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MOLECULAR MODIFICATIONS INDUCED BY INORGANIC ARSENIC IN Vicia faba
INVESTIGATED BY FTIR, FTNIR SPECTROSCOPY AND GENOTOXICITY TESTING

P. Boccia1, C. Meconi1, M. Mecozzi2, E. Sturchio1

1Italian Workers’ Compensation Authority (INAIL), Department of Production Plants and
Anthropic Settlements (DIPIA), Rome, Italy
2Laboratory of Chemometrics and Environmental Applications, Rome, Italy

Exposure to inorganic arsenic (iAs) through drinking water is a major public health concern
affecting most countries. Epidemiologic studies showed a significant association between con-
sumption of iAs through drinking water and different types of cancer. However, the exact
mechanisms underlying As-induced cancer and other diseases are not yet well understood.
The aim of this study is to determine the effects of exposure iAs (20 or 30 mg/L) on Vicia
faba seedlings in terms of phytotoxicity, genotoxicity, and spectroscopy by investigation of
molecular modifications using infrared (FTIR) and near infrared (FTNIR) spectroscopy. Further,
the mitigation effects of a precursor of glutathione (GSH), N-acetylcysteine (NAC), were
also assessed. Spectroscopic and genotoxicity analysis demonstrated that specific molecu-
lar changes were directly correlated with iAs exposure. Comet assay in Vicia faba showed
significant effects at concentrations of 20 and 30 mg/L, depending on the structural changes
involving nucleic acids as identified by FTIR and FTNIR spectroscopy. Results of phytotoxicity
and micronuclei tests were significant only at higher iAs concentrations (30 mg/L), where
an antioxidant effect of NAC was noted. The two spectroscopic techniques demonstrated
molecular modifications predominantly associated with chemical interactions of iAs with
biomolecules such as nucleic acids, carbohydrates, lipids, and proteins in Vicia faba. Our find-
ings suggest that further studies are required to better understand the mechanisms underlying
toxicity produced by different As chemical forms in vegetal and agricultural species.

Arsenic (As) is a ubiquitous metalloid found
in the atmosphere, soils, rocks, and waters.
Arsenic is mobilized through a combination
of natural processes, such as weathering reac-
tions, biological activity, and volcanic emissions,
and different anthropogenic activities such as
mining and use of arsenical pesticides and
herbicides (Smedley and Kinniburgh, 2002).
Extensive chronic inorganic arsenic (iAs) poi-
soning is occurring in many countries, espe-
cially in South America and some regions of
Asia, potentially affecting tens of millions of
people, due to iAs contamination in the drink-
ing water extracted from shallow underground
aquifers (Lin et al., 1998; Zhao, 2010; Orloff
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et al., 2009). Following the accumulation of evi-
dence for the chronic toxicological effects of
iAs in drinking water, recommended and reg-
ulatory iAs limits of many authorities are being
reduced (WHO, 1993). The WHO guideline
value for iAs in drinking water was provision-
ally reduced in 1993 from 50 to 10 µg/L.
Despite the presence of this limit, the con-
centrations of iAs detected in drinking water
are greater than 10 µg/L in many countries
globally (WHO, 2001). Acute As intoxication
associated with the ingestion of well water con-
taining high concentrations of 1.2 and 21 mg
As/L was reported (Feinglass, 1973; Wagner,
1979). Inorganic arsenic is considered as class 1
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“carcinogenic to humans” by the International
Agency for Research on Cancer (IARC, 2004).
Many of the human adverse health effects
attributed to As showed a significant association
between consumption of iAs through drinking
water and cancers of the skin, lung, bladder,
liver, and kidney, neurologic disease, cardio-
vascular disease, developmental disorders, and
other nonmalignant diseases (Wagner et al.,
1979; Tsai et al., 1998; Golub et al., 1998; Chiu
et al., 2007; Klein et al., 2007; Chen, 2011).
Several mechanisms by which arsenical com-
pounds induce tumorigenesis were proposed,
including oxidative stress, DNA repair alter-
ation, chromosomal aberrations (CA), modifi-
cation of cell proliferation, aberrations in gene
expression, cocarcinogenesis with other envi-
ronmental toxicants, and epigenetic mecha-
nisms that alter DNA methylation (Bernstam
and Nriagu, 2000; Ren et al., 2011). Thus, a
correlation between iAs exposure, cytotoxic-
ity and genotoxicity, mutagenicity, and tumor
promotion was postulated (Klein et al., 2007).

