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Abstract

Agriculture workers, in Saskatchewan and worldwide, are exposed to numerous
potential pollutants, including grain dust and pesticides. Although female workers make up
approximately 25% of the agricultural working population, the majority of current research on
the respiratory and inflammatory effects in agriculture has been conducted on male animal
models and workers; very little has been studied of the female response. Females are able to
mount a more robust and efficient early immune response leading to improved prognosis in
surviving acute infections arising from a variety of pathogens (bacteria, viruses, trauma)
compared to males. However, increased efficiency mean females are more predisposed to
developing autoimmune diseases. Agriculture workers are commonly exposed to more than
one pollutant at a time; how the interaction between glyphosate and lipopolysaccharide (a
component of grain dust) will differentially affect the sexes is not known. Currently, there has
been minimal work done to evaluate how a respiratory glyphosate exposure may differentially
impact the sexes.

The following study evaluates the differences in the inflammatory respiratory response
between the sexes following a short-term agriculture respiratory exposure and is the first study
to do so. It uses a mouse model. C57BL/6 mice were intranasally treated with glyphosate (1ug),
lipopolysaccharide (LPS) (0.5ug), combined LPS + glyphosate (LPS: 0.5 ug + glyphosate: 1ug), or
Hank’s Balanced Salt solution (HBSS) for 5 days. These studies were performed to characterize
the inflammatory effects in mice following a short-term intranasal exposure to LPS plus
glyphosate including 1) evaluating inflammatory effects of the combined exposure to
glyphosate and LPS in female mice compared to exposure to each individual agent; 2)
comparing the female response to the combined LPS plus glyphosate exposure vs. the male
response; and 3) observing the structural lung changes of the combined exposure to glyphosate
and LPS in female mice as measured using multiple image radiography.

Female mice, exposed to LPS and glyphosate for 5 days showed higher levels of
inflammatory mediators compared to control animals, or those treated with only LPS or
glyphosate. Inflammatory mediators, such as proinflammatory cytokines, were elevated in the

LPS plus glyphosate treated animals, indicating that after 5 days, the addition of the glyphosate



impacts the ability of female mice to ameliorate the effects of LPS, compared to the animals
treated only with LPS or glyphosate.

Further, this study revealed that female mice display a different inflammatory
respiratory response compared to male mice. Female mice demonstrated: less lung
architecture damage across treatment groups; significantly lower levels of inflammatory
markers; and lower levels of proinflammatory cytokine expression as compared to male mice.
This is the first study to validate that a significant difference exists between the male and
female immune response following a short-term agriculture respiratory exposure to LPS and
glyphosate.

Finally, comparisons of lung effects using multiple techniques (multiple image
radiography, and histology) were utilized to evaluate a short-term common agriculture
respiratory exposure in female mice. Histology revealed greater recruitment of cells into
alveolar regions in the lungs of the mice and disruption to the bronchial epithelium from the
combined LPS and glyphosate treated group as compared to other treatment groups. MIR
images revealed mice exposed to LPS and both LPS plus glyphosate showed compromised lung
tissue compared to other treatment groups. Taken together, these results reveal that female
mice exposed to the combination of LPS and glyphosate displayed physiological and structural
effects that were different from mice exposed to LPS or glyphosate alone. However, the
inflammatory effects of the combined exposure were not as pronounced in the female mice
compared to the male mice, highlighting the importance of using a structural evaluation
technique such as multiple image radiography to reveal the impact to the lungs of such
exposures.

Overall, we observed that female mice, exposed to an agriculturally relevant
concentration combining LPS plus glyphosate for 5 days, exhibited respiratory inflammatory
effects significantly different compared to each single exposure. Additionally, we demonstrated
that there is a significantly different respiratory inflammatory response between the females
and males at 5 days of LPS plus glyphosate exposure. While the precise mechanisms remain to

be elucidated, the differences may be due to the protective effects of estrogen.



This study is the first research to characterize a short term respiratory inflammatory
exposure to LPS plus glyphosate in female mice, to compare these results to those obtained
from male mice, and to utilize multiple image radiography technology to do so. We were able
to detect the differences between exposure groups using MIR and refined this technique during
our study. The results suggest that MIR may become a paramount tool in future lung imaging

experiments.
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Chapter 1: Introduction and Literature Review

1.1 Introduction

Agriculture is an important economic driver, producing commodities and resources, not
only in the province of Saskatchewan, but in Canada and worldwide. However, evidence
indicates that workers in the agriculture industry are at risk for developing deleterious
respiratory effects from workplace exposures to airborne contaminants. Airborne contaminants
include grain dust and pesticides, which have been linked to negative effects in the lung. It is
unclear if exposure to glyphosate — an herbicide prevalently used in the agricultural industry —
may affect the lungs. Moreover, agriculture workers are commonly exposed to more than one
airborne contaminant at a time, commonly, grain dust and glyphosate. How the interaction
between glyphosate and lipopolysaccharide (a component of grain dust) contributes to
negative respiratory effects has yet to be determined. In Saskatchewan, 25% of farm operators
are women (1), yet the majority of current research on the respiratory inflammatory effects of
agriculture exposures has been done on male subjects. Furthermore, no molecular research has
yet to compare the sex differential response following exposure to airborne contaminants,
specifically the combination of LPS and glyphosate.

This is the first research to study the respiratory inflammatory effects of LPS and
glyphosate exposure on lungs of female mice, and to compare differences in lung inflammatory
responses between the sexes following exposure to a combination of glyphosate and LPS. We
have further developed research techniques for studying airborne contamination by using
imaging techniques to evaluate the structural effects in the lungs of mice exposed to glyphosate
and LPS.

In this dissertation Chapter 1 is comprised of the literature review that covers: a) lung
inflammation and key mediators involved in the process; b) LPS exposure, glyphosate exposure
and their associated effects; and c) sex differences in pulmonary inflammation. Chapter 1
concludes by highlighting the gaps in the current literature. Chapter 2 outlines the hypotheses
and research objectives. Chapters 3 to 5 cover related topics that look at LPS plus glyphosate

co-exposure in female mice; the respiratory inflammatory differences in this exposure between



males and females; and utilizing imaging technology to study the co-exposure of LPS plus
glyphosate. Chapter 6 covers the discussion arising from these three research topics and

Chapter 7 is the works cited throughout.

1.2 Lungs

The lungs are an organ that reside in the thoracic cavity. In humans, the left lung is
divided into upper and lower lobes while the right lung possesses an additional middle lobe (2)
In a mouse, the left lung is comprised of one large lobe and the right of four lobes. The trachea
is divided into left and right bronchi which are further subdivided into bronchioles. At the end
of the bronchioles are the alveoli, where gas exchange occurs. The alveoli are made up of type
1 and type 2 epithelial cells. Supporting the alveoli is the interstitium which contains small
blood vessels called capillaries, and inflammatory cells. The recruitment of inflammatory cells
plays an important role during acute and chronic lung inflammation. The recruitment of
activated inflammatory cells such as neutrophils often leads to acute lung injury. Alveolar
macrophages are another important inflammatory cell type present in the lungs. Macrophages
are important innate immune cells, involved in phagocytosis, antigen presentation and produce

important inflammatory mediators (3).

1.3 Inflammation

Inflammation is a major response of the immune system to tissue damage and infection
(4). It is the body’s normal response to injury or infection and acts to remove the causative
agent or substance in order to repair and heal the surrounding tissue (5). This response may be
provoked by mechanical injury, toxins, microorganisms or hypersensitivities (5) and can arise in
a matter of minutes following damage (6). Three steps occur during the inflammatory response:
increased blood flow to the infected area; increased capillary permeability; and white blood cell
migration from the capillary vessels to the interstitial spaces of the injured site (5). This
inflammatory response is modulated by immune cells and biological mediators that act as cell-

to-cell communicators (5). Inflammation is classically defined by the following five symptoms:



redness, swelling, heat, (which occur from the dilation and increased permeability of blood
vessels) as well as pain and loss of function (5,7).

The inflammatory response is nonspecific: no matter the exposure or cause of damage,
the response is similar (5) and is an essential mechanism of the innate immune response (8).
The innate immune response is activated by pathogen-associated molecular patterns (PAMPs)
and damage associated molecular patterns (DAMPs) which are recognized by pattern
recognition receptors (PRRs) such as toll-like receptors (TLRs) (9). Cells such as neutrophils and
macrophages become activated when PAMPs and DAMPs bind to PRRs which in turn secrete
molecules to trigger the inflammatory process (6). While inflammation occurs throughout
several different areas of the body, in this thesis the main focus will be on inflammation

occurring in the lungs.

1.3.1 Neutrophils

A major component of the immune response are neutrophils: granulocytes (white
blood cells with a cytoplasm composed of granules) that are characterized by their
multilobulated nucleus (10). Neutrophils are the predominant leukocyte in the blood and
around two thirds of bone marrow stem cell activity is dedicated to production of neutrophils
(6). Neutrophils are highly mobile, resulting in a quick arrival at damaged tissues and are
typically the first of the leukocytes to arrive at the site of inflammation (6,10). Most neutrophils
are stored within capillaries in the liver, spleen, lungs and bone marrow and then begin
circulating during times of infection (6). Notably, the lungs seem to have a much larger
neutrophil population during normal conditions in comparison to other organs, as indicated by
intravital microscopy (11). During inflammation, cells release molecules that signal neutrophils
to slow down, bind to endothelial cells lining blood vessel walls, and migrate into tissues (6,10).

The following steps are involved in the leukocyte recruitment cascade: tethering, rolling,
adhesion, crawling, and transmigration (10). PRRs and DAMPs activate the capillary
endothelium to upregulate P-selectin (CD62P) and E-selectin (10). P-selectin migrates from
cytoplasmic granules to the cell surface within minutes (6) and E-selectin is upregulated within

90 minutes following endothelial cell stimulation (10). P-selectin binds a protein on the surface



of neutrophils called L-selectin (CD62L) which slows (tethers) the free-flowing neutrophils
causing them to roll along the surface of the endothelial cells (6,10). During the rolling phase,
the endothelial cells trigger the neutrophils to express leukocyte (or lymphocyte) function-
associated antigen-1 (LFA-1) (6,10) which binds to intercellular adhesion molecule-1 (ICAM-
1/CD54) expressed on the endothelial cells (6,10). Binding between LFA-1 and ICAMs slow
down the neutrophil until it eventually stops (12). Rolling neutrophils have increased contact
with chemokine covered endothelium (10). Activated endothelium cells produce CXCL8 (IL-8 in
humans) which attracts, activates and promotes neutrophil adhesion to endothelium (6,10). An
important proinflammatory cytokine, Tumour necrosis factor alpha (TNF-a), acts on the
endothelium cells to produce IL-1, another proinflammatory cytokine. TNF-a also increases
expression of additional adhesion proteins (6). To facilitate their emigration out of blood
vessels, neutrophils increase vascular permeability and disrupt intercellular junction to create
gaps between endothelial cells (6). Integrins, CAMs vascular cell adhesion protein-1 (VCAM-1)
and other junctional proteins all work to facilitate neutrophil transmigration (10). Platelets are
also present in inflamed tissues (10) and contribute to neutrophil recruitment during LPS
induced inflammation (13).

The phagocytotic process begins once neutrophils reach inflammatory sites (6).
Neutrophils are directed towards the invading organisms/damaged tissues by the chemotactic
molecules being released (6,10). Neutrophils phagocytose microbes through various
mechanisms including opsonization and PRRs (6). Neutrophils surround the invading organism
via extending a projection called a lamellipodia that engulfs the bacterium into a vacuole called
a phagosome (6). The bacterium may be destroyed through respiratory burst (6,10) which
result from an increased uptake of oxygen by the neutrophils via activation of cell surface
enzyme complex, NADPH oxidase (NOX) (6). Reactive oxygen species generated via this NOX
complex work to resolve inflammation, though this process is unclear (10). The pathogen may
also be destroyed by enzymes and peptides released from intracellular granules (10).

Neutrophils are short-lived cells that are active immediately following their release and
are limited to performing a small number of phagocytic events (6). Following resolution of

inflammation, neutrophils die in the tissue (10) and are then phagocytosed by macrophages



which produce IL-23 (6). IL-23 leads to the production of IL-17 by lymphocytes and IL-17
promotes Granulocyte colony-stimulating factor (G-CSF) (6,10). G-CSF is also the cytokine that
regulates the production of neutrophils (6). Thus the rate of neutrophil production equals their
rate of removal via apoptosis (6).

The quick response of neutrophils enables them to be the first line of defense against
invading organisms. Following their effect, neutrophils degranulate and release DAMPs that

activate the next line of defense: recruitment and activation of macrophage and dendritic cells

(6).

1.3.2 Macrophages

The mononuclear phagocyte cellular system plays various important roles in the innate
immune response to injury or pathogens (14). Macrophages are important cells involved in
inflammation and are derived from monocytes (5). Monocytes are immature macrophages that
circulate in the bloodstream and then migrate from the bloodstream to the tissue where they
become macrophages (5,6). Tissue macrophages are involved in phagocytosis, antigen
presentation, interact with proinflammatory cytokines, and nitric oxide production (15). These
various functions mean many different subpopulations of macrophages exist (6). Examples of
macrophage subpopulations include Kupffer cells in the liver, microglia in the brain, alveolar
macrophages in the lung alveoli, and pulmonary intravascular macrophages in the lung
capillaries (6,16). Compared to neutrophils, macrophages take longer to respond but are more
robust in their antimicrobial abilities and are able to initiate the adaptive immune response (6).

Mononuclear phagocytes develop in the bone marrow from myeloid stem cells (6,16).
From there they enter the blood where they circulate for approximately 3 days before
migrating into various tissues and differentiating into the aforementioned subpopulations of
macrophages (6). Macrophages express numerous surface, vacuolar and cytosolic molecules
that aid in the detection of invading organisms (16). Macrophages also express numerous
receptors such as Toll-like receptors and opsonin receptors such as CD64 which binds the FC
region of antibodies (6). Macrophages produce numerous secretory molecules such as pro and

anti-inflammatory cytokines like IL-1, IL-6, IL-12, IL-18 and TNF-a (6,16). Macrophages play a



role in neutrophil recruitment in response to tissue damage as well as neutrophil emigration
from blood vessels (6,14). As inflammation progresses, monocytes within the blood respond by
binding to vascular endothelial cells through adherence, rolling and eventually stopping in a
similar fashion as neutrophils (6,14). Intracellular adhesion molecule 1 (ICAM-1) expressed in
endothelial cells bind monocytes so they emigrate into tissues where they become
macrophages (6).

Macrophages reach inflammatory sites hours after neutrophil arrival (6,14).
Macrophages arrive via molecular signals such as DAMPs and ones sent out by neutrophils
themselves (6). Neutrophil granules contain macrophage chemoattractants; dying neutrophils
attract macrophages to inflammatory sites (6). Macrophages phagocytose and destroy bacteria
via both oxidative and nonoxidative mechanisms and are able to execute repeated phagocytic
activity (6). Pathogen degradation is performed by lysosomal proteases while matrix
metalloproteinases (MMPs) work to remodel the extracellular matrix (14). Macrophages are
also capable of phagocytising apoptotic neutrophils (6).

Macrophages may become activated through more than one pathway (6). During
classical activation PAMPs or PRRs activate macrophages that produce proinflammatory
cytokines such as TNF-a and IL-12 (16). These proinflammatory cytokines activate Natural Killer
cells or TH1 lymphocytes which produce interferon-y (IFNy) which activate macrophages
through classical activation leading to M1 cells (6). Lymphocytes from the adaptive immune
system may also secrete cytokines that will direct macrophages to classic (M1) activation (16).
M1 cells have enhanced antimicrobial and inflammatory properties as they are responsible for
host defense, generate nitric oxide and are potent killers of invading organisms (6,16).
Macrophages may also be alternatively activated (M2) by TH2 lymphocytes which produce the
cytokines IL-4, IL-13 and IL-10 that produce M2 cells that work to reduce inflammation (6,16).
M2 cells are produced in the late stages of inflammation where they promote vessel formation,
work on tissue repair and remodeling to promote healing, and reduce microbial killing (6).

Macrophages are part of the first line of defense to potential pathogens that are
inhaled. When inhaled particles enter the respiratory tract they may reach the lung alveoli

where they are then ingested by alveolar macrophages (6). Alveolar macrophages have a



distinct phenotype compared to other macrophages (16). Alveolar macrophages work to clear
particles (microbes, dust and pollutants) from the lung. These particles are then transported
back to the bronchoalveolar junction and removed via mucus flow (6). The WNT/planar cell
polarity (PCP) pathway is another pathway which directs macrophages to an M2 phenotype
within inflamed lung tissue (17). Recent evidence suggests exposure to the pesticide fipronil
alone or in combination with LPS alters this WNT/PCP pathway (17). How pesticide exposure
alone, or in combination with LPS, may alter the lung profile and inflammatory response
(including the recruitment of inflammatory cells such as macrophages), is of special interest to
this research group.

If the inflammatory response is effective at efficiently removing the infection or injury,
healing will begin in the affected area (16). However, if the pathogen is not removed or there is
insufficient tissue repair, inflammation will not be resolved and persist, becoming a chronic
condition (6). The macrophages and lymphocytes will continue to collect near the inflammatory
site and form a granuloma as a result of monocyte recruitment, cell activation and TNF (6,16).
Chronic granulomas have clinical significance as they may continue to grow and destroy normal

tissue and may lead to conditions such as tuberculosis (6,18).

1.3.3 Eosinophils

Another polymorphonuclear, granulated leukocyte involved in the inflammatory
response are eosinophils (6). Although classically associated with the destruction of parasites,
eosinophils can be activated by IL-5 and other TH2 cytokines (6).

Previous studies looking at sex differences in the inflammatory immune response in
airways found a significant difference in eosinophil numbers between male and female mice
(19) with females having significantly greater airspace eosinophilia along with significantly
higher eosinophil peroxidase levels (19). IL-4 and IL-5 levels, known eosinophil
chemoattractants, were also elevated in female mice compared to male mice (19). These
results were consistent with other studies comparing airway inflammation between male and
female mice (20), indicating that eosinophils and associated cytokines are an important marker

when comparing the male and female response following exposure to glyphosate and LPS.



