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The dietary flavonoid quercetin modulates HIF-1a activity
in endothelial cells
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Abstract

The mechanism of activation of the transcription factor hypoxia-inducible factor-1 (HIF-1) has been studied extensively. Under
normal cellular oxygen conditions protein levels of the alpha subunit (HIF-1a) are kept low due to massive ubiquitination and
subsequent proteosomal degradation. However, during hypoxia ubiquitination is inhibited, causing stabilisation of the HIF-1a
protein. HIF-1a can then translocate to the nucleus and facilitate transcription of numerous target genes, the majority of which are
involved in glycolysis and angiogenesis via heterodimerisation with the beta subunit (HIF-13/ARNT). Until now hypoxia has been
the only naturally occurring signal shown to activate this transcription factor. We report here that the dietary flavonoid quercetin
also activates HIF-1a in all steps of its activation pathway, in a manner similar to hypoxia. We found that quercetin, an inhibitor of
Ser/Thr kinases, stabilises HIF-1o and causes nuclear localisation of the protein in a transcriptionally active state. Taken together
these results strongly indicate that the dietary flavonoid quercetin regulates HIF-1 function at normal oxygen concentrations. © 2002
Elsevier Science (USA). All rights reserved.
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Signal transduction

The bHLH-PAS family of proteins are signal-induc-
ible transcription factors. One member of this family,
hypoxia-inducible factor-lo. (HIF-1a)), is involved in
activation of gene transcription during exposure to
hypoxia.

Knockout studies in mice have shown that HIF-1a is
essential for angiogenesis/vasculogenesis as is its het-
erodimeric partner protein ARNT [1-3]. This phenotype
is explained by the fact that HIF-1a is a key transcrip-
tion factor in the induction of the vascular endothelial
growth factor (VEGF) gene, a major angiogenic factor
required for vessel formation. In addition, HIF-1a reg-
ulates many other genes required for glucose and hyp-
oxia homeostases (reviewed in [4]). We have previously
reported that HIF-1a is rapidly degradedvia the 26S
proteasome after ubiquitination under normoxic con-
ditions [5]. More recently it has been shown that HIF-1o
is the target for a family of prolyl hydroxylase proteins
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[6-8]. Hydroxylation of HIF-la facilitates recruitment
of an E3 ubiquitin ligase, the von Hippel-Lindau tu-
mour suppressor protein (VHL), which targets HIF-1a
for degradation under normoxia.

Quercetin (3,3',4',5,7-pentahydroxyflavone) and other
related flavonoids are dietary compounds that have been
attributed many characteristics such as anti-oxidant and
anti-cancer properties, so much so that it has appeared
as a health food supplement in recent years. It is also
present in extracts from Ginko biloba and St. Johns
Wort, both popular health supplements (for review see
[9]). Although quercetin has been reported to inhibit
many Ser/Thr kinases [10], it is specific to several kinases
at low concentrations, including, casein kinase II (ID50
40 nM) [11,12].

Here we have investigated the effect of quercetin on
the activation and function of HIF-1a. Our results show
that quercetin can act as a potent activator of HIF-1a
which results in the increased transcription of HIF-1
target genes. Understanding the role of HIF-1a in an-
giogenesis and the molecular mechanisms leading to its
activation will hopefully provide us with interesting
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models for treatment of cancers and tumours that per-
turb the HIF-1a signalling pathway.

Materials and methods

Cell culture. Murine brain endothelial cells (a gift from Yihai Cao,
MTC, KI) (MBECs) were cultured in F12 HAMS media and HeLa
cells in Dulbecco’s modified Eagle’s media, supplemented with 10%
foetal calf serum, penicillin (50 units/ml), and streptomycin (50 pg/ml)
(Life Technologies, UK). Hypoxic conditions were created by main-
taining cells in a sealed chamber flooded with 94% nitrogen and 5%
CO; until oxygen was present at 1%. All cells were maintained at 37 °C.
Quercetin was purchased from ICN and dissolved in DMSO to a
concentration of 10 mM. Further dilutions were performed in cell
culture media.

Isolation of poly(A)™ mRNA and Northern blotting. Tsolation of
poly(A)" mRNA from endothelial cells was performed as previously
published [13]. Five micrograms of poly(A)™ RNA from each treat-
ment was electrophoresed, blotted onto Zeta-probe membrane (Bio-
Rad Laboratories, USA), and cross-linked. Probes were made with the
RediPrime II kit (Amersham Pharmacia Biotech, Sweden), using
fragments of cDNA from VEGF, glucose transporter 1 (glut-1),
GAPDH, and actin.

