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ABSTRACT
In an attempt to identify phytochemicals contributing to the welldocumented preventive effect of plant-based diets on cancer incidence and
mortality, we have previously shown that certain flavonoids inhibit in vitro
angiogenesis. Here, we show that the flavonoid luteolin inhibited tumor
growth and angiogenesis in a murine xenograft model. Furthermore,
luteolin inhibited vascular endothelial growth factor (VEGF)-induced in
vivo angiogenesis in the rabbit corneal assay. In agreement, luteolin
inhibited both VEGF-induced survival and proliferation of human umbilical vein endothelial cells (HUVECs) with an IC50 of about 5 mol/L.
Luteolin inhibited VEGF-induced phosphatidylinositol 3ⴕ-kinase (PI3K)
activity in HUVECs, and this inhibition was critical for both the antisurvival and antimitotic affects of the compound. Indeed, luteolin abolished
VEGF-induced activation of Akt, a downstream target of PI3K conveying
both survival and mitotic downstream signals. Because overexpression of
a constitutively active form of Akt rescued HUVECs only from the antisurvival effects of luteolin, the result indicated that luteolin targeted
mainly the survival signals of the PI3K/Akt pathway. With regard to its
antimitotic activity, luteolin inhibited VEGF-induced phosphorylation of
p70 S6 kinase (S6K), a downstream effector of PI3K responsible for G1
progression. Indeed, VEGF-induced proliferation of HUVECs was sensitive to rapamycin, an inhibitor of p70 S6K activation. Surprisingly, luteolin did not affect VEGF-induced phosphorylation of extracellular signalregulated kinase 1/2 mitogen-activated protein kinases, a pathway that is
considered important for the mitotic effects of VEGF. Thus, blockade of
PI3K by luteolin was responsible for the inhibitory effects of the compound on VEGF-induced survival and proliferation of HUVECs. The
antisurvival effects of luteolin were mediated via blockage of PI3K/Aktdependent pathways, whereas inhibition of the PI3K/p70 S6K pathway
mediated the antimitotic effects of the compound.

INTRODUCTION
Angiogenesis, the formation of new vessels from preexisting ones,
is a strictly regulated and self-restricted physiological process. A
growing number of diseases, including rheumatic arthritis, psoriasis,
and diabetic retinopathy, derive from excessive, deregulated angiogenesis. However, the most important manifestation of pathological
angiogenesis is that seen in the vicinity of solid tumors. Indeed,
well-vascularized tumors expand both locally and by metastasis,
whereas avascular tumors do not grow beyond a diameter of 1 to 2
mm (1).
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cular endothelial growth factor (VEGF). Indeed, VEGF regulates key
angiogenic responses of endothelial cells (ECs), for instance proliferation, migration, and differentiation, as well as protection from
apoptosis (2). In cancer, VEGF is overexpressed after hypoxia (3, 4)
and/or as a consequence of the genetic changes of cancer, such as
mutations of oncogenes and tumor suppressor genes (5). Indeed, most
tumors express high levels of VEGF, whereas the adjacent ECs
express VEGF receptors 1 and 2 (6), establishing an angiogenic loop.
Thus, in a wide range of cancers, VEGF levels in plasma or in biopsy
specimens have critical prognostic importance for the outcome of
tumor growth and influence the therapy used (7). The importance of
VEGF in the stimulation of tumor angiogenesis is obvious from the
fact that it represents one of the main targets for antiangiogenic
anticancer drug development. Hence, many methods have been developed for inhibiting VEGF activity. These drugs involve the use of
anti-VEGF antibodies, soluble receptors, peptides that interfere with
VEGF binding, and molecules that interfere with VEGF signaling (5,
7). Indeed, antiangiogenic gene therapy of cancer with adenoviruses
expressing soluble VEGFRs in mice gave superior results compared
with other modes of antiangiogenic treatment (8).
VEGF is found in many isoforms (VEGF-A, -B, -C, -D, and -E)
that derive from the alternative splicing of the same gene (2). These
isoforms transduce their signals to the nucleus mainly through three
receptors, VEGFR-1, -2, and -3 (9). Of these receptors, VEGFR-2
appears to play a critical role in the regulation of angiogenesis (9),
whereas VEGFR-1 also seems to participate in pathological angiogenesis (10); VEGFR-3 is responsible for lymphangiogenesis (11).
VEGFR-2 receptor has tyrosine kinase activity and phosphorylates
secondary messengers, which appear to regulate EC proliferation via
activation of extracellular signal-regulated kinase (ERK) 1/2 mitogenactivated protein kinases (MAPKs; ref. 12) and p70 S6 kinase (S6K;
ref. 13), migration of ECs via the stress-activated protein kinase 2/p38
pathway (14), and survival of ECs via Akt activation (15).
Dietary factors contribute to about a third of potentially preventable
cancers (16), and the long-known preventive effect of plant-based
diets on tumorigenesis and other chronic diseases is well documented
(17). These data indicate that certain plant-derived dietary groups
might contain phytochemicals that exert antimitotic and antitumorigenic effects, thereby offering anticancer protection to individuals
consuming such diets. In previous studies, we have examined this
possibility by screening urine of human subjects consuming a diet rich
in plant products for the presence of antimitotic and antiangiogenic
compounds. This work led to the identification of the isoflavonoid
genistein as well as a number of the isomeric flavonoids, such as
luteolin, as potent inhibitors of tumor cell proliferation and in vitro
angiogenesis (18, 19). Flavonoids are widely distributed in the plant
kingdom, rendering them a very attractive target for additional studies. In the present study, we have addressed the effect of luteolin on
VEGF-induced angiogenesis using the rabbit corneal micropocket
assay and on tumor growth and angiogenesis using a murine xenograft
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model. Moreover, we have investigated the effect of luteolin on
several signaling pathways emanating from VEGFR-2.
MATERIALS AND METHODS
Antibodies and Recombinant Proteins. Human VEGF165 was purchased
from R&D Systems, Inc (Minneapolis, MN). Luteolin was obtained from
Sigma (St. Louis, MO) and diluted in dimethyl sulfoxide (DMSO)/EtOH, (1:1)
by volume. The polyclonal antibodies anti–phospho-Akt (Ser473), anti-Akt,
anti–phospho-MAPK, anti-MAPK, anti–phospho-p38, and anti-p38 were from
Cell Signaling Technology, Inc. (Beverley, MA). The mouse monoclonal
anti–phospho-tyrosine antibody (P3300) was obtained from Sigma. The rabbit
polyclonal anti–FLK-1 antibody (C-1158) and the goat antiactin antibody
(SC-1616) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
The rabbit polyclonal anti-PI3K antibody (p85; 06-195) was purchased from
Upstate Biotechnology (Lake Placid, NY). The Ki67 antibody was a gift from
Mary Bai (University of Ioannina, Ioannina, Greece), anti–phospho-p70 S6K
(Thr389) antibody was a gift from A. Papapetropoulos (University of Patras,
Patras, Greece), and rapamycin was a gift from I. Lazaridis (University of
Ioannina). The 12Ca5 [anti-hemagglutinin (HA)] monoclonal antibody was
purified from the corresponding hybridoma using standard techniques. All
secondary antibodies were purchased from Dianova GmbH (Hamburg, Germany). The anti-extradomain B (ED-B) antibody was kindly provided by
Philogen S.p.A. Monteriggioni-Siena (Italy).
Cell Culture. Human umbilical vein ECs (HUVECs) were plated on dishes
precoated with rat collagen type I (Becton Dickinson Biosciences, San Jose,
CA) and cultured in M199 medium supplemented with 20% fetal calf serum
(FCS), EC growth supplement (Sigma), heparin (Sigma), and penicillin-streptomycin. All media and sera for cell culture were purchased from Invitrogen
(Carlsbad, CA) and were endotoxin-free. Cells were split 1:4 when they
reached confluence, and passages between passage 4 and passage 10 were used
for these experiments. A-431 cells were purchased from American Type
Culture Collection (Rockville, MD) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 4,500 g/L glucose and 10% FCS. All
compounds and solvents added to the cells were tested for endotoxin content
using the QCL1000 kit from BioWhittaker, Inc. (Walkersville, MD). Luteolin
was resuspended in DMSO/EtOH (1:1 by volume) and added directly to the
culture medium. Cells not receiving luteolin were incubated in the corresponding volume of DMSO/EtOH or left untreated. Rapamycin was resuspended in
DMSO, and equivalent volumes of DMSO were used as solvent controls in all
experiments.
Phosphatidylinositol 3ⴕ-Kinase Immunoprecipitation and Lipid Kinase
Assay. Subconfluent cells were serum starved for 12 hours in medium containing 0.01% FCS and then incubated for 5 minutes with VEGF (30 ng/mL)
in the presence or absence of luteolin. Cells were washed with ice-cold PBS
containing 100 nmol/L vanadate and resuspended in ice-cold lysis buffer [1%
Nonidet P-40, 50 mmol/L Tris (pH 7.5), and 150 mmol/L NaCl] supplemented
with protease and phosphatase inhibitors. The lipid kinase activity of phosphatidylinositol 3⬘-kinase (PI3K) was measured according to previous reports
(20), with minor modifications. Briefly, protein A-Sepharose beads (Sigma)
containing immunoprecipitated PI3K from precleared lysates were washed
twice with buffer A [20 mmol/L Tris (pH 7.4), 137 mmol/L NaCl, 1 mmol/L
MgCl2, and 1% Nonidet P-40], twice with 5 mmol/L LiCl in 0.1 mol/L Tris
(pH 7.4), and twice with TNE [10 mmol/L Tris (pH 7.4), 150 mmol/L NaCl,
5 mmol/L EDTA, and 0.1 mmol/L Na3VO4]. All buffers were supplemented
with protease and phosphatase inhibitors. The immunoprecipitates were then
resuspended in TNE, and the PI3K activity was assayed using 0.2 mg/mL
phosphatidylinositol 4,5-diphosphate (Sigma) as substrate in the presence of 58
mol/L ATP, 10 Ci of [␥-32P]ATP (5 mCi/mmol), and 14 mmol/L MgCl2 for
10 minutes at 37°C. The reaction was stopped by the addition of 1 mol/L HCl
and methanol:chloroform (1:1). After phase separation, the lipids in the organic phase were chromatographed using thin layer chromatography on oxalated silica gel 60 (Merck, Darmstadt, Germany). Chromatographed lipids
were visualized by iodine staining and compared with the migration of known
standards. An aliquot of each immunoprecipitated sample was analyzed by
Western blot for p85 to confirm equal immunoprecipitated p85 in all samples.
Immunoprecipitation, Kinase Assay, and Evaluation of the Phosphorylation Status of VEGFR-2. Cells were serum starved for 24 hours in
medium containing 5% FCS and stimulated with 30 ng/mL VEGF in the