1.3.4 Endothelium

Endothelium plays an important role in inflammation and the migration of inflammatory
cells such as neutrophils (6). Endothelial cells line the walls of blood vessels and express P-
selectin when they are signaled by PAMPs or DAMPs which binds to L-selectin on neutrophils
(6). The vascular endothelium of lungs express TLR4 that recruit neutrophils into the lungs
during LPS induced inflammation (21). Pandher et al. observed increased ICAM-1 and VCAM-1
staining in the large blood vessel endothelium in mice treated with glyphosate (22) indicating
the potential for the increased recruitment of inflammatory cells into the lung following

exposure to glyphosate.

1.3.5 Inflammatory Mediators

Immune system cells are able to synthesize and secrete numerous proteins called
cytokines that regulate the immune response (6). The exposure of PAMPs to immune cells lead
to cell signaling pathways that result in the production of three major proinflammatory
cytokines: tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and interleukin-6 (IL-6). TNF-a
triggers IL-1 and IL-6 to be released, which in turn trigger steps further down in the
inflammatory process (7). IL-1, IL-6, and TNF-a are proinflammatory cytokines whose presence
lead to pathological changes during acute lung injury (23). These various components of the
inflammatory response provide researchers and clinicians opportunities in which they can
measure and assess the immune response during the many different inflammatory states (23).

Tumour necrosis factor (TNF) was first described in 1975 and was so aptly named due to
the observation that it caused necrosis of tumours in vitro (24). Various immune cells such as
activated monocytes, macrophages, activated endothelial cells, and activated T cells are all
capable of TNF expression (25). TNF is a transmembrane 26 kDa protein induced by nuclear
factor-kB (NF-kB), a family of transcription factors responsible for numerous cellular processes

such as inflammation and immunity (26). When membrane TNF is cleaved by TNF-a-converting



enzyme (TACE), the soluble version of TNF is free to circulate in blood plasma and cause effect
at various physiological sites (27). Some of these actions include adherence, migration,
attraction and activation of leukocytes (6). There are two receptor molecules that TNF binds to
(28); TNRF1 or p55/p60, found on most cells, and TNFR2 or p75/p80 found only on immune
system cells (6,28). During the early stages of acute inflammation, TNF-a is released from mast
cells and macrophages (7). TNF-a along with IL-1 acts to increase permeability in the vascular
endothelial cells that line small blood vessels (6). TNF-a also stimulates neutrophils to migrate
to sites of tissue damage and promotes their adherence to vascular endothelial cells (6). An
increase of TNF-a amplifies inflammation by stimulating macrophages to synthesize other
inflammatory mediators like NOX and COX-2 (6).

Interleukin-1 is produced when macrophages are stimulated at the CD14 and TLR4
receptor sites (6). When endotoxin is administered to model acute lung injury there is a
characteristic response of neutrophil infiltration and an early increase of proinflammatory
cytokines such as TNF-a and IL-18 (29). Like TNF-a, IL-1B increases adhesiveness in vascular
endothelium cells along with promoting macrophage synthesis of NOS2 and COX-2 (6). The
family of interleukins that are similar to IL-1 include IL-18, -33, -36, and IL-27 and all play a role
in regulation of the innate immune response (6).

Another cytokine that plays a major proinflammatory role is IL-6. 1I-6 is produced by
macrophages, T cells and mast cells when they are stimulated by endotoxin, IL-1, and IL-6
(6,30). There is evidence that IL-6 facilitates the change from neutrophil-dominated early
inflammation processes to macrophage-dominated response in later stages (6). Additionally, IL-
6 has an anti-inflammatory role by inhibiting some TNF-a and IL-1 activities as well as
promoting IL-10 production (6).

A20, or tumour necrosis factor a-induced protein (TNFAIP)3, is an important anti-
inflammatory protein present in endothelial cells (31). A20 was previously known as nuclear
factor kB inhibitory and antiapoptotic signaling protein, indicating its key role in regulating the
NF-kB signaling pathways which are paramount to many cellular processes (31). In addition to
protecting cells from TNF-induced cytotoxicity, A20 also inhibits NF- kB activation in the

presence of IL-1, PRRS, and T and B cell antigen receptor activation (31). Recent studies have



identified A20 as a disease susceptibility gene following inflammatory and autoimmune
pathology (31) affirming the role of A20 as a key regulator of inflammation. Currently there is
little known about whether there are significant differences in the expression of A20 between

the sexes.

1.4 Lipopolysaccharide

Lipopolysaccharides (LPS), also known as endotoxins, are a class of substances that are a
major component of the outer (32) surface membrane of Gram-negative bacteria (33). LPS is
comprised of a poly- or oligosaccharide portion plus a lipid A component which is believed to be
the main cause of stimulating the innate immune system in eukaryotic organisms (33). LPS and
Toll Like Receptor 4 (TLR4) are intimately linked. When LPS binds to the TLR4 receptor, the TLR4
signalling pathway is activated leading to cellular and molecular inflammatory changes and
signalling events (34,35). These signalling events result in the translocation of nuclear factor —
kB (NF-kB) transcription factor and inflammatory gene transcription (36).

A low dose of LPS is a standard method to evaluate the innate immune response during
inflammation or to model acute lung injury (37) that induces a well characterized increase in
cytokines. For example, TNF-a, IL-1RB, IL-6, IL-10, and interferon-y (INF y) may be measured
along with other indicators of inflammation such as levels of leukocytes, C-reactive protein,
heat shock proteins or LPS-binding proteins (37,38). Along with neutrophils, proinflammatory
cytokines can be produced by monocytes and macrophages, endothelial cells and epithelial
cells (39). LPS is recognized as a factor in the pathogenesis of asthma development and
exposure can lead to airway inflammation and hyperresponsiveness (40). Exposure to LPS in
agricultural workers leads to respiratory symptoms such as coughing, increased phlegm
production, and shortness of breath (41—-43).

When exposure to LPS occurs, monocytes, T cells, and B cells infiltrate the lungs (44,45).
Exposure to LPS also leads to increased expression of ICAM-1 and VCAM-1 by endothelial cells
which in turn leads to increased migration of neutrophils and eosinophils (45,46). Some studies
indicate LPS may act as an adjuvant and enhance the immune response when the immune

system is exposed to other antigens (32), such as pesticides. Given that more than one

10



inflammatory agent is often present during agricultural exposures, it is important to understand

the role of combined exposures, such as LPS with another common agent, glyphosate.

1.5 Glyphosate

Worldwide, glyphosate-based herbicides (GBHs), such as Roundup, are the most
commonly used herbicides (47) although the safety of these herbicides to non-target organisms
is still under question (48). Glyphosate is a broad spectrum, nonselective, organophosphorus
herbicide with high water solubility. It is an herbicide used ubiquitously in both industrialized
and developing countries (49). In 2016, it was estimated that 8.6 billion kilograms of glyphosate
has been used globally (49). Roundup® is the commercial name of the herbicide that is
glyphosate formulated with polyoxyethylene amine (POEA), a surfactant that promotes the
uptake and translocation of the product throughout the target plant (49) and penetrates across
the cuticle of the plant (50). In 2015 glyphosate was re-classified as “probably carcinogenic to
humans” by the World Health Organization’s International Agency for Research on Cancer (51).
Recently glyphosate has gained widespread media attention as lawsuits have been directed at
Monsanto linking their products to cancers such as non-Hodgkin’s lymphoma (52). However, a
large, prospective cohort study of over 40 000 applicators using glyphosate found no
association between it and cancer incidence (47).

In the European Union, glyphosate and aminomethylphosphonic acid (AMPA) levels
were measured in agricultural top soils via liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) and found that glyphosate and/or AMPA were present in 45% of top soils (53). A
study in lowa measured glyphosate and other pesticide residues in human urine via an

immunoassay (enzyme-linked immunosorbent assay {ELISA}) (54).

1.5.1 Glyphosate Mode of Action

GBHs effectiveness as a herbicide is via the Shikimic acid pathway (Henderson, Gervais,
Luukinen, Buhl, & Stone, 2010) and inhibition of the key plant enzyme 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) (56) which is necessary for plant growth. This pathway is

responsible for aromatic amino acid synthesis that are a part of essential metabolic processes in
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plants, fungi and some bacteria (56). Since this pathway is not present in vertebrate cells it was
believed these chemicals would have few deleterious effects on mammals. However, recent
evidence shows GBHs do in fact act through various mechanisms to negatively impact

mammalian biology (56).

1.5.2 Glyphosate Application in Agriculture

Glyphosate is applied to fields prior to planting for traditional agriculture crops and
applied after planting on genetically modified glyphosate-resistant crops (57). It is also used in
chemical summerfallow (chemfallow) in no-till agriculture, and for pre-harvest weed control.
The Environmental Protection Agency (EPA) does not currently recommend any personal
protective equipment (PPE) when using glyphosate, besides what is stated on product labels
which recommends wearing long sleeves, pants, shoes and eyewear during product application
(58,59). The Bayer data sheet does indicate a respirator may be necessary during application as
well as recommending spraying in well ventilated areas (60). It is yet not clear if glyphosate has
the potential to disrupt or provoke an inflammatory response. In addition to glyphosate
exposure occurring during the application of glyphosate, exposure has the potential to occur in
agricultural settings that involve grain handling such as animal feed and farming operations
(61). Furthermore, glyphosate is rarely a single exposure; farmers may be exposed by their own
use, or that of their neighbors over time. Glyphosate exposure is always combined with other
types of field exposure, such as grain dust or other pollutants. The impact of these co-

exposures, and the inflammatory capability of co-exposures is not well understood.

1.5.3 Glyphosate transformation in soil and health outcomes of exposures

Glyphosate, a herbicide intimately linked with canola production, has a significant
association with increased rhinitis among pesticide applicators (62). As of 2018, there are 183
glyphosate containing products on the market in Canada (63). Those exposed to glyphosate
report nose and throat irritation; however there is not yet any evidence that exposure to

glyphosate is linked to an increase in asthma incidence (55).
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Aminomethyl phosphonic acid (AMPA) is often the first decomposition product of
glyphosate (64). The second generation glyphosate-resistant crops have the gene that codes for
the enzyme glyphosate oxidase (65). The glyphosate is broken down into AMPA and a majority
of the pesticide residues are thus AMPA and not the glyphosate itself. The breakdown of
glyphosate in the soil is dependent on climate and soil type but can persist for up to 6 months
(55). Glyphosate has been rarely reported in groundwater and when it is it is only present in
very low concentrations (66). A study conducted by the EPA found 7 out of 27 877 groundwater
samples positive for glyphosate with the highest concentration being 1.1 pg/L (55). In surface
water glyphosate has a half-life of 7-14 days (50). However there is potential for glyphosate to
be present in surface waters near fields where it is applied at a wide range of concentrations,
0.001-5153 pg/L (66).

Although glyphosate is considered of low oral toxicity to mammals (LDso of 800-5000
mg/kg body weight) (67), researchers are curious about chronic effects and are using
correlative research and experimental studies to investigate chronic exposure (68). A study in
Colombia found that the aerial spraying of glyphosate leads to increased medical consultations
with respiratory diagnosis by 0.465% (69). Controlled experiments are necessary as there have
been disputes in the current literature over glyphosate exposure and how it may contribute to
respiratory diseases (68).

There is limited data available on the in vivo inflammatory effects of glyphosate. Kumar
et al. used aerosol samplers (Button Inhalable Aerosol Sampler, SKC Inc., Eighty Four, PA) to
collect glyphosate samples over a 24 hour period during spray season at 3 farms in Ohio. The
samplers were used during the glyphosate spraying season over a 24-hour sampling period at a
flow rate of 4 L/min (70). The glyphosate residues were analyzed from filters and an average
amount of glyphosate/filter of 17.33 pg was recorded. This correlated to an average airborne
concentration of 22.59 ng/m3(70). As these levels of glyphosate were measured during
agriculturally relevant activities in which workers would be exposed, and as these levels were
previously used by other researchers, this same concentration of glyphosate was utilized for
our study. They also extracted endotoxin from the samplers and found an average airborne

concentration of 4.87 EU/m?3. For intranasal instillation of glyphosate to mice either aerosolized
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glyphosate from one of the farm samplers was used at 8.66 pg/ml in 30 ul of PBS daily for 7
days, or reagent grade glyphosate at 100 ng, 1 ug or 10 ug for 7 days (70). The results of this
study showed mice exposed to glyphosate displayed an increase in cell count in lung and
bronchial alveolar lavage, an increase in eosinophil and neutrophils, and increased production
of IL-33, TSLP, IL-13 and IL-5 (70).

Another in vivo study looked at the effects of glyphosate in male rats. It was found that
rats treated orally with higher doses of glyphosate had a significantly lower body weight
compared to vehicle treated rats, indicating systemic effects of glyphosate (71).
Proinflammatory cytokines IL-1B, TNF-a and IL-6 were significantly elevated in rats exposed to
glyphosate compared to control animals (71).

LPS and glyphosate have been shown to be present in the inhalable (less than 10 um)
components of agricultural aerosols (70). A recent study reported data from glyphosate
exposure in combination with LPS over a 1, 5, or 10-day period in C57BL/6 male mice. An
intranasal exposure at an agriculturally relevant concentration of glyphosate (1 pg/40 pl)
resulted in a higher number of neutrophils and increased expression of 1l-4, IL-5, and IL-13 in
the bronchoalveolar lavage fluid; and higher eosinophil peroxidase levels present in lung tissue
compared to control animals (22). Additionally, lung histology showed repeated exposure to
glyphosate resulted in leukocyte infiltration and increased expression of adhesion molecules
ICAM-1 and VCAM-1 in the peribronchiolar, perivascular, and alveolar regions (22).

Taken together, it is evident that repeated, intranasal exposure to glyphosate has an
impact on the immune system through increased expression of inflammatory mediators and
potential systemic effects. Although the interaction of glyphosate plus LPS has been recently

studied in a male mice model, it is not yet known how this exposure may impact females.

1.6 Agriculture Exposures & Respiratory Diseases

There is indisputable evidence that agriculture workers are subject to multiple
exposures that may lead to adverse respiratory conditions (72) (73). It is well documented that
various agriculture practices may contribute to respiratory diseases such as rhinitis, sinusitis,

asthma, chronic bronchitis, hypersensitivity pneumonitis and chronic obstructive pulmonary
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disease (COPD) (74). Symptoms like wheeze, cough, and increased phlegm are significantly
higher in this occupational group (75,76). As well, there is a high association between work-
related asthma and agriculture workers (62,77,78). There are many confounding factors that
make these exposures difficult to assess. Different types of farming establishments exist, for
example ranches for animal husbandry or those devoted only to grain production. Different
farming establishments influences the pollutant profile to which workers are exposed. Other
factors, such as climate, environment and common practices, may also vary (73).

Several different mechanisms may contribute to respiratory symptom reactions such as
nonspecific airway irritation, allergic reactions to dust antigens, inflammatory reactions to
known agents (for example endotoxins), damage to the airway mucosa or bronchial hyper-
responsiveness (79). The mechanisms of how sex differences result from agriculture exposures
is even less well documented but interest in this field is on the rise as women are becoming

more involved in the agriculture industry.

1.7 Sex Differences & Respiratory Symptoms

It is an important distinction to recognize the difference between sex and gender. Sex is
a biological variable influenced by an individual’s hormones, chromosomes, and reproductive
functions (80) while gender is a societal and cultural phenomenon that may affect behaviours
and activities. While it is true that gender may influence aspects of health such as pathogen
exposure or health-seeking behaviours (81), the interest of this study is how biological sex may
alter the inflammatory response.

It is recognized that sex differences in respiratory diseases exist (82), although the
underlying mechanisms are yet to be determined (68). Results are contradictory with some
studies indicating an increased susceptibility to inflammatory lung disease in women compared
to men (83), while other studies show females are able to mount a more robust and efficient
early immune response leading to improved prognosis in surviving acute infections arising from
a variety of pathogens (bacteria, viruses, trauma) compared to males (84—86). Previous
research suggests there is a sex difference in the response to inhaled components such as

cigarette smoke (87), or occupational exposures to dusts, gases and fumes (88) with the effects
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on lung function being more detrimental for women. More women are being diagnosed with
lung disease such as asthma, bronchitis, emphysema, pneumonia, and lung cancer at higher
rates compared to men (89). Additionally, the prevalence rates for conditions such as asthma,
COPD, and other inflammatory disease are increased in women compared to men (89). Various
epidemiological studies suggests females experience a higher incidence of asthma compared to
males (90). Asthma is a disease characterized by airway hyperresponsiveness to inhaled
allergens or other various stimuli. Asthma prevalence is almost double in adult women vs. men
(10.4% vs. 6.2 %) (91). However, pre-puberty asthma is more prevalent in boys and, once
women reach menopause, asthma again becomes more severe in men (90). An explanation for
the increased prevalence of asthma in women is an increase in inflammatory markers during
both premenstrual and menstrual phases (92). Both epidemiology and experimental data
indicate sex hormones may be one of the factors responsible for this disparity of lung diseases
between the sexes (40). However, little research has been done to study sex differences in the
innate immune response (37).

Various factors play a role on whether the inflammatory response will be more or less
pronounced in males or females, including dose level or duration of exposure. One theory is
that the presence of estrogen in females offers a protective effect against mounting an
exaggerated innate immune response. Estrogen has been shown to provide a protective effect
in acute lung injury models (93). Estrogen presence correlates with suppression of LPS induced
acute lung injury via suppression of vascular cell adhesion molecules and proinflammatory
mediators in mouse models (93). Estrogen has also been shown to inhibit the TLR4/TLR2
pathway and reduce expression of IL-1, IL-6, and TNF-a via inhibition of the NF-kB pathway
(94,95) Females develop a more robust immune response to more quickly clear pathogens (81)
but this efficiency may lead to increased prevalence of inflammatory and autoimmune diseases.
Nearly 80% of those affected by autoimmune diseases are women (96,97). Another explanation
for why females exhibit a more efficient immune response compared to males is cellular
mosaicism, where the presence of two X chromosomes in females results in a better ability to

respond to immune stimuli (98,99).
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Card et al. wanted to find out if there was a sex difference in lung function and airway
responsiveness in C57BL/6 mice, a strain commonly used to model lung disease (40). These
investigators compared baseline lung functions and respiratory mechanics and found no
significant differences between the sexes in naive mice (40). When male mice were subjected
to methacholine challenge they were significantly more responsive compared to same age
C57BL/6 female mice (40). Male mice exposed to 50 ug oropharyngeal LPS via aspirating it into
the respiratory tract displayed a severe hypothermic response 1-hour post exposure whereas
the female hypothermic response was not significantly different compared to control treated
mice. Card et al. also wanted to be assured that the observed effects were not specific to
C57BL/6 mice, so their experiments were repeated using BALB/c mice, another strain often
used to model inflammatory lung disease. The results observed in C57BL/6 mice were also
observed in the BALB/c mice (40).