The genotoxic effect of carcinogenic sub-
stances that induce DNA breaks may lead, if not
correctly repaired, to propagation of mutations,
and consequently neoplastic processes. It is
possible that the oxidative stress induced by iAs
aberrantly regulates expression and function of
DNA repair genes, resulting in loss of the DNA
repair capacity (Singh et al., 2011). In addition,
iAs is known to induce chromosome/chromatid
breaks or exchanges (clastogenicity), forma-
tion of apurinic/apyrimidinic sites, DNA pro-
tein cross-links, CA, and interaction with
spindle function during mitosis or meiosis,
generating chromosome segregational errors
(nondisjunction and noncongression), leading
to aneuploidy and/or polyploidy (aneugenicity)
(Duquesnoy et al., 2010).

Exposure to As typically results from either
oral consumption through contaminated drink-
ing water, soil, and food or inhalation in an
industrial work setting. Inorganic As is quickly
absorbed after oral exposure by most mam-
malian species, primarily methylated in liver,
and excreted in urine. The inorganic pentava-
lent arsenic (AsV) form is converted to the
trivalent arsenic (AsIII) form, with subsequent

methylation to monomethylated (MMA) and
dimethylated arsenicals (DMA) species. The
main exposure route to iAs is consumption
of contaminated food, especially seafood (i.e.,
fish) and cereals (i.e., rice) traditionally culti-
vated in flooding fields. Groundwater contam-
inated by iAs is often used in agriculture to
irrigate crops, and iAs then find its way into
grains of plants, such as rice and wheat, and
into vegetables and fruit plants. This may poten-
tially enable As to enter the human food chain
(Beni et al., 2007). Different plant populations
or species show wide variation in amounts of As
that may accumulate, and distribution of accu-
mulated As also differs with respect to root and
shoot tissues levels.

The mechanisms underlying toxicity differ
among iAs species and it is not fully under-
stood in plants. Trivalent iA is more toxic then
pentavalent iAs, as it (1) binds to sulfydryl
groups of proteins affecting their structures or
catalytic functions (Hughes 2002), (2) induces
an upregulation of enzymes involved in the
antioxidant responses (Mylona et al., 1998;
Requejo and Tena, 2005), and (3) alters DNA
repair mechanism (Gebel, 2001; Wu et al.,
2010). Arsenite (AsIII) enters plant root cells
via aquaglyceroporin channels, represented by
the nodulin 26-like intrinsic proteins (NIP) in
higher plants, which are structurally and func-
tionally similar to microbial and mammalian
aquaglyceroporins (Wallace et al., 2006).
Arsenate (AsV), as an analogous phosphate
compound, (1) is taken up by plant roots via
phosphate transporters, (2) interferes with
cellular processes such as phosphorylation and
ATP synthesis, (3) generates reactive oxygen
species (ROS) in plant tissues, and (4) induces
lipid peroxidation and DNA and oxidative base
damage (Sharma et al., 2012).

The translocation system of iAs species from
root to the aboveground parts of the plant is still
not well defined, although several studies indi-
cated that both roots and shoots reduce AsV to
AsIII (Duan et al., 2007), but roots may exhibit
a major arsenate reduction activity because
arsenite is the predominant form found in the
xylem sap of a number of plant species (Zhao
et al., 2010). Several studies demonstrated that
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As transported in xylem sap occurs in sev-
eral different species, such as AsV, AsIII, MMA,
and DMA, and probably the ratio of AsIII to
AsV could be plant dependent. In rice, it was
noted that AsIII is loaded into the xylem via
the silicon transporter Lsi2, while the loading
mechanism of AsV and methylated As species
have not been identified until now (Ma et al.,
2007; Kalle Uroic et al., 2012). In response to
iAs, plants assimilate sulfate to form cysteine
(Cys) for the synthesis of glutathione (GSH) in
two ATP-dependent steps. Subsequently, plants
induce synthesis of phytochelatins (PCn), the
polymers of GSH, through the enzyme phy-
tochelatin synthase (PCS). Phytochelatins are
transported from root to shoot and vice versa.
Before detoxification, AsV is reduced to AsIII by
arsenate reductase (AR) using GSH as a reduc-
ing agent. Phytochelatins and GSH coordinate
trivalent As to form a variety of complexes.
These complexes are sequestered in the vac-
uole by ABC-type transporters, the identity of
which is not yet established (Zhao et al., 2010).

