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Abstract The microvasculature of brain tumors has
been proposed as the primary target for ionizing radiation (IR)-induced apoptosis. However, the contribution of low dose IR-induced non-apoptotic cell death
pathways has not been investigated. This study aimed
to characterize the effect of IR on human brain
microvascular endothelial cells (HBMEC) and to assess the combined effect of epigallocatechin-3-gallate
(EGCg), a green tea-derived anti-angiogenic molecule.
HBMEC were treated with EGCg, irradiated with a
sublethal (£10 Gy) single dose. Cell survival was assessed 48 h later by nuclear cell counting and Trypan
blue exclusion methods. Cell cycle distribution and
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DNA fragmentation were evaluated by flow cytometry
(FC), cell death was assessed by fluorimetric caspase-3
activity, FC and immunoblotting for pro-apoptotic
proteins. While low IR doses alone reduced cell survival by 30%, IR treatment was found more effective
in EGCg pretreated-cells reaching 70% cell death.
Analysis of cell cycle revealed that IR-induced cell
accumulation in G2-phase. Expression of cyclindependent kinase inhibitors p21(CIP/Waf1) and
p27(Kip) were increased by EGCg and IR. Although
random DNA fragmentation increased by approximately 40% following combined EGCg/IR treatments,
the synergistic reduction of cell survival was not related
to increased pro-apoptotic caspase-3, caspase-9 and
cytochrome C proteins. Cell necrosis increased 5-fold
following combined EGCg/IR treatments while no
changes in early or late apoptosis were observed. Our
results suggest that the synergistic effects of combined
EGCg/IR treatments may be related to necrosis, a nonapoptotic cell death pathway. Strategies sensitizing
brain tumor-derived EC to IR may enhance the
efficacy of radiotherapy and EGCg may represent such
a potential agent.
Keywords Human brain endothelial cells Æ
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Abbreviations
EC
endothelial cells
EGCg
epigallocatechin-3-gallate
GBM
glioblastoma multiforme
HBMEC human brain microvascular endothelial
cells
HUVEC human umbilical vein endothelial cells
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ionizing radiation
vascular endothelial growth factor

Introduction
Malignant gliomas, especially glioblastomas multiforme (GBM), are among the tumors most resistant to
radiotherapy and chemotherapy [1]. Even in the group
with the best prognosis, the median survival rarely
exceeds 1 year [2, 3]. Malignant gliomas are also
amongst the most intensively vascularized solid tumors
[4]. The process of angiogenesis is essential for tumor
progression from microscopic cell clusters, receiving
nutrients and oxygen by passive diffusion, to macroscopic foci supplied by blood vessels [5]. Furthermore,
malignant gliomas become more angiogenic with
increasing tumor grade, suggesting that the vascular
component plays an important role in their malignant
progression [6]. Indeed, GBMs’ cell proliferation,
invasiveness and necrosis, three facets of gliomas’
malignant phenotype, are directly related to brain
tumor microvasculature [7].
Radiotherapy is a widely used adjuvant therapy for
malignant brain tumors [1] and is believed to exert its
anti-cancerous effects by targeting tumor cells [8, 9].
However, recently, it has been proposed that IR might
prevent tumor growth or cause tumor regression by
targeting tumor vasculature [10]. Indeed, studies have
shown that radiotherapy can selectively target endothelial cells (EC) and associated angiogenesis of
residual tumor [7]. Tumor-associated EC have a proliferation rate up to 20 times greater than the proliferation rate of normal vasculature [11], rendering them
more radiosensitive than non-dividing cells [12]. In
addition, EC are generally well oxygenated, which
makes them more radiosensitive than poorly oxygenated tumor cells because the oxygen present at the time
of radiation may contribute to the formation of cytotoxic molecules and prevent the reversal of some
chemical changes [12, 13]. Many investigators have
found that IR exposure induces apoptosis in EC [14–
17], and that this event precedes tumor cell apoptosis
[18]. The occurrence of EC death following IR is a
critical factor for both tumor survival following IR and
for tumor growth. While toxic insults or physical
damage have been found to initiate cellular necrosis
[19], the impact of IR-induced cellular damage resulting in non-apoptotic pathways such as necrosis has not
been yet investigated in EC.
