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Abstract

Targeting angiogenesis, one of the hallmarks of carcinogenesis, using non-toxic phytochemicals 

has emerged as a translational opportunity for angioprevention and to control advanced stages of 

malignancy. Herein, we investigated the inhibitory effects and associated mechanism/s of action 

of Procyanidin B2-3,3″-di-O-gallate (B2G2), a major component of grape seed extract, on human 

umbilical vein endothelial cells (HUVECs) and human prostate microvascular endothelial cells 

(HPMECs). Our results showed that B2G2 (10–40 μM) inhibits growth and induces death in both 

HUVECs and HPMECs. Additional studies revealed that B2G2 causes a G1 arrest in cell cycle 

progression of HUVECs by down-regulating cyclins (D1 and A), CDKs (Cdk2 and Cdc2) and 

Cdc25c phosphatase and up-regulating CDK inhibitors (p21 and p27) expression. B2G2 also 

induced strong apoptotic death in HUVECs through increasing p53, Bax and Smac/Diablo 

expression while decreasing Bcl-2 and survivin levels. Additionally, B2G2 inhibited the growth 

factors-induced capillary tube formation in HUVECs and HPMECs. Interestingly, conditioned 

media (CCM) from prostate cancer (PCA) cells (LNCaP and PC3) grown under normoxic (~21% 

O2) and hypoxic (1% O2) conditions significantly enhanced the tube formation in HUVECs, 

which was compromised in presence of conditioned media from B2G2-treated PCA cells. B2G2 

also inhibited the motility and invasiveness of both HUVECs and HPMECs. Mechanistic studies 

showed that B2G2 targets VEGFR2/PI3K/Akt and integrin signaling molecules which are 

important for endothelial cells survival, proliferation, tube formation and motility. Overall, we 
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report that B2G2 inhibits several attributes of angiogenesis in cell culture; therefore, warrants 

further investigation for its efficacy for angioprevention and cancer control.
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INTRODUCTION

Angiogenesis refers to the formation of new blood vessels from preexisting ones and is 

required in many physiological and pathological conditions like embryonic development, 

wound healing, tissue regeneration and tumor growth [1, 2]. Developing tumors are fast 

growing mass of cells with high metabolic rate and their requirement for nutrients is far 

greater than normal tissues. Likewise, tumor cells also produce more metabolic wastes than 

normal cells [3, 4]. Therefore, in order to ensure a constant supply of nutrients and oxygen 

along with efficient removal of metabolic waste, developing solid tumor promotes 

angiogenesis for sustained growth and progression [3, 5, 6]. Angiogenesis is a complex 

multi-step process which is tightly regulated by endogenous pro- and anti-angiogenic factors 

[7, 8]. Tumor cells including prostate cancer (PCA) cells are known to secrete various pro-

angiogenic factors and the secretion of these factors is further potentiated under low oxygen 

(hypoxic) conditions to enhance the blood supply [5, 9, 10]. Among the pro-angiogenic 

factors secreted by tumor cells, vascular endothelial growth factor (VEGF) is considered as 

the most important growth factor responsible for angiogenesis, and thus, for sustaining 

tumor growth. VEGF promotes angiogenesis by activating endothelial cells to enhance their 

proliferation, migration and invasiveness of these cells which results in the formation of new 

blood vessels [11–13]. Due to the fact that tumor cells depend heavily on angiogenesis for 

their growth and progression, angiogenesis has emerged as an attractive target for both 

cancer chemoprevention and therapy [7, 8, 14–16].

Several angiogenesis inhibitors have been identified due to the dedicated efforts of various 

groups to this field, and many of these inhibitors have already been approved by U.S. Food 

and Drug Administration (FDA) for their use either alone or in combination with 

chemotherapeutic drugs and several others are at different stages of clinical trials [17, 18]. 

Most of the identified angiogenesis inhibitors act by targeting VEGF/VEGF receptor 

(VEGFR) signaling, which in principle, is a sound strategy to inhibit solid tumor growth and 

yields positive result initially; however, in due course of time, tumor cells develop resistance 

through circumventing these molecules and continue to spread vascular networks [19]. 

Moreover, recent research has also shown that beside VEGF, tumor cells secrete other pro-

angiogenic factors like basic fibroblast growth factor (bFGF), hepatocyte growth factor 

(HGF) and transforming growth factor (TGF) to promote angiogenesis [3, 20, 21]. 

