Cell and Tissue Research (2019) 375:493-505
https://doi.org/10.1007/s00441-018-2912-0

REGULAR ARTICLE

@ CrossMark

Long-term exposures to ethion and endotoxin cause lung inflammation
and induce genotoxicity in mice

Geetika Verma' - Chandra Sekhar Mukhopadhyay' - Ramneek Verma' - Baljit Singh? - R. S. Sethi’

Received: 31 May 2018 /Accepted: 14 August 2018 /Published online: 17 September 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Ethion, an organophosphorus pesticide, is used worldwide and has potential for toxicity and inflammation. There are very limited
data on the pulmonary and genotoxic effects of ethion especially when the exposure is combined with lipopolysaccharide.
Therefore, we used a mouse model to test the hypothesis that prolonged exposure to ethion alone or in conjunction with
lipopolysaccharide (LPS) will cause lung inflammation and genotoxicity in a mouse model. Swiss albino (n = 30) were divided
into a control (n = 10) and two treatment groups (n = 10; each group). The treatment groups were orally administered ethion (4 or
2 mg/kg/animal/day; n = 10 each) dissolved in corn oil for 90 days. After 90 days of exposure, five animals from each of the
groups were challenged with 80 ng Escherichia coli lipopolysaccharide (LPS) intranasally and the remaining five animals with
normal saline solution via the same route. Ethion at both dosages induced lung inflammation as indicated by increased (p < 0.05)
perivascular and peribronchial accumulation of inflammatory cells along with thickening of the alveolar septal wall. Ethion at
4 mg/kg altered (p < 0.05) the mRNA and protein expression of TLR-9 and IL-13 in the lungs and induced genotoxicity in blood
cells as determined by single cell gel electrophoresis (Comet assay). Further, both dosages of ethion in combination with E. coli
LPS caused genotoxicity and increased (p < 0.05) pulmonary expression of TLR-4, TLR-9 and IL-1f3. The data taken together

suggest ethion induces lung inflammation and interaction between ethion and LPS increases genotoxicity in blood cells.
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Introduction

Pesticides are used to protect agricultural and industrial com-
modities from pests. The rise in overall food demand has led
to intensive agricultural practices that require substantial use
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of pesticides in India and other countries. India has emerged as
the second biggest producer of pesticides in Asia and occupies
the 12th position globally (Mathur 2010). Organophosphorus
(OP) pesticides were introduced in India in the 1960s and are
the most widely used pesticides at the industrial as well as
domestic level (Aktar et al. 2009).

Ethion (0,0,0’,0'-Tetraethyl S,S’-methylene bis
(phosphorodithioate)), an OP pesticide, is extensively used
globally on a variety of crops including vegetables, fruits,
cotton and ornamental crops. Other uses include topical appli-
cations on livestock to control skin parasites or insects (EPA
1989). Workers in the manufacturing plants and those in the
agriculture sector may become exposed to ethion directly or
indirectly. Ethion has a maximum permissible residue level
(MRL) up to 5.0 mg kg ' with oral LDs, of 40 mg kg™' in
mice (Kidd and James 1991). Levels of ethion have been
found above the permissible limits in drinking water, vegeta-
bles and human blood in India (Thakur et al. 2008). The de-
tection of ethion in 23.1% human colostrum samples indicates
its entry into the food chain and an early exposure of the
developing immune system of the infant to ethion
(Srivastava et al. 2011).
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Oral exposure to ethion is genotoxic in chicks (Bhunya
and Jena 1994) and Anopheles culicifacies (Marwaha
2015). Ethion is known to be highly toxic to fish and fresh-
water invertebrates (EPA 1989). It causes acetylcholinester-
ase inhibition in erythrocytes (Bhatti et al. 2010, 2011), loss
of body weight (Bhatti et al. 2010), lung and respiratory
disorders (Dewan et al. 2008) and hematological alterations
(Bhatti et al. 2011). Chronic exposure to OP pesticides has
also been related to reduced pulmonary function in farmers/
workers (Fareed et al. 2013). However, the pulmonary ef-
fects of ethion have not been studied in a systematic
manner.

