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I.U. Bahena-Ocampo c, E. Santiago-Osorio d, E. Bonilla-González c, J.J. Rodríguez-Mercado a,*
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A B S T R A C T

Vanadium (V) has garnered attention due to its pharmacological properties; however, its toxic effects have also 
been documented. Among the vanadium compounds that are found in the environment, vanadium trioxide 
(V2O3) has attracted interest because of its impact on biomolecules such as DNA, RNA, and proteins. However, its 
precise mechanism of action remains unclear, although it is suspected to be related to oxidative stress. Therefore, 
this study aimed to determine the mechanisms involved in DNA damage and the associated cellular response 
pathways. Primary cultures of human lymphocytes were exposed to 2, 4, 8, or 16 µg/mL V2O3. DNA damage due 
to oxidized bases was evaluated via a comet assay. The expression levels of sensor proteins (ATM and ATR) 
involved in DNA damage were determined via Western blotting, and the mRNA expression levels of metal
lothionein 1 (Mt-1) and genes involved in DNA repair (OGG1, APE1, XPB, XPD, MRE11, RAD50, Ku70, and Ku80) 
were estimated via RT-PCR and qPCR. The results showed that V2O3 is an oxidant that is responsible for DNA 
damage through oxidized bases, as demonstrated by increased DNA migration in the presence of the FPG 
enzyme. At the molecular level, V2O3 treatment also increased ATM protein expression. In terms of mRNA 
expression, the overexpression of Mt-1, OGG1, APE1, Ku70, and Ku80 was observed. This finding suggests that 
DNA damage is primarily repaired via two mechanisms: base excision repair (BER) and nonhomologous end 
joining (NHEJ). In conclusion, one mechanism of action of V2O3 involves the oxidation of nitrogenous bases in 
DNA, the activation of damage sensors (such as ATMs), and the overexpression of Mt-1 as part of the antioxidant 
response to mitigate the effects of V and facilitate DNA repair pathways (including BER and NHEJ).

1. Introduction

Vanadium (V) compounds have attracted considerable interest due 
to their pharmaceutical applications; however, in vivo studies have 
demonstrated certain toxicities in different organs, depending on the 
specific chemical compound and oxidation state [1,2].

In the atmosphere, compounds are formed via fossil fuel combustion, 
with compounds including vanadium oxides such as vanadium pent
oxide (V2O5), vanadium tetroxide (V2O4), and vanadium trioxide 
(V2O3), to which populations are exposed. V2O5 accounts for three- 

quarters of all vanadium oxides; however, industries have strived to 
minimize its formation because when V2O5 comes into contact with 
sulfur dioxide (SO2) and moisture, it generates sulfuric acid (H2SO4), 
which is corrosive to combustion machinery [3–5]. This process leads to 
the formation and release of vanadium in the form of V2O4 and V2O3.

Vanadium oxides in the air and particulate matter (PM) enter the 
body via inhalation [6–8] and travel throughout the circulatory system 
by binding to transferrin or albumin, after which they eventually 
accumulate in various organs [1,9–11].

It has been reported that V levels in unexposed students range from 
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0.01–1.20 ng/mL [12]. In studies comparing blood V levels in children 
living near metallurgical plants, the median V level was 0.078 μg/L, 
whereas in children from rural areas, the median V level was 0.042 μg/L 
[13].

The V levels in the urine and blood of exposed workers have been 
shown to be 50–2000 times higher, with ranges of 3.1–217 ng/mL in 
workers compared with 0.02–0.095 ng/mL in the reference group [14], 
as well as ranges of 3.02–762 ng/mL in workers compared with 
0.06–0.48 ng/mL in nonexposed individuals [15]. Additionally, cases of 
intoxication, exposure due to medical prosthetics, and even death due to 
ingestion with respect to V have been reported [16–18].

In Mexico, increased V levels have been reported by determining 
metal concentrations in lung tissues [19] and by measuring vanadium 
levels in the atmosphere [5,20]. The effects of V2O5 are well docu
mented; specifically, this compound is known to induce adenomas and 
lung carcinomas in mice and is considered to be a possible carcinogen 
for humans [21]. However, few studies have investigated other oxides, 
especially V2O3.

