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Delphinidin inhibits angiogenesis through the suppression
of HIF-1a and VEGF expression in A549 lung cancer cells
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Abstract. Delphinidin, a polyphenol that belongs to the group
of anthocyanidins and is abundant in many pigmented fruits
and vegetables, possesses important antioxidant, anti-inflam-
matory, anti-mutagenic and anticancer properties. In the
present study, we investigated the inhibitory effects of delphin-
idin on vascular endothelial growth factor (VEGF) expression,
an important factor involved in angiogenesis and tumor
progression, in A549 human lung cancer cells. Delphinidin
inhibited CoCl,- and epidermal growth factor (EGF)-induced
VEGF mRNA expression and VEGF protein production.
Delphinidin also decreased CoCl,- and EGF-stimulated
expression of hypoxia-inducible factor (HIF)-1a, which is
a transcription factor of VEGF. Delphinidin suppressed
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CoCl,- and EGF-induced hypoxia-response element (HRE)
promoter activity, suggesting that the inhibitory effects of
delphinidin on VEGF expression are caused by the suppres-
sion of the binding of HIF-1 to the HRE promoter. We also
found that delphinidin specifically decreased the CoCl,- and
EGF-induced HIF-1a protein expression by blocking the ERK
and PI3K/Akt/mTOR/p70S6K signaling pathways, whereas
the p38-mediated pathways were not involved. In animal
models, EGF-induced new blood vessel formation was signifi-
cantly inhibited by delphinidin. Therefore, our results indicate
that delphinidin has a potentially new role in anti-angiogenic
action by inhibiting HIF-1o. and VEGF expression.

Introduction

Angiogenesis is the formation of new blood vessels. It is
essential for the delivery of nutrients and oxygen to tumor
cells that are distant from existing blood vessels. Angiogenesis
is involved in the pathogenesis of many diseases such as
cancer, atherosclerosis, and diabetic retinopathy (1-3). It
plays an especially important role in tumor growth, metas-
tasis, and invasion. The development of angiogenesis is
associated with a poor tumor prognosis (4). To initiate tumor
angiogenesis, angiogenic growth factors, including vascular
endothelial growth factors (VEGFs), fibroblast growth factors,
and platelet-derived growth factors, must be secreted (5).
Among angiogenic growth factors, VEGF is highly specific
and plays a crucial role in the angiogenesis of tumors (6).
VEGEF is induced by various pathophysiological conditions,
including low oxygen tension (hypoxia), and several growth
factors, such as epidermal growth factor (EGF), transforming
growth factor a and f, and insulin-like growth factor 1 (7).
Hypoxia, the prime stimulus of angiogenesis, enhances stabi-
lization of hypoxia-inducible factors (HIFs) and their binding
to VEGF promoter elements. Activated HIF induces VEGF
transcription (8).
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HIF-1la is an oxygen-dependent transcription factor that
plays an important role in cellular adaptation to hypoxia and
in tumor progression. It is composed of the HIF-1a subunit
and the HIF-1p subunit (9). HIF-1a expression is regulated
by oxygen pressure, whereas HIF-1f3 expression is unaffected
by changes in oxygen tension (3). In addition, HIF-1a is over-
expressed in more than 70% of solid human tumors (10,11).
Oxygen-dependent prolyl hydroxylases catalyze polyubiqui-
tinylation by the von Hippel-Lindau (VHL) protein E3 ligase
complex and consequent HIF-1a degradation in normoxic
conditions (12). In hypoxia, HIF-1a is not degraded due to
a block in prolyl hydroxylation. Stabilized HIF-1a forms an
active complex with HIF-1f in the nucleus and activates the
transcription of target genes such as VEGF by binding to the
promoter region of hypoxia-response elements (HREs) (13).

