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ABSTRACT: Hesperidin has been shown to possess a potential inhibitory effect on vascular formation in endothelial 
cells. However, the fundamental mechanism for the anti-angiogenic activity of hesperidin is not fully understood. In the 
present study, we evaluated whether hesperidin has anti-angiogenic effects in mouse embryonic stem cell (mES)-derived 
endothelial-like cells, and human umbilical vascular endothelial cells (HUVECs), and evaluated their mechanism via the 
AKT/mammalian target of rapamycin (mTOR) signaling pathway. The endothelial cells were treated with several doses 
of hesperidin (12.5, 25, 50, and 100 M) for 24 h. Cell viability and vascular formation were analyzed using the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and tube formation assay, respectively. Alteration of the AKT/mTOR 
signaling in vascular formation was analyzed by western blot. In addition, a mouse aortic ring assay was used to deter-
mine the effect of hesperidin on vascular formation. There were no differences between the viability of mES-derived en-
dothelial-like cells and HUVECs after hesperidin treatment. However, hesperidin significantly inhibited cell migration 
and tube formation of HUVECs (P＜0.05) and suppressed sprouting of microvessels in the mouse aortic ring assay. 
Moreover, hesperidin suppressed the expression of AKT and mTOR in HUVECs. Taken together, these findings suggest 
that hesperidin inhibits vascular formation by blocking the AKT/mTOR signaling pathways.
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INTRODUCTION

Angiogenesis is the formation of a mature blood vessel 
network through expansion and remodeling of the pre-
existing vascular primordium. Blood vessel formation 
during angiogenesis involves the induction of new 
sprouts, coordinated and directed endothelial cell migra-
tion, and proliferation (1). It also plays an important 
role in the development of cancer (2). Therefore, the 
identification of anti-angiogenic agents with novel mech-
anisms of action is an important strategy for studying 
angiogenic processes, and discovering potential lead can-
didates for the development of new cancer drugs. The 
angiogenic signaling is significantly involved in the pro-
liferation, migration, and invasion of endothelial cells 
(3) through the activation of several signaling pathways, 
such as extracellular-signal-regulated kinase (ERK) (4), 
c-Jun N-terminal kinases (JNK) (5), p38 mitogen-acti-
vated protein kinases (MAPK) (6), and AKT (7). Recent-
ly, Guru et al. (8) and Yang et al. (9) reported that the 
AKT/mammalian target of rapamycin (mTOR) signaling 
pathway plays an important role in hypoxia-inducible 

factor 1/vascular endothelial growth factor mediated 
angiogenesis.

Embryonic stem (ES) cells have been used as a power-
ful tool for the study of vasculogenesis and angiogenesis, 
including angioblast differentiation, proliferation, migra-
tion, endothelial cell-cell adhesion, and vascular mor-
phogenesis (10-12). In our previous study, the efficacy 
of mES/embryoid body (EB)-derived endothelial cells 
was demonstrated to be a useful tool to study endothe-
lial cell biology and developmental processes according 
to natural products treatment (13,14).

Hesperidin, a flavanone glycoside found abundantly in 
citrus fruits, possesses a wide range of pharmacological 
properties, including potential anti-inflammatory and 
anti-cancer effects (15). It induces cell growth arrest and 
apoptosis in a large variety of cells, including colon and 
pancreatic cancer cells (16,17). However, the mecha-
nisms underlying the potential anti-angiogenic activity 
of hesperidin are not fully understood. 

Therefore, the objectives of the present study were to 
analyze the effects of hesperidin on vascular formation 
and microvessel sprouting in a mES-derived endothelial 
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cell system. Also, the mechanism for the anti-angiogenic 
activity of hesperidin was evaluated via the AKT/mTOR 
signaling pathway analysis in HUVECs.

MATERIALS AND METHODS

Reagents 
Hesperidin was purchased from Sigma-Aldrich Co. (St. 
Louis, Mo, USA). The compound was dissolved in 100% 
dimethyl sulfoxide (DMSO). A 100 mM/L stock solution 
of hesperidin was prepared and stored as small aliquots 
at −20oC until needed. We purchased 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 
DMSO, gelatin, horseradish peroxidase (HRP)-conjugat-
ed anti-mouse and anti-rabbit antibodies from Sigma- 
Aldrich Co. Growth factor-reduced Matrigel was pur-
chased from BD Biosciences (San Jose, CA, USA). The 
phospho-specific antibodies anti-p38, anti-SAPK/JNK, 
anti-PI3K, anti-AKT, anti- mTOR, anti-p70S6K, and the 
AKT inhibitor LY294002 were purchased from Cell 
Signaling Technology (Danvers, MA, USA). The HRP- 
conjugated -actin, phospho-ERK, and platelet endothe-
lial cell adhesion molecule (PECAM) antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). 

