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Vanadium, which arouses interest of many research centers
worldwide, is a biologically essential redox-active metal with
an ability to evoke diametrically opposite effects. Due to
its dual character and multidirectional action, vanadium
receives a great deal of attention of pharmacologists and
researchers from different scientific disciplines.

Despite the fact that extensive knowledge about vana-
dium has been gathered, many aspects of its action still
require to be clearly defined. At present, there is a lack of
sufficient data about the mechanisms of absorption, trans-
port, and excretion of thismetal. Relatively little is also known
about the consequences and mechanisms of mutual inter-
actions of vanadium with other elements, particularly those
that have antioxidant potential. The question of interactions
between elements, which may take place at different levels
and can be used to elucidate the cellular mechanisms of
response to combinations of metals, is always up to date
and still an important issue in toxicology. The essentiality of
vanadium to humans and the mechanisms of its toxic action
also need to be elucidated.The above-mentioned aspects and
likewise the pharmacological activity of vanadium, which
raises hopes for use thereof in the treatment of certain
diseases in humans, including diabetes, osteoporosis, and cer-
tain types of cancer aswell as parasitic and infectious diseases,
need to be further studied in order to fully understand and
elucidate the toxicology as well as the biological activity and
pharmacological potential of this element. More details in

this research field may help to estimate the balance between
adverse effects of vanadium (which has a relatively narrow
margin of safety) and its potential therapeutic properties
and to determine better its toxicity and therapeutic intervals
which, in turn, allows us to devise and develop possible
procedures of treatment of certain illnesses.

In this special issue, an attempt has been made to
include reports that update our knowledge about the role
of vanadium in toxicological processes and pharmacological
applications and identify gaps in this research field, which
would ensure better understanding of the specific behavior of
this element. The special issue on vanadium compiles six (6)
excellentmanuscripts including reviews and research articles,
which provide current and comprehensive knowledge about
some aspects of the action of this metal.

The review article byM.Aureliano covers recent advances
in the understanding of decavanadate toxicology and phar-
macological applications. The Author (a) discusses in depth
the modes of action of decavanadate (V

10
) through oxidative

stress, effects on mitochondria, sarcoplasmic reticulum, and
cytoskeleton, (b) provides information about some aspects
of action of decavanadate (V

10
) and vanadate (V

1
), and (c)

highlights the significance of understanding the V
10
toxicol-

ogy and pharmacological activities as important targets to
elucidate the biological activities of several polyoxometalates
in order to make them available and safe for clinical use. In
turn, the review article by Tsave et al. focuses on the role
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of vanadium in cellular and molecular immunology. The
Authors nicely and concisely illustrate (a) the effects of
selected vanadium species in the immune system processes,
(b) forms of vanadium exhibiting immunogenic activity, and
(c) the key role(s) of vanadium in promoting innate and
adaptive immunity as well as (d) current obstacles to be
overcome by specifically designed vanadiummetallodrugs in
cancer immunotherapeutics. The research data collected in
this review highlight the synthetic and structural bioinor-
ganic profile of vanadium along with its biological activity
attributes, collectively formulating the significant potential
of unique structure-based and immune process-specific
vanadodrugs for the detection, prevention, and treatment of
immune system aberrations.

As far as the research articles are concerned, the report
of Treviño et al. presents metforminium decavanadate
(MetfDeca) as a potentialmetallopharmaceutical drug for the
treatment of diabetesmellitus.TheAuthors showed efficiency
of MetfDeca in improving serum profiles of carbohydrates
and lipids and revealed a protective effect of MetfDeca on
pancreatic beta cells of rats with model type 1 diabetes
mellitus. In turn, the research article of Garćıa-Rodŕıgez et al.
illustrates the in vivo effects of vanadium (as vanadium
pentoxide) and certain antioxidants (ascorbic acid and alpha-
tocopherol) on apoptotic, cytotoxic, and genotoxic activity
in mice. The Authors demonstrated that both these antiox-
idants were able to protect cells against vanadium pentoxide-
induced genetic damage. The research article of Christensen
et al., in turn, presents the effectiveness of bisphosphonate
and vanadium-bisphosphonate compounds against axenic
Leishmania tarentolae. Specifically, the Authors showed that
two polyoxometalates (POMs) with nitrogen containing bis-
phosphonate ligands: vanadium/alendronate [V

5
(Ale)
2
] and

vanadium/zoledronate [V
3
(Zol)
3
] complexes were effective

in inhibiting the growth of L. tarentolae and suggested that
V
3
(Zol)
3
may be effective in a skin cream formulation as

a weekly or daily treatment for cutaneous leishmaniasis.
Finally, the report of Folarin et al. describes the effects
of administration of vanadium on memory in mice. The
Authors indicated that mice exposed to vanadium exhibited
no difference in learning abilities but had significant loss
in memory acumen after 3 months of exposure. They also
revealed that the memory deficit induced by chronic admin-
istration of vanadium in mice is reversible, but only after a
long period of vanadium withdrawal.

We believe that the information provided in this special
issue will be of interest to readers who are interested in
vanadium and to those of Oxidative Medicine and Cellular
Longevity in general.
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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
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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

apoptotic and necrotic cells. 200 nucleated cells were evaluated in each mouse (5 mice per group).
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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
(water); b𝑝 < 0.05 versus control (corn oil); c𝑝 < 0.05 versus AA +
V
2
O
5
; d
𝑝 < 0.05 versus 𝛼-TOH + V

2
O
5
. Nonviable cells include

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
AA: Ascorbic acid
EB: Ethidium bromide
FDA: Food and Drug Administration
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NCE: Normochromatic erythrocytes
NIF: Net induction frequency
∙OH: Hydroxyl radical
PCE: Polychromatic erythrocytes
ROS: Reactive oxygen species
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Rodŕıguez, “Estudio de las frecuencias de micronúcleos en
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Over the last decade, a diverse spectrum of vanadium compounds has arisen as anti-inflammatory therapeutic metallodrugs
targeting various diseases. Recent studies have demonstrated that select well-defined vanadium species are involved in
many immune-driven molecular mechanisms that regulate and influence immune responses. In addition, advances in cell
immunotherapy have relied on the use of metallodrugs to create a “safe,” highly regulated, environment for optimal control of
immune response. Emerging findings include optimal regulation of B/T cell signaling and expression of immune suppressive
or anti-inflammatory cytokines, critical for immune cell effector functions. Furthermore, in-depth perusals have explored NF-
𝜅B and Toll-like receptor signaling mechanisms in order to enhance adaptive immune responses and promote recruitment or
conversion of inflammatory cells to immunodeficient tissues. Consequently, well-defined vanadiummetallodrugs, poised to access
and resensitize the immune microenvironment, interact with various biomolecular targets, such as B cells, T cells, interleukin
markers, and transcription factors, thereby influencing and affecting immune signaling. A synthetically formulated and structure-
based (bio)chemical reactivity account of vanadoforms emerges as a plausible strategy for designing drugs characterized by
selectivity and specificity, with respect to the cellular molecular targets intimately linked to immune responses, thereby giving
rise to a challenging field linked to the development of immune system vanadodrugs.

1. Introduction

In the past decades, several metallodrugs have been devel-
oped to target human pathophysiologies, with platinum, cop-
per, vanadium, gold, ruthenium, and yttrium, among select
metal ions, serving as the basis of such pharmaceuticals [1, 2].
Representative examples of therapeutic metallodrugs include
Y-90 (Zevalin) used in the treatment of non-Hodgkin’s lym-
phoma, sodium aurothiomalate (Myochrysine, Myocrisin,

and Tauredon) or aurothioglucose (Aureotan, Solganal, Sol-
ganol, and Auromyose) used in rheumatoid arthritis patients,
and bismuth subsalicylate (Pepto-Bismol), a widely used drug
for the treatment of gastrointestinal disorders [1]. Beyond
those, the successful platinum-basedmetallodrugs (cisplatin,
carboplatin, and oxaliplatin) as antitumor agents were bur-
dened by undesirable toxic side effects and appearance of
chemoresistance. Both of them emerged as dire problems
forcing the development of alternative metallodrugs with
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distinct modes of action and fewer or no side effects [3].
Vanadium is a known metal of high physiological, environ-
mental, and industrial importance. It is an early first-row
transition metal (Group 5 with 𝑍 = 23), with an electronic
configuration of [Ar]3d34s2, having two natural isotopes, 51V
and 50V. Its presence in biological systems in the marine
and terrestrial environment has been well-established over
the years [4]. It is encountered, among others, in vanadium-
dependent haloperoxidases and alternative nitrogenases [5].
Moreover, various vanadium species have been found to
exhibit significant effects as external cofactors, inhibiting
the function of a wide range of enzymes (glyceraldehyde-3-
phosphate dehydrogenase, lipoprotein lipase, tyrosine phos-
phorylase, glucose-6-phosphate dehydrogenase, glycogen
synthase, adenylate cyclase, and cytochrome oxidase) and
stimulating the function of others (Na+-K+-ATPase, H+/K+-
ATPase, myosin ATPase, dynein, adenylate kinase, phos-
phofructokinase, and choline esterase) [6, 7]. From the
biological point of view, the oxidation states V(IV) and V(V)
appear to be of strong interest, with cationic and anionic
complexes thereof forming in the physiological pH range
(pH 2–8). In vivo, a key redox interplay emerges between
the physiologically relevant V(V) and V(IV) oxidation states,
with medium equilibria defining their distribution intra-
and extracellularly. V(III), on the other hand, is present in
ascidians and fan worms, but it is not present in higher
organisms [8, 9]. Its emergence in biological media under
reduced conditions, however, leaves a lot to be scrutinized
with respect to potential roles in bioprocesses [10, 11] cur-
rently elusive or unknown. Nevertheless, the majority of
mammalian tissues contain approximately 20 nM vanadium.
Consequently, involvement of a biogenic metal ion, such
as vanadium, in immune-regulating mechanisms, includ-
ing immune suppression and inflammation downregulation,
formulates a well-defined platform for research into future
effective and efficient immunotherapy [12, 13]. In this respect,
the herein elaborated account presents new facets of themerit
that vanadium holds as a metallodrug in immunotherapy,
based on currently held views and knowledge emerging from
ongoing research in the fields of (bio)chemical and medical
interest (Figure 1). The various forms of vanadium thus far
employed in immune-related pathologies (a) necessitate an
orderly account of its (bio)chemical activity at the cellular
and molecular level, (b) signify a structure-based elabo-
ration of its involvement in immune system interactions
and responses, and (c) point out significant factors entering
future design of new vanadodrugs capable of atoxically,
selectively, and specifically targeting cellular molecular loci,
intimately influencing immunophysiology and contributing
to immunopharmaceuticals in a host of relevant diseases
(Figure 2).

2. The Role of Vanadium in B Cell Signaling

A number of recent studies have noted the role of vanadium
in B cell signaling.This association triggers activation ofmul-
tiple signaling cascades involving kinases, GTPases, and tran-
scription factors [14]. This, in turn, results in changes in cell
metabolism, gene expression, and cytoskeletal organization

that regulate cellular mechanisms such as survival, tolerance,
apoptosis, proliferation, and differentiation into antibody-
producing cells or memory B cells. In this regard, a recent
study has shown that vanadium treatment significantly pro-
liferated splenocytes and expansion of B cells accounted for
increased immune response and high number of splenocytes
[15]. Vanadium treatment showed potency in amplifying the
production of IFN-𝛾 and total IgG in irradiated splenocytes,
which correlated with the expansion of B cells. In agreement
with previous reports, the number of CD3+, CD4+, andCD8+
cells of splenocytes was not affected. The number of CD11b+
and Gr-1+ cells in splenocytes also showed no difference
upon vanadium treatment. However, the CD45R/B220+ B
cell population expanded to significant levels in irradiated
mice treated with sodium metavanadate (NaVO

3
) (Figure 1)

(Table 1). Consistent with the results from irradiated mice,
0.245 𝜇M NaVO

3
treatment markedly enlarged the popula-

tion of CD45R/B220+ B cells of both non-irradiated and
irradiated splenocytes and enhanced activation of immune B
cell signaling. The effect of sodium orthovanadate (Na

3
VO
4
)

(Figure 1) (Table 1) on the enhancement of DNA syn-
thesis by T and B cell mitogenic agents was also studied
using murine thymocytes and splenocytes [16]. Addition of
orthovanadate to thymocyte cultures inhibited the mitogenic
response in a concentration-dependent fashion. On the other
hand, DNA synthesis, induced in thymocytes by pokeweed
lectin and periodate treatment, was essentially uninhibited
at the lower vanadate concentrations that were markedly
effective for concanavalin A-induced synthesis. In addition,
no significant inhibition of mitogenesis of splenic B cells in
response to lipopolysaccharide and dextran was detectable
at lower orthovanadate concentrations. In the absence of
added mitogens, orthovanadate was found to be mitogenic
for a subpopulation of thymus cells but not for splenocytes
or T cell-enriched splenocyte populations. Evidently, the
results suggest that (a) vanadate affects mitogenic responses
in lymphocytes and (b) the interaction of vanadatewith T and
B cells is distinctly different, thus modulating B cell immune
response. Histological studies indicating the presence of
morphologically normal B cells in islets from vanadium-
treated diabetic animals suggest, however, that vanadium
treatment might not only mimic the effects of insulin, but
also, at least partially, prevent and/or treat B cell lesions
[17]. Induced vanadyl sulphate accumulation in bone, kidney,
and liver prevented some alterations classically associated
with diabetes, without causing further notable changes in
various blood parameters or the histology of various tissues.
In summary, the findings indicate that vanadium could be
useful as a potential immunostimulating agent.

3. Regulation of T Cell Signaling

Vanadium-induced immune activation also involves T lym-
phocytes that (a) play a central role in cell-mediated immu-
nity and (b) are characterized by the presence of a T cell
receptor (TCR) on their cell surface [18]. T cells are essential
for human immunity and almost every aspect of the adaptive
immune response is controlled by them. Vanadium can
influence T cell signaling by changing the number of mature
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Figure 2: Vanadium influences several immune-related pathways, thereby sculpturing immune response.

T cells migrating from the thymus to the spleen. Because
of that, secretion of IL-2 and IL-6 is affected (Figure 3).
Furthermore, ammoniummetavanadate (NH

4
VO
3
) (Table 1)

inhibits the proliferation activity of CD3+, CD3+CD4+, and
CD3+CD8+ splenic T cells and depresses their activity in
broilers [19]. According to this study, vanadium can affect
the percentage of splenic T cell subsets, the proliferation of
splenic T cells, and serum IL-2 and IL-6 content. Vanadium
in excess of 30 ppm reduces T cell population, serum IL-2 and
IL-6 content, and proliferation of splenic T cells, whichmeans
that cellular immune function is finally impaired in broilers.
Contrary to that, vanadiumconcentration< 30 ppm increases
the T cell population and serum IL-2 and IL-6 contents,
thereby improving cellular immune function. It is speculated
that vanadium influences T cell subsets by modulating the
thymic selection function, as there are lesions observed in
the thymus where T cells are activated and differentiated
[20]. Findings reveal that vanadium can affect expression
of CD3+, CD3+CD4+, and CD3+CD8+ T cells in both ileac
lamina propria lymphocytes (LPLs) and intraepithelial lym-
phocytes (IELs), implying that the immune function of local
intestinal mucosa in broilers could be affected by vanadium
treatment. In addition, vanadium can also modify immune
CD11c and MHC-II expression in thymic dendritic cells by
decreasing the presence of CD11c surface marker on mouse
thymic dendritic cells as a result of vanadium pentoxide
(V
2
O
5
) exposure. It is surmised that this decrease might

induce dysfunction, including possible negative selection of
T cells, which could increase the presence of autoreactive
clones in the exposed host [21]. On an equal footing, vana-
dium has been reported to alter CD4+ T helper (Th) cell
expression, serving as an important initiator and regulator

of cellular and humoral immune responses against infec-
tious microorganisms and other antigens. Sodium ortho-
vanadate exposure (a) enhanced inducible forms of CREB
(cAMP response element-binding protein) in both resting
and antigen-stimulated T cells, followed by activation of the
p50/p65 heterodimeric form of NF-𝜅B, and (b) inhibited
activation of NFAT (nuclear factor of activated T cells) and
affected levels of its constitutive DNA-binding activity in
resting lymph node T cells, whereas it enhanced AP-1 activity
in transgenic mouse CD4+ T lymphocytes [22].

4. Shaping Cytokine-Interleukin Response

Cytokine interleukins belong to a family of immunomodula-
tory proteins that elicit a wide variety of immune responses
in various tissues and organs [23, 24]. Over the past years,
vanadium has been shown to interact with several IL mem-
bers. A notable example is IL-2, which plays a key role in reg-
ulating immune system tolerance and immunity, primarily
via its direct effects on T cells. Using an (IL-2)-independent
human NK-92MI cell line that is phenotypically considered
an NK bright cell line, studies have shown that vanadium
pentoxide (V

2
O
5
) (Figure 1) inhibited secretion of select

proinflammatory cytokines and cell proliferation, induced
apoptosis, and modified the IL-2 receptor signaling pathway
[25] (Table 1). Vanadium also inhibited IL-10 and IFN-𝛾
secretion, but mostly only after a 24 h exposure and primarily
at higher doses tested. In a similar manner, it was found
that dietary vanadium in excess of 30mg/kg (a) reduces the
population and proliferation of T cells and interleukin-2 (IL-
2) content in the spleen and serum and (b) causes lesions in
the spleen and bursa of Fabricius in broilers [26]. Likewise,
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Figure 3: Key role(s) of vanadium in promoting innate and adaptive immunity.

vanadium was shown to downregulate specific interleukin
expression, mainly IL-6, IL-10, TNF-𝛼, and IFN-𝛾, in the
cecal tonsil. IL-6, as a proinflammatory cytokine, acts as a
mediator of fever, acute phase response, and is responsible
for stimulating acute phase protein synthesis as well as the
production of neutrophils in the bone marrow. It supports B
cell growth of and is antagonistic to regulatory T cells. On the
other hand, IL-10 is a cytokine with numerous, pleiotropic,
effects responsible for immunoregulation and inflammation.
It reduces Th1 cytokine expression, MHC class II antigens,
and macrophage-induced costimulatory molecules by block-
ing NF-𝜅B activity [23, 24]. It also promotes B cell survival,
proliferation, and antibody production. Ammonium meta-
vanadate and vanadium pentoxide (Figure 1) were shown
to affect production-release of similar immunoregulatory
cytokines and disrupt cell-mediated immunity. Specifically,
release of the (IL-1)/(TNF-𝛼)-regulating prostanoid PGE

2

was significantly increased at the highest vanadate con-
centration, although LPS-stimulated PGE

2
production was

unaffected. These results indicate that, in vitro, pentava-
lent vanadium (V(V)) can interfere with immunoregulatory
mediators critical for maintaining host immunocompetence
[27].

