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Consumers are exposed daily to several pesticide residues in food, which can be of potential concern for
human health. Based on a previous study dealing with exposure of the French population to pesticide
residues via the food, we selected 14 pesticides frequently found in foodstuffs, on the basis of their
persistence in the environment or their bioaccumulation in the food chain. In a first step, the objective of
this study was to investigate if the 14 selected pesticides were potentially cytotoxic and genotoxic. For
this purpose, we used a new and sensitive genotoxicity assay (the yH2AX test, involving phosphorylation

g?rla‘:;;rlis; of histone H2AX) with four human cell lines (ACHN, SH-SY5Y, LS-174T and HepG2), each originating from
Pesticides a potential target tissue of food contaminants (kidney, nervous system, colon, and liver, respectively).
Genotoxicity Tebufenpyrad was the only compound identified as genotoxic and the effect was only observed in the
y-H2AX SH-SY5Y neuroblastoma cell-line. A time-course study showed that DNA damage appeared early after
Jurkat cells treatment (1h), suggesting that oxidative stress could be responsible for the induction of yH2AX. In a

SH-SY5Y cells second step, three other pesticides were studied, i.e. bixafen, fenpyroximate and tolfenpyrad, which - like
tebufenpad - also had a methyl-pyrazole structure. All these compounds demonstrated genotoxic activity
in SH-SY5Y cells at low concentration (nanomolar range). Complementary experiments demonstrated
that the same compounds show genotoxicity in a human T-cell leukemia cell line (Jurkat). Moreover, we
observed an increased production of reactive oxygen species in Jurkat cells in the presence of the four
methyl-pyrazoles. These results demonstrate that tebufenpyrad, bixafen, fenpyroximat and tolfenpyrad
induce DNA damage in human cell lines, very likely by a mode of action that involves oxidative stress.
Nonetheless, additional in vivo data are required before a definitive conclusion can be drawn regarding
hazard prediction to humans.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The widespread use of pesticides to control agricultural pests
leads to the presence of residues in the food chain, and consumers
can be exposed daily to low levels of these chemicals. Recently,
the European Food Safety Authority (EFSA) reported that pesticide
residues were detected in 46.7% of 67,887 food samples analysed
throughout the European Union in 2008 [1]. Several epidemiologi-
cal studies published during the last two decades suggest harmful
effects of pesticides on human health, including a possible rela-
tionship between pesticide use and cancers such as non-Hodgkin
lymphoma, leukaemia, and various types of solid tumour. Many
of these effects have been related to occupational exposures [2,3].
Nevertheless, whether similar associations exist in the general
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population with lifetime exposure to very low doses of pesticides
is not known.

The double-strand break (DSB) is considered to be the DNA dam-
age that is most deleterious to the cell. The occurrence of DSBs
may start the carcinogenic process if the damage is not properly
repaired [4]. After induction of a DSB in DNA, a cell-signalling path-
way is set in motion, resulting in the phosphorylation of histone
H2AX, to form a product called yH2AX. It has been shown that
oxidative stress can induce this phosphorylation [5]. This early and
sensitive marker originates from various types of DNA damage,
such as DNA adducts, DNA single-strand breaks, DNA replication,
or transcription-blocking lesions [6]. It was also reported that
micronucleus formation is correlated with H2AX phosphorylation
[7] and that yH2AX is a reliable biomarker of pre-cancerous cells
in vivo [8,9]. These data support the assumption that H2AX phos-
phorylation could be an appropriate biomarker of genotoxicity, as
suggested in recent in vitro and in vivo studies [10-19].

In a previous study, a statistical method was developed in
order to define pesticides that were present in the French diet in
2006, thus relevant to be studied in terms of effects on human
health [20]. Briefly, this method was based on exposure to different
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Table 1
Category and chemical class of the 14 active substances studied.

