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Abstract

Resveratrol (trans-3,5,4’-trihydroxystilbene), a compound found largely in the skins of red grapes
and wines, possesses anti-cancer and anti-angiogenic properties and protects the cardiovascular
system. However, the molecular mechanisms by which resveratrol inhibits angiogenesis are
currently subjects of intense investigation. The purpose of this study was to examine whether
FOXO transcription factors mediate anti-angiogenic effects of resveratrol, and whether vascular
endothelial growth factor (VEGF) neutralizing antibody can enhance these effects of resveratrol.
Inhibition of PI3 kinase (PI3K)/AKT and MEK/ERK pathways synergistically inhibited migration
and capillary tube formation of Human Umbilical Vein Endothelial Cells (HUVECS) and further
enhanced the anti-angiogenic effects of resveratrol. Inhibitors of AKT and MEK kinase
synergistically inhibited cytoplasmic FOXO3a phosphorylation, which was accompanied by its
nuclear translocation in HUVECS. Interestingly, inhibition of PI3BK/AKT and MEK/ERK
pathways synergistically induced FOXO transcriptional activity and inhibited cell migration and
capillary tube formation. Antiangiogenic effects of resveratrol were enhanced by inhibitors of
AKT and MEK. Phosphorylation-deficient mutants of FOXOs induced FOXO transcriptional
activity, inhibited HUVEC cell migration, and capillary tube formation, and also enhanced
antiangiogenic effects of resveratrol. Finally, VEGF neutralizing antibody enhanced the anti-
proliferative and anti-angiogenic effects of resveratrol. In conclusion, regulation of FOXO
transcription factors by resveratrol may play an important role in angiogenesis which is critical for
cancer, diabetic retinopathy, rheumatoid arthritis, psoriasis, and cardiovascular disorders.
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Introduction

Resveratrol is a phytoalexin produced by many plants, and the skin of red grapes is
particularly rich in resveratrol which accounts for the “French Paradox.” Besides its
protection of the cardiovascular system, it can affect the processes underlying all three
stages of carcinogenesis, involving tumor initiation, promotion, and progression [1]. The
anti-carcinogenic effects of resveratrol appear to be closely associated with its capacity to
interact with multiple molecular targets involved in cancer development, while minimizing
toxicity in normal tissues as tested. Resveratrol has been shown to enhance the therapeutic
potential of chemotherapeutic drugs or cytotoxic factors for the highly efficient treatment of
drug refractory tumor cells [1-3]. Although resveratrol has been shown to inhibit
angiogenesis and metastasis, the involvement of FOXO transcription factor in anti-
angiogenic effects of resveratrol has never been examined.

Members of the FOXO family, FOXO1 (FKHR), FOX03 (FKHRL1), and FOX04 (AFX),
are mammalian homologs of DAF-16, which influences life span and energy metabolism in
Caenorhabditis elegans. Mammalian FOXO proteins also play important roles in cell cycle
arrest, apoptosis, angiogenesis, stress resistance, and energy metabolism [4-7]. The PI3
kinase (PI3K) pathway phosphorylates FOXO proteins through activation of downstream
kinase AKT [8-10]. These phosphorylations result in impairment of DNA binding ability
and increased binding affinity for the 14-3-3 protein [9, 10]. Newly formed 14-3-3-FOXO
complexes are then exported from the nucleus [11], thereby inhibiting FOXO-dependent
transcription. Inhibition of the PI3K/AKT pathway leads to dephosphorylation and nuclear
translocation of active FKHRL1, FKHR, and AFX, which induce transcription of genes
related to cells' cycle arrest and apoptosis [12]. Conversely, loss of PTEN activity causes an
increase in AKT activity leading to inhibition of FOXO protein activity through
phosphorylation and cytoplasmic sequestration [13]. Recent evidence has demonstrated that
the FOXO subfamily induces apoptosis at least in part by regulating transcription of genes
such as Bim [14], BCL-6 [15], and Fas Ligand [9, 10], causes cell cycle arrest via
controlling the expression of p27/KIP1[11, 16-18], Gadd45 [19], Cyclin D [20], or inhibits
angiogenesis by regulating angiopoietin-2 (Ang-2) and Tie-2 [21]. In some situations,
FOXO proteins play a redundant role, whereas in others, their roles in development and
physiology are diverse, and genetic loss of the distinct FOXO isoforms results in different
phenotypes. For example, mice homozygous for a FOXO1 7~ allele, but not FOXO3a ™~ or
FOX04~/~ mice, die during embryogenesis from defects in vascular development [22, 23].
Although these studies suggest an essential role of FOXO1 in the formation and maturation
of the nascent vasculature, relatively little is known about the function and significance of
the distinct FOXO family members for the angiogenic activity of endothelial cells and
postnatal vessel formation. In mature endothelial cells, angiopoietin 1 (Angl) modulates
endothelial function [24] by inhibiting FOXO1 activity. Furthermore, in addition to
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phosphorylation, other post-translation regulatory mechanisms such as acetylation can
regulate FOXO-dependent gene transcription.

