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ABSTRACT

Hypoxia-inducible factor-1 (HIF-1) is over-expressed in gliomas and has become 
one of the most compelling tumor targets. In this study, we found that oligomer 
procyanidins (F2) can suppress the expressions of HIF-1α and its target genes in 
U87 cells, and also down-regulate the EGFR/PI3K/AKT/mTOR and MAPK/ERK1/2 
pathways in vitro and in vivo. Furthermore, hypoxia-induced formation of tubular 
structures by human umbilical vascular endothelial cells and the migration and 
invasion of U87 cells could be inhibited by F2 in a HIF-1 dependent manner. Moreover, 
in a U87 xenograft tumor model, F2 significantly reduced intra-tumor vessel density 
and cell proliferation and finally retarded tumor growth, indicating that F2 may be a 
potential HIF-1 inhibitor and serve as one of candidates for glioma therapy.

INTRODUCTION

Glioma is the most aggressive form of primary 
brain tumor with high mortality and morbidity [1]. A 
predominant feature of glioma is the hypoxic tumor 
microenvironment [2], which is a powerful driving force for 
malignant progression by activating adaptive transcriptional 
programs-hypoxia-inducible factor-1 (HIF-1) [3]. HIF-1 is a 
heterodimeric transcription factor consisting of a hypoxia-
inducible α subunit (HIF-1α) and a constitutively expressed 
β subunit (HIF-1β), and regulates pleiotropic effects 
including promoting invasion and angiogenesis, the switch 
to glycolytic metabolism, and up-regulation of cell survival-
related molecules [4]. As the only oxygen-regulated subunit, 
HIF-1α activation is also controlled by multiple oncogenic 
pathways, which involve loss of tumor suppressor genes, 
such as PTEN and growth factor signaling [5], both of 
which are common alterations found in gliomas [6].

Significant up-regulation of HIF-1α expression has 
been demonstrated in glioma cells and clinical specimens 
[7, 8], and there is accumulating evidence that down-
regulation of HIF-1α can inhibit tumor angiogenesis 
and cell invasion [2, 9]. Suppression of HIF-1α has been 
shown to reduce VEGF (vascular endothelial growth 
factor) expression and angiogenesis in U251 cells [10]. In 
addition, knock down of HIF-1α in glioma cells impairs 
their ability to migrate and invade [11], and also increases 
the sensitivity of cells to chemotherapy and inhibits the 
self-renewal of glioma stem cells (GSCs) [12]. Hence, 
HIF-1α is an attractive target for the development of novel 
anti-glioma agents.

Oligomer procyanidins (F2, degree of polymerization 
=2-15) isolated from grape seeds (Supplementary Figure 
1A) have been found to have multiple effects including 
anti-inflammatory, anti-oxidant and anti-tumor properties 
[13]. Previously, we reported that the most sensitive tumor 
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cell line of F2 was U87 cell line, and it could inhibit U87 
cell proliferation by inducing a non-apoptotic cell death 
phenotype resembling paraptosis [14]. At a non-cytotoxic 
concentration, F2 selectively suppressed the function of 
FPR1 (formyl peptide receptor 1) and the FPR1-mediated 
signaling pathway in a manner of a partial agonist in U87 
cells [15], and it also inhibited the HIF-1 pathway in 
U251 glioma cells [16]. Hence, to further understand and 
identify its underlying anti-glioma effect and mechanism, 
we investigated the influence of F2 on HIF-1 pathway and 
it mediated biological effects in U87 glioma cells.

RESULTS

F2 inhibits HIF-1α expression in the U87 glioma 
cell line

Firstly, we examined the effect of F2 on the 
expression of HIF-1α and HIF-1β in U87 cells. As shown in 
Figure 1A and 1B, F2 significantly inhibited the expression 
of HIF-1α and HIF-1β protein (P<0.001, P<0.05) in a 
concentration-dependent manner (3-30 μg/ml) without 
obvious cytotoxic effects (Supplementary Figure 1B)  
(P>0.05), and it also decreased the level of HIF-1α protein 
at all time points we tested (Figure 1C) (P<0.001). We 
further found that F2 significantly decreased the HIF-
1 DNA binding activity(Figure 1D) (P<0.01). Since 
HIF-1α is the only oxygen regulatory subunit of HIF-1 
and participates in the development and progression of 
glioma, we focused our subsequent research on the HIF-
1α subunit.

F2 does not influence the stability, degradation 
or transcription of HIF-1α

To further investigate how F2 decreases the HIF-1α 
level in U87 cells, we firstly tested whether the degradation 
rate (half-life) of HIF-1α protein was affected by F2 in the 
presence of CHX, a protein translation inhibitor. U87 cells 
were pre-incubated with DFX (100 μM) for 4 h to induce 
steady-state levels of HIF-1α, then treated with 40 μM of 
CHX with or without 10 μg/ml of F2. Results showed that 
the half-life of HIF-1α was unchanged before and after 
treatment with F2 (Figure 2A).