V2O3 is known to induce chromosomal aberrations, sister chromatid 
exchange, and single-strand breaks, as well as increase the expression of 
phosphorylated variant histone A (H2AX), which is a marker of double- 
strand DNA breaks [22–25]. Additionally, it reduces the mRNA 
expression levels and protein products of cyclin D, cyclin E, cdk2, and 
cdk4 [25]. These effects may be linked to increased levels of reactive 
oxygen species, as V2O3 exposure in cells elevates hydrogen peroxide 
(H2O2) levels; by participating in the Fenton and Haber-Weiss reactions, 
increased H2O2 levels subsequently generate hydroxyl radicals (⋅OH) 
and vanadyl ions (VO2 +). This effect can impair the antioxidant defense 
system, thereby leading to lipid peroxidation, protein oxidation, and 
damage to the nitrogenous bases of nucleic acids [25–28].

Cells respond to DNA damage in various ways, including the acti
vation of deoxyribonucleic acid (DNA) repair mechanisms, detoxifica
tion, senescence, or programmed cell death [7,29]. The cell relies on 
complex systems that recognize both endogenous and induced damage. 
The proteins involved in these systems correspondingly activate 
signaling cascades that include sensor protein complexes such as the 
MRN complex (meiotic recombination 11, or MRE11; ATP-binding 
cassette-ATPase, or RAD50; and Nijmegen breakage syndrome 1, or 
NBS1), Ku protein (Ku70/80) heterodimers, or RPA and the 911 com
plex (replication protein A and Rad9-Hus1-Rad1), which activate 
transducers such as Ataxia telangiectasia mutated (ATM) and ATM and 
Rad3-related (ATR). These transducers subsequently stimulate effectors 
such as p21, although p53 does not increase in these cases [30–32].

Concrete data regarding the repair mechanisms that are activated in 
response to the genotoxic damage caused by V2O3 are still lacking. 
However, due to the nature of the lesions that are induced by V2O3 
[22–26], we suspect that the excision repair machinery (base excision 
repair [BER] or nucleotide excision repair [NER]) and recombination 
machinery (homologous recombination [HR] or nonhomologous end 
joining [NHEJ]) are activated. Furthermore, the response of antioxidant 
molecules, such as metallothionein 1 (Mt-1) (which protects cells from 
heavy metal toxicity) [33,34], has also not been sufficiently explored. 
Therefore, in the current study, we focused on the effects of V2O3 in 
cultures of human lymphocytes with the aim of determining the mech
anisms that are involved in DNA damage and the associated cellular 
response pathways.

Specifically, we evaluated whether V2O3 induces changes in the 
expression of Mt-1, ATM, and ATR; assessed DNA damage via oxidized 
bases; and analyzed the DNA repair mechanisms that are activated by 
this damage.

2. Materials and methods

2.1. Reagents

The following reagents were used to develop the protocols: 

vanadium trioxide (V2O3, CAS 1314–34–7 with 99.99 % purity), His
topaque®-1077, phosphate-buffered saline (PBS), agarose, NaCl, Non
idet P-40, DTT (1,4-dithiothreitol), sodium orthovanadate (NaVO4), 
sodium biphosphate (NaH2PO4), disodium phosphate (Na2HPO4), Na2- 
EDTA, Trizma® base, and DMSO, with all of these reagents being ob
tained from Sigma-Aldrich, Inc., MO, USA. The formamidopyrimidine- 
DNA glycosylase enzyme (Fpg) was obtained from New England Bio
Labs® by ChemCruz®, Dallas, USA. PB-MAXTM Karyotyping medium 
and RPMI-1640 medium were obtained from Gibco BRL-Invitrogen 
Corporation, NY, USA. Acrylamide, N,N′-methylenebisacrylamide, 
glycine, sodium dodecyl sulfate (SDS), N,N,N′,N′-tetramethylethylene
diamine (TEMED), tris(hydroxymethyl)aminomethane (Tris), ammo
nium persulfate, and the Bio-Rad protein assay were purchased from 
Bio-Rad Laboratories, CA, USA. The protease inhibitors aprotinin, leu
peptin, and PMSF; the primary antibodies anti-ATM (sc-377293), anti- 
ATR (sc-515173), and anti-actin (sc-8432); the horseradish 
peroxidase-conjugated secondary antibody m-IgGk BP-HRP (sc- 
516102); the goat anti-mouse antibody IgG-HRP and Tween 20; and the 
Western Blotting Luminol Reagent (sc-2048) were obtained from Santa 
Cruz Biotechnology, Inc., CA, USA. EDTA was obtained from BD Di
agnostics, Mexico. The TRIzol Reagent, RevertAid First Strand cDNA Kit 
(K-1622), and Maxima SYBR Green/ROX qPCR Master Mix (K-0221) 
were obtained from Thermo Fisher Scientific, MA, USA; additionally, 
Crystal Taq Master Mix (2x) was obtained from Jena Bioscience, 
Germany.

