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Abstract: Diazinon (DZ) is an organophosphorus insecticide that acts as an acetylcholinesterase 

inhibitor. It is important to note that it can induce oxidative stress, lipid peroxidation, diabetic 

disorders, and cytotoxicity. Magnesium oxide (MgO) and selenium nanoparticles (Se NPs) 

showed promising protection against oxidative stress, lipid peroxidation, cytotoxicity, and 

diabetic disorders. Therefore, this study was conducted to explore the possible protective 

mechanisms of MgO and Se NPs against DZ-induced cytotoxicity in PaTu cell line. Cytotoxicity 

of DZ, in the presence or absence of effective doses of MgO and Se NPs, was determined in 

human pancreatic cancer cell line (PaTu cells) after 24 hours of exposure by using mitochon-

drial activity and mitochondrial membrane potential assays. Then, the insulin, proinsulin, and 

C-peptide release; caspase-3 and -9 activities; and total thiol molecule levels were assessed. 

Determination of cell viability, including apoptotic and necrotic cells, was assessed via acridine 

orange/ethidium bromide double staining. Furthermore, expression of 15 genes associated with 

cell death/apoptosis in various phenomena was examined after 24 hours of contact with DZ and 

NPs by using real-time polymerase chain reaction. Compared to the individual cases, the group 

receiving the combination of MgO and Se NPs showed more beneficial effects in reducing the 

toxicity of DZ. Cotreatment of PaTu cell lines with MgO and Se NPs counteracts the toxicity 

of DZ on insulin-producing cells.
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Introduction
Diazinon (DZ) is an organophosphorus (OP) insecticide that acts as an acetylcholin

esterase (AChE) inhibitor. AChE inhibition results in accumulation of acetylcholine 

in the synaptic cleft. When DZ enters the body, it can be oxidatively degenerated to 

diazoxon in the liver microsomal enzyme system by using NADH and O
2
.1 Diazoxon, 

an active oxygen metabolite of DZ, causes predictably higher levels of AChE inhibition 

than the parent compound owing to the fact that the parent compound does not inhibit 

AChE directly.2–4 In addition, studies have indicated that DZ could increase the genera-

tion of reactive oxygen species (ROS), mitochondrial membrane damage, oxidative 

stress, oxidative modifications, lipid peroxidation (LPO) and DNA fragmentation in 

the genomic DNA content of the tissues/cells to induce cardiotoxicity, neurotoxicity, 

genotoxicity or cytotoxicity, and apoptosis.5–9

RIN, HIT, MIN, INS-1, and beta-TC cells are insulin-producing cell lines that are 

mostly used in in vitro studies.10 Although these pancreatic cell lines could produce insulin, 
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somatostatin, and glucagon and provide valuable information 

about physiological, pathophysiological, and differentiation 

processes, they are derived from rodents, which show some 

differences from human insulin-producing cells. Hence, there is 

an emerging need to establish a beta cell line of a human or pig 

origin. The PaTu cell line is a new source of insulin-producing 

cells for diabetic patients that has overcome the limited avail-

ability of islets for transplantation.11 It was derived from a 

human pancreatic Grade II adenocarcinoma of ductal origin.

Metal oxide nanoparticles (NPs) exhibit unique physi-

cal and chemical properties due to their limited size and 

the high density of the corner or edge surface sites. Among 

various metal oxides, magnesium oxide (MgO) is a func-

tional semiconductor that has multiple applications in drug 

delivery, pharmaceutics, optoelectronics, cell signaling, and 

imaging because of its potent antimicrobial and antioxidant 

properties.12,13 Previous studies have examined the protective 

effects of MgO NPs on oxidative stress parameters induced 

by malathion and chlorpyrifos, the widely used OP.13,14 It 

was observed that malathion-induced cardiac cell toxicity is 

improved by administration of Mg as a result of increasing 

cardiac adenosine triphosphate (ATP) through active trans-

port of Mg inside the cells. Due to the increasing level of ATP 

through the liberation of MgO into cells and the improvement 

of hypoxia, MgO NPs can protect mitochondria against the 

temporary cardiac arrest.14 In chlorpyrifos-induced lym-

phocytes, treatment with MgO NPs could ameliorate the 

toxic effects of OP pesticide by increasing the viability and 

decreasing apoptosis, oxidative stress, and inflammation.13

Moreover, previous in vitro and in vivo studies have 

elucidated the protective role of selenium NP (Se NP).15,16 

Thus, this NP is recognized as an antioxidant, cytotoxic, 

and anti-inflammatory agent. It was demonstrated that Se 

NPs at a concentration of 250 µg/kg could act as a potent 

anti-inflammatory agent and could alleviate arthritis-induced 

parameters. Furthermore, it has been indicated that treatment 

of arthritic rats with 500 µg/kg dose of Se NPs could restore 

antioxidant enzyme (superoxide dismutase, glutathione 

peroxidase, and catalase) levels in liver, spleen, and kidney 

tissues.17 In addition, Se NPs supplementation appeared to 

cause a DNA repair response, which protects DNA from 

subsequent challenge with DNA-damaging agents.15

Given the above evidence, it seems that protective 

mechanisms of chemically fabricated NPs, such as MgO NPs 

or biologically produced Se NPs or biogenic ones, are less 

clear. Therefore, this study aimed to investigate protective 

mechanisms of MgO and Se NPs against DZ-induced cyto-

toxicity in PaTu cell line through different methods such as 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay, mitochondrial membrane potential (MMP) assay, 

insulin, proinsulin and C-peptide release activity, caspase-3 

and -9 activities, and total thiol molecules (TTM). Determination 

of cell viability, including the number of apoptotic and necrotic 

cells, was calculated via acridine orange/ethidium bromide  

(AO/EB) staining. Furthermore, expression of 15 genes asso-

ciated with cell death/apoptosis in various phenomena after 

24 hours of contact with diazinon and NPs was examined using 

real-time polymerase chain reaction (PCR).