Next, we examined whether F2 regulated HIF-1α 
protein degradation via the hydroxylation-proteasome 
pathway, which is the main HIF-1α protein degradation 
pathway [17]. To address this question, we treated U87 
cells with a proteasome inhibitor (MG132) or hydroxylase 
inhibitors (DMOG, DFX) to test whether they interrupted 
HIF-1α degradation. As shown in Figure 2B, F2 
suppressed the accumulation of HIF-1α protein despite 
the inhibition of hydroxylase or proteasome activity, 
indicating that it decreases the expression of HIF-1α 
protein through a pathway independent of hydroxylation-
proteasome-mediated degradation. Real-time PCR 

experiments showed that the levels of HIF-1α mRNA 
were not affected by F2 under normoxic or hypoxic 
conditions (Figure 2C). Overall, these results suggest that 
F2 probably decreases the expression of HIF-1α protein at 
the translational level.

F2 suppresses HIF-1α translation through the 
EGFR/PI3K/AKT/mTOR and MAPK/ERK1/2 
pathways

The EGFR/PI3K/AKT/mTOR and MAPK 
pathways are the key upstream pathway that regulate 
the HIF-1α translation and synthesis [18]. To explore 
whether the inhibition of HIF-1α protein by F2 is linked 
to the suppression of either one or both pathways, we 
examined the effect of F2 on the levels of the total and 
phosphorylated forms of EGFR, AKT, mTOR (P70 and 
4EBP-1), ERK1/2, p38 and JNK. Results showed that 
hypoxia greatly increased the levels of phosphorylated 
EGFR, AKT, mTOR, P70, 4EBP-1 and ERK1/2, but 
not of phosphorylated p38 and JNK (Figure 3A and 
3B), indicating that the EGFR/PI3K/AKT/mTOR and 
ERK1/2 pathways participate in hypoxia-induced HIF-
1α expression in U87 cells. And F2 (3-30 μg/ml) could 
inhibit the phosphorylation of EGFR, AKT, mTOR, P70, 
4EBP-1 and ERK1/2 in a concentration-dependent manner 
(Figure 3A), but failed to influence the phosphorylation of 
p38 and JNK (Figure 3B). To further confirm whether the 
EGFR/AKT/mTOR and ERK1/2 pathways are required 
for the hypoxia-induced HIF-1α expression in U87 
cells, we exposed cells to various kinase inhibitors. The 
specific inhibitors of EGFR (AG1478), PI3K (LY294002), 
mTOR (Rapamycin) and MEK1 (PD98059) decreased 
the hypoxia-induced expression of HIF-1α and VEGF 
proteins in U87 cells (Figure 3C). Moreover, pretreatment 
of U87 cells with LY294002 or PD98059 for 1 h before 
adding F2 (10 μg/ml) caused a stronger reduction in HIF-
1α expression than F2 or inhibitor alone (Figure 3D), 
suggesting that both the AKT and ERK1/2 pathways are 
involved in the inhibition of HIF-1α expression by F2. It 
is well known that phosphorylation of 4EBP-1 and P70 
are important steps for the initiation of HIF-1α protein 
translation [17]. In our study, the phosphorylation of both 
4EBP-1 and P70 were inhibited by F2 in U87 cells through 
down-regulation of the AKT and ERK1/2 pathways 
(Figure 3A), further confirming that F2 inhibits HIF-1α 
protein expression in U87 cells, probably by influencing 
the protein translation through the EGFR/PI3K/AKT/
mTOR and MAPK/ERK1/2 pathways.

F2 decreases HIF-1α expression induced by EGF 
and FBS

Previous studies showed that activation of the 
EGFR/PI3K/AKT and MAPK/ERK1/2 pathways by 
growth factors (EGF, IGF) and serum could up-regulate  
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the HIF-1α protein [19, 20]. In this study, F2 (3-
30 μg/ml) also inhibited the expression of HIF-1α protein 
in U87 cells induced by FBS (15%) or EGF (20 ng/
ml) in a concentration-dependent manner (Figure 4A). 
Moreover, pretreatment of U87 cells with F2 decreased 

the levels of phosphorylated EGFR, AKT and ERK1/2, 
which paralleled the inhibitory effect of F2 on HIF-
1α protein expression (Figure 4B). To further confirm 
our findings, we pretreated U87 cells with LY294002, 
Rapamycin, PD98059 or AG1478, then exposed the cells 