presence or absence of luteolin. Cells were washed with ice-cold PBS containing 100 nmol/L vanadate and suspended in cold lysis buffer [1% CHAPS,
10 mmol/L EDTA, 10% glycerol, 20 mmol/L Tris (pH 7.4), and 150 mmol/L
NaCl, supplemented with protease and phosphatase inhibitors]. Kinase assay
was carried out essentially as described previously (21). Briefly, protein
A-Sepharose beads containing immunoprecipitated VEGFR-2 from precleared
lysates were washed three times with lysis buffer, and the immune complex
kinase assay was carried out in a total volume of 25 L containing 50 mmol/L
HEPES (pH 7.4), 10 mmol/L MnCl2, 1 mmol/L dithiothreitol, and 5 Ci of
[␥-32P]ATP for 7 minutes at room temperature. The samples were analyzed by
SDS-PAGE, and gels were incubated for 30 minutes in 2.5% glutaraldehyde
and washed twice with 10% acetic acid/40% methanol. The gels were subsequently treated for 1 hour at 55°C in 1 mol/L KOH to remove serine-bound
phosphates (22), washed with 10% acetic acid/40% methanol, stained with
Coomassie Blue, dried, and exposed to film. An aliquot of each immunoprecipitated sample was analyzed by Western blot for VEGFR-2 to confirm equal
immunoprecipitated VEGFR-2 in all samples.
To assess the tyrosine phosphorylation status of VEGFR-2, the immunoprecipitated receptor (as described above) was washed and resuspended
in lysis buffer, subjected to SDS-PAGE, and blotted onto a nitrocellulose
membrane. Tyrosine-phosphorylated residues were detected using a mouse
anti–phospho-tyrosine antibody and an antimouse peroxidase-conjugated
secondary antibody, followed by detection using a chemiluminescencebased system (Amersham Biosciences, Piscataway, NJ). The membranes
were then stripped and reprobed with an anti–VEGFR-2 antibody to normalize the phosphorylation and expression of the receptor.
Evaluation of Akt, ERK1/2, p70 S6 Kinase, and p38 Phosphorylation.
Cells were serum starved for 12 hours in medium containing 5% FCS and then
treated with VEGF (50 ng/mL) in the presence or absence of either luteolin or
rapamycin for 15 minutes. Cells were washed with ice-cold PBS and lysed in
lysis buffer (1% SDS supplemented with protease and phosphatase inhibitors).
The lysates were resuspended in Laemmli buffer, subjected to SDS-PAGE, and
blotted onto a nitrocellulose membrane. Phosphorylated Akt, ERK1/2, p70
S6K, and p38 were detected using specific rabbit polyclonal antibodies and an
antirabbit peroxidase-conjugated secondary antibody, followed by detection
using a chemiluminescence-based system. The membranes were then stripped
and reprobed with antibodies against Akt, ERK1/2, and p38 to normalize the
phosphorylation data against expression of the kinases. In the case of p70 S6K,
the membranes were reprobed with an antiactin antibody for normalization.
Recombinant Adenoviruses and Infection. Adenoviruses expressing either the HA-tagged constitutively active Akt [myristoylated-Akt (myrAkt)] or
␤-galactosidase were used. All viruses were amplified in 293 cells, and viral
titers were estimated by plaque assay as described online.5 For infection,
HUVECs grown in 6-well plates were incubated with the recombinant adenoviruses at a multiplicity of infection of 25 for 2 hours. Then, the cells were
washed and left for 30 hours in full medium until the experiment was carried
out. The infection efficiency for all of the experiments was approximately
90%, as estimated by indirect immunofluorescence using the HA antibody (see
method below). For ␤-galactosidase detection, cells were washed in PBS, fixed
in 3.7% paraformaldehyde for 10 minutes at room temperature, and washed
again in PBS. Cells were then incubated at 37°C until color development in a
solution containing 5 mmol/L potassium ferricyanide, 5 mmol/L ferrocyanide,
1 mmol/L MgCl2, 0.002% NP40, 0.01% sodium deoxycholate, and 1 mg/mL
5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside.
Assays of Apoptosis. For Hoechst 33342 staining, cells were grown on
coverslips, starved for 15 hours in medium containing 5% FCS, and then
treated with VEGF (50 ng/mL) in the presence or absence of luteolin or
rapamycin for the same period of time. Cells were fixed in 3.7% paraformaldehyde for 15 minutes, and detection of apoptosis was based on DNA staining
with Hoechst 33342 (Molecular Probes, Eugene, OR). Apoptotic nuclei were
counted using a Zeiss fluorescence microscope.
For analysis by flow cytometry, HUVECs (infected or uninfected) were
serum starved for 15 hours in medium containing 5% FCS and treated with
VEGF (50 ng/mL) in the presence or absence of luteolin for the same period
of time. At the end of the incubation time, floating and adherent cells were
collected in ice-cold PBS, stained with propidium iodide using the CycleTEST
5

