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Abstract: Background: Brain tumorigenesis is related to oxidative stress and a decreased response
of antioxidant defense systems. As it is well known that gender differences exist in the incidence and
survival rates of brain tumors, it is important to recognize and understand the ways in which their
biology can differ.

Objective: To analyze gender differences in redox status in animals with chemically-induced brain
tumors.

Methods: Oxidative stress parameters, non-enzyme and enzyme antioxidant defense systems are as-
sayed in animals with brain tumors induced by transplacental N-ethyl-N-nitrosourea (ENU) admini-
stration. Both tissue and plasma were analyzed to know if key changes in redox imbalance involved
in brain tumor development were reflected systemically and could be used as biomarkers of the dis-
ease.

Results: Several oxidative stress parameters were modified in tumor tissue of male and female ani-
mals, changes that were not reflected at plasma level. Regarding antioxidant defense system, only
glutathione (GSH) levels were decreased in both brain tumor tissue and plasma. Superoxide dismu-
tase (SOD) and catalase (CAT) activities were decreased in brain tumor tissue of male and female
animals, but plasma levels were only altered in male animals. However, different protein and mRNA
expression patterns were found for both enzymes. On the contrary, glutathione peroxidase (GPx) ac-
tivity showed increased levels in brain tumor tissue without gender differences, being protein and
gene expression also increased in both males and female animals. However, these changes in GPx
were not reflected at plasma level.

Conclusion: We conclude that brain tumorigenesis was related to oxidative stress and changes in
brain enzyme and non-enzyme antioxidant defense systems with gender differences, whereas plasma

did not reflect the main redox changes that occur at the brain level.

Keywords: Lipid peroxidation, Total antioxidant capacity, Glutathione, Superoxide dismutase, Catalase, Glutathione peroxi-

dase.

1. INTRODUCTION

Brain tumors are central nervous system (CNS) neopla-
sias difficult to treat because of their infiltrative nature and
their resistance to chemotherapy and other treatments [1-3].
As in other types of cancer, the development of these tumors
is the result of multistage, multistep processes that involve
several multiple molecular and cellular changes that promote
the transformation of normal cells into malignant ones, being
oxidative stress frequently associated with triggering the
process [4, 5]. In fact, the imbalance between free radical
production and the efficiency of the antioxidant defense sys-
tems promotes different reactions which induce oxidative
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damage and contribute to the development of carcinogenesis
[3, 6, 7]. Also, initiation, promotion and progression stages
are controlled by polymorphic genes which can be altered by
free radicals, leading to their dysfunctions [8, 9]. Under these
non-physiological conditions, free radicals are formed in
excess from both endogenous sources (mitochondria, perox-
isomes, inflammatory cell activation or neurotransmitters
oxidation) and exogenous sources (environmental and
chemical agents, drugs or irradiation) [3, 10]. These large
amounts of free radicals and specially those derived from
oxygen (reactive oxygen species —ROS- such as superoxide
anion, hydrogen peroxide and hydroxyl groups) lead to lipid
peroxidation of cellular membranes, oxidation of proteins
and DNA and promoting changes in chromosome structure
and genetic mutations that alter the modulation of cell
growth [3, 11, 12]. In the same way, changes in non-enzyme
(reduced glutathione, GSH) and enzyme antioxidant systems
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(superoxide dismutase, SOD, catalase, CAT, and glutathione
peroxidase, GPx) have also been reported [3]. These enzyme
and non-enzyme antioxidant defense systems are ready to
avoid or decrease brain damages promoted by the excess of
free radicals. Furthermore, ROS play an important role in
tumor development because the CNS is very sensitive to
free-radical damage [4, 5, 13, 14]. However, cancer cells
may also be eliminated by ROS, which could block key
processes in the cell cycle and induce apoptosis through not
completely known mechanisms [14, 15].

Transplacental N-ethyl-N-nitrosourea (ENU)-induced
tumors of the nervous system in rodents have been widely
used as an experimental brain tumor model [16-20]. This
model shows a high rate of tumor induction (normally of
100%) and the appearance of multiple tumors per brain.
Also, the profile and time course of tumor progression in this
experimental model have been extensively documented [20-
22]. However, in this model, potential redox changes and the
response of antioxidant systems in the incidence and tumor
growth have been little studied, although previous studies
have suggested a putative role for oxidative stress in nitro-
samine-induced carcinogenesis [20, 23, 24].

In the present work, we analyze, in both tissue and plasma,
oxidative stress biomarkers, non-enzyme and enzyme antioxi-
dant defense systems in male and female rats with ENU-
induced brain tumors to analyze the participation of redox
system components in the brain tumorigenesis. Also, we ana-
lyze if plasma levels of the different parameters are related to
those on tumor tissue, to establish if they can be used as puta-
tive biomarkers of nervous system tumors, due to its greater
accessibility. Finally, we analyze several other biochemical
parameters in plasma to determine if the administration of the
carcinogen affects other physiological functions.

2. MATERIALS AND METHOD
2.1. Animals and Treatments

Female (n=10) and male (n=5) Wistar rats were obtained
from Harlan laboratories (Spain). The animals were main-
tained in a controlled environment under constant tempera-
ture (25°C) with a 12 h-light/12 h-dark cycle. Rats were
housed in cages and given free access to standard laboratory
rat food and water. The experimental procedures for animal
use and care were in accordance with the European Commu-
nity Council directive (2010/63/EU). Protocols were ap-
proved by the Bioethical Committee of the University of
Jaen (Reference number CVI09-4957M). Female Wistar rats
weighing 200-250 g were caged overnight with males, and
the day when the sperm was confirmed in vaginal smears
was designated as day 1 of gestation. On day 18 of gestation,
a group of pregnant rats was injected i.v. with a single dose
of ENU, 75 mg/kg body weight dissolved in saline solution,
whereas another group was injected with the vehicle alone.
Female and male offspring from the vehicle and ENU-
treated rats were used in these experiments. A total of 58
offspring were obtained. The offspring were naturally deliv-
ered and weaned at 22 days old. At this time, males and fe-
males were housed separated and kept under weekly obser-
vation for any sign of neurological or health problems. All
rats were weighed once a week for the duration of the study.
Rats were sacrificed after 30 weeks.
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2.2. Magnetic Resonance Imaging (MRI) Analysis