2.2. Lymphocyte culture and treatments

Peripheral blood samples were collected from three volunteers via 
the Vacutainer® system, and lymphocytes were isolated with Histo
paque®-1077. For the single-cell gel electrophoresis assay, 4 × 105 cells 
were incubated in 3 mL of RPMI-1640 medium supplemented with 2, 4, 
8, or 16 μg/mL V2O3 for 2 h. V2O3 was ground and dissolved in distilled 
water before use.

For the other assays, 1 × 10⁷ cells were incubated in 5 mL of PB-MAX 
karyotyping medium for 24 h at 37◦C. After this incubation period, V2O3 
at concentrations of 2, 4, 8, or 16 μg/mL was added, and the cells were 
incubated for an additional 24 h. An untreated group (0 μg/mL) was 
included in all of the cases. The utilized concentrations were selected 
based on previous reports. The procedures involving human volunteers 
adhered to the guidelines of the Helsinki and Tokyo Declarations and 
were approved by the Committee of Ethics and Biosecurity of FES- 
Zaragoza, UNAM (registration number: FESZ-CE/21–118–01).

2.3. Comet assay

After the treatments, the cells were collected via centrifugation, and 
40 µL of the cell suspension was mixed with 260 µL of low melting point 
agarose and placed onto four slides that had been previously coated with 
a uniform layer of 1 % normal melting point agarose, according to 
protocols described in previous reports [23]. The preparations were 
submerged in lysis solution (2.5 M NaCl, 100 mM Na2-EDTA, 10 mM 
Trizma® base, pH 10, and 1 % Triton X-100) for 24 h at 4◦C. Two 
preparations from each treatment were used for the standard comet 
assay, and the other two preparations were used for the Fpg 
enzyme-modified version.

The lysis solution was removed, and half of the preparations were 
placed into a horizontal electrophoresis chamber (Claver Scientific, CSL- 
COM Series, Mexico). Electrophoresis was performed by using electro
phoresis buffer (300 mM NaOH and 1 mM EDTA, pH > 13) for 20 min at 
25 V and 300 mA. The slides were subsequently placed into a neutral 
solution (0.4 mM Trizma® base, pH 7) for 10 min and fixed with 70 % 
ethanol for 10 min. The preparations were subsequently stained with 
25 µL of ethidium bromide (0.025 µg/mL) and observed under a fluo
rescence microscope with a green filter (515–560 nm) at 400X magni
fication. DNA damage was estimated using an ocular micrometer by 
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measuring the length of the nucleoids in 200 comets per sample, which 
ultimately resulted in a total of 600 comets per treatment.

2.4. Fpg-modified comet assay

The preparations that were intended for the assessment of DNA 
damage caused by oxidized bases via the use of the Fpg enzyme were 
processed as follows. After lysis, the preparations were washed with PBS 
and then rinsed three times with reaction buffer (40 mM HEPES, 0.1 M 
KCl, 0.5 mM EDTA, and 0.2 mg/mL BSA at pH 8.0) following the 
manufacturer’s instructions. Subsequently, 50 μL of the diluted enzyme 
(0.5 UI/mL) was added to each preparation and incubated at 37◦C for 
20 min. After incubation with Fpg, single-cell gel electrophoresis was 
performed as previously described, and the comet length data were 
obtained.