www.coloncancer.org/adeasy.htm.
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PLUS DNA Reagent kit (Becton Dickinson Biosciences), and processed for
flow cytometric analysis using a Becton Dickinson fluorescence-activated cell
scanner. The percentage of cells with a sub-G1 DNA content was considered
as the cell population that had undergone apoptosis.
Evaluation of Proliferation. For analysis by Ki67 immunostaining, HUVECs were grown on coverslips and serum starved in medium containing 5%
FCS for 12 hours. Cells were induced with VEGF (50 ng/mL) in the absence
or presence of various concentrations of luteolin for 6 hours, fixed in 3.7%
paraformaldehyde, and processed for indirect immunofluorescence using an
anti-Ki67 antibody as described below. Cells were counterstained with Hoechst 33342. Proliferating cells (Ki67-positive cells) and apoptotic cells (pyknotic nuclei by Hoechst staining) were recognized and counted using a Zeiss
fluorescence microscope.
For analysis by [3H]thymidine incorporation, subconfluent adenovirusinfected HUVECs were serum starved in medium containing 5% FCS for 12
hours and then induced for 24 hours with VEGF (50 ng/mL) in the presence or
absence of various concentrations of either luteolin or rapamycin. Methyl[3H]thymidine (1 Ci/mL) was added to each well for the last 6 hours of
incubation, culture medium was removed, and the cells were fixed at 4°C for
20 minutes in ice-cold 10% tricloroacetic acid. Samples were subsequently
washed three times with H2O and solubilized in 0.1 N NaOH overnight at 4°C.
The radioactivity was counted in a beta liquid scintillation counter (LKBWallac, Sweden) and normalized to the number of viable cells. Dead cells were
recognized by Hoechst and trypan blue staining and excluded from the counting. Uniform expression of HA-myrAkt in all conditions was confirmed with
Western blot analysis.
Indirect Immunofluorescence. Cells were grown on coverslips, infected,
and treated for apoptotic assays as described above. Cells were then fixed in
3.7% paraformaldehyde for 15 minutes, quenched with 50 mmol/L ammonium
chloride for 15 minutes, and permeabilized with 0.1% Triton X-100 for 4
minutes, and nonspecific sites were blocked with 10% FCS. Primary and
secondary antibodies were diluted in 5% FCS. Fluorescein isothiocyanate- or
tetramethylrhodamine isothiocyanate-conjugated donkey antimouse and antirabbit IgG secondary antibodies were used at a 1:200 dilution. Coverslips were
mounted in Mowiol and viewed using a Zeiss fluorescence microscope.
Rabbit Corneal Neovascularization Assay. Corneal assays were performed in New Zealand White rabbits (Charles River, Calco, Lecco, Italy; ref.
23) in accordance with the guidelines of the European Economic Community
for animal care and welfare (EEC Law No. 86/609). Briefly, after anesthetization with sodium pentothal (30 mg/kg), slow-release pellets bearing test
substances were implanted in micropockets surgically produced in the lower
half of the cornea. Subsequent daily observation of the implants was carried
out with a slit lamp stereomicroscope. Luteolin was initially tested to ascertain
the possible angiogenic and/or inflammatory activity of the compound. Then,
the antiangiogenic activity of luteolin was evaluated by implanting in the
corneal tissue pellets with VEGF165 (200 ng) with or without luteolin (0.5 g).
The eyes were observed for 10 days, and the angiogenic response was recorded. Five eyes for each condition were used in two independent experiments.
A-431 Murine Xenograft Model. To assess the in vivo antiangiogenic/
antitumor activity of luteolin, female immunodeficient mice (5- to 8-week– old

BALB/c nude mice; Harlan Nossan, Milan, Italy) were inoculated subcutaneously in the right flank with 107 A-431 cells in a volume of 50 L (24). After
1 week, when tumors reached a volume of 100 mm3, animals were randomly
assigned to different experimental groups (seven mice per group). Peritumor
treatment with luteolin (5 g/d/mouse) or vehicle was performed. The vehicle
containing the same concentrations of solvents (1% EtOH ⫹1% DMSO) was
used as control. Daily treatment was performed for 7 consecutive days. Serial
caliper measurements of perpendicular diameters were used to calculate tumor
volume using the following formula: (shortest diameter ⫻ longest diameter ⫻ thickness of the tumor in mm). Data are reported as tumor volume in
mm3. Experiments have been performed in accordance with the guidelines of
the European Economic Community for animal care and welfare (EEC Law
No. 86/609) and National Ethical Committee. Animals were observed daily for
signs of cytotoxicity and sacrified by CO2 asphyxiation.
Upon excision, each tumor was immediately frozen in liquid nitrogen.
Seven-micrometer–thick cryostat sections were stained with hematoxylin and
eosin, and adjacent sections were used for immunohistochemical staining with
the anti–ED-B monoclonal antibody after fixation in cold absolute acetone.
Microvessel density was evaluated by randomly counting ED-B positively
stained vessel-like structures in three different sections. In each section, seven
counts were performed at ⫻20 magnification. Data (mean ⫾ SE) are reported
as the number of total vessel-like structures counted per section.
Statistics. Data from the in vitro experiments are expressed as the
mean ⫾ SE. Three or more groups were compared by one-way analysis of
variance followed by post hoc analysis adjusted with least significant
difference correction for multiple comparisons. For the rabbit corneal
angiogenesis experiment, the nonparametric Mann-Whitney U test was
used. In the case of the xenograft and microvessel density experiments,
statistical analysis was performed using Student’s t test for grouped data.
SSPS software was used in all analyses.