5. Targeting the NF-𝜅B Signaling Pathway

In recent years, several studies have demonstrated that NF-
𝜅B might be a very important target for vanadium with
regard to the influence of cell signaling mechanisms and
gene expression. Vanadium has the ability to interact with
several transcription factors and influence the activity of
the cell cycle, oncogenes, or tumor suppressor genes. V(IV)
complex species (Figure 1) seem to promote differentiation
and mineralization of the mesenchymal stem cells via acti-
vation of the NF-𝜅B/ERK signaling pathway and subsequent
enhancement of the NF-𝜅B mediated action. Moreover, it
has been demonstrated that ERK is implicated in the rise of
the transcriptional activity of NF-𝜅B. Thus, it is possible that

V(IV) modulates both ERK and NF-𝜅B pathways, and each
pathway would act in concert to stimulate osteoblasts [28].
Likewise, bis(peroxido)vanadium species (Bpv) (Figure 1)
(Table 1), a phosphotyrosine phosphatase inhibitor, induces
myogenic cells to acquire a gene expression profile and
differentiation potential consistent with the phenotype of
circulating precursors, while maintaining their myogenic
potential. These effects are mediated by NF-𝜅B activation
through the Tyr42-I𝜅B-alpha phosphorylation, as shown
by the expression of the dominant negative mutant form
of the p50 NF-𝜅B subunit [29]. Moreover, treatment of
macrophageswith sodiummetavanadate results in the activa-
tion of both NF-𝜅B and c-Jun N-terminal kinase (JNK) [30].
The activity of I𝜅B kinase-beta (IKKbeta) was significantly
elevated concurrently with the increased degradation of I𝜅B-
𝛼 and enhanced NF-𝜅B activity in cells exposed tometavana-
date. Thus, both IKK and SAPK/ERK kinase 1 (SEK1), an
intermediate kinase within the MEKK1 to c-Jun N-terminal
kinase (JNK) cascade, are involved in vanadate-induced NF-
𝜅B activation. Finally, “pervanadate” (V(V)-peroxido) was
also shown to activate the DNA-binding activity of NF-𝜅B,
through (a) tyrosine phosphorylation and (b) expression of
the T cell tyrosine kinase p56lck, but not degradation of I𝜅B-𝛼
[31] (Table 1). Evidently, suitably configured vanadium species
of both oxidation states (V(IV) and V(V)) are in a position to
support distinct influence patterns of reactivity in key NF-𝜅B
signaling pathways.

6. Subverting Toll-Like Receptor Signaling

Toll-like receptors (TLRs) constitute a distinct type of pattern
recognition receptors (PRR) playing a crucial role in innate
immune response [32]. Triggering TLRs to generate an
immune response is therefore a primary goal in immunother-
apy. To this end, certain metallodrugs are able to elicit an
immune response in various immune cell types via Τoll-like
receptors (TLRs) and, correspondingly, their receptor ago-
nists [33, 34]. Recently, texture-specific vanadium-containing
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alloy materials (mmnTi-Al-V), reflecting implant materials,
were shown to diminish TLR expression, exhibiting an 8-
fold reduction in mRNAs for Τoll-like receptor-4. Treated
cells had reduced levels of proinflammatory interleukins
and higher mRNAs for factors strongly associated with cell
apoptosis [35] (Figure 1) (Table 1). Under normal conditions,
TLR ligation and dimerization activate signaling cascades
and subsequent production of proinflammatory cytokines,
interferons, ROS, and proteases. Signaling involves recruit-
ment of adaptor proteinsMyD88,MAL, TRIF, or TRAM.The
MyD88-dependent pathway is required for all TLRs except
for TLR3, and MyD88 signaling involves a serine kinase
(IL-1R)-associated kinase (IRAK), TNFR-associated factor 6
(TRAF6), and (TGF-𝛽)-activated kinase 1 (TAK-1) sequence
followed by activation of nuclear factor NF-𝜅B and activator
protein 1 (AP-1) transcription factors via the IKK andMAPK
pathways, respectively [36]. TLR-targeting therapies, employ-
ing metallodrugs currently under development and clinical
trials, and better understanding of the mechanisms of TLR-
targeting therapies are thus expected to allow more specific
treatments to be developed, thereby improving treatment
options for immunoinflammatory disorders.

7. Role in Inflammation-Related
Immunopathology

Activation of the inflammatory cascade involves immune
cell mediators, transcription factors, and chemokines [37].
Inflammation is characterized by upregulation in the sys-
temic concentrations of inflammation-related cytokines such
as IL-6, IL-8, IL-18, TNF-𝛼, and C-reactive protein (CRP)
[38, 39]. Accumulating evidence reveals that vanadium can
downregulate inflammatory reactions both in vitro and in
vivo. To this end, recent findings have shown that vana-
dium administration reduced serum creatinine and blood
urea nitrogen levels, suggesting amelioration of renal dys-
function [40]. Moreover, vanadium(III)-(L-cysteine) (VC-
III) (Figure 1) (Table 1) treatment significantly prevented
CDDP (cis-diamminedichloroplatinum(II))-induced gener-
ation of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) and onset of lipid peroxidation in kidney
tissues of experimental mice. In addition, vanadium also
substantially restored CDDP-induced depleted activities of
the renal antioxidant enzymes, such as superoxide dismutase,
catalase, glutathione peroxidase, glutathione-S-transferase,
and glutathione (reduced) levels. Histopathological anal-
ysis also confirmed reduced expression of proinflamma-
tory mediators such as NF-𝜅B, COX-2, and IL-6. VC-III
administration also stimulated the Nrf2-mediated antiox-
idant defense system through promotion of downstream
antioxidant enzymes, such as HO-1. Moreover, vanadium
treatment significantly enhanced CDDP-mediated cytotox-
icity in MCF-7 and NCI-H520 human cancer cell lines.
Thus, VC-III can serve as a suitable chemoprotectant and
increase the therapeutic window of CDDP in cancer patients.
Furthermore, bis(peroxido)vanadium is able to prevent
neuronic inflammation on cerebral ischemia. Data reveal
that bis(peroxido)vanadium (Bpv), a specific inhibitor of

PTEN’s phosphatase activity, exhibits powerful neuropro-
tective properties [41]. Treatment with Bpv significantly
increased IL-10 levels and decreased TNF-𝛼 concentration in
the ischemic boundary zone of the cerebral cortex. Likewise,
vanadium(III)-(L-cysteine) treatment significantly reduced
PTEN mRNA and protein levels and increased PI3K, Akt,
and p-GSK-3𝛽 protein expression in the ischemic boundary
zone of the cerebral cortex. These results (a) demonstrate the
neuroprotective effects of bis(peroxido)vanadiumon cerebral
ischemia and reperfusion injury of ischemic stroke rats
and (b) show that vanadium is associated with reduction
of inflammatory mediator production and upregulation of
PTEN downstream proteins PI3K, Akt, and p-GSK-3𝛽.

8. Pharmacotoxicology Mechanisms

Increasing evidence shows that complex vanadium species
possess structural characteristics that justify their chemical
reactivity at the biological level, thereby rendering them
viable candidates for immune system disease metallodrugs
[42, 43]. In order for vanadium compounds to be effective,
atoxic well-defined forms of that metal ion encompassing
selected physicochemical characteristics should be exam-
ined carefully in terms of their availability, selectivity, and
specificity, followed by long-term epidemiological studies
and controlled clinical trials. For such well-defined forms
to emerge as immunomodulatory agents, key factors should
be taken into consideration in the design and subsequent
synthetic efforts. Such factors include (a) the nature of
vanadium itself (inorganic forms at various oxidation states,
metal-organic complex species, organometallic forms, etc.),
(b) the nature of ligands-substrates bound to vanadium
(e.g., peroxido, oxido, and nonperoxido organic chelators
of variable O,N-containing tethers), (c) the oxidation state
of vanadium (with V(IV) and V(V) representing the well-
established physiological forms in human biological fluids,
and V(III) awaiting further perusal), (d) the hydrophilicity-
hydrophobicity of the ligands-substrates as well as the aris-
ing vanadium complex inorganic-organic species, thereby
allowing access to specified molecular loci of action, and
(e) the binary and ternary complex metal-organic nature of
vanadium bestowing appropriate chemical reactivity where
and when such is needed to counteract carcinogenic activ-
ity. The aforementioned collective properties formulate the
chemical profile of vanadium that will configure its biological
reactivity and consequently adhere to the selectivity and
specificity needs of the immune system target site(s) of
anti-inflammatory action. The need for such approaches to
new atoxic vanadium compounds exemplifies the motivation
for commensurate research efforts currently underway (Fig-
ure 4). In line with the emergence of select vanadium species,
capable of delivering immunogenic activity, studies on the
identification of immune system specific sites of interaction
of vanadium with biomolecular targets in the cell should be
conducted, shedding light onto the chemistry associated with
the biological activity of vanadium in its various selected
atoxic forms (Table 1). Current research data presented in this
review highlight vanadium’s synthetic and structural bioinor-
ganic profile along with its biological activity attributes,
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Figure 4: Current obstacles to overcome by specifically designed vanadium metallodrugs in cancer immunotherapeutics.

collectively formulating the significant potential of unique
structure-based and immune process-specific vanadodrugs
for the detection, prevention, and treatment of immune
system aberrations.

9. Conclusions

Overall, specified vanadium complex species are involved
in key mechanisms of immune regulation and can be used
as promising metallodrugs toward future immunotherapy.
Therefore, significant merit emerges toward further stud-
ies attempting to (a) design new vanadodrugs and (b)
decipher the potential role that vanadium species have in
interactions with immune system modulators as well as
other transcription factors influencing immune signaling.
Concurrently, vanadium regulation of B and T cell signaling
emerges as a useful tool in probing modulatory mech-
anisms of inflammation suppression and their (in)direct
implication in immunotherapeutic approaches. In addition,
activation of certain interleukins, including IL-2, IL-4, IL-
6, and IL-10 by vanadium denotes their specific contri-
bution to immunometabolic processes, thereby warranting
further perusal into the development of diagnostic and
immunotherapeutic tools in immunopathological disorders.
Numerous advances have contributed to the understand-
ing of the cellular and molecular pathways involved in

immune-related inflammation and stand as groundwork
toward further investigations linking interleukin involvement
to inflammation-driven immune response. Sculpting the
immune response using metallodrugs may thus be a chal-
lenging goal toward future immunotherapies. The collective
data mentioned in the current review reflect apt examples of
vanadium-based approaches in cancer immunotherapy and
related diseases. To this end, better understanding of the
molecular signaling pathways used by vanadium interjection
in immune surveillance, immune-driven inflammation, and
immune cells stands as a well-defined platform for targeted
research into future effective and efficient vanadium-based
immunotherapy. Defined into such a well-formulated frame-
work, vanadium-linked approaches in immunotherapy have
merit, deserve due attention, and warrant further investiga-
tion.
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[32] M. J. Jiménez-Dalmaroni,M. E.Gerswhin, and I. E. Adamopou-
los, “The critical role of toll-like receptors—from micro-
bial recognition to autoimmunity: a comprehensive review,”
Autoimmunity Reviews, vol. 15, no. 1, pp. 1–8, 2016.

[33] S. Deng, S. Zhu, Y. Qiao et al., “Recent advances in the role
of toll-like receptors and TLR agonists in immunotherapy for
human glioma,”Protein andCell, vol. 5, no. 12, pp. 899–911, 2014.

[34] S. H. Aalaei-Andabili, M. Fabbri, and N. Rezaei, “Recipro-
cal effects of Toll-like receptors and miRNAs on biological
processes in human health and disease: a systematic review,”
Immunotherapy, vol. 5, no. 10, pp. 1127–1142, 2013.

[35] R. Olivares-Navarrete, S. L. Hyzy, P. J. Slosar, J. M. Schneider,
Z. Schwartz, and B. D. Boyan, “Implant materials generate
different peri-implant inflammatory factors: PEEK promotes
fibrosis and Micro-textured titanium promotes osteogenic fac-
tors,” Spine, vol. 40, no. 6, pp. 399–404, 2015.

[36] E. Kay, R. S. Scotland, and J. R. Whiteford, “Toll-like receptors:
role in inflammation and therapeutic potential,” BioFactors, vol.
40, no. 3, pp. 284–294, 2014.

[37] S. Muralidharan and P. Mandrekar, “Cellular stress response
and innate immune signaling: integrating pathways in host
defense and inflammation,” Journal of Leukocyte Biology, vol. 94,
no. 6, pp. 1167–1184, 2013.

[38] R. Divekar andH. Kita, “Recent advances in epithelium-derived
cytokines (IL-33, IL-25, and thymic stromal lymphopoietin)
and allergic inflammation,” Current Opinion in Allergy and
Clinical Immunology, vol. 15, no. 1, pp. 98–103, 2015.

[39] P. Fietta, E. Costa, and G. Delsante, “Interleukins (ILs), a
fascinating family of cytokines. Part I: ILs from IL-1 to IL-19,”
Theoretical biology forum, vol. 107, no. 1-2, pp. 13–45, 2014.

[40] A. Basu, S. Singha Roy, A. Bhattacharjee et al., “Vanadium(III)-
L-cysteine protects cisplatin-induced nephropathy through
activation ofNrf2/HO-1 pathway,”Free Radical Research, vol. 50,
no. 1, pp. 39–55, 2015.

[41] L.-L. Mao, D.-L. Hao, X.-W. Mao et al., “Neuroprotective effects
of bisperoxovanadium on cerebral ischemia by inflammation
inhibition,” Neuroscience Letters, vol. 602, pp. 120–125, 2015.

[42] J. C. Pessoa, S. Etcheverry, and D. Gambino, “Vanadium
compounds in medicine,” Coordination Chemistry Reviews, vol.
301-302, pp. 24–48, 2015.

[43] J. C. Pessoa, E. Garribba, M. F. A. Santos, and T. Santos-Silva,
“Vanadium and proteins: uptake, transport, structure, activity
and function,” Coordination Chemistry Reviews, vol. 301-302,
pp. 49–86, 2015.



Research Article
Metforminium Decavanadate as a Potential
Metallopharmaceutical Drug for the Treatment of
Diabetes Mellitus

Samuel Treviño,1,2 Denisse Velázquez-Vázquez,1 Eduardo Sánchez-Lara,3

Alfonso Diaz-Fonseca,4 José Ángel Flores-Hernandez,2 Aarón Pérez-Benítez,5

Eduardo Brambila-Colombres,1,2 and Enrique González-Vergara3
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New potential drugs based on vanadium are being developed as possible treatments for diabetes mellitus (DM) and its
complications. In this regard, our working group developed metforminium decavanadate (MetfDeca), a compound with
hypoglycemic and hypolipidemic properties. MetfDeca was evaluated in models of type 1 and type 2 diabetes mellitus, on male
Wistar rats. Alloxan-induction was employed to produce DM1 model, while a hypercaloric-diet was employed to generate DM2
model. Two-month treatments with 3.7 𝜇g (2.5𝜇M)/300 g/twice a week for DM2 and 7.18 𝜇g (4.8 𝜇M)/300 g/twice a week for DM1
of MetfDeca, respectively, were administered. The resulting pharmacological data showed nontoxicological effects on liver and
kidney. At the same time, MetfDeca showed an improvement of carbohydrates and lipids in tissues and serum.MetfDeca treatment
was better than the monotherapies with metformin for DM2 and insulin for DM1. Additionally, MetfDeca showed a protective
effect on pancreatic beta cells of DM1 rats, suggesting a possible regeneration of these cells, since they recovered their insulin levels.
Therefore, MetfDeca could be considered not only as an insulin-mimetic agent, but also as an insulin-enhancing agent. Efforts to
elucidate the mechanism of action of this compound are now in progress.

1. Introduction

Theuse ofmetal-based drugs as therapeutic agents dates back
to ancient cultures who lived in Mesopotamia, India, Egypt,
and China, as early as 2500 B.C. [1]. Making a great leap
in the history of metals in medicine up to Renaissance era,
it is important to mention the work of Paracelsus and his
concept of doses-response, coming from the introduction of

mercury, arsenic, tin, lead, and antimony (among others) into
theMateriamedica: “All substances are poisons: there is none
which is not a poison. The right dose differentiates a poison
and a remedy” [2]. For this reason, the deep understanding
about chemistry of metals within biological systems is very
important.

Currently, the metal-based drugs are being used for the
treatment of a variety of pathologies such as diabetes, cancer,
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rheumatoid arthritis, and inflammatory and cardiovascular
diseases [3–5].The health status of a person and physiological
disorders and diseases are usually related to the presence or
absence of metal ions and/or their corresponding complexes
formedwith biomolecules in the body.Thus, themetals called
trace elements are necessary for many biological processes.
In this sense, vanadium is a biometal capable of improving
the metabolism of lipids and carbohydrates, as it has been
reported for some of their compounds.

Despite the fact that the physiological pathways are
unclear, it is now known that vanadate has different phar-
macokinetics compared to the decavanadate and therefore
different pharmacological activities, although, in relation
with the carbohydrate and lipid metabolism, these act very
similar. Although the vanadium intracellular concentration
(+5, vanadate) is very low for the decavanadate species to be
formed, it has been described that V10 was formed in acidic
compartments in Saccharomyces cerevisiae that were grown
inmedia containing vanadate.Thus it has been proposed that
once it is formed the rate of decavanadate decomposition is
slow (half-life time of hours) enough to allow observing its
effects not only in vitro, but also in vivo [6–10].

Under these considerations the metallopharmaceuticals
based on vanadium with potential hypoglycemic features
could be considered as an admissible alternative for the
treatment of diseases involving glycemic control, both in
patients being insulin-requiring and insulin-independent
diabetes mellitus types 1 (DM1) and 2 (DM2), respectively,
and in patients with other diseases that have in common
carbohydrate and lipid disorders [11].

Actually, diabetes mellitus represents a global public
health problem. It has been estimated that 347 millions of
people have diabetes mellitus until 2014. This pathology is
defined as a metabolic disorder characterized by chronic
hyperglycemia with disturbances in the metabolism of car-
bohydrates, lipids, and proteins resulting from defects in
insulin secretion, its action, or both. Additionally, it is worth
mentioning that DM represents the end stage of a chronic
and progressive heterogeneous syndrome characterized by a
series ofmetabolic disorders (dysglycemia and dyslipidemia),
promoted by environmental factors, genetic susceptibility,
insulin resistance, and a decrease in hormone secretion by
pancreatic 𝛽 cells [12, 13]. This pathology is a major cause of
morbidity and mortality around the world, includingMexico
[14].

Most patients diagnosed with DM2 should begin their
therapy with lifestyle changes (lifestyle counseling, weight-
loss education, exercise, etc.). When these lifestyles are not
enough to achieve or maintain the glycemic levels, met-
formin monotherapy should be added soon after diagnosis,
unless there are contraindications or intolerance. Metformin
possesses a long list of evidences detailing its efficacy and
safety; moreover it is very inexpensive andmay reduce risk of
cardiovascular events [15]. It has also been reported that met-
formin consumption has some disadvantages, such as gas-
trointestinal side effects (diarrhea, abdominal cramping), risk
of lactic acidosis (rare), vitamin B12 deficiency, acid reflux,
chronic kidney disease, hypoxia, and dehydration [16–18].
Additionally, we have reported that chronic administration of

Figure 1: Ball and stick representation of metforminium decavana-
date (H

2
Metf)

3
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28
]⋅8H
2
O. Water molecules are omitted for

clarity [11].

metformin showedmultiorgan complications in the develop-
ment of steatosis. By contrast, metforminium decavanadate
(MetfDeca) presented in Figure 1 showed an improvement in
the intracellular biochemical behavior and also a recovering
of the adequate levels of lipids and carbohydrates [11].

Therefore, in the research of the vanadium-based metal-
lopharmaceuticals both their beneficial physiological func-
tion and their potential toxicity should be considered [10,
19]. For these reasons, in this paper we focused on the
role of MetfDeca as a potential new drug for the treatment
of DM (and related disorders) and its toxicity effects in
rat models of hyperglycemia, both requesting insulin and
insulin-independent, since they are altered in themetabolism
of carbohydrates and lipids.

