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Abstract

Glufosinate-ammonium (GLA), the active component of an herbicide, is known to
cause neurotoxicity. GLA shares structural analogy with glutamate. It is a powerful
inhibitor of glutamine synthetase (GS) and may bind to glutamate receptors. Since
these potentials targets of GLA are present in lung and immune cells, we asked
whether airway exposure to GLA may cause lung inflammation in mice. A single GLA
exposure (1mg/kg) induced seizures and inflammatory cell recruitment in the
broncho-alveolar space, increased myeloperoxidase (MPO), inducible NO synthase
(iNOS), interstitial inflammation and disruption of alveolar septae within 6 to 24h.
Interleukin 18 (IL-1B) was increased and lung inflammation depended on IL-1
receptor 1 (IL-1R1). We demonstrate that glutamate receptor pathway is central,
since the N-methyl-D-aspartate (NMDA) receptor inhibitor MK-801 prevented GLA-
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induced lung inflammation. Chronic exposure (0.2 mg/kg 3x per week for 4 weeks)
caused moderate lung inflammation and enhanced airway hyperreactivity with
significant increased airway resistance. In conclusion, GLA aerosol exposure causes
glutamate signaling and IL-1R dependent pulmonary inflammation with airway

hyperreactivity in mice.

Short title: Lung inflammation after aerosol glufosinate exposure

Keywords: pesticide, glufosinate ammonium, glutamate receptors, lung,

inflammation, IL113
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BAL: Broncho alveolar lavage, BALF: Broncho alveolar lavage fluid, CNS: central
nervous system, EEG: Electroencephalogram, GLA: Glufosinate-ammonium, GS:
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iINOS: inducible NO synthase, i.p.: Intraperitoneally, KC: chemokine CXCL1, Mch:
methacholine, MMP9 : Matrix metallopeptidase 9, MPO: myeloperoxidase, NMDAR :

N-methyl-D-aspartate receptor, TIMP-1: metalloproteinase-1.



Introduction

Pesticides are highly reactive and exhibit undesirable effects on non-target
organisms such as mammals including humans. Toxicity of pesticides in man is
observed at low dose exposure and is a recognized occupational hazard in farm
workers representing a high-risk group in terms of public health. Aerial spraying is a
major source of exposure (1-3). A large number of epidemiological studies reported
that long-term exposure to pesticides is associated with respiratory diseases (4, 5)
and immunotoxicity (6, 7), including upper respiratory tract disorders such as rhinitis
and lower airway disorders such as wheeze, asthma (1, 8) and airway obstruction
(9). Experimental data are rather limited. In guinea pigs, organophosphate based
insecticides cause airway hyperactivity (10). In mice, chronic exposure to glyphosate-
rich air from farms, as well as to pure glyphosate induces type 2 airway inflammation
associated with induction of IL-33 and TSLP (11).

Glufosinate-ammonium (GLA) is the active compound of a worldwide-used broad-
spectrum herbicides commercially known as BASTA® or LIBERTY® (Bayer-Crop
Science). It belongs to the organophosphorous family that inhibits irreversibly the
activity of glutamine synthetase (GS) in plants, thereby blocking the synthesis of
glutamine from glutamate and ammonia (12). Subsequent intracellular accumulation
of ammonia causes tissue necrosis and death of the plant. GS is also present in
almost every tissue in all animal species including mammals and particularly in lungs
(13, 14). GLA is an analogue of glutamate, the most abundant and important
excitatory neurotransmitter in the human central nervous system (CNS). Although
widely found in the CNS, glutamate is also found in peripheral tissues (15-17). In
particular, the lungs are among the organs outside the CNS where glutamate
signaling plays a role both under physiological and pathologic conditions (18).
Glutamate receptors have been found not only in the lung and the airways (19, 20),
but also in immune cells (21, 22). Upon acute GLA poisoning, patients develop
neurological symptoms (23-25), and respiratory dysfunction (26, 27). While
neurological effects of GLA exposure are well documented (28-31), the effects on the

respiratory system are largely unknown.

Here we investigated the pulmonary effects of intranasal (i.n.) GLA exposure and

characterized mechanisms of GLA action on the lung. We first assessed the effects



of an acute GLA exposure (1mg/kg, i.n.) on lung inflammation and function. Then, we
determined the role of glutamate receptors on these pulmonary effects by using

specific antagonists and the role of interleukin (IL-18) by using IL1R1 KO mice.

To mimic the chronic exposure of agricultural communities to aerosol pesticides, we
next studied the consequences of long term airway exposure at low dose (i.e. 0.2
mg/kg 3x per week) over 4 weeks on lung inflammation and airway resistance using

invasive plethysmography.

