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Hesperetin Inhibits Vascular Formation by Suppressing of
the PI3K/AKT, ERK, and p38 MAPK Signaling Pathways.
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ABSTRACT: Hesperetin has been shown to possess a potential anti-angiogenic effect, including vascular formation by en-
dothelial cells. However, the mechanisms underlying the potential anti-angiogenic activity of hesperetin are not fully
understood. In the present study, we evaluated whether hesperetin has anti-angiogenic effects in human umbilical vas-
cular endothelial cells (HUVECs). HUVECs were treated with 50 ng/mL vascular endothelial growth factor (VEGF) to
induce proliferation as well as vascular formation, followed by treatment with several doses of hesperetin (25, 50, and
100 uM) for 24 h. Cell proliferation and vascular formation were analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide and tube formation assay, respectively. In addition, cell signaling related to cell proliferation
and vascular formation was analyzed by western blot. Furthermore, a mouse aorta ring assay was performed to confirm
the effect of hesperetin on vascular formation. Hesperetin treatment did not cause differences in HUVECs proliferation.
However, hesperetin significantly inhibited VEGF-induced cell migration and tube formation of HUVECs (P<0.05).
Moreover, hesperetin suppressed the expression of ERK, p38 MAPK, and PI3K/AKT in the VEGF-induced HUVECs. In
an ex vivo model, hesperetin also suppressed microvessel sprouting of mouse aortic rings. Taken together, the findings
suggest that hesperetin inhibited vascular formation by endothelial cells via the inhibition of the PI3K/AKT, ERK and

p38 MAPK signaling.
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INTRODUCTION

During vessel development, angiogenesis and vasculo-
genesis (1) are highly regulated processes that involve
the activation, growth, and migration of endothelial cells
and capillary morphogenesis (2,3). Angiogenesis is also
an important event in the development of solid tumors
because tumors cannot grow beyond a size of 2~3 mm®
owing to a lack of oxygen and other essential nutrients
(4). Thus, inhibition of vascular formation presents a
promising strategy for cancer treatment (5). Therefore,
the identification of anti-angiogenic agents with novel
mechanisms of action is an attractive strategy for study-
ing angiogenic processes and could provide potential
lead candidates for the development of new drugs asso-
ciated with vascular formation. Vascular endothelial
growth factor (VEGF) is significantly involved in the
proliferation, migration, and invasion of endothelial cells
(6) through the activation of several signaling pathways
such as ERK (7), JNK (8), AKT (9), and p38 MAPK (10).
In particular, the PI3K/AKT signaling pathways play im-

portant roles in the regulation of many cellular proc-
esses, including cell growth and proliferation, differ-
entiation, and apoptosis (11).

Hesperetin (3',5,7-trihydroxy-4'-methoxyflavanone), a
member of the flavanone subclass of flavonoids, is found
in fruit sources including various citrus species (12).
Reports based on the in vitro action of flavonoids in can-
cer cells have found various anticancer effects such as
the inhibition of cell proliferation and kinase activity,
and the induction of apoptosis (13-15). Hesperetin has
also shown potential activity as a novel antiangiogenic
agent for human umbilical vascular endothelial cells
HUVECs (16). However, the mechanisms underlying
the potential antiangiogenic activity of hesperetin are
not fully understood.

We previously demonstrated that hesperetin inhibited
tube formation in mouse embryonic stem cells (17).
Therefore, the objectives of the present study were to
analyze the effects of hesperetin on the proliferation and
vascular formation of HUVECs. The PI3K/AKT, ERK,
and p38 MAPK signaling in hesperetin-treated HUVECs
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and microvessel sprouting using mouse aortic rings as-
say were analyzed.