Targeting tumor-associated EC as part of cancer
treatments is an appealing prospect. Antiangiogenic
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agents have been used successfully in combination with
IR to increase the therapeutic efficacy of radiation
exposure [20, 21]. Only recently have the EC been
considered not only the target of antiangiogenic agents
but also of IR and therefore a powerful new potential
treatment target in highly vascularized tumors such as
glioblastomas [4]. Recent reports have proposed that
some naturally occurring phytochemicals can function
as sensitizers, augmenting the effectiveness of conventional radiotherary [22–24]. Epigallocatechin-3gallate (EGCg), a green tea-derived molecule, has
been recognized as having many biochemical functions
including inhibition of tumor cell growth [8, 24], cell
cycle arrest [25–27], induction of apoptosis [24, 28, 29],
inhibition of invasion and metastasis [30, 31] and
inhibition of angiogenesis [29, 32]. Moreover, we have
shown that EGCg suppressed vascular endothelial
growth factor (VEGF) receptor function in EC [33]
and that EGCg efficiently targeted human EC that
escaped IR-induced damage [34]. Whether this natural
polyphenol can be used to potentiate IR effects on
human brain EC is unknown. Although the human
brain microvascular endothelial cells (HBMEC) model, used in this study, is a surrogate model that only
approximates tumor-derived EC, it is to our knowledge, the closest in vitro model that can approximate
the human brain tumor-derived EC phenotype in long
term studies. The goal of this study is thus to characterize the impact of irradiation on HBMEC and to
determine whether EGCg can optimize this effect.

Materials and methods
Materials
())-Epigallocatechin 3-gallate (EGCg), sodium dodecylsulfate (SDS) and bovine serum albumin (BSA)
were purchased from Sigma (Oakville, ON). Mouse
anti-p21 monoclonal antibody, rabbit anti-p27 polyclonal antibody and rabbit anti-Caspase-9 polyclonal
antibody were from Cell Signaling Technology (Beverly, MA), rabbit anti-Caspase-3 polyclonal and
mouse anti-cytochrome C monoclonal antibody were
from BD Pharmingen (Mississauga, ON) and mouse
anti-GAPDH monoclonal antibody was from
Advanced Immunochemical Inc. (Long Beach, CA).
Horseradish peroxidase-conjugated donkey anti-rabbit
or anti-mouse IgG were obtained from Jackson Immunoresearch Laboratories (West Grove, PA). BCA
protein assay kit was purchased from Pierce (Rockford, IL) and enhanced chemiluminescence (ECL)Western blot kit from Chemicon International
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(Temecula, CA). Products for electrophoresis were
bought from Bio-Rad (Mississauga, ON) and polyvinylidene difluoride (PVDF) membranes were from
Boehringer Mannheim. Trypsin was from Invitrogen
(Burlington, ON).
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medium. From each experimental sample, 150 ll
homogenate were reserved for nuclear cell counting
using an automatic cell counter (New Brunswick Scientific Co., Edison, NJ). Viable cell number determination was also assessed using Trypan blue dye
solution for exclusion of dead cells.

