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A B S T R A C T

We aimed to study the effect of vanadium(V) exposure on cell viability, nuclear DNA (nDNA) and mitochondrial
DNA (mtDNA) and to elucidate if these effects can be reverted by co-exposure to V and manganese (Mn). HepG2
cells were incubated with various concentrations of bis(maltolato)oxovanadium(IV) or MnCl2 for 32 h for
viability study. The higher concentrations (59 μM V, 54 nM Mn and 59 μM V+54 nM Mn) were used to study
DNA damage and uptake of V and Mn. Comet assay was used for the study of nDNA damage; mtDNA damage was
studied by determining deletions and number of copies of the ND1/ND4 mtDNA region. Cellular content of V
and Mn was determined using ICPMS. Cellular exposure to 59 μM V decreased viability (14%) and damaged
nDNA and mtDNA. This effect was partially prevented by the co-exposure to V + Mn. Exposure to V increased
the cellular content of V and Mn (812.3% and 153.5%, respectively). Exposure to Mn decreased the content of V
and Mn (62% and 56%, respectively). Exposure to V + Mn increased V (261%) and decreased Mn (56%)
content. The positive effects on cell viability and DNA damage when incubated with V + Mn could be due to the
Mn-mediated inhibition of V uptake.

1. Introduction

Vanadium(V) is a widely distributed element, which is essential for
some living organisms. However, the role of V as micronutrient, its
essentiality and its biological and pharmacological activities are still
not completely understood (Domingo et al., 1991; Ścibior et al., 2012).
The use of vanadium as an antidiabetic agent and as an anabolic agent
due to its insulin-mimetic properties has been considered (Goldwaser
et al., 2000; Thompson and Orvig, 2006). Moreover, environmental and
occupational vanadium exposure has been associated with several
health outcomes.

Many in vivo and in vitro studies have shown that different V com-
pounds can inhibit various enzymes. Currently it is known that vana-
date ions inhibit P-type ATPases (Nechay and Saunders, 1978;
Aureliano, 2016). Recently, the inhibitory capacity of several poly-
oxometalates, such as polyoxotungstates (Gumerova et al., 2018) and

polyoxovanadates, on ATPases has been shown. The phosphote-
tradecavanadate (PV14) have shown a higher P-type ATPase inhibitory
capacity than decavanadate (V10) and monovanadate (V1) (Fraqueza
et al., 2019). Among other enzymes inhibited by these V compounds
there are various phosphatases, ribonucleases, phosphodiesterases,
phosphoglucomutase and glucose-6-phosphatase (McLauchlan et al.,
2010; Treviño et al., 2019). Bis(maltolato)oxovanadium(IV) (BMOV)
has been reported to be more effective than VO(SO4) as glucose-low-
ering agent and to be better tolerated in animal models. The use of V as
antidiabetic agent is limited due to its pro-oxidant properties promoting
certain toxicity (Domingo et al., 1995; Domingo and Gómez, 2016;
Sanchez Gonzalez et al., 2012; Ścibior et al., 2006; Ścibior and Kurus,
2019). Vanadium (BMOV) exposure has been related to cytokine pro-
duction (Sánchez-González et al., 2014), inflammatory changes in the
upper and lower respiratory tracts intratracheally instilled with vanadyl
sulfate VO(SO4) (Ghio et al., 2005, 2015) and lung tumors in workers
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exposed to high levels of V(V) in the form of V2O5 (Assem and Levy,
2012). However, other authors have suggested that several compounds
of V(IV) and V(V) may mediate the inhibition of different forms of
cancer (Das et al., 2012; Roy et al., 2018). A recent review study states
that various polyoxometalates, such as [V10O28]6-, show antitumor ac-
tivity derived from its P-type ATPase inhibitory activity (Bijelic et al.,
2019). In addition, the study of the antibacterial activity of various
polyoxometalates, such as polyoxovanadotungstates and poly-
oxovanadates (especially decavanadate), have shown that some of them
are more active than commonly used antibiotics (Bijelic et al., 2018).

Manganese (Mn) is a naturally occurring heavy metal essential for
humans and animals. Manganese is a key component of different en-
zymes such as superoxide dismutase (SOD), which is present in mi-
tochondrial cells. This is especially important because the respiratory
chain is one of the processes producing free radicals in the cells, helping
to avoid the effects of anion superoxide in the mitochondrial electron
transport chain. Regarding V–Mn interactions, the information avail-
able is really scarce and it is summarized in Table 1.

