig.
6D). Together, these data along with the transfection assays

FIG. 5. Time-dependent modulation of HIF-1a protein
expression by A23187 and BAPTA-AM. (A) HepG2 cells
were incubated under normoxia (16% O2) or hypoxia (5%
O2) or treated with quercetin (100 mM) under normoxia (16%
O2) and then harvested at different time points. HIF-1a
protein was detected by Western blot analysis. The expres-
sion of HIF-1a under normoxia at 0 h was set to 1. Values are
means� SEM of three independent culture experiments. (B)
Western blot analysis. 100mg of protein from HepG2 cells
treated with quercetin (100mM) for 4 h were subjected to
Western analysis with an antibody against HIF-1a or Golgi
membrane (GM). Autoradiographic signals were obtained
by chemiluminescence and scanned by videodensitometry.
(C) HepG2 cells were transfected with Luc gene constructs
containing either three copies of the hypoxia-inducible factor
(HIF) binding HRE element (pHRE-Luc), the dioxin receptor
(AHR=ARNT) binding xenobiotica response element (pXRE-
Luc), the ER stress responsive ATF6 binding element
(pATF6-Luc), copies of the nuclear factor kB response ele-
ment (pNFkB-Luc), and the antioxidative response element
binding the transcription factor Nrf2 in front of the promoter.
The transfected cells were treated with 100 mmol quercetin
and further cultured for 24 h under normoxia (16% O2)
or hypoxia (5% O2). In each experiment the LUC activity of
the respective control at 16% O2 was set to 1. Values are
means� SEM of three independent culture experiments;
*significant difference 16% O2 vs. 5% O2; **significant dif-
ference 16% O2 or 5% O2 vs. quercetin treatment in the same
group; #significant difference 5% O2 vs. 5% O2 with quer-
cetion treatment;þ significant differences 16% O2 or 5% O2

with actinomycin vs. 16% O2 or 5% O2 with actinomycin and
quercetin (D) Representative Northern blot analysis. 20 mg of
total RNA of each sample were subjected to Northern blot
analysis with HIF-1a or b-actin antisense RNA probes. Au-
toradiographic signals were obtained by chemiluminescence
and scanned by videodensitometry.
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indicate that quercetin appears to influence HIF-1a protein
stability via inhibition of HIF-proline hydroxylation.

Quercetin inhibits cell proliferation via
HIF-1a-dependent induction of p21WAF

Since quercetin appears to have a negative impact on cel-
lular proliferation, we next tested whether this role may in-
volve HIF-1a. To do this, HepG2 cells were transfected with a
vector allowing expression of shRNA against HIF-1a, and
BrdU incorporation was measured either in the presence or
absence of quercetin under normoxia and hypoxia. For com-
parison cells were also treated with apigenin which had a
negative effect on HIF-1a (Fig. 3). Evaluation of BrdU incor-

poration showed that hypoxia slightly increased proliferation
by about 1.2-fold. By contrast, quercetin and apigenin re-
duced proliferation by about 50% under both normoxia and
hypoxia. While the quercetin effect was completely abrogated
by the shRNA depleting HIF-1a, the apigenin effect remained
unaffected from expression of the HIF-1a shRNA (Figs. 7A
and 7B). This indicates that quercetin is involved in control-
ling HepG2 cell proliferation via HIF-1a.

In order to investigate whether these effects of quercetin are
affecting the expression of a cell cycle inhibitor, we aimed to
test the expression of the cyclin-dependent kinase inhibitor
p21 (waf1=cip1). We demonstrate that, in line with previous
reports (2, 4, 7, 14, 36) hypoxia induced p21WAF promoter
activity and protein expression by about 2.5-fold. In addition,
quercetin induced p21WAF by about 4.5- and 6-fold under
normoxia and hypoxia, respectively (Figs. 8A and 8B).
Knocking down HIF-1a with shRNA decreased p21WAF
promoter activity by about 50% under normoxia but com-
pletely abolished the induction of p21WAF expression by
hypoxia. In addition, the positive effects of quercetin on
p21WAF expression were disrupted upon knockdown of HIF-
1a (Figs. 6A and 6B). Together, these results provide evidence
that quercetin inhibits the cell cycle via HIF-1-dependent in-
duction of the cyclin-dependent kinase inhibitor p21WAF.