Cell culture
Analysis of cell cycle by flow cytometry
Human brain microvascular endothelial cells (HBMEC)
were generated and characterized by Dr Kwang Sik Kim
from the John Hopkins University School of Medicine
(Baltimore, MD). These cells were positive for factor
VIII-Rag, carbonic anhydrase IV, Ulex Europeus
Agglutinin I, took up fluorescently labeled acetylated
low-density lipoprotein and expressed gamma glutamyl
transpeptidase, demonstrating their brain EC-specific
phenotype [35]. HBMEC were immortalized by transfection with simian virus 40 large T antigen and maintained their morphologic and functional characteristics
for at least 30 passages [36]. HBMEC were maintained in
RPMI 1640 (Gibco, Burlington, ON) supplemented
with 10% (v/v) fetal bovine serum (FBS) (HyClone
Laboratories, Logan, UT), 10% (v/v) NuSerum (BD
Bioscience, Mountain View, CA), modified Eagle’s
medium nonessential amino acids (1%) and vitamins
(1%) (Gibco), heparin (5 U/ml) (Gibco), sodium pyruvate (1 mM), L-glutamine (2 mM) (Gibco), EC growth
supplement (30 lg/ml), 100 units/ml penicillin and
100 lg/ml streptomycin. Culture flasks were coated with
0.2% type-I collagen to support the growth of HBMEC
monolayers. Cells were cultured at 37C under a
humidified atmosphere containing 5% CO2. All experiments were performed using passages 15 to 28.
EGCg and irradiation treatment
Cells were treated in serum-free RPMI supplemented (or
not) with 3–30 lM EGCg for 6 h and were overlaid with
medium. Cells were irradiated with a 6 MV photon beam
from an Elekta SL75 linear accelerator. The delivered
radiation doses were measured using a thermoluminescence dosimetry (TLD) system with an accuracy of 7%.
After irradiation, serum-free medium was replaced by
RPMI containing 10% FBS and 10% NuSerum and
cultures were left to recuperate for 48 h. Non-irradiated
control cells were handled similarly to the cells which
were subjected to EGCg and/or IR treatments.

Distribution of HBMEC throughout the cell cycle was
assessed by flow cytometry 48 h after EGCg and/or IR
treatments. No serum-fasting preparation was performed prior to analysis and therefore the cell populations were asynchronous. Cells were harvested by
gentle scraping, pelleted by centrifugation, washed
with ice-cold PBS + EDTA (5 mM), then resuspended
in 1 volume PBS/EDTA and fixed with 100% ethanol
overnight. Three volumes of staining solution, containing propidium iodide (50 lg/ml) (Sigma) and
DNAse-free RNAse (20 lg/ml), were added. The
fraction of the population in each phase of the cell
cycle was determined as a function of the DNA content using a Becton Dickinson FACS Calibur flow cytometer equipped with CellQuest Pro software. In
particular, the characteristics of cell distribution in the
sub-G1 region were studied on the DNA histogram.
Fluorimetric caspase-3 activity assay
HBMEC were grown to 60% confluence and treated
with EGGg and/or exposed to IR. Cells were collected
and washed in ice-cold PBS pH 7.0. Cells were subsequently lysed in Apo-Alert lysis buffer (Clontech, Palo
Alto, CA) for 1 h at 4C and the lysates were clarified
by centrifugation at 16,000 g for 20 min. Caspase-3
activity was determined by incubation with 50 lM of
the caspase-3-specific fluorogenic peptide substrate acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethylco umarin (Ac-DEVD-AFC) in assay buffer
(50 mM Hepes–NaOH (pH 7.4), 100 mM NaCl, 10%
sucrose, 0,1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate, 5 mM DTT and 1 mM
EDTA) in 96-well plates. The release of AFC was
monitored for at least 30 min at 37C on a fluorescence
plate reader (Molecular Dynamics) (kex = 400 nm,
kem = 505 nm).
Immunoblotting procedures

Cell survival assay
The extent of cell survival was assessed at either 1 or
48 h after irradiation. Cells were collected by gentle
scraping and were resuspended in the overlaying

Cell lysates were separated by SDS-polyacrylamide gel
electrophoresis (PAGE). After electrophoresis, proteins were electrotransferred onto polyvinylidene difluoride membranes which were then blocked overnight
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at 4C with 5% non-fat dry milk in Tris-buffered saline
(150 mM Tris, 20 mM Tris–HCl, pH 7.5) containing
0.3% Tween-20 (TBST). Membranes were then washed
in TBST and incubated with the primary antibodies (1/
1000 dilution) in TBST containing 3% bovine serum
albumin, followed by a 1 h incubation with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG (1/
2500 dilution) in TBST containing 5% non-fat dry milk.
