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� Paraquat induced oxidative stress.
� Paraquat increases serum lactate
dehydrogenase.

� Oxidative stress Inducted by exposure to
paraquat Inducted DNA damage.
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Paraquat (PQ) is a herbicide belonging to the group of bipyridylium salts. The objective of this study was to
evaluate oxidative stress, DNA damage, and cytotoxicity induced by paraquat in peripheral lymphocyte cells in
vivo as well as pathological changes in various tissues. For this purpose, 28 male Wistar rats in 6 different groups
were poisoned by paraquat gavage and blood samples were taken from the hearts of rats after during the
poisoning period. Oxidative stress, DNA damage, cell membrane integrity, serum lactate dehydrogenase, and
cytotoxicity, were investigated by Ferric Reducing Antioxidant Potential (FRAP) test, alkaline comet assay,
measuring serum lactate dehydrogenase (LDH), Hoechst staining and flow cytometry with propidium iodide (PI)
respectively. The lung, kidney, and liver tissues were also examined pathologically. Paraquat caused dose-
dependent DNA damage in peripheral lymphocyte cells and significant oxidative cell membrane damage. The
most damage was caused by a single dose of 200 mg/kg b.w of paraquat by gavage. The gradual exposure to a
dose of 300 mg/kg b.w of paraquat showed less damage, which could be due to the activation of the antioxidant
defense mechanism.
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1. Introduction

Paraquat (PQ, 1, dimethyl-4,4-bipyridylium dichloride-1) in the
group of bipyridine herbicides is a rapid contact herbicide that works by
diverting electrons from photosystem I (PSI) into the chloroplast. PQ is
the second best-selling herbicide available as a 20% solution [1, 2].
Paraquat is used in different regions of Iran under different climatic
conditions and different agricultural activities [3]. In North America,
paraquat is used to conserve soybeans, cereals, and cotton, in China for
rice, Malaysia for crops such as oil palm, the United Kingdom for potatoes
and green vegetables, and Brazil for coffee [4]. Despite its advantages for
agriculture, the toxicity of PQ in lands and waters raises serious concerns.
Paraquat cannot decompose rapidly in the environment, and prolonged
exposure to it can cause harmful bio-magnification in humans and
mammals. Extensive applications of paraquat lead to widespread resi-
dues on soil surfaces and aquatic environments that finally enter the food
chain [5]. In many developing countries where the rules governing the
sale and use of PQ are not strict, it is difficult to prevent PQ poisoning [6].
In pesticide poisoning, paraquat poisoning is after organophosphorus
poisoning. However, paraquat poisoning causes the highest number of
deaths and its mortality rate is up to 60–80%. There is currently no
specific antidote for the treatment of paraquat poisoning [7]. Due to the
toxicity of PQ to humans and its potential effects on the environment,
paraquat remains one of the most controversial and studied herbicides in
the last 50 years [8]. Paraquat increases the formation of free radicals and
oxidative stress [9]. PQ exerts its toxic effects primarily through its redox
cycle through the production of superoxide anions in living organisms.
Therefore, this leads to an imbalance in cell redox status and causes
oxidative damage and cell death [10]. It was found that PQ reduces su-
peroxide dismutase (SOD) activity and increase malondialdehyde (MDA)
level [11] Endoplasmic reticulum stress (ERS) is also a cause of many
reported diseases caused by this toxin, although mammalian cells have a
defense mechanism (unfolded protein response) against ERS-induced
apoptosis [12].

Oxidative stress, defined as the overproduction of reactive oxygen
species [13], changes the structure and function of nucleic acids, lipids,
and proteins [14]. ROS as the cell signaling major regulator is also
involved in regulating cell growth, development, inflammation, and
apoptosis [15]. Paraquat can cause severe damage to vascular endothelial
cells and can interfere with blood clotting when taken orally [16]. PQ is
rapidly but incompletely absorbed and then excreted in the urine within
12–24 h. This substance has a severe effect on the lungs and in high doses
may damage other important organs such as the heart, kidneys, liver,
adrenal glands, central nervous system, muscles, and spleen and cause
numerous failures [6]. The lung is the main target organ in paraquat
poisoning, and respiratory failure due to lung injury is the most common
cause of death due to paraquat poisoning [17]. The polyamine re-uptake
system, which is mainly expressed in the membrane of type II pneumo-
cytes, actively adsorbs paraquat ions against the plasma gradient. As a
result, the concentration of paraquat in the lung is 10 times higher than in
the plasma chamber [1]. Long-term exposure to PQ is a risk factor for
age-related neurodegenerative diseases such as Parkinson's disease [18].
Using PQ is currently banned in 32 countries, including the European
Union, which is primarily based on human health concerns. However, it
is still ordered and used in more than 90 countries [8].

