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Abstract

Agricultural workplaces consist of multiple airborne contaminants and inhalation exposures induce respiratory effects in
workers. Endotoxin (LPS) and glyphosate are two common airborne contaminants in agricultural environments. We have
previously shown that exposure to a combination of LPS and glyphosate synergistically modulates immune reactions as
compared to individual exposures. The immunopathogenesis of acute and chronic exposure to complex agricultural exposures
including LPS and glyphosate is not known; therefore, we further investigated the lung cellular inflammatory differences
in mice exposed to either a combination, or individual, LPS, and glyphosate for 1 day, 5 days, and 10 days. Exposure to
a combination of LPS and glyphosate resulted in greater cellular inflammatory effects in lungs as compared to individual
exposures to LPS or glyphosate. Repeated exposures to the combination of LPS and glyphosate resulted in robust infiltration
of inflammatory cells in the perivascular, peribronchiolar, and alveolar regions, and increases of alveolar septal thicknesses
and perivascular spaces in the lungs with intense intercellular adhesion molecule (ICAM) — 1 staining in the perivascular

region, but minimal staining in the pulmonary artery endothelium.
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Introduction

Agricultural workplace airborne exposures are a known
risk for respiratory effects in workers. Long-term agricul-
tural exposures have been associated with chronic respira-
tory symptoms and decline in lung function in workers
(Senthilselvan et al. 1997, 2010; Kirychuk et al. 2003).
Leukocyte accumulation has been shown in the bron-
chial epithelium and submucosal regions of lung biopsies
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(Schwartz et al. 1992) and in bronchoalveolar lavage (BAL)
and nasal lavage fluid of agricultural workers (Zejda and
Dosman 1993; Larsson et al. 1994, 1999; Cormier et al.
1997). The immunopathogenesis in relation to airborne
agricultural exposures is not understood. Agricultural
workplace airborne exposures are complex and exposure to
multiple contaminants is common. Two common agricul-
tural workplace airborne contaminants are lipopolysaccha-
rides (LPS) and glyphosate. Lipopolysaccharides mainly
derive from gram negative bacteria are ubiquitous in agri-
cultural workplaces (Muzio et al. 2000). Glyphosate is a
common active ingredient in herbicides (Duke and Powles
2008) and is the most widely used herbicide ingredient
worldwide. Exposure to glyphosate has been associated
with wheeze in agricultural workers (Hoppin et al. 2017).

Acute (Janardhan et al. 2006; Tschernig et al. 2008) and
chronic exposure (Vernooy et al. 2002) to LPS has been
shown to induce recruitment of inflammatory cells in the
perivascular, peribronchiolar, and alveolar regions of lungs.
LPS exposure has been shown to increase ICAM-1 expres-
sion on pulmonary endothelial cells and alveolar epithelial
cells (Beck-Schimmer et al. 1997, 2002). Following mice
treatment with irradiation ICAM-1 expression has been
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Table 1 Scoring criteria for cellular lung inflammation

Score Perivascular and peribronchial inflam- Alveolar septa cell infiltration

Alveolar thickness Perivascular space

mation
0 No inflammation None or occasional cells No thickened alveolar walls No increase
1 One to two concentric rows of inflam- Few loosely arranged cells Sporadic areas of alveolar wall Small increase

matory cells

thickening

2 Three or more concentric rows of Many cells in the peripheral parts of Frequent areas of alveolar wall Medium increase
inflammatory cells the alveolar septa thickening
3 Continuous perivascular and peribron- Numerous cells in the alveolar septa Thickened walls throughout Large increase

chial cell accumulation

shown to increase in the pulmonary microvascular endothe-
lium but not in the endothelium of larger vessels, and block-
ing of ICAM-1 expression by antibody treatment attenuated
the migration of inflammatory cells in lungs (Hallahan and
Virudachalam 1997), whereas glyphosate exposure in mice
for seven days has been shown to induce infiltration of leu-
kocytes and release of type 2 cytokines (IL-5 and IL-13) in
lungs (Kumar et al. 2014). In our work, a synergistic inflam-
matory response was induced when mice were exposed to a
combination of LPS and glyphosate. Exposure to a combina-
tion of LPS and glyphosate for 5 days induced synergistic
release of proinflammatory cytokines TNF-a, IL-6, and KC
as compared to individual exposures to LPS and glyphosate
and the inflammatory response modulated after 10 days of
exposure.