Male mice exposed to 50 pg oropharyngeal LPS had significantly higher levels of cells
present in BAL fluid compared to both control animals and female mice exposed to LPS (40).
LPS-treated female mice did not display significantly higher total BAL cell counts compared to
saline treated female mice but did have higher levels of BAL neutrophils compared to control
animals (40). BAL fluid cell populations were not statistically different between male and female
control animals. Six hours post LPS exposure, TNF-a was significantly higher in males compared
to females (~5000 pg/ml). IL-6 was increased compared to saline treated mice but was not
significantly different between the sexes. The evaluation of lung sections displayed
histopathological scores of LPS-treated female scores that were lower compared to LPS-treated
male mice across parameters such as peribronchiolar and perivascular inflammatory cell influx.
There was no difference found between LPS treated males or females compared to saline
treated mice for whole-lung TLR4 protein levels via immunoblot analysis.

Card et al. found that castrated LPS-treated male mice displayed diminished
hypothermia behaviour, decreased BAL fluid neutrophils and TNF-a levels, and decreased LPS-
induced airway hyperresponsiveness compared to sham operated LPS-treated males.
Ovariectomized LPS-treated female mice did not display significantly different levels of these

inflammatory markers compared to sham operated LPS-treated females demonstrating that
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male sex hormones must play a significant role in the lung’s inflammatory response following
LPS exposure (40). Additionally, LPS-treated female mice implanted with DHT pellets displayed
a significant increase in their LPS inflammatory response and airway hyperresponsiveness equal
to or greater to that of the LPS-treated males. (40).

Males are more likely to mount a TH1 response while females mount a TH2 type
response (19) suggesting that estrogen enhances a TH2 response while testosterone promotes
a TH1 response (19). In a study with C57BL/6 mice that investigated the potential for sex
differences following exposure to multi-walled carbon nanotubes (MWCNTSs) and crystalline
silica (cSI02), it was found there was a sex-based chronic pathology outcome related to the
nano-sized MWCNT particles but not the micron-sized cSiO2 particles (19). Specifically, female
mice mounted an eosinophilic response observed at 24 hours post MWCNT exposure, which
continued through 7-days post exposure; while an eosinophilic response was not observed in
male mice until 7-days post-exposure. Female mice also showed an increase in IL-4 and IL-5
cytokines at 7 day post MWCNT exposure (19). Studies indicate females may be less efficient at
muco-ciliary clearance of pathogens as a result of lung anatomy and/or sex hormone-mediated
regulation of epithelial cell function (100-102). Human female lungs are smaller compared to
male lungs which correlate to a smaller number of alveoli (103). An increase in phagocytic cell
migration was observed in the airway of female animals (19). This exaggerated TH2 type
response observed in the females is consistent with other studies researching allergic-type
inflammation.

Cai et al. found that an intraperitoneal injection of LPS at a dose of 1.5 mg/kg led to an
increased sickness response in male CD1 mice compared to female mice of the same age.
(Sickness symptoms = presence of 4 symptoms: huddling, piloerection, ptosis, and lethargy)
(104). Sickness duration was increased in male mice. Male adult mice also displayed a
significant decrease in body temperature compared to females of the same age. Male mice
showed significantly more TNF-a compared to females. These cytokines were measured in the
blood 10 hours following LPS injection. However, there was no significant difference between
females and males for the cytokines IL-1B, IL-6, IL-10, IL-12, and IFNy (104).The observation of

increased TNF-a in male mice compared to female mice was correlated in a study by Mabley et
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al. who used an intraperitoneal injection of 1 mg/kg intraperitoneally and measured after 90
minutes. This study also noted males produced more MIP-1 vs females (105). A study by Kuo et
al. also observed an increase in TNF-a in male mice compared to female mice, along with an
increase of IL-6 in male mice (106) This study concluded the proinflammatory cytokine response
may be dose and time dependent. There was no sex difference observed in either TNF-a or IL-6
1 hour after LPS injection but there was at 3 hours post injection. These observations were
made 3 hours following IP injection. This study used a range of LPS concentrations of 0.02 ug/g
body weight to 5 pg/g body weight. These studies also noted that the difference in
proinflammatory cytokines between the sexes is likely influenced by the sex hormones as the

differences were not observed in young (<6 weeks old) mice.

A study conducted by Wichmann et al. found that testosterone can decrease
macrophage function leading to suppression of the immune response (107). Reversely,
estrogen can enhance the immune system by stimulating lymphocytes into maturity and
increasing the production of antibodies (108)(109) which leads to a more vigorous cellular and
humoral response in females that leads to a quicker recovery in females than males (110)(111).
There may also be a sex differential component in the expression of TLR2 and TLR4 (112)(113).
Endotoxin-challenged mononuclear cells from male humans demonstrated higher TLR4
expression while splenic lymphocytes from female mice infected with a virus showed higher
TLR2 expression (112)(113). However, these differences in TLR4 and TLR2 expression may be
due to the inflammatory response to a virus compared to a bacterium and not due to a

difference between the sexes.

These results, along with the knowledge that male and female sex hormones can
influence the timeframe in which different inflammatory mediators are resolved, may provide
insight into why different studies have observed conflicting results in regard to the sex
differential response to inflammatory stimuli and release of various inflammatory mediators.

Currently there is limited data on how the inflammatory response to pesticide
exposures or other agriculture exposures and co-exposures may differ between the sexes in

regard to lung inflammation.
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1.8 Techniques for Studying Inflammation

1.8.1 Plethysmography

In addition to monitoring inflammatory mediators (those discussed in 1.3), various
respiratory parameters can add meaningful information in the study of inflammation. Measures
such as forced expiratory volume or total lung capacity can be obtained via spirometry or
plethysmography in humans but may not be as useful in characterizing respiratory diseases in
mice models (114). Although invasive measures such as ventilators to measure pulmonary
function and lung physiological parameters in mice models are very sensitive and specific, there
are limitations to this invasive technique that may encourage researchers to choose the
noninvasive approach of whole body plethysmography (114). Along with requiring an
experienced individual to run the ventilator, invasive methods are time consuming and once
the lung mechanism measurements are obtained, the mice are dead and unavailable for follow
up tests (114). Conversely, whole body plethysmography is a noninvasive method where
several mice may be monitored simultaneously and parameters such as respiratory frequency,
tidal volume, peak flows, and enhanced pause (PenH) can be recorded. Additionally, due to the
noninvasive nature of WBP, these mice can then be used for further experiments (114).
Enhanced pause values, or PenH, allow for measuring an animal’s airway hyperresponsiveness
(AHR) and was first described by Hamelmann et al. (115). They discovered that increased AHR
following methacholine challenge correlated with IgE serum level increase, eosinophil lung
infiltration increase along with increased lung resistance determined by the use of an invasive
method (115). Along with PenH, WBP can record respiratory parameters such as the frequency
of breaths per minute; the minute volume (the amount of air inhaled in one minute), and the
estimated peak expiratory flow rate (PEFB) a parameter often used to quantify asthma severity
(114).

According to DeLorme and Moss, single or double chamber plethysmography are useful
apparatus for the objective measure of physiologic changes in the airways depending on the
specific objectives and data of the project (116). Single chamber plethysmography gives more
accurate analysis of airway reactivity while double chamber plethysmograph provides more

accurate physiological data (i.e. tidal volume and respiratory rate) (116).
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1.8.2 Multiple-image radiography (MIR)

Multiple-image radiography (MIR) is the acquisition of multiple images utilizing
synchrotron x-rays and refraction of x-rays at the interface of tissue and air that generates
contrast to quantify lung optical properties (117). This method is a variation of diffraction
enhanced imaging (DEI) and can be used, for example, to quantify lung optical properties of
acute lung injury following LPS instillation (117). MIR has the capability to produce more
accurate images compared to DEI (118). Due to the high number of air-tissue interfaces present
in the lungs, they are an excellent candidate for MIR imaging (117) where it is possible for the
investigator to make subtle assessments of the lungs following exposure to agents such as LPS
and/or glyphosate. In a study utilizing MIR to evaluate changes in the lungs over a period of
time following LPS exposure in male C57BL/6 mice, it was found that refraction and scatter
were reduced following LPS exposure which represented increase in fluid buildup, or higher
levels of edema in the lungs (119). MIR provides quantitative information on the status of the
lungs following acute lung injury (117) and is a non-invasive technique that could be utilized to

study pulmonary pathologies.

1.9 Summary & Gaps in Current Literature

The overall goal of this project was to study the sex differential inflammatory effects of
a short-term exposure to LPS plus glyphosate in C57BL/6 mice. The inflammatory potential of
exposure to glyphosate in addition to LPS is still being unraveled. While Pandher et al. worked
to establish the respiratory inflammatory potential of exposure to LPS plus glyphosate over
various time points (22), that work was conducted in male mice. It is yet to be established how
this common agriculture exposure may alter the respiratory inflammatory effects in females.
Pandher et al. measured biological indicators of inflammation following repeated exposure to
LPS plus glyphosate such as cytokines important to the innate and adaptive immune response
(22), but how these inflammatory mediators respond to the LPS plus glyphosate exposure in
female mice has not yet been established. Proinflammatory cytokines such as TNF-a and IL-6

have been previously measured following exposure to a low dose of LPS (40,120), but have not
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yet been measured after a repeated low dose of LPS plus glyphosate in female mice.
Furthermore, it is not known if there is a sex differential inflammatory response to these
exposures, thus we evaluated the inflammatory effects of a 5-day co-exposure to LPS plus
glyphosate in female mice and then compared the female response to results obtained from
the same exposure in male mice. Finally, this study aims to establish that multiple image
radiography (MIR) is an appropriate way to measure inflammatory changes to lung structure
following these agriculture exposures, and how this technique compares to results obtained by
other assays. To do this, we compared differences in physiological markers (using whole body
plethysmography) and structural measures (using multiple image radiography) in female mice

following 5-day exposures to LPS, glyphosate, or LPS plus glyphosate.
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Chapter 2: Hypotheses and Objectives

Objective 1: To determine if in female mice the inflammatory effects from a repeated exposure
to lipopolysaccharide (LPS) and glyphosate is significantly different compared to an exposure to
LPS or glyphosate alone.

Research Hypothesis 1: Glyphosate will interact with LPS to induce molecular and respiratory
inflammatory effects that are significantly different compared to each single exposure in female

mice.

Objective 2: To determine if LPS plus glyphosate has additive or synergistic respiratory
inflammatory effects that differ between the sexes.

Research Hypothesis 2: Interactions between LPS and glyphosate will induce molecular
respiratory inflammatory expressions that are significantly different between males and

females.

Objective 3: To observe if there are differences in physiological markers (using whole body
plethysmography and histology) and structural measures (using multiple image radiography) in
female mice exposed to LPS plus glyphosate.

Research Hypothesis 3: Glyphosate will interact with LPS to induce physiological and structural
respiratory inflammatory effects that are significantly different compared to each single

exposure in female mice.
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Chapter 3: Lung Inflammation after Repeated Exposure to LPS and Glyphosate in

Female Mice

3.1 Abstract

Agricultural industries are rich with airborne pollutants including dust and pesticides.
Workers in the agriculture industry are at risk for developing respiratory effects from work
exposures. Very little is known of the effects of agricultural exposures on females. It is unclear if
exposure to glyphosate (an herbicide prevalent in crop production) causes lung inflammation
from inhalation. Furthermore, agriculture workers are exposed to a mixture of pollutants, not
just a single agent. Little data exists on the inflammatory potential of mixed exposures common
in agriculture, in particular, lipopolysaccharide (LPS), a component of grain dust, and
glyphosate. The objective of this work was to understand the inflammatory potential of single
and combined exposures to glyphosate and LPS in female mice.

C57BL/6 female mice were intranasally treated with glyphosate (1ug), LPS (0.5ug),
combined LPS + glyphosate (LPS: 0.5 pg + glyphosate: 1ug), or HBSS for 5 days. Following
treatments, mice were euthanized and bronchoalveolar lavage fluid (BAL) and lung tissue were
collected. BAL was collected and analyzed for cellular changes. Lung tissues were stained to
observe structural changes.

Mice exposed to both LPS and glyphosate for 5 days had significantly higher airway
restriction compared to the group treated with only glyphosate, and the control group. The
pro-inflammatory cytokines/chemokines TNF-a, KC, IL-6, MCP-1, and MIP-2 were significantly
higher in combined LPS and glyphosate treated mice compared to those treated with either
glyphosate alone, or controls, but not different from the LPS only group. Levels of
myeloperoxidase expression was significantly higher in mice treated with LPS or LPS plus
glyphosate, compared to other treatment groups. Histology revealed greater recruitment of
cells into alveolar regions in the lungs of the mice from the combined LPS and glyphosate
treated group as compared to other treatments.

Female mice, exposed to the combination of LPS and glyphosate for 5 days showed an

increase in inflammatory mediators compared to control animals, or those treated with only
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glyphosate. These observations were a result of LPS driving the inflammatory response by

interacting with glyphosate in the combined exposure.

3.2 Background

The evidence is mounting that workers in the agriculture industry are at risk for
developing deleterious respiratory effects from workplace exposures including grain dust and
pesticides. Glyphosate; an herbicide with prevalent use in agricultural, may affect the lungs.
Agriculture workers are commonly exposed to more than one pollutant at a time; if there is an
interaction between glyphosate and lipopolysaccharide (a component of grain dust) and how
this interaction contributes to respiratory inflammation has yet to be determined. This study is
the first to study the potential additive and/or synergistic inflammatory effects of LPS and
glyphosate in female mice.

Lipopolysaccharides (LPS), also known as endotoxins, are a class of substances that are a
major component of the outer (32) surface membrane of Gram-negative bacteria (33). A low
dose of LPS is a standard method to evaluate the innate immune response during inflammation
or to model acute lung injury (37) that induces a well characterized increase in cytokines. For
example, TNF-a, IL-1B8, IL-6, and IL-10 may be measured along with other indicators of
inflammation such as levels of leukocytes, C-reactive protein, heat shock proteins or LPS-
binding proteins (37). Some studies indicate LPS may act as an adjuvant and enhance the
immune response when the immune system is exposed to other antigens such as pesticides
(32). There is mounting evidence that exposures to pesticides, in combination with LPS,
produces an inflammatory response that is significantly increased compared to the response
measured from exposure to the pesticide alone (32)(121).

Worldwide, glyphosate-based herbicides (GBHs), such as Roundup, are the most
commonly used herbicides (47). Glyphosate is an herbicide used ubiquitously in both
industrialized and developing countries (49). In Canada, there are 183 products on the market
that contain glyphosate (63). Glyphosate, an herbicide intimately linked with canola production,
has been shown to have a significant association with increased rhinitis among pesticide

applicators (62). Those exposed to glyphosate report nose and throat irritation; however, there

25



is not yet any evidence that exposure to glyphosate is linked to an increase in asthma incidence
(55).

There is limited data available on the in vivo inflammatory effects of glyphosate. Kumar
et al. used aerosol samplers (Button Inhalable Aerosol Sampler, SKC Inc., Eighty Four, PA) to
collect glyphosate samples over a 24 hour period during spray season at 3 farms in Ohio. The
glyphosate residues were extracted from suspensions eluted from the filters and glyphosate
levels were determined to be at an average airborne concentration of 22.59 ng/m?3(70). Kumar
et al. also extracted endotoxin from the samplers to determine an average airborne
concentration of 4.87 EU/m3. For intranasal instillation of glyphosate, female mice were given
either aerosolized glyphosate from one of the farm samplers used (8.66 pg/ml in 30 ul of PBS)
daily for 7 days, or reagent grade glyphosate at 100 ng, 1 ug or 10 ug for 7 days (70). The results
of this study found female mice exposed to either glyphosate-rich air samples or reagent grade
glyphosate experienced an increase in cell count in lung and bronchial alveolar lavage, an
increase in eosinophil and neutrophils, and increased production of IL-33, TSLP, IL-13 and IL-5
(70).

Previous studies looked at a glyphosate exposure in combination with LPS overa 1, 5, or
10-day period in male mice to measure the respiratory inflammatory response. An intranasal
exposure at an agriculturally relevant concentration of glyphosate (1 ug/40 pl) resulted in a
higher number of neutrophils and increased expression of IL-4, IL-5, and IL-13 in the
bronchoalveolar lavage fluid; and higher eosinophil peroxidase levels present in lung tissue
compared to control animals (22). Additionally, lung immunohistochemistry showed repeated
exposure to glyphosate results in leukocyte infiltration and increased expression of adhesion
molecules ICAM-1 and VCAM-1 in the peribronchiolar, perivascular, and alveolar regions (22).

As the study mentioned above, and much of the current literature to date, focuses on
exposure effects of male mice; this study will focus on the inflammatory effects on female mice

exposed to common agricultural exposures: LPS and glyphosate.
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Objective: To determine if in female mice the inflammatory effects from a repeated exposure
to lipopolysaccharide (LPS) and glyphosate is significantly different compared to an exposure to

LPS or glyphosate alone.

Research Hypothesis: Glyphosate will interact with LPS to induce molecular and respiratory
inflammatory effects that are significantly different compared to each single exposure in female

mice.

3.3 Materials and Methods
Animals

C57BL/6 female mice (Charles River Laboratory, Quebec, Canada) aged 8-10 weeks were
used. The mice were housed in ventilated cages in the Laboratory Animal Services Unit (LASU)
at the University of Saskatchewan where commercial rodent chow and water was available ad
libitum. The animals were acclimatized to the whole-body plethysmography (WBP) chambers
(Buxco FinePointe Whole Body Plethysmography 4-site system; Data Sciences International,
Minneapolis, MN) for 20 minutes per day at least twice prior to the start of treatments.
Experiment protocols were approved by the Animal Ethics Research Board of the University of
Saskatchewan (AUP 20190017). All animal work was performed in accordance with the

Canadian Council on Animal Care guidelines.

