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ABSTRACT

The objectives of this study were to examine cytotoxic and genotoxic damage in human BJ fibro-
blasts caused by three pesticides used worldwide by trypan blue dye exclusion assays and to
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measure the relative level of phosphorylated histone H2A.X by flow cytometry at different concen-

trations. Captan-based fungicide and methyl thiophanate-based fungicide (100 and 1000 pM)
showed immediate cytotoxic effects; furthermore, after 24 h, captan-based fungicide, chlorothalo-
nil-based fungicide and methyl thiophanate-based fungicide caused cytotoxic effects in the con-
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centration ranges of 40-100pM, 30-100puM and 150-1000 1M, respectively. All fungicides
generated DNA damage in the treated cells by activating ATM and H2A.X sensor proteins. The
three fungicides tested generated DNA double-stranded breaks and showed cytotoxicity at con-
centrations 33, 34, and 5 times lower (captan, chlorothalonil and thiophanate-methyl respectively)
than those used in the field, as recommended by the manufacturers.

Introduction

Pesticides are important for food production as they main-
tain or increase agricultural production yields to feed the

rising world population.!!

Among these pesticides are
fungicides, such as captan-based fungicides [N-(trichlorome-
thylthio)-cyclohex-4-ene-1,2-dicarboximide], chlorothalonil-
based fungicides (2,4,5,6-tetrachloroisophthalonitrile), and
methyl thiophanate-based fungicides [1, 2-bis-(3-methoxy
carboxy-2-thioureidobenzene)], which are widely used in the
pre- and postharvest of crops to control of phytopathogenic
fungi, greenhouses, foliar treatment, soils, seeds, cereals,
fruits, vegetables, and ornamentals.!”>™* These fungicides are
used in Germany, Australia, Austria, Belgium, Spain, the
United States, France, Holland, Mexico and Portugal, among
others countries.!”!

Recently, it was reported that 530,000 tons of fungicides
and bactericides were used for agricultural applications
worldwide,'®! but there is insufficient information on their
toxicity since manufacturers do not provide it. The World
Health Organization estimated 3 million cases of acute
poisoning, including suicides, and more than 2 million
deaths caused by pesticides.!”) These figures have led to
the study of the effects of pesticides in biological models
such as their effects on the development of zebrafish
(Danio rerio),'™ physiological metabolism and metabolic
disturbances in Sprague Dawley rats,”'°! and genotoxicity

in blood cells and hepatoma (HepG2) cells and toxicity in
Daphnia magna.l''?)

Cell toxicity assays are widely used to detect a variety of
agents that show direct cytotoxic effects." The main kinase
activated in response to DNA double-strand breaks is ataxia
telangiectasia mutated protein kinase (ATM). The ATM pro-
tein exists as a dimer, but it is rapidly dissociated and phos-
phorylated at serine 1981 in response to damage from
ionizing radiation. Once activated, ATM phosphorylates sev-
eral factors, including histone H2A.X. Phosphorylation of
the variant histone H2A.X at serine 139 (phospho-H2A.X)
by ATM is an important indicator of DNA damage. As the
level of DNA damage increases, the degree of phosphoryl-
ation of histone H2A.X increases and accumulates at sites
where a DNA double-strand break has occurred, which is
often used as an indicator of the level of DNA damage pre-
sent in the cell.'*!

This work evaluated cytotoxic and genotoxic damage in
human BJ fibroblasts exposed to three pesticides used worldwide
by trypan blue dye exclusion assays and measured the relative
level of phosphorylated histone H2A.X by flow cytometry.

Materials and methods
Chemical fungicides evaluated

CAPTAN ULTRA® 50 WP (captan-based fungicide) as a
wettable powder (with 500g a.i/kg) was purchased from
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Arysta LifeScence México, SA de CV Saltillo, Coahuila de
Zaragoza, México. Coraza® 720$ (chlorothalonil-based fun-
gicide) in aqueous suspension (with 720 g of a.i./L) was pur-
chased from Promotora Técnica Industrial, S.A. de C.V,,
Morelos, Mexico. Cercobin®-M (methyl thiophanate-based
fungicide) as a wettable powder (with 700g of a.i./kg) was
purchase from BASF Mexicana, S.A. de C.V., D.F. Mexico.

Fungicide concentrations used

Preliminary tests were conducted to determine the lethal
concentration (LCsg) of each fungicide to be evaluated in
human fibroblasts. The concentrations varied between 0.5
and 1000 uM based on their active ingredient. The final con-
centrations of the cytotoxicity tests were 5, 10, 20, 30, 40.50,
60, 80 and 100 uM for captan-based fungicide and chlorotha-
lonil-based fungicides 100, 150, 200, 250, 300, 400, 500, 800
and 1000 uM for methyl thiophanate-based fungicide. All
concentrations were diluted in phosphate buffer saline (PBS).

Cell culture

Human skin fibroblasts (B]) ATCC™ CRL-2522 were kindly
donated by The National Institute for Nuclear Research,
Mexico. Cells were cultured in RPMI-1640 medium (Gibco
Invitrogen Co, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco Invitrogen, USA), 3.7 g/L sodium bicar-
bonate, 2mM glutamine (Sigma Aldrich, USA), penicillin
(100U/mL) and streptomycin  (100mg/mL)  (Gibco
Invitrogen) at 37°C in an incubator containing 5% CO,
with 85% humidity. After reaching a confluence of approxi-
mately 80%, cells were harvested using trypsin (0.25% in
PBS; GIBCO Invitrogen).”!