Lipopolysaccharides (LPS) are a primary pro-
inflammatory constituent of the Gram-negative bacterial cell
wall and often prevalent in agricultural and occupational en-
vironments such as food storage and processing facilities,
grain and textile mills and animal confinements (Liebers
et al. 2006; Thorn 2001). There remains a strong possibility
that farm workers may become co-exposed to pesticides and
LPS (Thorn 2001). LPS elicit macrophage activation, fever,
septic shock and acute lung injury (Kitamura et al. 2001;
Tschernig et al. 2008). Our previous studies suggest that the
interaction of LPS with various other pesticides alters pulmo-
nary inflammation (Merkowsky et al. 2016; Pandit et al. 2016,
2017; Sethi et al. 2017; Tewari et al. 2017) and genotoxic
potential (Kaur et al. 2016b).

Long-term exposure to low levels of the pesticides such
as acephate enhances LPS-induced production of pro-
inflammatory cytokines such as interleukin (IL)-1[3, tumor
necrosis factor (TNF)-o« and interferon (IFN)-y in rats
(Singh and Jiang 2002), which may be attributable to up-
regulation of the Toll-like receptor (TLR)-4 signaling
pathway (Duramad et al. 2006). TLR4 engagement acti-
vates macrophages, neutrophils and other immune cells
leading to the production of IL-13 and TNF-«
(Andonegui et al. 2003). Further, IL-13 (Dinarello 1996;
Becker et al. 1999) and TNF-« (Baer et al. 1998) are
expressed in lungs during inflammation, infection, or in-
jury. TLR-9 is also highly expressed in chronic obstructive
pulmonary disease (Schneberger et al. 2013), lung cancer
(Caixia et al. 2015) and following exposure to indoxacarb
(Kaur et al. 2016a).

Though ethion is banned in many countries including the
USA, New Zealand and those in the European Union and
Africa it is still extensively used in northern India (Paranjape
et al. 2014). Currently, there are no data on the combined
effects of ethion and LPS on lung inflammation, the pulmo-
nary expression of inflammatory molecules and genotoxicity
in blood cells. Ethion is used in farming and simultaneous
LPS exposure is common. Therefore, we tested the hypothesis
that prolonged exposure to ethion alone or in conjunction with
LPS will cause lung inflammation and genotoxicity in a
mouse model.
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Material and methods
Experimental animals

Healthy albino male mice (n =30), aged 6—7 weeks, were
maintained under the guidelines of the Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), India. The experiment protocols were
permitted by the Institutional Animal Ethics Committee,
Guru Angad Dev Veterinary and Animal Sciences
University (GADVASU), Ludhiana. The animals (n = 5/cage)
were housed in cages at the small animal house facilities of the
university. Commercial pellets (Ashirwad Industries,
Chandigarh) and drinking water were provided ad libitum.
The animals were acclimatized for 2 weeks before the start
of the experiment. All animals were found healthy before the
start of the experiment.

Chemicals

Analytical grade Ethion PESTANAL® (45477), Escherichia
coli LPS (LL3129), corn 0il (C8267) and bovine serum albumin
(BSA; A3294) were obtained from Sigma-Aldrich,
Bangalore, India. Quantifast SYBR Green PCR kit (204054)
was procured from Qiagen, India.

Body weight analysis

The change in body weight was calculated by subtracting the
initial body weight (body weight at the start of the experiment)
from the final body weight (body weight at day 90 of exper-
iment) and expressed as average body weight gain
(Kemabonta and Akinhanmi 2013).

Dosages and exposure schedules

Animals were divided randomly into three groups, namely
two treatments and one control (z = 10/group). First (EC1)
and second (EC2) treatment groups were treated orally daily
for 90 days with 4 mg kg' (1/10th LDs,) and 2 mg kg™’
(1/20th LDs() of ethion dissolved in corn oil, respectively.
The lethal dose of ethion given orally in humans is estimated
between 50 and 500 mg kg_1 (Gosselin et al. 1984). The doses
selected in our experiments are lower than the MRL
(5 mg kg ") of ethion. The control animals were fed orally
corn oil daily for 90 days. Mice were observed twice daily
during the entire period of study. No animal died during the
experiment period.

On completion of 90 days, five animals from each group
were administered 80 pl E. coli LPS (1 mg/mL)/animal via the
intranasal route while the remaining five animals from each
group were given 80 pl of normal saline solution (NSS) via
the same route. The animals were euthanized after 9 h of LPS/
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NSS exposure based on our previous studies (Pandit et al.
2016; Kaur et al. 2016a).