2. Material and Methods

Male Wistar rats (70–100 g) were provided by the Bioterium
“Claude Bernard,” of the Benemérita Universidad Autónoma
de Puebla. The rats were housed in a climate-controlled
and light-regulated facility with 12/12 h day/night cycles with
free access to food and water “ad libitum.” All procedures
described in this study are in accordance with the Guide
for the Care and Use of Laboratory Animals of the Mexican
Council for Animal Care NOM-062-ZOO-1999. Every effort
was made to minimize the number of animals used and
to ensure the minimal animal pain and/or discomfort. The
animals were conditionedwith normal calorie diet by 15 days.
The diet used was 5001 of the LabDiet (Laboratory Rodent
Diet); its composition can be consulted on themanufacturer’s
website. Upon reaching the ideal weight to each study,
animals were randomly separated into different groups.

2.1. Dose-Response Curve and Toxicological Effects of Metf-
Deca. 60 male Wistar rats of 300 to 320 g in weight under-
went an intraperitoneally application of alloxan (150mg/kg)
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andweremonitored starting from the third day after adminis-
tration of glucose and insulin (as indicated by the commercial
kits). When hyperglycemia (HG) above 200mg/dL was pre-
sented, the animals were appointed to the various working
groups (𝑛 = 10) which were administered with doses of
MetfDeca of 0.0, 0.7, 1.4, 2.8, 5, and 10𝜇M.Theoral doses were
administered twice a week for a month; the dilutions were
realized with sterile water. The glucose was measured once a
week to establish hypoglycemic action of MetfDeca.

Once they completed the treatment, animals were sac-
rificed and serum was collected in BD Vacutainer� Venous
Blood Collection system, centrifuged to 2500 r.p.m. during
5min; glucose quantification was used for determination
of a dose-response curve. Meanwhile, insulin, triglycerides,
cholesterol, total bilirubin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), 𝛾-glutamyl transpeptidase
(𝛾GT), alkaline phosphatase (ALP), sodium, potassium, urea,
and creatinine assays were done as control of hypoglycemic,
hypolipemic, and toxicological effects. For the toxicological
effects, 10 intact rats of the same weight and age were used as
negative control group (intact).

2.2. Effect of MetfDeca on Insulin-Independent Model (DM2).
80 male Wistar rats between 100 and 120 g were randomly
divided into two groups: normal-calorie (NC) 𝑛 = 20 and
hypercaloric (HC) 𝑛 = 60. The NC group was fed a balanced
diet (Rodent Lab diet 5001) and the HC group was fed
a diet high in calories (Patent: MX/E/2013/047377), which
was designed with 71.4% carbohydrates, demonstrated by
bromatological analysis. After 3months of feeding with high-
calorie diet, metabolically altered animals were validated.The
validation was realized by body weight, abdominal perimeter
and length from tip of nose to base of the tail, BMI (bodymass
index), body fat percentage, and serum parameters. Body
weight ofNC rats was 300 g,meanwhileHC rats reached 350–
400 g [11].

Themetabolically deregulated animals with HC diet were
subdivided in 3 subgroups of 𝑛 = 20, when these presented a
minimal value of fasting glucose of 150mg/dL and/or above
200mg/dL in oral glucose tolerance test (OGTT, 1.75 g of
glucose anhydrous/kg) and dyslipidemia characterized by
hypertriglyceridemia and decline of high density lipoprotein
cholesterol (HDL-C). In rats fed with high-calorie diet for 3
months, an oral glucose tolerance test (OGTT) was carried
out after 4–6 h of fasting; an anhydrous glucose load of
1.75 g/kg was orally administered. Then glycemia was mea-
sured at 0, 30, 60, and 90min by cardiac puncture previous
anesthesia with ketamine + xylazine. OGTT was realized
for the control group (diet NC, without treatment), group
I-I (diet HC, without treatment), group I-I + metformin
(diet HC, daily oral metformin 200mg/kg), and group I-
I + MetfDeca (diet HC, two times a week of MetfDeca
3.7 𝜇g/300 g (2.5 𝜇M) orally). Two months later, treatments
ended and serum analysis was performed for HbA1c, OGTT,
triglycerides, free fatty acids, cholesterol, and its fractions
HDL-C, LDL-C, and VLDL-C. For which, animals were
anesthetized (at a dose of ketamine + xylazine 0.2mL/100 g
intraperitoneally). 700𝜇L of blood (approximately) was col-
lected by intracardiac puncture with a BDVacutainer Venous

Blood Collection system and serum was separated for analy-
sis. Immediately, rats were sacrificed and perfused with cold
isotonic saline, and biopsies from tissues (liver, heart, kidney,
and muscle) were taken and stored at −70∘C for subsequent
determination of glycogen and triglycerides according to
established techniques [11].

2.3. Effect of MetfDeca on Insulin-Requiring Model (DM1).
60 male Wistar rats of 300 to 320 g in weight underwent a
dose of 150mg/kg of alloxan intraperitoneally.Themodel was
validatedwhen rats presented glucose levels above 300mg/dL
and hyperglycemia with hypoinsulinemia <5 𝜇U/mL. The
groups were conformed (𝑛 = 20) in the next order: control
group (without hyperglycemia), group I-R (hyperglycemia
without treatment), group I-R + insulin (daily subcuta-
neous insulin, 2 IU per 100mg/dL glucose), and group I-
R + MetfDeca (7.18 𝜇g/300 g (4.8 𝜇M) of oral MetfDeca
twice a week). Two months later, treatments ended. The
insulin administeredwas aHumalog�Mix 75/25 (75% insulin
lispro protamine suspension and 25% insulin lispro injection
(rDNA origin)) which is a mixture of insulin lispro solution,
a rapid-acting blood glucose-lowering agent, and insulin
lispro protamine suspension, an intermediate-acting blood
glucose-lowering agent. Two months later, treatments ended
and serum analysis was performed. Similarly, to insulin-
independent model (DM2), the extraction of serum and
tissues was carried out.The serum and tissues extractionwere
carried out as previously described.

2.4. Biochemical Assays. The concentrations in serum of glu-
cose, triglycerides, cholesterol, Low Density Lipoprotein-
Cholesterol (LDL-C), Very Low Density Lipoprotein-Chole-
sterol (VLDL-C), High Density Lipoprotein-Cholesterol
(HDL-C), total bilirubin, aspartate transaminase (AST), ala-
nine aminotransferase (ALT), Gamma-glutamyl transpepti-
dase (GGT), alkaline phosphatase (ALP), urea, and creatinine
in serum were determined with a semiautomatic analyzer
BTS-350 (BioSystems). HbA1c analysis was performed using
an I-Chroma Analyzer, which used immunofluorescence
methodology. Electrolytes were measured in a Plus Lyte II
analyzer of ion selective electrodes. Free fatty acid (FFA)
concentration was determined according to the method
described by Brunk and Swanson, 1981 [20]. Plasma insulin
concentration was determined by an ELISA immunoassay
(Diagnostica International Company), with the resulting
antibody antigen complex assessed at 415 nm in a Stat fax
2600 plate reader (WinerLab Group). Insulin concentrations
were obtained from a standard curve with a range of 0–
200𝜇UI/mL. The samples of oral glucose tolerance test
(OGTT) were collected at the times 0, 30, 60, and 90min
after glucose load and stored in Eppendorf tubes. Samples
were centrifuged at 8000 rpm for 10min, and the serum was
separated and frozen at −70∘C until analysis. At the time of
analysis, sera were thawed at room temperature.

2.5. Tissue Determinations. The biopsies from tissues (liver,
heart, kidney, and adipose) were homogenized 100mg in
800 𝜇L of isotonic saline solution (ISS) and proceeded to
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Figure 2: Administration of MetfDeca showing a lowering in blood
glucose levels of hyperglycemic rats. The animals (𝑛 = 10/group)
were administered with this compound at doses (0.7, 1.4, 2.5, 5,
and 10𝜇M) for 4 weeks in rats with alloxan-induced hyperglycemia
(150mg/kg). The graph shows the percentage of animals with
reduced levels of glucose.

perform the protocol for the determination of glycogen
by the technique described by Bennett et al. in 2007 [21].
Additionally, a second dilution was made for triglycerides
content, in which the homogenate was diluted 1 : 2 with
ISS and the protocol described by the manufacturer for the
triglyceride kit was followed.

2.6. Statistical Analysis. Results were expressed as mean ±
standard error of themean (SEM).The results of toxicological
effect model were evaluated and interpreted by statistical
Student’s “𝑡” distribution at a significance level of 𝑝 ≤
0.05. Meanwhile, the biochemistry characterization and tis-
sue measurements were evaluated by one-way ANOVA test
considering 𝑝 ≤ 0.05 significant, with Bonferroni post hoc
test.

3. Results

The administration of MetfDeca in hyperglycemic rats
showed a decrease in blood glucose levels in dependence of
the concentrations administered of compound. Quantitative
analysis indicated that a concentration of 0.7 and 1.4𝜇M of
MetfDeca caused a reduction of glucose levels in the 20 and
25% of the animals, respectively. Likewise, the concentrations
of 2.5, 5, and 10 𝜇M generated a reduction in serum glucose
which corresponded to 45, 52, and 97%, respectively, as
shown in Figure 2.

According to the results, the concentration of 5 𝜇M
reduces glucose levels in 50% of subjects administered
with MetfDeca. To perform the mathematical model which
assigned the exact concentration of the compound that
corresponded to effective dose 50 (ED

50
), we found that

4.8 𝜇M or 7.18 𝜇g/300 g is the adequate ED
50
. In this sense,

the dose of 5 𝜇M for being the closest to ED
50

was selected
to assess the consequences in the metabolism of lipids and
carbohydrates, as well as toxicological features.

Nonclinical studies for drug development according to
European Medicine Agency include basic goals as identify-
ing the pharmacological properties, in this particular case,
glucose control and antilipemic features, and additionally
understanding the toxicological profile as marked for the
directive 2001/83/EC. Therefore, we carry out the basic
toxicological profile of kidney and liver function, as well as
triglycerides, cholesterol, and glucose-insulin.

The evaluation of features on metabolic control that
MetfDeca possesses was assessed by the quantification of
glucose that increases in rats with alloxan administration
(150%); meanwhile, animals with alloxan and 5 𝜇M of com-
pound recovered basal levels of the metabolite. With respect
to insulin levels, rats with alloxan induction diminish in 86%.
Rats with the compound did not show differences versus
intact control. Triglycerides decrease in alloxan group and
recovered to the normal levels in rats with administration of
the compound. However, cholesterol did not show changes
between groups (Table 1).

On the other hand, in Table 1, liver toxicological profile
which is characterized by increases in enzymatic activity of
AST, ALT, ALP, and 𝛾GT was found in animals with only
administration of alloxan, which similarly was the behavior
of the levels of total bilirubin; all results were statistically
significant 𝑝 ≤ 0.05. When alloxan + 5.0𝜇M of compound
was analyzed, rats showed improvements on bilirubin levels,
even below the control group, same case in AST and ALP
activity with 𝑝 < 0.05, while ALT remained significantly high
(𝑝 ≤ 0.05).

Likewise, renal profile framed by urea, creatinine, sod-
ium, and potassium concentrations were assessed (Table 1).
Rat with alloxan increases significantly its levels of urea and
creatinine in 25% and 86% more than control group; sodium
and potassium decreased significantly in 9% and 25% as signs
of altered renal function. Meanwhile, rats with additional
treatment of the compound show recovery in the electrolyte
balance (not entirely for sodium), but not in the nonprotein
nitrogen levels which remain higher.

The preclinical development of a drug often includes
pharmacology studies, in which the efficacy is assessed in
appropriate animalmodels. In this study insulin-independent
rats were used, as well as insulin-requiring rats to prove
therapeutic efficiency of the MetfDeca. In order to justify the
dosage used in clinical trials withmodels altered on lipids and
carbohydrates.

Figure 3 shows results obtained in both models. In
Figure 3(a) glucose tolerance in insulin-independent model
with respect to the control group was demonstrated. The
hypercaloric diet caused an increases in area under curve
(AUC, dotted line) and a displacement to the right, charac-
teristic of insulin resistance and metabolic syndrome. Both,
the metformin and MetfDeca treatments diminished 23%
and 27% the AUC, being significant to 𝑝 ≤ 0.05 (AUC
of NC = 4337; I-I + Metf = 3339; I-I + MetfDeca = 2182).
Insulin (Figure 3(b)) in I-I group also showed an increase
in AUC, which corresponded to 57% (AUC of I-I = 6815).
The treatment with metformin returns to a normal secretion
of the hormone, while treatment with MetfDeca reduces it
until 50% of the AUC of the insulin secretion versus control
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Table 1: Metabolite control, renal and hepatic toxicological profile with dose of 5.0𝜇MMetfDeca.

Metabolite Control Alloxan + 0.0 𝜇M (MetfDeca) Alloxan + 5.0 𝜇M (MetfDeca)
Insulin (𝜇U/mL) 25.1 ± 5.2 3.4 ± 0.3 23.6 ± 3.6

Glucose (mg/dL) 122.4 ± 2.7 300 ± 13.7 129 ± 4.6

Triglycerides (mg/dL) 96.3 ± 5.1 55 ± 3.4 138 ± 9.6

Cholesterol (mg/dL) 62.1 ± 2.4 58 ± 1.8 65 ± 3.6

Total bilirubin (mg/dL) 0.7 ± 0.1 0.95 ± 0.1 0.51 ± 0.25

AST (U/L) 230 ± 16 316.5 ± 2.3 117.9 ± 3.1

ALT (U/L) 60 ± 1.65 86.4 ± 2.5 91.1 ± 1.2

𝛾GT (U/L) 7.3 ± 0.75 14.6 ± 0.29 8.7 ± 0.21

ALP (U/L) 316 ± 23 620.9 ± 4.9 267.3 ± 8.1

Sodium (mmol/L) 144 ± 0.1 131.2 ± 0.5 137.5 ± 1.5

Potassium (mmol/L) 6.6 ± 0.1 4.91 ± 0.7 6.8 ± 0.4

Urea 36 ± 0.41 45 ± 3.6 67 ± 2.3

Creatinine 0.53 ± 0.01 0.96 ± 0.1 0.8 ± 0.09

The serum parameters are the average of 10 separate experimental animals ± SEM.  indicates significant difference with values above the control group,
while  indicates significant difference with values below the control group with 𝑝 ≤ 0.05 by Student’s 𝑡-test. AST: aspartate transaminase, ALT: alanine
aminotransferase, 𝛾GT: Gamma-glutamyl transpeptidase, and ALP: alkaline phosphatase.

group. Additionally, A1c fraction of the glycohemoglobin
(Figure 3(c)) in the I-I group showed increase in 35%
and a reduction without differences with respect to the
control group in the animals with metformin and MetfDeca
treatments.

Likewise, in insulin-requiring model evaluation of the
handling of carbohydrate showed that I-R group increased
in 300% of the AUC. The therapeutic efficiency of insulin
andMetfDeca was comparedwith I-R group, while NC group
only was used as reference of management therapeutic goal.
Lispro insulin of rapid-acting and intermediate-acting was
insufficient to control, because the AUC remained 250%
above NC group but improved 18% with respect to I-R group
(AUC of NC = 4337; I-R = 10842). The administration of
MetfDeca observed similar behavior compared to insulin
treatment (Figure 3(d)) (AUC of I-R + Metf = 8829; I-
R + MetfDeca = 9075). Insulin concentration is showed
in Figure 3(e), and I-R group presented very low levels of
the hormone <2𝜇UI/mL. Meanwhile, as it was expected
insulin levels go down in the presence of glucose load
until similar values to the I-R group. Insulin in MetfDeca
group surprisingly presented normal levels of the hormone
in fasting (19 𝜇UI/mL); however, the response does not
achieve diminished plasmatic glucose; evidence suggests a
recovery function of the 𝛽 cells. This fact was corroborated
by the HbA1c quantification; MetfDeca group showed better
regulation with respect to the group with insulin treatment,
and I-R group (Figure 3(f); 6.9%, 8.9%, and 13.9%, resp.).

The management of carbohydrates was confirmed by
glycogen measurement in different tissues, in which recovery
is indicative of effectiveness of the treatment. In this sense,
insulin-independent model was evaluated; the animals fed
with hypercaloric diet showed an increase of the glycogen
stored in liver (259%), muscle (257%), heart (264%), renal
cortex (70%), and renal medulla (200%). Metformin admin-
istration on other hand contrary to expectations does not
reduce these levels, despite clear improvement of glucose

levels in serum; glycogen levels in liver, muscle, heart, renal
cortex, and medulla (107%, 400%, 580%, 88%, and 103%,
resp.) were higher than NC group (significant, 𝑝 < 0.05)
Finally, treatment with MetfDeca showed better regulation
on glycogen andmanagement of carbohydrates, since in liver
andmuscle they remain 25% and 33%more in relation to NC,
respectively. In renal cortex, glycogen content diminishes in
38%.Meanwhile, heart and renalmedulla keep their glycogen
levels significantly high in 98% and 68%, respectively; 𝑝 <
0.05 (Figures 4(a)–4(d)).

In the DM1 model (I-R) a decrease of glycogen was
observed, contrary to the one observed inDM2model. In this
case I-R group showed an important reduction of glycogen
content, due to administration of alloxan which caused a
depletion of serum insulin; glycogen formation is dependent
on hormone signaling. Liver presented a significant reduction
which correspond to 91%; muscle went down in 70%, and
heart went down in 85%; and in kidney, the glycogen of
the cortex diminishes 83%, while in medulla the decrement
corresponded to 71%, all with statistic significant difference
of 𝑝 < 0.05. On the other hand, insulin treatment (daily
subcutaneous insulin, 2 IU per 100mg/dL glucose) which
improved serum glucose management, however, in tissues
did not show an important improvement; in liver and heart
of I-R + insulin group with respect to I-R group, the glyco-
gen stored increased 100% and 42%, respectively; however,
muscle glycogen was not recovered and even remained 20%
lower than I-R group. Kidney did not show differences versus
I-R group.The group administered with MetfDeca improved
with respect to I-R group in liver (178%), heart (213%), and
renal cortex (147%). In renal medulla there are no changes
regarding I-R group; meanwhile the glycogen in muscle was
reduced the most with 50% below in the I-R group (Figures
4(e)–4(h)). Remarkably, in all treatments cases shown, a
recovery regarding to NC group was not found.

The profile of serum lipids in which treatments were con-
trasted against intact animals (NC group) and impairment
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Figure 3: Oral glucose tolerance, insulin response, and fraction A1c of the glycosylated hemoglobin in different groups to two months
of treatment. (a–c) Independent insulin (I-I) model. (d–f) Insulin-requiring (I-R) model. The results shown are the average of 5 different
experiments ± SEM. ∗ indicates significant difference from the control group 𝑝 ≤ 0.05 group by ANOVA test with a Bonferroni post hoc test.

groups of DM2 (I-I) and DM1 (I-R) were measured with the
goal to get to know the effect of MetfDeca. In the first section
of Table 2 results of I-I model are shown that increased lipid
profile in all parameters (TL 67%, TG 113%, Chol 37%, VLDL-
C 28%, LDL-C 183%, and FFA 110%), except toHDL-C, which
diminish 26.6%. When animals were treated with metformin
the levels of total lipids, triglycerides, VLDL-C, LDL-C,
and FFA were regulated; even HDL-C showed an increase
of 26%; however, levels of cholesterol remained elevated

slightly (23%); obviously, lipid profile improved considerably
with regard to I-I group. Meanwhile, I-I + MetfDeca group
normalized its concentration of total lipids, cholesterol, LDL-
C, HDL-C, and FFA, but not in triglycerides concentration
which remained increased in 70%, same case for VLDL-C
with 39%; in relation to I-I group TL, cholesterol, LDL-C, and
FFA showed a significantly reduction 𝑝 ≤ 0.05.