In addition to PI3K/AKT pathway, MAP kinases have been shown to regulate the
phosphorylation of FOXO transcription factor. MAP kinases regulate many cellular
activities including angiogenesis [25]. They are activated by the dual phosphorylations of
neighboring threonine and tyrosine residues in response to various extracellular stimuli [26,
27]. Since FOXOL1 contains 15 consensus phosphorylation sites for the mitogen-activated
protein kinase (MAPK) family; its transcriptional activity could directly be regulated by
MAPK:S. In vitro kinase assay showed that FOXO1 was phosphorylated by ERK and p38 but
not by JNK [28]. In NIH3T3 cells, epidermal growth factor or anisomycin increased
phosphorylation of exogenous FOXO1, which was significantly inhibited by pre-treatment
with an MEK1 inhibitor, PD98059, or a p38 inhibitor, SB203580. Phosphopeptide mapping
using mutation of phosphorylation sites for MAPK revealed that the nine serine residues in
FOXOL1 are specifically phosphorylated by ERK and that five of the nine residues are
phosphorylated by p38 in vivo. These studies clearly demonstrate phosphorylation-
dependent regulation of FOXO by MAPKS.

The discovery of vascular endothelial growth factors (VEGFs) and their receptors has
considerably improved the understanding of the development and function of endothelial
cells [29, 30]. Each member of the VEGF family appears to have a specific function: VEGF-
A induces angiogenesis (i.e., growth of new blood vessels from preexisting ones), placental
growth factor mediates both angiogenesis and arteriogenesis (i.e., the formation of collateral
arteries from preexisting arterioles), VEGF-C and VEGF-D act mainly as lymphangiogenic
factors [30, 31]. The study of the biology of these endothelial growth factors has allowed
major progress in the comprehension of the genesis of the vascular system and its
abnormalities observed in various pathologic conditions (atherosclerosis and coronary artery
disease). Anti-angiogenic therapies that target VEGF and the VEGF receptor (VEGFR) are
effective adjuncts to the treatment of solid tumors. The FDA has recently approved the use
of two anti-VEGF antibodies, bevacizumab (Avastin), and ranibizumab (Lucentis) which
have demonstrated therapeutic utility in blocking VEGF-induced angiogenesis [32-34].
Treatment with bevacizumab is commonly combined with cytotoxic chemotherapy and
results in dramatic responses seen on radiographs, prolongation of progression-free survival
[31, 35, 36]. Similar results have been shown with small-molecule inhibitors of VEGFR,
such as cediranib [36—38]. Dual inhibition of Raf and VEGFR2, NVP-AALS881, has been
shown to inhibit on tumor growth, vascularization, and metastasis [39, 40]. Similarly, the
combination of agents that inhibit VEGF signaling (e.g., antibody and small molecule) and
chemopreventive agent resveratrol may offer several health benefits.

The purpose of this study was to examine whether the inhibition of PI3K/AKT and
MEK/ERK pathways enhanced the antiangiogenic effects of resveratrol through activation
of FOXO transcription factors. We have demonstrated that inhibition of PI3K/AKT and
MEK/ERK pathways acted synergistically to induce FOXO transcription activity, and
inhibit capillary tube formation and migration. Finally, anti-VEGF antibody enhanced the
anti-proliferative and anti-angiogenic effects of resveratrol, suggesting the clinical utility of
combining humanized VEGF antibody with resveratrol for the treatment of angiogenesis-
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related diseases. Furthermore, anti-angiogenic effects of resveratrol were regulated through
activation of FOXO transcription factors.

Materials and methods

Reagents

Resveratrol was purchased from LKT Laboratories, Inc. (St. Paul, MN, USA). MEK
inhibitor (PD98059) and AKT inhibitor-1V were purchased from EMD Biosciences (San
Diego, CA, USA). Dual Luciferase Reporter Assay kit was purchased from Promega
Corporation (Madison, WI, USA). Anti-human VEGF neutralizing antibodies (catalog
number MAB293 mentioned as Abl, and catalog number AF-291-NA mentioned as Ab2)
were purchased from R&D Systems (Minneapolis, MN, USA).

Cell culture and cell proliferation assay

Human umbilical vein endothelial cells (HUVECSs) were purchased from Clonetics
(Walkersville, MD, USA) and maintained in endothelial cell growth factor medium-2
(EGM2 MV SingleQuots, Clonetics) supplemented with 5% FBS. Stock solutions of the
resveratrol were prepared in DMSO and diluted with complete medium, and an equal
volume of DMSO (final concentration, 0.05%) was added to the controls. For cell
proliferation assay, HUVECSs were seeded in 24-well plates and treated with either anti-
VEGF Abl or anti-VEGF Ab2 in the presence or absence of resveratrol for 48 h. Viable
cells were counted under a microscope after staining cells with trypan blue dye.