The pulmonary pathogenesis from exposure to LPS and
glyphosate is not known. We hypothesized that exposure
to a combination of LPS and glyphosate would increase
recruitment of inflammatory cells in lung tissue and the
effects on lung tissue would be enhanced with repeated
exposures as compared to that of singular LPS or glypho-
sate exposures. Further, given that ICAM-1 expression
has been shown to increase with agricultural dust expo-
sures (Romberger et al. 2002), we evaluated differences in
ICAM-1 expression between the exposure types. Given that
chronic exposures in agricultural workers results in differ-
ential respiratory effects depending on type of exposure,
we further hypothesized that with repeated exposures the
cellular inflammation would reveal persistent tissue effects
that differed by exposure type. We evaluated cellular inflam-
matory effects in lung tissue and ICAM-1 expression after

Table 2 Scoring criteria for

ICAM-1 expression in lungs Score Criteria
0 No expression
1 Minimal staining
2 Moderate staining
3 Intense staining
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singular and repeated intranasal exposure to a combination,
and individual, LPS and glyphosate.

Materials and methods
Mice exposures
The study design has been previously described (Pandher

et al. 2021). In short, the study involved four treatment
groups: control, LPS alone, glyphosate alone, and combined
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Fig.1 Scoring of inflammation parameters in stained lung sections of
mice after exposure to control, LPS, glyphosate (Gly), or combined
LPS and glyphosate (LPS+Gly) for 1 day, 5 days, and 10 days. A
lung histology score was computed using the sum of the 4 individual
scores for each of the measured parameters generated by four investi-
gators (N=5 mice per treatment group; five fields per section of each
mouse in a group). The average lung histology score of each group
was used for statistical analysis. Data presented as mean+SD. Sig-
nificance (p <0.05) is denoted as such: “a” indicates a significant dif-
ference compared with the control group; “b” indicates a significant
difference compared with the LPS group; “c” indicates a significant
difference compared with the glyphosate group; “1” indicates a sig-
nificant difference compared with 1-day exposure group
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Table 3 Average lung

. . Exposure Time  Group (N =5 mice)  Perivascular and Alveolar septa  Alveolar Perivascular
inflammation scores by peribronchial cell infiltration  thickness space
exposure group and exposure infiltration
time
1 day Control 0 0 0 0
LPS alone 1 1 0.5 0
Gly alone 0.5 0.5 0.5 0.5
Combined LPS+Gly 1 1 1 1
5 days Control 0 0.5 0
LPS alone 1 2 1
Gly alone 1 1 1 1
Combined LPS+Gly 2.5 25 25 25
10 days Control 0 0.5 0 0
LPS alone 1.5 2 2 1.5
Gly alone 1.5 1.5 1 1.5
Combined LPS+Gly 3 3 25 3

LPS and glyphosate. Mice were intranasally given saline
(control), LPS (0.5 pg), glyphosate (1 pg), or a combination
of LPS (0.5 pg) and glyphosate (1 pg). The design involved
three treatment lengths: once, or once daily for 5 days, or
once daily for 10 days. N=35 mice per group. At the end
of exposure periods, mice were sacrificed by CO, inhala-
tion and lavaged before the collection of lung tissue. All
experimental procedures were approved by the Animal
Research Ethics Board of the University of Saskatchewan
(AUP 20,160,106).

