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According to our previous study suggesting that antioxidant
properties of phytochemicals in the diet decrease glioma aggres-
siveness, we used a SUVIMAX-like diet (“Supplementation en
VItamines et Minéraux AntioXydants”) (enriched with alpha-
tocopherol, beta carotene, vitamin C, zinc, and sodium selenite),
adapted to rats. The present results showed that each of the antiox-
idants inhibited growth of glioma cells in vitro. When used in com-
bination for in vivo studies, we showed a highly significant delay in
the clinical signs of the disease, but not a statistical significant dif-
ference in the incidence of glioma in an Ethyl-nitrosourea (ENU)-
model. The SUVIMAX-like diet decreased candidate markers of
tumoral aggressiveness and gliomagenesis progression. The mRNA
expressions of 2 common markers in human glioma: Mn-SOD
(Manganese Superoxide Dismutase) and IGFBP5 (insulin growth
factor binding protein) were reduced in the tumors of rats fed the
antioxidant diet. In addition, the transcripts of two markers linked
to brain tumor proliferation, PDGFRb (platelet-derived growth
factor receptor beta) and Ki-67, were also significantly decreased.
On the whole, our results suggest a protective role for antioxidants
to limit aggressiveness and to some extent, progression of gliomas,
in a rat model.

INTRODUCTION
Glioblastoma multiforme (GBM) is the most frequent pri-

mary malignant brain tumor in adults. Malignant brain tumors
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have a very high mortality rate, because of their insidious inva-
sion and extensive neovascularization. Glioma cells are highly
resistant to apoptosis normally induced by drugs and malignant
gliomas react poorly to available therapies (1). In these con-
ditions, it is essential to develop alternative strategies to limit
occurrence and/or aggressiveness of this tumor.

The etiology of brain tumors is poorly understood. Epidemi-
ological data are somewhat conflicting as concerns the role of
food components. Some reports show an inverse association of
antioxidants or carotene alone intake with glioma (2–4), whereas
others do not (5, 6). Some studies have shown a correlation be-
tween the presence of GBM and oxidative stress (7), or lipid
peroxidation (8). The brain is one of the tissues the most sensi-
tive to oxidative stress because of the high contents of oxidizable
substrates and the low antioxidant levels. Indeed, tumor cells as
compared to normal cells, present high levels of reactive oxy-
gen species (ROS) and oxidative damage markers (9). Despite
this feature, tumor cells are able to survive and proliferate, in-
dicating that a high level of ROS may play an important role in
stimulating cell proliferation (10). Several intracellular signal-
ing pathways that stimulate cell proliferation, including tyrosine
kinase receptors, mitogen-activated protein kinases (MAPKs),
or redox sensitive transcription factors could be activated by
ROS (11).

In a previous study we explored the influence of a phyto-
chemical-enriched diet on gliomagenesis and the associated
systemic effects in rats (12). In this model of ethylnitrosourea-
induced glioma in pregnant females, we showed that the degree
of aggressiveness and systemic effects (weight loss, survival,
reduced liver weight), were decreased by a dietary interven-
tion and we suggested that phytochemicals with antioxidant
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ANTIOXIDANTS IN BRAIN TUMOR RAT MODEL 687

properties participated in this mechanism. The object of the
present study was to test this hypothesis. For this purpose,
we used the results of the “Supplementation en VItamines
et Minéraux AntioXydants” (SUVIMAX) interventional study.
This randomized double-blind study was designed to test
whether a combination of antioxidant nutrients (alpha-
tocopherol, beta carotene, vitamin C, zinc, and sodium selenite),
at nutritional doses could reduce the incidence of cancer in the
middle-aged general French population (13). The results of this
trial showed a beneficial effect in cancer prevention but only
in men. In the present work, the SUVIMAX diet was adapted
for dose levels in rats (SUVIMAX-like diet) and used in the
ENU-model. The strategy was to mimic the SUVIMAX study to
determine the impact of a dietary supplement on brain tumori-
genesis. Our results showed a highly significant delay in the
clinical signs of the disease, in the group fed the SUVIMAX-
like diet, as compared to the group fed a standard diet, as well
as a small reduction in the incidence of glioma in males.