The effect of exposure to vanadium, manganese or the combination
of both elements on the integrity of nuclear and mitochondrial DNA
remains unknown. It is known that several compounds of V(IV) and V
(V) (Zhao et al., 2010; Hosseini et al., 2013; Cunha-de Padua et al.,
2017) induce oxidative stress in mitochondria, which initiates cell
apoptosis.

The uptake of both metals is mediated by divalent metal transporter
1 (DMT1) (Afeseh Ngwa et al., 2009; Gunshin et al., 1997; Mackenzie
et al., 2007) and transferrin receptor (TfR). Both V and Mn are trans-
ported by transferrin (Iglesias-González et al., 2012; Treviño et al.,
2019). Moreover, the expression of DMT1 could be modified by both; V
(IV) in the form of VOSO4 (Ghio et al., 2005) and V(V) in the form of
V2O5 (Afeseh Ngwa et al., 2009) increase the expression of DMT1,
whereas Mn decreases its expression (Bai et al., 2008).

According to the above and considering that cell nucleus and mi-
tochondria are the main target cell organelles of V (Aureliano and
Ohlin, 2014), and that Mn is essential for the antioxidant activity of
mitochondrial SOD, the aim of the present study was to examine the
changes in cell viability, the integrity of nuclear and mitochondrial
DNA in HepG2 cells exposed to BMOV, and the effect of the co-exposure
to BMOV and MnCl2. The results obtained may help to clarify the
biological role of vanadium, its toxicity and its pharmacological use.

2. Materials and methods

2.1. Preparation of the vanadium complex BMOV(IV), its characterization
by electrospray ionization mass spectrometry, and biological ligands
interaction studies by HPLC-ICP-MS

Instrumentation. The electrospray-ionization quadrupole time-of-
flight (ESI-Q-TOF) mass spectrometry instrument used for addressing V
(IV) complexation with the corresponding ligands is a QStar XL model
(Applied Biosystems, Langen, Germany) equipped with an ion-spray
source and using N2 as nebulizing gas. The instrument was calibrated
daily using renin standard. The samples were dissolved in 50% MeOH/
H2O and continuously injected at a flow of 5 μL/min.

The HPLC separations were performed using a dual piston solvent
delivery pump (Shimadzu LC-10AD, Shimadzu Corporation, Kyoto,
Japan) equipped with the sample injection valve Rheodyne Model 7125
(Cotati, CA, USA), fitted with a 100 μL injection loop, and an anion-
exchange column, Mono-Q HR 5/5 (50× 5mm id, Pharmacia,
Amersham Bioscience, Spain). Specific atomic detection of V in the
column effluent was performed using an inductively coupled plasma
mass spectrometer (ICP-MS) Model 4500 from Agilent Technologies
(Agilent, Tokyo, Japan). Operating conditions are listed in Table 2. A
scavenger column (25× 0.5mm id) was placed between the pump and
the injection valve to eliminate possible traces of metal present as
contamination in the mobile phases, thus the elemental contaminationTa
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coming from the chromatographic system is reduced. The scavenger
column was packed with Kelex-100 (Schering, Germany) impregnated
silica C18 material (20 μm particle size) (Bondapack, Waters Corpora-
tion, Massachusetts, USA).

Preparation of the complex. The vanadyl complex BMOV was syn-
thesized as previously described [26]. Briefly, the vanadyl complexes
were synthesized by adding the stoichiometric amount of vanadyl sul-
fate and the corresponding ligand in water, adjusting the pH to 9 and
leaving to stand for 1 h. Characterization was conducted by ESI-Q-TOF.

2.2. Stability of BMOV determined by NMR

The stability of BMOV in the culture medium was determined by
nuclear magnetic resonance (NMR). A Bruker Avance NEO 500MHz
instrument (Ettlingen, Germany) was used. Crystals of the ligand 3-
Hydroxy-2-methyl-4-pyrone, 3-Hydroxy-2-methyl-4H-pyran-4-one
(maltol) and BMOV were dissolved in deuterated water and cell culture
medium (RPMI) with 10% deuterated water.

2.3. Exposure to vanadium and manganese

Cells were incubated with BMOV at the following concentrations of
V: 7, 15, 29 and 59 μM. For manganese studies, cells were incubated
with MnCl2 at the following concentrations of Mn: 18, 36 and 54 nM.
The selection of doses in this study were calculated based on the serum
concentration found in in vivo studies (Sanchez Gonzalez et al., 2012,
2014). The Mn concentrations correspond to the physiological levels in
plasma, twofold and threefold. Viability was tested at all the proposed
concentrations of metals. However, only the highest concentration of
each metal and the combination of both metals were used for the
mtDNA and comet assays. Cells were incubated with the metals for 32 h
for all these studies.