Materials and methods

Mice and in vivo protocols

C57BL/6 (B6) mice were bred in a specific pathogen-free animal facility at CNRS
TAAM (UPS44, Orléans) and used at 8-10 weeks of age. Mice were maintained in a
temperature-controlled (23°C) facility with a 12-hour light/dark cycle and were given
free access to food and water. Experimental protocols complied with the French
government’s ethical and animal experiment regulations, Ethics CLE CCO 2015-

1087. Mice deficient for IL-1R1 (32) were bred in the same animal facility.

Glufosinate ammonium (GLA) (PESTANAL®, Riedel-de Haén, Sigma-Aldrich, Isle
d’Abeau, France) was given in 40 pL of saline solution by an intranasal
administration (i.n.) to isoflurane anesthetized mice. Control mice received 40 pL
saline vehicle. For acute studies, a single dose of GLA was administered at 1mg/kg

and mouse behavior was observed during 6 h.

To exclude the potential link between seizure and lung inflammation, mice were
treated with a convulsive dose (75 mg/kg) of GLA by intraperitoneal (i.p.) injection

and lung inflammation assessed.

To address the role of glutamate receptors in lung response to GLA, MK-801
maleate, a potent selective, non-competitive NMDA receptor antagonist (Abcam,
Paris,France; 1 mg/ kg, i.p.) or MPEP a potent and highly selective non-competitive
antagonist at the mGlu5 receptor subtype (Tocris, Bio-Techne, Lille, France; 10 mg/

kg, i.p.) were administered 30 min prior GLA instillation.



For chronic studies, GLA was administered 3 times a week for 4 weeks at 0.2mg/kg

i.n., a low dose avoiding the convulsions that are observed at higher doses.
Electroencephalogram recordings

Under isoflurane anesthesia (1.5%), mice (n=6) were implanted with three monopolar
surface electrodes placed in the cranial bone. Two electrodes were set bilaterally
over the parietal cortex and a ground electrode was placed over the frontal cortex.
Electrodes were made of a tungsten wire (diameter 250 um) soldered to a male
connector (Wire-pro, Farnell, Villefranche sur Saéne, France). They were inserted in
the skull so that only the tip (0.5 mm) protruded onto tissue. The electrodes were
glued to the skull with cyanoacrylate and dental cement. EEG was recorded on freely
moving mice, after a recovery period of 7-10 days. EEG was monitored for a seven
and half hours lasting period using data acquisition system (PowerLab 16/30, AD
Instruments). The biological signals from the electrodes were amplified and filtered
(0.1-50 Hz bandpass) using BioAmp amplifiers (AD Instruments). Then the EEG
signal was digitized at a sampling rate of 1024. The digitized signals were displayed
and stored on a computer. The EEG activity was analyzed with LabChart 7.2
software (AD Instruments). Mice behavior was observed during the same period of

time.
Broncho alveolar lavage

Broncho alveolar lavage (BAL) was performed in CO, euthanized mice by 4
lavages with 500 uL saline solution via a cannula introduced into the trachea. BAL
fluids (BALF) were centrifuged at 400 g for 10 min at 4°C, and the supernatants were
stored at -20°C for ELISA analysis. Total cells counts were determined on the re-
suspended cell pellet in 1ml saline and cytospins were prepared on glass slides
(Thermo scientific, Waltham, USA) followed by a Diff-Quik staining (Merz & Dade
A.G., Dudingen, Switzerland). Differential cell counts were performed with at least

400 cells per slide.
Lung histology

The left lobe of lung was fixed in 4% buffered formaldehyde, processed and
paraffin embedded under standard conditions. Lung sections of 3 ym were stained

with haematoxylin and eosin (H&E). The slides were blindly examined by using a
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Leica microscope at 200X magnification (Leica, Solms, Germany). Cell infiltration and
septae disruption were assessed by a semi-quantitative score (with increasing

severity 0-5) by two independent observers.

Cytokines measurements

IL-1B, IL-6, chemokine CXCL1 (KC), Matrix metallopeptidase 9 (MMP9) and tissue
inhibitor of metalloproteinase-1 (TIMP-1) concentrations in BALF or lung
homogenates were determined by enzyme-linked immunosorbent assay (ELISA,
R&D Abingdon, UK) according to the manufacturer's recommendations. The lungs
were homogenized for 1 minute using a Polytron homogenizer and the cell debris
were removed by centrifugation at 10,000g for 10 minutes as reported (Gasse et al.
2007).