In addition to hypoxia, HIF-1a expression is induced by
cytokines, hormones, and growth factors that stimulate tyro-
sine kinase receptors (5). One of these cytokines, EGF, also
increases the HIF-1a level by activating EGF receptor (EGFR)
signaling in normoxic conditions. EGF-stimulated HIF-1a
expression is regulated by various signal transduction path-
ways, such as the phosphatidylinositol-3-kinase (PI3K)/Akt
signaling pathway and the p38, c-Jun N-terminal protein
kinase, and extracellular signal-regulated protein kinase
(ERK), which all belong to the mitogen-activated protein
kinase (MAPK) family signaling pathway (14,15). It is widely
known that EGF-induced phosphorylation of mammalian
target of rapamycin (mTOR) leads to HIF-1a protein synthesis
through regulation of p70S6 kinase 1 (p70S6K) and eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) (10).

Delphinidin, a polyphenol that belongs to the group of
anthocyanidins, is abundant in many pigmented fruits (berries
and dark grapes) and vegetables (eggplants and tomatoes).
Delphinidin has anti-inflammatory, antioxidant, anti-prolifera-
tive, and antitumor activities in a variety of cancer cells (16,17).
It was recently reported to have inhibitory effects on angiogen-
esis (18) and to prevent hypoxia-induced activation of nuclear
factor-kB (NF-«xB), and Akt inhibition (19). Delphinidin also
decreases downstream signaling cascades crucial for endo-
thelial cell tube formation through VEGFR-2 inhibition (20).
However, there is no information concerning the molecular
mechanisms underlying the VEGF-related anti-angiogenic
effects of delphinidin in lung cancer cells.

In this study, we investigated the inhibitory effects of
delphinidin on HIF-la and VEGF expression in human
lung adenocarcinoma A549 cells. We found that delph-
inidin specifically inhibits EGF-induced VEGF expression
by blocking HIF-1a protein expression, without regulating
HIF-1a mRNA expression. Additionally, delphinidin appeared
to reduce HIF-1a protein synthesis by inhibiting the ERK and
Akt/mTOR/p70S6K signaling pathways.

Materials and methods

Cell culture and materials. A549 (human lung adenocarci-
noma cells), NCI-H460 (human lung adenocarcinoma cells,
MCF-7 (human breast carcinoma cells), and PC3M (human
prostate cancer cells) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). A549 cells
were cultured in RPMI-1640 medium (Gibco, Grand Island,
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NY, USA) supplemented with 10% fetal bovine serum (FBS)
and incubated at 37°C in a humidified atmosphere containing
5% CO,. Delphinidin was obtained from Cayman Chemical
Co. (Ann Arbor, MI, USA).

Cell viability assay. Cells were plated in 96-well culture plates
at a density of 1x10* cells/well in RPMI-1640 culture medium
and allowed to attach for 24 h. The media were then discarded
and replaced with 100 pl of new medium containing various
concentrations of delphinidin and cultured for 24 h. A WST-1
assay kit (Cayman Chemical Co.) was added to each well. The
amount of formazan deposits was quantified according to the
supplier's protocol after 4 h of incubation with WST-1 test
solution at 37°C in a 5% CO, incubator.

Western blot analysis. A549 cells were pre-incubated for 24 h,
then stimulated with CoCl, (200 #M) and EGF (20 ng/ml) in
the presence of delphinidin. After incubation, the cells were
collected and washed twice with cold PBS. The cells were
lysed in a lysis buffer [SO mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 2 mM EDTA, 1 mM EGTA, 1 mM
NaVO,;, 10 mM NaF, 1 mM dithiothreitol, | mM phenyl-
methylsulfonyl fluoride, 25 yg/ml aprotinin, and 25 pg/ml
leupeptin] and maintained on ice for 30 min. The cell lysates
were obtained via centrifugation, and the protein concentra-
tions were determined using a protein assay kit. Aliquots
of the lysates were separated on 12% SDS-polyacrylamide
gel and transferred onto a nitrocellulose transfer membrane
(Whatman, Dassel, Germany) with a glycine transfer buffer
[192 mM glycine, 25 mM Tris-HCI (pH 8.8), 20% methanol
(v/v)]. After blocking the nonspecific site with 1% bovine
serum albumin (BSA), the membrane was incubated over-
night with a specific primary antibody at 4°C. The membrane
was then incubated for an additional 1 h with a peroxidase-
conjugated secondary antibody (1:1,000; Vector Laboratories,
Inc., Burlingame, CA, USA) at room temperature. The
immunoactive proteins were detected using an enhanced
chemiluminescence (ECL) western blot analysis detection kit
(Advansta, Inc., Menlo Park, CA, USA).