Another detoxification mechanism that is
generally underinvestigated in plants involves
iAs methylation according to the so-called
“Challenger pathway.” In fact, methylated iAs
species, such as MMA, DMA, and trimethylar-
sine oxide (TMAO), were identified in plant
samples. Zhao et al. (2010) provided evidence
of iAs methylation in plants, although the plant
As methyltransferase gene is yet to be identi-
fied. An additional possible constitutive mech-
anism of detoxification in plants, suggested
recently by Logoteta et al. (2009) but not well
known, is the efflux of arsenite to the external
medium by AsIII transporters against the con-
centration gradients or via acquaglycerporins
down the concentration gradient (Dziubinska
et al., 2012).

The aim of this study was to assess
the potential protective effect of a precur-
sor of GSH, N-acetylcysteine (NAC), that may
increase iAs tolerance of plants exposed to
acute iAs concentrations. The effects of iAs
acute exposure on Vicia faba seedlings (Wu
et al., 2010; Talukdar 2011) was determined
using spectroscopic infrared (FTIR) and near
infrared (FTNIR) techniques, as well as by

phytotoxicity and genotoxicity testing. The
potential mitigation effect of NAC was also
studied. NAC is a general antioxidant able to
increase cellular pools of free radical scavengers
(Alscher, 1989) and for which the application
was reported to decrease oxidative stress pro-
duced by herbicides (Iriti et al., 2009) and UV-B
(Malanga et al., 1999).

MATERIALS AND METHODS

The experimental protocol consisted of in
vitro phytotoxicity and genotoxicity tests and
spectroscopic techniques on primary roots of
Vicia faba grown in differentially polluted soils.
Vicia faba seeds were sowed in 250 g quartz
sand soil in aluminum basins. Each basin, con-
taining 25 seeds, was treated with 40 ml
sodium arsenate dibasic heptahydrate (20 or
30 mg/L As) and incubated in a climatic cham-
ber (at 21 ± 1◦C and 60% relative humidity)
for 5 d to enable germination. Seeds grown in a
quartz sand soil basin irrigated with 40 ml water
were used as the negative control. A further test
was performed to study the mitigation effect of
NAC in genotoxicity tests with iAs at 30 mg/L
and NAC 300 mg/L. All the experiments were
repeated thrice.

In Vitro Phytotoxicity and Genotoxicity
Testing
Phytotoxicity After 5 d seedlings were

extracted and phytotoxicity was determined
by measuring primary root length of V. faba
seedlings exposed to iAs. The comparison of
the mean of primary root length of each sample
with that of the control provided an indication
of adverse effects.

Genotoxicity Tests
Comet assay Single-cell gel electrophore-

sis (SCGE) is a cytogenetic test used to evaluate
in a single cell genetic damage induced by
mutagenic agents. The test is a simple, sensi-
tive, and rapid short-term genotoxicity method
for measuring under alkaline conditions, pH ≥
13.5, all DNA structural conformation changes,
including double-strand/single-strand (ds/ss)
breaks, alkali-labile sites such abasic sites,
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and oxidized bases (Koppen and Verschaeve,
1996; Menke et al., 2000). The test is
performed under alkaline unwinding/alkaline
electrophoresis (A/A) protocol (Angelis et al.,
2000) as modified by Sturchio et al. (2011).
Briefly, nuclei from chopped V. faba root tips
are filtered and mixed with agarose and set on a
microscopic slide for electrophoresis (300 mA,
25 V for 45 min). Comets are viewed with
an epifluorescence microscope; image analy-
sis is carried out using an interactive image
analyzer (Komet 5.5). The specificity of the
comet test may be enhanced to investigate spe-
cific types of DNA damage by adding DNA
modifying enzymes. The Olive Tail Moment
([Tail.mean – Head.mean] × Tail%.DNA/100) is
used as a parameter of DNA damage (µm). Tail
moment is defined as the product of the tail
length and the fraction of total DNA in the tail.
Tail moment incorporates a measure of both
the smallest detectable size of migrating DNA
(reflected in the comet tail length) and the num-
ber of relaxed/broken pieces (represented by
the intensity of DNA in the tail).