2.4. Cell culture conditions

The HepG2 cell line was obtained from the Cell Culture Resource
Centre at the University of Granada (Spain). Cells were precultured in
25 cm2 culture flasks at 37 °C in RPMI 1640 medium (Sigma) with 10%
(v/v) fetal bovine serum and 2mM glutamine in a humidified atmo-
sphere of 5% CO2. The culture medium for HepG2 was replaced once
per day. After the cell density reached 203 cell/mL approximately,
HepG2 cells were detached by trypsinization using a 0.25% trypsin-
EDTA solution, and collected by centrifugation at 1500 rpm for 5min.
Cell density was determined using a Neubauer chamber.

2.5. Cell viability assay

For determining cell viability, HepG2 cells were allowed to grow
until 60% confluence was reached. Subsequently, a (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay was
performed according to the method developed by Mossman in 1983 and
modified by Denioz and Lamb (Denizot and Lang, 1986). Briefly, after
adding 100 μL of MTT (0.5mg/mL) to each well, the mixtures were
incubated for 4 h at 37 °C. The supernatant was aspirated, and the MTT-
formazan crystals were formed by metabolically viable cells and were
dissolved in 100 μL of DMSO under 15min incubation. Finally, the
absorbance was measured using a microplate reader at a wavelength of
570 nm. The relative cell viability was calculated compared to control
wells containing only medium. All experiments were performed in tri-
plicate.

2.6. Comet assay

HepG2 cells were allowed to grow until 60% confluence was
reached. Subsequently, cell cultures were exposed to 59 μM BMOV,
54 nM MnCl2, and the combination of 59 μM BMOV and 54 nM MnCl2
for 32 h. Positive control cells were treated with 100mM H2O2 for 1 h.
Upon treatment, cells were treated with trypsin–EDTA solution (Sigma,
St Louis, MO, USA) and centrifuged for pellet collection. Cells were
resuspended in 1mL PBS.

Microscope glass slides were pre-coated with 1% normal melting
point (NMP) agarose on one side. A total of 30 μL of cell suspension
were mixed with 65 μL of low melting point (LMP) agarose solution
(final LMP agarose concentration 0.5%). Drops of each agarose-cell
suspension were added on each pre-coated slide and placed for 1 h at
4 °C in the lysis solution (containing NaCl 2.225M, Na2EDTA 88.9mM,
Tris 8.8mM, NaOH 0.22M, 10% DMSO and 1% Triton X-100).
Electrophoresis (1 V/cm) was performed for 20min at 4 °C using an
electrophoresis solution (Na2EDTA 1mM and NaOH 300mM,
pH > 13).

The solution of the slide was neutralized in triplicate (5min every
time) with Tris 0.4M. Ethanol was used for fixation. Finally, samples
were stained with 2-(4-amidinophenyl)-1H -indole-6-carboxamidine
(DAPI) (1 μg/mL) and analyzed using a fluorescence microscope
(Eclipse Ni; Nikon Instruments Europe B.V., Badhoevedorp, The
Netherlands). Over 150 nucleoids per sample (50 nucleoids per slide)
stained with DAPI were scored by computerized image analysis
(CaspLab, University of Wrocalw, Poland). Cells containing damaged
DNA have the appearance of a comet with a bright head and tail. In
contrast, undamaged DNA appears as an intact nucleus with no tail.
DNA damage was determined by comparing tail moments among
groups.

2.7. Assessment of the proportion of deleted mtDNA and mtDNA copy
number

The proportion of deleted mtDNA was determined using a quanti-
tative reverse-transcription polymerase chain reaction (QRT-PCR) to
amplify two mitochondrial genes, MT-ND4 and MT-ND1. Relative levels
of mtDNA copy number were also determined using QRT-PCR by am-
plifying the single-copy nuclear gene acidic ribosomal phosphoprotein
P0 (36B4) and using the previously obtained amplification data of
mitochondrial MT-ND1 gene. DNA amplification was performed in a
MicroAmp Optical 384-well Reaction Plate (Applied Biosystems, Foster
City, CA, USA) using the Applied Biosystem's 7900HT Fast Real-Time
PCR system. Primers used for the assays were as follows: MT-ND1
forward 5′-CCCTAAAACCCGCCACATCT′-3, MT-ND1 reverse GAGCGA
TGGTGAGAGCTAAGGT-3′, MT-ND4 forward 5′-CCATTCTCCTCCTATC
CCTCAAC-3′, MT-ND4 reverse 5′-CACAATCTGATGTTTTGGTTAAACT
ATATTT-3′, 36B4 forward 5′-CTGCAGATTGGCTACCCGAC-3′ and 36B4
reverse 5′-CACAGACAAAGCCAGGACCC-3′. Final primer

Table 2
Instrumental operating conditions.