Mouse embryonic cell culture and endothelial differentia-
tion
Mouse D3 ES cells [ATCC Cat. No. CRL-1934, American 
Type Culture Collection (ATCC), Rockville, MD, USA] 
were co-cultured with mitomycin C-treated mouse em-
bryonic fibroblasts in high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, 
USA) containing 10% fetal bovine serum (FBS; Hyclone, 
Ogden, UT, USA), 1,000 U/mL leukaemia inhibitory 
factor (Chemicon, Temecula, CA, USA), and basic ES 
medium components [50 U/mL penicillin and 50 g/mL 
streptomycin (Invitrogen), 1% non-essential amino acids 
(Invitrogen) and 0.1 mM -mercaptoethanol (Invitro-
gen)]. The hanging drop method (20 L per drop; 1×105 
cells/mL) was used to induce differentiation as pre-
viously described (14,18). The EBs were formed by in-
cubating the hanging drop cultures for three days. The 
resulting EBs were transferred onto gelatin-coated cham-
ber slides (Nunc, St. Louis, MO, USA) or 60 mm dishes 
to allow for attachment. Endothelial cell differentiation 
was induced in EBs by switching the culture conditions 
to medium containing endothelial basal medium-2 
(EBM-2), 5% FBS, a growth factor cocktail, and ascorbic 
acid [endothelial growth medium-2 (EGM-2)-MV Bullet 
Kit; Lonza, Walkersville, MD, USA]. The cell culture and 
endothelial differentiation conditions for the mES cells 
followed the protocol in our previous publication (14, 

19).

Endothelial cell culture 
HUVECs were obtained from ATCC and cultured in 
EGM-2 supplemented with 10% FBS at 37oC in a 5% 
CO2 atmosphere. HUVECs at passages three to five were 
used in the experiments. The commercially available 
vascular endothelial cell-specific supplement EGM-2 MV 
Bullet Kit (Lonza) was used (13). 

Cell viability assay
Cell viability was assessed by an MTT assay. The growth 
inhibition activity in cultured mES-derived endothelial- 
like cells was determined using MTT assays as previously 
described (14,18). Briefly, cells were seeded at a density 
of 5,000 cells/well into 96-well plates. On differentiation 
day 10, the cells were exposed to various concentrations 
of hesperidin for 24 h. After incubation, MTT solution 
was added, and the cells were incubated for an addi-
tional 4 h. The resulting formazan was dissolved in 
DMSO, and the absorbance was detected at 570 nm with 
a VersaMax ELISA microplate reader (Molecular Devices, 
Sunnyvale, CA, USA). The effect of hesperidin on cell vi-
ability was calculated as percentages relative to the sol-
vent-treated control. HUVECs (5×103 cells/well) were 
seeded into a 96-well plate with EGM-2 medium supple-
mented with 10% FBS. After the incubation for 24 h, 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-
rum starvation, the cells were cultured in fresh 2% FBS 
medium containing various concentrations of hesperidin 
at 37oC for 24 h. After the incubation, an MTT solution 
was added, 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 De-
vices).

Cell cycle analysis
To determine the level of cell cycle arrest following hes-
peridin exposure for 24 h during the differentiation of 
mES cells into endothelial cells, the cells were treated 
with various concentrations (0 to 50 M) of hesperidin 
for 24 h. The cells were harvested (trypsinization and 
centrifugation) and fixed with 70% ethanol overnight at 
4oC. After washing, the cells were subsequently stained 
with 50 g/mL of propidium iodide (PI) and 50 g/mL 
of RNase A for 1 h in the dark and then subjected to 
flow cytometry analysis in order to determine the per-
centage of cells at specific cell cycle phase. Flow cy-
tometry analysis was performed using a FACSCalibur 
flow cytometer (Becton Dickinson, San Jose, CA, USA). 
Events were evaluated for each sample and the cell cycle 
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Table 1. Sequences of oligonucleotide primers used for RT-PCR 
analysis

Gene Primer sequences Product 
size (bp)

PECAM Forward 5’-CCATCATGGGAGGTGATGAA-3’ 278
Reverse 5’-GATACGCCATGCACCTTCAC-3’

GAPDH Forward 5’-GGAGCCAAAAGGGTCATCAT-3’ 212
Reverse 5’-GTGATGGCATGGACTGTGGT-3’

distribution was analyzed using Cell Quest software 
(Becton Dickinson). 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.