The extent of neutrophil accumulation in lung and BALF was quantified by
myeloperoxidase (MPO) ELISA (R&D DY3667).

Glutamate glutamine measurements

Concentrations of glutamine and glutamate in lung tissue were determined using a
glutamine/glutamate determination kit (GLN-1; Sigma-Aldrich) with slight
modifications. After homogenization of lung tissue in acetate buffer (0.5M, pH 5.0),
each sample was divided into two parts; part 1 was measured for glutaminase after
transforming the glutamine into glutamate and thus obtaining the total glutamate
concentration, part 2 was measured directly for the endogenous glutamate
concentration. Samples were then dehydrogenized to a-ketoglutarate accompanied
by reduction of NAD+ to NADH. The amount of NADH is proportional to the amount
of glutamate and was measured using a spectrophotometer at 340 nm. A standard
curve was determined for each experiment to calculate the concentration of
glutamate in samples. Glutamine levels were calculated (part 1 minus part 2) and

both glutamate and glutamine concentrations were normalized to total protein levels.

Glutamine synthetase activity



Glutamine synthetase (GS) activity was determined by Glutamine synthetase
Microplate Assay Kit according to the manufacturer's recommendations (Ciohesion

bioscience, UK).
Western blotting

Lung proteins were extracted as described (33). Briefly, lungs were homogenized in
RIPA buffer (10mM Tris-HCI, pH 7.6; 1mM EDTA; NaCl 0.15mM; Igepal 1%; SDS
0.2%; supplemented with a cocktail of protease inhibitors (Pierce, Paris, France).
Protein concentration was determined in the supernatant by BCA protein assay kit
(Pierce, Paris, France). Protein samples (15ug) were run on SDS/PAGE gels (8-12%,
w/v), transferred to a nitrocellulose membrane and probed with primary antibodies
anti-GS (1:1000, G2781, Abcam, Paris,France), or anti-iNOS (1:1000, RB-9242,
Applied Biosystems, ThermoFisher Scientific, Paris, France) and a secondary
horseradish peroxidase-conjugated antibody (1:4000, W401B, Promega , Paris,
France). Load of equal amounts of protein was checked by mouse anti-f actin
antibody (1:4000, A2228, Sigma-Aldrich, lllkirch, France). The proteins of interest
were revealed by chemiluminescence following addition of substrate to the
membranes (reagent kit ECL ™ Western Blotting Detection Reagent, AmershamTM,
GE Healthcare) and the immunopositive signals were recorded with the "Western
Blotting Imager" PXi4 (Ozyme). Immunoreactive bands were quantified by using the
Gene Tools® software. Western blots were performed in triplicate and representative
results are shown in figures. Results are expressed as percentage of NaCl vehicle

control.

Airway resistance assessed by invasive plethysmography

Measurements of dynamic lung resistance and compliance were performed by
invasive plethysmography in response to the bronchoconstrictor methacholine on
mice chronically exposed to GLA, using a FinePointe (Buxco, London, United
Kingdom). Mice were anesthetized using 100uL/10g body weight of 2% xylazine
(Rompun Bayer) and 10% ketamine (Imalgene; Merial, Toulouse, France),
tracheotomized, paralyzed using D-tubocurarine (0.125%, Sigma), and immediately
intubated with an 18-gauge catheter, followed by mechanical ventilation.

Respiratory frequency was set at 140 breaths per min with a tidal volume of 0.2 ml

and a positive end-expiratory pressure of 2 ml H20. Increasing concentrations of
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methacholine (0-40 mg/ml PBS) were administered through intubation to induce
bronchoconstriction at the rate of 20 puffs every 10 seconds, with each puff of
aerosol delivery lasting 10 milliseconds, via a nebulizer aerosol system with a 2.5—4-
mm-sized aerosol particle generated by a nebulizer head (Aeroneb; Aerogen,
Galway, Ireland). Airway resistance (Ri) reflects bronchoconstriction and increases
with methacholine exposure, while dynamic compliance (Cdyn) measures elastance
upon methacholine exposure. Baseline resistance was restored before administering

subsequent doses of methacholine.

