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This study was conducted to investigate the effects of vanadium pentoxide (V
2
O
5
), ascorbic acid (AA), and alpha-tocopherol (𝛼-

TOH) on apoptotic, cytotoxic, and genotoxic activity. Groups of five Hsd:ICR mice were treated with the following: (a) vehicle,
distilled water; (b) vehicle, corn oil; (c) AA, 100mg/kg intraperitoneally (ip); (d)𝛼-TOH, 20mg/kg by gavage; (e) V

2
O
5
, 40mg/kg by

ip injection; (f) AA+V
2
O
5
; and (g) 𝛼-TOH+V

2
O
5
. Genotoxic damage was evaluated by examiningmicronucleated polychromatic

erythrocytes (MN-PCE) obtained from the caudal vein at 0, 24, 48, and 72 h after treatments. Induction of apoptosis and cell viability
were assessed at 48 h after treatment in nucleated cells of peripheral blood. Treatment with AA alone reduced basal MN-PCE, while
V
2
O
5
treatment marginally increased MN-PCE at all times after injection. Antioxidants treatments prior to V

2
O
5
administration

decreased MN-PCE compared to the V
2
O
5
group, with the most significant effect in the AA + V

2
O
5
group. The apoptotic cells

increased with all treatments, suggesting that this process may contribute to the elimination of the cells with V
2
O
5
-induced DNA

damage (MN-PCE). The necrotic cells only increased in the V
2
O
5
group. Therefore, antioxidants such as AA and 𝛼-TOH can be

used effectively to protect or reduce the genotoxic effects induced by vanadium compounds like V
2
O
5
.

1. Introduction

For several decades, vanadium was considered a low-toxicity
essential trace element with antidiabetic and anticarcino-
genic properties [1, 2]. However, in 2006, the International
Association for Research on Cancer (IARC) classified vana-
dium pentoxide (V

2
O
5
) as a Group 2B substance (possibly

carcinogenic to humans) based on results in experimen-
tal animals [3]. Three years later, in 2009, the American
Council of Government and Industrial Hygienists (ACGIH)
placed V

2
O
5
in category A3 (confirmed animal carcinogen

with unknown relevance to humans) [4]. Today, there is
disagreement regarding the carcinogenic responses to V

2
O
5

and evidence supporting that a genotoxic mode of action
is still insufficient [5]. The general consensus is that while
both positive and negative results have been reported, the
weight of evidence suggests that V

2
O
5
has the potential to

induce aneuploidy, micronucleus (MN), and chromosomal
aberrations in some cells in vitro and in vivo (somatic cells)
[3, 6, 7].

Among the handful of proposed mechanisms of vana-
dium(V) toxicity, which include interference with protein
phosphatase and kinase activity and inhibition ofDNArepair,
the induction of oxidative stress is of particular importance
for biological systems [7–9]. The genotoxicity associated
with oxidative stress is based on the oxidative mechanism
of reduction of vanadium(V), generating reactive oxygen
species (ROS) such as hydroxyl radicals (∙OH) [10]. Since
antioxidants are able to inactivate highly reactive molecules
such as ROS that are generated during various biochemi-
cal processes in the cells [11], substances with antioxidant
properties emerge as putative preventatives and coadjuvants
in the treatment of chronic degenerative diseases related to
oxidative stress and DNA damage [12].
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A large number of antioxidants have been shown to
reduce the clastogenicity of drugs and pesticides in experi-
mental animals [13–15]; these include ascorbic acid (AA) and
alpha-tocopherol (𝛼-TOH). The beneficial properties of AA
were highlighted by Cameron and Pauling in the 1970s, who
suggested that high doses of AA (>10 g/day) cure and pre-
vent cancer by promoting collagen synthesis [16]. However,
researchers now suggest that AA actually prevents cancer by
neutralizing ROS before they can damage DNA and initiate
tumor growth; AA may also act as a prooxidant, helping the
body’s ownROSdestroy early-stage tumors [17–19]. Similarly,
it has been shown that 𝛼-TOH is effective in reducing the
effects of various genotoxic compounds [20, 21]. In terms
of bioavailability and bioactivity, 𝛼-TOH is biologically and
functionally the most important and most active antioxidant
of all the vitamin E isoforms in humans because it effectively
minimizes oxidative stress and regulates lipid peroxidation
and toxic effects of ROS in biological systems [22–24]. Since
the 1960s and similarly to AA, it has been observed that
dietary 𝛼-TOH supplementation is somewhat effective in
suppressing carcinogen-induced cancers in rodents [25].