Materials and methods
Reagents
MgO NPs in the range of 50±5 nm were purchased from the 

ZFS Company (Yazd, Iran). Se NPs were biosynthesized 

using Klebsiella pneumoniae as described earlier.18 

Diazinon (O,O-diethyl-o-[2-isopropyl-6-methyl-4-

pyrimidinyl]-phosphorothioate) was obtained from Shimi-

Keshavarz Pesticide Production Company (Tehran, Iran). 

Likewise, human-specific insulin, proinsulin and C-peptide 

ELISA kits, and Human Apoptosis RT Array kit were 

obtained from Mercodia (Uppsala, Sweden) and NanoCinna 

(Tehran, Iran), respectively. The SYBR green master mix 

was purchased from Takara (Dalian, People’s Republic of 

China), and TRIzol reagent was obtained from Invitrogen Life 

Technologies (Karlsruhe, Germany). All the other chemicals 

were purchased from Sigma-Aldrich (Steinheim, Germany).

Preparation of Se NPs
A bacterial isolate from the Caspian Sea was used for intracel-

lular biosynthesis of the Se NPs according to our previously 

described method.18,19 Briefly, sterile nutrient broth medium 

supplemented with Se4+ ions (100 mg/L) was prepared, and 

100 mL of this media was transferred to 500 mL Erlenmeyer 

flask. The medium was inoculated with 1 mL of the fresh 

inoculums (D
600

 of 0.1) and incubated aerobically at 30°C 

in a shaker incubator (150 revolutions/min). After 14 hours, 

the bacterial cells and Se NPs were removed from the cul-

ture medium by centrifugation. The pellets were washed, 

frozen with some liquid nitrogen, and then disrupted using 

a pestle. The resulting slurry was ultrasonicated and washed 

three times. The pellets were suspended in deionized water, 

and the resulting suspension containing Se NPs and cell debris 

was collected. Then n-octyl alcohol was added, and the mix-

tures were shaken. The two mixed phases were completely 

separated by centrifugation and stored at 4°C for 24 hours. 

After this period of time, the generated Se NPs could be 

observed at the bottom of the tubes. To ensure that all cell 

debris was removed, the purified Se NPs were resuspended 

in the liquid–liquid phase system and were cleaned again. 
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A stock solution of Se NPs was prepared (1 mg/mL) and 

used for further biological experiments.

Cell culture
The PaTu cell line was provided by the Pasteur Institute of Iran 

and was cultured in Roswell Park Memorial Institute (RPMI) 

1640 medium containing 10% fetal bovine serum, 100 U/mL 

penicillin, and 100 µg/mL streptomycin sulfate at 37°C in a 5% 

CO
2
 humidified atmosphere. The medium was exchanged every 

2 days. The study was approved by the Institutional Review 

Board of the Artesh University of Medical Sciences; consent for 

use of cell lines was obtained by the Pasteur Institute of Iran.

Toxicity of diazinon on PaTu cell line
Before performing test procedures, according to previous 

studies,20,21 the PaTu cell lines (1×105 cells/well) were incu-

bated with culture medium in combination with different 

concentrations of DZ (100, 250, 500, 750, 1,000, 1,500, and 

2,000 μM) for 24 hours at 37°C in a 5% CO
2
 humidified 

atmosphere. After treatment, the cytotoxicity was assessed 

using MTT assay. In addition, the probit regression analysis 

(StatsDirect, Version 3.0.177, Cheshire, UK) was used to 

estimate the median inhibitory concentration (IC50) of DZ.

Effect of MgO and Se NPs on PaTu 
cell line
The effect of various concentrations of MgO and Se NPs 

on the viability of the PaTu cell line was compared to the 

nontoxic concentrations of MgO and Se NPs as the selec-

tive concentrations for the counteraction of DZ-induced 

cytotoxicity. In previous studies, it was demonstrated that 

low concentrations (,200 μg/mL) of MgO and Se NPs 

have no cytotoxicity when examined by MTT assay.13,19,22,23 

In this regard, PaTu cells (1×105 cells/well) were exposed 

to logarithmically increasing concentrations of MgO NPs 

(0.1, 1, 10, and 100 µg/mL) and Se NPs (0.01, 0.1, 1, 10, and 

100 µg/mL) at 37°C in a 5% CO
2
 humidified atmosphere. 

After 24 hours of treatment, the cells were incubated to 

determine the viability using the MTT assay.