MATERIALS AND METHODS

Reagent

Hesperetin (Fig. 1) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The compound was dissolved in
100% dimethyl sulfoxide (DMSO). A 100 mmol/L stock
solution of hesperetin was prepared and stored as small
aliquots at —20°C until needed. We purchased 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), DMSO, gelatin, and horseradish peroxidase
(HRP)-conjugated anti-mouse and anti-rabbit antibodies
from Sigma-Aldrich. Recombinant human VEGF
(VEGF165) was obtained from R&D Systems (Minneapolis,
MN, USA). Growth factor-reduced Matrigel was pur-
chased from BD Biosciences (San Jose, CA, USA). The
antibodies p-p38 (Thr'*’/Tyr'®), pJNK (Thr'*’/Tyr'®),
JNK, p-PI3K (Tyr*®), PI3K and p-AKT (Ser'”®), AKT
were purchased from Cell Signaling Technology
(Danvers, MA, USA). The HRP-conjugated fB-actin, ERK,
p38a. and p-ERK (Thr’”/Tyr’®*) antibodies were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA).

Endothelial cell culture

Human umbilical vascular endothelial cells (HUVECS)
were obtained from ATCC (Rockville, MD, USA) and
cultured in endothelial growth medium (EGM)-2
(Lonza, Walkersville, MD, USA) supplemented with
10% FBS at 37°C in a 5% CO, atmosphere. HUVECs at
passages three to five were used in the experiments. The
commercially available vascular endothelial cell-specific
supplement EGM™-2MV BulletKit™ (Lonza) was used
(18).

Cell viability assay

Cell viability was assessed by an MTT assay. HUVECs
(5%10° cells/well) were seeded into a 96-well plate with
EGM-2 supplemented with 10% FBS. After allowing, the
culture medium was removed, and the cells were rinsed
twice with phosphate buffered saline (PBS) and then in-
cubated with serum-free medium for 12 h. Following se-

OH O
O OH
HO 0 O
OCH,

Fig. 1. Chemical structure of hesperetin.

rum starvation, the cells were cultured in fresh 2% FBS
medium containing various concentrations of hesperetin
at 37°C for 24 h in the presence or absence of VEGF (50
ng/mL). After the incubation, an MTT solution was add-
ed, and the plate was incubated for an additional 4 h.
The resulting formazan deposit was dissolved with
DMSO, and the absorbance was detected at 570 nm with
a VersaMax ELISA microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

Cell cycle analysis

HUVECs were plated in 100mm diameter culture dishes
and then incubated. The next day, the cells were treated
with various concentrations (0 to 100 uM) of hesperetin
for 24 h. The cells were harvested (trypsinization and
centrifugation) and fixed with 70% ethanol overnight at
4°C. After washing, the cells were subsequently stained
with 50 pg/mL of PI and 50 ug/mL of RNase A for 1 h
in the dark and then subjected to flow cytometry analy-
sis in order to determine the percentage of cells at spe-
cific cell cycle phase. Flow cytometry analysis was per-
formed using a BD FACSCalibur flow cytometer (BD
Biosciences) equipped with a 488-nm argon laser.
Events were evaluated for each sample and the cell cycle
distribution was analyzed using BD CellQuest software
(BD Biosciences). The results were presented as the
number of cells versus the amount of DNA as indicated
by fluorescence signal intensity. All the experiments
were conducted three times.

Flow cytometry analysis of apoptosis

To determine the level of apoptosis following hesperetin
exposure for 24 h in HUVECs, the Annexin V-fluo-
rescein isothiocyanate (FITC) apoptosis detection kit
(BD PharrningenTM) was used. In this assay, Annexin
V-FITC binds to phosphatidylserine, which translocates
to the outer leaflet of the plasma membrane during the
early stages of cell apoptosis. Therefore, the apoptotic
cells were specifically stained with Annexin V-FITC,
whereas the necrotic cells were doubly stained with both
Annexin V-FITC and PI. The cells were suspended in
binding buffer at a final cell concentration of 1x10°
cells/mL and incubated with both annexin V-FITC and
PI for 25 min in the dark. The DNA contents of the
stained cells were analyzed using CellQuest Software
and a FACS Vantage SE flow cytometer (BD Biosciences).