Figure 1: The effects of F2 on HIF-1α and HIF-1β expression in U87 cells. (A, B) Western blot analyses of HIF-1α and HIF-1β 
were done using total proteins extracted from U87 cells incubated under normoxic or hypoxic conditions for 16 h in the presence or absence 
of the indicated concentrations of F2. Values are means ± SEM of three experiments. ### P<0.0001 compared with the normoxic group; 
* P<0.05, **P<0.01 and ***P<0.001 compared with the group untreated with F2. (C) U87 cells were treated with F2 (30 μg/ml) for 8 h, 
16 h and 24 h under normoxic and hypoxic conditions, and total proteins were collected for western blot analysis. Values are means ± SEM 
of three experiments. * P<0.05, **P<0.01 compared with normoxic group. $$P<0.01 and $$$P<0.001 compared with the group untreated 
with F2. (D) HIF-1α DNA binding activity assay was done using nuclear proteins extracted from U87 cells incubated under normoxic or 
hypoxic conditions for 16 h in the presence or absence of the indicated concentrations of F2. Values are means ± SEM of three experiments. 
## P<0.01 compared with the normoxic group; ** P<0.01 compared with the hyooxic group on time point 0.
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Figure 2: The effects of F2 on HIF-1α half-life, degradation and transcription. (A) Cells were treated with DFX (100 μM) 
in the presence or absence of F2 (10 μg/ml) for 4 h, and then CHX (40 μg/ml) was added for the indicated time. Values were normalized 
to β-actin and expressed as a percentage relative to time 0, which was considered equal to 100 %. (B) U87 cells were treated with MG132 
(20 μM), DMOG (100 μM) or DFX (100 μM) for 8 h under normoxic conditions in the presence or absence of the indicated concentrations 
of F2, then total proteins were collected for western blotting. (C) Real-time PCR analysis of HIF-1α mRNA using total RNA extracted from 
U87 cells incubated under hypoxia for 16 h in the presence or absence of the indicated concentrations of F2.

Figure 3: The effects of F2 on the EGFR/PI3K/AKT/mTOR and MAPK pathways. (A, B) Effects of F2 on hypoxia-induced 
signaling pathways related to the expression of HIF-1α in U87 cells. Cells were pretreated with the indicated concentrations of F2 for 1 h, 
then incubated under normoxic and hypoxic conditions for 1 h. Total proteins were then collected for western blotting using antibodies as 
indicated. (C) Effects of inhibitors on hypoxia-induced expression of HIF-1α in U87 cells. Cells were pretreated with LY (LY294002, 100 
μM), Rap (Rapamycin, 100 nM), PD (PD98059, 100 μM) and AG1478 for 1 h, and then incubated under normoxic or hypoxic conditions 
for 16 h. Total proteins were subjected to western blotting using antibodies against HIF-1α. (D) Cells were pretreated with or without LY 
(LY294002, 100 μM) or PD (PD98059, 100 μM), then co-treated with or without F2 (10 μg/ml) for 16 h under hypoxic conditions. LY’ and 
PD’ indicate cells treated with inhibitors and F2. Total proteins were collected for western blot analysis.
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Figure 4: The effects of F2 on EGF- and FBS-induced HIF-1α expression. (A, B) Effects of F2 on EGF- or FBS-induced 
signaling related to the expression of HIF-1α in U87 cells. Cells starved for 24 h were pretreated with the indicated concentrations of F2 
for 1 h, followed by incubation with EGF or FBS for16 h or 1 h respectively. HIF-1α and the phosphorylated and total levels of EGFR, 
ERK, and AKT were determined by western blotting. (C) Effects of kinase inhibitors on EGF- or FBS-induced expression of HIF-1α 
in U87 cells. Cells starved for 24 h were pretreated with LY (LY294002, 100 μM), Rap (Rapamycin, 100 nM), PD (PD98059, 100 μM) 
and AG1478(5-50 μM) for 1 h, then incubated with EGF or FBS for16 h. Total protein extracts were subjected to western blotting using 
antibodies against HIF-1α or β-actin. (D) U87 cells were pre-treated with the indicated concentrations of AG1478 for 1 h, then incubated 
with EGF or FBS for 16 h. Total protein extracts were analyzed by western blotting with the indicated antibodies.
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to FBS or EGF for 16 h before testing the level of HIF-
1α. The results showed that the accumulation of HIF-1α 
protein induced by FBS and EGF was greatly inhibited by 
LY294002, Rapamycin, PD98059 and AG1478 (Figure 4C 
and 4D) respectively, further suggesting that EGFR/PI3K/
AKT and ERK1/2 pathways are really the major regulator 
of HIF-1α expression in U87 cells.