Statistical analysis

All results are presented as mean + SEM. Data involving more than two groups were
analyzed by analysis of variance (P> 0.05, one-way ANOVA) followed by
Bonferroni's Multiple Comparison Test. Student’s t-test was used for comparisons
involving two groups. For the histological scores, intergroup comparisons were
performed using a non-parametric test (Mann-Whitney). For data from
plethysmography experiments, statistical evaluation of differences between the
experimental groups was determined by Mann-Witney “U” test. Statistical tests were

made with the software Prism.
Results

Low dose intranasal GLA administration induces seizures via NMDA receptors

activation in mice

The intranasal route is classically used to mimic aerogenic exposure in experimental
murine models of acute lung inflammation or lung infection. Here, when exposing
mice to low dose GLA (1mg/kg), we were surprised that mice developed seizures.
The first behavioral changes appearing approximately 4h-4h30 after GLA exposure
consisted of head shaking and myoclonic twitches of the body, followed by tonic-
clonic seizures which appeared concomitantly with high amplitude and high
frequency spikes on EEG recording (Figure 1 A). Epileptic activity was characterized
by recurrent and intermittent seizure episodes whose mean duration was
approximately 50 sec. Mice developed motor seizures with the same chronological

events: retrograde movement, squatting, head nodding, forelimb contractions, rearing



and tail extension associated with hyperventilation and hypersalivation. During full
motor seizures, mice finally developed: popping, running, falling with cycling
movements of extremities. Interestingly epileptic seizures after intranasal instillation
occurred at 1 mg//kg, while upon systemic i.p. injection the epileptogenic dose was
75 mg/kg (Figure 1B) as we have already demonstrated (30), indicating that the
intranasal route has a higher epileptogenic potential. Among 10 mice tested, 8
displayed seizures activity after Tmg/kg GLA intranasal administration similar to the
9/10 mice that developed seizures after 75 mg/kg GLA intraperitoneal treatment
(Figure 1B). The intensity of seizure was comparable between mice receiving GLA at
1mg/kg by intranasal route and mice receiving GLA at 75mg/kg by intraperitoneal
route. The dose of GLA at 1mg/kg administrated intraperitoneally did not induced
convulsions (0/6 mice treated).

This high sensitivity to low i.n. GLA exposure was mediated through glutamate
NMDA receptors since none of ten mice pretreated with MK-801 developed GLA-
induced seizures. In contrast, pretreatment with mGlu5 receptor subtype antagonist,
MPEP yielded 7/10 mice with GLA-induced seizures.

Further, we addressed a possible link between GLA-induced seizures and
inflammation in mice deficient for a master inflammatory pathway, IL-1R1. There was
no difference of induction and intensity of seizures between IL1R1 KO mice and wild-
type B6 control mice after GLA intranasal exposure at 1mg/kg.

Thus, GLA-induced seizures seem to be mediated through activation of a NMDA

receptor, independent of IL-1R1 inflammatory pathway.

Intranasal GLA exposure induces lung inflammation

To investigate a potential inflammatory response in the lung, GLA was instilled by the
intranasal route at 1mg/kg and the BALF was analyzed at 6h and 24h. There was a
significant inflammation in the airways, largely accounted for by macrophages and
neutrophils in mice treated with GLA 1 mg/kg at 6h, compared to saline controls, and
both populations were still elevated at 24h (Figure 2A). Lymphocytes in BALF were
delayed but significantly increased at 24h after GLA instillation. The MPO levels in
BALF were increased at 6h after GLA instillation, consistent with the increased
neutrophil counts in BALF. Moreover, IL-18 and TIMP1 concentrations in lung were

essentially doubled at 24h after GLA instillation (Figure 2B). There was no significant



changes of pulmonary IL-6 and MMP9 levels and nor of KC in BALF (data not shown)
after GLA exposure.

A significant increase in iINOS protein in the lung was induced at 6h and 24h after
GLA instillation (Figure 2C). Microscopic analysis of lung sections revealed weak
interstitial inflammation and some disruption of alveolar septae evoking some

emphysema after GLA administration (Figure 2D).

GLA induced lung inflammation is not an indirect effect of convulsion.

We next verified that inflammation was due to a pulmonary effect of GLA and not to
an indirect effect of GLA-induced convulsions (Figure 3). We compared the lung
inflammatory cell recruitment in the airways after GLA administration given either by
the intranasal (1 mg/kg) or intraperitoneal (75 mg/kg) route. Both GLA regimen
induced convulsions, but only i.n. instillation caused significant macrophage,
neutrophil and lymphocyte recruitment measured 24h after GLA exposure. Therefore
the lung inflammation is not a consequence of a peripheral effect of convulsions but

appears to be due to a direct effect of GLA on the airways.

GLA instillation perturbs glutamate homeostasis in lung

GLA is an analog of glutamate and a recognized inhibitor of glutamine synthetase
(GS), an enzyme also present in lungs (34). Therefore we next investigated GS
activity in the lung upon lung GLA exposure. A single dose of GLA at 1mg/Kg given
to B6 mice by intranasal route induced a significant decrease in GS activity in the
lung by ca 40% at 6h that returned to basal levels at 24h after GLA exposure.
Moreover the enzymatic activity modification was associated with a significant GS
protein upregulation by ca 50% and a significant increase of glutamate and glutamine

concentrations in the lung 24h after GLA instillation.