Capillary tube formation assay

Cell migration assay was performed as we described earlier [41]. In brief, matrigel (100 pl)
was added to wells of a 96-well culture plate and allowed to polymerize for 1 h at 37°C. To
examine the effects of resveratrol on in vitro angiogenesis, subconfluent HUVECs were
resuspended in complete medium and added to matrigel containing wells (1 x 10 cells/
well), and exposed to resveratrol or DMSO (control). The plates were incubated at 37°C in a
humidified atmosphere of 95% air and 5% CO,. Capillary tube formation was assessed after
24 h by counting the total number of capillary-like tubular structures from three randomly
chosen fields using an inverted microscope.

In vitro cell migration assay

Cell migration assay was performed as we described earlier [41]. In brief, migration of
HUVEC cells was assessed using Transwell Boyden chamber (Corning, Acton, MA, USA)
containing a polycarbonated filter with a pore size of 8-uM. HUVECs (4 x 104 cells in 0.2
ml) cells in complete medium was mixed with desired concentration of resveratrol or DMSO
(control), and the cell suspension was added to the upper chamber. The lower chamber
contained 0.6 ml of complete medium with the same concentration of resveratrol or DMSO.
Migration through the membrane was determined after 24 h of incubation at 37°C. Cells
remaining on the topside of the transwell membrane were removed using a cotton swab. The
membrane was washed with ice-cold phosphate-buffered saline (PBS). Cells that had
migrated to the underside were fixed with 90% methanol and stained with Giemsa. Cell
migration was quantified by counting the number of cells per field in five random fields.
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Luciferase assay

HUVEC cells were transfected with empty vector, FOXO1-TM, FOX03a-TM, or FOX04-
TM along with reporter plasmids, p6xDBE-luc, and pRL-TK [23]. The FOXO expression
vectors (wild-type and phosphorylation-deficient mutants) and FOXO-luciferase constructs
have been described elsewhere [23, 42]. After 24 h, transfection medium was replaced with
culture medium and cells were treated with resveratrol (10-20 uM). After incubation of 24
h, the relative luciferase activity, i.e., firefly enzyme activity divided by that of the Renilla
enzyme, was determined using Dual Luciferase Reporter Assay System (Promega)
according to the manufacturer's protocol.

Western blot analysis

Cells were washed with PBS, collected using a cell scraper, and lysed in RIPA buffer
containing protease inhibitor mixture (Sigma-Aldrich, St. Louis, MO, USA). After
sonication, the lysate was centrifuged for 30 min at 13000 rpm, and the supernatant was
collected. Protein concentration was determined, and equal amounts of protein were
subjected to SDS-PAGE (12% polyacrylamide). After electrophoresis, proteins were
transferred to polyvinylidene difluoride membrane, blocked 1 h at room temperature with
5% nonfat dry milk, and incubated overnight with primary antibody (dilution 1:1000) in
blocking solution. After washing thrice with 0.1% TBS-Tween, the blots were incubated
with HRP-conjugated secondary antibody (dilution 1:2000). Proteins were detected using
ECL substrate (Thermo Fisher, Pittsburgh, PA, USA).

Immunofluorescence analysis

HUVECs were grown on fibronectin-coated coverslips (Beckton Dickinson, Bedford, MA,
USA), washed in PBS, and fixed for 15 min in 4% paraformaldehyde. Cells were
permeabilized in 0.1% Triton X-100, washed and blocked in 10% normal goat serum. Cells
were incubated with anti-FOXO3a antibody (1:200) for 18 h at 4°C. Cells were then washed
and incubated with fluorescently labeled secondary antibodies (1:200) along with DAPI (1
pg/ml) for 1 h at room temperature. Cells were washed and coverslips were mounted using
Vectashield (Vector Laboratories, Burlington, CA, USA). Isotype-specific negative controls
were included with each staining. Stained cells were mounted and visualized under a
fluorescence Olympus microscope (Olympus America Inc., Center Valley, PA, USA).
Pictures were captured using a Photometrics Cool-snap CF color camera (Olympus) and
SPOT software (Diagnostic Instruments, Inc., Sterling Heights, MI, USA).

Statistical analysis

The mean and SD were calculated for each experimental group. Differences between groups
were analyzed by one- or two-way ANOVA using PRISM statistical analysis software
(GrafPad Software, Inc., San Diego, CA, USA). Significant differences among groups were
calculated at P < 0.05.
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Inhibitory effects of resveratrol on HUVEC cell migration and capillary tube formation are
enhanced by inhibitors of AKT and MEK1/2

