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1 Introduction, background

1.1 Transient receptor potential Vanilloid 1 (TPV1) and Ankyrin 1 (TRPA1) and their role

in neurogenic inflammation

Transient receptor potential (TRP) ion channels comprise more than 30 structurally related ion
channels, divided into the TRPC (Canonical), the TRPV (Vanilloid), the TRPM (Melastatin), the
TRPP (Polycystin), the TRPML (Mucolipin), the TRPA (Ankyrin) and the TRPN (NOMPC)
subfamilies based on their sequence homology (1). Most of them are non-selective cation channels,
however, they exhibit differences in permeability and selectivity (2). These ion channels are
tetramers composed of six transmembrane domains, with a pore formed by the hydrophobic region
between the fifth and sixth segments. They can assemble as homo- or heterotetramers to form
functional units (3). The physiological role of TRP channels ranges from store-operated calcium
channels to thermo-, mechano- and chemosensors.

The most investigated members of the family in relation to gastrointestinal and airway
inflammation include vanilloid 1 (TRPV1), ankyrin 1 (TRPAL). They are located predominantly
on the capsaicin-sensitive sensory neurons, and often co-expressed mainly on these sensory fibers,
but several non-neural expressions have recently been described that drew great attention to this
research area (4). In general, they are activated by a variety of exogenous chemicals and
endogenous mediators making them important regulatory structures in inflammatory and pain
processes.

TRPV1 and TRPA1 are polymodal nociceptors playing an important role in thermo- mechanical-
and chemo-sensation and play a complex role in hyperalgesia and neurogenic inflammation (5,6).
Upon their activation on the capsaicin-sensitive afferents pro-inflammatory sensory neuropeptides,
e.g., substance P (SP) and calcitonin gene-related peptide (CGRP) are released leading to
neurogenic inflammation (vasodilatation, plasma protein extravasation and inflammatory cell
activation) (6-8). Simultaneously with these pro-inflammatory mediators, anti-inflammatory
neuropeptides, most importantly somatostatin and pituitary adenylate cyclase activating
polypeptide (PACAP) are also released from the same terminals, counteracting the inflammatory
process and tissue damage both locally and systemically (9-11) (Figure 1).

The endogenous activators of TRPV1 and TRPAL are often produced during inflammation, e.g.,

lipoxygenase products, reactive oxygen species (ROS), bradykinin, prostanoids and the acidified



pH of the inflamed tissue (12-15). The gastrointestinal mucosa is frequently exposed to the
exogenous agonists of TRPV1, such as capsaicin and piperine (the pungent agent of chili pepper
and black pepper, respectively), as well as activators of TRPA1L, such as cinnamaldehyde, allyl
isothiocyanate (mustard oil), allicin (garlic), menthol etc. ingested by food (2,8,14,15). The airways
on the other hand can be exposed to various TRPAL agonists, such as bacterial endotoxin and
environmental irritants like acrolein, crotonaldehyde, isocyanates and nicotine found in cigarette

smoke, wood smoke, diesel exhaust and tear gas (19-27) (Figure 1).
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Figure 1. Activators, functional interaction, and signalization of TRPA1 and TRPV1 ion
channels. Activation of the TRPAL and TRPV1 channels leads to calcium influx resulting in the
exocytosis of pro- and anti-inflammatory mediators, such as SP, CGRP, somatostatin (SOM) and
PACAP. Besides, TRPAL and TRPV1 are also able to functionally interact via the regulation of
iCa®* concentration, resulting in cross-sensitization/desensitization. (AA: arachidonic acid,
CAMKII: Ca?* /calmodulin-dependent kinase |1, DAG: diacylglycerol, GPCR: G protein-coupled
receptor, IP3: 1,45-trisphosphate, NFAT: nuclear factor of activated T-cell, PIP2:
phosphatidylinositol 4,5-bisphosphate (PIP2), PLAZ2: phospholipase A2, PLC: phospholipase C,
PKA: protein kinase A, PKC: protein kinase C RTK: receptor tyrosine kinase)(28)

TRPV1and TRPAL1 are capable of functional interaction, such as heterologous desensitization (29),
since the majority of TRPAL expressing nerve fibers co-express TRPV1 (30). Both ion channels

can be sensitized by a variety of other mechanisms, such as prostaglandins, bradykinin and
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proteases, e.g. cathepsin expressed by immune cells, via the protease-activated receptor 2 (PAR2)
present on both capsaicin-sensitive nerve endings and the immune cells themselves (28,31,32)
(Figure 1).

TRPV1 is also present on several non-neuronal structures in the gastrointestinal tract, such as the
gastrin-secreting parietal and gastric epithelial cells, as well as the oesophageal, small intestinal
and colonic epithelial cells (33,34). TRPAL is less extensively studied in the gastrointestinal tract,
but its expression was described in isolated crypts and epithelial cells of the colon, as well as small
intestinal neuroendocrine cells (34,35). In the airways, TRPAL is expressed on fibroblasts, tracheal,
bronchial and alveolar epithelial cells, bronchial smooth muscle cells, as well as lymphocytes (36—
39). Moreover, both receptors were reported on CD4+ T cells emphasizing their role in sensory-
immune interactions (40,41).

Therefore, these ion channels were identified as novel anti-inflammatory, analgesic and

gastroprotective targets (17,42).

1.2 The role of TRPAL in the respiratory system

Due to its polymodal chemosensor function and its wide expression pattern, TRPAL has been
addressed as having a key role in physiological and pathophysiological processes, particularly in
neuro-immune interactions (17,43,44). It is suggested to be a particularly important chemical
sensor in the respiratory system, playing a role in physiological (protective reflexes, cough and
sneeze) and pathophysiological responses (inflammation, bronchial hyperreactivity) (16,45,46).
Although increasing evidence suggests TRPAL involvement in the pathogenesis of chronic
obstructive pulmonary disease (COPD), asthma, chronic cough, cystic fibrosis etc., pointing to the
important therapeutic potential of TRPAL in the pharmacological treatment of chronic pulmonary
diseases (36,45,47-53), there are few in vivo data concerning its function in airway inflammation.
Therefore, the results are far from being conclusive and more information is needed to determine
the significance of TRPAL as a possible pharmacological target in inflammatory lung disease,

pneumonitis and COPD.
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1.3 Chronic obstructive pulmonary disease (COPD)

COPD is a major global health problem worldwide in terms of economic and social burden of
disease and in terms of mortality. According to the definition and description of the Global
Initiative for Chronic Obstructive Lung Disease (GOLD 2017), from the Global Strategy for the
Diagnosis, Management and Prevention of COPD, it is characterized by persistent respiratory
symptoms and airflow limitation due to airway and/or alveolar abnormalities usually caused by
significant exposure to noxious particles or gases. It is usually progressive and associated with an
enhanced chronic inflammatory response in the airways and the lung. Exacerbations and
comorbidities contribute to the overall severity (54). Functional respiratory disorders result from
chronic obstructive bronchiolitis narrowing the small airways and emphysema due to lung
parenchymal destruction. Cigarette smoking is the most common cause of COPD accounting for
approximately 95% of cases in developed countries besides other predisposing factors, such as air
pollutants and occupational exposure (55).

There is no curative treatment, the available therapy is restricted to corticosteroids, adrenergic 2
receptor agonists and acetylcholine muscarinic receptor antagonists that can only slow down the
progression and alleviate the symptoms (54). However, these have limited effect in a relatively
small patient population (56). Therefore, there is an urgent need to find novel therapeutic targets
in COPD.

Due to the extensive interest in this area of research, our knowledge of the underlying mechanisms
has remarkably expanded. Cigarette smoke and other airway irritants induce an abnormal
inflammatory response involving CD8+ lymphocytes, neutrophils and macrophages. These
immune cells release chemotactic factors, colony stimulating factors and proinflammatory
cytokines, thus sustain and enhance inflammation and immune cell recruitment. Furthermore,
proteases like neutrophil elastase, cathepsins and matrix metalloproteinases (MMPs) are
responsible for elastin destruction resulting in emphysema formation (57,58). However, the
complex pathophysiological mechanism, the inflammatory cascades and the role of the immune
cells, sensory nerves and neuro-immune interactions, as well as the key mediators need to be

determined to identify potential novel therapeutic targets (59).
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1.4 Animal models of chronic airway inflammation

Besides human studies to analyse tissue samples, translational animal models are particularly
important to define the pathophysiological processes underlying the molecular pathways. Many
species like rodents, sheep, dogs, guinea pigs, and monkeys have been investigated for modelling
COPD (60-62), but considering the possibilities of genetic engineering, easier handling and less
compound requirement, mouse models seem to be most suitable and promising to elucidate the
pathophysiological pathways and the complexity of the mechanisms (63-65).

Several studies focus on the protease-antiprotease imbalance and use only short-lasting models of
various types of elastases, such as pancreatic elastase, neutrophil elastase, proteinase-3 (58,66-68),
or lipopolysaccharides (LPS) and inorganic dusts to investigate their role in the development of
emphysema. These models have been proved to be useful, however, they focus only on one factor
that is an intermediate player of the pathophysiological cascade. Meanwhile, cigarette smoke (CS),
which is the most common initial triggering stimulus in the human disease, switches on a variety
of other pathways and mechanisms that are upstream mediators (67). To investigate the potential
involvement of TRPAL1 and the whole complexity of the chronic persistent inflammatory process,
the only authentic translational model for COPD is the chronic cigarette smoke exposure (CSE)
(69,70). This model has been used by several groups so far, but their broad conclusive potential is
limited by the facts that they 1) applied different protocols, experimental paradigms, exposure
durations and intensities, 2) did not have a longitudinal self-control follow-up design, 3) did not
aim to use an integrative methodological approach to investigate the complexity of the disease,
only focused on certain specific parameters and 4) used different strains. It is important to note that
genetic variance and different cigarette types have a great influence on the outcome of chronic
cigarette smoke exposure (71-74). Since C57BI/6 mice are the most widely used one for genetic
manipulations, and it is very sensitive to cigarette smoke (63) our goal was to set up, characterise
and optimise a model in this strain. Therefore, we aimed to establish a translational mouse model
for complex functional, morphological, immunological, and biochemical investigation of chronic
pulmonary pathophysiological changes characteristic to COPD. This helps to analyse the
mechanisms in different stages of the disease and provide a basis for further studies investigating
the potential role of TRPAL in COPD.
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1.5 Expression of TRPV1 and TRPAL in the gastrointestinal tract

In the gastrointestinal tract the expression and role of TRPV1 and TRPAL were most extensively
studied in animal models of colitis, such as 1%-5% dextran sulfate sodium (DSS)-, oxazolone-,
acetic acid-, trinitrobenzene or dinitrobenzene sulfonic acid (TNBS/DNBS)- or 1110"-induced
spontaneous colitis models (75-77).

TRPV1 is often co-expressed with TRPAL in capsaicin-sensitive extrinsic sensory nerves,
especially in the primary sensory neurons of the dorsal root ganglia (DRG). The density of these
TRPV1 positive fibers increase from proximal to distal regions of the colon in mice (78).
Furthermore, during DSS colitis the proportion of DRG neurons expressing TRPV1, and their
relative TRPV1 mRNA levels increase with a subsequently elevated release of sensory
neuropeptides, such as CGRP and SP (79). Although the role of TRP-expressing afferents in
inflammation is undisputable, there is growing evidence on the expression of TRPV1 and TRPA1
in intrinsic sensory neurons of the myenteric and submucosal plexuses (34,35,78,80), as well as on
the surface epithelial cells of colonic mucosa (34,35,81). The importance of sensory-immune
interactions in colonic inflammation is also supported by the expression of TRPV1 and TRPA1 on

inflammatory cells like mucosal macrophages, as well as CD4+ T cells (34,40,41) (Tables 1-4).

Table 1. mRNA expression of Trpvl in the animal colon (QPCR: quantitative polymerase chain
reaction) (82)

MRNA Location Method Model, animal species/ strain Ref
isolated crypts, submucosal and muscle layers of ) )
) ) ) intact male Wistar rats (81)
distal, middle and proximal colon
upregulated in colonic DRG to the distal colon )
) - 2.5% DSS-treated C57BI/6 mice (79)
Trpvl |in DSS-colitis gPCR
unaltered in distal colon, cell type not specified DSS-colitis — male C57BI1/6 mice (34)
primary cell culture from C57BI/6
CD4+ T cells (41)
spleen
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Table 2. mMRNA expression of Trpal in the animal colon (ISH: in situ hybridisation) (82)
MRNA Location Method Model, animal species/ strain Ref
muscularis externa and mucosa of duodenum, ) )
) . gPCR | intact C57BI/6 mice (35)
ileum and colon; cell type not specified
surface epithelium of middle colon ISH intact male Wistar rats (81)
Trpal |isolated crypts, submucosal and muscle layers of ] .
) ] . intact male Wistar rats (81)
distal, middle and proximal colon SCR
— q
upreguated in distal colon, cell type not i ]
s DSS colitis — male C57BI/6 mice (34)
specified

Table 3. Protein expression of TRPV1 in the animal colon (IHC: immunohistochemistry) (82)

] ) Model, animal species/
Protein Location Method ) Ref
strain

intrinsic sensory neurons of the myenteric intact Sprague-Dawley rats

plexus — longitudinal muscle of ileum and and Dunkun-Hartley guinea | (80)

colon pigs of both sexes

mucosa, submucosal layers, myenteric

plexus and mucosal layer of rectum, distal, male ddY mice (78)

transverse and proximal colon IHC

immunopositive neuron fiber density is intact and 2.5% DSS-

TRPV1 ) ) ) ) ) (79)
higher in the distal than the proximal colon treated C57BI/6 mice colon
enteric ganglia, epithelial cells of the distal
colon, myenteric and submucosal plexuses, male C57BI/6 mice (34)
mucosal macrophages, leukocytes

immunoblotting, ]
] primary cell culture from
membrane of resting CD4+ T cells flow cytometry, (41)
. C57BI/6 spleen
confocal microscopy
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Table 4. Protein expression of TRPAL in the animal colon (IHC: immunohistochemistry) (82)

] ) Model, animal species/
Protein Location Method ) Ref
strain

distal colonic epithelial cells, myenteric and
submucosal plexuses, interstitial male C57BI/6 mice (34)

macrophages

IHC
myenteric and submucosal ganglia; surface . .
TRPA1 L . . intact C57BI/6 mice (35)
epithelial cells of small and large intestines

surface epithelium of middle colon intact male Wistar rats (81)
] IHC, confocal primary cell culture from
membrane of resting CD4+ T cells . (40)
microscopy C57BI/6 spleen

In the stomach the gastroprotective effect of capsaicin-sensitive peptidergic sensory neurons
innervating the gastric mucosa has long been investigated by our group (83). Low dose of the
TRPV1 activator capsaicin is protective against the alcohol- and indomethacin-induced gastric
mucosal injury (84), it reduces basal gastric acid secretion and enhances gastric emptying (85).
However, in contrast to TRPV1, little is known about the expression changes and role of TRPA1
in the stomach (86), therefore, we aimed to elucidate the potential role of TRPAL in an animal

model of gastric injury.

1.6 Animal models of gastric ulceration

Gastric mucosal injury can be exhibited by various forms of macroscopic and histopathological
alterations, such as diffuse hyperemia, inflammation, erosion, or even hemorrhagic ulcerations.
Several attempts have been made to classify the different types of gastritis, but it is difficult due to
the complexity of its pathophysiological mechanisms (87). There is often no correlation between
the symptoms and the macroscopic lesions or histopathological changes (88). Based on its
localization, the injury can be diffuse, antrum- or corpus-predominant, or even multifocal.
Regarding the duration, we can differentiate between acute or chronic forms (89). However, the
etiology of the condition is at least as important.

Several drugs may alleviate the gastric lesions induced by chemical factors such as the non-
steroidal anti-inflammatory drugs (NSAID), alcohol or bile reflux, Helicobacter pylori infection or
irradiation (90). The gold standard treatment is often limited to acid secretion inhibitors, such as
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proton pump inhibitors or histamine H2 receptor antagonists, since enhancing cytoprotective
mechanisms is challenging (91).

Animal models are important for the molecular investigation of gastric injury, since these models
may reveal very early biochemical and molecular alterations, much before microscopic or
macroscopic lesions can be seen. Good models should have translational relevance. However, in
virtually all animal models of gastric injury (e.g., NSAID-, stress-induced) the lesions are well
circumscribed (i.e., superficial erosions and/or deep ulcers). Gastritis in humans, on the other hand,
is a diffuse inflammatory damage involving all or most parts of the stomach (87).

lodoacetamide (IAA) is a water-soluble sulfhydryl alkylating chemical, which, by depleting
sulfhydryl groups, including the protective antioxidant glutathione (GSH) in the gastric mucosa,
allows ROS production and oxidative tissue damage (92). The reduced GSH plays an essential role
in maintaining mucosal integrity (93). Nitric oxide synthase (NOS) also contributes to mucosal
protection via the production of nitric oxide (NO), which increases mucosal blood flow like other
gastroprotective compounds (94,95). IAA may interfere with NOS activity, thus also affecting
gastric mucosal integrity. ROS react with various cell components including cell membrane,
mitochondria and DNA, potentially leading to cell death/necrosis, which triggers neutrophil
recruitment (96,97).
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2 Primary Aims

The primary aims of my work was to establish and characterise rodent models of pulmonary and
gastrointestinal inflammation for the investigation of sensory-immune interactions, as well as

TRPAL expressions and potential roles.

1) Establishing and characterising mouse model of chronic airway inflammation

There is no effective curative treatment for COPD, the complex pathophysiological mechanisms,
inflammatory cascades and the role of the immune cells, therefore, sensory nerves and neuro-
immune interactions, as well as the key mediators need to be determined to identify novel
therapeutic interventions. Cigarette smoke-triggered inflammatory cascades and consequent tissue
damage are the main causes of COPD, therefore, chronic CSE is the only translationally relevant
animal model. We aimed to establish a translational mouse model for complex functional,
morphological, immunological, and biochemical investigation of chronic pulmonary
pathophysiological changes characteristic to COPD. This helps to analyse the mechanisms in
different stages of the disease and identify key targets for pharmacological research.

2) Investigating the role of TRPA1 in CSE-induced COPD mouse model
Although increasing evidence suggests TRPA1 involvement in the pathogenesis of COPD, asthma,
chronic cough, cystic fibrosis pointing to the important therapeutic potential of TRPA1L in the
pharmacological treatment of chronic pulmonary diseases, there are few and conflicting in vivo
data concerning its function in airway inflammation. We investigated the potential role of TRPA1
in vivo in a CSE-induced COPD mouse model using Trpal gene-deficient mice in comparison with
their wildtypes.

3) Investigating the expression of TRPAL1 and TRPV1 in iodoacetamide (I1AA)-induced
diffuse gastric injury model
Although the gastroprotective effect of capsaicin-sensitive peptidergic sensory neurons innervating
the gastric mucosa has long been investigated, in contrast to TRPV1, little is known about the
expression changes and role of TRPAL in the stomach. Therefore, our aim was to characterise a
translationally relevant gastritis model using the irreversible sulfhydryl-group blocker IAA and to

investigate the expression changes with special focus on TRPAL.
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3 Experimental models and investigational methods

3.1 Cigarette smoke-induced chronic airway inflammation model

3.1.1 Animals and research ethics

Experiments were performed on 8-10-week-old C57BI/6 mice, as well as on TRPA1 wildtype
(Trpal*™*) and gene-deficient (Trpal ") counterparts weighing 20-25 g at the beginning of the
study; each group consisted of 6 mice. The original heterozygote Trpal ™" breeding pairs were a
generous gift of Pierangelo Geppetti (Firenze, Italy)(98). Background strain of the gene-deleted
animals was C57Bl/6, and the germline transmission of the mutated allele and excision of the
selection cassette were verified by PCR analysis. Animals were bred and kept in the Laboratory
Animal House of the Department of Pharmacology and Pharmacotherapy, University of Pécs, Pécs,
Hungary at 24-25 °C, provided with standard chow and water ad libitum, maintained under 12h
light-dark cycle. All procedures were carried out according to the 40/2013 (11.14.) Government
Regulation on Animal Protection and Consideration Decree of Scientific Procedures of Animal
Experiments (243/1988) and Directive 2010/63/EU of the European Parliament. Studies were
approved and a license was given by the Ethics Committee on Animal Research of University of
Pécs, Pécs, Hungary according to the Ethical Codex of Animal Experiments (licence No.:
BA02/2000-5/2011, BA02/2000-35/2016). We addressed the ARRIVE guidelines for designing,
performing and reporting the experiments wherever possible.

3.1.2. Experimental design for the integrative characterisation of cigarette smoke-induced
COPD mouse model

Male C57BI/6 mice were exposed to cigarette smoke in a whole-body smoke exposure chamber
twice daily, 10 times/week for 6 months. Age-matched non-smoking mice kept under the same
circumstances served as controls. Airway responsiveness was determined by unrestrained whole-
body plethysmography (WBP), while pulmonary structural changes were imaged by a
microtomograph at the end of each month (Figure 2). Before the treatment period and at the end of
each month 6 smoking and 6 intact animals were sacrificed after ketamine and xylazine anesthesia.
Total cell count and the ratio of lymphocytes, monocytes and granulocytes of the bronchoalveolar
lavage fluids (BALF) were analysed with flow cytometer. Lungs were excised and rinsed with cold
phosphate-buffered saline (PBS). MMP-2/-9 activity measurement was performed by gelatin
zymography at the end of the 1%t and 6™ months, while cytokine concentrations were analysed with
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the Mouse Cytokine Array Panel A from lung homogenates at the end of each month. One part of
the lung tissue was placed in 6% formaldehyde solution for quantitative histological evaluation of
emphysema and semiquantitative assessment of pulmonary inflammation. At the end of the 6™
month restrained WBP was performed by invasive methodology in anaesthetised, tracheotomised

and ventilated mice and blood samples were collected.
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Figure 2. Experimental design for the characterisation of the chronic cigarette smoke exposure-
induced COPD mouse model

3.1.3 Experimental design for investigating the involvement of TRPAL in the cigarette
smoke-induced COPD mouse model

Based on the results of the 6-month-long CSE mouse model we investigated the potential
involvement of TRPAL in chronic airway inflammation in a 4-month-long experimental design
focusing on the peak of airway inflammation. Trpal™~ and their Trpal*’* counterparts were
exposed to CSE twice daily, 10 times/week for 4 months. Age-matched non-smoking mice kept
under the same circumstances served as controls. Airway function was determined by unrestrained

WBP at the end of each month, while pulmonary structural and morphological changes were
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imaged by a microtomograph and histopathological assessment after 2 and 4 months (Figure 3).

BALF was analysed by flow cytometry at the end of the 2" and 3™ months.
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Figure 3. Experimental design for investigating the involvement of TRPAL in the cigarette
smoke-induced COPD mouse model.

3.1.4 Cigarette smoke (CS)-induced chronic airway inflammation

Chronic bronchitis was elicited by whole body CS (3R4F Kentucky Research Cigarette; University
of Kentucky, USA) in a two-port TE-2 whole body smoke exposure chamber (Teague Enterprise,
USA) twice daily, 10 times/week for 6 or 4 months depending on the experimental paradigm. Two
cigarettes were smoked at a time for 10 minutes with a puff duration of 2 sec and a puff frequency
of 1/min/cigarette, mice were exposed to smoke for 30 min followed by a ventilation period of 30
min during which smoke was driven from the chamber. The total particulate matter (TPM
154.9745.18 mg/m3,), nicotine (9.86+0.33 mg/m3) and carbon-monoxide (147.57+4.93 ppm)
concentrations were determined every week. Age-matched non-smoking mice kept under the same
circumstances served as controls. The precise composition of the mainstream smoke is well
established and described in detail (99).
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3.1.5 Respiratory function measurement with unrestrained whole body plethysmography
Airway responsiveness was determined by unrestrained WBP with Buxco instrument (PLY 3211,
Buxco Europe Ltd., Winchester, UK) in conscious, spontaneously breathing animals before the
treatment period serving as self-control values and at the end of each months during the 6 or 4
months CSE period. All measurements were performed on the same animals in a self-controlled
manner. We determined the relaxation time (RT), breathing frequency (f), tidal volume (TV),
minute ventilation (MV), inspiratory time (Ti), expiratory time (Te), peak inspiratory flow (PIF)
and peak expiratory flow (PEF). Penh (enhanced pause) value correlating with airway reactivity
was assessed by nebulising increasing concentrations (5.5, 11 and 22 mM) of the muscarinic
receptor agonist carbachol (50 pL/mouse). Penh is a complex -calculated parameter
((Te/RT)—1)/(PEF/PIF), well correlating with bronchoconstriction and airway resistance measured
in ventilated animals using invasive techniques (5). These parameters were measured every 10
seconds during a 2-minute acquisition period and were averaged by the BioSystem XA Software
for Windows (Buxco Research Systems) (100).

3.1.6 Invasive respiratory function measurement with restrained WBP

At the end of the 6-month protocol C57BI/6 mice were anaesthetised with intraperitoneal
administration of ketamine and xylazine and restrained WBP was performed by invasive
methodology. Mice were tracheotomised and placed in a whole body plethysmograph (PLY4111,
Buxco Europe Ltd., Winchester, UK) for measuring invasive resistance and compliance. The
tracheal tube was connected to a mouse ventilator (MiniVent Type 845, Hugo Sach Elektronik -
Harvard apparatus GmbH, March-Hugstetten, Germany) with a frequency of 120 strokes/min, and
a stroke volume of 200 uL. After loading the animal, a water-coupled tube was inserted to the
oesophagus to isolate the airway in the resistance calculations. The flow and pressure transducers
(TRD5700 and TRD4515 Buxco Europe Ltd., Winchester, UK) were connected to the preamplifier
module, which digitised the signals via an analogue-to-digital converter (MAX2270 Buxco Europe
Ltd., Winchester, UK). All respiratory parameters, such as airway resistance (RI), end-expiratory
work (EEW), tidal mid-expiratory flow (EF50), end-expiratory pause (EEP), Te and Ti

characteristic of COPD/emphysema and possible to determine with the BioSystem XA Software
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for Windows were measured every 10 seconds and averaged during a 10-minute baseline reading

period.

3.1.7 In vivo micro-computed tomography (micro-CT) analysis for emphysema quantification
Structural changes of the lungs were imaged by breath-gated tomography on a Skyscan 1176 high
resolution microtomograph (Skyscan, Kontich, Belgium) at the end of each month in the 6-month-
long protocol and and at the beginning and after the 2" and 4" months in TRPA1 gene-deleted and
wildtype mice in a self-controlled manner. Mice were anaesthetised with i.p. pentobarbital (70
mg/kg) and placed in supine position on the bed of the scanner, a piece of paper was placed onto
the chest with a high-contrast sign to enable the video gating of the breathing movements to
eliminate motion artefacts. Scanning parameters were the following: 50kV tube voltage, 500 pA
tube current, 0.5 mm Al filter, 180 degree scan, 0.7 degree rotation angle between each camera
angle and 10 acquired images per step. Pixel size was kept on 35 um. One field of view covered
the whole lung. With these settings one scan took about 12-15 minutes and provided a good
combination of sufficient resolution, short scan time and low radiation. After sorting the images
into 5 bins (stacks) of images, each bin contained at least 2 images, based on the video gating
signal. The bins represent a certain phase of breathing cycle. One of the bins was chosen for
reconstruction with following settings: ring artefact correction was set at 20, 35% beam hardening
correction, smoothing was set at 5. Reconstruction and morphometric analysis were performed
with a software package provided by the manufacturer. Image analysis was performed according
to literature data (101). Briefly, air-filled pixels outside the animals were excluded from
reconstructed images using a previously reconstructed image of a phantom with air-containing
Eppendorf tube and using a “despeckle” command. The resulting images were reloaded and
thresholding was repeated to determine the air-filled areas within the lung (with an additional
“despeckle” command). Emphysema was calculated by the ratio of low attenuation area (LAA,
from -750 to -1000 Hounsfield unit, representing the air-filled regions) and total lung volume
(TLV) and was expressed in percentage (102).

3.1.8 Bronchoalveolar lavage fluid (BALF)
At the end of each month of the 6-month-long smoke exposure protocol mice were anaesthetised

with ketamine and xylazine (100 mg/kg and 5 mg/kg, s.c., respectively), lungs were flushed with
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cold PBS (5x1 mL) with the help of a trachea cannula and BALFs were collected. They were
centrifuged at 1000 rpm for 5 minutes at room temperature, then stained and fixed for flow
cytometry as follows: cells were resuspended in 500 pL staining solution (PBS with 0.1% bovine
serum albumin (BSA) and 0.1% NaN3) and incubated with 1 pL fluorescein isothiocyanate (FITC)-
CD45 (mouse 1gG1, Becton Dickinson, San Jose, CA) as a panleukocyte marker and 1 pL
propidium iodine (Sigma-Aldrich, Budapest, Hungary) to exclude cellular debris for 30 min at
room temperature in the dark. After the incubation, samples were centrifuged and washed, then
resuspended in PBS with 2% neutral-buffered formalin. Cell preparations were immediately
analysed with CyFlow Space flow cytometer (Sysmex Partec, Miinster, Germany). Total cell count
and the ratio of lymphocytes, monocytes and granulocytes were calculated regarding their
forward/side scatter (FSC/SSC) feature. Gating was determined from mouse peripheral blood
sample as control (103,104).

Based on the results in the 6-month-long CSE model perivascular/peribronchial oedema developed
in the 1%t month, while in the 2" and 3™ months inflammatory cell infiltration dominated the
histopathological picture, which decreased by the 4™ month and was accompanied by tissue
destruction (105). Based on these data, we investigated the number of inflammatory cells in the
BALF of Trpal” and Trpal** mice after the 2" and 3™ months.

3.1.9 Histopathological evaluation of pulmonary inflammation and emphysema

The mean linear intercept (chord) length (Lm), a widely used parameter to quantify distal air space
enlargement, was measured to evaluate the size of the acinar air space complex related to
emphysema (106). Slides were scanned by a Pannoramic DESK scanner (3DHISTECH Ltd.,
Budapest, Hungary) and the alveolar space or alveolar and ductal air space together were measured
along parallel test lines by using the Case Viewer software (3DHISTECH Ltd., Budapest,
Hungary). At least 3 sections were evaluated from each mouse from different depths on
approximately 400,000 pm? representative areas to obtain reliable results (n=80-100 measurements
per mouse). Tissue shrinkage or integrity damage were not observed.

Histopathological analysis of lung sections was performed by a pathologist in a blind manner in
order to evaluate perivascular/peribronchial oedema, acute and chronic inflammation, interstitial
acute and chronic inflammation, epithelial damage and goblet cells. Scores were assessed by

observing several representative microscopic fields on a semiquantitative scale ranging from scores
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0-3 (0 - normal, 1 — mild, 2 — moderate and 3 — severe histopathological alterations in the examined

parameters).

3.1.10. Detection of MMP-2 and MMP-9 activities by gelatin zymography in the lung

To measure pulmonary MMP-2 and MMP-9 activities, gelatin zymography was performed from
mouse lung samples. MMP-2 has 2 major isoforms, 72 kDa and 64 kDa (107). Basically, the 64
kDa MMP-2 activated by limited proteolysis is the active form of the enzyme, but 72 kDa MMP-
2 can also be activated via an alternative way. The same can be observed in case of MMP-9: 86
kDa MMP-9 is the cleaved active form, but 92 kDa MMP-9 can also gain activity. Gelatinolytic
activities of these MMP isoforms were examined as previously described (108). Briefly, 8%
polyacrylamide gels were copolymerized with gelatin (2 mg/mL, type A from porcine skin, Sigma-
Aldrich), and 50 pg of protein per lane was loaded. An internal standard (American Type Culture
Collection, Manassas, VA) was loaded into each gel to normalize activities between gels. After
electrophoresis (90 V, 90 min), gels were washed with zymogram renaturation buffer (Bio-Rad
Laboratories, Hercules, CA) for 40 min. Lung samples were incubated for 20 h and at 37°C in
zymogram development buffer (Bio-Rad Laboratories, Hercules, CA). Gels were then stained with
0.05% Coomassie brilliant blue (G-250, Sigma-Aldrich) in a mixture of methanol-acetic acid-water
[2.5:1:6.5 (vol/vol)] and destained in aqueous 4% methanol-8% acetic acid (vol/vol). For positive
controls, gelatinase zymography standard containing human MMP-2 and -9 (Chemicon Europe
Ltd., Southampton, UK) were used. For negative control, lanes containing tissue samples were cut
off after renaturation of the gel and were separately incubated for 20 h at 37°C in development
buffer in the presence of the calcium chelator ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-
tetraacetic acid (EGTA; 10 mM). Gelatinolytic activities were detected as transparent bands against
the dark-blue background. Gels were scanned in a transilluminator, and band intensities were

quantified, expressed as the ratio to the internal standard, and presented in arbitrary units.

3.1.11 Cytokine profile analysis

Excised lung tissues were thawed, weighed, and immediately homogenised in PBS containing 1%
protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich, Budapest, Hungary), and
centrifuged at 10,000 g for 5 min to remove cell debris. Triton X-100 was added to a final
concentration of 1%. Blood samples from 6 months smoking and intact animals were left to clot in

room temperature for 30 min, then centrifuged for 20 min at 2000g. Serum was removed and
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processed as follows. Total protein content of the homogenates and serum samples were
determined prior to cytokine measurement with BioRad DC protein assay kit. Samples were diluted
regarding their total protein contentin 1 g wet tissue or in 1 mL serum. Forty different inflammatory
cytokines were determined simultaneously with Mouse Cytokine Array Panel A (R&D Systems)
according to the manufacturer’s instruction. Briefly, capture antibodies of forty pre-selected
cytokines were spotted in duplicate on nitrocellulose membrane. Diluted samples and biotinylated
detection antibody mixtures were incubated on the membranes overnight. Chemiluminescent
detection was performed on the 2" day and semiquantitative analysis based on densitometry was
done with ImageJ freeware. To eliminate the interassay variability all data were re-calculated with
the same control-spot densities (109). Cytokine heat map was generated by Matrix2png 1.2.1 online
freeware (110).

