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ABSTRACT: Previous studies have shown that organophosphate pesticide (OP) exposure is associated
with oxidative stress. Methamidophos (MET) is an OP widely used in agriculture, which is regarded as a
highly toxic pesticide and it is a potent inhibitor of acetylcholinesterase. The aim of this study was to eval-
uate whether MET can induce oxidative stress at low concentrations in primary cultures of human periph-
eral blood mononuclear cells (PBMCs). PBMCs from healthy individuals were exposed to MET (0–80 mg/
L) for 0–72 h. We performed the MTT and neutral-red assays to assess the cytotoxicity. As indicators of
oxidative stress, the levels of reactive oxygen species (ROS) were assessed using flow cytometry, and
the malondialdehyde (MDA) and reduced glutathione (GSH) levels were determined. MET decreased the
viability of PBMCs in a dose-dependent manner. At concentrations of 3, 10, or 20 mg/L for 24 h, MET
increased the ROS production significantly compared with the vehicle control. Similarly, MET increased
the levels of MDA at the same concentrations that increased ROS (10 and 20 mg/L); however, no changes
in GSH levels were observed. These results suggest that MET increased the generation of oxidative stress
in PBMCs. VC 2015 Wiley Periodicals, Inc. Environ Toxicol 32: 147–155, 2017.

Keywords: methamidophos; oxidative stress; reactive oxygen species; malondialdehyde; organophos-
phate pesticide

INTRODUCTION

Organophosphate pesticides (OP) are widely used around

the world (Schreinemachers and Tipraqsa, 2012) to increase

agricultural production and to control vector-borne diseases

(Schreinemachers and Tipraqsa, 2012; Ecobichon, 2001).

The main target of action for OP is the inhibition of acetyl-

cholesterase in the central and peripheral nervous systems

(Kamanyire and Karalliedde, 2004). However, it has also

been postulated that both acute and chronic exposures to

these compounds alter the redox processes and thus induce

oxidative stress (Lukaszewicz-Hussain, 2010).
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The excessive generation of reactive oxygen species

(ROS) and reduction in antioxidant defenses cause damage

to all vital macromolecules, including lipids, proteins, and

DNA (Halliwell and Whiteman, 2004). Epidemiological

studies have shown an association between occupational

exposure to OP and oxidative stress (Kisby et al., 2009;

Rastogi et al., 2009; Muniz et al., 2008; Shadnia et al.,

2005). The role of oxidative stress in the induction and

development of various diseases, such as cancer (Ahmed,

1999), diabetes (Wei et al., 2009), Alzheimer’s, and Parkin-

son’s (Guo et al., 2013) has been reported; these conditions

have also been associated with OP exposure (Karami-Moha-

jeri and Abdollahi, 2011; Parron et al., 2011; Rezg et al.,

2010; Waddell et al., 2001). Therefore, it is important to

determine whether oxidative stress could be an important

mechanism through which OP exert their toxicological

effects. In this context, several in vivo (Demir et al., 2011;

Zama et al., 2007; Fortunato et al., 2006) and in vitro (Prins

et al., 2014; Edwards et al., 2013; Moore et al., 2010) studies

have shown that some OP can induce oxidative stress. How-

ever, the information is insufficient for other OP.

Methamidophos (MET; O, S-dimethyl phosphoramido-

thiolate) is one of the most widely used OP in the world

(FAO, 2011). It is classified as class Ib by the WHO as a

highly toxic OP (WHO, 2009) and has been restricted for

use and sale in certain countries (USEPA, 2006; UNEP/

FAO, 1997). However, its use has increased in developing

countries. In Mexico, MET is one of the most widely used

pesticides in agriculture (Rojas-Garcia et al., 2011; Schil-

mann et al., 2010; Cortes-Genchi et al., 2008; Perez-Herrera

et al., 2008; Recio-Vega et al., 2008). Like other OP, MET

exerts its acute toxic effect by inhibiting the activity of the

acetylcholinesterase enzyme (Emerick et al., 2012).

Oxidative stress as a mechanism of toxicity associated

with exposure to MET has been little studied, although it is

known that MET decreases the superoxide dismutase

enzyme (Panemangalore and Bebe, 2000) and increases lipid

peroxidation (Kalkan et al., 2009). Recently, concentrations

of 20 and 40 mg/L of MET have been reported to induce

oxidative stress in PC12 cells (Lu et al., 2012). However, the

literature is scarce regarding the involvement of oxidative

stress in the toxicity induced by low concentrations of MET.