Although the antioxidants AA and 𝛼-TOH have shown
great potential in reducing some cancers and genotoxic effects
induced by different chemicals, there is no information on
their effect against V

2
O
5
-induced genotoxicity, cytotoxicity,

and apoptosis in vivo. Therefore, in this study we evaluated
AA (water-soluble) and 𝛼-TOH (lipid-soluble) in order to
identify and understand their possible beneficial effects
againstV

2
O
5
-induced genotoxicity and cytotoxicity using the

MN technique and the analyses of apoptosis, necrosis, and
cell viability in peripheral blood of Hsd:ICR mice.

2. Materials and Methods

2.1. Chemicals. The following chemical and reagent tests were
obtained from Sigma Chemicals Co. (St. Louis, MO, USA):
V
2
O
5
(CAS number 1314-62-1), acridine orange (AO) (CAS

number 10127-02-3), ethidium bromide (EB) (CAS number
1239-45-8), 𝛼-tocopherol (𝛼-TOH) (CAS number 10127-02-
3), and ascorbic acid (AA) (CAS number 50-81-7). The corn
oil (delivery vehicle for fat-soluble compounds) also was
obtained from Sigma Chemicals Co. (CAS number 8001-30-
7).

2.2. Animals. Two- to three-month-old Hsd:ICR male mice
(28–35 g) were used in the experiments. The animals were
kept under controlled temperature (22∘C) with a 12-12 h
light-dark period (light 07:00–19:00 h). The mice had free
access to food (Purina�-Mexico chow for small rodents)
and water. All of the mice were obtained from Harlan
at “Facultad de Quı́mica, Universidad Nacional Autónoma
de México” (UNAM) and were acclimated for a two-week
period.TheBioethics Committee of the “Facultad de Estudios
Superiores-Zaragoza,” UNAM, approved the experimental
protocols used in this study.

2.3. Experimental Design. The doses of AA and 𝛼-TOH were
based on results obtained in a previous study, in which doses

of 100 and 20mg/kg of AA and 𝛼-TOH, respectively, did not
increase MN in polychromatic erythrocytes (PCE) [26]. The
V
2
O
5
dosage was selected according to previous studies in

which a 40mg/kg dose administered intraperitoneally (ip)
induced MN-PCE in the peripheral blood of mice [27].

TheAA andV
2
O
5
were prepared in solution by dissolving

the dry compounds in sterile distilled water, and the 𝛼-
TOH was dissolved in corn oil (vehicle for lipid-soluble
compounds). The solutions (0.25mL) were administered
immediately after preparation of the compounds.The control
groups were treated identically, using vehicle only (sterile
distilled water or corn oil). The evaluation criteria and work
conditions were set up according to OECD guidelines (test
number 474), Food and Drug Administration (FDA) guide-
lines, Environmental Protection Agency (EPA) guidelines,
and guidelines for the testing of chemicals specified by
the Collaborative Study Group for the Micronucleus Test
(CSGMT) and the Mammalian Mutagenesis Study Group
of the Environmental Society of Japan (JEMS.MMS) for the
short-term mouse peripheral blood micronucleus test [28,
29].

After establishing treatment doses, the effects of AA and
𝛼-TOH on genotoxic damage in V

2
O
5
-treated mice were

evaluated. These assessments were performed by MN-PCE
kinetic, apoptosis, and cell viability analyses. Mice were
assigned randomly to one of the following groups (𝑁 = 5
mice per each group) according to the protocol described in
Figure 1.

2.4. Micronucleus Assay. Slides were covered with AO and
prepared in accordance with the technique described by
Hayashi et al. [30]. Briefly, AOwas dissolved in distilled water
at a concentration of 1mg/mL, and 10 𝜇L of this solution was
placed on a preheated (approximately 70∘C) clean glass slide.
The AO was evenly distributed on the slide by moving a glass
rod back and forth over the slide, which was then air-dried.
TheAO-coated glass slides were stored in a dark, dry location
at room temperature prior to experimental use.

To evaluate MN after treatment, 5 𝜇L of peripheral
blood samples was collected by piercing a tail blood vessel
of the mice once every 24 h over a four-day period (0 to
72 h). The samples were placed directly on AO-treated slides
[30]. Afterwards, a coverslip (24 × 50mm) was placed over
the sample and its edges were sealed with rubber cement.
All of the prepared slides were kept in plastic boxes in
the dark at 4∘C. While these slide preparations cannot be
stored permanently, they can be stored for several days in
refrigeration if the coverslip has been sealed. Two slides were
prepared for each mouse, and analyses of the slides were
conducted after 12 h. The MN-PCE analysis was based on
2,000 PCE per mouse, and the presence of MN-PCE was
considered genotoxic damage [29]. In parallel, the relative
proportion of PCE to normochromatic erythrocytes (NCE)
was analyzed in 1,000 erythrocytes.