In the DM1 model (I-R) we observed a complete lipid
decompensation, classical of the diabetes. I-R group showed
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Figure 4: Glycogen content in different tissues from groups to two months with treatments. (a–d) Independent insulin (I-I) model. (e–h)
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Table 2: Serum lipids in independent insulin model and insulin-requiring model with pharmacological treatments and MetfDeca.

Metabolite NC (𝑛 = 20) I-I (𝑛 = 20) I-I + Metf
(𝑛 = 20)

I-I + MetfDeca
(𝑛 = 20) I-R (𝑛 = 20) I-R + insulin

(𝑛 = 20)
I-R + MetfDeca

(𝑛 = 20)
Total lipids (mg/dL) 176 ± 11 294 ± 20 190 ± 12↓ 203 ± 20↓ 546 ± 28 502 ± 21 223 ± 16↓

Triglycerides (mg/dL) 63.5 ± 5.0 135 ± 13 68 ± 6.2↓ 108 ± 5 360 ± 10 340 ± 13 75 ± 3↓

Cholesterol (mg/dL) 89.5 ± 2.4 123 ± 14 110 ± 6.9 87 ± 3↓ 173 ± 8 145 ± 18 135 ± 11↓

VLDL-C (mg/dL) 16.5 ± 1.8 21.2 ± 2.0 20 ± 1.5 23 ± 2 58.4 ± 2 29.1 ± 1.3↓ 17 ± 2↓

LDL-C (mg/dL) 23 ± 2.6 65.1 ± 2.8 26.9 ± 2.5↓ 24 ± 3↓ 21 ± 1.8 31.4 ± 3 73 ± 5

HDL-C (mg/dL) 50 ± 6.5 36.7 ± 1.1 63.1 ± 3.2 40 ± 5 93.6 ± 11 84.5 ± 6 45 ± 2.4↓

FFA (mg/dL) 2.5 ± 0.6 5.5 ± 1.2 2.8 ± 0.4↓ 2.3 ± 0.2↓ 11.5 ± 1.2 3.2 ± 0.3↓ 4.8 ± 0.8↓

The results shown are the average of 20 separate experimental animals ± SEM.  indicates significant difference with values above the control group with
normal calorie diet, indicates significant difference with values below the control group with normal calorie diet, while ↓ indicates significant difference with
respect to groups I-I and I-R, 𝑝 ≤ 0.05 one-way ANOVA test with Bonferroni post hoc test.

increases in TL (210%), triglycerides (467%), cholesterol
(93%), VLDL-C (254%), HDL-C (87%), and FFA (360%);
LDL-C did not show difference. Insulin treatment only
reduced FFA levels, while the dyslipidemia remains present.
Finally, MetfDeca treatment improved significantly lipid pro-
file with respect to I-R group; however, TL maintained levels
significantly above of NC group only in 27%, cholesterol in
51%, LDL-C in 271%, and FFA in 92%, as shown in Table 2.

Pharmaceutical treatments most of the time are only
limited to investigate serum effects; however, it is very
important to consider the different tissues in relation to
the metabolite analyzed. Therefore, triglycerides content in
liver, muscle, heart, and kidney of experimental animals
was also quantified as it is shown in Figure 5. In this
sense, I-I group increases its triglycerides content in liver
in 55.6%, muscle in 187%, heart in 130%, renal cortex in
130%, and renal medulla in 152%; these levels demonstrate
multitissues steatosis. Metformin treatment only improves
triglyceride levels in kidney which showed similar values to
NC group. In liver, muscle, and heart metformin promoted a
major increase of triglycerides of the 175%, 357%, and 162%.
Meanwhile, with the MetfDeca treatment the distribution
and levels of triglycerides in liver, heart, and kidney were
regulated, although, in muscle which showed improvement
this remained with a 100% more TG in relation to NC
group. MetfDeca manages a better cellular lipid homeostasis
than metformin treatment, which apparently produces a
triglyceride redistribution toward other tissues.

In the animals administered with alloxan to get the
insulin-requiringmodel, triglycerides levels were not affected
in liver and kidney; however, in muscle and heart content
showed a decrease of the 47% and 43%, respectively. Insulin
treatment produced an overstoring in heart, renal cortex,
and renal medulla from 132%, 29%, and 91%, respectively.
While liver level remained unaffected and even in muscle
went downmore (63.5%) in relation toNCgroup.Meanwhile,
MetfDeca treatment showed the lowest level of triglycerides
in liver (32%), although in muscle the triglycerides only
remained low in 22%. Contrary in heart, renal cortex, and
renal medulla, content increased in 58.5%, 12%, and 17%
above from NC group.

4. Discussion

In the guidelines to develop new medicinal products for
treatment of diabetes mellitus specific strategies and steps
should be considered, as pharmacodynamic data, in which
the contribution to therapeutic and/or toxic effects should
be discussed [22]. In this sense, the MetfDeca showed
an important decrease of glycemia levels after 4 weeks of
administration in the hyperglycemic alloxan-induced model,
since decavanadate complexes have been described as insulin
mimetics [6, 9–11, 23]. The most usual substances to induce
diabetes in the rat are alloxan and streptozotocin (STZ) [24].
Despite the fact that STZ model is extensively recognized,
this not only causes beta cell necrosis but also produces DNA
alkylation in different tissues; cytotoxic effect is related to
transport capacity of glucose through the facilitated glucose
transporters GLUT2 and GLUT1 in pancreas, liver, kidney,
and brain, mainly, producing cell death, structural and
metabolic changes in these tissues, complicating the correct
evaluation of therapeutic strategies [24–27]. Although the
cytotoxic action of both STZ and alloxan is mediated by
reactive oxygen species, the source of their generation is
different. Alloxan and the product of its reduction, dialuric
acid, establish a redox cycle with the formation of superoxide
radicals. These radicals undergo dismutation to hydrogen
peroxide and molecular oxygen. Thereafter highly reactive
hydroxyl radicals are formed by the Fenton reaction. The
action of reactive oxygen species with a simultaneousmassive
increase in cytosolic calcium concentration causes rapid
destruction of 𝛽 cells and could alter cells of different tissues;
however the antioxidant defense prevents the severe injuries,
so it is more suitable for studying therapeutic strategies on
insulin-requiring diabetes mellitus [24].

As it was expected damage in exocrine pancreas was
observed in rats with alloxan administration, because hyper-
glycemia with hypoinsulinemia was induced. It is impor-
tant to emphasize that insulin signaling is associated with
hepatic lipogenesis and mobility of triglycerides into VLDL;
therefore, low levels of the hormone in DM1 early models
produce lower levels of serum triglycerides, although these
are accumulated in liver, as shown Table 1 [28–30]. Bio-
chemical changes provoked by alloxan in blood have been
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Figure 5: Triglyceride content in different tissues from groups to two months with treatments. (a–d) Independent insulin (I-I) model. (e–h)
Insulin-requiring (I-R) model. The results shown are the average of 20 different experiments ± SEM. ∗ indicates significant difference above
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associated with morphological and ultrastructural lesions
in the liver that largely resembled chronic liver disease in
humans linked to diabetes mellitus. Liver changes ranged
from the fatty degeneration of liver cells to steatohepatitis
and periportal fibrosis. Therefore, an increase in the hepatic
enzymatic activity as has been reported in other studies exists,
in which alloxan-induced diabetic animals increase blood
levels of AST and ALT in the first 2 weeks after treatment,
but only ALT remained significantly elevated until 26 weeks
after diabetes induction [31, 32]. In this regard, we observed
increased hepatic transaminases, 𝛾GT, and ALP, as well as
bilirubin, which by its levels could be interpreted as hepatic
inflammation, but not as a toxic effect that derived in necrosis
caused by alloxan administration.

On the other hand, kidney is the other organ involved
in detoxification process and hidroelectrolitic homeostasis.
Alloxan-induced diabetic rats showed increases of serum
urea and creatinine classical in diabetic kidney, as well
as loss of sodium and potassium, indicative of kidney
function impairment [31, 33, 34]. Evidence suggests that
hyperglycemia is associated with kidney damage since early
stages, combined with an increase of reactive oxygen species
and the resulting oxidative stress is thought to play a key role
in the pathogenesis of this disorder [35]. Likewise, it has been
demonstrated that alloxan causes both tubular and glomeru-
lar changes in structure, which imply a lost in the functions
[33, 35]. In addition, a marked increase in the activity of
Na+/K+-ATPase has been observed in the diabetic kidney
probably because of an adaptation of nephrons to maintain
electrolyte homeostasis in diabetes in face of the increased
glomerular filtration rate (GFR) and osmotic diuresis [36].

After the conclusion that the dose with hypoglycemic
feature of MetfDeca was 5 𝜇M/300 g/2 times a week, the
metabolic response was evaluated, and surprisingly the fast-
ing insulinemia level was normalized in the diabetic group.
The insulinemia level of diabetic rats was normalized. Indeed,
the decrease of blood glucose levels registered in diabetic
rats exposed to vanadium compound may be related to the
concomitant increase of plasma insulin concentrations.These
results are in accordance with previous studies, in which
insulin levels were recovered [37], fact attributable to the
effectiveness of vanadium compounds [38, 39]. Protection
on 𝛽 cell could be due to antioxidant feature that has been
described, in which antioxidant stress markers as super-
oxide dismutase, catalase, and glutathione peroxidase are
dependent on the nature of the polyoxovanadates present,
besides the concentration administered, because higher levels
of decavanadate can produce an increase of superoxide anion
and cellular damage associated with Fenton-like reactions
as it is observed in transitional elements [6, 23]. Taking
advantage of the minimal concentration of decavanadate
administered, cells with vanadium uptake can improve oxi-
dation of energetic molecules such as glucose and lipids
and through insulinemia restarted the conversion of these
energetic molecules in energetic stored triglycerides, which
are mobilized into the bloodstream. Liver is the main organ
involved in this mechanism, our results showed that, in
rats treated with MetfDeca for one month, liver recovered
almost totally its enzymatic activity, probably associated

with improvement in metabolic conditions and reduction of
oxidative stress, with exception of ALT that remain increased.
ALT levels are in concordance with urea behavior because
this transaminase is involved in the transferring of NH

3

+

groups to 𝛼-ketoglutarate to form glutamate which take
part in gluconeogenesis, generating urea as final product.
Uremia is considered a kidney damage marker; however,
in conditions of sodium loss, Henle’s loop used urea as
countercurrent osmotic gradient to achieve sodium recovery
[40, 41]; for this reason rats administered with MetfDeca
improve sodium and potassium levels, but also creatinine
serum almost achieved normal values. Pharmacodynamical
data obtained have showed that contribution to therapeutic
effect of MetfDeca could be appropriated, because toxic
effects are to some extent negligible.

Insulin-mimetic attributes of decavanadate were chal-
lenged in two models with different metabolic disturbances,
but with hyperglycemia in common. Usually, only the serum
biochemical behavior of glucose and lipids is considered but
does not take into account the intracellular behavior of these
molecules, which are controlled by insulin signaling; thus,
when we talk about insulin-mimetic activity, these actions
should be considered to clarify the limitations of vanadium
compounds.

First, an insulin-independentmodelwas developed,which
possesses clinical phenotype of glycemic response impaired,
A1c glycohemoglobin elevated, and dyslipidemia with hyper-
triglyceridemia and cholesterolemia (VLDL and LDL frac-
tions elevated with HDL decrement), despite hyperinsu-
linemia present as it happens in type 2 diabetes mellitus.
Additionally, classical complications by insulin signaling also
were presented: increases in glycogen levels were observed in
liver, muscle, heart, and kidney in cortex and medulla zones,
and steatosis in the evaluated tissues (triglycerides stored)
was also observed.

AmericanDiabetesAssociation aswell as EuropeanAsso-
ciation for the Study of Diabetes recommended metformin
monotherapy as initial pharmacological treatment in type 2
diabetes mellitus, due to the fact that it has a long-standing
evidence base for efficacy and safety, is inexpensive, and
may reduce risk of cardiovascular events; position statement
evaluated the data and developed recommendations, includ-
ing advantages and disadvantages, for antihyperglycemic
agents for type 2 diabetic patients [13]. However, its study
is based mainly on serum evidences and not on tissues
behavior. Previously, we reported risk of developing lactic
acidosis and alterations in multiple tissues in triglycerides
and glycogen storages [11]. In this work, we reproduced
independent insulin model in Wistar rats that were treated
with metformin monotherapy following pharmacological
recommendations of ADA. The subjects studied observed
regulation on glucose tolerance, insulin secretion, A1c gly-
cohemoglobin fraction, and dyslipidemia. However, intra-
cellular glycogen in liver, muscle, heart, and kidney were
not improved, same case to triglycerides stored in these
tissues; this last phenomenon is recognized as steatosis and is
common in excess of metabolic needs. Steatosis can generate
lipotoxicity by lipotoxic intermediates such as ceramide and
acylcarnitine. Collectively these events favor oxidative stress
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and apoptosis, and mitochondria become damaged further
compromising ATP production; lipotoxicity is related also
to endoplasmic reticulum stress throughmechanisms related
to oxidative stress and mitochondrial dysfunction and by
inducing an inflammatory response [42, 43].

Moreover, other groups with same independent insulin
conditions were treated with pharmacological monotherapy
ofMetfDeca 3.7 𝜇g/300 g (2.5 𝜇M) two times a week, a dosage
of 48,000 times less than metformin. In these studies the
subjects also observed improvement on glucose tolerance and
regulation in insulin secretion with A1c fraction of glycohe-
moglobin normalized, despite the fact that they remain fed
with HC diet. Glycogen stored is showed to be regulated in
almost all tissues that were evaluated;minor increases remain
in heart and kidney medulla. Likewise, dyslipidemia profile
was improvement, although triglycerides did not reach values
as normocaloric group. However, steatosis was removed in
all tissues evaluated, and minimal levels remain in muscle
and kidney cortex, but these do not have biological impact,
because they mean a recovery of insulin resistance previously
generated by HC consumption [44]. Our results showed
that decavanadate in combination with metformin has a
biological activity, although the exactmechanism is unknown
completely; evidence has demonstrated an improvement in
insulin signaling, as in the case of protein kinase B (PKB) that
favors the regulation of signals with subsequent inhibition of
lipolysis; this argument is supported in inhibition of protein
tyrosine phosphatase 1B (PTP 1B); this enzyme provides a
negative feedback by catalyzing the dephosphorylation of
the insulin receptors. The dephosphorylation of the insulin
receptor slows the intake of the glucose from the blood by
not allowing the other proteins in the insulin transduction
pathway to be activated and consequently not to do their
job of transferring the signal to the other proteins in the
pathway, so it favored the correct insulin signaling [45–
47]. Pharmacological action of decavanadate and metformin
in low dosage which can act simultaneously in different
tissues and organs favoring the oxidation and burning of
carbohydrates and lipids in a more regulated way thus has
an advantage over the counter ion alone as monotherapy [11].
However, this model has the presence of insulin, so it could
not know if MetfDeca is an insulin-mimetic agent or only
improves the cellular environment and then insulin present
does its work.

In order to investigate insulin-mimetics effects of deca-
vanadate we develop a model insulin-requiring by alloxan
injection in which observed insulin depletion with hyper-
glycemia that produces an increase of glycohemoglobin
occurs in type 1 diabetes mellitus. Normally, when insulin
binds to its receptor, it activates the glycogen synthesis by
inhibiting the enzymes that slow down the PI3K pathway
such as PKA enzyme. At the same time, it will promote the
function of the enzymes that provide a positive feedback for
the pathway like the AKT.The inactivating enzymes that stop
the reaction and activating enzymes that provide a positive
feedback will increase glycogen, lipid, and protein synthesis,
therefore promoting the normal glucose intake. Therefore, if
insulin signaling is missing, glycogen synthesis is diminished
as shown in Figures 4(e)–4(h). Additionally, DM1 usually

has a tendency for the late development of dyslipidemia
associated with cardiovascular risk factors andmicrovascular
complications [48–51]. Both dyslipidemia and impairment of
stored triglycerides were observed in this study; mostly effect
was presented bymuscle and heart (Table 2 and Figures 5(e)–
5(h)). Thus, DM1 model was validated as suggested by the
guidelines to pharmaceutical development.

Recommended therapy for type 1 diabetes by interna-
tional associations consists of initiation and management
of insulin therapy with insulin analogs to achieve desired
glycemic goals [13]. Following the guide, the initiation and
management of insulin therapy in rats of the DM1 model
were administered daily subcutaneous insulin, 2 IU per each
100mg/dL glycemia. Insulin administered was a Humalog
Mix 75/25 (rDNA origin) that is a mixture of insulin of rapid-
acting (25%) and insulin lispro protamine suspension that
acts as an intermediate agent. Glycemia with insulin treat-
ment was recovered gradually; however, therapy apparently
was good but insufficient because fasting glucose did not
return to appropriate levels; furthermore, basal insulin levels
also remain diminished, and in consequence, DM1 model
did not recover its glucose tolerance, not even complete
regulation in A1c glycohemoglobin levels; same case occurs
for lipids profile in which there are improved parameters,
but not to required levels. When these situations occur the
guide recommended three injections of rapid-acting insulin
analog administered just before eating or regular human
insulin premixed formulations (70/30) that are rapid-acting
insulin analogs, but their pharmacodynamic profiles are
suboptimal for the coverage of postprandial glucose and its
monitoring must be monitoring completely [13]; for this
reason in an animal model it is difficult to be implemented;
however, adjustments were made in insulin administered
dosage based on the prevailing blood glucose levels in
each animal, until understanding of the pharmacodynamic
profile of formulation Humalog Mix 75/25. After glycogen
and triglycerides in tissues were quantified, data showed
minimal increase of glycogen levels that correspond to a
cellular oxidative dynamic appropriate in which reserves
of carbohydrates and triglycerides are employed to obtain
energy [52]. In this regard, muscle presented the features
aforementioned; however, heart and kidney presented an
overstored triglycerides, precisely in relation to low capacity
of energetic spend promoted by insulin administration, in
contrast with liver which had no difference between groups.
This apparent discordance between ideas is in relation to
insulin which stimulates intracellular triglyceride synthesis
while inhibiting lipolysis in tissues with low energy obtained
by lipids [53–55].

Pharmacological dosage of MetfDeca administered in
DM1 model showed an improvement in glucose toler-
ance and insulin secretion, in fact, rats previously insulin-
depleted showed an important secretion of the hormone
after MetfDeca administration, in accordance with other
study, suggesting a recovery of insulin secretion ability by
Langerhans islets, as well as an insulinotropic property of the
vanadium compound studied here [37]. Previously, processes
of beta cells regeneration from extraislet precursor cells
in mouse model induced by selective perfusion of alloxan
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have been reported [54, 55]. Indeed, in our DM1 model,
MetfDeca treatment might stimulate beta cell proliferation
from intraislet endocrine cells, as well as differentiation from
extraislet precursor cells. Therefore, MetfDeca promoted
a best reduction in A1c fraction of glycohemoglobin that
corroborated beneficial actions ofMetfDeca. Vanadium com-
pounds have shown that they can influence glucose and lipid
metabolism by insulin-dependent or insulin-independent
biochemical pathways [56, 57]. Insulin-independent mecha-
nism of vanadium compounds is mediated through activa-
tion of PKB/AKT kinase leading to the glucose uptake by the
GLUT4 transporter [58, 59]. Also, activation of PKB/AKT
stimulates the phosphorylation of GSK3, resulting in the
stimulation of glycogen synthesis [57, 60]. However, we
observed a partial glycogen restauration, but better than
insulin treatment.