3.1.12 Statistical analysis

Values for all measurements were expressed as the mean +SEM of n=6 mice in each group except
for restrained WBP (n=5 per group) and cytokine determination of lung homogenates (n=3 per
group). Evaluation of the unrestrained WBP, and micro-CT results have been performed by
repeated measures ANOVA followed by Bonferroni’s modified t-test to see statistical differences
between different data sets and then between the respective data points. Data collected from BALF
flow cytometry and mean linear intercept length (80-100 measurements/slides) were analysed with
two-way ANOVA followed by Sidak’s multiple comparison test. Expression level of forty different
cytokines was statistically compared to intact values with two-way ANOVA followed by
Bonferroni’s post-test. Restrained WBP results were analysed by Student’s t-test for unpaired
comparison. Evaluation of the semiquantitative histopathological scoring was analysed by Kruskal-
Wallis followed by Dunn’s multiple comparison test to observe intragroup differences by time,

while Mann-Whitney test was performed to analyse intergroup differences at given time points.
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3.2 Chronic gastritis model

3.2.1 Animals and ethics

Experiments were performed on 8-week-old male CD1 and C57BI/6 mice weighing 18-25 g and
Wistar rats weighing 180220 g at the beginning of the study; each group consisted of 6 animals.
Animals were bred and kept in the Laboratory Animal House of the Department of Pharmacology
and Pharmacotherapy, University of Pécs, Pécs, Hungary at 24-25 °C, provided with standard
rodent chow and water ad libitum, maintained under 12 h light-dark cycle. All procedures were
carried out according to the 40/2013 (I1.14.) Government Regulation on Animal Protection and
Consideration Decree of Scientific Procedures of Animal Experiments and Directive 2010/63/EU
of the European Parliament. They were approved by the Ethics Committee on Animal Research of
University of Pécs according to the Ethical Codex of Animal Experiments (license no.:
BA02/2000-20/2019, June, 2019).

3.2.2 lodoacetamide (IAA)-induced gastritis model

Gastritis was induced by the administration of IAA (Sigma-Aldrich Inc., Darmstadt, Germany) to
the drinking water. Since I1AA is light-sensitive, IAA-containing drinking water was prepared
freshly every day by dissolving 0.1, 0.2, 0.4, 0.6 or 1 g IAA in 200 mL tap water (0.05%, 0.1%,
0.2%, 0.3% and 0.5% concentration, respectively) for 7 or 14 days consecutively, depending on
the experimental paradigm (Figures 4, 5).

Fluid intake and body weight were measured daily in each study. At the end of the study, animals
were euthanised under ketamine (120 mg/kg ip.; Calypsol, Gedeon Richter Plc., Budapest,
Hungary) and xylazine (6 mg/kg ip.; Sedaxylan, Eurovet Animal Health B.V., Bladel, Netherlands)
anesthesia. The stomach was excised, opened along the greater curvature and rinsed with room
temperature saline. After photo documentation of the macroscopic lesions, the stomach was cut in
four sections: antrum and corpus specimens were fixed in 6% formaline and 5 pm sections were
stained with hematoxylin and eosin (HE) for histopathologic and immunohistochemical evaluation.

Other antral and corpus samples were snap-frozen for molecular biological assessments.
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3.2.3 Experimental design for IAA-induced gastric injury model in rats
Rats were randomized into 8 groups of 6 animals in each, and received 0.05%, 0.1% or 0.2% IAA
solution in the drinking water for 7 or 14 days consecutively. Littermates drinking IAA-free tap

water served as control animals (Figure 4).
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Figure 4. Experimental design of IAA gastritis. Male Wistar rats were divided into 8 groups
according to the duration of the protocol (7 days or 14 days) and concentration (0.05%, 0.1% or
0.2%) of IAA dissolved in drinking water. Control rats received tap water. Body weight and fluid
intake were monitored daily throughout the experiment. At the end of the protocol, rats were
euthanised, and their stomachs were excised for macroscopic, microscopic evaluation and further
molecular biological assessment.

3.2.4 Experimental design for IAA-induced gastric injury model in mice

In the first mouse study, CD1 mice were randomized into 4 groups: mice receiving 0.1% IAA for
7 and 14 days, with the respective control groups. Based on the negative results of this study, CD1
mice were randomized in 3 groups receiving 0.3% and 0.5% IAA for 7 days; the control group
drank tap water. To investigate interstrain differences, C57BI/6 mice were randomized into 4
groups receiving 1) 0.3% IAA-containing drinking water, 2) 0.3% IAA-containing drinking water,
which also contained 2% sucrose, 3) a control group drinking tap water, and 4) a second control

group receiving 2% sucrose dissolved in tap water (Figure 5).
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Figure 5. Experimental design of IAA gastritis with CD1 and C57BI/6 mice. Male CD1 and
C57BI/6 mice were divided into groups receiving various concentrations (0.1%, 0.3% and 0.5%)
of IAA dissolved in drinking water. Control mice received tap water. Body weight and fluid intake
were monitored daily throughout the experiment. At the end of the protocol, mice were euthanised,
and their stomachs were excised for macroscopic and microscopic evaluation.

3.2.5 Semiquantitative macroscopic and qualitative histopathological evaluation of gastric
lesions

The extent and severity of the macroscopic lesions were evaluated by a semiquantitative scoring
system based on the extent of hyperemia (0: none; 1: < 25%, 2: 25-50%; 3: > 50% of the total
gastric mucosa) and the number of erosions/ulcerations (0: none; 1: 1-2; 2: 3-4; 3: >5). Excised
gastric samples were paraformaldehyde-fixed (4%) and embedded in paraffin, 5 um sections were
cut and stained with HE for further qualitative histological analysis, i.e., the assessment of the

extent of lesions, submucosal infiltration and capillarization.
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3.2.6 Total glutathione concentration measurement

GSH was measured in gastric mucosa specimens by a specific high power liquid chromatography (HPLC)
method after pre-column derivatisation with ortho-phthaldehyde (OPA) as described previously for
erythrocytic GSH (111). Wet specimens weighing 122 to 241 mg were homogenized in 1-mL aliquots of
ice-cooled PBS (0.1 M, pH 7.2) in precellys tubes (Bertin-Instruments, USA) four times each for 20 s at
5500 rpm. The homogenates were immediately centrifuged (5 min, 3345 g, 4°C), and the supernatants (500
pL) were ultrafiltered by centrifugation using Vivaspin 500 cartridges (15,000 g, 20 min, 4 °C; Sartorius,
Germany). The ultrafiltrate samples (25 — 40 pL aliquots) were frozen immediately and kept stored at -20
°C until subsequent analysis. After thawing, 20 uL aliquots of the ultrafiltrates were diluted with 180 pL of
ice-cooled PBS. Aliquots (50 uL) of the dilutions were treated with 900 uL borate buffer (0.4 M, pH 8.5)
and 50 pL of the OPA reagent (111). HPLC analysis with UV absorbance detection (338 nm) was
performed 2 min after derivatisation by injecting 20 uL aliquots of the samples.

The 5 um RP 18 NUCLEOSHELL HPLC columns (guard column, 4 x 3 mm; analytical column, 250 x 4
mm) were from Macherey-Nagel (Diiren, Germany) and were thermostated at 20 °C. Isocratic elution was
performed with 10 vol% methanol-90 vol% sodium acetate (150 mM, pH 7.5) at a flow rate of 1 mL/min
(111). The GSH-OPA derivative eluted from the column at 3.924+0.027 min (coefficient of variation,
0.7%). The concentration of GSH in the samples was calculated by using a calibration curve generated in
the range 0-1000 uM upon sample dilution as performed for the ultrafiltrate samples. Plotting of the peak
area of the GSH-OPA peak (y, mAU/min) versus the GSH concentration (x, pg/mL) resulted in a line
(r>=0.9987) with the regression equation y=1.38+0.31x. The calibration curve samples were re-analysed
next day by HPLC and resulted in the regression equation y=0.53+0.33x (r?>=0.9997), indicating the high
inter-assay precision of the method. This HPLC method can also analyze y-glutamyl-cysteine (GluCys), but
not cysteine and other cysteine-containing species (111). In some samples we observed a peak eluting in
front of GSH-OPA peak (retention time, 2.964+0.156 min) and is likely to be the GluCys-OPA derivative
(112,113). HPLC analysis of the GSH calibration curve samples did not reveal presence of GluCys in the
GSH preparation. Incubation of biological samples including human erythrocytes with N-acetylcysteine
ethyl ester (NACET) allows for the measurement of total GSH (tGSH) (111) and total GluCys (tGluCys)
(112). tGluCys includes free GluCys and GIuCys released by NACET from symmetric and asymmetric
disulfides (R-GluCys). Analogous, tGSH includes free GSH and GSH released by NACET from the
symmetric GSH disulfide (i.e., GSSG) and from asymmetric disulfides (R-GSH). The GSH concentration
in the homogenate samples was corrected by the protein concentration in the homogenates as measured by

the BCA method and is reported as nmol GSH per mg wet protein. Due to the lack of a GluCys reference
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compound, the concentration of GluCys in the samples was not measured. Yet, it is assumed that GSH and

GluCys, at a molar basis, yield closely similar peak areas.

3.2.7 TRPV1 and TRPA1 immunohistochemistry and scoring

For antigen recovery, the paraformaldehyde-fixed and paraffin-embedded tissue samples were
deparaffinised, rehydrated and incubated in acidic citrate buffer (pH 6) in a microwave oven.
Endogenous peroxidase activity was quenched 3% hydrogen peroxide. The sections were washed
and incubated in blocking solution, then treated with a 1:1000 dilution of rabbit polyclonal anti-
TRPAL (ab68848; Abcam, Cambridge, UK) and anti-TRPV1 (GP14100; Neuromics, Edina, MN,
USA) antibodies. Slides were incubated with anti-rabbit secondary antibody conjugated with
horseradish peroxidase (HRP) (DakoCytomation, Carpinteria, CA, USA) with the EnVision
system. The reaction was visualised by 0.01% hydrogen peroxide containing 3,3-diaminobenzidine
tetrachloride, and histological counterstaining was performed with hematoxylin (114). Quantitative
assessment of TRPA1 and TRPV1 immunopositivity was performed based on the % ratio of the
immunopositive cells on 10 fields of vision/slide/animal by an expert pathologist blinded to the
study. Pannoramic Digital Slide Scanner with CaseViewer software (3DHISTECH Ltd., Budapest,
Hungary) was used for both the evaluation and taking the representative photos of the slides.
Incubating untreated rat gastric mucosa with Tris-buffered saline instead of the primary antibodies
served as the negative control, while sections of rat dorsal root ganglia expressing TRPAL1 and
TRPV1 abundantly were used as positive controls. Antibody selectivity was validated by the lack
of immunopositivity after the respective blocking peptides (ab150297 for TRPAL; Abcam,
Cambridge, UK and P14100 for TRPV1; Neuromics, Edina, MN, USA) and was also based on
literature data (115).

3.2.8 Trpvl and Trpal real-time gPCR analysis

Total RNA was purified by TRI Reagent (Molecular Research Center Inc., Cincinnati, OH, USA)
with Direct-Zol RNA MiniPrep isolation kit (Zymo Research, Irvine, CA) following the
manufacturer’s protocol. The quantity and purity of RNA samples were assessed by NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) and then treated
with deoxyribonuclease | enzyme (Zymo Research, Irvine, CA, USA). Purified total RNA (100 ng)

was reverse transcribed with Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
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Waltham, MA, USA) according to the manufacturer’s instructions. Real-time gPCR was conducted
on a Stratagene Mx3000P qPCRSystem (Agilent Technologies, Santa Clara, CA, USA) using
Luminaris HiGreen LowROX gPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA)
to amplify transcripts. The following primer pairs were used: the reference gene glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) (NM_017008.4) (sense): 5'-TGCACCACCAACTGCTTAGC-
3" and (antisense): 5'-GGCATGGACTGTGGTCATGAG-3"; Trpvl (NM _031982.1) (sense): 5°-
AATACACCATCGCTCTGCT-3" and (antisense): 5-CAATGTGCAGTGCTGTCTGG-3’;
Trpal (NM_207608.1) (sense): 5’-ATCCAAATAGACCCAGGCACG-3’ and (antisense): 5’-
CAAGCATGTGTCAATGTTTGGTACT-3". Primers with similar efficiencies were used. In order
to verify primer specificity, dissociation curve analyses were performed. All reactions were
measured in triplicates, and the geometric mean of their Ct values were calculated. The
determination of relative mMRNA expression levels was performed according to the comparative

DDCt method using samples of control animals as calibrator.

3.2.9 Statistical analysis

Statistical analysis was performed by using GraphPad Prism v6 software. Values for all
measurements are expressed as means = SEM of n = 6 animals in each group. Evaluation of body
weight change and fluid intake was performed by repeated-measures ANOVA followed by
Bonferroni’s modified t-test. Semiquantitative macroscopic scoring was analysed by the non-
parametric Kruskal-Wallis method followed by Dunn’s multiple comparison test to observe
intergroup differences at given timepoints, while Mann—-Whitney test was performed to analyse
intragroup differences by time. GSH measurements were analysed by one-way ANOVA, while
TRPAL and TRPV1 immunopositivities were evaluated by ordinary two-way ANOVA followed
by Dunn’s multiple comparisons test. qQPCR measurements were evaluated by Student’s unpaired

t-test.
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4 Results

4.1 Characterization of CS-induced chronic pulmonary inflammation model

4.1.1 Follow-up measurement of respiratory functions by unrestrained WBP

Pulmonary functions were determined at the end of each month in conscious mice by unrestrained
whole-body plethysmography in a self-controlled manner. None of the parameters determined by
this technique (RT, f, TV, MV, Ti, Te, PIF, PEF) were different between the smoking and non-
smoking groups at any time-points during the 6-month-period (Figure 6). This is in agreement with
the findings of Vanoirbeek and colleagues, who demonstrated that the non-invasive method is not

appropriate to determine functional alterations especially in emphysema (116).

4.1.2 Invasive respiratory function parameters at the end of the 6-month-long protocol

At the end of the 6" month, restrained whole-body plethysmography was performed in
tracheotomised, anaesthetised and mechanically ventilated mice. Significant decrease of RI, EEW,
EEP, Te, as well as increase of EF50 and Ti/(Ti+Te) ratio were observed, whereas dynamic
compliance did not change in response to chronic smoke exposure as compared to the non-smoking
group (Figure 7).
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Figure 6. Unrestrained WBP parameters before the treatment period (0 month) and at the end of
each month during the 6-month CSE period. A) relaxation time (RT). B) frequency (f), C) tidal
volume (TV), D) minute ventilation (MV) E) time of inspiration (Ti), F) time of expiration (Te),
G) peak inspiratory flow (PIF) and H) peak expiratory flow (PEF). n = 6 / group.
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Figure 7. Respiratory parameters measured by restrained WBP at the end of the 6 month. A)
airway resistance (RI), B) end expiratory work (EEW), C) end expiratory pause (EEP), D) tidal
mid-expiratory flow (EF50), E) time of expiration (Te) and F) time of inspiration (Ti) andTi/(Ti+
Te) ratio. n = 5/ group (Student’s t-test for unpaired comparison, *p<0.05; **p< 0.005; vs. the
intact, non-smoking group).
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4.1.3 Emphysema evaluation by micro-CT and mean linear intercept analysis

Dynamic structural changes of the lung were investigated by in vivo micro-CT during the 6-month
smoking period. Emphysema formation, as the most important sign of tissue destruction, was
clearly observed on the reconstructed 3D images (Figure 8A). According to our morphometric
analysis the LAA/TLV%, a quantitative indicator of emphysema showed significant increase by
the end of the 5" month that was further increased by the end of the 6" month (Figure 8B).
Remarkable alveolar space enlargement (Lm) was observed already after 1 month of CSE in
comparison with the non-smoking group (Figure 8C). This parameter mainly characteristic to
emphysema progressively increased parallelly to our micro-CT findings. By the end of the 5%
month the distal air space was significantly expanded in smoking mice as compared to the L after

the 1% month.
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Figure 8. Evaluation of emphysema by micro-CT measurement and histological assessment of
mean linear intercept (Lm) length. A) Representative 3D pictures of mouse lung before the
treatment (0) and after 2, 4 and 6 months of smoking period. Light green and yellow areas represent
the air-filled spaces. B) Calculated percentage of emphysema by the ratio of low-attenuation area
(LAA) and total lung volume (TLV). n = 6 / group (two-way ANOVA followed by Bonferroni’s
post-test, *p< 0.05; **p< 0.005 vs. the intact, non-smoking group). C) Lm measured on formalin
fixed lung sections at the end of each month. N=80-100 chords per animal (two-way ANOVA
followed by Bonferroni’s post-test, **p< 0.005; ****p< 0.0001 vs. the intact, non-smoking group;
## p< 0.005; ####p< 0.0001 vs 1 month of smoking).



4.1.4 Qualitative and semiquantitative histopathological analysis

As compared to the intact, normal lung structure of a 3-month-old mouse (Figure 9A), one month
of CSE induced a minimal peribronchial and moderate perivascular oedema formation, and slightly
increased numbers of granulocytes and macrophages in the lung parenchyma (Figure 9B). After 2
months of smoking, there was an extensive perivascular and peribronchial oedema with large
number of granulocytes, macrophages and lymphocytes infiltrating these regions. Inflammation
was characteristic both to the interstitial and peribronchial areas, in addition, the bronchiolar
epithelial cell layer became irregular, the bronchiolar and alveolar epithelium showed signs of
damage, and the number of interepithelial mucus-producing cells was increased (Figure 9C, D).
Interestingly, this massive inflammatory reaction showed a decreasing tendency from the 3-month-
timepoint, the peribronchial oedema was still present, but less extensive, the number of immune
cells was reduced and were mostly lymphocytes, which moved from the peribronchial spaces to
the interstitial regions. Meanwhile, the bronchiolar epithelial destruction was remarkably greater
(Figure 9E). At the 4-month CSE, the irregularity and damage of the bronchial epithelium was
further aggravated. Tissue destruction became more severe, mild emphysema (enlargement of
airspaces throughout the parenchyma) and atelectasis developed particularly on the peripheral
regions. However, mild oedema was limited to the perivascular spaces and the number of
inflammatory cells remarkably decreased (Figure 9F). After 5-6 months of smoking emphysema
dominated the histological picture, first mainly in the peripheral areas, then also in the central parts
of the lung. Inflammatory reaction at this stage was minimal, only few macrophages and
lymphocytes could be noticed in the remaining parenchyma, while irregularity of the bronchial
epithelium and hyperplasia of the mucus producing cells could be observed (Figure 9G, H). The
semiquantitative histopathological scoring results throughout the 6-month study are shown in
Figure 10.
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Figure 9. Representative histopathological pictures of the lung samples obtained A) before the
treatment and B) after 1 month, C,D) 2 months, E) 3 months F), 4 months G), 5 months H) and 6
months. HE staining, magnification: 200x, except panel D: 400x; b: bronchioles, v: vessels; a:
alveoli, *: peribronchiolar oedema, black arrow: disruption of bronchi wall, double headed arrows:
granulocyte accumulation, e: emphysema.
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Figure 10. Semiquantitative histopathological evaluation of lung sections. Box plots representing
lesion extent on a range from 0-3 (mean = minimal-maximal values) of A) perivascular/
peribronchial oedema (PPE); B) perivascular/peribronchial acute inflammation (PPAI); C)
interstitial acute inflammation (1Al); D) perivascular/peribronchial chronic inflammation (PPChl),
E) interstitial chronic inflammation (IChl); F), epithelial damage (ED); G) and goblet cells (GC) at
the end of each month. n = 6 / group (Kruskal-Wallis followed by Dunn’s multiple comparison test
to observe intragroup differences by time #p< 0.05, ##p< 0.005, ###p< 0.0005 vs. same group;
Mann Whitney test to analyse intergroup differences at given time points *p< 0.05, **p< 0.005

smoking vs. intact group.
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4.1.5 Inflammatory cell count in the BALF

At the end of the 1% month flow cytometric analysis revealed no difference in the granulocyte,
macrophage and lymphocyte numbers of BALF samples obtained from smoke-exposed and intact
mice. In contrast, 2 months of CSE induced an enormous increase in the number of all these cells
in the BALF, which gradually decreased afterwards. The total number and the composition of
BALF cells did not differ from the values of the non-smoker mice from the 3 month. A tendency
of increase in granulocyte and lymphocyte numbers was observed in the smoking group at the end
of the 3rd month, but it did not reach statistical significance (Figure 11).
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Figure 11. Inflammatory cell concentrations in the BALF. The number of A) lymphocytes, B)
granulocytes, and C) macrophages in BALF samples were analysed with flow cytometry after each

month. n = 6 / group (two-way ANOVA followed by Sidak’s multiple comparison test, ***p<
0.001 vs. the intact, non-smoking group)
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4.1.6 Chronic tobacco smoke increases MMP-2 and MMP-9 activities in the lung

Gelatine zymography showed a significant increase in pulmonary activity for MMP-2 as well as
for MMP-9 in the lung samples of mice subjected to 6-month CSE as compared either to 1-month
smokers or to non-smoker age-matched control mice (Figure 12).
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Figure 12. MMP-2 and MMP-9 activities in the mouse lung measured by gelatine zymography.
A) Representative zymograms of the lung samples obtained after 1 or 6 months of CSE in
comparison with the non-smoking intact. B) Gelatinolytic activity represented by the mean

arbitrary units + SEM of n = 6 mice / group. (Student’s t-test for unpaired comparison, *p<0.05 vs.
the intact, non-smoking group)
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4.1.7 Cytokine expressions in the lung and serum

Among the 40 investigated inflammatory cytokines and chemokines 26 proteins were detectable in
lung homogenates throughout the 6-month experiment. At the end of the 1% month, interleukin-1p
(IL-1pB), IL-10 and monocyte chemoattractant protein-5 (MCP-5) increased significantly, but none
of them were detectable later. The triggering receptor expressed on myeloid cells-1 (TREM-1)
showed a peak expression at this time-point. The C5a complement component, interleukin-1
receptor antagonist (IL-1ra) produced by several immune cells and epithelial cells, interleukin-16
(IL-16), interferon-gamma inducible protein-10 (IP-10), keratinocyte chemoattractant (KC),
macrophage colony-stimulating factor (M-CSF), monocyte chemoattractant protein-1 (MCP-1 or
JE), monokine induced by gamma interferon (MIG), regulated on activation, normal T cell
expressed and secreted (RANTES), and tissue inhibitor of metalloproteinase-1 (TIMP-1) cytokines
and chemokines reached their maximum expression at the 2" month. Meanwhile, the concentration
of the soluble intercellular adhesion molecule-1 (sSICAM-1) was high in the intact lung homogenate
and remained at a similarly high level during the whole 6-month smoking period (Figure 13A, B).
In the serum of non-smoking mice B-lymphocyte chemoattractant (BLC), stromal cell-derived
factor 1 (SDF-1), C5a, interleukin-1 alpha (IL-1a, IL-1ra, IL-16, JE, M-CSF, TIMP-1, TNF-a, and
TREM-1 were detectable. The first two were not present in the intact lung, and they decreased by
the end of the 6-month smoking period similarly to IL-16. KC remarkably, JE slightly increased
by this time point, while the expression of the other cytokines remained unchanged in the serum
(Figure 13C).
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Figure 13. Cytokine determinations in the lung homogenates and serum samples. A) Heat map of
cytokine expression in intact and smoking lung samples during the 6-month treatment period (red
dots) and intact and 6-month smoking serum samples (yellow dots). B) Representative picture of
the membranes after chemiluminescent detection of cytokines in lung tissue homogenates and C)
in serum samples. The most important cytokine signals in duplicates are labelled. n = 3 / group.
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4.2 Investigating the role of TRPAL in CS-induced chronic airway inflammation

4.2.1 Comparison of basal airway function of Trpal wildtype and gene-deficient mice

Under intact conditions, f, MV, PIF and PEF were significantly greater; TV, Ti, Te and RT were
significantly smaller, while no difference was detected in the Penh value of Trpal” mice

compared to their wildtype counterparts, measured by unrestrained WBP (Figure 14).
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Figure 14. Comparison of the basal airway functions of intact Trpal** and Trpal”™ mice measured
by unrestrained WBP. A) Breathing frequency (f), B) tidal volume (TV), C) minute ventilation
(MV), D) inspiratory time (Ti), E) expiratory time (Te), F) relaxation time (RT), G) peak
inspiratory flow (PIF) and H) peak expiratory flow (PEF) were measured in conscious,
spontaneously breathing mice. 1) Enhanced pause (Penh) correlating with bronchial responsiveness
was assessed by the nebulization of the muscarinic receptor agonist, carbachol in increasing
concentrations. Values represent the means = SEM, n = 30-35 mice / group; Student’s t-test for
unpaired comparison; * p < 0.05; *** p < 0.001.
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4.2.2 Respiratory functions of Trpal** and Trpal’ mice after 4 months of CSE

Respiratory functions were measured in a follow-up design before and at the end of each month in
the 4-month long protocol of cigarette smoke exposure. CSE induced a gradual and significant
decrease in TV, MV, PIF and PEF in Trpal** mice with a peak at 3 months, which was not present
in the Trpal™ animals (Figure 15). The significant differences in f, Ti, Te and RT measured in
the Trpal™" mice were attributable to the significant differences between the wildtype and gene-
deficient mice observed already in the intact animals, before CSE.

4.2.3 Qualitative and semiquantitative histopathological analysis

After one month of CSE remarkable perivascular oedema developed (Figure 16C, E) that
significantly decreased by time in both strains, and almost completely resolved at the end of the 4™
month (Figure 17A). However, the accumulation of perivascular and peribronchial, as well as
interstitial neutrophil granulocytes, macrophages and lymphocytes remained moderately increased
throughout the experimental protocol (Figure 17B, C). At the end of the 3™ month of CSE,
structural destruction characteristic to emphysema (Figure 16G-J) already developed.
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Figure 15. Respiratory functions of Trpal** and Trpal’ intact (beige and red columns,
respectively) and CS-exposed (beige and red striped columns, respectively). B) Tidal volume (TV),
C) minute ventilation (MV), G) peak inspiratory flow (PIF) and H) peak expiratory flow (PEF)
significantly decreased after CSE with a peak at 3 months in Trpal** mice. The significant strain
differences in A) frequency, D) inspiratory time (Ti), E) expiratory time (Te) and F) relaxation
time (RT) observed already in intact mice were not influenced by CSE. 1) Enhanced pause did not
show any differences either by treatment or by strain. Values represent means + SEM, n = 6—7
mice / group; two-way ANOVA followed by Tukey’s post-test; +p< 0.05, ++p< 0.005, +++p<
0.001 vs. intact respective group; *p< 0.05, **p< 0.005, ***p< 0.001 vs. CSE-treated Trpal*’*.
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Figure 16. Representative histological pictures of the lungs of Trpal** (A, C, E, G, I) and Trpal ™"
(B, D, F, H, J) mice under intact conditions (A,B), and after 1-4 months of CSE (C-J). 1 month of
CSE induced perivascular and peribronchial oedema formation with inflammatory cell infiltration,
that gradually subsided. After the 3" month of CSE, emphysema formation was observed in both
Trpal** and Trpal” mice. (HE staining; 200x magnification; a: alveolus, b: bronchiolus, v:
venule, oed: oedema, e: emphysema).
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Figure 17. Semiquantitative evaluation of the histopathological changes in the lung of Trpal*’*
(red) and Trpal” (striped red) mice after chronic CSE. A) Perivascular/peribronchial oedema
developed after 1 month of CSE, which significantly decreased by time in both strains. The
accumulation of perivascular and peribronchial, as well as interstitial B) neutrophil granulocytes,
C) macrophages and lymphocytes did not differ in either group significantly. Boxplots represent
the minimum, first quartile, mean, third quartile and maximum values, n = 5-13 / group, Kruskal—
Wallis followed by Dunn’s post-test; +p< 0.05, ++p< 0.005 vs. 1% month of CSE of respective
strains.

4.2.4 Emphysema evaluation by micro-CT and mean linear intercept analysis

Emphysema was quantified by in vivo micro-CT by the ratio of LAA and TLV before and after 2
and 4 months of CSE. The ratio correlating with the extent of air-filled regions did not show
alterations either by CSE treatment or time (Figure 18A). However, the more sensitive Lm
measurement revealed that in Trpal** mice emphysema already started to develop at an earlier
timepoint compared to the gene-deleted counterparts; Lm was significantly increased in the
wildtypes after 2 months of CSE, however, not in the Trpal™". At the end of the 4" month, Lm was
elevated in both strains exposed to CS (Figure 18F).
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Figure 18. Quantitative evaluation of emphysema. (A) LAA/TLYV ratio correlating with air-filled
regions of the lungs exposed to CSE showed no significant alterations. Representative micro-CT
pictures of lungs B,D) before and C,E) after 4 months of CSE in Trpal** and Trpal™" mice,
respectively. F) Microscopic quantitative assessment of Lm showed a significant increase in
Trpal** already after 2 months of CSE, but not in the Trpal". Values represent means + SEM,
n = 6-7 mice / group; repeated measures two-way ANOVA followed by Tukey’s post-test.
Representative microscopic pictures of G) Trpal*’* and H) Trpal™ mouse lung tissues after 2
months of CSE. Values represent means £ SEM, n = 60—100 measurements / group; two-way
ANOVA followed by Tukey’s post-test; ++p< 0.005, +++p< 0.001 vs. PBS-treated respective
group; *p< 0.05 vs. CSE-treated Trpal*’*. (The blue circle indicates the region of interest in which
Lm was measured. The measured chord lengths are represented by red lines and were expressed in
pum on the scanned slides).
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4.2.5 Inflammatory cell count in the BALF

CSE induced massive accumulations of granulocytes, macrophages and lymphocytes measured in
the BALF of both Trpal** and Trpal™" mice. In agreement with our previous findings (105), the
number of inflammatory cells reduced by the end of the 3@ month of CSE. There was no
biologically relevant difference between the wildtype and gene-deficient mice in either
inflammatory cell components (Figure 19).
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Figure 19. Number of inflammatory cells in the BALF after 2-3 months of CSE in Trpal** and
Trpal™" mice. After the peak of inflammatory cell infiltration at a 2-month timepoint, the number
of A) granulocytes, B) macrophages and C) lymphocytes remarkably decreased by the end of the
3" month in both Trpal** and Trpal™" mice. Values represent means = SEM, n = 6-7 mice /
group; two-way ANOVA followed by Tukey’s post-test.
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4.3 1AA-induced chronic gastritis

4.3.1 Weight change and fluid consumption

Gastritis was induced by the administration of 0.05%, 0.1% or 0.2% IAA solution in the drinking
water of Wistar rats, littermates drinking IAA-free tap water served as control animals. Rats were
euthanised at days 7 and 14, their stomachs were harvested and opened along the greater curvature.
In Wistar rats, IAA induced a concentration-dependent weight change. Similar to vehicle-treated
animals, low concentration (0.05%) of IAA resulted in ~15% weight gain by the end of the 14-day
experiment. Meanwhile, 0.1% and 0.2% IAA induced a concentration-dependent, gradual weight
loss with a maximum of 13.4 = 1.2% and 32.5 + 3.3%, respectively (Figure 20A). The total water
consumption of the 0.05% and the 0.1% IAA-treated groups was halved compared to the control
group, and it was even more decreased to around 9 mL daily in the case of 0.2% concentration
(Figure 20B).

4.3.2 Macroscopic evaluation of IAA-induced gastric lesions

Extensive hyperaemia, mucosal haemorrhage and several erosions or superficial ulcers were
observed at both timepoints in all three examined concentrations. Semi-quantitative analysis
showed significant hyperaemic areas and erosions in both 0.05% and 0.2% |AA-treated groups at
day 7 compared to the controls. At day 14, lesions, especially the extent of the hyperaemic area in
the 0.1% and 0.2% IAA-treated groups were significantly greater. Macroscopic changes showed
no significant difference either by the increasing concentrations of ingested IAA or by time;
however, ulcerations were more pronounced after 14 days of IAA-drinking (Figures 21 and 22).
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Figure 20. IAA-induced body weight change and water intake in Wistar rats. A) IAA
administration resulted in a dose-dependent weight loss and B) reduced water intake in Wistar rats.
Data are shown as means = SEM; n = 6 / group (repeated measures two-way ANOVA followed by
Bonferroni’s modified t-test; *p < 0.05, **p < 0.005, ***p < 0.001 vs. control group; #p < 0.05
##p < 0.005 ###p < 0.001 vs. 0.05% IAA group; $p < 0.05 $$p < 0.05 $$$p < 0.001 vs. 0.1% IAA
group).
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0.05 % IAA 0.1 % IAA 0.2 % IAA

Day 7

Day 14

Figure 21. Representative macroscopic pictures of IAA-induced gastric mucosal inflammation in
Wistar rats receiving A) 0.05%, B) 0.1%, C) 0.2% IAA for 7 and D—F) for 14 days, respectively.
After 7 days, diffuse hyperaemia (dashed circles) and several superficial mucosal erosions (black
arrows) developed, while by the end of the 14-day-long protocol, chronic ulcers were also
observable in some animals (circles on panel D) and F)).
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Figure 22. Semi-quantitative macroscopic evaluation of A) hyperaemia, B) superficial
erosions/ulcers and C) total score in the gastric mucosa of Wistar rats. Box plots represent
minimum, first quartile, median, third quartile, and maximum values with individual data plots; n
= 6 / group (Kruskal-Wallis followed by Dunn’s multiple comparison test to observe intergroup
differences at given timepoints, *p< 0.05, **p< 0.005, ***p< 0.001 vs. control group; Mann—
Whitney test was performed to analyse intragroup differences by time—not significant).
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4.3.3 Qualitative microscopic evaluation of gastric mucosa

Seven days of IAA treatment resulted in submucosal widening due to massive oedema. In higher
concentrations, extensive inflammatory cell infiltration was also observed. After 14 days, focal
epithelial cell sloughing/erosions, and in some areas, almost total mucosal necrosis involving the
muscularis mucosae were seen, admixed with acute and chronic inflammatory cells, both in the
mucosa and the submucosa (Figure 23).

control 0.05% IAA 0.2% IAA

Day 14

Figure 23. IAA treatment induced microscopic alterations in Wistar rat gastric mucosa.
Representative HE-stained microscopic pictures of A, D) control; B, E) 0.05% IAA-treated, and C,
F) 0.2% IAA-treated rat gastric mucosa at days 7 and 14, respectively.
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4.3.4 Total glutathione concentration of rat gastric mucosa

The GSH content of the rat gastric mucosa was measured to be (mean + standard deviation) 3.64
+ 1.91 nmol/mg protein in the control group, 5.82 + 3.94 nmol/mg protein in the group receiving
0.1% IAA for 7 days, and 5.71 £ 2.07 nmol/mg protein in the group receiving 0.1% IAA for 14
days (data not shown). There were no statistically significant differences between the groups (p =
0.343, one-way ANOVA).