Collection of samples

Whole blood was collected and processed for single cell gel
electrophoresis (SCGE), total leukocyte count (TLC) and dif-
ferential leukocyte count (DLC) analysis on the same day.
BAL fluid was collected as described earlier (Pandit et al.
2016) and was subjected to TLC and DLC analysis.

The left lung was inflated with 4% paraformaldehyde so-
lution at 25 cm of water pressure after collection of BAL fluid,
followed with immersion in 4% paraformaldehyde solution
for 12—-16 h at 4 °C for histopathology and immunohistochem-
istry. The right lung was stored at —80 °C for detection of
TLR-4, TLR-9, IL-1$3 and TNF-a¢ mRNA expression by
real-time (RT) PCR.

Total leukocyte count and differential leukocyte
count analysis

Briefly, 20 pl blood/BAL fluid was mixed with 380 pl of
white blood cell diluting fluid for TLC analysis. The blood
smear was prepared and stained with Leishman stain for dif-
ferential leukocyte analysis. Neutrophils and lymphocytes
were identified and counted on each slide at x 40. About
100 cells per sample were counted and expressed as absolute
number of neutrophil and lymphocyte per milliliter of blood.
A similar procedure was performed for counting neutrophil in
BAL fluid.

Hemotoxylin and eosin staining

The whole lung was embedded in paraffin and processed to
obtain 5-pum-thick sections. The sections were stained with
hematoxylin and eosin to assess the histopathological changes
in the lungs by using x 10 and x 40 objectives. Morphological
changes in lungs of five animals per group were examined and
were graded semi-quantitatively for perivascular infiltration,
peribronchial infiltration, increase in perivascular space, thick-
ening of alveolar septa and sloughing of the epithelium as
described earlier (Pandit et al. 2016). Each of these parameters
was graded by an evaluator who was blinded to the identity of
the samples (0, normal/absent; 1, mild; 2, moderate; 3, severe)
and followed by statistical analysis.

Quantitative real-time PCR

The right lung from each animal was subjected to RT-PCR to
detect expression of TLR-4, TLR-9, IL-13 and TNF-«
mRNA. Total RNA was reverse transcribed to cDNA using
oligo-dT primers by first-strand cDNA synthesis kit (Thermo
Scientific, USA). The reaction mixture was prepared

according to standardized real-time PCR reaction with
Quantifast SYBR® Green PCR kit Components. The reaction
was carried out in duplicate in RT-PCR (BioRad, USA) with
[3-actin as an endogenous control. The primer sequences used
for the TLR-4 gene were 5’-TGCTGAGTTTCTGATCCATG
C-3"and 5’-TGGCTAGGACTCTGATCATGG-3' (Zuo et al.
2012), TLR-9 were 5’-TCACAGGGTAGGAAGGCA-3' and
5’-GAATCCTCCATCTCCCAACA-3' (Nagajyothi et al.
2012), IL-1p were 5’-TGTAATGAAAGACGGCACACC-3'
and 5’-TCTTCTTTGGGTATTGCTTGG-3' (Yuan et al.
2013) and TNF-o were 5’-TGTCTACTGAACTT
CGGGGT-3" and 5’-TCCACTTGGTGGTTTGCTAC-3'
(Villar et al. 2013). Data analysis was done by the ACT meth-
od for relative quantification.

Immunohistochemistry

The paraffin sections of the left lung were subjected to immu-
nohistochemistry as per Sethi et al. (2011, 2013). The sections
were stained with primary antibodies against TLR-4 (goat
polyclonal TLR4; M-16; sc12511; dilution 1:400), TLR-9
(goat polyclonal TLR-9; C-20; dilution 1:800), IL-13 (goat
polyclonal IL-13; R-20; dilution 1:200) and TNF-« (goat
polyclonal TNF-o; N-19; sc1350; dilution 1:2000) for 1 h
followed by a suitable secondary antibody (polyclonal rabbit
anti-goat immunoglobulins/HRP (Dako P0449); dilution
1:800) for 30 min. The color was developed with a commer-
cial kit (SK4100; Vector Laboratories, USA). Finally, hema-
toxylin was used as a counterstain. Controls included replac-
ing the primary antibody with bovine serum albumin and la-
beling of sections with an antibody specific for factor VIII-
related antigen to identify endothelial cells.

Quantification of immunopositive cells

Immunopositive TLR4, TLR-9, IL-1 3 and TNF-« cells were
counted in the lungs of five animals per group. Briefly, the
cells were counted manually in an area of 0.2 mm?® in 10
fields/section under X 40 objective. The evaluator was blinded
to the identity of the treatment groups.