Study Design

Twenty mice were randomly divided into 4 groups (n=5/group). Nasal instillation was
used to administer either LPS, glyphosate, LPS + glyphosate (LG), or Hank’s Balanced Salt
Solution (HBSS) (control). The control group received 40 pl of HBSS (Life Technologies, Grand
Island, NY, without calcium, pH 7.4). The LPS group received LPS in HBSS (0.5 ug/40ul) (1
mg/ml; E. coli serotype 0111:B4, Sigma, St Louis, MO). The glyphosate group received GLY in
HBSS (1 ug/40 ul) (0.85 M; analytical grade PESTANAL standard, Sigma, St Louis, MO). The LG
group received both LPS and glyphosate in HBSS (0.5 ug LPS + 1 ug glyphosate/40 pl). Mice

were lightly anesthetized using isoflurane and treated intranasally with 40 pl of the treatment
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solution. Treatments were given daily for 5 days to mimic a typical work week. Following each
exposure, mice were allowed to recover from anesthesia in a separate container before being
placed back in their respective cages. After exposure on the 5" day, mice were placed back in
the cages for 4 hours. Following the four-hour period, mice were placed in the WBP chambers
for 20 minutes to collect respiratory data. Once WBP analysis was complete, mice were

euthanized and blood, BAL, and lung tissue were collected and analyzed (Figure 3.1).

C57BL/6, female mice
Treatment: Lipopolysaccharide (LPS), Glyphosate (GLY), LPS + glyphosate (LG), HBSS (CTL)

! ! l :

Lipopolysaccharide Glyphosate (GLY) LPS + Glyphosate
(LPS) N=5 O (LG)
N=5% ! N=5%

! ! ! !
! ' '

Exposure: nasal instillation of treatment or control once a day for 5 days.
Whole body plethysmography (n=5 per group): measurements on day 5, 4 hours after treatment.

HBSS (CTL)
NoS 0

[ Euthanize animals and collect blood, lavage and tissue samples . ]
Cytokine and chemokine assessment of lavage. Cell Staining & Histochemical PCR
Inflammatory cytokines: TNF-a, IL-6, KC, MCP-1, MIP- Lavage cell staining; TLC; H&E staining —

1a, IL-B, IL-10, IL-13, IL-5, IL-4, IL-33 Immunohistochemistry: ICAM, VCAM, GR-1

TLR2, TLR4, hsp72, ICAM-1, TNFAIP3,

Figure 3.1: Experimental Design

Sample Collection and Analysis
Whole Body Plethysmography

Following treatment on day 5, four hours after treatment, mice were placed into whole
body plethysmography chambers to monitor the respiratory changes according to the
manufacturer’s protocol. Mice were placed into calibrated chambers and respiratory measures
(enhanced pause {PenH}, average frequency of breath, minute volume, and peak expiratory

volume) were recorded every 2 seconds for 20 minutes; these results were averaged per
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animal. Animals were continuously monitored for any indications of pain or distress. Data

collection was done using FinePointe software (Data Sciences International, Wilmington, NC).

Blood and Hormone Analysis

The blood was collected from mice via cardiac puncture. Whole blood with EDTA was
stored in -80°C until further analysis. Blood samples were sent to Eve Technologies (Calgary, AB)
for quantification of estradiol, testosterone, cortisol, progesterone, triiodothyronine (T3), and

thyroxine (T4) using the steroid/thyroid hormone 6-plex discovery assay.

Bronchoalveolar Lavage

The bronchoalveolar lavage (BAL) fluid was collected by washing the lungs three times
with 0.5 mL HBSS. BAL fluid was centrifuged at 1000 x g for 10 minutes at 4°C and the
supernatant was stored at 80°C for future analysis. The cell pellet was resuspended in HBSS and
kept on ice. Total leukocyte counts (TLC) were measured using a hemocytometer and expressed
as an absolute number. Total protein concentration in BAL fluid was determined using the
Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA). The plate was read at

562nm on a BioTek SynergyHT plate reader (BioTek, Winooski, VT).

Lung Tissue Collection

Following BAL fluid collection, the right lung was tied at the primary bronchus, removed,
flash-frozen in liquid nitrogen and stored in -80°C for mRNA and protein analysis. The left lung
was inflated with 200 pL of 4% paraformaldehyde (PFA), removed and fixed in 4% PFA for 16
hours at 4°C followed by two overnight washes with 70% ethanol. The fixed tissues were
processed through a series of alcohols in an Intelsint RVG/1 Histology Vacuum tissue processor
(Intelsint; Turin, Italy), followed by embedding in paraffin using a Tissue Tek Il tissue embedder

(Sakura Finetek; Nagano, Japan).

Eosinophil peroxidase, and Myeloperoxidase Levels
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Lung homogenates were prepared using 2 mm Zirconia beads (BioSpec, Bartlesville, OK)
in tubes containing 500 pL RIPA Lysis Buffer containing 1X Halt Protease and Phosphatase
Inhibitor Cocktail (ThermoFisher Scientific, Waltham, MA) in a BioSpec Mini-Beadbeater-24
homogenizer (BioSpec, Bartlesville, OK) twice for 2 minutes, with cooling on ice for 5 minutes in
between rounds. Myeloperoxidase (MPO) was quantified using a Mouse Myeloperoxidase
DuoSet ELISA (R&D Systems, Minneapolis, MN). Eosinophil Peroxidase (EPO) was quantified using
a Mouse Eosinophil Peroxidase/EPX ELISA assay (Lifespan Biosciences, Seattle, WA). Plates for
MPO and EPO quantification were read at 450 nm on a BioTek SynergyHT plate reader (BioTek,
Winooski, VT).

Lung Histology
Sections of 5 um thickness were cut from the embedded lung tissue using an Microm 350S
microtome (Microm, Germany). Tissue sections were stained with Hematoxylin and Eosin

according to the Histology Core Facility’s protocol (https://healthsciences.usask.ca/facility-

services/histology-core-facility.php) and coverslipped using Surgipath MM24 Mounting Media

(Leica Biosystems, Richmond, IL USA). These slides were imaged on an Aperio CS2 virtual
microscopy system (Leica Biosystems, Concord ON Canada) as well as a bright field microscope
equipped with an Infinity 5-5 Microscope camera (Teledyne Lumenera, ON Canada) at 10, 40 and

100x magnification.

Immunohistochemistry

Lung sections were incubated with primary antibodies followed by
appropriate secondary antibody. Briefly, lung sections were rehydrated through a series of
xylene and descending grades of alcohol. Lung sections were covered with 0.5% hydrogen
peroxide in methanol for 20 minutes to quench tissue peroxidase activity. The sections were
covered with 2 mg/ml of pepsin in 0.01 N hydrochloric acid (HCl) for 45 minutes to unmask
antigens. Next the sections were covered in 1% bovine serum albumin (BSA) for 30 minutes to
block non-specific binding sites. The sections were incubated overnight at 4° C with the primary

antibody in 1X TBS + 1% BSA. The following primary antibodies and concentrations were used:
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ICAM-1 (dilution 1:100; rabbit monoclonal anti-mouse ICAM-1, ab79707, Abcam Inc., ON
Canada). Following overnight incubation, the sections were covered with anti-rabbit secondary
antibody (Agilent Dako, Mississauga, ON). Sections were covered with NovaRed solution
(Vector laboratories, Burlington, ON Canada) for 1-5 minutes and then counter-stained with
methyl green nuclear stain for 5 seconds. Sections were coverslipped using Surgipath MM24
Mounting Media (Leica Biosystems, Richmond, IL, USA). Von Willebrand Factor (dilution 1:200;
rabbit monoclonal anti-mouse vVWF, ThermoFisher Scientific, Waltham, MA, USA) was used as a
positive control. Additionally, controls of staining without primary antibody, secondary

antibody, or both, were completed.

ELISA

Quantification of TNF-a, IL-6, KC, MCP-1, MIP-2, IL-1p IL-10, IL-13, IL-5, IL-4, IL-33 in BAL
fluid was determined using a Custom ProcartaPlex Luminex Immunoassay (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer’s specification for magnetic bead-based
ELISAs. Plates were read using a Bioplex 200 system (Bio-Rad, Mississauga, ON) and Bioplex

Manager Software (Bio-Rad, Mississauga, ON).

RNA purification, cDNA synthesis and Real-time PCR

RNA was extracted from lung tissue using Qiagen RNeasy Plus Mini Kit (Qiagen,
Chatsworth, CA USA) according to manufacturer’s instructions for tissue extraction. The
concentration of total RNA was quantified for each sample using a Take3 plate and BioTek
Synergy HT plate reader (BioTek, Winooski, VT USA). cDNA was generated using iScript Reverse
Transcription Supermix (BioRad, Hercules, CA USA) using 0.5 ug mRNA according to the
manufacturer's instructions.

Real-time PCR reactions were carried out in duplicate in a CFX96 Touch Real-Time PCR
Detection System (BioRad, Hercules, CA USA). Expression of mouse TLR2 (Mm00442346_m1),
TLR4 (MmO00445273_m1), HSPala (Mm01159846_s1) ICAM-1(Mm00516023_m1), and TNFAIP3
(Hs00234713_m1) (Life Technologies, Grand Island, NY USA) were assessed. The reaction was

first incubated at 50°C for 2 minutes, at 95°C for 10 minutes, then 40 cycles of 15 seconds at
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95°C, then finally 1 minute at 60°C. To determine the relative quantification of each target

gene, the AACt method was used.

Statistical Analysis

GraphPad Prism 9 (Graph-pad Software, San Diego, CA) was used to complete statistical
analysis and preparation of graphs. Data are presented as mean + standard deviation (SD). For
cytokine levels below the predicted limit of detection a value less than the lowest detected
value, or a value equal to half the lowest level of quantification (LLOQ) was used. Statistical
significance was determined using one-way ANOVA with a follow-up Tukey test for multiple
comparisons. If the assumption of equal variance using the Brown’s Forsythe test was not met,
a non-parametric Kruskal Wallis (KW) test was used. A p-value of <0.05 was considered

significant.

3.4 Results
Whole Body Plethysmography

For the parameters of Peak Expiratory Volume and Minute Volume there were no
significant differences between any of the treatment groups (Figure 3.2). Enhanced pause
(PenH), was significantly higher in the combined (LG) group compared to the glyphosate (GLY)
and control (CTL) groups, but not different from the LPS group. The average breath frequency
of the LG group was significantly lower compared to the CTL group. There were no significant

differences between the LPS and LG groups for any of the WBP parameters.
Hormone Analysis

There were no significant differences between any of the treatment groups for the
hormone panel analysis of estradiol, testosterone, cortisol, progesterone, triiodothyronine (T3),

and thyroxine (T4) (Figure 3.3).

Leukocyte Counts in Bronchoalveolar Lavage Fluid
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There were no significant differences between any of the treatment groups for total

leukocyte counts present in the bronchoalveolar lavage fluid (Figure 3.4).

Protein Expression in Lungs

There were no differences in vascular permeability between any of the treatment
groups (Figure 3.5A).

For eosinophil peroxidase concentration, the combined treatment group (LG) was
significantly lower compared to only the control (CTL) treatment group (Figure 3.5B).

The myeloperoxidase concentration in the LPS and LG groups was significantly higher
compared to the myeloperoxidase concentration of the CTL group (Figure 3.5C). Both the LPS
and LG groups were also higher compared to the glyphosate treatment group, but not
significantly so. There were no significant differences between the LPS and LG groups for either

myeloperoxidase or eosinophil peroxidase expression.

Lung Histology

Representative images from treatment groups showed leukocyte infiltration in the
perivascular, peribronchial, and alveolar regions of the animals treated with glyphosate and
LPS, whereas robust leukocyte infiltration was present in these regions in the combined (LG)
treatment group (Figure 3.6). Disruption and thickening to the alveolar epithelium was also
present in the LPS and combined treatment groups. Increased thickening of the bronchial

epithelium was present in the lungs of the LG group.

ICAM-1 Staining

Images from the treatment groups showed typical ICAM expression in the alveolar
regions (Figure 3.7). LPS and combined (LG) treatment groups showed increased ICAM
expression in the perivascular region compared to sections from the glyphosate and control

animals.

GR-1 Staining
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Images from the treatment groups show increased GR-1 expression in the combined
(LG) treated animal (Figure 3.8) in the bronchial epithelium compared to sections from the

other treatment groups.

Cytokines in BAL

There were no significant differences between any of the treatment groups for the
expression of IL-10, IL-13, IL-33, IL-4, and IL-5 (Figure 3.9). The combined (LG) treatment group
showed a significantly higher expression of KC, IL-1B, IL-6, MCP-1, MIP-2, and TNF-a compared
to the glyphosate (GLY) and control (CTL) groups (Figure 3.9). There was no significant
difference between the LG group and the lipopolysaccharide (LPS) group for any of these

cytokines.

ICAM, TLR2, TLR4, HSP, and A20 expression in lungs

There was no significant difference between any of the treatment groups for the
expression of ICAM, TLR2, TLR4, and HSP (Figure 3.10). The glyphosate (GLY) treatment group
showed a significantly higher expression of A20 compared to the combined (LG) treatment
group (Figure 3.10E). There was no significant difference between the LPS and LG groups for

any of these markers.

34



>
w

8 * 600 %
5 T 5 —
o 6- — 0]
o S 2 %
S o E
5 4- i 5 400
o QS
) O w©
Q < g9
8§ 27 o °a
-E <
T . &ap O ox»
0 1 1 1 1 200 1 1 1 |
LPS GLY LG CTL LPS GLY LG CTL
C D
10— __ 200-
: £
5 87 = 1504
> T [
> 5 64 = Q
o
3 S feoBBE®
= = 0
-E-E 4_ ’ g @ U
ﬁ 2- =
g =
0 0 T T 1

| | | | |
LPS GLY LG CTL LPS GLY LG CTL
Figure 3.2: Whole body plethysmography (WBP) data presented as mean + SD (n=5-6). Mice
were exposed to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control

(CTL) for 5-days. WBP data was averaged for 20 minutes and presented as mean + SD. *
indicates significance level of p < 0.05.
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Figure 3.3: Hormone analysis from mouse blood samples. Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days.
Presented as mean + SD (n=5-6). No significant difference was detected between any of the
treatment groups.
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Figure 3.4: Total leukocyte counts present in bronchoalveolar lavage fluid. Mice were exposed
to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-
days. Presented as mean + SD (n=5). No significant difference was detected between any of the
treatment groups.
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Figure 3.5: Protein concentration data presented as mean + SD (n=5-6). Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days.
* indicates significance level of p < 0.05. ** indicates significance level of p < 0.01.
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Figure 3.6: H&E staining of female mice lungs of control animals (A) or treated with
lipopolysaccharide (B), glyphosate (C), or LPS plus glyphosate (D) for 5 days. Images show
leukocyte infiltration in perivascular (square), peribronchiolar (circle), and alveolar (diamond)
regions. Lightning bolt — epithelium disruption. Magnification: 40x objective.
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Figure 3.7: ICAM expression in female mice lungs of control animals (A), or treated with
lipopolysaccharide (B), glyphosate (C), or LPS plus glyphosate (D) for 5 days. Images show ICAM
expression in perivascular (square) and alveolar (diamond) regions. Magnification: 40x
objective. B — bronchus; PA — Pulmonary Artery
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Figure 3.8: GR-1 (neutrophil marker) expression in female mice lungs of control animals (A) or
treated with lipopolysaccharide (B), glyphosate (C), or LPS plus glyphosate (D) for 5 days.
Images show expression in bronchial epithelium (square) and alveolar (diamond) regions.
Magnification: 40x objective. B — bronchus
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Figure 3.9: Cytokine levels (pg/ml) in bronchoalveolar lavage fluid. Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days.

Presented as mean + SD (n=5). * indicates significance level of p < 0.05. ** indicates significance
level of p < 0.01.
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Figure 3.10: Real time PCR of ICAM, TLR2, TLR4, HSP, and A20 from mice lung tissue presented
as fold changes. Mice were exposed to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus
glyphosate (LG) or control (CTL) for 5-days. Presented as mean + SD (n=5-6). * indicates

significance level of p < 0.05.
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3.5 Discussion

The female inflammatory respiratory response to common agricultural exposures such
as LPS and glyphosate has yet to be determined. Female workers are prevalent in the
agriculture industry and while it is known that the female inflammatory response differs
compared to the male response (81), the research to date has been primarily concerned with
that of the male response to agricultural exposures. This is the first study which evaluates the
inflammatory response of female mice exposed to a combination of LPS and glyphosate and
revealed female mice exposed to a combined exposure demonstrated an increase in
inflammatory mediators compared to control animals, or those treated with only glyphosate.
The results show that in female mice LPS is driving the inflammatory response and the addition
of another inflammatory agent, glyphosate, impacts but does not have a robust alteration to
inflammatory effects after 5 days of exposure.

The WBP results show mice that received LPS and LPS plus glyphosate had higher PenH
compared to the other groups. Whole body plethysmography (WBP) is a noninvasive technique
to evaluate various respiratory parameters such as respiratory frequency, tidal volume, peak
flows, and enhanced pause (PenH). Enhanced pause, or PenH, is one such parameter that is
considered to be a marker for airway resistance in the lungs. Airway resistance is a well-known
response to LPS in female mice (122). However, the addition of glyphosate to the LPS resulted
in higher PenH as compared to the control group, suggesting that the addition of another
inflammatory agent resulted in greater airway restriction. In addition, the average breath
frequency was significantly lower in the group receiving the combination of LPS and glyphosate
as compared to the control group. However, LPS administration has been shown to increase
breathing frequency (123). This indicates the addition of the glyphosate caused the combined
treatment group to experience more difficulty in maintaining a normal rhythm of breath
compared to control animals. Previous studies have also observed decreases in respiratory
function following LPS exposure at a dose similar to the one used in our study and used both
male and female mice (40). Our findings reinforce that a low dose exposure to LPS can
significantly inhibit respiratory function and the addition of glyphosate further compounds

these respiratory effects.
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The results reveal that myeloperoxidase expression is significantly higher in the LPS and
LPS plus glyphosate treated mice. It has well been established that exposure to LPS leads to the
recruitment and activation of neutrophils (124). As myeloperoxidase expression is a surrogate
marker for the presence of neutrophils, our results corroborate this. The higher levels of
neutrophils present in the combined (LPS plus glyphosate) treated animals is also evident in our
immunohistochemistry results as there is higher levels of GR-1 expression present in the
bronchial epithelium of the combined treatment group. However, TLR4, a ligand well
documented to be involved in neutrophil recruitment, was not upregulated in these treatment
groups though MPO expression was. Given that these results were after 5 days of exposure,
inflammatory resolution may have already began as females are known to respond quickly to
LPS (35).