In relation to lipids profileMetfDeca improved all param-
eters measured, even better than insulin treatment, although
it was not enough to resemble the intact control group. Lipids
behavior suggests an improvement in tissues in relation to
energy obtaining mode, because rates of hepatic triglyceride
synthesis from fatty acid esterification are dependent on
substrate flux and independent of circulating plasma insulin
concentrations; thus, when serum FFA diminish liver lost
flux of prime matter to build triglycerides, results suggest
strongly that MetfDeca induced lipidic burning, as in DM2
model [61, 62].This last ideawas supported by the triglyceride
content in tissues; these showed a subtle regulation in each
tissue evaluated. Apparently, decavanadate could induce the
formation of ATPase dimers, eventually relevant to ATPase
activity, and at same time can interact with mitochondrial
complex III, limiting electron chain which diminishes ATP
formation so that energy obtaining would be by lipid burning
(𝛽-oxidation); the induction of the production of ROS would
be expected [6, 7, 9, 46].

5. Conclusion

ApotentialmetallopharmaceuticalMetfDeca has been devel-
oped and in this study it has been shown to be a good
alternative that could be considered as adjuvant in the
treatment of diseases that presented hyperglycemia and
dyslipidemia, because low concentrations do not generate
toxicity conditions and it is very efficient as hypoglycemic
and hypolipidemic agent due to properly redistributing the
excess of these molecules to different organs in a similar way
to insulin. However, althoughMetfDeca has been considered
as an insulin-mimetic agent, actually it acts as an insulin-
enhancer agent in many aspects, ranging from protection
to the possible generation of beta cells, but highlighted
its intracellular mechanisms in the management of lipids.
Therefore, pharmaceutical goals as pharmacodynamic data
and therapeutic contributions as well as toxic effects have
been analyzed. Next step should be the precise description of
the action mechanism. Work is in progress in this regard.
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Leishmaniasis is a disease that is a significant problem for people, especially in tropical regions of the world. Current drug
therapies to treat the disease are expensive, not very effective, and/or of significant side effects. A series of alkyl bisphosphonate
compounds and one amino bisphosphonate compound, as well as alendronate and zoledronate, were tested as potential
agents against Leishmania tarentolae. Also, two polyoxometalates (POMs) with nitrogen-containing bisphosphonate ligands,
vanadium/alendronate (V

5
(Ale)
2
) and vanadium/zoledronate (V

3
(Zol)
3
), were tested against L. tarentolae and compared to the

results of the alendronate and zoledronate ligands alone. Of the compounds evaluated in this study, the V
5
(Ale)
2
and V

3
(Zol)
3

complexes were most effective in inhibiting the growth of L. tarentolae. The V
5
(Ale)
2
complex had a larger impact on cell growth

than either alendronate or orthovanadate alone, whereas zoledronate itself has a significant effect on cell growth, which may
contribute to the activity of the V

3
(Zol)
3
complex.

1. Introduction

Leishmaniasis is a disease caused by the Leishmania proto-
zoan parasite that occurs in the tropical regions of Africa
and Asia as well as Central and South America [1]. This
disease is a significant problem for people in some 80–90
countries; it is estimated that 1.3 million new cases and
20,000–30,000 deaths from the diseases can be expected each
year [1]. Leishmania are parasitic trypanosomatids along with
Trypanosoma brucei and Trypanosoma cruzi [2]. The three
genera are a specific group of disease-causing kinetoplastid
protozoa with a single flagellum. Kinetoplast protozoa are
characterized by a single mitochondrion near the flagellum
which contains DNA in a small compartment called a
kinetoplast [2]. More than 20 different species of Leishmania
can infect humans, and there are approximately 30 species of
sand flies, the alternate host, that can spread the disease to

humans. Other species of Leishmania can infect dogs, cats,
goats, reptiles, and other animals [3]. Since the publication
of the genomes of several species of Leishmania [4–7], there
has been even more widespread study of the organisms and
possible therapeutic avenues for leishmaniasis.

Drug therapies, including pentavalent antimonials, pen-
tamidine (Nebupent™), amphotericin B (Fungizone™), and
miltefosine (Miltex™), are currently employed to treat leish-
maniasis, each with different mechanisms of action [8]. The
pentavalent antimonial drugs are believed to inhibit parasitic
glycolysis, fatty acid beta-oxidation, and ADP phosphoryla-
tion and their exact mechanism of activity is not known [8]
although trypanothione S-transferase has been shown to play
a key role [9, 10]. Amphotericin B is an antifungal agent caus-
ing parasitic cell lysis. Pentamidine interferes with the repli-
cation and transcription of genetic material in the parasite’s
mitochondria, and miltefosine is believed to disrupt parasitic
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cell surface receptors and change inositol, phospholipase, and
protein kinase C metabolism [8]. These therapies are mostly
given systemically and not topically. However, none of these
drugs have been found to be satisfactory inmeeting the needs
of drug therapy, which are to be effective, economical, and
have minimal side effects. Amphotericin B and miltefosine
are expensive drugs and cause complications, and disease
resistance to pentavalent antimonials is now widespread in
India [11–14]. Development of better drugs for the treatment
of leishmaniasis is needed because it would improve the
quality of life for millions of people; thus new therapy targets
should prove useful. One possible option is bisphosphonate
compounds.

Bisphosphonate compounds are reported to have antibac-
terial, herbicidal, anticancer, and antiparasitic properties, and
they are also reported to be involved in the activation of
T cells [15–17]. Bisphosphonates derived from fatty acids
have been reported to adversely affect T. cruzi and other
trypanosomatids [15, 16]. Therefore, evaluation of the effects
of bisphosphonate compounds on Leishmania parasites is
warranted. Docampo and Moreno [17] report that some
bisphosphonate compounds inhibit the growth of trypanoso-
matid parasites including Leishmania donovani both in vitro
and in vivo. Studies point to the ability of bisphosphonates to
inhibit the farnesyl pyrophosphate synthase (FPPS) enzyme
in the parasite’s cytosol as their mechanism of activity [17].
Leishmania major promastigotes, genetically modified to
overexpress the FPPS enzyme, were less affected by the
bisphosphonate risedronate, and the effect of the bisphos-
phonate on the parasite decreased as the enzyme’s activity
increased [17]. Several nitrogen-containing bisphosphonate
compounds, namely, alendronate, zoledronate, ibandronate,
and risedronate (Figure 1, 8–11), often in their acid form,
are currently used to treat conditions including osteoporosis,
Paget’s disease, hypercalcemia, bone tumors, and other bone
diseases [18].These four nitrogen-containing bisphosphonate
compounds are geminal bisphosphonates with a P-C-P back-
bone [19]. Bisphosphonates, then, are worth examining as
antileishmanial therapeutic agents.

Metal complexes have also been examined as antileishma-
nial agents, including complexes containing vanadium [20–
24]. Vanadium is a well-known phosphatase inhibitor [25–
29], andwe have previously examined phosphatase inhibition
by vanadium complexes as an avenue for anti-Leishmania
impacts by vanadium complexes [21, 22]. Given the effective
metal-complexing behavior of bisphosphonates, some syner-
gistic effects of bisphosphonates andmetal complexes may be
expected. For example, polyoxometalates (POMs; reviewed
by [30]), anionic metal and oxygen clusters, are known to
adversely affect tumors and viruses as well [15] and POMs of
MoV orMoVI ion complexes with bisphosphonates have been
studied against three different human tumor cell lines: MCF-
7 (breast adenocarcinoma), NCI-H460 (lung large cell), and
SF-268 (central nervous system glioblastoma) [19]. Compain
et al. [19] found that a MoVI-alendronate complex was most
effective against all three lines and that the Mo-POM and
bisphosphonate ligand have a synergistic effect. El Moll et al.
[15, 31] found similar metal-bisphosphonate efficacy against

the same cell lines in an extended study, with the most
effective being V-zoledronate complexes.

Demoro et al. [32] reported that copper, cobalt, man-
ganese, and nickel metal complexes with the bisphosphonate
ligand alendronate or pamidronate were effective against
Trypanosoma cruzi amastigotes, the trypanosomatid that
causes Chagas disease [32]. Fernández et al. [33] found that
VIV complexes adversely affected T. cruzi, but VV complexes
were ineffective against the parasite.Their data also indicated
that the effectiveness of the compounds was related to the
stability of the VIV complexes [33].

Docampo and Moreno [17] note the existence of a
proton translocating pyrophosphatase (V-H+-PPase) enzyme
localized in the acidocalcisome in some parasitic protozoa
including L. donovani and L. amazonensis as another poten-
tial drug target for bisphosphonate compounds.The acidocal-
cisome is an organelle with a high concentration of calcium
and phosphate ions found in pathogenic microorganisms,
green algae and slimemolds. Bisphosphonate compounds are
analogs of pyrophosphates and have been shown to inhibit V-
H+-PPase in mung bean plants [17]. Docampo and Moreno
speculate that bisphosphonates targeting this enzyme activity
could be a new direction in the treatment of leishmaniasis
with bisphosphonates [17].

Here we report the effects of a series of four alkyl
bisphosphonate compounds, one amino alkyl bisphos-
phonate compound, as well as alendronate (Ale) and
zoledronate (Zol), on axenic Leishmania tarentolae.
Two polyoxometalates (POMs), vanadium/alendronate
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), were also

tested with Leishmania tarentolae and results were compared
to those with the alendronate and zoledronate ligands
alone. We expected to determine whether (or not) these
bisphosphonate compounds would have a negative effect on
the L. tarentolae parasite in vitro.

2. Materials and Methods

2.1. Chemicals and Materials. The following bisphosphonate
compounds (Figure 1) were tested with axenic Leishmania
tarentolae in culture: 1,3-propyl bisphosphonate (1), 1,4-
butyl bisphosphonate (2), 1,5-pentyl bisphosphonate (3),
1,6-hexyl bisphosphonate (4) (1–4 obtained from acids
provided by A. Herlinger, Loyola University, Chicago, IL),
and 1-aminodecane-1,1-bisphosphonate (5, commercially
available from Sigma-Aldrich Chemical Co., St. Louis, MO).
Sodium alendronate (Na8⋅3H

2
O, Alfa Chemical, Berkshire,

England) and zoledronic acid hydrate (9, Santa Cruz
Biotechnology, CA) were obtained from commercial sources.
Vanadium POM bisphosphonate analogues V
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O, 7) formed from alendronate or zoledronate,

respectively, were synthesized as previously described
[15].
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Figure 1: Bisphosphonate compounds. Compounds 1–5 are expected to be doubly deprotonated at the experimental pH (7.5) resulting in a
net negative charge.

2.2. Leishmania tarentolae. Leishmania tarentolae is a species
of Leishmania parasitic protozoa that infects reptiles and has
been shown to be a good model system for testing promising
compounds that have anti-Leishmania activity [34], although
there are differences in the genomes [7] and different species
of trypanosomes are known to react differently to the same
treatment [16]. Leishmania tarentolae (ATCC 30143) have
a predictable growth pattern which lends itself to visual
observation of cell health. The parasites were grown at room
temperature in 25 cm2 canted flasks (Corning, Inc.; Product
number 430372) in sterile brain heart infusion (BHI)medium
(BHI; Becton, Dickinson and Co., Sparks, MD; Product
number 211059). BHI powder (18.5 g) wasmixed with 500mL

of nanopure water and then autoclaved for 21min. at 250∘F
and 20 pounds per square inch of pressure using the gravity
setting. After autoclaving and cooling, 2mL of 2.5mM sterile
hemin and 5mL penicillin/streptomycin (10,000 units/mL
and 10mg/mL, resp.; Sigma-Aldrich Chemical Co., St. Louis,
MO) were added to the growth medium using the standard
methods of Morgenthaler et al. [35].

The parasites were observed microscopically to monitor
the effect of each compound on the parasite. A Jenco Inter-
national, Inc. (Portland, OR) inverted compoundmicroscope
Model CP-2A1 was used for microscopic evaluation of the
parasite. The microscope could be adjusted to focus on cells
at the bottom, middle, or upper parts of the culture flask
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which allowed observations of the parasite throughout the
culture medium. Images of cells (at 400x magnification)
were taken with a Kodak EasyShare C743 digital camera
using close up or video mode. The spectrophotometric 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Product number M5655-1G, Sigma-Aldrich Chem-
ical Co., St. Louis, MO) cell viability assay [36] was also
used as a quantitative measure of cell mitochondrial activ-
ity and therefore indirectly measured cell growth. Sam-
ple absorbance at 595 nm was determined with an iMark
microplate reader (BioRad Laboratories, Hercules, CA). The
BHI growth medium alone was considered as a blank value
subtracted from the sample absorbance (BHI and cells).
Results are reported as corrected absorbance mean ± stan-
dard deviation (SD) for 𝑛 = 4 replicates. Microscopic
analysis of the cells for motility, shape, and clumping was also
employed.

2.3. Sample Preparation of Test Compounds. The seven test
compounds (Figure 1) were evaluated for their effect on
axenic Leishmania tarentolae cells in culture using a uniform
cell population. To help adjust for variations in cell number
and viability, large cultures were grown in 500mL of BHI
growth medium. The cells were allowed to grow in a shaker
incubator for three days at room temperature before distribu-
tion as uniform 10mL aliquots to the Corning flasks.The test
compounds were dissolved in 67mM Tris-Cl buffer, pH 7.5,
or dimethyl sulfoxide (DMSO) as indicated; typically a stock
solution was prepared by dissolving material in appropriate
solvent at 100x final desired concentration. Control cells
from the same large culture were grown without added
compound or with 1% (v/v) added DMSO to control for that
solvent when required. Tested concentrations were based
on preliminary studies with sphingomyelinase (not shown)
for 1–5. Complex 5 was ineffective at lower concentration
[37] so the concentration was increased to correlate with the
work previously reported by Compain et al. with Ale [19].
Concentrations for POMs 6 and 7 were chosen based on
averages of previously reported values [15].

Cells were incubated with each of the four alkyl bis-
phosphonates at a final concentration of 10mM. Cells were
also incubated with 1-aminodecane-1,1-bisphosphonate (5
at 130 𝜇M final concentration), or cells were incubated
with 1.0mM final concentrations of the vanadium POM
bisphosphonate compounds (6, 7). However, V

3
(Zol)
3
(7)

was not fully soluble in buffer or medium even following
sonication despite its solubility in water, warming to 37∘C,
and vortexing; therefore, the actual solution concentration in
the experimental flasks was lower than 1.0mM, but we report
the maximum possible value to show the effectiveness of the
complex. Seven blank samples, one for each compound, were
also prepared by adding the same experimental concentration
of each compound to 10mL of sterile BHI with no cells.
For the 1-aminodecane-1,1-bisphosphonate compound (5),
DMSO alone was added to the blank. The blank for the
control cells was BHI growth medium.

The pKa values for two of the alkyl bisphosphonate
compounds, 1,3-propyl bisphosphonate and 1,4-butyl bispho-
sphonate [38], indicate that the molecules are predominantly

doubly deprotonated at the experimental pH level of 7.5,
and it is expected that 1,5-pentyl bisphosphonate and 1,6-
hexyl bisphosphonate are also doubly deprotonated under
our experimental conditions.

3. Results

3.1. Importance of Standard Sampling Conditions via Exam-
ining Effect on L. tarentolae of 1-Aminodecane-1,1-bisphos-
phonate. The importance of conducting all tests on uni-
form batches of cells is illustrated in the growth curves
of Leishmania tarentolae incubated with and without 1-
aminodecane-1,1-bisphosphonate (5), a known inhibitor of a
phosphodiesterase enzyme and reported to inhibit enzymes
involved in membrane phospholipid turnover [39, 40]. Data
for two separate experiments are shown in Figures 2(a) and
2(b). For each experiment, the compound was dissolved in
100% DMSO and was added to one flask to give a final
concentration of 0.01mM compound and 1% DMSO. In
another flask, cells were grown without the compound with
an equal amount of DMSO. The growth curve data suggest
that with the added compound (on day 2 of culture) the
culture does not result in the same number of viable cells
at stationary phase because the maximum absorbance value
is lower and the apparent time to stationary phase differs.
However, the log phase growth in both cultures appears
comparable because the slopes of the growth curve during
log phase are similar within and between experiments. Also,
the culture with the added compound appears to undergo
senescence sooner, suggesting that cells are not dividing
or are dying more readily. This experiment was repeated
several times, and all time growth curves of cell cultures with
and without the compound were plotted. The four replicate
experiments resulted in results which were not significantly
different (using Student’s 𝑡-test). The mean slope of the
log phase of growth with the compound was 1.37 ± 0.81
relative to 1.07 ± 0.54 without the compound whereas the
mean maximum absorbance value at 595 nm (A

595
) with the

compound was 1.38 ± 0.41 relative to 1.52 ± 0.64 without
the compound. Thus we conclude that this compound had
little effect on the Leishmania culture, while also determining
that different cultures produce difference cells in all phases
of growth. To reduce cell culture variability, subsequent work
was all completed with single batches of cell cultures and day
3 aged cells were used for subsequent experiments.

3.2. L. tarentolae and Test Compounds 1–3 Hours after Com-
poundAddition. A500mLbatch of cells was prepared and on
day 3 of culture the batch was separated into equal volumes
in flasks, and different test compounds (1–7) were added to
different flasks. Concentrations of intervention compounds
were chosen based on preliminary results, as described in
Section 2.3. The cells were examined microscopically within
one hour after compound addition. In all of the experimental
flasks the cells appeared to have much lower motility com-
pared to the control cells; this reduction in motility leads
to more cells found on the bottom of the flask. The cells
in the control flask were active and undulating; thus fewer
cells end up on the flask bottom. Figure 3 shows control cells
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Figure 2: Cell growth curve (absorbance usingMTT reagent versus day in culture) of Leishmania tarentolaewith andwithout 1-aminodecane-
1,1,-bisphosphonate (5). (a) and (b) are data from two representative experiments. Compound is added on day 2.

Control cells Cells with compound

Figure 3: Leishmania cells one hour after 10.0mM 1,4-butyl bisphosphonate addition (2) (400x).

and cells incubated with 10.0mM 1,4-butyl bisphosphonate
(2). A noticeable motility difference is not obvious in these
still photographs; however, these pictures are part of a video
file in which the difference in motility was very obvious (see
Supplementary Videos in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/9025627; control cells
or cells 1 hour after addition of 1,4-butyl bisphosphonate).

Three hours after compound addition, 1mL samples from
each flask and its companion blank flask were withdrawn
for the MTT cell viability test. Figure 4 shows the resulting
correctedMTT absorbance values; additional results, includ-
ing those as percent of control, are displayed in Figure S1.
Samples from flasks with the alkyl bisphosphonates (1–4) had
about 35% less absorbance than the control cells. A sample of
cells with the 1-aminodecane-1,1-bisphosphonate (5) showed
a 28% decrease in absorbance. A sample from cells incubated
withV

5
(Ale)
2
(6) had 34% lower absorbance than the control,

and a sample from cells with V
3
(Zol)
3
(7) had a 60% decrease

in absorbance. Because the MTT assay indirectly measures
active mitochondrial reductases to process the MTT reagent,
these data suggest a rapid detrimental effect of the test com-
pounds on the test cells. Student’s 𝑡-test (𝑝 ≤ 0.05) performed

with the data statistically distinguished three separate groups
based on mean ± SD values. The control is group 1 (∗), six of
the seven experimental compounds are group 2 (∗∗), and the
last compound, V

3
(Zol)
3
(7, Figure 1), is group 3 (∗∗∗). Data

indicate that at three hours after compound addition there
was a statistically significant decrease in corrected absorbance
value relative to control cells with the V

3
(Zol)
3
(7,Figure 1)

treated cells being the most reduced (by some 60% relative to
control).