Plasmid constructs. The plasmids pCMV-HIF-la, pCMV-HR-
E.tk.Luc, pGFP-HIF-1a, pGAL4DBD-HIF-1a, pPGAL4DBD-HIF-N-
TAD (amino acids 531-584), and pGAL4DBD-HIF-C-TAD (amino
acids 776-826) have been described previously [5,14,15].

Transfections and reporter gene analysis. Transfections of cells were
performed using Fugene6 (Roche, USA) as recommended by the
manufacturer. Cells were seeded into six well plates and transfected at
approximately 80% confluency. After 14 h they were then treated with
either quercetin or hypoxia for the specified amount of time. For lu-
ciferase assays cells were washed twice in PBS, lysed in 210 pL Cell
Lysis Buffer (Promega, USA) and a 30 pL aliquot was taken for as-
saying luciferase activity using BioTherma (Sweden) ATP and Lucif-
erin. Luciferase activity was normalised to protein concentration using
the Bradford assay. Results are the average of three experiments per-
formed in triplicate.

Western blotting. To study protein levels of HIF-la during
quercetin treatment, cells treated with a time course of quercetin
(10 uM) were lysed and whole cell extract was prepared as previously
described [5]. Forty micrograms of protein was electrophoresed and
blotted on to a Hybond-N* membrane. Western blotting using an-
tibodies against HIF-la and ECL detection were used to visua-
lise HIF-la protein. Monoclonal antibodies against HIF-la were
purchased from Novus Biologicals, USA and diluted 1-2000 before
use.

Results

HIF-1o contains potential serinelthreonine phosphoryla-
tion sites

Phosphorylation has been found in several cases to
direct ubiquitination of proteins. A computational
analysis was performed of the human HIF-1a sequence
using a kinase recognition neural network, provided by
the NetPhos 2.0 prediction server at the CBS, Denmark
[16]. This revealed the presence of many potential serine/
threonine phosphorlyation sites for the kinases casine
kinase II, PKA, PKC, and GSK3 (unpublished results).

Several of these are conserved within the related proteins
EPAS [17] and HIF-3a [18], indicating a possible role in
HIF-1o regulation. The relative proximity (between 5
and 40 amino acids) of five of these sites to a conserved
penta-amino acid motif (APYIP) conserved in all HIFa
proteins, which mediates binding to the ubiquitin ligase
VHL [19,20], suggests that these sites may act as signals
in mediating HIF-1o degradation.

The Ser/Thr kinase inhibitor quercetin induces HRE
reporter activity

Based on our sequence analysis, we decided to ex-
amine the effects of the Ser/Thr kinase inhibitor
quercetin on the HIF signalling pathway. HeLa cells,
which contain very high endogenous hypoxia-inducible
levels of HIF-1la protein [21], were transfected with a
vector containing three hypoxia-responsive element
(HRE) binding sites cloned upstream of a luciferase
reporter gene and treated with increasing amounts of
quercetin or dipyridyl at 100 uM for 16 h (Fig. 1A).
Dipyridyl, in analogy to other iron chelators, inhibits
the prolyl hydroxylation of HIF-la and therefore
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Fig. 1. HeLa cells were transfected with a HRE-luciferase reporter
vector (A) and MBECs were transfected with both HRE-luciferase
reporter vector and HIF-la expression vector (B). The cells were
treated with increasing concentrations of quercetin (10, 50, or 100 uM)
for 16 h, whereupon they were harvested after washing twice in
phosphate-buffered saline. Luciferase activity was measured, and after
adjusting the values relative to the value at normoxia, the fold acti-
vation was plotted. Mean values are shown for three independent ex-
periments, with error bars representing the standard error.




448 W.J. Wilson, L. Poellinger | Biochemical and Biophysical Research Communications 293 (2002) 446-450

functions as a hypoxia mimic. A substantial increase in
activity of the reporter gene was observed in a dose-
dependent manner.

To test if the HIF-la protein was mediating the
reporter gene activity observed in Hela cells, we
transfected mouse brain endothelial cells (MBECs)
with HRE reporter and HIF-lo expression vectors
(Fig. 1B). These cells were used due to the relatively
lower levels of endogenous HIF-la and more impor-
tantly the physiological role of these cells in angio-
genesis. MBECs, after transfection, were treated with
quercetin or hypoxia for 16 h. Again, we observed an
increase in reporter activity in response to increasing
doses of quercetin. This time the fold activation was
much greater with the addition of the HIF-1a expres-
sion vector than with endogenous HIF-1a seen in the
HeLa cells. The maximal increase (100 uM quercetin)
was greater than that observed with dipyridyl, 62-fold
induction versus 36-fold, showing that the additional
amounts of expressed HIF-1a were made avaliable for
quercetin-inducible transcription.