Treatment conditions and experimental 
groups
On the basis of the results of the pilot studies, DZ at a 

concentration of 1,300 μM was used to induce cytotoxic-

ity in the PaTu cell line. In this regard, the cell suspen-

sion (1×105 cells/well) was incubated with culture medium 

in combination with 1,300 µM DZ for 24 hours at 37°C 

and 5% CO
2
 humidified atmosphere. For protective treatment, 

100 µg/mL of MgO NPs and 0.01 µg/mL of Se NPs were used 

alone and in combination with each other in the presence of 

the DZ. After a 24-hour interval, the cell suspensions in each 

group were centrifuged. The supernatants were removed to 

perform further biochemical assays. The deposited cells were 

used for viability and cell death assays in the next steps.

Measurement of physiological function 
of PaTu cell line
Insulin release
Insulin assay was carried out using human-specific insulin 

ELISA kit (Mercodia) according to the manufacturer’s instruc-

tions. Briefly, after sample preparation, 10 µL of sample 

was added into each well followed by addition of 100 µL of 

enzyme conjugate, and this was then incubated for 2 hours at 

25°C. After washing, 200 µL of 3,3′,5,5′-tetramethylbenzidine 

substrate was added and the wells were incubated for 

15 minutes at 25°C in the dark. The process was followed 

by the addition of 50 µL final solution. The absorbance was 

recorded at 450 nm. Then, the data were normalized by divid-

ing the concentration of insulin by the total concentration of 

proteins, which was calculated using the Bradford method, and 

the results are shown as nanogram per milligram of protein.

Proinsulin release
To measure the amount of proinsulin, a human-specific 

ELISA kit was used; the absorbance of the sample was 

quantified at 450 nm with an ELISA reader according to 

manufacturer’s instructions. Then, the data were normal-

ized by dividing the concentration of proinsulin by the total 

concentration of proteins, and the results are exhibited as 

picomole per milligram of protein.

C-peptide release
Twenty-four hours postinduction, the culture supernatant 

was collected and the C-peptide content measured by the 

chemiluminescence assay at 450 nm using an ELISA reader 

according to the manufacturer’s instructions. Data were nor-

malized by dividing the concentration of C-peptide by the 

total concentration of proteins, and the results are shown as 

picomole per milligram of protein.

Measurement of viability of PaTu cell line
Mitochondrial activity assay
The viability of cultured cells was assessed using the MTT 

assay. After 24 hours of incubation, the cells were washed 

twice using phosphate buffer. Subsequently, 50 µL of MTT 

solution was added and the cells reincubated for 3–4 hours 

at 37°C in a 5% CO
2
 humidified atmosphere. Finally, 150 µL 

of dimethyl sulfoxide solution was added and the absorbance 

determined at 570 nm using an ELISA reader. The viability 
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of the treatment groups was reported as the percentage of 

controls, which was taken as 100%.

Mitochondrial membrane potential assay
MMP was measured in PaTu cells by monitoring the uptake of 

the cationic dye Rhodamine 123. Briefly, after 24 hours of 

treatment, Rhodamine 123 was added at a concentration 

of 1 µM; after 10 minutes of incubation, the supernatant was 

read on a spectrofluorometer. The amount of dye present in 

the supernatant is inversely proportional to the membrane 

potential of the cells. The MMP of cells in the control group 

was taken as 100%.

Quantification of caspase-3 and -9 activities of PaTu 
cell line
Caspase-3 and -9 activities were measured using colori-

metric assays based on the identity of specific amino acid 

sequences by these caspases. The tetrapeptide substrates were 

labeled with the chromophore r-nitroaniline (ρNA). ρNA 

was released from the substrate upon cleavage by caspase 

and produced a yellow color, the intensity of which was 

monitored using an ELISA reader at 405 nm. The amount of 

caspase activity present in the sample is proportional to the 

intensity of yellow color produced upon cleavage.24 Briefly, 

the treated cells were lysed in the supplied lysis buffer 

and were incubated on ice for 10 minutes. The whole cell 

lysates were incubated in caspase buffer (100 mM HEPES, 

pH 7.4, 20% glycerol, 0.5 mM ethylenediaminetetraacetic 

acid [EDTA], 5 mM dithiothreitol) containing 100 mM of 

caspase-3 and -9-specific substrates (N-acetyl-Asp-Glu-Val-

Asp-p-nitroanilide [Ac-DEVD-ρNA] and N-acetyl-Leu-Glu-

His-Asp-p-nitroanilide [Ac-LEHD-ρNA], respectively) for 

4 hours at 37°C. Then, absorbance was measured at 405 nm. 

The caspase-3 and -9 activities of the treatment groups were 

normalized using the the protein concentration and reported 

as the percentage of controls, which was taken as 100%.

Evaluation of total thiol molecules levels in PaTu 
cell line
TTM in the control and treatment groups were spectropho-

tometrically measured at 412 nm using 5,5′-dithiobis-(2-

nitrobenzoic acid) (DTNB), as has been previously reported 

in detail.25 In brief, 50 µL of cell homogenate was taken; 

to this 1 mL of Tris-EDTA buffer was added, followed by 

measuring the absorbance at 412 nm. Then to each well, 20 µL 

of DTNB (10 mM in methanol) was added. After incubation 

for 15 minutes, the sample absorbance was again recorded 

against blank DTNB. Data are shown in millimolar.