To understand the mechanisms involved, we measured the
expression of genes dealing with proliferation (Ki-67) versus
apoptosis (bax and bcl-2). Markers of glioma progression and
the oxidative pathways were also investigated at the mRNA
level in the tumors. SOD-2, which is a key regulator of oxida-
tive stress, is also a possible prognostic marker for glioblastoma
(14, 15). Insulin growth factor (IGF)-binding protein (IGFBP)
isoforms have been implicated in the pathogenesis of human
neoplasms including glioma. In view of this, we evaluated the
expression of the IGFBP5 isoform (16), which was higher in
GBM relative to anaplastic astrocytoma or control brain tissue
(17). PDGFR (platelet-derived growth factor receptor) was also
measured because its modulation is a key event in gliomagene-
sis involved in the survival of glioma cells. A high active PDGF
pathway in gliomas results from the amplification-dependent
overexpression of receptors or ligands. This signaling axis plays
a central role in the events underlying gliomagenesis. PDGF sig-
naling is relevant for both tumor expansion and survival, stimu-
lating proliferation and indirectly promoting nutrient supply to
the tumoral mass (18).

MATERIALS AND METHODS

Materials

Cell Culture
Ntva cells were obtained from Dr. E. C. Holland (Memorial

Sloan Kettering Cancer Center, New York, NY). Ntva-PDGF
mimics a grade II glioma and Ntva-Ras/Akt mimics a grade IV
glioma. Cells were cultured in DMEM supplemented with 10%
FCS and 1% penicillin-stremomycin, glutamine at 37◦C with
5% CO2.

Tumor Induction and SUVIMAX Treatment
All experiments reported in this article comply with the

guidelines of the European Union for case and use of animals

in research protocols. The protocol of treatment was similar
as those previously described in Pouliquen et al. (12). The
animals were given free access to tap water and pellet stan-
dard diet (StD) (RM1, Special Diets Services, Witham, Essex,
UK), or SUVIMAX-like diet. SUVIMAx-like basic composi-
tion was identical to the StD diet enriched with a combination
of 78 mg vitamin C (Sigma Aldrich, Saint-Quentin Fallavier,
France), 19.5 mg vitamin E (Fluka, Saint-Quentin Fallavier,
France), 13 mg zinc (Sigma Aldrich, Saint-Quentin Fallavi-
er, France), 65 μg sodium selenite (Sigma Aldrich, Saint-
Quentin Fallavier, France), and 3.6 mg beta-carotene/kg food
(Sigma Aldrich, Saint-Quentin Fallavier, France). The differ-
ent SUVIMAX compounds were calculated in reference to the
Human SUVIMAX study (13).

Tumors of the central nervous system were induced accord-
ing to the procedure of Koestner (19), which produces malignant
gliomas in the progeny of rats between 4 and 8 mo of age. At
12 wk of age, females (n = 18) were paired with males (n =
27). The day on which the presence of a vaginal plug was con-
firmed was defined as Day 0 of gestation. On the 19th day of
gestation, the females received an intravenous administration of
50 mg/kg ethylnitrosourea (ENU; Isopac R©, Sigma, St Louis,
MO) dissolved in saline. Offspring were weaned on Day 21
postnatal and individually marked on the tail. The total number
of offspring induced by ENU was 55 in StD group (32 males and
23 females), 45 in SUVIMAX-like diet group (27 males and 18
females). Rats were anaesthetized with ketamin and Rompun R©
(Bayer, Puteau, France) and then killed by decapitation. Ani-
mals were obtained from Charles River Laboratories and were
housed in polycarbonate rat breeding cages in a room controlled
temperature (19–21◦C) with 60–70% humidity, renewed air, a
12-h light/dark cycle light and with StD or SUVIMAX diet ad
libitum.

