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ARTICLE INFO ABSTRACT

Keywords: Edifenphos (EDF) is an Organophosphorus pesticide and used in agriculture for pest control. However, EDF has
Edifenphos been shown to accumulate in agricultural products and causes hazards to human health. Although reports are
Toxicity available regarding environmental impact of EDF, toxic effects of EDF on human cellular system especially
Lymphocytes immune cells have not been elucidated. In this study, genotoxicity and cytotoxicity of EDF on human peripheral
Eg(‘; ii‘i:age blood lymphocytes and its amelioration by apigenin (dietary flavonoid) was investigated. We demonstrated that
Apigenin EDF inhibited cell viability, and induced oxidative stress and DNA damage in lymphocytes. In addition, results

indicate that EDF induced apoptosis in lymphocytes concurrent with ROS generation, loss of mitochondrial
membrane potential, up-regulation of Bax and caspase-9/-3 activation. Mechanistically, incubation of lym-
phocytes with N-acetylcysteine (ROS scavenger) abrogated the ROS generation and apoptosis caused by EDF.
These findings suggest that ROS generation by EDF acts as an upstream signal leading to DNA damage and
apoptosis in lymphocytes. This study also showed that apigenin could potentially attenuate EDF-induced oxi-
dative stress, DNA damage and apoptosis in lymphocytes. Collectively, these results suggest that EDF exerts
cytotoxicity and DNA damage in lymphocytes, and apigenin could be a potent dietary anti-oxidant regimen

against EDF-induced toxicity on human health.

1. Introduction

Edifenphos (EDF) (O-ethyl-S, S-diphenyldithiophosphate) (Fig. 1A)
is an organophosphate pesticide (OPs) and used as a fungicide in rice
agricultural fields (Ahmad and Ahmad, 2018a,b; Kodama et al., 1980).
OPs have been categorised as toxicological class I (extremely toxic) by
the U.S. Environmental Protection Agency (Tiwari et al., 2013). EDF
exposure is toxic to living organisms and such toxicity is attributed to
decreased blood cholinesterase activity, inhibition of phosphati-
dylcholine biosynthesis and suppression of immune response (El-Gendy
et al., 1998; Binks et al., 1993; Poul, 1983). Recent study from our lab
has also demonstrated the toxic effects of EDF towards human serum
albumin (most abundant protein in humans) at the molecular level
(Ahmad and Ahmad, 2018a,b).

It has been found that EDF accumulates in different agricultural
products such as vegetables and rice (Salamzadeh et al., 2018; Shakouri
et al., 2014). The comprehensive evaluation of the EDF profile provides
a basis for risk management by controlling pesticide use in different
regions around the world and among susceptible populations. Many
different techniques have been used to determine EDF profile (data
usage, retention, percent recovery) in rice, vegetables, cattle, fish and

water (Fujikawa et al., 2009; Hashemi et al., 2017; Ko et al., 2014;
Pareja et al., 2011; Shakouri et al., 2014; Yadolahi et al., 2012). The
data of EDF profile obtained via techniques include as follows: (1) rice —
20.5min retention time, % recovery = 85 (spiked at 0.25ug/g)
(Shakouri et al., 2014); paddy rice - concentration (2.1-6.1 mg/kg)
(Pareja et al., 2011); tomatoes — 31.3 min retention time, % recovery
time = 75.4 (at concentration level 2.5 mg/kg) (Yadolahi et al., 2012);
fish - logBCF (BCF stands for bioconcentration factor) = 1.52
(Fujikawa et al., 2009); cattle - % recovery = 96.3 (spiked at 6 mg/kg)
(Ko et al., 2014); water = 0.1506 ppb (Hashemi et al., 2017). This in-
formation provides us an inference that food safety remains a public
issue all over the world, and thus efforts on the large scale should be
taken to fill the gaps. In addition, GC-MS analysis has revealed the EDF
profile in serum and blood of human population in different countries
(Chang et al., 2017; Musshoff et al., 2002).

Although substantial information is available regarding ecological
and environmental impact of EDF, knowledge of the toxicity of EDF on
human cellular system is insufficient. Further, it has been found that
EDF causes chromosomal aberrations in in vivo mouse model
(Jayashree et al., 1994). In general, the potential harmful effects of
pesticides takes place on entering into systemic blood circulation.
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Fig. 1. Chemical structures of edifenphos (A) and apigenin (B).

Hence, it was pertinent to identify the genotoxic and cytotoxic effects of
EDF on human peripheral blood lymphocytes.

Apigenin (APG) (4’,5,7-trihydroxyflavone) (Fig. 1B) is a dietary
flavonoid belonging to the flavones structural class, present in abun-
dance in fruits and vegetables (Cao et al., 2010). APG has long been
considered to have various biological activities such as anti-oxidant,
anti-inflammatory and anti-mutagenic (Birt et al., 1986; Cos et al.,
1998; Gerritsen et al., 1995). Recently, investigators have found that
APG protected rat cortical neuron against neurotoxicity by the inhibi-
tion of the caspase pathway (Wang et al., 2001). These findings suggest
that APG possesses the excellent scavenging reactive oxygen species
(ROS) and inhibiting inflammatory effects, indicating its potential
ability as a food supplement to protect against varied toxicants in the
foods. In addition, APG is also reported having the protective effect on
ischemia/reperfusion-induced rat hepatic necrosis through the regula-
tion of Fas/FasL pathway (Tsalkidou et al., 2014).

Keeping in view the above facts, the present study was aimed to
investigate whether EDF induces genotoxic and cytotoxic effects in
human peripheral blood lymphocytes in vitro, and later to explore the
molecular mechanism of cytotoxicity of EDF. This study would provide
an appropriate cytotoxicity model of EDF to study the mitigatory po-
tential of any antioxidant under such stresses. Specifically, our objec-
tive was to elucidate the ameliorative and mitigatory functions of api-
genin under EDF-induced toxicities in human lymphocytes.

2. Materials and methods

Edifenphos, apigenin, agarose (low melting and normal melting),
trypan blue, N-acetylcysteine (NAC), DAPI, methylthiazolydiphenyl
tetrazolium bromide (MTT), annexin V-FITC apoptosis detection Kkit,
RPMI 1640, 2’,7’-dichlorofluorescin diacetate (DCFH-DA), dihy-
droethidium (DHE), Rhodamine 123 and histopaque-1077 were pro-
cured from Sigma Chemical Co. (St. Louis, MO, USA). Rest of the che-
micals purchased were of highest grade available. Antibodies to Bcl-2,

219

Food and Chemical Toxicology 127 (2019) 218-227

Bax and fB-actin were obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). A 3 mM stock solution of EDF was prepared in
dimethyl sulfoxide (DMSO). DMSO solution was added to the reaction
media at the final concentration of 1% (v/v), which was the highest
concentration of DMSO used in the treated samples.

