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δ-Tocotrienol Suppresses VEGF Induced Angiogenesis
whereas r-Tocopherol Does Not
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Recently, tocotrienol (T3), a less well-known form of vitamin E, has gained considerable attention as

a potent antiangiogenic agent. However, the majority of vitamin E research has focused on

tocopherol (Toc), with some studies indicating R-Toc may prevent tumor angiogenesis. In this

study, we aimed to clarify the differences in antiangiogenic potential between δ-T3 and R-Toc. We

showed δ-T3 (2.5-5 μM) completely abolished proliferation, migration and tube formation of human

umbilical vein endothelial cells (HUVECs), whereas a similar dose of R-Toc had no such effects.

δ-T3 suppressed VEGF receptor 2 (VEGFR-2) signaling, and activated caspases in HUVECs. In

addition, via an in vivo mouse Matrigel plug angiogenesis assay, we found that δ-T3 (30 μg), but not
R-Toc, inhibited tumor cell-induced vessel formation. In summary, our results demonstrate δ-T3 has

superior antiangiogenic activities to R-Toc, and provide insights into the different mechanisms

responsible for this effect of T3 and Toc.
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INTRODUCTION

Angiogenesis, the formation of new blood vessels, plays an
important role inmany physiological and pathological processes,
especially cancers (1). The new-formed blood vessels can promote
cancer growth by supplying nutrients and oxygen and removing
waste products (2). As a consequence, well-vascularized tumors
grow rapidly and have greater tendency to metastasize to other
organs (3).

It is well-known that various growth factors have a major role
in neovascularization, and one of the most important factors is
vascular endothelial growth factor (VEGF) (4). The majority of
tumors express and secrete high levels of VEGF, which is
enhanced by hypoxia and/or genetic changes in cancer cells (5).
The secreted VEGF binds to specific trans-membrane receptors
such as VEGF receptor 1 (VEGFR-1) and VEGF receptor 2
(VEGFR-2) located on endothelial cells. This binding conse-
quently activates endothelial mitogen-activated protein kinase
(MAPK) and phosphatidylinositol-3 kinase (PI3K)/phosphoino-
sitide-dependent protein kinase (PDK)/Akt pathways, which in
turn initiate mitogenic and survival signaling. VEGF may there-
fore initiate a number of key endothelial angiogenic responses,
such as proliferation, migration, and differentiation, as well as
protection from apoptosis, via activating PI3K/PDK/Akt path-
way (6). In this aspect, there is evidence that PI3K/PDK/Akt
signaling is elevated in tumors in breast cancer patients, with
levels correlating with tumor progression (7).

Understanding of the fundamental mechanisms of angiogen-
esis has allowed the discovery of inhibitors targeting VEGF for
use in cancer therapy and in prevention of angiogenic disorders,
such as diabetic retinopathy (8). Several antiangiogenic drugs (e.
g., ZD6474 and Vatalanib/PTK787) are currently being studied
in clinical trials involving patients with a wide variety of can-
cers. Some of these agents have considerable promise as future
treatments (9, 10). Recently, we demonstrated tocotrienol (T3,
unsaturated vitamin E) as a potent natural antiangiogenic com-
pound, since it suppresses angiogenesis by inhibiting prolifera-
tion, migration and tube formation of endothelial cells (11). The
inhibitory effect was speculated to the regulation of growth
factor-dependent PI3K/PDK/Akt signaling (12).

Vitamin E is a generic name for two subgroups of eight
different fat-soluble compounds, R-, β-, γ-, δ-tocopherols (Toc)
andR-,β-,γ-, δ-T3. The structural difference betweenToc andT3
is that Toc has a saturated phytyl side chain attached to its
chroman ring, whereas T3 possesses an unsaturated isoprenoid
side chain. A major physiological activity of vitamin E is its well-
defined antioxidative action and protective effect against lipid
peroxidation in biological membranes (13), with R-Toc having
the most activity of all the vitamin E isomers. However, T3 has
recently gained increasing scientific interest due to its eminent
antioxidative (14), anti-hypercholesterolemic (15), and neuropro-
tective (16) activities that differ somewhat from those of Toc.
Further, the potent abilities of T3 to induce cell cycle arrest (17),
to regulate HMG-CoA reductase (18), to activate p53 and
caspase-8 (19,20), to suppress adhesion molecules (21), to inhibit
nuclear factor-κB (22), and to downregulate c-Myc and telomer-
ase (23) have been reported. These unique effects of T3 could be
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partly explained by its absorption and metabolic fate in vivo. In
humans, a key factor in determining the efficacy of T3 is gaining
anunderstanding of its absorption andmetabolism.Although the
absorption mechanisms are basically the same for all vitamin E
analogues, T3 is reported to be absorbed into cells or degraded to
metabolites to a greater extent than Toc (24, 25).