Active substance Category Chemical class

Acrinathrin Acaricide, insecticide Pyrethroid

Benalaxyl Fungicide Acylalanine

Bupirimate Fungicide Pyrimidinol

Chlordane Insecticide Cyclodiene, organochlorine
Dieldrin Insecticide Cyclodiene, organochlorine
Esfenvalerate Insecticide Pyrethroid

Heptachlor Insecticide Cyclodiene, organochlorine
Lindane Insecticide Organochlorine
Myclobutanil Fungicide Triazole

Penconazole Fungicide Triazole

Pirimicarb Insecticide Carbamate

Propyzamide Herbicide Benzamide

Pyriproxyfen Insecticide Unclassified

Tebufenpyrad Insecticide Methyl-pyrazole

pesticides estimated from data collected by the French national
food-monitoring administration, and from data on the dietary
habits from a French consumption survey [21,22]. After modelling,
two sub-populations were identified that were highly exposed to
34 compounds [20]. In our study, we retained three criteria to deter-
mine which pesticides would be analyzed for toxic potential among
the 34 compounds. Twenty-one pesticides that the two highly
exposed population clusters had in common were first retained
in the list. Then, from these 21 pesticides, we retained at least 14
compounds: ten pesticides registered in the Annex I of the 2008
European directive 91/414 (benalaxyl, esfenvalerate, penconazole,
pirimicarb, propyzamide, pyriproxyfen, tebufenpyrad), three for
which the use was still authorized in 2008 (acrinathrin, bupiri-
mate, myclobutanil), and four pesticides that were considered to
be persistent in the environment [23] (dieldrin, chlordane, lindane,
heptachlor) (Table 1).

The aim of this study was to screen the cytotoxicity and genotox-
icity of the 14 selected pesticides with the yH2AX In Cell Western
(ICW) assay [10,11,18,19]. The advantage of the ICW methodology
is the simultaneous determination of cytotoxicity and genotoxicity
of xenobiotics on cells cultured in a 96-well plate format [10,11].
Four human cell lines (ACHN, SH-SY5Y, LS-174T, HepG2) were used,
each originating from a potential target tissue of food contami-
nants, i.e. kidney, nerve tissue, colon and liver, respectively. In a
second step, in view of the fact that tebufenpyrad was found posi-
tive in our assay, other methyl-pyrazole pesticides, namely bixafen,
fenpyroximate and tolfenpyrad, were added to the list of com-
pounds to investigate.

2. Materials and methods
2.1. Chemicals and supplements for cell-culture media

Tolfenpyrad (purity 99%) was obtained from CIL (Cluzeau Info Labo, Ste-Foy-
la-Grande, France) and diluted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
Saint-Quentin Falavier, France). All other pesticides (purity>98%), as well as
benzo[a]pyrene (B[a]P), camptothecin and etoposide were purchased from
Sigma-Aldrich, and diluted also in DMSO. Penicillin, streptomycin, trypsin, PBS,
RNAse A (R6513, DNase-free), and Triton X-100 were also obtained from Sigma-
Aldrich. The phosphatase inhibitor cocktail tablets (“PHOSSTOP”) were from Roche
and the blocking solution (MAXblock Blocking Medium) was from Active Motif
(Belgium). TO-PRO-3 iodide (diluted in 1/500 in PST (PBS, 2% fetal calf serum, 0.2%
Triton X-100)) was purchased from Molecular Probes (Eugene, Oregon, USA).

2.2. Antibodies

2.2.1. Primary antibodies

Monoclonal anti-phospho-H2AX from rabbit was purchased from Cell Signalling
Technology (Danvers, MA, USA) and diluted in 1/200 in PBS containing 2% fetal
bovine serum (FBS) and 0.2% Triton X-100.

2.2.2. Secondary antibodies
Goat anti-rabbit antibody coupled with 770-nm fluorophore (diluted 1/1000 in
PST buffer) was purchased from Biotium (CA, USA).