Cell viability assay

The viability of B] human fibroblasts was examined with the
trypan blue dye-exclusion test. Approximately 3.5 x 10° cells
were resuspended in simple RPMI medium (free of FBS) in
1.5 mL microtubes (EF0030108116, Eppendorf ™, Germany),
and fungicides were added to a final volume of 500 pL.
Subsequently, cells were incubated for 1 and 24 h at 37°C in
an incubator containing 5% CO, with 85% humidity. A
10 ul aliquot of the cell suspension was combined with 10 pl
of trypan blue, followed by incubation for 5min at room
temperature. Live and dead cells were counted using a
hemocytometer and an inverted microscope (AE2000,
Motic™, Hong Kong).l”! Cells suspended in RPMI medium
in the absence of fungicides served as the negative control.
Values from three independent experiments were averaged,
and results were expressed as percentages.

Measurement of phosphorylated H2A.X

DNA damage was assessed by flow cytometry.
Approximately 3.5 x 10° human BJ fibroblasts resuspended
in SBF-free RPMI medium were treated for 24 h with fungi-
cides at different concentrations as follows: captan-based

fungicide (46 and 100 pM), chlorothalonil-based fungicide
(56 and 100uM) and methyl thiophanate-based fungicide
(300 and 570 uM) with a final volume of 500 uL at 37°C in
an incubator containing 5% CO, with 85% humidity. A cell
suspension, which was exposed to 10 Gy using the Gamma-
Cell 220 system (60Co) (Atomic Energy, Canada), served as
the positive control. Cells resuspended in FBS in the absence
of fungicides served as the negative control. Subsequently,
cells were washed with PBS and centrifuged at 3000 rpm for
5min. The measurement of the active form of ATM and
H2A.X was performed using the Muse™ Cell Analyzer and
the Muse™ Multi-Color DNA Damage Kit (MCH200107,
Luminex, USA), which contained an antibody that specific-
ally recognized ATM phosphorylated at serine 1981 (anti-
(Ser1981)-ATM) and a conjugated antibody that specifically
detected phosphorylated histone H2A.X (H2A.X-PECy5,
MerckMillipore®, USA).!'! Results were calculated using
Muse™ Multi-Color DNA Damage software.

Statistical analysis

Statistical analysis was performed using SPSS 25.0 software
(IBM, USA). Results were expressed as mean + standard
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Figure 1. Cytotoxic effects of captan-based fungicide in BJ human fibroblasts
(ATCC® CRL-2522™). a) Percentage (%) of viable cells after exposure for 1 and
24 h at different concentrations compared with the control (without treatment).
Different letters (a, b, c) represent a significant difference between treatments
based on one-way ANOVA and Tukey’s post hoc test (p < 0.05). b) Dose-
response curve. The percentage of cell viability was associated with an increase
in the logarithmic concentration of the fungicide after 24 h of exposure.
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Figure 2. Cytotoxic effect of chlorothalonil-based fungicide in BJ human fibro-
blasts (ATCC® CRL-2522™). (a) Percentage (%) of viable cells after exposure for 1
and 24h at different concentrations compared with the control (without treat-
ment). Different letters (a, b, ¢, d) represent a significant difference between treat-
ments based on one-way ANOVA and Tukey's post hoc test (p < 0.05). (b) Dose-
response curve. The percentage of cell viability was associated with an increase in
the logarithmic concentration of the fungicide after 24 h of exposure.

error of the mean (SEM) from at least three independent
experiments. Statistical significance was assessed by one-way
ANOVA, followed by Tukey’s post-hoc test in cases of signifi-
cance (set at p < 0.05). Normalized data fit a sigmoidal dose-
response curve, and LCsy values were calculated by nonlinear
regression using Prism 8 software (GraphPad, USA).

Results
Cytotoxic action of fungicides

After 1h of exposure, captan-based fungicide did not show
a statistically significant difference (p < 0.05) in the viability
of B] human fibroblasts compared with the control (Fig. 1a).
However, after 24h of exposure to treatment, a significant
reduction (p<0.05) in cell viability (40-100puM) of less
than 50% was observedd. The LCso was 43.79 uM (Fig. 1b).
In the case of the chlorothalonil-based fungicide
(100 uM), this sample showed a statistically significant dif-
ference (p <0.05) in the cell viability of BJ human fibro-
blasts after 1 h of exposure compared with the control. After
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Figure 3. Cytotoxic effect of methyl thiophanate-based fungicide in BJ human
fibroblasts (ATCC® CRL-2522™). a) Percentage (%) of viable cells after exposure
for 1 and 24 h at different concentrations compared with the control (without
treatment). Different letters (a, ab, bc...) represent a significant difference
between treatments based on one-way ANOVA and Tukey’s post hoc test (p <
0.05). (b) Dose-response curve. The percentage of cell viability was associated
with an increase in the logarithmic concentration of the fungicide after 24 h
of exposure.