Single cell gel electrophoresis (Comet assay)

Alkaline single cell gel electrophoresis was performed as per
Singh et al. (1988) with few variations (Devi et al. 2000).
Briefly, 5 uL of blood and 95 pL of 0.5% low melting point
agarose (LMPA) were mixed and applied to 0.75% normal
melting agarose coated microscopic slides. The slides were
viewed under a fluorescence microscope (Nikon Eclipse 90i)
having an excitation filter of 420-490 nm and a barrier filter of
520 nm. One hundred cells per sample were analyzed by Open
Comet 1.3 (Gyori et al. 2014). The number of cells evaluated
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per animal was fixed to 100. Therefore, 500 cells per group
were evaluated.

Statistical analysis

Data from TLC, DLC, ACT values, histopathology and im-
munohistochemistry were presented as mean + standard error
(SE) and analyzed statistically by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test to find the
significant reduction (p < 0.05) between the levels of effect as
well as compared with two-way ANOVA. GraphPad Prism 6
software was used for data analysis and graphical representa-
tion of data. One-way and two-way ANOVA analysis did not
vary so results with one-way ANOVA are presented.
Correlation among different comet parameters was deter-
mined by Pearson correlation coefficient and represented
using heat maps generated by Statgraphics Centurion XVII
software. All the groups were compared with each other and
results were considered statistically significant at p < 0.05.

Results
Average body weight gain

There was no significant difference in initial body weight of
different groups and no mortality was observed throughout the
experiment. However, treatment groups (EC1 7.36+0.27 g
and EC2 8.08 + 0.44 g) showed less average body weight gain
compared to the control (Fig. 1a).

Total leukocyte count and differential leukocyte
count analysis

Blood

LPS treatment resulted in increase in TLC in peripheral blood
along with neutrophilia compared to the control animals
(Fig. 1b, c¢). However, animals exposed to ethion at
4 mg kg ' (EC1) showed a significant decrease in TLC along
with lymphocytopenia compared to the control and the LPS
groups (Fig. 1b, d). Furthermore, administration of 4 mg kg™’
ethion with LPS (EC1 + LPS) resulted in significant (p < 0.05)
lymphocytopenia compared to the control and the LPS only
groups (Fig. 1d). There was no difference in TLC in peripheral
blood in the EC1 + LPS group compared to the control and the
EC1 groups (Fig. 1b). However, a significant decrease in pe-
ripheral blood TLC was found in the EC1 + LPS group com-
pared to the animals treated with LPS only (Fig. 1b).

Ethion at 2 mg kg~ ' (EC2) did not alter TLC, lymphocyte
and neutrophil counts compared to the control animals but
significantly reduced TLC, neutrophil and lymphocyte count
as compared to the LPS group (Fig. 1b—d). The EC2 + LPS
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group showed a significant increase in neutrophil count as
compared to EC2.

Comparison between EC1 and EC2 revealed no difference
in TLC, neutrophil and lymphocyte count (Fig. 1b—d).
However, when combined with LPS, EC2 + LPS showed a
significant increase in lymphocyte count compared to
ECI1 +LPS (Fig. 1d).

Bronchoalveolar lavage fluid

Lungs of mice challenged with LPS showed increase in TLC
and neutrophil count of bronchoalveolar lavage (BAL) fluid
(Fig. le, f) compared to the control. However, EC1 did not
alter TLC and neutrophil count of BAL fluid compared to the
control and the LPS alone. Furthermore, EC1 + LPS induced
an increase in TLC and neutrophil count of BAL fluid com-
pared to the control and the EC1 groups (Fig. le, f).

EC2 mice showed a significant decrease in neutrophil num-
bers compared to the LPS group (Fig. 1f) but not compared to
the control group. Ethion at 2 mg kg ' along with LPS (EC2 +
LPS) increased TLC and neutrophil count of BAL fluid com-
pared to the EC2 and the control groups. There were no dif-
ferences in the TLC and neutrophils numbers between the
EC1 and EC2, with or without LPS, groups (Fig. le, f).