2.3. Cells lines and maintenance

SH-SY5Y human neuroblastoma cells were maintained in DMEM/F12 medium,
with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. ACHN human renal
adenocarcinoma cells (ATCC nr. CRL-1611), HepG2 human hepatoblastoma cells
(ATCC nr. HB-8065), and LS-174T human epithelial colorectal adenocarcinoma cells
(ATCC nr. CL-188) were grown in a-MEM medium, supplemented with 10% FBS and
antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin). Jurkat T lymphocytes
(ATCC nr. TIB-152) were grown in RPMI medium, supplemented with 10% FBS and
antibiotics. All cell lines were grown in a humidified atmosphere with 5% CO, at
37°C.

2.4. Pesticide treatment

For the HepG2, ACHN, LS-174T and SH-SY5Y cell lines, 2.6 x 104, 4 x 10%,
3.2 x10% and 4 x 10* cells per well, respectively, were grown for 16 h in 96-well
plates containing 200 L medium per well. Then, the medium was replaced by pes-
ticide solutions diluted in medium without serum, and cells were exposed to 0.2%
(v/v) DMSO in culture medium.

For the screening of genotoxicity of the 14 compounds, cells were incubated for
24 h with different concentrations of pesticides according to their solubility. Exper-
iments were carried out in duplicate. For the kinetics, SH-SY5Y cells were exposed
from 30 min to 24 h to tebufenpyrad with four non-cytotoxic concentrations. Then,
cytotoxic and genotoxic activities of bixafen, fenpyroximate and tolfenpyrad were
studied after 24 h of treatment.

For the Jurkat cell line, 3.6 x 104 cells per well were placed in 96-well plates
with RPMI without FBS and treated on the same day with three concentrations of
bixafen, fenpyroximate, tebufenpyrad and tolfenpyrad. Then, genotoxic effects were
determined after 24 h of treatment.

2.5. In Cell Western (ICW) technique

The In Cell Western technique was previously reported to allow the determi-
nation of cell viability in parallel to genotoxicity for adherent cells (ACHN, HepG2,
LS-174T and SH-SY5Y) [10,11,18,19]. Briefly, after treatment with pesticides, cells
were fixed with 4% paraformaldehyde (Electron Microscopy Science) for 20 min for
adherent cells. Then, cells were permeabilized with 0.2% Triton X-100 in PBS for
five min and blocked with MAXblock blocking medium with PHOSSTOP and RNAse
A (0.1g/L) for 60 min at room temperature. Cells were incubated for 2 h with the
primary antibody in PST buffer and after three 5-min washes in PST, a secondary
detection was carried out with secondary antibody mixed with TO-PRO-3 iodide
for DNA labelling. After 1h of incubation and three 5-min washes in PST, the DNA
and y-H2AX were simultaneously visualized by means of an Odyssey Infrared Imag-
ing Scanner (Li-Cor ScienceTec, Les Ulis, France) with the 680-nm and the 800-nm
fluorophore. Relative fluorescence units for y-H2AX per cell were divided by the
fluorescence per cell for the vehicle controls to determine the modification in H2AX
phosphorylation compared with the control. To measure cytotoxicity, the DNA con-
tent in each experiment was compared with that in cell treated with the vehicle
control. All experiments were carried out independently, in triplicate. The positive
controls used in each treatment were 1 wM benzo[a]pyrene for LS-174T and HepG2
cell lines, 1 wM camptothecin for Jurkat cells, and 1 wM etoposide for ACHN and
SH-SY5Y cell lines.

After 24 h of treatment with pesticides, the Jurkat cells were fixed with 50 nL
paraformaldehyde (4% final concentration), for 15 min. Then, cells were centrifuged
for 10 min at 1500 rpm at room temperature. The paraformaldehyde was removed
and neutralized with 20 mM NH4Cl for 2 min. The cells were permeabilized three
times with 0.1% Triton X-100 in PBS and centrifuged for 5min at 2000rpm
[idem], after blocking the non-specific sites with MAXblock Blocking Medium with
PHOSSTOP and RNAse A (0.1 g/L) for 60 min. From this step onwards, the ICW pro-
tocol was the same as the one described for adherent cells.