24h of exposure, a significant reduction (p <0.05) in cell
viability =~ was observed with lower concentrations
(30-100 uM) (Fig. 2a). The dose-response curve showed
decreased cell viability associated with the increased fungi-
cide concentration. The ICs, for chlorothalonil-based fungi-
cide was 51.58 uM (Fig. 2b).

Methyl thiophanate-based fungicide showed a statistically
significant difference from the control (p <0.05) in the cel-
lular viability of BJ human fibroblasts after 1h of exposure
(1000 uM) (Fig. 3a). After 24h of exposure, a significant
reduction (p < 0.05) in cell viability was observed, indicating
that methyl thiophanate-based fungicide possesses cytotoxic
activity at all studied doses (150-1000 uM). The LCs, was
185.3 uM (Fig. 3b).

Genotoxicity by flow cytometry

Dispersion plots of the phosphorylation of ATM kinases and
H2AX by fungicides allowed the quantification of the
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Figure 4. Phosphorylation of H2A.X quantified by cellular analysis of cultures exposed to three fungicides. Dispersion plots show the phosphorylation of DNA dam-
age sensors (ATM and H2A.X) in BJ human fibroblasts exposed to captan-based fungicide (46 and 100 uM), chlorothalonil-based fungicide (56 and 100 uM) and
methyl thiophanate-based fungicide (300 and 570 uM) for 24 h. The redistribution of events toward the upper left of the quadrants suggests an increase in ATM
activation, while H2A.X activation is reflected in the redistribution of events toward the upper part of the dot diagram indicating the severity of the damage. The

quantification of the results is shown in the plots.

genotoxic damage after 24 h at different fungicide concentra-
tions. DNA damage caused by these fungicides is notorious,
as the level phospho-H2A.X increased after treatment and
its relationship with the applied dose (Fig. 4). The phospho-
H2A X levels of captan-based fungicides were 29.6% for the
46 UM concentration and 42.9% for 100 pM. Conversely, the
levels for the chlorothalonil-based fungicides were 63.7 and
66.5% for 56 uM and 100 pM concentrations, respectively;
and the latter concentration associated with the highest
DNA damage (2.93%). Finally, for the methyl thiophanate-
based fungicide, the phospo-H2A.X activation percentages
were 23.7 and 24.4% for treatments with concentrations of
300 and 570 uM, respectively; and with a percentage of
DNA double-strand breaks of 2.24%.

Data obtained from the percentage of DNA double-strand
breaks after 24h of treatment with captan-based fungicide,
chlorothalonil-based fungicide and methyl thiophanate-based
fungicide showed statistically significant differences
(p <0.05), with methyl thiophanate-based fungicide generat-
ing the most damage (>12% at a concentration of 570 pM)
(Fig. 5).

Discussion

Captan-based fungicide belongs to the chemical group of
phthalimides. It is a multisite fungicide, which indicates that
these molecules affect a series of different fungal structures

and metabolic pathways.!'”! Captan-based fungicide Captan
has adverse effects on Danio rerio embryos by decreasing
the heart rate, inhibiting growth, and causing teratogenic
damage.”) It also has genotoxic effects in mammalian
cells,'"™® causing biological alterations such as hematotoxic-
ity, hepatotoxicity, and immunological alterations in rats.!*"’
The treatments of Saccharomyces cerevisiae with captan-
based fungicide (20 M) for 6h reduced their viability by
90% as there was membrane damage and necrosis due to
captan’s reaction with thiols.**! At 30 uM, captan caused
apoptotic and necrotic cell death, increased intracellular lev-
els of Ca*" and Zn®", and decreased the concentration of
thiolic compounds in cells by increasing cytotoxicity caused
by hydrogen peroxide (H,O,) increases in rat thymic lym-
phocytes.!*!) It also induced cytotoxicity and peroxidation in
the hepatocytes of Wistar rats treated with 25-1000 uM."**!
In contrast, captan at 100 uM not affect the viability of JEG-
3 human placental choriocarcinoma cells.”®! The present
study found that concentrations of captan-based fungicide,
starting at 40 uM generate cytotoxic effects in B]J human
fibroblasts, which cause a decrease in cell viability by up to
90% at a concentration of 100 uM. It is worth mentioning
that the tested concentration (100 uM, equivalent to 0.06 g/
L) of captan-based fungicide was 33 times lower than the
lowest dose recommended for use by the manufacturer
(2g/L).

Chlorothalonil is a systemic fungicide belonging to the
chemical group of chloronitriles with multisite contact
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Figure 5. Effect of fungicides on the level of double-strand breaks in DNA in BJ
human fibroblasts (ATCC® CRL-2522™) after 24 h of exposure. Cell damage DNA
was analyzed by flow cytometry using the Muse® Multi-Color DNA Damage Kit.
Values are adjusted based on cell number/uL. Data are presented as the
mean + SEM. Two Asterisk (**) show a significant difference between groups
(P < 005) versus control.