Furthermore, these treatment options are often associated with the burden of high cost, 

serious side effects and unacceptable level of toxicity; therefore, broad spectrum 

angiogenesis inhibitors that are safe, non-toxic and cost-effective are needed [7, 22, 23].
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As per the cancer incidence data, it has been observed that Asian populations show lower 

risk of acquiring various types of cancers including PCA than their Western counterparts, 

and this has been linked to their higher consumption of vegetarian diet including fruits and 

vegetables along with lesser consumption of red meat, animal fat and processed food [24–

26]. The preventive and inhibitory effects of more consumption of fruits and vegetables on 

the risk of acquiring specific cancers has been attributed to the presence of key 

phytochemicals that modulate signaling pathways deregulated in cancer [2, 15]. Therefore, 

many phytochemicals have become prime focus of scientific investigations for their anti-

cancer and angiopreventive activities, and are already reported to inhibit tumor angiogenesis 

in in vitro as well as in vivo models [7, 27–29]. In the present study, we evaluated the 

potential anti-angiogenic efficacy of one such phytochemical namely Procyanidin B2 3,3″-

di-O-gallate (B2G2) (Fig 1A) in various established angiogenesis-related cell culture 

models. B2G2 has been identified by our laboratory as the most active constituent of grape 

seed extract (GSE), a naturally occurring dietary agent with proven potential against various 

malignancies including PCA [30–32]. Earlier, we have shown that B2G2 is effective against 

various PCA cells such as LNCaP, C4-2B, DU145 and PC-3 by causing growth inhibition 

and inducing apoptosis in these cells; however, its anti-angiogenic activity is still unknown 

[31, 32]. Our results suggest that B2G2 inhibits proliferation, capillary tube formation, 

motility and invasiveness of endothelial cells by inducing cell cycle arrest and apoptosis and 

by targeting VEGFR2/PI3K/Akt and Integrin signaling pathways, which indicate towards its 

strong and promising anti-angiogenic activity.

MATERIALS AND METHODS

Cell lines and reagents

Human umbilical vein endothelial cells (HUVECs, Cat # cAP-0001) and human prostate 

microvascular endothelial cells (HPMECs, Cat # cAP-0014) were purchased from Angio-

Proteomie (Boston, MA) and cultured in EBM-2 medium supplemented with 2% fetal 

bovine serum (FBS) and supplements (hFGF, VEGF, IGF-1, hEGF, Hydrocortisone, 

Ascorbic acid, GA-1000 and Heparin) (EGM-2 bulletkit) (Lonza, Walkersville, MD) under 

standard culture conditions (37°C, 95% humidified air and 5% CO2). LNCaP and PC3 

human PCA cell lines were from ATCC (Manassas, VA) and cultured under standard 

culture conditions. Antibodies for Bax (Cat # 2772), Bcl-2 (Cat # 4223), Smac/Diablo (Cat # 

2954), cleaved poly-(ADP-ribose) polymerase (PARP) (Cat # 9546), Cyclin D1 (Cat # 

2922), Cdc25c (Cat # 4688), Survivin (Cat # 2803), Integrin β1 (Cat # 9699), Integrin β3 

(Cat # 13166), Integrin β5 (Cat # 3629), Integrin αv (Cat # 4711), ILK1 (Cat # 3862), Cdc42 

(Cat # 2462), α-Actinin (Cat # 3134), Vinculin (Cat # 4650), ARP2 (Cat # 3128), ARP3 

(Cat # 4738), VEGFR2 (Cat # 9698), PI3K (Cat # 4292), PDK1 (Cat # 5662), Akt (Cat # 

4685), ERK1/2 (Cat # 9102), Src (Cat # 2109), FAK (Cat # 13009) and antibodies 

recognizing p-VEGFR2 (Cat # 2478), p-PI3K (Cat # 4228), p-PDK1 (Cat # 3061), p-Akt 

(Cat # 4060), p-ERK1/2 (Cat # 4370), p-Src (Cat # 2101), p-FAK (Cat # 3283) and 

peroxidase conjugated secondary antibodies were from Cell Signaling Technology (Beverly, 

MA). Antibodies for Cyclin A (Cat # sc-751), p21 (Cat # sc-397), p27 (Cat # sc-528), p53 

(Cat # sc-6243), Cdk2 (Cat # sc-163), Cdk4 (Cat # sc-749), Cdc2 (Cat # sc-54) and β-actin 

(Cat # sc-1615) were from Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced 
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chemiluminescence detection system was from GE healthcare (Buckinghamshire, UK). 

Matrigel were procured from BD Biosciences (San Jose, CA). B2G2 was synthesized 

according to the method published recently [32]. B2G2 stock solution was prepared in 

DMSO and stored at −80°C. An equal amount of DMSO (vehicle) was present in each 

treatment, including control; DMSO concentration did not exceed 0.1% (v/v) in any 

treatment. DMSO treated cells served as control in each experiment.