IAA treatment increased tGSH, but not significantly: 2.55 + 0.85 in the control group; 3.15 + 1.21
in the group treated with 0.1% IAA for 7 days; and 3.25 + 0.82 in the group treated with 0.1% IAA
for 14 days (Figure 24B). tGluCys increased significantly (between one week and two weeks: 5.78
+0.18; 5.97 £ 0.23; 6.18 £ 0.20, respectively) (Figure 24A). These changes resulted in a decrease
in the tGluCys/tGSH molar ratio, which was not significant: 2.43 £ 0.72; 2.13 £0.77; 1.98 + 0.39,

respectively (data not shown).
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Figure 24. A) Total glutathione (GSH) and B) Total GSH (tGSH) y-glutamyl-cysteine levels of
the rat gastric mucosa measured by HPLC analysis. Data are shown as mean + SEM; n = 6/group

(ordinary one-way ANOVA,; *p< 0.05).
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4.3.5 Quantitative analysis of TRPA1 and TRPV1 immunohistochemistry

Mild TRPA1 and strong TRPV1 immunopositivity was detected on the epithelial cells in the intact
control samples (Figure 25A,D). Quantification, as shown by the ratio of immunopositive cells,
revealed a significant upregulation of TRPAL after both 0.05% and 0.2% IAA administration by
day 14 in both the antrum and corpus epithelial cells. Although TRPV1 immunopositivity also
increased in the corpus, but did not change in the antrum in the case of 0.05% IAA, it significantly
decreased in both localizations after 0.2% IAA treatment (Figure 25).
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Figure 25. Quantitative analysis of TRPAL and TRPV1 immunohistochemistry. Representative
pictures of A-C) TRPAL (antrum) and D—F) TRPV1 (corpus) immunohistochemistry of rat gastric
mucosa A,D) under control conditions, and 14 days after B,E) 0.05% IAA, and C,F) 0.2% IAA
treatment. Panel (G) and (H) demonstrates the quantitative histopathological analysis of TRPA1
and TRPV1 immunohistochemistry, respectively, calculated by the ratio of immunopositive
cells/total cell number. Data are shown as means = SEM; n = 6 animals / group, 10 fields of
vision/slide/animal; ordinary two-way ANOVA followed by Dunn’s multiple comparisons test
**p< 0.005, ***p< 0.001 vs. control group; $$$p< 0.001 vs. 0.05% IAA-treated group; #p< 0.05,
###p< 0.001 vs. respective antrum samples.
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4.3.6 Trpal and Trpvl relative gene expression in the inflamed rat mucosa

In agreement with the TRPA1 protein expression, Trpal mRNA was significantly upregulated in
both 0.05% and 0.2% IAA-treated groups after 7 and 14 days as well, however, there was no
detectable alteration in Trpvl relative gene expression either by time, dose, or localisation (Figure
26).
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Figure 26. Relative gene expression of Trpal and Trpvl. mRNA levels of A) Trpal were
significantly upregulated after 0.05% and 0.2% IAA treatment, whereas B) Trpvl gene expression
did not show significant alterations either by time, concentration, or localisation. Data are shown
as means = SEM; n = 6 / group; Student’s unpaired t-probe ***p< 0.001 vs. control group.

4.3.7 lAA-induced alterations in mice

CD1 and C57BI/6 mice were administered 0.1%, 0.3%, or 0.5% IAA solution in the drinking water
for 7 or 14 days; littermates drinking IAA-free tap water served as control animals. In CD1 mice,
we observed an IAA dose-dependent continuous, gradual weight loss; in the 0.3% and 0.5% IAA-
treated groups, weight reduction was so severe at the end of the 7-day-long protocol, that a 14-day-
long protocol could not be performed due to the ethical considerations of humane endpoints (Figure
27A, C). Although water intake was significantly reduced in all IAA-treated groups, it showed no
concentration-dependence, and could not explain the remarkable dose-dependent weight loss of
these animals. C57BI/6 mice proved to be more resistant to 0.3% IAA, which induced ~14% weight
loss after 7 days, half as much as the same concentration in CD1 mice (~28%). Interestingly, adding
2% sucrose to 0.3% IAA significantly reduced both the fluid intake, as well as the weight (~21%)
of C57BI/6 mice compared to the 0.3% IAA-drinking group (Figure 27B, D). Surprisingly, in

contrast to Wistar rats, where we observed similar body weight change and decreased water intake,
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no macroscopic lesions or microscopic alterations were present in either of the mouse groups
drinking IAA (Table 8).
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Figure 27. IAA-induced weight change and water intake in mice. IAA administration resulted in
A,B) a dose-dependent weight loss and C,D) significantly reduced water intake in both CD1 and
C57BI/6 mice, respectively. Data are shown as means = SEM; n = 6/group (repeated-measures
ANOVA followed by Bonferroni’s modified t-test; *p< 0.05, **p< 0.005, ***p< 0.0005 vs. control
group; # vs. 0.1% IAA group, $ vs. 0.3% IAA group).

Table 5. Summary of IAA-induced alterations in mice.

_ Weight | Water | Macroscopic and microscopic

Strain | IAA conc. | Duration ) )
loss intake picture
CD1 0.1% 14 days ~17% 1 negative
CD1 0.1% 7 days ~14% ! negative
CD1 0.3% 7 days ~28% ! negative
CD1 0.5% 7 days ~42% 1 negative
C57Bl/6J 0.3% 7 days ~14% ! negative

0.3% + 2% )
C57BI/6J 7 days ~21% 1 negative
sucrose
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5 Discussion

The present results provide the first experimental evidence in a chronic mouse model that cigarette
smoke induces characteristic pulmonary inflammation, emphysema and atelectasis. We proved
with functional, morphological and immunological techniques that these well-defined
pathophysiological alterations from the inflammatory reactions to the tissue destruction are
dependent on the duration of the smoke exposure and COPD-like structural and functional changes
develop only after the fourth month.

Respiratory function determined by invasive WBP in anaesthetised, tracheotomised and
mechanically ventilated mice showed a significant decrease in airway resistance, interestingly
along with a decrease in the expiratory parameters, such as EF50 characteristic to
bronchoconstriction, EEW, EEP and Te (117). Emphysema in humans is characterised by increase
of expiratory parameters, since in most cases at the stage when COPD is diagnosed, it is associated
with chronic bronchitis, thus smooth muscle hypertrophy together with emphysema are present in
patients (118). The histopathological picture we found in mice after 6 months of smoke exposure
did not show any inflammatory reaction with bronchial narrowing, only extensive emphysema and
atelectasis, which can explain these functional differences compared to the human condition.
Inflammatory signs determined by the histopathological evaluation were clearly dependent on the
duration of smoking. In the first two months peribronchial/perivascular oedema, neutrophil and
macrophage infiltration were characteristic, from the third and fourth months macrophages and
lymphocytes accumulated predominantly in the interstitial areas, and epithelial irregularity and
hyperplasia developed. From the 5" month, the extent of inflammatory reaction decreased, and
tissue destruction dominated as shown by remarkable development of emphysema and atelectasis.
Vascular endothelial proliferation, destructed bronchi with desquamated epithelial cells, fibrosis
and a loss of the alveolar structure were detected by the end of the 6-month experiment. The
histologically observed peak of peribronchial inflammation at 2 months of smoking was strongly
supported by the drastically elevated numbers of granulocytes, macrophages, and lymphocytes in
the BALF. At later time-points cell counts in BALF were not changed, which is not surprising,
since at this stage interstitial localisation of the inflammation (at month 3) and the destruction of
the bronchial epithelium (from month 4) were observed on histology. The development of
emphysema after 5-6 months of smoke exposure was also clearly detected by micro-CT in complete

agreement with the histological picture. Therefore, one major message of our study is that duration
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of smoking strongly determines pathophysiological alterations that develop sequentially in the lung
as a cascade from different types of inflammatory processes to tissue destruction. We described a
transient inflammation in contrast to a persistent process caused by chronic exposure of the same
type of cigarette demonstrated by others (73). It should be emphasised that they targeted a 4 times
higher TPM and 3 times daily exposure and used female mice being more sensitive to oxidative
stress and transforming growth factor- g (TGF-p) pathways in the small airways compared to males
(74). It is crucial to choose the correct experimental paradigm depending on which mechanisms
and phase of the chronic disease model are aimed to be investigated (61).

According to the well-established involvement of MMPs in COPD and emphysema even proposing
a potential approach for pharmacological intervention (119), we measured MMP-2 and MMP-9
activities in the mouse lung and found a significant increase after 6 months of smoking. Similar to
our findings, intraperitoneal administration of a cigarette smoke extract in mice also showed
increased pulmonary expressions and activities of these gelatinases (120). In contrast, another
recent mouse experiment of 6-month-long cigarette smoke exposure presented no differences either
in MMP-2 or in MMP-9 mRNA levels in lung samples (121). However, without any alterations in
gene expressions, MMP-2 and -9 may exert increased activities in case they are activated by
enhanced oxidative stress as a result of cigarette smoke exposure (122,123). Regarding the role of
MMP-9 in cigarette smoke-induced pathophysiological alterations in the lung, MMP-9-deficient
mice developed similar emphysema, but they were protected from small airway fibrosis (57).
Clinical data revealed elevated MMP-1, -9 and -12 levels in the BALF and plasma of patients with
severe COPD (124), as well as increased MMP-9 in the plasma and emphysematous lung of
smokers (125). Furthermore, enhanced release of MMP-9 and its endogenous inhibitor, TIMP-1
were detected from isolated human macrophages obtained from the BALF of smokers (126), and
the BALF concentrations and macrophage expression of MMP-9 and MMP-1 (collagenase) also
increased in COPD-emphysema patients (57). Increased activity of the active 64kDa MMP-2
isoform was shown in pneumocytes and alveolar macrophages isolated from COPD patients with
emphysema (127). Furthermore, in a coronary artery disease patient group a significantly increased
serum MMP-2 activity was found in a smoking subgroup of patients as compared to non-smoking
patients with the same selection criteria (128). However, in another study, the increased MMP
levels in the plasma, BALF, and lung did not correlate with the disease severity and were not

predictive of the progression (124). Therefore, our MMP results can point out a similarity between
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the mechanisms in the mouse model and the human disease supporting its translational relevance,
but specific inhibition of MMP-9 is not likely to be an effective therapy for cigarette smoke-induced
emphysema (125).

The cytokine panel measured from the lung homogenates showed a 2-phase pattern during the 6-
month-smoke exposure: a characteristic profile was seen at the end of the second month when the
inflammatory reaction reached its maximum, and another group of cytokines increased at 5-6
months related to the definitive tissue destruction and emphysema. The inflammatory burst at
month 2 clearly suggests an IL-1-driven cascade with the elevation of Cb5a, IL-1a, IL-1ra, IL-16,
IP-10, M-CSF, KC, MIG, RANTES, TIMP-1 (129). IL-1p remarkably increased at month 1 and
IL-1o at months 1-2, but then the massive elevation of IL-1ra seems to down-regulate their
production. However, the increased inflammatory cytokines demonstrate an IL-1-downstream
profile (130). Several members of the IL-1 family including IL-1p are important mediators of lung
inflammation. The expression of an inactive IL-1B precursor is induced in immune cells via
activation of signalling pathways upstream of the nuclear factor-kappa B (NF-xB). Cigarette
smoking leads to IL-1p release in the human lung (131). Mice overexpressing IL-1f in the lung
present a phenotype similar to COPD including lung inflammation, emphysema and fibrosis (132).
IL-1B increases the production of neutrophil chemoattractant factors, and the activity of MMP-2
and MMP-9 by alveolar macrophages, and these gelatinases are also able to activate IL-1p (133).
The importance of the IL-1p cascade in lung pathology is shown by the fact that an I1L-1-blocking
monoclonal antibody (canakinumab) has recently been investigated for the treatment of several
conditions including COPD (134). The complement component C5a is a potent inflammatory
peptide, which is suggested to be involved in the pathogenesis of COPD. Plasma Cba
concentrations in COPD patients were significantly higher than in healthy smokers. Elevated C5a
and C3a levels were also measured in the sputum of stable COPD patients suggesting that the
complement system is continuously activated during stable phase of the disease. Besides its
chemotactic function, it enhances the production of various cytokines, regulate vascular
permeability and influence the adaptive immune system by stimulating Thl response. As a result
of its action, abnormal inflammation could eventually lead to structural changes in the lungs (135).
C5a induces autophagy in mouse alveolar macrophages promoting their apoptosis (136). Both
cigarette smoke extract and Cba induce increased expression of ICAM-1 on airway epithelial
monolayers (137). Clinical findings show that the Thl-attracting chemokine IP-10/CXCL10 was
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increased in the bronchial mucosa and BALF of moderate/severe asthma and COPD patients. IP-
10 is produced by epithelial cells and acts as the ligand for the CXCRS3 receptor expressed on Thl
cells (138,139). The number of receptor-positive cells was increased in smokers with COPD as
compared to non-smoking subjects, but not as compared with smokers of normal lung function,
suggesting its pro-inflammatory role (140). Our interesting experimental finding showing a
remarkably increased IP-10 level in the lung perfectly correlate with these data, therefore,
emphasise the translational relevance of our results.

In the tissue destruction phase of our model at months 5-6 C5a, IFN-y, IL-4, IL-7, IL-13, IL-17,
IL-27, tumour necrosis factor-a (TNF-a), macrophage inflammatory protein-1a (MIP-1a), JE,
TIMP-1, interferon-inducible T-cell chemoattractant (I-TAC) and TREM-1 cytokine levels
increased. An adaptive immune reaction mediated by CD4+ and CD8+ T cells and a Thl cell-
regulated chemokine-cytokine profile might be important factors of emphysema in susceptible
animals. There is a great upregulation of the inflammatory mediators pointing towards a Thl-
adaptive inflammatory response in mice with significant increases in MIP-1a (141). Both natural
killer (NK) and T cells use MIP-1a along with interferon-y (IFN- y), RANTES and the I-TAC as a
“functional unit” to drive the Thl response (142). TIMP-1 specifically interacts with proMMP-9,
its expression is regulated by growth factors and cytokines (143). TIMP-1 does not only inhibit
MMP activities, but also acts as a cytokine by promoting cell growth in a wide range of cell types
including fibroblasts, epithelial cells and the SV40 transformed human lung cell line (144). TNF-
a is also a key factor implicated in emphysema pathogenesis, its type 2 receptor plays a critical role
in the pro-inflammatory pathway (145). IFN-y is a potent stimulator of MMP-9 and CCR5 ligands
(MIP-1a, MIP-1B, RANTES) which ultimately results in DNA damage, apoptosis and emphysema
(146).

In contrast to asthma studies, Bowler and co-workers found that subjects with emphysema had
decreased IL-16 protein in plasma and decreased IL-16 mMRNA expression in peripheral blood
mononuclear cells (147). Our results correlate with these finding as IL-16 expression decreased at
months 5-6 when emphysema developed.

ICAM-1 is a central molecule in inflammatory processes and functions as a co-stimulatory signal
being important for the trans-endothelial migration of leukocytes and the activation of T cells.
Increased circulating levels of sICAM-1 are highly associated with major cardiovascular

complications (e.g.: increased risk of myocardial infarction (148), in addition chronic smokers have
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elevated levels of SICAM-1 (149). Furthermore, significant increase in SICAM-1 was associated
with the extent of emphysema in patients involved in the Multi-Ethnic Study of Atherosclerosis
Lung study (150). MMPs are responsible for the cleavage and generation of soluble adhesion
molecules, including sICAM-1 and sVCAM-1 from the endothelium, and could act as mediators
beyond the lung to establish and sustain low-grade inflammation and aggravate the cardiovascular
complications (151).

The chronic moderate cigarette smoke exposure-induced mouse model therefore is appropriate to
investigate smoking-induced time-dependent characteristic alterations and mechanisms in the lung.
The pathophysiological alterations we described here appear to be similar to that observed in the
clinics, which highlights the translational value of our model in relation to the human morbidity
seen in COPD.

In this characterised and optimised model, we have investigated the involvement of TRPAL in
chronic airway inflammation. We provided the first evidence that the TRPA1 channel has a
complex role in basal airway function regulation and inflammatory mechanisms by triggering
chronic CSE-evoked emphysema formation and respiratory deterioration, such as MV, TV, PIF
and PEF decrease with a peak after 3 months.

These data are supported by findings, that 4-week CSE increases Trpal mRNA level in the nodose
and jugular ganglia, positively correlating with the inflammatory cell infiltration in the BALF
(152). Moreover, CS extract also increased the expression of TRPAL in airway epithelial cells in a
hypoxia-inducible factor-1a-mediated manner (12,153). Mostly in vitro data using cigarette smoke
extract are available about the role of TRPA1 in CS-induced airway inflammation. Isolated bronchi
experiments suggested that CS extract, as well as its components (acrolein and crotonaldehyde)
caused Ca?*-dependent CGRP- and SP-release from the capsaicin-sensitive nerve endings, and
TRPA1 was involved in the CS extract-induced tracheal plasma extravasation and
bronchoconstriction (20). Cigarette smoke-induced CGRP release in the trachea were
predominantly mediated by TRPA1 rather than nicotinic receptors (23). CS and acrolein released
keratinocyte chemoattractant (CXCL1/KC, mouse analogue of IL-8), which was attenuated by
TRPAL antagonists and TRPA1-deficiency (37). Furthermore, CS extract-induced and TRPA1-
mediated IL-8 release was shown to develop via NADPH-oxidase activation and the
MAPKSs/NFxB signaling pathway-related Ca®* influx (12). TRPAL is involved in CS extract-
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evoked alveolar and bronchial epithelial damage (154). Nicotine directly activates the TRPAL
receptor (22,24) which might mediate bronchoconstriction (37). Similarly, ROS and several lipid
peroxidation products also stimulate TRPA1, which is likely to contribute to oxidative stress-
evoked airway pathologies induced by CSE (12,16,21), such as emphysema, for which we provided
the first data here.

The extent of perivascular/peribronchial oedema was the most severe after 1 month and gradually
decreasing afterwards, and the inflammatory cell infiltration reached its maximum after 2 months
of CSE in both groups, which is in agreement with our earlier findings in the same model (105).
TRPAL deficiency did not result in significant changes of the cellular components of these chronic
inflammatory processes, as shown by both the histopathological results and BALF analysis.
Increasing data have suggested the involvement of the TRPAL receptor in the pathophysiological
mechanisms of several airway diseases, such as asthma, COPD and allergic/irritative cough
(21,36,46,51,155-157), but little is known about its activation mechanisms and its potential as a
drug target in lung inflammation is still controversial. Interestingly, our group has also
demonstrated the protective role of TRPAL in the LPS-induced acute pneumonitis model including
decreased bronchial hyperreactivity, as well as neutrophil- and macrophage-derived
myeloperoxidase (MPOQO) activity in Trpal wildtype mice compared to their gene-deficient
counterparts (173). Our results demonstrating the deteriorating role of TRPA1 in the CSE-induced
chronic model seemingly oppose its protective regulatory effect in the acute LPS model (158). This
can be explained by the multiple localisations of TRPAL that might evoke different responses.
Neuronal TRPAL in the airways is expressed almost exclusively on vagal afferents that are a
subpopulation of sensory afferents. It is co-localised with TRPV1 on capsaicin-sensitive vagal
bronchopulmonary nociceptive C-fibers originating from the jugular ganglion. Most of these
peptidergic bronchopulmonary C-fibers modulate the inflammatory process and induce defensive
reflexes, shallow breathing, mucus secretion (159,160). However, TRPA1-mediated effects via the
sensory trigeminal afferentation of the upper airways also might contribute to our results in both
chronic and acute models (161). Besides the neuronal expression, TRPAL is also located on
epithelial, inflammatory and bronchial smooth muscle cells (20,37-39).

The virtually contradicting role of TRPALl might also be explained by the very distinct
pathophysiological mechanisms of the CSE and LPS models involving different signalling

pathways in different cell types. Moreover, endotoxin and cigarette smoke components are able to
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directly activate TRPA1 among other exogenous irritants reaching the airways, besides a variety
of endogenous inflammatory mediators (protons, hydrogen peroxide, prostaglandins etc.)
(13,15,19,22,24).

Since the activation of TRPAL exerts protective effects in LPS-induced acute pneumonitis and
subsequent bronchial hyperreactivity, our findings clearly support the concept that short-term
activation of TRPAL results in defensive effects presumably via sensory nerves and consequently
released protective neuropeptides. However, permanent stimulation of the receptor under chronic
inflammatory conditions of the airways results in complex regulatory functions due to the diverse
localisation of TRPA1 also on non-neural cells and its broad range of both exogenous and
endogenous activators.

The genetic deletion of the receptor does not directly predict prophylactic or therapeutic potential
of TRPAL agonists or antagonists. However, the activation of TRPAL by commonly inhaled
substances, e.g., cinnamaldehyde or carvacrol (21) (components of cinnamon or thyme essential
oils) could be beneficial against acute inflammatory changes of the lung, additionally considering
their antimicrobial potentials against pathogens predominant in airway infections [85].

Therefore, further research is needed to determine TRPAL potential as a pharmacological target in

the lung.

In order to investigate the potential role of TRPAL and TRPV1 in gastritis we characterised a
translationally relevant model of diffuse gastric injury. This was the first comprehensive and
comparative acute and chronic diffuse gastritis model study, in which IAA-induced concentration-
and duration-dependent changes were described in Wistar rats. IAA induced concentration-
dependent weight loss and gastric erosions developed already after 7-day ingestion of 1AA in
drinking water accompanied by massive submucosal oedema and extensive infiltration of acute
and chronic inflammatory cells, and subsequently, haemorrhagic erosions. After 14 days, ulcers
were observed as deep necrosis involving the muscularis mucosae, which was more severe and
more extensive in rats with high (0.2%) IAA concentration in their drinking water.

IAA is a sulfhydryl alkylating agent, which inhibits free radical scavenging by depleting reduced
GSH, thus inducing gastric injury (92). However, although this mechanism of action is the state of
the art, GSH concentrations are rarely measured directly in the stomach mucosa. In our present

study, we did not find GSH reduction in response to IAA application. This might be due to the fact
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that we measured it after 7 or 14 days of IAA ingestion when the lesions were already fully
developed or started to heal. Furthermore, we used the whole stomach tissue, not only the mucosa.
Nevertheless, the small, but significant increase in tGluCys also supports the onset of the healing
phase with the elevation of oxidative stress and/or GSH synthesis enzyme activity. IAA-induced
rapid GSH depletion was demonstrated in cultured Wistar rat astrocytes (173), rat hepatocytes
(174,175), and in human erythrocytes as well (175). GSH content from in vivo experiments are
highly influenced by the complex inflammatory/oxidative/antioxidant regulatory system of the
animal, as well as the differences in sampling protocols. In an IAA-induced gastritis model, 0.1%
IAA induced a robust, almost 4-fold increase in gastric mucosal GSH after one week, whereas in
the same experimental paradigm, an approximately 50% decrease was measured after two weeks
of IAA administration (176). The robust GSH increase was accompanied by a similarly elevated
MPO activity, which is a reliable indicator of inflammatory cell infiltration/activation, suggesting
that at the time of lesion formation, the fine regulation is also activated to counteract the imbalance
of the aggressive/defensive factors. Similar rebound GSH increase was reported on alveolar
epithelial cells (177), where genes involved in GSH synthesis, such as y-glutamylcysteine
transpeptidase, and activator protein-1 (AP-1) were upregulated as an adaptive mechanism.

Only a few studies have used the IAA gastritis model, but with different paradigms: 1) various
durations (5 days—25 weeks) (178-181), 2) rats weighing 100-500 g (179,182), 3) different strains
(178,180,182), 4) different IAA concentrations (112,180,181,183), 5) routes of administration,
even with additional sucrose in drinking water (112,113,180,183). Therefore, the comparison of
the outcomes and conclusions of these different studies is not easy, but they are consistent in MPO
elevation and macroscopic/microscopic alterations characteristic to diffuse gastritis with
haemorrhages. We did not observe significant changes in the severity of lesions regarding
hyperaemia and erosions between 7 and 14 administration days in agreement with the literature
(97), although ulcer formation was more pronounced after 14 days.

In this well-characterised gastric erosion/ulcer inflammatory model, our major finding is that both
0.05% and 0.2% IAA ingestion induced Trpal, but not Trpvl mRNA upregulation in the rat antrum
and corpus after 7 days—that remained elevated by the end of the 14-day period.

Most activators of the TRPAL channel are structurally diverse molecules, which suggests that their
effect is not exerted based on the conventional lock-and-key principle. They act as reactive

electrophile compounds (allylisothiocyanate, cinnamaldehyde) inducing covalent reversible
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modifications of the cytoplasmic N terminal of the receptor (184,185). IAA being a cysteine-
modifying alkylating compound is able to bind covalently to the reactive cytoplasmic cysteine
residues, thus inducing TRPA1 activation as demonstrated in HEK cell culture by Ca?* imaging
(184). However, TRPAL upregulation in our experiments is not explained simply by direct IAA-
evoked receptor activation or desensitisation, since prolonged administration of 1AA to human
TRPAl-expressing cells was described not to induce receptor desensitisation (186). Moreover,
IAA acts as a partial TRPAL agonist, since after its continuous administration, a subsequently
applied other agonist (para-benzoquinone) that induce rapid desensitisation by itself further
increased TRPA1-mediated Ca?" current (186). Therefore, IAA-induced TRPA1 expression
increase in the stomach is more likely due to the inflammatory cascade, which is further supported
by its upregulation in water immersion restraint, stress-induced acute gastric mucosal ulcerations
in rats (187).

There are no data on the expression and function of the TRPAL channel in gastritis and only little
information is available on TRPV1. The distribution of TRPV1 immunopositivity was reported to
be increased in chronic gastritis biopsies, however, in that study, control samples were collected
from patients with functional dyspepsia (188).

TRPV1/A1 expression on capsaicin-sensitive peptidergic nerve endings and non-neural cells, such
as gastric epithelial and inflammatory cells (34,35,40,41), also shown by our present results
detecting Trpal mRNA in the stomach, make the interpretation of their roles much more complex.
Several endogenous inflammatory mediators activating TRPV1 (protons, lipoxygenase products)
are produced during the IAA-induced inflammatory reaction, which might also influence TRPAL
function and expression since their interactions have been described (4,29,40).

The role of capsaicin-sensitive sensory nerves in IAA-induced gastritis has been investigated by
defunctionalising these neurons with high doses of capsaicin (183). The role of these peptidergic
afferents depends on the experimental paradigm and the consequent pathophysiological
mechanisms - they can both inhibit (e.g., ethanol-induced gastritis) or aggravate the inflammation
presumably via SP and CGRP release (e.g., IAA-induced gastritis), underlining the role of
neurogenic component in inflammation (183). The role of TRPAL and TRPV1 in gastritis might
also be attributed to the mediation of inflammatory visceral hyperalgesia and abdominal pain. IAA

was shown to significantly increase Na* current in the DRG of T9 and T10 afferent neurons (189),
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and enhanced visceromotor responses primarily by increased activity of the splanchnic nerves
(182).

Surprisingly, mice (both CD1 and C57BI/6 strains) proved to be resistant to all applied
concentrations of 1AA, even higher than the most damaging one in the rat. Although they also
exhibited concentration-dependent weight loss similar to the rat, no macroscopic or microscopic
changes have been found in the stomach. The few studies coming from one group point out the
lack of IAA-induced macroscopic lesions in mice supporting our present results, but describe a
mixed inflammatory infiltration, characteristic to mild gastritis (190). Interestingly, most of these
studies showed that after an initial weight loss, mice recovered by the third day of administration,
although their water intake was reduced by approximately 50% throughout the study (191-193).
This is also in agreement with our observation, that body weight loss cannot be explained solely
by less drinking in IAA-treated animals. The concentration-dependent reduction in fluid
consumption suggests an oral aversion that might be due to the potential gastro-irritating effect of
the colourless, odourless IAA solution.

Since TRPAL is activated by IAA, it raises the question whether the known species differences in
sequence homology, as well as its selectivity to a range of ligands, might contribute to the observed
species differences in the I1AA model. As discussed above, IAA contains a highly reactive
electrophilic moiety lacking structural selectivity, that forms alkylation adducts by binding to the
cysteine residues on the N-terminal of TRPA1 (185), which might potentially lead to its activation
(184). Therefore, it is more likely, that species differences in the IAA-induced diffuse gastritis
model is not due to the heterogeneity in TRPAL ion channel sequence, and that TRPAL
upregulation is rather a consequence of tissue injury. Determining resistance mechanisms was
beyond the scope of our study; however, it might provide valuable information on gastroprotective
mechanisms yet not fully known. As a general limitation of all immunohistochemical techniques,
TRPAL- and TRPV1-like immunopositivity determined on the histopathological sections in our
study might not provide direct evidence for the receptor protein expression. However, (i) the
parallel receptor mMRNA changes, (ii) the positive control with dorsal root ganglia samples, (iii) the
lack of immunopositivity with the blocking peptides provided by the producers, (iv) as well as the
extensive use of both antibodies in the literature (194,195) and in our earlier studies (30,196,197)

suggest the reliability and validity of our IHC results supporting our conclusion.
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The role of TRPV1 and TRPAL in gastrointestinal mucosal defense mechanisms is virtually
controversial, but the overall function is likely to be protective (82). Their investigation is more
thorough in inflammatory bowel disease (IBD). Studies with Trpvl and Trpal gene-deficient mice
show contradictory data about their roles in colitis, most likely depending on the key
pathophysiological mechanisms of the different colitis models (82). Several studies have focused
on elucidating the mechanism by which these channels might mediate pro-inflammatory and/or
anti-inflammatory effects (Tables 6-8).