The PI3K/AKT and MEK/ERK pathways have been shown to enhance angiogenesis which
plays a critical role in tumor development [13, 43]. Therefore, agents that inhibit
angiogenesis can be developed for the treatment of human diseases. Cellular events such as
endothelial cell migration and capillary tube formation are important events for
angiogenesis. In order to inhibit PI3BK/AKT and MEK/ERK pathways, we have used AKT
inhibitor IV and PD98059, respectively. AKT inhibitor IV is a cell-permeable
benzimidazole compound that inhibits AKT phosphorylation/activation by targeting the
ATP binding site of a kinase upstream of AKT, but downstream of PI3K [44]. It has been
shown to block AKT-mediated FOXO1 nuclear export and cell proliferation [44]. Unlike
phosphatidylinositol analog-based AKT inhibitors, this inhibitor does not affect PI3K [44].
We first examined whether resveratrol inhibits HUVEC cell migration using a modified
Boyden Chamber assay (Fig. 1a, b). A large fraction of HUVEC cells migrated to the
bottom face of the membrane in control group. Inhibitors of AKT (AKT inhibitor IV) and
MEK1/2 (PD98059) alone resulted in inhibition HUVEC cell migration. Similarly,
resveratrol inhibited HUVEC cell migration. Interestingly, the combination of AKT
inhibitor IV and PD98059 inhibited cell migration in an additive manner. Furthermore, the
inhibitory effects of resveratrol on cell migration were further enhanced in the presence of
inhibitors of AKT and/or MEK1/2.

We next examined the interactive effects of PI3K/AKT and MEK/ERK pathways on
capillary tube formation by HUVEC on growth factor-reduced matrigel, which is a well-
accepted technique to measure in vitro angiogenesis [45]. AKT inhibitor 1V, PD98059, and
resveratrol alone inhibited capillary tube formation (Fig. 1c, d). The treatment of cells with
AKT inhibitor IV and PD98059 resulted in synergistic inhibition of capillary tube formation.
Interestingly, the inhibitory effects of resveratrol on capillary tube formation were further
enhanced in the presence of AKT inhibitor IV and/or PD98059. These data suggest that the
inhibition of PI3K/AKT and MEK/ERK pathways acts synergistically to inhibit migration
and capillary tube formation by HUVEC cells, and regulation of these two pathways can
significantly control angiogenesis.

The inhibitory effects of resveratrol on HUVEC cell migration and capillary tube formation
can be enhanced by phosphorylation deficient mutants of FOXO (FOXO1-TM and FOXO3A-

™)

We and others have demonstrated that phosphorylation-deficient mutants of FOXO inhibit
in vitro angiogenesis [23, 45-47]. All the three AKT phosphorylation sites in this FOXO
proteins were mutated to alanines, allowing it to escape the phosphorylation-induced
cytoplasmic sequestration by AKT and localize exclusively in the nucleus. We therefore
examined the involvement of FOXO transcription factors in resveratrol-induced migration
and capillary tube formation by HUVEC cells (Fig. 2). Since dephosphorylated FOXO
transcription factors translocate to nucleus and induce gene transcription, we used
phosphorylation-deficient mutants of FOXO (constitutively active) to activate its
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transcriptional activity. Overexpression of phosphorylation-deficient mutants of FOXO
(FOXO01-TM, FOX03a-TM, or FOX04-TM) inhibited migration and capillary tube
formation by HUVEC cells. The inhibitory effects of resveratol on HUVEC cell migration
and capillary tube formation were further enhanced by over-expressing FOXO1-TM,
FOX03a-TM, or FOX04-TM. These data suggest that resveratrol may inhibit angiogenesis
through activation of FOXO transcription factors.

Resveratrol-induced FOXO activity in HUVEC cells can be enhanced by AKT inhibitor IV
and PD98059, or phosphorylation-deficient mutants of FOXO

We next examined whether inhibition of PI3BK/AKT and MEK/ERK pathways act
synergistically to induce FOXO transcriptional activity in a luciferase reporter gene assay
which measures FOXO function, and how inhibition of these two pathways regulate
resveratrol-induced FOXO activity (Fig. 3a). AKT inhibitor IV, PD98059, and resveratrol
alone induced FOXO transcriptional activity. The combination of AKT inhibitor IV and
PD98059 had a synergistic effect on FOXO activity. Furthermore, resveratrol-induced
FOXO transcriptional activity was further enhanced in the presence of either AKT inhibitor
IV or PD98059. These data suggest that inhibition of PI3K/AKT and MEK/ERK pathways
act synergistically to induce FOXO transcriptional activity, and inhibition of these two
pathways further enhanced resveratrol-induced FOXO activity.