Cell viability assay

HUVECs and HPMECs were seeded (5 × 104/well) in 6-well culture plates in EGM-2 

medium with 2% FBS and growth factors (VEGF, FGF, IGF and EGF) provided by the 

vendor. After 24 h, cells were treated with different concentrations of B2G2 (10, 20, 30 and 

40 μM) for 6 or 24 h. At the end of each treatment time, cells were collected and total cell 

number and dead cell number were determined using a hemocytometer after trypan blue 

staining. Notably, based on cell death results showing minimal B2G2 effect at all 

concentrations after 6 h of its treatment, this time point was used in all biological studies 

(tube formation, invasion and migration) so that the experiments are not masked by cell 

death effect of B2G2 observed at 24 h (data shown in results section).

Cell cycle distribution and apoptosis

HUVECs were cultured in EGM-2 bullet kit and treated with different concentrations of 

B2G2 (10, 20, 30 and 40 μM) for 24 h. At the end of each treatment time, cells were 

collected and split equally in two parts. One part was subjected to Annexin V-PI staining for 

estimation of apoptotic cell death using Annexin V/Dead cell apoptosis kit (Invitrogen, 

Eugene, OR) and the other part was processed for cell cycle analysis following saponin/PI 

staining as described previously and were analyzed by FACS [32] using UCCC flow 

cytometry shared-resources facility.

Capillary Tube Formation Assay

HUVECs and HPMECs (3 × 104) were cultured in 1.0 ml EBM2 (containing 0.5% FBS with 

or without growth factors) in presence of B2G2 (20, 30 and 40 μM) on matrigel coated 

plates. Tubular structure formed by HUVECs and HPMECs, after 6 h and 8 h respectively, 

was photographed with Zeiss inverted microscope (at 100x) using Cannon Power Shot A640 

camera and AxioVision Rel.4.7 software. In a related experiment, LNCaP and PC3 cells 

were treated with either DMSO or 30 μM dose of B2G2 under normoxic (~21% O2) and 

hypoxic (1% O2) conditions in culture medium with 0.5% FBS. Media was collected after 6 

h, centrifuged and supernatant was labelled as either control conditioned media (CCM) or 

B2G2 conditioned media (BCM). These conditioned media were mixed with EBM2 media 

containing 0.5% FBS (75:25 ratio), and then added onto HUVECs and tube formation was 

studied as described above. The tubular structure formation by HUVECs and HPMECs was 

quantified by calculating the tube length (at 100x) with Zeiss inverted microscope using 

Cannon Power Shot A640 camera and AxioVision Rel.4.7 software as described previously 

[27].
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Transwell Invasion Assay

The effect of B2G2 treatment on the invasiveness of HUVECs and HPMECs was assessed 

by matrigel invasion assay using BD BioCoat Matrigel invasion chambers (BD Biosciences, 

San Jose, CA). In this assay, the bottom chambers of transwell were filled with EGM-2 

media containing 2% FBS supplemented with various growth factors, and in the top 

chambers HUVECs or HPMECs (3 × 104) were seeded in 500 μL EBM-2 media containing 

0.5% FBS with or without B2G2 (20, 30 and 40 μM). After 10 h, non-invasive cells that 

remained on the upper side of the filter membrane were gently removed by scrubbing and 

the invasive cells on the lower side of the filter membrane were fixed with ice cold methanol 

for 5 min followed by staining with hematoxylin and eosin and quantified as described 

previously [28].

Transwell Migration assay

The effect of B2G2 treatment on the migratory potential of HUVECs and HPMECs was 

assessed by transwell migration assay using Falcon 24-well cell culture inserts (BD 

Biosciences, San Jose, CA) with 8-μm pores. In this assay, the bottom chambers of transwell 

were filled with EGM-2 media containing 2% FBS supplemented with various growth 

factors, and in the top chambers HUVECs or HPMECs (3 × 104) were seeded in 500 μL 

EBM-2 media containing 0.5% FBS with or without B2G2 (20, 30 and 40 μM). After 6 h, 

cells that did not migrate through the pores and therefore remained on the upper side of the 

filter membrane were gently removed by scrubbing and the migrated cells on the lower side 

of the filter membrane were fixed with ice cold methanol for 5 min followed by staining 

with hematoxylin and eosin and quantified as described previously [28].