Goso and co-workers provided the first evidence for a protective role of TRPV1-expressing
peptidergic sensory nerves via the release of the protective neurotransmitter CGRP upon acute co-
administration of capsaicin in a TNBS-induced colitis model (179). Administration of TRPV1
agonists, resiniferatoxin (RTX) or high dose capsaicin, induces a sustained functional denervation
of TRPV1-expressing extrinsic neurons, thus it provides a method in animal models for the
investigation of these sensory afferents and the released neurotransmitters. The results of this
chemical desensitisation are not coherent, since pro-inflammatory and protective roles have also
been described. Neonatal capsaicin desensitisation, as well as the administration of the TRPV1
antagonist capsazepine have been reported to significantly attenuate macroscopic damage score,
MPO activity increase and inflammatory histopathological alterations compared to normal DSS-
treated rats attributing the colitogenic effect to SP released from the nerve terminals of TRPV1-
expressing sensory fibres (180). Meanwhile, Utsumi and co-workers found opposing results in the
same model after adult treatment by high doses of capsaicin, which exacerbated colitis and reduced
the inflammation-induced upregulation of both SP- and CGRP-positive fibres (181). However, they
described that Trpv1 and Trpal gene deletion decreased colitis severity and the upregulation of SP-
positive nerve fibres without influencing protective CGRP-positive nerves. Similarly, neonatal
capsaicin denervation resulted in more severe colitis in the oxazolon-induced model, but
exacerbation was not accompanied by changes in the expression and distribution of CGRP- and
SP-immunoreactive nerves in the colon (182). These virtually contradictory pro- and anti-
inflammatory effects of neuropeptides released from the TRPV1/Al-expressing fibres during
chemically-induced colitis were further investigated in the TNBS model, where abrogated CGRP
release in the isolated colon preparations and DRG were observed in Trpal, but not in Trpvl gene-
deficient mice. They showed that this mechanism is mediated via the sustained sensitisation of

TRPAL by TNBS covalently binding to the cysteine and lysine residues in the cytoplasmic N-
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terminus of the receptor protein. TNBS induces similar severe acute colitis in wildtype and Trpvl
", but reduced inflammation in Trpal”™ mice or wildtype animals treated with the TRPA1
antagonist HC-030031. Sensory denervation, as well as SP gene-deletion abolished both TNBS
and DSS-induced colitis, while in CGRP-deficient mice TNBS induced a more severe colitis
further supporting the opposing actions of the sensory neuropeptides released from the same nerve
terminals (79,183). Trpvl-deficiency did not affect disease severity, only prevented chronic pain
development during the recovery phase of DSS-induced colitis (184). However, this result was
challenged by other studies demonstrating the pathogenic role of TRPV1 by gene-deleted mice
exhibiting less severe DSS-induced colitis, concluding that inflammatory mediators activate the
TRPV1 receptor and induce neurogenic inflammatory components by releasing SP, neurotensin,
vasoactive intestinal polypeptide and galanin (109,181). Meanwhile, Massa and co-workers found
more severe DNBS-induced colitis in Trpv1™ mice, suggesting a protective role of TRPV1 (185).
Bertin and co-workers proposed non-neuronal TRPV1 and TRPA1-mediated proinflammatory
mechanisms in colitis. They showed that both channels are present on mouse and human CD4+ T
cells and play an important regulatory role in their activation and the production of
proinflammatory cytokines, such as IFN-y, IL-2, IL-10 and TNF-o. In a spontaneous 1L107" colitis
model both genetic deletion and pharmacologic inhibition of TRPV1 resulted in attenuated
inflammation. They provided clear experimental evidence in a T cell adoptive transfer model that
TRPV1-expressing CD4+ T cells are involved in colitis pathogenesis (41). In the same
experimental paradigm TRPAL1 was described to exert protective actions by restraining TRPV1
activity on these immune cells, thus controlling their activation and inflammatory functions (40).
The protective role of TRPALl was also supported by TRPAl-mediated downregulation of
proinflammatory neuropeptides SP, neurokinins A, B (NKA, NKB) and NK1 receptor, as well as
cytokines and chemokines like TNFa, IL-18, MIG and MCP-1 (34).
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Table 6. Role of TRPV1 in animal models of colitis (Trpvl” gene deleted mice were bred on
C57BI/6 background; DSS: dextrane sulfate sodium; TNBS: trinitrobenzene sulfonic acid; DNBS:
dinitrobenzene sulphonic acid).

and cytokine production

spontaneous colitis

Approaches | Results Animal species/ strain Model Ref
TRPV1 reduces colitis severity Sprague-Dawley rats 5% DSS + capsazepine (180)
antagonist female BALB/c mice 5% DSS + capsazepine/ | (193)
JNJ 10185734
Sprague-Dawley rats TNBS + capsazepine (194)
female Wistar rats TNBS + BCTC (195)
110" Trpvl’ mice 11210"-induced (41)
spontaneous colitis +
SB366791
TRPV1 attenuates colitis/ visceral male Sprague-Dawley rats | TNBS + capsaicin (179)
agonist hyperalgesia male BALB/c mice DNBS + curcumin (186)
male Sprague-Dawley rats | 5% DSS + curcumin (187)
TRPV1 gene | decreases colitis female Trpv1l” mice 2% DSS (196)
deletion 110" Trpvl’ mice 11107-induced (41)
spontaneous colitis
male Trpv1l” mice 2% DSS (181)
aggravates colitis female Trpv1l” mice DNBS (185)
does not affect colitis severity female Trpv1l” mice 5% DSS (196)
Trpvl” mice TNBS (183)
Trpvl” mice 2.5% DSS (184)
protects against chronic pain Trpvl’ mice 2.5% DSS (184)
during recovery
decreases CD4+ T cell activation | 11107 Trpv1l” mice 1110"-induced (41)
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Table 7. Role of TRPAL1 in animal models of colitis (Trpal” gene deleted mice were bred on
C57BI/6 background; DSS: dextrane sulfate sodium; TNBS: trinitrobenzene sulfonic acid; DNBS:
dinitrobenzene sulphonic acid).

in CD4+ T cells, increases CD4+

T cell activation and
proinflammatory cytokine

production

spontaneous colitis

Approaches | Results Animal species/ strain Model Ref
TRPA1 reduces colitis severity C57BI/6 mice TNBS + HC-030031; (183)
antagonist DSS + HC-030031
reverses visceromotor response female Wistar rats TNBS/ethanol + TCS- (195)
5861528
TRPA1 gene | decreases colitis Trpal” mice TNBS, 2% DSS (183)
deletion male Trpal” mice 2% DSS (181)
aggravates colitis male Trpal” mice 2% DSS (297)
11207 Trpal” mice 11107-induced (40)
spontaneous colitis
increases TRPV1 channel activity | 11107 Trpal” mice 1110”-induced (40)

Table 8. Role of capsaicin-senstive sensory neurons in animal models of colitis (Trpvi™,
Trpal” gene deleted mice were bred on C57BI/6 background; DSS: dextrane sulfate sodium;
TNBS: trinitrobenzene sulfonic acid; DNBS: dinitrobenzene sulphonic acid).

Approaches Results Animal species/ strain Model Ref
Capsaicin-induced aggravates colitis female BALB/c mice oxazolone (182)
sensory desensitization male Trpvl”, Trpal” mice | 2% DSS (181)
alleviates colitis Sprague-Dawley rats 5% DSS (180)
RTX- denervation alleviates colitis C57BI/6 mice TNBS, 2% DSS (183)

Pharmacological interventions with curcumin had anti-inflammatory and anti-hyperalgesic effects

in colitis models (186,187). Although in these studies curcumin was interpreted and discussed as a

TRPV1 agonist, it is important to note that curcumin is a non-selective compound having a typical

pleiotropic effect including direct antioxidant activity, anticancer and antimicrobial properties

mediated by a wide range of targets, even the TRPAL receptor (188-190). Considering that TRPAL

is almost exclusively expressed in TRPV1-positive neurons and both channels are known to

interact (29,30), cross-desensitisation could have a role in the actions of curcumin. Furthermore,
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curcumin was also described as a TRPV1 antagonist, because it inhibited capsaicin-evoked
potentials (191). In a clinical study, curcumin was reported to significantly reduce relapse rate in
UC patients not via the activation, but the inhibition of TRPV1 either directly or by ways of cross-
desensitisation of TRPAL1 (192). Therefore, we should be cautious when drawing conclusions
regarding TRPV1 involvement based on the results of curcumin administration.

Other TRPV1 and TRPAL antagonists also showed mainly protective actions. TRPV1 blockade by
the non-selective antagonist capsazepine, JNJ 10185734, BCTC and SB366791 in various models
of colitis exerted anti-inflammatory actions supporting the pathogenic role of TRPV1 in
experimental IBD (41,180,193-195). Moreover, both intraperitoneal and intrathecal
administrations of TRPV1 and TRPAL antagonists exerted analgesic actions in rat colitis models
highlighting central nervous system mechanisms (195).

TRPV1 and TRPAL expression, and experimental data regarding its role in colitis appears to be
virtually inconsistent. Activation of these receptors on sensory nerve terminals mediates
neurogenic inflammation via the release of SP and CGRP, resulting in increased vascular
permeability, plasma protein extravasation and inflammatory cell activation. Meanwhile, anti-
inflammatory sensory neuropeptides, such as somatostatin and opioid peptides released
simultaneously from the same nerve ending exert anti-inflammatory and analgesic actions both
locally and systemically through getting into the circulation. Furthermore, these ion channels on
vascular smooth muscle and inflammatory cells such as macrophages and T helper cells mediate
both pro- and anti-inflammatory functions. Therefore, the overall role of TRPV1 and TRPAL in
experimental colitis is dependent on 1) the diversity of the expression of these ion channels on
sensory nerves, immune cells, epithelial cells and vascular smooth muscle cells (4), 2) the
consequent activation-induced release of broad range of pro- and anti-inflammatory mediators
including sensory neuropeptides and cytokines exerting divergent mechanisms, 3) the complex
interactions of the co-expressed TRPV1 and TRPA1 receptors (Figure 1), 4) differences of the
experimental models, protocols and paradigms (species, strain, concentration and composition of
the chemicals, duration, intensity, complex mechanisms of the injury), as well as several limitations
of the models (198).
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Sensory efferent (sensocrine):

i~ \L + Neurogenic inflammotion
« Systemic anti-inflammatory
+ Analgesic effect

Sensory afferent
* Pain
* Hypersansitivity

Figure 28. The complex interactions of TRPV1 and TRPAL and their virtually contradictory role
in colitis. A) The afferent and efferent (sensocrine) functions (yellow arrows) of the capsaicin-
sensitive sensory nerve fibers. Panel C (without inflammation) and D (during inflammation) depict
an enlarged schematic section of the colon cross section (panel B) focusing on the expression and
interaction of TRPV1 (green double lines) and TRPAL (orange double lines) in the colon mucosa.
Neurogenic inflammation is mediated via the release of SP and CGRP (blue dots represent
neurotransmitters, such as SP, CGRP and somatostatin), resulting in increased vascular
permeability, plasma protein extravasation and inflammatory cell activation. Meanwhile, anti-
inflammatory sensory neuropeptides, such as somatostatin and opioid peptides released
simultaneously from the same nerve ending exert anti-inflammatory and analgesic actions both
locally and systemically through getting into the circulation. Furthermore, these ion channels on
vascular smooth muscle and inflammatory cell such as macrophages (MP) and T helper cells (Th1)
mediate both pro- (+) and anti-inflammatory (-) effects by regulating the release of cytokines (IFN-
v, IL-2, IL-10, TNFa are represented as red dots) (82).
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6 Summary of new results, conclusions

1) We provided evidence with functional, morphological and immunological techniques that
chronic moderate cigarette smoke induces characteristic pulmonary inflammation, emphysema and
atelectasis. These well-defined pathophysiological alterations from the inflammatory reactions to
the tissue destruction are dependent on the duration of the smoke exposure and COPD-like
structural and functional changes develop only after the fourth month (Figure 28) and are similar
to that observed in the clinics, which highlights the translational value of our model in relation to
the human morbidity seen in COPD. Therefore, this mouse model is appropriate to investigate

smoking-induced time-dependent characteristic alterations and mechanisms in the lung.

Lung e COPD
sICAM-1

Inflammation

months

Figure 29. Time-dependent characteristic pulmonary and cardiac pathophysiological alterations in
relation to tissue SICAM-1 levels in the chronic cigarette smoke-exposure-induced mouse COPD
model.

2) We provided the first evidence that TRPAL channel has a complex role in basal airway function
regulation and inflammatory mechanisms by triggering chronic CSE-evoked emphysema
formation and respiratory deterioration, such as MV, TV, PIF and PEF decrease with a peak after
3 months (Table 9).
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Table 9. The deteriorating role of TRPAL in chronic airway inflammation (ns: non-significant;
arrows indicate change compared to non-inflamed intact mice, ++p<0.005, +++p<0.001; asteriks
indicate strain difference, *p<0.05, **p<0.005 vs Trpal*’*).

_ _ Trpal** Trpal”
CSE-induced chronic : Trpal*’* vs Trpal™
) ) compared to intact )
inflammation CSE-treated inflamed
control

TV, MV, PIF, PEF | (+H/+++) ns *

Oedema 1 1 ns

Inflammatory cell infiltration 1 1 ns

Emphysema earlier later *

3) We provided the first results on the upregulation of the TRPAL1 ion channel in a well-

characterized translational gastric injury model in correlation with IAA-induced concentration- and

duration-dependent macroscopic and microscopic lesions. These data will provide a good basis for

evaluating the effect of TRPALl-targeting pharmacological interventions on the different

components of the gastric injury.

Table 10. Summary of novel results in the IAA-induced gastritis model (na: data not available).

0.05% IAA 0.1% IAA 0.2% IAA
day 7 day 14 day 7 day 14 day 7 day 14

weight change - - ! ! i 1
water consumption ! ! ! ! i i
macroscopic lesions 1 - - 1 1 1
GSH total GIuCys na na - 1 na na

total GSH na na - na na

antrum / corpus

HC TRPA1 na T na na na T

TRPV1 na -1 na na na 1
RNA Trpal T - na na T T

Trpvl -/- -/- na na -/- -/-
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decreased again after 5—6 months. Soluble intercellular adhesion molecule-1 (sICAM-1) significantly
increased in the heart homogenates at month 6, while other inflammatory cytokines were undetectable.

* This paper has been recommended for acceptance by David Carpenter.
* Corresponding author. Department of Pharmacology and Pharmacotherapy, University of Pécs, H-7624 Pécs, Szigeti Gt 12., Hungary.

E-mail addresses: agnes.kemeny@aok.pte.hu (A, Kemény), cseko.kata@pte.hu (K. Csekd), szitteristvan@gmail.com (1. Szitter), varga.zoltan@med.semmelweis-univ.hu
(Z.V. Varga), peter.bencsik@pharmahungary.com (P. Bencsik), kiss.krisztina.1@med.u-szeged.hu (K. Kiss), halmosi.robert@pte.hu (R. Halmosi), laszlo.deres@aok.pte.hu
(L. Deres), krisztian.eros@aok.pte.hu (K. Erés), aniko.perkecz@aok.pte.hu (A. Perkecz), kereskai.laszlo@pte.hu (L. Kereskai), laszlo.terezia@pte.hu (T. Laszld), tamas.kiss2@
aok.pte.hu (T. Kiss), peter.ferdinandy@pharmahungary.com (P. Ferdinandy), zsuzsanna.helyes@aok.pte.hu (Z. Helyes).

T A. Kemény and K. Csekd equally contributed to the present work.

http://dx.doi.org/10.1016/j.envpol.2017.04.098
0269-7491/© 2017 Elsevier Ltd. All rights reserved.

Please cite this article in press as: Kemény, A., et al., Integrative characterization of chronic cigarette smoke-induced cardiopulmonary
comorbidities in a mouse model, Environmental Pollution (2017), http://dx.doi.org/10.1016/j.envpol.2017.04.098



Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:agnes.kemeny@aok.pte.hu
mailto:cseko.kata@pte.hu
mailto:szitteristvan@gmail.com
mailto:varga.zoltan@med.semmelweis-univ.hu
mailto:peter.bencsik@pharmahungary.com
mailto:kiss.krisztina.1@med.u-szeged.hu
mailto:halmosi.robert@pte.hu
mailto:laszlo.deres@aok.pte.hu
mailto:krisztian.eros@aok.pte.hu
mailto:aniko.perkecz@aok.pte.hu
mailto:kereskai.laszlo@pte.hu
mailto:laszlo.terezia@pte.hu
mailto:tamas.kiss2@aok.pte.hu
mailto:tamas.kiss2@aok.pte.hu
mailto:peter.ferdinandy@pharmahungary.com
mailto:zsuzsanna.helyes@aok.pte.hu
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
http://dx.doi.org/10.1016/j.envpol.2017.04.098
http://dx.doi.org/10.1016/j.envpol.2017.04.098
http://dx.doi.org/10.1016/j.envpol.2017.04.098

2 A. Kemény et al. / Environmental Pollution xxx (2017) 1—14

This is the first study demonstrating smoking duration-dependent, complex cardiopulmonary alterations
characteristic to COPD, in which inflammatory cytokine cascades and MMP-2/9 might be responsible for
pulmonary destruction and sICAM-1 for heart dysfunction.

© 2017 Elsevier Ltd. All rights reserved.

List of abbreviations

BALF bronchoalveolar lavage fluid

BLC B-lymphocyte chemoattractant

COPD  chronic obstructive pulmonary disease

EEP end-expiratory pause

EEW end-expiratory work

EF% ejection fraction

EF50 tidal mid-expiratory flow

f frequency

IL-1a interleukin-1 alpha

[L-1ra  interleukin-1 receptor antagonist

IL-16 interleukin-16

I-TAC interferon-inducible T-cell chemoattractant
KC keratinocyte chemoattractant

LAA/TLV low attenuation area/total lung volume ratio
L mean linear intercept (chord) length

LV left ventricular

MCP-1 monocyte chemoattractant protein-1 (JE)
M-CSF  macrophage colony-stimulating factor

MIG monokine induced by gamma interferon

MMP matrix metalloproteinase

MV minute ventilation

PB/PV  peribronchial/perivascular

PEF peak expiratory flow

PIF peak inspiratory flow

RANTES regulated on activation normal T cell expressed and
secreted

RI airway resistance

RT relaxation time

SDF-1  stromal cell-derived factor 1

sICAM-1 soluble intercellular adhesion molecule-1

TAPSE tricuspid annular plane systolic excursion
Te expiratory time

Ti inspiratory time

TIMP-1 tissue inhibitor of metalloproteinase-1
TNF-o.  tumor necrosis factor-alpha

TREM-1 triggering receptor expressed on myeloid cells-1
TV tidal volume
whole-body plethysmography

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major global
health problem that in 2020 is projected to rank fifth worldwide in
terms of economic and social burden of disease and third in terms
of mortality. According to the most recent definition and descrip-
tion of the Global Initiative for Chronic Obstructive Lung Disease
(GOLD 2017) from the Global Strategy for the Diagnosis, Manage-
ment and Prevention of COPD, it is characterized by persistent
respiratory functions and airflow limitation. It is usually progres-
sive and associated with an enhanced chronic inflammatory
response in the airways and the lung due to airway and/or alveolar
abnormalities usually caused by noxious particles or gases. Exac-
erbations and comorbidities contribute to the overall severity
(Vestbo et al., 2013). Functional respiratory disorders result from
chronic obstructive bronchiolitis narrowing the small airways and
emphysema due to lung parenchymal destruction. COPD adversely
affects both the structure and function of the right ventricle due to
pulmonary arterial hypertension, the phenomena known as cor
pulmonale. It is known that chronic hypoxia leads to pulmonary
arteriolar constriction that represents an increased afterload for the
right ventricle. In addition chronic hypoxia may induce functional
contractile impairment of the left ventricle as well. Therefore, the
potential effect of carbon-monoxide, an important toxic compound
of cigarette smoke should also be emphasized, which may greatly
contribute to the development of hypoxic conditions and related
diseases. Cigarette smoking is the most common cause of COPD
accounting for approximately 95% of cases in developed countries
besides other predisposing factors, such as air pollutants and
occupational exposure (Salvi and Barnes, 2009).

There is no curative treatment, the available therapy is restricted

to corticosteroids, adrenergic f, receptor agonists and acetylcho-
line muscarinic receptor antagonists that can only slow down the
progression and alleviate the symptoms (Vestbo et al, 2013).
However, these have limited effect in a relatively small patient
population (Restrepo, 2015). Therefore, there is an urgent need to
find novel therapeutic targets in COPD. Due to the extensive in-
terest in this area of research, our knowledge of the underlying
mechanisms has remarkably expanded. Cigarette smoke and other
airway irritants induce an abnormal inflammatory response
involving CD8* lymphocytes, neutrophils and macrophages. These
immune cells release chemotactic factors, colony stimulating fac-
tors and proinflammatory cytokines, thus sustain and enhance
inflammation and immune cell recruitment. Furthermore, pro-
teases like neutrophil elastase, cathepsins and matrix metal-
loproteinases (MMPs) are responsible for elastin destruction
resulting in emphysema formation (Barnes et al., 2003; Yao et al.,
2013). However, the complex pathophysiological mechanism, the
inflammatory cascades and the role of the immune cells, sensory
nerves and neuro-immune interactions, as well as the key media-
tors need to be determined to identify potential novel therapeutic
targets (Canning and Spina, 2009).

Besides human studies to analyse tissue samples, translational
animal models are particularly important to define the patho-
physiological processes underlying the molecular pathways. Many
species like rodents, sheep, dogs, guinea pigs, and monkeys have
been investigated for modeling COPD (Helyes and Hajna, 2012;
Leberl et al., 2013; Wright and Churg, 2008), but considering the
possibilities of genetic engineering, easier handling and less com-
pound requirement, mouse models seem to be most suitable and
promising to elucidate the pathophysiological pathways and the
complexity of the mechanisms (Martorana et al.,, 2006; Mercer
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et al., 2015; Vlahos et al., 2006).

Several studies focus on the protease-antiprotease imbalance
and use only short-lasting models of various types of elastases, such
as pancreatic elastase, neutrophil elastase, proteinase-3 (Beeh et al.,
2003; Shapiro et al., 2003; Sinden et al., 2015; Yao et al., 2013), or
lipopolysaccharides and inorganic dusts to investigate their role in
the development of emphysema. These models have been proved
to be useful, however, they focus only on one factor that is an in-
termediate player of the pathophysiological cascade. Meanwhile,
cigarette smoke, which is the most common initial triggering
stimulus in the human disease, switches on a variety of other
pathways and mechanisms that are upstream mediators (Shapiro
et al., 2003). In order to investigate the whole complexity of the
chronic persistent inflammatory process, the only authentic
translational model for COPD is the chronic cigarette smoke
exposure (Fricker et al., 2014; Luo et al., 2017). This model has been
used by several groups so far, but their broad conclusive potential is
limited by the facts that they 1) applied different protocols,
experimental paradigms, exposure durations and intensities, 2) did
not have a longitudinal self-control follow-up design, 3) did not aim
to use an integrative methodological approach to investigate the
complexity of the disease, only focused on certain specific param-
eters, 4) used different strains, and 5) did not take the common
cardiovascular comorbidities into consideration. It is important to
note that genetic variance, sex and different cigarette types have a
great influence on the outcome of chronic cigarette smoke expo-
sure (Bartalesi et al., 2005; Phillips et al., 2016, 2015; Tam et al.,
2015). Since C57BI/6 mice are the most widely used one for ge-
netic manipulations, and it is very sensitive to cigarette smoke
(Martorana et al., 2006) it would be the most important to set up,
characterize and optimize a model in this strain. Therefore, we
aimed to establish a translational mouse model for complex func-
tional, morphological, immunological and biochemical investiga-
tion of chronic cardiopulmonary pathophysiological changes
characteristic to COPD. This helps to analyse the mechanisms in
different stages of the disease, and identify key targets for phar-
macological research.

2. Materials and methods

For detailed description of materials, methods and statistics
please see the online supplementary material.

2.1. Animals

Experiments were performed on 8-week-old male C57BL/6 mice
to avoid potential variations related to the estrus cycle-induced
hormonal changes (Yoshizaki et al., 2017) weighing 20—25 g at the
beginning of the study; each group consisted of 6 mice. Animals
were bred and kept in the Laboratory Animal House of the Depart-
ment of Pharmacology and Pharmacotherapy, University of Pécs, at
24-25 °C, provided with standard chow and water ad libitum,
maintained under 12 h light-dark cycle. All procedures were carried
out according to the 40/2013 (I1.14.) Government Regulation on
Animal Protection and Consideration Decree of Scientific Procedures
of Animal Experiments and Directive 2010/63/EU of the European
Parliament. They were approved by the Ethics Committee on Animal
Research of University of Pécs according to the Ethical Codex of
Animal Experiments (licence No.: BA02/2000-5/2011).

2.2. Experimental protocol and investigational techniques
Animals were exposed to cigarette smoke (3R4F Kentucky

Research Cigarette; University of Kentucky, USA) in a two-port TE-2
whole-body smoke exposure chamber (Teague Enterprise, USA)

twice daily, 10 times/week for 6 months. Two cigarettes were
smoked at a time for 10 min with a puff duration of 2 s and a puff
frequency of 1/min/cigarette, mice were exposed to smoke for
30 min followed by a ventilation period of 30 min during which
smoke was driven from the chamber. The total particulate matter
(TPM 154.97 + 5.18 mg/m?3), nicotine (9.86 + 0.33 mg/m>) and
carbon-monoxide (147.57 + 4.93 ppm) concentrations were
determined every week. Age-matched non-smoking mice kept
under the same circumstances served as controls. The precise
composition of the mainstream smoke is well established and
described in detail (Roemer et al., 2012).

Before the treatment period and at the end of each month, body
weight was measured (see Suppl. Fig. E2) and 6 smoking and 6
intact animals were sacrificed after ketamine and xylazine anes-
thesia. Lungs and hearts were excised and rinsed with cold
phosphate-buffered saline. Lungs were dissected into 3 pieces: 2
pieces were snap frozen and one part was placed in 6% formalde-
hyde solution.

At the end of the 6th month blood samples were collected and
restrained whole body plethysmography was performed by inva-
sive methodology. Some functional parameters (airway resistance
(RI), end-expiratory work (EEW), tidal mid-expiratory flow (EF50),
end-expiratory pause (EEP), expiratory time (Te) and inspiratory
time (Ti)) were measured by restrained whole-body plethysmog-
raphy (PLY4111, Buxco Europe Ltd., Winchester, UK) in anaes-
thetized, tracheotomized and ventilated mice.

Airway responsiveness was determined at the end of each
month by unrestrained whole-body plethysmography (WBP) with
Buxco instrument (PLY3211, Buxco Europe Ltd., Winchester, UK) in
conscious, spontaneously breathing animals. Breathing function
parameters (relaxation time: RT, frequency: f, tidal volume: TV,
minute ventilation: MV, inspiratory time: Ti, expiratory time: Te,
peak inspiratory and expiratory flows: PIF, PEF) were calculated by
the Buxco software (Elekes et al., 2008).

Pulmonary structural changes were imaged by a Skyscan 1176
high resolution microtomograph (Skyscan, Kontich, Belgium) at the
end of each month. Emphysema was calculated by the ratio of LAA
(low-attenuation area) and total lung volume (TLV) (Kobayashi
et al,, 2013).

Excised lung tissue samples were formalin-fixed (6%) and
embedded in paraffin, 5 pum sections were cut and stained with
haematoxylin-eosin for further histological analysis. Emphysema
was quantified by measuring the mean linear intercept (chord; Ly,)
length (Knudsen et al., 2010) using CaseViewer software (3DHIS-
TECH Ltd., Hungary) (n = 80—100 chords in 400.000 um? area per
animal). Histolopathological analysis was performed by a pathol-
ogist in a blind manner in order to evaluate perivascular/peri-
bronchial edema, acute and chronic inflammation, interstitial acute
and chronic inflammation, epithelial damage and goblet cells on a
semiquantitative scale ranging from 0 to 3.

Total cell count and the ratio of lymphocytes, monocytes and
granulocytes of the bronchoalveolar lavage fluids were analysed
with CyFlow Space flow cytometer (Partec, Germany) at the end of
each month (Ma et al., 2001).

Pulmonary MMP-2 and MMP-9 activities from lung samples
were measured by gelatin zymography. Gelatinolytic activities of
MMPs were examined as previously described (Kupai et al., 2010).
Band intensities were quantified and expressed as the ratio to the
internal standard.

Forty inflammatory cytokines from lung and heart homogenates
as well as serum samples were determined simultaneously with
Mouse Cytokine Array Panel A (R&D Systems). To eliminate the
interassay variability all data were re-calculated with the same
control-spot densities (Szitter et al., 2014). Cytokine heat map was
generated by Matrix2png 1.2.1 online freeware (Pavlidis and Noble,
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2003).

Transthoracic echocardiography was performed by a VEVO 770
high-resolution ultrasound imaging system (VisualSonics Vevo
770® High-Resolution Imaging System, Toronto, Canada) equipped
with a mouse cardiac transducer (30 MHz), and ejection fraction
(EF%), tricuspid annular plane systolic excursion (TAPSE) and
deceleration time were determined at the end of each month
(Respress and Wehrens, 2010).

3. Results
3.1. Chronic cigarette smoke exposure impairs respiratory functions

Pulmonary functions were determined at the end of each month
in conscious mice by unrestrained whole-body plethysmography in
a self-controlled manner. None of the parameters determined by
this technique (RT, f, TV, MV, Ti, Te, PIF, PEF) were different between
the smoking and non-smoking groups at any time-points during
the 6-month-period (see Suppl. Fig. E1). This is in complete
agreement with the findings of Vanoirbeek and colleagues, who
demonstrated that the non-invasive method is irrelevant and not
appropriate to determine functional alterations in mouse disease
models, especially in emphysema (Vanoirbeek et al., 2010). At the
end of the sixth month, restrained whole-body plethysmography
was performed in tracheotomized, anaesthetized and mechanically
ventilated mice. Significant decrease of Rl, EEW, EEP, Te, as well as
increase of EF50 and Ti/(Ti + Te) ratio were observed, whereas
dynamic compliance did not change in response to chronic smoke
exposure as compared to the non-smoking group (Fig. 1).

3.2. Cigarette smoke induces emphysema formation shown by
in vivo micro-CT

Dynamic structural changes of the lung were investigated by
in vivo micro-CT during the 6-months smoking period. Emphysema
formation, as the most important sign of tissue destruction, was
clearly observed on the reconstructed 3D images (Fig. 2A). Ac-
cording to our morphometric analysis the low attenuation area/
total lung volume ratio (LAA/TLV%), a quantitative indicator showed
significant increase by the end of the 5th month that was further
increased by the end of the 6th month (Fig. 2B).

3.3. Smoke exposure induces characteristic histopathological
alterations in the lung

As compared to the intact, normal lung structure of a 3-month-
old mouse (Fig. 3A), one month of cigarette smoke exposure
induced a minimal peribronchial and moderate perivascular edema
formation, and slightly increased numbers of granulocytes and
macrophages in the lung parenchyma (Fig. 3B). After 2 months of
smoking, there was an extensive perivascular and peribronchial
edema with a large number of granulocytes, macrophages and
lymphocytes infiltrating these regions. Inflammation was charac-
teristic both in the interstitial and peribronchial areas, in addition
the bronchiolar epithelial cell layer became irregular, the bronchi-
olar and alveolar epithelium showed signs of damage, and the
number of interepithelial mucus-producing cells was increased
(Fig. 3C and D). Interestingly, this massive inflammatory reaction
showed a decreasing tendency from the 3-month-timepoint, the
peribronchial edema was still present, but less extensive, the
number of immune cells was reduced and were mostly lympho-
cytes, which moved from the peribronchial spaces to the interstitial
regions. Meanwhile, the bronchiolar epithelium destruction was
remarkably greater (Fig. 3E). At the 4-month-smoke exposure, the
irregularity and damage of the bronchial epithelium was further

aggravated. Tissue destruction became more severe, mild emphy-
sema (enlargement of airspaces throughout the parenchyma) and
atelectasis developed particularly on the peripheral regions. How-
ever, mild edema was limited to the perivascular spaces and the
number of inflammatory cells remarkably decreased (Fig. 3F). After
5—6 months of smoking emphysema dominated the histological
picture, first mainly in the peripheral areas, then also in the central
parts of the lung. Inflammatory reaction at this stage was minimal,
only few macrophages and lymphocytes could be noticed in the
remaining parenchyma, while irregularity of the bronchial
epithelium and hyperplasia of the mucus producing cells could be
observed (Fig. 3G and H). The semiquantitative histopathological
scoring results throughout the 6-month study are shown in Fig. 4.
Remarkable alveolar space enlargement (L) was observed already
after 1 month of smoke exposure in comparison with the non-
smoking group (Fig. 2C). This parameter mainly characteristic to
emphysema progressively increased, by the end of the 5th month
the distal air space was significantly expanded in smoking mice as
compared to the Ly, after the 1st month parallelly to our micro-CT
findings.

3.4. Inflammatory cell profile analysis of the bronchoalveolar
lavage fluid (BALF)

Flow cytometric analysis revealed no difference between the
granulocyte, macrophage and lymphocyte numbers of the BALF
samples obtained from smoke-exposed and intact mice at the end
of the first month. In contrast, 2 months of smoke exposure induced
an enormous increase in the number of all these cells in the BALF,
which gradually decreased afterwards. The total number and the
composition of BALF cells did not differ from the values of the non-
smoker mice from the 3rd month. A tendency of increase in gran-
ulo- and lymphocyte numbers was observed in the smoking group
at the end of the 3rd month, but it did not reach statistical signif-
icance (Fig. 5).

3.5. Chronic tobacco smoke increases MMP-2 and MMP-9 activities
in the lung

Gelatin zymography showed a significant increase in pulmonary
activity for MMP-2 as well as for MMP-9 in the lung samples of
mice subjected to 6-month cigarette smoke exposure as compared
either to 1-month smokers or to non-smoker age-matched control
mice (Fig. 6).

3.6. Cytokine expressions in the lung, serum and heart

Among the 40 investigated inflammatory cytokines and che-
mokines 26 proteins were detectable in lung homogenates
throughout the 6-month experiment. At the end of the first month,
interleukin-18 (IL-18), IL-10 and monocyte chemoattractant
protein-5 (MCP-5) increased significantly, but none of them were
detectable later. The triggering receptor expressed on myeloid
cells-1 (TREM-1) showed a peak expression at this time-point. The
C5a complement component, interleukin-1 receptor antagonist (IL-
1ra) produced by several immune cells and epithelial cells,
interleukin-16 (IL-16), interferon-gamma inducible protein-10 (IP-
10), keratinocyte chemoattractant (KC), macrophage colony-
stimulating factor (M-CSF), monocyte chemoattractant protein-1
(MCP-1 or JE), monokine induced by gamma interferon (MIG),
regulated on activation, normal T cell expressed and secreted
(RANTES), and tissue inhibitor of metalloproteinase-1 (TIMP-1)
cytokines and chemokines reached their maximum expression at
the 2nd month. Meanwhile, the concentration of the soluble
intercellular adhesion molecule-1 (sICAM-1) was high in the intact
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Fig. 1. Respiratory functions. Restrained whole-body plethysmography (WBP) parameters at the end of the 6th month. Panel A shows the airway resistance (Rl), B: end expiratory
work (EEW), C: end expiratory pause (EEP), D: tidal mid-expiratory flow (EF50), E: time of expiration (Te) and F: time of inspiration (Ti) and Te ratio at the end of the 6th month.
N = 5 per group (Student's t-test for unpaired comparison, *p < 0.05; **p < 0.005; vs. the intact, non-smoking group).
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Fig. 2. Evaluation of emphysema by micro-CT measurement and histological assess-
ment of mean linear intercept (chord) length. Structural changes of the lungs were
imaged by breath-gated tomography on a Skyscan 1176 high resolution microtomo-
graph. Panel A: representative 3D pictures of mouse lung before the treatment (0) and
after 2-, 4- and 6-month smoking period. Light green and yellow areas represent the
air-filled spaces. Panel B shows the calculated percentage of emphysema by the ratio of
low-attenuation area (LAA) and total lung volume (TLV). N = 6 per group (two-way
ANOVA followed by Bonferroni's post-test, *p < 0.05; **p < 0.005 vs. the intact, non-
smoking group). Panel C: mean linear intercept length (L) measured on formalin
fixed lung sections at the end of each month. N = 80—100 per group (two-way ANOVA
followed by Bonferroni's post-test, **p < 0.005; ****p < 0.0001 vs. the intact, non-
smoking group; ##p < 0.005; ####p < 0.0001 vs 1 month of smoking).

lung homogenate, and remained at a similarly high level during the
whole 6-month smoking period (Fig. 7A and B). In the serum of
non-smoking mice B-lymphocyte chemoattractant (BLC), stromal
cell-derived factor 1 (SDF-1), C5a, interleukin-1 alpha (IL-1a), IL-
1ra, IL-16, JE, M-CSF, TIMP-1, TNF-a, and TREM-1 were detectable.
The first two were not present in the intact lung, and they
decreased by the end of the 6-month smoking period similarly to
IL-16. KC remarkably, JE slightly increased by this time point, while
the expression of the other cytokines remained unchanged in the

serum (Fig. 7C). In contrast, in the heart homogenates only
granulocyte-monocyte colony-stimulating factor (GM-CSF) and
SICAM-1 were detectable at relatively low levels, and sICAM-1
showed an approximately 2-fold elevation at the end of the 6th
month of smoke exposure as compared to the time-matched intact
heart samples (Fig. 7D).