We next examined whether resveratrol induces transcriptional activation of FOXO in the
presence or absence FOXO1-TM, FOX03a-TM, or FOX04-TM (phosphorylation-deficient
triple mutant) (Fig. 3). HUVEC cells were transfected with p6xDBE-luciferase reporter
construct in the presence or absence of plasmids expressing FOXO1-TM, FOX03a-TM, or
FOXO04-TM. After transfection, cells were treated with resveratrol for 24 h, and luciferase
activity was measured. Transfection of cells with plasmids expressing FOXO1-TM,
FOX03a-TM, or FOX04-TM-induced FOXO transcriptional activity compared with the
empty vector (control). Resveratrol-induced FOXO transcriptional activity was further
enhanced in the presence of phosphorylation-deficient mutants of FOXO1, FOX03a, and
FOXOA4. These data indicate that inhibition of PI3K/AKT and MEK/ERK pathways act
synergistically to activate FOXO transcription factors, and activation of FOXO transcription
factors further enhances the anti-angiogenic effects of resveratrol. These results indicate that
resveratrol enhances the function of FOXO proteins independent of effects on
phosphorylation by AKT, since those sites have been mutated. This may be because
deacetylation of FOXO proteins enhances DNA binding activity, as suggested by Daitoku et
al. [48]. The enhanced DNA binding activity also serves to limit the availability of FOXO
proteins for phosphorylation by AKT [48]. So, rather than enhancing dephosphorylation of
phospho-FOXO proteins, resveratrol may be simply inhibiting the rephosphorylation of
FOXO proteins after they have been dephosphorylated. Thus, resveratrol treatment inhibits
the accumulation of phospho-FOXO, either by inhibiting the phosphorylation of FOXO
proteins or by promoting the dephosphorylation of phospho-FOXO.
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Dephosphorylation of FOXO3a by AKT inhibitor IV and/or PD98059 is enhanced by
resveratrol in HUVEC cells

Since AKT inhibitor IV, PD98059, and/or resveratrol inhibited in vitro angiogenesis by
inducing FOXO transcriptional activity which is regulated by its dephosphorylation and
subsequent nuclear translocation, we measured the phosphorylation and nuclear
translocation of FOXO3a by Western blot analysis and immunofluorescence, respectively.
Treatment of HUVEC cells with resveratrol, AKT Inh IV, or PD98059 inhibited FOX0O3a
phosphorylation (Fig. 4a, b). The combination of resveratrol with AKT Inh IV and PD98059
inhibited FOXO3a phosphorylation than single agent alone. The inhibition of PISK/AKT
and MEK/ERK pathways together, or in the presence of resveratrol, completely inhibited
FOX03a phosphorylation. These data suggest that dephosphorylation of FOXO3a is an
important event for antiangiogenic effects of resveratrol or PI3K/AKT and MEK/ERK
pathways.

We next measured the translocation of FOXO3a to nucleus in response to treatment with
resveratrol, AKT Inh IV, PD98059, or their combinations (Fig. 4c). Treatment of HUVEC
cells with resveratrol, AKT Inh IV, or PD98059 resulted in translocation of FOXO3a to the
nucleus. The combination of resveratrol with AKT Inh IV or PD98059 caused greater
translocation of FOXO3a to the nucleus than single agent alone. The combination of AKT
Inh IV and PD98059 together, or in the presence of resveratrol, also resulted in nuclear
translocation of FOXO3a. These data suggest that dephosphorylation and nuclear
translocation of FOXO3a are critical for antiangiogenic effects of resveratrol or PI3BK/AKT
and MEK/ERK pathways.

Neutralization of VEGF by anti-VEGF antibody enhances anti-proliferative and anti-
angiogenic effects of resveratrol

Angiogenesis, the growth of new blood vessels, is required for a variety of normal
proliferative processes and neo-plastic growth and metastasis [49]. VEGF stimulates
vascular endothelial cell proliferation and it is a potent inducer of physiological and
pathological angiogenesis [50]. It is a soluble protein secreted by a wide variety of cell
types, and the inhibition of VEGF by antibody has been shown to inhibit angiogenesis [32—
34]. We therefore examined the involvement of VEGF on antiangiogenic effects of
resveratrol by using VEGF antibody. In order to neutralize the secreted VEGF, we have
used two anti-human VEGF antibodies (Anti-VEGF Ab1, catalog number MAB293; and
anti-VEGF Ab2, catalog number AF-293-NA). Both of these antibodies possess specificity
to human VEGFg5 and human VEGF1,1, but with varying VEGF neutralizing bioactivity
(0.04-0.08 pg/ml Ab1l versus 0.01-0.03 pug/ml ab2 will neutralize 50% of the bioactivity due
to 10 ng/ml of rhVEGF cell proliferation assay). Anti-VEGF Ab1l, anti-VEGF Ab2, and
resveratrol alone inhibited HUVEC cell proliferation (Fig. 5a). The combination of
resveratrol with either anti-VEGF Ab1 or anti-VEGF Ab2 further inhibited cell
proliferation. These data suggest that VEGF acts as a growth factor and neutralization of
VEGF enhances anti-proliferative effects of resveratrol.

Since VEGF binds to VEGF-receptors and can induce endothelial cell mitosis, invasion, and
eventually capillary tube formation, we sought to examine the effects of neutralizing VEGF
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on HUVEC cell migration and capillary tube formation (Fig. 5b, c). Anti-VEGF Abl, anti-
VEGF Ab2, and resveratrol alone inhibited HUVEC migration and capillary tube formation.
The combination of resveratrol with either anti-VEGF Ab1 or anti-VEGF Ab2 further
inhibited HUVEC cell migration and capillary tube formation. These data suggest that anti-
angiogenic effects of resveratrol are exerted through production of VEGF.