F2 inhibits hypoxia-induced VEGF expression 
and angiogenesis in vitro

As an important regulator of angiogenesis, VEGF 
is mainly controlled at the transcriptional level by HIF-1 
[21]. Here, the levels of VEGF mRNA and protein were 
significantly inhibited by F2 under normoxic and hypoxic 
conditions (Figure 5A and 5B). And F2 also dramatically 
suppressed HUVEC tube formation induced by hypoxia 
and VEGF (10 ng/ml) (Figure 5D) (P<0.01), which was 
further confirmed by the results of real-time cell analysis 
(RTCA) and wound-healing assays (Supplementary Figures 
1C and 2A). Moreover, knockdown of HIF-1α decreased 
VEGF expression in U87 cells under normoxic and hypoxic 
conditions (Figure 5C), indicating that VEGF is regulated by 
HIF-1α, and inhibition of angiogenesis is one anti-glioma 
mechanism of F2 in U87 cells.

F2 inhibits hypoxia-induced MMP-2 expression 
and U87 cell migration and invasion

In addition to angiogenesis, hypoxia also stimulates 
the cancer cell migration, invasion and metastasis [8, 
11]. It has been reported that hypoxia induced glioma 
cell migration by increasing the activity and protein level 
of MMP-2 [22]. In our study, we found that F2 not only 
decreased the expression of MMP-2 under normoxic and 
hypoxic conditions (Figure 6A), but also significantly 
inhibited hypoxia-induced U87 cell migration and 
invasion (Figure 6C, Supplementary Figure 2B) (P<0.01). 
Moreover, knockdown of HIF-1α protein decreased the 
level of MMP-2 protein in U87 cells (Figure 6B), which is 
highly consistent with the previously reported result [11]. 
And these findings suggest that inhibition of cell migration 
and invasion may be another mechanism by which F2 has 
an anti-glioma effect.

F2 retards U87 tumor growth, probably by 
inhibiting the HIF-1 pathway in vivo

The in vivo efficacy of F2 against gliomas was 
investigated in U87 cells xenograft tumors in nude 
mice. As shown in Figure 7A, oral gavage feeding of F2 

Figure 5: The effects of F2 on VEGF expression and formation of tubular structures by endothelial cells. (A, B) VEGF 
protein expression was evaluated by western blot analysis of protein extracts from U87 cells (A, upper panel) and ELISA in the culture 
supernatant (B, right panel) after incubation under hypoxia in the presence or absence of the indicated concentrations of F2. RT-PCR 
(A, lower panel) and real-time PCR analysis (B, left panel) of VEGF mRNA were carried out using total RNA prepared from U87 cells 
incubated under hypoxia for 16 h in the presence or absence of the indicated concentrations of F2. (C) Western blot analysis of HIF-1α and 
VEGF was carried out using total proteins from U87 cells transfected with HIF-1α siRNA or control siRNA and treated under normoxic and 
hypoxic conditions for 16 h. (D) The tube formation assay was performed as described in the Methods section. Values are means ± SEM of 
three experiments. ### P<0.01 compared with the normoxic group; ** P<0.01 compared with the hypoxic group.
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Figure 6: The effects of F2 on expression of MMP-2 and migration and invasion of U87 cells. (A) Western blot analysis 
of MMP-2 levels in extracts of U87 cells incubated under normoxic or hypoxic conditions with the indicated concentrations of F2. (B) 
Western blot analysis of MMP-2 levels in cells transfected with HIF-1α or control siRNA incubated under hypoxia for 16 h. (C) Migration 
and invasion assays were done as described in the Methods section. Values are means ± SEM of three experiments. ### P<0.001 compared 
with normoxic group; ** P<0.01 and ***P<0.001 compared with hypoxic group.

Figure 7: The effects of F2 on tumor growth and the HIF-1 pathway in vivo. (A) Relative tumor volume and body weight in 
U87 xenograft mice treated with F2 (mg/kg i.g.). Values are means ± SE of three experiments. ** P<0.01 and **P<0.001 compared with 
control group. (B) Western blot analysis of HIF-1α, proteins encoded by HIF-1 target genes and proteins related to the EGFR signaling 
pathway in tumors from U87 xenograft mice treated with or without the indicated concentrations of F2 (mg/kg i.g.).
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(50, 200 mg/kg) significantly inhibited the growth of U87 
xenograft tumors in a dose-dependent manner (P<0.05), 
and did not cause any observable toxic effects or body 
weight decline (P>0.05) based on the observations of body 
weight and dietary consumption.

To determine whether the changes that F2 affected 
the expression of HIF-1α and its target genes in vitro 
also occur in vivo, we examined the protein levels in 
U87 xenograft tissue samples from animals by western 
blot and immunohistochemical analysis. As shown in 
Figures 7B and 8, oral gavage feeding of F2 at doses 
of 50 and 200 mg/kg significantly decreased the levels 
of HIF-1α (P<0.05), HIF-1β, VEGF (P<0.05), MMP-
2 (P<0.05) and other HIF-1 target genes (GLUT-1, 
survivin). Consistent with the in vitro findings, the 
EGFR/PI3K/AKT/mTOR and MAPK/ERK1/2 pathways 
were also inhibited by F2 in vivo (Figure 7B). We also 
found that the expression of HIF-1α occurred mainly in 
the nuclei in the F2-treated tumors, suggesting that F2 
has little effect on the sub-cellular localization of HIF-
1α. Overall, these findings confirm that F2 may target 

HIF-1α and induce anti-glioma effects in both cell 
culture and tumor xenograft models.