Discussion

In this study, we investigated the regulation of HIF-1a in
response to different flavonoids under normoxia and hyp-
oxia. Our results demonstrate several new findings with re-
spect to HIF-1a regulation and cell proliferation. First, it was
found that a flavonol structure and the presence of hydroxyl

FIG. 6. Enhancement of HIF-1a protein stability and in-
duction of HIF-1a transactivity by quercetin via inhibition
of prolyl hydroxylase activity. (A) Determination of HIF-1a
protein half-life. HepG2 cells were transfected with a vector
for V5-tagged full-length wild-type HIF-1a and thereafter the
cells were either treated only with cycloheximide (100 mg=ml)
or both cycloheximide and quercetin (100mmol). The HIF-1a
protein levels were determined at the indicated timepoints
by Western analysis with an antibody against the V5-tag.
Values are means� SEM of three independent culture ex-
periments; *significant difference control vs. quercetin. (B)
Western blot analysis. 100 mg of protein from HepG2 cells
treated as above were subjected to Western analysis with an
antibody against HIF-1a or Golgi membrane (GM). (C)
HepG2 cells were cotransfected with a luciferase reporter
construct pG5-E1B-LUC and different fusion gene constructs
in which the Gal4 DNA binding domain was fused to either
the HIF-1a region from amino acid 532–585 containing
TADN or 727–826 containing TADC, respectively, as shown
on the left. The mutations in the constructs are indicated in
italics. After 24 h, the transfected cells were exposed to hyp-
oxia (5% O2) or treated with 100 mmol quercetin under nor-
moxia (16% O2) for 4 h. Values are means� SEM of six
independent culture experiments; *significant differences
hypoxia or quercetin vs. normoxia in the same group. (D)
Western Blot analysis. 50 mg of protein from HepG2 cells
transfected with wild-type and mutated Gal4-HIF1a
TADN,and Gal4-HIF1aTADC constructs were treated with
quercetin (100 mM) for 4 h and then subjected to Western
analysis with an antibody against Gal4DBD. Autoradio-
graphic signals were obtained by chemiluminescence.
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groups in the 30 and 40 position as in quercetin is necessary for
the induction of HIF-1a protein levels and HIF-1 activity.
Second, we showed that quercetin acted post-transcriptionally
by prolonging the HIF-1a protein half-life. Third, quercetin
acted by interfering with the proline hydroxylation-dependent
HIF-1a protein destabilization in the N-terminal HIF-1a
transactivation domain. Fourth, quercetin inhibited cell pro-
liferation via HIF-1-dependent induction of the cell cycle in-
hibitor p21WAF.

Flavonoids and ROS as different modulators
of HIF-1a function

Although the primary mode of quercetin action appears to
be its role as ROS reducing antioxidant, it has also been shown
to block the activation of the transcription factor nuclear factor

kB (NFkB) and the protein kinase C (PKC) as well as protein
kinase B (PKB=Akt) signal transduction (45). Since the for-
mation of ROS requires molecular oxygen, it has been sug-
gested that ROS may be involved in the response to varying
oxygen tensions. Indeed, several groups, including our own,
have previously reported that formation of ROS is decreased
under hypoxia, whereas others have reported that ROS are
increased under hypoxia (19). Earlier findings consistent with
the obtained data from the present study showing that hyp-
oxia decreases ROS showed that the addition of quercetin to
cells resulted in decreased ROS levels (45). Thus, we hy-
pothesized that flavonoids may act on HIF-1a by reducing
ROS. Interestingly, it was previously shown that quercetin
may have a negative (10, 26) as well as a positive (39, 46) effect
on HIF-1a. Although our studies indicating that quercetin
increases the level of HIF-1a in HepG2 cells and in colon
carcinoma cells (not shown) are in line with the latter findings,
this effect seems not to be entirely due to the ROS scavenging
activities of quercetin. We found that quercetin as a flavonol
and the other tested flavonols (kaempferol, myricetin), the