Discussion

Resveratrol (3,5,4’-trihydroxystilbene) is a naturally occurring phytoalexin produced by a
wide variety of plants in response to stress, injury, and fungal infection. Resveratrol has
been shown to suppress diverse cellular events associated with each step of carcinogenesis,
i.e., tumor initiation, promotion, and progression [3]. To the best of our knowledge, this is
the first study to demonstrate that inhibition of PI3K/AKT and MEK/ERK pathways acted
synergistically to induce activation of FOXO transcription factors and enhanced the anti-
angiogenic effects of resveratrol in HUVEC cells. Inhibitors of AKT and MEK
synergistically inhibited cytoplasmic phosphorylation of FOXO3a, and enhanced its nuclear
translocation in HUVECs. Specifically, cell migration and capillary tube formation were
inhibited by inhibitors of AKT and MEK, and phosphorylation-deficient mutants of FOXO1,
FOXO03a, and FOXO4. Similar to this study, we have recently demonstrated that (i) another
chemopreventive agent EGCG inhibited markers of angiogenesis, invasion, and metastasis
in vitro and in nude mice [45], (ii) inhibition of PI3BK/AKT and MEK/ERK pathways
converge to regulate angiogenesis through activation of FOXO transcription factors [43],
and (iii) the FOXO transcription factors mediate anti-angiogenic effects of EGCG [43].

Angiogenesis, the sprouting of new capillaries from the preexistent blood vessels, is of
central importance in many biological processes, including embryonic vascular development
and differentiation, wound healing, and organ regeneration [51, 52]. In addition,
angiogenesis plays a major role in pathological conditions such as diabetic retinopathy,
rheumatoid arthritis, psoriasis, cardiovascular diseases, tumor growth, and metastasis [53,
54]. During angiogenesis, endothelial cells migrate, proliferate, organize into tube-like
structures, and play an active role in tissue remodeling. In this study, resveratrol inhibited
cell migration and capillary tube formation, and these beneficial effects of resveratrol were
further enhanced in the presence of MEK/ERK kinase inhibitor, pointing a positive role of
ERK in angiogenesis and metastasis. Furthermore, inhibition of PI3K/AKT and MEK/ERK
pathways together resulted in synergistic inhibition of cell migration and capillary tube
formation through activation of FOXO transcription factors.

Members of the FOXO family of transcription factors have been postulated to be tumor
suppressors because of their established roles in cell-cycle arrest, apoptosis, DNA-damage
repair, and scavenging of reactive oxygen species. Recently, several animal model studies
have shown that the FOXO proteins are indeed tumor suppressors. Furthermore, FOXO
proteins have recently been implicated in the negative regulation of signaling by the
hypoxia-inducible factor 1 during vascular development, raising the possibility that the
FOXO proteins suppress not only tumor formation, but also tumor angiogenesis and,
possibly, metastasis. FOXO1 and FOXO3a are the most abundant FOXO isoforms in mature
endothelial cells and that overexpression of constitutively active FOXO1 or FOX03a
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significantly inhibits endothelial cell migration and tube formation in vitro [47]. Silencing of
either FOXO1 or FOX03a gene expression led to a profound increase in the migratory and
sprout-forming capacity of endothelial cells. The FOXO1-deficient mice died around
embryonic day 11 because of defects in the bronchial arches and impaired vascular
development of embryos and yolk sacs [23]. Gene expression profiling showed that FOXO1
and FOXO3a specifically regulate a nonredundant but overlapping set of angiogenesis- and
vascular remodeling-related genes. Whereas Ang-2 was exclusively regulated by FOXO1,
eNQOS, which is essential for postnatal neovascularization, was regulated by FOXO1 and
FOXO03a. Consistent with these findings, constitutively active FOX0O1 and FOX0O3a
repressed eNOS protein expression. In vivo, FOXO3a deficiency increased eNOS
expression and enhanced postnatal vessel formation and maturation. Nuclear expression of
FOXO04 resulting in the suppression of various response to hypoxia, including decreased
VEGF, glucose transporter-1, and erythropoietin expression [55]. In our study, all the three
forms of FOXO proteins appear to play significant role in inhibiting angiogenesis.

FOXOL1 contains 15 consensus phosphorylation sites for the MAPK family. The
phosphorylation of FOXO1 was demonstrated by ERK and p38 MAPK but not by JNK [28].
Epidermal growth factor or anisomycin increased phosphorylation of exogenous FOXO1,
which was significantly inhibited by pretreatment with an MEK 1 inhibitor, PD98059, or a
p38 inhibitor, SB203580 [28]. Phosphopeptide mapping using mutation of phosphorylation
sites for MAPK revealed that the nine serine residues in FOXOL1 are specifically
phosphorylated by ERK and that five of the nine residues are phosphorylated by p38 in vivo
[28]. These data suggest that FOXOL1 is specifically phosphorylated by ERK and p38, and
that this phosphorylation regulates the function of FOXOL1. In this study, MEK inhibitor and
phosphorylation-deficient mutants of FOXO activated FOXO transcription factor, resulting
in inhibition of capillary tube formation and HUVEC cell migration. Resveratrol further
enhanced the inhibitory effects of MEK inhibitor on capillary tube formation and cell
migration by HUVECs. These data suggest that anti-angiogenic effects of resveratrol can be
mediated through inhibition of MEK/ERK pathway and activation FOXO transcription
factor.

