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Lycopene inhibits angiogenesis both in vitro and in vivo

by inhibiting MMP-2/uPA system through

VEGFR2-mediated PI3K-Akt and ERK/p38 signaling

pathways

Man-Ling Chen *, Yu-Hsiu Lin *, Chih-Min Yang ** and Miao-Lin Hu

Department of Food Science and Biotechnology, National Chung Hsing University, Taichung, Taiwan

Scope: Limited in vitro data show that lycopene may be anti-angiogenic but with unclear mech-
anisms. Here, we employed ex vivo and in vivo assays to substantiate the anti-angiogenic action
of lycopene and determined its molecular mechanisms in human umbilical vein endothelial
cells (HUVECsS).

Methods and results: The anti-angiogenic activity of lycopene was confirmed by ex vivo
rat aortic ring and in vivo chorioallantoic membrane assays. Furthermore, the in vivo ma-
trigel plug assay in mice demonstrated that lycopene implanted s.c. at the highest dose used
(400 pg/plug) completely inhibited the formation of vascular endothelial cells induced by vascu-
lar endothelial growth factor (VEGF). As expected, lycopene inhibited tube formation, invasion,
and migration in HUVECs, and such actions were accompanied by reduced activities of matrix
metalloproteinase-2, urokinase-type plasminogen activator, and protein expression of Racl,
and by enhancing protein expression of tissue inhibitors of metalloproteinase-2 and plasmino-
gen activator inhibitor-1. Moreover, lycopene attenuated VEGF receptor-2 (VEGFR2)-mediated
phosphorylation of extracellular signal-regulated kinase (ERK), p38, and Akt as well as protein
expression of PI3K.

Conclusion: Our data demonstrate the anti-angiogenic effect of lycopene both in vitro and in
vivo. The anti-angiogenic activity of lycopene may involve inhibition of MMP-2/uPA system
through VEGFR2-mediated PI3K-Akt and ERK/p38 signaling pathways.
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woundhealing, and revascularization of ischemic tissues [2].

Angiogenesis, the process of vascular growth by sprouting
of preexisting vessels [1], is a critical process in the adult
organism such as pregnancy, the female reproductive cycle,
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In addition, angiogenesis supports the increasing demands
for metabolic supplies such as nutrients, various growth fac-
tors, and molecular oxygen at sites of tissue repair or regen-
eration [2]. In contrast, abnormal angiogenesis is involved in
many pathological processes, including tumor growth, metas-
tasis, diabetic retinopathy, and arthritis [3]. Angiogenesis is
also an important event in the development of solid tumors
because tumors cannot grow beyond 2-3 mm?® owing to a
lack of oxygen and other essential nutrients [4]. Thus, inhibi-
tion of angiogenesis presents a promising strategy for cancer
treatment [5].

During angiogenic process, MMPs/urokinase plasmino-
gen activator (uPA) system plays a major role in extracellu-
lar matrix (ECM) degradation, which is deeply involved in
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regulation of endothelial cell survival, migration, and inva-
sion [6]. uPA binding to urokinase plasminogen activator re-
ceptor (UPAR) can activate the conversion of plasminogen to
plasmin [7-9]. This conversion is mediated by specific and
fast-acting plasminogen activator inhibitors (PAIs) [10]. The
activated plasmin can mediate the conversion of pro-MMPs to
MMPs, which can be inhibited by the specific endogenous in-
hibitors called tissues inhibitor of matrix metalloproteinases
(TIMPs) [11]. Therefore, the inhibition of MMPs/uPA
system is regarded as a therapeutic strategy against
angiogenesis.

Lycopene is a major carotenoid in tomatoes and other
red fruits and vegetables including watermelon, papaya,
pink grapefruit, and guava [12]. Lycopene contains 11
conjugated and two nonconjugated double bonds, which
renders it highly reactive toward oxygen and free radi-
cals [13-15]. Unlike B-carotene, lycopene lacks a B-ionone
ring, and therefore exhibits no pro-vitamin A activity. Epi-
demiological studies suggest that elevated intakes of ly-
copene is associated with decreased risks of chronic diseases
such as cancer and cardiovascular diseases [16]. Preclinical
and experimental studies have demonstrated the multiple bi-
ological functions of lycopene, including antioxidant activity
[17], antimetastasis [18-20], antiproliferation [16, 21-23], in-
duction of gap junction intercellular communication (GJIC)
[24], and induction of apoptosis [25, 26].

Recently, lycopene has been shown to inhibit tube for-
mation and migration in human umbilical vein endothelial
cells (HUVECs) [27]. In addition, our previous studies have
demonstrated that lycopene decreases the vascular endothe-
lial growth factor (VEGF) plasma levels in nude mice trans-
planted with prostate tumor PC-3 cells and in nude mice
injected via tail vein with hepatocarcinoma SK-Hep-1 cells
[20,28]. However, only limited in vitro and indirect data sug-
gest that lycopene possesses anti-angiogenic activity, and the
molecular mechanisms are unclear. In this study, we em-
ployed ex vivo and in vivo assays, including chorioallantoic
membrane (CAM), rat aortic ring, and matrigel plug model, to
substantiate the anti-angiogenic action of lycopene and deter-
mined the mechanism underlying such actions of lycopene
in HUVEGs.