Therefore, the aim of this study was to evaluate whether

MET can induce oxidative stress at low concentrations in

primary cultures of human peripheral blood mononuclear

cells (PBMCs).

MATERIALS AND METHODS

Chemicals

Methamidophos, technical grade (purity 97.7%, CAS#:

10265-92-6), was purchased from Sigma-Aldrich (Seelze,

GER) and dissolved in DMSO purity 99.9% (Sigma-Aldrich,

Fulda, GER), such that the final solvent content was <1% in

the cell cultures. The concentrations used in this study (3,

10, and 20 mg/L) were selected based on the results of the

preliminary cytotoxicity assays (Fig. 1) and because these

concentrations (10 and 20 mg/L) were previously used by

Lu et al. (2012).

Subjects

Primary cultures of PBMCs from healthy male donors

(n 5 10) between 21 and 25 years of age, with no history of

occupational exposure to pesticides, alcohol use, consump-

tion of antioxidant supplements (vitamins), genetic diseases,

smoking, or drug use were used. The participation of each

subject was voluntary. Informed consent was obtained from

the subjects according to the recommendations of the Hel-

sinki declaration.

Cell Culture

Primary cultures of PBMCs were obtained using Ficoll-

Hypaque-1077 (Sigma-Aldrich, St. Louis, MO). The PBMCs

were plated in RPMI-1640 medium (Gibco, Grand Island,

NY) supplemented with 5% fetal bovine serum, 0.2 mM L-

glutamine, 1% of nonessential amino acids, and 1% antibi-

otic/antimycotic (10 units penicillin, streptomycin 0.01 mg,

and 0.025 mg amphotericin B). The incubations were per-

formed at 378C in a humidified atmosphere with 5% CO2.

The PBMCs were stabilized for a period of 24 h before each

assay.

Fig. 1. Effect of MET on PBMCs viability. PBMCs were incu-
bated with various concentrations of MET for 24 h, and the
cell viability (%) was determined using the MTT and neutral
red uptake assays (NR) *Significant difference (p< 0.05)
between the cells exposed to MET and the vehicle control
“DMSO” (0 mg/L). The dotted line indicates a 20% decrease
in cell viability. The data represent the mean and standard
error of three independent experiments.
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Cytotoxicity Assays

Cell viability was measured by assay of quantitative colori-

metric neutral red uptake (Sigma-Aldrich, St. Louis, MO)

using the conditions proposed by Repetto et al., (2008), and

by assay of MTT (Sigma-Aldrich, St. Louis, MO) according

to the protocol proposed for Mosmann (1983). For both

assays, the cells were suspended at 250,000 cells/mL and

cultured in 96-well plates in a final volume of 200 mL per

well. They were exposed to MET at concentrations of 3, 5,

10, 15, 20, 40, 60, or 80 mg/L for 24 h. The neutral red

uptake assay was performed as follows: the medium was

removed and 100 lL of neutral red (40 lg/mL in RPMI-

1640) was added and incubated for 2 h. The dye was

removed, and the cells were washed 3 times with phosphate-

buffered saline (PBS, pH 7.4, NaCl 0.138 M, KCl

0.0027 M). Finally, 100 lL of a solubilizing solution

(10 mL deionized water, 10 mL of 96% ethanol, and 0.2 mL

of 99.8% glacial acetic acid) was added to each well. The

absorbance at 545 nm was measured after 10 min using a

Statfax 2100 plate reader (Awareness Technology, Palm

City, FL). The MTT assay was performed as follows: the

medium was removed and replaced with 50 mL of MTT

(0.5 mg/mL in RPMI 1640) and incubated for 4 h. Then 100

lL of DMSO was added to each well to dissolve the forma-

zan crystals; after 30 min of shaking, the absorbance was

read at 545 nm and corrected at 630 nm by dual wavelength

detection. Untreated controls (cells with only culture

medium) and vehicle controls (cells with <1% DMSO)

were included in each test. The concentrations where the via-

bility was less than or equal to 80% compared with the vehi-

cle control were considered cytotoxic. Three independent

experiments were performed in triplicate for each condition.