The secondary antibodies were visualized by ECL and
quantified by densitometry.
Analysis of apoptosis by flow cytometry
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Results
Combined EGCg treatment and ionizing radiation
exposure reduce HBMEC survival
We examined HBMEC survival in response to either
EGCg treatment or IR exposure. Cell survival was
assessed immediately after EGCg treatment or 48 h
after recuperation in medium with serum. Immediately
after EGCg treatment, there was a dose-dependent
decrease in cell survival with increasing EGCg concentrations, reaching a maximum effect of 30% decrease at 30 lM EGCg (Fig. 1A, left panel, white

Cell death was assessed 48 h after irradiation by flow
cytometry. Cells floating in the supernatant and
adherent cells harvested by trypsin solution were
gathered to produce a single cell suspension. The cells
were pelleted by centrifugation and washed with PBS.
Then, 2 · 105 cells were pelleted and suspended in
200 ll of buffer solution and stained with annexin Vfluorescein isothiocyanate (FITC) and propidium iodide (PI) as described by the manufacturer (BD Bioscience). The cells were diluted by adding 300 ll of
buffer solution and processed for data acquisition and
analysis on a Becton Dickinson FACS Calibur flow
cytometer using CellQuest Pro software. The X- and
Y-axes indicated the fluorescence of annexin-V and PI
respectively. It was possible to detect and quantitatively compare the percentages of gated populations in
all of the four regions delineated. In the early stages of
apoptosis, phosphatidylserine is translocated to the
outer surface of the plasma membrane, which still remains physically intact. As annexin-V binds to phosphatidylserine but not to PI, and the die is incapable of
passing the plasma membrane, it is excluded in early
apoptosis (annexin-V+/PI)). Cells in late apoptosis are
stained with annexin-V and PI (annexin-V+/PI+). Necrotic cells have lost the integrity of their plasma
membrane and are predominantly stained with PI
(annexin-V)/PI+).
Statistical data analysis
Data are representative of three or more independent
experiments. Statistical significance was assessed using
Student’s unpaired t-test and was used to compare the
relative proliferation rates. Probability values of less
than 0.05 were considered significant. In each figure the
statistically significant differences are identified by an
asterisk (*) for EGCg or IR treatment compared to
control, while a double asterisk (**) shows significance
between combined EGCg/IR treatment and either
EGCg or IR treatment alone.
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Fig. 1 Effects of EGCg treatment or ionizing radiation exposure
on HBMECs’ survival. (A) Subconfluent HBMEC were either
treated with EGCg for 6 h in serum-free medium or exposed to a
single dose of ionizing radiation (IR). Cell survival was assessed
immediately after (white circles) and 48 h after (black circles)
individual treatments using an automatic nuclear cell counter
and Trypan blue staining. Cell survival is expressed as percent of
the non-treated and non-irradiated (control) cell survival. (B)
HBMEC survival assessed 48 h after combined EGCg (10 lM)/
IR (10 Gy) treatments. Probability values of less than 0.05 were
considered significant, and an asterisk (*) identifies such
significance against untreated control. A double asterisk (**)
identifies significant probability values of less than 0.05 in
irradiated conditions
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circles). In contrast, 48 h after treatment, cells had
recovered from the EGCg treatment and no effect
could be observed at this time on cell survival (Fig. 1A,
left panel, black circles). HBMEC survival was also
assessed after exposure to single IR doses, either
immediately or after 48 h recovery. We found that low
IR doses had no effect on cell survival assessed 1 h
after IR (Fig. 1A, right panel, white circles). On the
contrary, 48 h after IR exposure, cell survival was reduced by 30% at 10 Gy and by 40% at 30 Gy (Fig. 1A,
right panel, black circles). Interestingly, HBMEC pretreated with 10 lM EGCg and exposed to a 10 Gy
single IR dose showed a 70% reduction in cell survival
48 h after IR exposure (Fig. 1B). Therefore, combined
EGCg/IR treatments synergistically reduced cell survival.