Magnetic resonance images were acquired at 9.4 Tesla
(Bruker Biospec, Ettlingen, Germany) at the Fundacion IDI-
CHUS (Santiago de Compostela, Spain). The ENU-exposed
rats were imaged at 30 weeks of age using a volume coil for
transmission and a surface coil for reception. Anesthetized
rats were placed on an MR probe in a supine position in a
cradle and their head was maintained with ear bars and a bite
bar. For each animal, 20 contiguous 1 mm thick slices were
acquired using a T2-weighted spin echo sequence (TR/TE =
2000/80 ms, matrix = 256 x 192 or 128 x 128, two accumu-
lations, Field of View = 30 x 30 mm2). To aid in tumor visu-
alization, animals were injected i.p. with 1.5 ml/kg b.w. of
gadolinium (Gd-DTPA) (Magnevist, Schering). Tumor vol-
ume was calculated using Image J software. Tumor surface
(millimeter square) was measured on MRI images according
to MRI resolution. Tumor volume was calculated by analyz-
ing the surface of the tumor on successive MRI slices multi-
plied by slice thickness (1 mm). Images were analyzed and
processed by a scientist blinded to the study by using
Bruker's Paravision 5.1 software and Image-J (Rasband,
W.S., Imagel, U. S. National Institutes of Health, Bethesda,
MD, USA, https://imagej.nih.gov/ij/.

2.3. Plasma and Tissue Collection

Rats were anesthetized with equithesin (2ml/Kg body
weight) by intraperitoneal injection and then shaved and ster-
ilized with 10% povidone-iodine. Blood samples were ob-
tained from the left cardiac ventricle, drawn into tubes with
heparin as an anticoagulant, allowed to clot, and then centri-
fuged for 10 minutes at 3000xg to obtain the plasma, which
was frozen and stored at -80°C until use. Samples of tumors
were quickly removed and prepared for histopathological
examination or frozen at —80°C until use. Equivalent brain
regions were removed from control animals, according to
Paxinos and Watson [25].

2.4. Oxidative Stress Parameters Assays
2.4.1. Bioenergetic Behavior Assay

Mitochondrial activity of brain tissue was assayed by us-
ing tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide). This compound is hydro-
lyzed by the mitochondrial enzyme succinate dehydrogenase,
which produces a dark blue tetrazolium salt that can be
measured spectrophotometrically using a test wavelength of
550 nm and a reference wavelength of 620 nm [26]. The
resulting values were expressed in optical density units/mg
of protein.

2.4.2. Lipid Peroxidation Assay

Lipid peroxidation was measured by analyzing the
amount of thiobarbituric acid reactive substances (TBARS).
Briefly, samples were mixed with 100 pL of ice-cold 20%
TCA. After centrifugation, a volume of supernatant was
added to an equal volume of 0.67% 4,6-dihydroxypyri-
midine-2-thiol (TBA) and the mixture was kept in a boiling
water bath for 15 min. Samples were cooled to room tem-
perature and the absorbance at 532 nm was recorded after
subtracting blanks containing TCA and TBA in an equal
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volume. The signal was read against a malondialdehyde
(MDA) standard curve and the results were expressed as ng
MDA /mg of protein [3, 27].

2.4.3. Protein Oxidation Assay

Protein oxidation was measured by analyzing the car-
bonyl groups content of proteins. Briefly, samples were
mixed with 100 pL of ice-cold 20 % TCA and centrifuged.
Protein precipitates were left to react with 2, 4-dinitrophenyl-
hydrazine 10 mM for an hour at room temperature in the
dark. After the reaction, proteins were precipitated with 20%
TCA and unreacted dye was washed twice with 10% TCA.
The pellets were dissolved in 1 M NaOH and absorbance
was recorded at 360 nm. The results were expressed as
nmol/mg of protein using an extinction coefficient of 2.1x10*
M em™ [3].

2.5. Total Antioxidant Capacity (TAC) Assay

TAC was measured using copper (II)-neocuproine as a
chromogenic oxidant (CUPRAC method). Results were
compared with a standard curve obtained with trolox. Absor-
bance was recorded at 570 nm and results were expressed in
pumol trolox equivalents/mg of protein [27, 28].

2.6. Nonenzyme Antioxidant Defense Systems
2.6.1. Total Glutathione Assay

Total glutathione was measured using a commercial kit
from Biovision, according to manufacturer instructions. Data
are presented as nmol of GSH/mg of protein [27].

2.7. Enzyme Antioxidant Defense Systems
2.7.1. Superoxide Dismutase Assay

Samples were mixed with reaction buffer contained 100
mM triethanolamide-diethanolamide buffer (TDB) pH 7.4,
7.5 mM NADH and relation 1:2 EDTA/MnCI2. To start the
reaction, 10 mM B-mercaptoethanol were added. The absor-
bance was recorded at 340 nm for 2-15 min. Results were
expressed in U/mg of protein. One unit of SOD activity is
defined as the amount of enzyme necessary to produce a
50% inhibition of the NADH oxidation rate under the assay
conditions [27, 28].

2.7.2. Catalase Activity Assay

Samples were added to 10 mM H202 in 20 mM potas-
sium phosphate buffer (pH 7.0) and incubated at 30°C for
one minute. Initial reaction rate was measured from the de-
crease in absorbance at 240 nm [27]. Results were expressed
in U/mg of protein. One unit of catalase activity is defined as
1 pmol of H202 decomposed per minute under the assay
conditions.

2.7.3. Glutathione Peroxidase Activity Assay

Samples were added and mixed with 50 mM potassium
phosphate (pH 7.4), 25 mM NADPH, 1 mmol/L GSH and
100 U/ml of yeast glutathione reductase in a 96-well plate.
The hydroperoxide-independent NADPH consumption rate
was recorded for 3 min at 37°C at 340 nm. Then, tert-butyl
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hydroperoxide was added to start the reaction, mixed, and
the overall rate at 340 nm was recorded. The same procedure
was carried out in the same reaction volume without the
sample. This allows subtracting the non-enzymatic rate of
GSH oxidation [27]. Results were expressed in U/mg of pro-
tein. One unit of GPx activity is defined as 1 pmol of NADH
oxidized per minute under the assay conditions.