3.7. Chronic tobacco smoke deteriorates cardiac function

Non-invasive echocardiographic evaluation and quantification
were performed at the end of each month in a self-controlled
manner during the 6-month experimental period. Heart rate did
not differ significantly during anesthesia among the groups (data
not shown). At the beginning of the study echocardiographic pa-
rameters of the two groups were not significantly different from
each other (Fig. 8). Moreover, there were no significant intergroup
differences in the case of left ventricular (LV) wall thicknesses
(septum, posterior wall) and LV end-diastolic volume during the
treatment period (data not shown). The results of the non-smoking
intact animals did not change significantly during the 6 months of
the experiment. In contrast, there were moderate, but significant
pathophysiological functional alterations in mice exposed to
chronic tobacco smoke transiently at 1—2 month, and also by the
end of the study.

Echocardiography revealed that left ventricular ejection fraction
(EF%) significantly decreased at the end of the first month, and then
from the 5th month of smoke exposure as compared to the age-
matched non-smoking controls (Fig. 8A and B). The diastolic LV
function (deceleration time) deteriorated markedly from the 2nd
month in the smoking group (Fig. 8C). TAPSE, which is a parameter
of the systolic right ventricular function also significantly decreased
after 4—6 months of chronic tobacco smoke exposure compared to
non-smoking mice of the same age (Fig. 8D).

4. Discussion

The present results provide the first experimental evidence in a
predictive chronic mouse model that cigarette smoke induces
characteristic pulmonary inflammation, emphysema and atelec-
tasis, as well as simultaneous development of left and right ven-
tricular dysfunction. We proved with functional, morphological and
immunological techniques that these well-defined pathophysio-
logical alterations from the inflammatory reactions to the tissue
destruction are dependent on the duration of the smoke exposure
and COPD-like structural and functional changes develop only after
the fourth month.

Respiratory function determined by invasive WBP in anaes-
thetized, tracheotomized and mechanically ventilated mice
showed a significant decrease in airway resistance, interestingly
along with a decrease in the expiratory parameters, such as EF50
characteristic to bronchoconstriction, EEW, EEP and Te (Hoymann,
2007). Emphysema in humans is characterized by increase of
expiratory parameters, since in most cases at the stage when COPD
is diagnosed, it is associated with chronic bronchitis, thus smooth
muscle hypertrophy together with emphysema are present in pa-
tients (Caramori et al., 2014). The histopathological picture we
found in mice after 6 months of smoke exposure did not show any
inflammatory reaction with bronchial narrowing, only extensive
emphysema and atelectasis, which can explain these functional
differences compared to the human condition.

Inflammatory signs determined by the histopathological eval-
uation were clearly dependent on the duration of smoking. In the
first two months peribronchial/perivascular edema, neutrophil and
macrophage infiltration were characteristic, from the third and
fourth months macrophages and lymphocytes accumulated
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Fig. 3. Histopathological alterations in the lung. Representative histopathological pictures of the lung samples obtained before the treatment (A) and after 1 month (B), 2 months (C,
D), 3 months (E), 4 months (F), 5 months (G) and 6 months (H). HE staining, magnification: 200x, except panel D: 400x; b: bronchioles, v: vessels; a: alveoli, *: peribronchiolar
edema, black arrow: disruption of bronchi wall, double headed arrows: granulocyte accumulation, e: emphysema.

predominantly in the interstitial areas, and epithelial irregularity
and hyperplasia developed. From the 5th month, the extent of in-
flammatory reaction decreased and tissue destruction dominated
as shown by remarkable development of emphysema and atelec-
tasis. Vascular endothelial proliferation, destructed bronchi with
desquamated epithelial cells, fibrosis and a loss of the alveolar
structure were detected by the end of the 6-month experiment. The
histologically observed peak of peribronchial inflammation at 2
months of smoking was strongly supported by the drastically
elevated numbers of granulocytes, macrophages and lymphocytes
in the BALF. At later time-points cell counts in BALF were not

changed, which is not surprising, since at this stage interstitial
localization of the inflammation (at month 3) and the destruction
of the bronchial epithelium (from month 4) were observed on
histology. The development of emphysema after 5—6 months of
smoke exposure was also clearly detected by micro-CT in complete
agreement with the histological picture. Therefore, one major
message of our study is that duration of smoking strongly de-
termines pathophysiological alterations that develop sequentially
in the lung as a cascade from different types of inflammatory
processes to tissue destruction. We described a transient inflam-
mation in contrast to a persistent process caused by chronic

Please cite this article in press as: Kemény, A. et al., Integrative characterization of chronic cigarette smoke-induced cardiopulmonary
comorbidities in a mouse model, Environmental Pollution (2017), http://dx.doi.org/10.1016/j.envpol.2017.04.098




8 A. Kemény et al. / Environmental Pollution xxx (2017) 1—14

A PPE B PPAI
#4 sy
4.0 e ) 3.0+ rr
3.5 m = intact
: e smoking 25 L

3.04 - #
2.5 é ™

L E 2l *w
2.0 - 1.54 ;” é
1.54 » 101 4
1.04

? 0.5 o

ol L b 43 B nd P
0.0 : : 0.0 ' e

1 2 3 4

5 8 month

score
score

6 month

-t -
b3
(2]
ES
L]

C 1Al D PPChI
304 @ — % 4.0- #i
2.54 # 35 ———— #
s g #i 3.0- **
2.0 —— i

score
i
tn
3
score

I LT é
vh wpp dg o el 00 o0

1 2 3 4 5 & month

E IChl E ED
- #
40 = 4.0 it
3.5+ #
s 3.5
1 . ## s
3.0 2. o
o 2571 : o 251 = +
3 201 - g 2.0 i #
a
1.54 o

‘ i b
- 1.5+ , 7
w B3 i
a H oo NN . I
4 5 6 month 1 2 3 4 5 6 month

1.04

calr; ITY

G GC
4.0+
3.5-
3.0-
2.5-
2.0+
1.5-
1.0-
0.5
0.0

H

#it

ke

score
OO A

A
SR R

1 2 3 4 5 6 month

Fig. 4. Semiquantitative histopathological evaluation of lung sections. Box plots representing lesion extent on a range from 0 to 3 (mean + minimal-maximal values) of perivascular/
peribronchial edema (PPE) (A), perivascular/peribronchial acute inflammation (PPAI) (B), interstitial acute inflammation (IAI) (C), perivascular/peribronchial chronic inflammation
(PPChI) (D), interstitial chronic inflammation (IChI) (E), epithelial damage (ED) (F) and goblet cells (GC) (G) at the end of each month. N = 6 per group (Kruskal-Wallis followed by
Dunn's multiple comparison test to observe intragroup differences by time #p < 0.05, ##p < 0.005, ###p < 0.0005 vs. same group; Mann Whitney test to analyse intergroup
differences at given time points *p < 0.05, **p < 0.005 smoking vs. intact group.
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Fig. 5. Inflammatory cell concentrations in the BALF. The number of lymphocytes (A), granulocytes (B) and macrophages (C) in bronchoalveolar lavage fluid (BALF) samples were
analysed with flow cytometry after each month. N = 6 per group (two-way ANOVA followed by Sidak's multiple comparison test, ***p < 0.001 vs. the intact, non-smoking group).

exposure of the same type of cigarette demonstrated by others
(Phillips et al., 2015). It should be emphasized that they targeted a 4
times higher TPM and 3 times daily exposure and used female mice
being more sensitive to oxidative stress and TGF-f pathways in the
small airways compared to males (Tam et al., 2015). It is crucial to
choose the correct experimental paradigm depending on which
mechanisms and phase of the chronic disease model are aimed to
be investigated (Leberl et al., 2013).

Our present study demonstrates for the first time in the litera-
ture the alterations of myocardial functions, as well as cardiac
cytokine and MMP profiles in response to chronic smoke exposure
(Suppl. Fig. E3). Recently, smoking-induced COPD models have
been in the focus of respiratory research (Eltom et al., 2013; Luo
et al.,, 2017; Wang et al., 2014), but none of these studies investi-
gated the effects of chronic cigarette smoking on cardiac alter-
ations. Although Wang et al. investigated the alterations of the right
ventricle in a rat model of smoking-induced COPD, they did not
determine either cardiac functional parameters or MMPs activity
and inflammatory cytokines, but only right ventricular hypertrophy
index (Wang et al., 2014). Therefore, the present study provides
novel insight into the functional and molecular changes in the
heart, especially in the left ventricle, during the development of
COPD induced by chronic cigarette smoking. The transient
impairment of the cardiovascular functions after 1 and 2 months of
smoke exposure is likely to be due to the massive edema formation
and inflammation in the lung, as described by the histopathological
evaluation. Since the measured cardiovascular alterations are
closely and sensitively related to the pulmonary pathophysiology,
the observed mild, but significant systolic and diastolic dysfunc-
tions at these earlier time points. CO could potentially be involved
in the cardiac changes as a direct or indirect pathogenic factor in

our model, and might explain -at least partially- the ejection frac-
tion decrease.

According to the well-established involvement of MMPs in
COPD and emphysema even proposing a potential approach for
pharmacological intervention (Gueders et al., 2006), we measured
MMP-2 and MMP-9 activities in the mouse lung and found a sig-
nificant increase after 6 months of smoking. Similarly to our find-
ings, intraperitoneal administration of a cigarette smoke extract in
mice also showed increased pulmonary expressions and activities
of these gelatinases (Zhang et al., 2013). In contrast, another recent
mouse experiment of 6-month-long cigarette smoke exposure
presented no differences either in MMP-2 or in MMP-9 mRNA
levels in lung samples (Eurlings et al., 2014). However, without any
alterations in gene expressions, MMP-2 and -9 may exert increased
activities in case they are activated by enhanced oxidative stress as
aresult of cigarette smoke exposure (Bencsik et al., 2008; Viappiani
et al., 2009; Zhang et al., 2005). Regarding the role of MMP-9 in
cigarette smoke-induced pathophysiological alterations in the lung,
MMP-9-deficient mice developed similar emphysema, but they
were protected from small airway fibrosis (Barnes et al., 2003).
Clinical data revealed elevated MMP-1, -9 and -12 levels in the BALF
and plasma of patients with severe COPD (D'Armiento et al., 2013),
as well as increased MMP-9 in the plasma and emphysematous
lung of smokers (Atkinson et al., 2011). Furthermore, enhanced
release of MMP-9 and its endogenous inhibitor, TIMP-1 were
detected from isolated human macrophages obtained from the
BALF of smokers (Sam et al., 2000), and the BALF concentrations
and macrophage expression of MMP-9 and MMP-1 (collagenase)
also increased in COPD-emphysema patients (Barnes et al., 2003).
Increased activity of the active 64 kDa MMP-2 isoform was shown
in pneumocytes and alveolar macrophages isolated from COPD
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patients with emphysema (Ohnishi et al., 1998). Furthermore, in a
coronary artery disease patient group we have previously found a
significantly increased activity of serum MMP-2 in a smoking
subgroup of patients as compared to non-smoking patients with
the same selection criteria (severity of disease, other co-
morbidities, medications, etc.; 50.5 + 9.8 vs. 262 =+ 5.0;
n = 8—13, p < 0.05 with Student's t-test for unpaired comparison)
(Bencsik et al., 2015). Plasma MMP-9 activity was also higher, but it
did not reach the level of statistical significance (193.3 + 74.2 vs.
122.6 + 34.4). However, in another study, the increased MMP levels
in the plasma, BALF, and lung did not correlate with the disease
severity and were not predictive of the progression (D'Armiento
et al., 2013). Therefore, our MMP results can point out a similarity
between the mechanisms in the mouse model and the human
disease supporting its translational relevance, but specific inhibi-
tion of MMP-9 is not likely to be an effective therapy for cigarette
smoke-induced emphysema (Atkinson et al., 2011).

The cytokine panel measured from the lung homogenates
showed a 2-phase pattern during the 6-month-smoke exposure: a
characteristic profile was seen at the end of the second month
when the inflammatory reaction reached its maximum, and
another group of cytokines increased at 5—6 months related to the
definitive tissue destruction and emphysema. The inflammatory
burst at month 2 clearly suggests an IL-1-driven cascade with the
elevation of C5a, IL-1a, IL-1ra, IL-16, IP-10, M-CSF, KC, MIG, RANTES,
TIMP-1 (Dinarello, 2011). IL-1p remarkably increased at month 1

and IL-1a at months 12, but then the massive elevation of IL-1ra
seems to down-regulate their production. However, the increased
inflammatory cytokines demonstrate an IL-1-downstream profile
(Barksby et al., 2007). Several members of the IL-1 family including
IL-1B are important mediators of lung inflammation. The expres-
sion of an inactive IL-1B precursor is induced in immune cells via
activation of signaling pathways upstream of the transcription
factor NFkB. Cigarette smoking leads to IL-1f3 release in the human
lung (Kuschner et al., 1996). Mice overexpressing IL-1f in the lung
present a phenotype similar to COPD including lung inflammation,
emphysema and fibrosis (Lappalainen et al., 2005). IL-1 increases
the production of neutrophil chemoattractant factors, and the ac-
tivity of MMP-2 and MMP-9 by alveolar macrophages, and these
gelatinases are also able to activate the active form of IL-1p from its
inactive form (Chakrabarti and Patel, 2009). The importance of the
IL-B cascade in lung pathology is shown by the fact that an IL-1-
blocking monoclonal antibody (canakinumab) is currently being
investigated for the treatment of several conditions including COPD
(Rogliani et al., 2015). The complement component C5a is a potent
inflammatory peptide, which is suggested to be involved in the
pathogenesis of COPD. Plasma C5a concentrations in COPD patients
were significantly higher than in healthy smokers. Elevated C5a and
C3a levels were also measured in the sputum of stable COPD pa-
tients suggesting that the complement system is continuously
activated during stable phase of the disease. Besides its chemotactic
function, it enhances the production of various cytokines, regulate
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Fig. 7. Cytokine determinations in the lung and the heart homogenates. A: heat map of cytokine expression in intact and smoking lung samples during the six-month treatment
period (red dots) and intact and 6-month smoking serum samples (yellow dots), B: representative picture of the membranes after chemiluminescent detection of cytokines in lung
tissue homogenates. C: representative picture of the membranes after chemiluminescent detection of cytokines in serum samples. The most important cytokine signals in duplicate
are labeled. D: Expression of sICAM-1 cell adhesion molecule in intact and 6-month smoking heart tissues (upper panel). Representative picture of the membranes after
chemiluminescent detection of cytokines in heart tissues (lower panel). The most important cytokine signals in duplicate are labeled. N = 3 per group (two-way ANOVA followed by

Bonferroni's post-test, **p < 0,005 vs. the intact, non-smoking group).

vascular permeability and influence the adaptive immune system
by stimulating Th1 response. As a result of its action, abnormal
inflammation could eventually lead to structural changes in the
lungs (Marc et al., 2010). C5a induces autophagy in mouse alveolar
macrophages promoting their apoptosis (Hu et al,, 2014). Both
cigarette smoke extract and C5a induce increased expression of
ICAM-1 on airway epithelial monolayers (Floreani et al., 2003).
Clinical findings showing that the Th1-attracting chemokine IP-10/
CXCL10 was increased in the bronchial mucosa and bron-
choalveolar lavage fluid of moderate/severe asthma and COPD pa-
tients. IP-10 is produced by epithelial cells and act as the ligands for
the CXCR3 receptor expressed on Th1 cells (Takaku et al., 2016; Ying
et al., 2008). The number of receptor-positive cells was increased in
smokers with COPD as compared to non-smoking subjects, but not
as compared with smokers of normal lung function, suggesting its
pro-inflammatory role (Saetta et al., 2002). Our interesting exper-
imental finding showing a remarkably increased IP-10 level in the
lung perfectly correlate with these data, therefore, emphasize the
translational relevance of our results.

In the tissue destruction phase of our model at months 5—6, the

increased cytokines were C5a, IFN-vy, IL-4, IL-7, IL-13, IL-17, IL-27,
TNF-a, MIP-1a, JE, TIMP-1, interferon-inducible T-cell chemo-
attractant (I-TAC) and TREM-1. An adaptive immune reaction
mediated by CD4" and CD8" T cells and a Th1 cell-regulated che-
mokine-cytokine profile might be important factors of emphysema
in susceptible animals. There is a great upregulation of the in-
flammatory mediators pointing towards a Thil-adaptive inflam-
matory response in mice with significant increases in MIP-1a
(Guerassimov et al., 2004). Both natural killer (NK) and T cells use
MIP-1a along with interferon-y, RANTES and the I-TAC as a “func-
tional unit” to drive the Th1 response (Dorner et al., 2002). TIMP-1
specifically interacts with proMMP-9, its expression is regulated by
growth factors and cytokines (Ries, 2014). TIMP-1 does not only
inhibit MMP activities, but also acts as a cytokine by promoting cell
growth in a wide range of cell types including fibroblasts, epithelial
cells and the SV40 transformed human lung cell line (Hayakawa
et al,, 1992). TNF-« is also a key factor implicated in emphysema
pathogenesis, its type 2 receptor plays a critical role in the pro-
inflammatory pathway (Goldklang et al., 2013). IFN-y is a potent
stimulator of MMP-9 and CCR5 ligands (MIP-10, MIP-18, RANTES)
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which ultimately results in DNA damage, apoptosis and emphy-
sema (Ma et al., 2005).

In contrast to asthma studies, Bowler and co-workers found that
subjects with emphysema had decreased IL-16 protein in plasma
and decreased IL-16 mRNA expression in peripheral blood mono-
nuclear cells (Bowler et al., 2013). Our results correlate with these
findings as IL-16 expression decreased at months 5—6 when
emphysema developed.

ICAM-1 is a central molecule in inflammatory processes and
functions as a co-stimulatory signal being important for the trans-
endothelial migration of leukocytes and the activation of T cells.
Increased circulating levels of SICAM-1 are highly associated with
major cardiovascular complications (e.g.: increased risk of
myocardial infarction (Ridker et al., 1998), in addition chronic
smokers have elevated levels of sICAM-1 (Rohde et al.,, 1999).
Furthermore, significant increase in sICAM-1 was associated with
the extent of emphysema in patients involved in the Multi-Ethnic
Study of Atherosclerosis Lung study (Aaron et al., 2015). Two clin-
ical studies have found significant associations between increasing
concentration of SICAM-1 and risk of myocardial infarction, espe-
cially among participants with baseline sICAM-1 concentrations in
the highest quartile (Luc et al., 2003; Ridker et al., 1998; Sungprem
et al., 2009). Vascular inflammation is crucial in pathophysiological
processes underlying many cardiovascular diseases. ICAM-1 me-
diates vascular inflammation by promoting leukocyte adhesion to
the activated endothelial cells (Badimon et al., 2012). MMPs are
responsible for the cleavage and generation of soluble adhesion
molecules, including sSICAM-1 and sVCAM-1 from the endothelium,
and could act as mediators beyond the lung to establish and sustain
low-grade inflammation and aggravate the cardiovascular compli-
cations (Pope et al., 2016). The selective increase of sSICAM-1 in the
heart suggests that our mouse model can mimic this key

mechanism in smoking-related cardiovascular alterations. How-
ever, the limitation of this study, besides that our facility is lacking
the forced oscillation technique to determine airway mechanics in a
non-invasive way, are that we did not determine specific bio-
markers of the smoke exposure and could not directly prove the
functional roles of either sICAM-1 in the heart or the other detected
mediators in the lung.

In summary, the major conclusion of this study is that the
chronic moderate cigarette smoke exposure-induced mouse model
is appropriate to investigate smoking-induced time-dependent
characteristic alterations and mechanisms simultaneously in the
lung and the heart. Our primary focus was to show links with the
human disease and to describe common mediators as potential
markers and/or therapeutic targets. The pathophysiological alter-
ations we described here appear to be similar to that observed in
the clinics, which highlights the translational value of our model in
relation to the human cardiopulmonary comorbidity seen in COPD.
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Materials and Methods

Pulmonary function measurement in conscious mice by unrestrained whole-body
plethysmography

Airway responsiveness was determined by unrestrained whole-body plethysmography (WBP)
with Buxco instrument (PLY3211, Buxco Europe Ltd., Winchester, UK) in conscious,
spontaneously breathing animals before the treatment period serving as self-control values and
at the end of each months during the 6 months cigarette smoke exposure period. (All
measurements were performed on the same animals in a self-controlled manner.) We
determined the relaxation time (RT), breathing frequency (f), tidal volume (TV), minute
ventilation (MV), inspiratory time (Ti), expiratory time (Te), peak inspiratory flow (PIF) and
peak expiratory flow (PEF). These parameters were measured every 10 seconds during a 2
minute acquisition period and were averaged by the BioSystem XA Software for Windows

(Buxco Research Systems) (Elekes et al., 2008).

Pulmonary function measurement in anaesthetized tracheotomized mice by restrained
whole-body plethysmography

At the end of the 6™ month mice were anaesthetized with intraperitoneal administration of
ketamine and xylazine. Mice were tracheotomized and placed in a whole-body plethysmograph
(PLY4111, Buxco Europe Ltd., Winchester, UK) for measuring invasive resistance and
compliance. The tracheal tube was connected to a mouse ventilator (MiniVent Type 845, Hugo
Sach Elektronik - Harvard apparatus GmbH, March-Hugstetten, Germany) with a frequency of
120 strokes/min, and a stroke volume of 200 ul. After loading the animal a water-coupled tube
was inserted to the esophagus to isolate the airway in the resistance calculations. The flow and

pressure transducers (TRD5700 and TRD4515 Buxco Europe Ltd., Winchester, UK) were
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connected to the preamplifier module, which digitized the signals via an analog-to-digital
converter (MAX2270 Buxco Europe Ltd., Winchester, UK). All respiratory parameters (airway
resistance (RI), end-expiratory work (EEW), tidal mid-expiratory flow (EF50), end-expiratory
pause (EEP), Te and Ti) were measured every 10 seconds during a 10 minute baseline reading
period and were averaged by the BioSystem XA Software for Windows (Buxco Research

Systems).

Computed lung microtomography (CT)

Structural changes of the lungs were imaged by breath-gated tomography on a Skyscan 1176
high resolution microtomograph (Skyscan, Kontich, Belgium) at the end of each month in a
self-controlled manner. Mice were anaesthetized with pentobarbital (70 mg/kg) i.p. and placed
in supine position on the bed of the scanner, a piece of paper was placed onto the chest with a
high-contrast sign to enable the video gating of the breathing movements to eliminate motion
artefacts. Scanning parameters were the following: 50kV tube voltage, 500 pA tube current, 0.5
mm Al filter, 180 degree scan, 0.7 degree rotation angle between each camera angle and 10
acquired images per step. Pixel size was kept on 35 um. One field of view (FOV) covered the
whole lung. With these settings one scan took about 12-15 minutes and provided a good
combination of sufficient resolution, short scan time and low radiation. After sorting the images
into 5 bins (stacks) of images, each bin contained at least 2 images, based on the video gating
signal. The bins represent a certain phase of breathing cycle. One of the bins was chosen for
reconstruction with following settings: ring artefact correction was set at 20, 35% beam
hardening correction, smoothing was set at 5. Reconstruction and morphometric analysis were
performed with a software package provided by the manufacturer. Image analysis was
performed according to the manuscript of De Langhe et al. (de Langhe et al., 2012). Briefly,

air-filled pixels outside the animals were excluded from reconstructed images using a
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previously reconstructed image of a phantom with air-containing Eppendorf tube and using a
“despeckle” command. The resulting images were reloaded and thresholding was repeated to
determine the air filled areas within the lung (with an additional “despeckle” command).
Emphysema was calculated by the ratio of LAA (low-attenuation area, from -750 to -1000
Hounsfield unit, representing the air-filled regions) and total lung volume (TLV) and was

expressed in percentage (Kobayashi et al., 2013).

Histopathological evaluation: measurement of acinar air space complex and

semiquantitative scoring of the lung sections

The mean linear intercept (chord) length (Lm), a widely used parameter to quantify distal air
space enlargement, was measured to evaluate the size of the acinar air space complex related to
emphysema (Knudsen et al., 2010). Slides were scanned by a Pannoramic DESK scanner
(3DHISTECH Ltd., Hungary) and the alveolar space or alveolar and ductal air space together
were measured along parallel test lines by using the Case Viewer software (3DHISTECH Ltd.,
Hungary). At least 3 sections were evaluated from each mouse from different depths to obtain
reliable results, tissue shrinkage or integrity damage were not observed (n=80-100
measurements per mouse). Histopathological analysis of lung sections was performed by a
pathologist in a blind manner in order to evaluate perivascular/peribronchial edema, acute and
chronic inflammation, interstitial acute and chronic inflammation, epithelial damage and goblet
cells. Scores were assessed by observing several representative microscopic fields on a
semiquantitative scale ranging from scores 0-3 (0 - normal, 1 — mild, 2 — moderate and 3 —

severe histopathological alterations in the examined parameters).
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Bronchoalveolar lavage fluid (BALF) analysis with flow cytometry

After data collection at the end of each month of 6 months smoking period, mice were
anaesthetized with pentobarbital (70 mg/kg i.p.), lungs were flushed with cold phosphate
buffered saline (PBS, 5x1 ml) with the help of a trachea cannula and BALFs were collected.
They were centrifuged at 1000 rpm for 5 minutes at room temperature, then stained and fixed
for flow cytometry as follows: cells were resuspended in 500 ul staining solution (PBS with
0.1% BSA and 0.1% NaNs) and incubated with 1 pl FITC-CD45 (mouse 1gG1, Becton
Dickinson, San Jose, CA) as a panleukocyte marker and 1 ul propidium iodine (PI, Sigma-
Aldrich, Budapest, Hungary) to exclude cellular debris for 30 min at room temperature in the
dark. After the incubation, samples were centrifuged and washed, then resuspended in PBS with
2% neutral-buffered formalin. Cell preparations were immediately analyzed with CyFlow
Space flow cytometer (Partec, Germany). Total cell count and the ratio of lymphocytes,
monocytes and granulocytes were calculated regarding their FSC/SSC feature. Gating was
determined from mouse peripheral blood sample as control (Calvelli et al., 1993; Ma et al.,

2001).

Detection of MMP-2 and MMP-9 activities by gelatin zymography in the lung

To measure pulmonary MMP-2 and MMP-9 activities, gelatin zymography was performed
from mouse lung samples. MMP-2 has 2 major isoforms, 72 kDa and 64 kDa (DeCoux et al.,
2014). Basically, the 64 kDa MMP-2 activated by limited proteolysis is the enzyme’s active
form, but via an alternative way, 72 kDa MMP-2 can also be activated. The same can be
observed in case of MMP-9: 86 kDa MMP-9 is the cleaved active form, but 92 kDa MMP-9
can also gain activity. Gelatinolytic activities of these MMP isoforms were examined as
previously described (Kupai et al., 2010). Briefly, 8% polyacrylamide gels were copolymerized

with gelatin (2 mg/ml, type A from porcine skin, Sigma-Aldrich), and 50 ug of protein per lane
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was loaded. An internal standard (American Type Culture Collection, Manassas, VA) was
loaded into each gel to normalize activities between gels. After electrophoresis (90 V, 90 min),
gels were washed with zymogram renaturation buffer (Bio-Rad Laboratories, Hercules, CA)
for 40 min. Lung samples were incubated for 20 h and at 37°C in zymogram development buffer
(Bio-Rad Laboratories, Hercules, CA). Gels were then stained with 0.05% Coomassie brilliant
blue (G-250, Sigma-Aldrich) in a mixture of methanol-acetic acid-water [2.5:1:6.5 (vol/vol)]
and destained in aqueous 4% methanol-8% acetic acid (vol/vol). For positive controls,
gelatinase zymography standard containing human MMP-2 and -9 (Chemicon Europe Ltd.,
Southampton, UK) were used. For negative control, lanes containing tissue samples were cut
off after renaturation of the gel and were separately incubated for 20 h at 37°C in development
buffer in the presence of the calcium chelator EGTA (ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N'-tetraacetic acid; 10 mM). Gelatinolytic activities were detected as transparent bands
against the dark-blue background. Gels were scanned in a transilluminator and band intensities

were quantified, expressed as the ratio to the internal standard, and presented in arbitrary units.

Cytokine profile analysis

Excised lung and heart tissues were thawed, weighed and immediately homogenized in PBS
containing 1% protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich,
Budapest, Hungary), and centrifuged at 10,000 g for 5 min to remove cell debris. Triton X-100
was added to a final concentration of 1%. Blood samples from 6 months smoking and intact
animals were left to clot in room temperature for 30 min, then centrifuged for 20 min at 2000g.
Serum was removed and processed as follows. Total protein content of the homogenates and
serum samples were determined prior to cytokine measurement with BioRad DC protein assay
kit. Samples were diluted regarding their total protein content in 1 g wet tissue or in 1 ml serum.

Forty different inflammatory cytokines were determined simultaneously with Mouse Cytokine
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Array Panel A (R&D Systems) according to the manufacturer’s instruction. Briefly, capture
antibodies of forty pre-selected cytokines were spotted in duplicate on nitrocellulose membrane.
Diluted samples and biotinylated detection antibody mixtures were incubated on the
membranes overnight. Chemiluminescent detection was performed on the 2" day and
semiquantitative analysis based on densitometry was done with ImageJ freeware. To eliminate
the interassay variability all data were re-calculated with the same control-spot densities (Szitter
et al., 2014). Cytokine heat map was generated by Matrix2png 1.2.1 online freeware (Pavlidis

and Noble, 2003).

Noninvasive evaluation of cardiac functions and dimensions

At the start of the experiment, all animals were examined by echocardiography to exclude mice
with any heart abnormalities. Transthoracic echocardiography was performed under
volatile/isoflurane anesthesia in every month during the 6-month-long period. Mice were
slightly anesthetized with a mixture of 1.0% isoflurane (Forane, Abbott Laboratories, Hungary)
and 99.0% oxygen. The chest of animals was shaved, acoustic coupling gel was applied and
warming pad was used to maintain normothermia. Mice were imaged in the left lateral
decubitus position by a VEVO 770 high-resolution ultrasound imaging system (VisualSonics
Vevo 770® High-Resolution Imaging System, Toronto, Canada) equipped with a mouse cardiac
transducer (30 MHz). LV ejection fraction (EF), LV end-diastolic volume (LVEDV), LV end-
systolic volume (LVESV) and the thickness of septum and posterior wall were measured from
the parasternal short- and long-axis views at the mid-papillary level. EF (%) was calculated
from the M-mode images (100x(LVEDV-LVESV)/LVEDV). The tricuspid annular plane
systolic excursion (TAPSE) - a parameter of the systolic right ventricular function - and
deceleration time (DT) - a parameter of the diastolic left ventricular function - were determined

from the apical 4 chamber view (Respress and Wehrens, 2010).
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Statistics

Values for all measurements were expressed as the mean =SEM of n=6 mice in each group with
the exception of restrained WBP (n=5 per group) and cytokine determination of lung and heart
homogenates (n=3 per group). Evaluation of the unrestrained WBP, echocardiography and
micro-CT results have been performed by repeated measures ANOVA followed by
Bonferroni’s modified t-test to see statistical differences between different data sets and then
between the respective data points. Data collected from BALF flow cytometry and mean linear
intercept length (80-100 measurements/slides) were analyzed with two-way ANOVA followed
by Sidak’s multiple comparison test. Expression level of forty different cytokines was
statistically compared to intact values with two-way ANOVA followed by Bonferroni’s post-
test. Restrained WBP and gelatin zymography results were analyzed by Student’s t-test for
unpaired comparison. Evaluation of the semiquantitative histopathological scoring was
analyzed by Kruskal-Wallis followed by Dunn’s multiple comparison test to observe intragroup
differences by time, while Mann-Whitney test was performed to analyze intergroup differences

at given time points.

Power of the study

The adequate sample size was calculated on the basis of the "resource equation” method
(Charan and Kantharia, 2013). We used altogether 72 animals, 6 animals per time point and per
group to suit the requirements of both the adequate scientific requirements and ethical
considerations determined by the 3R regulation. To avoid systemic error all groups were

handled simultaneously.
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Figure legends

Figure E1

Unrestrained whole-body plethysmography (WBP) parameters before the treatment period (0
month) and at the end of each month during the 6-month cigarette smoke exposure period. Panel
A: relaxation time (RT). B: frequency (f), C: tidal volume (TV), D: minute ventilation (MV) E:
time of inspiration (Ti), F: time of expiration (Te), G: peak inspiratory flow (PIF) and H: peak

expiratory flow (PEF) during the 6-month experiment. N=6 per group.