In 2021, paraquat was included in List III of the Rotterdam Conven-
tion, and the purchase and sale of this material must be done with prior
informed consent [19]. Little information is available on the carcinoge-
nicity of Paraquat. However, in some studies, there is an association
between exposure to paraquat and the incidence of some cancers [20, 21,
22, 23, 24, 25]. The existence of an association between occupational
exposure to paraquat and the development of non-Hodgkin's lymphoma
has been observed in some studies [26, 27]. This association may be due
to various injuries caused by exposure to paraquat on lymphocyte cells.
Therefore, in this study, we focused more on lymphocyte cells to inves-
tigate the destructive effects of paraquat in vivo conditions. Several
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studies have examined the effect of paraquat on lymphocyte cell culture
but the results may be different under in vivo conditions and the presence
of different defense mechanisms [28, 29]. The objective of this study was
to evaluate oxidative stress, DNA damage, and cytotoxicity induced by
paraquat exposure in peripheral lymphocyte cells in rats as well as
pathological changes in various tissues.

2. Materials and methods

2.1. Rats

Male Wistar rats weighing 200–300 g were purchased from the lab-
oratory animal care department of Birjand University of Medical Sci-
ences. They were kept in a temperature-controlled place during 12 h of
darkness/light and humidity of 40–45% and had free access to water and
food. This research was conducted with the supervision of the ethics
committee of Kerman University of medical sciences with Ethics Code:
IR.KMU.REC.1399.471. and Project code: 99000419.

2.2. Poisoning of rats

28 rats were randomly divided into 5 groups of n¼ 5 and a group of n
¼ 3 and poisoned for dose-response and comparison of gradual and acute
exposure with different doses of paraquat. Several different doses were
selected according to similar studies and available information about
LD50 of Paraquat and were finalized by a pre-test. Group A was the
negative control group by gavage of 2 mL of distilled water one day
before blood sampling in rats. Group B was gavaged 30 mg/kg b.w of
paraquat (Nanjing Red Sun Biochemistry Co., China) that was dissolved
in distilled water with a final volume of 2 mL, once daily for three days,
and blood sampling one day after the last gavage. Group C was gavaged
60 mg/kg b.w of paraquat once daily for three days and blood sampling
one day after the last gavage. Group D was gavaged 200 mg/kg b.w of
paraquat once and blood sampling after one day. Group E was gavaged
50mg/kg b.w of paraquat for three weeks, twice a week (total gavage¼ 6
times). Group F was gavaged 200 mg/kg b.w of ethyl methanesulfonate
by gavage (Merck, India) 24 and 3 h before blood sampling. All groups
consisted of 5 rats except group F which consisted of 3 rats. Group F
based on the OECD guideline (OECD guideline for testing of chemicals in
vivo mammalian alkaline comet assay) was considered a positive control
in the comet assay.

2.3. Blood sampling

The rats were anesthetized by intraperitoneal injection of ketamine,
xylazine, and acepromazine. After complete anesthesia, the rats'
abdomen was opened and blood was drawn from the heart immediately
with a heparinized syringe. 2 mL of this blood was transferred to a tube
containing clot activating gel to prepare the serum. The serum obtained
after centrifugation for 10 min at 1207 � g was kept at 193 K until
further tests were performed. 3 mL of blood taken from the heart was
diluted by 3 mL of phosphate-buffered saline (PBS). Then, using ficoll
peripheral blood mononuclear cell (PBMC) was separated by centrifuge
at 1207� g for 15 min. After washing three times with PBS buffer, it was
mixed with 1 mL of this buffer and used for comet assay, Hoechst
staining, and flow cytometry.

