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A B S T R A C T

Fungicides are used in the agricultural sector against the harmful action of fungi, however they are potential
toxic agents for the environment and the living organisms. Benomyl is a widely encountered benzimidazole
fungicide that exerts its toxicity via inhibiting microtubule formation in the nervous system and the male re-
productive and endocrine systems, whilst it is a known teratogen. Since toxic effects of benomyl and its mole-
cular mechanisms are not fully understood, we aimed to detect its neurotoxic potential via evaluating cyto-
toxicity, oxidative stress and apoptosis in SH-SY5Y cell line. The cells were incubated with benomyl in a
concentration range between 1 and 6 μM for 24 h. Our results indicated a concentration-dependent enhancement
of reactive oxygen species measured through flow cytometry and DNA damage evaluated via the comet assay.
Additionally, it induced apoptosis in all tested concentrations. According to the findings of the present study,
benomyl is a xenobiotic, which it appears to exert its toxic action via a redox-related mechanism that, finally,
induces cell apoptosis and death. We believe that this study will offer further insight in the toxicity mechanism of
benomyl, although further studies are recommended in order to elucidate these mechanisms in the molecular
level.

1. Introduction

Pesticides are environmental contaminants and it has been recently
reported that they constitute one of the major causes of neurodegen-
erative diseases [1]. Neurotoxicity and neurological dysfunctions are
also partly attributed to organophosphates, carbamates, organo-
chlorines, pyrethroids, herbicides, fungicides and fumigants. The bio-
logical action of pesticides after acute administration is largely well
defined. Towards that end, pesticides act through disruption of redox
equilibrium, thus inducing oxidative stress and the maximum tolerated
doses (i.e., the doses that cause toxic effects but not the death of ex-
perimental animals or severe toxic outcome to humans) are usually
calculated via the micronucleus assay [2]. However, their chronic

effects on human health are still a matter of contradiction [3–5]. Fun-
gicides belong to the class of pesticides that are used to protect the
agricultural products from the harmful action of fungi [6]. The con-
tinuous and uncontrolled use of fungicides raises serious risks to the
environmental, animal and public health. It has been shown that these
substances may cause teratogenic, carcinogenic and mutagenic effects
on the reproductive system of different organisms [7]. It is a fact that
numerous fungicides show low or moderate toxicity and the rate of
fungicide-related deaths is much lower than the rate of pesticide-related
death cases [8]. However, different types of fungicides exert their
neurotoxic action via numerous different molecular pathways [9].

Benomyl, whose chemical structure is depicted in Fig. 1, is a broad-
spectrum benzimidazole fungicide that is widely used in agriculture and
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in households in order to prevent and control fungi-associated diseases
of plants [10]. Its mechanism of action is related to the inhibition of
fungal growth via disruption of tubulin polymerization [11]. Further-
more, it has been shown that it induces neuronal cell death at nano-
molar concentrations [12]. As a systemic fungicide, benomyl exerts its
neurotoxicity via interfering to the function of aldehyde dehydrogenase
and as a result, 3,4-dihydroxyphenylacetaldehyde (DOPAL) is accu-
mulated and causes the degeneration of dopaminergic neurons [1].
Furthermore, it has been shown that benomyl acts similarly to widely
used pesticides, such as chlorpyrifos and cypermethrin that are toxic to
earthworms Eudrilus eugeniae via redox-related mechanisms [13]. It is
worth mentioning that although benomyl usage is restricted in the USA
and Europe, it is still used in developing countries, whose backbone of
economy is the agricultural sector [14].

A common mechanism for the exertion of the toxicity of pesticides is
the excessive generation of reactive oxygen species (ROS), and reactive
species in general and, thus, oxidative stress [15]. ROS are produced
during normal metabolic reactions in the cell and specifically metabo-
lism [16]. It is well established that reactive species levels are increased
after physiological treatments, such as exercise [17–20] and nutritional
interventions [20,21]. However, reactive species concentration can also
be elevated due to exposure to several xenobiotics [22] and they have
also been associated to redox-related diseases including cardiovascular,
neurodegenerative and inflammatory pathologies, as well as cancer
[23]. It is well known that excessive generation of ROS negatively af-
fects the main cellular macromolecules, namely DNA, proteins and li-
pids leading to genotoxicity, protein and lipid oxidation and, even-
tually, cell death [24,25]. Neuronal cell death is the ultimate stage for
neurons in oxidative stress context and plays important role in the onset
of neurodegenerative diseases [26]. Additionally, it is a fact that
apoptosis and necrosis could be triggered by oxidative stress and are
keystones in the development of neurodegenerative diseases [26].