Figure E2
Weight change in percentage correlated to the initial body weight measurement of the animals
before the treatment period (0 month — 0%) and at the end of each month during the 6-month

cigarette smoke exposure period. N=6 per group (****p<0.0001 vs. intact controls)

Figure E3
Time-dependent characteristic pulmonary and cardiac pathophysiological alterations in relation
to tissue SICAM-1 levels in the chronic cigarette smoke-exposure-induced mouse COPD

model.
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Abstract: The Transient Receptor Potential Ankyrin 1 (TRPA1) cation channel expressed on
capsaicin-sensitive afferents, immune and endothelial cells is activated by inflammatory mediators
and exogenous irritants, e.g., endotoxins, nicotine, crotonaldehyde and acrolein. We investigated its
involvement in acute and chronic pulmonary inflammation using Trpal gene-deleted (Trpal™~) mice.
Acute pneumonitis was evoked by intranasal Escherichia coli endotoxin (lipopolysaccharide: LPS)
administration, chronic bronchitis by daily cigarette smoke exposure (CSE) for 4 months. Frequency,
peak inspiratory/expiratory flows, minute ventilation determined by unrestrained whole-body
plethysmography were significantly greater, while tidal volume, inspiratory/expiratory/relaxation
times were smaller in Trpal 7~ mice. LPS-induced bronchial hyperreactivity, myeloperoxidase activity,
frequency-decrease were significantly greater in Trpal ™~ mice. CSE significantly decreased tidal
volume, minute ventilation, peak inspiratory/expiratory flows in wildtypes, but not in Trpal ™~ mice.
CSE remarkably increased the mean linear intercept (histopathology), as an emphysema indicator after
2 months in wildtypes, but only after 4 months in Trpal /- mice. Semiquantitative histopathological
scores were not different between strains in either models. TRPA1 has a complex role in basal
airway function regulation and inflammatory mechanisms. It protects against LPS-induced acute
pneumonitis and hyperresponsiveness, but is required for CSE-evoked emphysema and respiratory
deterioration. Further research is needed to determine TRPA1 as a potential pharmacological target
in the lung.

Keywords: bronchitis; cigarette smoke; COPD; emphysema; LPS; pneumonitis; whole
body plethysmography

1. Introduction

The Transient Receptor Potential Ankyrin 1 (TRPA1) receptor is the sole member of the “ankyrin”
subfamily of the Transient Receptor Potential (TRP) receptors in mammals. It is predominantly

Int. ]. Mol. Sci. 2020, 21, 4109; d0i:10.3390/ijms21114109 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://www.mdpi.com/1422-0067/21/11/4109?type=check_update&version=1
http://dx.doi.org/10.3390/ijms21114109
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2020, 21, 4109 20f 21

expressed on capsaicin-sensitive peptidergic sensory nerves densely innervating the lungs [1,2].
TRPAL1 is a large transmembrane protein forming a ligand-gated non-selective cation channel [3,4].

TRPA1 is activated by several exogenous stimuli, such as bacterial endotoxin [5] and environmental
irritants like acrolein, crotonaldehyde, nicotine and isocyanates [6—10], found in cigarette smoke,
wood smoke, diesel exhaust and tear gas [6,7,10-13]. Moreover, several endogenous mediators
produced during inflammation and oxidative stress, such as lipid peroxidation products, e.g.,
4-hydroxynonenal (HNE) and 4-oxo-2-nonenal (4-ONE) [14-16], reactive oxygen species (ROS) [17],
hydrogen sulfide, bradykinin and prostanoids stimulate TRPA1 [18-22]. Electrophilic compounds
activate the receptor by covalently binding to the reactive cysteine residues at the intracellular
N-terminal region [23-26]. Bradykinin and prostaglandins sensitize TRPA1 [22,27] through protein
kinase A (PKA)-mediated phosphorylation [28,29]. Moreover, TRPA1 is also involved in protease
activated receptor 1 (PAR1)/Gg-mediated increase of the intracellular Ca®*-level [30,31].

Pro-inflammatory sensory neuropeptides, e.g., substance P (SP) and calcitonin gene-related
peptide (CGRP) are released in response to TRPA1 activation leading to neurogenic inflammation
(vasodilatation and plasma protein extravasation) [32]. Simultaneously with these pro-inflammatory
mediators, anti-inflammatory neuropeptides, e.g., somatostatin and pituitary adenylate cyclase
activating polypeptide are also released from the same terminals counteracting the inflammatory
process [33,34].

TRPAL1 is also expressed on several non-neuronal cells [35], e.g., keratinocytes, macrophages and
CD4+ lymphocytes [36-38], epidermal melanocytes, fibroblasts [39,40], urothelial and endothelial cells,
as well as primary human osteoarthritic chondrocytes [41—43]. In the airways, TRPA1 is expressed
on fibroblasts, tracheal, bronchial and alveolar epithelial cells, bronchial smooth muscle cells (SMC),
as well as lymphocytes [17,44-50].

Due to its polymodal chemosensor function and its wide expression pattern, TRPA1 has been
addressed as having a key role in physiological and pathophysiological processes, particularly in
neuro-immune interactions [51-53]. It is suggested to be a particularly important chemical sensor in
the respiratory system, playing a role in physiological (protective reflexes, cough and sneeze) and
pathophysiological responses (inflammation, bronchial hyperreactivity) [54-56]. Although increasing
evidence suggests TRPA1 involvement in the pathogenesis of chronic obstructive pulmonary disease
(COPD), asthma, chronic cough, cystic fibrosis etc., pointing to the important therapeutic potential
of TRPA1 in the pharmacological treatment of chronic pulmonary diseases [26,46,54,57-62], there are
few in vivo data concerning its function in airway inflammation. Therefore, the results are far from
being conclusive and more information is needed to determine the significance of TRPA1 as a possible
pharmacological target in inflammatory lung disease, pneumonitis and COPD.

Therefore, in the present study we investigated the involvement of TRPA1 in the in vivo models
of endotoxin (lipopolisaccharide: LPS)-induced acute and cigarette smoke exposure-induced chronic
pulmonary inflammation with the help of TRPA1 wildtype (Trpa1+/ *) and gene-deficient (Trpal_/ ~) mice.

2. Results

2.1. Differences in Basal Airway Function Parameters of Trpal*’* and Trpal™~ Mice

Under intact conditions, frequency (f), minute ventilation (MV), peak inspiratory flow (PIF)
and peak expiratory flow (PEF) were significantly greater, tidal volume (TV), inspiratory time (Ti),
expiratory time (Te) and relaxation time (RT) were significantly smaller, while no difference was
detected in the enhanced pause (Penh) of Trpal 7~ mice compared to their wildtype counterparts,
measured by unrestrained whole body plethysmography (WBP) (Figure 1).
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Figure 1. Comparison of the basal airway functions of intact Trpal™* and Trpal™”~ mice measured
by unrestrained whole-body plethysmography. (A) Breathing frequency (f), (B) tidal volume (TV),
(C) minute ventilation (MV), (D) inspiratory time (Ti), (E) expiratory time (Te), (F) relaxation time
(RT), (G) peak inspiratory flow (PIF) and (H) peak expiratory flow (PEF) were measured in conscious,
spontaneously breathing mice. (I) Enhanced pause (Penh) correlating with bronchial responsiveness
was assessed by the nebulization of the muscarinic receptor agonist, carbachol. Values represent the
means + SEM, n = 30-35 mice/group; Student’s t-test for unpaired comparison; * p < 0.05; *** p < 0.001.

2.2. Endotoxin-Induced Bronchial Hyperreactivity is Greater in Trpal™~ Mice

Bronchial

responsiveness

characterized by the Penh parameter

significantly and

concentration-dependently elevated in the Trpal”~ mice in response to increasing concentrations of
the muscarinic receptor agonist carbachol 24 h after the administration of intranasal LPS. This indicates
the development of inflammatory airway hyperreactivity, which was significantly greater in the
TRPA1-deficient mice compared to the LPS-treated wildtypes (Figure 2A).
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Figure 2. Inflammatory airway hyperreactivity: (A) carbachol-induced bronchoconstriction and
(B) changes in breathing frequency. Carbachol-evoked bronchoconstriction remarkably increased,
and the decrease in breathing frequency was significantly greater in Trpal™~ mice 24 h after LPS
administration, but not in the wildtypes. Values represent the means + SEM, n = 5-10 mice/group;
two-way ANOVA followed by Tukey’s post-test; * p < 0.05, ** p < 0.005, *** p < 0.001 vs. PBS-treated
respective group; * p < 0.05 vs. LPS-treated Trpa1+/+.

LPS inhalation significantly reduced basal f in both strains. In response to carbachol, f did not
change in Trpal** mice, but it significantly declined in a concentration-dependent manner in the
Trpal™~ ones, being significantly lower compared to the wildtypes at 11 and 22 mM carbachol stimuli
(Figure 2B).

Interestingly, the mild, although significant breathing frequency difference between the wildtype
and knockout groups found under intact conditions was not observable in this model, most probably
because of the different study setting and the use of phosphate buffer saline (PBS) in the control group.

2.3. Endotoxin-Induced Histological Alterations Show No Difference in the Case of TRPA1-Deficiency

In comparison to the PBS-treated mouse groups (Figure 3A,B) LPS administration induced
remarkable oedema formation and inflammatory cell infiltration (Figure 3C,D) in the lung tissue.
Based on the semiquantitative histopathological evaluation perivascular/peribronchial oedema and
neutrophil granulocyte infiltration (Figure 4A) were significantly higher 24 h after LPS treatment,
and the extent of goblet cell hyperplasia also increased, although not significantly. There was no
statistical difference in the extent of endotoxin-induced airway inflammation scores between Trpal*/*
and Trpal_/ ~ mice (Figure 4A,B).
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Figure 3. Representative histological pictures of LPS-induced pulmonary alterations. Compared to the
PBS-treated (A) Trpa1+/ *and (B) Trpal‘/ ~ control groups, the lung tissue of LPS-treated (C) Trpa1+/ *and
(D) Trpal™~ mice exhibited remarkable perivascular and peribronchial oedema, neutrophil granulocyte
accumulation, macrophage infiltration and goblet cell hyperplasia (hematoxylin-eosin staining; 200x g
magnification; a: alveolus, b: bronchiolus, v: venula, oed: oedema).
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Figure 4. Semiquantitative histopathological evaluation and determination of the myeloperoxidase
(MPO) activity of the lung 24 h after LPS inhalation. No significant difference was observed in the
(A) detailed and (B) composite scores of histopathological inflammatory parameters between the
Trpal** and Trpal™~ groups. Boxplots represent the minimum, first quartile, mean, third quartile and
maximum values, n = 7-13/group, Kruskal-Wallis followed by Dunn'’s post-test; * p < 0.05, ** p < 0.005,
*++ p < 0.001 vs. PBS-treated Trpal*/*. (C) LPS administration increased myeloperoxidase activity in
the lung, which was significantly elevated in Trpal 7~ compared to the wildtypes. Values represent the
means + SEM, n = 5-8 mice/group; one-way ANOVA followed by Bonferroni’s post-test; *** p < 0.001
vs. PBS-treated respective group; ** p < 0.01 vs. LPS-treated Trpal*/*.

2.4. Endotoxin-Induced Myeloperoxidase Activity in the Lung is Greater in Trpal™~ Mice

Myeloperoxidase (MPO) enzyme activity correlating with the activated neutrophil granulocytes
and macrophages increased 24 h after LPS-inhalation in both strains, however it was significantly
greater in Trpal™~ mice compared to the wildtypes (Figure 4C).

2.5. Chronic Cigarette Smoke Induces Respiratory Function Alterations in Trpal*'*, but not in Trpal™~ Mice

Respiratory functions were measured in a follow-up design before and at the end of each month
in the 4-month long protocol of cigarette smoke exposure (CSE). CSE induced a gradual and significant
decrease in TV, MV, PIF and PEF in Trpal** mice with a peak at 3 months, which was not present in
the Trpal 7~ animals (Figure 5). The significant differences in f, Ti, Te and RT measured in the Trpal~~
mice were attributable to the significant differences between the wildtype and gene-deficient mice
observed already in the intact animals, before CSE.
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Figure 5. Respiratory functions during the 4 months of cigarette smoke exposure. (B) Tidal volume
(TV), (C) minute ventilation (MV), (G) peak inspiratory flow (PIF) and (H) peak expiratory flow (PEF)
significantly decreased after CSE with a peak at 3 months in Trpal** mice. The significant strain
differences in (A) frequency, (D) inspiratory time (Ti), (E) expiratory time (Te) and (F) relaxation time
(RT) observed already in intact mice were not influenced by CSE. (I) Enhanced pause did not show
any differences either by treatment or by strain. Values represent means + SEM, n = 6-7 mice/group;
two-way ANOVA followed by Tukey’s post-test; ¥ p < 0.05, ** p < 0.005, *** p < 0.001 vs. PBS-treated
respective group; * p < 0.05, ** p < 0.005, *** p < 0.001 vs. LPS-treated Trpa1+/+.

2.6. CSE-Induced Inflammatory Histopathological Alterations are Similar in Trpal*'* and Trpal™~ Mice

After one month of CSE remarkable perivascular oedema developed (Figure 6C,E) that significantly

decreased by time in both strains, and almost completely resolved at the end of the 4th month
(Figure 7A). However, the accumulation of perivascular and peribronchial, as well as interstitial
neutrophil granulocytes, macrophages and lymphocytes remained moderately increased throughout
the experimental protocol (Figure 7B,C). At the end of the 3rd month of CSE, structural destruction
characteristic to emphysema (Figure 6G-J) already developed.
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Figure 6. Representative histological pictures of the lungs of Trpal** (A,C,E,G,J) and Trpal™~
(B,D,F,H,]) mice under intact conditions (A,B), and after 1-4 months of CSE (C-J). One month of
CSE induced a perivascular and peribronchial oedema formation associated with inflammatory cell
infiltration, that gradually subsided over the 4-month long protocol. After the 3rd month of CSE,
emphysema formation was observed in both wildtype and gene-deficient mice. (hematoxylin-eosin
staining; 200x ¢ magnification; a: alveolus, b: bronchiolus, v: venula, oed: oedema, e: emphysema).
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Figure 7. Semiquantitative evaluation of the histopathological changes of the lung after chronic
cigarette smoke exposure. (A) Perivascular/peribronchial oedema developed after 1 month of
CSE, which significantly decreased by time in both strains. The accumulation of perivascular and
peribronchial, as well as interstitial (B) neutrophil granulocytes, (C) macrophages and lymphocytes
did not differ in either groups significantly. Boxplots represent the minimum, first quartile, mean,
third quartile and maximum values, n = 5-13/group, Kruskal-Wallis followed by Dunn’s post-test;
*p<0.05,** p <0.005 vs. 1st month of CSE.

2.7. Cigarette Smoke-Induced Emphysema Develops Earlier in Trpal*/* Mice

Emphysema was quantified by in vivo microCT by the ratio of the low attenuation area (LAA) and
total lung volume (TLV) before and after 2 and 4 months of CSE. The ratio correlating with the extent
of air-filled regions did not show alterations either by CSE treatment or time (Figure 8A). However,
the more sensitive mean linear intercept (Lm) measurement revealed that in Trpal** mice emphysema
already started to develop at an earlier timepoint compared to the gene-deleted counterparts, Lm was
significantly increased in the wildtypes after 2 months of CSE, however, not in the Trpal”~. At the end
of the 4th month, Lm was elevated in both strains exposed to CS (Figure 8F).
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Figure 8. Quantitative evaluation of emphysema. (A) LAA/TLV ratio correlating with air-filled regions
of the lungs exposed to CSE showed no significant alterations. Representative microCT pictures of lungs
(B,D) before and (C,E) after 4 months of CSE in Trpal*/* and Trpal”~ mice, respectively. (F) Microscopic
quantitative assessment of Lm showed a significant increase in Trpal*/* already after 2 months of
CSE, but not in the Trpal™~. Values represent means + SEM, n = 6-7 mice/group; repeated measures
two-way ANOVA followed by Tukey’s post-test. Representative microscopic pictures of (G) Trpal*/*
and (H) Trpal”~ mouse lung tissues after 2 months of CSE. Values represent means + SEM, n = 60-100
measurements/group; two-way ANOVA followed by Tukey’s post-test; ** p < 0.005, *** p < 0.001 vs.
PBS-treated respective group; * p < 0.05 vs. CSE-treated Trpal*/*. (The blue circle indicates the region
of interest in which Lm was measured. The measured chord lengths represented by blue lines were
expressed in um on the scanned slides and labelled in yellow.).

2.8. Chronic Cigarette Smoke-Induced Inflammatory Cell Accumulation in the BALF Shows No
Strain Difference

CSE induced massive accumulations of granulocytes, macrophages and lymphocytes measured
in the bronchoalveolar lavage fluid (BALF) of both Trpal*/* and Trpal™~ mice. In agreement with our
previous findings [63], the number of inflammatory cells reduced by the end of the 3rd month of CSE.
There was no biologically relevant difference between the wildtype and gene-deficient mice in either
inflammatory cell component (Figure 9).
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Figure 9. Number of inflammatory cells in the bronchoalveolar lavage fluid (BALF) after 2-3 months
of CSE in Trpal*/* and Trpal™~ mice. After the peak of inflammatory cell infiltration at a 2-month
timepoint, the number of (A) granulocytes, (B) macrophages and (C) lymphocytes remarkably decreased
by the end of the 3rd month in both Trpal*/* and Trpal™~ mice. Values represent means + SEM, n = 6-7
mice/group; two-way ANOVA followed by Tukey’s post-test.

3. Discussion and Conclusion

We provide here the first evidence that the TRPA1 channel has a complex role in basal airway
function regulation and inflammatory mechanisms. It protects against LPS-induced acute pneumonitis
and hyperresponsiveness, but triggers chronic CSE-evoked emphysema formation and respiratory
deterioration (Table 1).

Table 1. The complex regulatory role of TRPA1 in acute and chronic airway inflammation (ns:
non-significant; arrows indicate change compared to control PBS-treated or non-inflamed intact mice,
*+ p <0.005, *+* p < 0.001; asterisks indicate strain difference, * p < 0.05, ** p < 0.005 vs. Trpal*'*).

Endotoxin-Induced Acute Trpal*/* Trpal~'~ Trpal*/* vs. Trpal™~
Inflammation Compared to PBS-Treated Control LPS-Treated Inflamed
Bronchial hyperreactivity ns. T(++) *
Myeloperoxidase activity ns. T(+++) **
Inflammatory histopathological changes T(++) ns ns
++ -/~ ++ -/~
CSE-induced Chronic Inflammation Trpal Trpal Trpal™™ vs. Trpal

Compared to Intact Control CSE-Treated Inflamed

TV, MV, PIF, PEF L(++/+++) ns *
Oedema T ) ns.
Inflammatory cell infiltration T ) ns.

Emphysema earlier later *

Increasing data have suggested the involvement of the TRPA1 receptor in the pathophysiological
mechanisms of several airway diseases, such as asthma, COPD and allergic/irritative
cough [7,46,56-60,62,64—67], but little is known about its activation mechanisms and its potential
as a drug target in lung inflammation is still controversial. Our results demonstrating seemingly
opposing regulatory functions of TRPA1 in the acute and chronic models can be explained by its
multiple localizations that might evoke different responses. Neuronal TRPA1 in the airways is
expressed almost exclusively on vagal afferents that are a subpopulation of sensory afferents. It is
co-localized with Transient Receptor Potential Vanilloid 1 (TRPV1) on capsaicin-sensitive vagal
bronchopulmonary nociceptive C-fibers originating from the jugular ganglion. Most of these
peptidergic bronchopulmonary C-fibers modulate the inflammatory process and induce defensive
reflexes, shallow breathing, mucus secretion [68,69]. However, TRPA1-mediated effects via the sensory
trigeminal afferentation of the upper airways also might contribute to our results in both models [70].
Besides the neuronal expression, TRPA1 is also located on epithelial, inflammatory and bronchial
smooth muscle cells [6,47,48,50].
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The virtually contradicting role of TRPA1 might also be explained by the very distinct
pathophysiological mechanisms of the LPS and CSE models involving different signaling pathways
in different cell types. Moreover, endotoxin and cigarette smoke components are able to directly
activate TRPA1 among other exogenous irritants reaching the airways, besides a variety of endogenous
inflammatory mediators (protons, hydrogen peroxide, prostaglandins etc.) [5,8,10,18,22].

Direct interactions between endotoxins and TRPA1 [71,72] has been described in LPS-induced
acute inflammatory pain, CGRP-release and vascular response that developed via the activation of
TRPA1 on nociceptive sensory fibers, independently from TLR4 signaling [5]. The TRPA1 agonist
cinnamaldehyde exerts complex immunomodulatory effects on LPS-induced systemic inflammatory
response syndrome [73]. TRPA1 mediates the LPS-induced inflammatory responses in primary human
osteoarthritic fibroblast-like synoviocytes [74]. The role of TRPA1 as an LPS sensor is suggested to be
evolutionarily conserved [75], that occurs via mechanical modifications of the plasma lipid membrane.
Interestingly, Escherichia coli (E. coli) LPS seems to be more effective on TRPA1 than other types of
endotoxins [76]. Although previous studies demonstrate TRPA1 activation by LPS and its implication
in acute LPS-induced pain and neurogenic inflammation [5], the relative importance of TLR4 and
TRPAL1 activation by LPS in our pneumonitis model remains to be elucidated.

The protective role of TRPA1 in the LPS-induced acute inflammatory processes including bronchial
hyperreactivity is supported by previous results of our group reporting similar protective actions of
capsaicin-sensitive sensory nerves and the TRPV1 receptor in the same model [77,78]. The similar
functions of TRPA1 and TRPV1 ion channels are not surprising, since they are often co-expressed and
interact with each other on the peptidergic sensory nerves [1,79]. The TRPA1-mediated protective effect
might be explained by the release of anti-inflammatory sensory neuropeptides from primary afferents,
such as somatostatin, similarly to the mechanism described earlier for TRPV1 activation [34,77].

TRPA1 proved to be protective against inflammatory bronchial hyperresponsiveness potentially
via smooth muscle relaxant neuropeptides released from the sensory nerves, despite its presence on
bronchial smooth muscle cells [47], which might directly lead to bronchoconstriction. Furthermore,
bronchodilator effects of TRPA1 activation via non-epithelial PGE, production was recently reported
in allergic airway inflammation models [80]. Such mechanism might also be involved in our results.
A recent study also demonstrated significantly increased airway hyperresponsiveness in Trpv4 and
Trpal/Trpvl double knockout mice as well. The TRPV4 antagonist HC067047 administered to Trpal/Trpvl
double knockout animals further increased the Penh value [81] supporting the protective role of these
TRP channels in the LPS-induced acute airway inflammation model.

TRPA1-deficiency did not significantly alter inflammatory cell numbers in the histopathological
pictures, but significantly increased neutrophil- and macrophage-derived MPO activity, which is
supported by TRPA1 expression on these cells [36,82]. The discrepancies between the histopathological
semiquantitative scores and the MPO activity might be due to the different sensitivity of the functional
and morphological assessments, however, it has also been described that MPO protein expression
itself might not correlate strongly with MPO activity due to genetic polymorphism or endogenous
inhibitors [83]. Consequently, increased ROS production might contribute to the increased bronchial
hyperreactivity in the Trpal-deleted mice. These results are supported by earlier data that TRPA1
activation by irritants evokes defensive functions in the airways [54].

Despite these protective functions of TRPA1 in the acute LPS-evoked pneumonitis model,
TRPA1 activation is required for chronic CSE-evoked emphysema and respiratory deterioration, such as
MYV, TV, PIF and PEF decrease with a peak after 3 months.

These data are supported by findings, that 4-week CSE increases TRPA1 mRNA level in the nodose
and jugular ganglia, positively correlating with the inflammatory cell infiltration in the BALF [84].
Moreover, cigarette smoke extract also increased the expression of TRPA1 in airway epithelial cells
in a hypoxia-inducible factor-1x-mediated manner [17,85]. Mostly in vitro data using cigarette
smoke extract are available about the role of TRPA1 in cigarette smoke-induced airway inflammation.
Isolated bronchi experiments suggested that cigarette smoke extract, as well as its components (acrolein
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and crotonaldehyde) caused Ca?"-dependent CGRP- and SP-release from the capsaicin-sensitive
nerve endings, and TRPA1 was involved in the cigarette smoke extract-induced tracheal plasma
extravasation and bronchoconstriction [6]. Cigarette smoke-induced CGRP release in the trachea were
predominantly mediated by TRPA1 rather than nicotinic receptors [9]. Cigarette smoke and acrolein
released keratinocyte chemoattractant (CXCL1/KC, mouse analogue of IL-8), which was attenuated
by TRPA1 antagonists and TRPA1-deficiency [47]. Furthermore, cigarette smoke extract-induced
and TRPA1-mediated IL-8 release was shown to develop via NADPH-oxidase activation and the
MAPKs/NFkB signaling pathway-related Ca®* influx [17]. TRPAL1 is involved in cigarette smoke
extract-evoked alveolar and bronchial epithelial damage [49]. Nicotine directly activates the TRPA1
receptor [8,10], which might mediate bronchoconstriction [47]. Similarly, ROS and several lipid
peroxidation products also stimulate TRPA1, which is likely to contribute to oxidative stress-evoked
airway pathologies induced by CSE [7,17,55], such as emphysema, for which we provided the first
data here.

The extent of perivascular/peribronchial oedema was the most severe after 1 month and gradually
decreasing afterwards, and the inflammatory cell infiltration reached its maximum after 2 months
of CSE in both groups, which is in agreement with our earlier findings in the same model [63].
TRPA1 deficiency did not result in significant changes of the cellular components of these chronic
inflammatory processes, as shown by both the histopathological results and BALF analysis.

Since the activation of TRPA1 exerts protective effects in LPS-induced acute pneumonitis and
subsequent bronchial hyperreactivity, our findings clearly support the concept that short-term activation
of TRPA1 results in defensive effects presumably via sensory nerves and consequently released
protective neuropeptides. However, permanent stimulation of the receptor under chronic inflammatory
conditions of the airways results in complex regulatory functions due to the diverse localization of
TRPA1 also on non-neural cells and its broad range of both exogenous and endogenous activators.

The genetic deletion of the receptor does not directly predict prophylactic or therapeutic potential
of TRPA1 agonists or antagonists. However, the activation of TRPA1 by commonly inhaled substances,
e.g., cinnamaldehyde or carvacrol [7] (components of cinnamon or thyme essential oils) could be
beneficial against acute inflammatory changes of the lung, additionally considering their antimicrobial
potentials against pathogens predominant in airway infections [86].

Therefore, further research is needed to determine TRPA1 potential as a pharmacological target in
the lung.

4. Methods

4.1. Animals

Experiments were performed on male and female Trpal ™~ mice and their Trpal*™* counterparts
(8-10 weeks, 20-25 g). The original heterozygote Trpal*/~ breeding pairs were a generous gift of
Pierangelo Geppetti (Firenze, Italy) [87]. The endotoxin-induced pneumonitis model was carried out
on female animals, while in the cigarette smoke-induced bronchitis model mice of both sexes were
used. Background strain of the gene-deleted animals was C57Bl/6, and the germline transmission of the
mutated allele and excision of the selection cassette were verified by PCR analysis. Animals were bred
and kept in the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy,
University of Pécs, Pécs, Hungary at 24-25 °C, provided with standard chow and water ad libitum and
maintained under a 12-h light-dark cycle.

4.2. Ethics

All experimental procedures were carried out according to the 40/2013 (I1.14.) Government
Regulation on Animal Protection, Consideration Decree of Scientific Procedures of Animal Experiments
(243/1988) and Directive 2010/63/EU of the European Parliament. Studies were approved and a license
was given by the Ethics Committee on Animal Research of University of Pécs, Pécs, Hungary according
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to the Ethical Codex of Animal Experiments (licence No.: BA02/2000-35/2016, BA02/2000-26/2018).
We addressed the ARRIVE guidelines for designing, performing and reporting the experiments
wherever possible.

4.3. Endotoxin-Induced Acute Pneumonitis

Acute interstitial lung inflammation was evoked by intranasal (in.) administration of 60 uL,
167 ug/mL E. coli (serotype: O83) endotoxin (lipopolysaccharide, LPS) under light ether anaesthesia [77].
LPS wasisolated and purified in the Department of Microbiology, University of Pécs, Pécs, Hungary [88].
Control animals received the same volume of sterile PBS.

Endotoxin is a component of the cell wall of Gram-negative bacteria, composed of a
phosphoglycolipid (lipid A) covalently bound to a hydrophilic heteropolysaccharide part [89].
LPS—connected to the specific LPS binding protein (LBP)—is able to bind to Toll-like receptor
4 (TLR4)-CD14 glycoprotein complex expressed on macrophages and monocytes [90]. Via the
p38-MAPK signaling pathway it induces the activation and accumulation of immune cells [91,92]. As a
result, inflammatory cytokines and proinflammatory mediators (e.g., bradykinin, leukotrienes and
prostaglandins) are released from the activated immune cells directly activating the sensory nerve
endings [93]. Beside the activation of immune cells, LPS also elicits bronchial contraction in the lung
causing enhanced airway resistance [94].

4.4. Cigarette Smoke-Induced Chronic Airway Inflammation

Chronic bronchitis was elicited by whole body cigarette smoke exposure for 4 months. Mice were
exposed to cigarette smoke (3R4F Kentucky Research Cigarette; University of Kentucky, Lexington, KY,
USA) twice daily, 10 times per week in a whole body smoke exposure chamber (Teague Enterprises,
Woodland, CA, USA) for 30 min followed by a ventilation period of 30 min as described previously [63].

4.5. Investigation of Airway Function and Bronchial Responsiveness

Parameters of the airway function were measured in conscious, spontaneously breathing mice
with the help of unrestrained whole-body plethysmography (Buxco Europe Ltd., Winchester, UK).

In the endotoxin-induced acute pneumonitis model, breathing frequency (f) and carbachol-induced
airway reactivity were measured before and 24 h after intranasal PBS/LPS administration [95].
Bronchoconstriction was induced by increasing concentrations (5.5, 11 and 22 mM) of the muscarinic
receptor agonist carbachol (50 pL/mouse), and the Penh (enhanced pause) value was determined.
Penh is a complex calculated parameter ((expiratory time/relaxation time) — 1)/(max. expiratory
flow/max. inspiratory flow), well correlating with bronchoconstriction and airway resistance measured
in ventilated animals using invasive techniques [34].

Considering that cigarette smoke-induced chronic bronchitis model is a disease model with high
translational relevance, we performed an extended analysis of the respiratory functions determining f,
TV, MV, Tj, Te, RT, PIE, PEF and Penh before and at the end of every month of the 4-month-investigational
period as described previously [63].

4.6. Cell Composition Analysis of the Bronchoalveolar Lavage Fluid (BALF)

In the cigarette smoke exposure model, mice were anaesthetised with ketamine and xylazine
(100 mg/kg and 5 mg/kg, s.c., respectively) and the lungs were washed with 5 mL PBS. BALF was
collected in centrifuge tubes (1000 rpm, 5 min) and the supernatants were removed. Cells were
resuspended in staining buffer (0.1% NaN3 and 0.1% BSA dissolved in 500 puL. PBS), and 1 uL. CD45
fluorescein-5-isothiocyanate (FITC) solution was given to the samples. After incubation of 30 min, 1 pL
propidium-iodide was given to the samples and after centrifugation (1000 rpm, 5 min) the supernatant
was removed again. Cells were resuspended in fixation buffer (3% formaldehyde dissolved in 700 nL
PBS) and the cell profile of the samples was analysed with a CyFlow Space flow cytometer (Sysmex
Partec, Miinster, Germany) [96].
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We previously showed that in the CSE model perivascular/peribronchial oedema developed
in the 1st month, while in the 2nd and 3rd months inflammatory cell infiltration dominated the
histopathological picture, which decreased by the 4th month accompanied by tissue destruction [63].
Based on these data, we investigated the amount of inflammatory cells in the BALF after the 2nd and
3rd months.

4.7. Histological Examination of the Lungs

In both models, lungs were removed following cervical dislocation in deep anaesthesia. The left
lung was fixed in 4% formaldehyde and embedded in paraffin for histopathological processing.
Sections were made with 5-7 um microtome and stained with hematoxylin-eosin (HE). One section of
the lungs of the endotoxin-treated mice was stained with periodic acid-Schiff (PAS) reagent in order to
visualize mucus producing goblet cells. Semiquantitative evaluation of the histological alterations was
performed by an expert pathologist blinded from the experimental design.

In the acute pneumonitis model, semiquantitative histopathological scoring of the lungs was
performed based on the following parameters: perivascular oedema (0-3), accumulation of the
perivascular and peribonchial neutrophil granulocytes (0-3), infiltration of activated macrophages and
mononuclear cells into the alveolar space (0-2), as well as hyperplasia of the bronchiolar goblet cells
(0-2) [97]. The composite inflammatory score (ranging between 0 and 10) was generated by addition of
the individual histopathological parameters.

In the chronic COPD model, semiquantitative histopathological scoring of the lungs was established
by our work group and performed on the basis of perivascular oedema, the accumulation of
neutrophil granulocytes into the perivascular/peribronchial and interstitial space, as well as the
perivascular/peribronchial and interstitial infiltration of macrophages and lymphocytes with scores
ranging from 0-3 (0: intact, 0.5: focal mild, 1: diffuse mild, 1.5: focal moderate, 2: diffuse moderate, 2.5:
focal severe, 3: diffuse severe).

Quantitative histopathological evaluation of emphysema was performed by the measurement of
the mean linear intercept as described previously [98]. Briefly, air space enlargement was assessed
by the measurement of the alveolar space or alveolar and ductal air space along parallel lines
on approximately 400,000 pm? representative areas on each slide by The Case Viewer software
(3DHISTECH, Budapest, Hungary).

4.8. Morphological Evaluation of the Lungs with In Vivo MicroCT Investigation

In the cigarette smoke exposure model, structural alterations, such as the LAA/TLV% characteristic
to emphysema was also measured by in vivo microCT in a self-controlled manner, before, as well as 2
and 4 months after CSE exposure as described previously [63]. Briefly, mice were anaesthetized with
pentobarbital (70 mg/kg) i.p. and their lungs were imaged by breath-gated tomography on a Skyscan
1176 high resolution microtomograph (Skyscan, Kontich, Belgium). Reconstruction and morphometric
analysis were performed with the software provided by the manufacturer.