2.4. Total antioxidant capacity

Free radical damage is associated with the development of many
degenerative diseases, including cancer, cardiovascular disease, cata-
racts, and aging. The balance between production and inhibition of
reactive oxygen species (ROS) leads to homeostasis. However, if the
balance is somehow shifted towards the formation of free radicals, it
leads to accumulated cell damage in time [30].
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Total Antioxidant Capacity is an analysis that is often used to evaluate
the antioxidant status of biological samples and can evaluate the anti-
oxidant response to free radicals produced due to a particular disease
[31]. One of the most common methods for evaluating total antioxidant
capacity is the Ferric Reducing Antioxidant Power (FRAP)method, which
is relatively simple, fast, sensitive, and inexpensive [32]. In this study,
Total Antioxidant Capacity Zantox kit based on the FRAP method was
used to measure total antioxidant capacity.
2.5. Comet assay

The comet assay in this study was performed as follows. First, the
microscope slide was coated with a thin layer of ordinary 1% agarose
(Agar with a normal melting point of 1% w/v in water). Approximately
10–100 μL of agarose with a low melting point of 1% (w/v in PBS) was
mixed with the cell suspension, poured onto the previously prepared
slide, and spread on the slide surface to coagulate. The prepared slides
were transferred to the refrigerator and lysed buffer (5.2 M of sodium
chloride, 10 mM of Tris-HCl, 10 M of Na2EDTA, 1 M of 10% dimethyl
sulfoxide, 1% Triton X-100, pH ¼ 5.7) was added and kept in the
refrigerator for 1 h. After 1 h, a denatured solution (300 mM of NaOH, 1
mM of Na2EDTA, pH ¼ 13) was added to the above slides and stored in
the refrigerator for 20 min. This opens DNA strands and reveals DNA
damage. The slides were finally slowly removed from the denatured so-
lution, placed side by side in an electrophoresis tank containing dena-
tured buffer, and then exposed to 20 V for 20 min. After electrophoresis,
the slides were washed with neutralizing buffer (0.4 M of Tris-HCl, pH ¼
5.7) for 5 min to neutralize the base media. This stage was repeated three
times and then the slides were exposed to methanol for 5 min. Finally, the
slides were stained with ethidium bromide. UV fluorescent microscope of
wide green (WG) 515–560 nm filter and 590 nm barrier filter were used
to observe the damage. The comet score software was used to analyze the
images, which determines DNA damage in the cell by measuring the
length of DNA migration and percentage. Finally, the comet score soft-
ware calculates the Olive moment (Olive moment¼ (tail mean-head
mean) � % of DNA in the tail) [33]. The greater amount of Olive
moment and% of DNA in the tail, the greater the DNA damage to the cell.
2.6. Lactate dehydrogenase test

Lactate dehydrogenase (LDH) is an oxidoreductase that participates
in the glycolysis of carbohydrates. This enzyme catalyzes reactions of
converting pyruvic to lactic acid (under anaerobic conditions) and vice
versa and lactic to pyruvic acid under aerobic conditions [34]. Due to
tissue damage, cells release LDH into the bloodstream. Depending on the
type of tissue damage, the enzyme can stay in the bloodstream for up to 7
days. The serum LDH increased as a result of organ destruction due to
significant cell death leading to cytoplasmic loss [35]. This study
measured serum LDH levels by clinical-chemical analyzer Prestige 24i.

2.7. Hoechst 33258 staining

Hoechst is a cell-permeable dye that usually binds to the adenine-
thymine regions of DNA, is excited in ultraviolet light, and emits blue
fluorescence at 460–490 nm [36]. 30 μL of the obtained PBMC was
transferred to a microtubule and centrifuged at 850 � g for 10 min. The
supernatant was then drained and added to the remaining 50 μL of
Hoechst dye (neutral formalin (10%) dye-containing Hoechst 33258
(6.25 ng/mL) and kept in the dark at 277 K for 24 h. After 24 h, a drop of
the suspension was placed on the slide and covered with a slide. 200 cells
were Examined in magnification of 40X the percentage of apoptotic cells
was calculated. The nuclei of healthy cells are generally spherical and
DNA is evenly distributed [37]. The morphological properties of
apoptosis include reduced cell volume, chromatin density, and nuclear
fragmentation [38].
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2.8. Flow cytometry

Propidium iodide (PI) is a small fluorescent molecule that binds to
DNA but cannot pass through cells that have intact plasmamembranes. PI
uptake compared to non-uptake can be used to detect dead cells, in which
plasma membranes are damaged regardless of the mechanism of death,
while they cannot penetrate living cells with healthy membranes. PI is
excited at wavelengths between 400 and 600 nm and emits light between
600 and 700 nm, and is therefore compatible with lasers and photode-
tectors commonly found in flow cytometers [39]. This method was used
to evaluate the cytotoxicity of peripheral lymphocytes after exposure to
paraquat.