RESULTS
Luteolin Inhibits VEGF-Induced Neovascularization in the
Rabbit Cornea Assay. Luteolin has been shown previously to inhibit
EC proliferation and in vitro angiogenesis (18). To evaluate whether
luteolin could inhibit angiogenesis in vivo, we used the rabbit cornea
angiogenesis assay. Initial experiments, in which pellets containing 1
g of luteolin were implanted, revealed no macroscopic evidence of
inflammation or neovascularization induced by luteolin alone. Pellets
containing VEGF (200 ng) elicited a strong angiogenic response (Fig.
1A, left panel), which was dramatically reduced when the pellets
contained both 0.5 g of luteolin and VEGF (Fig. 1A, right panel),
and this inhibition was statistically significant at all time points (Fig.
1B). Thus, luteolin is capable of inhibiting VEGF-induced angiogenesis in vivo.
Luteolin Suppresses Angiogenesis and Tumor Growth in the
A-431 Murine Xenograft Model. Having shown that luteolin is an
inhibitor of angiogenesis in the rabbit corneal angiogenesis assay, we

Fig. 1. Luteolin inhibits VEGF-induced in vivo angiogenesis (rabbit cornea micropocket assay). A, representative pictures of pellets (arrowheads) with VEGF (200 ng; left panel)
or VEGF (200 ng) ⫹ luteolin (0.5 g; right panel) implanted in corneal micropockets (7th day of observation). B, data presented as angiogenic score over time (days). VEGF, f;
VEGF ⫹ luteolin, F; luteolin, Œ. Angiogenic score ⫽ number of vessels ⫻ distance from limbus. *, P ⬍ 0.05 versus VEGF-induced angiogenesis (Mann-Whitney U test).
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Fig. 2. Luteolin inhibits tumor growth and angiogenesis. A, nude mice were inoculated with A-431 cells, and
tumors were allowed to reach a volume of approximately
100 mm3. The tumors were then treated with daily peritumor injections of either luteolin, ● (5 g/mouse/d), or
vehicle, 䊐 (1% EtOH ⫹ 1% DMSO), for 7 consecutive
days. Serial caliper measurements of perpendicular diameters were used to calculate tumor volume. Data are
reported as tumor volume in mm3 (mean ⫾ SE of at least
seven animals per group) over time (days). The differences in tumor volume are statistically significant (*,
P ⬍ 0.01, Student’s t test). B, the effect of luteolin (e⫺h)
on tumor angiogenesis at day 8 was compared with the
vehicle-treated group (a⫺d). Representative pictures of
tumor core (a, b, e, and f) and actively growing tumor
periphery (c, d, g, and h) stained with hematoxylin and
eosin (a, c, e, and g) and with an anti–ED-B antibody
specific for ED-B of fibronectin (b, d, f, and h) are
shown. A positive signal was visible in microvessels and
in the matrix undergoing remodelling due to tumor cell
activity. Magnification, ⫻40. C, on excision, each tumor
was immediately frozen in liquid nitrogen. Sevenmicrometer–thick cryostat sections were stained with
hematoxylin and eosin, and adjacent sections were used
for immunohistochemical staining with the anti–ED-B
monoclonal antibody after fixation in cold absolute acetone. Microvessel density was evaluated by randomly
counting ED-B positively stained vessel-like structures
in three different sections. In each section, seven counts
were performed at ⫻20 magnification. Data are presented as the number of ED-B–positive vessel-like structures per section (mean ⫾ SD). *, P ⬍ 0.05.

wished to address the antiangiogenic activity and, in extension, the
antitumor effect of this molecule in a xenograft tumor model. Indeed,
treatment of A-431 tumors with luteolin (5 g/d/mouse) reduced
tumor volume approximately 50% compared with the control group
treated with vehicle alone (P ⬍ 0.01 versus vehicle group; Fig. 2A).
The tumor cores of both the vehicle-treated and the luteolin-treated
nude mice were analyzed histologically (hematoxylin and eosin staining) and immunohistologically (anti–ED-B antibody staining; Fig.
2B). Using the anti–ED-B antibody, a strong and diffuse staining of

the tumor stroma was clearly visible in vehicle-treated tumor sections
(Fig. 2B, b and d) as compared with the weak staining of tumor
sections from luteolin-treated mice (Fig. 2B, f and h). The anti–ED-B
antibody recognizes an isoform of fibronectin containing the ED-B,
which is known to accumulate around neovascular structures in aggressive tumors and other tissues undergoing angiogenesis and remodeling (25), and has been used previously to highlight actively
growing vasculature in sections of A-431 human tumor implants (26).
On quantitation of newly formed vessels, vehicle- and luteolin-treated

Fig. 3. Luteolin inhibits VEGF-induced survival and proliferation in HUVECs. A⫺D, determination of apoptosis by propidium iodide staining and flow cytometry of HUVECs treated
with or without VEGF (50 ng/mL) for 15 hours in the presence
or absence of 10 mol/L luteolin. In each panel, the percentage
of HUVECs with hypodiploid (apoptotic) DNA content is indicated (M1). The experiment was carried out five times, and
A⫺D constitute representative sets of determinations. E, percentage of VEGF-rescued cells when HUVECs were cotreated
with VEGF (50 ng/mL) and various concentrations of luteolin
(a ⫺ b/b ⫻ 100; a ⫽ percentage of apoptotic cells in the
presence of different concentrations of luteolin; b ⫽ percentage
of apoptotic cells in the presence of luteolin and VEGF). The
experiment was carried out twice, and E represents one representative experiment. *, P ⬍ 0.025 versus control cells; ✼,
P ⬍ 0.05 versus control cells. F, serum-starved HUVECs were
treated with VEGF (50 ng/mL) for 6 hours in the absence or
presence of various concentrations of luteolin. Proliferating
HUVECs were identified by Ki67 indirect immunofluorescence. Nuclei were counterstained with Hoechst, and pyknotic
(apoptotic) nuclei were excluded. Values were calculated as the
number of Ki67-positive cells/the number of cells with intact
nuclei (Hoechst staining) ⫻ 100. Data represent the mean ⫾ SD
of three independent experiments. *, P ⬍ 0.025.
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tumors exhibited 132 ⫾ 21 and 67 ⫾ 7 ED-B–positive vessel-like
structures per section, respectively (P ⬍ 0.05; n ⫽ 6; Fig. 2C).
Luteolin did not cause any decrease in survival of the treated mice; at
day 4, survival was 100% for the group treated with 5 g/day luteolin
and 90% for vehicle-treated group.
Luteolin Inhibits VEGF-Induced Survival and Proliferation of
Endothelial Cells. To elucidate the cellular mechanisms underlying the
inhibitory effect of luteolin on VEGF-induced angiogenesis, we investigated the effect of luteolin on VEGF-induced survival and proliferation of
HUVECs, two important angiogenic EC responses. Withdrawal of serum
is well known to induce EC apoptosis, which is reversible on VEGF
addition. Therefore, we have examined the effect of luteolin on VEGFinduced survival of HUVECs. Indeed, whereas serum-starved HUVECs
(in 5% FCS) were apoptotic, being hypodiploid by fluorescence-activated
cell-sorting (FACS) analysis (Fig. 3A), treatment of HUVECs with
VEGF for 15 hours rescued 50% of the cells from apoptosis (Fig. 3B).
Cotreatment with 10 mol/L luteolin totally inhibited the VEGF-induced
EC survival (Fig. 3C), and this effect was dose dependent (Fig. 3E).
Furthermore, luteolin did not further increase the level of apoptosis of the
serum-deprived HUVECs, excluding the possibility of toxic or apoptotic
effects of luteolin itself (Fig. 3D). Identical results were obtained when
we analyzed luteolin-treated cells by terminal deoxynucleotidyl transferase-mediated nick end labeling or Hoechst 33342 staining (data not
shown). To determine whether luteolin could also directly inhibit VEGFinduced proliferation, serum-starved HUVECs were treated with VEGF
for 6 hours, and proliferating cells were identified (cells expressing the
Ki67 antigen and simultaneously exhibiting intact, nonpyknotic nuclei).
Ki67 antigen is only expressed in active phases of the cell cycle, but not
in G0 phase (27), and the percentage of the Ki67-positive cells represents
the proliferating population. VEGF doubled the percentage of Ki67positive HUVECs, compared with the nontreated cells, and this increase
was inhibited strongly and in a dose-dependent manner when HUVECs
were cotreated with various concentrations of luteolin (Fig. 3F).