Micronuclei test Micronuclei (MN) are
Feulgen-positive corpuscles localized within the
cell wall in the cytoplasmatic area surrounding
the main nucleus. MN are formed by chromo-
some or chromosome fragments that are not
incorporated into daughter nuclei at the time
of cell division (Ma, 1982). The MN test is per-
formed using root meristems of Vicia faba. The
micronucleated cells frequency is scored from
15,000 cells (15 root tips, 1,000 cells for tip) (De
Marco et al., 1990; De Simone et al., 1992).

Statistical Analysis
Each experimental data set was subjected

to analysis of variance (ANOVA) followed by
Dunnett’s test for comparing the difference of
mean and standard error at the .05 level for
statistical significance versus control using the
statistical software package SPSS (Chicago, IL).

Spectroscopic Analysis
For any spectroscopic measurement the

primary roots of seedlings were cut off, freeze-
dried, and then lyophilized.

FTIR Spectroscopy FTIR measurements
were performed by a Jasco Fourier transform
spectrophotometer model 410, equipped with
a Pike Technology accessory for collecting spec-
tra in diffuse reflectance mode, using a metal
platform for placing samples. The instrument
chamber was preheated to reduce atmospheric
air interference depending on CO2 mainly.
Spectral acquisition is performed by means
of 500 scans with 4 cm−1 of spectral resolu-
tion in the 650–4000 cm−1 range, using KBr
as a spectroscopic blank. A cosine function is
applied as apodization function. Spectra are
baseline correct and submitted to a 15-point
smoothing filter for noise reduction. Then any
spectrum is normalized by means of the Amide
I band at 1650 cm−1. All the spectra are saved
as ASCII files.

FTNIR Spectroscopy FTNIR spectra were
collected by a Jasco Fourier transform spec-
trophotometer model 4200, equipped with a
Pike Technology accessory for collecting spec-
tra in diffuse reflectance mode. Spectra were
taken using a metal platform for placing sam-
ples, after 500 scans at 4 cm−1 of spectral
resolution in the 3800–10,000 cm−1 range,
using KBr as spectroscopic blank. Spectra are
baseline correct and submitted to the same
15-point smoothing filter for noise reduction
already reported for FTIR spectra. Then spec-
tra are normalized by means of the band at
4030 cm−1. All the spectra are saved as ASCII
files.

RESULTS

In Vitro Phytotoxicity and Genotoxicity
Tests
Phytotoxicity testing showed statistically

significant results at highest concentrations.
The addition of NAC 300 mg/L improved
the growth of roots co-incubated with iAs
(Figure 1a). Comet assay in Vicia faba illus-
trated significant results at both 20 and 30 mg/L
concentrations, in a concentration-dependent
manner (Figures 1b, 2a, and 2b), and in accor-
dance with structural changes involving nucleic
acids identified with FTIR (Figure 3). Further,
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MOLECULAR MODIFICATIONS FROM INORGANIC ARSENIC 285

FIGURE 1. Genotoxicity and phytotoxicity tests. Asterisk indicates significant differences by ANOVA with Dunnett test at p < .05. (a)
Phytotoxicity test. (b) Comet assay; Olive Tail Moment is used as parameter to measure DNA damage. (c) Micronuclei test (MN); the
frequency of micronuclei is expressed as a percentage (color figure available online).

FIGURE 2. Comet assay images after iAs exposure at 20 mg/L
(a) and 30 mg/L (b) and micronuclei formation after iAs 30 mg/L
treatment (c) (color figure available online).

a clastogen effect of iAs was noted in the MN
test only at the highest concentration (30 mg/L)
without NAC present (Figures 1c and 2c).
The antioxidant effect of NAC as shown by a
reduction of MN frequency in Vicia faba cells
occurred with iAs at 30 mg/L and NAC at
300 mg/L (Figure 1c).