Immunoblot analysis

HUVECs were treated with desired concentrations of B2G2 for 6 h and 24 h and total cell 

lysates were prepared in non-denaturing lysis buffer (10 mM Tris–HCl, pH 7.4,150 mM 

NaCl, 1% Triton X-100, 1 mM ethylene diamine tetra acetic acid, 1 mM ethylene glycol-bis 

(amino ethyl ether)-tetra acetic acid, 0.5% NP-40, 0.3 mM phenyl methyl sulfonyl fluoride, 

0.2 mM sodium orthovanadate and 5 U/ml aprotinin). Protein concentration in lysates was 

determined using DC Protein assay system (Bio Rad, Hercules, CA). For immunoblot 

analyses, 50–80 μg protein lysates were run on sodium dodecyl sulfate–polyacrylamide gels 

and blotted onto nitrocellulose membranes that were probed for desired proteins using 

specific primary antibodies (dilution - 1:1000) followed by peroxidase-conjugated 

appropriate secondary antibody (dilution – 1: 2000) and visualized by enhanced 

chemiluminescence detection system (GE biosciences). Membranes were also stripped and 

re-probed again for protein/s of interest or β-actin antibody to check protein loading; 

however, only representative loading control blots are shown.

Statistical Analysis

Statistical analysis was performed using SigmaStat 2.03 software (Jandel Scientific, San 

Rafael, CA). Data was analyzed using one way ANOVA (Tukey test) and a statistically 

significant difference was considered to be at p<0.05.
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RESULTS

Effect of B2G2 on cell viability in HUVECs and HPMECs

To assess the biological effect of B2G2 treatment on endothelial cells, we determined total 

and dead cell number by trypan blue exclusion assay at 6 h and 24 h following B2G2 

treatment. As shown in Fig 1B and Fig 1C (left panels), there was no significant decrease in 

total cell number by selected B2G2 doses at 6 h in both HUVECs and HPMECs; however, at 

24 h, a significant decrease in total cell number was observed in 20, 30 and 40 μM B2G2 

treated cells. Regarding cell death, the results showed that at 6 h, although not strong, only 

40 μM dose of B2G2 caused a statistically significant cell death; however, at 24 h time 

point, all B2G2 concentrations (20, 30 and 40 μM) caused a significant cell death (Fig 1B 

and 1C, right panels).

Effect of B2G2 on cell cycle progression and apoptosis in HUVECs

Earlier studies have reported that various anti-angiogenic and cytotoxic chemotherapeutic 

agents cause cell cycle arrest and apoptosis in tumor endothelial cells [16, 33, 34]. 

Accordingly, to understand the mechanism underlying B2G2-mediated growth inhibition 

and endothelial cell death, we next examined its effect on cell cycle progression and 

apoptosis in HUVECs by saponin/PI and Annexin V-PI staining, respectively [34]. The 

results showed that B2G2 (20, 30 and 40 μM) treatment for 24 h caused a significant G1 

phase arrest which was associated with a significant decrease in S phase population (Fig 

2A). Furthermore, all the tested doses of B2G2 (10, 20, 30 and 40 μM) induced significant 

apoptotic cell death in HUVECs after 24 h of treatment (Fig 2B).

We next examined the effect of B2G2 on various cell cycle regulators, namely Cyclins, 

Cdks, Cdk inhibitors (CDKIs) and Cdc25c phosphatase to delineate their involvement in the 

observed cell cycle arrest by B2G2. As shown in Fig 2C, B2G2 treatment decreased the 

protein levels of Cyclins D1 and A; Cdk2 and Cdc2 (also known as Cdk1); and Cdc25c in 

HUVECs, with no effect on Cdk4. Furthermore, B2G2 treatment increased the levels of 

CDKIs namely p21waf1 and p27kip1 in HUVECs after 24 h of treatment (Fig 2C). The effect 

of B2G2 was dose-dependent on the expression of Cyclin D1, Cyclin A, Cdk2, Cdc2, 

Cdc25c, p21waf1 and p27kip1. PARP cleavage is a molecular marker of apoptotic cell death, 

and therefore, we next examined B2G2 effect on cleaved PARP levels, which showed that 

B2G2 induces strong PARP cleavage in HUVECs (Fig 2D). We also examined the effect of 

B2G2 on pro- and anti-apoptotic molecules in HUVECs after 24 h of its treatment. As 

shown in Fig 2D, the levels of pro-apoptotic proteins p53, Bax and Smac/diablo were 

increased, whereas a profound decrease was observed in levels of anti-apoptotic proteins 

Bcl-2 and survivin in HUVECs following B2G2 treatment.

Effect of B2G2 on capillary tube formation by HUVECs and HPMECs

To understand the effect of B2G2 on capillary tube formation by endothelial cells, we used 

two-dimensional matrigel assay and examined the effects of B2G2 (at earlier time point 

when it had almost no cell death effect) on tubular structure formed by HUVECs and 

HPMECs. As shown in Fig 3A and 3B, supplementation of growth factors to basal medium 

resulted in a strong increase in capillary tube formation by both HUVECs and HPMECs, and 
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B2G2 treatment significantly inhibited the capillary tube formation by these endothelial cells 

in a dose-dependent manner. Quantification for average tube length showed that B2G2 

treatments at 20–40 μM concentrations resulted in 21–75% and 30–68% inhibition in tube 

formation by HUVECs and HPMECs, respectively (Fig 3C).

