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Abstract

Many pesticides are used increasingly in combinations during crop protection and their stability ensures the presence of
such combinations in foodstuffs. The effects of three fungicides, pyrimethanil, cyprodinil and fludioxonil, were investigated
together and separately on U251 and SH-SY5Y cells, which can be representative of human CNS glial and neuronal cells
respectively. Over 48h, all three agents showed significant reductions in cellular ATP, at concentrations that were more than
tenfold lower than those which significantly impaired cellular viability. The effects on energy metabolism were reflected in
their marked toxic effects on mitochondrial membrane potential. In addition, evidence of oxidative stress was seen in terms
of a fall in cellular thiols coupled with increases in the expression of enzymes associated with reactive species formation,
such as GSH peroxidase and superoxide dismutase. The glial cell line showed significant responsiveness to the toxin
challenge in terms of changes in antioxidant gene expression, although the neuronal SH-SY5Y line exhibited greater
vulnerability to toxicity, which was reflected in significant increases in caspase-3 expression, which is indicative of the
initiation of apoptosis. Cyprodinil was the most toxic agent individually, although oxidative stress-related enzyme gene
expression increases appeared to demonstrate some degree of synergy in the presence of the combination of agents. This
report suggests that the impact of some pesticides, both individually and in combinations, merits further study in terms of
their impact on human cellular health.
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Introduction

Pesticide use is integral in world agriculture. In the Californian

wine industry, over twenty thousand tonnes of pesticide are used

per annum, including more than 150 different agents [1].

Although pesticides can improve yields and restrict dietary threats

to human health such as mycotoxins [2], there remains a long-

standing concern over the impact of the sheer quantity of pesticide

usage on the environment [3,4]. There also appears to be some

association between human toxicity and the weight of pesticide

application, as commercially farmed areas in the wine industry

increase in size [1].

Amongst the various pesticides deployed, fungicides are

particularly important in the wine grape industry and their usage

in various guises has been documented since Roman times [5,6].

The application of combinations of different pesticides and

especially those with novel modes of action has been largely

driven by widespread fungal resistance; this has resulted from the

pressure of historical biocidal usage, as well as increased efficacy

against pests and the promotion of better yields [7,8]. In the wine

industry, the persistence of biocides, leading to detectable

contamination of the finished product, is highly variable and

depends on many factors [9–11]. The process of wine production

generally reduces pesticide contamination in comparison with that

of grapes, although this depends on the physiochemical properties

of the agents used [9] and it is now apparent that wines sourced

from Europe contain multiple residues of many different pesticide

agents in measurable quantities [12,13]. Indeed, some combina-

tions of agents such as fludioxonil and cyprodinil can be resistant

to destruction during wine processing [14]. There are concerns

that these levels of contamination might exceed published

European Union maximum residue levels (MRL; [9,15]), although

these limits are not strictly enforced [16].

Considerable research has been carried out on the impact of

pesticides on various non-target flora and fauna [17,18] and there

is evidence that many biocidal agents lack specificity. Indeed, they

can exert significant mammalian toxicity that may be synergistic

where combinations of different agents are deployed [19–21].

There is also evidence that pesticide exposure can increase the risk

of genotoxicity and this may result in specific malignancies

[22,23]. In addition, pesticide exposure can be neurotoxic [24]

and is even considered a risk factor in the development of

neurodegenerative conditions such as Parkinsonism [25,26].
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However, in view of the use of many combinations of biocides,

their known persistence through foodstuff processing and their

potential neurological human impact, there has been little

investigation into the possible synergistic biological effects on

human neuronal and glial cellular systems. In the present study,

we have utilized two cell lines, gliomal U251 and neuroblastomal

SH-SY5Y cells, which model the basic cell types of the human

central nervous system, the astrocytes and neurones. In this

preliminary study, we have explored the effects of a combination

of three commonly used biocides (pyrimethanil, ciprodinil and

fludioxonil) on cell viability, mitochondrial health and generation

of oxidative stress, alone and in combination.