2.9. Pathological examinations

Liver, kidney, and lung tissues were isolated and transferred to 10%
formalin at room temperature. After tissue stabilization and dehydration
with alcohol, xylene was used for clarification. Then, paraffin blocks with
sections with a diameter of 6 μm were prepared and examined by an
optical microscope. The results were semi-quantitative as follows:

2.9.1. Inflammation of the lungs
Several fields on each slide were examined for inflammation and

scored on a scale of 1–4 as follows:

1¼Minimal change, including one or more small foci in the alveoli or
around the conducting airways, 2 ¼ Mild change, including small to
medium foci, 3 ¼ Medium change, containing frequent and medium
foci, and 4 ¼ Change marked with extensive features and the inter-
section of foci that affect most of the tissue [40].

2.9.2. Hyaline membrane
For the Hyaline membrane in the lung, the whole lung was divided

into 10 parts and examined for the presence of hyaline membranes. 0 ¼
none, 1 ¼ identified in Fields 1 or 2, 2 ¼ in 3 or 4 Fields, 3 ¼ in 5 or 6
Fields, 4 ¼ in 7 or 8 Fields, and 5 ¼ in 9 or 10 Fields [41].

2.9.3. Renal tubular lesions
Renal tubular tissue damage was evaluated based on the percentage

of tubules that showed dilatation, atrophy, and/or necrosis of epithelial
cells, and the assigned scores were as follows:

0 ¼ normal state, 1 ¼ less than 10%, 2 ¼ 10–20%, 3 ¼ 26–50%, 4 ¼
51–75%, and 5 ¼ more than 75%
10 renal parts with a magnification of 20X were randomly selected for
each kidney for evaluation and the mean score for each kidney was
recorded [42].

2.9.4. Glomerular atrophy
The number of glomerular atrophy (GA) of atrophic glomeruli in each

high-potency field (HPF) was counted, and the mean number of at least
20 parts was randomly selected for each kidney and examined with a 40X
representation [43].

2.9.5. Inflammation of the liver parenchyma and portal ducts

0 ¼ none, 1 ¼ focal and mild lesions, 2 ¼ multifocal lesions, mod-
erate, 3 ¼multifocal lesions, severe, and 4 ¼multifocal degeneration
or necrosis [44].

2.10. Statistical analysis

SPSS and Excel software was used for statistical analysis of the ob-
tained data and drawing of graphs. If the data were normal, an ANOVA
test and then, if the variances were homogeneous, the Tukey post hoc test
was used. A T-test was used to statistically analyze the variables in both



S. Alizadeh et al. Heliyon 8 (2022) e09895
groups. For ranking data, the Kruskal-Wallis test was used first. Then,
using the Mann-Whitney test, each group alone was compared with the
control group in terms of significant differences.

3. Results

3.1. Results of evaluation of total antioxidant capacity

Evaluation of total antioxidant capacity showed oxidative stress in-
duction due to PQ exposure. The reduction of TAC in exposure to para-
quat was significant in all groups (Group B (P < 0.01) and groups C, D, E
(P < 0.001)) compared to the negative control group. The average total
antioxidant capacity in different groups is compared in Chart 1.

3.2. Results of comet assay

Comet images of the lymphocyte cells stained with Ethidium bromide
and observed under the fluorescent microscope are shown in Figure 1(a,
b, c, d, e, f). Migration of fragmented DNA away from the nucleus was
observed in the positive control group (Figure 1f). In contrast, in the
negative control group, DNA was accumulating in the head and the tail
was not visible (Figure 1a). Comet images for different groups were
analyzed by Comet Score software. % DNA in tail and olive moment for
100 cells per rat were calculated by comet score software. The mean of
this value was calculated for each animal in each group. Mean values of
% DNA in tail and Olive tail moment in different groups showed that
experimental groups increased significantly compared to the controls,
except for exposure to 30 mg/kg b.w of PQ once daily for three days
(Group B) (Chart 2). The % DNA in tail and olive moment values are
presented in Table 1. Each of these values is the average of 5 independent
experiments.

3.3. Results of lactate dehydrogenase

The levels of LDH in serum samples were measured as an indicator of
lipid peroxidation and loss of cell membrane integrity. As shown in Chart
3, serum samples’ LDH levels were increased in PQ-treated rats compared
to those in the control group. This increase was significant (P < 0.05) at
doses of 60 mg/kg b.w of PQ three times and 200 mg/kg b.w of PQ once
(Groups C and D).