2 Materials and methods
2.1 Lycopene solubilization

Lycopene was purchased from Wako (Kawagoe-shi, Saitama-
ken, Japan) and the purity of commercial lycopene was ap-
proximately 98%, as claimed by the supplier (Wako). Ly-
copene was dissolved in tetrahydrofuran (THF)/butylated
hydroxytoluene (BHT) to form a stock solution of 10-mM
lycopene, which was diluted with THF at indicated ra-
tios (1:1, 1:3, 1:7), and then diluted with fetal bovine
serum (FBS) at the indicated ratio (1:9) [29]. THF/BHT-
FBS-lycopene was added to the culture medium at a cal-
culated final concentration of 2.5, 5, or 10 pM. THF at
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0.2% (v/v) and FBS at 1.8% (v/v) served as the solvent
control for lycopene, which did not significantly affect the
assays described later.

2.2 Rat aortic ring assay

The ex vivo rat aortic ring assay was performed as described
by Go and Owen [30] with minor modification. Twenty-
four well tissue culture plates were precoated with 0.5 mL
type I collagen gels mixed with Dulbecco’s modified Eagle
medium (DMEM) and allowed to gel for 1 h at 37°C. Thoracic
aortas were isolated from 8-week-old male Sprague-Dawley
rats. The thoracic aortas were quickly harvested and rinsed
with phosphate-buffered saline (PBS) containing 4% gentam-
icin and sectioned into 1-1.5 mm aortic rings. The rings
were embedded in a 24-well plate, and then 0.5 mL DMEM
containing 2% FBS and various concentrations of lycopene
(0-10 uM) was added and changed every day for 7 days. After
incubation for 7 days, vessel sprouting around the rat aortic
rings were photographed with an optical microscope ata 10x
magnification and quantified by microvessel length using im-
age software (Image-Pro Plus 5.0). Four fields were counted
for each well and the mean number was expressed for each
condition.

2.3 CAM assay

Eight-day-old fertilized chick eggs were used to examine the
in vivo anti-angiogenic activity of lycopene as described by
Ribatti et al. [31] with minor modification. Fertilized eggs
(five eggs per group) were incubated at 37°C with 65% rel-
atively humidity. On day 8, a 1-cm? window was carefully
created on the air-cell side of the egg to assure the existence
of embryonic blood vessels. Corn oils (20 wL) containing
1-15 pg lycopene were applied on a 0.5-cm? filter paper disk
to the CAM, and the permeable sticky tape was immediately
appended to the window. After incubation for 2 days, the
eggshell was pushed aside around the window, and the blood
vessels were photographed. The anti-angiogenic effect of ly-
copene on CAMs was quantified by counting the number of
blood vessel branch points, which were marked using artistic
software on the photos.

2.4 Matrigel plug assay

The in vivo matrigel plug assay was conducted according
to the procedures described by Komi et al. [32] in which
the lipid-soluble test compound, acyclic retinoid, was dis-
solved in dimethyl sulfoxide (DMSO) and mixed with ma-
trigel before implantation subcutaneously (s.c.) to mice. In
this study, lycopene (40 or 400 g per plug or per mouse) was
first solubilized in DMSO, of which 30 wL was added to the
0.5 mL matrigel. The final concentration of DMSO was 6%
(v/v) in matrigel, which did not affect the plug formation.
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Figure 1. Ex vivo effects of lycopene (2.5-10 wM) on tube for-
mation of rat aortic rings. Thoracic aortas were isolated from
6- to 12-week-old male Sprague-Dawley rats. The atic rings (1-
1.5 mm) were embedded in a 24-well plate precoated with 0.5 mL
type | collagen gels, and various concentrations of lycopene were
added. After incubation for 7 days, rat aortic rings were pho-
tographed (A) and analyzed by microvessel length (B). Data are
means + SD of three or four separate experiments; means with-
out a common letter differ significantly (p < 0.05).

o 1T
\ N\

Day 8 10
Lycopene (pgfege) - - 1

\|f

Lycopene (nmol) - - 1.86 4.65

®

40 b

30

20 a

10

Humber of blood vessel branch polnt

891

These doses of lycopene were based on those of our previous
studies [20, 28], in which lycopene (1-20 mg/kg) was given
orally and repeatedly to the nude mice twice a week for 12
weeks. C57BL/6 male mice (6-wk-old) were obtained from
the Animal Center of the National Science Council. The mice
were housed individually in cages with controlled tempera-
ture (25 %+ 2°C), humidity (65 £ 5%) with 12-h light/dark
cycles. After acclimatization for 1 week, the mice were ran-
domly divided into four groups (n = 5 for each group) as
follows. Group 1: control (implanted s.c. with 0.5 mL of ma-
trigel containing 100 unit/mL of heparin and 6% DMSO);
group 2: VEGF (implanted s.c. with 0.5 mL of matrigel con-
taining 100 unit/mL of heparin, 100 ng/mL of VEGF, and
6% DMSO); group 3: low dose of lycopene (implanted s.c.
with 0.5 mL of matrigel containing 100 unit/mL of heparin,
100 ng/mL of VEGF, and 40 pg lycopene); and group 4:
high dose of lycopene (implanted s.c. with 0.5 mL of matrigel
containing 100 unit/mL of heparin, 100 ng/mL of VEGF,
and 400 pg lycopene). After implantation for 1 week, the
matrigel formed a plug, and the mice were killed by CO,
anesthetization; after which the plugs were removed care-
fully, fixed in 10% formalin, embedded in paraffin, and then
sectioned for staining with hematoxylin and eosin. The vas-
cular endothelial cells were quantified using image software
(Image-Pro Plus 5.0), and the formula for calculation the
anti-angiogenic effect of lycopene is (total vascular endothe-
lial cells area + total matrigel plug area) x 1000. The study
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Figure 2. In vivo effects of lycopene on angiogenesis of chorioallantoic membrane (CAM). After fertilization for 8 days, lycopene
(1-15 pg/egg) was added to a filter paper disk and then placed on the CAM. After incubation for an additional 2 days, CAMs were
peeled off and photographed (A). (B) Quantitative analysis of neovascularization of (A). Data are means & SD (n = 5); means without a

common letter differ significantly (p < 0.05).
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Figure 3. In vivo effects of
lycopene on angiogenesis
in mice implanted s.c. with
matrigel. Matrigel plugs
(0.5 mL/plug) with or without
VEGF (100 ng/ mL) or lycopene
(40 and 400 pg/plug) were
injected s.c. into C57BL/6
mice (6-wk-old). After 7 days,
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protocol was approved by the Animal Research Committee
of National Chung Hsing University (IAUCC Approval No:
99-71).