Luteolin Partially Inhibits VEGF-Induced Phosphorylation
and Kinase Activation of VEGFR-2. To identify the exact point of
luteolin interception on the signaling cascades of VEGF that regulate
survival and proliferation of HUVECs, we first investigated the effect
of luteolin on VEGF-induced VEGFR-2 activation. VEGFR-2 has
been shown to play a principal role in the transduction of VEGFmediated signals regulating survival and proliferation of ECs. After
VEGF treatment for 5 minutes of serum-starved HUVECs, the phosphorylation state and the kinase activity of the VEGFR-2 were assessed by immunoprecipitation of the receptor followed by phosphotyrosine immunodetection or in vitro kinase assay. Indeed, VEGF
increased tyrosine autophosphorylation of a 230-kDa band, which
corresponds to VEGFR-2 (Fig. 4A⫺C, Lane 2). Cotreatment of
HUVECs with 50 mol/L luteolin partially inhibited the VEGFinduced tyrosine phosphorylation and kinase activity of the receptor
(Fig. 4A and B, Lane 3), whereas 10 mol/L luteolin exhibited no
effect (Fig. 4C, Lane 3). Luteolin alone exerted no effect on VEGFR-2
phosphorylation (Fig. 4A and B, Lane 4). Because luteolin may be lost
at the immunoprecipitation step, and its concentration may be very
low during the in vitro kinase assay, we have repeated the in vitro
kinase assays of VEGFR-2 adding 10 or 50 mol/L concentrations of
luteolin to the immunoprecipitates before carrying out the kinase
assays. Whereas luteolin inhibited the kinase activity of VEGFR-2 at
50 mol/L (Fig. 4D, Lane 3), 10 mol/L concentrations of the
compound were devoid of any appreciable effect (Fig, 4D, Lane 4).
Thus, luteolin inhibits VEGF-induced phosphorylation and activation
of VEGFR-2 at doses much higher than those inhibiting VEGFinduced survival and proliferation of HUVECs.
Luteolin Inhibits VEGF-Induced Phosphorylation of Akt, Enhances Phosphorylation of p38 MAPK, and Does Not Affect Phosphorylation of ERK1/2 MAPKs. Because luteolin inhibited VEGFinduced phosphorylation and activation of VEGFR-2 at doses much
higher than those inhibiting VEGF-induced survival and proliferation

Fig. 4. Luteolin partially inhibits VEGFR-2 activation at
50 mol/L, but not at 10 mol/L. A⫺C. Serum-starved
HUVECs were treated with VEGF (30 ng/mL) in the presence or absence of 50 or 10 mol/L luteolin for 5 minutes.
VEGFR-2 was immunoprecipitated from solubilized cell
extracts with a polyclonal anti–VEGFR-2 antibody, and
VEGFR-2 phosphorylation was determined either by immunoblotting with an anti–phospho-tyrosine antibody (A)
or by kinase assay (B and C). Equal amounts of the receptor
in all of the samples were confirmed by Western blot
analysis (bottom panel in each section of the figure). The
experiments were carried out four times, and representative
autoradiograms and Western blots are presented. Densitometric normalization of VEGFR-2 phosphorylation against
VEGFR-2 band density is shown in columns. *, P ⬍ 0.025;
NS, nonsignificant. D. Serum-starved HUVECs were
treated with VEGF (30 ng/mL). Cells were lysed, and
VEGFR-2 was immunoprecipitated as described above.
The immunoprecipitates from VEGF-treated cells were divided in three equal parts, to which either 10 or 50 mol/L
luteolin or DMSO/EtOH (solvent control) was added, and
kinase assays were carried out. Representative autoradiogram and quantification of band intensities are shown in
columns.
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of HUVECs, we sought downstream mediators of VEGF signals as
potential targets of the action of luteolin. VEGF induces survival of
ECs mainly via the activation of Akt (15), whereas activation of
ERK1/2 MAPKs is thought to be essential for VEGF-induced proliferation (28). To assess the effect of luteolin on these pathways,
serum-starved HUVECs were treated with VEGF for 15 minutes in
the presence or absence of luteolin, and cell lysates were subjected to
immunodetection using antibodies against either phosphorylated Akt
(Ser473) or phosphorylated ERK1/2. As expected, VEGF enhanced the
phosphorylation status of Akt (Fig. 5A, Lanes 2 and 6) and ERK1/2
(Fig. 5B, Lane 2). Cotreatment with luteolin completely abolished
VEGF-stimulated phosphorylation of Akt at both 50 mol/L (Fig. 5A,
Lane 7) and 10 mol/L (Fig. 5A, Lane 3) concentrations. In contrast,
luteolin was unable to inhibit VEGF-induced ERK1/2 phosphorylation even at 50 mol/L (Fig. 5B, Lane 4). In light of the efficient
inhibition of Akt activation by luteolin, we have examined the effect
of this compound on p38 phosphorylation. It has been shown previously that VEGF can stimulate the Akt and MAPK kinase (MKK)
3/MKK6/p38 pathways, which are linked to survival and apoptosis of
ECs, respectively (15, 29, 30). Because Akt down-regulates p38
activation, blockade of the Akt pathway enhances VEGF activation of
p38 and apoptosis (30). Consistent with these studies, luteolin enhanced VEGF-induced p38 phosphorylation (Fig. 5C, Lanes 3 and 5)
and also could induce p38 phosphorylation alone (Fig. 5C, Lanes 4
and 6), both in a dose-dependent manner. Induction of p38 phosphorylation in the absence of VEGF is attributed to luteolin-induced
inhibition of basal levels of Akt activity. Moreover, overexpression of

myrAkt inhibited VEGF-induced phosphorylation of p38 and blocked
the effect of luteolin on p38 phosphorylation, confirming that this
effect was through Akt (Fig. 5D). Taken together, these results suggest that inhibition of VEGF-induced Akt phosphorylation plays a key
role in the apoptotic activity of luteolin on VEGF-treated HUVECs.
Luteolin not only inhibits downstream effects of the Akt survival
pathway but also, via Akt blockade, allows overactivation of the
MKK3/MKK6/p38 apoptotic pathway of VEGF, eliciting strong
apoptotic death in HUVECs.
Luteolin Inhibits VEGF-Induced Activity of PI3K. Because Akt
activation was inhibited by luteolin, we have investigated the effect of
luteolin on VEGF-induced stimulation of PI3K, a lipid kinase that has
been shown to be the main upstream activator of Akt (31, 32).
Serum-starved HUVECs were stimulated with VEGF in the presence
or absence of luteolin, and PI3K was immunoprecipitated using an
antibody against the p85 regulatory domain of PI3K. The samples
were then subjected to in vitro PI3K assays using phosphatidylinositol
4,5-diphosphate as substrate. As expected, VEGF induced the lipid
kinase activity of PI3K as judged by phosphatidylinositol 3,4,5triphosphate production (Fig. 6A, Lanes 2 and 6). Luteolin inhibited
VEGF-induced PI3K activity at both 50 (Fig. 6A, Lane 3) and 10
mol/L (Fig. 6A, Lane 7). Moreover, luteolin was capable of inhibiting basal levels of PI3K activation at 50 mol/L (Fig. 6A, Lane 4).
Similar results were obtained when serum-deprived cells were stimulated with VEGF and luteolin was added to the immunoprecipitates
before the in vitro PI3K assay (Fig. 6B). These data demonstrate that