Quantitative PCR Analysis
RNA extraction and reverse transcription were done as de-

scribed above. The PCR reaction was performed in a Mx 4000
apparatus (Stratagene) using the SYBR R© green qPCR core
reagent kit (Stratagene, Massy, France). DNA (1 μl) was mixed
with a buffer containing 3.5 mM MgCl2, 0.4 mM dNTPs, 0.2 μM
forward and reverse primers, 1/13 200 ROX as reference dye,
1/30 000 SYBR green I dye, 1 U Taq DNA polymerase, and
appropriate 1× final buffer in a final volume of 25 μl. Expres-
sion of gapdh as housekeeping gene, sod-2, bax, bcl-2, Ki-67,
PDGFRb, IGFBP-5 was estimated using primers in Table 1.
The PCR reaction was performed as follows: initial denatura-
tion at 94◦C for 5 min, and 40 cycles at 95◦C for 30 s, annealing
temperature for 1 min and 72◦C for 30 s. All results presented
were the mean of 5 to 15 different animals. All experiments
were repeated 3 times.

Western Blotting
Frozen brain tumor tissues were cut in small pieces and

incubated in RIPA buffer for 30 min on ice. Lysates were
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688 E. HERVOUET ET AL.

TABLE 1
Primers used in quantitative and semi-quantitative PCR

analyses

primers sequences

igfbp-5 5′-TGAGACAGGAATCCGAACAAG-3′

5′-CACAGTTGGGCAGGTACACAG-3′

ki-67 5′-AGACGTGACTGGTTCCCAAC-3′

5′-ACTGCTTCCCGAGAACTGAA-3′

pdgfrb 5′-AATGACCACGGCGATGAGA-3′

5′-TCTTCCAGTGTTTCCAGCAGC-3′

sod-2 5′-GGCTTGGCTTCAATAAGGAG-3′

5′-TAGTAAGCGTGCTCCCACAC-3′

bax 5′-ACTAAAGTGCCCGAGCTGAT-3′

5′-ATGGTCACTGTCTGCCATGT-3′

bcl2 5′-GAGTACCTGAACCGGCATCT-3′

5-′CAAATCAAACAGAGGTCGCA-3′

gapdh 5′-ATGACTCTACCCACGGCAAG-3′

5′-TGATGGGTTTCCCATTGATGA-3′

centrifugated for 5 min at 2000 g and supernatant was used
for SDS-PAGE separation. Forty μg proteins were size frac-
tionated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, after estimation of protein concentration using the
Bradford technique (Biorad, Marnes-La-Coquette, France). Pro-
teins were transferred onto nitrocellulose or PVDF membrane.
Saturation and blotting were realized by using SNAP i.d Protein
Detection System (Millipore, Molsheim, France). The detec-
tion of proteins was carried out using ECL (Amersham Bio-
sciences, Pantin, France) and/or SuperSignal west femto max-
imum sensitivity (Pierce, Thermo Fisher Scientific, Brebiéres,
France) chemiluminescence reagents. Bands were quantified us-
ing Quantity One quantification software (BioRad, Marnes-La-
Coquette, France). Anti-PDGFRb (sc-432 Santa-Cruz Biotech-
nology (1/200) for Western blotting, and goat antirabbit [75011
(Biorad) (1/2000), anti-actin (1/3000) (Chemicon, Hants, Great
Britain, MAB1501R)] and goat antimouse (1/3000).

Horseradish peroxidase-conjugated antibodies and enhanced
chemiluminescence reagents were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Fluorescent sec-
ondary antibodies were obtained from Invitrogen (Cergy Pon-
toise, France)

ROS Production
Fluorescence of DCF (2′,7′-dichlorofluorescein) (Invitrogen,

Cergy Pontoise, France) was measured, as described previ-
ously in Hervouet et al. (19) at t0 and t2 h following incu-
bation in saline buffer (135 mM NaCl, 5 mM KCl, 0.4 mM
KH2PO4, 1 mM MgSO4, 20 mM N-2-hydroxyethylpiperazine-
N ′-2-ethanesulfonic acid, pH 7.4, 5.55 mM glucose, and
1 mM CaCl2) with 1 μM 5- (and 6)-chloromethyl-2′7′-
dichlorodihydrofluorescein diacetate acetyl ester), in presence

or absence of compounds (ascorbic acid, sodium selenite, β-
carotene, tocopherol). This buffer was used to preserve cell
integrity and contrary to cell medium is devoid of autofluores-
cence.