Lung collection and processing

The lungs of the mice were ligated with thread at the right
bronchus, and the left lung was inflated with 0.3 ml of 4%
paraformaldehyde (PFA) in situ through a cannula inserted
into the trachea. The inflated left lung was removed and
immersed in 4% PFA for 16 h at 4 °C. The fixed lung tissues
were processed through a series of alcohols in an Intelsint
RVG/1 Histology Vacuum tissue processor (Intelsint; Turin,
Italy) and followed by embedding in paraffin blocks using
a Tissue Tek II tissue embedding station (Sakura Finetek;
Nagano, Japan). Lung sections of 5-um thickness were
cut from paraffin blocks on an American Optical Rotary
Microtome (Model 820, American Optical, Buffalo, NY
USA) and placed onto pre-charged slides (ThermoFisher
Scientific, Waltham, MA USA).

Histopathology and scoring for cellular
inflammation

Lung sections from all treatment groups were stained with
hematoxylin and eosin stain and mounted using Surgipath

MM?24 Mounting Media (Leica Biosystems, Richmond,
IL USA) before analysis. Photomicrographs were taken
using a bright field microscope equipped with Infinity 5-5
Microscope camera (Teledyne Lumenera, ON Canada).
The primary type of inflammatory cells (polymorphonu-
clear cells and/or monomorphonuculear cells) infiltrat-
ing the perivascular, peribronchiolar, and alveolar septal
regions were scored for each of the treatment groups and
treatment lengths, as well as levels of alveolar thickness
and perivascular space differences. Scoring was performed
under 40 X objective lens on five fields per section from each
treated mouse (N =five mice per treatment group; five fields
per section of each mouse). Lung sections were scored in
an independent blinded manner by four investigators using
the criteria in Table 1 (Singh et al. 2005). Each investigator
provided a lung histology score for each of the parameters
from Table 1 for each of the treatment groups. An average
lung histology score was calculated for each parameter and
each group.

Immunohistochemistry

Lung sections on slides were stained with an ICAM-1
antibody using immunohistochemistry as described previ-
ously (Pandher et al. 2021). Briefly, lung sections were
deparaffinized in xylene and rehydrated in descending
concentrations of ethanol. The tissue sections were incu-
bated with hydrogen peroxide (0.5% H,O, in methanol)
for 20 min to quench the endogenous peroxidase activity.
This was followed by incubation with pepsin (2 mg/ml
of 0.01 N HCL) for 30 min to unmask the antigen and
with 1% bovine serum albumin for 30 min to block non-
specific binding. Lung sections were incubated overnight
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Fig.2 Hematoxylin and eosin-stained lung sections from mice after
exposure for 1 day, 5 days, and 10 days to control (a—c), LPS (d—f),
glyphosate (Gly; g—i), or combined LPS and glyphosate (LPS + Gly;
j-D. Group representative images showing perivascular infiltration
(square), peribronchiolar infiltration (circle), alveolar infiltration

at 4 °C with a primary antibody against ICAM-1 (dilu-
tion: 1:100; clone: EPR16608, Rockland Immunochemi-
cals, Gilbertsville, PA USA). Following overnight incuba-
tion, the secondary anti-rabbit antibody (dilution: 1:200;
ThermoFisher Scientific, Waltham, MA USA) conjugated
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(diamond), perivascular space increase (double arrow), blood ves-
sels congestion (triangle), alveolar septa thickness increase (bent up
arrow), and sloughing of bronchial epithelial surface (lightning bolt).
Magnification: X200 (a-1). Scale bar: 200 um (a-1). PA pulmonary
artery, B bronchus

to horseradish peroxidase was added on sections for one
hour at room temperature. The colored reaction was
developed using a commercial kit (Vector laboratories,
Burlington, ON Canada). Counterstaining of sections was
performed with methyl green stain (Vector Laboratories,
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Fig.3 The perivascular (a, d), peribronchiolar (b, e), and alveolar
(¢, f) regions of hematoxylin and eosin-stained lung sections of mice
after 5-day exposure to combined LPS and glyphosate (LPS + Gly).
Group representative images showing infiltration of polymorpho-
nuclear (arrow) and monomorphonuclear (arrowhead) leukocytes,

Burlington, ON Canada). Some sections were stained with
positive control (von Willebrand factor antibody; dilution
1:200; ThermoFisher Scientific, Waltham, MA USA) and
omitted with primary antibody or a secondary antibody to
assess non-specific binding. The optimum primary anti-
body concentration was determined by varying concentra-
tion staining.