RNA isolation and reverse transcription-polymerase chain 
reaction (RT-PCR)
Cells were dissolved using Trizol® (Invitrogen) and total 
RNA was extracted according to the manufacturer’s 
protocol. The total cellular RNA was quantified using a 
NanoDrop spectrophotometer (NanoDrop Technologies, 
Inc., Wilmington, DE, USA). Reverse transcription was 
performed using 2 g of purified total RNA and the 
SuperScript First-Strand Synthesis System (Invitrogen). 
The synthesized cDNAs were amplified by PCR. The pri-
mers used for RT-PCR are listed in Table 1. The thermal 
cycling parameters were as follows: 5 min at 94oC, 30 
amplification cycles (denaturation at 94oC for 30 s, an-
nealing at 55∼60oC for 30 s, and extension at 72oC for 
30 s), and a final extension at 72oC for 5 min. The am-
plified products were separated on 1.5% agarose gels. 
The gels were stained with SYBRⓇ Gold staining sol-
ution (Invitrogen) and visualized by UV transillumina-
tion (GelDocTM XR, BioRad Laboratories, Inc., Hercules, 
CA, USA).

Immunocytochemistry
Cells were plated onto confocal dishes and induced to 
differentiate into endothelial-like cells by incubation in 
EGM-2 medium for 10 days. After the cells were treated 
with various concentrations (0 to 50 M) of hesperidin 
for 24 h, the cells were fixed with 4% paraformaldehyde. 
The cells were blocked with blocking solution contain-
ing 1% bovine serum albumin (BSA)/PBS for 30 min 
and then incubated with rat anti-mouse PECAM (1:200) 
(Santa Cruz) overnight at 4oC. After being washed, the 
cells were incubated with Alexa Fluor 594-labeled chick-
en anti-rat IgG (1:1,000) (Invitrogen). After staining, 
the cover slips were mounted with medium containing 
4',6-diamidino-2-phenylindole (Vector Laboratories, Bur-
lingame, CA, USA). Confocal laser-scanning microscopy 
was performed using a Leica TCS SP2 laser-scanning 
spectral confocal microscope and Carl Zeiss LSM 710 
NLO (Carl Zeiss, Oberkochen, Germany). Data were ac-

quired and analyzed with Leica confocal software. 

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 
Co.) at 37oC in a 5% CO2 atmosphere for 2 h to inac-
tivate the HUVECs. Monolayers HUVECs were wound-
ed by scratching with a 0.2-mL pipette tip. Fresh me-
dium containing various concentrations of hesperidin 
was added. Images were taken with an inverted phase 
contrast light microscope (Olympus Optical Co., Ltd., 
Tokyo, Japan) after 24 h incubation. The migrated cells 
were then counted from three randomly selected fields 
under an optical microscope at 200× magnification. The 
migrated cells were quantified by manual counting 
(DMC advanced program), and the inhibition was calcu-
lated as a percentage relative to control. 

Tube formation assay with HUVECs on Matrigel 
Matrigel (70 L/well) was added to a 96-well plate and 
polymerized for 30 min at 37oC. The HUVEC (3×104 
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 hesperidin. After 8 h of incu-
bation, the formation of endothelial cell tubular struc-
ture was visualized under an inverted microscope and 
photographed at 40× magnification. Subsequently, tube 
formation was quantified by calculating the tube length 
and was expressed as a percentage by normalization 
with untreated control cells. 