Our previous cell culture studies showed that T3 has better
antiangiogenic activities than Toc, with δ-T3 being the most
potent and R-Toc the least potent (11). These findings were in
accordance with an animal experiment (12), that cancer neovas-
cularization in mouse subcutaneous tissue was effectively inhib-
ited by oral administration of T3, whereas Toc had no such effect.
However, there are disagreements on the potential of R-Toc and
its other isomers in prevention of tumor angiogenesis (26, 27),
whose differences in the angiopreventive effects of T3 and Toc
have not been clarified.

On the basis of this background, we carried out a series of
investigations on the specific molecular events in VEGF signaling
that contribute to the antiangiogenic effect of T3. These investi-
gations had the aim of clarification on the different inhibitory
activity between T3 and Toc, and on the effects of these two
compounds on VEGF-induced proliferation, migration, tube
formation and signal transduction mediated by endothelial
angiogenic responses. In the latter part of this study, the in vivo
antiangiogenic properties of T3 and Toc were evaluated using a
mouse Matrigel plug angiogenesis assay.

MATERIALS AND METHODS

Reagents, Cells, and Animals. T3 isomers (Eisai, Tokyo, Japan (28))
were used, and its puritywas 98%. d-R-Tocopherol (R-Toc) was purchased
from Sigma (St. Louis, MO) and WST-1 reagent from Dojindo Labora-
tories (Kumamoto, Japan). All other reagents were of analytical grade.
Human umbilical vein endothelial cells (HUVECs) were obtained from
Kurabo (Osaka, Japan), and were maintained in growth medium HuMe-
dia-EG2 (Kurabo) at 37 �C in a humidified atmosphere of 5% CO2. The
HuMedia-EG2 medium consisted of the base medium (HuMedia-EB2)
supplemented with 2% fetal bovine serum (FBS), 10 μg/L human
epidermal growth factor (hEGF), 5 μg/L human basic fibroblast growth
factor (hFGF), 1 mg/L hydrocortisone, 10 mg/L heparin, 50 mg/L
gentamicin, and 50 μg/L anfoterin B. Confluent HUVECs at passages
5 to 8 were used in the experiments. Human colorectal adenocarcinoma
cells (DLD-1) were obtained from the Cell Resource Center for Biome-
dical Research at Tohoku University School ofMedicine (Sendai, Japan).
The cells were maintained at 37 �C in RPMI-1640 medium containing
0.3 g/L L-glutamine and 2 g/L sodiumbicarbonate (Sigma, St. Louis,MO),
supplementedwith 10%FBS, 100 kU/Lpenicillin (GibcoBRL,Rockville,
MD), and 100 mg/L streptomycin (Gibco BRL, Rockville, MD).

Male athymic nude mice (BALB/cA Jcl-nu nu/nu, 4 weeks of age) were
obtained from CLEA (Tokyo, Japan) and were housed in cages kept at
23 �C with a 12 h light/dark cycle in pathogen-free conditions. The mice
were acclimatized with laboratory rodent chow (CL-2; CLEA, Tokyo,
Japan) and water for 1 week prior to the study. Approximate composition
of CL-2 (g/kg diet): carbohydrate, 482; protein, 244; fat, 60; fiber, 43;
moisture, 86; ash, 86.

Preparation of Test Medium for Cell Culture Studies. Test
medium (HuMedia-EB2 containing 1-2% FBS) with or without supple-
mentation of 10 μg/L VEGF was prepared for the following cell culture
studies. VitaminEwas dissolved in ethanol, and the solutionwas diluted to
final concentrations of 0-20 μM in the test medium. The concentration of
ethanol never exceeded 0.1% (v/v).

Proliferation Assay. HUVECs (2000-2500 cells/well) were preincu-
bated in HuMedia-EG2 medium in 96-well plates for 24 h. After the
HUVECs were washed with PBS, the medium was replaced with the test
medium. After incubation for 24-72 h, the number of viable cells was
estimated using the water-soluble tetrazolium salt (WST-1) assay (29).
WST-1 is a tetrazolium salt that is converted into the soluble formazan salt
by succinate-tetrazolium reductase of the respiratory chain of active
mitochondria of proliferating viable cells. Briefly, 10μLofWST-1 solution

was added to each well and incubated at 37 �C for 3 h, and the absorbance
(450/655 nm) of the cultured medium was then measured using a
microplate reader (Model 550, Bio-Rad, Tokyo, Japan).

Migration Assay. Migration was evaluated by a modified Boyden
chamber assay (30) (Becton Dickinson, Bedford, MA). The chamber
consisted of 3 μm pore size membrane culture inserts coated with
fibronectin. Trypsin-harvested HUVECs (1 � 105 cells) were suspended
in 500 μL of the test medium and incubated for 30 min at room
temperature. The suspension was then added to the top of the chamber,
and vitamin E-free test medium was placed in the lower chamber. After
incubationof thewhole chamber for 22 h, nonmigrated cells were removed
from the upper surface of themembranebywipingwith a cotton swab. The
membrane was then fixed with 4% paraformaldehyde, and the cells that
had migrated to the undersurface of the membrane were stained with
toluidine blue. The number ofmigrated cells was counted in 5-6 randomly
selected microscopic fields and expressed as a pixel value using Adobe
Photoshop (Adobe Systems, Mountain View, CA).