Scratch-wound migration assay

HUVECs were allowed to grow to full confluence in
6-well plates pre-coated with 0.1% gelatin and then in-
cubated with 10 mg/mL mitomycin C (Sigma-Aldrich)
at 37°C in a 5% CO, atmosphere for 2 h to inactivate the
HUVECs. Monolayers HUVECs were wounded by
scratching with a 0.2-mL pipette tip. Fresh medium con-
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taining various concentrations of hesperetin was added.
Images were taken with an inverted phase contrast light
microscope (Olympus Optical Co. Ltd., Tokyo, Japan) af-
ter 24 h incubation. The migrated cells were then count-
ed from three randomly selected fields under an optical
microscope at 200x magnification. The migrated cells
were quantified by manual counting (DMC advanced
Adobe Photoshop software, Adobe Systems Software
Ireland Ltd., San Jose, CA, USA), and the inhibition was
calculated as a percentage relative to control.

Transwell migration assay

The chemotactic motility of the HUVECs was de-
termined using a Transwell migration assay kit (Corning
incorporated, Corning, NY, USA) with an 8-um pore
size as described elsewhere (19). Briefly, the inserts of
the transwell plate were coated with 0.2% gelatin for 30
min. After the Transwell was washed three times with
PBS, fresh EBM supplemented with 50 ng/mL VEGF
was placed in the lower chamber and the HUVEC
(4x10* cells/well) were seeded in the top chamber.
Then, the cells were treated with hesperetin for 8 h at
37°C in a 5% CO, atmosphere. After the incubation, the
non-migrated cells on the top surface of the membrane
were gently scraped away with a cotton swab. The mem-
brane containing the migrated cells was fixed with 4%
paraformaldehyde for 10 min and stained with hematox-
ylin. Images were recorded using an Olympus inverted
microscope, and the migrated cells were quantified by
manual counting. The percentage of migrated cells in-
hibited by hesperetin was normalized to the untreated
control cell migration.

Tube formation assay with HUVECs on Matrigel

Matrigel (70 pL/well) was added to a 96-well plate and
polymerized for 30 min at 37°C. The HUVEC (3x10"
cells) were seeded onto each well of the Matrigel-coated
96-well plate and then incubated in 2% FBS-EBM-2 with
various concentrations of hesperetin in the presence of
VEGF (50 ng/mL). After 8 h of incubation, the forma-
tion of endothelial cell tubular structure was visualized
under an inverted microscope and photographed at 40x
magnification. Furthermore, tube formation was quanti-
fied by calculating the tube length and was expressed as
a percentage by normalization with untreated control
cells.

Western blot analysis

Cells were treated with hesperetin for 24 h. Harvested
cells were lysed in protein extraction solution (Intron
Biotechnology, Inc., Seongnam, Korea) containing pro-
tease inhibitors and phosphatase inhibitors for 10 min at
4°C. The total protein concentration in the supernatants
was measured by the Bradford assay. After heating at

95°C for 5 min, total protein samples (40 pg) were sub-
jected to 6~15% SDS-PAGE. The proteins were trans-
ferred onto PVDF membranes (Millipore Corporation,
Bedford, MA) at 100 V for 60~100 min. The mem-
branes were incubated with 5% BSA in TBST (TBS with
0.05% Tween 20) for 30 min at room temperature and
then with primary antibodies diluted (1:200~1:1,000)
in 5% BSA in TBST overnight at 4°C. The membranes
were washed three times with TBST and incubated with
the corresponding secondary antibodies. Protein bands
were detected using an enhanced chemiluminescence
detection kit (Intron Biotechnology, Inc.) and an
LAS-1000 Imager (Fuji Film Corp., Tokyo, Japan).