To further assess the in vivo anti-proliferative 
and anti-angiogenic effects of F2, tumor samples 
were analyzed by immunohistochemistry for Ki67 (a 
cell proliferation biomarker) and CD31 (a marker of 
endothelial cells). As expected, the levels of Ki67 and 
CD31 were decreased in the F2-treated tumors (Figure 8) 
(P<0.05). In addition, F2 also decreased the level of Bcl-
2 in vitro and in vivo (data not shown), which is also a 
target gene of HIF-1. Taken together, in vitro and in vivo 
results show that F2 can effectively inhibit U87 glioma 
cell proliferation, angiogenesis, migration and invasion 
probably via the HIF-1 pathway in vitro and in vivo.

DISCUSSION

HIF-1α is highly expressed in gliomas and closely 
related to tumor progression, invasion and abnormal 
vascular development [3] and has been an attractive target 
for the glioma diagnosis and therapy [9]. In this study, 

Figure 8: Effects of F2 on tumor-related biomarkers in vivo. Immunohistochemical analysis of tumor-related proteins (HIF-1α, 
VEGF, MMP-2, CD31 and KI67) in tumor sections from U87 xenograft mice treated with F2 (mg/kg i.g.). Red arrows indicate the related 
protein detected in the tissue samples. Values are means ± SEM of three experiments. * P<0.05 compared with DDW group.
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we demonstrate that oligomer procyanidins (F2) isolated 
from grape seeds could decrease the expression of HIF-1α 
in U87 cells and inhibit its related angiogenesis and cell 
invasion. In the xenograft tumors model, F2 also decreased 
Ki67 and CD31 in tumor tissue, and significantly inhibited 
tumor growth and decreased the vessel density.

It is well known that multiple genes expression 
involved in tumor angiogenesis and cell invasion were 
HIF-1 targets [23, 24]. Here, F2 also inhibited the 
expression of VEGF and MMP-2 in a HIF-1α dependent 
manner, and finally inhibited the hypoxia-induced tube 
formation and invasion of HUVECs, and migration and 
invasion of U87 cells. In addition, iNOS (inducible nitric 
oxide synthase), a regulator of hypoxia-induced VEGF 
expression [25], was also inhibited by F2 in U87 cells 
(data not shown). These data suggest that the inhibition of 
F2 on HIF-1 mediated angiogenesis and cell invasion may 
be the major anti-glioma effects.

As the major upstream regulator of HIF-1α 
expression, EGFR/PI3K/AKT/mTOR and MAPK/ERK1/2 
pathways were simultaneously suppressed by F2 in U87 
cells and xenograft tumor model. Interestingly, previously 
results showed that F2 was a partial agonist of FPR1, and 
could inhibit the function of FPR1 and cell chemotaxis and 
invasion in U87 cells [15]. And FPR1 could trans-activate 
the EGFR and induce the HIF-1α and VEGF expression, 
and mediate the angiogenesis [26]. Thence, EGFR 
signaling pathway is certainly the major and probably the 
unique pathway for the anti-glioma effect of F2. However, 
much more detail effects of F2 on EGFR function, such 
as its tyrosine kinase activity, and the FPR1-EGFR-HIF-1 
loop are forwardly needed to explore, and also the HIF-1 
independent pathways (NF-κB, STAT3), they are all the 
downstream signaling of EGFR pathway.

In summary, F2 could inhibit the HIF-1 signaling 
pathway in U87 cells in vitro and in vivo. And combination 
with our previous studies, we can conclude that F2 could 
display multiple anti-glioma effects involved in cell 
survival, death, angiogenesis and invasion, indicating that 
F2 might be one of the promising therapeutic or assistant 
agents for the treatment of glioma in the future.

MATERIALS AND METHODS

Reagents and cell lines

Reagents

F2 was prepared from grape seeds as described 
previously [27]. Briefly, F2 was extracted from grape 
seed methanolic extract and evaporated at less than 
30 °C to dryness, then dissolved in sterile water prior to 
lyophilization [28]. The purity of F2 was 93.0 ± 1.3%. 
F2 was stored at -20 °C until used and was dissolved in 
double distilled water (DDW) for all the experiments.