The reduction of HBMEC survival following
combined EGCg/IR treatment is not due to changes
in cell cycle phases
Cell cycle distribution was assessed in HBMEC which
had been treated with 10 lM EGCg and/or irradiated
at single low doses (£10 Gy) and then left to recuperate in medium with serum for 48 h. We employed a
10 lM EGCg treatment concentration and used 10 Gy
as the delivered IR dose since the combination of these
treatment levels was associated with a synergistic decrease in cell survival 48 h after treatments (Fig. 1B).
Discrete modulations of cell cycle phase distribution
were observed in cells pretreated for 6 h with low
concentrations of EGCg (Fig. 2, lower left panel). On
the opposite, cell cycle phase analysis of irradiated
HBMEC showed a significant accumulation of cells in
G2 M phase (Fig. 2, upper right panel) and identical
results were found when cells were treated with combined EGCg/IR (Fig. 2, lower right panel).
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Expression of the cyclin kinase inhibitors p21 and
p27 is separately induced by EGCg and IR
treatments
We investigated the protein expression of the cyclin
kinase inhibitors p21(CIP/Waf1) and p27(Kip), known to
arrest cell cycle progression by inhibiting G1-S and G2M transitions [37–39] (Fig. 3A, B). IR exposure (10 Gy)
increased the expression of cyclin kinase inhibitors p21
and p27 2.0 to 2.4-fold over basal expression (Fig. 3B).
In addition, 10 lM EGCg treatments also induced a 1.9
to 2.5-fold increase in the p21 and p27 proteins (Fig. 3B).
However, the combination of EGCg/IR treatments
did not further modulate p21 and p27 expression.
GAPDH protein levels were not affected by EGCg
treatment and/or IR exposure (Fig. 3A).
IR-induced DNA random fragmentation increases
following combined EGCg/IR treatment
Forty-eight hours after treatment with EGCg and/or
IR, we assessed cell cycle distribution in HBMEC. The
characteristics of cell distribution in the sub-G1 region
were studied on the DNA histogram obtained by flow
cytometry (Fig. 2). Instead of observing only a distinct
peak in the sub-G1 region representing apoptotic cells,
we found an increase evenly distributed across the
same region, suggesting the presence of randomly
degraded DNA, a phenomenon representative of
necrosis as established in the literature [40]. Quantification of the gated population found in the sub-G1
region revealed that IR and combined EGCg/IR
treatments induced a 2.25-fold and almost 3.5-fold increase, respectively, in the sub-G1 population as
characterized above (Fig. 4). These results prompted
us to further investigate whether apoptosis might
contribute to the decrease in cell survival.

Fig. 2 Ionizing radiation’s
influence on HBMEC cell
cycle phase distribution is not
modulated by EGCg pretreatment. Cells were
harvested 48 h following
10 lM EGCg and/or 10 Gy
IR treatments and cell cycle
was analyzed by flow
cytometry as described in the
Methods section
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Fig. 3 Induction of cyclin kinase inhibitors p21 and p27 by
EGCg treatment and IR. (A) Subconfluent HBMEC were
treated with EGCg (10 lM) and/or irradiated at 10 Gy, left to
recuperate at 37C for 48 h and then harvested. Cell lysates of
each condition were electrophoresed on SDS-gels and immunodetection was carried out as described in the Methods section.
(B) Results from a representative experiment were normalized
to GAPDH expression. Quantification of p21 and p27 protein
expression was performed by scanning densitometry of samples
from control cells and from HBMEC treated with EGCg and/or
IR. Probability values of less than 0.05 were considered
significant, and an asterisk (*) identifies such significance against
untreated control

IR-induced caspase-dependent mechanisms
are not increased by EGCg pre-treatment
In order to assess whether the decrease in cell survival
was due to increased cell death through apoptosis, we
measured the expression of pro-apoptotic proteins
caspase-3, caspase-9 and cytochrome C. No significant
increases in the expression of these pro-apoptotic
proteins or in that of the housekeeping protein GAPDH were observed following combined EGCg/IR
treatments as compared to basal expression (Fig. 5A).