4.9. Determination of Myeloperoxidase (MPO) Activity from Lung Homogenates with Spectrophotometry

During the evolvement of endotoxin-induced acute pneumonitis, MPO enzyme is produced by
the accumulated neutrophil granulocytes, monocytes and macrophages [99]. The MPO activity of the
lung homogenates were measured by spectrophotometry using H,O,-3,3’,5,5 -tetramethyl-benzidine
(TMB/H,0;) and compared to a standard MPO preparation as described earlier [98].

4.10. Statistical Analysis

Statistical analysis was performed by the GraphPad Prism v6 software (GraphPad Software,
San Diego, CA, USA). Comparison of basal respiratory functions of intact wildtype and TRPA-deficient
mice was performed by a Student’s t-test for unpaired comparison. Parameters of the respiratory
function in both the LPS and CSE study, as well as LAA/TLV%, mean linear intercept, and BALF
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inflammatory cell counts were evaluated by two-way ANOVA followed by Tukey’s post hoc test.
MPO activity was analysed by one-way ANOVA followed by Bonferroni’s post-test. Histopathological
semiquantitative scores were evaluated by Kruskal-Wallis analysis followed by Dunn’s post-test. In all
cases p < 0.05 was accepted as significant.

Author Contributions: Conceptualization, Z.H. (Zsuzsanna Helyes), Z.H. (Zs6fia Hajna), K.C., E.P;
funding acquisition, Z.H. (Zsuzsanna Helyes), E.P, investigation, Z.H. (Zséfia Hajna), K.C., AK. LS,
formal analysis: Z.H. (Zs6fia Hajna), K.C., LK., TK., methodology, Z.H. (Zsé6fia Hajna), K.C., AK, TK,
B.K., A.P, Z.H. (Zsuzsanna Helyes).; project administration, Z.H. (Zséfia Hajna), K.C., I.S.; resources, B.K., Z.H.
(Zsuzsanna Helyes), E.P; supervision, Z.H. (Zsuzsanna Helyes); visualization, Z.H. (Zs6fia Hajna), K.C., A.P, TK,,
L.K., writing—original draft, Z.H. (Zs6fia Hajna), K.C., Z.H. (Zsuzsanna Helyes); writing—review and editing,
Z.H. (Zsofia Hajna), K.C., AK,LK,TK,AP,1S,BXK., EP, ZH. (Zsuzsanna Helyes). All authors have read and
approved the final manuscript.

Funding: Z.H. (Zsuzsanna Helyes) was supported by the Higher Education Institutional Excellence Program of
the Ministry of Human Capacities in Hungary, 20765-3/2018/FEKUTSRTAT; PEPSYS: Complexity of Peptidergic
Signalization and its Role in Systemic Diseases, GINOP-2.3.2-15-2016-00050; Human Resource Development
Operational Program, EFOP-3.6.2-16-2017-00006 LIVE LONGER and EFOP-3.6.1-16-2016-00004; and Economic
Development and Innovation Operational Program, GINOP-2.3.2-15-2016-00048 STAY ALIVE. K.C. was supported
by the UNKP-19-3-III-PTE-211 New National Excellence Program of the Ministry of Human Capacities. A.K. was
supported by Janos Bolyai Research Scholarships of the Hungarian Academy of Sciences and UNKP-19-4 New
National Excellence Program of the Ministry For Innovation And Technology.

Acknowledgments: The in vivo imaging experiments were performed in the Small Animal Imaging Core Facility
of the Szentagothai Research Centre, University of Pécs, Hungary.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nassenstein, C.; Kwong, K.; Taylor-Clark, T.; Kollarik, M.; MacGlashan, D.M.; Braun, A.; Undem, B.J.
Expression and function of the ion channel TRPA1 in vagal afferent nerves innervating mouse lungs.
J. Physiol. 2008, 586, 1595-1604. [CrossRef] [PubMed]

2. Zygmunt, PM.; Hogestdtt, E.D. TRPAL. In Mammalian Transient Receptor Potential (TRP) Cation Channels;
Nilius, B., Flockerzi, V., Eds.; Mammalian; Springer: Berlin/Heidelberg, Germany, 2014; ISBN 9783642542152.

3.  Gaudet, R. A primer on ankyrin repeat function in TRP channels and beyond. Mol. Biosyst. 2008, 4, 372-379.
[CrossRef] [PubMed]

4. Cordero-Morales, ].E; Gracheva, E.O.; Julius, D. Cytoplasmic ankyrin repeats of transient receptor potential
Al (TRPA1) dictate sensitivity to thermal and chemical stimuli. Proc. Natl. Acad. Sci. USA 2011,
108, E1184-E1191. [CrossRef] [PubMed]

5. Meseguer, V.; Alpizar, Y.A; Luis, E.; Tajada, S.; Denlinger, B.; Fajardo, O.; Manenschijn, J.-A.;
Fernandez-Pena, C.; Talavera, A.; Kichko, T.; et al. TRPA1 channels mediate acute neurogenic inflammation
and pain produced by bacterial endotoxins. Nat. Commun. 2014, 5. [CrossRef] [PubMed]

6. Andre, E.; Campi, B.; Materazzi, S.; Trevisani, M.; Amadesi, S.; Massi, D.; Creminon, C.; Vaksman, N.;
Nassini, R.; Civelli, M.; et al. Cigarette smoke—Induced neurogenic inflammation is mediated by
o, B-unsaturated aldehydes and the TRPA1 receptor in rodents. J. Clin. Investig. 2008, 118, 2574-2582.
[CrossRef] [PubMed]

7.  Bessac, B.F; Jordt, S.-E. Breathtaking TRP Channels: TRPA1 and TRPV1 in Airway Chemosensation and
Reflex Control. Physiology 2008, 23, 360-370. [CrossRef] [PubMed]

8.  Chung, S.; Baumlin, N.; Dennis, J.S.; Moore, R.; Salathe, S.F.; Whitney, P.L.; Sabater, J.; Abraham, W.M.;
Kim, M.D.; Salathe, M. Electronic cigarette vapor with nicotine causes airway mucociliary dysfunction
preferentially via TRPA1 receptors. Am. J. Respir. Crit. Care Med. 2019, 200, 1134-1145. [CrossRef]

9.  Kichko, T.I; Kobal, G.; Reeh, PW. Cigarette smoke has sensory effects through nicotinic and TRPA1 but not
TRPV1 receptors on the isolated mouse trachea and larynx. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 309,
L.812-1.820. [CrossRef]

10. Talavera, K.; Gees, M.; Karashima, Y.; Meseguer, V.M.; Vanoirbeek, ]J.A.J.; Damann, N.; Everaerts, W.;
Benoit, M.; Janssens, A.; Vennekens, R.; et al. Nicotine activates the chemosensory cation channel TRPA1.
Nat. Neurosci. 2009, 12, 1293-1299. [CrossRef]


http://dx.doi.org/10.1113/jphysiol.2007.148379
http://www.ncbi.nlm.nih.gov/pubmed/18218683
http://dx.doi.org/10.1039/b801481g
http://www.ncbi.nlm.nih.gov/pubmed/18414734
http://dx.doi.org/10.1073/pnas.1114124108
http://www.ncbi.nlm.nih.gov/pubmed/21930928
http://dx.doi.org/10.1038/ncomms4125
http://www.ncbi.nlm.nih.gov/pubmed/24445575
http://dx.doi.org/10.1172/JCI34886
http://www.ncbi.nlm.nih.gov/pubmed/18568077
http://dx.doi.org/10.1152/physiol.00026.2008
http://www.ncbi.nlm.nih.gov/pubmed/19074743
http://dx.doi.org/10.1164/rccm.201811-2087OC
http://dx.doi.org/10.1152/ajplung.00164.2015
http://dx.doi.org/10.1038/nn.2379

Int. ]. Mol. Sci. 2020, 21, 4109 17 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shapiro, D.; Deering-Rice, C.E.; Romero, E.G.; Hughen, RW.; Light, A.R.; Veranth, ] M.; Reilly, C.A.
Activation of Transient Receptor Potential Ankyrin-1 (TRPA1) in Lung Cells by Wood Smoke Particulate
Material. Chem. Res. Toxicol. 2013, 26, 750-758. [CrossRef]

Deering-Rice, C.E.; Memon, T.; Lu, Z.; Romero, E.G.; Cox, ]J.; Taylor-Clark, T.; Veranth, ].M.; Reilly, C.A.
Differential Activation of TRPA1 by Diesel Exhaust Particles: Relationships between Chemical Composition,
Potency, and Lung Toxicity. Chem. Res. Toxicol. 2019, 32, 1040-1050. [CrossRef] [PubMed]

Memon, T.A.; Nguyen, N.D.; Burrell, K.L.; Scott, A.F.; Almestica-Roberts, M.; Rapp, E.; Deering-Rice, C.E.;
Reilly, C.A. Wood Smoke Particles Stimulate MUC5AC Overproduction by Human Bronchial Epithelial Cells
through TRPA1 and EGFR Signaling. Toxicol. Sci. 2020, 174, 278-290. [CrossRef] [PubMed]

Trevisani, M.; Siemens, J.; Materazzi, S.; Bautista, D.M.; Nassini, R.; Campi, B.; Imamachi, N.; André, E.;
Patacchini, R.; Cottrell, G.S,; et al. 4-Hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic
inflammation through activation of the irritant receptor TRPA1. Proc. Natl. Acad. Sci. USA 2007, 104,
13519-13524. [CrossRef] [PubMed]

Taylor-Clark, T.E.; McAlexander, M.A.; Nassenstein, C.; Sheardown, S.A.; Wilson, S.; Thornton, J.; Carr, M.].;
Undem, B.J. Relative contributions of TRPA1 and TRPV1 channels in the activation of vagal bronchopulmonary
C-fibres by the endogenous autacoid 4-oxononenal. . Physiol. 2008, 14, 3447-3459. [CrossRef]

Graepel, R.; Fernandes, E.S.; Aubdool, A.A.; Andersson, D.A.; Bevan, S.; Brain, S.D. 4-Oxo-2-nonenal
(4-ONE): Evidence of Transient Receptor Potential Ankyrin 1-Dependent and -Independent Nociceptive and
Vasoactive Responses In Vivo. J. Pharmacol. Exp. Ther. 2011, 337, 117-124. [CrossRef]

Lin, A.-H,; Liu, M.-H.; Ko, H.-K,; Perng, D.-W.; Lee, T.-S.; Kou, Y.R. Lung Epithelial TRPA1 Transduces
the Extracellular ROS into Transcriptional Regulation of Lung Inflammation Induced by Cigarette Smoke:
The Role of Influxed Ca2+. Mediat. Inlfammation 2015, 2015. [CrossRef]

Taylor-Clark, T.E.; Undem, B.J.; MacGlashan, D.W.; Ghatta, S.; Carr, M.J.; McAlexander, M.A.
Prostaglandin-Induced Activation of Nociceptive Neurons via Direct Interaction with Transient Receptor
Potential A1 (TRPA1). Mol. Pharmacol. 2008, 73, 274-281. [CrossRef]

Al-Shamlan, E; El-Hashim, A.Z. Bradykinin sensitizes the cough reflex via a B2 receptor dependent activation
of TRPV1 and TRPA1 channels through metabolites of cyclooxygenase and 12-lipoxygenase. Respir. Res.
2019, 20. [CrossRef]

Pozsgai, G.; Hajna, Z.; Bagoly, T.; Boros, M.; Kemény, A.; Materazzi, S.; Nassini, R; Helyes, Z.;
Szolcsanyi, J.; Pintér, E. The role of transient receptor potential ankyrin 1 (TRPA1) receptor activation
in hydrogen-sulphide-induced CGRP-release and vasodilation. Eur. ]. Pharmacol. 2012, 689, 56-64.
[CrossRef]

Hajna, Z.; Saghy, E; Payrits, M.; Aubdool, A.A.; Sz&ke, E.; Pozsgai, G.; Batai, I.Z.; Nagy, L.; Filotas, D.;
Helyes, Z.; et al. Capsaicin-Sensitive Sensory Nerves Mediate the Cellular and Microvascular Effects of H2S
via TRPA1 Receptor Activation and Neuropeptide Release. |. Mol. Med. 2016, 60, 157-170. [CrossRef]
Bandell, M,; Story, G.M.; Hwang, S.W.; Viswanath, V.; Eid, S.R.; Petrus, M.].; Earley, T.J.; Patapoutian, A.
Noxious Cold Ion Channel TRPA1 Is Activated by Pungent Compounds and Bradykinin. Neuron 2004, 41,
849-857. [CrossRef]

Hinman, A.; Chuang, H.; Bautista, D.M.; Julius, D. TRP channel activation by reversible covalent modification.
Proc. Natl. Acad. Sci. USA 2006, 103, 19564-19568. [CrossRef] [PubMed]

Macpherson, L.J.; Dubin, AE.; Evans, M.J.; Marr, F; Schultz, P.G.; Cravatt, B.F; Patapoutian, A.
Noxious compounds activate TRPA1 ion channels through covalent modification of cysteines. Nature
2007, 445, 541-545. [CrossRef]

Nilius, B.; Prenen, J.; Owsianik, G. Irritating channels: The case of TRPA1. J. Physiol. 2011, 589, 1543-1549.
[CrossRef]

Chen, J.; Hackos, D.H. TRPA1l as a drug target—Promise and challenges. Naunyn. Schmiedebergs.
Arch. Pharmacol. 2015, 388, 451-463. [CrossRef]

Grace, M.; Birrell, M.A.; Dubuis, E.; Maher, S.A.; Belvisi, M.G. Transient receptor potential channels mediate
the tussive response to prostaglandin E2 and bradykinin. Thorax 2012, 67, 891-900. [CrossRef]

Wang, S.; Dai, Y.; Fukuoka, T.; Yamanaka, H.; Kobayashi, K.; Obata, K.; Cui, X.; Tominaga, M.; Noguchi, K.
Phospholipase C and protein kinase A mediate bradykinin sensitization of TRPA1: A molecular mechanism
of inflammatory pain. Brain 2008, 131, 1241-1251. [CrossRef]


http://dx.doi.org/10.1021/tx400024h
http://dx.doi.org/10.1021/acs.chemrestox.8b00375
http://www.ncbi.nlm.nih.gov/pubmed/30945539
http://dx.doi.org/10.1093/toxsci/kfaa006
http://www.ncbi.nlm.nih.gov/pubmed/31944254
http://dx.doi.org/10.1073/pnas.0705923104
http://www.ncbi.nlm.nih.gov/pubmed/17684094
http://dx.doi.org/10.1113/jphysiol.2008.153585
http://dx.doi.org/10.1124/jpet.110.172403
http://dx.doi.org/10.1155/2015/148367
http://dx.doi.org/10.1124/mol.107.040832
http://dx.doi.org/10.1186/s12931-019-1060-8
http://dx.doi.org/10.1016/j.ejphar.2012.05.053
http://dx.doi.org/10.1007/s12031-016-0802-z
http://dx.doi.org/10.1016/S0896-6273(04)00150-3
http://dx.doi.org/10.1073/pnas.0609598103
http://www.ncbi.nlm.nih.gov/pubmed/17164327
http://dx.doi.org/10.1038/nature05544
http://dx.doi.org/10.1113/jphysiol.2010.200717
http://dx.doi.org/10.1007/s00210-015-1088-3
http://dx.doi.org/10.1136/thoraxjnl-2011-201443
http://dx.doi.org/10.1093/brain/awn060

Int. ]. Mol. Sci. 2020, 21, 4109 18 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Meents, J.E.; Fischer, M.].M.; McNaughton, P.A. Sensitization of TRPA1 by Protein Kinase A. PLoS ONE 2017,
12, e0170097. [CrossRef]

Sun, H.; Meeker, S.; Undem, B.]. Role of TRP channels in Gq-coupled Protease-activated Receptor 1-mediated
activation of Mouse Nodose Pulmonary C-fibers. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 318, L192-1.199.
[CrossRef]

Kadkova, A.; Synytsya, V.; Krusek, J.; Zimova, L.; Vlachovd, V. Molecular Basis of TRPA1 Regulation in
Nociceptive Neurons. A Review. Physiol. Res. 2017, 66, 425-439. [CrossRef]

Geppetti, P.; Nassini, R.; Materazzi, S.; Benemei, S. The concept of neurogenic inflammation. BJU Int. 2008,
101, 2-6. [CrossRef] [PubMed]

Szolcsanyi, J. Capsaicin-sensitive sensory nerve terminals with local and systemic efferent functions: Facts
and scopes of an unorthodox neuroregulatory mechanism. Prog. Brain Res. 1996, 113, 343-359. [PubMed]
Helyes, Z.; Pintér, E.; Sandor, K.; Elekes, K.; Banvolgyi, A Keszthelyi, D.; Sz6ke, E.; Téth, D.M.;
Sandor, Z.; Kereskai, L.; et al. Impaired defense mechanism against inflammation, hyperalgesia, and airway
hyperreactivity in somatostatin 4 receptor gene-deleted mice. Proc. Natl. Acad. Sci. USA 2009,
106, 13088-13093. [CrossRef]

Fernandes, E.S.; Fernandes, M. A_; Keeble, J.E. The functions of TRPA1 and TRPV1: Moving away from
sensory nerves. Br. |. Pharmacol. 2012, 166, 510-521. [CrossRef]

Kun, J.; Perkecz, A.; Knie, L.; Sétalo, G., Jr.; Torndczki, T.; Pintér, E.; Ban, A. TRPA1 receptor is upregulated in
human oral lichen planus. Oral. Dis. 2017, 23, 189-198. [CrossRef]

Bertin, S.; Aoki-Nonaka, Y.; Lee, J.; de Jong, PR.; Kim, P; Han, T,; Yu, T.; To, K.; Takahashi, N.; Boland, B.S.;
et al. The TRPA1 ion channel is expressed in CD4+ T cells and restrains T cell-mediated colitis through
inhibition of TRPV1. Gut 2017, 66, 1584-1596. [CrossRef]

Sahoo, S.S.; Majhi, RK.; Tiwari, A.; Acharya, T.; Kumar, PS.; Saha, S.; Kumar, A.; Goswami, C,;
Chattopadhyay, S. Transient receptor potential ankyrinl channel is endogenously expressed in T cells
and is involved in immune functions. Biosci. Rep. 2019, 39, 1-16. [CrossRef]

Atoyan, R.; Shnader, D.; Botchkareva, N. Non-Neuronal Expression of Transient Receptor Potential Type Al
(TRPA1) in Human Skin. J. Invest. Dermatol. 2009, 129, 2312-2315. [CrossRef]

Kemény, A Kodji, X.; Horvath, S.; Komlédi, R.; Szke, E.; Sandor, Z.; Perkecz, A.; Gyomorei, C.; Sétalo, G.;
Kelemen, B.; et al. TRPALI acts in a protective manner in imiquimod-induced psoriasiform dermatitis in mice.
J. Investig. Dermatol. 2018, 138, 1774-1784. [CrossRef]

Streng, T.; Axelsson, H.E.; Hedlund, P; Andersson, D.A.; Jordt, S.-E.; Bevan, S.; Andersson, K.-E.;
Hogestitt, E.D.; Zygmunt, PM. Distribution and Function of the Hydrogen Sulfide—Sensitive TRPA1
Ion Channel in Rat Urinary Bladder. Eur. Urol. 2008, 53, 391-400. [CrossRef]

Earley, S.; Gonzales, A.L.; Crnich, R. Endithelium-Dependent Cerebral Artery Dilation Mediated by TRPA1
and Ca2+-Activated K+ Channels. Circ. Res. 2009, 104, 987-994. [CrossRef]

Nummenmaa, E.; Hiamildinen, M.; Moilanen, L.J.; Paukkeri, E.-L.; Nieminen, R.M.; Moilanen, T.;
Vuolteenaho, K.; Moilanen, E. Transient receptor potential ankyrin 1 (TRPA1) is functionally expressed in
primary human osteoarthritic chondrocytes. Arthritis Res. Ther. 2016, 18, 185. [CrossRef]

Jaquemar, D.; Schenker, T.; Trueb, B. An Ankyrin-like Protein with Transmembrane Domains Is Specifically
Lost after Oncogenic Transformation of Human Fibroblasts. J. Biol. Chem. 1999, 274, 7325-7333. [CrossRef]
Stokes, A.; Wakano, C.; Koblan-Huberson, M.; Adra, C.N.; Fleig, A.; Turner, H. TRPA1 is a substrate for
de-ubiquitination by the tumor suppressor CYLD. Cell. Signal. 2006, 18, 1584-1594. [CrossRef]
Mukhopadhyay, I.; Kulkarni, A.; Khairatkar-Joshi, N. Blocking TRPA1 in Respiratory Disorders: Does It
Hold a Promise? Pharmaceuticals 2016, 9, 70. [CrossRef]

Nassini, R.; Pedretti, P.; Moretto, N.; Fusi, C.; Carnini, C.; Facchinetti, F.; Viscomi, A.R.; Pisano, A.R.;
Stokesberry, S.; Brunmark, C.; et al. Transient Receptor Potential Ankyrin 1 Channel Localized to
Non-Neuronal Airway Cells Promotes Non-Neurogenic Inflammation. PLoS ONE 2012, 7, e42454. [CrossRef]
Kannler, M; Liiling, R.; Yildirim, A.QO.; Gudermann, T.; Steinritz, D.; Dietrich, A. TRPA1 channels: Expression
in non-neuronal murine lung tissues and dispensability for hyperoxia-induced alveolar epithelial hyperplasia.
Pfliigers Arch. Eur. ]. Physiol. 2018, 470, 1231-1241. [CrossRef]

Wang, M.; Zhang, Y.; Xu, M.; Zhang, H.; Chen, Y,; Fan, K.; Adcock, LM.; Li, F. Free Radical Biology and
Medicine Roles of TRPA1 and TRPV1 in cigarette smoke -induced airway epithelial cell injury model.
Free Radic. Biol. Med. 2019, 134, 229-238. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0170097
http://dx.doi.org/10.1152/ajplung.00301.2019
http://dx.doi.org/10.33549/physiolres.933553
http://dx.doi.org/10.1111/j.1464-410X.2008.07493.x
http://www.ncbi.nlm.nih.gov/pubmed/18307678
http://www.ncbi.nlm.nih.gov/pubmed/9009744
http://dx.doi.org/10.1073/pnas.0900681106
http://dx.doi.org/10.1111/j.1476-5381.2012.01851.x
http://dx.doi.org/10.1111/odi.12593
http://dx.doi.org/10.1136/gutjnl-2015-310710
http://dx.doi.org/10.1042/BSR20191437
http://dx.doi.org/10.1038/jid.2009.58
http://dx.doi.org/10.1016/j.jid.2018.02.040
http://dx.doi.org/10.1016/j.eururo.2007.10.024
http://dx.doi.org/10.1161/CIRCRESAHA.108.189530
http://dx.doi.org/10.1186/s13075-016-1080-4
http://dx.doi.org/10.1074/jbc.274.11.7325
http://dx.doi.org/10.1016/j.cellsig.2005.12.009
http://dx.doi.org/10.3390/ph9040070
http://dx.doi.org/10.1371/journal.pone.0042454
http://dx.doi.org/10.1007/s00424-018-2148-6
http://dx.doi.org/10.1016/j.freeradbiomed.2019.01.004

Int. J. Mol. Sci. 2020, 21, 4109 19 of 21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Yap, M.J.G.; Ueda, T.; Takeda, N.; Fukumitsu, K.; Fukuda, S.; Uemura, T.; Tajiri, T.; Ohkubo, H.; Maeno, K.;
Ito, Y.; et al. Cytokine An inflammatory stimulus sensitizes TRPA1 channel to increase cytokine release in
human lung fibroblasts. Cytokine 2020, 129, 155027. [CrossRef]

Nilius, B.; Appendino, G.; Owsianik, G. The transient receptor potential channel TRPA1: From gene to
pathophysiology. Pfliigers Arch. Eur. ]. Physiol. 2012, 464, 425-458. [CrossRef]

Lopez-Requena, A.; Boonen, B.; van Greven, L.; Hellings, PW.; Alpizar, Y.A.; Talavera, K. Roles of
Neuronal TRP Channels in Neuroimmune Interactions. In Neurobiology of TRP Channels; Emir, T.L.R., Ed.;
CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2017.

Talavera, K.; Startek, ].B.; Alvarez-Collazo, J.; Boonen, B.; Alpizar, Y.A.; Sanchez, A.; Naert, R.; Nilius, B.
Mammalian Transient Receptor Potential TRPA1 Channels: From Structure to Disease. Physiol. Rev. 2020,
100, 725-803. [CrossRef]

Chen, J.; McGaraughty, S.; Kym, P. TRPA1 in drug discovery. In TRP Channels in Drug Discovery; Szallasi, A.,
Bird, T., Eds.; Humana Press, Springer: Totowa, NJ, USA, 2012; pp. 43-59.

Viana, F. TRPA1 channels: Molecular sentinels of cellular stress and tissue damage. J]. Physiol. 2016,
594, 4151-4169. [CrossRef]

Grace, M.S.; Baxter, M.; Dubuis, E.; Birrell, M.A.; Belvisi, M.G. Transient receptor potential (TRP) channels in
the airway: Role in airway disease. Br. |. Pharmacol. 2014, 171, 2593-2607. [CrossRef]

Banner, HK.; Igney, E; Poll, C. TRP channels: Emerging targets for respiratory disease. Pharmacol. Ther.
2011, 130, 371-384. [CrossRef]

Yang, H.; Li, S. Transient Receptor Potential Ankyrin 1 (TRPA1) Channel and Neurogenic Inflammation in
Pathogenesis of Asthma. Med. Sci. Monit. 2016, 22, 2917-2923. [CrossRef]

Bonvini, S.J.; Belvisi, M.G. Cough and airway disease: The role of ion channels. Pulm. Pharmacol. Ther. 2017,
47,21-28. [CrossRef]

Wallace, H. Airway Pathogenesis Is Linked to TRP Channels. In Neurobiology of TRP Channels; Emir, TL.R., Ed.;
CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2017.

Prandini, P.; De Logu, F; Fusi, C.; Provezza, L.; Nassini, R.; Montagner, G.; Materazzi, S.; Munari, S.; Gilioli, E.;
Bezzerri, V.; et al. Transient Receptor Potential Ankyrin 1 Channels Modulate Inflammatory Response
in Respiratory Cells from Patients with Cystic Fibrosis. Am. ]. Respir. Cell Mol. Biol. 2016, 55, 645-656.
[CrossRef]

Dietrich, A. Modulators of Transient Receptor Potential (TRP) Channels as Therapeutic Options in Lung
Disease. Pharmaceuticals 2019, 12, 23. [CrossRef]

Kemény, A.; Cseké, K.; Szitter, L; Varga, Z.V.; Bencsik, P.; Kiss, K.; Halmosi, R.; Deres, L.; Erés, K.;
Perkecz, A.; et al. Integrative characterization of chronic cigarette smoke-induced cardiopulmonary
comorbidities in a mouse model. Environ. Pollut. 2017, 229, 746-759. [CrossRef]

Caceres, A.L; Brackmann, M.; Elia, M.D.; Bessac, B.F,; del Camino, D.; D’Amours, M.; Witek, J.S.; Fanger, C.M.;
Chong, J.A.; Hayward, N.J.; et al. A sensory neuronal ion channel essential for airway inflammation and
hyperreactivity in asthma. Proc. Natl. Acad. Sci. USA 2009, 106, 9099-9104. [CrossRef]

Raemdonck, K.; de Alba, J.; Birrell, M.A.; Grace, M.; Maher, S.A_; Irvin, C.G.; Fozard, ]J.R.; O’'Byrne, PM.;
Belvisi, M.G. A role for sensory nerves in the late asthmatic response. Thorax 2012, 67, 19-25. [CrossRef]
[PubMed]

Geppetti, P.; Patacchini, R.; Nassini, R.; Materazzi, S. Cough: The Emerging Role of the TRPA1 Channel.
Lung 2010, 188, S63-S68. [CrossRef] [PubMed]

Nassini, R.; Materazzi, S.; De Siena, G.; De Cesaris, F.; Geppetti, P. Transient receptor potential channels as
novel drug targets in respiratory diseases. Curr. Opin. Investig. Drugs 2010, 11, 535-542.

Mazzone, S.B.; Undem, B.J. Vagal afferent innervation of the airways in health and disease. Physiol. Rev.
2016, 96, 975-1024. [CrossRef]

Undem, B.J.; Kollarik, M. The role of vagal afferent nerves in chronic obstructive pulmonary disease. Proc. Am.
Thorac. Soc. 2005, 2, 355-360. [CrossRef]

Canning, B.]. Afferent nerves regulating the cough reflex: Mechanisms and Mediators of Cough in Disease.
Otolaryngol. Clin. N. Am. 2010, 43, 15-25. [CrossRef]

Boonen, B.; Alpizar, Y.A.; Meseguer, V.M.; Talavera, K. TRP Channels as Sensors of Bacterial Endotoxins.
Toxins (Basel) 2018, 10, 326. [CrossRef]


http://dx.doi.org/10.1016/j.cyto.2020.155027
http://dx.doi.org/10.1007/s00424-012-1158-z
http://dx.doi.org/10.1152/physrev.00005.2019
http://dx.doi.org/10.1113/JP270935
http://dx.doi.org/10.1111/bph.12538
http://dx.doi.org/10.1016/j.pharmthera.2011.03.005
http://dx.doi.org/10.12659/MSM.896557
http://dx.doi.org/10.1016/j.pupt.2017.06.009
http://dx.doi.org/10.1165/rcmb.2016-0089OC
http://dx.doi.org/10.3390/ph12010023
http://dx.doi.org/10.1016/j.envpol.2017.04.098
http://dx.doi.org/10.1073/pnas.0900591106
http://dx.doi.org/10.1136/thoraxjnl-2011-200365
http://www.ncbi.nlm.nih.gov/pubmed/21841185
http://dx.doi.org/10.1007/s00408-009-9201-3
http://www.ncbi.nlm.nih.gov/pubmed/20091046
http://dx.doi.org/10.1152/physrev.00039.2015
http://dx.doi.org/10.1513/pats.200504-033SR
http://dx.doi.org/10.1016/j.otc.2009.11.012
http://dx.doi.org/10.3390/toxins10080326

Int. ]. Mol. Sci. 2020, 21, 4109 20 of 21

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Mazgaeen, L.; Gurung, P. Recent Advances in Lipopolysaccharide Recognition Systems. Int. J. Mol. Sci. 2020,
21, 379.

Mendes, S.J.E; Sousa, EI.A.B.; Pereira, D.M.S.; Ferro, T.A.E,; Pereira, I.C.P; Silva, B.L.R.; Pinheiro, AJM.C.R.;
Mouchrek, A.Q.S.; Monteiro-Neto, V.; Costa, SK.DP; et al. Cinnamaldehyde modulates LPS-induced
systemic inflammatory response syndrome through TRPAl-dependent and independent mechanisms.
Int. Immunopharmacol. 2016, 34, 60-70. [CrossRef]

Yin, S.; Wang, P,; Xing, R.; Zhao, L.; Li, X.; Zhang, L.; Xiao, Y. Transient Receptor Potential Ankyrin 1 (TRPA1)
Mediates Lipopolysaccharide (LPS)-Induced Inflammatory Responses in Primary Human Osteoarthritic
Fibroblast-Like Synoviocytes. Inflammation 2018, 41, 700-709. [CrossRef]

Soldano, A.; Alpizar, Y.A.; Boonen, B.; Franco, L.; Lopez-Requena, A ; Liu, G.; Mora, N.; Yaksi, E.; Voets, T.;
Vennekens, R.; et al. Gustatory-mediated avoidance of bacterial lipopolysaccharides via TRPA1 activation in
Drosophila. Elife 2016, 5, e13133. [CrossRef]

Startek, ].B.; Talavera, K.; Voets, T.; Alpizar, Y.A. Differential interactions of bacterial lipopolysaccharides
with lipid membranes: Implications for TRPA1-mediated chemosensation. Sci. Rep. 2018, 8. [CrossRef]
Elekes, K.; Helyes, Z.; Németh, J.; Sandor, K.; Pozsgai, G.; Kereskai, L.; Borzsei, R.; Pintér, E.; Szabg, A;
Szolcsanyi, J. Role of capsaicin-sensitive afferents and sensory neuropeptides in endotoxin-induced airway
inflammation and consequent bronchial hyperreactivity in the mouse. Regul. Pept. 2007, 141, 44-54.
[CrossRef]

Helyes, Z.; Elekes, K.; Németh, J.; Pozsgai, G.; Sandor, K.; Kereskai, L.; Borzsei, R.; Pintér, E.; Szabo, A
Szolcsanyi, J. Role of transient receptor potential vanilloid 1 receptors in endotoxin-induced airway
inflammation in the mouse. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007, 292, 1173-1181. [CrossRef]

Lee, L.-Y.;; Hsu, C.-C,; Lin, Y.-J.; Lin, R.-L.; Khosravi, M. Interaction between TRPA1 and TRPV1: Synergy on
pulmonary sensory nerves. Pulm. Pharmacol. Ther. 2015, 35, 87-93. [CrossRef]

Marsh, B.J.; Fryer, A.D.; Jacoby, D.B.; Drake, M.G. TRPA1 causes rapid bronchodilation via non-epithelial
PGE2. Am. ]. Physiol. Cell. Mol. Physiol. 2020, 318, .943-1952. [CrossRef]

Alpizar, Y.A; Boonen, B.; Sanchez, A.; Jung, C.; Lopez-Requena, A ; Naert, R.; Steelant, B.; Luyts, K; Plata, C.;
De Vooght, V.; et al. TRPV4 activation triggers protective responses to bacterial lipopolysaccharides in airway
epithelial cells. Nat. Commun. 2017, 8, 1059. [CrossRef]

Chao, LK.; Hua, K.-F,; Hsu, H.-Y,; Cheng, S.-S.; Lin, L.-E,; Chen, C.-J.; Chen, S.-T.; Chang, S.-T. Cinnamaldehyde
inhibits pro-inflammatory cytokines secretion from monocytes/macrophages through suppression of
intracellular signaling. Food Chem. Toxicol. 2008, 46, 220-231. [CrossRef]

Pulli, B.; Ali, M.; Forghani, R.; Schob, S.; Hsieh, K.L.C.; Wojtkiewicz, G.; Linnoila, ].J.; Chen, J.W.
Measuring Myeloperoxidase Activity in Biological Samples. PLoS ONE 2013, 8, e67976. [CrossRef]
Dupont, L.L.; Alpizar, Y.A.; Brusselle, G.G.; Bracke, K.R; K, T.; Joos, G.E; Maes, T. Expression of transient
receptor potential (TRP) channels in a murine model of cigarette smoke exposure. In Proceedings of the C34
Insights into COPD Pathogenesis from Pre-Clinical Studies, San Diego, CA, USA, 16-21 May 2014.