Spectroscopic Analysis
FTIR spectra of lyophilized root meris-

tems samples exposed to iAs are reported
and compared with the related control sam-
ples (Figure 3). In normalized spectra, the
observed intensity and peak shape changes
represent quantitative and structural changes
related to molecular modifications produced
by iAs exposure. Polluted samples with iAs at
20 or 30 mg/L showed some intensity and
shape changes compared to the control, mainly
related to polysaccharide content detected by
the bands at 1160 and 3350 cm−1. Lipid
content and structural changes related to veg-
etal and pigment compounds are illustrated by
changes of the large band between 2000 and
2400 cm−1 and by alterations of aliphatic
chains between 2800 and 2950 cm−1 and
between 1350 and 1420 cm−1 bands. Other
band shape changes were observed for the
P=O group of nucleic acids between 1210 and
1250 cm−1. Due to several functional groups
being modified after exposure, it is conceivable
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FIGURE 3. FTIR spectra of lyophilized root meristems samples exposed to iAs (20 or 30 mg/L). The arrows show the most significant
molecular changes observed (see spectroscopic result section) (color figure available online).

that iAs produced both quantitative and struc-
tural changes involving carbohydrates, proteins,
lipids, and nucleic acids.

FTNIR spectra showed additional informa-
tion concerning structural modifications pro-
duiced by iAs exposure (Figure 4). In fact,
the most evident modifications detected by
FTNIR spectra included both tested iAs con-
centrations, demonstrating a modified shape
of the first overtone –OH group between
6400 and 6900 cm−1, assigned to carbohy-
drates and proteins. Other bands showed struc-
tural changes related to hydrogen bond inter-
actions and those belonging to both inter- and
intramolecular hydrogen bonds. Intermolecular
hydrogen bond changes were evidenced by
the interaction band between the –OH group
of carbohydrate and the –C=O group of pro-
teins, located in the 5100–5200 cm−1 range.
Intramolecular hydrogen bond alterations are
those involving the –C=O and –NH group of
proteins, detected by the interaction FTNIR
band in the 4500 and 4900 cm−1 range.

DISCUSSION

Spectroscopic and genotoxicity analysis
showed that specific molecular changes were

directly related to acute iAs exposure. The
chemical behavior of As is similar to that of
phosphorus in soil where arsenate is taken
up via the phosphate transport systems, and
subsequently acts in the cell as a phosphate
analog to disrupt phosphate metabolism, inhibit
DNA repair and induce MN formation (Wu
et al., 2010). In particular, this mechanism
might result in replacing phosphate with iAs
in the phosphate groups of DNA, and the
changes shown with FTIR spectra analysis by
the P=O group of nucleic acids between
1210 and 1250 cm−1 are associated with
this partial substitution reaction. DNA damage
is clearly shown by the significant results of
comet assay at both iAs concentrations. It is
known that As-induced ROS, such as super-
oxide, hydrogen peroxide, and hydroxyl rad-
icals, attack proteins, lipids, and deoxyribose,
purine and pyrimidine bases in DNA molecule,
producing DNA strand breaks, which increase
the probability of chromosome/chromatid frag-
mentation, thereby leading to MN forma-
tion (Wu et al., 2010). DNA damage, evi-
denced by comet assay and MN test, rose with
increasing arsenate concentrations, indicating
a genotoxicity effect of arsenate. Comet assay
illustrated significant results at both 20 and
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FIGURE 4. FTNIR spectra of lyophilized root meristems samples exposed to iAs (20 or 30 mg/L). The arrows show the most significant
molecular changes observed (see spectroscopic result section) (color figure available online).

30 mg/L concentrations, in a concentration-
dependent manner, in accordance with struc-
tural changes involving nucleic acids identified
by FTIR analysis.

Cytoskeleton is an important cellular tar-
get of As-induced toxicity (Binet et al., 2006),
and iAs may induce chromosomal lagging by
interfering with microtubule assembly and spin-
dle formation (Wu et al., 2010), leading to
MN formation. In our experiment the clastogen
effect of iAs was shown only at the highest con-
centration (30 mg/L). Further, FTIR analysis on
Vicia faba indicated how iAs exposure may be
related to structural changes of molecules, such
as the lipid, and vegetal compounds. These
biological macromolecules may be affected by
ROS production resulting in lipid peroxidation
and membrane damage (Sharma et al., 2012).
FTNIR spectra showed additional information
concerning structural changes related to pro-
teins and polysaccharides. The modified shapes
of the intramolecular hydrogen bond suggested
changes in the secondary protein structure of
Vicia faba involving the α helix to β secondary
(i.e., sheet and turn) structure ratios. This
hypothesis needs further study to be verified.
In any case, these results confirm the molecular
modifications observed by means of FTIR spec-
tra because FTIR and FTNIR spectroscopy have

already demonstrated their combined power
in detecting structural changes in protein and
polysaccharide contents of vegetal organisms
(Mecozzi et al., 2011).