Methods

Materials and Reagents
Tissue culture flasks, pipettes and 96-well microtitre plates were

obtained from Corning Costar (Lowell, MA, USA). All types of cell

culture media, as well as foetal bovine serum (FBS) and L-

glutamine were purchased from Invitrogen (Paisley, UK). Penicil-

lin and streptomycin, as well as the biocidal agents cyprodinil,

fludioxonil and pyrimethanil were supplied by Sigma-Aldrich

(Poole, Dorset, UK). The CellTiter BlueTM viability assay was

purchased from Promega (Southampton, UK).

Cell Culture
SH-SY5Y (human neuroblastoma) cells (ECACC

no. 94030304; [27] were maintained in Roswell Park Memorial

Institute 1640 containing Glutamax IH (Invitrogen), supplemented

with 10% (v/v) FBS, 1% non-essential amino acids (NEAA) and

1% (v/v) penicillin/streptomycin (100 units penicillin- G/ml and

10 mg/ml streptomycin). U251-MG cells [28] were maintained in

and Hams F10 medium with 25 mM HEPES, supplemented with

10% heat-inactivated FBS, 2 mM l-glutamine and 1% (v/v)

PenStrep solution. The cells were passaged using 0.25% Trypsin,

0.1 mM EDTA when they had reached approximately 80–90% of

confluency.

Study Design
The pesticides were dissolved completely in stock DMSO

solutions and serially diluted in media prior to addition to the cells.

The agents were studied singly in the various assays and in

combination across a concentration range of 0–1 mM. in 100 ml

phenol red free DMEM (containing 2 mM L-Glutamine, 10% v/v

FBS, 1% (v/v) PenStrep solution, in triplicate wells, for 48 hours at

37uC, 5% CO2. Cells were incubated with increasingly cytotoxic

concentrations of pesticides with the aim of the calculation of IC50

values for the various assays. In the combination studies, all three

agents were added so that the same net weight of pesticide was

present in the incubations as those containing single agents. The

vehicle controls contained DMSO alone.

Cell Viability Assay in the presence of Pesticides
Pyrimethanil, ciprodinil and fludioxonil effects on cell general

viability were evaluated initially through the CellTiter BlueTM

(resazurin assay; Promega) viability assay singly and in combina-

tions. Prior to toxin treatment, SHSY5Y and U251 cells were

plated in 96-well microtitre plates at concentrations of 4 or 56105

cells/ml respectively, in a 100 ml volume. After incubation

overnight, the medium was removed and the cells were

maintained in the presence of 100 ml medium supplemented with

increasing concentrations of pesticides. After a 48-hour incubation

period, the cell culture medium was completely replaced with

phenol red free DMEM to which 1% v/v CellTiter-BlueTM

(Promega) solution was added. Cultures were incubated for

4 hours at 37uC/5% CO2 and then read at 620 nm. Untreated

negative controls were run together with the treated cells. Plates

with reagent only served as background controls. Reciprocal

absorbance values were calculated and the percent viability was

expressed as the value in the presence of toxicant as a percentage

of that in the medium only control (which was set as 100%).

JC-1 Mitochondrial membrane potential assay
The mitochondrial membrane potential (MMP) decrease may

be determined using JC-1 dye which only enters cells possessing

healthy mitochondria with polarised membranes, where it forms

aggregates which exhibit a fluorescent shift from green to red. The

JC-1 assay was performed according to Gartlon et al. [29]. Briefly,

following a 48 hour exposure to the test chemicals, the cell culture

medium in each well was completely replaced with 100 ml phenol

red free DMEM containing 5 mM JC-1 (Sigma, UK), prepared

from a 1 mM JC-1 stock in DMSO. Following incubation of the

plates for 30 min at 37uC, 5% CO2, the medium was removed, the

cells washed three times with PBS and 100 ml PBS was added to

each well. The red substrate fluorescence intensity was then read

at 544 nm/590 nm (excitation/emission). The results were

expressed as a percentage of the fluorescence value from the

medium only control well (which was set as 100%).