The evaluations were made by identifying PCE, NCE,
and MN-PCE under a fluorescent microscope (Nikon
OPTIPHOT-2) with blue (480 nm) excitation and a barrier
filter emission (515–530 nm). The differential AO staining
distinguished PCE from NCE because PCE were stained,
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Samples from peripheral blood: 

(c) AA
(a) Vehicle (water) (b) Vehicle (corn oil)

Control groups Antioxidants groups

AA

V2O5 group

(d) 𝛼-TOH
20mg/kg by gavage

(e) V2O5 (f) V2O5 (g) V2O5

(1) MN at 0, 24, 48, and 72h

(2) Apoptosis and viability cells only at 48h

𝛼-TOH
20mg/kg by gavage

40mg/kg by 40mg/kg by 40mg/kg by

100mg/kg by
ip injection

ip injection ip injection ip injection ip injection
100mg/kg by

4h∗ 4h∗

Antioxidants + V2O5 groups

Figure 1: Experimental protocol. Mice were assigned at random to one of the following groups (𝑁 = 5mice per group). For evaluations of
MN, all animals were sampled before administering treatments (0 h) and at 24, 48, and 72 h after treatments. As for apoptosis and cell viability
only at 48 h samples after treatments were taken. ∗The antioxidants were administrated 4 h before the injection of V

2
O
5
.

showing orange fluorescence due to the presence of ribo-
somal RNA, while NCE did not stain at all. The AO also
allowed the identification of MN-PCE, which showed yellow
fluorescence due to their DNA content. To compare the
kinetics of MN-PCE induction, the data were analyzed using
the “net induction frequency” (NIF) [31].

2.5. Apoptosis and Cell Viability Analyses. To evaluate
apoptosis and cell viability, we used differential acridine
orange/ethidium bromide (AO/EB) staining following the
technique previously adapted for peripheral blood [12]. Blood
samples (100 𝜇L) were collected by piercing a tail blood vessel
of the mice prior to treatment and 48 h after treatment.
Heparin (10 𝜇L) was added to the blood samples, and 20 𝜇L
of AO/EB dye mix (100 𝜇L/mL AO and 100 𝜇L/mL EB, both
prepared in phosphate buffered saline (PBS)) was then added.
The suspension was concentrated via centrifugation (4,500 g)
and the cell pellet was resuspended in 10 𝜇L of PBS and plated
on a clean slide; a coverslip (24 × 24mm) was immediately
placed on the slide. Two slides for eachmouse were prepared,
and the analysis was conducted immediately. The apoptotic
and cell viability assessments were based on 200 nucleated
cells per mouse [32].

Necrotic, apoptotic (early and late), and viable cells
were identified using a fluorescent microscope (Nikon
OPTIPHOT-2) with blue (480 nm) excitation and a barrier
filter emission (515–530 nm) at 40x magnification. With the
differential AO/EB staining, it is possible to distinguish
between viable and nonviable cells based on membrane
integrity. These dyes were used to identify cells that have
undergone apoptosis and to distinguish between cells in the
early and late stages of apoptosis, also based on membrane
integrity (Figure 2). AO intercalates into the DNA, giving
it a green appearance. This dye also binds to RNA, but
because it cannot intercalate, the RNA stains red-orange.

III

III

II

II

IV

IV

I

I

Figure 2: Morphology of viable cells (early apoptotic and nonapop-
totic cells) and nonviable cells (late apoptotic and necrotic cells)
assessed with AO/EB staining (40x). Viable cells stain uniformly
showing green (I). Early apoptotic cells with intact plasma mem-
branes appear green, with “dots” of condensed chromatin that are
highly visible within (II). Late apoptotic cells are stained showing
bright green-orange because membrane blebbing starts to occur. EB
can enter the cells (III). Necrotic cells are stained emitting bright
orange due to the entry of EB into these cells (IV).