Tube Formation Assay. A 24-well culture plate was coated with
350 μL of Matrigel (Becton Dickinson, Bedford, MA), and incubated for
1 h to allow solidification. Trypsin-harvestedHUVECs (5� 104 cells) were
suspended in 500 μL of the test medium. The suspension was placed onto
the surface of the Matrigel and incubated for 18 h. The cells were fixed in
4% paraformaldehyde, photographed and the lengths and areas of tube-
structured cells then quantified using a Kurabo Angiogenesis Imaging
Analyzer (imaging software; Kurabo, Osaka, Japan).

Hoechst Staining. To examine nuclear morphological changes,
HUVEC nuclei were stained with a dye (Hoechst 33258; Sigma, St. Louis,
MO).HUVECs (5� 105 cells) were precultured for 24 h inHuMedia-EG2
medium. After washed with PBS, the culture medium was replaced and
HUVECs were incubated with test medium for 24 h. After that, HUVECs
were washed with PBS, harvested, fixed with 4% paraformaldehyde,
rinsed with PBS, and incubated with 0.1 g/L Hoechst 33258 in PBS for
10 min at room temperature, respectively. The cells were observed under
UV illumination with an IX-FLA fluorescence microscope (Olympus,
Tokyo, Japan). Apoptosis was expressed as the percentage of fragmented
Hoechst-positive nuclei relative to the total of Hoechst-positive nuclei.

Cellular Uptake of T3. Cellular uptake of T3 in HUVECs was
measured by high performance liquid chromatography (HPLC) with
fluorescence detection (31). In brief, subconfluent HUVECswere cultured
in VEGF-free test medium containing each T3 isomer (1 μM, closer to the
concentrations found in vivo, and the concentration hardly affect the
HUVEC proliferation), or in VEGF-free test medium containing all T3
isomers. After 24 h incubation, the cells were washed with PBS, suspended
in 2mL of water, and then subjected to sonication for 90 s. A 1mL aliquot
of 6% ethanolic pyrogallol and l mL of 1 μM ethanolic 2,2,5,7,
8-pentamethyl-6-hydroxychroman (internal standard) were mixed with
the cell suspension. The sample mixture was added with 0.2 mL of 60%
aqueous KOH and incubated at 70 �C for 30 min. After the cooling
process, 1.5 mL of water and 5 mL of hexane were added for extraction.
The samples were centrifuged at 1000g for 5 min, and the upper hexane
layer was collected and dried. The residue was dissolved in 100 μL of
hexane, and a portion of the aliquot (50 μL) was subjected to HPLC.
Separation was performed at 35 �C using a silica column (ZORBAX
Rx-SIL, 4.6 � 250 mm; Agilent, Palo Alto, CA). A mixture of hexane/
1,4-dioxane/2-propanol (988:10:2) was used as the mobile phase at a flow
rate of 1.0 mL/min. The T3 isomers were detected and determined by an
RF-10AXLFLD detector (excitation 294 nm, emission 326 nm; Shimadzu,
Kyoto, Japan).

Western Blot Analysis. HUVECs were grown in 100 mm dishes to
80-90% confluency in HuMedia-EG2 medium, washed with PBS and
treated with vitamin E under two different conditions: (1) 24 h incubation
in the testmediumor (2) 5min stimulationwithVEGFafter preincubation
for 6 h inVEGF-free testmedium.After these treatments, cellular proteins
were prepared from the HUVECs as described previously (12), and then
were separated by SDS-PAGE gel electrophoresis (10-20% e-PAGEL,
50 μg/well; Atto, Tokyo, Japan). The protein bands were then transferred
to polyvinylidine fluoride membranes, which were then blocked overnight
at 4 �C in blocking buffer (10% BSA in TBS containing 0.1% Tween-20).
After blocking of nonspecific sites, the membranes were incubated
with antibodies including anti-caspase-3, anti-caspase-9, anti-phospho
Akt, anti-phospho extracellular signal-regulated kinase 1/2 (ERK 1/2),
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anti-phospho phosphatase and tensin homologue deleted on chromosome
10 (PTEN), anti-phospho VEGFR-2, anti-phospho p38, anti-phospho
apoptosis signal-regulating kinase (ASK1), and anti-β-actin (Cell signal-
ing, MA). The membranes were washed with TBS (containing 0.1%
Tween-20), and incubated for 30 min at room temperature with horse-
radish peroxidase-conjugated secondary antibody, respectively. Detection
of the antibody reactions was performed with ECL Plus Western blotting
reagents (Amersham Pharmacia Biotech, Piscataway, NJ).