2.6. Quantification of ROS

Intracellular levels of ROS production were measured with CellROX from Molec-
ular Probes (Eugene, Oregon, USA) according to the manufacturer’s instructions.
Jurkat cells were treated in the same way as in the ICW technique. Fluorescence
intensity was measured with an INFINITEM200 plate reader (TECAN) with exci-
tation at 640 nm and emission at 655 nm. These experiments were performed in
triplicate.

2.7. Data analysis

Statistical analyses were performed with Student’s t-test (one-tailed test). Sta-
tistical analysis was performed with the R Software. Error bars represent SEM
(standard error of the mean). The statistical significance of the increase in H2AX
phosphorylation was determined in comparison with the DMSO control; *p <0.05;
**p<0.01.
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3. Results
3.1. Cytotoxicity and genotoxicity of the 14 selected pesticides

In a first step, the cytotoxicity of the 14 selected pesticides was
investigated with four human cell lines (HepG2, LS-174T, ACHN
and SH-SY5Y) derived from potential target tissues of food con-
taminants. Due to the limited solubility of acrinathrin, benalaxyl,
chlordane, dieldrin, esfenvalerate, lindane, heptachlor in the cul-
ture media at 100 wM, the cytotoxicity of these compounds was
not determined at this concentration. The results show that only
pirimicarb and propyzamide were non-cytotoxic, irrespective of
the concentrations tested with the four human cell lines (Table 2).
A cytotoxic effect was observed in at least one of the cell lines for
the other 12 test compounds. At high concentrations, some pesti-
cides (bupirimate, myclobutanil, penconazole, and chlordane) were
more cytotoxic towards LS-174T and SH-SY5Y cells than to HepG2
and ACHN cells (Table 2).

The genotoxicity of the 14 selected pesticides towards the four
cell lines, measured with a genotoxic assay based on histone H2AX
phosphorylation, is shown in Figs. 1-4. Genotoxicity was consid-
ered to be present if the treatment with the compound resulted
in a viability > 80% and if the induction of H2AX phosphorylation
was statistically at least 20% higher than that observed with the
control DMSO. No induction of genotoxicity was seen with the
14 selected pesticides in ACHN (Fig. 1), HepG2 (Fig. 2) or LS-174T
cells (Fig. 3). In the SH-SY5Y cell line (Fig. 4), only tebufenpyrad
was found to be genotoxic in a dose-dependent manner (1-10 wM;
Fig. 4). Because YH2AX is an early marker of DNA damage, the time
course of the genotoxic effect of tebufenpyrad was investigated in
these cells (from 30 min to 24 h). DNA damage was observed, on
the basis of YH2AX induction, at 1 h after the exposure to 100 uM
of tebufenpyrad (Table 3).

3.2. Cytotoxicity and potential genotoxicity of other
methyl-pyrazole pesticides

In order to elucidate whether the methyl-pyrazole structure was
involved in the genotoxicity of tebufenpyrad (Fig. 5A), three pes-
ticides belonging to the same structural group were investigated,
namely bixafen (Fig. 5B), fenpyroximate (Fig. 5C) and tolfenpyrad
(Fig. 5D). Cytotoxicity was analyzed by the ICW assay. The cyto-
toxicity data show that the viability of SH-SY5Y cells at 24h
was significantly below 80% for concentrations of fenpyroximate
and tebufenpyrad > 3 wM, whereas for bixafen the 80% viability
threshold was reached for concentrations>30uM (Fig. 6A-C).
As observed with tebufenpyrad, other methyl-pyrazole pesticides
(bixafen, fenpyroximate and tolfenpyrad) were found to be geno-
toxic in a dose-dependent manner in this cell line. Genotoxicity
was observed from 3, 1 and 0.01 wM for bixafen, fenpyroximate
and tolfenpyrad, respectively (Fig. 6A-C).