Thus, viable cells appear bright green. EB is only taken up
by nonviable cells and also intercalates into DNA, making
it appear orange. However, EB only binds weakly to RNA,
whichmay result in a slightly red appearance.Thus, nonviable
cells have bright orange nuclei because the EB overwhelms
AO staining and their cytoplasm appears dark red (if any
content remains). Both normal and early apoptotic nuclei
in viable cells exhibit bright green fluorescence (Figure 2, I-
II). In contrast, necrotic or late apoptotic nuclei in nonviable
cells emit bright orange fluorescence (Figure 2, III-IV).
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Table 1: Averages of the MN-PCE induction in peripheral blood of mice.

Treatment Dose (mg/kg) 𝑁 Time analysis (hours) MN-PCE/1,000 cells∧ (mean ± SD) ANOVA

Control (water) 0 5

0 0.5 ± 0.3
24 0.8 ± 0.2
48 0.9 ± 0.4
72 1.2 ± 0.2

Control (corn oil) 0 5

0 0.2 ± 0.2
24 0.3 ± 0.3
48 0.4 ± 0.4
72 0.3 ± 0.3

AA∗ 100 5

0 0.5 ± 0.3
24 0.2 ± 0.2
48 0.3 ± 0.2
72 0.3 ± 0.4

𝛼-TOH∗ 20 5

0 0.3 ± 0.4
24 0.5 ± 0.3
48 0.3 ± 0.2
72 0.3 ± 0.2

V
2
O
5

40 5

0 1.4 ± 0.4
24 2.2 ± 0.2 a, c, d
48 3.0 ± 0.6 a, b, c, d
72 3.9 ± 0.8 a, b, c, d

AA + V
2
O
5

100 + 40 5

0 1.1 ± 0.2
24 0.9 ± 0.4
48 0.7 ± 0.2
72 0.8 ± 0.4

𝛼-TOH + V
2
O
5

20 + 40 5

0 0.7 ± 0.4
24 1.0 ± 0.3
48 1.2 ± 0.2
72 0.8 ± 0.2

a
𝑝 < 0.05 versus controls; b𝑝 < 0.05 versus V2O5 0 h;

c
𝑝 < 0.05 versus AA + V2O5;

d
𝑝 < 0.05 versus 𝛼-TOH + V2O5.

∗AA: vehicle water, distilled; 𝛼-TOH: vehicle corn oil.
∧2,000 PCE were evaluated in each mouse (5 mice per group).

The nuclei of viable cells with intact membranes were
uniformly stained green (Figure 2, I). Early apoptotic cells
with intact membranes, but in which the DNA has begun
to fragment, still exhibit green nuclei because the EB cannot
enter the cell, but chromatin condensation is visible as
bright green patches in the nuclei (Figure 2, II). As the cell
progresses through the apoptotic pathway and membrane
blebbing begins to occur, EB permeates the cell, producing
a green-orange stained cell (Figure 2, IV). Late apoptotic
cells show bright orange patches of condensed chromatin in
the nuclei; this distinguishes them from necrotic cells, which
stain uniformly orange (Figure 2, III) [12, 32].

2.6. Statistical Analysis. The results of MN-PCE induction,
the PCE/NCE ratio, the NIF of MN-PCE, the cell viability
(viable/nonviable cells), and the necrotic and apoptotic cells
(early/late) are expressed as the mean ± standard deviation
(SD).The results from the various treatments were compared
by an ANOVA/ANCOVA followed by Tukey’s test. SPSS/PC
V18TM software was used for the statistical analyses. For all
of the analyses, 𝑝 < 0.05 was considered to be significant.

3. Results

The MN-PCE averages are shown in Table 1. Although
an increase of MN-PCE is observed in the control group
treated with distilled water, there were no significant effects
in either control group (water and corn oil vehicles). The
antioxidants did not markedly affect the average MN-PCE
in treated mice (Table 1). Treatment of V

2
O
5
significantly

increased the averages ofMN-PCE at all times after injection,
with the greatest increase at 72 h (about 4 MN-PCE). When
the treatment included antioxidants (AA or 𝛼-TOH) and
V
2
O
5
, the number of MN-PCE observed at 24, 48, and 72 h

after treatment was lower than when treated with V
2
O
5

alone.
As shown in Table 1, the baseline MN-PCE varied

between groups (time 0), which obscured actual MN-PCE
increases.Therefore, calculation of the NIF was performed to
improve the ability to determine netMN-PCE induction.This
calculation subtracts the frequencies of MN-PCE prior to
treatment from the frequencies following treatment, thereby
eliminating baseline MN-PCE variability among treatment
groups at time 0 (Table 1). Data represent “the absolute value”
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Figure 3: Effect of antioxidants (AA and 𝛼-TOH) on the MN-PCE NIF in peripheral blood of mice at different times: (a) 24 h, (b) 48 h, and
(c) 72 h after treatment with V