Measurement of Caspase Activity. Subconfluent HUVECs were
cultured for 0-24 h in the test medium. The cells were then washed with
PBS and lysed in 1 mL of lysis buffer containing 0.1% Triton X-100,
50 mM HEPES, 5 mM EDTA, 150 mM NaCl, 1 mM PMSF, 10 mg/L
pepstatin A, and 10 mg/L aporotinin. The lysates were kept on ice for
10 min, scraped from the dishes, and sonicated for 30 s to extract cell
contents. These extracts were centrifuged at 10000g for 15 min, and the
supernatants were collected and concentrated using a centrifugal filter
device. Protein concentrations in the obtained samples were measured by
the Bradford protein assay (Bio-Rad Laboratories, Watford, Herts,
U.K.). The proteins were use in preparation of cell lysates (60 μg protein/
50 μL of lysis buffer). A 50 μL aliquot of buffer (10 mM DTT, 100 mM
HEPES, and 5 mMEDTA) and a 5 μL aliquot of 4 mM caspase substrate
(Ac-DEVD-pNA for caspase-3, Ac-IETD-pNA for caspase-8, or Ac-
LEHD-pNA for caspase-9) were added to the lysates, followed by
incubation at 37 �C for 2.5 h. At the end of incubation, caspase activity
was measured using a microplate reader at the wavelength of 405 nm.

Matrigel Plug Angiogenesis Assay. The in vivoMatrigel plug angio-
genesis assay was performed as described previously by Liu et al. (32).
DLD-1 cells were suspended in a serum- and phenol red-free RPMI-1640

medium (Gibco BRLRockville,MD). Aliquots of the cell suspension (1�
106 cells/0.1 mL) were mixed with 0.2 mL of phenol red-free Matrigel
containing 50 ng of VEGFand 0-30 μg of δ-T3 orR-Toc, and themixture
was injected into the flanks of nudemice using a 21 gauge needle. Themice
were allowed free access to the laboratory rodent chow (CL-2; CLEA,
Tokyo, Japan) and water for 11 days. After that, the Matrigel plugs were
removed and photographed 11 days, and the hemoglobin (Hb) contents
were measured using a test kit (Hemoglobin test, Wako, Osaka, Japan).
These protocols were reviewed by the Committee on the Ethics of
Animal Experiments of Tohoku University, and this experiment was
carried out in accordance with the Animal Experiment Guidelines of
Tohoku University.

Statistical Analysis. The data are expressed as the mean ( SD.
Statistical analysis was performed using ANOVA, followed by Bonferoni/
Dunn test test for multiple comparisons of the different groups. Differ-
ences were considered significant at P values <0.05.

RESULTS

Suppressive Effect of T3, but Not r-Toc, on VEGF-Induced

Angiogenesis in Vitro. We first examined the effect of T3 on
VEGF-induced proliferation of endothelial cells. HUVECs in-
cubated with VEGF for 72 h showed an increase in proliferation
compared with cultures without VEGF (Figure 1A). All T3
isomers suppressed the proliferation, and the inhibitory effect
tended to be as δ- > β- > γ- > R-T3. A similar tendency (δ- >
γ-> β- > R-T3) was observed for T3 uptake by the HUVECs

Figure 1. Effects of T3 on VEGF-induced HUVEC proliferation. (A) HUVECs (2000 cells/well) were preincubated in HuMedia-EG2 medium, followed by the
medium being replaced with 100 μL of test medium (2% FBS HuMedia-EB2 containing 0-20 μM T3 and 10 μg/L VEGF) and incubation for a further 72 h.
(B)HUVECs (2500 cells/well)were incubated for 24 h inmedium containing VEGF and either δ-T3 orR-Toc at concentrations from 0 to 5 μM. The viable cells
were then assessed by WST-1. Values are mean ( SD, n = 6. Means without a common letter differ, P < 0.05.
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(Table 1), although δ-T3 and γ-T3 (also β-T3 and R-T3) were not
statistically different from each other. We used 1 μM T3 in
Table 1, and tested more high concentrations (5-20 μM) in
Figure 1A. So, two studies (Table 1 and Figure 1A) were not easily
compared, but it is likely that the greater proliferation inhibitory
potency of δ-T3 may be due, in part, to its more effective
incorporation into HUVECs. On the basic of these results,
δ-T3 over the concentration range of 1-5 μM was chosen for
the subsequent cell culture studies that evaluated the difference in
angiopreventive potential between T3 and Toc and investigated
the intracellular antiangiogenic mechanism.

In the next series of investigations, we compared the effects of
δ-T3 and R-Toc on HUVEC proliferation, migration, and tube
formation. In the proliferation assay (Figure 1B), δ-T3 (5 μM)
suppressed VEGF-induced HUVEC proliferation. In the migra-
tion assay (Figure 2A), VEGF-treated HUVEC were allowed to
migrate across the fibronectin-coated membrane insert. δ-T3
suppressed VEGF-induced migration with 50% inhibition at
the concentration of 2.0 μM. In the tube formation assay
(Figure 2B), in which HUVECs were placed on aMatrigel coated
plate in the presence of VEGF, an increase in the length of
tubelike structures was observed. The VEGF-induced tube for-
mation was suppressed by δ-T3 treatment in a dose-dependent
manner, with 50% inhibition at the concentration of 2.8 μM. In
contrast, R-Toc did not exhibit any effects on VEGF-induced
HUVEC proliferation, migration or tube formation, even at a
high concentration of 50 μM (data not shown). These results
suggest that δ-T3 is the more bioactive compound than R-Toc in
term of the angiogenesis inhibitor.