2.5. Analysis of protein expression levels

Proteins were obtained by lysing the cells with RIPA buffer (150 mM 
NaCl, 5 mM EDTA, 1 % Nonidet P-40, 0.1 % SDS, 1 mM DTT, 1 mM 
NaVO4, 5 mM Na2HPO4, and 10 mM NaH2PO4) and protease inhibitors. 
The protein concentration was determined using the use of the Bio-Rad 
protein assay reagent. The proteins were subsequently separated via 
polyacrylamide gel electrophoresis (SDS-PAGE, 12 %) at a constant 
current of 100 V, after which they were transferred to a Bio-Rad PVDF 
membrane via electroblotting at a constant current of 145 mA and 
blocked with 5 % fat-free powdered milk in TBST (0.05 % Tween 20 in 
Tris-buffered saline). The membrane was subsequently incubated over
night at 4◦C with one of the following primary antibodies: anti-ATM, 
anti-ATR, or anti-actin (with the latter antibody being used as a 
loading control). The membrane was incubated with the secondary 
antibody for 90 min, washed, and then incubated with the Western 
blotting Luminol Reagent. The reaction was captured by using the Bio- 
Rad ChemiDoc™ MP Imaging System. Band expression was analyzed 
via ImageJ 1.51d software from the National Institutes of Health, USA 
(https://imagej.nih.gov/ij/).

2.6. RNA extraction and cDNA synthesis

Total RNA was isolated from 1 × 107 cells via the standard TRIzol 
extraction method (following the manufacturer’s protocol) and resus
pended in 40 μL of molecular biology grade water. The purity and 
quantity of the RNA were determined with a biophotometer (Eppendorf 
AG 22331), and the RNA integrity was assessed via horizontal electro
phoresis on a 1 % low-melting-point agarose gel. The RNA samples were 
reverse transcribed into cDNA by using 3 µg of total RNA and the 
RevertAid First Strand cDNA kit (K-1622) with 1 µL of oligo(dT) primer, 
4 µL of 5X reaction buffer, 1 µL of RiboLock RNase Inhibitor (20 U/μL), 
2 µL of dNTP mixture (10 mM), and 1 µL of RevertAid M-MuLV RT (200 
U/μL), for a final volume of 20 µL. The reaction was performed at 42◦C 
for 60 min, followed by 5 min at 70◦C. The reaction tubes containing the 
reverse transcription (RT) preparations were then cooled on ice for 
subsequent cDNA amplification via PCR.

2.7. Qualitative polymerase chain reaction

The sequences of the specific primers and the product sizes are listed 
in Table 1. The presence of Mt was assessed via the use of 10 µL of 
Crystal Taq Master Mix (2x), 0.8 µL of oligos (0.3 µM), 2 µL of cDNA 
(150 ng), and 7.2 µL of RNase-free water. The reaction was performed in 
the MiniPCR thermocycler under the following conditions: 95◦C for 
120 s, 95◦C for 15 s, 60◦C (or the optimal temperature for each primer) 
for 30 s, and 72◦C for 60 s; the last three steps were repeated for 30 
cycles, followed by a final cycle at 72◦C for 5 min. The products were 
loaded onto a 2 % agarose gel along with the products of the constitutive 
gene. The relative expression intensities of the genes were obtained via 
the Bio-Rad ChemiDoc™ system.

2.8. Gradient polymerase chain reaction

A mix of cDNA from cultures treated with 0, 2, 4, 8, and 16 μg/mL 
V2O3 was prepared to verify the expression of repair genes (BER, NER, 
HR, and NHEJ), eliminate nonspecific products, and determine the 
optimal amplification temperature. The reaction was performed with 
10 µL of Crystal Taq Master Mix (2x), 0.8 µL of oligos (0.3 µM), 2 µL of 
cDNA mixture (400 ng), and 7.2 µL of RNase-free water. The mixture 

Table 1 
Primer characteristics according to Primer-BLAST.

Gen Sequence (5′→3′) Variant Product Tm (◦C)

β–Actin F 
R

TTCTACAATGAGCTGCGTGTG 
GGGGTGTTGAAGGTCTCAAA

α1, 2, 9, 1, 11, 5, 10, 3, 8, 4, 6, like 2, X1. 122 pb 60

Mt− 1 F 
R

TCTCCTTGCCTCGAAATGGAC 
GGGCACACTTGGCACAGC

Mt− 1X, Mt− 1E, Mt− 1E “like”, Mt− 1E V2, Mt− 1A, Mt-1M, Mt-1F, Mt-1F V1 
Mt− 1E V1

151 pb 
499 pb

59

OGG1 
(BER)

F 
R

ACTCCCACTTCCAAGAGGTG 
GGATGAGCCGAGGTCCAAAAG

X8, X7, X6, X5, X4, X3, X2, X1, 2e, 2c, 2 f, 1b, 1a, 2 h, 2d, 1c, 1e, 1d, 2b, 2a, 2 g. 165 pb 58