2
O
5
. Data represent “the absolute value” of the averages of MN-PCE frequencies obtained at 24, 48, and 72 h

per group minus the averages of MN-PCE frequencies at 0 h per group. ANCOVA: a𝑝 < 0.05 versus control (water); b𝑝 < 0.05 versus control
(corn oil); c𝑝 < 0.05 versus AA; d𝑝 < 0.05 versus 𝛼-TOH; e𝑝 < 0.05 versus AA + V

2
O
5
; f𝑝 < 0.05 versus 𝛼-TOH + V

2
O
5
. 2,000 PCE were

evaluated in each mouse (5 mice per group).

of the averages of MN-PCE frequencies and were analyzed as
follows:
NIF

=
󵄨
󵄨
󵄨
󵄨
average of MN-PCE frequencies measured at time 𝑥

𝑖

− average of MN-PCE frequencies measured at time 0󵄨󵄨󵄨
󵄨
,

(1)

where 𝑥
𝑖
is evaluation at 24, 48, or 72 h per group and time 0

is evaluation at 0 h (before treatment) per group.
Data represent the averageMN-PCE frequencies at 24, 48,

and 72 h per group, minus the average MN-PCE frequencies
at 0 h per group. Figure 3 shows the NIF of MN-PCE
values for all groups at 24, 48, and 72 h after treatment. The
frequencies of MN-PCE in samples from the group treated
with AA were lower than the control at 24, 48, and 72 h (75,

67, and 58% reduction, resp.) after treatment. In the groups
that combined treatments with antioxidants and V

2
O
5
, a

significant reduction in the frequencies of MN-PCE was
detected: the AA reduced by 77% at 24 h and a complete
reduction was observed at 48 and 72 h, while 𝛼-TOH reduced
by 38, 52, and 80% at 24, 48, and 72 h, respectively.

PCE/NCE ratio is shown in Table 2. Treatments with
antioxidants and antioxidants + V

2
O
5
decreased the fre-

quencies of PCE compared to controls. This decrease was
more significant when antioxidants were administered alone.
Treatment of V

2
O
5
did not affect the average MN-PCE in

the mice (Table 2). The cytotoxic effects were simultaneously
assessed by apoptosis, necrosis, and cell viability directly
in nucleated cell of peripheral blood of mice at 48 h after
treatment.
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Table 2: Averages of the PCE/NCE ratio in peripheral blood of mice.

Treatment Dose (mg/kg) 𝑁 Time analysis (hours) PCE/NCE 1,000 cells∧ (mean ± SD) ANOVA

Control (water) 0 5

0 127.4 ± 5.9
24 123.2 ± 11.2
48 133.6 ± 10.1
72 128.8 ± 4.9

Control (corn oil) 0 5

0 115.0 ± 3.9
24 115.5 ± 4.0
48 111.7 ± 3.4
72 114.0 ± 2.2

AA∗ 100 5

0 100.6 ± 2.0
24 68.8 ± 1.9 a, b
48 67.2 ± 3.0 a, b
72 68.2 ± 0.8 a, b

𝛼-TOH∗ 20 5

0 103.4 ± 3.6
24 75.4 ± 3.4 a, c
48 66.2 ± 7.0 a, c
72 67.8 ± 2.4 a, c

V
2
O
5

40 5

0 123.8 ± 6.6
24 125.4 ± 4.2 d, f
48 124.8 ± 4.3 d, f
72 136.6 ± 3.0 d, f

AA + V
2
O
5

100 + 40 5

0 101.2 ± 4.7
24 95.8 ± 5.3 a
48 88.4 ± 1.3 a
72 87.6 ± 1.9 a

𝛼-TOH + V
2
O
5

20 + 40 5

0 116.0 ± 4.4
24 87.0 ± 3.4 a, e
48 84.6 ± 3.4 a, e
72 87.4 ± 2.2 a, e

a
𝑝 < 0.05 versus control; b𝑝 < 0.05 versus AA 0 h; c𝑝 < 0.05 versus 𝛼-TOH 0h; d𝑝 < 0.05 versus AA + V2O5;

e
𝑝 < 0.05 versus AA + V2O5 0 h;

f
𝑝 < 0.05

versus 𝛼-TOH + V2O5.
∗AA: vehicle water, distilled; 𝛼-TOH: vehicle corn oil.
∧1,000 erythrocytes were evaluated in each mouse (5 mice per group).