Quercetin stabilises HIF-1a protein

The hypoxic response is made possible through the
prevention of HIF-lo degradation; therefore we ex-
amined the effects of quercetin on HIF-la protein
levels. We hypothesised that HIF-lo protein was in-
creased by quercetin treatment. A Western blot of
whole cell extracts from HeLa cells treated with
quercetin or hypoxia was detected with anti-HIF-1o
antibodies. As seen in Fig. 2, hypoxia induces a char-
acteristic broad band of HIF-la as observed in many
cell types [22] and evident on this blot due to differ-
entially phosphorylated forms of the protein. As ex-
pected, we also saw increased levels of HIF-1a after 4 h
of treatment with 50 pM quercetin, rising to a maxi-
mum after 6 h and continuing over 12 h. In addition to
the main HIF-la band induced after 4 h of quercetin
treatment, we observed a less mobile sharp band ap-
pearing at 6 h. This may represent a specific form of
phosphorylated HIF-1a.
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Fig. 2. A Western blot of HIF-1a in HeLa cells treated with either
hypoxia for 2 or 4 h (lanes 2 and 3), quercetin (50 pM) for 1, 2, 4, 6, 9,
and 12 h (lanes 4-9), and no treatment (lane 1). The prominent band
above the marked HIF-1a band is a non-specific signal we see with this
antibody.

Transfection with GAL4 reporter and Gal4-HIF-1o
chimeras

Since endogenous HIF-1a showed potent activation
in the presence of quercetin on a HRE reporter vector,
we were interested to see if we could observe a similar
pattern of activation using the HIF-1a protein fused to a
heterologous DNA binding domain, namely the Gal4-
DNA binding domain (Gal4-DBD). Gal4-HIF-1a chi-
meras were transfected into MBEC cells together with a
Gal4-luciferase reporter vector. After 12 h of treatment
at 5, 10, or 50 uM quercetin the cells were harvested and
luciferase activity was measured.

The Gal4-HIF-1o construct activated transcription
from the reporter gene (Fig. 3A) in a similar dosage-
dependent pattern as seen with the full-length HIF-1a
construct upon the HRE reporter. Induction of the Gal4
reporter was observed in normoxia and potentiated in
hypoxia. A similar result was observed when only the N-
or C-terminal activation domains (C-TAD, N-TAD) of
HIF-1o were used (Fig. 3B), with the C-TAD exhibiting
poor activation with respect to the N-TAD, and even
full-length HIF-1a construct.
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Fig. 3. MBECs were transfected with HRE-luciferase reporter vector
together with either Gal4-HIF-1a (A) or Gal4-N-TAD or Gal4-C-
TAD constructs (B) and treated with quercetin at the stated concen-
trations and/or hypoxia for 16 h, before assaying for luciferase activity.
Results are displayed as described for Fig. 1.
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Quercetin induces HIF-1o target gene expression

Poly(A)* mRNA was extracted from MBECs treated
with 10 uM quercetin for 2, 3, 4, 6, 9, or 12 h. A
Northern blot prepared from these samples was probed
for the expression of HIF-1 target genes (Fig. 4). VEGF
mRNA was detected after 3 h, gradually increasing to a
peak at 6 h and remaining constant through 12 h. Glut-1
mRNA showed a similar pattern of induction as VEGF.
These findings parallel studies of HIF-lo target gene
regulation as seen by hypoxia induction [1].

Quercetin induces nuclear localisation of HIF-1o

Nuclear translocation of HIF-la is a hypoxia-de-
pendent step in the signalling pathway. To monitor the
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Fig. 4. MBECs were treated in 30 cm? plates with 10 pM quercetin for
various times (0, 2, 3, 4, 6,9, or 12 h). After extraction and purification
of poly(A)" mRNA, electrophoresis, and blotting, the membrane was
probed with 3P labelled probes to the various genes.
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Fig. 5. Vectors expressing GFP and GFP fused to full-length HIF-1o
were transfected into MBECs grown on glass coverslips. After treat-
ment with quercetin (50 pM) and/or dipyridyl (100 uM) or vector
(DMSO) for 10 h, cells were mounted on glass slides and GFP was
visualised using fluorescent microscopy.