The literature lacks solid experimental evidence regarding the pu-
tative detrimental effects of benomyl, a commonly encountered fungi-
cide, on neural tissue given that pesticides in general are considered as
one of the main causes of neurodegenerative diseases. Therefore, the
main objective of the present study was to evaluate the putative det-
rimental effects of benomyl on redox status and apoptosis of neuronal

cells, thus proposing a potential mechanism of action that is currently
unknown.

2. Materials and Methods

2.1. Chemicals

Benomyl (PESTANAL®, analytical standard) was purchased from
Merck (Munich, Germany). DMSO, MTT and H2DCF-DAwere obtained
from Sigma Chemical Co. Ltd. (St. Louis, MO, USA). Annexin V
Apoptosis Detection Kit with propidium iodide was obtained from
BioLegend (Koblenz, Germany). Cell culture mediums and all other
supplements were purchased from Multicell Wisent (Quebec, Canada),
and sterile plastic ware were purchased from Corning (Amsterdam, The
Netherlands).

2.2. Cell culture and treatment conditions

The SH-SY5Y (CRL2266) neuronal cell line was purchased from the
ATCC (Virginia, USA) and the cells were maintained according to the
manufacturer’s instructions. The cells were cultivated at 37 °C in a
humidified incubator with 5% CO2 in DMEM/F12 supplemented with
10 % heat-inactivated FBS and 1% antibiotic (100 U/mL penicillin and
100 μg/mL streptomycin).

A 10mM benomyl stock solution was prepared by dissolving 0.029 g
of benomyl in 1mL of 100 % DMSO and stored in −20 °C until the
analyses were conducted. During the experiment, the cells were in-
cubated with benomyl at a range of concentrations between 1 and 6 μM
in order to evaluate any putative dose-dependent effects. It has been
previously reported that benomyl is not toxic at this concentration
range in cell-line context [10]. Benomyl was diluted in the cell culture
medium and the final DMSO concentration of the tested solution was
equal to 1%. All experiments were performed in triplicates in three
separate days.

2.3. Evaluation of cytotoxicity of benomyl with the MTT assay

The MTT assay was performed to detect any cytotoxic effects of the
tested benomyl concentrations as previously described by [27]. Briefly,
the cells were seeded into 96-well plates (1×104 cells/100 μL of
medium/well) and incubated overnight. After the cells were treated
with benomyl by half dilutions starting from 125, 62.5, 32.25, 15.62,
7.81, 3.9 μM for 24 h, the MTT solution was added into each well and
the cells were further incubated for 3 h at 37 °C in the dark. Finally, the
medium was discarded and 100 μL of DMSO was added to dissolve
formazan crystals followed by measurement of optical density at
570 nm using a microplate reader (Biotek, Epoch, Vermont, USA).

2.4. Measurement of ROS production using flow cytometry

The H2DCF-DA dye was used for the evaluation of the ROS con-
centration by flow cytometer as previously described [27,28]. Briefly,
the cells were seeded into 6-well plates (5× 105 cells/2mL of medium/
well) and incubated overnight. The cells were treated with benomyl at
1, 2, 4 and 6 μM, concentrations in which the cell viability was higher
than 70 % as measured through the MTT assay for 24 h. A 1 % DMSO
solution was used as the negative control. Then, the culture medium
was discarded, the cells were washed with ice-cold PBS twice and in-
cubated with 1mL of PBS containing 20 μM H2DCF-DA-FITC at 37 °C
for 30min on an orbital shaker in the dark. Subsequently, the cells were
detached with trypsin-EDTA, washed with ice-cold PBS twice and re-
suspended in 150 μL of PBS with 1% BSA. The ROS dependent fluor-
escence intensity was measured by counting 104 cells on a ACEA No-
voCyte flow cytometer (San Diego, California, USA) and the results
were expressed as percentage of median fluorescence intensity (MFI%).