The images were captured with Infinity 5-5 Micro-
scope camera (Teledyne Lumenera, ON Canada) mounted
on a bright field microscope. Scoring was performed on
randomly selected five fields per section of each treated
mouse under 40 X (N =five mice per treatment group; five
fields per section of each mouse in a group). An experi-
enced investigator blinded to the treatment groups semi-
quantified the cell specific expression of ICAM-1 in the
perivascular region, alveolar region, and pulmonary arter-
ies using scoring criteria outlined in Table 2 (Singh et al.
2005).

Statistical analysis

Data analysis and graph preparation was performed using
GraphPad Prism software (Graph-Pad Software, San

Peribronchiolar region

Alveolar region

perivascular space increase (double arrow), alveolar septa thickness
increase (bent up arrow), and sloughing of bronchial epithelial sur-
faces (lightning bolt). Magnification: X400 (a—c);x 1000 (d—f). Scale
bar: 50 pm (a-f); PA pulmonary artery, B bronchus

Diego, CA USA). Statistical differences were determined
using one-way ANOVA followed by Tukey’s multiple
comparisons tests. A p-value of <0.05 was considered
significant.

For graphing of data, “a” indicates a significant dif-
ference compared with the control group, “b” indicates
a significant difference compared with the LPS group,
“c” indicates a significant difference compared with the
glyphosate group, “1” indicates a significant difference
compared with 1-day exposure group, and “2” indicates
a significant difference compared with 5-day exposure

group.

Results

Histopathological examination

Cellular infiltration in the perivascular, peribronchiolar, and
alveolar regions, alveolar septal thickness, and perivascular

space increases were scored to differentiate cellular inflamma-
tion in the lungs, and to semi-quantify differences in response
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Fig.4 High magnification images of the alveolar region of hematoxy-
lin and eosin-stained lung sections of mice from control (a-c), LPS
(d—f) or combined LPS and glyphosate (LPS+Gly; g—-i) exposure
groups for 1 day, 5 days, and 10 days. Group representative images

between exposures to the combination of LPS and glyphosate
and individual LPS and glyphosate (Table 3). Exposure to the
combination of LPS and glyphosate resulted in significantly
greater pulmonary inflammatory scores in all the regions as
compared to the LPS alone and glyphosate alone treatments
(Table 3). Further, average scores increased with increas-
ing length of exposure in the combined LPS and glyphosate
exposure (Fig. 1). Exposure to the combination of LPS and
glyphosate for 1-day resulted in average scores of 1 (Fig. 1)
with one or two concentric rows of perivascular and peribron-
chial inflammation (Fig. 2j), few loosely arranged cells in the
alveolar septa (Figs. 2j and 4g), sporadic areas of alveolar wall
thickening (Fig. 4g), and small increases in the pervascular
spaces (Fig. 2j). The LPS alone 1-day exposures also resulted
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5-days exposure

10-days exposure

showing infiltration of polymorphonuclear (arrow) and monomorpho-
nuclear (arrowhead) leukocytes and increase of alveolar septal thick-
ness (bent up arrow). Magnification: X 1000 (a—i). Scale bar: 50 pm

(a-i)

in similar increases in inflammatory scores in the perivascular,
peribroncial, and aleolar septal areas as the combined LPS and
glyphosate exposures, but little change in the alveolar thickness
and perivascular space (Table 3; Fig. 1). LPS 1-day exposures
resulted in one or two concentric rows of perivascular and
peribronchial inflammation, few loosely arranged cells in the
alveolar septa; however, alveolar walls were not thickened and
there were no increases in the pervascular spaces (Table 3;
Figs. 2d and 4d). The 1-day exposures to glyphosate alone
revealed little inflammation (Table 3; Figs. 1 and 2g). The
control group average scores remained at O with little inflam-
mation for all exposure periods (Table 3; Figs. 2a—c and 4a—).