2.8. Western Blotting

Samples were treated with RIPA buffer. Fifty micro-
grams of total protein were separated by SDS-polyacryla-
mide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Amersham GE-Healthcare, Bucking-
hamshire, UK). Protein concentration was determined ac-
cording to Bradford’s method. Proteins were loaded per lane
onto a 15 % SDS-PAGE gel for Cu-Zn superoxide dismutase
(23 kDa), or a 10% SDS-PAGE gel for glutathione peroxi-
dase (92 kDa), and 7.5 % SDS-PAGE gel for catalase (64
kDa). After blocking with 5% skim milk in TBS, the mem-
brane was incubated with goat anti-SOD-1 (1:200, Santa
Cruz Biotechnology, Inc.), goat anti-GPx-1 (1:200, Santa
Cruz Biotechnology, Inc.) and mouse monoclonal anti-
catalase antibodies (1:200, Santa Cruz Biotechnology, Inc.)
overnight at 4°C. Blots probed with tubulin (1:10000; Santa
Cruz Biotechnology, Inc.) were used as loading controls. The
membranes were washed three times with TBS-T. Immuno-
reactive polypeptide was visualized using horseradish
peroxidase conjugated secondary antibodies (anti-goat IgG
peroxidase conjugated 1:2000, 1:5000 Santa Cruz Biotech-
nology, Inc. and anti-mouse IgG peroxidase conjugated
1:2000, Amersham Bioscience) and enhanced-chemilumine-
scence detection reagents (Amersham Bioscience) following
manufacturer-supplied protocols. Inmunoblots were analyzed
by ImageLab TM Software version 2.0.1 (Bio-Rad) to pro-
vide quantitative values for relative expression of each pro-
tein (all normalized to its own loading control). The optical
densities of the bands were measured by ImageLab [29].

2.9. RT-PCR

For first strand cDNA synthesis, 1ug of total RNA is
reverse transcribed using random hexamers (Roche Diagnos-
tic) as primers and Transcriptor Reverse Transcriptase
(Roche Diagnostic). Gene expression is assessed by RT-PCR
using MiniOpticon technology (BioRad) with SYBER Green
detection. A standard curve is created with serial dilutions of
a PCR fragment from RNA of brain tissue (Clontech Labora-
tories, Inc., Mountain View, CA). For quantification pur-
poses, mRNA levels are always reported to B-actin and
GAPDH levels, constitutively expressed genes. All samples
are quantified in duplicate and positive and negative controls
are included in all the reactions. The reaction is performed,
following the protocol of manufacturers, in a final volume of
25ul. The cycle program consisted of an initial denaturing of
10 min at 95°C, then 40 cycles of 15 sec denaturizing phase
at 95°C and 1 min annealing and extension phase at 60°C.

2.10. Blood Chemistry Measurements

Electrolytes (sodium, potassium and chloride), calcium
and phosphorus were assayed using selective ion electrodes.
Results are expressed in mEq/L; calcium and phosphorus



4 Current Cancer Drug Targets, 2019, Vol. 19, No. 1

were assayed by colorimetric methods. Results are expressed
in mg/dL. The non-protein nitrogenous compounds, uric
acid, urea, creatinine, and glucose in samples were assessed
using commercial kits (Boehringer Mannheim) with the
automated Roche-Hitachi 917 system. Total cholesterol,
high-density lipoprotein (HDL) cholesterol and triglycerides
were assayed with the use of standard enzymatic colorimet-
ric methods using commercially available kits. The low-
density lipoprotein (LDL) cholesterol level was calculated
according to the Friedewald formula. Results are expressed
in mg/mL. Plasma activities of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were estimated
by quantitative enzymatic colorimetric, end point methods
using commercially available kits. Results are expressed in
UI/L. Alkaline phosphatase (ALP) was determined by col-
orimetric, end point method using commercially available
kits. Results are expressed in UI/L. The albumin content was
determined by colorimetric method using a commercial kit.
Results are expressed in g/dL. Total protein level was esti-
mated by the colorimetric method of Bradford. Results are
expressed in mg/mL [3].

2.11. Statistical Analysis

All values represent the mean + standard error of the
mean (SEM). Data were analyzed by multiple analysis of
variance (MANOVA) plus Newman-Keul's test, using IBM
Pass V.19 software. Values of P<0.05 were considered sig-
nificant.

3. RESULTS
3.1. Parameters of the Carcinogenesis

ENU treated animals showed a tumor incidence, defined
as the percentage of rats bearing at least one malignant tumor
at sacrifice, of 100% in both male and female rats. Also,
males show a mean of 2.00+0.41 tumors per animal, with a
total volume of 350.40+157.76 mm3. Females show a mean
of 2.14+0.65 tumors per animal, with a total volume of
206.18+84.88 mm3. No statistically significant differences
were found among male and female rats. Fig. (1) shows sev-
eral ENU-induced tumors by MRI and a computerized three-
dimensional representation of a tumor as an example of its
spatial distribution.

3.2. Oxidative Stress Parameters
3.2.1. Bioenergetic Behavior

Control and tumor tissue bioenergetic behavior showed
significantly (P<0.01) higher values in both male and female
animals with ENU-induced tumors than in their correspond-
ing control groups (Fig. 2). However, no gender differences
were found.

3.2.2. Lipid Peroxidation

The analysis of lipid peroxidation determined through the
analysis of thiobarbituric acid reactive substances (TBARS)
showed a significant increase (P<0.01) in the tissue of male
and female animals with ENU-induced tumors when com-
pared with control groups (Fig. 3A). No statistically signifi-
cant differences were found among male and female rats.
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However, no changes were observed in TBARS content in
the plasma of these animals (Fig. 3B).

N

Fig. (1). (A) Representative T2-weighted images of ENU-induced
tumors in animals by MRI. (B) Example of a computerized three-
dimensional representation of the tumor.
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Fig. (2). Tissue bioenergetic behavior of male and female control
animals and animals with tumors induced by transplacental N-
ethyl-N-nitrosourea (ENU) exposure. Results are expressed in opti-
cal density units per mg of protein (Mean + SEM; **P<0.01).
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Fig. (3). Thiobarbituric acid reactive substances (TBARS) content
in tissue (A) and plasma (B) of male and female control animals
and animals with tumors induced by transplacental N-ethyl-N-
nitrosourea (ENU) exposure. Results are expressed in ng of
malondialdehyde (MDA) per mg of protein (Mean + SEM;
**P<0.01).