2.1. Isolation and culture of lymphocytes

Experiments on human blood lymphocytes were approved by the
Institutional Ethical Committee of the Department of Biochemistry,
Faculty of Life Sciences, Aligarh Muslim University, Aligarh, India
(714/02/a/CPCSEA). Fresh blood was taken from venipuncture from
healthy non-smoking donor with written consent, and the blood so
obtained was added in heparinized tubes. Then, blood was diluted in
Ca®* - and Mg?* - free PBS. Peripheral blood lymphocytes were iso-
lated from diluted blood using histopaque-1077 method. Isolated lym-
phocytes were suspended in RPMI 1640 medium supplemented with L-
glutamine, 10% (v/v) fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The viability of isolated lymphocytes was checked using
trypan blue exclusion test (Pool-Zobel et al., 1993).

2.2. MTT assay for cell viability in lymphocytes

Cell viability was determined using MTT assay (Mosmann, 1983).
Briefly, isolated lymphocytes were seeded in a 96-well culture plate at a
concentration of 1 x 10 cells per well. Lymphocytes were treated with
increasing concentration of edifenphos (EDF) for 4 h at 37 °C in 5% CO,.
After treatment, 10 ul of MTT solution (5mg/ml) was added to each
well and reincubated for 3h at 37 °C to develop color. Later, 100 pl of
DMSO was added to each well to dissolve formazan crystals and ab-
sorbance was read at 570 nm using ELISA plate reader (Bio-Rad, USA).
Viability of EDF-treated cells was expressed as a percentage of un-
treated cells (100%). ICs, value of EDF for lymphocytes was calculated
as the concentration at which 50% of cell viability of cells is inhibited.
Subsequently, lymphocytes were pre-treated with doses of 5uM api-
genin or 10 uM apigenin or 5mM N-acetylcysteine (NAC) (ROS sca-
venger) for 4 hat 37 °C in 5% CO,. After this pretreatment, lymphocytes
were exposed to ICso concentration of EDF for 4 hat 37 °C in 5% CO,
and MTT assay was performed again to determine the viability of
treated lymphocytes.

2.3. Estimation of intracellular ROS generation

ROS generation, namely hydrogen peroxide (H,05) and superoxide
anion (O57), was detected in lymphocytes using molecular probes
DCFH-DA and DHE, respectively (Dikalov et al., 2002; Wang; Joseph,
1999). Briefly, lymphocytes were treated in the following groups: (1)
Control cells; (2) 5 M apigenin or 10 uM apigenin alone for 4 hat 37 °C
in 5% CO,; (3) ICs concentration of EDF for 4 h at 37 °C in 5% CO»; (4)
Pretreatment of lymphocytes with 5uM apigenin or 10 uM of apigenin
or 5mM N-acetylcysteine (NAC) (ROS scavenger) for 4h, and then
treatment with ICsy concentration of EDF for 4hat 37 °C in 5% CO..
After treatment, cells were stained with 20 pM DCFH-DA for 30 min and
10 uM DHE for 20 min at 37 °C. ROS production in lymphocytes was
determined using microplate reader (Bio-Rad, USA) at 485nm (ex-
citation wavelength) and 528 nm (emission wavelength) for DCFH-DA,
and 596 nm (excitation wavelength) and 620 nm (emission wavelength)
for DHE. Intracellular ROS generation in lymphocytes was also ana-
lyzed using fluorescence microscope (BX43, Olympus, Japan).

Hydroxyl radical generation on treatment with EDF was detected by
the method of Quinlan and Gutteridge (1987). In this method, calf
thymus DNA (ctDNA) (300 pg) was used as a substrate and generation
of malondiaaldehyde from deoxyribose radicals was measured by re-
cording absorbance at 532 nm.
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2.4. Lipid peroxidation assay

TBARS generation in treated lymphocytes is an indicator of lipid
peroxidation. Lipid peroxidation in lymphocytes was estimated using
the method of Ramanathan et al. (1994). Cell pellet of control and
treated lymphocytes was obtained, washed in PBS and then dissolved in
0.1 N NaOH. Then, 0.5ml of 10% TCA and 0.5ml of 0.6 M TBA was
added to the reaction mixture and finally incubated in boiling water for
10 min. Absorbance was read at 532 nm and the OD was converted to
nanomoles of TBA-reactive substances using molar extinction coeffi-
cient.

2.5. Protein carbonylation assay

Protein carbonyl content in lymphocytes was estimated using 2,4-
dinitrophenylhydrazine (2,4-DNPH) method (Nakagawa et al., 2007).
In this method, cells were lysed and blended with 10 mM 2,4-DNPH in
2 M HCI. Tubes were incubated at room temperature for 1 h and then
0.5ml of 20% TCA was added to each tube. After this, tubes were in-
cubated on ice for 10 min and then centrifuged at 12,000g for 10 min.
Protein pellets so obtained was washed three times with 1 ml ethanol-
ethyl acetate mixture (1:1 v/v). After washing, protein pellets were
dissolved in 6 M guanidine HCl (pH 2.3) and then centrifuged at
12,000g for 10 min at 4 °C. Absorbance of supernatant was recorded at
370nm and carbonyl content was calculated using molar extinction
coefficient of 22,000 M~ cm ™ 1.

2.6. Comet assay

DNA breakage in treated lymphocytes was determined using comet
assay. Comet assay was performed according to the protocol of Singh
et al. (1988). Comet assay protocol consists of following steps: (1)
layering of cells on agarose coated slides; (2) cell lysis; (3) un-winding
of DNA in alkaline electrophoretic solution; and (4) neutralization step.
After complete protocol, slides were stained with EtBr and covered with
cover slips. Cells were visualised in fluorescence microscope (CX41,
Olympus, Japan) and scored with image analysis system (KOMET 7.1;
Kinetic Imaging, UK). Tail length was measured in micrometers to de-
termine extent of DNA damage.

2.7. DAPI staining

DAPI staining was performed to detect nuclear morphology in
control and treated lymphocytes. Briefly, cells were incubated with
DAPI dye (10 pg/ml) for 20 min at 37 °C in the dark. Images were then
captured using fluorescence microscope (BX43, Olympus, Japan).

2.8. Scanning electron microscopy (SEM)

Surface morphology of lymphocytes was determined using scanning
electron microscopy as described by Polliack et al. (1973). Briefly,
control and treated cells were collected and centrifuged at 10,000 rpm
for 10 min. The pellet obtained was washed twice with PBS and then
fixed in 1.5% glutaraldehyde solution (pH 7.5) for 30 min, and then
postfixed with 1% osmium tetraoxide for 1 h. After fixing, samples were
centrifuged again at 10,000 rpm and cell pellet was washed with PBS.
Samples were evenly spread on a glass slide, dehydrated in graded al-
cohol for 5min and finally critically dried with CO,. Slides were gold-
palladium coated and examined using JEOL JSM-5310 scanning elec-
tron microscope (Tokyo, Japan).

2.9. Mitochondrial membrane potential (MMP) analysis

Rhodamine 123 (Rh123), a cationic lipophilic dye was used to de-
tect mitochondrial membrane potential in lymphocytes. The MMP of a
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cell is proportional to the amount of Rh123 uptake by the mitochondria
(Baracca et al., 2003). Briefly, cells were treated in the different reac-
tion groups as mentioned above. After treatment, cells were harvested
and washed with twice with PBS. Then, cells were incubated in 20 uyM
Rh123 for 30 min at room temperature in the dark. Rh123 fluorescence
intensity in lymphocytes was evaluated using microplate reader (Bio-
Rad, USA) at 505nm excitation wavelength and 525 nm emission wa-
velength.