3.4. Results of hoechst staining

The number of apoptotic cells was significantly greater in Group E
(exposed to 50 mg/kg b.w of PQ for three weeks) than in the control
Chart 1. Mean comparison of total antioxidant capacity by FRAP method for
experimental groups compared with the negative control group. Group A:
negative control group with 2 mL of distilled water gavage, Group B: 30 mg/kg
b.w of PQ by gavage, once daily for three days, Group C: 60 mg/kg b.w of PQ by
gavage, once daily for three days, Group D: 200 mg/kg b.w of PQ once by
gavage, Group E: 50 mg/kg b.w of PQ for three weeks, twice a week by gavage
(total 6 times) (**(P<0.01), ***(P<0.001)).
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group. Figure 2 shows images of Hoechst stained cells. The percentage of
apoptotic cells in different groups is compared in Chart 4.

3.5. Results of flow cytometry

This test was performed for Groups A, D, and E. Figure 3 shows the
scatter analysis of lymphocytes by flow cytometry in section a and the
death rate of lymphocytes in section b. The results of flow cytometry
showed an increased toxic granulation when exposed to 50 mg/kg b.w of
PQ paraquat for three Weeks, twice a week (Groups E). Flow cytometry
after staining with PI showed deat in different groups. Exposure to
paraquat led to increased death of lymphocytes by 41.5% in group D (200
mg/kg b.w of PQ once by gavage) and 99.2% in group E (Figure 3).

3.6. Pathological results

Lung, kidney, and liver tissues were examined and due to the multi-
plicity of pathological complications, only a semi-quantitative analysis of
some cases was adequate.

3.6.1. Lung tissue
Figure 4a presents the histopathological examination of the lung

tissues of normal control mice, showing normal alveolar septa. The lung
tissues of mice injected with PQ showed an increase in macrophages, the
thickness of alveolar septa (Figure 4a-d), inflammation, necrosis
(Figure 4e), Cell accumulation in the alveoli (Figure 4f), and hyaline
membrane formation (Figure 4g). The mean scores related to alveolar
inflammation and hyaline membrane formation in different groups are
given in Chart 5, respectively. UV fluorescent microscope images of lung
sections are shown in Figure 4.

3.6.2. Kidney tissue
Examination of renal tissue showed glomerular atrophy, dilatation,

atrophy, and necrosis of tabulation. Figure 5 shows glomerular atrophy
(Figure 5a), atrophy, necrotic (Figure 5b) and dilatation (Figure 5c) in
renal tabulation. Chart 6 shows the mean comparison of the number of
glomerular atrophy in different groups and score of tabulation damage in
different groups.

3.6.3. Liver
Examination of liver tissue showed necrosis and inflammation in

several cases and the mean score assigned to inflammation in all groups
increased compared to the control group. Figure 6 shows images of ne-
crosis (Figure 6a) and inflammation (Figure 6b) in liver tissue. Chart 7
shows a comparison of the scores for inflammation in different groups.

4. Discussion

Oxidative stress is one of the most common denominators of toxicity
[45]. Evaluation of total antioxidant capacity in the presence of paraquat
showed induction of oxidative stress in the face of all doses tested (Chart
1). There was no significant difference in total antioxidant capacity in the
face of different doses of paraquat, but the greatest decrease in antioxi-
dant capacity was observed in the face of 200 mg/kg b.w of PQ and in the
exposure of 50 mg/kg b.w of PQ 6 times in three weeks (Group E).
Despite the increase in total paraquat received, total antioxidant capacity
did not decrease more than exposure to 200 mg/kg b.w of PQ, which
could be due to the large distance between exposure times and activation
of the mechanism of adaptation to oxidative stress [46]. Petrovsk�a, et al.
made similar observations in their study, the results of which confirmed
the finding that paraquat induces oxidative stress, but also stimulates
antioxidant protection within a certain concentration range [47].

A major consequence of oxidative stress is DNA damage [48]. DNA is
known to be frequently damaged in cells exposed to reactive oxygen
species [49]. DNA damage is any change in the structure of DNA that
changes its encoding properties or interferes with the cell cycle [48]. The



Figure 1. Comet images of the
lymphocyte cells stained with Ethidium
bromide and observed under a fluores-
cent microscope. The photos a-f belong
to the A-F group, respectively. Group A:
negative control group with 2 mL of
distilled water gavage, Group B: 30 mg/
kg b.w of PQ by gavage, once daily for
three days, Group C: 60 mg/kg b.w of
PQ by gavage, once daily for three days,
Group D: 200 mg/kg b.w of PQ once by
gavage, Group E: 50 mg/kg b.w of PQ
for three weeks, twice a week by gavage
(total 6 times), F: 200 mg/kg b.w of
ethyl methanesulfonate by gavage 24
and 3 h before blood sampling (positive
control).