Total glutathione assay
The total glutathione assay was performed according to as

described by Schuglia et al., [30]. Briefly, following a 48 hour

exposure to increasingly cytotoxic concentrations of test chemical,

the cell culture medium in each well was completely replaced with

25 ml/well of a 5% (w/v) sulfosalicylic acid (SSA) solution and the

plates subjected to three freeze-thawing steps. A working solution

of 0.2 mM NADPH and 0.52 mM DTNB was prepared in

sodium dihydrogen phosphate assay buffer (0.1 M sodium

dihydrogen phosphate, pH 7.5 with 0.15 mM EDTA) and a

5 U/ml GSR enzyme solution was prepared by dilution of

glutathione reductase from baker’s yeast (500 U in 3.6 M

ammonium sulphate; Sigma, UK) with assay buffer. Aliquots of

10 ml from each SSA treated well were removed in triplicate to a

new 96-well plate and 165 ml of NADPH/DTNB working solution

was added to each well, followed by incubation at 37uC for

15 min. GSR enzyme solution at 40 ml was added, the plate

incubated at room temperature for 5 min whilst protected from

light and the A405 was then measured. The total glutathione

content of samples was determined from standard curves

generated with known amounts of GSH using the same procedure

and expressed as a percentage of the medium only control well

(which was set as 100%).

ATP Assay
ATP levels were determined using the ATP luminescence assay

kit from Invitrogen (Paisley, UK), as per the manufacturer’s

protocol. Briefly, following a 48 hour exposure increasingly

cytotoxic concentrations of test chemical, a 10 ml aliquot from

each well was transferred to a black 96-well plate and 90 ml of an

ATP standard solution (containing 1 mM dithiothreitol, 0.5 mM

D-luciferin, and 2.5 ml of 5 mg/ml firefly luciferase stock solution

per 10 ml of the 1X reaction buffer provided) added. The plate

was then incubated for 15 min at 37uC, 5% CO2 and then the

luminescence was measured. The ATP content of samples was

determined from standard curves generated with known amounts

of ATP using the same procedure and expressed as a percentage of

the medium only control well (which was set as 100%).

Pesticide Effects on Neuronal and Glial Cells
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Data analysis
If applicable, GraphPad Prism was used to define the

concentration that gave a 50% reduction in assay response (IC50

value) and standard error of the mean (SEM) for each pesticide

and the combination. All experiments were conducted on three

separate occasions in quadruplicate and one-way ANOVA

followed by the relevant post-hoc test was used to assess for

differences between IC50 values, with significance accepted at the

5% level (p,0.05). All figures and tables are presented as mean 6

SEM.

Real-Time PCR
Total RNA was extracted using TriH Reagent, quantified by

spectrophotometry and treated with DNase and an RNase

inhibitor (Promega, Southampton, UK). 1 mg of total RNA was

reverse transcribed using AMV reverse transcriptase (Promega,

Southampton UK) and oligo dT15 primers (Promega, South-

ampton, UK). Real-Time PCR: cDNAs were amplified in a

standard 40-cycle SYBRH green real-time PCR reaction using

optimised sequence specific primers for caspase-3, superoxide

dismutase (SOD) and glutathione peroxidase (GSHPx) supplied by

PrimerDesign Ltd (Southampton UK), according to the manu-

facturer’s instructions.

GAPDH was selected as a stably expressed gene for normal-

isation of test gene expression after GeNorm analysis (PrimerDe-

sign Ltd, Southampton UK). The comparative CT method was

used to calculate the relative quantification of gene expression.

The following formula was used to calculate the relative amount of

the transcripts in the chemical treated samples (treat) and the

vehicle-treated samples (control), both of which were normalized

to the endogenous controls. DDCT =DCT (treat) – DCT (control)

for biological RNA samples or DDCT =DCT (HBRR) – DCT

(UHRR) for reference RNA samples. DCT is the difference in CT

between the target gene and endogenous controls by subtracting

the average CT of controls from each replicate. The fold change

for each treated sample (relative to the control sample (or

UHRR) = 22DDCT. Fold changes in gene expression using the

comparative CT method and statistical analysis were determined

using the freely available Relative Expression Software Tool

(REST 2009, www.qiagen.com).