Western blot analysis
Cells were treated with hesperidin for 24 h. Harvested 
cells were lysed in protein extraction solution (Intron 
Biotechnology, Inc., Gyeonggi, Korea) containing pro-
tease inhibitors and phosphatase inhibitors for 10 min at 
4oC. The total protein concentration in the supernatants 
was measured by the Bradford assay. After heating at 
95oC for 5 min, total protein samples (40 g) were sub-
jected to 6∼15% SDS-PAGE. The proteins were trans-
ferred onto polyvinylidene difluoride membranes (Milli-
pore, Bedford, MA, USA) at 100 V for 60∼100 min. The 
membranes 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 4oC. The 
membranes were washed three times with TBST and in-
cubated with the corresponding secondary antibodies. 
Protein bands were detected using an enhanced chem-
iluminescence detection kit (Intron Biotechnology, Inc.) 
and an LAS-1000 Imager (Fuji Film Corp., Tokyo, Japan). 
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Fig. 1. The effects of hesperidin on cell viability of mES-derived endothelial-like cells (A) and HUVECs (B). The mES-derived endothe-
lial-like cells and HUVECs were treated with hesperidin (0∼100 M) for 24 h. Cell viability is expressed as the percentage of viable 
cells cultured in the absence of hesperidin and is expressed as the mean±SD. *P＜0.05 compared to control.

Mouse aortic ring assay
The mouse aortic ring assay was performed as previously 
described (20). Forty-eight-well plates were covered with 
150 L of Matrigel and then incubated at 37oC and 5% 
CO2 for 30 min. The aortas isolated from mice (Central 
Laboratory Animal Inc., Seoul, Korea) were cleaned of 
periadventitial fat and connective tissue 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 L of Matrigel. The artery 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 hesperidin (25, 
50, or 100 M). The medium was replaced every 2 days 
with medium that had the same composition as de-
scribed above. After 7 days, the microvessel growth was 
measured by taking photographs with an Olympus in-
verted microscope (40× objective). The length of the ca-
pillary was estimated using a phase-contrast microscope 
by measuring the distance from the cut end of the aortic 
segment to the approximate middle point of the capil-
lary. The length of the capillary was measured using 
Adobe Photoshop software (DMC advanced program). 
Each value represents the average of 3∼4 culture sam-
ples. 

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 t-test for paired data. 
A P-value of ＜0.05 was considered statistically signifi-
cant. The calculations were performed using SPSS for 
Windows Version 10.0 (SPSS, Chicago, IL, USA).

RESULTS

The effect of hesperidin on endothelial cell viability 
To determine the anti-angiogenic activity of hesperidin, 

we first evaluated whether hesperidin inhibits the via-
bility of mES-derived endothelial-like cells and HUVECs 
using the MTT assay. To determine the non-cytotoxic 
concentration of hesperidin against endothelial cells, the 
cells were initially treated with hesperidin (0∼100 M) 
for 24 h. In particular, concentrations of hesperidin 
greater than 100 M significantly (P＜0.05) decreased 
cell viability in mES-derived endothelial-like cells (Fig. 
1A). Although the viability of HUVECs was decreased 
by treatment with 100 M hesperidin, this was not sig-
nificant when compared to the control cells (Fig. 1B). 
Therefore, further studies of hesperidin’s biological ac-
tivities were carried out at less than or equal to 100 M 
hesperidin to avoid HUVEC cytotoxicity.

Suppression of the endothelial biomarker PECAM expres-
sion in cultured mES-derived endothelial-like cells
To further confirm the concentration ranges of hesper-
idin without cytotoxicity in the differentiated endothe-
lial-like cells, the cells were treated with hesperidin (0∼ 

50 M) for 24 h and the cell cycle was analyzed. The cell 
cycle of mES-derived endothelial-like cells in the pres-
ence of hesperidin was measured using flow cytometry. 
The cells were harvested 24 h after treatment with hes-
peridin at various concentrations and analyzed for their 
cell cycle distributions (sub-G1, G0/G1, S, and G2/M). As 
shown in Fig. 2, the cell cycle arrest of mES-derived en-
dothelial-like cells was not significantly changed by hes-
peridin in a concentration-dependent manner. Therefore, 
further analysis of the biological activities of hesperidin 
was performed at less than 50 M in the differentiated 
endothelial-like cells. To further investigate the relation-
ship between hesperidin’s inhibitory effects on growth 
and its suppression of endothelial biomarker expression, 
we examined the expression of PECAM, a representative 
endothelial biomarker, in mES-derived endothelial-like 
cells (Fig. 3). Once endothelial cells differentiated from 
mES cells, they were treated with hesperidin (0∼50 
M) for 24 h. The expression of PECAM was easily de-
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Fig. 3. The effects of hesperidin on the vascularization of mES-derived endothelial-like cells. The mES cells were differentiated 
into endothelial cells for 10 days and then treated with hesperidin (0∼50 M) for 24 h. (A) Expression of PECAM mRNA in the 
mES-derived endothelial-like cells was detected by RT-PCR analysis. GAPDH was used as an internal control. (B) The mES-derived 
endothelial-like cells were exposed to hesperidin (0 and 50 M) after 10 days of differentiation for 24 h. The mES-derived endothe-
lial-like cells were stained with an antibody directed against the endothelial cell biomarker PECAM using immunofluorescence. 
Cell nuclei were stained with DAPI. Magnification 40×.