For subsequent experiments, only the noncytotoxic and low

concentrations (3, 10, and 20 mg/L of MET) were used.

Measurements of Intracellular ROS Levels

The intracellular production of ROS was determined using

the fluorogenic probe CellROX
VR

Green (Life Technologies,

Eugene, OR), following the manufacturer’s specifications.

For this experiment, 1.25 3 106 cells/mL in 96-well plates

were exposed to MET (3, 10, or 20 mg/L) for 6 h, after

which 5 mM of the CellROX probe was added. After incuba-

tion for 30 min, the cells were washed 3 times with PBS and

then suspended in 3 mL PBS. The fluorescence at 485/

520 nm was determined using an FACS-Canto II flow

cytometer (Becton Dickinson, San Jose, CA). A total of

100,000 events were acquired for each tested condition, and

the analysis was performed using the FACSDIVA V 6.1.3

software (Becton Dickinson). Each condition was evaluated

in duplicate in two independent experiments. In each test,

untreated controls (cells with only culture medium) and

vehicle controls (cells with <1% DMSO) were included.

Lipid Peroxidation Assay

The lipid peroxidation was assessed by measuring malon-

dialdehyde (MDA) levels using the kit “LOP-FR 12
VR

”

(Oxford Biomedical Research, Oxford, MI). This assay is

based on the reaction of the chromogenic reagent N-methyl-

2-phenylindole with MDA at 458C to yield a stable chromo-

phore. For this assay, samples of 12 3 106 cells/mL (in 24-

well plates in a final volume of 500 mL) were exposed to 3,

10, or 20 mg/L of MET for 24 h. The medium was removed,

and the cells were washed 3 times with PBS. The cells were

recovered, and 20 lL of Tris–HCl at 50 mM at pH 7.4 was

added, followed by 5 freeze–thaw cycles in a liquid nitro-

gen/water bath at 458C. Next, 15 lL of N-methyl-2-phenyl-

indole and 15 lL of 12 N hydrochloric acid were added.

This mixture was incubated for 1 h at 458C, and the tubes

were then centrifuged at 16872.9 3 g for 15 min. The super-

natant was recovered, and the absorbance at 586 nm was

determined using a Nanodrop 2000c spectrophotometer

(Thermo Fisher Scientific, Atlanta, GA). The concentration

of MDA was determined from a standard curve. Each condi-

tion was analyzed in duplicate in two independent experi-

ments. In each test, untreated controls (cells with only

culture medium) and vehicle controls (cells with <1%

DMSO) were included.

Reduced Glutathione Assay

The reduced glutathione (GSH) levels were determined

using the “Glutathione Assay Kit” (Calbiochem, San

Diego, CA). This assay is based on a chemical reaction that

carry out in two phases. The first phase leads to the

formation of substitution products (thioethers) between the

reagent 4-chloro-1-methyl-7-trifluromethyl-quinolinium

methylsulfate, and all mercaptans which are present in the

sample. The second phase is a b-elimination reaction that

takes place under alkaline conditions, which specifically

transforms the substitution product obtained with GSH into

a chromophoric thione with a maximal absorbance at

400 nm. For this experiment, 6 3 106 cells/mL (in 24-well

plates in a final volume of 500 mL) were exposed to 3, 10,

or 20 mg/L of MET for 6 or 24 h. The medium was

removed, and the cells were washed 3 times with PBS. The

cells were suspended in 30 lL of metaphosphoric acid rea-

gent grade solution (Sigma-Aldrich, Fulda, GER) at 5%

(W/V in water distillate) and immediately vortexed at 48C,

the lysed cells were then centrifuged at 3000 3 g at 48C for

10 min. The supernatants were recuperated and store at 48C

for 1 h. Next, 60 lL of potassium phosphate containing

diethylenetriamine pentaacetic acid and lubrol were added,

after which 5 lL of 4-chloro-1-methyl-7-trifluromethyl-

quinolinium methylsulfate were added and mixed. Next 5

lL of 30% NaOH were added and mixed. This mixture was

incubated for 10 min at 258C in the dark, and the absorb-

ance at 400 nm was determined using a Nanodrop 2000c
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spectrophotometer (Thermo Fisher Scientific, Atlanta, GA).