GLA-induced lung inflammation depends on glutamate signaling

To address the role of glutamate receptors activation in GLA-induced lung
inflammation we used the glutamate receptors antagonists, MK-801 and MPEP. MK-

801 and MPEP significantly reduced the recruitment of total cells, macrophages
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neutrophils and lymphocytes in BALF at 6h (Figure 5). The data strongly suggest that

activation of glutamate receptors contributes to lung inflammation.

Inflammatory cell recruitment upon GLA exposure depends on IL-1R1 signaling

Since glutamate activates the NLPR3 inflammasome (35), we hypothesized a link
between GLA, NLRP3 inflammasome activation, IL-18 pathway and lung
inflammation. IL-1 is a potent inflammatory mediator involved in several lung
inflammation conditions as seen in bleomycin induced inflammation and fibrosis (36)
and we asked whether it might contribute to lung inflammation induced by GLA
exposure. Therefore we asked whether IL-1B is involved in GLA-induced lung
inflammation. Using IL-1R1 deficient mice we found a significant reduced neutrophil
recruitment in BALF upon 1 mg/kg GLA instillation as compared to B6 mice (Figure
6A). Consistent with the reduced neutrophil recruitment in BALF, the concentration of
the neutrophil attracting pro-inflammatory chemokine CXCL1 (KC) was significantly
increased in WT, but not in IL-1R1KO mice 6h after GLA instillation (Figure 6B). No
significant changes were found for IL-6, TIMP1, IL-13, MMP9 and MPO levels
between IL-1R1 deficient and wild-type mice 6h after GLA exposure (data not

shown).

Chronic GLA exposure to very low, non-convulsive doses causes persistent

lung inflammation

To assess the pulmonary effects upon chronic GLA exposure we first identified a
dose regimen which did not cause seizures. GLA at 0.2mg/kg administered by
instillation, 3 times a week during 4 weeks did not cause motor seizures. After 4
weeks under this exposure, GLA induced a significant increase of inflammatory cells
in the airways, largely accounted for by macrophages, together with neutrophils,
macrophages and lymphocytes (Figure 7A), similar to the acute response.

The MPO levels in BALF were significantly augmented after chronic GLA exposure
consistent with the increased neutrophil counts in BALF. Moreover TIMP1 in lung
was slightly but significantly increased after chronic GLA exposure. No significant
changes were found for IL-13, MMP9, KC levels (data not shown). Furthermore,
iINOS and GS proteins in the lung were significantly increased by ca 50% after

chronic GLA exposure (Figure 7B). The histological investigation of the lung tissue
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upon chronic exposure revealed increased size of alveoli suggesting disruption of
septae and incipient emphysema, with an increase of interstitial and peribronchial

mononuclear cells (Figure 7C).

Chronic GLA exposure induces airway hyperreactivity

Airway hyperreactivity is a hallmark of allergic asthma and chemical irritation of the
airways. Airway hyperreactivity was assessed by the responsive to the
bronchoconstrictor methacholine using airways resistance (Ri) and dynamic
compliance (Cdyn) of mice chronically exposed to GLA or saline using invasive
plethysmography. Chronic GLA exposure to very low non-convulsive doses (0, 2
mg/kg) as above induced a significant increase of airway resistance and a declining
trend in the dynamic compliance at the higher concentrations of methacholine (Figure
8). Increased hyperreactivity of the airways upon chronic GLA exposure is a
significant finding suggesting potential enhanced bronchoconstrictive responses to

other irritants including allergens.

Discussion

This is the first study demonstrating a significant airway inflammation upon GLA
exposure. We demonstrate that lung inflammation is IL-1R1 signaling dependent and
appears to be related to GLA-induced glutamate signaling, which likely activates the

inflammasome and IL-1 dependent inflammation.