3.3. L. tarentolae and Test Compounds 24–27 Hours after
Compound Addition. On the second day of the experiment,
the cell cultures (day 4 cells) were examined microscopically,
and the cells in flasks with the alkyl bisphosphonates (1–
4) were in poor condition (low motility and more circular
shape) with many apparently lifeless cells on the bottom of
the flask. The other samples appeared in varying degrees of
distress. Figure 5 shows the condition of the cells incubated
with 1,4-butyl bisphosphonate (2), V

5
(Ale)
2
(6), andV

3
(Zol)
3

(7) (Figures 5(b), 5(c), and 5(d)).
The control sample shows clumping of cells, which is typi-

cal during the stationary and senescence phase of Leishmania
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Figure 4: MTT cell viability assay of day 3 cells incubated 3 hours
with test compounds (mean ± SD, 𝑛 = 4).

growth [22]. Clumping occurs as the cell population increases
causing depletion of nutrients and build-up of waste prod-
ucts. The cells incubated with these test compounds showed
much less clumping, suggesting that cells are not responding
normally. The cells incubated with compounds are more
round than the control cells, which also suggests less cell
vitality.

One mL samples from each flask sample were with-
drawn for viability analysis. At 27 hours after compound
addition, MTT results showed that samples from flasks
with the alkyl bisphosphonates (1–4) had approximately 45%
less absorbance than the control cells. The samples from
flasks with the 1-aminodecane-1,1-bisphosphonate (5) or the
V
5
(Ale)
2
(6) addition exhibited a 27% decrease in absorbance

relative to control cells. The sample from cells treated with
V
3
(Zol)
3
(7) had a 37% decrease in absorbance compared to

the control cells (Figures 6 and S2).
Student’s 𝑡-test (𝑝 ≤ 0.05) statistically distinguished four

separate groups: the control is group 1 (∗), the alkyl bis-
phosphonates (1–4) are group 2 (∗∗), the 1-aminodecane-1,1-
bisphosphonate (5) and V

5
(Ale)
2
(6) compounds comprise

group 3 (∗ ∗ ∗), and the V
3
(Zol)
3
(7) is group 4 (∗ ∗ ∗∗).

Thus at 27 hours after adding the various compounds there
was a statistically significant decrease in corrected absorbance
value for all tested compounds relative to the same age
control cells. Cells with the V

3
(Zol)
3
(7) compound appear

to be able to recover from the effects of a single addition
of this compound (from a 60% decrease in absorbance to a
37% decrease) in about 24 hours. However, this compound

was not very soluble in either the buffer in which it was
dissolved for the stock solution nor in the BHI cell medium.
The solid compound was observed in the flask during the
experiment suggesting that its effective concentration in the
culture decreased as the experiment progressed. Therefore,
this experiment does not accurately measure the concentra-
tion dependent effect of V

3
(Zol)
3
particularly on L. taren-

tolae. Lower concentrations (100–200𝜇M) were ineffective
inhibitors of comparison enzymes [15], so they were not
pursued further in this study. It appears that the other test
compounds also adversely affect the parasite at the stationary
and senescence stages because there is a significant decline
in MTT response on experimental day two, which is day
5 of culture, typically shown as late in the culture growth
phase.

3.4. Incubation of L. tarentolae with Alendronate, Zoledronate,
and Orthovanadate. L. tarentolae were incubated with each
of the ligands associated with the experimental vanadium
compounds as well as the standard sodium orthovanadate,
Na
3
VO
4
. Cells incubated with 0.02–2.0mM alendronate (8)

for 27 hours or zoledronate (9) at 0.03–0.3mM for 27 hours
exhibited no loss of cell viability ormicroscopic changes (data
not shown). There was no significant difference between the
cells grown without alendronate or cells grown with alen-
dronate at concentrations of 0.02mM, 0.2mM, or 2.0mM.
The cells treated with 0.03 and 0.3mM concentrations of
zoledronate were not different from control cells after 27
hours of incubation. However, a decrease of approximately
50% in cell viability was observed with cells incubated with
3.0mM zoledronate (9) for 27 hours as compared to the
control cells. These data suggest that the adverse effects we
observed on L. tarentolae after 27 hours of incubation with
either vanadium bisphosphonate compound at 1.0mM are
due to the intact complexes 6 and 7 themselves and not due
to dissociated ligands 8 or 9, respectively.

3.5. Effects of Varying Dosages of 1,4-Butyl Bisphosphonate
and V

5
(Ale)
2
on Leishmania. As a representative sample

two of the test compounds, 1,4-butyl bisphosphonate (2)
and V

5
(Ale)
2
(6), were selected to test in dose-response

experiments with L. tarentolae using the cell batch method.
Ten flasks were prepared for each compound: five with 10mL
of day 3 cells in BHI and five with 10mL BHI for use as
the appropriate blank. Compounds were prepared as earlier
described, and concentrations of compounds (0.1–10.0mM
for 1,4-butyl bisphosphonate (2) and 0.01 to 1.0mM for
V
5
(Ale)
2
(6)) were added to flasks with cells in BHI and

the BHI only flasks. After the compounds were added, the
cells were left undisturbed overnight. Samples from each flask
were evaluated microscopically (Figure 7 and Supporting
Video) and tested for MTT cell viability (Figures 8 and
9). Microscopically, the control cells appeared healthy with
actively moving parasites; however, the cells with the highest
concentration of 1,4-butyl bisphosphonate (2, Figure 1) onday
2 after addition (Figure 7(b) and Supporting Video) appeared
round and stationary on the flask bottom which suggests cell
stress and evendeath.The cellswith the highest concentration
of V
5
(Ale)
2
(6) on day 2 after addition appeared dense and
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(a) (b)
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Figure 5: Microscopic observation of day 2 after addition of Leishmania tarentolae (a) control cells and cells incubated with representative
test compounds (b) 1,4-butyl bisphosphonate (2, 10.0mM), (c) V

5
(Ale)
2
(6, 1.0mM), and (d) V

3
(Zol)
3
(7, 1.0mM) for 24 hours (400x). See

Figure 1 for structures.

lifeless on the bottom of the flask relative to control cells
(Figure 7(c)).

The MTT analysis of samples from flasks with 1,4-butyl
bisphosphonate (2) on day one after addition (Figure 8)
showed that those with the least amount of compound (0.1
to 1.0mM) hadMTT absorbance values statistically the same
as the control cell absorbance. However, the MTT response
from cells with the highest compound concentration of 2
(10.0mM) had an absorbance value 75% less than the control.
On day two (Figure 8) after addition, the samples with
the least concentrated amounts of compound 2 again had
absorbance values not different from the control sample, and
cells in these flasks appeared to be growing and dividing
like control cells. However, with the highest compound
concentration of 2 (10.0mM), an absorbance value 90% lower
than the control was measured which indicates that the cells
have a greatly reduced viability.

On day one, the MTT absorbance of the samples incu-
bated with V

5
(Ale)
2
(6) at any concentration (Figure 9) was

not different from the cells in the control flask. However
on day 2, there was a more profound effect. Overall, the
absorbance compared to the control was 46% less in cells
with 1.0mM of the compound, but there was also a marked
decrease (30%) in absorbance, for cells with 0.1mM of

compound, compared to control cells. This suggests that
V
5
(Ale)
2
(6) affects the cells at a much smaller concentration

than does 1,4-butyl bisphosphonate (2) as shown in Figure 8.

4. Discussion

Using axenic Leishmania tarentolae 1-aminodecane-1,1-bis-
phosphonate (5, Figure 1) was confirmed to be effective at
reducing viability in this study; previously Roth et al. [40]
had reported that this compound and other bisphosphonates
prevented bacterial infections in rats. The alkyl bisphospho-
nates (1–4) at 10.0mM concentration and vanadium POM
compounds at 1.0mM concentration (6 and 7) were mod-
erately effective at inhibiting both Leishmania motility and
viability for at least 27 hours after the addition of a single dose
to cultures of cells in log phase of growth. Both microscopic
observations and viability tests indicate negative effects with
a single dose on axenic cells. These compounds then may
represent new therapeutic directions for Leishmania work.
However, at this time, the mechanism of activity has not been
established.

Compain et al. [19] tested POMs ofMoV orMoVI ions and
bisphosphonates on three different human tumor cell lines
and found that the compound with the lowest IC

50
(10 𝜇M)
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Figure 6: MTT cell viability assay of cells incubated with test
compounds after 27 hours (mean ± SD, 𝑛 = 4).

for all three types of tumor cells was a compoundwith aMoVI
ion and alendronate ligands. Because the alendronate ligands
alone had an average IC

50
of 160 𝜇M when tested on the

tumor cells, this suggests that the POM and the alendronate
ligands together have a synergistic effect on the tumor cells
[19, 31].

The two vanadium POM compounds tested in this study,
V
5
(Ale)
2
(6) and V

3
(Zol)
3
(7), have been tested on three

tumor cell lines by El Moll et al. [15]. The cell lines are MCF-
7 (breast adenocarcinoma), NCI-H460 (lung large cell), and
SF-268 (central nervous system glioblastoma). The V

5
(Ale)
2

(6) compound averaged an IC
50

of 0.6 𝜇M or a 1.2 𝜇M IC
50

value per one bisphosphonate ligand for the three cell lines.
The V

3
(Zol)
3
(7) compound IC

50
for the three cells lines was

0.3 𝜇Mor a 0.9𝜇M IC
50
value per one bisphosphonate ligand

[15]. In comparison the alendronate (8) and zoledronate (9)
ligands alone when tested by El Moll et al. averaged an IC

50

value of 150 𝜇M and 9.4 𝜇M, respectively, per compound
which is also the per bisphosphonate ligand value.These data
as well as the high activity of a fully inorganic compound
suggest synergy between vanadium and ligands are less
obvious than for theMo compounds [15, 31]. ElMoll et al. also
note that they tested vanadium, molybdenum, and tungsten
POMs, but the vanadium POMs had the lowest IC

50
values

[15].
Speciation of metal complexes, especially with vanadium

[41–43], has been shown to be critical in efficacy of the
active species [28]. Interactions of the vanadiumwith buffers,
metabolites, substrates, and enzymes in assay conditions are
also well established [44–48]. As such, studies with the POM,

VO
4

3−, and the ligands individually were performed in each
case. Our data show that the alendronate (8) ligand alone
did not affect the growth of Leishmania tarentolae at the
experimental concentrations of 0.02, 0.20, or 2.0mM. The
vanadium/alendronate compound, V

5
(Ale)
2
(6), however,

adversely affected Leishmania tarentolae at a concentration
of 1.0mM after three hours incubation with the compound;
there was a 34% decrease in absorbance compared to control
cells (Figure S1). This effect was also seen after 27 hours with
the compound; the cells incubatedwithV

5
(Ale)
2
(6) had 27%

less absorbance compared to control cells (Figure S2).
The zoledronate (9) ligand alone was ineffective at 0.03

to 0.30mM concentrations, but it did adversely affect the
Leishmania cells when incubated at 3.0mM. The absorbance
values of cells incubated with 3.0mM zoledronate for 27
hours were 50% less than control cells. After three hours of
incubation with the POM V

3
(Zol)
3
(7), the cells had 60%

less absorbance than control cells, and the experimental cells
had 37% less absorbance than control cells after 27 hours
of incubation with the compound. However, because of the
lack of solubility of V

3
(Zol)
3
(7) in cell growth media, the

compound could have more adverse effect on the cells than
the data indicate.

It is not surprising that zoledronate (9) alone at 3.0mM
concentration had an adverse effect on L. tarentolae because
zoledronate has been reported to be a potent compound.
As reported previously, amino bisphosphonates such as
alendronate (R = (CH

2
)
3
NH
3

+) are 10–100 timesmore potent
in clinical use than when the R group is CH

3
. However,

bisphosphonates with a nitrogen atom in a heterocyclic ring
such as zoledronate (R = CH

2
(N
2
C
3
H
3
)) are up to 10,000

times more potent than when R is a methyl group [15].
The difference in potency reported here also is reflected

in the dosage of two drugs used to treat osteoporosis. The
Physician Desk Reference reports that, in humans, a daily
dose of 10mg alendronate sodium (Fosamax®) is used to
treat osteoporosis [49]. In contrast, a 5mg yearly dose of
zoledronate (Reclast®) is used to treat osteoporosis in a human
[50].

5. Conclusions

A series of alkyl bisphosphonate compounds and one amino
bisphosphonate compound, as well as alendronate and zole-
dronate, were tested as potential agents against Leishmania
tarentolae. Given the potency of both zoledronate and the
V
3
(Zol)
3
compounds as well as the difficulty in solubilizing

the V
3
(Zol)
3
in aqueous solutions, we speculate that, if safety

and efficacy tests warrant, this POM compound may be
effective in a skin cream formulation as a weekly or daily
treatment for cutaneous leishmaniasis. This would allow
more than a single dose to be easily applied. This is of
importance since the majority of Leishmania infections are
of the cutaneous type [51]. These compounds also have the
added advantage of being quite stable at room temperature;
thus easy storage and transportation to areas where infections
by Leishmania are serious problems.

Future studies should examine the effect of the exper-
imental compounds tested in this study on the proton
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(a) (b)

(c)

Figure 7: Microscopic evaluation of day 2 after addition of Leishmania tarentolae incubated with (b) 1,4-butyl bisphosphonate (2, 10mM)
and V

5
(Ale)
2
(6, 1.0mM) compared to (a) control cells (400x).
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Figure 8:MTTcell viability ofLeishmania tarentolae incubatedwith
1,4-butyl bisphosphonate (2, Figure 1) compared to control cells.

translocating pyrophosphatase (V-H+-PPase) enzyme which
is localized in the acidocalcisome of at least some of the
species of Leishmania [17]. These bisphosphonate com-
pounds, which are analogs of pyrophosphates, have been

shown to inhibit V-H+-PPase in other organisms [17] and
may be involved in the inhibition of the growth of Leishmania
in these current studies.

Abbreviations

Ale: Alendronate, 8
BHI: Brain-heart infusion
DMSO: Dimethylsulfoxide
FPPS: Farnesyl pyrophosphate synthase
MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
POM: Polyoxometalate
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PTP: Protein tyrosine phosphatase
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hydrochloride

V-H+-PPase: Proton translocating pyrophosphatase
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This review covers recent advances in the understanding of decavanadate toxicology and pharmacological applications.
Toxicological in vivo studies point out that V

10
induces several changes in several oxidative stress parameters, different from

the ones observed for vanadate (V
1
). In in vitro studies with mitochondria, a particularly potent V

10
effect, in comparison with

V
1
, was observed in the mitochondrial depolarization (IC

50
= 40 nM) and oxygen consumption (99 nM). It is suggested that

mitochondrial membrane depolarization is a key event in decavanadate induction of necrotic cardiomyocytes death. Furthermore,
only decavanadate species and not V

1
potently inhibited myosin ATPase activity stimulated by actin (IC

50
= 0.75 𝜇M) whereas

exhibiting lower inhibition activities for Ca2+-ATPase activity (15 𝜇M) and actin polymerization (17𝜇M). Because both calcium
pump and actin decavanadate interactions lead to its stabilization, it is likely that V

10
interacts at specific locations with these

proteins that protect against hydrolysis but, on the other hand, it may induce V
10
reduction to oxidovanadium(IV). Putting it all

together, it is suggested that the pharmacological applications of V
10
species and compounds whose mechanism of action is still to

be clarified might involve besides V
10
and V

1
also vanadium(IV) species.

1. Introduction

The number of review papers and chapters reporting deca-
vanadate biochemistry and biological activities has clearly
increased since 2005 [1–5]. Besides the biological activities,
decavanadate (V

10
O
28

6−) as well as other polyoxometalates
(POMs) has a wide range of environmental, chemical, and
industrial uses and applications in catalysis, nanomaterials,
prevention of corrosion, smart glasses, macromolecular crys-
tallography, and food chemistry, among others [6–9].

Decavanadate (V
10
) species are usually not taken into

account in vanadium toxicological studies, although they are
well known to affect the activity of several enzymes and to
impact lipidic structures [1]. Besides, in vivo decavanadate
toxicological studies remain seldom [1, 10]. One eventual
reason is the consideration that almost 98% of vanadium
in cells is present as oxidovanadium(IV), also known as
vanadyl (+4 oxidation state), being the intracellular concen-
tration of vanadium (+5, vanadate) very low to decavanadate

species be formed. Previously, it was described that V
10

was
formed in acidic compartments in Saccharomyces cerevisiae
that were grown in media containing vanadate [11]. It has
been proposed that once formed the rate of decavanadate
decomposition is slow (half-life time of hours) enough to
allow observing its effects not only in vitro [12], but also in
vivo [1, 10]. Furthermore, it was suggested that decameric
vanadate can be stabilized upon interactionwith cytoskeleton
and membrane proteins and therefore its contribution to
vanadium biochemistry and pharmacological activities can
be enlarged [13]. For instance, it was described that rat
adipocytes accumulate much more glucose upon decavana-
date incubation thanwith known insulinmimetic agents such
as bis(maltolato)oxovanadium(IV) (BMOV) [14]. Besides the
insulin mimetic behavior, decavanadate and recent deca-
vanadate compounds show several pharmacological activities
such as anticancer, antibacterial, and antivirus [2, 15–17].
These recent findings, which are now briefly reviewed, are
evaluated and several hypotheses and V

10
modes of action

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 6103457, 8 pages
http://dx.doi.org/10.1155/2016/6103457

http://dx.doi.org/10.1155/2016/6103457


2 Oxidative Medicine and Cellular Longevity

through oxidative stress, effects in mitochondria, sarcoplas-
mic reticulum, and cytoskeleton, among other biological and
pharmacological activities are analyzed.

2. Decavanadate and Oxidative Stress

In the last years, our research group has performed novel
in vivo studies with decavanadate in order to understand
the contribution of decameric vanadate species to vana-
dium toxic effects [1, 10]. First, at the specific experimental
conditions, it was confirmed, using spectroscopy method-
ologies, if decavanadate is, or not, completely disintegrated
into vanadate before inducing changes in several stress
markers [1]. Secondly, following decavanadate solutions in
vivo administration it was evaluated and also compared
with monomeric vanadate solutions, several oxidative stress
parameters, namely, reduced GSH content, overall rate of
ROS production, lipid peroxidation, and antioxidant enzyme
activities [1, 10].

First of all, it was concluded that the effects induced by
both vanadate and decavanadate depend not only on the
concentration but also on other experimental parameters
such as the exposure time, cellular fraction, type of tissue,
mode of administration, and species of animal [1, 3, 10].
Secondly, in the majority of the studies decavanadate clearly
induced more, different, and, in many times, opposite effects
than the ones observed for vanadate [3]. Thirdly, oxidative
stress induced by decavanadate may be also due to deca-
vanadate decomposition into vanadate [1, 3]. For instance, it
was observed that the increase in GSH content upon deca-
vanadate exposure was observed in experimental conditions
whereV

10
is almost totally decomposed.The same suggestion

was made for the increase in ROS production, with vanadate
causing a larger increase in the first hour (150%) whereas
decavanadate only caused also an increase (80%) after 12
hours, probably after dissociation into monomeric species
[3].