activity.!'”) It can reach different tissues and organs, which
may involve the generation of oxidative stress, thereby caus-
ing cytotoxicity.”’ The chlorothalonil-based fungicides
has been reported to cause advers effects such as dermatitis,
eye irritation, gastrointestinal problems, hepatotoxicity,
abnormal development and reproduction, and possibly
cancer.**>?7] This fungicide induces apoptotic cell death!?®!
and cytotoxicity in Perna perna hemocytes after 96h of
exposure by decreasing mitochondrial activity and altering
lysosomal integrity.?®! In Ciona intestinalis larvae, at con-
centrations above 100nM of chlorothalonil can stop their
embryonic stage.”*’ In rat thymocytes, a concentration of
1 uM of chlorothalonil increases the oxidative stress of cells
in the presence of H,0, thereby exerting significant cyto-
toxicity.®"! This compound generates organic peroxides and
metabolites that produce free radicals by reacting with mem-
brane lipids causing cell death and decreasing viability at
concentrations of 250-1000 £M."**! Therefore, the generation
of these compounds may indicate the cause of cell death
and the decreased viability when using this fungicide at the
concentrations applied to BJ fibroblasts in this study. It is
noteworthy, the highest dose of chlorothalonil-based fungi-
cide evaluated in this study (100 pM, equivalent to 37 pL/L)
was 34 times lower than the lowest dose recommended for
use in the field (1.25 mL/L).
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The active ingredient thiophanate methyl belongs to the
chemical group of thiophanates that interfere with DNA
synthesis, mitosis of fungal cells, and polymerization of
microtubular proteins.'"”! Studies reported that methyl thio-
phanate-based fungicides induced oxidative stress and geno-
toxic changes and immunomodulatory effects’®%);
histopathological damage in rat blood, liver, and kidneys;**!
production of reactive oxygen species,**) and DNA dam-
age.l’”! Methyl thiophanate affects hematological parameters
and increases the production of reactive oxygen species, es
well as the oxidation of protein products and malondialde-
hyde levels in the erythrocytes of rats treated with 300, 500,
and 700 mg/kg body weight after 24h of treatment.!**
Doses of 300 and 500 mg/kg body weight of methyl thiopha-
nate-based fungicide caused hematotoxicity, nephrotoxicity,
and hepatotoxicity in rats; this may have been due to
increases in H,O, and malondialdehyde levels as well as oxi-
dative proteins in the liver and kidneys.** Therefore, this
fungicide may have oxidizing effects that reduced cell viabil-
ity compared with to the other fungicides tested in this
study (captan-based fungicide). The highest concentration of
methyl thiophanate-based fungicide (1,000 tM) reduced via-
bility up to 20%; this concentration (equivalent to 0.4 g/L)
was 5 times lower than the lowest dose (2g/L) that growers
use in the field.

In the cellular response to double-strand breaks in DNA,
histone H2A.X is rapidly phosphorylated at serine 139 by
ATM kinase near double-strand breaks in DNA.®! Histone
H2A X is phosphorylated after the activation of ATM, and
this phosphorylated isoform (phospho-H2A .X) is a sensor of
DNA damage. The foci of phospho-H2A.X in the nuclei are
signs of damaged DNA that are subject to repair.!*”!
Occupational exposure can be significant, the genotoxic
effect of fungicides show dose-dependent DNA damage and
can have a significant genotoxic effect in in vitro human
cell models."")

Captan-based fungicide inhibits synthetic DNA processes
and induces DNA-protein crosslinking and modifications in
DNA bases, which indicates that is has great mutagenic
potential.*®! Exposure to 20 uM of captan-based fungicide
after 2h resulted in a dose-dependent increase in the num-
ber of phospho-H2A X-positive cells and suggests that DNA
damage is related to replication stress resulting in the forma-
tion of double-strand breaks in DNA.!'8) In the present
investigation, an increase in phospho-H2A.X was observed
after 24 h of exposure to 46 pM captan-based fungicide. This
confirms that this fungicide can generate double-strand
breaks in DNA and is a potential genotoxic agent at the
evaluated doses.

A comet assay showed that chlorothalonil-based fungi-
cides, induced DNA damage at doses of 2-40 uM, causing
breaks in DNA chains.*®! Simultaneously, chlorothalonil
disrupted the histone methylation and DNA methylation
associating with the modulation of estrogenic signaling path-
ways that are capable of disrupting spermatogenesis in
rats.?®! In this study, chlorothalonil-based fungicide induced
the phosphorylation of histone H2A.X, an indicator of DNA
damage after the double strand disruption, caused by
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treatment (46 and 100 uM) of this fungicide for 24h in BJ
fibroblasts.

Specific interactions of methyl thiophanate with DNA
have been reported as an initiating event of DNA damage
caused by this fungicide that triggered further DNA damage,
which, when not processed by the cellular DNA repair
machinery, has genotoxic and carcinogenic implications.!*”!
Long-term methyl thiophanate-based fungicide exposure
induces genomic damage that is positively correlated with
exposure time.*”) The intraperitoneal administration of
methyl thiophanate-based fungicide (300, 500, and 700 mg/
kg body weight) produced mutagenic effects in leukocytes of
rats after 24, 48 and 72h.**) Methyl thiophanate-based fun-
gicide also acts as an oxidative stressor, producing reactive
oxygen species that lead to mitochondrial dysfunction, oxi-
dative DNA damage, and mutagenesis.[“] Therefore, chronic
exposure to this fungicide can trigger genotoxic events in
the DNA of exposed organisms. The results showed that
methyl thiophanate-based fungicide promotes the phosphor-
ylation of H2A.X in BJ fibroblasts, indicating the presence
of double-strand breaks in DNA. ATM activation and
increased expression of phospho-H2A.X indicated cellular
DNA damage that was promoted by the fungicides in
human BJ fibroblasts.