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Reverse transcription was
carried out using a commercial kit (SuperScript II RNase
H-reverse transcriptase; Invitrogen) and total RNA (1 xg) from
A549 cells, according to the manufacturer's instructions. The
sequences of the primers were as follows: for HIF-1a, 5'-CTC
AAAGTCGGACAGCCTCA-3' (sense) and 5'-AATGAGCCA
CCAGTGTCCAA-3'(antisense); for VEGF, 5'-CTACCTCCAC
CATGCCAAGT- 3' (sense) and 5-"TCTCTCCTATGTGCTG
GCCT-3' (antisense); for -actin, 5'-GCCATCGTCACCAACT
GGGAC-3' (sense) and 5'-CGATTTCCCGCTCGGCCG
TGG-3' (antisense). PCR products were visualized using 1%
agarose gel electrophoresis with ethidium bromide staining.

Enzyme-linked immunosorbent assay (ELISA). Cells were
plated in 6-well culture plates at 2x10° cells/well in RPMI-1640
culture medium and treated with various concentrations
of delphinidin for 12 h in the presence of EGF. The VEGF
levels in the culture supernatant were determined by ELISA
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using the VEGF ELISA development kit (R&D Systems, Inc.,
Minneapolis, MN, USA) according to the manufacturer's
instructions.

Luciferase reporter gene assay. The ability of delph-
inidin to inhibit HIF-la transcription was determined by
the reporter gene assay dependent on the HRE. In brief,
at 50-80% confluency, A549 cells were co-transfected
with pGL3-HRE-luciferase, which contained six copies of
HRE derived from the human VEGF gene, and pRL-CMV
(Promega Corp., Madison, WI, USA), which encoded Renilla
luciferase (Rluc) under the control of a constitutive promoter,
using Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer's instructions.

Real-time polymerase chain reaction (PCR). Total RNA was
extracted from the cells with TRIzol reagent (Invitrogen), and
reverse-transcriptase reactions were performed with a
commercial kit (SuperScript II RNase H-reverse transcriptase;
Invitrogen) using 50 xg/ml RNA. Quantitative PCRs were
conducted on a real-time PCR system (LightCycler; Roche
Diagnostics, Basel, Switzerland) with a commercial kit
(SYBR-Green with low ROX; Enzynomics, Daejeon, Korea)
in a reaction mixture containing diluted cDNA (1/5) as a
template and the real-time PCR primers. The sequences of the
primers were as follows: for HIF-1a, 5'-CTCAAAGTCGGA
CAGCCTCA-3' (sense) and 5-AATGAGCCACCAGTGTC
CAA-3' (antisense); for VEGF, 5'-CTACCTCCACCATGCCA
AGT-3' (sense) and 5-TCTCTCCTATGTGCTGGCCT-3'
(antisense); for f-actin, 5“ACAGGAAGTCCCTTGCCATC-3'
(sense) and 5'-AGGGAGACCAAAAGCCTTCA-3' (anti-
sense). The relative mRNA expression levels were normalized
to the value of B-actin for each reaction.

Matrigel plug assay. C5STBL/6N mice (male, 6 weeks) were
purchased from Samtako (Osan, Korea) and maintained in
pathogen-free conditions. A549 cells at subconfluence were
harvested, washed with PBS, and re-suspended in serum-free
medium. Aliquots of cells (3x10°) were mixed with 0.5 ml of
Matrigel in the presence or absence of EGF (200 ng/ml) and
delphinidin. Immediately, the mixture was subcutaneously
injected into mice. The mice were sacrificed when tumors
were visible, and the Matrigel plugs were carefully separated
from adjacent tissue and photographed.