APE1 
(BER)

F 
R

CAATACTGGTCAGCTCCTTCG 
TGCCGTAAGAAACTTTGAGTGG

2, 4, 3, 1. 88 pb 53

XPD 
(NER)

F 
R

TCTGCCTCTGCCCTATGAT 
CGATTCCCTCGGACACTTT

X2, 1. 
CNOT3 (X16, X54, X52, X29, X28, X24, X16, X21) 
WIPF1

363 pb 
1991 pb 
3893 pb

54

XPB 
(NER)

F 
R

CCAGGAAGCGGCACTATGAGG 
GGTCGTCCTTCAGCGGCATTT

X2, X1, 1, 2, 3. 171 pb 53

Rad50 
(HR)

F 
R

CTTATACAGGACCAGCAGGAAC 
CCTTTCTGTCGCCCTAATGC

Rad50 686 pb 58

MRE11 
(HR)

F 
R

CCAGAGAGCCCTTGTACG 
TTCCACCTCTTCGACCTCTTC

X10, X9, X7, X5, X4, X1, X10, X9, X7, X5, X4, X1, 1, 3, 2. 
ZBTB4.- X11, X12, X10, X9, X8, X2, X1, X7, X6, X5, X4, X1, X3, X2, 1, 2. 
FAM120A.- X9, X8, X7, X6, X5, X4, X3, X2, X1. 
SALL2.- X2, X1, 1, 6, 
SETD1A.- X6, X5, X4, X2, X3, X1. 
LRRC41

667 pb 
1675 pb 
2737 pb 
1543 pb 
949 pb 
208 pb

57

Ku70 
(NHEJ)

F 
R

CCGAGATACAGGCATCTTCCT 
AGCTTTAACCTGCTGAGTGCT

X1, 4, 3, 2, 1. 
PHYKPL.- X7

204 pb 
96 pb

54

Ku80 
(NHEJ)

F 
R

AGCATAGACTGCATCCGAGC 
TCCCCATACATCCACGACCT

1, X1. 315 pb 59

F, Forward; R, Reverse; pb, base pairs; Tm, Melting temperature (◦C). The genes were purchased from Alpha DNA, PROBIOTEK.
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was placed into the thermocycler under the following conditions: 95◦C 
for 120 s, 95◦C for 15 s (with the annealing temperature ranging from 
50◦C to 62◦C for 30 s), and 72◦C for 60 s; the last three steps were 
repeated for 40 cycles, followed by a final cycle at 72◦C for 5 min. The 
products were analyzed in the same manner as for the previous PCR 
protocol, and product identification was used as the indicator to proceed 
with qPCR.

2.9. Quantitative polymerase chain reaction (qPCR)

qPCR was performed for the excision and recombination repair genes 
via the use of 10 µL of Maxima SYBR Green/ROX qPCR Master Mix (2X), 
0.8 µL of oligos (0.3 µM), 2 µL of cDNA (150 ng), and 7.2 µL of RNase- 
free water. The reaction was performed in a 7500 Real-Time PCR Sys
tem under the following conditions: 95◦C for 120 s, 95◦C for 15 s, 60◦C 
(or the optimal temperature for each primer) for 30 s, and 72◦C for 60 s. 
The last three steps were repeated for 40 cycles, followed by a final cycle 
at 72◦C for 5 min. The same reaction conditions were used for the other 
genes.

2.10. Statistical analyses

The data were analyzed using Prism 9.0.1 software for Mac. 
Normality was assessed with the Shapiro-Wilk and Kolmogorov-Smirnov 
tests. For normally distributed data, the results are presented as the 
mean ± standard error of the mean (SEM). For nonnormally distributed 
data, the results are expressed as the median and the interquartile range 
(IQR), represented by the first (Q1) and third (Q3) quartiles. For all of 
the experiments, three independent experiments were performed, with 
each experiment performed in duplicate (n = 6). To determine signifi
cant differences between the treated and untreated groups, analysis of 
variance (ANOVA) or Kruskal-Wallis tests were applied, with post hoc 
Tukey (equal variances), Dunnett (unequal variances), or Bonferroni 
correction (to adjust for p value calculation error) tests being conducted. 
Furthermore, * p < 0.05 and * * p < 0.01 were considered to indicate 
statistical significance.