Mouse aortic ring assay

The mouse aortic ring assay was performed as pre-
viously described (20). Forty-eight-well plates were cov-
ered with 150 uL of Matrigel and then incubated at 37°C
and 5% CO; for 30 min. The aortas isolated from mice
(Central Laboratory Animal Inc., Seoul, Korea) were
cleaned of periadventitial fat and connective tissues and
cut into 1~1.5 mm long rings. After rinsing with PBS,
the aortas were placed in the Matrigel-covered wells and
covered with an additional 200 pL of Matrigel. The ar-
tery rings were cultured in 1 mL of EGM without serum
for 24 h, and then the medium was replaced with 1 mL
of EGM containing supplements with vehicle or hesper-
etin (25, 50, or 100 uM). The medium was replaced eve-
ry 2 days with medium that had the same composition
as described above. After 7 days, the microvessel growth
was measured by taking photographs with the Olympus
inverted microscope (40X objectives). The length of the
capillary was estimated using a phase-contrast micro-
scope by measuring the distance from the cut end of the
aortic segment to the approximate middle point of the
capillary. The length of the capillary was measured using
DMC advanced Adobe Photoshop software (Adobe
Systems Software Ireland Ltd.). Each value represents
the average of 3 ~4 culture samples.

Statistical analysis

The results are expressed as the mean=SD. Statistical
significance was determined using a one-way analysis of
variance (ANOVA) and Student’s ¢-test for paired data.
A P value of <0.05 was considered statistically significant.
The calculations were performed using SPSS for win-
dows version 10.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

The effect of hesperetin on the proliferation of VEGF-in-
duced HUVECs
In general, angiogenesis and vasculogenesis inhibitors
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suppress endothelial cell proliferation. To determine the
anti-angiogenic activity of hesperetin, we first evaluated
whether hesperetin inhibits the proliferation of VEGF-
induced HUVECs. To determine the non-cytotoxic con-
centration of hesperetin against HUVECs, the cells were
initially treated with hesperetin (0~200 uM) for 24 h.
Subsequently, cell viability was evaluated with the MTT
assay. When treated with VEGF (50 ng/mL) for 24 h,
the proliferation of HUVECs was significantly increased
by approximately 25% compared with that of the control
cells (without VEGF; P<0.05). Although the prolifera-
tion of VEGF-stimulated HUVECs was decreased by
treatment with 100 pM hesperetin, this was not sig-
nificant compared with that of the control cells (Fig. 2).
Therefore, all further analyses of the biological activities
of hesperetin in HUVECs were performed using <100
UM hesperetin.

The cell cycle of HUVECs in the presence of hesper-
etin was measured using flow cytometry. The cells were
harvested 24 h after treatment with hesperetin at vari-
ous concentrations and analyzed for their cell cycle dis-
tributions (sub-Gi, Go/G1, S, and G,/M). As shown in
Fig. 3A, the sub-G; phase which is indicative of apop-
totic cell death of HUVECs was dramatically decreased
by VEGF treatment (P<0.05). However, no differences
were found between the doses used. Although the
Annexin V analysis showed that VEGF treatment de-
creased apoptosis of HUVECs (P<0.05), no other apop-
totic effect on HUVECs was found, except for the fact
that the number of apoptotic cells were slightly in-
creased by hesperetin in a concentration-dependent
manner (Fig. 3B). These findings suggest that hesper-
etin at the highest concentration used did not induce
apoptosis of HUVECs.

|
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Fig. 2. The inhibitory effects of hesperetin on cell viability of
HUVECs. HUVECs were cultured with hesperetin (0~200 pM) in
the presence of VEGF (50 ng/mL) for 24 h. Cell proliferation is
expressed as the percentage of viable cells cultured in the ab-
sence of hesperetin and is expressed as the meanzSD.
*P<0.05, **P<0.01 compared to control.