2.5 Cell culture and cell proliferation assay

HUVECs (BCRC H-UV001) with a passage of five were used
in this study.

HUVECs were cultured in M199 medium (Gibco, Carls-
bad, CA, USA), supplemented with 20% FBS, 30 pg/mL
endothelial cell growth supplement (ECGS), 25 U/mL hep-
arin, 2 mM r-glutamine, 1.5 g/L sodium bicarbonate, and
1% antibiotic—antimycotic (Gibco). The supplementation of
ECGS to M199 medium [33] provides several essential growth
factors such as acidic fibroblast growth factor (FGF) and en-
dothelial cell growth factor (ECGF) for the growth of endothe-
lial cells, as claimed by the supplier (Millipore, Billerica,
MA). For cell proliferation assay, cells (5 x 10* cells/mL)
were seeded onto 24-well precoated 1% gelatin. HUVECs
at 80% confluence were incubated with lycopene at the in-
dicated concentration for 6, 12, and 24 h. The cell prolif-
eration was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, as described
previously [34].

2.6 Determination of tube formation in HUVECs
The effect of lycopene on angiogenesis in vitro was esti-
mated by the tube formation assay, as described previously

[35] with minor modification. Briefly, u-slides were precoated
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with the 10 pL/well ECMatrix™ (Chemicon, Darmstadt, Ger-
many) and incubated for 2 h at 37°C. ECMatrix™, a soluble
basement membrane isolated from Engelbreth-Holm-Swarm
mouse sarcoma, has been used for in vitro assays of invasion
and angiogenesis as well as for in vivo assays of angiogenesis
[36, 37]. After pretreatment with lycopene for 6, 12, and 24 h,
the number of HUVECs was adjusted to 8 x 10* cells/mL,
and 50 L M199 containing 2% (v/v) FBS and 8 x 10* cells
was placed in the p-slides followed by incubation for 6 h. The
tube formation was examined microscopically. For each repli-
cate, the neovascularization in five randomly selected fields
was determined.

2.7 Cell invasion and migration assays

Cell invasion and migration were assayed using transwell
chambers (Millipore, Darmstadt, Germany) according to
the method reported by Repesh [38] with minor modi-
fication. The main difference between cell invasion and
cell migration assays is that each filter was coated with
100 pL of a 1:20 diluted matrigel in cold DMEM to
form a thin continuous film on the top of the filter for
cell invasion assay. In both assays, transwell chambers
with 6.5-mm polycarbonate filters of 8-wm pore size were
used. After HUVECs were pretreated with lycopene for
6 h, the number of cells was adjusted to 1.25 x 10°/mlL,
and 400 pL of M199 serum-free medium containing 5 x 10*
cells was placed in the upper chamber. The lower chamber
was loaded with 600 pL of M199 containing 20% FBS. After
an incubation of 6 h (for the migration assay) or 24 h (for the
invasion assay), the cells on the upper surface of the chamber

www.mnf-journal.com
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Figure 4. Effects of lycopene on cap-

illary tube formation of human um-
bilical vein endothelial cells (HU-
VECs). Cells were precultured with
lycopene (0-10 wM) for 6, 12, and
24 h and seeded in p-slide pre-
coated with ECMatrix™. Represen-
tative phase contrast photomicro-
graphs (100x magnification) were
taken at 6 h after seeding on
ECMatrix™ (A) and the number of
branch points of individual polygons
of the capillary network was evalu-
ated by AlphaEaseFC (B). Data are
means + SD of three or four sep-
arate experiments; means without
a common letter differ significantly
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Figure 5. Effects of lycopene on cell proliferation of HUVECs.
Cells were precultured with lycopene (0-10 uM) for 6, 12, and
24 h. Data are means + SD of three or four separate experiments;
means without a common letter differ significantly (p < 0.05).

were completely wiped away with a cotton swab. The cells on
the lower surface of the filter were immobilized in methanol,
stained with Giemsa, and counted under a microscope. For
each replicate, the cells in five randomly selected fields were
selected, and the counts were averaged.

2.8 Gelatin and plasminogen zymography

The activities of MMP-2 and uPA were assayed using the
gelatin and plasminogen zymography, respectively, accord-
ing to the methods reported by Yang et al. [39] with minor
modifications. The cells (5 x 10* cells/mL) were pretreated

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(p < 0.05).

with lycopene for 6 h in M199 medium containing 20% (v/v)
FBS and incubated for an additional 24 h in M199 serum-
free medium, after which the culture medium was harvested
and stored at —80°C until use. For the assay of gelatin and
plasminogen zymography, the culture medium was elec-
trophoresed in a 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel containing 0.1% (w/v)
gelatin (for assay of MMP-2 activity) or 0.25% (v/v) plasmino-
gen (for assay of uPA activity). After electrophoresis, gels
were washed with 2.5% Triton X-100 and then incubated in
reaction buffer (40 mM Tris—HCI, pH 8.0; 10 mM CacCl, and
0.01% NaN3) for 12-15 h at 37°C. Then, gel was stained with
Coomassie brilliant blue R-250 for 30 min and destained in
10% acetic acid (v/v) and 50% methanol (v/v). The relative
MMP-2 and uPA activities were quantified using Matrox In-
spector 2.1 software.