3. Results

3.1. Assessment of DNA damage

When comparing the results of those untreated and treated with 
V2O3 increased the comet length samples, thus indicating the presence 

of DNA damage (Fig. 1a). When the Fpg enzyme was used, a greater 
increase was observed, thereby suggesting that the DNA damage was 
partially due to the presence of oxidized bases (Fig. 1b). A comparison of 
the comet length data from cells without Fpg (-) and with Fpg (+) 
revealed that oxidative DNA damage occurred in a concentration- 
dependent manner in response to V2O3 (Fig. 1c).

3.2. Mt-1 Activation

Compared with those in untreated cells, V2O3-treated cells for 24 h in 
the 4, 8, and 16 μg/mL groups presented upregulated expression 
(Fig. 2).

3.3. Expression levels of DNA damage sensor proteins

V2O3 administration for 24 h promoted ATM protein expression, 
with significant differences being observed at concentrations of 2 and 

Fig. 1. Comet assay to assess oxidative DNA base damage. Comet length in human lymphocyte cultures that were untreated (0 µg/mL) or treated with 2, 4, 8, or 
16 µg/mL V₂O₃ for 2 h. a) Alkaline comet assay; b) alkaline comet assay with the formamidopyrimidine-DNA glycosylase (Fpg) enzyme; c) comparison of treatments 
without (-) and with (+) the Fpg enzyme. Data are presented as medians, with the box extending from Q1 to Q3. * p < 0.05 vs. the untreated group. # p < 0.05 vs. 
the respective Fpg (-) group (Kruskal-Wallis test with Bonferroni correction for multiple comparisons).

Fig. 2. Mt-1 mRNA expression. Relative expression levels of Mt-1 mRNA in 
human lymphocyte cultures that were untreated (0 µg/mL) or treated with 2, 4, 
8, or 16 µg/mL V₂O₃ for 24 h. The data are presented as the means ± SEMs from 
three independent experiments, with each experiment performed in duplicate 
(n = 6). * p < 0.05 vs. the untreated group (ANOVA-Tukey test).
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16 µg/mL. In contrast, the ATR results did not significantly change 
(Fig. 3 and supplementary material A1).

3.4. mRNA expression levels of genes involved in DNA repair mechanisms

The expression of two genes per repair mechanism was evaluated, 
including 8-oxoguanine DNA glycosylase 1 (OGG1) and apurinic/apyr
imidinic endonuclease 1 (APE1) for BER, Xeroderma pigmentosum 
group B (XPB) and Xeroderma pigmentosum group D (XPD) for NER, 
MRE11 and RAD50 for HR, and Ku70 and Ku80 for NHEJ, which are 
representative genes for each mechanism. The optimal annealing and 
amplification temperatures for each gene were determined via gradient 
PCR within a temperature range of 50–62◦C, which was then used for 
qPCR.

The results of the gradient PCR analysis demonstrated that the HR 
repair mechanism was not activated, as MRE11 and RAD50 were not 
detected (A2), which differed compared to the expression of other genes, 
such as Ku80, in which nonspecific amplification was observed at lower 
temperatures (except at 59.3◦C) (A3).

The 2-ΔΔCt method was used with β-actin as the reference, and the 
calibration curve (R²: 0.977) and Ct for each concentration (A4) were 
obtained. The qPCR results for OGG1 demonstrated increases at all 
concentrations, with significant differences observed at 4, 8, and 16 µg/ 
mL V2O3; moreover, the results for APE1 demonstrated increases at 8 
and 16 µg/mL V2O3 (Fig. 4). For the helicases XPB and XPD (Fig. 5), no 
significant changes were observed compared with those in the control. 

However, increases (p < 0.05) in Ku70 and Ku80 expression were 
observed at 4, 8, and 16 µg/mL V2O3 (Fig. 6).

4. Discussion

The primary chemical form of V that is released during the com
bustion of fossil fuels is V2O5 [3–5]. However, under certain atmo
spheric conditions, V transforms into V2O3 [35], thus highlighting the 
importance of investigating the mechanisms by which V induces its 
toxicity.