3.3. Genotoxic potential of pyrazole pesticide on human
lymphocytes

As tebufenpyrad was demonstrated to be genotoxic on human
lymphocytes [24], the genotoxicity of the four methyl-pyrazole
pesticides was tested on the Jurkat cell line (human lymphocyte T
cells) (Fig. 7). The four methyl-pyrazole pesticides exhibited similar
genotoxic effects on the Jurkat cells as previously found with SH-
SY5Y cells. The weakest effect was observed with bixafen (starting
at 10 wM), fenpyroximate was genotoxic at 3 .M, whereas tolfen-
pyrad and tebufenpyrad were the most genotoxic test compounds,
with a significant induction of DNA damage already observed from
1 M (Fig. 7).

3.4. ROS production by methyl-pyrazole pesticides on human
lymphocytes

We further investigated if oxidative stress could be responsi-
ble for the observed genotoxic effect of the four methyl-pyrazole
pesticides (Fig. 7). The production of reactive oxygen species
(ROS) was measured in Jurkat cells after treatment with the four
methyl-pyrazoles at early time points (Fig. 8). A dose- and time-
dependent increase of ROS production was observed, irrespective
of the methyl-pyrazole tested. The most potent inducer of ROS pro-
duction was tolfenpyrad, with a significant increase in ROS after
30minat1 wMand atall times tested for 10 and 100 .M (Fig. 8A-C).
Fenpyroximate induced ROS production whatever the time tested
at 10 and 100 uM (Fig. 8C). Tebufenpyrad induced ROS produc-
tion only after 1h and 2 h at 100 wM (Fig. 8B and C), whereas this
induction was observed after 2 h at 100 wM for bixafen (Fig. 8C). All
these data suggest that the genotoxicity of the four methyl-pyrazole
compounds is related to the production of reactive oxygen species.

4. Discussion

The first objective of this study was to analyse the cytotoxic
and genotoxic potential of 14 pesticides chosen among 34 such
compounds known to be present in the French diet (based on
recently reported French data on their occurrence in food [20]).
To reach this goal, we used an approach newly developed in our
team, allowing with the same assay the assessment of the cyto-
toxicity and the genotoxicity of chemicals [10,11,18,19]. Because
in vitro cell models only express part of the metabolic capabili-
ties expressed in the tissue they originate from, and because they
have a different sensitivity to toxic compounds, xenobiotic effects
were tested on various human cell lines [25,26]. Four human cell
lines, derived from potential target organs of food contaminants,
were chosen. The cytotoxicity of the 14 selected pesticides was
determined by use of the ICW technique. Only pirimicarb and
propyzamide were non-cytotoxic in all cell lines tested (concen-
tration range, 0.1-100 wM). In terms of cytotoxicity, SH-SY5Y and
LS-174T were the most sensitive cell lines, confirming previously
observed results [19].

Considering that only values corresponding to a cell viabil-
ity > 80% were taken into account for estimating the genotoxic
potential of the 14 test compounds, we found that only tebufen-
pyrad was genotoxic in a dose-dependent manner on the SH-SY5Y
cell line. The negative results obtained for most of the test com-
pounds was expected since pesticides with genotoxic properties
are currently banned for agricultural use within the EU. Although
limited to SH-SY5Y cells, the significance of the positive outcome
obtained with tebufenpyrad at 1 wM should be discussed.

In order to verify if the genotoxicity of tebufenpyrad was specific
to this compound or could be attributed to the methyl-pyrazole
structure, three other pesticides (bixafen, fenpyroximate and
tolfenpyrad) with this chemical structure were tested. As observed
for tebufenpyrad, the three other methyl-pyrazole pesticides were
also genotoxic in SH-SY5Y cells. Bixafen and tebufenpyrad showed
similar genotoxic potential, whereas fenpyroximate and tolfen-
pyrad were genotoxic at concentrations that were 10- and 100-fold
lower, respectively, than observed for tebufenpyrad. These results
suggest that the methyl-pyrazole structure of these compounds is
involved in their genotoxic effect.