Fig. 5. Luteolin inhibits VEGF-induced phosphorylation of Akt and enhances phosphorylation
of p38 MAPK. A⫺C. Serum-starved HUVECs
were treated with VEGF (50 ng/mL) in the presence or absence of luteolin for 15 minutes. Equal
amounts of total cell lysates were analyzed by
Western blot analysis for phospho-Akt and Akt (A),
phospho-ERKs and ERKs (B), and phospho-p38
and p38 (C). D. HUVECs were infected with adenoviruses expressing HA-myrAkt (Ad-myrAkt) or
␤-galactoside (Ad-CTL) for 2 hours. After 30 hours
in full medium, cells were serum-starved for 12
hours and treated with VEGF (50 ng/mL) in the
presence or absence of luteolin for 15 minutes.
Equal amounts of total cell lysates were analyzed
by Western blot analysis for phospho-p38, p38, and
HA-myrAkt. Densitometric normalization of phosphorylated p38 against p38 band density is shown
in columns. All Western blot analyses in A⫺D were
perfomed twice. *, P ⬍ 0.025; NS, nonsignificant.
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Fig. 6. Luteolin inhibits VEGF-induced PI3K activity. A.
Serum-starved HUVECs were treated with VEGF (50 ng/mL)
in the presence or absence of luteolin for 15 minutes. PI3K
was immunoprecipitated with a polyclonal antibody against
the regulatory subunit p85 and assayed for ability to phosphorylate 4,5-phosphatidylinositol phospholipid. Representative autoradiograms (n ⫽ 3) and quantification of the phosphorylated lipid products (densitometric normalization of
lipid spots against the p85 band density for each sample in
columns) are shown .*, P ⬍ 0.025; NS, nonsignificant. B.
Serum-starved HUVECs were treated with VEGF (30 ng/
mL). PI3K was immunoprecipitated as described above. The
immunoprecipitates from VEGF-treated cells were divided in
three equal parts, to which either 10 or 50 mol/L luteolin or
DMSO/EtOH (solvent control) was added, and lipid kinase
assays were carried out. Representative autoradiogram and
quantification of the product band intensities are shown. *,
P ⬍ 0.025.

inhibiton of PI3K represents the main molecular target of luteolin in
VEGF-treated HUVECs.
Constitutively Active Akt Rescues Endothelial Cells from the
Antisurvival Effect of Luteolin, Whereas It Weakly Reverses the
Effect of Luteolin on VEGF-Induced Proliferation. To confirm the
central role of the PI3K/Akt pathway as a target of the apoptotic effect
of luteolin, we have infected HUVECs with an adenovirus expressing
a constitutively active form of Akt (myrAkt), which targets the protein
to the cell membrane independently of prior activation by PI3K (33).
Infected cells were serum starved and stimulated with VEGF in the
presence or absence of luteolin, and the level of apoptosis was assayed
by FACS analysis. Infected cells expressing myrAkt were considerably more resistant to apoptosis induced by serum withdrawal compared with cells infected with the control virus (Fig. 7A, columns 1
and 5). Luteolin, even at 50 mol/L, was unable to cause apoptosis in
cells infected with Ad-myrAkt, irrespective of whether they were
treated with VEGF or not (Fig. 7A, columns 7 and 8). In contrast,
luteolin could maintain its apoptotic effects on HUVECs infected with
the control virus (Fig. 7A, columns 3 and 4). The results were
essentially the same when apoptosis was evaluated by the appearance
of pyknotic nuclei by fluorescence microscopy (Hoechst staining; data
not shown). Thus, it can be firmly concluded that luteolin inhibits the
VEGF-induced survival effect on HUVECs via blockade of the PI3K/
Akt pathway.
Because activation of Akt is implicated in cell proliferation (34,
35), we investigated whether expression of myrAkt also would rescue
the effect of luteolin on VEGF-induced proliferation of HUVECs.
Whereas luteolin strongly inhibited VEGF-induced incorporation of
thymidine at 10 and 50 mol/L in HUVECs infected with control
adenoviruses (Fig. 7B, columns 2 and 3), the effect was only weakly
rescued in HUVECs infected with the adenoviruses expressing
myrAkt (Fig. 7B, columns 5 and 6), without reaching statistical
significance. Thus, blockade of Akt by luteolin does not contribute
considerably to the inhibitory effect of luteolin on VEGF-induced
proliferation of HUVECs.
Luteolin Inhibits VEGF-Induced Phosphorylation of p70 S6
Kinase. Because Akt seems to play a minor role in the antiproliferative effect of luteolin, we investigated the effect of luteolin on p70
S6K activation, another effector of PI3K, which has been shown to
play a role in VEGF-induced proliferation in HUVECs (13). Indeed,
we show here that p70 S6K was phosphorylated by VEGF at Thr389
(Fig. 7C and F, Lanes 2), one of the important phosphorylation sites
for activation of p70 S6K in vivo (36). Phosphorylation of Thr389 was

inhibited by rapamycin (Fig. 7C, Lane 3), a compound that inhibits
FKBP 12-rapamycin-associated protein (FRAP), an upstream activator of p70 S6K. Consistent with these results, VEGF-induced thymidine incorporation in HUVECs was rapamycin sensitive, even after
overexpression of myrAkt (Fig. 7D), whereas the survival effect of
VEGF on HUVECs was rapamycin insensitive (Fig. 7E). Moreover,
rapamycin did not inhibit VEGF-induced ERK phosphorylation (data
not shown). Taken together, these results reserve a key role for p70
S6K activation on the mitotic effects of VEGF in HUVECs. Luteolin,
both at 50 and 10 mol/L, completely inhibited VEGF-induced phosphorylation of p70 S6K at Thr389 (Fig. 7F, Lanes 4 and 5). This result
strongly suggests that the antimitotic effect of luteolin on VEGFinduced proliferation of HUVECs is mediated mainly via inhibition of
p70 S6K activation.
DISCUSSION
In an attempt to identify phytochemicals contributing to the welldocumented preventive effect of plant-based diets on cancer incidence
and mortality (16, 17), we have shown previously (18) that certain
isoflavonoids and flavonoids inhibit proliferation of cultured tumor
cells and in vitro angiogenesis. In agreement with our results, the
isoflavonoid genistein, as well as two flavonoids, fisetin and luteolin,
inhibited fibroblast growth factor-2–induced angiogenesis using the
rabbit corneal neovascularization assay (37). Here we show that
luteolin inhibits VEGF-induced angiogenesis in the rabbit cornea.
This is the first study showing inhibition of VEGF-induced angiogenesis in vivo by a single flavonoid. Previously, inhibition of VEGFinduced angiogenesis has been seen using green tea extracts rich in
certain flavonoids, such as epigallocatechin-3-gallate (38). The antiangiogenic activity of luteolin was further confirmed in a murine
tumor xenograft model using A-431 cells, a human epidermoid carcinoma cell line that produces VEGF (39). In this system, luteolin
significantly reduced angiogenesis of the xenograft tumors, and this
was associated with a reduced tumor volume in the luteolin-treated
mice. It is therefore reasonable to assume that inhibiton of angiogenesis is a postinitiation effect of luteolin and perhaps other flavonoids,
potentially contributing to the protective effect of plant-based diets
on cancer. Indeed, in a recent study, whereas tumor incidence and
multiplicity were not affected, a significant reduction in the tumor
volumes of 7,12-dimethylbenz(a)anthracene/12-O-tetradecanoylphorbol-13-acetate–induced skin papillomas was obseved after oral
administration of luteolin-rich perilla leaf extracts in mice (40). In

7942

Downloaded from cancerres.aacrjournals.org on July 23, 2017. © 2004 American Association for Cancer
Research.