HPLC parameters
Column Mono Q 5/5 HR (Pharmacia, Amersham)
Mobile phases A. 50mM Tris-Acetic Acid (pH 7)

B. A + 250 mM Ammonium Acet. buffer (pH 7)
Gradient 0%–100% B in 30min

30–35min 100% B
36min 0%B

Injection volume 100 μL
Flow rate 1mL/min
Detection UV (295 nm)
ESI-MS parameters
Instrument QStar XL (Applied Biosystems)
Scan type Positive TOF MS or Positive Product Ion
Ionspray voltage 5.5 kV
Nebulizing gas N2

Injection rate 5 μL/min
External calibration Renin standard
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concentrations were 200 nM except for the last two that concentrations
were 300 and 500 nM, respectively. Reactions were performed in a total
volume of 10 μL. Reaction mixture in each well included genomic DNA
(5 ng), 2x QuantiNova SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) (5 μL), ROX dye (Applied Biosystems,
Foster City, CA, USA) (1 μL), Mili-Q sterilized H2O and the corre-
sponding oligonucleotide primers. Reaction conditions were set at 95 °C
for 2min followed by 40 cycles of data collection consisting of a de-
naturation step at 95 °C for 8 s and an annealing/extension at 58 °C for
15 s. An additional phase to obtain a melting curve was performed at
the end of each reaction to verify specific amplification. Standard
curves were included for data analysis. Mean quantification cycle (Cq)
for each sample was calculated using Sequence Detector Systems ver-
sion 2.4 software. The proportion of deleted mtDNA was calculated for
each well as the ratio between MT-ND4 and MT-ND1 amplification data
considering reaction efficiency values. The resulting values were di-
vided by the average obtained from control samples (untreated cells)
analysis. This allowed to obtain a relative MT-ND4:MT-ND1 ratio. In
turn, the MT-ND1:36B4 ratio was calculated and multiplied per two to
obtain mtDNA copy number for each sample. DNA used in the afore-
mentioned assays was isolated using a NucleoSpin Tissue kit
(Macherey-Nagel GmbH & Co. KG, Dόren, Germany) according to the
manufacturer's instructions.

2.8. Determination of total metal concentrations

First, HepG2 cells were washed with physiological saline solution,
and then diluted with a basic solution containing ammonium hydro-
xide, butanol, EDTA and Triton X-100. Determination of V, Mn and Fe
total content in cells samples was performed using an ICP-MS instru-
ment (Agilent 7500, Agilent Technologies, Tokyo, Japan) fitted with a
Meinhard type nebulizer (Glass Expansion, Romainmotier, Switzerland)
and equipped with a He collision cell. A Milli-Q system (Millipore,
Bedford, MA, USA) was used to obtain deionized water (18MΩ). All
reagents (Ammonium Hydroxide Solution, Butanol, EDTA, Triton X-
100) used were of the highest purity available. A standard solution of
100 μg/L of Li, Mg, Sc, Co, Y, In, Ce, Ba, Pb, Bi, and U in 1% (v/v) HNO3
was prepared from a 1000mg/L multi-element stock standard solution
(Merck) and used for daily optimization of the ICP-MS parameters.
Single-element standard solutions for ICP-MS containing 1000 μg/mL of
V, Mn and Fe were also purchased from Merck. Calibration curves were
prepared using Ga as an internal standard and by the dilution of stock
solutions of 1000mg/L in 1% HNO3. The accuracy of this method was
evaluated by comparison with the certified reference material
SeronormTM Trace Elements Serum (Billingstad, Norway) and by re-
covery studies of spiked samples with multi-element standards. The
calculated recoveries for each element were between 95% and 105% in
all cases. The percentage of the coefficient of variation (CV) obtained
was 5.6% for V, 1.3% for Fe and 2.9% for Mn. For each element, we
used the mean of five separate determinations of this reference mate-
rial.

2.9. Statistical analysis

Descriptive statistical parameters (means and standard deviations of
8 samples for each experiment) were obtained for each of the variables
studied. The means of independent variables were statistically com-
pared among the groups. All analyses were performed using SPSS 20.0
(SPSS, Chicago, IL, USA). Differences were considered statistically sig-
nificant at a probability level< 5%.