2.10. Determination of caspase-3 and caspase-9 activities

Caspase-3 and caspase-9 activities in untreated and treated lym-
phocytes were determined using caspase-3 and caspase-9 colorimetric
kit, respectively. Briefly, untreated and treated lymphocytes were lysed
in 50l cold lysis buffer for 10 min. The tubes were centrifuged at
10,000g for 5min and then supernatant was transferred to a new tube.
After this, the protein concentration was quantified in samples. Two
hundred microgram of protein was added to 50 pl of 2X reaction buffer
(containing 10 mM DTT) to each sample. Then, 5 pl of 4 mM Ac-LEHD-
PNA (susbtrate for caspase-9) and DEVD-pNA (substrate for caspase-3)
was added and incubated at 37 °C for 2 h. Finally, the absorbance was
recorded at 405nm in a microplate reader (Bio-Rad, USA). Caspase
activity in cells was calculated as OD (inducer)/OD (control) and data
was expressed as % of control values.

2.11. Western blotting analysis

Lymphocytes were harvested and lysed with ice-cold lysis buffer
(150 mM NaCl, 50 mM of pH 7.4 Tris, 1 mM EDTA, 1% Triton X-100,
0.5% SDS, 0.01% PMSF) The cell lysate was centrifuged at 10,000 rpm
for 10 min. The supernatant was transferred to new tubes and the
concentration of the protein was quantified. Equal amount of lysates
(~40 pug) were resolved on an SDS-PAGE and separated proteins were
transferred to PVDF membrane (Milipore). Membranes were blocked
with 5% non-fat milk in PBS for 1hat room temperature. Thereafter,
the membranes were washed with PBS and incubated with primary
antibody for Bcl-2, Bax and fB-actin at 4 °C overnight. The target pro-
teins were finally detected using HRP-conjugated secondary antibody.
Protein expression was visualised by ECL detection reagent and devel-
oped by exposure to X-ray films.

2.12. Statistical analysis

+

Results are expressed as mean = SEM for three independent ex-
periments for each assay. Statistical analysis was performed via one-
way analysis of variance (ANOVA) using GraphPad Prism software (v
5.01). The significance was set at p < 0.05.

3. Results
3.1. Cell viability detection in lymphocytes

MTT method was used to detect the cytotoxic effect of edifenphos
on lymphocytes. As shown in Fig. 2A, edifenphos inhibited the cell
viability of lymphocytes in a dose-dependent manner. The ICs, value
for edifenphos on lymphocytes was found to be 17.2 + 2.1 uM after 4h
treatment. To ascertain the role of ROS in edifenphos cytotoxic action,
MTT assay was performed again with ICso concentration of EDF in the
presence of N-acetylcysteine (NAC). NAC is a well known ROS-sca-
venger (Aruoma et al., 1989). Results showed that pretreatment of NAC
significantly inhibited the cytotoxic action of edifenphos (Fig. 2B). This
result confirmed that ROS plays a significant role in the cytotoxic action
of edifenphos. Further, we also checked the inhibitory effect of edi-
fenphos on cell viability in the presence of apigenin (a plant-derived
compound). Firstly, treatment with apigenin alone at both
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Fig. 2. MTT assay to measure cell viability of lymphocytes. (A) Effect of increasing concentrations of edifenphos (EDF) on the cell viability of lymphocytes and
determination of ICso concentration of EDF. Values expressed as mean = SEM of three independent experiments. (B) Effect of N-acetylcysteine (ROS scavenger) and
apigenin treatments on EDF induced cell viability inhibition in lymphocytes. (1) Control, (2) Control Vehicle (DMSO), (3) Apigenin (5 uM), (4) Apigenin (10 uM), (5)

EDF (ICsy), (6) EDF (ICs0) + NAC (5 mM), (7) EDF (ICso) + Apigenin (5 uM), (8) EDF (ICso) + Apigenin (10 pM). Values expressed as mean

+

SEM of three

independent experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to EDF (ICs) treated cells.

concentrations i.e. 5puM and 10 pM, did not affect the cell viability of
lymphocytes (Fig. 2B). Further, pretreatment of apigenin at con-
centrations 5uM and 10 uM markedly increased the cell viability and
reduced the cytotoxic effect of edifenphos (Fig. 2B). Overall, we infer
that edifenphos cytotoxic effects involve ROS generation, and apigenin
plays an important role in decreasing the cytotoxic action induced by
edifenphos.

3.2. Effect of edifenphos on ROS generation

Intracellular ROS generation, namely H,O05 and (O»"), was mon-
itored in treated lymphocytes using DCFH-DA and DHE dyes, respec-
tively. In DCFH-DA assay, fluorescent micrograph showed an increased
level of hydrogen peroxide generation in edifenphos-treated lympho-
cytes (appearance of green fluorescence) (Fig. 3A, Panel 2). On the
other hand, pretreatment with NAC abolished hydrogen peroxide gen-
eration in edifenphos-treated cells (no green fluorescence) (Fig. 3A,
Panel 3). We also found that pretreatment with apigenin at con-
centrations 5 uM and 10 uM markedly abrogated the hydrogen peroxide
generation induced by edifenphos (no green fluorescence) (Fig. 3A,
Panels 4 and 5). DHE assay revealed a significant level of edifenphos
induced superoxide anion generation in lymphocytes (appearance of
red fluorescence) (Fig. 3B, Panel 2). Pretreatment with NAC and api-
genin largely quenched the generation of intracellular superoxide (no
red fluorescence) in edifenphos-treated cells (Fig. 3B, Panels 3-5). We
also found that apigenin treatment alone at 5puM and 10puM con-
centrations did neither generate hydrogen peroxide (no green fluores-
cence) nor superoxide anions (no red fluorescence) in lymphocytes
(Supplementary Figs. S1 and S2). Quantitative ROS (hydrogen peroxide
and superoxide anion) generation results obtained via multi-plate
reader were in agreement with the above mentioned fluorescence mi-
croscopy results (Fig. 3C and D).

Fig. 4 demonstrates the results of hydroxyl radical assay. We found
that edifenphos treatment also induced significant levels of hydroxyl
radical production in lymphocytes. However, hydroxyl radical pro-
duction by edifenphos treatment was significantly suppressed in the
presence of NAC and apigenin (Fig. 4). In addition, apigenin treatment
alone did not induce the generation of hydroxyl radical in lymphocytes
(Fig. 4).

3.3. Estimation of lipid peroxidation in lymphocytes

Lipid peroxidation as a biomarker of oxidative stress was estimated
in lymphocytes. As shown in Fig. 5A, exposing lymphocytes to ICsq
concentration of edifenphos leads to increase in the formation of TBARS
(lipid peroxidation). On the other hand, a considerable decrease in
TBARS generation induced by edifenphos treatment was observed in
the presence of NAC and apigenin. In addition, apigenin alone at con-
centrations 5puM and 10 uM did not induce TBARS formation in lym-
phocytes. These results suggest that edifenphos triggered off lipid per-
oxidation most probably as a result of ROS generation, and apigenin
essentially served as an antioxidant to quench edifenphos-induced lipid
peroxidation in lymphocytes.