We also assessed apoptosis by measuring caspase-3
activity 48 h after EGCg treatment and/or IR exposure. Although exposure to EGCg slightly induced
caspase-3 activity at 10 lM, IR induced a significant
dose-dependent increase in caspase-3 activity (Fig. 5B,
left panel). EGCg pre-treatment did not modulate the
IR-induced caspase-3 activity (Fig. 5B, right panel).
We next examined whether the decrease in cell survival was rather due to increased cell death through
necrosis.
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Fig. 4 Combined EGCg and ionizing radiation treatments
increased sub-G1 population. Forty-eight hours after EGCg
and/or IR treatments, cell cycle was assessed by flow cytometry,
with specific attention to the sub-G1 region. Although IR
(10 Gy) treatment induced 2.25-fold induction of the sub-G1
region content, combined EGCg (10 lM)/IR (10 Gy) treatments
induced a 3.25-fold induction, suggesting that cell death is
increased. Probability values of less than 0.05 were considered
significant, and an asterisk (*) identifies such significance against
the respective non-irradiated conditions. A double asterisk (**)
identifies significant probability values of less than 0.05 in
irradiated conditions

Combined EGCg/IR treatments increase HBMEC
necrosis
HBMEC treated with EGCg and/or IR and left to
recuperate for 48 h were harvested and stained with
annexin-V and propidium iodide as described in the
Methods section. Quantification of the population
distribution throughout the four areas revealed that
no significant increase occurred in early (Fig. 6A,
lower right quadrant) or late apoptosis (Fig. 6A,
upper right quadrant) in EGCg-treated, irradiated
cells as compared to control cells. However, cell
necrosis (Fig. 6A, upper left quadrant) increased 5fold following combined EGCg/IR treatments
(Fig. 6B). These results suggest that non-apoptotic
pathways such as necrosis might contribute to the
decrease in cell survival following combined EGCg/
IR treatments and could explain the decrease in
HBMEC survival.
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Fig. 5 IR-induced caspase-dependant mechanisms are not
increased by EGCg pre-treatment. (A) HBMEC were treated
with 10 lM EGCg and/or exposed to a single 10 Gy IR dose.
Cells were left to recuperate for 48 h and were harvested. Cell
lysates were electrophoresed on SDS-gels and immunodetection
was carried out for caspase-3, caspase-9, and cytochrome C as
described in the Methods section. (B) In the left panel, caspase-3
activity was measured as described in the Methods section, on
harvested cells after EGCg treatment (black circles) or single
radiation exposure (white circles). In the right panel, caspase-3
activity is shown for cells treated with various doses of EGCg
and then followed (white circles) or not (black circles), with
10 Gy IR exposure

Discussion
We have recently shown that IR decreases in vitro
cell proliferation of malignant glioma cells derived
from highly vascularized brain tumors [8]. Furthermore, we also demonstrated that EGCg can enhance
the effects of IR on these same cells by potentiating
the decrease in cell proliferation [8]. Interestingly,
malignant gliomas’ proliferation, invasiveness and
necrosis are directly related to their microvasculature
[7]. Therefore tumor-associated EC represent a
potential new treatment target. IR is capable of
inducing cellular injuries to EC in vitro and in vivo
[10, 14–16, 34]. However, little is known about EC
injury occurring after radiation exposure and even
less is known regarding EGCg’s capacity to enhance
the effects of IR on HBMEC. In the present study,
we therefore characterized the impact of IR on
HBMEC and tested whether EGCg could optimize
this effect.
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The HBMEC model used in this study is a surrogate
model that approximates tumor-derived EC. Although
one must recognize that this model does not represent
glioma-derived EC, it is to our knowledge the closest in
vitro model that can approximate the human brain
tumor-derived EC phenotype in long-term studies.