Proliferation Test
Effects of compounds on cell proliferation were estimated by

crystal violet (Sigma Aldrich, Saint-Quentin Fallavier, France)
staining as previously described in Hervouet et al. (20). Briefly,
Ntva-PDGF cells were cultured for 7 days in presence or ab-
sence of the different compounds and then cells were washed
with PBS. Control cells proliferated normally (exponentially),
during the 7-days experiment. Then 2500 cells/well were seeded
and compounds were added 16 h later. Cells were stained for
30 min with 50 μL of a solution containing 0.5% crystal violet
in 20% methanol. Staining solution was then removed and wells
were rinsed twice with water and dried at room temperature. To
solubilize the stained cells, 100 μL per well of a solution of
0.1 M citrate sodium (Sigma Aldrich, Saint-Quentin Fallavier,
France) pH 4.2 and 50% methanol were added and plates were
kept for 30 min at room temperature. Absorbance of each well
was measured at 550 nm using a plate reader.

Statistical Analysis
Results were presented as mean ± SD. Statistical analyses

were estimated using Graphpad Prim Sofware Inc. (La Jolla,
CA). Statistical significance of the differences between groups
was assessed by use of Student’s t- and χ2test.

RESULTS

Antioxidants of the SUVIMAX-Like Diet Decreased
Proliferation and Noninduced Oxidative Stress of
Ntva-PGDF Glioma Cell Line

To assess the ability of the antioxidants contained in the
SUVIMAX-like diet to control non-induced oxidative stress,
we measured ROS produced by the glioma cell line Ntva-PGDF
representative of grade II glioma (21). ROS production was de-
termined after 2 h incubation of cells with tocopherol (20 μM),
ascorbic acid (200 μM), sodium selenite (0.05 μM), or beta-
carotene (20 μM). The variation in ROS production was cal-
culated from DCF fluorescence variations, which all lowered
significantly ROS production, beta-carotene and ascorbic acid
being the most potent compounds (Fig. 1A). It is known that
ROS play an important role in stimulating cell proliferation.
Several intracellular signaling pathways that stimulate cell pro-
liferation, including TRKs, MAPKs, or redox sensitive tran-
scription factors could be activated by ROS (11). Proliferation
of Ntva-PGDF cells was significantly reduced after 7 days expo-
sure to beta-carotene, ascorbic acid, tocopherol, and selenium,
the 2 latter compounds being the most efficient (Fig. 1B). Sim-
ilar results were obtained with Ntva-Ras Akt, a glioma cell line
representative of grade IV glioblastoma (21) (data not shown).
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ANTIOXIDANTS IN BRAIN TUMOR RAT MODEL 689

FIG. 1. A: Antioxidants decreased endogenous oxidative stress on Ntva-PGDF
glioma cell line. Reactive oxygen species production was measured by fluores-
cence of DCF (2′,7′-dichlorofluorescein) 2 h after the incubation in presence
or absence of alpha tocopherol (20 μM) or ascorbic acid (200 μM) or sodium
selenite (0.05 μM) or beta-carotene (20 μM). B: Antioxidants reduced glioma
cell proliferation. Effects of compounds on cell proliferation were estimated by
crystal violet staining. Ntva-PDGF cells were cultured for 7 days in presence or
absence of the different antioxidants.