3.4. Estimation of protein carbonylation in lymphocytes

Protein carbonyl content as a result of oxidative damage of proteins
was measured using 2,4-DNPH method. Results clearly demonstrate
that edifenphos treatment significantly increased the total carbonyl
content in the cells (Fig. 5B). Incubation of cells with NAC resulted in
diminishing the edifenphos induced protein carbonyl content. Likewise,
protein carbonyl content was also inhibited by apigenin pretreatment at
5uM and 10 uM concentrations in edifenphos-treated cells (Fig. 5B).
Interestingly, apigenin treatment alone did not affect the carbonyl
content in lymphocytes (Fig. 5B).

3.5. Analysis of DNA damage in lymphocytes

DNA damage in lymphocytes was evaluated using comet assay and
the results are shown in Fig. 6. As shown in this figure, the extent of
DNA breakage in lymphocytes was significantly enhanced on treatment
with edifenphos. On the other hand, pretreatment with NAC resulted in
significant inhibition of DNA damage induced by edifenphos in lym-
phocytes. We also found that apigenin prevented edifenphos induced
DNA damage in lymphocytes. Apigenin alone treatment did not lead to
any DNA damage in lymphocytes. Taken together, we can infer that
edifenphos induces ROS generation in lymphocytes that causes oxida-
tive DNA damage, and apigenin acts as an antioxidant to protect against
the oxidative DNA damage in these cells.
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Panel 3: EDF (ICso) + NAC (5 mM), Panel 4: EDF (ICso) + Apigenin (5 pM), Panel 5: EDF (ICsq) + Apigenin (10 uM). (B) Photomicrographs showing the intracellular
ROS generation (0O, ) via DHE assay in lymphocytes. Panel 1: Control cells, (2) Panel 2: EDF (ICsp), Panel 3: EDF (ICsg) + NAC (5 mM), Panel 4: EDF
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Apigenin (5 pM), (3) Apigenin (10 uM), (4) EDF (ICso), (5) EDF (ICsp) + NAC (5 mM), (6) EDF (ICso) + Apigenin (5 uM), (7) EDF (ICso) + Apigenin (10 uM).
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(ICsp) + Apigenin (10 uM). *P < 0.05 with respect to control group and #P < 0.05 with respect to EDF (ICs) treated cells.
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(10uM), (5) EDF (ICsg), (6) EDF (ICsg) + NAC (5 mM), (7) EDF
(ICsp) + Apigenin (5 uM), (8) EDF (ICsq) + Apigenin (10 pM). Values ex-
pressed as mean = SEM of three independent experiments. *P < 0.05 with

respect to control group and #P < 0.05 with respect to EDF (ICs) treated
cells.

3.6. DAPI staining in lymphocytes

DAPI staining was performed to detect apoptotic nuclei in treated
lymphocytes. Apoptotic cells are characterized by chromatin con-
densation and nuclear fragmentation (Saraste and Pulkki, 2000). Re-
sults of DAPI staining clearly shows that untreated lymphocytes have
round nuclei and there was no fragmentation and condensation (Fig. 7).
On treatment with edifenphos, DNA fragmentation was observed in
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lymphocytes indicating the induction of apoptosis. Pretreatment with
NAC abrogated DNA fragmentation induced by edifenphos in lympho-
cytes. Further, we also found that apigenin pretreatment was able to
suppress DNA damage in edifenphos treated lymphocytes.

3.7. Morphological assessment by scanning electron microscopy (SEM)

SEM was employed to detect morphological changes in treated
lymphocytes (Fig. 8). Results clearly show that the untreated cells are
round and the surface morphology is homogenously smooth (Fig. 8,
Panel A). Lymphocytes treated with edifenphos led to the development
of blebs on membrane surface (Fig. 8, Panel B) along with a clear-cut
plasma membrane disruption (Fig. 8, Panel C). Addition of NAC and
apigenin inhibited the cellular damage induced by edifenphos and
largely reversed the cell morphology to spherical shape (no blebs and
membrane damage) (Fig. 8, Panels D-F). In addition, we also affirmed
that apigenin treatment alone did not affect the surface morphology in
lymphocytes, and the cells retained the spherical shape with no blebs
and membrane damage (Supplementary Fig. S3).

3.8. Analysis of mitochondrial membrane potential (MMP) in lymphocytes

Loss of mitochondrial membrane potential is a characteristic feature
of apoptosis induction in cellular system (Ly et al., 2003). To explore
the effect of edifenphos on MMP in lymphocytes, fluorescent probe
Rhodamine 123 (Rh123) was used. As shown in Fig. 9, Rh123 fluor-
escence intensity was significantly decreased in lymphocytes on treat-
ment with ICso concentration of edifenphos. Further, we found that
pretreatment of NAC and apigenin ameliorated the loss of MMP (de-
crease in Rh123 fluorescence intensity) induced by edifenphos in
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as mean * SEM of three independent experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to EDF (ICso) treated cells.
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Fig. 6. Analysis of DNA damage by comet assay. Data is expressed in terms of
tail length (um). (1) Control, (2) Control vehicle (DMSO), (3) Apigenin (5 uM),
(4) Apigenin (10 uM), (5) EDF (ICsy), (6) EDF (ICso) + NAC (5 mM), (7) EDF
(ICs0) + Apigenin (5 uM), (8) EDF (ICso) + Apigenin (10 pM). Values ex-
pressed as mean + SEM of three independent experiments. *P < 0.05 with
respect to control group and #P < 0.05 with respect to EDF (ICso) treated
cells.

lymphocytes. These results confirm that edifenphos induces ROS gen-
eration which causes loss of MMP in lymphocytes, and apigenin has a
potential to attenuate edifenphos-induced effect on MMP.

3.9. Caspase-3 and caspase-9 activities in lymphocytes

Caspase-3 and caspase-9 activities in lymphocytes were evaluated
using caspase colorimetric detection kits. As shown in Fig. 10, caspase-3
and caspase-9 activities were significantly increased on treatment with
ICso concentration of edifenphos. However, pretreatment of lympho-
cytes with NAC and apigenin significantly inhibited the caspase-3/-9
activation via edifenphos treatment (Fig. 10). These results indicate
that edifenphos treatment induces ROS generation which leads to cas-
pase-3/-9 activation in lymphocytes. Our results also suggest that api-
genin attenuates edifenphos-induced caspase activation in lympho-
cytes.