Hemoglobin concentration measurement. The separated
Matrigel plugs were excised, and then were placed in cold
PBS at 4°C overnight to liquefy the Matrigel. Specimens were
subjected to centrifugation at 14,000 rpm and the supernatants
were collected. The hemoglobin content was determined
using Drabkin's reagent kit (Sigma Chemical Co., St. Louis,
MO, USA), as previously described (21). All surgical and
experimental procedures used in this study were approved by
the Institutional Review Board Committee at Daegu Catholic
University Medical Center which conforms to the US National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Statistical analysis. All results are representative of at least
three independent experiments performed in triplicate. The
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statistical significance between experimental and control
values was calculated using a one-way ANOVA test.

Results

Delphinidin inhibits CoCl,- and EGF-induced HIF-1 expres-
sion in various cancer cells. HIF-1 is a master regulator of
numerous genes involved in cell survival, adaptation to hypoxia,
metabolism, and angiogenesis (22). Before investigating the
inhibitory potential of delphinidin (Fig. 1A), the cytotoxic
effects of delphinidin were examined by the WST-1 assay.
Delphinidin did not significantly affect the viability of A549
or NCI-H460 lung cancer cells at the indicated concentra-
tions (Fig. 1B). Delphinidin did not show any cytotoxic effects
at concentrations of up to 40 yM; therefore, 10, 20 and 40 yuM
delphinidin was used in the subsequent experiments. To deter-
mine if delphinidin inhibits HIF-1a expression, we investigated
the HIF-1a and HIF-1f protein levels under various condi-
tions using western blot analysis. CoCl, (200 xM) and EGF
(20 ng/ml) treatment greatly induced HIF-1a protein expression
levels in the various cancer cells. Delphinidin dose-dependently
decreased CoCl,-stimulated HIF-1a protein expression in the
A549 (lung carcinoma), NCI-H460 (lung carcinoma), MCF-7
(breast carcinoma), and PC3M (prostate cancer) cells. In
particular, at a concentration of 40 uM, delphinidin completely
abrogated HIF-1a protein expression. However, CoCl, and
delphinidin did not affect HIF-1p protein expression (Fig. 1C).
Under the EGF-induced conditions, delphinidin decreased
HIF-1a protein expression without affecting HIF-1f protein
expression (Fig. 1D). As the inhibitory effects of delphinidin
on CoCl,- and EGF-stimulated HIF-1a protein expression in
A549 cells was higher than that in the other cell lines, A549
cells were used in the subsequent experiments.

Delphinidin inhibits CoCl,- and EGF-induced VEGF
transcription levels and HRE promoter activity. VEGF, the
main target gene of HIF-1a, directly participates in angiogen-
esis (23). To determine if the decrease in HIF-1a expression by
delphinidin affects VEGF expression, the VEGF mRNA levels
were evaluated using RT-PCR. Delphinidin dose-dependently
decreased the VEGF mRNA levels under the CoCl,- and
EGF-stimulated conditions (Fig. 2A). Moreover, treatment
with 40 uM delphinidin dramatically reduced the VEGF
mRNA levels in both conditions.

Next, we examined the effects of delphinidin on the
secretion of the VEGF protein in CoCl,- and EGF-stimulated
conditions via ELISA assay. Secretion of VEGF protein
was significantly increased by up to 2-fold in cells treated
with CoCl, or EGF compared with untreated cells (Fig. 2B).
Delphinidin treatment dose-dependently decreased the secre-
tion of VEGF protein in the CoCl,- and EGF-stimulated A549
cells. Because delphinidin inhibited HIF-1a protein expression
in various cancer cells, we sought to confirm that delphinidin
regulated VEGF secretion in the other cancer cell lines. In
MCF-7 and PC3M cells, CoCl,- and EGF-stimulated VEGF
protein secretion was also decreased by delphinidin in a dose-
dependent manner (Fig. 2C). Although non-treated H460 cells
secreted high levels of VEGF protein, treatment with 40 uM
delphinidin decreased CoCl,- and EGF-induced VEGF protein
secretion levels when compared with the non-treated H460
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cells. These results suggest that the inhibitory effect of delph-
inidin on VEGF protein production is regulated by decreasing