3.2.3. Protein Oxidation

The analysis of protein oxidation (assayed as carbonyl
and diene conjugate groups content) also showed a signifi-
cant increase (P<0.001) in the tissue of male and female
animals with ENU-induced tumors (Fig. 4A), whereas no
changes were detected in the plasma between groups (Fig.
4B). No gender differences were found.

3.3. Antioxidant Defense Systems
3.3.1. Total Antioxidant Capacity

The analysis of total antioxidant capacity (TAC) showed
a significant decrease (P<0.05) at tissue level in both male
and female animals with ENU-induced tumors when com-
pared with their corresponding controls (Fig. SA). No
statistically significant differences were found among male
and female rats. However, no differences were observed in
plasma between groups (Fig. 5B).

3.3.2. Non-enzymatic Antioxidant Defense System

At tissue level, male and female animals with ENU-
induced tumors showed significant (P<0.001) lower levels of
total GSH than control groups (Fig. 6A). Significant de-
creases in the total glutathione content were also observed in
plasma of male (P<0.001) and female (P<0.01) animals with
ENU-induced tumors when compared with control groups.
However, we found in plasma gender differences in control
group, showing female control animals significant (P<0.01)
lower levels of total GSH content than male control animals

(Fig. 6).
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Fig. (4). Carbonyl groups content in tissue (A) and plasma (B) of
male and female control animals and animals with tumors induced
by transplacental N-ethyl-N-nitrosourea (ENU) exposure. Results
are expressed in nmol per mg of protein (Mean + SEM;
**%P<0.001).
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Fig. (5). Total antioxidant capacity (TAC) content in tissue (A) and
plasma (B) of male and female control animals and animals with
tumors induced by transplacental N-ethyl-N-nitrosourea (ENU)
exposure. Results are expressed in trolox equivalents per mg of
protein (Mean + SEM).
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Fig. (6). Total glutathione (GSH) content in tissue (A) and plasma
(B) of male and female control animals and animals with tumors
induced by transplacental N-ethyl-N-nitrosourea (ENU) exposure.
Results are expressed in nmol per mg of protein (Mean + SEM;
*#P<(.01; ***P<0.001; *P<0.01).
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3.3.3. Enzymatic Antioxidant Defense System

3.3.3.1. Superoxide Dismutase (SOD)

Tissue SOD activity in male and female animals with
ENU-induced tumors showed significant (P<0.001) lower
levels than control groups (Fig. 7A). However, no
statistically significant differences were found among male
and female rats. In the same way, no changes were observed
in SOD-1 protein levels (Fig. 7C) or mRNA expression (Fig.
7D) between the different groups analyzed. On the contrary,
significantly decreased SOD activity was observed in plasma
of male (P<0.01) but not female animals with ENU-induced
tumors (Fig. 7B).

3.3.3.2. Catalase

Tissue catalase activity was also significantly (p <0.01)
lower in male and female animals treated with ENU, al-
though no significant gender differences were found (Fig.
8A). However, significant increases (P<0.01) in CAT protein
were found in both male and female rats with ENU-induced
tumors (Fig. 8C). Catalase mRNA expression was also sig-
nificantly higher in both male and female animals with ENU-
induced tumors (Fig. 8D). However, no significant gender
differences were found either in tissue activity, protein levels
or mRNA expression. On the contrary, plasma catalase activ-
ity was significantly decreased in male but not female ani-
mals with ENU-induced tumors (Fig. 8B), although no gen-
der differences were found in plasma between male and fe-
male control animals.

Superoxide dismutase
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Fig. (7). Superoxide dismutase (SOD) activity in tissue (A) and plasma (B) of male and female control animals and animals with tumors
induced by transplacental N-ethyl-N-nitrosourea (ENU) exposure. Results are expressed in units per mg of protein. Figure (C) shows a repre-
sentative western blot showing Cu-Zn SOD-1 (23 KDa) protein levels in tissue. Densitometry analyses are presented as a relative ratio of
SOD-1 to a-tubulin. Figure (D) shows tissue SOD-1 mRNA expression normalized to B-actin and GAPDH levels (Mean = SEM; **P>0.01;

##£%4P<0.001).
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Fig. (8). Catalase (CAT) activity in tissue (A) and plasma (B) of male and female control animals and animals with tumors induced by trans-
placental N-ethyl-N-nitrosourea (ENU) exposure. Results are expressed in units per mg of protein. Figure (C) shows a representative western
blot showing CAT (64 kDa) protein levels in tissue. Densitometry analyses are presented as a relative ratio of CAT to o-tubulin. Figure (D)
shows tissue CAT mRNA expression normalized to 8-actin and GAPDH levels (Mean = SEM; **P<0.01).

3.3.3.3. Glutathione Peroxidase

Regarding GPx activity, a significant increase (P<0.001)
was found at tissue level in both male and female animals
with ENU-induced tumors (Fig. 9A). In the same way, sig-
nificant increases (P<0.05) in GPx-1 protein were found in
both male and female rats with ENU-induced tumors (Fig.
9C), and GPx-1 mRNA expression was also significantly
higher in both male and female animals with ENU-induced
tumors (Fig. 9D). However, no significant gender differences
were found either in tissue activity, protein levels or mRNA
expression. On the contrary, no changes or gender differ-
ences were found in GPx activity in plasma of rats with
ENU-induced tumors (Fig. 9B).

3.4. Blood Chemistry

Table I shows the level of several electrolytes (calcium,
phosphorus, sodium, potassium and chloride) analyzed in
plasma of control animals and animals with ENU-induced
tumors. Phosphorus plasma levels were significantly de-
creased (P<0.01) in females of both control and ENU-
induced tumors groups when compared to control males
and males with ENU-induced tumors respectively, appear-
ing gender differences not related to ENU exposure. Also,
chloride plasma levels were significantly higher (P<0.01)
in female animals with ENU-induced tumors than in con-
trol females and ENU-treated males. In fact, no gender dif-
ferences were found in chloride plasma levels in control
animals. Finally, no changes were observed in the other
electrolytes assayed. All parameters showed values within
normal levels.

Table II shows plasma levels of glucose and non-protein
nitrogenous compounds (urea, creatinine and uric acid) in
control animals and animals with tumors induced by trans-
placental ENU exposure. No significant differences were
observed between groups or between male and female rats.
All parameters showed values within normal levels.