cellular localisation of HIF-la following quercetin
treatment a construct consisting of GFP fused to full-
length HIF-la was transfected into MBECs. After
treatment with quercetin for 10 h the fusion protein was
visualised via fluorescent microscopy (Fig. 5). In un-
treated cells, HIF-1a was located predominantly in the
cytoplasm. Treatment with 50 uM quercetin-induced
nuclear localisation of the HIF-1a fusion protein. This
nuclear localisation was slightly enhanced upon co-
treatment with dipyridyl, which was used instead of
hypoxia so that localisation of the fusion protein in
living cells could be performed. GFP alone was ex-
pressed in both cytoplasm and nucleus and was unaf-
fected by quercetin treatment.

Discussion

Initial transfections with a reporter gene construct
containing a DNA binding site for HIF-1 (i.e., a hyp-
oxia-response element) fused upstream of a luciferase
reporter gene showed that it was responsive to quercetin
treatment in a dose-dependent manner under conditions
of normoxia. Upon co-transfection with a HIF-1a ex-
pression vector in endothelial cells this respon se was
greatly enhanced, indicating that quercetin functions via
HIF-1a. In fact, transfection study results, using Gal4-
C-TAD and Gal4-N-TAD in endothelial cells, show that
both the transactivation domains of HIF-lo are re-
sponsive to quercetin treatment. After quercetin treat-
ment of HeLa cells at normoxia HIF-1a was found to be
stabilised and migrated when analysed by SDS-PAGE
slightly lower than the hypoxia-stabilised HIF-1a. In
addition, quercetin-induced nuclear translocation of
HIF-1a.

Hypoxia-induced stabilisation of HIF-loo protein
levels in Hel a cells results in a broad band, as assessed
by SDS-PAGE analysis. After treatment with phos-
phatase this band is reduced to a lower, more narrow
band [22]. Interestingly the mobility of this lower band
corresponds to the HIF-1a band induced by quercetin,
possibly reflecting a specific state of phosphorylation of
HIF-1a. In this context it is interesting to note that
Davies et al. [12] have reported that quercetin activates
MAPK2/ERK2. In addition there is evidence that the
p42 MAPK pathway regulates HIF-1a function since
the p42/p44 MAPK (ERK1/2) inhibitor PD98059 in-
hibits HIF-la-mediated activation of target genes in
certain cells [23].

Quercetin is known to have anti-oxidant properties
[9] which may be the cause of activation of the HIF-1a
protein. Previous experiments with reducing com-
pounds such as dithiothreitol have shown that there is
no effect on HIF-1a activity [24], so it seems unlikely
that quercetin exerts its effect on HIF-lo via this
mechanism.
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It has also been observed that by treating cells with
the inhibitors of tyr-kinases genistein and herbimycin A,
the Ser/Thr kinase inhibitor 2-aminopurine and the Ser/
Thr phosphatase inhibitor sodium fluoride, the induc-
tion of HIF-1a is blocked [24]. In contrast, sodium or-
thovanadate (a tyr-phosphatase inhibitor) increases
basal HIF-1a levels and activity, probably through a
strongly activating MAPK activity [22].

These experiments with various kinase and phos-
phatase inhibitors fail to show the total role of a par-
ticular kinase inhibitor (or chemical compound) with
activation of the HIF-1a pathway. This indicates that
quercetin is targeting a more general mechanism in the
HIF signalling pathway, similar to hypoxia. It will
therefore be interesting to investigate a possible effect of
quercitin on the function of prolyl hydroxylases [7,8]
which facilitate the interaction with pVHL, leading to
the subsequent degradation of the protein.

The implications of a dietary compound having a
regulatory effect on a molecule as pivitol as HIF-1a in
the process of angiogenesis cannot be overlooked. Re-
cently it has been shown that endothelial cells ex-
pressing hypoxia-induced VEGF can organise into
networks without any other cell types or exogenous
growth factors [25]. Our findings that quercetin can
also induce VEGF expression from endothelial cells
may have implications for people with diets high in
quercetin and even supplemented with ‘health drugs’
containing this compound. Moreover, with findings
that flavonoids and related polyphenol molecules (such
as catechin and resveratrol, which exist together with
quercetin in green tea and red wine), exert anti-tumo-
urigenic and anti-angiogenesis effects [26] and have
cardiovascular protective ability [27], we now have
available to us interesting tools for examining the
molecular mechanisms by which these molecules mod-
ulate signalling pathways.
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