Furthermore, it is also known in literature that to promote neo-angiogenesis, tumor cells 

secrete various pro-angiogenic factors, which act in a paracrine manner to promote 

endothelial cell survival and tubular structure formation, and that the secretion of these 

factors is more profound under hypoxic conditions [9, 10]. Therefore, LNCaP and PC3 PCA 

cells were cultured under normoxic and hypoxic conditions with or without B2G2, and 

control (CCM) and B2G2-treated conditioned media (BCM) were collected and examined 

for their tube formation ability of HUVECs. As shown in Fig 4A, CCM from LNCaP and 

PC-3 PCA cells promoted the tube formation by HUVECs and the effect was more profound 

for the conditioned media collected from PCA cells cultured under hypoxic conditions. Most 

notably, with BCM, the tube formation was disrupted and only broken tubular structures 

were observed irrespective of normoxic or hypoxic conditions. Quantification for average 

tube length showed that compared to CCM, BCM from LNCaP cells cultured under 

normoxic and hypoxic conditions resulted in 39 and 30% decrease, respectively, in tube 

formation by HUVECs. Similarly, BCM from PC-3 cells cultured under normoxic and 

hypoxic conditions showed 40 and 45% decrease, respectively, compared to CCM, in tube 

formation by HUVECs (Fig 4B). However, it is quite possible that the observed inhibitory 

effect of BCM on capillary tube formation by HUVECs is due to the presence of B2G2; and 

this aspect needs to be further studied in future, probably through culturing cells further 

without B2G2 and then collect the B2G2-treated conditioned media or through removing 

B2G2 from the conditioned media using appropriate filter.

Effect of B2G2 on motility of HUVECs and HPMECs

Endothelial cell motility i.e. invasion and migration is essential for the formation of new 

blood vessels during neo-angiogenesis, making it a critical event for tumor growth [35]. 

Accordingly, next we studied the effect of B2G2 treatment (at earlier time point when it had 

almost no cell death effect) on the invasiveness of HUVECs and HPMECs using matrigel 

transwell invasion assay. As shown in Fig 5A, B2G2 treatment inhibited the number of 

HUVECs invading through the matrigel by 33%, 76% and 90% at 20, 30 and 40 μM doses, 

respectively. Similarly, B2G2 treatment also inhibited the number of HPMECs invading 

through the matrigel by 43%, 63% and 65% at 20, 30 and 40 μM doses, respectively (Fig 

5B).

Next, we examined the effect of B2G2 treatment on the migratory properties of HUVECs 

and HPMECs using transwell migration assay. As shown in Fig 5C, B2G2 treatment (at 

earlier time point when it had almost no cell death effect) inhibited the migration of 

HUVECs by 32%, 67% and 88% at 20, 30 and 40 μM doses, respectively. Similarly, B2G2 

treatment also inhibited the migration of HPMECs by 25%, 59% and 81% at 20, 30 and 40 

μM doses, respectively (Fig 5D). Taken together, B2G2 inhibited endothelial cell motility 

(invasion and migration) in a dose-dependent manner.
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Effect of B2G2 on VEGFR-PI3K-Akt and Integrin signaling in HUVECs

VEGF has been considered as a prime regulator of angiogenesis and controls proliferation, 

motility and tube formation in endothelial cells [36]. Since VEGF regulates angiogenesis, 

targeting this biological process via the inhibition of VEGFR2/PI3K/Akt signaling axis 

represents a promising strategy for cancer chemoprevention and therapy [11, 27]. As shown 

in Fig 6A, significant inhibition in phosphorylation of VEGFR2, PI3K, PDK1 and Akt, 

without noticeable change in total levels, in HUVECs was observed following B2G2 

treatment for 6 h indicating that the observed inhibition in tube formation, invasion and 

motility by B2G2 could be due to its ability to inhibit VEGFR signaling. Importantly, at this 

time point (6 h), B2G2 did not show much cytotoxicity in HUVECs (Fig 1B). B2G2 

treatment also moderately (mainly at 40 μM dose) decreased the phosphorylation of ERK1/2 

in HUVECs (Fig 6A).

Endothelial cell motility is essential during angiogenesis and requires the activation of 

signaling pathways (such as Integrins) that converge on to actin remodeling. Besides 

chemotactic motility in response to cytokines, endothelial cells also migrate in response to 

ECM components which is primarily dependent on interaction between Integrins and ECM 

[35, 37–39]. Therefore, we also examined the effect of B2G2 on the expression level of 

Integrins and their downstream signaling molecules which are involved in actin remodeling. 

As shown in Fig 6B, B2G2 treatment down-regulated the expression of Integrins αv and β3 

at 40 μM dose, while no effect was observed on Integrins β1 and β5 expression in HUVECs. 