The inflammatory mediator results show that female mice exposed to the combination
of LPS and glyphosate could be differentiated from mice exposed only to LPS. There were no
significant differences between any of the treatment groups for the expression of ICAM, TLR4,
and HSP. However, this is expected given that in female mice inflammatory resolution has been
shown within 36 hours after exposure (35), and these were five-day exposures. Of interest is
the TLR2 expression, which was higher in the combined treatment group. TLR2 has been shown
to be an important PRR in asthma-like inflammatory responses. Furthermore, exposure to the
combined treatment resulted in significantly higher expression of proinflammatory cytokines
(KC, IL-1B, IL-6, MCP-1, MIP-2, and TNF-a). These cytokines are important proinflammatory
mediators and suggest a potentiation in inflammation when glyphosate and LPS are co-
exposed. Additionally the H&E and immunohistochemistry results adds additional support of
potentiation between LPS and glyphosate as representative slides from this treatment group
displayed robust leukocyte infiltration, thickening of the alveolar epithelium and bronchial
epithelium, and increased ICAM expression in the perivascular region; these effects were not
observed in the animals treated only with LPS. The macrophage inflammatory protein (MIP-2)
expression also reveals potentiation in inflammatory response when glyphosate and LPS are
combined in an exposure. MIP-2 is a proinflammatory chemokine that attracts macrophages

and facilitates the neutrophilic inflammatory response. MIP-2 production from eosinophils has
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also been shown to be an important chemokine in allergic lung inflammation (125). To the best
of our knowledge, there has been no previous studies investigating how glyphosate and LPS
alter the expression of macrophage inflammatory protein. These results add additional
evidence to the work of Pandher et al., who found that in male mice the same concentration of
LPS plus glyphosate in a 5 day exposure led to an asthma like phenotype that was distinguished
by higher neutrophil numbers and higher expression of TLR2 (121).

These results further justify that the combination of glyphosate and LPS is driving an
inflammatory response that is different than LPS alone. It has previously been demonstrated
that female mice are more easily able to overcome endotoxemia (126). In our study,
considering that for many proinflammatory cytokines, the levels remained significantly higher
in the LPS plus glyphosate treatment group but not in the LPS alone group, it is possible the
presence of glyphosate is interacting with the LPS and prolonging the expression of these
proinflammatory cytokines. This indicates the effects from the combined treatment group take
longer for the inflammatory system to resolve as compared to single exposures. Based on the
various inflammatory mediators measured, the systemic effects of the combined exposure
appear to be resolving; however, the increased thickening of the bronchial epithelium evident
in the histology results supports the respiratory system and the lung architecture sustained
effects from the combined exposure.

Hormone levels in female mice are known to contribute to regulating the inflammatory
response (93). In our study there was no difference in hormone expression between any of the
treatment groups. Exposure to pesticides is often associated to hormone disruption. As no
significant differences between any of the treatment groups for the hormone panel analysis of
estradiol, testosterone, cortisol, progesterone, triiodothyronine (T3), and thyroxine (T4) (Figure
2.2) were observed; this adds confidence to our study design as the effects we observed in the
respiratory system were not a result of the agents we used impacting the endocrine system. As
hormone levels are known to fluctuate throughout lifetime, especially in females, another study
evaluating if the results observed in our 6-8 week old female mice changes during different
time periods (such as during pregnancy or post menopause) would add considerable

understanding to this area of study.
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The sample size of 5 per treatment group was used as it was the smallest number we
could use to be able to discern significant differences between treatment groups while still
minimizing the number of animals used in our study. Increasing the sample size of each
treatment group would increase the power and robustness of our statistical analysis and would
further justify that the results we observed were a real phenomenon. In this study the
concentrations of LPS and glyphosate used are based on those found in the real world adding
validity to our study. The concentration of glyphosate used is one that has been used in
previous studies in the same strain of mouse making for ease of comparison between results.

A difficulty we encountered was that differential cell counts (DLC) were not able to be
performed due to issues with the protocol used. As the results from our total cell count did not
show any differences between treatment groups, having the DLCs may have provided valuable
insight as to whether specific cell populations were driving the differences between treatment
groups observed in other inflammatory mediators. Based on the myeloperoxidase expression
results it is likely there would be higher neutrophil counts for the combined treatment LPS

treatment group.

3.6 Conclusion

This research is the first to show how exposure to two common agricultural respiratory
contaminants, LPS and glyphosate, impacts the lungs of female mice following a 5 day
exposure. Female mice, exposed to LPS and glyphosate for 5 days showed higher levels of
inflammatory mediators compared to control animals, or those treated with only glyphosate.
While the effects observed in the combined treatment group compared to the animals exposed
to just LPS were not significantly different, inflammatory mediators such as proinflammatory
cytokines were elevated in LPS plus glyphosate group, indicating that while female mice are
able to ameliorate the effects of LPS after 5 days, the addition of the glyphosate molecule
makes it more difficult for the animals to return to baseline levels such as those observed in the

LPS only treated animals.

46



CHAPTER 4: Differences in Inflammatory Response Between the Sexes Following
an Agriculture Respiratory Exposure

4.1 Abstract

There is increasing evidence that workers in the agriculture industry are at risk for
developing deleterious respiratory effects from workplace exposures. Common exposures
include dust containing high levels of lipopolysaccharide, and pesticides, commonly glyphosate.
Dust exposure has been well studied in this industry. Agriculture workers are commonly
exposed to more than one pollutant at a time, exposure to the combination of dust and
pesticides being very common. Studies more commonly describe the response of males to
agricultural exposures. Very little is known about the female inflammatory response to
common agricultural exposures and no studies to-date have evaluated the sex differential
responses to the combined exposure to common agricultural exposures of lipopolysaccharide
and glyphosate.

C57BL/6 female and male mice were intranasally treated with glyphosate (1ug), LPS
(0.5pg), combined glyphosate + LPS (glyphosate: 1ug + LPS: 0.5ug), or HBSS for 5 days.
Following treatments, mice were euthanized and bronchoalveolar lavage fluid (BAL) and lung
tissue were collected. BAL was collected and analyzed for cellular changes. Lung tissues were
stained to observe structural changes.

Mice exposed to both LPS and glyphosate daily for 5 days showed a significantly
different respiratory inflammatory response between males and females. The males showed
higher levels of inflammatory mediators including proinflammatory cytokines,
myeloperoxidase, TLR2, TLR4, and ICAM-1 expression compared to female mice. Histology
revealed male mice have a much more robust leukocyte infiltration as compared to female
mice exposed to the combination of LPS and glyphosate after a 5-day exposure.

This is the first study to elucidate the differences in inflammatory mediators between
the sexes following a short-term agriculture respiratory exposure to lipopolysaccharide and

glyphosate.
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4.2 Background

It has been previously established that agriculture workers are exposed to numerous
potential pollutants, including grain dust and pesticides. The majority of the research to-date
has focused on the respiratory and inflammatory effects in male animals and workers. Female
workers make up approximately 25% of the agricultural working population. Very little is known
about the female response to common agricultural exposures. Agriculture workers are
commonly exposed to more than one pollutant at a time; how the interaction between
glyphosate and lipopolysaccharide (a component of grain dust) will differentially affect the
sexes is not known. This study is the first to evaluate sex differential inflammatory responses
from exposure to common agricultural components LPS and glyphosate.

Evidence demonstrates that across species, females have better outcomes in surviving
acute infections arising from a variety of pathogens (bacteria, viruses, trauma) compared to
males (127)(128). It has been demonstrated that females are more efficient and more likely to
recover from sepsis (126). An efficient innate immune response is comprised of quickly clearing
the pathogen and avoiding damage to tissues that can arise as a result of the body being in a
prolonged state of inflammation. Conversely, increased efficiency mean females are more
predisposed to developing autoimmune diseases such as lupus or rheumatoid arthritis (129).

Females mount a more robust early immune response leading to improved prognosis
(126). These improved outcomes in females may be due to sex differences in immune cells
leading to increased efficiency in innate immunity (127) and cell mediated immune responses.
Female mice and rats possess higher numbers of mononuclear leukocytes present in the pleural
and peritoneal cavities (128) and macrophages derived from female mice demonstrate
increased phagocytic activity (128). In a mouse model of streptococcal peritonitis, female mice
expressed lower levels of proinflammatory cytokines, lower levels of neutrophils, and better
control of the infection (128). Additionally, female mice possess double the level of resident
CDA T cells compared to males (128).

Evidence suggests the presence of estrogen in females offers a protective effect against
mounting an exaggerated innate immune response (93). It has also been proposed that females

mount a TH2 type response (19) suggesting that estrogen enhances a TH2 response while
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testosterone promotes a TH1 response (19). However, conflicting studies suggest that estrogen
will actually enhance the response of the immune system by stimulating lymphocytes into
maturity and increasing the production of antibodies (108)(109).

Lipopolysaccharides (LPS), also known as endotoxins, are a class of substances that are a
major component of the outer (32) surface membrane of Gram-negative bacteria (33). LPS is an
ubiquitous component of agricultural environments where it is present in high concentrations
and has been shown to be a powerful inflammatory agent (33,124). Previous studies have
shown that C57BL/6 male mice, when exposed to oropharyngeal LPS, mount a greater immune
response compared to female mice characterized by an increase of cells in the bronchoalveolar
lavage (BAL) fluid, higher histological scores for peribronchial and perivascular cell influx, and
higher levels of TNF-a 6 hours post exposure (40).

Agriculture workers are seldom exposed to just one irritant; thus, the goal of this study
is exploring how a combination of molecules may alter the inflammatory response. Worldwide,
glyphosate-based herbicides (GBHs) are the most commonly used herbicides (47). Glyphosate is
an herbicide used ubiquitously in both industrialized and developing countries (49). Glyphosate
has been shown to have a significant association with increased rhinitis among pesticide
applicators (62). Currently, there has been minimal work done to evaluate how a respiratory
glyphosate exposure may differentially impact the sexes.

Work done by Kumar et al. and by Pandher et al. have previously described how
glyphosate exposure alters the respiratory inflammatory response (22,70). Additionally,
Pandher et al. were the first to unravel the inflammatory potential of an exposure to LPS plus
glyphosate in male mice. However, no work has yet been done on evaluating the differences
between male and female mice exposed to both LPS plus glyphosate. This is the first study to
evaluate the differences in the inflammatory respiratory response between the sexes following

a short-term agriculture respiratory exposure.

Objective: To determine if glyphosate plus LPS has additive or synergistic respiratory

inflammatory effects that differ between the sexes.
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Research Hypothesis: Interactions between LPS and glyphosate induce molecular respiratory

inflammatory expressions that are significantly different between males and females.

4.3 Materials and Methods
Animals

C57BL/6 female and male mice (Charles River Laboratory, Quebec, Canada) aged 8-10
weeks were used. The mice were housed in ventilated cages in the Laboratory Animal Services
Unit (LASU) at the University of Saskatchewan where commercial rodent chow and water was
available ad libitum. The animals were acclimatized to the whole-body plethysmography (WBP)
chambers (Buxco FinePointe Whole Body Plethysmography 4-site system; Data Sciences
International, Minneapolis, MN) for 20 minutes per day at least twice prior to the start of
treatments. Experiment protocols were approved by the Animal Ethics Research Board of the
University of Saskatchewan (AUP 20160106 {males} and AUP 20190017 {females}). All animal

work was performed in accordance with the Canadian Council on Animal Care guidelines.

Study Design

Twenty female and twenty male mice were randomly divided into 4 groups (n=5/group)
including: control (Hank’s Balanced Salt Solution {HBSS}, lipopolysaccharide (LPS), glyphosate
(GLY), and lipopolysaccharide plus glyphosate (LG). The control group received 40 pl of HBSS
(Life Technologies, Grand Island, NY, without calcium, pH 7.4). The LPS group received LPS in
HBSS (0.5 pg/40ul) (1 mg/ml; E. coli serotype 0111:B4, Sigma, St Louis, MO). The glyphosate
group received glyphosate in HBSS (1 ug/40 ul) (0.85 M; analytical grade PESTANAL standard,
Sigma, St Louis, MO). The LG group received LPS and glyphosate in HBSS (0.5 ug LPS + 1 ug
glyphosate/40 ul). Mice were lightly anesthetized using isoflurane and treated intranasally with
40 ul of the treatment solution. Treatments were given daily for 5 days. Following each
exposure, mice were allowed to recover from anesthesia in a separate container before being
placed back in their respective cages. After exposure on the 5" day, mice were placed back in

the cages for 4 hours. Following the four-hour period, mice were placed in the WBP chambers
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for 20 minutes to collect respiratory data. Once WBP analysis was complete, mice were
euthanized and blood, BAL, and lung tissue were collected and analyzed (Figure 4.1).
Identical experimental designs were used for the male and female mice and completed in 2019

(females) and 2018 (males - Pandher et al. (22)).

C57BL/6. male and female mice;
Treatment: Lipopolysaccharide (LPS), Glyphosate (GLY), LPS+ Glyphosate (LG), HBSS (CTL)

I I I

Lipopolysaccharide Glyphosate LPS + GLY HBSS
(LPS) (GLY) (LG) (CTL)
N=5¢ N=5¢ N=5¢ N=593
N=5: N=5d N=5d N=5J
Exposure: nasal instillation of treatment or control once a day for 5 days.
‘Whole body plethysmography (n=5 per group): measurements on day 5, 4 hoursafier treatment.
[ Euthanize animals and collect blood, lavage and tissue samples . ]
Cytokine and chemokine assessment of lavage. Cell Staining & Histochemical PCR
Inflammatory cytokines: TNF-o, IL-6, KC, MCP-1, Lavage cell staining; TLC, H&E staining TLR2, TLR4, hsp72, ICAM-1, TNFAIP3,
MIP-1a, IL-B, IL-10, IL-13, IL-5, IL-4, IL-33 Immunohistochemistry: ICAM (A20)

Figure 4.1: Experimental Design

Sample Collection and Analysis
Whole Body Plethysmography

Following treatment on day 5, four hours after treatment, mice were placed into whole
body plethysmography chambers to monitor the respiratory parameters according to
manufacturer’s protocol. Mice were placed into calibrated chambers and respiratory measures
(enhanced pause {PenH}, average frequency of breath, minute volume, and peak expiratory
volume)were recorded every 2 seconds for 20 minutes using FinePointe software (Data
Sciences International, Wilmington, NC). Results were averaged for each animal for each

measure. Animals were continuously monitored for any indications of pain or distress.
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Blood

Blood was collected from mice via cardiac puncture.

Bronchoalveolar Lavage

The bronchoalveolar lavage (BAL) fluid was collected by washing the lungs three times
with 0.5 mL HBSS. BAL fluid was centrifuged at 1000 x g for 10 minutes at 4°C and the
supernatant was stored at 80°C for future analysis. The cell pellet was resuspended in HBSS and
kept on ice. Total leukocyte counts (TLC) were measured using a hemocytometer and expressed
as an absolute number. Total protein concentration in BAL fluid was determined using the
Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA). The plate was read at

562nm on a BioTek SynergyHT plate reader (BioTek, Winooski, VT).

Lung Tissue Collection

Following BAL fluid collection, the right lung was tied at the primary bronchus, removed,
flash frozen in liquid nitrogen and stored in -80°C for mRNA and protein analysis. The left lung
was inflated with 200 uL of 4% paraformaldehyde (PFA), removed and fixed in 4% PFA for 16
hours at 4°C followed by two overnight washes with 70% ethanol. The fixed tissues were
processed through a series of alcohols in an Intelsint RVG/1 Histology Vacuum tissue processor
(Intelsint; Turin, Italy), followed by embedding in paraffin using a Tissue Tek Il tissue embedder

(Sakura Finetek; Nagano, Japan).

Eosinophil peroxidase and Myeloperoxidase Levels

Lung homogenates were prepared using a BioSpec Mini-Beadbeater-24 homogenizer
(BioSpec, Bartlesville, OK). 2 mm Zirconia beads (BioSpec, Bartlesville, OK) were added to tubes
containing 20-25 mg of lung tissue in 500 pL RIPA Lysis Buffer containing 1X Halt Protease and
Phosphatase Inhibitor Cocktail (ThermoFisher Scientific, Waltham, MA). Tubes were sealed and
homogenized twice for 2 minutes each, with cooling on ice for 5 minutes in between rounds.
Myeloperoxidase (MPO) was quantified using a Mouse Myeloperoxidase DuoSet ELISA (R&D

Systems, Minneapolis, MN). Eosinophil Peroxidase (EPO) was quantified using a Mouse
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Eosinophil Peroxidase/EPX ELISA assay (Lifespan Biosciences, Seattle, WA). Plates for MPO and
EPO quantification were read at 450 nm on a BioTek SynergyHT plate reader (BioTek, Winooski,
VT).

Lung Histology
Sections of 5 um thickness were cut from the paraffin embedded lung tissue using an
Microm 350S microtome (Microm, Germany). Tissue sections were stained with Hematoxylin and

Eosin according to the Histology Core Facility’s protocol (https://healthsciences.usask.ca/facility-

services/histology-core-facility.php) and coverslipped using Surgipath MM24 Mounting Media

(Leica Biosystems, Richmond, IL USA). These slides were imaged on an Aperio CS2 virtual
microscopy system (Leica Biosystems, Concord ON Canada) as well as a bright field microscope
equipped with an Infinity 5-5 Microscope camera (Teledyne Lumenera, ON Canada) at 10, 40 and

100x magnification.