Results and Discussion

Impact of the agents alone and in combination on cell
viability

These studies are summarized on Table 1. In terms of the

CellTiter BlueTM results, both cell lines exhibited similar levels of

sensitivity with regard to the combination of pesticides, as well as

to fludioxonil and cyprodinil alone, although pyrimethanil was

significantly more toxic in the U-251 line compared with the SH-

SY5Y cells (P,0.001). For both cell lines, the combination was the

most toxic, followed by cyprodinil and either fludioxonil (SH-

SY5Y) or pyrimethanil (U-251; P,0.001). There was a marked

significant difference between the CellTiter BlueTM assay IC50’s

and those of the JC-1 assay in the SH-SY5Y cells (P,0.001), but

not in the U251 cells with the exception of the cyprodinil

measurements. With the JC-1 assay, in both cell lines, cyprodinil

and the combination were the most toxic (P,0.001). In order of

descending toxicity, fludioxonil in the SH-SY5Y cells and

pyrimethanil on the U251 cells were the next most potent,

followed by pyrimethanil in the neuronal and fludioxonil in the

glial line were the least toxic (P,0.001). All the pesticides showed

an extremely potent reduction in ATP levels, which was

approximately ten-fold greater than their effects in the CellTiter

BlueTM viability assay (P,0.001). However, ATP reductions were

not significantly different with regard to cell line or individual

agent, with the minor exception of cyprodinil values, which were

significantly lower (P,0.05) than those of pyrimethanil in the SH-

SY5Y cells. From Figure 1, it is apparent that the pattern of

toxicity of the pesticide combination, with respect to the

mitochondrial effects (JC-1 and ATP assays) differed markedly

between the neuronal and glial cell lines. Whilst the viability, ATP

and JC-1 data assumed an approximately linear increase in

toxicity (Figure 1), the U251 cells appeared to demonstrate a more

sigmoidal appearance in terms of the ATP and JC-1 data, with the

glial lines exhibiting apparently greater resistance to mitochondrial

membrane attrition compared with the SH-SY5Y cells (P,0.001).

Studies on GSH cellular content (Figure 2) indicated that the

presence of the individual pesticides caused significant reductions

in both cell lines at low agent concentrations; (cyprodinil and

pyrimethanil in the SH-SY5Y cells and cyprodinil and fludioxonil

in the U251 cells; P,0.05; 0.01). However, the pesticide

combination showed significant reductions in GSH at low and

high agent concentrations in both cell lines (P,0.001). Interest-

ingly, cyprodinil at 62.5 mM appeared to show a net increase in

GSH levels with respect to control (P,0.01). Overall, with the

U251 cells even at the highest concentrations tested, GSH levels

did not actually fall to 50% so an IC50 could not be calculated.

With these cells, IC50 values for individual determinations for

pyrimethanil, cyprodinil and fludioxonil ranged from 63.7–59.1%,

although for the combination, an IC50 was determined to be

653+/257.3 mM. In contrast, in terms of thiol depletion, the SH-

SY5Y cells were more vulnerable than the glial cell line. IC50’s for

thiol depletion for pyrimethanil and fludioxonil were not

significantly different (770.1+/266.5; and 849.9+/249.9 mM),

however, the values for combination (476.7+/234.6 mM) as well

as cyprodinil alone (535.8+/254.8 mM) were not significantly

different from each other, but they were significantly lower than

the values for pyrimethanil and fludioxonil (P,0.001).

qPCR gene changes
Three enzymes that are strongly associated with oxidative stress,

namely caspase-3, superoxide dismutase (SOD) and glutathione

peroxidase (GSHPx), were studied using qRT-PCR. From Figure 3

it is clear that there was a marked difference between the two cell

lines investigated, with the U251 cells demonstrating the most

significant responses to the toxicants. With the U251 cells,

cyprodinil and pyrimethanil treatment at both concentrations

resulted in a marked decrease in the expression of GSHPx

(P,0.05), whilst treatment with both concentrations of fludioxonil

resulted in enhanced gene expression (P,0.05). In contrast, SOD

expression was elevated to varying degrees by both concentrations

of the individual compounds, with the most marked increase being

19.93-fold with the higher concentration of cyprodinil (P,0.05).

Caspase-3 expression was enhanced by 11.53-fold and 4.1-fold in

the presence of 500 mm cyprodinil and 62.5 mm fludioxonil,

respectively (P,0.05). Whereas, treatment with the higher dose of

pyrimethanil resulted in a marked decrease in expression (0.62

relative to control). In contrast to the varying increases and

decrease in gene expression found with the compounds tested

individually, the high dose of the compounds in combination

resulted in a robust increase in the expression of GSHPx, SOD

and caspase-3 by 28.54, 18.46 and 13.21-fold, respectively.