Fig. 2. The effects of hesperidin on the cell cycle in mES-derived endothelial-like cells. Cells were treated with hesperidin (0∼50
M) for 24 h, stained with PI and then analyzed on a FACSCalibur flow cytometer. Quantitation of the PI staining data is presented
as the percentages of cell cycle distribution. They are expressed as the mean±SD.

tected by immunofluorescence (control), but 50 M of 
hesperidin suppressed the expression of PECAM in a 2- 
dimensional (2D) culture (Fig. 3B). 

Inhibition of endothelial cell migration and tube forma-
tion by hesperidin 
Endothelial cell migration and tube formation are essen-
tial steps in angiogenesis. We therefore determined the 
effects of hesperidin on endothelial cell migration using 
wound healing migration assays in vitro. As shown in 
Fig. 4A, C, wound healing by migrating HUVECs was al-
most complete after 24 h of incubation, but hesperidin 
treatment inhibited the migration of the endothelial 
cells in a concentration-dependent manner. In particular, 
HUVECs migration was significantly suppressed by 
treatment with 100 M hesperidin (P＜0.01). Further-
more, it is well known that endothelial cells are able to 
spontaneously form capillary-like networks in a Matrigel 

in vitro (21). Capillary-like tube formation that depends 
on maturation of migrated endothelial cells is also in-
volved in the early steps of angiogenesis. To determine 
whether hesperidin suppresses tube formation, we ex-
amined the spontaneous tube formation that occurs up-
on incubation of HUVECs in Matrigel in the presence of 
hesperidin. Hesperidin treatment significantly inhibited 
capillary-like network formation by cultured HUVECs in 
a concentration-dependent manner (P＜0.01) (Figs 4B, 
C).

Suppression of AKT/mTOR signaling by hesperidin in 
HUVECs
To further understand the molecular basis of the hesper-
idin-mediated anti-angiogenic activity, we investigated 
cellular signaling pathways in HUVECs. As shown in 
Fig. 5A, hesperidin treatment (0∼100 M) in HUVECs 
did not induce the activation of all MAPK signaling 
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Fig. 4. The effects of hesperidin on the migration and capillary 
structure formation of HUVECs. (A) Cells were grown to con-
fluency in six-well plates, wounded, and treated with the in-
dicated concentrations of hesperidin. (B) Cells were placed in 
96-well plates coated with Matrigel. After 4∼8 h in the absence 
and presence of hesperidin, the tubular structures were pho-
tographed. The migrated cells were quantified by manual 
counting. (C) The calculation of cell number for migrated and 
tube formations in HUVECs depend on hesperidin treatment. 
The results are reported as the mean±SD. *P＜0.05, 
**P＜0.01 versus control cells.

pathways, including ERK, JNK, and p38. It is well known 
that activation of the AKT/mTOR pathway contributes 
to migration of endothelial cells in angiogenesis (22). 
We found that hesperidin treatment suppressed AKT ac-
tivation, leading to suppression of the activation of 
mTOR and its downstream effector p70S6K (Fig. 5B). 
The effects of hesperidin on the AKT signaling pathway 
were further confirmed using co-treatment with hesper-
idin and the AKT inhibitor LY294002. As shown in Figs 
5C, D, co-treatment with hesperidin and LY294002 re-
sulted in greater suppression of AKT activity than either 
inhibitor alone. 