2.9 Western blotting

Protein expression of Racl, TIMP-2, PAI-1, PI3K, Akt, p-
Akt, ERK, p-ERK, p38, p-p38, c-Jun N-terminal kinase (JNK),
pJNK, and VEGFR2 was measured by Western blotting.
Cells were lysed with cold radio-immuno-precipitation as-
say (RIPA) buffer containing protease inhibitor cocktail. The
cell lysates were then centrifuged at 12 000 x g for 30 min
at 4°C. An amount of protein (40 ng) from the supernatant
was resolved by SDS-PAGE and transferred onto a polyvinyli-
dene fluoride (PVDF) membrane. After blocking with Tris
Buffered Saline buffer (20 mmol/L Tris—HCI, 150 mmol/L
NaCl, pH 7.4) containing 5% nonfat milk, the membrane was
incubated with monoclonal antibody followed by horseradish

www.mnf-journal.com
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peroxidase-conjugated anti-mouse IgG, and then visualized
using an Electrogenerated chemiluminescence (ECL) chemi-
luminescent detection kit (Amersham, Uppsala, Sweden).

2.10 Statistical analysis

Values are expressed as means + SD and analyzed using
one-way analysis of variance (ANOVA) followed by least sig-
nificant difference (LSD) for comparisons of group means.
Student’s t-test was used for comparisons of two groups. All
statistical analyses were performed using SPSS for Windows,
version 10. Unless specified otherwise, a p < 0.05 is consid-
ered significant.

3 Results
3.1 Lycopene inhibits angiogenesis both ex vivo
and in vivo

We used both ex vivo and in vivo models to confirm the
anti-angiogenic effect of Iycopene. In the rat aortic ring assay

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Migration

Figure 6. Effects of lycopene on cell inva-
sion and migration of HUVECs. Cells were
precultured with lycopene (0-10 nM) for
6 h and seeded in transwells with or with-
out precoating matrigel. After seeding, the
phase contrast photomicrographs (100x
magnification) were taken at 24 h for in-
vasion (A) and 6 h for migration (B). (C)
Densitometric analysis of panel A and B by
counting the number of cells that invaded
or migrated to the underside of the mem-
brane under microscopy. Data are means +
SD of three or four separate experiments;
means without a common letter differ sig-
nificantly (p < 0.05).

(an ex vivo model), treatment of lycopene (2.5-10 pM) in-
duced a significant and concentration-dependent inhibition
of the sprouting of vessels from rat aortic rings, with an in-
hibition of 51% (p < 0.01) at 10 uM lycopene, as compared
with control group (Fig. 1). In the in vivo CAM experiment,
neovascularization was markedly increased during 8-10 days
of incubation (Fig. 2). Treatment of fertilized eggs with ly-
copene (1-15 ug or 1.86-27.9 nmol/egg) significantly inhib-
ited the number of blood vessel points, when the dose reached
2.5 pg or 4.65 nmol/egg. The inhibitory effect of lycopene
continued to increase in a dose-dependent manner, reaching
an inhibition of 38% (p < 0.05) at 15 pg/egg, as compared
with the control group (Fig. 2).

In the in vivo matrigel plug assay, subcutaneous injec-
tion of mice with matrigel containing VEGF (100 ng/mlL)
induced a significant angiogenic response, as evidenced by
increased vascular endothelial cells, as compared with the
control group (Fig. 3). Lycopene treatment at the low dose
(40 pg/plug or 74.5 nmol/plus for each mouse) did not
significantly affect the number of vascular endothelial cells

www.mnf-journal.com
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Figure 7. Effects of lycopene on the activities of metallo-
proteinase-2 (MMP-2) and urokinase-type plasminogen activa-
tor (uPA) in HUVECs. Cells were precultured with lycopene
(0-10 wM) for 6 h and then washed twice in phosphate-buffered
saline followed by incubation with serum-free medium M199 for
an additional 24 h. (A) Gelatin zymographies of proMMP-2, MMP-
2,and uPA. (B) Densitometric analysis of (A). Data are means 4+ SD
of three or four separate experiments; means without a common
letter differ significantly (p < 0.05).

induced by VEGF, whereas lycopene at the high dose
(400 pg/plug or 745 nmol/plug for each mouse) com-
pletely inhibited the formation of vascular endothelial cells
(Fig. 3).

3.2 Lycopene inhibits tube formation in HUVECs

Pre-incubation of HUVECs with lycopene (2.5-10 uM) for
6, 12, and 24 h significantly inhibited tube formation in a
concentration-dependent manner (Fig. 4), and the strongest
inhibitory effect occurred at 6 h of incubation with an inhibi-
tion of 39% (p < 0.05) at 10 uM lycopene (Fig. 4). In addition,
lycopene did not affect cell proliferation at either 6 or 12 h
of incubation, but slightly inhibited cell proliferation at 24 h
of incubation with an inhibition of 18% (p < 0.05) at 10 uM
lycopene in HUVECs (Fig. 5). Based on these results, we ex-
cluded the possibility that the inhibitory effect of lycopene on
tube formation is attributed to inhibition of cell proliferation.
Therefore, we chose a pre-incubation time of 6 h or less than
6 h for the following studies.
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Figure 8. Effects of lycopene on the protein expression of tis-
sue inhibitors of metalloproteinase-2 (TIMP-2), tissue plasmino-
gen activator inhibitor-1 (PAI-1), and Rac1 in HUVECs. Cells were
precultured with lycopene (0-10 wM) for 6 h. (A) Western blots
of TIMP-2, PAI-1, Rac1, and B-actin. (B) Densitometric analysis of
(A). Data are means + SD of three or four separate experiments;
means without a common letter differ significantly (p < 0.05).