To minimize the harmful effects of ROS,
plants have evolved an effective scaveng-
ing system based on antioxidant molecules
and enzymes development in order to
reduce xenobiotic-induced toxicity (Sheppard,
1992; Mehargh, 1994). In our experiment,
phytotoxicity and genotoxicity effects were
reduced by NAC treatment, confirming that
NAC protects plants from oxidative stress
damage and increases tolerance to iAs.

In conclusion, data indicate by FTIR,
FTNIR, and genotoxicity testing that iAs
induced molecular modifications mainly in car-
bohydrates, lipids, nucleic acids, and proteins.
In addition, the application of the NAC con-
firms its property to increase resistance or tol-
erance of the plant subjected to environmental
stress.

More studies are needed to better under-
stand the mechanisms underlying toxicity of
the different As chemical forms and how com-
partmentalization occurs in roots, in addition
to some chemical and physiological condi-
tions that may influence As phytoavailability
(Meharg, 1994).

D
ow

nl
oa

de
d 

by
 [

E
le

na
 S

tu
rc

hi
o]

 a
t 0

5:
04

 2
2 

M
ar

ch
 2

01
3 



288 P. BOCCIA ET AL.

REFERENCES

Alscher, R. G.1989. Biosynthesis and antiox-
idant function of glutathione in plants.
Physiol. Plant 77: 457–464.

Angelis, K. J., McGouffie, M., Menke, M., and
Schubert, I. 2000. Adaptation to alkylation
damage in DNA measured by the comet
assay. Environ. Mol. Mutagen. 36:146–150.

Beni, C., Pennelli, B., Ronchi, B., and Marconi,
S. 2007. Xenobiotics concentration and
mobility in bovine milk from Italian farms.
Prog. Nutr. 9: 39–45.

Bernstam, L., and Nriagu, J. 2000. Molecular
aspects of arsenic stress. J. Toxicol. Envioron.
Health B 3: 293–322.

Binet, F., Cavalli, H., Moisan, E., and Girard, D.
2006. Arsenic trioxide (AT) is a novel human
neutrophil pro-apoptotic agent: Effects of
catalase on AT-induced apoptosis, degrada-
tion of cytoskeletal proteins and de novo
protein synthesis, Br. J. Haematol. 132:
349–358.

Chen, Y., Graziano, J. H., Parvez, F., Liu, M.,
Slavkovich, V., Kalra, T., Argos, M., Islam,
T., Ahmed, A., Rakibuz-Zaman, M., Hasan,
R., Sarwar, G., Levy, D., van Geen, A.,
and Ahsan, H. 2011. Arsenic exposure from
drinking water and mortality from cardio-
vascular disease in Bangladesh: Prospective
cohort study. Br. Med. J. 342: d2431.
doi:10.1136/bmj.d2431

Chiu, H.-F., Lin, M.-C., and Yang, C.-Y. 2007.
Primary intracerebral hemorrhage mortality
reduction after installation of a tap-water
supply system in an arseniasis-endemic area
in southwestern Taiwan. J. Toxicol. Environ.
Health A 70: 539–546.

De Marco, A., Boccardi, P., De Simone. C.,
Piccolo, A., Raglione, M., Testa, A., and
Trinca, S. 1990. Induction of micronuclei in
Vicia faba root tips treated in different soils
with the herbicide alachlor. Mutat. Res. 24:
11–16.

De Simone, C., Piccolo, A., and De Marco,
A. 1992. Genotoxic effect induced by erbi-
cides atrazine glyphosate in plants of Vicia
faba grown in different soil. Sci Total Environ.
233: 123–124.

Duan, G. L., Zhou, Y., Tong, Y. P., Mukhopa-
dhyay, R., Rosen, B. P., and Zhu, Y. G. 2007.
A CDC25 homologue from rice functions
as an arsenate reductase. N. Phytol. 174:
311–321.