FIG. 7. Knockdown of HIF-1a disrupts quercetin-
mediated inhibition of cell proliferation. (A) HepG2 cells
were transfected with 20mg of vectors allowing expression of
unspecfic control shRNA or shRNA against HIF-1a and cul-
tured under normoxia (16% O2) and hypoxia (5% O2) for 24 h.
Thereafter cells were treated for 12 h with quercetin
(100 mmol) or apigenin (100mmol). Proliferative activity was
assessed by BrdU incorporation and the values under 16% O2

were set to 100%. Values represent means of three different
culture experiments; *significant difference controls vs.
quercetin or apigenin in the same group, **significant differ-
ence controls versus shHIF-1a in the same group; #significant
difference quercetin vs. shHIF-1a with quercetin; (B) Re-
presentative Western blot. Proteins from the cells transfected
in the control with 20 mg of an expression vector for unspecfic
control shRNA or 10 mg and 20mg of an HIF-1a shRNA vector
were isolated and detected by Western blot analysis with the
HIF-1a and Golgi membrane (GM) antibodies. Autoradio-
graphic signals were obtained by chemiluminescence.

FIG. 8. Quercetin and hypoxia induce p21WAF expres-
sion via HIF-1a. (A) HepG2 cells were cotransfected with a
luciferase reporter construct containing 2200 bp of the wild-
type p21WAF promoter and in controls with the vectors for
unspecific control shRNA or the vectors for shRNA against
HIF-1a. The transfected cells were then cultured for the next
34 h under normoxia. Thereafter they were treated with
100 mmol quercetin and further cultured for 24 h under nor-
moxia (16% O2) or hypoxia (5% O2). In each experiment the
LUC activity of the respective control at 16% O2 was set to 1.
Values are means� SEM of three independent culture ex-
periments; *significant difference 16% O2 vs. 5% O2; **sig-
nificant difference 16% O2 or 5% O2 vs. quercetin treatment
in the same group;þ significant difference 16% O2 or 5% O2

control vs. shHIF-1a in the same group; #significant differ-
ence quercetin vs. quercetin with shHIF-1a in the same
group. (B) Representative Western blot. 100mg of proteins
from the cells transfected as above were isolated and ana-
lyzed by Western blotting with the p21, HIF-1a, and Golgi
membrane (GM) antibodies. Autoradiographic signals were
obtained by chemiluminescence.
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flavones (apigenin, luteolin), or flavanones (naringenin, taxi-
folin) reduced ROS levels to about the same extent. This effect
can be attributed to the free radical-scavenging activity of
flavonoids for which the catechol group at the B ring present
in all used compounds is the essential part. However, a pos-
itive effect on HIF-1a protein and HIF-1 activity could only be
demonstrated by myricetin and quercetin which had the most
potent effect. Thus, the inducible action of quercetin and
myricetin appears not to be mediated by a simple reduction of
ROS, since all other flavonoids also reduced ROS. The positive
action of quercetin and myricetin was strongly dependent on
the presence of hydroxyl groups in the 30 and 40 position of the
B ring since kaempferol, another flavonol without these hy-
droxyl groups, was without effect on HIF-1a (Fig.3). By con-
trast, the only presence of the hydroxyl groups in the 30 and 40

position together with a flavone structure or a flavanone
structure had different effects. Luteolin, a flavone containing
the hydroxyl groups in the 30 and 40, had an inducible effect on
HIF-1a protein levels but rather a repressing effect on HIF-1
activity whereas apigenin lacking the 30 hydroxyl group was
without effect. In addition, the flavanones had no effect
whether they contained the 30 and 40 hydroxyl groups (Fig.3).

These findings clearly show that specific structural re-
quirements are necessary for the flavonoid effects on HIF-1a
which is in line with another study (15). In addition, it seems
likely that ROS are not the primary mediators of the quercetin
effects, although a reduction in ROS levels could be detected.

Quercetin does not induce HIF-1 activity
via enhanced transcription

Our study showed that quercetin did not affect HIF-1a
mRNA levels, indicating that the enhanced HIF-1a protein
levels are the result of a post-transcriptional mechanism. In
line addition of actinomycin D could not block the quercetin-
dependent induction of HIF-1a protein. However, application
of actinomycin D inhibited hypoxia-induced HIF-1a accu-
mulation by about 50%, implicating that hypoxia regulates
HIF-1a mRNA transcription. Although HIF-1a mRNA was
regarded to be constitutively expressed in cultured cells in-
dependent of oxygen tensions (42), we and others (18, 44, 48)
found that this appeared not to be the case since an induction
of HIF-1a mRNA expression was detected under hypoxia. We
have previously reported that the redox-sensitive transcrip-
tion factor NFkB can mediate a transcriptional activation of
HIF-1a (1). By using a NFkB responsive luciferase reporter
gene construct, we found that in addition to the HRE-Luc
construct, the NFkB construct was upregulated by hypoxia in
line with previous findings (1, 23). However, quercetin re-
duced the pNFkB-Luc activity and simultaneously induced
HRE-Luc activity. These data further indicate that a tran-
scriptional mechanism due to a reduction of ROS levels or
decreased NFkB activity does not account for the induction of
HIF-1a in response to quercetin.