It is known that the cellular detoxification mechanism
proposed for vanadate involves bioreduction of vanadate to
vanadyl by glutathione (GSH) [18]. Therefore, GSH is an
important cellular antioxidant defense system and directly
or indirectly regulates the levels of ROS [19, 20]. How-
ever, it is proposed that the mechanism for decavanadate
detoxification is not the same, as it was suggested for the
mechanism of thiol compounds oxidation by similar POMs
[21]. Eventually, vanadate reduction byGSHmay be delayed if
decavanadate species are present. Hence, putative differences
in the reactivity towards GSH may explain, at least in part,
the different effects that vanadate and decavanadate solutions
have in GSH levels and in ROS production. In the Fenton-
like reactions vanadate is reduced to vanadyl with production
of O
2

∙− [22]. It is possible that decavanadate participates
in such reactions as well as in the GSH oxidation in a
different manner and/or extension. On the other hand, lipid
peroxidation is commonly described as a consequence of
oxidative damage caused by ROS [19, 23]. It was described
that lipid peroxidation propagation increased by 55% and
80% after 12 and 24 hours, respectively, in liver mitochondria
on exposure to vanadate [1, 3] whereas no increase was

evident after 12 hours in the case of decavanadate exposure.
However, after 24 hours the effect induced by the latter
was the same as that of vanadate [1, 3]. Similar oxidative
stress behavior has been described in cardiac tissue [3],
confirming that decavanadate seems to have a delayed effect
on lipid peroxidation probably due to its decomposition into
vanadate. Furthermore, for longer periods after exposure
(seven days), decavanadate clearly differs from vanadate once
it keeps the levels of lipid peroxidation high [3]. Regarding
the antioxidants enzymes, it was suggested globally that
decavanadate exposition induces a decrease inmitochondrial
antioxidant enzymes activities such as SOD and catalase
activities, whereas opposite or no effects were observed for
vanadate [3]. Therefore, it is suggested that decavanadate
species exposure follows different pathways than vanadate
for the generation of reactive oxygen species and interferes
differently with some of the enzymes involved in antioxidant
defenses in cells. Besides, decavanadate slow decomposi-
tion would also induced delayed oxidative stress responses
through vanadate species.

3. Mitochondria and Decavanadate Toxicity

Vanadium is a pollutant, and its toxic mechanisms are related
to the production of oxidative stress [24]. Mitochondria
provide the majority of the energy produced by aerobic
organisms and are also often referred to as a major ROS
production site. Therefore, mitochondria are a key issue
for decavanadate toxicity and a tool to evaluate changes
in several oxidative stress parameters, as described in the
above section. Several studies pointed out mitochondria
as a potential target for vanadium [25, 26] and variety of
vanadium compounds, that is, vanadyl sulphate (VOSO

4
),

sodiummetavanadate (NaVO
3
), and vanadyl complexes with

organic ligands [27]. Regarding decavanadate in vivo studies,
it was suggested that the mitochondrial fraction tends to
accumulate more vanadium upon decavanadate than upon
vanadate administration, besides inducing different changes
in mitochondrial antioxidant enzymes activities [1, 3]. This
observation was further explored and in vitro studies were
performed using cardiac mitochondria [28]. These studies
showed that decavanadate inhibits mitochondrial respira-
tion and induces mitochondrial membrane depolarization
at nM range of decavanadate concentrations (IC

50
values

40–100 nM) [28, 29]. Decavanadate effects on mitochon-
drial membrane depolarization and oxygen consumption are
about hundredfold more strongly than monomeric vanadate
[28]. The heart mitochondria from the fish (Sparus aurata)
have been shown to be less sensitive to decavanadate than
rat heart mitochondria, with IC

50
values for decavanadate

towards membrane depolarization and oxygen consumption
that were about four times higher (196 and 400 nM, resp.)
than the values found in the rat mitochondria studies (39
and 99 nM, resp.) [3, 28]. One the other side, 𝜇M range of
vanadate concentration is needed to induce the same effects:
IC
50

of 25 𝜇M and 50 𝜇M, respectively, for instance, for fish
heart mitochondria. The effects induced by decavanadate are
not due to the uncoupling of the mitochondria or associated
with themitochondrial permeability transition pore (MPTP),
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Figure 1: Mitochondria: a target for decavanadate (V
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once the respiratory rate control was not changed or the
inhibitor cyclosporine did not prevent effects induced upon
decavanadate incubation.

Once the hypothesis that V
10

affects respiratory com-
plexes I and II is excluded, we considered the possibil-
ity that decameric vanadate may interfere with complex
III (ubiquinol : cytochrome 𝑐 oxidoreductase). The observed
changes in the absorbance at 500–550 nm (0.05OD increases)
upon incubation with V

10
pointed out that the cytochrome 𝑏

redox state is altered and suggested that complex III is shifted
to a more oxidized steady-state. Thus, decavanadate (20𝜇M
total vanadium concentration, i.e., decavanadate) affects the
redox state of complex III cytochrome 𝑏, similarly as the well-
known respiratory inhibitor antimycin-A [3, 28, 29]. With
a similar total concentration of vanadate (20𝜇M) no effect
was observed [28, 29]. Notice that the respiratory rate control
was not changed for either rat or fish heart mitochondria
in the presence of either vanadium solution (5.0 ± 0.1) nor
did the ADP/O values for pyruvate or malate; the vanadate
solutions do not induce uncoupling of the mitochondria
[28]. Furthermore, 2 𝜇M decavanadate did not affect NADH
content, FoF1-ATPase, and cytochrome 𝑐 oxidase, nor did
it affect respiratory complexes I and II, pointing out to a
specific V

10
interaction with complex III (cytochrome 𝑏)

from mitochondrial respiratory chain [3, 28]. The V
10
effects

can be summarized in the scheme present at Figure 1. By
inducing mitochondria membrane depolarization and/or by
inhibiting mitochondria respiratory chain, it is expected
that V

10
prevents the production of anion superoxide. In

fact, both V
10
-induced mitochondrial depolarization and a

decrease of mitochondrial superoxide anion generation can
themselves account for a V

10
antioxidant effect. A potential

role for decavanadate in accepting electrons instead of oxygen
is suggested. Conversely, V

10
interaction with complex III

would induce a leakage of electrons to molecular oxygen; it
would be expected to induce the production of ROS.

Recently, the formation of vanadyl species upon
decavanadate incubation with mitochondria (unpublished
results), as analyzed by EPR, was observed, whereas no
signals were detected upon vanadate incubation. It has been
described previously that decavanadate may interact with
NADH oxidation by oxygen catalyzed by several enzymes
present in membrane systems such as the plasma membrane
of red blood cells or rat liver microsomes that leads to
reduction of cytochrome 𝑐 [30] and to vanadate reduction.
In other studies, decavanadate has been described to be
reduced by a specific isocitrate dehydrogenase pointing out
to a redox role for decavanadate [31].These studies suggest an
increasing of NADH oxidation by decavanadate, consequent
oxygen reduction to H

2
O
2
, and concomitant reduction to

vanadyl species [30, 31].

4. Decavanadate Toxicity Induces
Apoptosis or Necrosis?

Vanadium causes a variety of toxic effects such as hema-
tological and biochemical changes [10, 32]. Several studies
have shown vanadate effects varying from stimulation of
cell growth to induction of cell death [3, 20, 24, 32, 33].
In most cases, the vanadate effect on cell proliferation was
biphasic, being cytotoxic for cells over a concentration range
of 50 to 100 𝜇M[34]. By targetingmitochondria decavanadate
might induce directly or indirectly processes of cell death.
Besides, the inhibition of themitochondrial respiratory chain
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described above by decavanadate can lead to sustained mito-
chondrial depolarization which is lethal for cells demanding
a high supply of metabolic energy. Mitochondria are well-
known organelle responsible for many features and processes
of cell death, such as apoptosis and necrosis, and calcium
homeostasis. Cell death is of course a parameter of toxicity
and therefore questions arise: did the decavanadate toxicity
effects induce cell death? In which way? The answer can be
found on the studies that described that, upon incubation for
24 hwith either decavanadate or vanadate, the concentrations
were found to produce 50% loss of cell viability (1 𝜇M V

10
,

and 10 𝜇M, resp.). Both vanadate species induce cardiomy-
ocytes necrotic cell death, whereas no significant caspase-3
activation was observed [29]. It was also observed that the
concentration needed for 50% mitochondrial depolarization
was 0.65𝜇M for V

10
and 6.5𝜇M for V

1
, that is, only slightly

lower than the value obtained for vanadate induced 50%
loss of cell viability [29]. Furthermore, depolarization of
mitochondria was clearly observed even from 6 hours after
addition of decavanadate to cardiomyocytes, suggesting a
leading role of mitochondrial depolarization in V

10
-induced

cardiomyocytes death and pointing out as an early event in
decavanadate induced necrotic cell death of cardiomyocytes.

It is known that mitochondrial membrane depolarization
leads to mitochondrial calcium release [35] and also IP

3
-

mediated endoplasmic reticulum release in cardiomyocytes
[36]. In fact, it was observed that the incubation of both
decavanadate and vanadate with cardiomyocytes induces a
rise of the basal cytosolic Ca2+ from 60 ± 10 nM to 200–
250 nM, upon 24 h incubation with 1 𝜇M V

10
or 10 𝜇M V

1

[29].These results are in agreement with earlier studies show-
ing that vanadate increased intracellular Ca2+ in cultured
aortic smoothmuscle cells, thereby affecting the vascular tone
[37]. In the heart, the release of Ca2+ from intracellular stores
leads to an increase of heart rate and cardiac inotropism and
to vasodilatation [36–38]. Thus, it is strongly suggested that
mitochondrial membrane depolarization is a key event in
decavanadate induced cardiomyocytes death. As referred to
above, the effects described for decavanadate, after 24 hours
of incubation, may be due to vanadate upon decavanadate
slow decomposition.

5. Sarcoplasmic Reticulum and Decavanadate

Sarcoplasmic reticulum (SR) plays a crucial role in calcium
homeostasis and in regulating the process of muscle contrac-
tion. SR Ca2+-ATPase is known to be responsible for actively
transporting calcium ion, at ATP expenses, into SR lumen,
and it plays a major role in the muscle relaxation process.
The high sensitivity of the sarco/endoplasmic Ca2+-pumps
to vanadate is well documented [39] providing also a simple
explanation for the sustained rise of basal cytosolic Ca2+ con-
centration after incubation with vanadate and decavanadate
solutions, as described above. However, it was demonstrated
more than twenty years ago that decameric vanadate has
specific features and interactions with SR Ca2+-ATPase, for
instance, by inducing protein crystallization [40]. Besides,
it was described that only decavanadate is able to inhibit

SR Ca2+-ATPase calcium uptake, whereas no effects were
observed for V

1
[41]. Using several different methodologies,

it was suggested that decavanadate interaction with the Ca2+-
ATPase is noncompetitive versus ATP and that it inhibits
strongly the ATPase activity (IC

50
= 15 𝜇M), in comparison

with V
1
(IC
50

= 80 𝜇M) [12, 39]. In the absence or in the
presence of the natural ligand ATP, the interaction of V

10

with the pump induces vanadate reduction, as analyzed using
EPR spectroscopy [42]. During these studies, protein cysteine
oxidation was detected upon V

10
incubation, suggesting the

involvement of cysteines at the V
10

binding site as well
as the participating of vanadyl species on the process of
enzymatic inhibition. It is well established that the V

10

binding site, which is formed by three proteins domains [43],
is located at the cell cytoplasm side. V

10
can interact with

proteins by electrostatic interaction or by hydrogen bonding
but the specific residues involved in V

10
-SR Ca2+-ATPase

interaction, perhaps a cysteine residue, are yet to be totally
clarified.

Once decavanadate binding site is located at the cytoplas-
mic site, V

10
species would need to cross the SR membrane

in order to bind to the E1E2 ATPase. Whereas the interaction
between V

1
and the E1E2 ATPase is only favored by the

E2 conformation, V
10

binds with all the two conformations
E1 and E2, been or not phosphorylated, thus interacting
also with E1P and E2P [12]. Therefore, it is suggested that
decavanadate can affect all the steps of the mechanism of
calcium translocation by the E1E2 ATPase. Perhaps due
to this particularity, V

10
interaction with the ion pumps

might also occur through the extracellular side, as is the
case with several other drugs that impact these proteins
[3]. By targeting ion pumps without needing to cross the
membrane, decavanadate can more rapidly induce changes
in calcium homeostasis with implications in, for example,
muscle contraction, calcium accumulation in mitochondria,
and concomitantly ROS production and cell death.

Studies with the SR Ca2+-ATPase were also performed
upon decavanadate in vivo intravenous administration [1,
3]. Thus, measurements of the skeletal muscle SR Ca2+-
ATPase activity, performed 48 hours upon administration
of decavanadate (70.4 ± 6.65 nmol Pi/min/mg), showed that
the ATP hydrolysis is significantly increased (52%), whereas
vanadate solution exposure decreased it by 15%.These results
seem in opposition to previously decavanadate and vanadate
inhibition studies performed in vitro with the SR Ca2+-
ATPase pump. It is difficult to explain why the sarcoplasmic
reticulum vesicles prepared from animals previously exposed
to V
10

present higher ATPase activity and are opposite to
the ones observed for vanadate. Vanadate is known for
its ability to increase the contractile force of heart muscle
through its inotropic effect [37, 38, 44]. Apparently, V

10

affects differently the calcium homeostasis and the samples
used contain more calcium or V

10
interaction would induce

the formation of ATPase dimers, eventually relevant for
ATPase activity.These very interesting observations that need
further studies point out that different responses obtained
upon in vivo administration cannot be always associated with
in vitro studies and prove that great care must be taken with
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extrapolations from in vitro to in vivo conditions and vice
versa.

6. Decavanadate and Muscle Contraction

Several recent review papers clearly point out that deca-
vanadate presents many biological activities affecting several
biological processes and biochemical mechanism including
themechanism ofmuscle contraction and its regulation [1, 3].
Skeletal muscle cells and vanadium are historically strongly
connected to each other, since vanadium was identified as an
impurity in commercial ATP prepared from equine muscle
[45]. However, the essentiality of vanadium in muscle and
globally in humans is yet to be clarified [46]. Myosin, the
major ATPase of muscle, interacts with actin during the
process of muscle contraction. Although some aspects are
poorly understood, during the contractile cycle, the rate
limiting step of the ATP hydrolysis is the release of Pi from
myosin, which is accelerated by the rebinding of actin [47].
It has originally demonstrated that, in the absence of actin,
vanadate inhibitsmyosinATPase activity [48]. However, only
decavanadate inhibits myosin ATPase activity stimulated
by actin [49]. A simple mechanism for the experimentally
observed noncompetitive inhibition pattern of V

10
towards

both ATP and actin, as it does not interfere with the
nucleotide binding site or with actin binding surface, is by
acting as a “back-door” blocking the actomyosin cycle, most
likely, in the prehydrolysis state [1, 49, 50].

When we compare the effects of decavanadate on myosin
ATPase, Ca2+-ATPase, actin polymerization, and myosin
ATPase activity stimulated by actin, the latter presented
the higher decavanadate inhibitory capacity with an IC

50

value of 0.75𝜇M, whereas higher inhibitory IC
50

values
were found for Ca2+-ATPase activity (15 𝜇M) and for actin
polymerization (68𝜇M) [3, 12, 13, 49]. It was suggested that
skeletal muscle myosin contains a high affinity decavanadate
binding site, being a potential target for decavanadate [49].

Recent studies also described a specific decavanadate
interaction with the actin monomer, G-actin, at the ATP
binding site [3, 50]. Actin is one of the most abundant pro-
teins in cells, being involved in many cellular and biological
processes. It has been described that vanadium induces actin
cytoskeleton damage associated with impaired fertility [51].
However, the studies about “vanadium and actin,” and more
specifically with “decavanadate and actin,” remain scarce [1,
3, 50]. As it was above described for the V

10
-SR Ca2+-ATPase

interaction, also the decavanadate interaction with G-actin
leads to cysteine oxidation and vanadyl formation, whereas
no reductions were observed upon vanadate incubation [1, 3].
In contrast to the calcium pump, ATP prevents the formation
of vanadyl species, confirming that V

10
binds to the ATP

binding site. Both decavanadate and vanadyl inhibit actin
polymerization. It was further observed that actin contains
a high affinity binding site for vanadyl, as it happens with
other proteins such as transferrin and albumin. Therefore,
it is suggested that, in the absence of ATP, decavanadate
interactions with actin lead to vanadyl protein binding,
although the mechanism by which decavanadate inhibits

actin polymerization, for instance, through vanadyl forma-
tion, is yet to be clarified.

7. Decavanadate Pharmacological Activities

The majority of the studies described above support the
concerns over the potential risk of the use of vanadyl sulphate
in athletes as a sport supplement [44]. In fact, once vanadium
is slowly eliminated from mammalian tissues [52], chronic
consumption of vanadium compounds, such as vanadyl
sulphate, may eventually reach the toxic levels to cardiomy-
ocytes. Furthermore, decavanadate, vanadate, or vanadyl
interferes, although differently, withmuscle proteins andwith
the process of muscle contraction and its regulation. The
processes by which vanadyl compounds, commonly used by
the bodybuilders, increase muscle mass and enhance muscle
power are not understood. In fact, the biochemical processes
involved whether being related with muscle bioenergetics,
metabolism, and functionality of the contractile systems
or through the increasing of the muscle fibers is almost
completely unknown. The role of vanadium in muscle cells
and its essentiality to humans still remains a mystery.

Regarding the use of vanadate species as anticancer agents
and in the chemotherapy of multidrug-resistant tumors, also
the studies described above might be in contradiction with
this possibility due to its toxic effects, being manifested even
at very low concentrations.Nevertheless, as described briefly
below, the pharmacological activities of decavanadate, and
decavanadate compounds as antidiabetic, antivirus, antibac-
terial, and antitumor agents, is actually a matter of increasing
interest.

For V
10

alone, it was reported that rat adipocytes
incubated with decavanadate at 37∘C, thus favoring V

10

decomposition, accumulate much more glucose than with
other known insulin mimetic agents such as BMOV or
vanadate [13]. It is suggested that the agents (enzymes,
receptors, pumps, or channels) involved in the early events
of the process of glucose transport can be enhanced and/or
potentiated by V

10
. However, to our knowledge, the V

10

mechanism or contribution as an insulin mimetic agent or
enhancer is yet to be totally clarified. Eventually, as it was
referred for vanadate, decavanadate insulin mimetic effects
are probably induced through the inhibition of tyrosine
phosphatase (PTP) [53]. Moreover, it was speculated that V

10

could have a role in treating Leishmania diseases through
PTP inhibition [53]. Another mechanism includes the use
of decavanadate compounds as a prodrug of peroxovanadate
insulin mimetics [54]. Crystallization of decavanadate in a
spatially selective manner within the protein cages of virions
is the most cited paper regarding V

10
in biology [17]. As

it was described in a fundamental review, the antiviral and
antitumor activities are the dominant activities of POMs
in pharmacology and medicine [55]. It seems that POMs
such as decavanadate are able to inhibit the virus activities
by preventing the virus-cell host binding [56]. POMs low
toxicity toward human body and their high solubility in water
are main factors that contributed to their development as
drugs.
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A chitosan-decavanadate complex with antibacterial
activity against Escherichia coli and Staphylococcus aureus
was recently described [57]. Chitosan is famous for its
antimicrobial activity as it inhibits the mRNA synthesis after
penetration into the nuclei of the microorganism. On the
other hand, decavanadate is known for its inhibition of
ion pumps causing a disturbance in the molecular trans-
port across the membrane thus devastating the bacteria
metabolism, presenting altogether an antibacterial inhibi-
tion of 12.5 𝜇M. The antitumour activity of decavanadate
is less understood and more recent than the antiviral one.
New decavanadate complexes have been synthetized and
tested their antitumor activity in vitro against human lung
carcinoma cells (A549) and murine leukaemia cells (P388)
[58]. Both compounds exhibited lower inhibition than cis-
platin compounds, whereas the decavanadate compound
with a higher lipophilic effect, thus enhancing its penetration
through the lipid bilayer of the cellmembrane, showed higher
inhibitory activity [58]. The cytotoxicity of both V

10
com-

pounds was tested on human normal hepatocytes beingmore
or equally toxic against normal cells compared to effective
against cancer cells. Other decavanadate complexes were
reported as antitumor agents, showing apoptotic mechanism
of cell death and also lower activities than platin compounds
[15, 16, 58].