After 5 days of exposure, average scores for the com-
bined LPS and glyphosate exposure group increased across
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Fig.5 Pulmonary arteries in hematoxylin and eosin-stained lung sec-
tions of mice after 5-day exposure to combined LPS and glyphosate
(LPS + Gly; a-b). Magnification: X400 (a);x 1000 (b). Scale bar: 50
pm (a-b). PA pulmonary artery, B bronchus

all measurements from an average of 1 to an average of 2.5
(Table 3; Fig. 1) with three or more concentric rows of perivas-
cular (Figs. 2k and 3a, d) and peribronchial inflammation
(Figs. 2k and 3b, e), many cells in the peripheral parts of the
alveolar septa (Figs. 2k; 3c, f; and 4h) frequent areas of alveo-
lar wall thickening (Figs. 3c, f, and 4h), and medium increases
in the pervascular spaces (Figs. 2k and 3a, d). These changes
were greater than those of the LPS alone exposure in which the
perivascular and peribronchial inflammation remained simi-
lar to that of the 1-day exposure (Table 3; Fig. 1), with slight
increases in alveolar septal infiltration and thickness (Figs. 2e
and 4e), and a small increase in perivascular spaces (Fig. 2e).
Inflammation in the glyphosate alone treatment group had
very little increase in inflammation across all measurements
(Table 3; Figs. 1 and 2h) as compared to the 1-day exposure.

After 10 days of exposure to the combination of LPS
and glyphosate, there was increasing inflammation across
all measurements with an average score of 3 (Table 3;
Fig. 1) indicating continuous perivascular (Fig. 21) and
peribronchial cell accumulation (Fig. 21), numerous cells
in the alveolar septa (Figs. 21 and 4i), thickened walls
throughout the alveolar region (Figs. 21 and 4i), and large
increases in the perivascular spaces (Fig. 21). In addition,
exposure to the combination of LPS and glyphosate for
1 day, 5 days, and 10 days resulted in blood vessel con-
gestion (Fig. 2j-1) and sloughing of bronchial epithelium
(Fig. 3b, e). Intraluminal leukocytes were not detected
in the pulmonary arteries of the treated lung sections
(Fig. Sa-b). The scores for the combined LPS and glypho-
sate were higher than the scores for the inflammation
in the LPS alone and glyphosate alone treatment groups
(Table 3; Fig. 1), in which there were small increases in
inflammation between the 5-day and 10-day exposures
(Figs. 2f, i; 4f); however, the inflammation at 10 days
continued to be less than that of the combined LPS and
glyphosate exposure.