The concentration of GSH was determined from a standard

curve. Each condition was analyzed in duplicate in two

independent experiments. In each test, untreated controls

(cells with only culture medium) and vehicle controls (cells

with <1% DMSO) were included.

Statistical Analysis

The statistical analyses were performed using the statistical

package STATA version 13.0 (College Station, TX). The

results are presented as means and standard errors. Either

an ANOVA or Kruskal–Wallis analysis with Dunnett’s

post-hoc test was used to evaluate the effect of MET on

cytotoxicity, ROS, GSH, and MDA generation. Pearson’s

correlation coefficient was calculated to evaluate the dose–

effect relationship. Linear regression analysis was per-

formed to calculate the lethal concentration fifty (LC50%).

The graphs were prepared using the GraphPad 5 program

(La Jolla, CA). P-values <0.05 were considered statisti-

cally significant.

RESULTS

Cytotoxicity of Methamidophos

Cell viability evaluated by neutral red and MTT assays

showed that MET was cytotoxic at concentrations �40 mg/L,

as indicated by decreases in cell viability of more than 20%

compared with the vehicle control (p< 0.05). The cell viabil-

ity at concentrations >40 mg/L showed a dose-dependent

reduction, as shown in Figure 1. No significant difference

between the vehicle and the untreated controls was observed

(data not shown). LC50% estimated by neutral red and MTT

assays were 128.9 mg/L (y 5 20.34x 1 94.41, R2 5 0.92) and

68 mg/L (Y 5 20.74x 1 100.45, R2 5 0.93), respectively.

Effect of Methamidophos on the
Induction of ROS

MET concentrations of 3, 10, or 20 mg/L increased intracellu-

lar ROS production in the PBMCs, as shown in Figure 2. The

increases compared with the vehicle control were 3-, 4.9-, and

8.6-fold for concentrations of 3, 10, or 20 mg/L, respectively.

In addition, the increase was dose-dependent (R2 5 0.8,

p< 0.001). There was no difference between the ROS levels

in the vehicle and untreated controls (data not shown).

Effect of Methamidophos on Lipid
Peroxidation

MET increased the levels of MDA 6.2-, 15-, or 29-fold com-

pared with the vehicle control when the cells were exposed

to 3, 10, or 20 mg/L for 24 h, respectively. This increase was

dose-dependent (R2 5 0.77, p< 0.001) (Fig. 3). There was

Fig. 2. Effect of MET on ROS production. PBMCs were
exposed to various concentrations of MET for 6 h. *Signifi-
cant difference between the vehicle control “DMSO” (0 mg/
L) and the MET-treated cells (p<0.05). The data represent
the mean and standard error of two independent
experiments.

Fig. 3. Effect of MET on MDA generation. PBMCs were
exposed to various concentrations of MET for 24 h. *Signifi-
cant difference between the vehicle control “DMSO” (0 mg/
L) and the MET-treated cells (p<0.05). The mean and
standard error from two independent experiments are
presented.
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no difference between the ROS levels in the vehicle and

untreated controls (data not shown).

Effect of Methamidophos on GSH Levels

MET concentrations of 3, 10, or 20 mg/L decreased the

GSH levels for 24 h, 0.17-, 0.18-, and 0.11-fold compared

with the vehicle control, respectively (Fig. 4), although that

was no statistically significant. There was no difference

between the GSH levels in the vehicle and untreated controls

(data not shown).

Correlation Between Induction of ROS and
Generation of Lipid Peroxidation

As shown in Figure 5, a highly significant correlation

(R2 5 0.98, p< 0.01) was found between ROS production

and MDA generation, suggesting that lipid peroxidation

(analyzed 24 h postexposure) is preceded by the increase in

ROS production (analyzed 6 h postexposure), and both

effects are dose-dependent.

DISCUSSION

Increases in ROS levels with subsequent oxidative damage

to DNA, lipids, and proteins is considered as oxidative

stress, which can be attributed to various factors including

exposure to xenobiotics (Roberts et al., 2009) such as OP

(Lukaszewicz-Hussain, 2010). Oxidative stress can alter sev-

eral cell signaling pathways that are associated with the ini-

tiation, development, and promotion of various diseases

(Saeidnia and Abdollahi, 2013). In this study, we investi-

gated whether MET can induce oxidative stress in PBMCs

at low concentrations. The results suggest that MET can

induce oxidative stress in this model.