Antiangiogenic Mechanism of δ-T3. In the proliferation assay
(Figure 1A,B), when the HUVECs were treated with δ-T3 (5
μM), cell viability was decreased to some extent. To evaluate
whether apoptosis was induced by δ-T3, Hoechst 33258 stain-
ing assay was performed. As we had anticipated, nuclear
condensation and brightness were observed in Hoechst

Table 1. T3 Incorporation for HUVEC

nmol/mg protein of HUVECa

treatment of each T3 isomerb treatment of all T3 isomersc

R-T3 6.0( 0.5 a 6.1( 1.1 a

β-T3 7.4( 1.2 a 7.3( 0.7 a

γ-T3 7.6( 0.3 b 7.7( 0.7 b

δ-T3 7.9( 0.8 b 7.9 ( 0.7 b

aValues are mean( SD (n=4). Means without a common letter differ, P < 0.05.
b Subconfluent HUVECswere cultured in VEGF-free test medium containing 1 μMof
each T3 isomer for 24 h. cSubconfluent HUVECs were cultured in VEGF-free test
medium containing all T3 isomers (1 μM) for 24 h.

Figure 2. (A) Effects of δ-T3 and R-Toc on VEGF-induced HUVEC migration. The migration assays were carried out in a modified Boyden chamber
consisting of a cell culture insert membrane (3μmporemembrane coated with fibronectin). HUVECs (1.0� 105 cells)were suspended in 500μL of HuMedia-
EB2 medium containing 1% FBS and either δ-T3 or R-Toc, and were then added to the top chamber. The lower chamber was filled with 750 μL of HuMedia-
EB2medium containing 1%FBS and 10 μg/L VEGF. Thewhole chamber was incubated for 22 h, and the number of cells that hadmigrated to the lower side of
the filter was quantified. Values are mean( SD (n = 4). Means without a common letter differ, P < 0.05. (B) Effects of δ-T3 and R-Toc on VEGF-induced
HUVEC tube formation. HUVECs (5� 104 cells)were suspended in 500μL of test medium (1%FBSHuMedia-EB2 containing 10μg/L VEGFand eitherδ-T3
orR-Toc). Following incubation of the cell suspension on the Matrigel plate for 18 h, tube lengths were quantified by photography using an optical microscopy.
Values aremean(SD, n = 4.Meanswithout a common letter differ,P < 0.05. (C) Effect ofδ-T3 andR-Toc on apoptosis in VEGF-treated HUVECs. Apoptosis of
HUVECs was evaluated after 24 h of δ-T3 orR-Toc (5 μM) treatment. Apoptosis was visualized by nuclear fragmentation (Hoechst staining). Nuclei stained with
Hoechst 33258 were identified using a fluorescence microscope. The images shown refer to representative experiments. Apoptosis was expressed as the
percentage of fragmented Hoechst-positive nuclei relative to the total of Hoechst-positive nuclei (D). The pictures are a representative example of data from three
replicate experiments. Results represent the average ( SD of three replicate experiments. Means without a common letter differ, P < 0.05.
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33258-stained cells treated with δ-T3 (Figure 2C,D). In con-
trast, R-Toc was ineffective for inducing apoptosis in HU-
VECs. These distinguishable effects of T3 and Toc on cell
apoptosis are in agreement with previous reports on mouse
mammary epithelial cells (33) and human breast cancer
cells (34). Our findings suggest that the apoptotic effects on
endothelial cells induced by δ-T3 may contribute, in part, to its
antiangiogenic activity (Figures 1 and 2).

Next, we evaluated the inhibitory mechanism of δ-T3 on
VEGF-induced angiogenesis byWestern blot analysis. HUVECs
were treated with or without δ-T3 for 24 h in the presence of
VEGF, and the effect of δ-T3 on the PI3K/PDK/Akt pathway
was examined. Without δ-T3, VEGF induced activation of the
PI3K/PDK/Akt pathwaybyphosphorylation ofAkt (Figure 3A).
In cultures with δ-T3, the phosphorylation of Akt was inhibited.
At that time, δ-T3 did not affect the level of nonphosphorylation
of Akt (data not shown). δ-T3 at a high dose (5 μM) cleaved pro-
caspases-3 and -9 to their active forms. To more clarify the
mechanism, HUVECs were treated with or without δ-T3 for
6 h, and stimulated with VEGF for 5 min. The stimulation with

VEGF resulted in activation of Akt, PTEN, and ERK 1/2, and
these changes were reduced to basal (nonstimulated) levels by
δ-T3 treatment (Figure 3B). In addition, δ-T3 dose-dependently
increased the phosphorylation of stress response proteins, such as
ASK1 and p38 mitogen-activated protein kinase, and inhibited
phosphorylation of VEGFR-2 (Figure 3B). These results suggest
that the antiangiogenic activity of δ-T3 is attributable to regula-
tion of PI3K/PDK/Akt signaling as well as induction of apopto-
sis, and that this effect occurs at the level of the VEGFR-2
receptor. In contrast, R-Toc had no effect on the PI3K/PDK/Akt
pathway, which is a possible reason for its lower antiangiogenic
activity.