To the best of our knowledge, current published information
on the genotoxic potential of methyl-pyrazole pesticides is very
limited. No genotoxic effect of tebufenpyrad was observed with dif-
ferent in vitro regulatory genotoxicity assays, including the Ames
test with bacteria, the gene-mutation test with Chinese ham-
ster V79 cells, the assessment of unscheduled DNA synthesis in
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Fig. 1. ICW of YH2AX on the ACHN cell line. Each value represents the mean & SEM (n > 3) after 24 h of treatment with pesticides. Positive control was etoposide at 1 wM. No
significant differences were observed between DMSO controls and matched groups (p > 0.05), except for positive control (**p <0.01).
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Table 2
Cytotoxicity of the 14 selected pesticides determined with the ICW technique on four human cell lines after 24 h of treatment.
Concentration ACHN HepG2 LS174T SH-SY5Y
(LM)
Esfenvalerate 0.1 105+12 112+38 91+17 100+7
1 117+7 106 +34 95+17 109+15
10 105+12 89+19 75+8" 97+12
100 nd nd nd nd
Benalaxyl 0.1 111+6 97+15 87+10 101+£12
1 112+3 96+17 92+23 110+18
10 104+8 98+19 93+17 98+13
100 nd nd nd nd
Propyzamide 0.1 102+7 97+18 99+13 110+£17
1 104+3 95+20 87+11 108 +22
10 104+5 94 +31 94+ 27 105+20
100 96+1° 98+6 75+32 105+25
Lindane 0.1 119+3 83+9 94+9 110+£24
1 125423 8749 102+13 102+13
10 114+3° 82+5" 93+8 99+12
100 nd nd nd nd
Pirimicarb 0.1 115+6 106 +£14 89+9 95+5
1 111+7 103+16 93+17 94+10
10 110+5 112+30 91+12 108 +17
100 99+6 99+17 92+11 110+17
Piriproxyfen 0.1 110+ 14 102+28 88+5 98+6
1 107 +4 104 +21 88+6 88+14
10 92+15 101£20 74+19 75+20"
100 nd nd nd nd
Acrinathrin 0.1 1077 97+15 98+17 96+2
1 105+4 86+11° 107 +6 96+19
10 9247 96+18 86+3" 91422
100 nd nd nd nd
Bupirimate 0.1 114+£12 99+18 94+3 94+6
1 109+ 11 93+18 92+5 107 +29
10 108 +17 95425 71+15 92+26
100 74+16 48410 39+18° 27 424"
Myclobutanil 0.1 106+6 105+49 94+11 112+9
1 104+6 91+35 86+20 99+20
10 103+5 89+24 83+17 91+12
100 86+2" 77+17 57+7" 88+21
Penconazole 0.1 102+5 105+30 94+12 10011
1 102+7 102 +28 71+9 105+20
10 98+8 98 +26 72+19 101 +21
100 70+21 61+16 29424 50+22
Chlordane 0.1 100+1 112+42 100+ 19 103+13
1 98+7 99+35 93+18 106+ 14
10 97+13 100+28 60+11" 64+28"
100 nd nd nd nd
Dieldrin 0.1 109+11 86+14 97 +21 96+ 11
1 109+ 14 84+20 88+7 101+24
10 103+17 80+6 7649 104+17
100 nd nd nd nd
Heptachlor 0.1 103+£19 98+5 94+21 96+10
1 100+ 16 97 +27 91+15 109 +24
10 92+16 89+12 89+9 90+19
100 nd nd nd nd
Tebufenpyrad 0.1 106 +25 87+20 70+29 105+18
1 76+25 74418 65+19" 109+18
10 78+20 65+22° 49+15" 103+13
100 26+14" 304+84 13.6+7.6" 19+18"
Etoposide 1 90+8 76+6"
Benzo[a]pyrene 1 92+14 90+19

nd, not determined. Each value represents the percentage of viability (mean + SD; n > 3). Significant differences were observed between DMSO controls and matched group.