LUTEOLIN INHIBITS VEGF-INDUCED ANGIOGENESIS

Fig. 7. Constitutively active Akt rescues ECs from the antisurvival effect of luteolin while weakly reversing the effect of luteolin on VEGF-induced proliferation. A. HUVECs were
infected with adenoviruses expressing HA-myrAkt (Ad-myrAkt) or ␤-galactosidase (Ad-CTL) for 2 hours. After 30 hours in full medium, cells were serum starved and treated with
VEGF (50 ng/mL) in the presence or absence of luteolin for 15 hours. The percentage of cells with hypodiploid DNA content, as determined by propidium iodine staining and flow
cytometry, is shown. The experiment was performed twice. *, P ⬍ 0.025. B. HUVECs were infected as described in A, serum starved, and induced with VEGF in the presence or absence
of various concentrations of luteolin for 24 hours. [3H]Thymidine was added for the last 6 hours of incubation, and the radioactivity measured (indicating DNA synthesis) was
normalized to viable cells. Values shown are calculated as VEGF-induced thymidine incorporation in cells treated with various concentrations of luteolin expressed as a percentage
of the VEGF-induced thymidine incorporation in cells treated only with VEGF. The experiment was performed three times in triplicate, and the results presented are from one
representative experiment. NS, the correlation is not statistically significant. C. Serum-starved HUVECs were treated with VEGF (50 ng/mL) in the presence or absence of rapamycin
for 15 minutes. Equal amounts of total cell lysates were analyzed by Western blot analysis for phospho-Thr389-p70 S6K. Equal loading was confirmed by reprobing the blot with an
antiactin antibody. The experiment was performed twice. D. HUVECs were infected as described above, serum starved, and induced with VEGF in the presence or absence of rapamycin
for 24 hours. [3H]Thymidine was added for the last 6 hours of incubation, and the radioactivity measured (indicating DNA synthesis) was normalized to viable cells. Values shown
are calculated as VEGF-induced thymidine incorporation in cells treated with rapamycin expressed as a percentage of the VEGF-induced thymidine incorporation in cells treated only
with VEGF. The experiment was performed twice in triplicate. *, P ⬍ 0.025. E. HUVECs grown on coverslips were serum starved and induced with VEGF (50 ng/mL) in the presence
or absence of 10 nmol/L rapamycin for 15 hours, and the percentage of pyknotic (apoptotic) nuclei (Hoechst-stained nuclei) was calculated. The experiment was carried out twice. *,
P ⬍ 0.025. F. Serum-starved HUVECs were treated with VEGF (50 ng/mL) in the presence or absence of luteolin 50 and 10 mol/L for 15 minutes. Equal amounts of total cell lysates
were analyzed by Western blot analysis for phospho-Thr389-p70 S6K. Equal loading was confirmed by reprobing the blot with an antiactin antibody. The experiment was performed
twice.

agreement with the inhibiton of angiogenesis in vivo, luteolin inhibited VEGF-induced survival of cultured HUVECs in a dose-dependent manner at a half-maximal concentration of 4 mol/L. Moreover,
luteolin inhibited VEGF-induced proliferation of ECs independently
from its effects on survival. Taken together, these results strongly
suggest that luteolin is capable of inhibiting VEGF-dependent responses of ECs.
Because flavonoids are competitive inhibitors of ATP binding (41)
and inhibit several tyrosine and serine kinases (41, 42), we have
considered the kinase activities of VEGFR-2 and downstream pathways as possible molecular targets of luteolin. Luteolin partially
inhibited VEGF-induced VEGFR-2 phosphorylation only at 50
mol/L. Because luteolin inhibits VEGF-induced survival and proliferation of ECs at concentrations below 10 mol/L, inhibition of the
tyrosine kinase activity of VEGFR-2 could not have been responsible
for the action of luteolin, and the interception point of luteolin had to
be sought at the level of downstream kinases.
Toward this end, we show here that luteolin strongly inhibited

VEGF-induced phosphorylation of Akt at 10 mol/L and that overexpression of a constitutively active form of Akt rescues ECs from the
antisurvival effect of luteolin. Evidently, luteolin, via inhibiton of Akt
activation, influences downstream effectors of apoptosis, such as
BAD, caspase 9, and Forkhead transcription factor (43). Akt effectors,
such as the FRAP (called also mammalian target of rapamycin), which
regulate survival via modulation of surface transporters for extracellular nutrients (44), seem to be less important in HUVECs because the
effect of VEGF on survival in these cells was rapamycin insensitive.
Also, luteolin did not influence EC survival via interference with
nuclear factor (NF)-B activation. We did not observe any NF-B
activation by VEGF in ECs in either the absence or presence of
luteolin (data not shown). Akt can stimulate the RelA/p65 transactivation subunit of NF-B in an IB kinase-dependent manner (45),
eliciting cell survival via NF-B gene transcription (46). Interestingly,
luteolin enhanced VEGF-induced phosphorylation of p38 in HUVECs, a pathway that is known to cause apoptosis in ECs (47, 48).
Evidently, because Akt down-regulates p38 activation (30), inhibition
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of the Akt pathway by luteolin enhances VEGF-induced phosphorylation of p38. Indeed, overexpression of a constitutively active form of
Akt abolishes the effect of luteolin on VEGF-induced p38 phosphorylation. Thus, luteolin, via Akt blockade, not only inhibits downstream survival signals but also enhances the proapoptotic MKK3/
MKK6/p38 pathway of VEGF, eliciting a strong apoptotic effect
in ECs.
Activation of Akt requires translocation of the kinase from the
cytosol to the plasma membrane. This process depends on the catalytic activity of PI3K, which results in phospholipid products that are
recognized by the pleckstrin homology domain of Akt (49). After
translocation to membranes, Akt is activated by phosphorylations at
Ser473, by an unknown kinase or autophosphorylation, and at Thr308,
by 3-phosphoinositide-dependent protein kinase 1 (PDK 1; ref. 50).
Here we show that luteolin inhibits VEGF-induced PI3K activity at
concentrations similar to those exerting antisurvival and antimitotic
effects in ECs. Because certain flavonoids can inhibit PI3K activity in
vitro by binding to its ATP binding pocket (51), the result implies a
direct effect of luteolin on the catalytic activity of PI3K. Alternatively,
luteolin could inhibit phosphorylation of the p85 subunit of PI3K,
although it is controversial whether such phosphorylation is required
for activation of the p110 catalytic subunit (52, 53). However, we did
not observe induction of p85 phosphorylation by VEGF in ECs or
effects of luteolin thereof (data not shown). In either case, the activity
of PI3K is the primary target of luteolin, and inhibition of Akt is a
consequence of this effect.
With regard to VEGF-induced mitogenesis, luteolin, at 10 mol/L,
did not affect VEGF-induced phosphorylation of ERK1/2 but completely inhibited VEGF-induced phosphorylation of p70 S6K on
Thr389 in HUVECs. This was surprising because the ERK pathway is
considered to play a central role concerning the mitogenic effects of
VEGF (28), although there are reports implicating activation of the