The SUVIMAX-Like Diet Reduced Moderately
the Occurrence of ENU-Induced Tumors and Brain
Tumors Incidence in Male Rats

We previously showed that a phytochemical-enriched diet re-
duced ENU-induced gliomagenesis in rats (12). We suggested
that a major part of this effect could be explained by the antiox-
idant activity of the diet. In the present study, ENU-induced rats
were fed a diet containing antioxidants (tocopherol, ascorbic
acid, sodium selenite, beta-carotene and zinc). The concentra-
tions of micronutrients used were adapted from human doses
in SUVIMax study (one to three times the recommended di-
etary intake), taking into account the weight, amount of food
intake per day and physiologic needs of the rats. On this basis,
it would represent 2 times the recommended rat dietary intake.
The body weight of the offsprings was determined weekly af-
ter 4 mo (after birth) as this corresponds to the earliest time
the rats developed tumors in the control group. The end of the
experiment was defined as 10 mo of age, as most of the brain
tumors usually develop before that date. The histological analy-
sis of brain tumors induced in our previous study with the same
model showed characteristic features of glioma.

The rats with evident signs of illness (weight loss, nose bleed
or eye bleed, fur standing on end) were isolated in separate cages
and weighed daily until sacrifice. Twelve percent of the rats fed
the StD diet died before the end of the experiment, compared to
only 6% in the group fed the SUVIMAX-like diet (P = 0.31)
(Fig. 2A). The proportion of healthy animals (no weight loss,
no evident sign of illness) was not significantly higher (P =
0.45), in rats fed the SUVIMAX-like diet (35.6% vs. 27.3%).
Statistical analysis showed a nonsignificant reduction of total
number of tumor neither for brain tumor incidence (37.8% vs.
41.8%) (Fig. 2A) (P = 0.6). The incidence of brain tumors was
also reduced by 18% with the SUVIMAX-like diet in males
(Fig. 2B) but still not significantly (P = 0.3).

The SUVIMAX-Like Diet Delays the Outbreak of Signs
of Illness Associated with Gliomagenesis

Because of interindividual weight heterogeneity or sex dif-
ferences, the ratio between tumor weight and rat weight, allowed
us to reduce this bias. More, because we used the ENU-induced
model, the heterogeneity of the tumor was greater than in a
grafted tumor model. With SUVIMAX-like diet, tumor occur-
rence was delayed and the size reduced, resulting in a decrease
of 40% as compared to the StD diet, the difference was close to
significant (P = 0.057).

In contrast, the positive effect on tumor growth was associ-
ated with a profit of survey very significant, observed over the
whole course of the period study, even for old rats. Mean survival
was significantly higher (P = 0.004) with the SUVIMAX-like
diet (265 days ± 43) than for the StD diet (205 days ± 42)
(Fig. 3A). Separating the males and females, the mean sur-
vival for males: 199 days ± 38) (StD diet) vs. 266 days ±
36 (SUVIMAX-like diet) was highly significant (P = 0.0002).
For females the difference in survival was 219 days ± 68 (StD
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690 E. HERVOUET ET AL.

FIG. 2. A: Picture of tumor incidence in ethylnitrosourea (ENU)-induced
rats fed either the standard diet (left) or the SUVIMAX-like diet (right). The
differences observed were not statistically significant (incidence of death, brain,
medullar or non-central nervous system tumors or percentage of healthy rats).
B: SUVIMAX-like diet reduced, but not significantly (P = 0.31), brain tumor
occurrence in males (M) rats.

diet) vs. 275 days ± 46 (SUVIMAX-like diet), was close to
significant (P = 0.071) (Fig. 3B).

Because this difference could be linked to the hormonal
status (22, 23) (potential factor of bias), and few females de-
velop gliomas, further experiments were limited to males only.
As previously observed with our phytochemical-enriched diet
(Pouliquen et al.) (12), systemic effects, as observed by total
and liver weights, were reduced in the group of rats fed the
SUVIMAX-like diet, suggesting a link between antioxidant ac-
tivity and systemic effects. 30% of animals fed the SUVIMAX-
like diet and bearing brain tumors, did not present body or liver
weight decrease (Fig. 3C).