Rapamycin, LY294002, cycloheximide (CHX), 
MG132, AG1478 and DMOG were purchased from Sigma 

(St. Louis, MO). HIF-1α siRNA and control siRNA were 
purchased from Santa Cruz Biotech (CA, USA).
Cell lines

U87 human glioma cells (American Type Culture 
Collection, ATCC) were grown in DMEM (high 
glucose) with 10% heat-inactivated FBS (Gibco BRL, 
Grand Island, NY), 100 μg/ml streptomycin and 100 
IU/ml penicillin in a humidified incubator containing 
21% O2 and 5% CO2 in air (referred to as normoxic 
conditions). For cells cultured under hypoxia, cells were 
grown in a chamber containing 1% O2, 5% CO2 and 
94% N2 at 37 °C. Human umbilical vascular endothelial 
cells (HUVECs) (National Center for Medical Culture 
Collection) were grown in RPMI 1640 medium containing 
10% heat-inactivated fetal bovine serum, 100 μg/ml  
streptomycin and 100 IU/ml penicillin. All cell lines used 
were between passages 3 and 8 for each experiment and were 
demonstrated to be free of mycoplasma using Mycoplasma 
PCR Detection Kit (Sigma, USA).

Western blot analysis

Western blotting was performed as described 
previously [15]. In brief, equal amounts of total protein 
extracts were fractionated by 4-15% SDS-PAGE and 
electrically transferred onto polyvinylidene difluoride 
(PVDF) membranes. Mouse or rabbit primary antibodies 
and appropriate horseradish peroxidase (HRP)-conjugated 
secondary antibodies were used to detect the designated 
proteins. Membrane-bound secondary antibodies were 
detected with ECL reagents and exposed to X-ray films. 
Results were normalized to the internal control (β-actin).

Quantitative PCR analysis

Total RNAs were isolated using an RNeasy Mini Kit 
(Qiagen, Inc.) following the manufacturer’s instructions. 
RNAs were reverse transcribed with a RevertAid First 
Strand cDNA Synthesis Kit (TOYOBO, Japan) [14]. For 
quantitative PCR, analysis was carried out using iQ SYBR 
Green Supermix and a CFX96 Real-Time PCR Detection 
System (Bio-Rad) as instructed by the manufacturer. 
GAPDH was used as an internal control.

Transwell cell invasion and migration assay

Cell invasion and migration assays were performed 
using a modified Boyden chamber. Cells (10-20×104) were 
plated in RPMI 1640 medium in the upper chamber of the 
Transwell (8 μm pore, Corning Costar, Corning, NY) pre-
coated with or without Matrigel (Becton-Dickinson, Bedford, 
MA). Serum free 1640 RPMI medium with or without of F2 
(3-30 μg/ml) was added to the upper and lower Transwell 
chambers. After 12 h or 16 h, non-migrated cells were 
removed with a cotton swab and migrated cells were stained 
and examined using a high-content instrument (MD, USA).
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Tube formation assay

50 μl Matrigel™ (BD, Bioscience, Bedford, MA) 
mixed with serum-free 1640 RPMI medium (1:1) were 
placed into each well of a 96 well-plate and allowed to 
polymerize by incubation at 37 °C for 30 min. 100 μl of 
HUVECs (5×104/well) were seeded on the gel with or 
without F2 (3-30 μg/ml), then incubated at 37 °C for 12 h.  
Cells were stained and examined using a High Content 
Screening System (MD), and tube formation (branches/
field) was examined and quantified.

Human glioma xenograft mouse model

To determine the in vivo anti-tumor activity of F2, 
viable U87 cells (5×106/100 μl PBS per mouse) were mixed 
with 50% Matrigel, and then subcutaneously (s.c.) injected 
into the right flank of 7-8 week old male SCID mice. 
When the average s.c. tumor volume reached 100 mm3, the 
mice were randomly divided into three treatment groups 
(n=6-8), including control (DDW, i.g.), F2 (50 mg/kg 
/day, i.g.) and F2 (200 mg/kg/day, i.g.) for 5 days/wk. 
Tumor size and body weight were measured once every 
two days. After 21 days, the mice were sacrificed, and 
the tumors were excised and stored at -80 °C until further 
analysis. This study was performed in strict accordance 
with the recommendations in the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of 
Health. The protocol was approved by the Committee 
on the Ethics of Animal Experiments of the Shenyang 
Pharmaceutical University.

Immunohistochemical analysis

Representative tumor tissues (four from each group) 
were harvested and fixed in 10% neutral buffered formalin 
at 4 °C for 12 h. All tissues were paraffin embedded. 
Sections (5 μm) were micro-waved in citrate buffer 
and were stained with antibody against HIF-1α (Novus 
biological, NB100-105), Matrix metalloproteinase-2 
(MMP-2) (Abcam, ab86607) and VEGF (Abcam, 
ab46154) to visualize the protein status. Sections were 
stained with antibody against Ki67 (Abcam, ab28364) 
to test the level of cell proliferation. For CD31 staining, 
sections were permeabilized with 36 μg/ml proteinase 
K (Roche Diagnostics Corp.) and stained with antibody 
against CD31 (BD, Bioscience). Direct and indirect 
tyramide signal amplification kits (NEN Life Science 
Products, Inc.) were used to amplify staining signals. 
Sections were photographed at x200 magnification using 
an Olympus AX70 microscope. Vessel density (average 
of five fields) was determined with Image-Pro software.