Conclusions

Captan-based fungicide, chlorothalonil-based fungicide and
methyl thiophanate-based fungicide showed cytotoxicity and
genotoxicity in human B] fibroblasts by reducing their via-
bility and activating H2A.X-mediated DNA double-strand
damage. It also caused cytotoxicity at lower concentrations
(33, 34, and 5 times lower, respectively) than those recom-
mended for use by manufacturers. The data obtained in this
study endorsed the importance of controlling the use of fun-
gicides, reducing their application, and regulating their
environmental exposure as they represented a risk to
human health.

Acknowledgments

The authors acknowledge Consejo Nacional de Ciencia y Tecnologia
(CONACYT) under project number 2018-000068-02NACF-23822 for
the scholarship awarded to the main author. This work was conducted
as part of the activities of the Laboratorio Nacional de Investigacion y
Desarrollo de Radiofarmacos, Conacyt.

References

[1]  World Health Organization (WHO). Pesticide residues in food.
What are the health risks associated with pesticide residues in
food? 2016. https://www.who.int/news-room/q-a-detail/pesti-
cide-residues-in-food#. (accessed Sep 2019).

[2] Zhou, Y. Chen, X; Teng, M.; Zhang, J; Wang, C. Toxicity
Effects of Captan on Different Life Stages of Zebrafish (Danio
rerio). Environ. Toxicol. Pharmacol. 2019, 69, 80-85. DOI: 10.
1016/j.etap.2019.04.003.

[3] Hao, Y.; Zhang, H,; Zhang, P; Yu, S; Ma, D.; Li, L; Feng, Y,;
Min, L.; Shen, W.; Zhao, Y. Chlorothalonil Inhibits Mouse
Ovarian Development Through Endocrine Disruption. Toxicol.
Lett. 2019, 303, 38-47. DOI: 10.1016/j.toxlet.2018.12.011.

(7]

(10]

[11]

[12]

(13]

(14]

[15]

(16]

(17]

(18]

Dong, B.; Yang, Y.,; Pang, N.; Hu, J. Residue Dissipation and
Risk Assessment of Tebuconazole, Thiophanate-Methyl and Its
Metabolite in Table Grape by Liquid Chromatography-Tandem
Mass Spectrometry. Food Chem. 2018, 260, 66-72. DOI: 10.
1016/j.foodchem.2018.03.062.

The Pesticide Properties Database (PPDB). Captan;
Hertfordshire, UK: Agriculture & Environment Research Unit
(AERU), University of Hertfordshire, 2017. http://sitem.herts.ac.
uk/aeru/ppdb/. (accessed Oct 2019).

Food and Agriculture Organization of the United Nations
(FAO). FAOSTAT. Pesticides Use. Rome, Italy, 2018. http://
www.fao.org/faostat/es/#data/RP (accessed Nov 2019).
Calderén-Segura, M. E.; Gomez-Arroyo, S.; Cortés-Eslava, J;
Martinez-Valenzuela, C.; Mojica-Vazquez, L. H.; Sosa-Lopez,
M.; Flores-Ramirez, D.; Romero-Veldzquez, Z. E. In Vitro
Cytotoxicity and Genotoxicity of Furia®180 SC (Zeta-
Cypermethrin) and Bulldock 125®SC (f-Cyfluthrin) Pyrethroid
Insecticides in Human Peripheral Blood Lymphocytes. Toxicol.
Mech. Methods. 2018, 28, 268-278. DOI: 10.1080/15376516.
2017.1402977.

Cao, F.; Li, H; Zhao, F.; Wu, P,; Qian, L; Huang, L.; Pang, S;
Martyniuk, C. J; Qiu, L. Parental Exposure to Azoxystrobin
Causes Developmental Effects and Disrupts Gene Expression in
F1 Embryonic Zebrafish (Danio rerio). Sci Total Environ . 2019,
646, 595-605. DOI: 10.1016/j.scitotenv.2018.07.331.

Colle, D.; Farina, M.; Ceccatelli, S.; Raciti, M. Paraquat and
Maneb Exposure Alters Rat Neural Stem Cell Proliferation by
Inducing Oxidative Stress: New Insights on Pesticide-Induced
Neurodevelopmental ~Toxicity. Neurotox. Res. 2018, 34,
820-833. DOI: 10.1007/512640-018-9916-0.

Gu, J; Ji, C; Yue, S.; Shu, D.; Su, F.; Zhang, Y.; Xie, Y.; Zhang,
Y., Liu, W, Zhao, M. Enantioselective Effects of Metalaxyl
Enantiomers in Adolescent Rat Metabolic Profiles Using NMR-
Based Metabolomics. Environ. Sci. Technol. 2018, 52,
5438-5447. DOI: 10.1021/acs.est.7b06540.