This study showed that MET induces cytotoxic effects on

PBMCs at concentrations >40 mg/L, and this effect was

dose-dependent. The cytotoxic effect of MET was recently

studied by Lu et al. (2012), who reported that exposure for

24 h to 80 mg/L of MET in PC12 cells reduced cell viability

by more than 20%. Furthermore, Li et al., (2012) showed

that exposure of SK-N-SH cells to higher concentrations

(500 mg/mL) of MET for 24 h decreased cell viability. These

data suggest different susceptibilities as a function of the cell

lines used. The PBMCs in our study model were more sensi-

tive than the cells used in previous studies. The difference

between the results obtained in the PBMCs and the PC12

and SK-N-SH cell lines may be attributed to an intrinsic

resistance to cell death in tumorigenic cells (Indran et al.,

2011).

The LC50% estimated by MTT assay was smaller in

relation to the estimated by neutral red uptake assay on

equal times of exposure. These different profiles have been

reported in toxics that deregulate ions channels, these

toxics showed LC50% higher estimated by red neutral

uptake assay in relationship with MTT assay (Weyermann

et al., 2005). Furthermore, this difference while has been

observed in toxics that cause damage to organelles

(Review in Creppy et al., 2014). In this context, MET

downregulated the calcium channel voltage-dependent in

SK-N-SH cells at concentration of 500 mg/mL (Li et al.,

2012). In addition, recently Peng et al., (2015) have

reported that MET induced damage of various organelles

in brain tissue of Paralichthys olivaceus exposed by 72 or

144 h at 10 mg/L. These data suggest that MET could

downregulated ions channels and/or damage intracellular

Fig. 4. Effect of MET on GSH levels. PBMCs were exposed
to various concentrations of MET for 24 h. The mean and
standard error from two independent experiments are
presented.

Fig. 5. Correlation between ROS production and lipid perox-
idation induced by MET. The data shown are the mean and
standard error of two independent experiments.
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organelles. More studies are necessary for identify the

mechanism of damage cellular in PBMCs in response to

MET.

The consequences of the cytotoxicity of MET (>40 mg/

L) have not been characterized. In this regard, MET induced

apoptosis in the SK-N-SH cells (Li et al., 2012), suggesting

that cytotoxic concentrations of MET may induce apoptosis.

This mechanism of cell death has been demonstrated for

other OP (Das et al., 2006), which, like MET, are oxons. For

example, paraoxon induces apoptosis through the activation

of mitochondrial pathways (Saleh et al., 2003). Thus, the

induction of high oxidative stress levels with subsequent

mitochondrial dysfunction may be the main trigger of the

apoptosis induced by exposure to OP (Karami-Mohajeri and

Abdollahi, 2013). However, further studies focused on

describing the mechanisms of cell death induced by expo-

sure at �40 mg/L MET must be performed.

We found that MET concentrations of 3–20 mg/L

increased ROS production in the PBMCs compared with the

vehicle control, which suggests that MET induces oxidative

stress in these cells. This increase in ROS could be due to

increases in proinflammatory cytokines such as TNF-a that

are induced by MET at concentrations similar to the ones

used in this study (25 mg/mL) (Li et al., 2012). TNF-a acti-

vates ROS production in mitochondria by damaging the

mitochondrial chain complex III (reviewed in Chen et al.,

2008). The increase in ROS found in this study is consistent

with the increase reported by Lu et al., (2012) in the range

of concentrations from 10 to 40 mg/L; these investigators

showed an increase of 1.19-fold in the ROS levels at

40 mg/L.