Statistical analysis

Differences between experimental groups were 
evaluated by one-way ANOVA and Tukey’s post-hoc test 

using SPSS11.5 software (SPSS, Chicago, IL). Statistical 
significance was based on a P-value of 0.05 (P<0.05, two-
tailed test).

ACKNOWLEDGMENTS AND FUNDING

We are grateful to Dr. Giovanni Melillo for his 
generous gift of the U251-HRE, U251-pGL3 cell lines 
and the pGL2-TK-HRE plasmid. This research was 
partially supported by the National Natural Science 
Foundation of China (No. 30973560), National High 
Technology Research and Development Program of 
China (863 Program) (no. 2012AA020305), Generic 
Technology Innovative Platform of Liaoning Province 
(No. 2015010101) and Excellent Talents Plan in Liaoning 
Province (No: LJQ2014111).

CONFLICTS OF INTEREST

The authors have no conflicts of interest.

REFERENCES

1. Persano L, Rampazzo E, Basso G, Viola G. Glioblastoma 
cancer stem cells: role of the microenvironment and 
therapeutic targeting. Biochem Pharmacol. 2013; 85: 612-622.

2. Kessler JE, Hahnel A, Wichmann H, Rot S, Kappler M, 
Bache M, Vordermark D. HIF-1α inhibition by siRNA 
or chetomin in human malignant glioma cells: effects 
on hypoxic radioresistance and monitoring via CA9 
expression. BMC Cancer. 2010; 10: 605.

3. Jensen RL. Hypoxia in the tumorigenesis of gliomas and 
as a potential target for therapeutic measures. Neurosurg 
Focus. 2006; 20: E24.

4. Semenza GL. Targeting HIF-1 for cancer therapy. Nature 
reviews. 2003; 3: 721-732. 

5. Kamat CD, Green DE, Warnke L, Thorpe JE, Ceriello 
A, Ihnat MA. Mutant p53 facilitates pro-angiogenic, 
hyperproliferative phenotype in response to chronic relative 
hypoxia. Cancer Lett. 2007; 249: 209-219.

6. Zhong H, Chiles K, Feldser D, Laughner E, Hanrahan C, 
Georgescu MM, Simons JW, Semenza GL. Modulation of 
hypoxia-inducible factor 1α expression by the epidermal 
growth factor/phosphatidylinositol 3-Kinase/PTEN/AKT/
FRAP pathway in human prostate cancer cells: implications 
for tumor angiogenesis and therapeutics. Cancer Res. 2000; 
60: 1541-1545.

7. Semenza GL. HIF-1: upstream and downstream of cancer 
metabolism. Curr Opin Genet Dev. 2010; 20: 51-56.

8. Zagzag D, Lukyanov Y, Lan L, Ali MA, Esencay M, 
Mendez O,  Yee H, Voura EB, Newcomb EW. Hypoxia-
inducible factor 1 and VEGF upregulate CXCR4 in 
glioblastoma: implications for angiogenesis and glioma cell 
invasion. Lab Invest. 2006; 86: 1221-1232.



Oncotarget85262www.impactjournals.com/oncotarget

9. Kaur B, Khwaja FW, Severson EA, Matheny SL, Brat 
DJ, Meir EG. Hypoxia and the hypoxia-inducible-factor 
pathway in glioma growth and angiogenesis. Neuro Oncol. 
2005; 7: 134-153.

10. Lu J, Zhang K, Chen S, Wen W. Grape seed extract inhibits 
VEGF expression via reducing HIF-1αprotein expression. 
Carcinogenesis. 2009; 30: 636-644.

11. Fujiwara S, Nakagawa K, Harada H, Nagato S, Furukawa 
K, Teraoka M, Seno T, Oka K, Iwata S, Ohnishi T. Silencing 
hypoxia-inducible factor-1 inhibits cell migration and 
invasion under hypoxic environment in malignant gliomas. 
Int J Oncol. 2007; 30: 793-802.

12. Jin X, Jin X, Sohn YW, Yin J, Kim SH, Joshi K, Nam DH, 
Nakano I, Kim H. Blockade of EGFR signaling promotes 
glioma stem-like cell invasiveness by abolishing ID3-
mediated inhibition of p27 KIP1 and MMP3 expression. 
Cancer Lett. 2013; 328: 235-242.