Fluorescence microscopic analysis of cell death/
apoptosis using AO/EB double staining
For the analysis of cell death/apoptosis, the AO/EB double 

staining method was used.26 In this regard, after 24 hours of 

incubation, 200 μL of dye mixture (100 μL of 100 mg/mL AO 

and 100 μL of 100 mg/mL EB in distilled water) was added 

to each well. The suspension was immediately (fast uptake) 

examined using fluorescence microscopy (Olympus BX51; 

Olympus Corporation, Tokyo, Japan) at ×20 magnification. 

Quantification of viable and dead cells, according to percent-

age of fluorescence intensity of AO/EB, was performed via 

ImageJ software.

Quantification of apoptotic genes by real-time PCR
To investigate the molecular mechanisms of apoptosis in 

PaTu cells, the expression levels of 15 apoptosis-related 

genes were examined by quantitative real-time reverse 

transcription PCR (Table 1). In this regard, after 24 hours 

of incubation, cells were trypsinized and centrifuged for 

5 minutes at 300× g to allow the cells to pellet. The pellets 

were washed three times with sterile phosphate-buffered 

saline for RNA isolation. Total RNA was extracted from 

the cultured cells using TRIzol reagent according to the 

user’s manual; the concentration of RNA was quantified 

spectrophotometrically. The genomic DNA was removed 

using DNase I, RNase-free kit (Fermentas, Glen Burnie, MD, 

USA); on the other hand, complementary DNA was reverse 

transcribed using the iScript cDNA Synthesis Kit. Primer 

pairs were used as given in Table 1, with GAPDH as the 

internal control. Quantitative real-time PCR was performed 

using the SYBR green master mix on an ABI prism 7300 

sequence detector (Applied Biosystems, Foster City, CA, 

USA). Cycle number (C
t
) of each reaction was calculated 

from the amplification curve to determine the relative gene 

expression using the comparative cycle threshold method.27 

2−ΔΔCt was used for relative gene expression analysis. All 

C
t
 values calculated from the target genes were calibrated 

using that from the untreated control cells.

Statistical analysis
All independent experiments were repeated four times. 

Data are presented as mean ± standard error of mean. One-

way analysis of variance (ANOVA) and Tukey’s multi-

comparison tests were carried out using Stats-Direct version 

3.0.171 to determine the statistical differences. The level 

of significance was considered at P,0.05. Also, the IC
50

 

of DZ and regression were performed with 95% confidence 

intervals.
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Results
Determination of IC50 of diazinon
As shown in Figure 1, MTT assay was used to calculate 

the concentration of DZ, which could decrease viability by 

50%. It was shown that the mitochondrial activity of PaTu 

cells decreased with increasing concentrations of DZ after 

24 hours of exposure in comparison with untreated samples 

(control group). According to the obtained results, the IC
50

 

of DZ was determined to be 1,300 μM.

Optimization of MgO and Se NPs 
concentrations
As shown in Figure 2A and B, concentration-dependent 

effects of MgO and Se NPs on viability of PaTu cells were 

observed. In case of MgO NPs, by increasing the concentration, 

Table 1 Intrinsic and extrinsic pathway proteins, abbreviations, accession numbers, and primers used for real-time RT-PCR

Gene name Gene symbol Accession 
number

Primer sequence (5′–3′)

Intrinsic pathway proteins
BCL2-associated X protein BAX NM_001291428 F: AACTGATCAGAACCATCATGGGC

R: CTTGGATCCAGCCCAACAGCC
B-cell CLL/lymphoma 2 BCL2 NM_000633 F: TATAAGCTGTCGCAGAGGGGCTAC

R: TGGGAGGAGAAGATGCCCGGT
Cytochrome c, somatic CYCS NM_018947.5 F: TCCCAGTCACTACTTCCTTCCT

R: CAACACTTGGCTGTAGCAATG
Caspase-3, apoptosis-related cysteine 
peptidase

CASP3 NM_004346 F: ACTTTTCATTATTCAGGCCTGCCG
R: CATACAAGAAGTCGGCCTCCAC

Caspase-9, apoptosis-related cysteine 
peptidase

CASP9 NM_001229 F: ACCCCAAAGCTTTCCTGCC
R: TCTGTCACTGGCAGAGAAAGAGCA

Tumor protein p53 TP53 NM_000546 F: CATGTGCTCAAGACTGGCGCTAA
R: CGCTCCCAGCCCGAACGCAA

Baculoviral IAP repeat containing 5 BIRC5 NM_001012270 F: GATTAGCCTCTGTCTCGGTG
R: ACAAAGTTCTGCTCAGGGTG

Extrinsic pathway proteins
Caspase-8, apoptosis-related cysteine 
peptidase

CASP8 NM_001080124 F: GGATGATGACATGAACCTGCTGG
R: TTGTTGATTTGGGCACAGACTCTTT

Fas cell surface death receptor FAS NM_000043 F: GAAGCGTATGACACATTGATTAAAGATCTC
R: CACTCTAGACCAAGCTTTGGATTTCATTT

TNF receptor-associated factor 2 TRAF2 NM_021138 F: CGTGCAGAGCGGCCTAGACCT
R: CAGCTCGCGCAGGAGCTC