3. Results

3.1. Characterization of BMOV by electrospray ionization mass
spectrometry

The presence of V(IV) complexes was assessed by ESI-Q-TOF. For
this purpose, the samples were dissolved in 50% MeOH/water and di-
rectly introduced into the instrument. Fig. 1 shows the spectra corre-
sponding to BMVO. As it can be observed, the main product is the ex-
pected complex with molecular ion at m/z 318 and the excess of maltol
at m/z 127 showing also mass defect characteristic of V. The structure
of these species was further confirmed by MS/MS (data not shown).

Incubation of BMOV with transferrin. The standard of transferrin
was used as purchased without further purification. Solutions (0.5 μL)
containing 3mg/mL of transferrin were incubated with 0.5 μL of the V
(IV) (10 μg/mL) complex at 37 °C for 24 h. After incubation, samples
were measured directly by HPLC-ICP-MS. The mixtures were degassed
to avoid possible V oxidation by passing a gentle flow of N2 over the
surface of the solution prior sample manipulation. All incubations were
performed in the presence of a 25mM NaHCO3 (25 μL) solution). Fig. 2
shows a single peak corresponding to the vanadyl-saturated transferrin.

3.2. BMOV stability in cell culture medium

The results of the NMR assay show that BMOV was stable over
several days without any sign of decomposition. The 1H-NMR spectrum
(23 °C) of the ligand maltol dissolved in deuterated water shows a
number of resonances (Fig. 3a). Likewise, maltol dissolved in RPMI

Fig. 1. Characterization of BMOV by electrospray ionization mass spectro-
metry.

Fig. 2. HPLC-ICP-MS profile after incubation of BMOV with transferrin.
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showed the same 1H-NMR spectrum in addition to a number of re-
sonances consistent with the composition of the cell culture medium
(Fig. 3b). Interestingly, when BMOV was dissolved in the culture
medium (Fig. 3c), the signals corresponding to the ligand maltol were
not found. BMOV is a paramagnetic complex, the non-appearance of
these signals is an unequivocal proof that the compound BMOV re-
mained in solution. Finally, after 48 h, the spectrum of the compound
BMOV in the culture medium (Fig. 3d) was recorded again, finding that
this compound was stable over several days without any sign of de-
composition.

3.3. Cell viability

Fig. 4 shows the results of cell viability according to the MMT assay

in HepG2 cells incubated with different concentrations of V or Mn.
When HepG2 cells were incubated with V at doses above 7 μM, a sig-
nificant decrease in cell viability was observed in a dose dependent
manner (Fig. 4). No significant differences were found in cell viability
when cells were exposed to 18 nM Mn compared to unexposed cells.
However, cell viability increased significantly when cells were exposed
to 36 and 54 nM Mn (Fig. 4). The co-exposure of HepG2 cells to BMOV
and MnCl2 (Fig. 5) caused a significant increase in cell viability com-
pared to the viability found in control cells and cells exposed to 59 μM
BMOV.

3.4. DNA damage

Results of the tail moment of the comet assay are shown in Table 3

Fig. 3. NMR spectra to corroborate the stability of BMOV in RPMI medium.

Fig. 4. Cell viability of HepG2 Cells in presence of BMOV or MnCl2. Results expressed as mean ± SD. (a) vs. control group; (b) vs.7 μMV; (c) vs.15 μMV, (d) vs.
29 μMV; (e) vs. 59 μMV; (f) vs. 18 nM Mn. p < 0.05. Percentage rate of decrease (↓) or increase (↑).
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and Fig. 6. In cells exposed only to BMOV, tail moment value increased
significantly compared to all groups (P < 0.05).

The tail moment of cells incubated with MnCl2 was similar to that
found in control cells. Finally, cells incubated with the combination of
BMOV and MnCl2 showed a tail moment value significantly lower than
that found in cells incubated only with V.

3.5. Proportion of deleted mtDNA and mtDNA copy number

Regarding the proportion of deleted mtDNA, cells exposed to V
showed higher relative MT-ND1:MT-ND4 ratio than those cells be-
longing to the control group and those exposed to Mn alone or to the
combination of V and Mn (Fig. 7).

In turn, differences in mtDNA copy number values were found be-
tween control and V-treated cells. However, no statistically significant
differences in this parameter were found between cells treated with Mn
alone or V and Mn combination and those from control or V exposed
groups (Fig. 8) (see Fig. 9).