3.3 Lycopene inhibits invasion and migration
in HUVECs

Pretreatment of HUVECs with lycopene (2.5-10 pM) for
6 h markedly inhibited cell invasion and migration in a
concentration-dependent manner, with an inhibition of 33%
(p < 0.05) and 65% (p < 0.01), respectively, when added at
10 wM lycopene (Fig. 6).

3.4 Lycopene inhibits activities of proMMP-2,
MMP-2, and uPA in HUVECs

Pre-incubation of HUVECs with lycopene (2.5-10 uM) for
6 h significantly inhibited activities of proMMP-2, MMP-
2, and uPA in a concentration-dependent manner, with an
inhibition of 26% (p < 0.05), 27% (p < 0.05), and 30%
(p < 0.05) at 10 wM lycopene, respectively (Fig. 7).

3.5 Effect of lycopene on TIMP-2, PAI-1, and Rac1
protein expression in HUVECs

Pre-incubation of HUVECs with lycopene (2.5-10 uM) for 6 h
significantly increased protein expression of TIMP-2 and
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PAI-1 in a concentration-dependent manner, with a promo-
tion of 68% (p < 0.01) and 60% (p < 0.01), respectively,
at 10 uM lycopene (Fig. 8). In contrast, lycopene signifi-
cantly inhibited protein expression of Rac1 in a concentration-
dependent, with an inhibition of 63% (p < 0.01) at 10 uM
lycopene (Fig. 8).

3.6 Lycopene attenuates VEGFR2-mediated
PI3K-Akt axis and ERK/p38 pathway in HUVECs

HUVECs were incubated with lycopene (10 uM) for 2, 4,
and 6 h, and the protein expression of VEGFR2, PI3K-Akt,
and MAPK family members (ERK1/2, JNK1/2, and p38) was
determined by Western blotting. Lycopene (10 pM) signif-
icantly decreased the protein expression of VEGFR2 at 2 h
of incubation, with an inhibition of 22% (p < 0.05; Fig. 9).
In addition, lycopene (10 wM) significantly reduced the pro-
tein expression of PI3K and the phosphorylation of Akt at
6 h of incubation with inhibition of 17% (p < 0.05) and 40%
(p < 0.05), respectively, without affecting total protein expres-
sion of Akt (Fig. 9). Moreover, lycopene (10 wM) significantly
inhibited the phosphorylation of p38 and ERK1/2 at 2 h and
4 h of incubation, with an inhibition of 32% (P < 0.05) and
29% (P < 0.05), respectively, without changing their protein
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Figure 9. Effects of lycopene on the protein expression
of vascular endothelial growth factor receptor-2 (VEGFR-
2), phosphoinositide 3 kinase (PI3K), and Akt and on the
phosphorylation of Akt in HUVECs. Cells were precultured
with lycopene (10 pM) for 2, 4, 6, h. (A) Western blots of
VEGFR-2, PI3K, Akt, p-Akt, and B-actin. (B) Densitometric
analysis of (A). L: lycopene; C: control. Data are means
+ SD of three or four separate experiments; the value
marked with an asterisk is significantly different from
that of the individual control (the same incubation time),
p < 0.05 (Student’s t-test).

expression levels (Fig. 10). In contrast, lycopene did not affect
the phosphorylation and total protein expression of JNK1/2
during 6 h of incubation (Fig. 10).

4 Discussion

Our present data substantiate that lycopene is a potent anti-
angiogenic agent both in vitro and in vivo. We used both ex
vivo and in vivo models for screening the anti-angiogenic ac-
tivity of lycopene, including rat aortic ring, CAM, and matrigel
plug assay. The rat aortic ring is an ex vivo organ culture assay
commonly used in angiogenesis research [40]. We found that
lycopene significantly and concentration-dependently inhib-
ited tube formation in rat aortic ring assay. The CAM model,
one of the commonly used in vivo models for determining
angiogenesis, is relatively simple and inexpensive for rapidly
screening the anti-angiogenic compound [31, 41]. However,
CAM itself possesses a well-developed vascular network and
it is difficult to distinguish new blood vessel from existing
ones [41]. To solve this difficulty, we used the 8-day-old fer-
tilized eggs as initial control and found that the blood vessel
branch point significantly increased after 2 days of incuba-
tion. In addition, lycopene (15 pg/egg or 27.9 nmol/egg)
significantly decreased new blood vessel formation, as
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Figure 10. Effects of lycopene on the protein expression and
the phosphorylation of extracellular signal-regulated kinase 1/2
(ERK1/2), c-Jun N-terminal kinase 1/2 (JNK1/2), and p38. Cells
were precultured with lycopene (10 pM) for 2, 4, and 6 h. (A)
Western blots of ERK1/2, pERK1/2, p38, p-p38, JNK1/2, and p-
JNK1/2. (B) Densitometric analysis of (A). L: lycopene; C: control.
Data are means + SD of three or four separate experiments; the
value marked with an asterisk is significantly different from that
of the individual control (the same incubation time), p < 0.05
(Student’s t-test).

compared with untreated group. In the in vivo matrigel plug
assay, we quantified the angiogenic response by counting
vascular endothelial cells derived from matrigel and demon-
strated that administration (s.c.) of lycopene at the highest
dose used (400 wg/plug or 745 nmol/plug for each mouse)
completely inhibited the formation of vascular endothelial
cells induced by VEGF. These results strongly suggest that
lycopene is an anti-angiogenic agent, although it remains
to be seen whether lycopene is indeed anti-angiogenic in
humans.