Furthermore, B2G2 treatment also decreased the ILK1 level, more profoundly at 40 μM 

dose (Figure 6B). Furthermore, the phosphorylation of kinases namely Src kinase and FAK, 

regulating the actin remodeling and the formation of focal adhesions, was also decreased 

following B2G2 treatment without affecting their total levels (figure 6B). Moreover, 

engagement of Integrins to ECM stimulates Cdc42 to induce actin polymerization through 

ARP2, ARP3, α-Actinin and Vinculin, and all of these molecules were down-regulated 

following B2G2 treatment (Fig 6B). Together, these results suggested the inhibitory effect 

of B2G2 on Integrin-mediated actin polymerization and remodeling in HUVECs, and thus 

inhibiting their motility as well.

DISCUSSION AND CONCLUSION

Angiogenesis is a multistep process involving endothelial cell growth, survival, invasion, 

migration, capillary tube formation, organization, and maturation into blood vessels in the 

tumor microenvironment [11, 36]. Therefore, use of non-toxic agents targeting one or more 

of the above mentioned processes can impair angiogenesis, and hence, halt tumor growth 

and metastasis [27, 40–42]. Consistent with these observations, in the present study, B2G2 

showed potential anti-angiogenic activity in vitro by inhibiting proliferation, capillary tube 

formation, invasion and migration in HUVECs and HPMECs endothelial cells. However, 

the potential mechanisms behind the B2G2 mediated inhibitory effects on angiogenesis was 

analyzed only in HUVECs, as HUVEC angiogenesis model is well-established, and it is the 

most used in vitro model to study pro- or anti-angiogenic potential of a given compound, 

and also the fact that molecular pathways involved in various steps of angiogenesis have 

been well characterized in these cells [43–45].

Kumar et al. Page 8

Curr Cancer Drug Targets. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Here, we showed that B2G2 caused strong anti-proliferative effect in HUVECs and 

HPMECs in a dose-dependent manner and the mechanistic study revealed that the observed 

effect could be attributed to the cell cycle arrest at G1 phase. Up-regulation of cell cycle 

inhibitory proteins namely p53, p21 and p27, along with down-regulation of Cdks (1, 2 and 

4), Cyclins (D1 and A) and Cdc25c phosphatase was also observed in HUVECs following 

B2G2 treatment which could be responsible for the observed cell cycle arrest in these cells 

[41, 46, 47]. The up-regulation of p53 can also cause apoptosis in cells by increasing the 

expression of pro-apoptotic protein Bax as observed in HUVECs by B2G2 treatment [48]. 

Furthermore, results from the present study showed that B2G2 up-regulates the expression 

of Bax and Smac/Diablo (pro-apoptotic molecules) along with the down-regulation of Bcl-2 

and Survivin (anti-apoptotic molecules) expression in HUVECs, followed by enhanced 

cleavage of PARP by B2G2 [48, 49]. The observed apoptosis in HUVECs is significant due 

to the fact that during chemotherapy, apoptosis of endothelial cells in tumors precedes 

apoptosis of tumor cells, and even when the tumor cells have acquired resistance to a 

particular drug, apoptosis of endothelial cells leads to inhibition of tumor growth [34]. 

Therefore, endothelial cells in the tumor microenvironment offer a unique translational 

opportunity as these cells are genetically non-transformed and are also less susceptible to 

acquire mutations which make them more prone to cytotoxic chemotherapy [29, 33].

During tumor angiogenesis, the formation and merging of capillary tubes by endothelial 

cells is an important event and its inhibition halts the formation and recruitment of new 

blood vessels to tumors. We observed that B2G2 strongly inhibited the capillary tube 

formation by HUVECs and HPMECs. It is important to highlight here that the inhibition in 

capillary tube formation was observed following 6 h of B2G2 treatment, and at this time 

point, B2G2 at all the doses did not show any considerable cytotoxicity in both the 

endothelial cells clearly indicating that the observed inhibition was not due to cell death. 

Furthermore, it has been previously reported that during hypoxic conditions, tumor cells 

secrete pro-angiogenic factors like VEGF, FGF, IGF, EGF, etc. in significant amount which 

act as chemo-attractant for endothelial cells and induce them to invade and migrate towards 

tumor microenvironment by modulating the extra cellular matrix (ECM) components [9, 10, 

36, 50]. Therefore, invasion and migration of endothelial cells in response to pro-angiogenic 

factors are also essential and rate limiting events during neo-angiogenesis [35, 38]. In the 

present study, we found that B2G2 potently inhibited HUVECs and HPMECs motility in 

response to growth factors. Altogether, B2G2 targets various key attributes of angiogenesis 

process by: (i) inhibiting endothelial cell proliferation, (ii) causing cell cycle arrest and 

apoptosis, (iii) inhibiting capillary tube formation, and (iv) inhibiting invasion and migration 

of endothelial cells.