13. Guo L, Wang LH, Sun B, Yang JY, Zhao YQ, Dong 
YX, Spranger MI, Wu CF. Direct in vivo evidence of 
protective effects of grape seed procyanidin fractions 
and other antioxidants against ethanol-induced oxidative 
DNA damage in mouse brain cells. Food Chem. 2007; 55: 
5881-5891.

14. Zhang F, Yang J, Mou Y, Sun B, Ping Y, Wang JM, Bian 
XW, Wu CF. Inhibition of U-87 human glioblastoma cell 
proliferation and formyl peptide receptor function by 
oligomer procyanidins (F2) isolated from grape seeds. 
Chem Biol Interact. 2009; 179: 419-429.

15. Yang J, Wang Q, Zhao R, Sun B, Wang L, Hou Y, Li X, 
Wu C. Identification of oligomer proanthocyanidins (F2) 
isolated from grapeseeds as a formyl peptide receptor 1 
partial agonist. Int Immunopharmacol. 2013; 15: 756-763.

16. Zheng HL, Yang J, Hou Y, Sun BS, Zhang QC, Mou Y, 
Wand L, Wu C. Oligomer procyanidins (F2) isolated from 
grape seeds inhibits tumor angiogenesis and cell invasion by 
targeting HIF-1α in vitro. Int J Oncol. 2015; 46: 708-720.

17. Nagasawa H. Pathophysiological response to hypoxia-from 
the molecular mechanisms of malady to drug discovery:drug 
discovery for targeting the tumor microenvironment. J 
Pharmacol Sci. 2011; 115: 446-52.

18. Hirami YJ, Aoe M, Tsukuda K, Hara F, Otani Y, 
Koshimune R, Hanabata T, Nagahiro I, Sano Y, Date H, 
Shimizu N. Relation of epidermal growth factor receptor, 
phosphorylated-Akt, and hypoxia-inducible factor-1α 
in non-small cell lung cancers. Cancer Lett. 2004; 214: 
157-164.

19. Zhang QZ, Tang XD, Lu QY, Zhang ZF, Rao JY, Le AD. 
Green tea extract and (-)-epigallocatechin-3-gallate inhibit 
hypoxia- and serum-induced HIF-1α protein accumulation 
and VEGF expression in human cervical carcinoma and 
hepatoma cells. Mol Cancer Ther. 2006; 5: 1227-1238.

20. Richard DE, Berre E, Gothie E, Roux D, Pouyssegur J. 
p42/p44 mitogen-activated protein kinases phosphorylate 
hypoxia-inducible factor 1α (HIF-1α) and enhance the 
transcriptional activity of HIF-1. J Biol Chem. 1999; 274: 
32631-32637.

21. Jensen RL, Ragel BT, Hang KW, Gillespie D. Inhibition of 
hypoxia inducible factor-1 α (HIF-1α) decreases vascular 
endothelial growth factor (VEGF) secretion and tumor 
growth in malignant gliomas. J Neurooncol. 2006; 78: 
233-247.

22. Elstner A, Holtkamp N, Deimling AV. Involvement of Hif-1 
in desferrioxamine-induced invasion of glioblastoma cells. 
Clin Exp Metastasis. 2007; 24: 57-66.

23. Delmas C, End D, Rochaix P, Favre G, Toulas C, Cohen-
Jonathan E. The farnesyltransferase inhibitor R115777 
reduces hypoxia and matrix Metalloproteinase 2 expression 
in human glioma xenograft. Clin Cancer Res. 2003; 9: 
6062-6068.

24. Méndez O, Zavadil J, Esencay M, Lukyanov Y, Santovasi 
D, Wang SC, Newcomb EW, Zagzag D. Knock down of 
HIF-1α in glioma cells reduces migration in vitro and 
invasion in vivo and impairs their ability to form tumor 
spheres. Mol Cancer 2010; 9: 133.

25. Niecknig, H, Tug S, Reyes BD, Kirsch M, Fandrey J, 
Pfannschmidt UB. Role of reactive oxygen species in the 
regulation of HIF-1 by prolyl hydroxylase 2 under mild 
hypoxia. Free Radic Res. 2012; 46: 705-717.

26. Liu M, Zhao J, Chen K, Bian XW, Wang CF, Shi Y,  Wang 
JM. G protein-coupled receptor FPR1 as a pharmacologic 
target in inflammation and human glioblastoma. Int 
Immunopharmacol. 2012; 14: 283-288.

27. Sun B, Leandro C, Silva JM, Spranger I. Separation of 
grape and wine proanthocyanidins according to their 
degree of polymerization. J Agric Food Chem. 1998; 46: 
1390-1396.

28. Spranger I, Sun B, Mateus AM, Freitas VD, Ricardo-
da-Silva JM. Chemical characterization and antioxidant 
activities of oligomeric and polymeric procyanidin fractions 
from grape seeds. Food Chem. 2008; 108: 519-532.