Fig. 1. The chemical structure and features of benomyl. Synonyms: Benlate,
Fundasol, Agrocit, Benex, IUPAC Name: methyl N-(1-(butylcarbamoyl)benzi-
midazol-2-yl)carbamate. Molecular Formula and Weight: C14H18N4O3and
290.32 g/mol. CAS Number: 17,804-35-2.
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2.5. Evaluation of GSH levels

GSH levels were determined in the cell homogenates as previously
described [29]. In brief, the cells were seeded into 6-well plates
(5× 105 cells/2mL of medium/well) and incubated overnight. The
cells were treated with benomyl at the non-cytotoxic concentration of 1,
2, 4 and 6 μM for 24 h. A 1 % DMSO solution was also used as the
negative control. Then, the cells were detached with trypsin-EDTA,
washed with ice-cold PBS once, re-suspended and homogenized into
1mL of PBS. The concentration of GSH was evaluated according to the
method of Beutler (1975) [30] using DTNB reagent. Precipitating so-
lution (glacial meta phosphoric acid 1.67 gm, disodium-EDTA 0.20 gm
with 30 gm of NaCl dissolved in 100mL of distilled water finally fil-
tered with filter paper) was added to the samples and after cen-
trifugation Na2HPO4 (0.3 mol/l) and 1mL of 5 5′Dithiobis-2 ni-
trobenzoic acid (DTNB) reagents were added. The optical density of 5-
mercapto-2-nitrobenzoate, which is reduced form of DNTB by free thiol
group of GSH was measured at 412 nm using a microplate reader
(Biotek, Epoch, Vermont, USA). The concentration of GSH was calcu-
lated using a standard curve built from the absorbance of solutions with
known GSH concentrations and the results were expressed as μg of GSH
/ mg of total protein, which was measured with the Bradford assay
[31,32].

2.6. Measurement of DNA damage by the Comet assay

The comet assay is a sensitive method for the quantification of DNA
strand breaks in order to evaluate the genotoxic potential of xenobio-
tics. It has also been suggested that “ghost cells”, which are char-
acterized by small or no head with cloudy tail might be associated with
apoptotic cell nuclei [33]. The assay was performed as previously de-
scribed by Kara et al. (2019) [34] with minor modifications. Briefly, the
cells were seeded into 12-well plates (2×105 cells/1 mL of medium/
well) and were incubated overnight. The cells were treated with be-
nomyl at the non-cytotoxic concentration of 1, 2, 4 and 6 μM. A 1 %
DMSO solution was also used as the negative control. Then, the cells
were detached with trypsin-EDTA and washed with ice-cold PBS once.
Then, they were re-suspended into 100 μL of PBS and 100 μL of pre-
warmed low-melting agarose was added. After cell suspension was
layered on the microscope slides pre-coated with normal-melting
agarose, the slides were incubated at 4 °C for solidification. Lysis at 4 °C
for 2 h followed by DNA unwinding for 20min in cold-fresh electro-
phoresis buffer, and, electrophoresis (20 V / 300mA) was performed at
4 °C for 20min. After neutralization, the slides were stained with
ethidium bromide (20mg/mL) and immediately examined under a
fluorescent microscope (Olympus BX53, Tokyo, Japan) at 40 × mag-
nification using an automated image analysis system (Comet Assay IV,
Perceptive Instruments, Suffolk, UK). A total of 100 cells were scored
per concentration and the obtained data was expressed as percentage of
DNA in the comet tail (%TDNA, tail intensity).

2.7. Apoptosis/Necrosis measured by flow cytometry

Annexin V Apoptosis Detection Kit with Propidium Iodide was used
to investigate the apoptosis/necrosis pattern of the cells by flow cyt-
ometer. Annexin V binding indicates phosphatidyl serine surface
translocation in early apoptotic cells [35], while, PI binding was used as
necrosis indicator. During the assay, the cells were detected as follows;
intact cells (annexin V-/PI), early apoptotic cells (annexin V+/PI), late
apoptosis cells (annexin V+/PI+) and necrotic cells (annexin V-/PI+).
Briefly, the cells were seeded into 6-well plates [5×105 cells/2 mL
medium/well] and incubated overnight. The cells were treated with
benomyl at the non-cytotoxic concentration of 1, 2, 4 and 6 μM for 24 h.
A 1 % DMSO solution was also used as the negative control. Then, the
cells were detached with trypsin-EDTA, washed with cell staining buffer
twice and re-suspended in binding buffer supplemented with 5 μl of

AnnexinV-FITC and 5 μl of PI at 3× 105 cells/100 μl. Following an
incubation for 15min at room temperature (RT) in the dark, the
fluorescence intensities were measured by counting 104 cells on a ACEA
NovoCyte flow cytometer (San Diego, California, USA). The results
were expressed as the percentage of the total cell amount.