Nagy, K.; Zheng, C.; Bolognesi, C; Adém, B. Interlaboratory
Evaluation of the Genotoxic Properties of Pencycuron, a
Commonly Used Phenylurea Fungicide. Sci Total Environ .
2019, 647, 1052-1057. DOI: 10.1016/j.scitotenv.2018.08.067.
Pan, X,; Cheng, Y.; Dong, F; Liu, N; Xu, J; Liu, X;; Wu, X
Zheng, Y. Stereoselective Bioactivity, Acute Toxicity and
Dissipation in Typical Paddy Soils of the Chiral Fungicide
Propiconazole. J. Hazard. Mater. 2018, 359, 194-202. DOI: 10.
1016/j.jhazmat.2018.07.061.

Adan, A; Kiraz, Y; Baran, Y. Cell Proliferation and
Cytotoxicity Assays. Curr. Pharm. Biotechnol. 2016, 17,
1213-1221. DOI: 10.2174/1389201017666160808160513.
Hershman, J. M.; France, B.; Hon, K.; Damoiseaux, R. Direct
Quantification of Gamma H2AX by Cell-Based High
Throughput Screening for Evaluation of Genotoxicity of
Pesticides in a Human Thyroid Cell Lines. Environ. Mol.
Mutagen. 2017, 58, 522-528. DOI: 10.1002/em.22103.
Koohpeima, F.; Mokhtari, M. J.; Doozandeh, M.; Jowkar, Z;
Yazdanshenas, F. Comparison of Cytotoxicity of New
Nanohybrid Composite, Giomer, Glass Ionomer and Silver
Reinforced Glass Ionomer Using Human Gingival Fibroblast
Cell Line. J. Clin. Pediatr. Dent. 2017, 41, 368-373. DOI: 10.
17796/1053-4628-41.5.368.

Lewinska, A.; Adamczyk-Grochala, J; Kwasniewicz, E,;
Deregowska, A.; Wnuk, M. Ursolic Acid-Mediated Changes in
Glycolytic Pathway Promote Cytotoxic Autophagy and
Apoptosis in Phenotypically Different Breast Cancer Cells.
Apoptosis 2017, 22, 800-815. DOI: 10.1007/s10495-017-1353-7.
Fungicide Resistance Action Committee (FRAC). FRAC. Code
List © 2019: Fungicides sorted by mode of action (including
FRAC Code numbering). 2019. https://www.frac.info/docs/
default-source/publications/frac-code-list/frac-code-list-2019.pdf.
(accessed Oct 2019).

Fernandez-Vidal, A; Arnaud, L. C; Maumus, M.; Chevalier,
M. Mirey, G; Salles, B; Vignard, J; Boutet-Robinet, E.


https://www.who.int/news-room/q-a-detail/pesticide-residues-in-food#
https://www.who.int/news-room/q-a-detail/pesticide-residues-in-food#
https://doi.org/10.1016/j.etap.2019.04.003
https://doi.org/10.1016/j.etap.2019.04.003
https://doi.org/10.1016/j.toxlet.2018.12.011
https://doi.org/10.1016/j.foodchem.2018.03.062
https://doi.org/10.1016/j.foodchem.2018.03.062
http://sitem.herts.ac.uk/aeru/ppdb/
http://sitem.herts.ac.uk/aeru/ppdb/
http://www.fao.org/faostat/es/#data/RP
http://www.fao.org/faostat/es/#data/RP
https://doi.org/10.1080/15376516.2017.1402977
https://doi.org/10.1080/15376516.2017.1402977
https://doi.org/10.1016/j.scitotenv.2018.07.331
https://doi.org/10.1007/s12640-018-9916-0
https://doi.org/10.1021/acs.est.7b06540
https://doi.org/10.1016/j.scitotenv.2018.08.067
https://doi.org/10.1016/j.jhazmat.2018.07.061
https://doi.org/10.1016/j.jhazmat.2018.07.061
https://doi.org/10.2174/1389201017666160808160513
https://doi.org/10.1002/em.22103
https://doi.org/10.17796/1053-4628-41.5.368
https://doi.org/10.17796/1053-4628-41.5.368
https://doi.org/10.1007/s10495-017-1353-7
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2019.pdf
https://www.frac.info/docs/default-source/publications/frac-code-list/frac-code-list-2019.pdf

[19]

[20]

[22]

[25]

[27]

(28]

(30]

Exposure to the Fungicide Captan Induces DNA Base
Alterations and Replicative Stress in Mammalian Cells. Environ.
Mol. Mutagen. 2019, 60, 286-297. DOI: 10.1002/em.22268.
Aroonvilairat, S.; Tangjarukij, C.; Sornprachum, T.; Chaisuriya,
P.; Siwadune, T.; Ratanabanangkoon, K. Effects of Topical
Exposure to a Mixture of Chlorpyrifos, Cypermethrin and
Captan on the Hematological and Immunological Systems in
Male Wistar Rats. Environ. Toxicol. Pharmacol. 2018, 59,
53-60. DOI: 10.1016/j.etap.2018.02.010.

Scariot, F. J; Jahn, L; Delamare, A. P. L; Echeverrigaray, S.
Necrotic and Apoptotic Cell Death Induced by Captan on
Saccharomyces cerevisiae. World J. Microbiol. Biotechnol. 2017,
33, 159. DOI: 10.1007/s11274-017-2325-3.