Activation of PI3BK/AKT pathway leads to phosphorylation and nuclear exclusion of the
transcription factor FOXO [56]. Inhibition of AKT phosphorylation causes
dephosphorylation of FOXO1 proteins followed by their nuclear translocation and induction
of gene transcription such as angiogenesis-related molecule Ang-2 [24], a competitive
antagonist of Ang-1, and eNOS [57]. Ang-1 has potential therapeutic applications in
inducing angiogenesis, enhancing endothelial cell survival, and preventing vascular leakage.
Ang-1 inhibits FOXOL1 and thereby the expression of its antagonist Ang-2 [46]. In contrast,
this regulation implies a positive feedback loop in which an increase in Ang-2 expression,
blocking Ang-1 effects, leads indirectly to activation of FOXO1, resulting in a further
increase in the expression of Ang-2 and other FOXOL target genes. In this study, AKT
inhibitor IV blocks capillary tube formation and HUVEC cell migration through
transcription activation of FOXO, which may regulate the expression of angiogenesis-
related genes.

Mol Cell Biochem. Author manuscript; available in PMC 2014 September 04.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Srivastava et al.

Page 11

Anti-angiogenic therapies that target VEGF and the VEGFR are effective adjuncts to the
treatment of solid tumors. VEGF is a key molecule that orchestrates the formation and
function of vascular networks [50]. Impaired regulation of angiogenesis is implicated in a
number of pathologic states [58]. For instance, neoplasias exhibit uncontrolled angiogenesis,
whereas ischemia and states of vascular insufficiency involve reduced VEGF activity [59].
As the role of VEGF has been elucidated in these disease processes, its therapeutic role has
been developed [50]. The Food and Drug Administration has approved several anti-VEGF
agents (e.g., bevacizumab, Avastin) for treating colorectal, breast, lung, and kidney cancer
or age-related macular degeneration [31]. Treatment with bevacizumab is commonly
combined with cytotoxic chemotherapy and results in dramatic responses seen on
radiographs, prolongation of progression-free survival, and less need for corticosteroids.
VEGF-inducing agents have also been used experimentally to induce angiogenesis in
patients with critical limb ischemia. Similar results have been shown with small-molecule
inhibitors of VEGFR, such as cediranib. In this study, VEGF neutralizing antibody enhanced
the anti-proliferative and anti-angiogenic effects of resveratrol. Because resveratrol and
VEGF antibody act on two different pathways critical to tumor growth and dissemination,
administering these drugs concomitantly may confer additional clinical benefits to cancer
patients with advanced disease, by virtue of their complementary (or additive) antitumor
activity. As more knowledge is gathered about the biology of VEGF and its receptors, there
is greater promise for therapeutic modulation of VEGF expression.

In conclusion, we have demonstrated that inhibition of PI3K/AKT and Ras/MEK/ERK
pathways interact synergistically to activate FOXO transcription factors which, in turn,
inhibit angiogenesis. Furthermore, inhibition of both of these pathways further enhances the
anti-angiogenic effects of resveratrol. The activation of FOXO transcription factors through
inhibition of Ras/MEK/ERK and PI3K/AKT pathways may have physiological significance
in management of diabetic retinopathy, rheumatoid arthritis, psoriasis, cardiovascular
diseases, and cancer. The combination of VEGF neutralizing antibody with resveratrol may
have additional health benefits than single agent alone. Since activation of FOXO
transcription factors inhibits angiogenesis, the development of small molecules that block
phosphorylation of FOXO which result in its activation could be developed as anti-
angiogenic drugs.
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Fig. 1.
Inhibition of cell migration and capillary tube formation by inhibitors PI3K/AKT and

MEK/ERK pathways are enhanced resveratrol. a Migration of HUVEC cells was assessed
using Transwell Boyden chamber containing a polycarbonated filter. HUVECs (4 x 104
cells) were pretreated with AKT inhibitor IV (1 uM) and/or MEK1/2 inhibitor PD98059 (10
uM) for 2 h, followed by treatment with resveratrol (20 uM) or DMSO (control). Migration
through the membrane was determined after 24 h of incubation at 37°C. Cells that had
migrated to the lower chamber were fixed with 90% methanol, stained with giemsa,
quantified by counting the number of cells under a microscope. Data represent mean + SD. *
and # significantly different from control, P < 0.05. b HUVEC cells were treated as
described in (a). Cells that had migrated to the lower chamber were fixed with 90%
methanol, and photographed with a digital camera attached to a microscope. c HUVECs (10
x 10%) were seeded in 24-well plates containing matrigel, and pretreated with AKT inhibitor
1V (1 pM) and/or MEK1/2 inhibitor PD98059 (10 uM) for 2 h, followed by treatment with
resveratol (20 uM) or DMSO (control) for 24 h. Capillary tube structures were photographed
with a digital camera attached to a microscope. d HUVECs cells were seeded and treated as
described in (c). Capillary tubes were counted under a microscope. Data represent mean +
SD. * and # significantly different from control, P < 0.05
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Fig. 2.
Phosphorylation-deficient mutants of FOXO transcription factor enhance the inhibitory