ICAM-1 expression

The cell specific expression of ICAM-1 in the perivascular
region, alveolar region, and pulmonary arteries was scored
to assess relationships between ICAM-1 expression and
cellular inflammation. The ICAM-1 protein expressions
revealed that a 5-day exposure to the combination of LPS
and glyphosate resulted in higher ICAM-1 expression scores
in the perivascular region (Fig. 6a) revealing intense staining
as compared to the controls (Fig. 7). ICAM-1 scoring in the
alveolar region was slightly higher in the exposure to LPS
and glyphosate as compared to the other exposures (Fig. 6b).
ICAM-1 scoring in the pulmonary arteries was similar for all
groups and across all treatments with none or little staining
present (Fig. 6¢). Figure 7 illustrates the intense I[CAM-1
staining in the perivascular regions of the lungs in the LPS
and glyphosate exposed mice (1 day (Figs. 7d, g), 5 days
(Figs. 7e, h), and 10 days (Figs. 7f, 1)) as compared to the
control group (Figs. 7 a—c). ICAM-1 staining was strong in
the perivascular (Figs. 7e, h) and alveolar (Figs. 7d, f, g, 1)
areas in the mice exposed to the combination of LPS and
glyphosate with minimal staining in the pulmonary arteries
(Figs. 7e, h). We have previously shown in these same mice
that exposure to the combination of LPS and glyphosate
for 5 days resulted in significantly higher ICAM-1 mRNA
expression as compared to 5-day individual LPS, glypho-
sate, and control exposures and the expression reduced after
10 days of exposure (Pandher et al, 2021).
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Fig.6 Scoring of ICAM-1 a Perivascular region b Alveolar region
expression in perivascular 4+ @ 1 4 @ 1
region (a), alveolar region (b), ay exposure ay exposure
and pulmonary arteries (c) of - @ 5-days exposure a add - @ 5-days exposure a al
mice lung sections from control, =¥ . 10-days exposure °e ° ° = . 10-days exposure ? -f
LPS, glyphosate (Gly), or § a § a
combined LPS and glyphosate 5 2 ° 2 2 ° S 2. ° 2 °
(LPS + Gly) exposure groups for > 2
1 day, 5 days, and 10 days. Data 5 b=
presented as mean+SD (N=5 & 1 o ol|lo ofloe o a1 o
mice per group; 5 fields per sec- °
tion of each mouse in a group).
“a” indicates a significant differ- 0= T o e, =k T I L
ence (p <0.05) compared with Control LPS Gly LPS+Gly Control LPS Gly LPS+Gly
the control group

c 4 Pulmonary arteries

@ 1-day exposure

<3 @ 5-days exposure

§ . 10-days exposure

s

(=2

=

]

@

Control

Discussion

Exposure to the combination of LPS and glyphosate resulted
in greater lung inflammation as compared to individual
exposures to LPS or glyphosate. Repeated exposure to the
combination of LPS and glyphosate resulted in robust infil-
tration of inflammatory cells in the perivascular, peribron-
chiolar, and alveolar regions, and increases of alveolar septal
thicknesses and perivascular spaces in the lungs. Intralumi-
nal leukocytes were not detected in the pulmonary arteries
of the treated lung sections. Exposures to the combination
of LPS and glyphosate showed intense ICAM-1 staining
in the perivascular and alveolar regions of the lungs with
minimal staining in the pulmonary arteries and significantly
higher ICAM-1 mRNA in the lung tissue as compared to
exposure to individual LPS or glyphosate. After 10 days of
repeated exposure to the combination of LPS and glypho-
sate, ICAM-1 expression waned as compared to the 5-day
exposure to the combination of LPS and glyphosate.
Exposure to the combination of LPS and glyphosate
induced greater recruitment of inflammatory cells in lungs
as compared to the individual LPS or glyphosate exposures.
Furthermore, repeated exposure to a combination of LPS
and glyphosate resulted in robust infiltration of inflamma-
tory cells in the perivascular, peribronchiolar, and alveolar
regions, and increases of alveolar septal thicknesses and
perivascular spaces in the lungs. Migration of leukocytes
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is mediated by the release of proinflammatory cytokines
from stimulated cells. Our previous work showed a synergis-
tic release of TNF-a, IL-6, and KC cytokines with repeated
exposure to the combination of LPS and glyphosate as com-
pared to individual LPS or glyphosate exposures (Pandher
et al. 2021). Exposure to the same dose of glyphosate as used
in our work, combined with the allergen, ovalbumin, did not
result in greater lung inflammatory response than the oval-
bumin or glyphosate alone treatments (Kumar et al. 2014).
This suggests that when there is more than a single inflam-
matory agent in the pulmonary exposure, the combined expo-
sures may potentiate the inflammatory response. This agrees
with previous work showing that individual LPS exposure,
at agricultural relevant levels, results in only a fraction of
the inflammatory lung response as compared to exposures to
the complex agricultural environment (Charavaryamath et al.
2008; Sundblad et al. 2009).