Duquesnoy, I., Champeau, G.M., Evray, G.,
Ledoigt, G., and Pissaloux, A. P. 2010.
Enzymatic adaptations to arsenic-induced
oxidative stress in Zea mays and genotoxic
effect of arsenic in root tips of Vicia faba and
Zea mays. C. R. Biol 333: 814–824.

Dziubinska, E. M., Wawrzycka, D., and
Wysocki, R. 2012. Arsenic and antimony
transporters in eukaryotes Int. J. Mol. Sci 13:
3527–3548.

Feinglass, E. J. 1973. Arsenic intoxication from
well water in the United States. N. Engl J.
Med. 288: 828–830.

Gebel, T. W. 2001. Genotoxicity of arsenical
compounds. Int. J. Hyg. Environ. Health 203:
249–262.

Golub, M. S., Macintosh, M. S., and Baumrind,
N. 1998. Developmental and reproductive
toxicity of inorganic arsenic: Animal stud-
ies and human concerns. J. Toxicol. Environ.
Health B 1: 199–241.

Hughes, M. F. 2002. Arsenic toxicity and poten-
tial mechanisms of action. Toxicol. Lett.133:
1–16.

IARC. 2004. Some drinking-water disinfectants
and contaminants, including arsenic. IARC
Monogr. Eval. Carcinogen. Risks Hum. 84.

Iriti, M., Castorina, G., Picchi, V., Faoro F., and
Gomarasca, S. 2009. Acute exposure of the
aquatic macrophyte Callitriche obtusangula
to the herbicide oxadiazon: The protective
role of N-acetylcysteine. Chemosphere 74:
1231–1237.

Kalle Uroic, M., Salaün, P., Raab, A., and
Feldmann, J. 2012. Arsenate impact on the
metabolite profile, production, and arsenic
loading of xylem sap in cucumbers (Cucumis
sativus L.). Front. Physiol. 3: 1–23.

Klein, C. B., Leszczynska, J., Hickey, C., and
Rossman, T. G. 2007. Further evidence
against a direct genotoxic mode of action
for arsenic-induced cancer. Toxicol. Appl.
Pharmacol. 222: 289–297.

D
ow

nl
oa

de
d 

by
 [

E
le

na
 S

tu
rc

hi
o]

 a
t 0

5:
04

 2
2 

M
ar

ch
 2

01
3 



MOLECULAR MODIFICATIONS FROM INORGANIC ARSENIC 289

Koppen, G., and Verschaeve, L. 1996. The
alkaline comet test on plant cell: A new
genotoxicity test forDNAstrandbreaks inVicia
faba root cells. Mutat Res 360: 193–200.

Lin, T-H., Huang, Y-L., and Wang, M-Y. 1998.
Arsenic species in drinking water, hair, fin-
gernails, and urine of patients with blackfoot
disease. J. Toxicol. Environ. Health A 53:
85–93.

Logoteta, B., Xu, X. Y., Macnair, M. R.,
McGrath, S. P., and Zhao, F. J. 2009. Arsenite
efflux is not enhanced in the arsenate-
tolerant phenotype of Holcus lanatus. N.
Phytol. 183:340–348

Ma, T.H. 1982. Vicia cytogenetic tests for envi-
ronmental mutagens. A report of the US
Environmental Protection Agency Gene-Tox
Program. Mutat. Res. 99: 257–271.

Ma, J.F., Yamaji, N., Mitani, N., Tamai, K.,
Konishi, S., Fujiwara, T., Katsuhara, M., and
Yano, M. 2007. An efflux transporter of sili-
con in rice. Nature 448: 209–212.

Malanga, G., Kozak, R. G., and Puntarulo, S.
1999. N-Acetylcysteine-dependent protec-
tion against UV-B damage in two photosyn-
thetic organisms. Plant Sci. 141: 129–137.

Mecozzi, M., Pietroletti, M., and Tornambè,
A. 2011. Molecular and structural charac-
teristics in toxic algae cultures of Ostreopsis
ovate and Ostreopsis spp. evidenced by FTIR
and FTNIR spectroscopy. Spectrochim. Acta
A, 78: 1572–1580.

Meharg, A. A. 1994. Integrated tolerance
mechanisms: Constitutive and adaptive plant
responses to elevated metal concentrations
in the environment. Plant Cell Environ 17:
989–993.