effects of resveratrol on HUVEC migration and capillary tube formation. a HUVEC (4 x
10%) cells were transiently transfected with empty vector, FOXO1-TM, FOXO3A-TM, or
FOXO04-TM along with pPCMV-LacZ vector (as transfection control) and treated with or
without resveratrol (20 uM). Migration through the membrane was determined after 24 h of
incubation at 37°C. Cells that had migrated to the lower chamber were fixed with 90%
ethanol, stained with Geimsa, quantified by counting the number of cells under a
microscope. Data represent mean = SD. * and # significantly different from control, P <
0.05. b HUVEC (4 x 10%) cells were transiently transfected with empty vector, FOXO1-TM,
FOXO3A-TM, or FOX04-TM along with pCMV-LacZ vector (as transfection control) and
treated with or without resveratrol (20 uM) for 24 h. Capillary tubes were counted under a
microscope. Data represent mean = SD. * and # significantly different from control, P <
0.05
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Fig. 3.

Inﬁibitors of PI3K/AKT and MEK/ERK pathways or phosphorylation deficient mutants of
FOXO-enhanced resveratrol-induced FOXO transcriptional activity in HUVEC cells. a
Inhibition of PI3BK/AKT and MEK/ERK pathways synergistically enhanced resveratrol-
induced FOXO activity in HUVEC cells. HUVEC cells were transiently transfected with 6x
DBE-luciferase and pRL-TK plasmids for 24 h [42]. After transfection, HUVEC cells were
pretreated with AKT inhibitor IV (1 uM) and/or MEK1/2 inhibitor PD98059 (10 uM) for 2
h, followed by treatment with or without resveratrol (20 uM) for 24 h. Cells were harvested
for firefly/Renilla luciferase assays using the Dual-Luciferase Reporter Assay System
(Promega). Luciferase counts were normalized using Renilla luciferase transfection control.
Data represent the mean + SD. *, #, and % significantly different from respective controls, P
< 0.05. b Phosphorylation deficient mutants of FOXO enhanced resveratrol-induced FOXO
transcriptional activity in HUVEC cells. HUVEC cells were transiently transfected with
empty vector or constructs encoding FOXO1-TM, FOX03a-TM, or FOX04-TM together
with 6x DBE-luciferase and pRL-TK plasmids for 24 h [42]. After transfection, cells were
washed, treated with resveratrol (20 pM) for 24 h, and harvested for firefly/Renilla
luciferase assays using the Dual-Luciferase Reporter Assay System (Promega). Luciferase
counts were normalized using Renilla luciferase transfection control. Data represent the
mean £ S.D. *, #, and ** significantly different from respective controls, P < 0.05
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Fig. 4.

Inhibition of FOXO3a phosphorylation by inhibitors of AKT, MEK/ERK, and resveratrol. a
HUVEC cells were pretreated with AKT inhibitor 1V (1 uM) and/or MEK1/2 inhibitor
PD98059 (10 uM) for 2 h, followed by treatment with or without resveratrol (20 uM) for 24
h. Cells were harvested and cytoplasmic fractions were prepared. Crude proteins were
subjected to Western blot analysis to measure the expression of phospho-FOXO3a and total
FOXO03a. b Expression density of pFOXO3a. The expression density of phospho-FOX03a
protein was quantified from Western blot reported in (a), and plotted on Y-axis. The Control
band was normalized to 1. *, #, and % significantly different from respective control, P <
0.05. ¢ Nuclear translocation of FOXO3a. HUVECs were seeded in chambered slides and
treated with or without resveratrol (20 uM) for 18 h. Cells were fixed, permeabilized, and
stained with anti-FOXO3a antibody at 4°C for 18 h. After washing, cells were stained with
DAPI (nuclear staining) and secondary antibody conjugated with FITC, and visualized
under a fluorescence microscope. Green color FOXO3a, red color nucleus (for clarity the
color of nucleus was changed from blue to red), yellow colocalization of FOXO3a to nucleus
(Color figure online)
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Fig. 5.

Neutralization of VEGF enhances the anti-proliferative and anti-angiogenic effects of

+ Resveratrol
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resveratrol. HUVEC cells were co-treated with either anti-VEGF Ab1 (2 pg/ml) or anti-
VEGF Ab2 (5 pg/ml) in the presence or absence of resveratrol (20 uM) for 48 h. At the end
of incubation period, cell proliferation (a), cell migration (b), and percent tube formation
were determined as described in Experimental Procedures. Data represent the mean + SD. *,
#, @, or % significantly different from respective controls, P < 0.05
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