First, a single intranasal administration of GLA at 1mg/kg caused seizures in mice
whereas intra-peritoneal administration at the same dose had no convulsive effect. A
dose of 75mg/kg by intraperitoneal route is necessary to have a similar percentage of
convulsive mice as with 1mg/kg by intranasal route. These results suggest that the
intranasal exposure has higher epileptogenic potential. The olfactory system provides
a direct link between the brain and the outside world, and it also has widespread
connections with various brain regions, including the hippocampus. Nasal
administration of a drug can result in significant delivery to the CNS, by effectively
passing the blood brain barrier (37). Numerous publications confirm the efficacy of
intranasal administration for the delivery of compounds to the CNS (37-39). Therefore

it is conceivable that GLA accessed the CNS via the olfactory and trigeminal nerves
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and the rostral migratory stream (37, 40, 41) and induced epileptiform activity through
a glutamatergic neurotransmission activation (30, 42). We show that behavior
modifications induced by intranasal GLA exposure can be prevented by pretreatment
with MK-801, a NMDA-receptor antagonist, suggesting NMDA-receptor involvement
in these epileptic seizures. These data are in line with our previous study showing
that seizures induced by an intraperitoneal injection of GLA at 75 mg/kg were

prevented by MK-801 pretreatment (30).

Importantly, a single intranasal administration of GLA at 1mg/kg induced pulmonary
inflammation with recruitment of neutrophils and macrophages at 6h and
lymphocytes at 24h. Lung inflammation is not a consequence of convulsions since an
intraperitoneal injection of GLA (75mg/kg) that induced severe convulsions did not
induce inflammatory cell recruitment to the airways. These results suggest that GLA
acts directly on the airways and/or the immune system. Indeed, the potential targets
of GLA, glutamine synthetase and glutamate receptors, are not only localized in the
nervous system but also in lung and immune cells (13, 19, 21).

In agreement with Labow et al. (13) we detect active GS protein in lung. Further, GLA
at 1mg/kg inhibited by 40% pulmonary GS activity 6 h after exposure, which in turn
increased the concentration of its substrate, glutamate, in lung. In response to the
inhibition of GS activity, GS protein levels were markedly upregulated and thus
restored the overall pulmonary GS activity and increased glutamine concentration in
lung 24h after GLA exposure. Indeed, the level of GS protein in the lung is partially
governed by the intracellular glutamine concentration, a feedback regulatory
mechanism (13, 43). It was demonstrated that the lung primarily contributes
glutamine synthesized de novo from glutamate and ammonia and hence plays an
important role in the maintenance of whole-body nitrogen and glutamine homeostasis
(34).

Outside the central nervous system, the lung is among the organs where evidence
exists for a role for glutamate signaling in physiology and pathologic states. Several
recent reports describe the expression of ionotropic and metabotropic glutamate
receptors in the lung and airways, as well as in immune cells (18, 19, 21, 44, 45) .
Activation of glutamate receptors might be an important and previously unrecognized
mechanism of the airways inflammation and hyperactivity (20, 46-48). In airways

inflammation, glutamate plays a role from the first step of neutrophilic emigration, i.e.
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neutrophil adhesion to pulmonary capillary endothelium by chemotaxism (44, 49).
Glutamate-mediated increase in neutrophil cell migration is inhibited by class 1
metabotropic receptor antagonists (mGLUR) (44). Interestingly, activated
polymorphonuclear leukocytes release glutamate, causing a decrease in endothelial
barrier function via its action on endothelial expression of group | and Ill mGLuRs
(47), paving the way for neutrophil trans-endothelial migration. We showed that
MPEP, a class 1 mGLUR antagonist, significantly reduced the recruitment of total
cells, neutrophils, lymphocytes and macrophages in BALF 6h after GLA exposure.
These data suggest that GLA promotes neutrophil emigration into the lung by
activation of class 1 mGLUR receptors. Therefore, it is possible that after being
activated by glutamate or GLA, neutrophils further release glutamate to attract more

neutrophils and/or other leukocytes forming an autocrine/paracrine loop.

The ionotropic glutamate NMDA receptors were recently found in all lung regions and
in immune competent cells, including alveolar macrophages, lymphocytes, and
neutrophils (19, 21, 22) and seem to play a critical role in lung diseases (16). In
bleomycin-induced lung inflammation a selective release of endogenous glutamate
was reported in lungs and memantine, a well-known NMDAR antagonist, attenuated
lung inflammation (50). Moreover, it was demonstrated that GLA directly affects
NMDAR (51). Therefore, we investigated the putative role of MK-801, a specific
NMDAR antagonist, on GLA induced lung response. In the present study, we
document that MK-801 prevents neutrophil, macrophage and lymphocyte recruitment
in GLA-induced lung inflammation, suggesting a role of NMDAR activation in cell
recruitment. In addition, it was demonstrated that activation of NMDAR subtypes in
rat alveolar macrophages promotes NO secretion by increasing iNOS activity (45). In
our conditions, intranasal exposure to GLA significantly increased iNOS protein in
lung. Therefore GLA or glutamate may induce iINOS expression via NMDAR
activation. Nevertheless, the exact mechanism of iINOS increased expression is not
elucidated since iINOS can also be induced by inflammatory cytokines in phagocytic
cells (macrophages, leukocytes). Indeed, we demonstrated that GLA induces IL-1f3 in
lung 24h after a single intranasal exposure. In bleomycin-induced lung inflammation,
blocking of NMDAR by memantine decreased the proinflammatory cytokines IL-1f3
and TNFa (50). In isolated hippocampus, glutamate stimulation increased NLRP3