3.10. Analysis of Bcl-2 and Bax expression in lymphocytes

Bcl-2 and Bax expressions were evaluated in lymphocytes using
western blotting (Fig. 11). Blotting results clearly show that expression
of Bax (pro-apoptotic protein) and Bcl-2 (anti-apoptotic protein) was
significantly up-regulated and down-regulated, respectively on
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treatment with ICso concentration of edifenphos. On the other hand,
addition of NAC and apigenin under our experimental conditions de-
creased Bax activation and increased Bcl-2 expression in edifenphos-
treated lymphocytes. Based on our results of MMP, caspase-3/-9 ac-
tivities and Bcl-2/Bax expression results, we suggest that edifenphos
induces mitochondrial-mediated apoptotic pathway in lymphocytes,
and apigenin plays a significant mitigatory role in this system.

4, Discussion

Edifenphos (EDF) belongs to the group of organophosphate pesti-
cide and has been used for pest control in rice fields (Ahmad and
Ahmad, 2018a,b; Kodama et al., 1980). EDF has been reported to ac-
cumulate in different agricultural products (vegetables and rice)
(Salamzadeh et al., 2018; Shakouri et al., 2014). In general, increasing
application of pesticides has raised a concern of harmful effects to
humans and other living species. Further, large scale usage of pesticides
increases the prospect of interaction and damage to genetic material
(Kaur et al., 2011). As a result, it is prudent to perform an elaborate
genotoxic study of pesticides. Till date, there is no study revealing the
genotoxic and cytotoxic effects of EDF on human cellular system
especially human lymphocytes. Hence, this study investigated the
genotoxic and cytotoxic behaviour of EDF on human peripheral blood
lymphocytes under in vitro conditions.

Our study showed that EDF decreases the cell viability of lympho-
cytes in a dose-dependent manner. We also demonstrated that the un-
derlying mechanism of cytotoxic effects of EDF relies largely on the
mitochondrial apoptotic pathway. Earlier literature reveals that en-
hanced ROS production is responsible for damaging cellular biomole-
cules (protein, DNA) (Abdollahi et al., 2004; Lukaszewicz-Hussain,
2010). In this context, we evaluated the intracellular ROS generation
(superoxide anion and hydrogen peroxide) in lymphocytes on treatment
with EDF. Our results showed that EDF was potent enough to induce
superoxide anion and hydrogen peroxide in lymphocytes, and N-acet-
yleysteine was effective in abrogating the ROS generation. Mal-
ondialdehyde (MDA), a product of lipid peroxidation, has been ex-
tensively used as marker of oxidative stress (Ahmad and Ahmad, 2017;
Khan et al., 2018; Yoshida et al., 2013; Zafar et al., 2016). Thus, EDF
treated lymphocytes were also checked for MDA levels and our findings
clearly showed that ROS mediated MDA formation was significantly
increased in lymphocytes by EDF treatment. This effect of increased
lipid peroxidation was inhibited in the presence of NAC, a ROS sca-
venger. Hence, we can suggest that EDF induces oxidative stress in
lymphocytes. We further provide evidence that EDF exposure causes
DNA damage in lymphocytes. Interestingly, DNA damage induced by
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Fig. 7. DAPI staining for apoptosis analysis in lymphocytes. Panel A: Control, Panel B: EDF (ICso), Panel C: EDF (ICso) + NAC (5 mM), Panel D: EDF
(ICsp) + Apigenin (5 uM), Panel E: EDF (ICso) + Apigenin (10 uM). Arrows in panel B indicate DNA fragmentation.

EDF was significantly inhibited by N-acetylcysteine. This outcome
provides an inference that ROS generation induced by EDF is re-
sponsible for its genotoxic action.

Apoptosis induction in cellular system is characterized by DNA
fragmentation (Elmore, 2007). DAPI staining and comet assay results
confirmed the onset of apoptosis as evidenced by DNA fragmentation in
EDF-treated lymphocytes, and NAC treatment was effective in in-
hibiting the DNA damage. Overall, it can be inferred that ROS gen-
eration by EDF plays a key role in DNA damage and apoptosis induction
in lymphocytes.

Later, we also deciphered the molecular mechanism underlying
apoptosis induction by EDF in lymphocytes. Apoptosis in cells can be
initiated through two pathways; the intrinsic pathway which is
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mediated by mitochondria and extrinsic pathway which requires the
cell surface receptor (Fulda and Debatin, 2006; Fulda, 2014). Mi-
tochondrial-dependent intrinsic apoptotic pathway is regulated by the
members of the Bcl-2 family i.e. pro-apoptotic (Bax) and anti-apoptotic
(Bcl-2) proteins, and the ratio of Bax/Bcl-2 determines the cell survival
or cell death (Lopez and Tait, 2015). It is widely characterized that Bax
protein targets mitochondria membrane permeability, and the major
consequence of the change of permeability is the loss of mitochondrial
membrane potential (AWm) (Er et al., 2006). This disruption of mi-
tochondrial membrane potential is the key point in apoptosis and fur-
ther facilitates the activation of caspases 9/3 cascade and apoptosis
induction (Anuradha et al., 2001; Chen et al., 2007). In view of this,
Rh123 staining results clearly showed that EDF treatment causes loss of
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Fig. 8. Scanning electron microscopy of control and treated lymphocytes. Panel A: Control, Panels B and C: EDF (ICs,), Panel D: EDF (ICso) + NAC (5 mM), Panel E:
EDF (ICsp) + Apigenin (5 pM), Panel F: EDF (ICso) + Apigenin (10 uM). Arrows in panels B and C indicate blebbing and membrane damage, respectively.
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Fig. 9. Estimation of mitochondrial membrane potential (MMP) via Rhodamine
123 staining in lymphocytes. (1) Control, (2) Control vehicle (DMSO), (3)
Apigenin (5 pM), (4) Apigenin (10 uM), (5) EDF (ICsp), (6) EDF (ICso) + NAC
(5 mM), (7) EDF (ICsq) + Apigenin (5 uM), (8) EDF (ICso) + Apigenin (10 uM).
Values expressed as mean =+ SEM of three independent experiments.
*P < 0.05 with respect to control group and #P < 0.05 with respect to EDF
(ICs0) treated cells.

mitochondrial membrane potential (AWm) in lymphocytes. Further, we
also found that loss of mitochondrial membrane potential by EDF in
lymphocytes was abrogated in the presence of NAC. Our results also
showed that EDF down-regulates Bcl-2 protein expression and up-reg-
ulates Bax protein expression in treated lymphocytes. This effect was
reversed to up-regulation of Bcl-2 and down-regulation of Bax in EDF-
treated lymphocytes by NAC. Also, increased caspase 9/3 activity was
observed in EDF-treated lymphocytes, and NAC was able to inhibit the
activities of both the caspases. Overall, we can infer that EDF induces
ROS generation which increases Bax/Bcl-2 ratio concomitant with the
loss of AWm and consequently the activation of caspases 9/3 to trigger
apoptotic cascade in lymphocytes.