" p<0.05.
" p<0.01

rat primary hepatocytes, and the in vivo mouse bone-marrow
erythrocyte test [24,27,28]. Nonetheless, cytogenetic experiments
realized in vitro on human lymphocytes demonstrated that expo-
sure to tebufenpyrad induced chromatid breaks in the absence of
metabolic activation [24,27]. The Food Safety Commission in Japan
reports that tolfenpyrad was not genotoxic towards bacteria and
no micronuclei in treated mice was observed, but as described with
tebufenpyrad, chromosomal aberrations were induced in cultured
Chinese hamster lung fibroblast V79 cells [29]. The genotoxicity of
fenpyroximate was tested with regulatory genotoxic assay and no

genotoxic or clastogenic potential was observed [30,31]. No pub-
lished data was identified with respect to bixafen genotoxicity.
Because US-EPA and the European Chemicals Agency reported that
tebufenpyrad was genotoxic on human lymphocytes, showing pos-
itive results without S9 liver fraction and equivocal results in the
presence of S9 mix [24,27], the genotoxicity of the four methyl-
pyrazole pesticides was tested on human T lymphocytes (Jurkat
cell line). We clearly demonstrated that the four methyl-pyrazole
pesticides (tebufenpyrad, bixafen, fenpyroximate and tolfenpyrad)
were genotoxicin the Jurkat cells with the same genotoxic potential
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Fig. 4. ICW of yH2AX on the SH-SY5Y cell line. Each value represents the mean + SEM (n > 3) after 24 h of treatment with pesticides. Significant differences were observed
between DMSO controls and matched groups (*p < 0.05, **p <0.01).

Table 3
Kinetics of H2AX phosphorylation in the SH-SY5Y cell line treated with tebufenpyrad. The positive control was etoposide at 1 WM.

Time (h) Tebufenpyrad Etoposide

0.1 uM 1uM 10 uM 100 uM 1uM

0.5 1.096 +0.28 1.064 +0.08 0.990 +0.04 2.182+0.97 1.052+0.14

1 1.014+0.16 1.009+0.21 1.002 +0.24 1.2134+0.07" 1.308+0.24

2 1.185+0.07 1.113+0.05 1.160 +0.08 2.514+1.06" 1.479+0.37

4 1.149+0.10 1.132+0.08 1.275+0.43" nd 1.529+0.28"

8 1.211+£0.17 1.191£0.15 1.436+0.54" nd 1.618+0.27

24 1.307 +£0.30" 1.363+0.24" 1.785+0.63" nd 2.047 +£0.50"
nd, not determined. Each value represents the mean + SEM (n=5). Significant differences were observed between DMSO controls and matched group.

' p<0.05.

" p<0.01.
as observed in the SH-SY5Y cells. A similar sensitivity to toxic xeno- Phosphorylation of H2AX is an early and sensitive biomarker
biotics of these two cell lines was also demonstrated with different resulting from various types of DNA damage [6]. Previously, we
types of compound in two other studies [25,26]. These results con- demonstrated that DNA damage resulting from DNA-adduct for-
firm the usefulness of screening the toxic effects of compounds in mation by reactive metabolites in cells could be observed from
different human cell lines. eight hours after treatment [10,19]. However, after only one hour
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Fig. 5. Chemical structures of methyl-pyrazole pesticides tested in this study. (A) Tebufenpyrad, (B) bixafen, (C) fenpyroximate, (D) tolfenpyrad.
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Fig. 6. ICW determination of YH2AX and cytotoxicity of bixafen (A), fenpyroximate (B), tolfenpyrad (C) in the SH-SY5Y cell line after 24 h of treatment. Each value represents
the mean + SEM (n > 3). Significant differences were observed between DMSO controls and matched groups (*p < 0.05, **p <0.01).

of exposure to tebufenpyrad, the first DNA damage can already be
observed in SH-SY5Y cells. This observation suggests that tebufen-
pyrad could induce DNA damage without bio-transformation.
Mitochondria are a major source of reactive oxygen species in
the cell [32,33]. An excessive electron flux or shunting through the
mitochondrial respiratory chain may lead to an increase of ROS pro-
duction and an inhibition of ATP synthesis. Complex I and complex
[l of the electron-transport chain are the major production sites
of oxygen free radicals [34,35]. ROS interact with biomolecules and
induce cell disturbance by damaging different cellular components,
in particular DNA, proteins, and lipids. Many xenobiotics, including
pesticides, can induce ROS production [36-38]. ROS were quanti-
fied in Jurkat cells after methyl-pyrazole treatment (Fig. 8), showing
that the four test compounds were able to induce oxidative stress.