The effect of hesperetin on the migration, invasion, and
tube formation of VEGF-induced HUVECs

Endothelial cell migration and tube formation are essen-
tial steps in angiogenesis. We therefore determined the
effects of hesperetin on endothelial cell migration using
both wound healing and Transwell migration assays in
vitro. Hesperetin suppressed the migration of VEGF-
stimulated HUVECs in a concentration-dependent man-
ner (P<0.05, Fig. 4A and 4D). Hesperetin also inhibited
the migration of HUVECs in the Matrigel-coated
Transwell migration assay (P<0.05, Fig. 4B and 4D). To
further investigate the effect of hesperetin on endothe-
lial cells, we examined the VEGF-stimulated tube for-
mation of HUVECs in the Matrigel (P<0.05, Fig. 4C and
4D). Furthermore, it is well known that endothelial cells
are able to spontaneously form capillary-like networks in
a Matrigel in vitro (21). As shown in Fig. 4C, HUVECs
spontaneously formed a capillary-like tube structure af-
ter 4~8 h of incubation in the Matrigel. However,
VEGF-stimulated HUVECs formed tube structures that
were more prominent, with more stable and longer
networks. Hesperetin treatment, however, remarkably
inhibited the vascular formation of VEGF-stimulated
HUVEGCs, resulting in less elongated, broken, and fore-
shortened tubes. These data suggest that hesperetin in-
hibited the capillary-like tube formation of VEGF-in-
duced HUVECs.

The effect of hesperetin on the proliferation and vascular
formation-related signaling pathway in VEGF-stimulated
HUVECs

To further understand the molecular basis of the hesper-
etin-mediated anti-angiogenic activity, we investigated
cellular signaling pathways in VEGF-stimulated
HUVECs. As shown in Fig. 5A and 5B, VEGF treatment
(50 ng/mL) of HUVECs induced the activation of all
MAPK signaling pathways including that of ERK, JNK,
and p38. Hesperetin treatment markedly suppressed the
phosphorylation of ERK and p38 MAPK in these
VEGF-induced HUVECs. In contrast, the phosphor-
ylation of JNK was marginally affected by hesperetin.
These data suggest a potential inhibition of the migra-
tion, proliferation, and tube formation of the VEGF-in-
duced HUVECs by hesperetin.

The effect of hesperetin on capillary spouting in the mouse
aortic ring assay

The mouse aortic ring assay was used to investigate the
effect of hesperetin on capillary spouting/vascular for-
mation. Compared with that of the control group, vas-
cular formation by mouse aortic rings was suppressed by
hesperetin in a concentration-dependent manner, espe-
cially at a concentration of 50 and 100 uM (P<0.05, Fig.
6).
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DISCUSSION

In the present study, we demonstrated that hesperetin
suppressed vascular formation in VEGF-induced
HUVECs both in vitro and in an ex vivo system through
PI3K/AKT signaling. These findings suggest that hesper-
etin is a novel anti-angiogenic compound by attenuating
the activation of ERK/p38 MAP kinase and AKT kinase.
Modern pharmaceutical discovery programs owe much

to natural products. Indeed, pharmacologically active
compounds from plants, microbes, and marine animals
represent an important pipeline for new investigational
drugs (22). Phytochemical-mediated anti-angiogenic in-
tervention is an upcoming area of research that promises
an effective cancer prevention strategy. In a previous re-
port, we demonstrated that honokiol and magnolol
showed potential activity as a novel antiangiogenic agent
in mouse embryonic stem cells-derived endothelial cells
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Fig. 4. The effects of hesperetin on the migration and capillary struc-
ture formation of VEGF-induced HUVECs. (A) Hesperetin inhibited
HUVECs migration. Cells were grown to confluency in six-well plates,
wounded, and treated with the indicated concentrations of hesperetin
and VEGF (50 ng/mL). (B) Hesperetin inhibited endothelial cell migra-
tion using Transwell migration assay. HUVECs treated with several
doses of hesperetin were seeded in the upper chamber, and the bot-
tom chamber was filled with EBM medium containing VEGF (50
ng/mL). The cells with an irregular shape in the images are cells that
migrated into the lower chamber. (C) Hesperetin inhibited the tube
formation of VEGF-induced HUVECs. Cells were placed in 96-well
plates coated with Matrigel. After 4~8 h in the absence and presence
of hesperetin, the tubular structures were photographed. The mi-
grated cells were quantified by manual counting. (D) Calculation of cell
number for migrated, invasive, and tube formations in VEGF-induced
HUVECs depend on hesperetin treatment. The results are reported as
the mean£SD. *F<0.05, **P<0.01 versus VEGF-stimulated cells.
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Fig. 5. Effect of hesperetin on an-
giogenic signaling. Hesperetin in-
hibited the phosphorylation of
MAPK (A) and PI3K/AKT (B) in
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vation in EGM without serum over-
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night, HUVECs were washed twice
with PBS and then incubated in the