Tumor necrosis factor receptor superfamily, 
member 1A

TNFRSF1A (TNFR1) NM_001065 F: CATTATTGGAGTGAAAACCTTT
R: TGGCAGGTGCACACGGTGTT

Fas (TNFRSF6)-associated via death domain FADD NM_003824 F: GCTCTTGTCGATTTCCTGTAGTGAATC
R: TCTGTCCTCGGCTCGCTGG

Fas ligand (TNF superfamily, member 6) FASLG NM_000639 F: CAACAGGGTCCCGTCCTTGACA
R: AGCTGGCACTGCTGTCCACCC

Tumor necrosis factor receptor superfamily, 
member 10a

TNFRSF10A (DR4) NM_003844.3 F: AGTAACAAATTCCATAAACACAATTAGC
R: GACATGGTTGTCAGGACGAGCTAG

CASP8 and FADD-like apoptosis regulator CFLAR (FLIP) NM_001127183 F: TCTGGAGGAGAAGAACTTTGTG
R: TGGCAGTGTAGTAGCTGTCGT

Glyceraldehyde-3-phosphate dehydrogenase GAPDH NM_001256799 F: GATGCTGCGCCTGCGGTAGA
R: CATTGCTGATGATCTTGAGGCTGTT

Abbreviations: RT, reverse transcription; PCR, polymerase chain reaction.

Figure 1 The inhibitory effects of cell viability on treatment with various 
concentrations of DZ in the PaTu cell line compared to untreated sample (Con).
Notes: The median inhibitory concentration (IC50) of DZ was 1,300 μM. Results 
are expressed as mean ± SEM from three independent experiments. *P,0.05 and 
***P,0.001 indicate statistically significant differences between the mean of values 
obtained with treated vs untreated cells.
Abbreviations: Con, control; DZ, diazinon; SEM, standard error of mean.
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the viability of the cells increased, but in the Se NPs, by 

increasing the concentration, the viability of the cells 

decreased when compared with untreated samples (control 

group). Accordingly, in the rest of the experiments, we 

evaluated the effect of 100 and 0.01 µg/mL nontoxic con-

centrations of MgO and Se NPs, respectively, to counteract 

DZ-induced cytotoxicity in PaTu cells.

Determination of physiological function 
of PaTu cell line
Insulin release
As can be seen in Figure 3A, the release of insulin substan-

tially decreased in the DZ group compared to control group 

(P,0.01). In comparison with DZ group, using MgO and 

Se NPs and their combination in the presence of DZ could 

increase the levels of insulin release (P,0.01, P,0.001, 

and P,0.05, respectively), and this reached a value close to 

that of the control group.

Proinsulin release
The effect of DZ and NPs on the release of proinsulin 

is shown in Figure 3B. In comparison with the control 

group, PaTu cells exposed to the DZ at a concentration 

of 1,300 µM showed a significant decline in proinsulin 

level, P,0.01. The groups that were treated with MgO 

and Se NPs and their combination showed a significant 

Figure 2 Effects of various concentrations of MgO NPs (A) and Se NPs (B) on cell viability in the PaTu cell line compared to untreated sample (Con).
Notes: The nontoxic concentrations of MgO and Se NPs as selective concentrations for counteraction of DZ-induced cytotoxicity in PaTu cells were 100 and 0.01 µg/mL, 
respectively. Results are expressed as mean ± SEM from three independent experiments. **P,0.01 and ***P,0.001 indicate statistically significant differences between the 
mean of values obtained with treated vs untreated cells.
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide nanoparticles; Se NPs, selenium nanoparticles; SEM, standard error of mean.

Figure 3 Effects of MgO NPs, Se NPs, and their combination on releasing insulin (A), proinsulin (B), and C-peptide (C) in the PaTu cell line in the presence of DZ.
Notes: Data are expressed as mean ± SEM. Significantly different from control at aP,0.05, aaP,0.01. Significantly different from DZ at bP,0.05, bbP,0.01, bbbP,0.001.
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide nanoparticles; Se NPs, selenium nanoparticles; SEM, standard error of mean.
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rise in proinsulin secretion when compared to DZ group 

(P,0.001, P,0.001, and P,0.05, respectively). This rise 

in proinsulin secretion was more noticeable in the MgO 

NPs group, which was also significant in comparison to 

control group (P,0.05).

C-peptide release
As shown in Figure 3C, the release of C-peptide consider-

ably decreased in the DZ group when compared to control 

group (P,0.01). An increase in C-peptide release was 

observed in all treatment groups with NPs compared to the 

DZ group; however, this increase was significant only in 

MgO and Se NPs groups (P,0.05). In combination of MgO 

and Se NPs, no significant improvement in the release of 

C-peptide was observed as compared with DZ, the level of 

C-peptide was still lower than the control group.

Evaluation of viability of PaTu cell line
Mitochondrial activity
The effect of DZ and NPs on mitochondrial activity of PaTu 

cells is shown in Figure 4A. As illustrated in this Figure 4A, 

in comparison with control group (54% vs 100%), the DZ 

group showed a 46% decrease (P,0.001) in the percentage 

of mitochondrial activity of cells. In contrast, the groups 

that were treated with MgO and Se NPs and their combina-

tion showed an apparent increase in mitochondrial activity 

when compared to the DZ group (74%, 72%, and 74%, 

respectively, [P,0.05]); however, this increase was still 

lower than that in the control group (P,0.01, P,0.001, and 

P,0.01, respectively).