Flavones are plant-derived polyphenolic compounds that are com-
monly used in the diet. Apigenin is a flavone which is ubiquitously
distributed in leaves, vegetables, stems and fruits of various vascular
plants (Yan et al., 2017). It is cell permeable and exhibits a variety of
pharmacological properties including antioxidant effects (Choi et al.,
2004; Patel et al., 2007). Earlier studies have shown that apigenin ex-
hibits antigenotoxic effects against anticancer drugs in cultured human
lymphocytes (Siddique et al., 2008), and also in mouse-bone marrow
cells (Siddique and Afzal, 2009a,b). Apigenin has also shown to exhibit
protective effects against genotoxicity of hydrogen peroxide in cultured
human lymphocytes (Siddique and Afzal, 2009a,b).
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Fig. 11. Western blot showing the expression levels of Bax (pro-apoptotic) and
Bcl-2 (anti-apoptotic) in control and treated lymphocytes. (1) Control, (2) EDF
(ICs0), (3) EDF (ICs0) + NAC (5 mM), (4) EDF (ICso) + Apigenin (5 pM), (5)
EDF (ICsp) + Apigenin (10 uM). -Actin is used as a loading control.

In accordance with the notion pertaining to protection of apigenin
against oxidative stress as mentioned above, the present study in fact
was also aimed to investigate the effect of apigenin on ROS-dependent
EDF-induced cytotoxic and genotoxic effects in human lymphocytes.
Pretreatment of apigenin results in dose-dependent increase in cell
viability of EDF-treated lymphocytes concomitant with a proportional
decline in their ROS generation. In addition, we also found that api-
genin pretreatment was able to inhibit EDF-induced lipid peroxidation
and protein carbonylation as well as DNA damage in lymphocytes.
Pretreatment of apigenin was also effective in inhibiting the mi-
tochondrial-mediated apoptosis induced by EDF in lymphocytes. All
these results lead us to suggest that underlying mechanism of the pro-
tective action of apigenin against EDF-induced toxicity probably oper-
ates through free-radical scavenging activity of apigenin. The free ra-
dical scavenging property of apigenin may be attributed to the hydroxyl
groups at 4th, 5th and 7th position of the molecule (Noroozi et al.,
1998). The antioxidant property of apigenin may also be attributed to
the double bonds between carbon atoms 2 and 3 of the carbon ring
(Ratty and Das, 1988). Thus, apigenin may be used as a potent anti-
oxidant regimen against organophosphate pesticide induced cytotoxic
and genotoxic effects in human cellular systems.

In conclusion, our data provides evidence that EDF decreases cell
viability, induces DNA damage and cell death via activation of mi-
tochondrial mediated intrinsic apoptotic pathway in lymphocytes. The
EDF-induced DNA damage and apoptosis is mediated by elevated levels
of ROS production. Overall, we propose that EDF-induced ROS gen-
eration is an upstream event which then leads to oxidative stress, DNA
damage and apoptotic cell death. Further, the same study also de-
monstrated that apigenin potentially attenuates EDF-induced oxidative
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Fig. 10. Estimation of apoptosis via caspase-3 activity (A) and caspase-9 activity (B) in lymphocytes. (1) Control, (2) Apigenin (5 uM), (3) Apigenin (10 uM), (4) EDF
(ICsp), (5) EDF (ICso) + NAC (5 mM), (6) EDF (ICso) + Apigenin (5 uM), (7) EDF (ICso) + Apigenin (10 pM). Values expressed as mean * SEM of three independent
experiments. *P < 0.05 with respect to control group and #P < 0.05 with respect to EDF (ICs) treated cells.
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stress and apoptosis in human lymphocytes. This study supports the
view of using apigenin as a dietary supplement against EDF-induced
cytotoxic and genotoxic effects. Further, investigations are in progress
in our laboratory to test the in vivo toxicity of EDF and examine the
protective effect of apigenin in rodent model.

Conflicts of interest
The authors confirm that there are no conflicts of interest.
Acknowledgments

We are thankful to University Sophisticated Instruments Facility
(USIF), AMU, Aligarh for SEM facility. The authors would like to thank
the Chairperson, Department of Biochemistry, Faculty of Life Sciences,
Aligarh Muslim University, Aligarh for providing the necessary lab fa-
cilities. The financial support to AA by UGC NON-NET from the Govt.
Of India is acknowledged. This research did not receive any specific
grant from funding agencies in the public, commercial, or not-for-profit
sectors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.fct.2019.03.034.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2019.03.034

References

Abdollahi, M., Ranjbar, A., Shadnia, S., Nikfar, S., Rezaie, A., 2004. Pesticides and oxi-
dative stress: a review. Med. Sci. Mon. Int. Med. J. Exp. Clin. Res. 10, RA141-R147.

Ahmad, A., Ahmad, M., 2017. Deciphering the toxic effects of organochlorine pesticide,
dicofol on human RBCs and lymphocytes. Pestic. Biochem. Physiol. 143, 127-134.

Ahmad, A., Ahmad, M., 2018a. Understanding the fate of human serum albumin upon
interaction with edifenphos: biophysical and biochemical approaches. Pestic.
Biochem. Physiol. 145, 46-55.

Ahmad, A., Ahmad, M., 2018b. Deciphering the mechanism of interaction of edifenphos
with calf thymus DNA. Spectrochim. Acta Mol. Biomol. Spectrosc. 188, 244-251.

Anuradha, C.D., Kanno, S., Hirano, S., 2001. Oxidative damage to mitochondria is a
preliminary step to caspase-3 activation in fluoride-induced apoptosis in HL-60 cells.
Free Radic. Biol. Med. 31, 367-373.

Aruoma, O.1., Halliwell, B., Hoey, B.M., Butler, J., 1989. The antioxidant action of N-
acetylcysteine: its reaction with hydrogen peroxide, hydroxyl radical, superoxide,
and hypochlorous acid. Free Radic. Biol. Med. 6, 593-597.

Baracca, A., Sgarbi, G., Solaini, G., Lenaz, G., 2003. Rhodamine 123 as a probe of mi-
tochondrial membrane potential: evaluation of protonflux through F(0) during
ATPsynthesis. Biochim. Biophys. Acta 1606, 137-146.

Binks, P.R., Robson, G.D., Goosey, M.W., Trinci, A.P., 1993. Inhibition of phosphati-
dylcholine and chitin biosynthesis in Pyriculariaoryzae, Botrytis fabae and
Fusariumgraminearum by edifenphos. J. Gen. Microbiol. 139, 1371-1377.

Birt, D.F., Walker, B., Tibbels, M.G., Bresnick, E., 1986. Anti-mutagenesis and anti-pro-
motion by apigenin, robinetin and indole-3-carbinol. Carcinogenesis 6, 959-963.
Cao, J., Chen, W., Zhang, Y., Zhang, Y., Zhao, X., 2010. Content of selected Favonoids in

100 edible vegetables and fruits. Food Sci. Technol. Res. 16, 395-402.

Chang, C., Chen, M., Gao, J., et al., 2017. Current pesticide profiles in blood serum of
adults in Jiangsu Province of China and a comparison with other countries. Environ.
Int. 102, 213-222.

Chen, M., Guerrero, A.D., Huang, L., Shabier, Z., Pan, M., Tan, T.-H., Wang, J., 2007.
Caspase-9-induced mitochondrial disruption through cleavage of anti-apoptotic BCL-
2 family members. J. Biol. Chem. 282, 33888-33895.