Table III shows plasma lipid profile (total cholesterol,
HDL-cholesterol, LDL-cholesterol, Total cholesterol/HDL-
cholesterol ratio and triglycerides) in control rats and rats
with ENU-induced tumors. No significant changes in total-
cholesterol, HDL-cholesterol and total cholesterol/HDL-
cholesterol ratio levels were found when the different ex-
perimental groups were compared. By other hand, LDL-
cholesterol levels showed gender differences. Thus, male
animals showed significant (P<0.01) increased LDL-
cholesterol levels in both control and ENU-induced groups
than females. Furthermore, a significant increase (P<0.01) of
plasma LDL-cholesterol levels were observed in both male
and female animals after ENU-exposure. In the same way,
plasma triglycerides showed no significant gender differ-
ences in the control group. However, in animals with ENU-
induced tumors, a significant (P<0.01) decrease was ob-
served in both males and females, being this decrease sig-
nificantly higher (P<0.01) in males than in females.

Table IV shows plasma levels of protein (total protein
and albumin) and other enzymes (alanine aminotransferase,
aspartate aminotransferase and alkaline phosphatase). No
changes were observed in plasma levels of total protein and
albumin when the different experimental groups were com-
pared. On the contrary, the analysis of other plasma enzy-
matic activities showed significant differences. Thus, gender
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Fig. (9). Glutathione peroxidase (GPx) activity in tissue (A) and plasma (B) of male and female control animals and animals with tumors
induced by transplacental N-ethyl-N-nitrosourea (ENU) exposure. Results are expressed in units per mg of protein. Figure (C) shows a repre-
sentative western blot showing GPx-1 (92 kDa) protein levels in tissue. Densitometry analyses are presented as a relative ratio of GPx-1 to a-
tubulin. Figure (D) shows tissue GPx-1 mRNA expression normalized to B-actin and GAPDH levels (Mean + SEM; *P<0.05; **P<0.01;

**%P<0.001).
Table .  Plasma levels of electrolytes in control animals and animals with tumors induced by transplacental N-ethyl-N-nitrosourea
(ENU) exposure.
Control ENU Significance
Parameter Level
Male Female Male Female eve
Calcium (mg/dL) 10.87+0.06 11.04+0.09 10.33+0.27 10.58+0.16 n.s.
Phosphorus (mg/dL) 6.03+0.44 5.14+0.20" 7.134£0.56 5.05+0.35" P<0.01
Sodium (mEq/L) 139.43+0.72 141.00+0.27 142.00+1.73 141.50+0.34 n.s.
Potassium (mEq/L) 6.51£0.46 5.09+0.16 5.30+0.25 4.85+0.15 n.s.
Chloride (mEq/L) 98.000.53 98.38+0.18 98.00+2.52 100.50-+0.89" *p<(.01

Data are expressed in the indicated units as mean + SEM. *Significance level between male and female groups. *Significance level between control and ENU groups.

Table II. Plasma levels of glucose and non-protein nitrogenous compounds in control animals and animals with tumors induced by
transplacental N-ethyl-N-nitrosourea (ENU) exposure.
Control ENU Significance

Parameter Level

Male Female Male Female eve
Glucose (mg/dL) 215.00+20.79 212.13+14.16 171.33+10.84 193.50+8.79 n.s.
Urea (mg/dL) 44.57+1.54 40.75+1.37 49.33+5.04 47.50+7.21 n.s
Creatinine (mg/dL) 0.69+0.04 0.68+0.03 0.67+0.03 0.58+0.02 n.s.
Uric acid ((mg/dL) 1.30+0.18 1.13+0.09 1.43+0.09 1.20+0.06 n.s.

Data are expressed in the indicated units as mean + EM; n.s., not significant.
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Table II1. Plasma lipid profile in control animals and animals with tumors induced by transplacental N-ethyl-N-nitrosourea (ENU)

exposure.
Control ENU
Parameter Significance Level
Male Female Male Female

Total cholesterol (mg/dL) 95.29+7.98 84.50+4.04 71.00+8.74 71.67+£4.65 n.s.
HDL-cholesterol (mg/dL) 49.43+5.07 47.7542.50 33.67+£5.90 35.33+£2.79 n.s
LDL-cholesterol (mg/dL) 12.83+0.39 4.12+1.5° 25.33+1.92° 15.844+4.00" “*p<(.01
Total cholesterol/HDL-c 1.93+1.57 1.77+1.62 2.11+£1.48 2.03+1.67 n.s.

Triglycerides (mg/dL) 165.14+12.19 163.13+15.12 60.00+4.62° 102.50+29.29° +°p<().01

Data are expressed in the indicated units as mean + SEM. *Significance level between male and female groups. *Significance level between control and ENU groups.

Table IV. Plasma levels of proteins and enzymes in control animals and animals with tumors induced by transplacental N-ethyl-N-

nitrosourea (ENU) exposure.

Control ENU Significance
Parameter
Male Female Male Female Level
Total protein (mg/mL) 6.50+0.08 6.78+0.14 6.43+0.27 6.77+£0.22 n.s.
Albumin (g/dL) 3.11+0.06 3.36+0.11 3.30+0.20 3.75+0.14 n.s
Alanine aminotransferase (UI/L) 69.57+7.04 47.00+£7.29* 38.67£5.90° 38.50+4.43 *p<0.01
Aspartate aminotransferase (UI/L) 119.29+47.68 118.13+38.34 189.6+25.78" 185.83+22.62™41. *P<0.01
Alkaline phosphatase (UI/L) 193.71+16.50 232.00+21.07 54.33+7.69° 17+4.51® “*p<0.01

Data are expressed in the indicated units as mean + SEM. *Significance level between male and female groups. *Significance level between control and ENU groups.

differences were observed in alanine-aminotransferase in
control group, showing male animals significantly higher
levels than female animals (P<0.01). After ENU-exposure, a
significant decrease was observed in male (P<0.01) and with
borderline significance in female animals in plasma levels of
alanine-aminotransferase, but the gender differences did not
appear in animals with ENU-induced tumors.

On the other hand, a significant increase (P<0.01) was
found in male and female animals with ENU-induced tumors
in plasma aspartate aminotransferase activity when com-
pared with their control groups, whereas no gender differ-
ences were found in control animals or animals with ENU-
induced tumors in this plasma activity.