Using HUVECs as a cell model, we found that lycopene
inhibited the invasion, migration, and tube formation, and
these results are consistent with those of a previous study
[27]. Blood vessels comprise three main components, includ-
ing vascular smooth muscle cells, endothelial cells, and ECM
[42]. The ECM degradation is primarily mediated by proteases
such as uPA and MMPs, which are inhibited by endogenous
inhibitors (PAls and TIMPs), and such degradation is the re-
sult of an imbalance between these activators and inhibitors
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Figure 11. Proposed anti-angiogenic mechanisms of lycopene
in HUVECs. © Inhibited by lycopene; ® Promotion; or @ inhi-
bition as a result of upregulation or downregulation of upstream
signaling molecules. MMP-2: matrix metalloproteinase-2; PAI-1:
plasminogen activator inhibitor-1; TIMP-2: tissue inhibitors of
metalloproteinase-2; uPA: urokinase-type plasminogen activator;
VEGFR-2: vascular endothelial growth factor receptor-2.

[11]. Among the MMPs, MMP-2 is the predominately ex-
pressed MMP in endothelial cells capable of degrading type
IV collagen and is directly involved in endothelial cell mi-
gration during angiogenesis [43]. In this study, we demon-
strated that the inhibitory effects of lycopene on invasion, mi-
gration, and tube formation were accompanied by reduced
activities of MMP-2 and uPA and by enhanced protein ex-
pression of TIMP-2 and PAI-1. In consistency with the find-
ing of Wagner et al. [44], we did not detect MMP-9 activity in
HUVECs.

Mechanistically, we found that lycopene attenuated
VEGFR2-mediated signaling pathways, including ERK1/2-
p38 and PI3K-Akt axis. VEGFRs comprise three subtypes-
VEGFR1, R2, and R3, and VEGFRs-mediated signaling path-
ways are considered the rate-limited steps in physiological
angiogenesis [45]. Among the VEGFRs, VEGFR2 is the ma-
jor receptor, which mediates angiogenic activity of VEGF
via diverse signaling pathways, including MAPK family and
PI3K-Akt axis that regulate proliferation, migration, and tube
formation of endothelial cells [46]. Cell migration plays an
important role in many physiological and pathological cir-
cumstances, including angiogenesis, cancer metastasis, em-
bryonic development, and wound healing [47, 48]. A large
amount of evidence reveals that MAPK family members,
such as ERK1/2, JNK1/2, and p38, are the major signaling
molecules that mediate endothelial cell migration [49,50]. Ac-
tivation of MAPK family members in response to extracellular
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stimuli could activate intracellular signaling molecules and
induce the alterations in cytoskeleton-related proteins, such
as Rho-small GTPases that are critical in cell migration
process [51]. Carotenoids like acyclic retinoid, a synthetic
retinoid, have been shown to inhibit endothelial cell growth,
migration, and tube formation through the inhibition of
VEGFR2-MAPK pathway [32]. In addition, the activation of
PI3K-Akt axis has been shown to promote cell survival, migra-
tion, and cytoskeletal rearrangement [52]. Herein, we demon-
strated that lycopene inhibited VEGFR2-ERK/p38 pathway
followed by inhibition of Racl protein expression leading to
reduced migration and tube formation of HUVECs. In ad-
dition to VEGFR2-ERK/p38 pathway, PI3K-Akt axis is also
involved in anti-angiogenic action of lycopene (Fig. 11). How-
ever, because these factors were determined at different time
points, the chronology of events leading to anti-angiogenic
actions of lycopene is somewhat speculative.

In conclusion, this study demonstrates that lycopene in-
hibits angiogenesis both in vitro and in vivo. Mechanisti-
cally, we demonstrate that the anti-angiogenic activity of
lycopene may involve inhibition of MMP-2/uPA system
through VEGFR2-mediated PI3K-Akt and ERK/p38 signal-
ing pathways leading to reduced invasion, migration, and
tube formation of HUVECs (Fig. 11).

The authors have declared no conflict of interest.

5 References

[1] Wright, T. J., Leach, L., Shaw, P. E., Jones, P, Dynamics of
vascular endothelial-cadherin and beta-catenin localization
by vascular endothelial growth factor-induced angiogenesis
in human umbilical vein cells. Exp. Cell Res. 2002, 280, 159-
168.

[2

lzuta, H., Shimazawa, M., Tsuruma, K., Araki, Y. et al., Bee
products prevent VEGF-induced angiogenesis in human um-
bilical vein endothelial cells. BMC Complement. Altern. Med.
2009, 9, 45-54.

[3

Karamysheva, A. F, Mechanisms of angiogenesis. Biochem-
istry (Mosc) 2008, 73, 751-762.

[4

Folkman, J., What is the evidence that tumors are angiogen-
esis dependent? J. Natl. Cancer Inst. 1990, 82, 4-6.

[5

Ferrara, N., Kerbel, R. S., Angiogenesis as a therapeutic tar-
get. Nature 2005, 438, 967-974.