3.6. Fe, Mn and V uptake

The cellular uptake of V and Mn was determined. In addition, the
cellular uptake of Fe was measured because this metal uses the same
membrane transporter than Mn and could be involved in the process.
Table 4 shows the results of the cellular uptake assays performed,
showing the presence of significantly higher levels of V, Mn and Fe in
cells incubated with 59 μM BMOV. Nevertheless, the exposure of cells to
54 nM MnCl2 decreased significantly the levels of the three studied
metals compared to control cells or cells incubated with V. When cells
were incubated with a combination of 59 μM BMOV and 54 nM MnCl2,
the V cellular levels found were higher compared to those found in
control cells and cells incubated only with Mn, but lower than those

Fig. 5. Cell viability of HepG2 Cells in presence of BMOV or MnCl2. Results expressed as mean ± SD. (a) vs. control group; (b) vs. 59 μM V. p < 0.05. Percentage
rate of decrease (↓) or increase (↑).

Table 3
Tail moment values. Comets from HepG2 cells. Results expressed as
mean ± SD. (a) vs. control; (b) vs. positive control (H2O2); (c) vs. 59 μMV; (d)
vs. 54 nM Mn. p < 0.05

Tail moment value

Control 2.59E-02
Positive control cells (H2O2) 91.49a

Cells exposed to 59 μMV 39.44ab

Cells exposed to 54 nM Mn 0.0302bc

Cells exposed to 59 μM V + 54 nM Mn 26.78abcd

Fig. 6. Comets from HepG2 cells. (A) control unexposed cells; (B) cells exposed
to 54 nM Mn; (C) cells exposed to 59 μM V+54 nM Mn; (D) cells exposed to
59 μM V; (E) Positive control cells exposed to H2O2.
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found in cells incubated only with V. No differences in the levels of Mn
and Fe were found between both groups treated with Mn.

4. Discussion

4.1. Stability of BMOV

The results show that the vanadium complex synthesized and used
in the present study is stable in our experimental conditions. The ex vivo
interaction between BMOV and transferrin shows the ability of BMOV
to interact with biological ligands becoming part of the internal en-
vironment.

4.2. Cell viability

A decrease in the viability of HepG2 cells exposed to 15, 29 and
59 μM BMOV (Fig. 4) could be associated with the prooxidant and
proinflammatory activity of V suggested by other authors (Sanchez
Gonzalez et al., 2014; Ścibior and Kurus, 2019). The exposure of cells to
36 and 54 nM Mn significantly increased cell viability. This increase can

be explained by the protective properties associated with this metal on
which the activity of the mitochondrial SOD enzyme is dependent
(Fig. 4). A higher cell viability was found in cells incubated with a
combination of both metals (V and Mn) compared to unexposed control
cells, reaching levels similar to those found in cells incubated with only
Mn. This fact suggested that the dose of Mn studied is able to com-
pensate the oxidant effects of V (Fig. 5).

4.3. Nuclear DNA damage

Previously published studies conducted in vivo have shown that
BMOV (IV) promoted the oxidative stress causing lipid peroxidation
and protein carbonylation (Sanchez Gonzalez et al., 2012). In order to
deepen this concept, oxidative nuclear DNA damage was studied by the
determination of the parameter “tail moment” using the comet assay.
The experimental conditions were the same than those used for the
viability assays (HepG2 cells incubated with 59 μM BMOV, 54 nM
MnCl2, and the combination of both). Tail moment increased sig-
nificantly (more than 1500 times) in hepatocytes incubated with 59 μM
BMOV showing DNA damage compared with unexposed cells (Table 3,

Fig. 7. ND1/ND4 mtDNA deletion. Results expressed as mean ± SD. (a) vs. control; (b) vs. 59 μM V. p < 0.05. Percentage rate of decrease (↓) or increase (↑).

Fig. 8. ND1/ND4 mtDNA copy number. Results expressed as mean ± SD. (a) vs control. p < 0.05. Percentage rate of a decrease (↓) or increase (↑).
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Fig. 6). This result is consistent with the decrease in cell viability found
in cells exposed to this dose of BMOV. The findings are consistent with
those previously described by other authors who found that V (IV)
tetraoxide (V2O4) damaged chromosomes or found an increase in comet
tail length in splenocytes of mice caused by vanadium administered as
sodium ortho-vanadate (V) (Leopardi et al., 2005). Moreover, it has
been shown that V induced sperm nuclear DNA fragmentation (Vijaya
Bharathi et al., 2015) and a tight interaction of VO-complexes with the
DNA (Adam and Elsawy, 2018). Nuclear DNA was not altered when
cells were incubated with 54 nM MnCl2. The absence of nuclear DNA
damage would keep cell viability intact, as shown in the results ob-
tained in the present study (Fig. 4). Tail moment value decreased (by
32%) when cells were incubated with BMOV and MnCl2 simultaneously
(Table 3, Fig. 6) compared with cells treated with only BMOV. None-
theless, this effect was not predicted by the MTT assay, whose results
showed that in cells incubated with both metals at the same time, cell
viability was higher to that found in control unexposed cells.