p70 S6K pathway (13). The serine/threonine kinase p70 S6K phosphorylates the 40 S ribosomal protein S6, which modulates the translation of a mRNA subset that encodes ribosomal proteins and translation elongation factors (54) and supports progression through the G1
phase of the cell cycle and cell growth (55). Activation of p70 S6K is
regulated by phosphorylation of seven different residues, and the
phosphorylation status of Thr229 and Thr389 is intimately linked to
PI3K activity (56, 57). Thus, inhibition of PI3K activity by luteolin
could play a critical role also in the inhibitory effects of the compound
on VEGF-induced proliferation via blockade of the PI3K/p70 S6K
pathway.
The mechanism by which PI3K activates p70 S6K is not yet fully
understood, but several reports implicate FRAP in this activation.
Because Akt has been shown to phosphorylate FRAP (58), and FRAP
is capable of phosphorylating p70 S6K on Thr389 (59), activation of
p70 S6K by PI3K appears to be, at least in part, Akt-dependent.
However, although VEGF-induced proliferation in HUVECs was
senstitive to rapamycin, an inhibitor of p70 S6K activation by FRAP
(60), expression of a constitutively active Akt weakly rescued the
inhibitory effect of luteolin, suggesting that PI3K-induced p70 S6K
activation occurs in HUVECs mainly via Akt-independent mechanisms. Our observation is in agreement with studies in which kinasedead mutants of Akt did not inhibit FRAP-dependent p70 S6K activation by growth factors, questioning the contribution of Akt in this
process (61). Recent data provide evidence for Akt-independent
mechanisms regarding p70 S6K activation by PI3K. Indeed, the p85
regulatory subunit of PI3K can control p70 S6K activation by mediating the formation of a ternary complex with p70 S6K and FRAP
(62). In this context, it has been shown that protein phosphatase 2A
(PP2A) associates with and dephosphorylates p70 S6K, whereas
FRAP inhibits the PP2A-mediated dephosphorylation of Thr389 (63),
maintaining p70 S6K in the phosphorylated active form (Fig. 8). In

Fig. 8. Flow diagram of the consequences of PI3K inhibition by luteolin on signaling cascades of VEGF regulating survival and proliferation in ECs. Binding of VEGF to VEGFR-2
recruits PI3K via its p85 subunit and activates its p110 catalytic subunit to phosphorylate phosphatidylinositols at position 3. The modified lipids are recognized by the pleckstrin
homology domains of PDK1 and Akt, which are recruited to membranes where PDK1 phosphorylates and activates Akt. Additionally, PDK1 phosphorylates and activates p70 S6K,
assisted by PKC, all three of which are in a complex. The p85 subunit maintains phosphorylations on Thr389 of p70 S6K by recruiting FRAP, which inhibits PP2A, a phosphatase
that dephosphorylates Thr389 of p70 S6K. Luteolin inhibits the catalytic activity of PI3K, thereby abolishing phosphorylation and activation of both Akt and p70 S6Ks. Akt is known
to mediate both survival and mitogenic signals, whereas p70 S6K is important for G1 progression. Expression of constitutively active Akt rescues only the inhibitory effect of luteolin
on apoptosis, indicating that the proliferative pathways of Akt, including phosphorylation of p70 S6K on Thr389 via FRAP activation, are not important for VEGF-induced mitogenesis
in HUVECs. Thus, VEGF induces survival of HUVECs via PI3K- and Akt-dependent pathways, whereas VEGF-induced proliferation appears to proceed via PI3K-dependent,
Akt-independent activation of p70 S6K. Indeed, VEGF-induced proliferation of HUVECs is luteolin and rapamycin senstitive. In this context, luteolin did not inhibit VEGF-induced
activation of ERK1/2 MAPKs, indicating that its antimitotic effect proceeded almost exclusively via inhibiton of PI3K. On the contrary, phosphorylation of p38 MAPK was enhanced
by luteolin, as a consequence of the suppressive effect of Akt on p38, allowing overactivation of the proapoptotic MKK3/MKK6/p38 pathway of VEGF that contributes to the
antisurvival effects of luteolin. FKHR, Forkhead transcription factor.
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this respect, p85 could maintain phosphorylations that depend on the
p110 subunit, which catalyzes the production of 3-phosphorylated
phosphatidylinositols that recruit PDK1 (64), which, in turn, phosphorylates p70 S6K on Thr229 (65) and Thr389, assisted also by protein
kinase C (PKC)  and autophosphorylation (66). In agreement with
the above, PKC and other isoforms of PKC are activated by VEGF
in a phospholipase C ␥-independent (67) and PI3K-dependent manner
(67) and influence VEGF-induced mitogenesis partly via ERK1/2independent mechanisms (67).
The effects of luteolin on VEGF-induced survival and proliferation
were elicited at a half-maximal concentration of ⬃5 mol/L. Also, the
effects on PI3K and its downstream effectors were active around the
same concentrations of luteolin. Are these concentrations achievable
in vegetarians, a group benefited by the anticancer preventive effect of
plant-based diets? The total flavonoid intake in the United States is
calculated to be approximately 1g/day per person (68). The concentrations of intact flavonoids in human plasma are about 1 mol/L
when the quantities of flavonoids ingested do not exceed those commonly obtained from a normal Western diet (69). The content of
flavonoids in the diet of vegetarians is expected to be much higher.
For instance, the excretion of the isoflavonoid genistein in urine of
vegetarians is 30-fold compared with that of omnivores (70). Moreover, the plasma concentration of individual flavonoids ranged from
5 to 14 mol/L after a single ingestion of orange juice (8 mL/kg) or
300 mL of green tea (71, 72). Thus, regular supply of flavonoids in the
diet can maintain flavonoid plasma concentrations at considerable
levels (73).
However, the concentration of a specific phytochemical is probably
not solely responsible for the protective effects of plant-based diet on
cancer incidence. Perhaps luteolin is complemented by several other
flavonoids or phytochemicals in achieving significant inhibition of
VEGF-induced PI3K activation. Indeed, because flavonoids inhibit
several kinases by competing with ATP for binding to the conserved
ATP pocket, other flavonoids might also inhibit PI3K as shown for
quercetin and myricetin (51). Moreover, low-level inhibition of PI3K
by luteolin might be complemented by low-level inhibition of other
VEGF effectors by other phytochemicals, leading eventually to effective inhibition of VEGF-induced angiogenesis. Certainly, other flavonoids or phytochemicals might contribute by affecting other characteristics of tumor cells, such as proliferation and apoptosis (18, 19).
The present study shows that PI3K and VEGF-induced angiogenesis
are among the targets underlining the protective effect of phytochemicals in cancer.
In conclusion, we have observed that luteolin inhibited A-431
xenograft tumor growth and angiogenesis in mice. In agreement,
luteolin inhibited VEGF-induced angiogenesis in the rabbit cornea as
well as survival and proliferation of HUVECs in vitro. Inhibition of
the catalytic activity of PI3K by luteolin played an important role in
both the antimitotic and apoptotic effects of the compound. Inhibition
of PI3K by luteolin affected survival via PI3K/Akt pathways, whereas
VEGF-induced proliferation was affected via PI3K/p70 S6K pathways. The results shed light on the mechanisms of action of phytochemicals, such as flavonoids, which might explain the protective
action of plant-based diets on the incidence of cancer. Moreover, it
might provide the basis of development of more potent synthetic
analogs for the inhibition of VEGF-induced angiogenesis.
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