In accordance with the results of apoptosis and Western
blotting assays (Figures 2 and 3), caspase activations by δ-T3
were observed (Figure 4). Incubation of HUVECs for 12-24 h
with 5 μM δ-T3 in the presence of VEGF caused a significant
increase in caspase-3, -8, and -9 activities. However, theR-Toc did
not cause the effect up to 50 μM(data not shown). Therefore, it is
likely that caspase-dependent mechanisms play a role in the pro-
apoptotic and antiangiogenic activities of δ-T3.

Figure 3. Western blot analysis of the intracellular proteins associated with the PI3K/PDK/Akt pathway and apoptosis. HUVECs were treated with δ-T3 or
R-Toc under two different conditions: (A) 24 h incubation with 10 μg/L VEGF and 0-5 μM δ-T3 or R-Toc, or (B) 5 min stimulation with 10 μg/L VEGF after
preincubation with 0-5 μM δ-T3 or R-Toc for 6 h. Pro-caspases-3 and -9 (35 kDa and 47 kDa, respectively) were cleaved to the active forms after 24 h of
treatment, with the decrease in pro-caspase inactive forms always being associated with a corresponding increase in the cleaved active forms. EachWestern
blot is a representative example of data from 3 replicate experiments. Band intensities were estimated by densitometric scans, and graphs of the intensities
were made. Results represent the average ( SD of three replicate experiments. Means without a common letter differ, P < 0.05.
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Inhibition of DLD-1-Induced Angiogenesis by δ-T3, but Not

r-Toc in Nude Mice. Finally, in vivo tumor angiogenesis, a
Matrigel plug angiogenesis assay was conducted. DLD-1 cells
were mixed with Matrigel, and injected into the dorsal region of
nude mice. After 11-day implantation, neovascularization was
significantly developed in DLD-1-Matrigel implanted control
mice, and the Hb content in the Matrigel plug was judged as
2.6 ( 0.17 μg Hb/mg Matrigel when that of mice with Matrigel
alone was 0.38( 0.28 μgHb/mgMatrigel (Figure 5). Suppression
of vessel formation was clearly observed (1.1 ( 0.14 μg Hb/mg
Matrigel) inmice implantedwith δ-T3 (30 μg), whereasR-Toc did
not inhibit angiogenesis (2.6 ( 0.39 μg Hb/mg Matrigel). These
results clearly demonstrated that δ-T3 has superior antiangio-
genic activities to R-Toc in vivo.

DISCUSSION

The goal of this study was to investigate the difference in
angiopreventive potential between T3 andToc.We demonstrated
conclusively that δ-T3 was superior for inhibiting in vitro
angiogenesis by evaluating VEGF-induced proliferation, migra-
tion, and tube formation of endothelial cells, and also for
suppressing in vivo angiogenesis by assessing DLD-1-induced
vessel formation in a mouse Matrigel plug assay.

The present data confirm and extend our previous investiga-
tions (11,12), which demonstrated that T3 inhibited proliferation
of both bovine aortic endothelial cells and HUVECs, with δ-T3

having the highest inhibitory activity. However, the relationship
between the incorporation of T3 into endothelial cells and
inhibition of proliferation was not investigated. In this study, as
we anticipated, the inhibitory potency of the isomers varied in the
order δ- > β- > γ- > R-T3 (Figure 1A). This ranking order was
similar to the incorporation of each T3 into HUVECs (Table 1).
The same tendency was reported for inhibition of telomerase or
DNA polymerase λ by T3 (23, 35). Structurally, δ-T3 lacks the
5- and 7-methyl groups attached onto its chroman ring, so it is
allowed to pass easily through cell membranes. The better
incorporation of δ-T3 into HUVECs would be the reason for
its greater proliferation inhibitory effect. On the other hand, R-,
β-, and γ-T3 promoted cell proliferation when its concentration
was under 10 μM for R-T3, 8 μM for β-T3, and 10 μM for γ-T3,
even though they inhibited the proliferation at 20 μM for R-T3,
10 μMfor β-T3, and 14 μMfor γ-T3. Therefore, T3 seems to have
biphasic effect. T3 at low concentration (e.g., 5-10 μM for R-T3)
may cause generation of reactive oxygen species inHUVECs, and
thus stimulate cell proliferation.