expression accompanied by the up-regulation of cleaved caspase-1 expression and
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enhanced of IL-13 secretion (35). Our results suggest that GLA might induce IL-13
secretion via NMDAR activation. Indeed, we hypothesize, as suggested by Li et al.
(2015a), that glutamate could activate the NLRP3 signaling pathway via an increase
of reactive oxidative species. In our conditions, GLA might induce IL-1(3 secretion and

nitric oxide production through NMDA receptor activation.

The present study provides the first data documenting pulmonary modifications after
aerogenic exposure to GLA, the active ingredient of some commercial herbicides.
The effects of long-term exposure at low doses of GLA remain unknown as there is
no specific epidemiological study on the effects of chronic exposure to this pesticide
on lung. Indeed, pesticides may contribute to respiratory diseases among farmers (1,
5, 8), but data for individual chronic exposure to pesticides are limited to few studies
(11). Therefore, we wondered if a chronic exposure at low doses of GLA perturbed
the lung function too. We show that chronic GLA exposure at 0.2 mg/kg 3x per week
over 4 weeks by intranasal instillation causes lung inflammation with disruption of
alveolar septae and incipient emphysema with an increase of INOS and TIMP-1
activity, the hallmark of evolution to pulmonary fibrosis. The mild emphysema
observed after GLA exposure is likely due to the inflammatory response. However,
nitric oxide production via INOS expression, might contribute to the development of
pulmonary emphysema since it has demonstrated that iINOS inhibition attenuates

cigarette smoke or elastase induced pulmonary emphysema in mice (52, 53).

Moreover, chronic GLA exposure augmented airway hyperreactivity to methacholine
with increased resistance and reduced compliance. Airway hyperreactivity induced by
GLA exposure is likely linked to inflammation but might also be due to a direct effect
of GLA on airway smooth muscle cells or nerves. Indeed, NMDA receptors are
present in tracheal and lung smooth muscle cells and mediate contractile responses
via glutamatergic mechanisms (46). According to the interesting theory of Hoang et
al., airway hyperresponsiveness was considered as a “bronchial epilepsy” (20). This
theory suggests that airway hyperresponsiveness occurs in particular as a result of
hyperreactivity of glutamatergic receptors, mainly NMDAR in the airways. Indeed, it
was demonstrated that NMDA administration caused an increase of tracheal smooth
muscle response in ovalbumin-induced hyperreactivity to acetylcholine in guinea pigs
(48, 54). In a similar way, GLA may act as an excitotoxin able to induce cerebral (30)

and bronchial seizures.

15



In conclusion, this study, for the first time, provides evidence for the mechanism of
glufosinate-induced occupational lung disease. Indeed our results demonstrate that
GLA exposure by aerosol causes airway inflammation and hyperreactivity.
Mechanistically GLA acts by interaction with glutamate signaling which induces the
release for pro-inflammatory IL-1p leading to lung inflammation and injury. These

data raises concerns on the potential risk of GLA as herbicide on public health.
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Figure legends

Figure 1: Low dose intranasal GLA administration induces seizures via NMDA

receptors activation in mice.

EEG recording of GLA-intranasal-treated mice before (A) and 6h after GLA
instillation (1 mg/kg, i.n.; B). Cortical EEGs were recorded as described in materials
and methods. Typical recording of one mouse representative of n=6 mice per group

is presented (A).

Percentage of mice displaying seizures after NaCl or GLA treatment (B). A single low
dose of GLA was given by the intranasal route (1mg/kg i.n.) or the intraperitoneal
route (1mg/kg i.p. or 75mg/kg i.p.) to B6 mice. MK-801 (1 mg/ kg, i.p.) or MPEP (10
mg/ kg, i.p.) were injected 30 min prior GLA (1mg/kg i.n.) instillation in B6 mice. GLA
was also given by the intranasal route (1mg/kg i.n.) to IL-1R1KO and B6 mice.

Results are expressed as means + SEM of n=10 mice per experimental group.