Quercetin enhances HIF-1a protein stability
via interfering with proline hydroxylation

The inhibition of the quercetin-dependent HIF-1a induction
by cycloheximide further pointed to a post-transcriptional
mechanism. These results are in line with a study showing
that quercetin stabilizes HIF-1a and causes nuclear localiza-

tion of the protein in a transcriptionally active state (46).
Similar to our study, another study found that quercetin in-
duced HIF-1a under normoxia, whereas kaempferol, taxifolin,
and rutin were inactive (40). Localization of HIF-1a by
immuno- and direct fluorescence microscopy together with
in vitro phosphorylation assays revealed that flavonoids may
inhibit HIF-1 activity by impairing the MAPK-dependent
phosphorylation of HIF-1a, thereby decreasing its nuclear
accumulation (40). With respect to the present study, such a
mechanism may only account for luteoline which was able to
increase HIF-1a protein but not HIF-1 activity. However,
apigenine, another flavone, did not show that effect. Given the
similar inhibition of HRE-Luc activity exerted by luteolin and
apigenin, this suggests that luteolin and apigenin may act
similarly on MAPK activity but with a different effect on HIF-
1a protein levels which points to different molecular mecha-
nisms exerted by flavonoids in the regulation of HIF-1a.

The time course experiments and the increased protein
half-life indicated that quercetin enhanced HIF-1a by a
mechanism similar to that exerted by hypoxia. Thus we hy-
pothesized that quercetin accumulates HIF-1a through pro-
tein stabilization. Oxygen-dependent prolyl hydroxylation
and asparginyl hydroxylation have been shown to be of major
importance for HIF a-subunit protein stability and coactivator
recruitment. Under hypoxia, HIF-1a accumulation is mainly
caused by protein stabilization via the inhibition of HIF PHDs,
thereby blocking VHL-mediated ubiquitylation and protea-
somal degradation.

The activity of the PHDs is dependent on O2, Fe(II),
a-ketoglutarate, and requires ascorbate as a cofactor. Thus,
under hypoxia, activity of PHDs is decreased, VHL binding
and ubiquitylation reduced and HIF-1a accumulates. Our re-
sults with the Gal4-HIF-1a transactivation assay revealed that
quercetin interfered with the proline hydroxylation since it
enhanced HIF-1a-TADN activity and mutation of proline 564
which is critical for HIF-1a protein stability abolished this ef-
fect (Fig. 6). Thus, our findings are in line with a study showing
that quercetin decreased ubiquitylation of HIF-1a (33).

Our report further demonstrated no regulation of the HIF-
1a TADC by quercetin via affecting the asparagine hydroxy-
lase FIH. Although hypoxia increased TADC activity which
could be abolished upon mutation of N803, quercetin did not
have an effect on either the wild-type TADC or the mutant
TADCM (Fig. 6). Since FIH also belongs to the a-ketoglutarate
dioxygenases having the same cofactor requirements although
slightly different kinetics than PHDs (22), it may be similarly
affected by quercetin or reduced ROS due to limitation of the
availability of ascorbate and Fe(II). Interestingly, FIH has been
described to have a higher Km value for ascorbate than PHDs,
although the physiological consequences of this observation
are not clear to date (22). Our data showing no involvement of
FIH together with previous reports demonstrating that the
HIF-1a TADC can also be directly regulated via a redox-
sensitive mechanism via redox factor-1 (Ref-1) (13) and the
presence of a redox-sensitive cysteine (3, 6) indicate that the
quercetin effects on HIF-1a are independent of ROS.