Inoue, T.; Kinoshita, M.; Oyama, K.; Kamemura, N.; Oyama, Y.
Captan-Induced Increase in the Concentrations of Intracellular
Ca2+ and Zn2+ and Its Correlation with Oxidative Stress in
Rat Thymic Lymphocytes. Environ. Toxicol. Pharmacol. 2018,
63, 78-83. DOI: 10.1016/j.etap.2018.08.017.

Suzuki, T.; Nojiri, H; Isono, H.; Ochi, T. Oxidative Damages in
Isolated Rat Hepatocytes Treated with the Organochlorine
Fungicides Captan, Dichlofluanid and  Chlorothalonil
Toxicology 2004, 204, 97-107. DOI: 10.1016/j.tox.2004.06.025.
Ge, H; Chen, L; Su, Y,; Jin, C; Ge, R. S. Effects of Folpet,
Captan, and Captafol on Human Aromatase in JEG-3 Cells.
Pharmacology 2018, 102, 81-87. DOI: 10.1159/000484171.
Lopes, F. C; Junior, A. S. V.; Corcini, C. D.; Sdnchez, J. A. A,
Pires, D. M.; Pereira, J. R;; Primel, E. G.; Fillmann, G.; Martins,
C. M. G. Impacts of the Biocide Chlorothalonil on Biomarkers
of Oxidative Stress, Genotoxicity, and Sperm Quality in Guppy
Poecilia Vivipara. Ecotoxicol. Environ. Saf. 2020, 188, 109847.
DOI: 10.1016/j.ecoenv.2019.109847.

Li, H; Zhang, P; Zhao, Y; Zhang, H. Low Doses of
Carbendazim and Chlorothalonil Synergized to Impair Mouse
Spermatogenesis through Epigenetic Pathways. Ecotoxicol.
Environ. Saf. 2020, 188, 109908. DOI: 10.1016/j.ecoenv.2019.
109908.

Zhang, Q. Ji, C; Yan, L; Lu, M; Lu, C; Zhao, M. The
Identification of the Metabolites of Chlorothalonil in Zebrafish
(Danio rerio) and Their Embryo Toxicity and Endocrine Effects
at Environmentally Relevant Levels. Environ. Pollut. 2016, 218,
8-15. DOIL: 10.1016/j.envpol.2016.08.026.

Sanchez-Garayzar, A. B; Bahamonde, P. A; Martyniuk, C. J;
Betancourt, M.; Munkittrick, K. R. Hepatic Gene Expression
Profiling in Zebrafish (Danio rerio) Exposed to the Fungicide
Chlorothalonil. Comp. Biochem. Physiol. D: Genom. Proteom.
2016, 19, 102-111. DOI: 10.1016/j.cbd.2016.04.004.

Zhang, P.; Zhao, Y.; Zhang, H.; Liu, J.; Feng, Y.; Yin, S.; Cheng,
S.; Sun, X,; Min, L; Li, L; Shen, W. Low Dose Chlorothalonil
Impairs Mouse Spermatogenesis through the Intertwining of
Estrogen Receptor Pathways with Histone and DNA
Methylation. Chemosphere 2019, 230, 384-395. DOL: 10.1016/j.
chemosphere.2019.05.029.

Guerreiro, A. D. S.; Rola, R. C; Rovani, M. T.; Costa, S. R. D;
Sandrini, J. Z. Antifouling Biocides: Impairment of Bivalve
Immune System by Chlorothalonil. Aquat. Toxicol. 2017, 189,
194-199. DOI: 10.1016/j.aquatox.2017.06.012.

Gallo, A; Tosti, E. Reprotoxicity of the Antifoulant
Chlorothalonil in Ascidians: An Ecological Risk Assessment.

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART B e 7

PLoS Omne. 2015, 10, €0123074. DOI: 10.1371/journal.pone.
0123074.

Ikeda, M.; Deguchi, J.; Fukushima, S.; Qingyu, A.; Katayama,
N; Miura, H; Oyama, Y. Some Adverse Actions of
Chlorothalonil at Sublethal Levels in Rat Thymic Lymphocytes:
Its Relation to Zn2". Environ. Toxicol. Pharmacol. 2018, 59,
61-65. DOI: 10.1016/j.etap.2018.03.006.

Weis, G. C. C.; Assmann, C. E.; Cadon4, F. C.; Bonadiman, B.
d S. R; Alves, A. d O; Machado, A. K,; Duarte, M. M. M. F;
da Cruz, I. B. M,; Costabeber, I. H. Immunomodulatory Effect
of Mancozeb, Chlorothalonil, and Thiophanate Methyl
Pesticides on Macrophage Cells. Ecotoxicol. Environ. Saf. 2019,
182, 109420. DOI: 10.1016/j.ecoenv.2019.109420.

Ibtissem, B. A.; Hajer, B. S.; Ahmed, H.; Awatef, E.; Choumous,
K, Ons, B; Mounir, Z. K; Najiba, Z. Oxidative Stress and
Histopathological Changes Induced by Methylthiophanate, a
Systemic Fungicide, in Blood, Liver and Kidney of Adult Rats.
Afr. Health Sci. 2017, 17, 154-163. DOI: 10.4314/ahs.v17i1.20.
Ibtissem, B. A.; Hajer, B. S.; Boutheina, C.; Awatef, E.; Saloua,
L. Choumous K.; Najiba Z. Methyl-Thiophanate Increases
Reactive Oxygen Species Production and Induces Genotoxicity
in Rat Peripheral Blood. Toxicol. Mech. Methods 2014, 24,
679-687.