SUVIMAX-Like Diet Decreases Markers of Tumor
Aggressiveness and Gliomagenesis Progression

As antioxidant SUVIMAX-like diet decreased the prolifera-
tion of glioma cells, both in vitro and in vivo, we searched for a
molecular signature. MnSOD is an antioxidant enzyme located
in the mitochondrial matrix; suggested to be a marker in 2 inde-
pendent studies, which is inversely linked to long-term survival

FIG. 3. SUVIMAX-like diet modulates gliomagenesis and signs of illness
on ethylnitrosourea (ENU)-induced rats. A: SUVIMAX-like diet delays the
emergence of brain tumors. Severity of brain tumors was estimated by spotting
ratio of tumor mass/body mass depending on the age. B: SUVIMAX-like diet
delayed gliomagenesis in male rats and increased their survival. Survival curves
were analyzed using Log-rank Test and are significantly different (P = 0.019).
Median survival of tumor bearing rats was respectively 208 days and 265 days
with standard diet (StD) diet and SUVIMAX-like diet. C: SUVIMAX-like diet
reduced systemic effects associated with brain tumors. Right: influence of diet
on systemic effect reflected by body weight loss in male rats. Left: influence
of diet on weight liver, another marker of illness. Comparison between healthy
tissue (N) and brain tumor tissue (BT) was performed.

of glioma patients (14, 15). The SUVIMAX-like diet lowered
MnSOD mRNA expression when compared with tumors of rats
fed the StD diet (Fig. 4A). IGFs present in normal fetal/neonatal
developing brain are absent in mature brain and reappear in neo-
plastic developing neuroglial derived tissues, including the most
malignant brain tumor, GBM (24). Thus, IGFBP isoforms have
been implicated in the pathogenesis of human neoplasms includ-
ing glioma. Santosh et al. showed the association of IGFBP−2,
−3, and −5 expression with an increasing grade of malignancy
in astrocytomas. IGFBP-5 mRNA was higher in GBM rela-
tive to anaplastic astrocytoma or controls (17). Antioxidants
induce a significant decrease in IGFBP-5 mRNA expression
(Fig. 4B).
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ANTIOXIDANTS IN BRAIN TUMOR RAT MODEL 691

FIG. 4. Analysis of putative markers of glioma progression by RT-PCR. A:
MnSOD mRNA relative expression in brain tumor (BT) was evaluated and
compared between StD Diet and SUVIMAX-like diet, in males. B: IGFBP-5
mRNA relative expression was evaluated in the same way.

Furthermore, we did not detect any differences in the
Bax/Bcl2 balance between the tumors of the 2 diet groups (data
not shown). So we focused on Ki-67, a classical marker of cell
proliferation (25) and PDGFRb, which is specifically associated
with proliferation and aggressiveness in glioma (26). Ki-67 ex-
pression was significantly decreased (35%) in brain tumor of rats
fed the SUVIMAX-like diet (Fig. 5A). Because PDGFR mod-
ulation is a key event in gliomagenesis involved in the survival
of glioma cells, the expression of PDGFRb was assessed and

FIG. 5. SUVIMAX-like diet decreased brain tumor proliferation associated
parameters (RT-PCR). A: Ki-67 relative expression. B: PDGFRb relative ex-
pression. C: PDGFRb protein relative expression evaluation by Western-blot,
each column is the mean of values from 3 tumors.
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692 E. HERVOUET ET AL.

showed a significant decrease (P = 0.024) at the gene expression
level in the brain tumors of rats fed the SUVIMAX-like diet (Fig.
5B). This was confirmed at the protein level (P = 0.032) (Fig.
5C).

DISCUSSION
Brain tissue is vulnerable to the damaging effects of free

radicals (27). A relationship between dietary intake and adult
glioma has been suspected (28, 29). However, epidemiological
studies (3, 4, 6, 34, 35) have provided conflicting results. Some
of them suggested a protective role for antioxidants from fruits
and vegetables while others not. These discrepancies could be
related to differences in the preinclusion antioxidant status of the
studied population, to high variability in the regimen habits of
the studied populations, and/or to the size of the cross-section. In
contrast, a case-control study of primary tumors of the brain and
cranial meninges showed a significant protective effect among
glioma pairs with the use of vitamin supplements, which in-
creased with an increasing frequency of use (30). Moreover,
high intake of vitamin E is correlated with greater survival for
all patients diagnosed with Grade III malignant glioma (31). Di-
etary supplementation with antioxidants (e.g., vitamins C and
E) was found to reduce the incidence of brain tumors in chil-
dren whose mothers took these vitamins throughout pregnancy
(32, 33). Decreases in antioxidant levels were correlated with
the severity of the malignancy of brain tumors and also with
the accumulation of considerable amounts of oxidative stress
products including free radicals, which damage this tissue.