the VEGF mRNA level in CoCl,- and EGF-stimulated condi-
tions in various cell lines.
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The binding of HIF-1 to HRE in the VEGF promoter is
a predominant enhancer of VEGF production (13). Thus, to
investigate if delphinidin suppresses HRE promoter activity by
decreasing HIF-1a protein expression, we performed an HRE
promoter reporter gene assay. A549 cells were co-transfected
with the pGL3-HRE-luciferase and -galactosidase-luciferase
plasmids for 24 h and then treated with the indicated
concentration of delphinidin for 12 h. HRE promoter activity
was increased up to 4.5-fold in the CoCl,-stimulated cells
compared with the untreated cells (Fig. 2D). Delphinidin
dose-dependently decreased CoCl,-stimulated HRE promoter
activity. In addition, EGF-induced HRE promoter activity was
increased up to ~5-fold compared with the untreated cells and
was rapidly decreased after treatment with 10 xM delphinidin.
These results showed that the inhibitory effects of delphinidin
on VEGF transcriptional activity are related to the regulation
of HRE promoter activity by inhibiting HIF-1a expression.

The inhibitory effects of delphinidin on CoCl,- and
EGF-induced HIF-1a expression are not related to tran-
scriptional levels. To determine if delphinidin decreased
HIF-1a protein expression by regulating the HIF-lo. mRNA
levels, we examined the effects of delphinidin on CoCl,- and
EGF-induced HIF-1la transcriptional activity using real-time
PCR. CoCl, and EGF treatment did not induce HIF-la mRNA
levels (Fig. 3A). Furthermore, delphinidin treatment did not
change the HIF-1a. mRNA level in CoCl,- or EGF-stimulated
A549 cells. In addition, the results of the RT-PCR assay
showed that delphinidin did not affect the HIF-lo. mRNA
levels (Fig. 3B). These results showed that HIF-1lo. mRNA
levels were not responsible for the inhibition of HIF-1a protein
expression by delphinidin in the CoCl,- and EGF-induced

conditions. Next, to determine the effect of delphinidin on
HIF-1a protein proteasomal degradation, proteasome inhibitor
MG132 was used. MG132 significantly increased HIF-1a
protein accumulation (Fig. 3C). Delphinidin also inhibited
MG132-induced HIF-1a, which suggests that delphinidin did
not appear to affect the proteasomal degradation of the HIF-1a
protein. Therefore, we anticipated that the inhibitory effects
of delphinidin on CoCl,- and EGF-induced HIF-la protein
expression are regulated by a synthesis pathway.

Delphinidin inhibits CoCl,- and EGF-induced HIF-1a
expression by blocking the ERK and PI3K/Akt/mTOR/p70S6K
signaling pathways in A549 cells. The MAPK and Akt/mTOR
pathways are associated with the regulation of HIF-1a protein
synthesis at the translational levels (24,25). Thus, to confirm
that MAPK, Akt, and mTOR pathway activity is related to
CoCl,- and EGF-induced HIF-la protein expression, A549
cells were exposed to various kinase inhibitors. PD98059 (a
MEK inhibitor), wortmannin (a PI3K inhibitor), and rapamycin
(an mTOR inhibitor) blocked CoCl,-induced HIF-1a expres-
sion, similarly to delphinidin (Fig. 4A). By contrast, SB203589
(a p38 inhibitor) did not affect HIF-1a protein expression in
A549 cells. In EGF-stimulated cells PD98059, wortmannin,
and rapamycin also blocked HIF-1a expression (Fig. 4B). These
results indicate that CoCl,- and EGF-induced HIF-1a protein
expression is regulated by the ERK, PI3K and mTOR path-
ways, whereas the p38-mediated pathways are not involved.
To determine the mechanisms underlying HIF-1a inhibi-
tion by delphinidin, the phosphorylated forms of ERK, PI3K,
Akt and mTOR were detected via western blot analysis. The
phosphorylation of ERK, PI3K, Akt, nTOR and p70S6K were
increased at 10 min after CoCl,- and EGF-treatment, while
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ment for 6 h. The nuclear extracts were subjected to western blot analysis using antibodies against HIF-1o or HIF-1p. (C and D) A549 cells were pretreated with
the indicated concentrations of delphinidin for 1 h, followed by incubation with CoCl, or EGF for 10 min. The phosphorylated levels of EGFR, ERK, PI3K,