Choi, J.S., Choi, Y.J., Park, S.H., Kang, J.S., Kang, Y.H., 2004. Flavones mitigate tumor
necrosis factor-alpha-induced adhesion molecule upregulation in cultured human
endothelial cells: role of nuclear factor-kappa B. J. Nutr. 134, 1013-1019.

Cos, P., Ying, L., Calomme, M., Hu, J.P., Cimanga, K., Van Poel, B., Pieters, L., Vlietinck,
A.J., Berghe, D. Vanden, 1998. Structure — Activity relationship and classification of
flavonoids as inhibitors of xanthine oxidase and superoxide scavengers. J. Nat. Prod.
61, 71-76.

Dikalov, S., Landmesser, U., Harrison, D.G., 2002. Geldanamycin leads to superoxide
formation by enzymatic and non-enzymatic redox cycling. implications for studies of
Hsp90 and endothelial cell nitric-oxide synthase. J. Biol. Chem. 277, 25480-25485.

El-Gendy, K.S., Aly, N.M., El-Sebae, A.H., 1998. Effects of edifenphos and glyphosate on

226

Food and Chemical Toxicology 127 (2019) 218-227

the immune response and protein biosynthesis of bolti fish (Tilapia nilotica). J.
Environ. Sci. Heal. Part B 33, 135-149.

Elmore, S., 2007. Apoptosis: a review of programmed cell death. Toxicol. Pathol. 35,
495-516.

Er, E., Oliver, L., Cartron, P.F., Juin, P., Manon, S., Vallette, F.M., 2006. Mitochondria as
the target of the pro-apoptoticproteinBax. Biochim. Biophys. Acta 10, 1301-1311.

Fujikawa, M., Nakao, K., Shimizu, R., Akamatsu, M., 2009. The usefulness of an artificial
membrane accumulation index for estimation of the bioconcentration factor of or-
ganophosphorus pesticides. Chemosphere 74, 751-757.

Fulda, S., 2014. Molecular pathways: targeting death receptors and smacmimetics. Clin.
Cancer Res. 20, 3915-3920.

Fulda, S., Debatin, K.M., 2006. Extrinsic versus intrinsic apoptosis pathways in anticancer
chemotherapy. Oncogene 25, 4798-4811.

Gerritsen, M.E., Carley, W.W., Ranges, G.E., Shen, C.P., Phan, S.A., Ligon, G.F., Perry,
C.A., 1995. Flavonoids inhibit cytokine-induced endothelial cell adhesion protein
gene expression. Am. J. Pathol. 147, 278-292.

Hashemi, M.M.R., Jamalzad fallah, f., Ashournia, M., Modaberi, H., Haghighi, M., 2017.
Investigation of groundwater contamination level in Guilan province arising from
Edifenphos (Hinosan) fungicide using a genetic algorithm. J. Biodivers. Environ. Sci.
(JBES) 10, 38-51.

Jayashree, 1.V., Vijayalaxmi, K.K., Rahiman, M.A., 1994. The genotoxicity of Hinosan, an
organophosphorus pesticide in the in vivo mouse. Mutat. Res. Toxicol. 322, 77-85.

Kaur, R., Kaur, S., Lata, M., 2011. Evaluation of DNA damage in agricultural work-
ersexposed to pesticides using single cell gel electrophoresis (comet) assay. Indian J.
Hum. Genet. 3, 179-187.

Khan, S., Zafar, A., Naseem, I., 2018. Copper-redox cycling by coumarin-di(2-picolyl)
amine hybrid molecule leads to ROS-mediated DNA damage and apoptosis: a me-
chanism for cancer chemoprevention. Chem. Biol. Interact. 290, 64-76.

Ko, K.Y., Shin, J.Y., Kim, D.G., Kim, M., Son, S.W., 2014. Determination of organopho-
sphorus pesticides in stomach contents of postmortem animals by QuEChERS and gas
chromatography. J. Anal. Toxicol. 38, 667-671.

Kodama, O., Yamashita, K., Akatsuka, T., 1980. Edifenphos, inhibitor of phosphati-
dylcholine biosynthesis in Pyricularia oryzae. Agric. Biol. Chem. 44, 1015-1021.

Lopez, J., Tait, S.W.G., 2015. Mitochondrial apoptosis: killing cancer using the enemy
within. Br. J. Canc. 112, 957-962.

Lukaszewicz-Hussain, A., 2010. Role of oxidative stress in organophosphate insecticide
toxicity — short review. Pestic. Biochem. Physiol. 98, 145-150.

Ly, J.D., Grubb, D.R., Lawen, A., 2003. The mitochondrial membrane potential (deltapsi
(m)) in apoptosis; an update. Apoptosis 2, 115-128.

Mosmann, T., 1983. Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays. J. Inmunol. Methods 65-55-63.

Musshoff, F., Junker, H., Madea, B., 2002. Simple determination of 22 organopho-
sphorous pesticides in human blood using headspace solid-phase microextraction and
gas chromatography with mass spectrometric detection. J. Chromatogr. Sci. 40,
29-34.

Nakagawa, K., Kaku, M., Abukawa, T., Aratani, K., Yamaguchi, M., Uesato, S., 2007.
Copper (1) ions convert catechins from antioxidants to proxidants in protein carbonyl
formation. J. Health Sci. 53, 591-595.

Noroozi, M., Angerson, W.J., Lean, M.E., 1998. Effects of flavonoids and vitamin C on
oxidative DNA damage to human lymphocytes. Am. J. Clin. Nutr. 67, 1210-1218.

Pareja, L., Ferna'ndez-Alba, A.R., Cesio, V., Heinzen, H., 2011. Analytical methods for
pesticide residues in rice. Trends Anal. Chem. 30, 270-291.

Patel, D., Shukla, S., Gupta, S., 2007. Apigenin and cancer chemoprevention: progress,
potential and promise (review). Int. J. Oncol. 30, 233-245.

Polliack, A., Lampen, N., Clarkson, B.D., De Harven, E., Bentwich, Z., Siegal, F.P., Kunkel,
H.G., 1973. Identification of human B and T lymphocytes by scanning electron mi-
croscopy. J. Exp. Med. 138, 607-624.

Pool-Zobel, B.L., Guigas, C., Klein, R., Neudecker, C., Renner, H.W., Schmezer, P., 1993.
Assessment of genotoxic effects by lindane. Food Chem. Toxicol. 31, 271-283.
Poul, J.M., 1983. Biochemical changes in liver and plasma of rats after oral administra-

tion of edifenphos. Toxicol. Lett. 16, 31-34.

Quinlan, G.J., Gutteridge, J.M., 1987. Oxygen radical damage to DNA by rifamycin SV
and copper ions. Biochem. Pharmacol. 36, 3629-3633.

Ramanathan, R., Das, N.P., Tan, C.H., 1994. Effects of gamma-linolenic acid, flavonoids,
and vitamins on cytotoxicity and lipid peroxidation. Free Radic. Biol. Med. 16, 43-48.

Ratty, A.K., Das, N.P., 1988. Effects of flavonoids on nonenzymatic lipid peroxidation:
structure-activity relationship. Biochem. Med. Metab. Biol. 39, 69-79.