Suppression of capillary sprouting by hesperidin in a 
mouse aortic ring assay
A mouse aortic ring assay was used to investigate the ef-
fect of hesperidin on capillary sprouting/vascular forma-
tion. This ex vivo assay system is widely used as an effec-
tive tool for evaluating the anti-angiogenic activity of test 

compounds in a complex system in which endothelial 
cells, fibroblasts, pericytes, and smooth muscle cells in-
teract (23). As shown in Fig. 6, treatment with hesper-
idin significantly and dose-dependently suppressed the 
outgrowth of microvessels from the aortic rings (P＜ 

0.01).

DISCUSSION

In the present study, we demonstrated that hesperidin 
inhibits vascular formation in mES-derived endothelial- 
like cells both in vitro and in an ex vivo system through 
decreased AKT/mTOR signaling in HUVECs. 

Flavonoids are polyphenolic compounds present in 
plants with several potentially beneficial effects on hu-
man health (24). Accumulated evidence shows that these 
compounds have multiple modes of anti-cancer activities 
(25). Phytochemical-mediated anti-angiogenic interven-
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Fig. 5. The effect of hesperidin on MAPK and AKT/mTOR signaling. Cells were treated with the indicated concentrations of hesperidin 
for 24 h and the MAPK (A) and AKT/mTOR (B) protein expression analyzed by western blotting. (C, D) The cells were treated 
with 50 M of the AKT inhibitor LY294002 with or without hesperidin (at 0 or 100 M). -actin was used as an internal control. 
The statistical analysis was performed using a Student’s t-test. *P＜0.05, **P＜0.01 compared to control.

tion is an upcoming area of research that promises an ef-
fective cancer prevention strategy. Several phytochem-
icals have been shown to target tumor angiogenesis us-
ing in vitro and in vivo model systems (26-29). Angiogen-
esis is the formation of new blood vessels from the en-
dothelium of the existing vasculature; the inhibition of 
angiogenesis is associated with a significant delay in tu-
mor growth and migration (30,31). Thus, anti-angio-
genic therapy is currently one of the most promising and 
efficient therapies against cancer (32). 

Hesperidin possesses notable anti-proliferative activity 
in cancer cells (16,17). However, we have demonstrated 
the anti-angiogenic effect of hesperidin in modest con-
centration ranges that do not induce cytotoxicity of en-
dothelial cells (Fig. 1). Hesperidin suppressed the ex-
pression of PECAM in the mES-derived endothelial-like 
cells (Fig. 3). This finding suggests that the anti-angio-
genic activity of hesperidin in vascular formation could 
be associated with the suppression of PECAM expres-
sion in endothelial cells. Hesperidin also has a potential 
for anti-angiogenic activity in HUVECs via the suppres-
sion of AKT/mTOR signaling (Fig. 5). 

There are several kinds of signaling pathways involved 
in angiogenesis. For example, MAPK signaling is consid-
ered one of the critical molecular events in the growth, 

survival, and migration of vascular endothelial cells in 
angiogenesis (5,6). Also, the AKT kinases are activated 
in endothelial cells by a variety of stimuli (33), and they 
regulate multiple critical steps by phosphorylating differ-
ent downstream substrates, such as mTOR (34). The 
mTOR kinases, central regulators of cell metabolism, 
growth, proliferation, and survival (35,36), are activated 
during various cellular processes, such as tumor ini-
tiation, progression, and angiogenesis. Based on our da-
ta, hesperidin did not induce the activation of all MAPK 
signaling pathways. However, the inhibitory effects of 
hesperidin were closely associated with the suppression 
of AKT/mTOR in HUVECs (Fig. 5). This finding may 
uncover a possible mechanism of action for the anti-an-
giogenic activity of hesperidin in endothelial cells. 

In conclusion, we systematically demonstrated that 
hesperidin potently inhibits sprouting of microvessels in 
mES-derived endothelial-like cells in vitro as well as in 
an ex vivo aortic ring model by blocking the AKT/mTOR 
signaling pathways. To our knowledge, this is the first 
report to evaluate the anti-angiogenic activity and mech-
anism of action of hesperidin in endothelial cells de-
pends on vascular differentiation derived from mES cells. 
These findings provide an understanding of the mecha-
nisms involved in the modes of action of hesperidin, and 
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Fig. 6. The effect of hesperidin 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 hesperidin for 7 days. Re-
presentative photographs of three independent experiments are 
shown. The microvessel length was measured on day 7 of cul-
ture. The values are the means±SD (n=3), and **P＜0.01 versus 
control cells.

help to develop a new drug for the targeting of angio-
genesis in cancer therapy.
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