Repeated exposure to the combination of LPS and glypho-
sate, for both 5 days and 10 days, induced robust recruitment
of inflammatory cells in the perivascular region as compared
to the alveolar and peribronchiolar regions. Previous work
has shown that multiple oral exposures to the pesticides
ethion or imidacloprid, followed by single intranasal LPS
exposure, resulted in perivascular, alveolar, and peribron-
chiolar infiltration of leukocytes (Pandit et al. 2016; Verma
et al. 2019). Currently, the relationship between peribron-
chiolar and perivascular recruitment of inflammatory cells



Cell and Tissue Research (2021) 386:637-648

645

1-day exposure
e A E %

Control

LPS+Gly

LPS+Gly

Fig.7 Immunohistochemical expression of ICAM-1 in mice lung
sections after 1-day, 5-day, and 10-day exposure to control (a—c) or
combined LPS and glyphosate (LPS+ Gly; d-i). Group representa-
tive images showing ICAM-1 expression in the perivascular region

remains unknown; however, our results show a concomitant
increase in the perivascular space around pulmonary arteries
with both 5 days and 10 days of exposure to the combina-
tion of LPS and glyphosate, suggesting an active role for the
perivascular region in the recruitment of inflammatory cells
into the lungs in intranasal LPS and glyphosate exposures.
The characteristic feature of inflammation is the recruit-
ment of inflammatory cells into tissue (Mizgerd 2002).
Inflammatory cells are blood-borne and recruited to the
site of stimulus through a series of cellular and molecular
events (Kolaczkowska and Kubes 2013). Recruitment of
inflammatory cells is facilitated by a variety of adhesion
molecules (Schmidt et al. 2016). One of the best-known
adhesion molecules for inflammation is the intercellular
adhesion molecule-1 (Long 2011). Intercellular adhe-
sion molecule-1 (ICAM-1) is a cell surface glycoprotein,

5-days exposure

Q.

10-days exposur

} £ i) ve

(square) and alveolar region (diamond). Magnification: X400 (a-
f); % 1000 (g-i). Scale bar: 50 pm (a—i). PA pulmonary artery, B bron-
chus

constitutively expressed on endothelial cells, and its expres-
sion increases during inflammation. ICAM-1 mediates
firm binding of inflammatory cells with the endothelial
cells before their transmigration (Long 2011). Studies have
shown upregulation of ICAM-1 on the pulmonary capil-
lary endothelium and its important contribution for the
recruitment of inflammatory cells into lungs (Burns et al.
1994; Hallahan and Virudachalam 1997; Beck-Schimmer
et al. 1997; Romberger et al. 2002). In lungs, the cellu-
lar adhesion and transmigration process primarily occur
in the capillaries (Kuebler et al. 1994; Doerschuk 2001).
Similar to other studies (Burns et al. 1994; Hallahan and
Virudachalam 1997), in our study, vascular ICAM-1 expres-
sion was observed in lungs from control mice. Further, we
have previously shown that ICAM-1 mRNA was signifi-
cantly increased in the lungs after repeated exposure to the
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combination of LPS and glyphosate (Pandher et al 2021).
The results herein further show that ICAM-1 expression
intensely increased, predominantly in the perivascular
region of the lungs, with repeated exposure to the com-
bination of LPS and glyphosate. Our data show that there
commonality between the expression of ICAM-1 and the
extent of perivascular recruitment of inflammatory cells in
lungs. Typically, pulmonary migration of leukocytes occurs
in capillaries and is mediated by cytokines and adhesion
molecules located on endothelial cells (Doerschuk 2001).
Therefore, accumulation of inflammatory cells around thick-
walled pulmonary arteries (perivascular region) as observed
in our study is intriguing. It is possible that in response
to adhesion molecules and cytokines, inflammatory cells
migrate across the thick-walled pulmonary arteries (Wang
et al. 2011). However, this possibility seems very unlikely
in our study as we did not observe transmigrating inflamma-
tory cells in the pulmonary arteries of inflamed lungs, and
we did not observe an increase of ICAM-1 expression in
the endothelium of the pulmonary arteries in inflamed lung
sections. The perivascular region also possesses capillaries
(Guntheroth et al. 1982; Pabst and Tschernig 2002) which
is where we saw a predominant expression of ICAM-1. It is
possible capillaries in the perivascular region of the lungs
may be the important site for inflammatory cell recruitment
in these complex exposures. In this work, we did not eluci-
date the function of the perivascular leukocytes but it is an
important aspect to address in future studies.