4.4. Mitochondrial DNA damage

Mitochondria are the main cell source of reactive oxygen species
(ROS) and this organelle is very susceptible to oxidative stress.
Vanadium can accumulate in mitochondria, which depends on the
concentration of V, exposure time and tissue type (Aureliano and Ohlin,
2014; Soares et al., 2007). The role of vanadium in mitochondria has
not yet be clarified. It has been described how mitochondria isolated
from rat liver exposed to V (IV) or V (V) exhibited multiple actions on
mitochondria. These effects included the induction of ROS formation,
ATP depletion, mitochondrial permeability transition pore (PTP)
opening and apoptosis induction by cytochrome c release (Hosseini

et al., 2013; Zhao et al., 2010). Other studies have shown how different
V formulations (as decavanadate) affected the redox state of the mi-
tochondrial complex III without changes in complex IV nor inducing the
opening of the mitochondrial permeability transition pore (Aureliano
and Ohlin, 2014). However, there is currently no information on
whether BMOV affects mtDNA or the capacity of Mn to prevent po-
tential damages. In the present study, the toxic effect of BMOV on
mitochondria was evaluated using ND1/ND4 deletion and variations in
mtDNA copy number. Integrity of mtDNA has been related to mi-
tochondrial function and involved in conditions such as diabetes,
cancer or neurodegenerative disorders (Sharma and Sampath, 2019;
Yamada et al., 2006; Yu, 2011). Aging has been also associated with
increases in mtDNA deletions (Picard et al., 2016). Meanwhile, dietary
treatments such as calorie restriction (Cassano et al., 2004) or feeding
on various unsaturated fats (Ochoa et al., 2011; Quiles et al., 2010,
2006) attenuated mtDNA deletions in aging. The MT-ND4 gen is within
the so-called common deletion and the ratio with the most stable MT-
ND1, rarely deleted, correlates with the level of deleted mtDNA (He
et al., 2002). In the present study, a higher relative MT-ND1:MT-ND4
ratio (Fig. 7) was found in cells exposed to BMOV (59 μM) compared to
the control cells. Vanadium (IV) and (V) induce mitochondrial ROS
formation (Hosseini et al., 2013; Zhao et al., 2010), which could lead to
more oxidative alterations of DNA, including deletions, which are
supported by differences in MT-ND1:MT-ND4 ratio found in this study.
This deleterious effect of BMOV on mtDNA is consistent with the higher
nuclear DNA damage as demonstrated by the results of the comet assay.
Therefore, the damage to HepG2 cells affected the mitochondrial and
nuclear DNA structure. Both types of damage were prevented after the
concomitant exposure to V and Mn. Furthermore, mtDNA copy number
reached similar results to those found for mtDNA deletion (Fig. 8).
Therefore, the exposure to BMOV increased mtDNA copy number, and
additional exposure to MnCl2 (i.e. V 59 μM + Mn 54 nM) reduced it.
The replication of mtDNA may not be associated with mitochondrial
proliferation in all situations (Shadel, 1997). However, mtDNA re-
plication is regulated by genes involved in mitochondrial biogenesis,
such as the mitochondrial transcription factor A (TFAM), which is di-
rectly proportional to the mtDNA amount (Ekstrand et al., 2004;
Pohjoismäki et al., 2006). In the present study, toxic effects of BMOV on
mitochondria led to an increased mtDNA copy number, which might be
the cellular response to an increased process of selective mitophagy
(Kim et al., 2007). Therefore, biogenesis would be stimulated to com-
pensate the decline in mitochondrial function (Lee and Wei, 2005). The

Fig. 9. Chart of the major effects and applications of vanadium and manganese.

Table 4
HepG2 cellular content of V, Mn and Fe after 32 h incubation with V, Mn and
V + Mn. Results expressed as mean ± SD. (a) vs. control; (b) vs. 59 μMV; (c)
vs. 54 nM Mn

Exposure levels to V or/
and Mn

Cellular metal content

V ng/106 cells Mn ng/106 cells Fe ng/106 cells

Control 5.54 ± 0.06 43 ± 12 6393 ± 144
59 μMV 45 ± 0.38a 66 ± 1.3a 9616 ± 86a

54 nM Mn 2.12 ± 0.028a,b 19 ± 0.11a,b 2514 ± 31a,b

59 μM V+54 nM Mn 14.47 ± 0.28a,b,c 20 ± 0.48a,b 2610 ± 68a,b
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lower activation of biogenesis suggests that this effect is occurring in
the present study.