Akt, mTOR, and p70S6K were determined by western blot analysis.
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Figure 5. Inhibitory effects of delphinidin on tumor angiogenesis in vivo.
(A) 57BL/6N mice were subcutaneously injected with Matrigel (500 1) and
A549 cell (3x10°) mixture with the indicated drugs. The mice were eutha-
nized 7 days after implantation, and the Matrigel plugs were removed and
photographed. (B) The amounts of hemoglobin in the Matrigel plugs were
quantified using a Drabkin agent. The data represent the means + SD of three
independent experiments (*p<0.05 as compared to the control; “p<0.05 as
compared to the EGF treatment).

delphinidin reduced phosphorylation of ERK, PI3K, Akt,
mTOR, and p70S6K in CoCl,-stimulated A549 cells (Fig. 4C
and D). Similarly, delphinidin dose-dependently inhibited
EGF-induced phosphorylation of ERK, PI3K, Akt, nTOR, and
p70S6K. Phosphorylation of tyrosine residue 1068 (Tyr!%®) of
EGFR is part of the initial activation process and these phos-
photyrosine residues subsequently serve as docking sites for
intracellular signaling molecules (26). Thus, to determine if
the inhibition of HIF-1a protein synthesis was mediated by
the downregulation of the EGFR tyrosine residue, the effect
of delphinidin on the phosphorylation of EGFR (Tyr'°®) was
determined. The results showed that delphinidin inhibited
EGF-induced EGFR phosphorylation. These results suggest
that delphinidin suppresses HIF-la protein synthesis by the
inhibiting EGFR-dependent and -independent activation of the
ERK and PI3K/Akt/mTOR/p70S6K signaling pathways.

Delphinidin inhibits tumor angiogenesis in vivo. To further
determine if delphinidin inhibits angiogenesis by blocking the
expression of HIF-1a and VEGF, we performed a Matrigel
plug assay in vivo. Matrigel plugs mixed with only cancer
cells did not induce blood vessel formation. New blood vessel
formation was induced by EGF-treated cancer cells (Fig. 5A).
Delphinidin considerably suppressed EGF-induced angio-
genesis, and it was almost completely abrogated upon
treatment with 80 #M delphinidin. Moreover, delphinidin
dose-dependently reduced the EGF-increased hemoglobin
content (Fig. 5B). These results indicate that delphinidin is an



ONCOLOGY REPORTS 37: 777-784, 2017

angiogenesis inhibitor and an antitumor therapeutic agent in
human lung adenocarcinoma A549 cells.

Discussion

Natural dietary polyphenolic compounds prevent cancer due
to their multitude of biological activities (27). Delphinidin, a
polyphenol that belongs to the group of anthocyanidins, has
potent antioxidant, anti-proliferative, and anti-angiogenic
properties in various cells (28). It was reported that delph-
inidin exerts an inhibitory effect on angiogenesis (18). It also
inhibits endothelial cell proliferation and cell cycle progression
through transient activation of ERK1/2 (16). However, there is
no information about its ability to regulate angiogenesis via
HIF-1a-dependent signaling pathways.

Tumor cells promote angiogenesis through an
oxygen-sensing mechanism by regulating angiogenic and
anti-angiogenic factors under hypoxic conditions (29). Cellular
adaptation to hypoxia is associated with several transcriptional
factors, such as activator protein-1, NF-kB, and HIF-1 (3).
Among the transcriptional factors, activation of HIF-1, which
is composed of the HIF-1a and HIF-1 subunits, increases cell
proliferation and invasion in cancers, such as lung and prostate
cancer (30,31). HIF-1a expression is regulated not only by
hypoxia but also by ions. Among ions, CoCl, has been used
both in vivo (32) and in vitro (33) to mimic hypoxic condi-
tions (33). It stabilizes HIF-1a by inhibiting HIF-1a-specific
prolyl hydroxylase, leading to the impaired binding of the VHL
protein to HIF-1a and prevention of its proteasomal degrada-
tion (34,35). In addition, HIF-1a expression is regulated by
EGF, which increases HIF-1a translation by stimulating EGFR
in normoxia. Therefore, we investigated the inhibitory effects
of delphinidin on HIF-1a and VEGF expression in EGF- and
CoCl,-stimulated lung cancer cells.