Finally, plasma levels of alkaline phosphatase activity
were significantly lower (P<0.01) in male and female ani-
mals with ENU-induced tumors when compared with their
control group. Although gender differences were not found
in control animals, in animals with ENU-induced tumors
male rats showed significantly higher (P<0.01) plasma levels
of alkaline phosphatase than female rats. All parameters
showed values within normal levels.

4. DISCUSSION

Tumorigenesis is a process which involves multiple cel-
lular and molecular events that promote the transformation
of a normal cell into a malignant one. In many of these
events, free radicals seem to promote lipid peroxidation of
cellular membranes and oxidation of proteins and DNA and
induce alterations in chromosome structure, genetic muta-
tions and/or disturbs cell growth [28,30]. This oxidative
damage is also promoted by a reduced response of the anti-

oxidant defense systems which also allow further tumor de-
velopment. In fact, the imbalance between free radical gen-
eration (mainly ROS) and the efficiency of the antioxidant
mechanism maintains the oxidative damage [6,7,28]. Particu-
larly, it is well known that the CNS is highly sensitive to
ROS and brain tumorigenesis has been mainly related to
oxidative stress.

On the other hand, ENU-induced tumorigenesis is an ex-
perimental brain tumor model extensively described [16, 18,
31] in which rats exposed in utero to a single dose of a
mutagen, ENU, preferentially develop brain tumors [19, 32,
33]. Many authors have described some benefits of this
model, as its high rate of tumor induction (100%) and the
appearance of multiple tumors per brain [20]. In fact, after
ENU exposure, 100 % rats used in our study showed tumors
and a mean of two tumors per animal. We also found that
tumor volume was slightly higher in males than in females,
although no significant differences were observed. Addition-
ally, other studies have indicated a possible role for oxidative
stress in nitrosamine induced carcinogenesis [23, 24]. Thus,
the ENU-induced tumors model allowed us to test the oxida-
tive processes/redox status at brain tissue level in order to
know the putative relationship between oxidative stress and
the mechanisms underlying the development of tumors. Fur-
thermore, plasma assays could reflect key steps of oxidative
changes that occur in the brain and that may be used as cir-
culating biomarkers.

Bioenergetic behavior analysis showed greater mito-
chondrial activity in the brain tissue of both male and female
animals with ENU-induced tumors when compared to
healthy controls and without gender differences. These re-
sults indicate an increased oxidative activity in the brain of
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male and female animals with ENU-induced tumors, and are
in accordance with the levels of oxidative stress parameters
analyzed, which also showed increased lipid peroxidation
and protein oxidation in brain tissue of male and female
animals with ENU-induced tumors. Lipid peroxidation has
been reported as a premature marker of oxidative damage
because of the augmented propagation of free radicals re-
lated to it. Increases of oxidative stress in cells can to modify
several cellular targets, promoting cellular damage and,
thereafter, the lack of cellular repair mechanisms associated
with carcinogenesis [14, 27, 28, 34]. Cancer cells are con-
tinuously under oxidative stress due to the high generation of
intracellular free radicals, which promotes carcinogenic
events through oncogenic stimulation, increased metabolic
activity and/or mitochondrial malfunction [11, 14, 28]. Thus,
increased levels of oxidative stress induce lipid peroxidation
of cell membranes and formation of peroxides that can de-
compose into several mutagenic aldehyde products, mainly
MDA, which is involved in cancer progression [35]. Our
results showing increased TBARS levels in the brain of rats
with ENU-induced tumors without gender differences are
consistent with the findings of other studies [3]. Zengin and
col. [36] found increased TBARS levels in tumor tissue
samples when compared with peritumoral tissue, which they
explained due to high production or unequal clearance of
free radicals by the cellular antioxidant defenses. It has been
also described in astrocytoma, meningioma, metastatic and
other types of tumors that TBARS levels were increased
when related to peritumoral adjacent tissue. Also, several
differences were found when astrocytoma tumors were com-
pared with other tumor groups. TBARS levels also showed
differences when low-grade and high-grade tumors were
analyzed. Therefore, it was stated that lipid peroxidation was
higher in high-grade tumors. Increased levels of lipid peroxi-
dation support the hypothesis that tumor cells produce high
amounts of free radicals, also supporting a relationship be-
tween free radicals and carcinogenesis [3].

We have also determined plasma levels of lipid peroxida-
tion in order to determine if a relationship between brain
tumor tissue and systemic redox status exists [3]. Cirak and
col. [37] studied lipid peroxidation levels in serum and tumor
tissue from patients with high and low-grade glial tumors.
They found that patients with high-grade tumors had higher
MDA levels both in sera and tissue when compared to low
grade glial tumor patients and controls. This result implied
the possibility that the measurement of TBARS/MDA could
be used as a marker of the lipid peroxidation associated with
brain tumors. In this way, we had previously described
significantly increased levels of TBARS content in serum of
animals with C6 glioma subcutaneously implanted [3]. By
contrast, the result of present work did not show significant
differences between TBARS levels in plasma of rats with
ENU-induced levels, and no gender differences were ob-
served. Our results indicate that the systemic lipid peroxida-
tion status does not reflect the oxidative changes observed at
the tissue level.

Several products of lipid peroxidation may be also re-
sponsible of protein oxidation [38]. So, we have determined
the level of protein oxidation (measured as carbonyl and
diene conjugate group content) as oxidative stress marker.
The results were similar to those previously described for
lipid peroxidation; significantly increased concentrations of
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carbonyl groups were observed in the brain tissue of both
male and female rats with ENU-induced tumors but no
changes were detected in plasma. These results corroborate
that the oxidative changes detected in tumor tissue are not
reflected in plasma.

However, the magnitude of the oxidative damage de-
pends not only of free radicals but also on the efficiencies of
the antioxidant mechanisms. As already mentioned above,
the balance between oxidants and antioxidants systems plays
a key role in carcinogenesis [39]. The animals with ENU-
induced tumors showed a higher production of free radicals,
as reflected in the changes on mitochondrial activity, on lipid
peroxidation and on protein oxidation formerly described.