Among various growth factors, VEGF is one of the most important regulators of 

angiogenesis process, and therefore, identified as a potential anti-angiogenic target [51]. 

VEGF exerts its effects after binding with its homologous membrane tyrosine kinase 

receptors, VEGFRs, of which, VEGFR2 has the most important role in VEGF-induced 

angiogenesis [52]. VEGFR2 upon activation further activates PI3K/Akt and ERK pathways, 

which are considered responsible for endothelial cell proliferation, and pharmacological 

inhibition of PI3K has been reported to suppress VEGF-mediated vascular responses and 

survival of endothelial cells [53–55]. The pro-survival effect of PI3K is due to its ability to 
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activate Akt via PDK1 kinase, and the Akt pathway is a major suppressor of apoptotic 

stimuli in the cells [53]. In the present study, we observed that B2G2 treatment strongly 

inhibit the phosphorylation of VEGFR2 at Tyr1175, a reliable marker for its activity, and 

further downstream signaling molecules mentioned above like PI3K, PDK1, AKT and 

ERK1/2s were also found to be inhibited in HUVECs. Interestingly, we observed strong 

B2G2-mediated decrease in the phosphorylation of PI3K, PDK1 and Akt, even at doses 

where VEGFR2 phosphorylation was not significantly affected; that clearly suggests that 

B2G2 could target upstream kinases other than VEGFR2 (IGFR, EGFR, etc.) which needs 

to be further investigated. Furthermore, the observed decrease in VEGFR2 phosphorylation 

suggests the possibility that B2G2 could compete with VEGFR2 ligand (i.e. VEGF) in a 

specific or non-specific fashion, and reduces VEGFR2 activation, which needs to be 

evaluated in future by molecular modeling tools and receptor-ligand binding studies.

In addition to proliferation, VEGFR2/PI3K/Akt pathway also regulates endothelial cell 

migration by modulating the function of various proteins involved in actin-nucleation and 

polymerization such as Cdc42, Vinculin, α-Actinin and ARP2/3 [53, 56]. Our data showed 

that B2G2 down-regulates the expression of Cdc42, Vinculin, α-Actinin and ARP2/3 in 

HUVECs suggesting that inhibition of actin remodeling may be one of the potential 

mechanisms for the inhibition of endothelial cell migration by B2G2. Furthermore, 

endothelial cell migration is regulated by interaction between Integrins and ECM 

components [37, 38, 57, 58]. Integrins are a family of heterodimeric transmembrane 

receptors that bind to ECM, and αVβ3 and αVβ5 integrins have been identified as major 

players in endothelial cell migration [38, 39, 57]. Importantly, several endogenous inhibitors 

of angiogenesis such as endostatin exert their function by inhibiting Integrin signaling, and 

monoclonal antibodies directed against αvβ3 Integrin also inhibit endothelial cell migration 

and angiogenesis indicating that Integrins can also be a target for cancer angioprevention 

[37–39, 58, 59]. Our results showed that B2G2 down-regulates the expression of αV and β3 

integrins in HUVECs, indicating that B2G2 inhibits integrin signaling as well. Therefore, we 

further analyzed the effect of B2G2 on Integrin downstream signaling molecules, and our 

results showed that ILK1, a major regulator of integrin signaling, was also down-regulated 

by B2G2 treatment [60]. Interestingly, it has been observed previously that αvβ3 integrin 

and VEGFR2 interact with each other, and FAK is the converging signaling point for these 

receptors [35, 38, 57, 61, 62]. FAK along with Src kinase regulates the assembly and 

disassembly of focal adhesions, the region where endothelial cells are connected to ECM 

and are necessary for endothelial cell migration [61–63]. Our results showed that B2G2 

inhibits the phosphorylation and activation of FAK and Src kinase, and as mentioned earlier, 

Vinculin and α-Actinin were also down-regulated by B2G2. Together, these molecular 

results suggest that this phytochemical interferes with the assembly of focal adhesions by 

acting against Integrin and VEGFR2 signaling pathways, and thus inhibits endothelial cell 

migration.