[6

Stetler-Stevenson, W. G., Matrix metalloproteinases in an-
giogenesis: a moving target for therapeutic intervention.
J. Clin. Invest. 1999, 103, 1237-1241.

Gondi, C. S., Lakka, S. S., Dinh, D. H., Olivero, W. C. et al.,
Downregulation of uPA, uPAR and MMP-9 using small, in-
terfering, hairpin RNA (siRNA) inhibits glioma cell invasion,
angiogenesis and tumor growth. Neuron Glia. Biol. 2004, 1,
165-176.

Ulisse, S., Baldini, E., Sorrenti, S., D’Armiento, M., The
urokinase plasminogen activator system: a target for anti-

[7

[8

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[9

(10l

(111

[12]

[13]

[14]

[15]

[16]

(171

(18]

(19l

[20]

[21]

[22]

[23]

[24]

Mol. Nutr. Food Res. 2012, 56, 889-899

cancer therapy. Curr. Cancer Drug Targets 2009, 9, 32-
71.

Blasi, F, uPA, uPAR, PAI-1: key intersection of proteolytic,
adhesive and chemotactic highways? Immunol. Today 1997,
18, 415-417.

Itoh, T., Hayashi, Y., Kanamaru, T., Morita, Y. et al., Clinical
significance of urokinase-type plasminogen activator activ-
ity in hepatocellular carcinoma. J. Gastroenterol. Hepatol.
2000, 75, 422-430.

Munoz-Chéapuli, R., Quesada, A. R., Angel Medina, M., An-
giogenesis and signal transduction in endothelial cells. Cell
Mol. Life Sci. 2004, 61, 2224-2243.

Mangels, A. R., Holden, J. M., Beecher, G. R., Forman, M. R.
et al., Carotenoid content of fruits and vegetables: an evalu-
ation of analytic data. J. Am. Diet Assoc. 1993, 93, 284-296.

Clinton, S. K., Lycopene: chemistry, biology, and implications
for human health and disease. Nutr. Rev. 1998, 56, 35-51.

Ribaya-Mercado, J. D., Garmyn, M., Gilchrest, B. A., Russell,
R. M., Skin lycopene is destroyed preferentially over beta-
carotene during ultraviolet irradiation in humans. J. Nutr.
1995, 125, 1854-1859.

Miller, N. J., Sampson, J., Candeias, L. P, Bramley, P. M.,
Rice-Evans, C. A., Antioxidant activities of carotenes and
xanthophylls. FEBS Lett. 1996, 384, 240-242.

Heber, D., Lu, Q. Y., Overview of mechanisms of action of
lycopene. Exp. Biol. Med. (Maywood) 2002, 227, 920-923.

Muzandu, K., Ishizuka, M., Sakamoto, K. Q., Shaban, Z.
et al., Effect of lycopene and beta-carotene on peroxynitrite-
mediated cellular modifications. Toxicol. Appl. Pharmacol.
2006, 215, 330-340.

Huang, C. S., Fan, Y. E., Lin, C. Y., Hu, M. L., Lycopene inhibits
matrix metalloproteinase-9 expression and down-regulates
the binding activity of nuclear factor-kappa B and stimula-
tory protein-1. J. Nutr. Biochem. 2007, 18, 449-456.

Huang, C. S., Shih, M. K., Chuang, C. H., Hu, M. L., Lycopene
inhibits cell migration and invasion and upregulates Nm23-
H1 in a highly invasive hepatocarcinoma, SK-Hep-1 cells.
J. Nutr. 2005, 135, 2119-2123.

Huang, C. S, Liao, J. W., Hu, M. L., Lycopene inhibits exper-
imental metastasis of human hepatoma SK-Hep-1 cells in
athymic nude mice. J. Nutr. 2008, 138, 538-543.

Livny, O., Kaplan, I., Reifen, R., Polak-Charcon, S. et al.,
Lycopene inhibits proliferation and enhances gap-junction
communication of KB-1 human oral tumor cells. J. Nutr.
2002, 132, 3754-3759.

Nahum, A., Hirsch, K., Danilenko, M., Watts, C. K. et al., Ly-
copene inhibition of cell cycle progression in breast and en-
dometrial cancer cells is associated with reduction in cyclin
D levels and retention of p27(Kip1) in the cyclin E-cdk2 com-
plexes. Oncogene 2001, 20, 3428-3436.

Levy, J., Bosin, E., Feldman, B., Giat, Y. et al., Lycopene is
a more potent inhibitor of human cancer cell proliferation
than either alpha-carotene or beta-carotene. Nutr. Cancer
1995, 24, 257-266.

Zhang, L. X., Acevedo, P, Guo, H., Bertram, J. S., Upregula-
tion of gap junctional communication and connexin43 gene

www.mnf-journal.com



Mol.

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Nutr. Food Res. 2012, 56, 889-899

expression by carotenoids in human dermal fibroblasts but
not in human keratinocytes. Mol. Carcinog. 1995, 12, 50—
58.

Hantz, H. L., Young, L. F, Martin, K. R., Physiologically at-
tainable concentrations of lycopene induce mitochondrial
apoptosis in LNCaP human prostate cancer cells. Exp. Biol.
Med. (Maywood) 2005, 230, 171-179.

Mein, J. R., Lian, F, Wang, X. D., Biological activity of
lycopene metabolites: implications for cancer prevention.
Nutr. Rev. 2008, 66, 667-683.

Sahin, M., Sahin, E., Gumuslu, S., Effects of lycopene and
apigenin on human umbilical vein endothelial cells in vitro
under angiogenic stimulation. Acta Histochem. 2012, 114,
94-100.