Histopathological examinations

The mice from the control group showed normal
histoarchitecture of the lung characterized by the normal alve-
olar septa and airways epithelium (Table 1; Fig. 2a, b). Semi-
quantitative histology revealed that treatment with LPS or
both doses of ethion increased (p <0.05) perivascular and
peribronchial accumulation of inflammatory cells along with
expansion of perivascular space compared to the control
(Table 1; Fig. 2¢—, 1, j). The LPS treatment of both EC1 and
EC2 mice caused thickening of the alveolar septal wall,
peribronchial and perivascular infiltration with increase in size
of the perivascular space compared to the control (Fig. 2g—1;
Table 1). The data taken together suggested ethion induced
lung inflammation with or without LPS.

mRNA and protein expression

The pulmonary expression of TLR-4, TLR-9, IL-13 and TNF-o
were examined at mRNA (Fig. 3) and protein levels by using
RT-PCR and immunohistochemical methods, respectively.

Toll-like receptor 4

There was a 4.68-fold increase in expression of TLR-4 mRNA
in the lungs of mice treated with only LPS compared to the
control (Fig. 3a). Further, ECland EC2 mice did not show
changes in the expression of TLR-4 mRNA but in
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combination with LPS an increase in TLR-4 expression com-
pared to the control was noticed.

The omission of primary antibody did not show any color
development in the lung sections (Fig. 4e). The sections incu-
bated with vWF stained only the endothelium (Fig. 4f). The
airway epithelial and alveolar septal cells in the lungs of

control animals showed weak TLR-4 reaction (data not
shown). LPS alone or in combination with ethion (EC1 +
LPS, EC2 + LPS) resulted in a significant increase in the num-
ber of TLR-4 positive cells compared to the control (Fig. 4a).
However, neither EC1 nor EC2 treatments altered the number
of TLR-4 expressing cells (Fig. 4a).

Table 1 Histopathological changes in lungs after exposure to ethion and LPS
Inflammatory reaction Control LPS

Perivascular infiltration 0.4+0.24° 2.0+031°
Peribronchial infiltration 0.6+0.25* 24+024°

Size of perivascular space 0.2+0.2% 1.8+0.37
Thickening of alveolar septa 0.4+0.4" 1.0+£0.63™
Sloughing of epithelial surface 0.2+0.2" 1.4+04%

EC1 ECI + LPS EC2 EC2 + LPS
22+037° 22+02° 1.0+031% 1.8+0.2°
24+025° 2.6+0.25° 22+02° 24+0.24°
2.0+0.44% 2.8+0.2% 1.4+0.24% 24+0.25%
2.0+0.44% 2.6+0.24° 1.8+0.37% 22+037%
1.4+0.50° 1.6+0.6 0.4+0.24° 1.6+0.6

The results of five samples from each group are expressed as mean + SE. Different superscript letters between two levels of an effect indicate significant

difference (p < 0.05)
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v Fig. 2 H&E staining of lung sections showing normal architecture of the
airways epithelium (arrow) and alveolar septa in control group (2a, b).
Also seen is peribronchial (arrow) and perivascular infiltration (double
arrow), infiltration of inflammatory cells around alveolar septa (arrow
head), perivascular space (X) and thickening of septal wall (star).
Representative histopathological changes in the LPS group (2c, d), EC1
group (2e, ), EC1+ LPS (2 g, h), EC2 (2i, j) and EC2 +LPS (2 k, 1) are
shown. B bronchiole, BV blood vessel; original magnification
2a,2¢,2e,2 g,2i,2k: x 100; 2b,2d,2f,2 h,2j,21: x 400; inset: x 1000; scale
bar=50 um

Toll-like receptor 9

The TLR9 mRNA expression did not vary in the LPS and
EC2 groups compared to the control; however, EC1, EC1 +
LPS and EC2 + LPS increased the expression compared to the
control (Fig. 3b).

The normal lung showed minimal reaction for TLR-9
mainly localized in alveolar septal cells, vascular and bronchi-
al endothelium (data not shown). Treatment with LPS in-
creased TLR-9 immunopositive cells compared to the control
(Fig. 4b). EC1 or EC2 did not alter the number of TLR-9
reactive cells (Fig. 4b). However, EC1 + LPS and EC2 +
LPS significantly increased the numbers of cells stained for
TLR-9 compared to the control (Fig. 4b).

Interleukin 1B

LPS or EC1 alone increased the IL-13 mRNA expression by
4.56- and 2.2-folds as compared to the control, respectively
(Fig. 3c). However, EC2 did not modify the IL-13 mRNA
expression compared to the control. Further, EC1 + LPS and
EC2 + LPS increased the IL-13 mRNA expression compared
to the control, EC1 and EC2 but did not differ from the LPS

fewr Vo) TN ‘ ‘ group.