Angiogenesis is known to involve a series of steps including
endothelial cell activation and breakdown of the basement
membrane, followed by migration, proliferation, and tube for-
mation of the cells (36). The series can be initiated by tumor cells
releasing molecules, such as VEGF, that activate angiogenic gene
expression in endothelial cells and enhance vascular permeabil-
ity (37). Accordingly, in this study, we evaluated and compared
the effects of δ-T3 and R-Toc on the key steps of VEGF-induced
angiogenesis, namely, endothelial proliferation, migration and
tube formation. We showed that δ-T3 suppressed the prolifera-
tion and that δ-T3 remarkably inhibited migration and tube
formation in HUVECs (Figures 1 and 2). The amount of δ-T3

Figure 4. Effect of δ-T3 treatment on caspase activity. HUVECs treated
with 5 μM δ-T3 for 0, 3, 6, 12, and 24 h. Caspase-3, -8, and -9 enzymatic
activity was evaluated by a calorimetric assay that measured the release of
pNA from Ac-DEVD-pNA, Ac-IETD-pNA, and Ac-LEHD-pNA substrates,
respectively. The data are expressed as mean( SD; n = 3. Means without
a common letter differ, P < 0.05.

Figure 5. Effect ofδ-T3 on DLD-1 induced vessel formation in theMatrigel
plug assay. DLD-1 cells were suspended in serum free RPMI-1640
medium. Aliquots of the cell suspension (1 � 106 cells/0.1 mL) were
mixed with 0.2 mL of Matrigel and 50 ng of VEGF, with or without 30 μg of
δ-T3 or R-Toc, and the mixtures were then injected into the flanks of nude
mice. The Matrigel plugs were removed 11 days after implantation.
(A) Matrigel with medium only; (B) Matrigel containing DLD-1 and 50 ng
VEGF; (C) Matrigel containing DLD-1, 50 ng of VEGF and 30 μg of δ-T3;
(D) Matrigel containing DLD-1, 50 ng of VEGF and 30 μg of R-Toc. The
hemoglobin content of the Matrigels was measured (E). Values are
mean( SD (n = 6). Means without a common letter differ, P < 0.05.



8702 J. Agric. Food Chem., Vol. 57, No. 18, 2009 Shibata et al.

required for suppressing cell proliferation (5 μM)was higher than
that required for suppressing either cell migration (2 μM) or tube
formation (2.8 μM). These findings suggest that the main anti-
angiogenic effect of δ-T3 would be the suppression of migration
and tube formation in HUVECs. Another related antiangio-
genic effectwas the apoptotic induction byδ-T3 at concentrations
>5 μM (Figure 2C,D). Besides δ-T3, many antiangiogenic
agents, including AZD2171 or luteolin, can inhibit cell migration
and tube formation or can induce apoptosis in endothelial cells,
by targeting specific molecular events such as growth factor
receptor signaling (38,39). Now, there is increasing evidence that
inhibition ofmigration and tube formation aswell as induction of
endothelial cells-selective apoptosis would be highly important
for angioprevention (40). In contrast to T3, R-Toc even at high
dose (50 μM) did not change any angiogenic-related events (data
not shown). Overall, our results demonstrate that δ-T3 has
considerably more potent antiangiogenic effects than R-Toc even
if difference of cellular uptake of δ-T3 and R-Toc was considered.
This implies that the three unsaturated double bonds in the side
chain and three methyl groups on the chromanol ring of δ-T3 are
important for the antiangiogenic effect.

Recently, the potent abilities of T3 to induce cell cycle arrest
(17, 41), to regulate HMG-CoA reductase (18), to activate
p53 (19) and caspase-8 (20), to suppress adhesion molecules (21)
and to inhibit nuclear factor-κB (NF-κB) (22) have been reported.
However, the antiangiogenic mechanisms of T3 are not yet fully
understood, although we and some researchers have evidenced
the possibility for the growth factor-dependent activation of
PI3K/PDK/Akt signaling (12, 42, 43). The PI3K/PDK/Akt
pathway has been shown to be activated by various growth
factors, such as insulin, platelet-derived growth factor and inter-
leukins, as well as the proangiogenic factor VEGF (44). Consti-
tutive active PI3K induces angiogenesis, and there is evidence that
inhibition of PI3K/PDK/Akt signaling interferes with angiogen-
esis in endothelial cells (45). PI3K/PDK/Akt signaling also
mediates VEGF expression in cancer cells, indicating its involve-
ment in the angiogenic process (46). In PI3K/PDK/Akt signaling
pathway, the active PDK phosphorylates and activates Akt. The
activated Akt promotes cell survival, and protects against apop-
tosis through multiple mechanisms that include suppressing
caspase-3 and caspase-9 activation, promoting production of
Bcl-xL, repressing the activity of the proapoptotic factor BAD,
and suppressing the production of the Fas ligand (47). On the
other hand, Akt is negatively regulated by PTEN tumor sup-
pressor (48). Therefore, it appears that PDK, Akt and PTEN are
associated with several stages of the angiogenesis by phosphor-
ylating or dephosphorylating multiple downstream substrates.
When PTEN is dephosphorylated, its phosphatase activity is
upregulated, leading to suppression of the PI3K/PDK/Akt path-
way. In the present study, stimulation of HUVECs with VEGF
caused significant phosphorylation of Akt and PTEN, resulting
in the activation of PI3K/PDK/Akt signaling in these cells
(Figure 3). Treatment with δ-T3 markedly decreased the intra-
cellular levels of activatedAkt and PTEN. These findings suggest
that the antiangiogenic effect of δ-T3 (inhibition of proliferation,
migration, and tube formation) is mediated by reduction of
VEGF-induced PI3K/PDK/Akt activity in endothelial cells.
Additional evidence for the possibility is that δ-T3 inactivated
signals downstream of PI3K/PDK/Akt, such as ERK 1/2, which
are involved in cell proliferation and survival (49). In addition,
δ-T3 enhanced phosphorylation of ASK1 and p38, a pathway to
cause apoptosis in endothelial cells (50). On the other hand, p38
MAPK signaling is known to be able to lead to a mitogenic
response (51).However, asmentioned above, it is also known that
activation of ASK1 and/or suppression of Akt can induce p38