Chart 2. (a) Comparison of the mean % DNA in tail for experimental groups compared to the negative control group. (b) comparison of the mean olive moment for
experimental groups compared to the negative control group. A: negative control group with 2 mL of distilled water gavage, Group B: mg/kg b.w of PQ by gavage, once
daily for three days, Group C: 60 mg/kg b.w of PQ by gavage, once daily for three days, Group D: 200 mg/kg b.w of PQ once by gavage, Group E: 50 mg/kg b.w of PQ
for three weeks, twice a week by gavage (total 6 times) (*(P<0.05), **(P<0.01),*** (P<0.001)).

Table 1. % DNA in tail and olive moment for different groups. The table ex-
presses the mean of the values obtained from 5 independent experiments.

group % DNA in tail p-value olive moment p-value

A 2.958615 0.617857

B 3.379965 p-value 0.910 1.062152 p-value 0.222

C 5.35085 0.006 0.001 1.739478 0.024 0.000

D 6.113208 0.000 2.121375 0.000

E 4.553258 0.030 1.722134 0.000

Chart 3. Comparison of the mean level of lactate dehydrogenase for the
experimental groups compared to the negative control group. A: negative con-
trol group with 2 mL of distilled water gavage, Group B: mg/kg b.w of PQ by
gavage, once daily for three days, Group C: 60 mg/kg b.w of PQ by gavage, once
daily for three days, Group D: 200 mg/kg b.w of PQ once by gavage, Group E: 50
mg/kg b.w PQ for three weeks, twice a week by gavage (total 6 times)
(* (P<0.05)).
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comet method is a sensitive and rapid method for detecting DNA strand
breakage in single cells [50]. The present study in vivo showed that
paraquat can cause DNA damage in rat lymphocyte cells in the form of
strand breakage. The increase in the olive moment and % DNA in tail was
significant at doses of 60 mg/kg b.w of PQ three times (C), 200 mg/kg
b.w of PQ once (D) and 50 mg/kg b.w of PQ 6 times in three weeks (E)
compared to the negative control group but insignificant at 30mg/kg b.w
of PQ three times (Chart 2). The increase in the olive moment and %DNA
in tail in Group C compared to Group B is significant and shows a
dose-dependent trend of DNA damage.

Ross et al. also observed a dose-dependent trend of paraquat DNA
damage in vitro in mammalian cells [13]. A comparison of Groups D (200
mg/kg b.w of PQ once) and E (50 mg/kg b.w of PQ, 6 times in three
weeks) showed that exposure to paraquat reduced its effectiveness in the
long run, and Group E received a total of 300 mg/kg b.w not only did not
increase olive moment and % DNA in tail compared to 200 mg/kg b.w of
PQ but also reduced to some extent. Petrovsk�a et al. also observed that
exposure to lower concentrations of paraquat for 1 h caused
dose-dependent DNA damage in Hep G2 cells and human peripheral
lymphocytes, but that DNA damage was reduced at higher
5

concentrations. No reduction in DNA damage was found in HeLa cells
after exposure for 1–24 h [47].

It should be noted that the extracellular activity of lactate dehydro-
genase increases under oxidative stress because cell integrity can be
disrupted during the lipid peroxidation process [34]. One of the main
mechanisms of paraquat poisoning is lipid peroxidation of the cell
membrane and degradation of cell membrane structure [51]. In the
present study, the integrity of the cell membrane in presence of PQ was



Figure 2. Imaging obtained from UV fluorescent microscope by Hoechst staining with magnification 40 and 100X, showing apoptosis in peripheral lymphocytes
exposed to PQ (Group E: exposure to 50 mg/kg b.w of PQ for three Weeks, twice a week (total 6 times)).
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investigated by the LDHmethod as a result of cell lysis. The serum LDH at
doses of 60 mg/kg b.w of PQ three times (C) and 200 mg/kg b.w of PQ
once (D) showed a significant increase compared to the control group
(A). Also at doses of 30 mg/kg b.w of PQ once daily for three days (C) and
50 mg/kg b.w of PQ 6 times in three weeks (E), LDH showed an
increasing trend (Chart 3) compared to the control group.