Until recently, molecular impacts on brain microvasculature functions were in fact extrapolated from
studies mostly performed on human umbilical vein EC
(HUVEC) [34] or bovine aortic EC (BAEC) [41].
However, microvascular EC, such as brain EC, display
a selective phenotype which differs from macrovascular EC [35]. Recently, isolation of human EC from
glioblastoma specimens was achieved [42, 43]. Unfortunately, primary cell cultures were found not to be
suitable for long-term in vitro studies since they
de-differentiated in culture and had inherently limited
proliferative potential before senescence [44]. The
HBMEC model thus represents a stable in vitro model
since they maintain both morphological and functional
characteristics of brain EC, as well as an increased
proliferation rate due to their transformation with the
simian virus 40 large T antigen [36]. Noteworthy,
HUVEC immortalized with SV40 antigens and the
catalytic subunit of human telomerase overexpress the
tumor endothelial marker-1/endosialin which is
regarded as the most differentially expressed molecule
in tumor-derived endothelium versus normal-derived
endothelium [45]. Therefore the fact that HBMEC
were immortalized by transfection with SV40 allows us
to further approximate the molecular impact of our
study to those cells that would have acquired some
transformed phenotype in the GBM tumor microenvironment.
To investigate the mechanism responsible for the
synergistic EGCg/IR decrease in cell survival we first
assessed changes in the cell cycle. It has been firmly
established that IR results in prolongation of the cell
cycle, including delays or arrests in the G1, S and G2
phases [46–49], and induction of cyclin inhibitor p21(cip/
waf) [37]. Interestingly, p21(CIP/WAF) and p27(kip)
have also been recognized as effectors of cell cycle arrest
at the G1-S and G2-M phases of the cell cycle [37–39].
Similarly, EGCg has been shown capable of inducing
G1-phase arrest of cell cycle in many cell lines [25–27],
depending on the concentration and the duration of
treatment. Several studies have indeed recognized that
EGCg treatment induces p21 [25–27] and p27 expression
[26, 50]. Interestingly, p21 may exhibit an antiapoptotic
or proapoptotic effect depending on the conditions
inducing its expression [51]. In our study, pre-treatment
with low concentrations of EGCg (£10 lM) during a
short period of time (£6 h) did not affect the IR-induced
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Fig. 6 Cell necrosis
significantly increases
following EGCg/IR combined
treatments. Cell apoptosis
and necrosis were analyzed,
48 h after 10 lM EGCg and/
or 10 Gy IR treatments, by
flow cytometry after double
staining with Annexin V and
propidium iodide as described
in the Methods section. (A)
Lower left quadrant
represents viable cells; lower
right quadrant, early
apoptosis; upper right
quadrant, late apoptosis;
upper left quadrant, necrosis.
(B) Bar graph illustrates the
quantification performed on
each quadrant from (A).
Probability values of less than
0.05 were considered
significant, and an asterisk (*)
identifies such significance
against untreated control. A
double asterisk (**) identifies
significant probability values
of less than 0.05 in irradiated
conditions

G2–M and G1–S transition arrests nor the overexpression of cyclin kinase inhibitor proteins. Therefore the
cell cycle changes cannot account for the synergistic
survival decrease of cells pretreated with EGCg and
subsequently irradiated.
Recently, a study of total body irradiation in mice
showed that the proportion of EC undergoing apoptosis in a population of cells was 20% after 12 h [16]. In
light of these findings, we sought to determine whether
apoptosis-mediated cell death, a late event which
eliminates cells with irreparable DNA damage, could
account for the synergistic EGCg/IR effect. We
showed that low dose IR induced only moderate caspase-3 activity, and that HBMEC exposure to EGCg
did not induce significant caspase-3 activity nor did it
modulate IR-induced, caspase-dependent mechanisms.
Although the late stage of apoptosis is associated with
secondary necrotic cell death, primary necrotic cell
death may occur in the absence of apoptotic parame-
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ters [52]. The possible contribution of non-apoptotic
pathways, such as necrosis, was next investigated. We
found that random DNA fragmentation, assessed by
sub-G1 cell distribution, increased significantly following IR exposure and, more importantly, this effect
was enhanced by combined EGCg/IR treatments.