Unlike the results obtained in the PCE/NCE ratio, cell
viability also decreased in treatment with V

2
O
5
alone, which

was more significant than in the other treatments (excluding
treatment with 𝛼-TOH + V

2
O
5
) (Figure 4). All treatments

significantly increased apoptotic cell frequency, with the
highest increases in the V

2
O
5
and combined groups. Late

apoptotic cells were mainly identified in antioxidant and
antioxidants + V

2
O
5
treatments. Lower average early apop-

totic cells were found in the treatments with antioxidants
compared to those in the control group, and this reduction
was significant in the treatment with AA. Although in the
AA-treated group the decrease in early apoptotic cells was
statistically significant, the increase in late apoptotic cells was
significant (Table 3). In the V

2
O
5
and combined treatments,

an increase in both early and late apoptotic cells was observed,
being greater in the late apoptotic cells. The necrotic cells
increased significantly only in the treatment with V

2
O
5
alone

(Table 3).
No mice exposed to V

2
O
5
died, and no clinical signs of

toxicity were observed.

4. Discussion

Although V
2
O
5
is considered a possible carcinogen in

humans based on evidence of lung carcinogenesis in mice
[33], the information regarding the genotoxic potential of
V
2
O
5
in models in vivo is limited and inconclusive [7]. In

this study we observed that the administration of 40mg/kg of
V
2
O
5
via ip injection increases the frequencies of MN-PCE

in peripheral blood. This is consistent with several studies
that also evaluatedMN-PCE in experimental animals treated
with soluble vanadium compounds (Na

3
VO
4
, SVO

5
, and

NH
4
VO
3
) administered orally [34, 35] and particularly by

inhalation of V
2
O
5
in males [36]. However, the maximum

increases we observed were around 4/1,000 MN-PCE, which
are lower than induction by other metals clearly identified as
genotoxic agents such as Cr(VI) [31, 37, 38].

The rodent micronucleus assay is used in regulatory test
batteries to predict the carcinogenicity of chemical agents
through their ability to produce genotoxicity in vivo. If a
compound increases MN frequencies it is often regarded



Oxidative Medicine and Cellular Longevity 7

Table 3: Evaluations at 48 h in peripheral blood of mice. Averages of early and late apoptotic and necrotic cells per group.

Group Dose (mg/kg) 𝑁

𝑥 ± SD
Early apoptotic Late apoptotic Necrotic

Control (water) 0 5 12.6 ± 1.7 1.2 ± 0.4 0.8 ± 0.4
Control (corn oil) 0 5 10.6 ± 2.1 1.0 ± 0.0 0.6 ± 0.5
AA 100 5 1.0 ± 0.7a 33.4 ± 2.5a 0.2 ± 0.4
𝛼-TOH 20 5 6.8 ± 3.2 37.8 ± 4.1b 0.2 ± 0.4
V
2
O
5

40 5 21.2 ± 5.6a,b 40.8 ± 5.4a,b 2.4 ± 1.3a,b,c,d

AA + V
2
O
5

100 + 40 5 23.8 ± 2.4a 34.2 ± 1.9a 0.8 ± 0.5
𝛼-TOH + V

2
O
5

20 + 40 5 25.0 ± 3.5b 41.6 ± 4.6b 0.6 ± 0.5
a
𝑝 < 0.05 versus control (water); b𝑝 < 0.05 versus control (corn oil); c𝑝 < 0.05 versus AA + V2O5;

d
𝑝 < 0.05 versus 𝛼-TOH + V2O5. Nonviable cells include
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Figure 4: Evaluations at 48 h in peripheral blood of mice. Averages
of viable and nonviable nucleated cells. a

𝑝 < 0.05 versus control
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apoptotic and necrotic cells. 200 nucleated cells were evaluated in
each mouse (5 mice per group).

as definitive evidence of in vivo genotoxicity, making it a
probable carcinogen [39, 40]. However, it is important that
marginal results in the induction of MN be taken with
reservation, since there is evidence that compound-related
disturbances in rodent physiology, such as body temperature
and erythroblast toxicity, can also modify MN frequencies
and increase erythropoiesis by stimulating cell division in
bone marrow and peripheral blood [39]. These increases
in MN may therefore not be a result of direct, intrinsic
genotoxic properties of the agent. For this reason, the EPA
Gene-Tox Program and the Collaborative Study Group for
the Micronucleus Test have proposed a threshold of 4/1,000
MN-PCE increase to define a compound as a genotoxic agent
and a threshold of 7.5/1,000 MN-PCE increase to designate
it as a positive control agent [28, 29, 40]. Similarly, a range
between 0 and 3 MN-PCE has been proposed for the control

group in order to consider individual variation among test
subjects. Thus, while we did find higher induction of MN-
PCE in the water control group compared to the corn oil
control group at all evaluation times, the increase was within
this proposed control range (spontaneous micronucleus in
PCE from untreated animals) [39, 40].