Menke, M., Angelis, K. J., and Schubert, I.
2000. Detection of specific DNA lesions by
a combination of comet assay and fish in
plants. Environ. Mol. Mutagen. 35: 132–138.

Mylona, P. V., Polidoros, A. N., and Scandalios,
J. G. 1998. Modulation of antioxidant
responses by arsenic in maize. Free Radical
Biol. Med. 25: 576–585

Orloff, K., Mistry, K., and Metcalf, S. 2009.
Biomonitoring for environmental exposures
to arsenic. J. Toxicol. Environ Health B 12:
509–524.

Ren, X., McHale, C. M., Skibola, C. F., Smith,
A. H., Smith, M. T., and Zhan, L. 2011. An
emerging role for epigenetic dysregulation in
arsenic toxicity and carcinogenesis. Environ.
Health Perspect. 119: 11–19.

Requejo, R., and Tena, M. 2005. Proteome
analysis of maize roots reveals that oxida-
tive stress is a main contributing factor to
plant arsenic toxicity. Phytochemistry 66:
1519–1528.

Sharma, P., Jha, A. B., Dubey, R. S.,
and Pessarakli, M. 2012. Reactive oxygen
species, oxidative damage, and antioxidative
defense mechanism in plants under stressful
conditions. J. Bot. article ID 217037: 1–26.

Sheppard, S. C. 1992. Summary of phytotoxic
levels of arsenic. Water Air Soil Pollut. 64:
539–550.

Singh, K. P., Kumari, R., Treas, J., and Du
Mond, J. W. 2011. Chronic exposure to
arsenic causes increased cell survival, DNA
damage, and increased expression of mito-
chondrial transcription factor A (mtTFA) in
human prostate epithelial cells. Chem. Res.
Toxicol. 24: 340–349.

Smedley, P. L., and Kinniburgh, D. G. 2002.
A review of the source, behaviour and dis-
tribution of arsenic in natural waters. Appl.
Geochem. 17: 517–568.

Sturchio, E.; Boccia, P., Meconi, C., Zanellato,
M., Marconi, S., Beni, C., Aromolo, R.,
Ciampa, A., Diana, G., and Valentini, M.
2011. Effects of arsenic on soil–plant systems.
Chem. Ecol. 27: 67–78.

Talukdar, D. 2011. Effect of arsenic-induced
toxicity on morphological traits of Trigonella
foenum-graecum L. and Lathyrus sativus
L. during germination and early seedling
growth. Curr. Res. J. Biol. Sci. 3: 116–123.

Tsai, S.-M., Wang, T.-N., and Ko, Y.-C. 1998.
Cancer mortality trends in a blackfoot disease
endemic community inn Taiwan following
water source replacement. J. Toxicol. Environ.
Health A 55: 4389–404.

Wallace, I. S., Choi, W. G., and Roberts, D.
M. 2006. The structure, function and regu-
lation of the nodulin 26-like intrinsic protein
family of plant aquaglyceroporins. Biochim.
Biophys. Acta 1758: 1165–1175.

D
ow

nl
oa

de
d 

by
 [

E
le

na
 S

tu
rc

hi
o]

 a
t 0

5:
04

 2
2 

M
ar

ch
 2

01
3 



290 P. BOCCIA ET AL.

Wagner, S. L., Maliner, J. S., Morton, W. E.,
and Braman, R. S. 1979. Skin cancer and
arsenical intoxication from well water. Arch.
Dermatol. 115:1205–1207.

World Health Organization. 1993. Arsenic in
drinking water. World Health Organization
Factsheet 210. Geneva, Switzerland: WHO.

World Health Organization. 2001. Arsenic in
drinking water, revised. http://www.who.int/
mediacentre/facesheetsfs210/en/print.html

Wu, L., Yi, H., and Yi, M. 2010. Assessment
of arsenic toxicity using Allium/Vicia root tip
micronucleus assays. J. Hazard. Mater. 176:
952–956.

Zhao, F. J., McGrath, S. P., and Meharg, A. A.
2010. Arsenic as a food chain contaminant:
Mechanisms of plant uptake and metabolism
and mitigation strategies. Annu. Rev. Plant
Biol. 61: 535–559.

D
ow

nl
oa

de
d 

by
 [

E
le

na
 S

tu
rc

hi
o]

 a
t 0

5:
04

 2
2 

M
ar

ch
 2

01
3 