2.8. Apoptosis/necrosis evaluated by laser scanning confocal microscopy

Apoptosis/necrosis was also evaluated by laser scanning confocal
microscopy utilizing fluorescent-labelled reagents. Briefly, the cells
were seeded into 35mm cell culture dishes (105 cells/2 mL of medium)
and incubated overnight. The cells were treated with benomyl at the
non-cytotoxic concentration of 1, 2, 4 and 6 μM for 24 h. A 1 % DMSO
solution was also used as the negative control. Then, the cells were
fixated with an ice-cold (−20 °C) mixture of methanol and acetone
[1:1] for 15min and the culture dishes were washed with staining
buffer. Then, 1 μL of each Annexin V-FITCand PI was added into 1mL of
binding buffer and 1 μL of DAPI was used for nuclear counterstaining.
After, the culture dishes incubated at RT for 15min in the dark and the
images were obtained on a Leica TCS SPE confocal system (Leica
Microsystems Ltd, Heerbrugg, Germany).

2.9. Statistical analysis

Data were analysed by one-way ANOVA followed by post hoc
Dunnett's test and expressed as mean ± SD. The level of statistical
significance was set at p < 0.05. All analyses were performed using the
statistical package SPSS version 20.0 for Windows (SPSS Inc., Chicago,
Illinois, USA).

3. Results

3.1. Cell viability

Benomyl induced cytotoxicity was evaluated with the MTT assay.
The IC50 value was calculated as 10.07 μM in SH-SY5Y cells. The in-
hibition of cell viability was increased in a concentration-dependent
manner as shown in Fig. 2.

3.2. Redox biomarkers

The effects of benomyl on cell redox status were evaluated through
the measurement of ROS production and GSH levels. ROS production
was significantly increased after incubation of the cells with all tested
benomyl concentrations. The fluorescence intensities in higher con-
centrations were similar and enhanced approximately 2-fold compared
to the control sample (Fig. 3a, b). On the contrary, GSH levels were not
significantly changed after benomyl treatment (Fig. 3c).

3.3. DNA damage

The DNA damaging potential of benomyl was evaluated using the
comet assay. Benomyl induced DNA strand breaks in all tested con-
centrations in a dose-dependent manner (Fig. 4a). The mean tail in-
tensities were 5.3 %, 8.3 %, 12.2 % and 22.6 % in benomyl con-
centrations equal to 1, 2, 4 and 6 μM, respectively. Noteworthy, the
highest benomyl concentration induced a 10-fold DNA damage com-
pared to the control sample. Moreover, ghost cells indicating apoptotic
nuclei were observed in the higher concentrations (Fig. 4b).

3.4. Apoptosis/Necrosis

The effects of benomyl on apoptosis/necrosis were evaluated by
Annexin V with PI using flow cytometer. Benomyl induced apoptosis in
all tested concentrations; however, 22 % of the cells treated with 2 μM
of benomyl were necrotic (Fig. 5a). Apoptotic cells were found at
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Fig. 2. The effects of benomyl on cytotoxicity in SH-SY5Y cells. Inhibition of cell viability was increased in a concentration-dependent manner (pink line). IC50 value
was found equal to 10.07 μM using the formula of logarithmic curve (orange line).

Fig. 3. The effects of benomyl on redox status of SH-SY5Y cells were evaluated by measuring the levels of reactive oxygen species (ROS) using H2DCF-DA (a and b)
and GSH with the DTNB assay (c). Median florescence intensities [MFIs] were shifted to right (a, representative histogram) indicating that ROS production was
significantly increased at all tested concentrations compared to the control (b, bar graphs). GSH concentration that is expressed as μg/mg protein remained un-
affected (c). The control cells were exposed to 1% DMSO. Error bars represent the standard deviation. *: p < 0.05; †: p < 0.01 compared to the control group.
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percentage equal to 80 %, 41 %, 85 % and 46 % in 1, 2, 4 and 6 μM
concentrations, respectively. Interestingly, 1 and 4 μM of benomyl in-
duced early apoptosis, whereas, 2 and 6 μM of benomyl induced late
apoptosis as shown in representative quadrants (Fig. 5b). Also, apop-
tosis/necrosis was also evaluated by laser scanning confocal microscopy
utilizing fluorescent-labelled reagents and confocal imaging results
were found in accordance with flow-cytometric analysis (Fig. 5c).