Our results further showed that with repeated exposures
to the combination of LPS and glyphosate leukocyte infil-
tration persisted in the lungs. However, we have previously
shown that ICAM-1 mRNA expression waned and there was
a dampening of TNF-a, IL-6, and KC cytokines between
5 and 10 days of exposure to the combination of LPS and
glyphosate (Pandher et al. 2021). There can be several rea-
sons for these findings. Exposure to the combination of
LPS and glyphosate may impair the functional ability of
macrophages to clear/phagocytose the inflammatory cells.
Murine macrophages treated with LPS have shown a reduc-
tion in their ability to clear inflammatory cells through an
imbalance of pro- and anti-inflammatory cytokines (Feng
et al. 2011). Secondly, the combination of LPS and glypho-
sate may have stronger direct chemotactic activity for leu-
kocytes. Grain dust extract has been shown to have direct
chemotactic activity as an indirect mechanism of neutro-
phil recruitment (Von Essen et al. 1988; Von Essen 1997).
Thirdly, exposure to multiple inflammatory agents such as
LPS and glyphosate may induce ongoing low-grade chronic
inflammation. Our previously published work showed that
after 10 days of exposure to the combination of LPS and
glyphosate, the inflammatory mediators TNF-a, KC, and
IL-6 were reduced but not completely diminished (Pandher
et al. 2021). These low levels of inflammatory mediators
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may prevent full recovery with the repeated exposures and
contribute to the progression of effects in lung tissue. This
agrees with epidemiologic evidence of chronic respiratory
symptoms in agricultural workers after long-term agricul-
tural exposures (Senthilselvan et al. 1997, 2010; Kirychuk
et al. 2003).

There are several strengths and limitations to this study.
This study examined pulmonary inflammation after early
(1 day) and repeated exposures (5 and 10 days) to com-
mon agricultural agents which is important in furthering
our understanding the pathogenesis of common agricultural
exposures. Our treatment doses were similar to levels meas-
ured in airborne agricultural environments and to that used by
others (Kumar et al. 2014), and treatment dosing mimicked
agricultural worker exposure patterns. The inflammatory
scoring was blinded and carried out by four technicians well
versed in histology, and agreement was very high between
scorers. However, we did not undertake stereological analysis
of the septal thickness; rather, we undertook qualitative visual
analysis. Stereological analysis of the septal thickness would
provide quantitative evidence of the differences between the
groups. Our analyses were limited to immunohistochemistry
as lung tissues were fixed with paraformaldehyde and sec-
tioned from paraffin blocks, and therefore, we cannot perform
electron microscopy which would more clearly visualize
the impact on capillaries. Future research to investigate the
inflammatory processes from complex exposures is important
to furthering our understanding of the pathogenesis of com-
mon agricultural exposures.

Taken together the results reveal that exposure to the
combination of inflammatory agents LPS and glyphosate
results in greater cellular lung inflammation as compared
to individual exposures to LPS or glyphosate. Repeated
exposure to the combination of LPS and glyphosate
resulted in robust infiltration of inflammatory cells in
the perivascular, peribronchiolar, and alveolar regions;
increases of alveolar septal thicknesses and perivascu-
lar spaces in the lungs; and intense ICAM-1 expression
in the perivascular region; however, intraluminal leuko-
cytes were not detected in the pulmonary arteries. Capil-
laries in the perivascular region may be important to the
recruitment of inflammatory cells in complex agricultural
exposures. Complementary chemotactic activity induced
by complex pulmonary inflammatory exposures may be
important to understanding effects. These findings are
important to further our understanding of the pathogenesis
from exposure to the complex inflammatory contaminants
in the agricultural work environment.
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