The genotoxicity of V compounds has been demonstrated in cell lines 
and human leukocytes via the comet assay. The increase in comet tail 
length can reveal various types of lesions, including single-strand 
breaks, double-strand breaks, AP sites, and incomplete repair sites in 
DNA [23,36,37], which aligns with the results of this study. Addition
ally, the Fpg-modified comet assay revealed that some of the DNA 
damage induced by V2O3 treatment was due to oxidative stress. Fpg 
recognizes oxidized bases and cleaves the glycosidic bond, thereby 
resulting in AP sites; under alkaline conditions of electrophoresis, AP 
sites are converted to single-strand breaks. This increases the degree of 
observed DNA damage, which is reflected as longer comet tails than 
those evaluated without the use of the enzyme. This effect is comparable 
to that reported in workers and experimental mouse models exposed to 
V2O5, wherein oxidized bases were detected via the comet assay [38]
and high-performance liquid chromatography [39]. V2O3 also increases 
H2O2 levels [25,40], which is a substrate for the metal to generate ⋅OH 

Fig. 3. DNA damage sensors induced by V₂O₃. Relative protein expression levels of ATM and ATR in human lymphocyte cultures that were untreated (0 µg/mL) or 
treated with 2, 4, 8, or 16 µg/mL V2O3 for 24 h. The data are presented as the means ± SEMs from three independent experiments, with each experiment performed 
in duplicate (n = 6). * * p < 0.01 vs. the untreated group (ANOVA-Tukey test).
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[26,41,42], thus leading to oxidative lesions in the nitrogenous bases of 
DNA.

Mt are proteins that bind to transition metals such as Cu, Zn, Cd, Au, 
and Hg. The results of previous studies suggest that these proteins also 
bind to V2O3 and other V compounds in the V+5 oxidation state, wherein 
these biomolecules counteract the effects of heavy metals within the cell 
[43–46]. The increase in Mt-1 mRNA expression may be due to the 
binding of V3+ ions with the metal regulatory transcription factor 1 
(MTF-1), which facilitates the binding of RNA polymerase to the pro
moter region known as the metal response element (MRE), as observed 
with divalent cations such as Cd and other cations such as Tl [47–49]. 
Oxidative stress induction can activate a promoter known as the anti
oxidant response element (ARE) to stimulate the transcription of genes 
associated with antioxidant defense, including Mt-1 [50]. In this 
context, our previous studies revealed that V3+ increases the generation 
of reactive oxygen species [25], which may further contribute to the 
overexpression of Mt-1, thereby activating a protective mechanism to 
trap the metal and reduce oxidative stress.

The increase in ATM protein levels supports the hypothesis that V2O3 
induces double-strand DNA breaks, which is consistent with the phos
phorylation of the H2AX protein that has been previously reported in 
response to single-strand breaks and double-strand DNA breaks [23,25, 
51–53]. The activation of ATM suggests that V2O3 affects euchromatic 
regions of the genome, thereby facilitating chromatin relaxation via 
KRAB-associated protein 1 (KAP1) phosphorylation to allow for DNA 
repair; in contrast, repair in heterochromatic regions relies on 
p53-binding protein 1 (53BP1) [54,55].

The interference of V with essential cofactors such as Cu, Mn, and Zn, 
which are involved in polymerase function, may be a key factor in 
generating double-strand DNA breaks [34,37,39,56]. Additionally, 
increased Mt-1 expression may sequester these metals. Moreover, the 
resolution of abnormal structures in replication forks or mismatch repair 
(MMR) processes may lead to the formation of double-strand DNA 
breaks [57–59].

It has been proposed that unrepaired single-strand breaks, AP sites, 
or incomplete repair sites that are located within a proximity of 20 bp 

Fig. 4. Gene expression levels involved in the BER pathway. 2-ΔΔCt of OGG1 and APE1 mRNA in human lymphocyte cultures, that were untreated (0 µg/mL) or 
treated with 2, 4, 8, or 16 µg/mL V₂O₃ for 24 h. The data are presented as the means ± SEMs from three independent experiments, with each experiment performed 
in duplicate (n = 6). * p < 0.05 vs. the untreated group (ANOVA-Tukey test).

Fig. 5. Gene expression levels involved in the NER pathway. 2-ΔΔCt of XPB and XPD mRNA in human lymphocyte cultures that were untreated (0 µg/mL) or treated 
with 2, 4, 8, or 16 µg/mL V₂O₃ for 24 h. The data are presented as the means ± SEMs from three independent experiments, with each experiment performed in 
duplicate (n = 6). * p < 0.05 vs. the untreated group (ANOVA-Tukey test).
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Fig. 6. Gene expression levels involved in the NHEJ pathway. 2-ΔΔCt of Ku70 and Ku80 mRNA in human lymphocyte cultures that were untreated (0 µg/mL) or 
treated with 2, 4, 8, or 16 µg/mL V₂O₃ for 24 h. The data are presented as the means ± SEMs from three independent experiments, with each experiment performed 
in duplicate (n = 6). * p < 0.05 vs. the untreated group (ANOVA-Tukey test).