4. Discussion

Several in vitro and in vivo studies have tried to elucidate the mo-
lecular mechanisms that participate in the cellular damaging effects of
benomyl. Although it has been implied that oxidative stress seems to be
one of them, the available scientific data are scarce, especially those
that concern the nervous system. Therefore, in the present study we
aimed to evaluate any putative effects on oxidative stress and apoptosis

after exposure of human neuroblastoma (SH-SY5Y) cells to a range of
benomyl concentrations for 24 h. Noteworthy, this cell line is antici-
pated to offer valuable date since it is frequently used as an in vitro cell
model of neurodegenerative diseases [36]. We report that benomyl
induces a significant increase in the ROS levels and serious DNA da-
mage at all examined concentrations with a concentration-dependent
manner. Furthermore, it also induced apoptosis indicating that it exerts
its oxidative stress-promoted action via the apoptotic pathway.

Benomyl is a toxic agent that promotes the appearance of liver tu-
mours and brain malformations, whereas it shows selective toxicity to
dopaminergic neurons [37]. It is known that benomyl is a toxic agent
against nervous system. On that basis, McLean et al. (1998) have re-
ported that benomyl significantly inhibited neurite outgrowth in SH-
SY5Y cells at a concentration equal to 10−8 M [12]. Additionally, Gupta
et al. (2004) calculated the IC50 value of benomyl, which was equal to 5
μM in human cervical adenocarcinoma (HeLa) cells [8]. In a previous

Fig. 3. (continued)
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study of our group cytotoxic and genotoxic effects of a commercial
product of benomyl (Pilben 50) were evaluated in the same cell line
[34]. IC50value was calculated at 108.7 μM and high concentrations of
benomyl (30 and 60 μM) induced DNA damage. In the present study,
cell viability was decreased in a concentration-dependent manner and
IC50 value was calculated as 10.07 μM. Considering the IC50 values,
there is almost a 10-fold difference between the current and a previous
study. However, it should be kept in the mind that Pilben 50 contains
benomyl at 50 % according to product data sheet; thus, benomyl at the
purity of an analytical standard used in this study could cause higher
cytotoxicity.

It is well known that increased oxidative damage is associated,
without however exerting a cause-effect relation, to neurodegenerative
diseases such as Alzheimer's and Parkinson's, from which a great
number of individuals suffer worldwide [38]. Abnormal intracellular
protein dynamics and protein aggregation, oxidative stress and free
radical formation, mitochondrial dysfunction and bioenergetics dete-
rioration, environmental contamination may cause neurodegenerative
pathologies [39]. It is also a fact that enhanced oxidative stress over the
capacity of cellular protection can cause severe damage and ultimately
cell death. Jang et al. (2016) reported that benomyl disrupted calcium
balance and triggered oxidative stress in human bronchial epithelial
(16HBE14) cell line [10]. Additionally, Catalgol et al. (2013) clearly

demonstrated that acute high exposure to benomyl induced oxidative
stress while impaired the antioxidant defence mechanisms in rat liver,
brain, kidney and testicular tissues [40]. Also, in the same study lipid
peroxidation was considered as a primary mechanism of cell membrane
damage [40]. In the present study, benomyl significantly induced ROS
production in all concentrations indicating increased oxidative stress.
The fact that GSH levels remained unchanged could be explained by the
activity of defence mechanisms at the end of the exposure period. It is
known that oxidative stress conditions in the cell are strongly asso-
ciated with DNA damage. Reactive species attack DNA resulting in
strand breaks and/or damaged bases [41]. Benomyl acts by inhibiting
tubulin polymerization and by inducing numerical chromosome
changes in somatic cells, therefore being considered as a carcinogen
and teratogen. In the current study, benomyl induced DNA strand
breaks in all concentrations tested, a finding that strongly suggests that
it has potent genotoxic effects. Amer et al. (2003) demonstrated that
benomyl caused chromosomal aberrations in benomyl feeding mice for
8 weeks [42]. Ramirez-Mares et al. (1999) showed that benomyl exerts
genotoxic effects in rat hepatocyte cultures, as well, whereas Mailhes
et al. (1992) reported that benomyl induces numerical chromosome
changes in mouse oocytes [43]. In this study, it has been shown that
total ROS level, total apotosis and DNA damage were increased dose
dependently after incubation of neuron cells with benomyl [43]. Thus,