‘_’t., t\q \:}i\'):: a‘;_«,’f__S_J“ : 11y The bronchial epithelial and septal cells showed weak IL-
i BTl TGN . | 13 immunoreactivity in the control and EC1 group (data not
"’,..'iw}f‘5fb ,‘ shown). LPS and EC1 + LPS significantly increased

- ’,r

Ay

immunopositive IL-13 cells in the alveolar epithelium and
alveolar septa (Fig. 4c). However, EC2 and EC2 + LPS did
not differ in terms of number of IL-13 immunopositive cells
from each other and from other groups (Fig. 4c).

Tumor necrosis factor-a

There was no significant change in TNF-oc mRNA expression
following treatment with LPS and/or both doses of ethion
(Fig. 3d). However, TNF-«x staining was localized in the air-
way epithelial cells, septal cells and cells adhering vascular
endothelium. The expression was more intense towards the
luminal side of the bronchial epithelium (data not shown).
LPS showed a significant increase in the number of TNF-«
immunopositive cells compared to all other groups (Fig. 4d).
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Further, an increase in TNF-« expression was observed in
EC1 + LPS compared to the control (Fig. 4d).

Single cell gel electrophoresis

The damaged cells showed the appearance of comet while un-
damaged cells were intact without a tail. LPS or ECI resulted in
increase in tail length, tail DNA percent and olive moment and
a decrease in head DNA percent compared to the control
(Fig. 5). The tail and head parameters did not show any signif-
icant differences between the LPS and EC1 groups. However,
EC1 + LPS showed a significant increase in tail length and
olive moment compared to EC1 alone and a significant increase
in tail DNA percent and a significant decrease in head DNA
percent compared to LPS alone. EC2 did not induce a change in
the tail parameters (Fig. 5) compared to the control; however, in
combination with LPS (EC2 + LPS), there was a significant
(» <0.05) increase in tail parameters and a significant
(p <0.05) decrease in head DNA percent compared to the con-
trol. The comparison between both the treatments revealed that
ECI resulted in a significant increase in tail DNA percent and
olive moment and a significant decrease in head DNA percent
compared to EC2, suggesting long-term ethion exposure at
4 mg kg ' has genotoxic potential.

There was a significant positive correlation of tail length
with tail DNA percent (»=0.92, p <0.05), tail moment (r=

0.97, p < 0.05) and olive moment (= 0.98, p < 0.05) between
the control and LPS (Fig. 6). Ethion at 4 mg kg ' with/without
LPS showed a significant positive correlation of tail length
with tail moment and olive moment (r=0.84, p <0.05).
Similarly, ethion at 2 mg kg™ alone/with LPS showed a sig-
nificant correlation of tail length with tail moment (»=0.93,
p <0.05) and olive moment (»=0.91, p < 0.05).

Discussion

Ethion has been and is being extensively used in agriculture.
There is however scarcity of data on the pulmonary effects of
ethion especially in combination with LPS. Therefore, we
investigated the pulmonary effects along with the genotoxic
potential of ethion alone or in combination with LPS in a
mouse model. The data show induction of pulmonary inflam-
mation and genotoxicity in mice exposed to ethion.

In the present study, both ethion exposures (EC1 and EC2)
significantly reduced the average body weight gain compared
to the control group as reported earlier following exposure to
OP pesticide chlorpyriphos (Ambali et al. 2011) and oral ad-
ministration of 2.7 mg kg 'day'ethion for 7-28 days in rats
(Bhatti et al. 2010).

We found that LPS exposure alone significantly increased
TLC of blood along with neutrophilia compared to the control.
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LPS increased peripheral blood leukocytes and neutrophils
(Copeland et al. 2005). Interestingly, exposure to 4 mg kg !
ethion decreased TLC and was accompanied by
lymphocytopenia compared to the control, which has also
been observed after exposure to indoxacarb in mice (Kaur
et al. 2016b), organophosphate in rats (Ambali et al. 2011,
Jiv and Roy 2013), lambda-cyalothrin in female rabbits
(Basir et al. 2011), fenvalerate, monocrotophos and endosul-
fan in broiler chickens (Garg et al. 2004). Reduced blood TLC
may be directly related to either decreased production of blood
cells from the lymphoid organs or augmented cell lysis (Sinha
and Thaker 2014). Infiltration of lymphocytes into organs
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where the pesticide is acting may also contribute to
lymphocytopenia in peripheral blood. However, 2 mg kg !
ethion alone or in combination with LPS did not alter TLC,
neutrophil and lymphocyte percentages of blood compared to
the control. The data taken together suggest that ethion at
4 mg kg ' with or without LPS resulted in significant
lymphocytopenia.