To complete the analysis, we have also studied the total
antioxidant capacity. We have found a significant decrease in
brain tissue TAC levels in both male and female animals
with ENU-induced tumors when compared with healthy con-
trol group. However, these changes were not reflected, once
again, at plasma level. These decreased TAC levels also im-
ply the failure of the antioxidant systems. Thus, we have
found significant differences in brain tissue of male and fe-
male animals with ENU-induced tumors in both non-enzyme
and enzyme antioxidant defense systems. Thus, the analysis
of total GSH content showed a significant decrease at brain
tissue level of male and female rats with ENU-induced tu-
mors when compared with their corresponding control
groups. We also found decreased levels of total GSH in
plasma of both male and female rats. It is well documented
that tumor cells have lower-levels of GSH [40] and previous
studies have described a significant decrease of GSH in as-
trocytomas, meningiomas and other types of brain tumor [36,
41]. In the same way, in animals with C6 glioma subcutane-
ously implanted we also observed a decrease in GSH content
in serum [3]. All these results are in accordance with
Navarro and col. [42] who have shown that those changes in
GSH status and the antioxidant system in blood and cancer
cells are associated with tumor growth in vivo. Probably
GSH decrease is related to an increased pro-oxidant milieu
that correlates with the increase in lipid peroxidation and
protein oxidation observed. Furthermore, the changes found
in plasma indicate that GSH could be used as a biomarker in
this pathology [4, 5].

Redox status is also controlled by multiple antioxidant
enzymes such as SOD, CAT and GPx. These enzymes nor-
mally act to prevent or decrease the tissue damage caused by
free radicals to macromolecules such as lipids, proteins and
nucleic acids. SOD metabolizes free radicals and dismutates
superoxide anions (O2+—) to H,O, and protects cells against
02+—mediated lipid peroxidation; CAT converts H202 into
H,0 and O, and GPx reduces H,O, and other organic perox-
ides [27, 43]. During prolonged or excessive oxidative stress,
changes in SOD, CAT and GPx activities may occur, being
or not enough to avoid the oxidative damage and playing a
main role in the pathogenesis of several diseases including
cancer.

We have found here a significant decrease in SOD activ-
ity in brain tissue of both male and female animals with
ENU-induced tumors. However, these changes are reflected
in plasma only in male animals with ENU-induced tumors.
For females, variations in SOD activity detected at the tissue
level are not reflected in plasma. Our results are in agree-
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ment with a growing body of evidence that demonstrates that
SOD has important roles in many aspects of cancer [44]. In
fact, different authors have described lower levels of SOD in
tumor tissue when compared with normal tissue [45, 46].
Nevertheless, other authors have described higher SOD ac-
tivity levels in human gliomas when compared with other
tumor types. It seems to contradict the observation of low
SOD activity in tumor cells [47]. Furthermore, several forms
of SOD have been described in eukaryotic cells (different in
their metal binding characteristics and intracellular distribu-
tion) which have different roles in cancer due to their differ-
ent cellular localizations, tissue distribution and biological
functions [44]. Briefly, SOD-1 is located mainly in the cyto-
plasm [48], SOD-2 in the mitochondrial matrix [49, 50] and
SOD-3 is the secreted form of SOD with expression re-
stricted mainly to the lung, kidney and adipose tissue [44,
51]. Most of the studies have been focused on SOD-2 form
and it has been suggested that SOD-2 may be a tumor sup-
pressor gene. Lower levels of SOD-2 expression have been
described in most types of cancer [52]. However, many
evidences show certain heterogeneity in the expression and
activity of SOD-2 in different cancer cells, suggesting that
SOD-2 expression might be stage-and/or tumor type-
dependent [44, 53, 54]. The emerging role of SOD-1 form in
cancer biology has been considered by many authors [55].
While the contribution of SOD-1 in the cytoplasm is well
known, many authors propose the inter-membrane space
fraction of SOD-1 may also play a role supporting the viabil-
ity of cancer cells and that SOD-1 may potentially become a
therapeutic target for cancers [44, 56]. Huang and col. [57]
identified SOD-1 as a target of an anti-cancer drug in leuke-
mia and supported the hypothesis that SOD-1 may be neces-
sary for the adaptation of cancer cells to elevated oxidative
stress [56] although, the mechanism by which the inhibition
of SOD-1 acts on cancer cells is unclear. In breast cancer,
Papa et al. [55] have reported an overexpression of SOD-1
and high levels of SOD-1 protein were detected in three
mammary tumor models. Furthermore, the analysis of SOD-
1 in women primary breast cancers showed that SOD-1 is
accumulated in the cytoplasm and the nucleus of cancer
cells. These results suggest that the nuclear portion of SOD-1
may also play arole in the survival of cancer cells. However,
the malfunction of the anti-oxidant machinery of the mito-
chondria seems to play a critical role because promotes the
production of free radicals in its matrix. Thus, the overex-
pression of SOD-1 in the cytoplasm, the intermembrane
space, and the nucleus probably maintains low ROS levels in
these cellular compartments. Finally, the role of SOD-3 in
cancer is less understood. Because SOD-3 is extracellular, it
is possible that its effect in cancer could be mediated through
changes in the tumor microenvironment [44].

Whereas SOD-1 is the major intracellular form of SOD
(80% total SOD protein) and given the important role that
has been assigned to the SOD-1 in tumor processes, in this
study we have determined the levels of SOD-1 protein and
mRNA expression in brain samples of animals with ENU-
induced tumors and healthy controls. No changes were de-
tected in these parameters. However, lower SOD activity
was observed in brain samples from rats with ENU-induced
tumors. Taken together, these results may indicate that al-
though there are no differences in SOD-1 production and
expression, a possible loss of enzymatic function may occur
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as a consequence of tumor process and therefore, its antioxi-
dant effectiveness would be compromised as is reflected in
the increased oxidative activity observed in rats with ENU-
induced tumors.

Catalase is an antioxidant enzyme responsible to the con-
version of H202 to H20. Changes in catalase activity have
been described in different brain tumors. Although many
authors have described significant increases in catalase activ-
ity in both glial and meningiomal tumors [45, 58], our results
showed lower levels of catalase activity in brain tissue sam-
ples of animal with ENU-induced tumors and no gender dif-
ferences were detected; however, these changes are reflected
in plasma only in male animals with ENU-induced tumors.
For females, variations in CAT activity detected at the tissue
level are not reflected in the plasma, showing similar behav-
ior than SOD. These results may suggest that tumor induc-
tion blocks the role of catalase in converting H202 to H20
and therefore its antioxidant effect would be compromised;
but these results could also indicate that due to the lower
SOD activity observed, H202 production could be decreased
and therefore a lower catalase activity may be necessary to
catalyze the reaction from H202 to H20 and O2. However,
the analysis of protein level and mRNA expression showed
significant increases in both male and female animals with
ENU-induced tumors. These results may indicate that even
though the enzyme production is increased, its effectiveness
is diminished as a consequence of tumor process; but could
also indicate that as a result of the loss of effectiveness, the
amount of enzyme is increased as a compensatory mecha-
nism. Therefore, it is difficult to establish a causal relation-
ship.