When assessing the PCE/NCE ratio in the group treated
with V

2
O
5
alone, no changes were observed compared to

the control group. The PCE/NCE ratio is suggested by
MN assay because it is an indicator of cytotoxicity [40].
However, while finding reduced PCE frequency is indicative
of cytotoxic effects, negative results must be interpreted with
caution because when toxicity occurs during erythropoiesis,
the mechanisms of cell division can be activated and mask
the effect [39, 40]. Moreover, it has been observed that
vanadium compounds can produce lipid peroxidation in the
erythrocyte membrane, leading to hemolysis, which could
interfere with the erythroid differentiation process [41, 42].
The effects on erythropoiesis could therefore be related to
the marginal increase in MN-PCE observed in mice treated
with V

2
O
5
. For this reason, we also assessed cell viability

in nucleated peripheral blood cells using the differential
AO/EB staining technique. The dual fluorochrome assay is
an indicator of cell metabolism and death caused by cell
membrane injury [12, 32].With this analysis, a decrease in the
viable cells at 48 h in mice treated with V

2
O
5
was observed,

suggesting a cytotoxic effect. However, cytotoxic effects of
V
2
O
5
have not been found in in vitro assays in lymphocytes

and humanmucosal cells [43] or in vivo in bonemarrow [33].
Although Rojas-Lemus et al. [36] observed a decrease in cell
viability in mice 24 h after inhalation of V

2
O
5
during acute

phase, this did not persist for more than a week in peripheral
blood leukocytes.

On the other hand, we observed that the administration
of 40mg/kg of V

2
O
5
via ip injection increased the fre-

quency of apoptotic cells.The apoptotic activity was indicated
by the increased frequencies of early and especially late
apoptotic cells 48 h after treatment with V

2
O
5
. Anticancer

properties have been attributed to vanadium(V) compounds,
and apoptosis has been identified as one of the ways to
eliminate tumor cells [7]. Vanadium compounds activate
different signaling pathways in normal and cancer cells,
acting mainly through inactivation of PTPs and/or activation
of PTKs. Activation of cellular signaling pathways converges
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downstream to cooperatively modulate the transcriptional
activity of NF-𝜅B or by the suppression of genes involved in
cell cycle regulation, DNA repair, and apoptosis [1, 44, 45].
Although it has been suggested that, in p53-defective rodent
cells, such as L5178Y, MN induction may be independent of
apoptosis [46], apoptosismay contribute to the elimination of
micronucleated cells and hence lead to a marginal induction
of MN-PCE when administering V

2
O
5
. However, in the

mice treated with V
2
O
5
, counts of necrotic cells increased

significantly, leading to inflammatory processes. It has been
suggested that it is the combination of oxidative stress,
inflammation, and genotoxicity that makes this element a
possible carcinogen [47].

Recent studies have shown that vanadium(V) in mice
induces genotoxic damage and apoptosis through oxidative
stress [7, 8, 48]. The in vivo administration of AA or 𝛼-
TOH prior to V

2
O
5
injection decreased MN-PCE formation

compared to V
2
O
5
alone (Figure 2). The ways in which

the antioxidants protect cells against V
2
O
5
-induced genetic

damage may be related to its oxide-reductive properties.
AA is a potent antioxidant (reducing agent) that is capable
of scavenging free radicals of reactive oxygen and nitrogen
species that have the potential to damage nucleic acids
and promote carcinogenesis [49, 50]. Thus, the combination
of antioxidant agents such as AA or 𝛼-TOH with V