Mitochondrial membrane potential
DZ exposure caused a significant decline (23%, P,0.05) 

in the MMP of the cells. It was measured as percentage of 

control (Figure 4B). The MMP levels of groups that were 

treated with MgO and Se NPs and their combination dem-

onstrated a considerable increase in comparison with DZ, 

but it did not show a significant difference when compared 

with control. The MMP of the cells in the control group was 

taken as 100%.

Quantification of caspase-3 and -9 activities of 
PaTu cell line
Figure 5 shows that the activity of caspase-3 and -9 was 

boosted in the DZ group compared to the control group 

(P,0.05 and P,0.01, respectively). On the contrary, 

Figure 4 Effects of MgO NPs, Se NPs, and their combination on mitochondrial activity (A) and MMP (B) in the PaTu cell line in the presence of DZ.
Notes: Data are expressed as mean ± SEM. Significantly different from control at aP,0.05, aaP,0.01, aaaP,0.001. Significantly different from DZ at bP,0.05.
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide nanoparticles; Se NPs, selenium nanoparticles; MMP, mitochondrial membrane potential; SEM, 
standard error of mean.

Figure 5 Effects of MgO NPs, Se NPs, and their combination on caspase-3 (A) and -9 activities (B) in the PaTu cell line in the presence of DZ.
Notes: Data are expressed as mean ± SEM. Significantly different from control at aP,0.05, aaP,0.01, aaaP,0.001. Significantly different from DZ at bP,0.05, bbbP,0.001.
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide nanoparticles; Se NPs, selenium nanoparticles; SEM, standard error of mean.
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application of MgO NPs led to a decrease of caspase-3 

and -9 activities in treatment groups in comparison with 

the DZ group (P,0.001). However, the group that was 

treated with Se NPs showed no significant effect in lowering 

caspase-3 and -9 activities compared with DZ group, and 

with regard to caspase-9, the percentage of enzyme activity 

in this group was still significantly higher than that in the 

control group (P,0.001).

Determination of total thiol molecules levels in PaTu 
cell line
The data illustrated in Figure 6 represented the effect of DZ 

and NPs on the quantity of TTM in PaTu cell line. As shown, 

using DZ resulted in a significant reduction (P,0.05) in the 

TTM level compared to the control group. Using NPs, a gen-

eral rise in the level of TTM in PaTu cell line was observed 

in comparison to DZ group, but this difference was found 

to be statistically significant only in the MgO and Se NPs 

groups (P,0.01 and P,0.05, respectively).

Morphological identification of cell death
The results obtained with the AO/EB staining of PaTu cells 

exposed for 24 hours to DZ and NPs are shown in Figure 7. 

As seen, most of the untreated control cells were character-

ized by a bright green nucleus with uniform intensity and 

slight uptake of EB, whereas the cells treated with DZ were 

orange red in appearance and showed obvious nuclear dis-

integration after 24 hours of treatment. Fluorescence micro-

scopic images clearly revealed morphological alterations of 

the DZ-treated cells compared to the untreated control cells. 

As can be seen from Figure 7, there is a different percent-

age of fluorescence intensity of AO/EB for the DZ-treated 

Figure 6 Effects of MgO NPs, Se NPs, and their combination on TTM levels in the 
PaTu cell line in the presence of DZ.
Notes: Data are expressed as mean ± SEM. Significantly different from control at 
aP,0.05. Significantly different from DZ at bP,0.05, bbP,0.01.
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide 
nanoparticles; Se NPs, selenium nanoparticles; TTM, total thiol molecules; SEM, 
standard error of mean.

Figure 7 (A) Representative fluorescence microscopic images of PaTu cell line double stained with AO and EB after 24 hours of exposure to articles MgO NPs, Se NPs, and 
their combination in the presence of DZ. (B) Quantification of viable and dead cells according to percentage of fluorescence intensity of AO/EB.
Notes: (A) Viable cells appear uniformly green; early apoptotic cells show characteristic loss of membrane integrity and chromatin condensation, stain bright green to yellow; 
late apoptotic cells incorporate EB and therefore stain yellow orange and show condensed and often fragmented nuclei; necrotic cells are orange red in appearance. Images 
of the fields were acquired at a magnification of ×20. (B) AO is a vital dye and stains both live and dead cells, but EB stains only cells that have lost membrane integrity. So, 
an increase in the percentage of EB-stained cells indicates an increase in cell damage (apoptosis and necrosis).
Abbreviations: Con, control; DZ, diazinon; MgO NPs, magnesium oxide nanoparticles; Se NPs, selenium nanoparticles; AO, acridine orange; EB, ethidium bromide; 
NPs, nanoparticles.
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cells compared to the control or nontreated cells (% of AO: 

42 vs 58, % of EB: 58 vs 42).

It was shown that cell incubation with DZ resulted in the 

reduction of cell viability and similar increase of apoptosis 

and necrosis. In contrast, NPs-treated (MgO and Se NPs 

and their combination) groups displayed lower intensity of 

EB compared to DZ group (44, 45, and 46 vs 58), revealing 

a decrease in the numbers of apoptotic and necrotic cells. 