With the SH-SY5Y cells, fludioxonil and pyrimethanil showed

only modest significant increases in expression at the higher

concentration studied (P,0.05), although a 19.79 fold increase

was recorded in SOD expression in the neuronal line in the

presence of the combination (P,0.05). In the neuronal cells, a

Pesticide Effects on Neuronal and Glial Cells
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significant 5.3-fold increase in caspase-3 expression was also

recorded (P,0.05). GSHPx expression was also found to be

elevated in the presence of the higher concentration of the

combination (5.12-fold), although this increase in gene expression

was not found to be statistically significant.

Pesticide effects on energy metabolism
The most striking aspect of the effects of cyprodinil, pyrimetha-

nil and fludioxonil in this study, was that their toxicity towards the

cell lines appeared to be directly linked with their potent impact on

ATP production; this was in turn connected with their detrimental

effects on the mitochondrial membrane potential, as indicated by

the JC-1 assay. ATP production has a critical effect on cell viability

and whether cell death is either necrotic or apoptotic and it is

strongly dependent on the level of cellular ATP depletion [31]. In

the human CNS, ATP depletion is a known route of neurotoxicity

linked with several agents [32,33]. In addition, all three pesticides

are sufficiently lipophilic (log P’s range from 2.8–4) to penetrate

the human blood brain barrier and reach the CNS.

Negative effects on energy metabolism may also damage cell

defence against reactive species. In this regard, the pesticides

impacted cellular reducing power capability, but significantly, they

also influenced the expression of several key protective enzymes.

Such effects may be either direct, in terms of suppression or

induction of a specific gene’s expression, or they may be a cellular

response to a secondary effect on cellular metabolism or health,

such as oxidative stress and/or reduction in ATP levels. Although

it is not always possible to distinguish between the two possible

effects, in this report with the U251 cell line, cyprodinil and

pyrimethanil directly impaired the expression of a major

antioxidant defence enzyme (GSHPx) at low and high concentra-

tions, whilst negatively affecting mitochondrial performance, an

effect that should in itself lead to an increase in GSHPx expression.

This impact on GSHPx occurred at pesticide concentrations that

did not significantly impact thiol levels, or in the case of cyprodinil,

when they were actually increased. It is conceivable that such an

increase may have been linked with the absence of thiol demand

that resulted from the fall in GSHPx expression. Although the

pesticides caused some cellular response to increases in reactive

species to occur, such as the increase in SOD expression, in both

cell lines, the suppression of GSHPx expression in this report

suggests that in the U251 line, cell defence could potentially be

partially undermined by the pesticides. This effect was not

apparent in the neuronal cells, where fludioxonil and pyrimethanil

alone were associated with increases in GSHPx expression.

Pesticide effects on Caspase-3 and detoxification
response

Regarding caspase-3 activation, which is essential for the

execution of apoptosis [34], cyprodinil and fludioxonil alone

caused this effect, although the combination of pesticides with the

U251 line showed very significant increases in the three key

protective enzyme systems, GSHPx, SOD and caspase-3. Whilst

this suggests that the combination of these agents was responsible

for sufficient oxidative stress generation to elicit appropriate

cellular defence gene responses in the U-251 cells, such a response

to the combination was not evident in the SH-SY5Y line. At

higher pesticide concentrations, it was apparent that thiol levels

were also eroded in both cell lines and it is likely that this was a

consequence of the combination of oxidative stress, attenuation of

the ATP supply and mitochondrial toxicity. Although high

consumption of thiols usually triggers a ‘thermostatic’ increase in

thiol synthesis [35], this requires both reducing power and ATP to

recycle GSH through GSSG reductase and de novo synthesis [36].

The impact of the pesticides on energy metabolism and

antioxidant protection may have amplified the toxic effects of

the pesticides alone and in combination.

Table 1. Respective IC50 values (mM) after exposure of U251 and SH-SY5Y cell lines to pyrimethanil, cyprodinil and fludioxonil
singly and in combination using three viability assays (CellTiter BlueTM, JC-1 and ATP).