Immunohistochemistry

Briefly, lung sections were rehydrated through a series of xylene and descending grades
of alcohol. Lung sections were covered with 0.5% hydrogen peroxide in methanol for 20
minutes to quench tissue peroxidase activity. The sections were covered with 2 mg/ml of
pepsin in 0.01 N hydrochloric acid (HCI) for 45 minutes to unmask antigens. Next the sections
were covered in 1% bovine serum albumin (BSA) for 30 minutes to block non-specific binding
sites. The sections were incubated overnight at 4°C with primary antibody in 1X TBS + 1% BSA.
The following primary antibodies and concentrations were used: ICAM-1 (dilution 1: 100;
rabbit monoclonal anti-mouse ICAM-1, ab79707, Abcam Inc., ON Canada) rat anti-CD45R/B220
(Pan-B cell marker, dilution 1:200, clone RA3-6B2; ThermoFisher Scientific, Waltham, MA USA),
rat anti-CD3 (Pan-T cell marker, dilution 1:100, clone 17A2; ThermoFisher Scientific, Waltham,
MA USA) VCAM-1 (dilution 1:100; rabbit monoclonal anti-mouse VCAM-1, ab134047, Abcam
Inc., ON Canada). Following overnight incubation, the sections were covered 1:200 with anti-
rabbit secondary antibody (Agilent Dako, Mississauga, ON) or 1:200 anti-rat secondary antibody
(ThermoFisher Scientific, Waltham, MA, USA) in 1X TBS + 1% BSA. Sections were covered with
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NovaRed solution (Vector laboratories, Burlington, ON Canada) for 1-5 minutes and then
counter-stained with methyl green nuclear stain for 5 seconds. Sections were dehydrated and
coverslipped using Surgipath MM24 Mounting Media (Leica Biosystems, Richmond, IL, USA).
Von Willebrand Factor (dilution 1:200; rabbit monoclonal anti-mouse vVWF, ThermoFisher
Scientific, Waltham, MA, USA) was used as a positive control. Additionally, controls of staining

without primary antibody, secondary antibody, or both were completed.

ELISA

Quantification of TNF-a, IL-6, KC, MCP-1, MIP-2, IL-1f IL-10, IL-13, IL-5, IL-4, IL-33 in BAL
fluid was determined using a Custom ProcartaPlex Luminex Immunoassay (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer’s specification for magnetic bead-based
ELISAs. Plates were read using a Bioplex 200 system (Bio-Rad, Mississauga, ON) and Bioplex

Manager Software (Bio-Rad, Mississauga, ON).

RNA purification, cDNA synthesis and Real-time PCR

RNA was extracted from lung tissue using Qiagen RNeasy Plus Mini Kit (Qiagen,
Chatsworth, CA USA) according to manufacturer’s instructions for tissue extraction. The
concentration of total RNA was quantified for each sample using a Take3 plate and BioTek
Synergy HT plate reader (BioTek, Winooski, VT USA). cDNA was generated using iScript Reverse
Transcription Supermix (BioRad, Hercules, CA USA) using 0.5 ug mRNA according to the
manufacturer's instructions.

Real-time PCR reactions were carried out in duplicate in a CFX96 Touch Real-Time PCR
Detection System (BioRad, Hercules, CA USA). Expression of mouse TLR2 (Mm00442346_m1),
TLR4 (MmO00445273_m1), HSPala (Mm01159846_s1) ICAM-1(Mm00516023_m1), and TNFAIP3
(Hs00234713_m1) (Life Technologies, Grand Island, NY USA) were assessed. The reaction was
first incubated at 50°C for 2 minutes, at 95°C for 10 minutes, then 40 cycles of 15 seconds at
95°C, then finally 1 minute at 60°C. To determine the relative quantification of each target

gene, the AACt method was used.
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Statistical Analysis

GraphPad Prism 9 (Graph-pad Software, San Diego, CA) was used to complete statistical
analysis and preparation of graphs. Data are presented as mean + standard deviation (SD). For
cytokine levels below the predicted limit of detection a value less than the lowest detected
value, or a value equal to half the lowest level of quantification (LLOQ) was used. Statistical
significance was determined using one-way ANOVA with follow-up Tukey test for multiple
comparisons. If the assumptions of equal variance using the Brown’s Forsythe test was not met,
a non-parametric Kruskal Wallis (KW) test was used. A p value of <0.05 was considered

significant for all tests performed.

4.4 Results
Whole Body Plethysmography

Average breath frequency was significantly lower in the male LPS group compared to
the female LPS group (Figure 4.2B). Peak expiratory volume was significantly higher in the male
lipopolysaccharide (LPS) group compared to the female LPS group (Figure 4.2C). The peak
expiratory volume of the male combined (LG) treatment group was also significantly higher
compared to the females (Figure 4.2C). There were no significant differences between any of
the treatment groups for the PenH (Figure 4.2A) and minute volume (Figure 4.2D), although the
PenH of the male LPS and LG treatment groups did appear higher compared to the respective

treatment groups in the female mice.
Leukocyte Counts in Bronchoalveolar Lavage Fluid

There was no significant difference between the females and males for any of the
treatment groups for total leukocyte counts present in the bronchoalveolar lavage fluid (Figure

4.3A).

Protein, EPO, and MPO expression in Lungs
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There was no significant difference between the females and males for any of the
treatment groups for protein levels in the bronchoalveolar lavage fluid (vascular permeability
(Figure 4.3B).

There were no significant differences between the male and female treatment groups
for EPO expression (Figure 4.3C). MPO concentration of the male combined (LG) group was

significantly higher compared to the female combined LG group (Figure 4.3D).

Lung Histology

Comparison of representative images from male and female H&E stained mice lungs
showed leukocyte infiltration in the perivascular, peribronchial, and alveolar regions of the
animals treated with only glyphosate or LPS, whereas robust leukocyte infiltration was present
in these regions in the combined (LG) treatment groups (Figure 4.4). Disruption and thickening
of the alveolar epithelium was present in the LPS and combined treatment groups in both male
and female mice. There was robust leukocyte accumulation in the alveolar regions in the male
LG combined treatment group that was not present in the female LG group. Increased
thickening of the bronchial epithelium was also evident in lungs of the both the male and

female LG combined group.

ICAM-1 Staining

Images from the combined (LG) treatment group and control group in male and female
mice lungs showed typical ICAM expression in the alveolar regions (Figure 4.5). LG treatment
groups showed increased ICAM expression in the perivascular region compared to the control
animals. LG-treated male mice showed intense staining in the perivascular region not present in

the LG-treated female mice.

Cytokines in BAL
There was no significant difference between any of the female and male treatment
groups for the expression of KC, TNF-a, IL-6, MIP-2, IL-1B, and MCP-1 (Figure 4.6A). For these

proinflammatory cytokines the male LG treatment groups were higher than the female LG

56



treatment groups, though not significantly so. The exception was MIP-2 where the female LG
treatment group was higher compared to the male LG treatment group, though not
significantly.

There was no significant difference between any of the female and male treatment
groups for the expression of IL-5, IL-4, IL-10, and II-33 (Figure 4.6B). The expression of IL-13 was
significantly higher in the male glyphosate group compared to the female glyphosate group. For
the expression of IL-10 and IL-5 the male mice treated with either LPS alone or the LG
treatment group was higher compared to the female LPS and LG groups, though not

significantly so.

ICAM, TLR2, TLR4, HSP, and A20 expression in lungs

There was no significant difference between any of the female and male treatment
groups for the expression of HSP (Figure 4.7). For the expression of A20, the male LG group had
a significantly higher fold change (15x) as compared to the female LG group (1x fold change).
For the expression of TLR4, TLR2, and ICAM the male LG, LPS, and GLY treatment groups were
significantly higher than the respective female treatment groups, however, the fold-change
differences were consistently highest in the LG combined exposures. The greatest fold-change
differences occurred for TLR2 LG combined exposures, where on average the male mice had a

70x fold change whereas the female mice experienced on average a 5x fold change.
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Figure 4.2: Whole body plethysmography data presented as mean + SD (n=5-6). Mice were
exposed to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL)
for 5-days. **** indicates significance level of p < 0.0001.
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Figure 4.3: (A) Total leukocyte counts present in bronchoalveolar lavage fluid after a 5-day
exposure presented as mean + SD (n=4-5). (B) Total protein concentrations in bronchoalveolar
lavage fluid presented as mean + SD (n=5-6). (C) Eosinophil peroxidase and (D) myeloperoxidase
levels present in mouse lung tissue presented as mean + SD (n=5-6). Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL). ****

indicates significance level of p < 0.0001.
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Figure 4.4: H&E staining of male and female mice lungs of control animals, or treated with
lipopolysaccharide, glyphosate, or LPS plus glyphosate for 5 days. Images show leukocyte
infiltration in perivascular (square), peribronchial (circle), and alveolar (diamond) regions.
Magnification: 40x objective. B — bronchus, PA — pulmonary artery, Lightning bolt — disruption
of the epithelium; bent arrow — alveolar septal thickening.
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Figure 4.5: ICAM-1 staining of female (A and B) and male (C and D) mice lungs treated with
either lipopolysaccharide plus glyphosate (B and D) for 5 days, or control animals (A and C).
Images show staining in perivascular (square), and alveolar (diamond) regions. Magnification

40x objective. B — bronchus, PA — pulmonary artery.
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Figure 4.6A: Cytokine levels in bronchoalveolar lavage fluid (pg/ml). Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days

Presented as mean + SD (n=5-6). No significant differences were detected between the female
and male treatment groups.
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Figure 4.6B: Cytokine levels in bronchoalveolar lavage fluid (pg/ml). Mice were exposed to

lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days.
Presented as mean + SD (n=5-6). ** indicates significance level of p < 0.01.
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Figure 4.7: Real time PCR data from mice lung tissue presented as fold change of ICAM, TLR2,
TLR4, HSP, and A20. Mice were exposed to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus
glyphosate (LG) or control (CTL) for 5-days. Presented as mean + SD (n=5-6). * indicates
significance of p < 0.05. ** indicates significance level of p < 0.01 *** indicates significance level
of p < 0.001. **** indicates significance level of p < 0.0001
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4.5 Discussion

Female workers play an important role in the agriculture industry, yet the majority of
research done to date has focused on the male response to common agriculture exposures.
This is the first study to compare the differential inflammatory response between the sexes
exposed to an environmentally relevant combination of lipopolysaccharide (LPS) and
glyphosate. Following a 5 day exposure to a combination of LPS plus glyphosate in age matched
female and male C57BL/6 mice, we observed an altered respiratory inflammatory response in
male mice as compared to female mice receiving the same treatments either due to females
not mounting a robust an immune response as the males, or because the inflammatory
response has already begun to resolve in the female mice while persisting in the male mice.

Sex differences in airway responsiveness with exposure to LPS have been shown
previously (40), and is consistent with our findings. The male mice treated with either LPS or
LPS plus glyphosate exhibited the highest PenH, a measure of airway resistance. It has been
previously established that naive C57BL/6 mice do not show any differences between the sexes
for baseline respiratory function (40); however following methacholine challenge, male mice
displayed significantly higher airway responsiveness (40). This finding is not a strain specific, but
a sex specific phenomenon, the experiment was replicated with BALB/c mice and established
again that males were more sensitive to methacholine challenge (40). As enhanced pause
(PenH) is a surrogate marker for airway resistance, this finding correlates to our results that
there was a sex differential response in respiratory function for mice exposed to either LPS
alone or LPS + glyphosate.

Neutrophils appear to be an important distinguishing feature in the differential
inflammatory response between male and female mice exposed to the combination of LPS and
glyphosate. The male mice treated with LPS plus glyphosate displayed significantly higher
myeloperoxidase expression compared to the female mice receiving the same exposure.
Myeloperoxidase expression is a surrogate marker for presence of neutrophils, indicating
greater neutrophil recruitment in the male mice compared to females. As active neutrophils
may eventually contribute to damage of the lung tissue if the activation is prolonged (130), the

increased MPO expression seen in the male LPS plus glyphosate treatment group also
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correlates to the increase of leukocytes and increased damage of the lung tissue present in the
histology of the male LPS plus glyphosate mice that was not present to the same extent in the
histology of the female LPS plus glyphosate mice. These histology results are in accordance with
other studies evaluating LPS exposure, where LPS-treated females exhibited less severe
inflammation based on levels of proinflammatory cytokines and lower histopathological scores
(40). Additionally, for the male mice, when glyphosate was added to the LPS exposure (LG), the
neutrophil response was higher, and there was greater cellular activity in the histology,
suggesting an enhanced inflammatory response following exposure to the combination LPS plus
glyphosate (22) that was not present in the female mice.

The robust positive ICAM staining in perivascular space in male mice treated with both
LPS plus glyphosate along with the qPCR results of increased ICAM expression in male
treatment groups provides further evidence of why a sex differential response is being
observed. ICAM expression has been previously shown to play an important role in lung
inflammation progression following LPS exposure and contributes to neutrophil adhesion and
migration (46,131). Interestingly, the presence of estrogen has been previously been shown to
decrease the expression of ICAM in mouse models (132) which may provide partial explanation
of why ICAM was significantly higher in the male mice treatment groups for both the
immunohistochemistry and PCR results. However, there was no significant difference between
the male and female control animals for ICAM expression. Additionally, estrogen has been
shown to inhibit the adhesion of inflammatory cells to endothelial cells following LPS exposure
(132). When ICAM is upregulated by proinflammatory cytokines, there is an increase in
leukocyte migration towards inflammatory sites; this finding provides an explanation of why
there are higher levels of MPO expression and higher levels of leukocytes visible in the histology
images of the male mice treated with LPS and especially LPS plus glyphosate compared to the
females.

Proinflammatory cytokines are an indicator of inflammatory response to LPS. Previous
work done in evaluating the sex differential response in LPS treated mice shows that typically,
the expression of proinflammatory cytokines, especially TNF-a and IL-6 is higher in male mice

compared to same age female mice (40,104—-106). The male and female response differed for
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several of the proinflammatory cytokines; for the male mice the LPS plus glyphosate treated
group displayed significantly higher expression of IL-6, KC and TNF-a compared to all other male
treatment groups, including the LPS treated male mice (121). In vitro studies indicate estrogen
can inhibit the expression of IL-1, IL-6 and TNF-a following LPS stimulation via the inhibition of
the NF-kB pathway (94,95). Conversely, within the female mice the proinflammatory
expressions did not differ between the LPS and LPS plus glyphosate group for any of these
cytokines (Paper 1). In the sex differential comparison of proinflammatory response the levels
of MCP-1, IL-6, KC, TNF-a, and IL-1B were not significantly different between the males and
female mice receiving the same treatments. Additionally, for LPS and LPS plus glyphosate
treated groups there were no significant differences between the sexes for IL-4, IL-5, IL-10, or
IL-33. IL-10 and IL-5 expression was higher in LPS and LPS plus glyphosate treated males
compared to females although not significantly so. In the combined LPS and glyphosate
exposure the male mice showed significantly higher A20 and TLR2, TLR4, and ICAM1 expression
as compared to the female mice. The male LPS plus glyphosate group had a 15x fold change in
A20 as compared to the female LPS plus glyphosate group which experienced only a 1x fold
change from exposure to the combination of LPS and glyphosate. For the expression of TLR4,
TLR2, and ICAM the male LPS, GLY, and LPS plus GLY treatment groups were significantly higher
than the respective female treatment groups. Furthermore, the fold-change differences
between the sexes were consistently highest in the male LPS plus glyphosate combined
exposures where there was a 70x fold change in TLR2 males exposed to the combination of LPS
and glyphosate, whereas the female mice experienced an average of 5x fold change in TLR2
expression. It has been shown that human male peripheral blood neutrophils express higher
levels of TLR4 and release greater levels of TNF-a compared to female neutrophils following LPS
exposure (133) which may explain why the male mice observed here displayed significantly
higher levels of TLR4 and higher levels of TNF-a compared to females following LPS and LPS plus
glyphosate exposures. Similarly, male immune cells express higher levels of TLR4 compared to
females resulting in higher levels of proinflammatory cytokine production (134). These results
offer an explanation on why females are better able to overcome sepsis diagnosis compared to

males (133). These differences may arise due to the protective effects of estrogen (93).
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Previous studies have established that human females possess a predominantly TH2 cytokine
profile (IL-4 and IL-10) while males possess a TH1 cytokine profile (IFN-y and IL-2) (135). It is
believed that this TH2 cytokine profile of females may be a contributing factor in the prevalence
of autoimmune diseases in females (135).

A20 or TNFAIP3 is an important inflammatory mediator in models of allergic asthma via
inhibiting activation of NF-kB. In our studies the LPS plus glyphosate combined male mice
showed significantly higher A20 expression compared to LPS plus glyphosate female mice as
well as higher A20 expression compared to all other treatment groups. Because of the
regulatory role of A20 (136), this indicates the high levels of A20 could be working to dampen
the strong immune response exhibited by the male mice who received the combined
treatment. As the immune response did not appear to be as robust in the female mice, even in
the combined treatment group, this could be why the levels of A20 were not significantly higher
in the females. A20 can also be induced by NF-kB, a pathway that can be inhibited by estrogen
(94,95), offering another explanation of why the male combined treatment group exhibits
higher A20 expression compared to the females. To further explore these differences in A20
expression levels, we propose conducting time point comparison studies to see if A20
expression in the female mice peaks before the 5 days measured in this current study.

The role of estrogen and other sex hormones are continuously being researched on how
they influence lung function and inflammatory mediators (93,107,137,138) and results can vary
depending on various factors such as experimental models and end point analysis (40). In the
future, using ovariectomized females and castrated males exposed to the same exposures for 5
days would add great information on how the role of sex hormones can reduce or enhance
inflammatory mediators following an agriculture respiratory exposure.

The X chromosome contains many genes that directly or indirectly contribute to the
regulation of immune function (139). Libert et al. propose the presence of two X chromosomes
in females are advantageous when dealing with pathogens but can also increase susceptibility
to autoimmune diseases (139). The idea of “cellular mosaicism” is one way to explain why this
is so: the possession of two X chromosomes results in higher physiological diversity when

exposed to microbial infections (98,99). The X chromosome may also contain yet undiscovered
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genes that may contribute to the superiority of female immunity (139). Females are able to
more quickly clear pathogens because of their stronger innate and adaptive immune responses
(81) and this observation is true across multiple species. An explanation for this phenomenon is
one of evolutionary importance: in return for reduced immune function for males, they trade

off for characteristics that increase reproductive success (140).