activation, which results in apoptosis through signals involving
mitochondrial cell death pathway. In this study, we found
activation of ASK1 and p38 as well as suppression of Akt by
δ-T3. These changes tend to lead a stress-induced proapoptotic
reaction, but not a mitogenic response. It is therefore likely that a
high dose of δ-T3 (>5 μM), by blocking Akt, not only inhibits
downstream survival signals but also enhances theASK1 and p38
pathway, thereby eliciting an apoptotic effect in endothelial cells.
This is supported by our finding that δ-T3 affected caspase
activation (Figure 4) and induced apoptosis, as observed as
condensation of chromatin (Figure 2C,D). In contrast, R-Toc
had no effect on the PI3K/PDK/Akt pathway, which may
account for its lower antiangiogenic activity.

VEGFR-2 is located in the cell membrane and acts as the key
protein in VEGF signal transduction. Some studies suggested
that breast cancer cells themselves expressVEGFR-2on epithelial
and stromal cells, leading to speculations that tumor-produced
VEGF has additional biological functions, perhaps promoting
the proliferation and survival of tumor cells (52). Therefore, the
regulation of VEGFR-2 activation may be a possible molecular
target of an antiangiogenic compound (53). In this study, δ-T3
almost completely inhibited VEGF-induced VEGFR-2 phos-
phorylation (Figure 3), indicating that the antiangiogenic effect
of δ-T3 may occur upstream of the PI3K/PDK/Akt signaling
pathway at the level of VEGFR-2. Additional studies on the
detailed molecular mechanisms and precise molecular target of
the antiangiogenic action of T3 are the subject of ongoing
investigation.

Finally, to evaluate the effect of δ-T3 or R-Toc on in vivo
angiogenesis, we conducted a Matrigel plug assay using nude
mice. This assay allows the quantitative analysis of antiangio-
genic activity (54). As shown in Figure 5, δ-T3, but not R-Toc,
significantly inhibited in vivo tumor angiogenesis. This could
be due to the inhibitory effects of δ-T3 on endothelial signaling
of DLD-1 releasing molecules such as VEGF. It is also
possible that the antiangiogenic effect of δ-T3 is not due solely
to its direct action on endothelial cells, but may be a con-
sequence of effects on endothelial cells and other cell types
such as macrophages and leukocytes. A recent study showed
that T3 inhibits NF-κB action, which determines transcription
of angiogenic genes (22). Therefore, T3 may control tumor
angiogenesis by inhibiting the activities of both endothelial
and tumor cells.

Screening for compounds with antiangiogenic property is
currently an active area of research. Curcumin (55), flavo-
noids (56), selenium (57), N-acetylcysteine (58), vitamin D3 (59)
and several unsaturated and conjugated fatty acids (60-62) have
all been shown to inhibit angiogenesis in vitro and/or in vivo. In
the present study, the antiangiogenic effect of δ-T3 was consider-
ably stronger than that of R-Toc, suggesting the importance of
unsaturated structure to antiangiogenic effect.

In this study, because the small amount (2.5-5 μM) of δ-T3
performed an antiangiogenic effect, it seems likely that antiangio-
genic resultwill be expectedwhenT3 is taken orally.While the use
of T3 in foods and dietary supplements is likely to be beneficial,
the safety of T3 must be confirmed in long-term studies and
clinical trials, similarly to Toc.

ABBREVIATIONS USED

ASK1, apoptosis signal-regulating kinase; DLD-1, human
colorectal adenocarcinoma cell; EGF, epidermal growth factor;
ERK 1/2, extracellular signal-regulated kinase 1/2; FBS, fetal
bovine serum; FGF, fibroblast growth factor; HUVEC, human
umbilical vein endothelial cell;MAPK,mitogen-activated protein
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kinase; NF-κB, nuclear factor-κB; PDK, phosphoinositide-de-
pendent protein kinase; PI3K, phosphatidylinositol-3 kinase;
PTEN, phosphatase and tensin homologue deleted on chromo-
some 10; T3, tocotrienol; Toc, tocopherol; VEGF, vascular
endothelial growth factor;WST-1,water-soluble tetrazolium salt.
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