Lung inflammation was determined through analyses of
BAL, histopathology and immunohistochemistry. BAL fluid
cytology is used for the diagnosis and evaluation of lung in-
flammation (Meyer 2007). In the present study, LPS challenge
increased TLC and neutrophils in BAL fluid compared to the
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control. Increase in BAL cell number is considered a hallmark
of lung inflammation (Lucas et al. 2002; Mei et al. 2007).
Although pesticides such as chlorpyriphos (Chougule et al.
2013) and carbaryl (Dong et al. 1998) have been shown to
increase neutrophil counts in BAL fluid, the exposure to ethion
did not alter the TLC and neutrophil count in BAL fluid com-
pared to the control. The combination of ethion and LPS how-
ever increased TLC and neutrophil numbers in BAL fluid to
suggest that LPS may be the primary agonist in this process.
The semi-quantitative data from the present study showed that
both dosages of ethion induced lung inflammation, which was
illustrated by infiltration of inflammatory cells around the
perivascular and peribronchial regions. Pesticides such as
imidacloprid (Pandit et al. 2016) and fipronil (Merkowsky
et al. 2016) in mice, diazinon in the guinea pig (Rady 2009)
and OP pesticides in various experimental animals (Alavanja
et al. 2004; Hemmati et al. 2005; Yavuz et al. 2008) induced
lung inflammation. Taken together, the data showed that ethion
alone or in combination with LPS induced lung inflammation.

Toll-like receptors are central to host responses to microbial
molecules in various organs including the lung. While bacterial
LPS binds to and signals via TLR-4, bacterial CpG molecules
interact with TLR-9 to induce their cellular effects including
release of various inflammatory cytokines (Lu et al. 2008; An
et al. 2002). To understand the mechanisms of lung
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inflammation observed in our studies, we examined the expres-
sion of TLR-4 and TLR-9 mRNA and protein in the lungs.
E. coli LPS challenge significantly increased the mRNA ex-
pression of TLR-4 and produced an intense TLR-4 reaction in
septal and airway epithelial cells compared to the control. LPS
stimulation upregulates gene expression of TLR-4 (Lu et al.
2008) and TLR-9 (An et al. 2002) via the NF-kB and p38
MAPK signal pathways, respectively. TLR-4 further triggers
signaling events to activate host defense in human and mice
(Flo et al. 2001; Takeda and Shizuo 2004). Ethion at 4 mg kg™
increased TLR-9 mRNA expression but in combination with
LPS it significantly increased TLR-4 and TLR-9 mRNA ex-
pression along with immunopositive activity in airway epithe-
lial cells compared to the control. TLR-9 expression increases
in physiological stress in the lungs and is associated with the
severity of lung injury (Droemann et al. 2005). Pesticides such
as paraquat induce acute lung injury leading to elevated TLR-9
mRNA expression in the lung (Qian et al. 2015). The data taken
together suggested that ethion at a higher dose (4 mg kg ")
alone or in combination with LPS at both the doses increased
TLR-9 gene transcription while TLR-4 expression was mainly
elevated due to LPS. Further studies using TLR-4- and TLR-9-
deficient mice are needed to elucidate the specific roles of these
molecules in lung inflammation induced by ethion alone or in
combination with LPS.
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Fig. 6 Heat maps representing correlation coefficient of various comet parameters between control and LPS (a), EC1 and EC1 +LPS (b), EC2 and
EC2 + LPS (c) and overall groups (d) at p <0.05. X represents a value not significant at 5%