Saquib, Q. Al-Khedhairy, A. A,; Alarifi, S. A; Dutta, S,
Dasgupta, S.; Musarrat, J. Methyl Thiophanate as a DNA Minor
Groove Binder Produces MT-Cu(II)-DNA ternary complex
preferably with AT rich region for initiation of DNA damage.
Int. ]. Biol. Macromol. 2010, 47, 68-75. DOI: 10.1016/j.ijbio-
mac.2010.03.017.

Al-Aamri, H. M,; Ku, H; Irving, H. R; Tucci, J; Meehan-
Andrews, T.; Bradley, C. Time Dependent Response of
Daunorubicin on Cytotoxicity, Cell Cycle and DNA Repair in
Acute Lymphoblastic Leukaemia. BMC Cancer. 2019, 19, 179.
DOI: 10.1186/s12885-019-5377-y.

Alessio, N.; Squillaro, T.; Ozcan, S; Di Bernardo, G.; Venditti,
M.; Melone, M.; Peluso, G.; Galderisi, U. Stress and Stem Cells:
adult Muse Cells Tolerate Extensive Genotoxic Stimuli Better
than Mesenchymal Stromal Cells. Oncotarget 2018, 9,
19328-19341. DOI: 10.18632/oncotarget.25039.

Snyder, R. D. Effects of Captan on DNA and DNA Metabolic
Processes in Human Diploid Fibroblasts. Environ. Mol.
Mutagen. 1992, 20, 127-133. DOI: 10.1002/em.2850200208.
Godard, T.; Fessard, V.; Huet, S.; Mourot, A.; Deslandes, E.;
Pottier, D.; Hyrien, O, Sichel, F; Gauduchon, P; Poul, J.
Comparative in Vitro and in Vivo Assessment of Genotoxic
Effects of Etoposide and Chlorothalonil by the Comet Assay.
Mutat. Res. 1999, 444, 103-116. DOI: 10.1016/S1383-
5718(99)00100-X.

Capriglione, T.; De Iorio, S.; Gay, F.; Capaldo, A.; Vaccaro,
M. C.; Morescalchi, M. A; Laforgia, V. Genotoxic Effects of the
Fungicide Thiophanate-Methyl on Podarcis Sicula Assessed by
Micronucleus Test, Comet Assay and Chromosome Analysis.
Ecotoxicology 2011, 20, 885-891. DOI: 10.1007/s10646-011-
0655-8.

Saquib, Q.; Al-Khedhairy, A. A, Singh, B. R; Arif, J. M,
Musarrat, J. Genotoxic Fungicide Methyl Thiophanate as
an  Oxidative  Stressor  Inducing  8-Oxo-7,8-Dihydro-2’
-Deoxyguanosine Adducts in DNA and Mutagenesis. J. Environ.
Sci. Health B 2010, 45, 405.


https://doi.org/10.1002/em.22268
https://doi.org/10.1016/j.etap.2018.02.010
https://doi.org/10.1007/s11274-017-2325-3
https://doi.org/10.1016/j.etap.2018.08.017
https://doi.org/10.1016/j.tox.2004.06.025
https://doi.org/10.1159/000484171
https://doi.org/10.1016/j.ecoenv.2019.109847
https://doi.org/10.1016/j.ecoenv.2019.109908
https://doi.org/10.1016/j.ecoenv.2019.109908
https://doi.org/10.1016/j.envpol.2016.08.026
https://doi.org/10.1016/j.cbd.2016.04.004
https://doi.org/10.1016/j.chemosphere.2019.05.029
https://doi.org/10.1016/j.chemosphere.2019.05.029
https://doi.org/10.1016/j.aquatox.2017.06.012
https://doi.org/10.1371/journal.pone.0123074
https://doi.org/10.1371/journal.pone.0123074
https://doi.org/10.1016/j.etap.2018.03.006
https://doi.org/10.1016/j.ecoenv.2019.109420
https://doi.org/10.4314/ahs.v17i1.20
https://doi.org/10.1016/j.ijbiomac.2010.03.017
https://doi.org/10.1016/j.ijbiomac.2010.03.017
https://doi.org/10.1186/s12885-019-5377-y
https://doi.org/10.18632/oncotarget.25039
https://doi.org/10.1002/em.2850200208
https://doi.org/10.1016/S1383-5718(99)00100-X
https://doi.org/10.1016/S1383-5718(99)00100-X
https://doi.org/10.1007/s10646-011-0655-8
https://doi.org/10.1007/s10646-011-0655-8

	Abstract
	Introduction
	Materials and methods
	Chemical fungicides evaluated
	Fungicide concentrations used
	Cell culture
	Cell viability assay
	Measurement of phosphorylated H2A.X
	Statistical analysis

	Results
	Cytotoxic action of fungicides
	Genotoxicity by flow cytometry

	Discussion
	Conclusions
	Acknowledgments
	References