Salamzadeh, J., Shakoori, A., Moradi, V., 2018. Occurrence of multiclass pesticide re-
sidues in tomato samples collected from different markets of Iran. J Environ Health
Sci Eng 16, 55-63.

Saraste, A., Pulkki, K., 2000. Morphologic and biochemical hallmarks of apoptosis.
Cardiovasc. Res. 45, 528-537.

Shakouri, A., Yazdanpanah, H., Shojaee, M.H., Kobarfard, F., 2014. Method development
for simultaneous determination of 41 pesticides in rice using LC-MS/MS technique
and its application for the analysis of 60 rice samples collected from tehran market.
Iran. J. Pharm. Res. (IJPR) 13, 927-935.

Siddique, Y.H., Afzal, M., 2009a. Antigenotoxic effect of apigenin against mitomycin C
induced genotoxic damage in mice bone marrow cells. Food Chem. Toxicol. 47,
536-539.

Siddique, Y.H., Afzal, M., 2009b. Protective effect of apigenin against hydrogen peroxide
induced genotoxic damage on cultured human peripheral blood lymphocytes. J.
Appl. Biomed. J Appl Biomed 7, 35-43.

Siddique, Y.H., Beg, T., Afzal, M., 2008. Antigenotoxic effect of apigenin against antic-
ancerous drugs. Toxicol.in vitro 22, 625-631.

Singh, N.P., McCoy, M.T., Tice, R.R., Schneider, E.L., 1988. A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp. Cell Res. 175,


https://doi.org/10.1016/j.fct.2019.03.034
https://doi.org/10.1016/j.fct.2019.03.034
https://doi.org/10.1016/j.fct.2019.03.034
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref1
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref1
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref2
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref2
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref3
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref3
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref3
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref4
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref4
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref5
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref5
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref5
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref6
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref6
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref6
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref7
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref7
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref7
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref8
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref8
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref8
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref9
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref9
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref10
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref10
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref11
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref11
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref11
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref12
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref12
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref12
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref13
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref13
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref13
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref14
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref14
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref14
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref14
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref15
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref15
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref15
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref16
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref16
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref16
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref17
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref17
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref18
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref18
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref19
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref19
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref19
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref20
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref20
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref21
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref21
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref22
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref22
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref22
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref23
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref23
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref23
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref23
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref24
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref24
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref25
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref25
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref25
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref26
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref26
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref26
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref27
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref27
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref27
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref28
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref28
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref29
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref29
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref30
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref30
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref31
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref31
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref32
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref32
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref33
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref33
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref33
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref33
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref34
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref34
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref34
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref35
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref35
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref36
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref36
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref37
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref37
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref38
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref38
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref38
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref39
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref39
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref40
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref40
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref41
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref41
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref42
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref42
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref43
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref43
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref44
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref44
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref44
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref45
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref45
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref46
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref46
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref46
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref46
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref47
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref47
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref47
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref48
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref48
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref48
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref49
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref49
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref50
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref50

A. Ahmad, et al.

184-191.

Tiwari, N., Asthana, A., Upadhyay, K., 2013. Kinetic-spectrophotometric determination of
methyl parathion in water and vegetable samples. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 101, 54-58.

Tsalkidou, E.G., Tsaroucha, A.K., Chatzaki, E., Lambropoulou, M., Papachristou, F.,
Trypsianis, G., Pitiakoudis, M., Vaos, G., Simopoulos, C., 2014. The effects of api-
genin on the expression of Fas/FasL apoptotic pathway in warm liver ischemia-re-
perfusion injury in rats. BioMed Res. Int. 2014, 157216.

Wang, H., Joseph, J.A., 1999. Quantifying cellular oxidative stress by dichlorofluorescein
assay using microplate reader. Free Radic. Biol. Med. 27, 612-616.

Wang, C.N., Chi, C.W., Lin, Y.L., Chen, C.F., Shiao, Y.J., 2001. The neuroprotective effects
of phytoestrogens on amyloid beta protein-induced toxicity are mediated by abro-
gating the activation of caspase cascade in rat cortical neurons. J. Biol. Chem. 276,

227

Food and Chemical Toxicology 127 (2019) 218-227

5287-5295.

Yadolahi, M., Babri, M., Sharif, A.A.M., Khaneghah, A.M., 2012. Pesticide residue de-
termination in shahr-E-rey tomatoes using quechers method. Adv. Environ. Biol. 6,
2434-2438.

Yan, X., Qi, M., Li, P, Zhan, Y., Shao, H., 2017. Apigenin in cancer therapy: anti-cancer
effects and mechanisms of action. Cell Biosci. 7, 50.

Yoshida, Y., Umeno, A., Shichiri, M., 2013. Lipid peroxidation biomarkers for evaluating
oxidative stress and assessing antioxidant capacity in vivo. J. Clin. Biochem. Nutr. 52,
9-16.

Zafar, A., Singh, S., Naseem, I., 2016. Cu(Il)-coumestrol interaction leads to ROS-medi-
ated DNA damage and cell death: a putative mechanism for anticancer activity. J.
Nutr. Biochem. 33, 15-27.


http://refhub.elsevier.com/S0278-6915(19)30162-0/sref50
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref51
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref51
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref51
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref52
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref52
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref52
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref52
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref53
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref53
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref54
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref54
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref54
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref54
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref55
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref55
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref55
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref56
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref56
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref57
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref57
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref57
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref58
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref58
http://refhub.elsevier.com/S0278-6915(19)30162-0/sref58

	Mitigating effects of apigenin on edifenphos-induced oxidative stress, DNA damage and apoptotic cell death in human peripheral blood lymphocytes
	Introduction
	Materials and methods
	Isolation and culture of lymphocytes
	MTT assay for cell viability in lymphocytes
	Estimation of intracellular ROS generation
	Lipid peroxidation assay
	Protein carbonylation assay
	Comet assay
	DAPI staining
	Scanning electron microscopy (SEM)
	Mitochondrial membrane potential (MMP) analysis
	Determination of caspase-3 and caspase-9 activities
	Western blotting analysis
	Statistical analysis

	Results
	Cell viability detection in lymphocytes
	Effect of edifenphos on ROS generation
	Estimation of lipid peroxidation in lymphocytes
	Estimation of protein carbonylation in lymphocytes
	Analysis of DNA damage in lymphocytes
	DAPI staining in lymphocytes
	Morphological assessment by scanning electron microscopy (SEM)
	Analysis of mitochondrial membrane potential (MMP) in lymphocytes
	Caspase-3 and caspase-9 activities in lymphocytes
	Analysis of Bcl-2 and Bax expression in lymphocytes

	Discussion
	Conflicts of interest
	Acknowledgments
	Supplementary data
	Transparency document
	References