Fig. 7. Schematic diagram of the mechanisms underlying DNA damage and repair in human lymphocytes treated with V₂O₃. Vanadium enters the cell and is 
distributed to the nucleus, whereas other molecules are sequestered by metallothioneins (such as Mt-1). V2O3 molecules and their ions (V3+), which remain free, react 
with hydrogen peroxide (H2O2), thus forming hydroxyl radicals (⋅OH), which oxidize DNA and cause nitrogenous base oxidation, with 8-hydroxy-2′-deoxyguanosine 
(8-OHdG) being the primary product. This oxidative damage along the DNA strand is detected by the ATM protein. Free radicals and reactive products, in conjunction 
with V molecules, can be counteracted by Mt-1. The inset highlights the damage to the DNA molecule that is caused by reactive oxygen species, including AP sites, 
base oxidation, and single-strand breaks. The cell responds to this damage via the BER machinery, which involves OGG1 glycosylase and APE1 endonuclease, as well 
as the NHEJ system via the Ku70/80 complex, which recognizes double-strand breaks in the DNA.
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may be detected as double-strand DNA breaks by using proteins such as 
ATM [60]. Despite the presence of damage, V2O3 concentrations do not 
compromise cell viability, thus suggesting that cells may “detoxify” and 
effectively repair DNA damage.

This study provides evidence of the DNA repair mechanisms trig
gered by V, specifically with respect to V2O3, which induces oxidative 
base damage. This type of damage activates the BER pathway, as 
demonstrated by OGG1 and APE1 expression; these genes are involved 
in correcting lesions by excising bases and cleaving phosphodiester 
bonds, respectively, which is likely a result of oxidative stress.

Metals such as lead (Pb) and arsenic (As) induce similar repair re
sponses, which are reflected by increases in APE1 expression and 8-hy
droxy-2′-deoxyguanosine (8-OHdG) levels [61,62]. Notably, APE1 not 
only plays a role in BER but also may participate in the NHEJ pathway 
[63]. Our findings support this theory by demonstrating increased 
expression levels of Ku80 (XRCC5) and Ku70 (XRCC6), which are key 
changes for activating NHEJ; moreover, these changes in expression are 
correlated with ATM expression and elevated XRCC4 levels following V 
exposure [64]. Notably, NHEJ repair is typically activated during the 
G1/S phase, which is consistent with our previous findings that V2O3 
causes cell cycle delays at these phases [25].

The results suggest that V2O3 treatments enable cells to repair DNA 
damage, such as the effects of other metals wherein concentrations in 
the µM range, such as nickel(II) chloride (NiCl2, 100 µM), favor damage 
resolution via HR; in contrast, arsenic(III) oxide (As2O3, 1–5 µM) pri
marily leads to damage resolution via the NHEJ pathway [65]. In 
contrast, the mM concentration level inhibited repair mechanisms, as 
demonstrated with cadmium (Cd) and copper (Cu) [66].

To summarize, the results of this study showed that V2O3 treatment 
induced Mt-1 expression as part of the detoxification and antioxidant 
response to mitigate the effects of the metal, as well as those effects 
generated by reactive oxygen species. This compound causes DNA 
damage, which is primarily achieved through the oxidation of bases; this 
damage subsequently activates the BER and NHEJ repair mechanisms 
(Fig. 7).

5. Conclusions

Our data demonstrate that V2O3 treatment induces DNA damage via 
the oxidation of bases, which subsequently activates DNA repair 
mechanisms, including BER and NHEJ. Moreover, this damage leads to 
the upregulation of Mt-1 mRNA expression and ATM protein levels, 
which are components of the cellular detoxification and antioxidant 
response aimed at mitigating the oxidative stress generated by V2O3. 
These changes ultimately counteract the genotoxic effects. Nevertheless, 
due to the fact that each chemical species exerts individual effects, more 
information on the effects of V compounds will provide greater knowl
edge of the mechanism of action of V.
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