2
O
5

could protect cells from genetic damage. The genotoxic-
ity of vanadium(V) is due to its reduction by NADH to
vanadium(IV), generating ∙OH [10]. Vanadate reacts with
thiols to produce V(IV) and thiyl radicals (vanadyl). During
catalysis in the reaction of 2-deoxyguanosine with molecular
oxygen, 8-hydroxydeoxyguanosine is formed, causing DNA
strand breaks [51]. Thus, ascorbate could react with ROS,
quenching and converting them into poorly reactive semide-
hydroascorbate radicals, which cause no DNA damage [52–
54], which is reflected in the reduction ofMN-PCE (Figure 2).
Vitamin E belongs to the family of lipid-soluble vitamins, of
which 𝛼-TOH is the most active form, and like AA, it is a
powerful biological antioxidant thatmay effectivelyminimize
oxidative stress, lipid peroxidation, and toxic effects of ROS
in biological systems [24]. Our data demonstrate that AA
and 𝛼-TOH protected cells against V

2
O
5
-induced genetic

damage. The reduction of MN-PCE observed with AA and
𝛼-TOH was more effective than with the administration of
high-antioxidant beverages such as green tea [55], red wine
[56], and particularly their antioxidant components such as
polyphenols [12, 57]. The particular finding regarding the
effects of AA was that it reduced the basal MN-PCE, and that
presented the strongest protection against genotoxic damage
induced by V

2
O
5
.

Both antioxidants tended to reduce the basal early apop-
totic cells, and this effect was significant for the AA group.
However, the antioxidants increased late apoptotic cells
significantly (Table 3), which could be related to the decrease
of MN-PCE observed when antioxidants were administered
alone as compared with the control group and its own
time 0 of evaluation (when no treatments had yet been
administered). Apoptosis is a normal and essential aspect of
organ development and remodeling that is initiated at birth
and continues throughout life [58]. Thus, apoptosis may play

an essential role as a protective mechanism against genotoxic
agents by removing genetically damaged cells.

Although numerous reports are available in the literature
on the cytotoxic and anticarcinogenic effects of antioxidants
in different tumormodel systems, themolecularmechanisms
underlying the anticarcinogenic potential of antioxidants
are not completely understood. Specific forms of vitamin E
display apoptotic activity against a wide range of cancer cell
types while having little or no effect on normal cell function
or viability [59]. Similarly, Naidu [19] demonstrated that
ascorbyl stearate inhibited cell proliferation by interfering
with the cell cycle, reversing the phenotype and inducing
apoptosis in human brain tumor glioblastoma (T98G) cells.
Therefore, it has been postulated that the mechanism to
explain the chemopreventive potential of antioxidants is their
chemical ability to target specific cellular signaling pathways
that regulate cellular proliferation and apoptosis [60]. This
is consistent with our results, in which the administration
of AA or 𝛼-TOH alone elevated the frequencies of apoptotic
cells significantly, and their administration prior to treatment
of V
2
O
5
increased apoptosis even further (Figure 4 and

Table 3). The main increases were observed in the late
apoptotic cells. The interactions between antioxidants and
V
2
O
5
suggest that their influence is neither additive nor

antagonistic (Figure 4 and Table 3). In other studies it was
observed that the apoptosis-inducing activity of antioxidants
might be synergistically enhanced by a combined treat-
ment with chemopreventive [61] or genotoxic agents [62].
The enhanced induction of apoptosis following a combined
treatment suggests that this process may contribute to the
elimination of the cells with V

2
O
5
-induced DNA damage

(MN-PCE).
Some compounds, including vanadium(V) oxide, have

emerged as therapeutic drugs for cancer, since intracellular
cascade mechanisms may be involved in causing apop-
totic cell death. Low levels of ROS can induce activation
of transcription factors, promoting mRNA formation and
encoding proteins known to be regulated by vanadium;
however, high levels of ROS are cytotoxic to the cells and
trigger apoptoticmechanisms. It has therefore been proposed
that vanadium compounds be used against malignancies,
since their cytotoxic effects against cancer cell lines by
generating ROS and Reactive Nitrogen Species have already
been shown [63, 64]. The ability to overcome the adverse
effects of vanadium compounds during therapeutic action
is thus a crucial issue for its future use in medicine [64].
In addition, the low costs of vanadium-based drugs make
the use of vanadium compounds very promising. Our find-
ings strongly suggest that both AA and 𝛼-TOH can be
used effectively in therapy either alone (antioxidants) or
in combination with other agents like V

2
O
5
to reduce its

genotoxicity. Additional studies are required to determine the
specific intracellular sites of action that these antioxidants
target in order to fully understand the specific mecha-
nisms of action mediating their antigenotoxic and apoptotic
effects, as well as to further clarify their potential value as
chemotherapeutic agents in the prevention and treatment
of diseases related with genotoxic damage, including some
cancers.
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𝛼-TOH: Alpha-tocopherol
AO: Acridine orange
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