Assay Pesticide U251 (mM IC50) ±SEM SH-SY5Y (mM IC50) ±SEM

CellTiter Blue Pyrimethanil 598.1a***, c*** & 22.5 822.3a***, b***,c*** & 14.2

Cyprodinil 332.3b**,c*** 28.8 304.4b***,c*** 28.2

Fluodioxonil 801.5a***, c*** 46.7 708.1a***, b***, c*** 42.6

Combination 257.2 26.8 269.9b*** 26.2

JC-1 Pyrimethanil 526.3a*** 47.6 144.3a*** 9.6

Cyprodinil 203.7 18.5 40.5 1.7

Fluodioxonil 877.2a*** 13.5 100.6a*** 23.6

Combination 273.6 20.3 63.9 13.9

ATP Pyrimethanil 31.8 2.2 44.5@ 6.3

Cyprodinil 28 3.4 33@ 2.2

Fluodioxonil 32.7 1.3 34.2 6.1

Combination 30.9 2.8 39.3 2.7

* P,0.05,
**P,0.001,
***P,0.001.
a)denotes significant difference between single pesticide and combination IC50 values for each of the 3 assays.
b)denotes significant difference between respective CellTiter BlueTM and JC-1 IC50 values.
c)denotes significant difference between respective CellTiter BlueTM and ATP IC50 values.
@denotes P,0.05.
&denotes P,0.001.
doi:10.1371/journal.pone.0042768.t001
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Context of findings in terms of modes of action and
application

The effects of the pesticides seen in this report do not

immediately appear to be linked with their mode of action in

fungal control. The anilinopyrimidine pyrimethanil is a dual

action fungicide, as it inhibits methionine synthesis and also

perturbs cell wall degradation enzymes, thus retarding fungal

invasion [37,38]. Interestingly, although significantly more toxic

than pyrimethanil in our hands, cyprodinil is actually a closely

related structural anilinopyrimidine analogue. Indeed, cyprodinil

is often mixed with fludioxonil, in such products as ‘SwitchH’

which are used extensively in the wine industry [39]. Fludioxonil is

a phenylpyrrole derivative of the antibiotic pyrrolnitrin [6] and is a

potent phenylpyrrole protein kinase inhibitor; it can also interfere

with signal transmission of osmoregulatory control in fungi [40].

Interestingly, the three antifungals are not perceived as especially

toxic to mammals; oral LD50’s for these agents in rodents exceed

2–5 g/kg [41,42] and their toxicity when used individually

towards many benign species is often relatively low [43]. Overall,

the toxicity of the agents singly and in combination seen in this

report may be linked with commonality in basic cellular function

between mammalian and other target species and this may have

significantly eroded these agents’ fungal specificity. Indeed, it is

known that concerning mitochondrial structure and function,

there are many similarities between mammalian and fungal

systems [44]. In addition, a recent report has shown both

cyprodinil and fludioxonil to inhibit human erythrocytic SOD,

an effect that may also promote oxidative stress and cellular

attrition [45].

Pesticide cell-specific effects
The responses of the two cell lines explored in this study to the

toxic impact of the pesticides differed markedly. The U251 line

possesses considerable biotransformational activity [46] and is

widely used as a cytotoxic model for a range of disparate agents

such as ethanol and trimethyl tin chloride at concentrations which

were within the range shown in human and other mammalian

cellular systems [47–50]. The U251 line is also a relevant model of

human astrocytes, demonstrating comparable susceptibility to glial

toxins such as 6-hydroxydopamine in other models [47,51]. The

antioxidant responses in terms of protective enzyme expression

and relatively higher resistance to thiol depletion compared with

the SH-SY5Y cells, to some extent reflects the role of the astrocyte

in vivo. Neurones are acutely vulnerable to damage caused by

reactive oxygen and nitrogen-derived species and astrocytes play a

key role in the oxidative defence of neurones and the preservation

of their functionality [52].