Although no significant increase in cell necrosis was
observed in HBMEC treated with either EGCg or IR,
the combined treatments did increase cell necrosis.
These results suggest that the cell death pathways
leading to necrosis may explain the synergistic effect of
EGCg/IR treatments.
It is well recognized that IR is capable of inducing
both apoptosis and necrosis in various tumor cell lines
[52, 53]. Many factors may influence the importance of
necrosis following IR. Studies have shown that necrosis
is induced in tumor cells following exposure to high
irradiation doses [53–55]. However, it has also been
shown that human promyeloctytic leukemia cells,
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irradiated with 50 Gy, died early, primarily by apoptosis while cells irradiated with 10 Gy died later,
predominantly by necrosis [56]. The effect of time after
radiation is controversial and probably depends on
many additional factors. Some authors report that rapid cell death occurs primarily through a non-apoptotic
pathway [57, 58] while others observe a dose-related
increase in necrosis with some delay after exposure
[23]. Furthermore, human lymphocytes exposed to
X-rays for up to 20 Gy displayed no necrosis at 4 h
post-IR. Although cell death was explained through
apoptosis in short-term culture (4 h), the proportion of
apoptotic cells did not match the increase in cell death
with increasing radiation. The authors explained this
discrepancy as being due to prolongation of the
apoptotic process [59]. In long-term cultures, a combination of apoptosis and necrosis was apparent and
explained the decrease in viability [59]. The kinetics of
appearance of both apoptotic and necrotic cells in
irradiated tumors is most probably influenced by cell
cycle progression and by cell loss. In addition, treatment of cancer cells with chemotherapeutic agents and
IR resulted in an increase in the necrotic component of
cell death [60]. For example, combined treatment of a
melanoma human cell line with radiation and with
camptothecin, a topoisomerase I inhibitor with significant anticancer activities, induced significantly more
necrotic than apoptotic cell death [60]. Interestingly,
simultaneous exposure of a human leukemic cell line,
EOL-1, to high concentrations of EGCg (50 lM) and
IR (0–8 Gy) resulted in a synergistic decrease in cell
proliferation and a synergistic increase in apoptosis
and necrosis [23].
Interestingly, EGCg bears recognized antiangiogenic properties. Many mechanisms have been
proposed for this, including decreased production of
VEGF by tumor cells, interfering with VEGF receptor
activity [33] and expression [32], and altering endothelial morphogenesis and cellular functions [33].
Therefore, VEGF survival signalling might be inhibited by EGCg, which could partially explain the enhanced results of combining radiotherapy and
antiangiogenesis agents [61]. Furthermore, EGCg has
been shown to sensitize various tumor cell lines to
radiation and to augment the effectiveness of radiotherapy [8, 23, 24]. EGCg has also been shown to
induce apoptosis in a variety of cell lines including EC
lines, but at doses ranging from 20 to 100 lM over
various time periods [29, 34, 62]. In our study, because
EGCg pre-treatment did not, by itself, induce apoptosis or potentiate IR-induced apoptosis, increased
apoptosis cannot explain the synergistic EGCg/IR decrease in cell survival.
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In summary, brain tumor-associated EC represent a
powerful cancer treatment target especially in highly
vascularized tumors such as GBM [4]. Although the
HBMEC model used in the present study does not
represent glioma-derived EC, it is to our knowledge
the closest in vitro model that can approximate the
human brain tumor-derived EC phenotype in longterm studies. The combination of EGCg and IR
treatments resulted in a synergistic delayed anti-survival effect that could be accounted for by an increase
in necrosis. It can be envisioned that strategies sensitizing brain tumor vasculature to low dose IR may thus
enhance the efficacy of radiotherapy. Therefore, EGCg
represents a potential agent for sensitizing brain EC to
radiotherapy, possibly by potentiating IR’s necrotic
effect.
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