4.6 Conclusion

This study is the first to show that following a short term agricultural respiratory
exposure to common irritants LPS and glyphosate, female C57BL/6 mice display a different
inflammatory respiratory response compared to male C57BL/6 mice. This is demonstrated by
less severely damaged lung architecture present in histology images from female animals across
treatment groups; significantly lower levels of inflammatory markers such as myeloperoxidase
expression, ICAM, TLR4, and TLR2 expression; and lower levels of proinflammatory cytokine
expression in female mice as compared to male mice. This is the first study to validate that a
significant difference exists between the male and female immune response following a short-

term agriculture respiratory exposure to LPS and glyphosate.
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Chapter 5: Multiple Image Radiography as a Tool to Evaluate a Short-Term
Agriculture Respiratory Exposure in Female Mice

5.1 Abstract

Agricultural industries are rich with airborne pollutants including dust and pesticides.
Workers in the agriculture industry are at risk for developing respiratory effects from work
exposures. Very little is known of the effects of agricultural exposures on females. It is unclear if
exposure to glyphosate, an herbicide prevalent in crop production, causes lung inflammation
from inhalation. Furthermore, agriculture workers are exposed to a mixture of pollutants, not
just a single agent. Little data exists on the inflammatory potential of mixed exposures common
in agriculture, in particular, lipopolysaccharide (LPS), a component of grain dust, and
glyphosate. The objective of this work was to compare physiological markers and structural
measures to see if in female mice the combined exposure effect is significantly different than
LPS or glyphosate alone.

C57BL/6 female mice were intranasally treated with glyphosate (1ug), LPS (0.5ug),
combined glyphosate (1ug) + LPS (0.5ug), or HBSS for 5 days. On day 5 mice were transported
to the Canadian Light source Synchrotron (CLS) for image acquisition at the Biomedical Imaging
and Therapy - Bending Magnet (BMIT-BM). Following treatments, mice were euthanized and
bronchoalveolar lavage fluid (BAL) and lung tissue were collected. BAL was collected and
analyzed for cellular changes. Lung tissues were stained to observe structural changes.

Mice exposed to both LPS and glyphosate for 5 days showed compromised lung tissue
revealed in the MIR images. Histology revealed the lungs of the mice treated with both LPS and
glyphosate displayed greater recruitment of leukocytes into alveolar regions and disruption to
the bronchial epithelium as compared to other treatments groups. These results reveal that
female mice exposed to the combination of LPS and glyphosate displayed physiological and

structural effects that were different from mice exposed to LPS or glyphosate alone.

5.2 Background
Workers in the agriculture industry are at risk for developing detrimental respiratory

effects from workplace exposures including grain dust and pesticides. Agriculture workers are
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commonly exposed to more than one pollutant at a time; whether there is an interaction
between glyphosate and lipopolysaccharide (a component of grain dust) and how this
interaction contributes to respiratory inflammation has yet to be determined. This study is one
of the first to compare physiological markers and structural measures to see if in female mice
the combined exposure effect is significantly different than LPS or glyphosate alone.

Lipopolysaccharides (LPS), also known as endotoxins, are a class of substances that are a
major component of the outer (32) surface membrane of Gram-negative bacteria (33). A low
dose of LPS is a standard method to evaluate the innate immune response during inflammation
or to model acute lung injury (37) that induces a well characterized increase in cytokines. Some
studies indicate LPS may act to enhance the immune response when the immune system is
exposed to other compounds such as pesticides (32). There is mounting evidence that
exposures to pesticides, in combination with LPS, produces an inflammatory response that is
significantly increased compared to the response measured from exposure to the pesticide
alone (121).

Worldwide, glyphosate-based herbicides (GBHSs), such as Roundup, are the most
commonly used herbicides (47). Glyphosate is an herbicide used ubiquitously in both
industrialized and developing countries (49). In Canada, there are 183 products on the market
that contain glyphosate (63). Glyphosate, an herbicide intimately linked with canola production,
has been shown to have a significant association with increased rhinitis among pesticide
applicators (62). Those exposed to glyphosate report nose and throat irritation; however, there
is not yet any evidence that exposure to glyphosate is linked to an increase in asthma incidence
(55). There is limited data available on the in vivo inflammatory effects of glyphosate. One study
found female mice exposed to either glyphosate-rich air samples or reagent grade glyphosate
experienced an increase in cell count in lung and bronchial alveolar lavage, an increase in
eosinophil and neutrophils, and increased production of IL-33, TSLP, IL-13 and IL-5 (70).

Multiple-image radiography (MIR) is the acquisition of multiple images utilizing
synchrotron x-rays and refraction of x-rays at the interface of tissue and air that generates
contrast to quantify lung optical properties (117). This method is a variation of diffraction

enhanced imaging (DEI) and can be used to quantify the optical properties of acute lung injury
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following LPS instillation (117). Due to the high number of air-tissue interfaces present in the
lungs, they are an excellent candidate for MIR imaging (117) where it is possible for the
investigator to make assessments of subtle changes in the lungs following exposure to agents
such as LPS and/or glyphosate. The number of air-tissue boundaries (alveoli) present in the lung
are relative to the MIR parameter ultra-small-angle-x-ray scatter (USAXS) which may also be
referred to as width (141). In a study utilizing MIR to evaluate changes in the lungs over a
period of time following LPS exposure in male C57BL/6 mice, it was found that refraction and
scatter were reduced following LPS exposure which represented increase in fluid buildup, or
higher levels of edema in the lungs (119).

To the best of our knowledge there have been no studies that have used Multiple Image
Radiography (MIR) to evaluate the effects of a short term agriculture respiratory exposure. This
study is the first to compare physiological markers and structural measures to see if in female

mice the combined exposure effect is significantly different than LPS or glyphosate alone.

Objective: To observe if there are differences in physiological markers (using whole body
plethysmography and histology) and structural measures of X-ray optical properties (using

multiple image radiography) in female mice exposed to LPS plus glyphosate.

Research Hypothesis: Glyphosate will interact with LPS to induce physiological and structural
respiratory inflammatory effects that are significantly different compared to each single

exposure in female mice.

5.3 Materials and Methods
Animals

Female C57BL/6 mice (Charles River Laboratory, Quebec, Canada) aged 8-10 weeks
were used. The mice were housed in ventilated cages in the Laboratory Animal Services Unit
(LASU) at the University of Saskatchewan where commercial rodent chow and water was
available ad libitum. Mice were acclimatized to the whole body plethysmography (WBP)

chambers (Buxco FinePointe Whole Body Plethysmography 4-site system; Data Sciences
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International, Minneapolis, MN) for 20 minutes per day at least twice prior to the start of
treatments. Experimental protocols were approved by the Animal Ethics Research Board of the
University of Saskatchewan (AUP 20190017). All animal work was performed in accordance

with the Canadian Council on Animal Care guidelines.

Study Design

Twelve mice were randomly divided into 4 groups (n=3/group). Nasal instillation was
used to administer either Lipopolysaccharide (LPS), glyphosate (GLY), LPS + glyphosate (LG), or
control (CTL) (Hank’s Balanced Salt Solution {HBSS}). The control group received 40 pl of HBSS
(Life Technologies, Grand Island, NY, without calcium, pH 7.4). The LPS group received LPS in
HBSS (0.5 pg/40ul) (1 mg/ml; E. coli serotype 0111:B4, Sigma, St Louis, MO). The glyphosate
group received GLY in HBSS (1 ug/40 pl) (0.85 M; analytical grade PESTANAL standard, Sigma, St
Louis, MO). The LG group received both LPS and glyphosate in HBSS (0.5 ug + 1 ug/40 ul). Mice
were lightly anesthetized using isoflurane and treated intranasally with 40 ul of the treatment
solution. Treatments were given daily for 5 days. Following exposure, mice were allowed to
recover from anesthesia in a separate container before being placed back in their respective
cages. After exposure on the 4™ day, mice were placed back in the cages for 4 hours. Following
the four-hour period, mice were placed in the WBP chambers for 20 minutes to collect

respiratory data (Figure 5.1).
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Figure 5.1: Experimental Design

Whole Body Plethysmography

Following treatment on day 4, four hours post treatment, mice were placed in whole
body plethysmography chambers to monitor the respiratory changes as per manufacturer’s
protocol. Mice were placed in calibrated chambers and respiratory measures (enhanced pause
{PenH}, average frequency of breath, minute volume, and peak expiratory volume) were
recorded ever 2 seconds for 20 minutes, these results were averaged per animal. Animals were
continuously monitored for any indications of pain or distress. Data collection was done using

FinePointe software (Data Sciences International, Wilmington, NC).

Multiple Image Radiography

Following treatment on day 5 day, mice were transported to the Canadian Light Source
Synchrotron for multiple image x-radiography. Three shifts of beam time were approved at
Canadian Light Source Synchrotron (June 14, 2019). These shifts were used to establish a

protocol and “proof of principle” and familiarize the research team with use of the synchrotron.
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Mice were imaged at the Biomedical Imaging and Therapy - Bending Magnet (BMIT-BM)
beamline of the CLS located at the University of Saskatchewan, Canada, using the protocol
previously described by Aulakh et al. (117). Briefly, all objects were positioned in hutch POE-2 of
the BMIT beamline, 24 m downstream from the synchrotron source. The vertical and horizontal
beam size is 4.0 mm and 250.0 mm, respectively. Si (2,2,0) planes were used in the double
crystal monochromator to select 30 keV with a matching analyzer positioned between the
mouse and the detector. A Photonic Science SCMOS detector (Photonic Science, UK), was
placed 1.0 m downstream. This detector has a 25 X 25 um pixel size with a field of view of
approximately 75 mm (horizontal) x 50 mm (vertical). Due to the limited beam time, 3 mice
were imaged in sequential vertical fields of view with approximately 24.5 um surface dose per
image. Each field of view with a MIR data-set contains 14 images with angular settings of the
analyzer crystal and the acquisition time was 0.55 s/image.

The mice were anesthetized using an intraperitoneal (IP) injection of a combination of
100 mg/kg ketamine (Ketalar®, Pfizer, US) and 20 mg/kg xylazine (Rompun®, Bayer, US).
Anesthesia was maintained with further 0.05-0.1ml intraperitoneal injections with the same
anesthetic combination using return of the pedal reflex as a guide to anesthetic depth. Mice
were mounted on a plexi-glass holder and transferred to the imaging hutch. An infra-red heat
lamp to maintain body temperature at 37°C was used and body temperature was continuously
monitored using a rectal probe. Eye lubrication gel was used to protect the corneas. Pulse
oximetry was used to measure hemoglobin oxygen saturation (SpO2) by placing a probe on the
right hind paw. The mice were maintained at normal body temperature and SpO; were
monitored throughout the study. The breathing rate was calculated by counting the number of
diaphragmatic movements during one minute from the control room using a camera directed

towards mice.
Sample Collection and Analysis

Following image acquisition, mice were euthanized, and blood, BAL, and lung tissue

were collected and analyzed.
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Blood
The blood was collected from mice via cardiac puncture. Whole blood was stored in

80°C until further analysis.

Bronchoalveolar Lavage
The bronchoalveolar lavage (BAL) fluid was collected by washing the lungs three times
with 0.5 mL HBSS. BAL fluid was centrifuged at 1000 x g for 10 minutes at 4°C and the

supernatant was stored at 80°C for future analysis.

Lung Tissue Collection

Following BAL fluid collection, the right lung was tied off at the primary bronchus,
removed, flash frozen in liquid nitrogen, and stored in -80°C. The left lung was inflated with 200
ul of 4% paraformaldehyde (PFA; Sigma, St. Louis, MQO), removed and fixed in 4% PFA for 16 hours
at 4°C followed by 2 overnight washes with 70% ethanol. The fixed tissues were processed
through a series of alcohols in an Intelsint RVG/1 tissue processor (Intelsint; Turin, Italy) followed

by embedding in paraffin using a Tissue Tek Il tissue embedder (Sakura Finetek; Nagano, Japan).

Lung Histology

Sections of 5 um thickness were cut from the embedded lung tissue using a Microm 350S
microtome (Microm, Germany). Tissue sections were stained with Hematoxylin and Eosin
according to the Histology Core Facility’s protocol (https://healthsciences.usask.ca/facility-
services/histology-core-facility.php) and coverslipped using Surgipath MM24 Mounting Media
(Leica Biosystems, Richmond, IL USA). These slides were imaged on an Aperio CS2 virtual
microscopy system (Leica Biosystems, Concord ON Canada) as well as a bright field microscope
equipped with an Infinity 5-5 Microscope camera (Teledyne Lumenera, ON Canada) at 10, 40 and

100x magnification.

ELISA
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Quantification of TNF-a, IL-6, KC, MCP-1, MIP-2, IL-1pB IL-10, IL-13, IL-5, IL-4, and IL-33in
BAL fluid was determined using a Custom ProcartaPlex Luminex Immunoassay (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer’s protocol for magnetic bead-based
ELISAs. Plates were read using a BioPlex 200 plate reader (Bio-Rad, Mississauga, ON) and Bioplex

Manager Software (Bio-Rad, Mississauga, ON).

MIR Image Analysis

The MIR analysis steps were to dark correct the object and flat field images by
subtracting images acquired with the beam shutter closed from them. The analyzer angles
where the 14 images for the object and flat images were taken was determined by fitting to a
known analyzer rocking curve. The 14 image sets were then parameterized by fits to a Gaussian
function.

This resulted in three Gaussian parameters; amplitude, center angle and width (USAXS).
These fits were done with every pixel in the acquired object and flat field images. With these
parameters, an intensity image could be created for the object and the matching flat. The ratio
of these formed transmission images and taking a negative logarithm results in a radiograph.
The difference between the object center angle and the flat center angle images results in the
object’ refraction angle image. The scatter width (sometimes called an ultra-small angle x-ray
scattering or USAXS image) is created by subtracting, in quadrature, the flat scatter width image
from the object scatter width image. Finally, for image sets where multiple exposures were
taken to cover a larger vertical size of the object, the images were stitched together to form the
final images.

The USAXS image was then used to select the outline of the lung and separate it from
the rest of the image. As USAXS squared parameter (urad?) is directly proportional to thickness
of scattering interfaces, this parameter was chosen to plot the median USAXS parameter across

groups.

Statistical Analysis
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GraphPad Prism 9 (Graph-pad Software, San Diego, CA) was used to complete statistical
analysis and preparation of graphs. Data are presented as mean + standard deviation (SD). For
cytokine levels below the predicted limit of detection a value less than the lowest detected
value, or a value equal to half the lowest level of quantification (LLOQ) was used. Statistical
significance was determined using a Kruskal Wallis (KW) test. A p value of <0.05 was considered

significant.

5.4 Results
Whole Body Plethysmography

For the parameters of PenH, Average Frequency, Peak Expiratory Volume, and Minute
Volume, there were no significant differences between any of the treatment groups (Figure
5.2). One mouse in the combined treatment group (LG) did exhibit higher PenH and much lower

breath frequency and minute volume levels compared to the other mice in the LG treatment

group.

MIR Image Analysis

Ultra-small-angle X Ray Scatter (USAXS) images show that lungs possess the maximum
number of alveolar air interfaces in the central regions that are color coded in green, yellow,
orange or red to represent high USAXS parameter (>17 prad?). Note the concentric reduction in
USAXS parameter (<17 prad?) along the lung circumference as a result of reduction in the
number of alveolar interfaces (Fig. 5.3.1A). The histograms (Fig 5.3.2) show there is reduced
scatter in the LPS plus glyphosate animal, especially in the left lung (Figure 5.3.2.H) represented
by the increase of pixel count fraction that were below the median of 14 purad?in control lungs.
There were no significant differences between any of the treatment groups for median lung
USAXS parameter in either the right or left lung lobes. There is a decrease in USAXS values in
the LPS (median USAXS of 7.554 prad?; range 3.59-18.16 prad?) and LPS plus glyphosate
(median USAXS of 12.04 urad?; range 8.14-17.86 urad?) animals compared to the control
(median USAXS of 14.67 urad?; range 13.71-21.44 prad?) and glyphosate (median USAXS of

18.17 prad?; range 3.59-16.58 prad?urad?) animals. This is represented by the predominance of
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darker (black or blue colored) lung regions in the LPS (57.3% of the pixels in the left and 44.6%
of the pixels in the right lung are below 14 prad?, Fig. 5.3.2 C, D) and LPS plus glyphosate (97.4%
of the pixels in the left and 73.1% of the pixels in the right lung are below 14 prad?) lungs
(Figure 5.3.2 G, H) compared to the control (53.5% of the pixels in the left and 46.4% of the
pixels in the right lung are below 14 prad?, Fig. 5.3.2 A, B) lungs, which is reflected in the USAXS
occupied lung pixel fractions for lungs (Fig. 5.3.2). Interestingly, glyphosate treated left lung
displayed predominantly higher USAXS (urad?) pixel values which are pseudo-colored in green,
yellow, orange or red and occupied 67.1% of the pixels in left lung above 14 prad? (Fig. 5.3.2F).
The lung transmittance and radiographic absorption are indicative of the attenuation
characteristics. We observed a reduction in right lung transmittance in the glyphosate group
(median transmittance 0.527; range 0.519-0.541)) compared to control (median transmittance
0.5745; range 0.558-0.591)) group (p=0.0132 for overall differences and p<0.05 for glyphosate
vs control, Fig. 5.4C). There was a simultaneous increase in right lung radiographic absorption in
the glyphosate group (median absorption 0.6410; range 0.614-0.657) compared to control
group (median absorption 0.5545; range 0.526-0.583)) (p=0.0123 for overall differences and
p<0.05 for glyphosate vs control, Fig. 5.4E). There weren’t any significant differences observed

in the transmittance (Fig. 5.4D) or absorption in glyphosate treated left lung (Fig. 5.4F)

Lung Histology

Representative images from treatment groups showed moderate leukocyte infiltration
in the perivascular, peribronchiolar, and alveolar regions of the mice treated with glyphosate.
Robust leukocyte infiltration was present in these regions in the LPS and LPS plus glyphosate
treated animals (Figure 5.5). Increased thickening of the bronchial epithelium is visible in the
lungs of the LPS and LPS plus glyphosate treated mice. Disruption of the bronchial epithelium is
present in the LPS plus glyphosate treated mice along with thickening and disruption of the

alveolar epithelium.