Moreover, treatments resulting in the highest production of ROS
(Fig. 8) also result in the strongest genotoxic response observed
with H2AX phosphorylation (Fig. 7).

Tebufenpyrad is an inhibitor of complex I of the mitochondrial
electron transport in insects and mites [24], but it was suggested
that this compound is also able to inhibit the complex I of human
mitochondria. Sherer and collaborators have demonstrated that
mitochondrial electron-transport inhibitors, such as the pesticides
tebufenpyrad and fenpyroximate, could deplete ATP in human neu-
roblastoma cells [34]. Moreover, these authors observed oxidative
damage with two other pesticides, i.e. rotenone and pyridaben. In
several other studies the same response was seen with mitochon-
drial electron-transport inhibitors [33,39,40]. Fenpyroximate and
tolfenpyrad have the same mechanism of action as tebufenpyrad
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Fig. 7. ICW determination of yH2AX of tebufenpyrad, bixafen, fenpyroximate and tolfenpyrad in the Jurkat cell line after 24 h of treatment. Each value represents the
mean + SEM (n > 3). Significant differences were observed between DMSO controls and matched groups (*p < 0.05, **p <0.01).
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sents the mean + SEM (n > 4). Significant differences were observed between DMSO
controls and matched group (*p <0.05, **p <0.01).

(inhibition of complex I in mitochondria in insects), whereas bix-
afen inhibits complex II. A report from the Japanese Food Safety
Commission indicated that tolfenpyrad can inhibit the respiration
mitochondrial complex I in vivo and in vitro [29]. Like with tebufen-
pyrad, it was shown that fenpyroximate could deplete ATP in
neuroblastoma cells [34]. No data are accessible about the capacity
of bixafen to inhibit the human mitochondrial electron-transport
chain, but bixafen inhibited complex II of the mitochondria and
it can be assumed that this effect could result in oxidative dam-
age [41]. As for fenpyroximate, tebufenpyrad and tolfenpyrad, the
genotoxic mechanism observed for bixafen in our study may be
linked to the inhibition of the mitochondrial respiratory system,
resulting in ROS production and subsequent oxidative DNA dam-
age.

In our study, tebufenpyrad did not induce DNA damage in ACHN,
LS-174T or HepG2 cells. It can be speculated that the negative
results obtained with ACHN cells could be explained either by an
efficient DNA repair or by a lower sensitivity to ROS due to higher
ROS inactivation rates in this cell line, as compared with SH-SY5Y
or Jurkat cells. Negative results obtained with HepG2 and LS-174T
cells could be explained by their biotransformation capabilities,
mainly resulting in the production of inactive metabolites [10,42],
unable to inhibit the complex I of the mitochondrial electron chain
and to induce ROS production.

5. Conclusion

The above data confirm that the H2AX assay may be more sen-
sitive than the genotoxicity tests currently used [7,18,19,43-45].
Moreover, we confirm that this assay is well adapted to screen-
ing of the genotoxicity of compounds in different human cell lines;
potentially it could be used for high-throughput screening purposes

[25,26]. Although this study corroborates the fact that the pesti-
cides to which consumers are exposed via food give no evidence of
a genotoxic response in most of the assays, it also shows genotoxic
effects in two human cell lines for tebufenpyrad, as well as for three
other methyl-pyrazole pesticides. Oxidative stress may play a role
in this effect, but the reason why this effect was observed specifi-
cally in SH-SY5Y and Jurkat cells remains to be investigated. In any
case, more in vivo data are required before a general recommenda-
tion can be made regarding the potential hazards of tebufenpyrad,
bixafen, fenpyroximate and tolfenpyrad to humans.
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