As pointed out, ascorbate was found to be important for
ensuring the activity of prolyl hydroxylases, probably by
helping to keep iron in a reduced state (21). Previous reports
indicated that quercetin and other flavonoids deplete the
intracellular chelatable iron pool which would subsequ-
ently induce HIF-1a via an inhibition of PHDs and FIH (39).
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Similarly, angiotensin-II has been described to enhance HIF-
1a levels in smooth muscle cells by affecting the availability of
ascorbate and Fe(II) (32). Interestingly, one of the previous
studies also showed that the transcriptional activity of HIF-1
could be reduced without a decrease in HIF-1a protein levels
upon HIF-1a induction by desferrioxamine and subsequent
treatment with flavonoids (40). This would indicate that
quercetin may interfere with the ROS-dependent oxidation of
Fe(II) to Fe(III), possibly via a Fenton reaction that we have
previously described (27). However, the findings of this study
show that the antioxidant action of quercetin did not cause or
diminish ER stress since it had no impact on the activation of
the transcription factor ATF-6 while at the same time quer-
cetin induced the activity of the antioxidant responsive ele-
ment (ARE) binding the factor Nrf2 (Fig. 5C).

Together, we propose that the HIF-1a protein stabilization
in response to quercetin is due to a novel ROS independent
mechanism affecting the functions of the PHDs.

Quercetin acts as inhibitor of the cell cycle
in a HIF-1-dependent manner

The present study shows a direct involvement of HIF-1a in
quercetin-mediated inhibition of cell proliferation. The find-
ing that quercetin inhibits cell cycle progression and likely
tumor growth by inducing the expression of HIF-1a and the
cyclin-dependent kinase inhibitor p21WAF, is at a first glance
surprising because HIF-1a overexpression is associated with
tumor growth and angiogenesis in animal models and with
increased patient mortality in clinical studies (49).

The p21WAF expression is frequently induced by DNA
damage in cells with wild-type p53 and it then contributes to
the arrest of cell growth. However, it was unknown until re-
cently whether p21WAF may be responsive to HIF-1a and
whether cooperation between HIF-1a and p53 contributes to
the cell cycle arrest. Initial reports examining the role of HIF-
1a deficiency found that a number of cell cycle regulating
genes like those encoding p53, p21, Bcl-2 are HIF-1a depen-
dent, while others like p27 or GADD153 were HIF-1a inde-
pendent (2), suggesting indeed that HIF-1a can contribute to
cell cycle arrest. In addition, experiments with different cell
types containing either a deletable hif-1a or p53 allele as well
as double-knockout cells revealed that loss of HIF-1a abol-
ished growth arrest in a p53-independent fashion and caused
an increased progression into the S phase (7). In addition,
hypophosphorylation of the retinoblastoma protein under
hypoxia was HIF-1a dependent, and HIF-1a deficiency again
negatively affected expression of the cyclin-dependent kinase
inhibitors p21 but also p27 (7). These findings clearly point out
that HIF-1 is a major regulator of the cell cycle arrest. Our
present findings indicating that hypoxia and quercetin in-
crease p21WAF transcription as revealed by the reporter gene
assay and subsequently p21WAF protein expression in a
HIF-1a-dependent manner agree with the previous findings
and are in line with an earlier report showing that neither the
PI3K=Akt nor the p53 signalling pathway is required for
quercetin-induced HIF-1a accumulation (33).

Some flavonoids have been tested in clinical trials, and
quercetin and its prodrug QC12 have entered already Phase I
clinical studies to test their emerging potential as prospective
anticancer drug candidates (12). Clinical studies revealed that
especially quercetin may reduce the risk of lung cancer (31)

and like other flavonoids it belongs to a group of bioactive
compounds that are present in plant food. It is widely ac-
cepted that a high dietary intake of fruits and vegetables is
associated with a reduced risk of common human cancers,
including cancers of the lung, breast, prostate, and colon,
where it appeared that a diet supplemented with 2% quercetin
reduced carcinogen-induced development of aberrant crypt
foci (24).

Although largely unknown, it might be tempting to spec-
ulate that the beneficial effects of quercetin and other
flavonoids are, at least in part, being mediated via the HIF-
1-dependent induction of p21WAF. Thus, a better under-
standing of the molecular mode of action of these natural
products will contribute to the development of more specific
preventive strategies against cancer.

Taken together, the findings of the present study extend
our understanding of the mechanisms by which especially
quercetin mediates its effects on HIF-1a protein stability and
provide insight into the quercetin-mediated regulation of
growth arrest via HIF-1-dependent induction of p21WAF
expression.
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