The highest oxidative stress, DNA damage, and loss of cell membrane
integrity occurred in Group E (200 mg/kg b.w of PQ once), indicating
that paraquat had the highest toxicity to lymphocytes in acute exposure.
PQ generates free oxygen radicals in combination with nicotinamide
adenine dinucleotide phosphate in a single-electron cycle of reduction/
Chart 4. Percentage of apoptotic cells in Group A and Group E. A: negative
control group with 2 mL of distilled water gavage; E: 50 mg/kg b.w of PQ for
three weeks, twice a week by gavage (total 6 times) (*** (P<0.001)).
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redox reaction, followed by cell death due to lipid peroxidation of the cell
membrane [52]. Evidence from the present study showed that
paraquat-induced oxidative stress caused cell membrane degradation
and DNA strand breakage, but whether DNA damage and cell membrane
degradation are relevant needs further studies. In a study, Alberto et al.
provided direct evidence that oxidative DNA damage disrupted the
integrity of human cell membranes by disrupting the expression of the
cytoskeleton gene [53]. This hypothesis may also be true for paraquat
that, in addition to lipid peroxidation, changes in gene expression
contribute to the process of cell membrane degradation.

Sue Kyung et al. observed a significant relevance between the risk of
non-Hodgkin's lymphoma (NHL) and paraquat use. Also, they considered
the occurrence of chromosomal aberrations and genemutations observed
in human lymphocytes exposed to paraquat in vitro as one of the possible
mechanisms [26]. DNA damage observed in our study could also confirm
this.

The results of Hoechst staining showed that exposure to paraquat
could significantly kill lymphocyte cells by inducing apoptosis in vivo in
rats (Chart 4). Hoechst staining at the early stages of apoptosis as nuclei is
compacted and as it progresses, it can be seen as fragmented nuclei.

Flow cytometry with PI shows only apoptosis at the late stages and
necrosis. PI is a dye impenetrable to the cell membrane, so at the early
and middle stages of apoptosis, when the cell membrane is integrated, it
is not possible to enter the cell and bind it to DNA. Flow cytometry with
PI in this study showed that paraquat caused death and toxic granulation
in some living cells (Figure 3). For Hoechst staining, Group E, received
the highest dose in total, was compared with the negative control group
(A), but after analyzing the data, the highest oxidative stress and DNA
damage in a single exposure to 200 mg/kg b.w of PQ was found. It seems
that lung damage is due to the extensive production of reactive oxygen
species such as superoxide anion, hydroxyl, and peroxide radicals by PQ
in the lung parenchyma, which rapidly overcame any antioxidant defense
[54]. Lung tissue pathology examination in this study shows a strong
effect of paraquat on the lungs in all experimental groups. Inflammation



Figure 3. (a) The scatter analysis of lymphocytes by flow cytometry is shown in section a. The horizontal axis (side scatter [SSC]) showed increased toxic granularity
when exposed to 50 mg/kg b.w of paraquat for three Weeks, twice a week (Groups E). (b) The plot in section b shows the death rate of lymphocytes. Exposure to PQ
led o increased eath of lymphocytes by 41.5% in group D (200 mg/kg b.w of PQ once by gavage) and 99.2% in group E.
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and hyaline membrane in lung tissue were analyzed semi-quantitatively,
which increased significantly in all groups compared to the control group
(Chart 5).

Paraquat is not actively metabolized in the body and more than 90%
is excreted unchanged through the kidneys [17]. In this study, atrophy of
glomeruli and renal tubular lesions were observed, which is consistent
with the observations of Eatemad A et al. who observed glomerular at-
rophy, degradation, and necrosis of renal tubules [55]. Dehong et al.
observed the activation of lysosomal proteases associated with acute
kidney damage in the presence of paraquat. Oxidative stress and
inflammation are closely related. Oxidative stress and ROS cause
inflammation through immune detection by molecules released from
7

dying cells. Long-term expression of inflammatory mediators leads to
increased production and activation of lysosomal proteases that split
collagen, elastin, and proteins of proteoglycan nuclei by serine and
metalloproteinases, leading to irreversible tissue damage [56].