Although the antitumor activity of V
10

compounds
against a large number of tumor cells has been reported, it
looks as if their mechanisms of action are still difficult to
understand. It was described that polyoxometalates are able
to inhibit the tumor growth by inducing apoptosis. Some
studies suggest that POMs entered into the mitochondrion
leading to the inhibition of ATP synthesis [55]. Although it
is speculated that V

10
effects in mitochondria can be applied

for other POMs, these studies are apparently in opposition
with the studies described above regarding the process of cell
death induced by decavanadate in cardiomyocytes.

Notice that, in the majority of the studies described
above, the stability of decavanadate compounds, at the several
experimental conditions, was not performed or takes in
consideration its putative reduction or decomposition into
vanadate species. As described above, although decavanadate
toxicological and pharmacological applications differ from
vanadate, we cannot exclude a participation of monomeric
vanadate. Furthermore, decavanadate toxicity effects and
pharmacological activities can be due, at least in part, to
V
10

reduction to vanadyl species. Therefore, although some
decavanadate compounds have been shown to be stable, care
must be taken before attributing them the toxicity effects or
the pharmacological activities [1, 3].

It is known that abnormal levels of alkaline phosphatases
(ALP) in the serum are detected in cancer patients since
tumors are abnormal cellular growth proliferating faster
than a normal cell. Inhibition of ALP will affect tumor cell
metabolism and function and therefore POMs were assessed
for their inhibitory effect on ALP activity and as putative
antitumor agent [59]. V

10
also demonstrated inhibition on

several alkaline phosphatases, suggesting that decavana-
date, similarly to other POMs, inhibits abnormal cellular
growth proliferating. Despite promising results against virus,

bacteria, and tumor cells, polyoxometalates and V
10

are
not yet tested in clinical trials. This may be due to the
lack of understanding of its mechanism of action. Besides,
to be approved as a drug the polyoxometalate or the V

10

compoundsmust showhigher activity against tumor cells and
very low toxicity toward normal cells.

8. Conclusions

Oxidative stress induced by decavanadate would occur in
organisms more often than expected. Decavanadate mecha-
nisms to induce stress might involve the interaction with ion
pumps, mitochondria, and specific biochemical processes.
The mechanism of necrotic cell death induced by deca-
vanadate is proposed to be mediated through mitochondrial
membrane depolarization. The simultaneous effects in ion
pumps and in mitochondria promoted by decavanadate
lead to an intracellular calcium increase, changes in ROS
producing, and inhibition on antioxidant enzymes activities,
namely, SOD and catalase. Several major proteins in muscle
contraction and its regulation are molecular targets for
decavanadate. Particularly interesting is the proposed back-
doormechanism ofV

10
myosinATPase inhibition stimulated

by actin and also the inhibition of actin polymerization by
decavanadate, although the latter process is still to be clari-
fied. Somedecavanadate compounds seemnot suited for anti-
tumour activity since their cytotoxicity was higher than its
inhibitory rate of tumor cell growth. However, decavanadate
was used with success in antibacterial activity and described
to present many other pharmacological applications such
as antidiabetic agent besides against virus activities. Putting
it all together, it is proposed that the understanding of
decavanadate toxicology and pharmacological activities may
be useful, at least in part, to elucidate the biological activities
of several polyoxometalates in order to make them available
and safe for clinical use.
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ALP: Alkaline phosphatase
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ROS: Reactive oxygen species
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Vanadium is a transitional metal with an ability to generate reactive oxygen species in the biological system.This work was designed
to assessmemory deficits inmice chronically exposed to vanadium. A total of 132male BALB/cmice (4 weeks old) were used for the
experiment and were divided into three major groups of vanadium treated, matched controls, and animals exposed to vanadium
for three months and thereafter vanadium was withdrawn. Animals were tested using Morris water maze and forelimb grip test at
3, 6, 9, and 12 months of age.The results showed that animals across the groups showed no difference in learning but had significant
loss in memory abilities after 3 months of vanadium exposure and this trend continued in all vanadium-exposed groups relative
to the controls. Animals exposed to vanadium for three months recovered significantly only 9 months after vanadium withdrawal.
There was no significant difference in latency to fall in the forelimb grip test between vanadium-exposed groups and the controls
in all age groups. In conclusion, we have shown that chronic administration of vanadium in mice leads to memory deficit which is
reversible but only after a long period of vanadium withdrawal.

1. Introduction

There has been an increased awareness of accumulating levels
of toxic metals in the atmosphere and their relationship with
health [1–4]. More pertinent in this regard is the increasing
wave of neurodegenerative diseases and the roles that metal
exposuremay be playing in the pathogenesis of these diseases
[5]. Vanadium is a transitional metal of atomic number 23.
The metal has outer orbitals that contain eleven electrons
in shell 3 and two electrons in shell 4. This arrangement
allows for numerous electronic exchange reactions and con-
sequently the formation of a wide range of organic and
inorganic complexes that contains vanadium in different
oxidation states [6]. Vanadium and its agents are important
in several industrial processes. Vanadium is used to improve
the hardness, malleability, and fatigue resistance of steel [7];
and vanadium alloys are highly valued in the production
of aerospace products [8]. In addition, vanadium agents
are utilised in the production of glass, pigments, varnishes,

reducing agents, and inks [8] and in fertilizers production
[9] amongst others. Vanadium is widely distributed in the
environment [10] with exposure to the metal occurring
through vanadium mining sites and as contaminants during
the mining of some heavy metals [8]. In addition, vana-
dium is released into the atmosphere through forest fires,
volcanic emissions, and burning of fossil fuels in vanadium-
contaminated crude as seen in Venezuela, the Arabian Gulf,
the Gulf of Mexico, and the Nigerian Niger Delta [1, 6, 11].
Vanadium has been reported as the most abundant trace
metal in petroleum samples [12] and accumulates in the soil,
groundwater, and vegetation, being consumed by animals
and humans [13].The study of the neurotoxic profile of vana-
dium has been on the rise in recent years [14–17]. Behavioral
changes associated with vanadium exposure include lethargy,
tremor, anger hostility, depression-dejection, and various
locomotor deficits [10, 14, 15]. In fact, Naylor [18] reported
raised levels of vanadium in different body samples of manic
and depressed patients while Avila-Costa et al. [19] reported

Hindawi Publishing Corporation
Oxidative Medicine and Cellular Longevity
Volume 2016, Article ID 4860582, 7 pages
http://dx.doi.org/10.1155/2016/4860582

http://dx.doi.org/10.1155/2016/4860582


2 Oxidative Medicine and Cellular Longevity

Latency to find platform, 3 months

Control, 3 months
VAN, 3 months

1 2 3 4 5 6 70
Trials

0
10
20
30
40
50
60
70
80
90

100
La

te
nc

y 
to

 fi
nd

 h
id

de
n 

pl
at

fo
rm

 (s
)

(a)

Probe trial—time in quadrant

0

10

20

30

40

50

60

70

Ti
m

e s
pe

nt
 in

 co
rr

ec
t q

ua
dr

an
t (

s)

VAN 3 monthsControl 3 months

∗∗∗

(b)

Probe trial—number of entries

0

1

2

3

4

5

6

7

N
um

be
r o

f e
nt

rie
s

VAN 3 monthsControl 3 months

∗∗

(c)

Figure 1: Effect of intermittent vanadium (VAN) treatment for three months on learning and memory in mice: 12 male mice were exposed
thrice a week for three months to VAN (3mg/kg b.w.) with equal number and age matched controls. The ability to learn the location of the
hidden platform was unperturbed because they gradually spent shorter times to locate the platform with successive training trials. There
was no statistically significant difference between the groups in their learning ability (a) however; the length of time in target quadrant
(∗∗∗𝑃 < 0.001) and annulus crossings of the VAN group (∗∗𝑃 < 0.01) were significantly decreased when compared to the controls ((b) and
(c)).

time dependent loss of dendritic spines, necrotic like cell
death, and profound alterations in the hippocampal CA1
neuropile. Few studies have however reported progressive
memory loss induced by vanadium exposure. Most animal
experiments on behavioral deficits involving vanadium expo-
sure have been based on acute exposure while in reality many
patients occupationally [6] and environmentally [1] exposed
to vanadium are so exposed for decades or even a life time.
This work is designed to assess memory deficits in rats
chronically exposed to vanadium.

2. Materials and Methods

2.1. Animal Design. A total of 132 male BALB/c mice (4
weeks old) were used for the experiment which covered a
period of 12 months. The animals were assigned to one of
the following animal groups: vanadium- (V-) treated, with-
drawal, and control groups. Animal experiments were done
in accordance with University of Ibadan Ethical Research

Committee guidelines for use of research animals. V-treated
group consisted of four subgroups of twelve separate animals
each. The subgroups are designated as VAN3, VAN6, VAN9,
and VAN12. The mice (from 4 weeks old) were injected with
3mg/kg b.w./day of vanadium (sodium metavanadate), i.p.
thrice a week for 3, 6, 9, and 12 months. After the treatment,
the animals in each group (𝑛 = 12) were subjected to
behavioral analysis which included test for cognitive and
memory function by using Morris water maze and forelimb
grip strength tests; these were carried out on every animal in
each group. Withdrawal group consisted of a total of three
groups of 12 animals each. The subgroups are designated as
W3, W6, andW9.Themice (from 4 weeks old) were injected
with 3mg/kg b.w./day of vanadium (sodium metavanadate),
i.p. thrice a week only for the first three months and then
vanadium administration was stopped. After the treatment,
the animals in each groupwere subjected to behavioral analy-
sis which included tests for cognitive andmemory function as
mentioned earlier 3(W3), 6(W6), and 9(W9) months after
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Figure 2: Effect of intermittent vanadium (VAN) treatment for six months on learning and memory in mice: 12 male mice were exposed
thrice a week for six months to VAN (3mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 6-month-old mice (C6, VAN6, andW3) were able to learn the
location of the hidden platform and there was no statistically significant difference among the groups in their ability to learn (a) however; the
memory retention of the V6 group was significantly decreased when compared to the control group (∗𝑃 < 0.05) ((b) and (c)).

the vanadium treatment had been withdrawn. Control group
consisted of four subgroups of twelve different animals each.
The subgroups are designated as C3, C6, C9, and C12. The
mice (from 4 weeks old) were injected with sterile water, i.p.
thrice a week for 3, 6, 9, and 12 months which was volume
matched with the V-treated group. After the treatment, the
animals were subjected to behavioral analysis which included
test for cognitive and memory function as mentioned earlier
in V-treated group.

2.2. Behavioral Tests

2.2.1. Forelimb Grip Strength Test. This test involves the
forepaws of the mice being placed on a horizontally sus-
pendedwire (measuring 2mm indiameter and 1m in length),
placed onemeter above a soft bedding-filled landing area.The
latency to fall (i.e., length of time each mice was able to stay

suspended before falling off the wire) was recorded with a
stopwatch. A maximum time of 2 minutes was given to each
mouse after which it was removed and each mouse had two
trials. This test reflects muscular strength and balance in the
animals [20, 21].

2.2.2.ModifiedMorrisWaterMaze Test. ThemodifiedMorris
water maze is a circular pool of water (110 cm in diameter,
30 cm in height) with a hidden circular escape platform
(12 cm in diameter) which the mouse must learn its location
using contextual and visual cues. This tests hippocampal-
dependent spatial learning and memory in rodents [22, 23].
The task is based on the principle that rodents are highly
motivated to escape from a water environment by the fastest,
most direct route. The pool was marked North, South, East,
and West and the hidden platform was placed in a particular
spot. Each mouse was dropped into the pool and expected to
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Figure 3: Effect of intermittent vanadium (VAN) treatment for nine months on learning and memory in mice: 12 male mice were exposed
thrice a week for nine months to VAN (3mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 9-month-old rats (C9, VAN9, and W6) were able to learn
the location of the hidden platform with no statistically significant difference among them (a). However, there was a statistically significant
decrease in memory retention in vanadium (∗∗∗𝑃 < 0.001) and withdrawal (∗∗𝑃 < 0.01) groups relative to control ((b) and (c)). The W6
group showed some recovery ((b) and (c)) in comparison to the VAN9 group but was still significantly less than the controls.

find the platform, and the length of time it takes to find the
platform was recorded. If it did not find the platform after 60
seconds, the mouse was guided to the platform and allowed
to stay there for 15 seconds. Each mouse went through three
trials per day for two consecutive days. This test is a measure
of the learning ability of the mouse. On the third day, a single
probe trial was given to test the mouse’s spatial memory in
the water maze while the platform was removed. Its memory
of the initial location of the escape platform was tested by
measuring the time it spent in the target quadrant and the
number of times it crossed the island zonewhere the platform
was initially located. This latter record is a test of its memory
ability. The test was recorded manually by two observers
using a stopwatch. The Morris water maze was introduced
as an instrument with particular sensitivity to the effects of
hippocampal lesions in rodents [23, 24].

3. Results

The results obtained in this study are as described in Figures
1–5. Animals across the groups showno difference in learning
abilities but significant loss in memory abilities after 3
months of vanadium exposure and this trend continued in
all vanadium-exposed groups relative to control (Figures 1–
4). Animals exposed to vanadium for three months after
which treatment was withdrawn recovered significantly only
9 months after vanadium withdrawal. There was no sig-
nificant difference in latency to fall in the forelimb grip
test between vanadium-exposed groups and their respective
controls in all age groups. There was however a signifi-
cant reduction in latency to fall in vanadium withdrawal
group W6 (nine months old) relative to their controls
(Figure 5).
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Figure 4: Effect of intermittent vanadium (VAN) treatment for twelve months on learning and memory in mice: 12 male mice were exposed
thrice a week for twelve months to VAN (3mg/kg b.w.) with equal number and age matched controls. The withdrawal group were exposed to
VAN for three months but replaced with water thereafter. All the groups of the 12-month-old rats (C12, V12, and W9) were able to learn the
location of the hidden platform with no statistically significant difference among them. However, there was statistically significant decrease
in memory retention in V12 (∗𝑃 < 0.05 and ∗∗∗𝑃 < 0.001) relative to controls ((b) and (c)). The W9 group showed a remarkable recovery in
memory retention being significantly higher (𝑃 < 0.01) than the V12 (b) and were comparable to the controls.

4. Discussion

In this study, vanadium administration led to significant loss
in memory abilities as early as 3 months after exposure and
this was consistent till 12 months. Previous studies using the
Morris water maze have reported reduced memory scores
after metal exposures. Haider et al. [25] showed a dose
dependent impairment in memory function in cadmium-
treated rats relative to controls andLu et al. [26] demonstrated
significantly longer escape latency inmanganese exposed rats
when compared to controls. There are reports of behavioral
deficits after vanadium exposure [16, 17, 27]; however, few
have reported on memory deficits using the Morris water
maze. In addition, our data showed that long term vanadium
exposure (3–12 months) leads to significant memory deficits
which persist long after exposure has stopped. This could
have implications for people who are occupationally or
environmentally exposed to vanadium over a long period of

time. Of note is the huge population in the Arabian Gulf and
Nigerian Niger Delta who have been exposed for decades to
vanadium-contaminated crude burning in relatively confined
ecosystem [1]. A striking observation in this study is the
significant improvement in memory scores observed in mice
exposed to vanadium for 3 months after a withdrawal period
of 9 months, but not earlier. This implies the reversibility
of vanadium mediated effects in the brain after vanadium
withdrawal, despite being only after a longwithdrawal period.
A reversal of tissue damaging effects (not the brain) of vana-
dium after withdrawal has been reported by Olopade et al.
[28]. Barker et al. [29] reported that previous benzodiazepine
users will likely experience benefits of improved cognitive
functioning after withdrawal but will not experience full
restitution of functions; similarly, deficits resulting from
vanadium exposure though reversible could take a long time
before full restitution is obtained. Also, observed in this study
was the fact that although vanadium exposure led tomemory
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Figure 5: Effect of intermittent vanadium (VAN) treatment for
twelve months on learning and memory in mice: 12 male mice
each were exposed thrice a week for three, six, nine, and twelve
months to VAN (3mg/kg b.w.) with equal number and age matched
controls. The withdrawal group were exposed to VAN for three
months but replaced with water thereafter. All the groups of 3–
12-month-old mice were subjected to forelimb grip test with 6–
12 months reported here. There was no significant difference in
latency to fall in the forelimb grip test between vanadium-exposed
groups and their respective controls in all age groups. There was
a significant reduction in latency to fall in vanadium withdrawal
group W6 (∗∗𝑃 < 0.01) relative to their controls.

deficits, the ability of the mice to learn was largely unaffected.
All the groups of mice were capable of learning the spatial
location of the escape platform, shown by the progressive
reduction observed in escape latency with subsequent trials.
However, in contrast to controls, the vanadium-exposed
mice were impaired in their ability to remember the escape
position during the probe trial. Impaired spatial retention of
vanadium-exposedmice during the probe trials was observed
by comparison of annulus crossings over the trained position
and time spent in trained quadrant. The Morris water maze
(MWM) is a test of spatial learning which is assessed across
repeated trials and reference memory which is determined
by preference for the platform area when the platform is
absent (probe trial). There is extensive evidence of its validity
as a measure of hippocampal-dependent spatial navigation
and reference memory [30] and its specificity as a measure
of place learning. Consolidation of memory requires a fully
functional hippocampus which converts the working/short
term memory into long term memory [31]. This long term
potentiation seems to be the focus of neurological deficit
observed in vanadium-exposed mice as they showed a sig-
nificantly reduced ability to consolidate the memory of the
location of the escape platform. Consolidation of memory is
dependent on phosphorylation of hippocampalmitogen acti-
vated protein kinase (MAPK)/ERK and subsequent synaptic
plasticity [32]. Standing on the premises that hippocampal
ERK phosphorylation has been shown to be required during
recent spatial learning and memory, Leon et al. [33] reported
that its inhibition leads to failure of consolidation ofmemory,
though it did not affect spatial acquisition. We propose that
the deficit in memory consolidation observed in vanadium-
exposedmice is due to a disruption in this process. Vanadium
exposure has been found to lead to the loss of dendritic
spines and necrotic-like cell death in the hippocampus [19]
and this could also be the possible cause. The recovery seen

in withdrawal group after 9 months could be related to adult
neurogenesis or a plastic reorganization of neuronal networks
compensating for possible early neuronal losses [34]. The
forelimb grip test did not show any significant changes in
the vanadium-exposed animals relative to controls. Though
forelimb grip test has shown reduced muscular strength after
vanadium exposure, the difference was not significant. It
seems that long term vanadium exposure may not affect
muscular activity and coordination to a large degree. A
human study by Charles et al. [35] did not provide evidence
that occupational exposure to pesticides, solvents, andmetals
adversely affected hand-grip strength in the studied popula-
tion.The histological analysis of the different brain regions of
thesemice is ongoing in our laboratory and this will hopefully
shed more light on the pathogenesis of memory loss seen in
this study. In conclusion, we have shown that chronic admin-
istration of vanadium inmice leads tomemory deficits which
are reversible only after a long period of vanadium with-
drawal.

5. Conclusion

This work has shown that mice exposed to vanadium over
a period of time exhibited no difference in learning abilities
but had significant loss in memory acumen after 3 months of
exposure.

Our work also revealed that the memory deficit induced
by chronic administration of vanadium in mice is reversible
but only after a long period of vanadium withdrawal.
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