The stimulation of TLR-4 induces the expression of critical
pro-inflammatory cytokines (IL-13 and TNF-«) that are cru-
cial to trigger strong immune responses. IL-13 (Dinarello
1996; Becker et al. 1999) and TNF-« (Baer et al. 1998) are
expressed during lung inflammation or injury. IL-1f3 is one of
the most important cytokines implicated in the commence-
ment and prevalence of lung inflammation (Dinarello 1996)
and is produced by alveolar macrophages (Becker et al. 1999).
Ethion at 4 mg kg ' alone significantly increased the expres-
sion of IL-13 mRNA. The data suggested that ethion-induced
IL-1f increase is independent of TLR-4. Our experiments did
not explain the mechanism (s) but it may be attributed to
activation of other pathways viz. P2X7 receptor activation,
IL-converting enzyme protease-activating factor and NLRP1
that activate caspase 1 (Grishman et al. 2012). Further, ethion
at 4 mg kg ' in combination with LPS also significantly in-
creased the expression of IL-13 mRNA, IL-13
immunopositive reactivity and number of immunopositive
IL-1f3 cells, suggesting LPS-induced TLR-4 activation. The
data suggested that histological signs of lung inflammation
may be due to induction of IL-13 through activation of

@ Springer

TLR-4 following challenge with ethion alone or when com-
bined with LPS.

Interestingly, no significant changes were found in
TNF-«x gene expression among different groups as reported
earlier with imidacloprid (Pandit et al. 2016) and parathion
(Proskocil et al. 2013). However, the immunopositive
TNF-« was localized in airway epithelial, septal cells and
vascular endothelium. On the contrary, dichlorodiphenyltri-
chloroethane (DDT) induced an increase in the expression
of TNF-« along with apoptosis through a p38 mitogen ac-
tivated protein kinases (MAPK)-dependent mechanism in
endometrial Ishikawa and human embryonic kidney (HEK)
293 cells (Frigo et al. 2004). Our experiments did not ex-
plain the reasons for the lack of changes in TNF-oc mRNA
expression. But it may be possible that lung inflammation
induced by ethion alone or along with LPS might be
employing inflammatory mediators other than TNF-« or
we might have missed the time point when TNF-oc mRNA
was altered. The data taken together suggested mRNA ex-
pression of TLR-4, TLR-9, IL-1 and TNF-« did not vary
following co-exposure to ethion and LPS compared to LPS
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alone, suggesting no synergistic effect between ethion and
LPS.

Finally, we evaluated the genotoxic effects of ethion be-
cause pesticides can induce cell death, genomic instability
and cancer (Luzhna et al. 2013). The comet assay is a reliable
tool in the domain of genetic toxicology (Betti et al. 1993) due
to its potential to identify damaged DNA based on differential
migration when subjected to electrophoresis (Lee and Steinert
2003). The whole blood usage for single cell gel electropho-
resis circumvents the tedious job of separating different cells,
which may in turn lead to oxidative DNA damage (Speit et al.
2003). Long-term ethion exposure at 4 mg kg ' revealed a
significant increase in tail parameters and a significant de-
crease in head DNA percent, suggesting the genotoxic poten-
tial of ethion at 4 mg kg '. The ethion-induced DNA damage
has been reported earlier using chromosomal aberrations in
chicks (Bhunya and Jena 1994) and Anopheles culicifacies
(Marwaha 2015). Malathion also caused DNA damage in a
freshwater teleost (Kumar et al. 2010) and rats (Réus et al.
2008). We found that LPS exposure also resulted in a signif-
icant increase in tail length, tail DNA percent, olive moment
and a significant decrease in head DNA percent, suggesting
DNA damage as observed earlier in mice (Kaur et al. 2016b).
Further, ethion at 4 mg kg ' combined with LPS resulted in a
significant increase in olive moment compared to LPS alone.
Whereas ethion at 2 mg/kg alone did not show any genotoxic
potential, its combination with LPS caused a significant in-
crease in tail length, tail DNA percent, olive moment and a
decrease in head DNA percent compared to the control. The
genotoxin effects could be due to the oxidative stress generat-
ed by chronic exposure to pesticides (Abdollahi et al. 2004).
The data indicate ethion at 4 mg/kg induced genotoxicity and
the synergistic genotoxic effect of co-exposure of ethion with
LPS.

Conclusions

We conclude that long-term exposure of ethion at 2 and
4 mg/kg induces lung inflammation and ethion at 4 mg/kg
alone or in combination with LPS results in genotoxicity in
blood cells. The data are significant because the dosages of
ethion used in our study are within MRL and may have im-
plications for human health including genotoxicity. However,
further studies are warranted for better understanding of mo-
lecular mechanisms of effects of ethion on the pulmonary
system, mechanisms underlying DNA damage and cell death
and its potential impact on other organs such as the liver.
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