The liver is another major target of paraquat poisoning [57]. Exam-
ination of liver tissue showed several cases of necrosis and inflammation
and in all groups, the mean score assigned to liver inflammation
increased compared to the control group (A). This increase showed a
significant difference between the group exposed to 200mg/kg b.w of PQ
for one time (group D) and the control group (A). Eatemad et al. also
investigated the pathological changes of paraquat in liver and kidney
tissue and observed necrosis in some liver cells [55].



Figure 4. In iImages a-d, an increase was of observed in alveolar septa (optical microscope image of lung sections stained with H&E with magnification 10X). The
recorded scores are as follows: a ¼ 1 (negative control), b ¼ 2 (Exposure 30 mg/kg b.w of PQ), c ¼ 3 (Exposure 60 mg/kg b.w of PQ), and d ¼ 4 (Exposure 200 mg/kg
b.w of PQ), e. lung tissue necrosis in the Exposure 200 mg/kg b.w of PQ (magnification 10X), f. the accumulation of cells in the alveoli in the Exposure 200 mg/kg b.w
of PQ (magnification 40X), g. the formation of a hyaline membrane in the Exposure 200 mg/kg b.w of PQ (magnification 20X).

S. Alizadeh et al. Heliyon 8 (2022) e09895
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Chart 5. (a) Mean value of alveolar
inflammation scores due to exposure to
paraquat in different groups compared
to the control group. (b) Mean Score
value of Hyaline membrane scores due
to exposure to paraquat in different
groups compared to the control group A:
negative control group with 2 mL of
distilled water gavage, Group B: mg/kg
b.w of PQ by gavage, once daily for
three days, Group C: 60 mg/kg b.w of
PQ by gavage, once daily for three days,
Group D: 200 mg/kg b.w of PQ once by
gavage, Group E: 50 mg/kg b.w of PQ
for three weeks, twice a week by gavage
(total 6 times) (*(P < 0.05), ** (P <

0.01)).

Figure 5. Images of kidney tissue under the optical microscope with magnification 20X After exposure to 200 mg/kg b.w of PQ, (a) glomerular atrophy in the
Exposure of paraquat, (b) renal tubular necrosis and atrophy in the presence of paraquat, (c) dilatation of Renal tubules in the presence of paraquat.

Chart 6. (a) Comparison of the mean number of
glomerular atrophy in different groups exposed to
paraquat and control group. (b) Mean Score of
Tubular lesions due to exposure to paraquat in
different groups compared to the control group A:
negative control group with 2 mL of distilled
water gavage, Group B: mg/kg b.w of PQ by
gavage, once daily for three days, Group C: 60
mg/kg b.w of PQ by gavage, once daily for three
days, Group D: 200 mg/kg b.w of PQ once by
gavage, Group E: 50 mg/kg b.w of PQ for three
weeks, twice a week by gavage (total 6 times)
(*(P<0.05),**(P<0.01),***(P<0.001)).

Figure 6. Images of liver tissue under an optical microscope After exposure to 50 mg/kg b.w of PQ for three weeks, twice a week by gavage (total 6 times), (a) necrosis
of liver tissue in the presence of paraquat (magnification 20X), (b) inflammation in the liver tissue in the presence of paraquat (magnification 20X).

S. Alizadeh et al. Heliyon 8 (2022) e09895
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Chart 7. Mean score of inflammation in liver tissue in different groups exposed
to paraquat compared to the control group. A: negative control group with 2 mL
of distilled water gavage, Group B: mg/kg b.w of PQ by gavage, once daily for
three days, Group C: 60 mg/kg b.w of PQ by gavage, once daily for three days,
Group D: 200 mg/kg b.w of PQ once by gavage, Group E: 50 mg/kg b.w of PQ
for three weeks, twice a week by gavage (total 6 times) (*(P < 0.05)).

S. Alizadeh et al. Heliyon 8 (2022) e09895
5. Conclusion

Paraquat induced oxidative stress and activated antioxidant protec-
tion. This oxidative stress induced breaking DNA strands in peripheral
lymphocytes in vivo. Evaluation of serum lactate dehydrogenase level
showed loss of cell membrane integrity in the presence of paraquat. Be-
sides, LDH levels showed oxidative stress which caused DNA damage and
cell death. Regarding the widespread side effects of this toxin, especially
oxidative stress and DNA damage that can be effective on carcinogenesis,
it is suggested to make and/or introduce more appropriate and less
dangerous alternatives instead of this pesticide to the process of banning
the use of this substance with the assistance of the people current
consumers.
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