Cytokines in BAL
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There were no significant differences between any of the treatment groups for

expression of any of the cytokines (Figure 5.6).
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Figure 5.2: Whole body plethysmography data presented as mean + SD (n=3). Mice were
exposed to lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL)
for 5-days. WBP data was collected on day 4.
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Figure 5.3.1: Comparison of Ultra X-ray Scatter images of female mice lungs for control animals
(A) or treated with Lipopolysaccharide (B), Glyphosate (C), or Lipopolysaccharide plus
glyphosate (D) for 5 days.
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Figure 5.3.2: Comparison of Ultra X-ray Scatter histograms of female mice lungs for control
animals (A, B) or treated with Lipopolysaccharide (C,D), Glyphosate (E,F), or Lipopolysaccharide
plus glyphosate (G,H) for 5 days. The left column shows the right lung (A,C,E,G) while the right
column shows the left lung (B,D,F,H). The median USAXS parameter is 14.
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Figure 5.4: Median lung USAXS squared present in the right lung (A) and left lung (B). Median
lung transmittance in the left (C) and right (D) lung. Median radiographic absorption in the left
(E) and right (F) lung. Female mice were exposed to lipopolysaccharide (LPS), glyphosate (GLY),
LPS plus glyphosate (LG) or control (CTL) for 5-days. Presented as mean + SD (n=2-4). *
represents p<0.05
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Figure 5.5: H&E staining of female mice lungs for control animals (A) or treated with
Lipopolysaccharide (B), Glyphosate (C), or Lipopolysaccharide plus Glyphosate (D) for 5 days.
Images show leukocyte infiltration in perivascular (square), peribronchiolar (circle), and alveolar
(diamond) regions. Lightning bolt indicates disruption of the bronchial epithelium.
Magnification: 40x objective.
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Figure 5.6: Cytokine levels in bronchoalveolar lavage fluid (pg/ml). Mice were exposed to
lipopolysaccharide (LPS), glyphosate (GLY), LPS plus glyphosate (LG) or control (CTL) for 5-days.

Presented as mean + SD (n=3).

pg/ml

IL-10
20
15
E
5 107
=%
5_
o_
LPS GLY LG CTL
IL-33
40

pg/ml

LPS GLY LG CTL

IL-6
5000
2500
150 T ®
100+
50
0-
LPS GLY LG CTL
TNF-a
500+
400+

LPS GLY LG CTL

86

c IL-13

LPS GLY LG CTL

F IL-4

LPS GLY LG CTL

MCP-1
400

300

200

pg/ml

100

LPS GLY LG CTL



5.5 Discussion

The female inflammatory response to common agricultural exposures such as LPS and
glyphosate is still being determined. This is the first study which evaluates the inflammatory
response of female mice exposed to a combination of LPS and glyphosate comparing
physiological markers (using whole body plethysmography and histology) and structural
measures (using multiple image radiography {MIR}) to see if in female mice the combined
exposure effect is significantly different than LPS or glyphosate alone. This paper provides
further evidence that in female mice LPS is driving the inflammatory response and the addition
of another inflammatory agent, glyphosate, impacts these inflammatory effects after 5 days of
exposure. Furthermore, this study utilises an imaging technique, MIR, to study these
inflammatory effects.

In the width or USAXS image, scatter is related to the number of boundaries or
interfaces of air and tissue (141). In a normal lung, there are more interfaces, or alveoli, present
in the middle of the lung and these alveoli or interfaces gradually decrease towards the
periphery. In a compromised lung, there will be less scatter visualized in the centre of the lung
indicating fluid presence and disruption of the alveoli. The LPS and LPS plus glyphosate treated
lungs exhibit less scatter represented by black or blue color-coded areas, especially in the apical
regions of the lung. The black portions of the lung, where lung tissue is be expected to be, are
indicative of loss of air-tissue interfaces due to fluid in the lung region or a compromised lung
region. For X-ray interactions, tissue and fluid will behave the same and not result in x-ray
USAXS. Although total scatter in the lung can be quantified using the measurement
“rawintdens” of the USAXS parameter (prad?), we did not include it in our current analysis
owing to non-uniformity in the lung regions imaged across mice. We ascribe two main reasons
for the high variation in the USAXS parameter. Firstly, not all animals were imaged uniformly.
Some of the mice lungs were imaged partially leading to variation in the region that was
accounted for in the analysis. MIR is direction sensitive; during analysis we realized that some
mice were oriented at an angle compared to others which were in a vertical orientation, which

attributed to different distribution patterns of USAXS. Secondly, the beam and detector
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displayed non-uniform flat and dark normalized images, which is a technical issue with the MIR
image acquisition set-up.

An interesting observation from the MIR analysis was the reduction in lung
transmittance and an increase in absorption in glyphosate treated mice compared to control
group as both these parameters are related. This observation suggests that glyphosate either
induces fluid accumulation or tissue fibrosis which warrants carefully planned future studies in
order to confirm the relevance of these observations. Additionally, the USAXS histograms also
suggest abnormal fluid accumulation or cellular infiltration, as there was abnormal scatter
present in the glyphosate treated mice. However, there is an insufficient sample size to deduce
these changes from our current histological and plethysmography results.

Kaur et al. observed statistically significant changes in LPS treated mice lungs across
various parameters of the width/USAXS images (119). Although the influence of LPS and LPS
plus glyphosate is visible in the actual images, these differences did not come through in the
statistical analysis. However, this study used a small sample size and the variable mouse
positioning which led to increased variability across measurements. Additionally, the decrease
in scatter for some animals was varied between left and right lung lobes, and variation was
observed even regionally within the same lobe (i.e. apex vs. base of lung). In future studies, as
the procedural processes improve, we are confident these qualitative changes observed will
translate into quantitative changes that are statistically significant and biologically relevant.

The compromised lungs of the LPS and LPS plus glyphosate treated mice are also
evident in the histology images. There was severe disruption to the bronchial epithelium
present in the LPS plus glyphosate treated mice not present in other treatment groups. The
bronchial epithelium is a primary defense mechanism in maintaining normal airway function
(142) and acts to initiate the immune response through the releases of cytokines and activation
of inflammatory cells (142). Disruption of this structure can increase permeability of the airway
and alter the air flow in the lungs. Based on the H&E images along with the MIR images, it is
apparent the respiratory system and the lung architecture sustained substantial effects

following the 5 day combined exposure to LPS and glyphosate.
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This was a pilot study to orient the research team to the BMIT-BM beamline at the CLS
and refine the MIR technique. There was a steep learning curve associated with the study and
throughout this process multiple steps have been streamlined that will be invaluable moving
forward with similar experiments. These improvements include refining the experimental
procedure and productivity during the actual beamline shifts, and the stacking and analysis of
the field of view images acquired. Now that these processes have been developed, future
studies can benefit from using an increased sample size, as well as imaging male mice in order

to further explore the sex differential analysis presented in paper 2.

5.6 Conclusion

This was the first study to compare results obtained from multiple techniques; whole
body plethysmography, multiple image radiography, and histology, to evaluate a common
short-term agriculture respiratory exposure in C57BL/6 female mice. Taken together, these
results reveal that female mice exposed to the combination of LPS and glyphosate displayed
physiological and structural effects that were different from mice exposed to LPS or glyphosate

alone.
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Chapter 6: Discussion

6.1 Overall Discussion

Agriculture workers, in Saskatchewan and worldwide, are exposed to numerous
potential pollutants, including grain dust and pesticides. Although female workers make up
approximately 25% of the agricultural working population, the majority of current research on
the respiratory and inflammatory effects in agriculture has been conducted on male animals
and workers; very little is known about the female response.

An efficient innate immune response is comprised of quickly clearing the pathogen to
avoid tissue damage which can arise when the body stays in a prolonged state of inflammation.
Evidence demonstrates that across species, females mount a more robust and efficient early
immune response leading to improved prognosis in surviving acute infections arising from a
variety of pathogens (bacteria, viruses, trauma) compared to males (126—128). Conversely,
increased efficiency (clearing the pathogen quickly) means that females are more predisposed
to developing autoimmune diseases such as lupus or rheumatoid arthritis (129).

The presence of multiple inflammatory agents is common in agricultural workplaces.
How the respiratory inflammatory response alters when subjected to more than one
inflammatory agent at a time is of special interest. Two of the most common agricultural
exposures are glyphosate and lipopolysaccharide (a component of grain dust). How these
common inhaled exposures differentially affect the respiratory inflammatory response of the
sexes is not known. This study is the first to evaluate sex differential inflammatory responses
from exposure to common agricultural components LPS and glyphosate.

Lipopolysaccharides (LPS), also known as endotoxins, are a class of substances that are a
major component of the outer (32) surface membrane of Gram-negative bacteria (33). LPS is an
ubiquitous component of agricultural environments where it is present in high concentrations
and has been shown to be a powerful inflammatory agent (33,124). A low dose of LPS has been
shown to induce an innate immune response that releases proinflammatory cytokines such as
TNF-q, IL-1, and IL-6 (143) and is used to model acute lung injury (37,144). Some studies suggest
LPS may enhance the immune response when the immune system is exposed to other antigens

such as pesticides (32).
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Worldwide, glyphosate-based herbicides (GBHs) are the most commonly applied
herbicides (47) in both industrialized and developing countries (49). Glyphosate has been
shown to have an association with increased rhinitis among pesticide applicators (62). There
has been minimal work to evaluate respiratory glyphosate exposures, and in particular, how
exposure to glyphosate, when paired with LPS, impacts the respiratory inflammatory response
between the sexes.

Studies by Kumar et al. and Pandher et al. have described how inhaled glyphosate
exposure can alter the respiratory inflammatory response (22,70). Pandher et al. were the first
to unravel the inflammatory potential of an exposure to LPS plus glyphosate in male mice.
However, no work has yet been done on evaluating the response of female mice, nor the
differences between male and female mice exposed to a combination of LPS and glyphosate.

C57BL/6 female mice were intranasally treated with glyphosate (1ug), LPS (0.5ug),
combined LPS + glyphosate (LPS: 0.5 ug + glyphosate: 1ug), or HBSS for 5 days. The whole body
plethysmography parameter PenH revealed mice exposed to both LPS and glyphosate exhibited
significantly higher airway restriction compared to the group treated with only glyphosate, and
the control group, indicating that these concentrations of LPS plus glyphosate has the ability to
significantly inhibit respiratory function after 5 days of exposure. This result has potential to
impact the real-world findings of this research: biologically relevant levels of these
contaminants were used, demonstrating that after just one 5-day work week, agriculture
workers could experience altered breathing functions.

Proinflammatory cytokines/chemokines were significantly higher in combined LPS and
glyphosate treated mice compared to those treated with either glyphosate alone, or controls,
but not significantly higher from the LPS only group. Levels of myeloperoxidase expression, a
surrogate marker for neutrophil activation, was significantly higher in mice treated with LPS or
LPS plus glyphosate, compared to other treatment groups. Histology revealed greater
recruitment of cells into alveolar regions in the lungs and disruption to the bronchial epithelium
in the combined LPS and glyphosate treated group compared to other treatment groups. MIR
images revealed mice exposed to LPS and both LPS plus glyphosate showed compromised lung

tissue compared to other treatment groups. These results suggest the presence of glyphosate
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interacts with the LPS, potentiating the pulmonary inflammatory response to an exposure that
has a high probability to occur in an agriculture work environment. Taken together, these
results show that female mice, exposed to the combination of LPS and glyphosate for 5 days,
exhibit physiological and structural effects that were different from mice exposed to LPS or
glyphosate alone.

In addition to the results we obtained from the female mouse exposure, we compared
these results to age-matched male mice who received the same exposures. We observed a
significantly different inflammatory respiratory response in the female mice compared to male
mice. Female mice demonstrated: less severely damaged lung architecture present in histology
images from female animals across treatment groups; significantly lower levels of inflammatory
markers such as myeloperoxidase expression, ICAM, TLR4, and TLR2 expression; and lower
levels of proinflammatory cytokine expression. The effect of estrogen may be an important key
explanation into the significant differences we observed between the female and male mice.
Estrogen has been shown to dampen the response of many key pathways following exposure to
LPS such as inhibiting the TLR4 and TLR2 by NF-kB pathway, (94), and inhibiting the expression
of proinflammatory cytokines IL-1, IL-6, and TNF-a (94,95). Estrogen has also been observed to
decrease the expression of ICAM and VCAM (145), and inhibit the adhesion of monocytes to
endothelial cells following LPS exposure (132). The male mice displayed a strong TLR2 and
neutrophilic expression to the 5 day co-exposure (22), not displayed in the female mice.
However, the males also displayed an attenuated immune response when cytokines and
chemokines were measured at 10 days, although histology revealed leukocyte infiltration
persisted in the LPS plus glyphosate treated males (22). Future work to see if the female mice
follow a similar attenuation pattern after 10 days of exposure would be enlightening.

It has been observed that females have decreased leukocyte, especially neutrophil,
recruitment (128) which is one explanation of the strong neutrophilic response observed in the
male exposure study (22) not observed in the females. It has also been observed that states of
being where estrogen is decreased, such as menopause and ovariectomized female mice, show
increased levels of proinflammatory cytokines such as TNF-q, IL-1, and higher levels of ICAM

(146). Taken together, there is significant evidence that the presence of estrogen has
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considerable impact on the inflammatory response; and is likely the main reason we are
observing pronounced differences between the sexes to this exposure.

Altered lung function, differences in histology, and higher proinflammatory cytokine
expression support the major finding from our study that female mice, exposed to an
agriculturally relevant concentration of LPS plus glyphosate for 5 days, exhibited respiratory
inflammatory effects significantly different compared to each single exposure. However, these
inflammatory effects were not as drastic as those observed in male mice. Thus, we utilized
multiple image radiography for further structural evaluation of these exposures, which
provided another way to image the exposed mouse lungs in vivo. While there were some
challenges experienced during both the in vivo imaging and how to best analyse these results,
the research team now has a well-developed protocol for how to conduct image acquisition
and analysis in future experiments.

Finally, a more compromised lung architecture, and significantly higher levels of
inflammatory mediators observed in the male mice demonstrate that there is a significantly
different respiratory inflammatory response between the sexes at 5 days of LPS plus glyphosate
exposure. This sex differential response we observed has real world impact. Female agriculture
workers may be experiencing inflammatory effects due to agriculture co-exposures, but
because these effects are not as severe as those exhibited by their male counterparts, they may
not be regarded or treated as seriously. Whether this sex differential response occurs due to
the protective effects of estrogen (93), or another factor, has yet to be determined. Did the
females never mount as robust of an immune response as the males or; conversely, did the
females mount a similarly high inflammatory response before the 5 day measurements and
these results had already resolved when our measurements occurred? These queries have yet

to be answered and are questions that warrant further investigation.

6.2 Challenges and Limitations
One of the goals of this study was to investigate the inflammatory respiratory response
of an agriculture worker, particularly a female agriculture worker. To do this we used a murine

model and administered an intranasal exposure. The reasons for this exposure route included
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ease of administration and being able to compare results to previously conducted experiments
(22). However, an aerosolized exposure would have been closer in accuracy to be able to mimic
what is occurring to an agriculture worker. When utilizing an animal model, it is the goal to
have the model represent as close as possible the real-world scenario and researchers must
come up with creative ways to do so. Ultimately it would be ideal to be able to collect lavage
and blood samples from agriculture workers of both sexes and conduct similar assays that were
performed in this study and see if the same patterns are observed.

A difficulty we encountered was that differential cell counts (DLC) were not able to be
performed due to issues with the protocol used. As the results from our total cell count did not
show any differences between treatment groups, having the DLCs may have provided valuable
insight as to whether specific cell populations were driving the differences between treatment
groups observed in other inflammatory mediators. Based on the myeloperoxidase expression
results it is likely there would be higher neutrophil counts for the combined treatment LPS plus
glyphosate treatment group.

Another problem encountered was the immunohistochemistry. IHC is a relatively
inexpensive and easy assay to perform and way to visualize cell populations, but also possesses
several disadvantages (147). It is at the mercy of human error; an experienced and skilled
pathologist is necessary to conduct this assay (147). An example of human error occurred
during the duration of this project: the wrong secondary antibody was being used for a number
of primary antibodies. Once the mistake was identified many slides had been already been used
up and some of the paraffin blocks had limited tissues remaining so it was not possible to
repeat the IHC staining. Furthermore, IHC is a laborious and difficult way to quantify results,
especially considering there are many more efficient ways to quantify cell populations such
flow cytometry (148), and less rudimentary ways to visualize cells such as electron microscopy,

which is considered the gold standard (149).

6.3 Future Research
It is not clear from the results if the females did not mount as robust an immune

response compared to the male mice or if the female response was high before 5 days and
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already resolving when our measurements were conducted. Performing additional studies
where animals are sacrificed before 5 days (for example 1 or 2 days following exposure) would
help to illuminate this query.

The hormone panel analysis was conducted in the female mice only, as we
demonstrated a sex differential response to these exposures, in the future it would be of
benefit to also conduct a hormone analysis in the male mice too, specifically to look if cortisol, a
stress hormone, levels were significantly different between treatment groups in male mice.

The molecule A20 gave us intriguing results in both chapters 3 and 4. In Chapter 3 the
glyphosate treated mice expressed higher levels of A20 compared to the LPS plus glyphosate
treated animals and had the highest A20 expression compared to all treatment groups. In
Chapter 4 the male LPS plus glyphosate treated animals displayed higher levels of A20
compared to the females. As A20 is typically thought to be an inhibitor of the NF-kB pathway,
taken together, the results from these two chapters appear contradictory and further research
into the sex differential response of A20, along with the potential effect of glyphosate on A20
expression, is necessary.

It has previously been established that castrated C57BL/6 male mice exposed to
intratracheal LPS displayed an attenuated response to LPS based on BAL fluid neutrophils and
TNF-a levels while ovariectomized female mice did not display a significantly different response
to intratracheal LPS compared to sham-operated females (40). Performing a similar study using
the same exposures but using castrated and ovariectomized mice would provide further insight
into what is the mechanism behind the sex differential inflammatory response we observed.

As our research team has improved the technical procedure needed to perform
experiments at the CLS, we are confident we would be approved for more beam time and be
able to expand on our initial pilot study, using more mice per treatment group as well as adding
male mice to the research study and protocol. Based on what we saw in the MIR analysis from
the female mice, it would be of great interest to see how the compromised males lungs

exposed to LPS plus glyphosate appears using synchrotron technology.
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