Some in vitro studies have shown a role of antioxidants in the
control of glial cell proliferation. It was established that sele-
nium not only induces tumor cell specific apoptosis but has also
an anti-invasive potential in biopsies from gliomas (36). Simi-
larly, tocopherols exhibited an antiproliferative effect on murine
glioma C6 cells (37). In agreement with these studies, we show
that alpha-tocopherol, ascorbic acid, beta-carotene and sodium
selenite, all of which have antioxidant properties, control the
constitutive oxidative stress status of mouse glioma cells, repre-
sentative of grade II and grade IV gliomas and also inhibit tumor
cell proliferation. Indeed, although ROS are predominantly im-
plicated in cell damage, they also play a major physiological role
in several aspects of intracellular signaling and regulation (38).
It has been clearly demonstrated that ROS, which are frequently
increased in cancer cells including glioma cells, interfere with
the expression of a number of genes and signal transduction
pathways and modulate the control of proliferation (39, 40, 41).

First, we demonstrated in vitro that each component of the
diet was able separately, to decrease glial tumor cell prolifera-
tion. We observed that proliferation decreased more with treat-
ments that reduced DCF-DA fluorescence. Uncontrolled cell
proliferation requires the upregulation of multiple intracellular
signaling pathways, (the components of which have been shown
to be shared by redox-dependent stimuli) including cascades
involved in survival, proliferation and cell cycle progression
(42). The action on tumor proliferation can also exist through

various mechanisms in addition to the antioxidant action. Se-
lenium, immunity modulator, is also able to act through its
metabolites. The selenotrisulfides and methylselenol, for exam-
ple, are known to have antitumorigenic properties (43). Alpha-
tocopherol has properties independent of its antioxidant/radical
scavenging ability such as the inhibition of protein kinase C
(PKC), which is an important factor in the evolution and pro-
liferation of malignant gliomas (44). The mechanism involved
in the latter function is not related to the radical scavenging
properties (45). All of the above could explain that individual
antioxidant activities do not correlate with the severity of the
antiproliferative effect observed here.

Secondly, we looked at the effect of a diet enriched with
dietary supplement with these 5 antioxidants and systemic effect
associated with developing tumors in the ENU-induced glioma
rat model. We noticed brain tumor incidence reduction, which
was not statistically significant. Interestingly, a larger number
of brain tumors was generated in males, correlating with the
higher rates observed in men as compared to women. Indeed,
the incidence of glioma is twofold higher in men (46). This
suggests a protective role of female hormones and/or a harmful
role of male hormones (47).

Our main result, was a greatly delayed brain tumor emer-
gence and growth in ENU-induced glioma model. When fed the
SUVIMAX-like diet, tumor occurrence was significantly de-
layed and the size reduced as compared to that of the StD diet.
When the results are separated by sex, the analysis of tumor size
show significant difference only in female rats probably due to
the limit of number in the groups. The most important aspect is
that the positive effect against tumor growth was associated with
a very significant profit of survey, mainly in males. Our obser-
vation is consistent with a number of published data on glioma,
suggesting that females are already protected by their antioxi-
dants/female hormones, This could explain why the benefits of
an antioxidant treatment were difficult to interpret in females
rats. Indeed, glioma-female rats with ovariectomy present a sur-
vey similar to males (48). A low level of oxidative stress can
stimulate cell division in the promotion stage (49). This implies
that production of ROS during this stage of carcinogenesis is a
major factor in ROS-related tumor promotion.