Fig. 4. The effects of benomyl on DNA oxidation in SH-SY5Y cells evaluated using the comet assay. Tail intensity (%TDNA) was significantly increased in a dose-
dependent manner (a). As depicted in the representative images (b), the cells of the control sample exerted round shape meaning that no DNA breaks were detected.
After incubation of the cells with 1 μM of benomyl, DNA damage was not substantial, however, broken DNA strands were observed. The benomyl concentrations
equal to 2 and 4 μM induced severe DNA damage and the viability of the cells was impaired. Finally, DNA in the higher tested benomyl concentration (i.e., 6 μM) was
almost completely fragmented and nuclear DNA was less recognizable. The control cells were exposed to 1% DMSO. Error bars represent the standard deviation. *:
p < 0.05; †: p < 0.01 compared to the control group.
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it appears that benomyl exerts its neurodegenerative action via indu-
cing oxidative stress and DNA damage that result in neuronal apoptosis.
Considering all the above mentioned studies it can be suggested that
oxidative stress is the main pathway in benomyl toxicity.

It has also been demonstrated in a small number of studies that
benomyl induces apoptosis in different cell types, such as MCF-7, HTR-
8/SVneo and HeLa [14,44,45]. Multicellular apoptosis induces to cells a
chracateristic blebbing morphology, loss of cell membrane integrity,
nuclear fragmentation and spesific biochemical events. In this study
early and late apoptosis was induced with a concentration dependent
manner and this finding is shown for the first time in a neural cell line.
Similar results have been reported to other cell lines, however, since it
has been demonstrated that benomyl inhibited the growth of the human
breast cancer (MCF-7) cell line by inducing apoptosis [44]. As it has
been stated in a previous paragraph, permethrin is an interesting pes-
ticide that it has been described as a neurotoxic agent, likely to benomyl
[46]. Similarly, paraquat is a pesticide that exerts a largely common
mechanism of toxicity with benomyl since it alter redox status and in-
duces oxidative stress [47]. An interesting study has recently reported
that icariin, a flavonoid glucoside that is isolated from the plant Herba
Epimedii and displays neuroprotective action, protects against rote-
none, a neurotoxic pesticide [48]. Therefore, the adoption of specific
redox biomarkers with high translational value could reveal the hidden
abilities of plant extracts that are rich in polyphenolic compounds to
counteract the detrimental action of pesticides [49].

It is worth mentioning that in mammals, benomyl is rapidly meta-
bolized and excreted primarily via the urine. The oral LD50 for benomyl
in male and female rats is greater than 10,000mg/kg. It has been re-
ported that benomyl causes chromosomal aberrations at 1000mg/kg in
mice, and sister chromatic exchanges in CHO cells up to 150 μg/mL.
The MOEs for potential daily dietary exposure to benomyl ranges from
342 to 1300 μg/mL. The MOEs for annual dietary risk from the an-
nualized daily dosage of benomyl ranges from 3,000–14,000 μg/mL.
The maximum likelihood estimate (MLE) of the excess lifetime risk of
cancer for the U.S. population was 5× 10−6. The 95th upper bound
estimate of the excess lifetime risk of cancer for the U.S. population was

8×10−6. It appears that benomyl is a highly risky xenobiotic for
normal health function even in very low concentrations [50]. In our
study, the IC50 value was calculated at 10.07 uM which is approxi-
mately equal to 3×10-6 g/mL and very close to 5× 10−6. These re-
sults indicate that exposure below limit values of benomyl also induces
the neurotoxicity in vitro. It has been reported that benomyl and its
metabolites are probably partly responsible for the development of
Parkinson’s disease. In chicken studies the NOAEL of benomyl was re-
ported at 2500mg /kg and 500mg /kg in rats for clinical signs as
ataxia, low carriage, wing droop [50]. However, there were no detailed
studies on neurons in the literature on benomyl behavioural effects and
neuron histopathology.

5. Conclusions

The present study demonstrates that benomyl, a widely used pes-
ticide induces oxidative stress and apoptosis in neural cells implying
that it is a toxic agent in very low concentrations. Benomyl has been
restricted in developed countries. On the contrary, it is still widely used
in many developing countries because of the economic importance of
the agricultural sector. Therefore, due to its widespread usage and ac-
cumulation in the environment, both acute and chronic effects of be-
nomyl and relative mechanisms should be clarified. To this end, we
believe that the present study will contribute to the revelation of the
molecular toxicity mechanisms of benomyl.
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