Interestingly, there were no significant differences in inten-

sity of AO (green viable cells) in comparison with control 

group (56, 55, and 54 vs 58).

Expression profiles of apoptotic genes in 
PaTu cell line
To investigate the molecular mechanism of apoptosis in PaTu 

cell line, the expression levels of 15 apoptosis-related genes 

were examined (Table 2). The expression levels of these 

15 genes were analyzed by real-time PCR to evaluate the effect 

of DZ and NPs on the expression of intrinsic and extrinsic 

pathway proteins (7 and 8 genes, respectively). The analysis 

of data showed that the changes in the gene expression induced 

by DZ were significantly different in the PaTu cells compared 

to changes induced by NPs. Two genes of inhibitors of apop-

tosis, BIRC5 and BCL2, were upregulated after treatment of 

cells by MgO and Se NPs and their combination (.7-fold 

and .2.67-fold for BIRC5 and BCL2, respectively). In contrast, 

treatment of cells with NPs downregulated the genes involved 

in the intrinsic pathway of apoptosis, such as BAX, CYCS, 

CASP3, CASP9, and TP53, compared to DZ-treated cells. 

The expression changes of these genes were significantly dif-

ferent in MgO NPs and combination groups when compared 

with DZ group. Simultaneously, the expression levels of the 

eight genes involved in the extrinsic pathway of apoptosis, 

such as CASP8, FAS, TRAF2, TNFRSF1A (TNFR1), FADD, 

FASLG, TNFRSF10A (DR4), and CFLAR (FLIP), were evalu-

ated. As seen in the Table 2, MgO and Se NPs exert their effects 

in part by modulation and downregulation of some genes of 

extrinsic pathway proteins such as CASP8, FAS, TRAF2, 

TNFRSF1A (TNFR1), and DR4. Considerably, FADD and 

FLIP were significantly upregulated in Se NPs group, whereas 

they were downregulated in MgO and combination groups in 

comparison to DZ group. In the case of FASLG, significant 

expression changes were observed only in the combination 

group and not in the DZ group.

Discussion
OP compounds such as DZ are potent inhibitors of the 

enzyme AChE.1,28 Inhibition of AChE during both acute 

and chronic toxicity of these compounds plays a key role in 

the induction of disorders. For example, these factors lead 

to the development of hyperglycemic and hemostatic disor-

ders related to glucose metabolism and can be regarded as 

Table 2 Relative mRNA expression using real-time PCR for expression of intrinsic and extrinsic pathway proteins in PaTu cells 
exposed 24 hours to DZ and NPs compared to nontreated control cells

Gene symbol Experimental groups (relative fold change ± SEM)

DZ NPs-treated groups

DZ + MgO DZ + Se DZ + MgO + Se

Intrinsic pathway proteins
BIRC5 0.86±0.04 6.28±0.31* 6.73±0.34* 6.68±0.33*
BCL2 0.59±0.03 1.73±0.09* 2.73±0.14* 1.58±0.08*
BAX 5.46±0.27 2.89±0.15* 0.17±0.01* 0.15±0.01*
CYCS 68.12±3.41 4.11±0.21* 58.49±2.93 47.84±2.39**
CASP3 1.64±0.08 1.26±0.06*** 1.55±0.08 1.14±0.06**
CASP9 5.72±0.29 1.97±0.10* 5.54±0.28 5.56±0.28
TP53 1.53±0.08 0.70±0.04* 1.42±0.07 0.86±0.04*
Extrinsic pathway proteins
CASP8 1.45±0.07 1.13±0.06*** 1.05±0.05** 1.33±0.07
FAS 2.16±0.11 0.52±0.03* 0.93±0.05* 1.61±0.08**
TRAF2 2.31±0.12 0.86±0.04* 0.84±0.04* 1.97±0.10
TNFRSF1A (TNFR1) 1.55±0.08 0.38±0.02* 0.68±0.03* 0.68±0.03*
FADD 0.67±0.03 0.34±0.02* 0.91±0.05** 0.48±0.02***
FASLG 0.69±0.04 0.57±0.03 0.58±0.03 0.47±0.02**
TNFRSF10A (DR4) 0.52±0.03 0.37±0.02*** 0.74±0.04** 0.52±0.03
CFLAR (FLIP) 1.78±0.09 1.30±0.07*** 2.87±0.14* 0.81±0.04*

Notes: GAPDH is the housekeeping gene control. Results are expressed as mean ± SEM from three independent experiments. *P,0.001, **P,0.01, and ***P,0.05 indicate 
significantly different from DZ.
Abbreviations: SEM, standard error of mean; DZ, diazinon; NPs, nanoparticles; MgO, magnesium oxide; Se, selenium; PCR, polymerase chain reaction.
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precursors to diabetes.1,29 On the other hand, oxidative stress 

is considered as one of the pivotal factors in the development 

of diabetes complications, and its relation to some OP pesti-

cides such as malathion and DZ has been reported.30,31 These 

studies have indicated that the acute and chronic toxicities 

of OPs were closely related to the increased production of 

ROS and lipid peroxidation.