We observed that a high proportion of rats with brain tumors
fed the StD diet exhibited large systemic effects characterized
by weight loss and reduction in liver weight. These systemic
effects were prevented by the antioxidant dietary intervention.
We observed that the Bax/Bcl2 ratio was not significantly dif-
ferent with supplementation (data not shown), but many exam-
ples exist where the mitotic index was not directly correlated
with the apoptotic index (50) and the antiproliferative effect of
antioxidants may not be due only to apoptosis or necrosis in
glioblastoma but could also implicate an inhibition of cell cy-
cle progression (51). We concentrated our work on markers of
proliferation and aggressiveness. Altered levels of antioxidant
enzymes and nonenzymatic antioxidants as well as changes in
the related signaling pathways are common in many human can-
cers (52, 53). We show an increase in Mn-SOD transcripts in
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brain tumors, which were largely reduced by the SUVIMAX-
like diet. It has been shown that MnSOD expression level in
tumor tissue is a candidate marker for prognosis of glioblas-
toma patients and high Mn-SOD expression was associated with
short survival for patient. MnSOD was markedly increased in
grade IV astrocytoma (15) and a decrease in its expression cor-
relate with a less sever grade of brain tumor. Moreover Li et al.
(2011) demonstrated that high MnSOD content correlated with
poor prognosis in glioma patients and could be explained by
H2O2-dependant MAPKs, PI3Ks, and MPPs increase (54).
Compared with normal brain tissue, malignant gliomas express
an increased number of insulin-like growth factor (IGF) recep-
tors (55). IGFBPs comprise a family of proteins that bind and
regulate the functions of IGFs. IGFBP-2, -3, and -5 expres-
sion correlates with grades of malignancy in astrocytomas, and
IGFBP-5 mRNA is higher in GBM relative to anaplastic astrocy-
toma and controls (17). Rahman and Thomas also reported that
IGFBPs (including IGFBP-5) were increased following ROS
production (56). Expression of IGFBP-5 also correlates signif-
icantly with glioma histologic grade and increases with glioma
anaplastic progression (57) and IGFBP-5 was shown to be a
marker of recurrence of brain tumor (58) and correlated with
a shorter overall survival in breast cancer (59). In agreement,
we show that the antioxidant-enriched diet decreased the ex-
pression of IGFBP-5 in brain tumors. The SUVIMAX-like diet
reduced the expression of Ki-67 mRNA, which is considered
to be a classical cancer cell marker of proliferation. We also
looked at PDGRb expression because one of the most consis-
tent cellular signaling defect observed in malignant gliomas is
the establishment of a PDGF autocrine loop attributable to the
coexpression of PDGF-A and -B and their cognate receptors.
Glioblastoma cell lines and primary tumor tissue frequently
overexpress PDGFRa and b (alpha and beta). Because PDGF
autocrine signaling is an initiating event, additional defects in
cell signaling are probably required for progression to GBM
(60). PDGFRs activation by their agonists induces a moderate
production of ROS involved in the mitogenic effect of the acti-
vation and survival pathways (Akt, NFkB) (61), which can be
controlled by antioxidants. Expression of PDGFRb transcripts
was significantly decreased with the SUVIMAX-like diet, a phe-
nomenon confirmed at the protein level. H2O2 can activate the
PDGFR via inhibition of protein tyrosine phosphatases. This
might have an effect on tumor vessels and as such could explain
the modulation of tumor growth, in part because the vessels are
stimulated via PDGFR-b (62).

On the whole, in addition to the classical Ki-67 marker of
proliferation, other markers linked to severity and tumor grade
were decreased with the antioxidant diet. It appears that the
antioxidant-enriched diet could control gliomagenesis. It oper-
ates less on tumor incidence than on the delay of their clinical
emergence, aggressiveness, and associated systemic effects. The
control of brain tumor incidence is delayed by exposure for sev-
eral years, to new risks, such as radio frequencies. This increases
the interest in the study of preventive factors likely to oppose
the growth of tumors in central nervous system.
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