Yang, C. M., Yen, Y. T,, Huang, C. S., Hu, M. L., Growth
inhibitory efficacy of lycopene and beta-carotene against
androgen-independent prostate tumor cells xenografted
in nude mice. Mol. Nutr. Food Res. 2010, 55, 606-
612.

Lin, C. Y., Huang, C. S., Hu, M. L., The use of fetal bovine
serum as delivery vehicle to improve the uptake and stability
of lycopene in cell culture studies. Br. J. Nutr. 2007, 98, 226-
232.

Go, R. S., Owen, W. G., The rat aortic ring assay for in vitro
study of angiogenesis. Methods Mol. Med. 2003, 85, 59-
64.

Ribatti, D., Vacca, A., Roncali, L., Dammacco, F, The chick
embryo chorioallantoic membrane as a model for in vivo
research on angiogenesis. Int. J. Dev. Biol. 1996, 40, 1189-
1197.

Komi, Y., Sogabe, Y., Ishibashi, N., Sato, Y. et al., Acyclic
retinoid inhibits angiogenesis by suppressing the MAPK
pathway. Lab. Invest. 2010, 90, 52-60.

Pan, C. H., Hsieh, I. C., Liu, F C., Hsieh, W. T. et al., Effects of a
Chinese herbal health formula, “Gan-Lu-Yin’ on angiogene-
sis. J. Agric. Food Chem. 2010, 58, 7685-7692.

Mosmann, T., Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity as-
says. J. Immunol. Methods 1983, 65, 55-63.

Yang, C. M., Zhou, Y. J., Wang, R. J., Hu, M. L., Anti-
angiogenic effects and mechanisms of polysaccharides from
Antrodia cinnamomea with different molecular weights.
J. Ethnopharmacol. 2009, 123, 407-412.

Passaniti, A., Taylor, R. M., Pili, R., Guo, Y. et al., A simple,
quantitative method for assessing angiogenesis and antian-
giogenic agents using reconstituted basement membrane,
heparin, and fibroblast growth factor. Lab. Invest. 1992, 67,
519-528.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[37]

[38]

[39]

(401

[41]

[42]

[43]

(44]

(45]

[46]

[47]

(48]

[49]

(50]

[61]

(52]

899

Kragh, M., Hjarnaa, P. J., Bramm, E., Kristjansen, P E. et al.,
In vivo chamber angiogenesis assay: an optimized Matrigel
plug assay for fast assessment of anti-angiogenic activity.
Int. J. Oncol. 2003, 22, 305-311.

Repesh, L. A., A new in vitro assay for quantitating tumor
cell invasion. Inv. Metastasis 1989, 9, 192-208.

Yang, C. M., Liu, Y. Z,, Liao, J. W., Hu, M. L., The in vitro
and in vivo anti-metastatic efficacy of oxythiamine and the
possible mechanisms of action. Clin. Exp. Metastasis 2010,
27, 341-349.

Auerbach, R., Lewis, R., Shinners, B., Kubai, L. et al., An-
giogenesis assays: a critical overview. Clin. Chem. 2003, 49,
32-40.

Staton, C. A., Stribbling, S. M., Tazzyman, S., Hughes, R.
et al., Current methods for assaying angiogenesis in vitro
and in vivo. Int. J. Exp. Pathol. 2004, 85, 233-248.

Ye, J., Yuan, L., Inhibition of p38 MAPK reduces tumor con-
ditioned medium-induced angiogenesis in co-cultured hu-
man umbilical vein endothelial cells and fibroblasts. Biosci.
Biotechnol. Biochem. 2007, 71, 1162-1169.

Haas, T. L., Endothelial cell regulation of matrix metallopro-
teinases. Can. J. Physiol. Pharmacol. 2005, 83, 1-7.

Wagner, S., Fueller, T., Hummel, V., Rieckmann, P. et al., Influ-
ence of VEGF-R2 inhibition on MMP secretion and motility
of microvascular human cerebral endothelial cells (HCEC).
J. Neurooncol. 2003, 62, 221-231.

Ferrara, N., Gerber, H. P, LeCouter, J., The biology of VEGF
and its receptors. Nat. Med. 2003, 9, 669-676.

Yi, T, Yi, Z., Cho, S. G., Luo, J. et al., Gambogic acid in-
hibits angiogenesis and prostate tumor growth by suppress-
ing vascular endothelial growth factor receptor 2 signaling.
Cancer Res. 2008, 68, 1843-1850.

Bland, M. L., Desclozeaux, M., Ingraham, H. A., Tissue
growth and remodeling of the embryonic and adult adrenal
gland. Ann. N. Y. Acad. Sci. 2003, 995, 59-72.

Yamaguchi, H., Wyckoff, J., Condeelis, J., Cell migration in
tumors. Curr. Opin. Cell Biol. 2005, 17, 559-564.

Lamalice, L., Le Boeuf, F, Huot, J., Endothelial cell migration
during angiogenesis. Circ. Res. 2007, 100, 782-794.

Huang, C., Jacobson, K., Schaller, M. D., MAP kinases and
cell migration. J. Cell Sci. 2004, 117, 4619-4628.

Xia, Y., Karin, M., The control of cell motility and epithelial
morphogenesis by Jun kinases. Trends Cell. Biol. 2004, 14,
94-101.

Shiojima, 1., Walsh, K., Role of Akt signaling in vascular
homeostasis and angiogenesis. Circ. Res. 2002, 90, 1243-
1250.

www.mnf-journal.com