presence of VEGF containing (50
ng/mL) medium with hesperetin for
24 h. B-Actin was used as an in-
ternal control.
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(23,24). Several phytochemicals have been shown to tar-
get tumor angiogenesis using in vitro and in vivo model
systems (25-28). The mouse aortic ring assay is an ex
vivo organ culture assay commonly used in angiogenesis
research (29). This assay system is widely used as an ef-
fective tool for evaluating the anti-angiogenic activity of
test compounds in a complex system in which endothe-
lial cells, fibroblasts, pericytes, and smooth muscle cells
interact (30). Angiogenesis is the formation of new
blood vessels from the endothelium of the existing vas-
culature; the inhibition of angiogenesis is associated
with a significant delay in tumor growth (31). Angio-
genesis also plays essential roles in tumor invasion and
metastasis (32). Thus, anti-angiogenic therapy is cur-
rently one of the most promising and effective therapies
against cancer (33).

Hesperetin possesses notable anti-proliferative activity
and induces apoptosis (14,15,34). The present study
demonstrated that hesperetin exerted anti-angiogenic
activity through the suppression of tube formation, cell
migration, and endothelial cell proliferation in VEGF-in-
duced HUVECs (Fig. 4). Further investigation revealed
that hesperetin functioned as an angiogenesis inhibitor
via the suppression of the VEGF receptor 2 (R2)-medi-
ated signaling pathway PI3K/AKT (Fig. 5). MAPK sig-
naling is considered one of the critical molecular events
in the growth, survival, and migration of vascular endo-
thelial cells in VEGF-induced angiogenesis. VEGF acti-
vates three MAPKs, namely ERK, JNK, and p38 MAPK
(8,10). ERK activation results in increased proliferation

100

Fig. 6. Effect of hesperetin on microvessel outgrowth arising
from mouse aortic rings. Aortic rings isolated from mice were
embedded in Matrigel in 48-well plates and then fed medium
containing various concentrations of hesperetin for 7 days.
Representative photographs of three independent experiments
are shown. The microvessel length was measured on day 7 of
culture. The values are the means+SD (n=3), and */<0.05,
**P<0.01 versus control cells.

of endothelial cells (7,8), whereas p38 MAPK activation
triggers actin-based cell motility (10). Especially, the ac-
tivation of the PI3K/AKT pathway contributes to the
VEGF-mediated stimulation of the proliferation and mi-
gration of endothelial cells (35). Our data suggest that
all MAPKs mediate VEGF-induced tube formation.
However, the inhibitory effects of hesperetin were close-
ly associated with the suppression of p38 MAPK activa-
tion as well as that of PI3K/AKT in VEGF-induced
HUVECs (Fig. 5). Shiojima et al. have shown that the
activation of PI3K/AKT promoted cell survival, migra-
tion, and cytoskeletal rearrangement (36). These find-
ings are in line with our data. In addition, we confirmed
that hesperetin suppressed the phosphorylation of AKT
in VEGF-induced HUVECs (Fig. 5B). This effect may be
a possible mechanism underlying the anti-angiogenic ac-
tivity of hesperetin in VEGF-induced HUVECs.

In conclusion, the present findings demonstrate that
hesperetin suppressed vascular formation via the in-
hibition of PI3K/AKT, ERK and p38 MAPK signaling in
VEGF-induced HUVECs.
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