In any case, to complete the study of the redox state, we
must take into account the results related to GPx, another
enzyme also responsible for the removal of hydrogen perox-
ide. Although many authors have described lower levels of
GPx in different brain tumors [46, 59, 60], we observed a
significant increase of GPx activity in brain tissue samples of
both male and female animals with ENU-induced tumors,
although this change is not reflected in plasma. This increase
in GPx activity could compensate the effect of lower CAT
activity in the removal of H,0,.

Although, several forms of GPx have been cloned [61-
63], to study GPx mRNA expression and protein levels we
determined GPx-1 isoform because is a crucial antioxidant
enzyme, which catalyzes the reduction of H202 and a large
variety of hydroperoxides (such as DNA hydroperoxides and
lipid hydroperoxides) into water and alcohols respectively
[64, 65] protecting cells under oxidative stress. In fact, it has
been reported that GPx-1 protein levels and mRNA expres-
sions are up-regulated in carcinoma tissues to protect against
DNA damage [66], which are also associated with increased
risks of cancer [67-69]. Significant increases in GPx-1 pro-
tein levels and mRNA expression in males and female rats
with ENU-induced tumors were observed in our study.

SOD and CAT do not need cofactors to function, while
GPx requires several cofactors and proteins to function at
high efficiency. GSH is necessary for GPx develops its func-
tion correctly. In this way, we observed lower levels of GSH
in animals with ENU-induced tumors; these results may be
related to the higher activity of GPx in these animals.
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Although CAT and GPx act removing H202, their be-
havior in animals with ENU-induced tumors is different.
Antioxidant proteins with similar enzymatic activity may
have different effects after modulation due to the different
localizations within cells. Both GPx and CAT remove H202,
but their contribution varies depending on the amount and
the localization of H,O, production [70].

The overall effects of the antioxidant system depend on
the intracellular equilibrium between the several antioxidant
enzymes rather than a single component [39]. The imbalance
in the adequate expression and/or activity of antioxidant en-
zymes can promote the generation of oxidative stress
[39,71]. This evidence implied that the balance of SOD,
CAT and GPx is more important than the level of each one
to prevent or to induce the tumor growth or its promotion.
Therefore, in the present study, the ability to scavenge oxy-
gen free radicals seems to be impaired in the animals with
tumors because of the reduced levels of antioxidants, which
may predispose them to cancer progression.

Finally, we have also measured several blood chemistry
parameters (electrolytes, biomarkers of renal and hepatic
functions and lipid profile) in order to analyze the potential
adverse effects of ENU-induced experimental brain tumors
in several physiological processes. Slight modifications oc-
curred when compared animals with ENU-induced tumors to
healthy controls, but all of them are considered to be within
the normal range; therefore, ENU administration does not
seem to cause important changes in other physiological func-
tions.

In any case, the existence of gender differences in brain
tumor-related processes -such as the redox status manage-
ment showed here- indicates that future directions on brain
cancer research need to consider sex differences from the
molecular and cellular to the organism level, and sex differ-
ences must be also considered in preclinical studies, screen-
ing and prevention programs, and also in the therapeutic ap-
proaches.

5. ANIMAL PROTECTION

All The experimental procedures for animal use and care
were in accordance with the European Community Council
directive (2010/63/EU). Protocols were approved by the
Bioethical Committee of the University of Jaen (Reference
number CVI109-4957M).

CONCLUSION

We have analyzed here the redox status and the gender
differences in animals with brain tumors induced by ENU
administration and their corresponding healthy controls at
two levels. Firstly, at tissue level, in order to know the rela-
tionship between oxidative stress, the enzyme and non-
enzyme antioxidant defense systems and the mechanisms
underlying the development of brain tumors; and secondly,
at plasma level, in order to know if those key changes of
redox balance involved in tumors development are reflected
systemically and could be used as biomarkers of this brain
tumor. Our results confirm that ENU-induced tumors are
related to an increased oxidative stress promoted by several
changes in brain enzyme and non-enzyme antioxidant de-
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fense systems with gender differences in plasma consisting
with a decreased SOD/CAT activities limited to males only.
Conversely, plasma GSH levels could be eligible as a circu-
lating biomarker of the disease in this animal model, but its
sensitivity, specificity and applicability to humans need to be
further evaluated.

LIST OF ABBREVIATIONS

ALP = Alkaline phosphatase

ALT = Alanine aminotransferase

AST = Aspartate aminotransferase

CAT = Catalase

cDNA = Complementary deoxyribonucleic acid

CNS = Central nervous system

DNA = Deoxyribonucleic acid

DTNB = 2-nitrobenzoic acid

EDTA = Ethylenediamine tetra-acetic acid

ENU = N-ethyl-N-nitrosourea

GAPDH = Glyceraldehyde 3-phosphate dehydrogenase

GPx = Glutathione peroxidase

GSH = Glutathione

HDL = High density lipoprotein

LDL = Low density lipoprotein

MANOVA = Multivariate analysis of variance

MDA = Malondialdehyde

MRI = Magnetic resonance imaging

mRNA = Messenger ribonucleic acid

MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide

NADH = B-Nicotinamide adenine dinucleotide

NADPH = p-Nicotinamide adenine dinucleotide phos-
phate

RNA = Ribonucleic acid

ROS = Reactive oxygen species

RT-PCR = Reverse transcription polymerase chain reac-
tion

SDS = Sodium dodecyl sulfate

SDS-PAGE= Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

SEM = Standard error of mean

SOD = Superoxide dismutase

TAC = Total antioxidant capacity

TBA = thiobarbituric acid

TBARS = Thiobarbituric acid-reactive substances

TBS = Tris buffered saline

TCA = Trichloroacetic acid
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TDB = Triethanolamide-diethanolamide buffer.
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