Figure 2: Intranasal GLA exposure induces lung inflammation

A single dose of GLA at 1mg/kg was given by intranasal route and the total and
differential cell counts in BALF scored at 6h and 24h (n=12-15 per experimental
group) (A). Neutrophil accumulation in BALF was measured by assaying
myeloperoxidase (MPO) (n= 15-17 per experimental group) (B). IL-13 and TIMP-1
levels in lung were determined by ELISA (n= 12-15 per experimental group) (B).
Inductible NOS protein levels were evaluated 6h or 24 hours after NaCl or GLA
treatment (n= 6 per experimental group) (C). Representative micrographs (200X
magnification) of lung sections stained with haematoxylin and eosin of a NaCl vehicle
control mice and a GLA-treated mice 24h after exposure (D). Cell infiltration and
septae disruption were assessed by a semi-quantitative score (0 - 5; n=4 per
experimental group) (D). Results are expressed as means + SEM, pooled from 2
experiments, *p<0.05, ** p<0.01, ***p<0.001 versus NaCl group. # p<0.05 versus
GLA 6h group.

Figure 3: GLA induced lung inflammation is not an indirect effect of

convulsion.

17



GLA was given to B6 mice by intranasal route (1mg/kg) or intraperitoneal route
(75mg/kg) and the total and differential inflammation cell numbers in BALF were

counted at 24h (n= 5-6 per experimental group).

Results are expressed as means + SEM, ** p<0.01, ***p<0.001 versus NaCl group. #

p<0.05, ##p<0.01 versus GLA i.n group.

Figure 4: GLA instillation perturbs glutamate homeostasis in lung.

The enzymatic activity, protein levels of glutamine synthetase and the concentrations
of glutamate, glutamine concentrations were evaluated in the lung 6 h and 24h after
a single intranasal dose of GLA at 1mg/kg in B6 mice by intranasal route. Results are
expressed as means + SEM of n= 6-9 per experimental group pooled from 2
independent experiments, *p<0.05, ** p<0.01, versus NaCl group, ##p<0.01 versus
GLA 6h group.

Figure 5: GLA-induced airways inflammation depends on glutamate signaling.

The total and differential inflammatory cells were counted in BALF at 6h after GLA
intranasal exposure (1mg/kg). MK-801 (1 mg/ kg, i.p.) or MPEP (10 mg/ kg, i.p.) were
injected 30 min prior GLA instillation in B6 mice. Results are expressed as means +
SEM with n= 6-11 per experimental group pooled from 2 independent experiments, **
p<0.01, ***p<0.001 versus NaCl group. # p<0.05, ###p<0.001 versus GLA group.

Figure 6: Inflammatory cell recruitment upon GLA exposure depends on IL-1R1

signaling.

A single dose of GLA at 1mg/kg was given to B6 and IL-1R1 deficient mice by
intranasal route and the total and differential cell numbers in BALF were counted at
6h after GLA intranasal exposure (A). KC levels in lung homogenates were
determined by ELISA. Results are expressed as means * SEM of n= 10 per
experimental group pooled from 2 independent experiments, *p<0.05, ** p<0.01,
***p<0.001 versus NaCl group. ## p<0.01 versus B6 GLA group.
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Figure 7: Chronic GLA exposure induces lung inflammation

GLA was administered 3 times weekly at 0.2mg/kg for 4 weeks to BL6 mice by
intranasal route and the total and differential cell numbers in BALF were counted at
24h after the last instillation (n= 15-17 per experimental group, pooled from 2
independent experiments) (A). Neutrophil accumulation in BALF was also quantified
by measuring myeloperoxidase (MPO) (n= 15-17 per experimental group pooled from
2 independent experiments). IL-13 and TIMP-1 levels in lung were determined by
ELISA (n= 12-15 per experimental group) (A).

Glutamine synthetase and iNOS proteins levels were evaluated after NaCl or GLA
chronic treatment (n= 6 per experimental group) (B). Representative micrographs
(200X magnification) of lung sections stained with haematoxylin and eosin of a NaCl-
treated mice and a GLA-treated mice 24h after exposure (C). Cell infiltration and
septae disruption were assessed by a semi-quantitative score (0-5) treatment (n= 6-7

per experimental group) (C).

Figure 8: Chronic GLA exposure at low, non-convulsive doses increases

airway hyperreactivity

Measurements of dynamic lung resistance (Ri) and compliance (Cdyn) in response to
the bronchoconstrictor methacholine were performed on chronic-GLA-exposure mice
using invasive plethysmography. Increasing concentrations of methacholine (Mch)
(0—40 mg/ml) were administered at the rate of 20 puffs every 10 seconds. Ri and
Cdyn were recorded as described in materials and methods. Results are expressed

as means + SEM of n= 5 per experimental group, ** p<0.01 versus NaCl group.
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Figure 8
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