HIF-1a protein expression was effectively increased in
the CoCl,- and EGF-induced conditions. Delphinidin mark-
edly decreased the stimulated HIF-1a protein expression
without having toxic effects on lung cancer cells (Fig. 1).
Previous studies reported that treatment with delphinidin for
24 h does not have cytotoxic effects on lung cancer cells or
normal cells (17,36), suggesting that the inhibitory effects
of delphinidin on HIF-1a protein expression are not related
to cell cytotoxicity. To investigate the possible pathway by
which delphinidin inhibits HIF-1a expression, we evaluated
the effect of delphinidin on the phosphorylation of various
kinases. HIF-1a protein synthesis is induced by EGF-induced
PI3K/Akt and mTOR signaling pathways (15). mTOR controls
the translation of various genes, by regulating two impor-
tant downstream substrates, p70S6K and 4E-BP1 (37,38).
Phosphorylation of p70S6K induces HIF-1a protein synthesis
by controlling HIF-1ao mRNA translation within the 5' untrans-
lated region (39). In addition, ERK1 directly phosphorylates
the carboxy-terminal domain of HIF-1a in hypoxia condi-
tions (40). Therefore, to confirm the mechanism involved in
the HIF-1a regulation by delphinidin, we used the inhibitors of
MAPK, PI3K and mTOR. Similar to the effect of delphinidin,
PD98059, wortmannin, and rapamycin decreased both the
CoCl,- and EGF-induced HIF-1a protein expressions. On the
other hand, the treatment of the cells with SB203589 did not
change the HIF-1a protein expression in the CoCl,-stimulated
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condition. In the EGF-stimulated condition, only SB203589
did not influence HIF-1a protein expression (Fig. 4). These
findings indicate that the CoCl,- and EGF-induced HIF-1a
protein expression levels were regulated through the ERK,
Akt, and mTOR signaling pathways. In addition, we found
that delphinidin inhibits the phosphorylation of ERK, PI3K,
Akt, mTOR, and p70S6K. These results corresponded with the
previous findings that delphinidin inhibits HER2 and ERK1/2
signaling with growth inhibition and apoptosis in breast cancer
cells (41) and that delphinidin inhibits EGF-induced activation
of PI3K and phosphorylation of Akt at Ser*”* (28). In addition,
delphinidin decreased EGF-induced EGFR phosphorylation
at Tyr'°® EGFR phosphorylation (Tyr'%%®) generates a motif
for Grb2/SH2 domain binding, which initiates ERK activa-
tion (26), suggesting that delphinidin suppresses EGF-induced
ERK by inhibiting EGFR phosphorylation. However, because
delphinidin decreased CoCl,- as well as EGF-induced HIF-1a
protein expression, regulation of the ERK, PI3K, Akt, mTOR,
and p70S6K signaling pathways plays a major role in the
inhibitory effect of delphinidin on HIF-1a protein synthesis.

VEGF is a major mediator of angiogenesis, which induces
tumor growth, metastasis, and invasion by delivering oxygen
and nutrients to cancer cells (42). As expected, delphinidin
significantly decreased both CoCl,- and EGF-induced VEGF
mRNA expression and VEGF secretion and dose-depend-
ently decreased CoCl,- and EGF-induced HRE promoter
activity (Fig. 2). Additionally, delphinidin markedly suppressed
EGF-stimulated new blood vessel formation. These results
suggest that delphinidin can be clinically used as an angiogen-
esis inhibitor in cancer therapy.

In conclusion, this study found for the first time that delph-
inidin suppresses HIF-1a protein expression. The inhibitory
effects of delphinidin on VEGF transcriptional activity and
tumor angiogenesis may be related to HIF-1a protein synthesis
by suppression of the ERK, mTOR, and p70S6K pathways in
both the CoCl,- and EGF-induced conditions. Therefore, this
study demonstrated that delphinidin may be useful as a new
anti-angiogenic agent in lung cancer.
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