In summary, the present study is the first to demonstrate that Procyanidin B2-3,3″-di-O-

gallate (B2G2) is a potential anti-angiogenic phytochemical, which involves growth 

inhibition, cell cycle arrest, induction of apoptosis, inhibition of capillary tube formation, 

inhibition of invasion and migration of HUVECs and HPMECs. The molecular events 

associated with these effects include modulation of cell cycle and apoptosis regulators and 
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inhibition of VEGFR2/PI3K/Akt and Integrin signaling pathways. Though all the presented 

in vitro studies here suggest a potential anti-angiogenic property of B2G2, further in vivo 

studies are necessary to establish its inhibitory effect on vascular tube formation in prostate 

tumors which would help establish its usefulness in cancer prevention and control.
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Fig. 1. 
Effect of B2G2 on endothelial cells growth and proliferation. (A) Chemical structure of 

Procyanidin B2 3,3″-di-O-gallate (B2G2). (B–C) HUVECs and HPMECs were grown in 

complete EGM-2 media with 2% FBS at the density of 5 × 104 cell/well in six well plate. 

After 24 h of seeding, cells were treated with 10 to 40 μM concentrations of B2G2 for 6 h 

and 24 h. At the end of each time point, cells were harvested and counted as mentioned in 

‘Materials and Methods’, and total cell number and percentage of dead cells are shown. 

Each value represents mean ± S.E. of three samples for each treatment. *p<0.05, significant 

with respect to control.
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Fig. 2. 
Effect of B2G2 on cell cycle distribution and apoptosis in HUVECs. (A–B) HUVECs were 

grown in complete EGM-2 media with 2% FBS at the density of 4 × 105 cell/60 mm plate. 

After 24 h of seeding, cells were treated with 10 to 40 μM concentrations of B2G2 for 24 h. 

At the end of experiment, cells were harvested and cell cycle distribution and apoptosis were 

analyzed by flow cytometry as described in ‘Materials and Methods’. Each value represents 

mean ± S.E. of three samples for each treatment. *p<0.05, significant with respect to 

control. (C–D) HUVECs were treated with B2G2 for 24 h as described above and total cell 

lysates were prepared and analyzed for cell cycle regulators (Cyclin D1, Cyclin A, Cdk2, 

Cdk4, Cdc2, Cdc25c, p21 and p27) and apoptosis-related molecules (cleaved PARP, p53, 

Bax, Smac/Diablo, Bcl-2, and Survivin) by immunoblotting. To check for protein loading, 

blots were stripped and re-probed with an antibody specific for β-actin.
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Fig. 3. 
Effect of B2G2 on capillary tube formation by HUVECs and HPMECs. (A–B) 

Representative images depicting effect of B2G2 treatment (20–40 μM) on capillary tube 

formation by HUVECs and HPMECs on matrigel after 6 h and 8 h of cell seeding, 

respectively. Tubular structures were photographed at 100x magnification. (C) Tube length 

was measured as described in ‘Materials and Methods’. Tube length data is presented as 

mean ± standard error of three samples for each treatment. *p<0.05, significant with respect 

to BM treated group; #p<0.05, significant with respect to BM + GF treated group.
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Fig. 4. 
Effect of B2G2 on Prostate cancer cells-induced capillary tube formation by HUVECs. (A) 

LNCaP and PC3 cells were treated with B2G2 (30 μM) and grown under normoxic (~21% 

O2) and hypoxic (1% O2) conditions and conditioned media was collected as described in 

‘Materials and Methods’. HUVECs were seeded on matrigel along with 0.5% FBS 

containing media or conditioned media and EBM-2 (75:25 ratio) and capillary tube 

formation was analyzed after 6 h. Representative images depicting formation of capillary 

tubes are shown at 100x magnification. In this experiment, HUVECs incubated with 0.5% 

FBS containing LNCaP or PC-3 media alone served as a negative control. (B) Tube length 

was measured as described in ‘Materials and Methods’. Tube length data is presented as 

mean ± standard error of three samples for each treatment. *p<0.05, significant with respect 

to control group; #p<0.05, significant with respect to CCM treated group.
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Fig. 5. 
Effect of B2G2 on invasion and migration of HUVECs and HPMECs. Representative 

images and graphical representation depicting the effect of B2G2 (20, 30 and 40 μM) on 

invasion (A and B) and migration (C and D) of HUVECs and HPMECs. Cells were allowed 

to invade and migrate for 10 h and 6 h, respectively, and non-invasive and non-migratory 

cells were removed by scraping with cotton swab. Invasive and migratory cells at the bottom 

of the membrane were fixed, stained and counted. Data are shown as percentage of cell 

invasion and migration compared to control (with control value as 100%). Each value 

represents mean ± S.E. of three samples for each treatment. All images are shown at 100x 

magnification. * p<0.05
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Fig. 6. 
Effect of B2G2 on VEGFR2/PI3K/Akt and Integrin signaling pathways in HUVECs. 

HUVECs were treated with B2G2 (20–40 μM) for 6 h and total cell lysates were prepared 

and analyzed for mentioned signaling molecules by immunoblotting. To check for protein 

loading, blots were stripped and re-probed with an antibody specific for β-actin.
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