MET increased MDA generation relative to the vehicle

control by 3.1-, 7.5-, and 14.5-fold at concentrations of 3,

10, and 20 mg/L, respectively. The increase in MDA, a prod-

uct of the lipoperoxidation process used as a biomarker of

oxidative stress (Halliwell and Whiteman, 2004), after expo-

sure to OP has been observed in vivo studies (Saquib et al.,

2012; Zama et al., 2007; Fortunato et al., 2006). Recently, it

has been reported that exposure in vitro to other OPs, includ-

ing parathion, methylparathion (Edwards et al., 2013), and

malathion (Moore et al., 2010), induces lipid peroxidation in

HepG2 cells. Our results showed that MET, even at noncyto-

toxic concentrations, increased ROS production, and this

increase was correlated with MDA generation, suggesting

that the exposure to MET induced oxidative stress in

PBMCs. The high correlation between the ROS generation

and increased levels of MDA suggests that lipoperoxidation

is secondary to the induction of ROS because the methyl

groups (ACH2–) of polyunsaturated fatty acids are major tar-

gets of ROS (Siddique et al., 2011). Furthermore, several

studies showing DNA damage as a consequence of oxidative

stress since the increase in ROS levels generates oxidative

damage to DNA (Kisby et al., 2009), while the MAD can

induce adducts in DNA (Marnett, 1999). In this context,

unpublished data of our research group showed that expo-

sure to MET of PBMCs for 24 or 48 h (3, 10, or 20 mg/L)

induces genotoxic damage. Also, this effect has been

reported in other cellular models such as PC12 cells (Lu

et al., 2012).

Three different mechanisms have been proposed, by

which the OP may induce oxidative stress: (1) the overpro-

duction of ROS during the metabolism of the OP (Kashyap

et al., 2011), (2) a disturbance of redox cycling in the cells

by increasing levels of free radicals, including the superox-

ide anion (Mishra and Srivastava, 2015), and (3) a decrease

in the levels of nonspecific antioxidant systems, including

GSH, and specific enzymes such as SOD and CAT

(Reviewed in Banerjee et al., 2001). In this context, we

observed no significant changes in GSH concentrations of

PBMCs in response to MET exposure for 24 h. GSH is the

most abundant unspecific antioxidant in the cell, modifica-

tion in its concentrations are associated with changes in anti-

oxidant enzymes such as superoxide dismutase, catalase, and

glutathione peroxidase (GPx) (reviewed in Tew and Town-

send, 2012). Reduction dramatic of GSH levels in PBMCs is

associated with cell death induction independent of ROS

induction (Franco et al., 2007). The decrease in GSH levels

determined in this study was similar to reports in PC12 cells

exposed to MET for 24 h; in this model, a decrease of GSH

levels of 0.12- and 0.20-fold for concentrations of 20 or

40 mg/L, respectively, was observed (Lu et al., 2012). The

insignificant reduction in GSH levels has been reported in

PBMCs exposed for 24 h to low and no cytotoxic concentra-

tions of malathion (5, 10, or 20 mM); also it was observed

that the exposure to cytotoxic concentrations (50 or 100 mM)

decreased the GSH levels. The GSH levels were associated

with chances in the heat shock protein 27 (HSP27) levels.

These data showed that at low concentrations (5–20 mM),

HSP27 levels increased in PBMCs and decreased at highs

concentrations (50 or 100 mM). The authors suggested that

induction of HSP27 at low dosage (5–20 mM) is a mechanics

by which PBMCs are protected of GSH depletion; however,

the exposure to high concentrations of malathion resulted in

no significant increase in HSP27 leads to GSH depletion,

and massive cell death (Ahmed et al., 2009). More studies

are necessary for evidentiary the role of HSP27 in the pro-

tection of GSH levels as a mechanism cytoprotective of

PBMCs in response to exposure at MET.

The MET concentrations used in this study were 3, 10,

and 20 mg/L, which are equivalent to 0.0213, 0.071, and

0.142 mM, respectively. These concentrations have been

reported to decrease the activity of acetylcholinesterase

(AChE) and neuropathy target esterase (NTE) (Emerick

et al., 2012; Bertolazzi et al., 1991) by <5%. In addition,

this low percentage of inhibition is not associated with the

presence of symptoms of acute poisoning, in which there is

a reduction of 80% AChE activity (OP-acute cholinergic

syndrome) or a reduction of 77% of NTE (OP-induced

delayed neuropathy) (McConnell et al., 1999). Additionally,

it has been reported that the levels of absorbed MET may
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reach concentrations of 10–20 mg/L in workers involved in

spraying/mixing activities that used MET (based on a 5-h

workday) (Lonsway et al., 1997).

The data obtained in this study suggest that low- and non-

cytotoxic concentrations of MET are capable of increasing

ROS production and MDA generation in PBMCs. These

data are consistent with the induction of oxidative stress

without effects on cell viability. However, additional studies

focused on determining the cytoprotective mechanism devel-

oped in oxidative stress induction by MET are necessary.
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