NPs can be synthesize chemically or biologically and may 

have several unknown effects, one of which is a positive/

protective effect on various cells. They could penetrate into 

a different place and have protective effects against oxidative 

stress-induced  cell  death through different mechanisms.32 

Since the related mechanisms are not well understood, espe-

cially in apoptosis and mitochondria toxicity, in this study, we 

investigated the protective mechanisms of MgO and Se NPs 

against DZ-induced cytotoxicity in the PaTu cell line.

Our results demonstrated that using MgO and Se NPs 

could improve the release of insulin, proinsulin, and C-peptide 

(all of which were inhibited after exposure to DZ), one of 

the main functions of the PaTu cells. In this area of research, 

previous studies have shown that metal oxide NPs, including 

CeO
2
, Y

2
O

3
, ZnO, and MgO, were capable of enhancing cell 

survival and function under conditions of oxidative stress;33–37 

the reason for increasing insulin by metal oxide NPs was 

justified by their antioxidant property.38 In addition, it was 

demonstrated that using metal oxide NPs induces a cascade 

of protein phosphorylation due to increase of ATP/ADP ratio 

that finally leads to secretion of insulin.

In addition, DZ can induce mitochondrial damage, such 

as the loss of MMP, and lead to a decrease of mitochondrial 

activity in human PaTu cells, which suggests that mitochon-

drial damage might play a role in DZ-induced cell death. 

Mitochondrial potential loss triggers the caspase cascade 

leading to increased apoptosis. Therefore, the caspase 

enzyme activity, as one of the mechanisms for justifying 

the apoptosis,39 was assessed in this study by measuring 

caspase-3 and -9 activities. On the basis of our results, it 

was hypothesized that using MgO NPs with the potential 

to prevent caspase enzyme activity could enable PaTu cells 

survive the cytotoxicity of DZ exposure.

OP-induced cell death specially by DZ has been described 

generally in different cell types, including ovarian follicular 

cells, cardiac muscle cells, NTera2-D1 cells, peripheral blood 

lymphocytes, and skeletal muscles.8,40–43 In this report, we 

demonstrated that the type of cell death induced by DZ is 

predominantly apoptotic, as determined by MTT and MMP, 

caspase-3 and -9 activities, and AO/EB staining assays. 

Moreover, to investigate in greater detail the factors that are 

possibly responsible for apoptosis, the expression levels of 

15 apoptosis-related genes were analyzed by real-time PCR.

Depending on the trigger of the cell death program, the 

basic mechanism of apoptosis has been divided into intrin-

sic mitochondrial and extrinsic death receptor pathways.44 

The intrinsic apoptotic pathway is activated by intracel-

lular events, depends on the release of proapoptotic and 

antiapoptotic factors, such as the Bcl-2 family proteins, cyto-

chrome c, Apaf-1, Endo G, and procaspase-9 proteins from 

mitochondria to cytosol, and leads to activation of caspase-9. 

The extrinsic apoptotic pathway is initiated by the binding 

of an extracellular death ligand to its cell surface death 

receptors, including Fas/CD95, DR4, and DR5, influences 

the intracellular apoptotic adaptor FADD protein, and then 

proceeds through caspase-8 to activate executor caspases. 

While inhibition of Bcl-2-mediated intrinsic pathway results 

in the activation of caspases 9 and 3, death receptor-mediated 

extrinsic pathway involves caspases 10 and 8 in inducing 

apoptosis. Notably, both pathways converge at caspase-3, 

leading to activation of other proteases.44–48 Accordingly, 

caspases are the key effector molecules in both apoptotic 

pathways and are potential targets for pharmacological modu-

lation of cell death. The discovery of drugs that selectively 

block caspases in both the intrinsic and extrinsic pathways 

should help control the cytotoxicity of OP compounds such as 

DZ. Our results demonstrated that DZ significantly increased 

the expressions of caspase-9, caspase-8, and caspase-3 

genes (5.72-fold, 1.45-fold, and 1.64-fold, respectively) 

after 24 hours of treatment, and cotreatment of cells with 

MgO NPs alone and in combination with Se NPs through 

specific inhibition of caspase genes significantly prevented 

DZ-induced cell apoptosis (Table 2).

In conclusion, these data provide evidence supporting 

the fact that treatment of PaTu cells with NPs modulate 

DZ-induced apoptosis through the changes in the expression 

of genes involved in both intrinsic and extrinsic caspase-

dependent pathways.

Unexpectedly, there was no clear indication of synergistic 

interactions when MgO and Se NPs were used in combina-

tion. This observation indicates that either the maximal 

modulation possible is achieved with a single agent or that 

these agents modulate DZ-induced apoptosis through a 

common pathway.

Conclusion
Taken together, the results of the current study using MgO 

and Se NPs on PaTu cell line in terms of increasing the 

viability/function and decreasing oxidative stress/apoptosis 
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reveal the possible molecular mechanisms and signaling 

pathways of the antiapoptotic properties of these NPs against 

cytotoxicity of DZ exposure for human pancreatic cancer cell 

line. It is noteworthy to mention that all NPs owing to their 

small size and ability to pass through cell membranes and 

biological barriers might be toxic if used in nonoptimized 

doses.48 Therefore, further care should be taken while doing 

in vivo animal studies and human studies to ascertain the 

safety and efficacy of these NPs.49,50
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