Figure 2. GSH determinations expressed as a percentage of
control values after the incubation of SH-SY5Y and U251 cells
with pyrimethanil, cyprodinil and fludioxonil used singly and
in combination, over 1–1000 mM over 48 h (n = 3 per determi-
nation; *, P,0.05; **, P,0.01; ***, P,0.001).
doi:10.1371/journal.pone.0042768.g002

Figure 1. CellTiter BlueTM viability, ATP and JC-1 determina-
tions expressed as a percentage of control values after the
incubation of SH-SY5Y and U251 cells with a mixture of
pyrimethanil, cyprodinil and fludioxonil over 1–1000 mM over
48 h (n = 3 per determination).
doi:10.1371/journal.pone.0042768.g001

Pesticide Effects on Neuronal and Glial Cells
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The SH-SY5Y neuroblastoma line is used to model dopami-

nergic human neurones in several disease contexts [53,54], as well

as in the exploration of toxic cellular mechanisms and neurotoxin

screening [55,56]. The SH-SY5Y line has been reported as more

sensitive to neurotoxins in comparison with hepatic and breast

cancer lines [57]. However, these neurone-like cells are less robust

than other transformed lines [57] and this was to some extent

reflected in their greater degree of susceptibility to the pesticides in

this report compared with the glioma cells.

Findings in context of pesticide usage
The persistence of some of these agents is highly variable and is

related to their immediate environment. With cyprodinil, this can

range for a few days in vegetable crops [58], to several weeks along

with fludioxinil in grape juice stored at 4uC [39]. Refrigeration of

produce significantly extends their half-lives and can lead to

breach of EU maximum residue limits [59]. Cyprodinil is also

resistant to destruction in the vinification process [14] and only

charcoal treatment will eliminate these agents from wine [60].

This leads to significant concentrations of these agents in wines

and foodstuffs. In a study in Italian ‘ready meals’, there was an

average of 2.4, but up to ten pesticides in every meal. Whilst this

contamination, which included pyrimethanil and cyprodinil, did

not exceed acceptable daily intakes (ADI) in adults, evidence was

found that contamination was higher in children and teenagers

and in some cases in these latter groups, the ADI’s were actually

exceeded [61].

Although pyrimethanil concentrations in some wines can range

from about 0.6 to just over one micromolar [15,62], this is well

short of the levels required in the present study to cause

mitochondrial toxicity in the two human cell lines. However,

pyrimethanil and other related pesticides are found in some water

Figure 3. Fold changes in the expression of GSH peroxidase, superoxide dismutase and caspase-3 after the incubation of SH-SY5Y
and U251 cells with pyrimethanil, cyprodinil and fludioxonil singly and in a mixture at a low (62.5 mM) and high (500 mM) exposure
concentration over 48 h (n = 3 per determination; *, P,0.05).
doi:10.1371/journal.pone.0042768.g003
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supplies [63] as well as in many other foodstuffs. Therefore, in

view of this report, further studies are necessary to determine the

impact of individual pesticides and combinations of these agents

on human cellular energy metabolism and oxidative stress

production, particularly with regard to their potential ability to

reach the human CNS.
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5. González-Rodrı́guez RM, Cancho-Grande B, Gándara JS (2009) Multiresidue

determination of 11 new fungicides in grapes and wines by liquid–liquid

extraction/clean-up and programmable temperature vaporization injection with

analyte protectants/gas chromatography/iontrap mass spectrometry.

J Chromatogr A 1216: 6033–6042.

6. Rosslenbroich HJ, Stuebler D (2008) Botrytis cinerea history of chemical control

and novel fungicides for its management. J Plant Dis & Prot 115: 208–213.

7. Engelmeier D, Hadacek F (2006) Antifungal natural products: assays and

applications. Rai and Carpinella (eds.) in Naturally Occurring Bioactive

Compounds. Elsevier B.V.

8. Wing KD, Sacher M, Kagaya Y, Tsurubuchi Y, Mulderig L, et al. (2000)

Bioactivation and mode of action of the oxadiazine indoxacarb in insects. Crop

Protect 19: 537–545.

9. Likas DT, Tsiropoulos NG (2011) Fate of three insect growth regulators (IGR)

insecticides (flufenoxuron, lufenuron and tebufenozide) in grapes following field

application and through the wine-making process. Food Add Contam 28: 189–

197.

10. Anli E, Vural N, Vural H, Gucer Y (2007) Application of solid-phase micro-

extraction (SPME) for determining residues of chlorpyrifos and chlorpyrifos-

methyl in wine with gas chromatography (GC). J Inst Brew 113: 213–218.

11. Tsiropoulos NG, Miliadis GE, Likas DT, Liapis K (2005) Residues of

spiroxamine in grapes following field application and their fate from vine to

wine. J Ag Food Chem 53: 10091–10096.
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