4.5. Fe, Mn and V uptake

The effect of metals on cell viability and nDNA and mtDNA could be
explained by the cellular uptake and homeostasis of metals. The cellular
concentration of V, Mn and Fe were determined to quantify this uptake.
The Fe levels have been analyzed because V, Mn and Fe are transported
in blood by transferrin (Tf) (Horning et al., 2015) and the three of them
use the same mechanisms for their cellular uptake (mainly DMT1 and
TfR1); in addition, ferroportin (FPN1) is involved in the efflux of both
Fe and Mn (Horning et al., 2015).

It is known that the divalent metal transporter 1 (DMT1) plays an
important role in cellular uptake of Fe2+, Mn2+ (Gunshin et al., 1997)
and V (as V3 o VO2+) (Afeseh Ngwa et al., 2009; Mackenzie et al.,
2007). However, the effect of V on the expression of the transporter is
not fully understood. No significant changes in the DMT1 levels have
been found in the liver and in the cerebral hemispheres of rats exposed
to V(V) in the form of NaVO3, supplied in their drinking water; whereas
the kidney levels of DMT1 decreased in these rats compared to control
rats (Scibior et al., 2014). In contrast, other authors (Ghio et al., 2015)
reported an increased expression of the DMT1 in human bronchial
epithelial cells after an exposure to V(IV) in the form of V(SO4)2.
Consequently, the increase in V, Mn and Fe cellular levels when cells
are incubated with BMOV (Table 4) could be caused by several pro-
cesses. The increased expression of DMT1 (Ghio et al., 2015), which
facilities the uptake of the three metals in the divalent form, particu-
larly Mn(II) and Fe(II). The formation of the ferrous ion (Fe(II)) from
the ferric ion (Fe(III)) present in the cell growth media could be due to
the complex redox chemistry of vanadium allowing the oxidation of V
(IV) to V(V) with the subsequent reduction of Fe(III) to Fe(II). This
would explain a higher Fe(II) uptake through DMT1. Simultaneously,
the oxidized V(V) could be taken up in association with Tf through TfR1
(Treviño et al., 2019). Our research group have previously showed that
BMOV increases gene expression of hepcidin in liver (Sanchez Gonzalez
et al., 2014). Hepcidin produces the degradation of FPN1 (De Domenico
et al., 2007; Nemeth et al., 2004), which could decrease the efflux of
Mn and Fe, leading to the accumulation of these metals into the hepatic
cells. In cells incubated with MnCl2, a significant decrease in the con-
centration of V, Mn and Fe compared to control cells has been found
(Table 4). In this case, the hypothesis states that Mn(II) and Fe(III)
compete for the binding sites of Tf. This fact induces a decrease in the
uptake of Fe(III) uptake because it can only be taken up by means of Fe-
Tf complex formation. Moreover, an inhibition of Fe uptake has been
found (Arredondo et al., 2013) in DMT1-transfected HEK-293 cells after
an exposure to Mn. Other authors have suggested that Mn promoted a
decrease in DMT1 mRNA expression (Bai et al., 2008), and an increase
in FPN1 mRNA expression in Caco-2 cells treated with Mn (Li et al.,
2013). Consequently, a decrease in DMT1 expression could be asso-
ciated with a lower metal uptake and an increase in FPN1 expression
will result in an increase of the efflux of Mn and Fe. Thus, all me-
chanistic pathways can be occurring at the same time when the two
metals (V + Mn) are provided simultaneously. Therefore, the positive
effects on DNA and cell viability shown in this study when cells were
incubated with MnCl2 and BMOV compared with cells incubated only
with BMOV could be due to the Mn-mediated inhibition of V uptake.

5. Conclusion

In conclusion, at the experimental conditions of this study, the ex-
posure of HepG2 cells to 59 μMV, administered as BMOV (IV), de-
creased cell viability and caused significant nDNA and mtDNA damage.
These negative effects were partially corrected by the co-exposure of
cells to 59 μMV and 54 nM Mn, the latter administered as MnCl2, in the
culture medium. These co-exposure effects could be due to the fact that

Mn significantly decreases the cellular uptake of V. The possible posi-
tive association of both trace elements V and Mn could facilitate the
therapeutic use of V and reduce the toxicity of the V from the en-
vironmental and occupational vanadium exposure. Nevertheless, fur-
ther studies are needed to better determine the effects arising from
these interactions to establish the role of V as a micronutrient and to
reduce its toxic effects. Future assays will be conducted to establish the
functionality of the mitochondria in mitochondrial respiration as a
consequence of the mtDNA damage induced by vanadium and restored
after the exposure to manganese.
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