Nie, Y.; Huang, C.; Zhong, S.; Wortley, M.A; Luo, Y.; Luo, W.; Xie, Y,; Lai, K.; Zhong, N. Cigarette smoke
extract (CSE) induces transient receptor potential ankyrin 1 (TRPA1) expression via activation of HIF1oin
Ab549 cells. Free Radic. Biol. Med. 2016, 99, 498-507. [CrossRef]

Acs, K.; Bencsik, T.; Boszorményi, A.; Kocsis, B.; Horvéth, G. Essential Oils and Their Vapors as Potential
Antibacterial Agents Against Respiratory Tract Pathogens. Nat. Pord. Commun. 2016, 11, 1709-1712.
[CrossRef]

Bautista, D.M.; Jordt, S.-E.; Nikai, T.; Tsuruda, PR.; Read, A.].; Poblete, J.; Yamoah, E.N.; Basbaum, A.L,;
Julius, D. TRPA1 Mediates the Inflammatory Actions of Environmental Irritants and Proalgesic Agents. Cells
2006, 124, 1269-1282. [CrossRef]

Westphal, O.; Jahn, K. Bacterial lipopolysaccharides: Extraction with phenolwater and further applications
of the procedure. In Methods in Carbohydrate Chemistry; Whistler, R.L., Ed.; Academic Press: New York, NY,
USA, 1965; pp. 83-91.

Rietschel, E.T.; Kirikae, T.; Schade, FEU.; Mamai, U.; Glinter, S.; Loppnow, H.; Ulmer, A J.; Zdhringer, U.;
Seydel, U.; Di Padova, E; et al. Bacterial endotoxin: Molecular rekationships of sturcutre to activity and
function. FASEB J. 1994, 8, 217-225. [CrossRef]


http://dx.doi.org/10.1016/j.intimp.2016.02.012
http://dx.doi.org/10.1007/s10753-017-0724-0
http://dx.doi.org/10.7554/eLife.13133
http://dx.doi.org/10.1038/s41598-018-30534-2
http://dx.doi.org/10.1016/j.regpep.2006.12.018
http://dx.doi.org/10.1152/ajplung.00406.2006
http://dx.doi.org/10.1016/j.pupt.2015.08.003
http://dx.doi.org/10.1152/ajplung.00277.2019
http://dx.doi.org/10.1038/s41467-017-01201-3
http://dx.doi.org/10.1016/j.fct.2007.07.016
http://dx.doi.org/10.1371/journal.pone.0067976
http://dx.doi.org/10.1016/j.freeradbiomed.2016.07.028
http://dx.doi.org/10.1177/1934578X1601101121
http://dx.doi.org/10.1016/j.cell.2006.02.023
http://dx.doi.org/10.1096/fasebj.8.2.8119492

Int. ]. Mol. Sci. 2020, 21, 4109 21 of 21

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Poltorak, A.; He, X.; Smirnova, I; Liu, M.-Y.; Van Huffel, C.; Du, X.; Birdwell, D.; Alejos, E.; Silva, M.;
Galanos, C.; et al. Defective LPS Signaling in C3H/He] and C57BL/10ScCr Mice: Mutations in Tlr4 Gene.
Science 1998, 282, 2085-2088. [CrossRef]

Haddad, E.-B.; Birrell, M.; McCluskie, K.; Ling, A.; Webber, S.E.; Foster, M.L.; Belvisi, M.G. Role of p38 MAP
kinase in LPS-induced airway inflammation in the rat. Br. J. Pharmacol. 2001, 132, 1715-1724. [CrossRef]
Togbe, D.; Schnyder-Candrian, S.; Schnyder, B.; Doz, E.; Noulin, N.; Janot, L.; Secher, T.; Gasse, P.; Lima, C.;
Coelho, F.R; et al. Toll-like receptor and tumour necrosis factor dependent endotoxin-induced acute lung
injury. Int. J. Exp. Path. 2007, 88, 387-391. [CrossRef]

Helyes, Z.; Hajna, Z. Endotoxin-induced airway inflammation and asthma models. In TRP Channels
in Drug Discovery; Szallasi, A., Bir6, T., Eds.; Humana Press: Totowa, NJ, USA, 2012; pp. 301-342.
ISBN 978-1-62703-076-2.

Lefort, J.; Motreff, L.; Vargaftig, B.B. Airway Administration of Escherichia coli Endotoxin to Mice Induces
Glucocorticosteroid-Resistant Bronchoconstriction and Vasopermeation. Am. J. Respir. Cell Mol. Biol. 2001,
24,345-351. [CrossRef]

Hajna, Z.; Borbély, E.; Kemény, A.; Botz, B.; Kereskai, L.; Szolcsanyi, J.; Pintér, E.; Paige, C.J.; Berger, A;
Helyes, Z. Hemokinin-1 is an important mediator of endotoxin-induced acute airway inflammation in the
mouse. Peptides 2015, 64, 1-7. [CrossRef]

Ma, W,; Cui, W,; Lin, Q. Improved immnunophenotyping of lymphocytes in bronchoalveolar lavage fluid
(BALF) by flow cytometry. Clin. Chim. Acta 2001, 313, 133-138. [CrossRef]

Zeldin, D.C.; Wohlford-Lenane, C.; Chulada, P.; Bradbury, J.A.; Scarborough, P.E.; Roggli, V.; Langenbach, R.;
Schwartz, D.A. Airway Inflammation and Responsiveness in Prostaglandin H Synthase — Deficient Mice
Exposed to Bacterial Lipopolysaccharide. Am. J. Respir. Cell Mol. Biol. 2001, 25, 457-465. [CrossRef]
Helyes, Z.; Kemény, A.; Cseké, K.; Szoke, E.; Elekes, K.; Mester, M.; Sandor, K.; Perkecz, A.; Kereskai, L.;
Mark, L.; et al. Marijuana smoke induces severe pulmonary hyperresponsiveness, inflammation,
and emphysema in a predictive mouse model not via CB1 receptor activation. Am. ]. Physiol. Lung
Cell. Mol. Physiol. 2017, 313, L267-L277. [CrossRef] [PubMed]

Rodrigues, M.R.; Rodriguez, D.; Russo, M.; Campa, A. Macrophage Activation Includes High Intracellular
Myeloperoxidase Activity. Biochem. Biophys. Res. Commun. 2002, 292, 869-873. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1126/science.282.5396.2085
http://dx.doi.org/10.1038/sj.bjp.0704022
http://dx.doi.org/10.1111/j.1365-2613.2007.00566.x
http://dx.doi.org/10.1165/ajrcmb.24.3.4289
http://dx.doi.org/10.1016/j.peptides.2014.12.002
http://dx.doi.org/10.1016/S0009-8981(01)00664-7
http://dx.doi.org/10.1165/ajrcmb.25.4.4505
http://dx.doi.org/10.1152/ajplung.00354.2016
http://www.ncbi.nlm.nih.gov/pubmed/28495855
http://dx.doi.org/10.1006/bbrc.2002.6724
http://www.ncbi.nlm.nih.gov/pubmed/11944894
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

pharmaceuticals m\Py
>

Review

Role of TRPV1 and TRPA1 Ion Channels in

Inflammatory Bowel Diseases: Potential
Therapeutic Targets?

Kata Csekd 1T, Bram Beckers 2310, Daniel Keszthelyi >3 and Zsuzsanna Helyes 1-4*

1 Department of Pharmacology and Pharmacotherapy, Medical School and Molecular Pharmacology Research

Group, Szentagothai Research Centre, University of Pécs, H-7624 Pécs, Hungary; csekoe.kata@gmail.com

Division of Gastroenterology-Hepatology, Department of Internal Medicine, Maastricht University Medical

Center (MUMCH+), 6202 AZ Maastricht, The Netherlands; ab.beckers@maastrichtuniversity.nl (B.B.);

daniel keszthelyi@maastrichtuniversity.nl (D.K.)

3 NUTRIM, School of Nutrition and Translational Research in Metabolism, Maastricht University, 6202 AZ
Maastricht, The Netherlands

4 PharmInVivo Ltd., H-7629 Pécs, Hungary

*  Correspondence: zsuzsanna.helyes@aok.pte.hu; Tel.: +36-72-536001 /35591, 29043

1t The authors contributed equally to the present work.

check for
Received: 11 March 2019; Accepted: 27 March 2019; Published: 30 March 2019 updates

Abstract: Inflammatory bowel diseases (IBD) have long been recognized to be accompanied by pain
resulting in high morbidity. Transient receptor potential vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1)
ion channels located predominantly on the capsaicin-sensitive sensory neurons play a complex role
in hyperalgesia and neurogenic inflammation. This review provides an overview of their expression
and role in intestinal inflammation, in particular colitis, that appears to be virtually inconsistent
based on the thorough investigations of the last twenty years. However, preclinical results with
pharmacological interventions, as well as scarcely available human studies, more convincingly
point out the potential therapeutic value of TRPV1 and TRPA1 antagonists in colitis and visceral
hypersensitivity providing future therapeutical perspectives through a complex, unique mechanism
of action for drug development in IBD.

Keywords: IDB; Crohn’s disease; ulcerative colitis; TRPV1; TRPA1; human studies; animal studies;
colitis models

1. Introduction

Inflammatory bowel disease (IBD) is a group of chronic relapsing and remitting inflammatory
disorders of the bowel [1,2]. The two major groups of IBD are Crohn’s disease (CD) and ulcerative colitis
(UC), each having its own disease characteristics. The cardinal symptom in both disorders however,
is abdominal pain, which often causes significant morbidity. Transient receptor potential vanilloid 1
(TRPV1) and ankyrin 1 (TRPA1) ion channels located predominantly on the capsaicin-sensitive sensory
neurons play a complex role in hyperalgesia and neurogenic inflammation, and although their role in
colitis is seemingly contradictory, there is a growing evidence on their involvement in IBD. The aim of
this review is therefore to provide an overview of their expression and role in intestinal inflammation,
in particular colitis.

CD is characterized by lesions affecting the entire gastrointestinal tract, UC per definition is
limited to the colon. In addition, whereas inflammation is usually confined to the mucosa in UC,
it often extends beyond the muscular layers in CD (i.e., transmural inflammation). Microscopically,
one can sometimes identify characteristic differences, with non-caseating granulomas present in CD
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and crypt abscesses in UC. Even clinical differences exist, as bloody stools are commonly seen in UC
but far less often in CD. On the other hand, perianal disease (including fistulas and perianal abscesses)
is more suggestive for CD than UC. Other symptoms are encountered in both UC and CD, including
malaise, fatigue, diarrhoea and loss of appetite.

As mentioned above, disease activity varies during the course of the disorder, meaning that
both the extent of inflammation and patient symptoms change over time. In order to monitor disease
activity, both clinical and biochemical assessments are used, as well as endoscopic follow-up. Currently
commonly used biomarker is fecal calprotectin (a non-invasive inflammatory marker that correlates
well with disease activity in both UC and CD) [3]. No other biomarkers have yet been established as
an instrument to monitor disease activity in clinical practice.

Although biochemical /endoscopic signs of disease activity are important to monitor, it should be
noted that IBD patients often report symptoms during clinical and biochemical remission. These
symptoms may include abdominal pain, bloating, or a feeling of incomplete rectal evacuation,
accompanied by a disturbed bowel pattern. Since these symptoms are compatible with irritable
bowel syndrome, they are often referred to as “IBS-like”. In clinical practice, treatment of these
IBS-like symptoms in IBD patients remains particularly challenging. Increasing understanding of the
biological and molecular background of these phenomena can therefore potentially contribute to the
development of novel treatment paradigms.

2. Inflammatory Bowel Diseases (IBD) and Related Pain

Inflammatory states have long been recognized to be accompanied by pain, as captured by the
early Latin definition of inflammation (calor, rubor, tumor and dolor) [4]. In line with this definition,
abdominal pain is a cardinal symptom of IBD [5]. Inflammation is likely the primary cause of
abdominal pain in active IBD and one of the main suspects in the pathophysiology of ongoing
complaints during remission, although the latter is still a subject of discussion [6]. Over 30% of
UC patients in remission and almost double this percentage in quiescent CD patients have IBS-like
symptoms [7]. On the basis of pain symptoms, one could expect visceral hypersensitivity to be present
in active IBD and in symptomatic quiescent IBD patients. Already in the late seventies, Farthing
and colleagues studied sensory responses to rectal balloon distensions in patients with ulcerative
colitis, as compared to healthy controls [8]. Not surprisingly, it was demonstrated that patients with
active ulcerative colitis tolerated a far smaller balloon volume than healthy controls. Similar findings
were later reported by two other research groups [9,10]. Moreover, Rao and co-workers showed
that hyperalgesia largely subsided upon remission. Finally, Hoboken and colleagues observed rectal
hypersensitivity in UC patients in remission that reported IBS-like symptoms. However, these IBS-like
symptoms do not appear to be associated with initial extent of the disease [7]. Moreover, no differences
have been found in fecal calprotectin between UC patients in remission with or without IBS-like
symptoms [11,12]. It is therefore more likely that the acute inflammatory phase induced lasting
changes in visceral nociception in these patients, rather than low-grade mucosal inflammation causing
ongoing symptoms during remission.

Paradoxically, two more recent studies reported similar or even higher rectal discomfort thresholds
in IBD patients (either active disease or in remission) as compared to healthy controls [13,14]. However,
important differences with the above mentioned studies should be kept in mind when interpreting
these results. First, Bernstein and co-workers studied CD patients with isolated ileal involvement only,
with balloon distensions consequently being applied to non-inflamed tissue. The observed higher
rectal discomfort thresholds in CD patients during a ramp distension protocol would therefore more
likely represent a form of central compensation due to a chronic inflammatory state and subsequent
nociceptive signaling, rather than an effect at the peripheral level. The same research group conducted
a similar study in UC patients. Using a threshold tracking paradigm, which is considered a non-biased
distension protocol as the direction of each step depends on the patient’s response during the previous
distension [15], it was demonstrated that UC patients had similar rectal discomfort thresholds as
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healthy volunteers. It should be noted, however, that UC patients in this study were either in remission
or were reported to have only mild disease activity, with most patients being asymptomatic. Results
therefore do not necessarily contradict the earlier balloon distension studies, in which patients often
had significant disease activity.

3. Transient Receptor Potential Vanilloid 1 and Ankyrin 1 Pain Sensing Ion Channels

Transient receptor potential (TRP) ion channels comprise more than 30 structurally related ion
channels, divided into the TRPC (Canonical), the TRPV (Vanilloid), the TRPM (Melastatin), the TRPP
(Polycystin), the TRPML (Mucolipin), the TRPA (Ankyrin) and the TRPN (NOMPC) subfamilies based
on their sequence homology [16]. Most of them are non-selective cation channels, however, they
exhibit differences in permeability and selectivity [17]. These ion channels are tetramers composed
of six transmembrane domains, with a pore formed by the hydrophobic region between the fifth
and sixth segments. They can assemble as homo- or heterotetramers to form functional units [18].
The physiological role of TRP channels ranges from store-operated calcium channels to thermo-,
mechano- and chemosensors.

The most investigated members of the family in relation to gastrointestinal inflammation include
vanilloid 1 (TRPV1), ankyrin 1 (TRPA1). They are located predominantly on the capsaicin-sensitive
sensory neurons, but several non-neural expressions have recently been described that drew great
attention to this research area [19]. In general, they are activated by a variety of exogenous chemicals
and endogenous mediators making them important regulatory structures in inflammatory and pain
processes. Here we focus on TRPV1 and TRPA1, since there are many experimental and clinical results
describing their expression and importance in the gastrointestinal tract most importantly in the colon.

TRPV1 and TRPA1 are polymodal nociceptors playing an important role in thermo- mechanical-
and chemo-sensation, and play a complex role in hyperalgesia and neurogenic inflammation. Their
endogenous activators are often produced during inflammation, e.g., lipoxygenase products, the
acidified pH of the inflamed tissue, and the gastrointestinal mucosa is frequently exposed to their
exogenous agonists, such as capsaicin, allyl isothiocyanate, allicin etc. ingested by food. Furthermore,
TRPV1 and TRPA1 are capable of functional interaction, such as heterologous desensitization [20],
since the majority of TRPA1 expressing nerve fibers co-express TRPV1 [21]. Both ion channels can be
sensitized by a variety of other mechanisms, such as prostaglandins, bradykinin and proteases, e.g.,
cathepsin expressed by immune cells, via the protease-activated receptor 2 (PAR2) present on both
capsaicin-sensitive nerve endings and the immune cells themselves [22,23].

TRPV1 and TRPA1 in IBD Patients

Putative evidence points toward sensitization and even activation of TRPV1 by various
inflammatory mediators, as indicated by the multiplicity of animal studies reported below. In vitro
studies using human embryonic kidney cells (HEK293 cells) transfected with rat TRPV1 cDNA have
reported TRPV1 sensitization by various mediators of inflammation as well, including prostaglandin
E2 and prostaglandin 12, bradykinin, nerve growth factor and the chemokine CCL3 [24-27]. Moreover,
in a study with rectal biopsy material from healthy volunteers, pre-incubation with histamine was
shown to potentiate TRPV1 responses. Inflammation associated tissue acidification would furthermore
appear to be an obvious route for TRPV1 activation [28]. Indeed, intradermal and intramuscular
low pH injections in healthy volunteers were shown to elicit moderate pain responses, which were
potentiated by the injection of prostaglandin E2 [29]. Similarly, Jones and colleagues demonstrated that
topical application of capsaicin potentiated pain responses to iontophoresis of protons [30]. It should
be noted, however, that desensitization after repeated topical capsaicin application did not reduce
acid-induced pain responses, suggesting that other receptors are involved as well. Nonetheless
sufficient data indicates TRPV1 is sensitized in inflammatory conditions, thus potentially resulting in
hyperalgesia and abdominal pain in IBD.
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Although TRPV1 appears to be sensitized by inflammatory mediators, studies on the expression
of TRPV1 in inflamed human intestine, and in particular colon tissue have yielded contradictory
results (Tables 1 and 2). Yiangou and co-workers previously investigated TRPV1 immunoreactivity
in colonic tissue samples from IBD patients who underwent a colectomy due to refractory disease,
using tissue samples obtained from resections due to non-obstructing carcinoma as controls [31].
It was demonstrated that TRPV1 immunoreactivity was greatly increased in the colonic nerve fibers of
patients with IBD as compared to controls. These findings were recently corroborated by a study with
samples from 60 IBD patients (30 patients with UC and 30 patients with CD) [32]. Whereas Yiangou
observed increased expression in the submucosa only, Luo and colleagues reported increased TRPV1
expression in both the mucosa and infiltrating inflammatory cells. On the other hand, we observed
decreased levels of TRPV1 mRNA in biopsy material from patients with active and inactive CD and UC
as compared to healthy controls [33]. In line with our findings, Rizopoulos and colleagues very recently
reported decreased TRPV1 expression in mucosal biopsy material from UC patients, as compared to
colonic resections from non-IBD patients [34]. Importantly, TRPV1 expression does not appear to be
correlated with disease activity, arguing against a role for the extent of inflammation. Regardless of
the direction of regulation, inflammation induced changes in TRPV1 expression are likely reversible.
Akbar and co-workers found no differences in TRPV1-immunoreactivity in rectosigmoid biopsies
when comparing samples from asymptomatic quiescent IBD patients and healthy volunteers, but did
find increased TRPV1 expression in quiescent IBD patients with abdominal pain [35]. Similarly, we
did not observe significant differences in TRPV1 transcription in sigmoid colonic mucosal samples
from (primarily asymptomatic) quiescent UC patients, as compared to healthy controls [36].
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Table 1. Alterations in TRPV1 and TRPA1 transcription/expression in Crohn’s disease (CD) patients with fold-changes where available. (IHC: immunohistochemistry,
IF: immunofluorescence).

Relation to Abdominal

Disease Activity Ion Channel Metii?})l};rclftion Methods Results; Number of Patients Complaints and/or Ref
Disease severity
Resection (colectomy) IHC (computer}zed upregulated in submucosa; Not reported [31]
image analysis) n==6
upregulated in mucosa and No significant
Colon biopsy-affected IHC (computerized infgtr;gtin inflammatory cells: correlation between [32]
TRPV1 and non-affected regions image analysis) & y ! disease severity and
n =230 .
TRPV1 expression
Active CD Distal colon biopsy IHC, gPCR downregulated mRNA Not reported [33]
n = not reported
Colon biopsy IF downreg;ﬂi\tgd mRNA Not reported [37]
Distal colon biopsy IHC, gPCR uifig;éiiiigiﬁps Not reported [33]
TRPA1 -
Colon biopsy IF upregul:t:ec; mRNA Not reported [37]
. . downregulated mRNA

Distal colon biopsy IHC, qPCR 7 = not reported Not reported [33]

upregulated in symptomatic

CD in remission TRPV1 quiescent patients; 3.9-fold increase Significant correlation
. 1 in median number of between TRPV1
Rectosigmoid biopsy THC TRPV1-immunoreactive fibers (CD expression and (3]
and UC combined) abdominal pain score
n=9

Sureical samples of Denser immunoreactivity in

& P IHC mucosal and submucosal layers Not reported [38]

CD - disease activity fibrotic regions (colon) n=3

TRPA1
unknown

upregulated mRNA and protein
IHC, RT-PCR levels Not reported [39]
n=38

Biopsy from fibrotic
regions (colon)
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Table 2.

Alterations in TRPV1 and TRPA1 transcription/expression in ulcerative colitis (UC) patients with fold-changes where available.

60f 19

Relation to Abdominal

Disease Activity Ion Channel Sampling . Methods Results; Number of Patients Complaints and/or Ref
Method/Location Disease Severity
Resection (colectomy) IHC (Computer}zed upregulated in submucosa Not reported [31]
image analysis) n=3
upregulated in mucosa and No significant
Colon biopsy-affected IHC (computerized infiltrating inflammatory cells: correlation between [32]
and non-affected regions image analysis) & =30 Y ! disease severity and g
Active UC TRPV1 - TRPV1 expression
Distal colon biopsy IHC, gPCR downregulated mRNA Not reported [33]
No significant
. IHC (manual counting downregulated protein correlation between )
Colon biopsy by two observers) n=26 clinical features and (341
TRPV1 expression
Distal colon biopsy IHC, qPCR downregulated mRNA Not reported [33]
No significant
. IHC (manual counting downregulated protein correlation between )
Colon biopsy by two observers) n=24 clinical features and (34]
TRPV1 expression
upregulated in patients with
UC in remission TRPV1 IBS-like symptoms; 3.9-fold Significant correlation
. - increase in median number of between TRPV1
Rectosigmoid biopsy THC TRPV1-immunoreactive fibers (CD expression and 331
and UC combined) abdominal pain score
n=11
No significant difference in mRNA
Rectosigmoid biopsy qPCR levels between asymptomatic Not reported [36]

patients and healthy controls
n=34
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There are few data regarding the expression and function of TRPA1 in IBD patients. However,
results appear to be less contradictory than with TRPV1 (Tables 1 and 2). In our study with biopsy
material from patients with active and inactive CD and UC, we found a significant TRPA1 mRNA
upregulation. Similarly, Bertin and co-workers found TRPA1 to be upregulated in patients with active
UC and CD, although the difference was non-significant because of small sample size (n = 13). Triple
immunofluorescence staining for TRPV1, TRPA1 and CD4 demonstrated that infiltrating CD4+ T cells
were also positive for TRPV1 and TRPA1 [37]. Moreover, a significantly higher number of these cells
was found in the colonic tissue samples of both UC and CD patients. Two other studies also reported
increased TRPA1 expression in stenotic regions in the colon of CD patients, in samples obtained
surgically and endoscopically. These studies suggested TRPA1 to be anti-fibrotic. Using a culture
medium containing normal human intestinal myofibroblasts (InMyoFibs), it was demonstrated that
adding type I collagen to the medium enhanced TRPA1 expression [38]. When fibrosis was elicited by
transforming growth factor 31, knockdown of TRPA1 with siRNA resulted in enhanced fibrogenic
effects [38].

4. Animal Models of IBD

Unfortunately ideal IBD models with real translational value do not exist in animals, because
they cannot completely mimic the complexity of the multifactorial psychosomatic disease. Moreover,
as colitis models usually involve short-term administration of an irritating substance, these rather
represent acute inflammation. This is a significant limitation of these models in the context of their
representation of IBD, which is a chronic disease. In addition to the duration of administration, the type
of irritating substance being used determines the characteristics of the model. The fact that model
specifics can influence the results should be taken into consideration in their interpretation. We have
to rely on well-established and characterized mechanism models exhibiting most autoimmune and
inflammatory components of the human disease [40]. Since human studies revealed a potential role of
TRPA1 and TRPV1 receptors in the pathogenesis of IBD, but only expression changes could be detected
in the human samples, preclinical tests are essential to have a better insight into the pathogenesis of
IBD, investigate functional alterations including the role of these ion channels, as well as perform
pharmacological interventions.

Besides chemical induction and bacterial infection (with Salmonella typhimurium and Salmonella
dublin or invasive-adherent Escherichia coli) several transgenic and knockout strains have been
developed in order to investigate the specific pathophysiologic alterations in IBD.

Administration of 1%-5% dextran sulfate sodium (DSS) in the drinking water of animals is
a widely used method of chemically-induced colitis by disrupting the tight junctions between the
intestinal epithelial cells and inducing inflammation through exposing the lamina propria to bacterial
and other toxins, infective agents and antigens [41]. The consequent inflammatory cascade with a
characteristic symptomatology (bloody diarrhea, weight loss and histopathology with inflammation
limited to the mucosa, as well as cytokine profile) is considered to model UC with several limitations
such as great variability between the experimental paradigms including concentration, molecular
weight and sulphate content of DSS, intestinal flora, strain differences, administration protocol and
timing, as well as the endpoints [42].

Further UC-related rodent models include the intrarectal administration of oxazolone and acetic
acid. Oxazolone induces a characteristic T helper 2 (Th2) predominant immune response associated
with epithelial cell loss in the colon, acetic acid administration evokes direct chemical damage (erosions,
ulcerations accompanied by crypt abnormalities) in the distal colon.

In contrast to these UC-like models, trinitrobenzene or dinitrobenzene sulfonic acid (TNBS/DNBS)
colitis is associated with profound transmural infiltration of inflammatory cells and Thl-mediated
immune response, thus resembling more to CD [43].
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For the investigation of T-cell-mediated pathogenesis of colitis, IL-7 overexpressing and T-cell
receptor o chain (TCRa) deficient (knockout: KO) mice are used in acute and chronic models,
respectively, associated with neutrophilic and lymphocytic infiltration [44,45]. Other mouse strains
developing spontaneous colitis include Wiskott-Aldrich syndrome protein (WASP) KO mice with
characteristically elevated levels of Th2 cytokines [46]. Meanwhile, 25% of mice lacking the multidrug
resistance 1a gene (Mdrla KO) also show similar symptoms due to a decreased production of IL-10 and
functional Treg cells [47]. Furthermore, IL-2 KO, as well as guanine nucleotide-binding protein subunit
a-2 (Gai2) KO mice exhibit UC-like phenotype with crypt abscess formations and ulcerations [48,49].

4.1. Expression of TRPV1 and TRPA1 in Animal Colon

In the gastrointestinal tract TRPV1 is often co-expressed with TRPA1 in capsaicin-sensitive
extrinsic sensory nerves, especially in the primary sensory neurons of the dorsal root ganglia.
The density of these TRPV1 positive fibers increase from proximal to distal regions of the colon
in mice [50]. Furthermore, during DSS colitis the proportion of DRG neurons expressing TRPV1,
and their relative TRPV1 mRNA levels increase with a subsequently elevated release of sensory
neuropeptides, such as calcitonin gene-related peptide (CGRP) and substance P (SP) [51]. Although
the role of TRP-expressing afferents in inflammation is undisputable, there is growing evidence
on the expression of TRPV1 and TRPA1 in intrinsic sensory neurons of the myenteric and
submucosal plexuses [33,50,52,53] as well as on the surface epithelial cells of colonic mucosa [33,53,54].
The importance of sensory-immune interactions in colonic inflammation is also supported by the
expression of TRPV1 and TRPA1 on inflammatory cells like mucosal macrophages, as well as CD4+ T
cells [33,37,55] (Tables 3 and 4).

Table 3. mRNA expression of TRPV1 and TRPA1 in the animal colon (ISH: in situ hybridization).

mRNA Location Method Model, Animal Species/Strain Ref
isolated crypts, submucosal
and muscle layers of distal, intact male Wistar rats [54]
middle and proximal colon
TRPV1 upregulated in colonic DRG
to the distal colon in 2.5% DSS-treated C57BL /6 mice [51]
DSS-colitis
unaltered in distal colon, qPCR DSS colitis - male C57BL/6 mice [33]
cell type not specified
primary cell culture from
CD4+ T cells C57BL/6 spleen [55]
muscularis externa and
mucosa of duodenum, . .
ileum and colon; cell type intact C57BL/6 mice (531
not specified
surface epithelium of . ) )
TRPA1 . ISH intact male Wistar rats [54]
middle colon
isolated crypts, submucosal
and muscle layers of distal, intact male Wistar rats [54]
middle and proximal colon qPCR
upregulated in distal colon, DSS colitis - male C57BL/6 mice 3]

cell type not specified
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Table 4. Protein expression of TRPV1 and TRPA1 in the animal colon (IHC: immunohistochemistry).

Protein Location Method Model, Animal Species/Strain Ref
1ntr1n51tchséerrllf0;}it21ilérons of intact Sprague-Dawley rats and
e Dunkin-Hartley guinea pigs of [52]
plexus-longitudinal muscle of both sexes
ileum and colon
mucosa, submucosal layers,
myenteric plexus and mucosal .
layer of rectum, distal, male ddY mice 1501
transverse and proximal colon IHC
immunopositive neuron fiber . o 3
TRPV1 density is higher in the distal mtag;;%‘i?f 7 DSS-treated [51]
than the proximal colon
enteric ganglia, epithelial cells
of the distal colon, myenteric
and submucosal plexuses, male C57BL/6 mice [33]
mucosal macrophages,
leukocytes
immunoblotting,
membrane of resting CD4+ flow cytometry, primary cell culture from 55]
T cells confocal C57BL/6 spleen -
microscopy
distal colonic epithelial cells,
myenteric and submucosal .
plexuses, interstitial male C57BL/6 mice [33]
macrophages HC
TRPA1 myenteric and submucosal
ganglia; surface epithelial cells intact C57BL/6 mice [53]
of small and large intestines
surfac.e epithelium of intact male Wistar rats [54]
middle colon
membrane of resting CD4+ THC, confocal primary cell culture from [37]

T cells

microscopy C57BL/6 spleen

4.2. Role of TRP Channels in Animal Models of Colitis

The role of TRP channels, in particular TRPV1 and TRPA1 is virtually contradictory in the
pathogenesis of IBD. Several studies have been focused on elucidating the mechanism by which these
channels might mediate pro-inflammatory and/or anti-inflammatory effects (Table 5).
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Table 5. Role of TRPV1 and TRPA1 in animal models of colitis (Trpvl /=, Trpal~/~ gene deleted mice
were bred on C57BL/6 background).

Approaches Results Animal Strain/Species Model Ref
5% DSS +
Sprague-Dawley rats capsazepine [56]
5% DSS +
female BALB/c mice capsazepine/JN]J [57]
TRPV1 antagonist reduces colitis severity 10185734
Sprague-Dawley rats TNBS + capsazepine [58]
female Wistar rats TNBS + BCTC [59]
IL10~/~ -induced
IL10~/~ Trpol ™~ mice spontaneous colitis + [55]
SB366791
male Sprague-Dawley TNBS + capsaicin [60]
rats
attenuates
TRPV1 agonist colitis/visceral male BALB/c mice DNBS + curcumin [61]
hyperalgesia
male Sprague-Dawley 5% DSS + curcumin [62]
rats
female Trpvl~/~mice 2% DSS [63]
7/, _;
decreases colitis IL10~/~ Trpvl ~/~ mice IL10 1nduce.d. [55]
spontaneous colitis
male Trpol~/~mice 2% DSS [64]
aggravates colitis female Trpvl~/~mice DNBS [65]
TRPVI deleti female Trpul~/~mice 5% DSS [63]
gene aeletion does not affect colitis .
severity Trpol ™~ mice TNBS [66]
Trpvl ~/~ mice 2.5% DSS [67]
protects against chronic Trpol~/~ mice 2.5% DSS [67]
pain during recovery
decreases CD4+ T cell Ay
activation and cytokine IL10~/~ Trpvl~/~ mice [L10 -mduce.d. [55]
. spontaneous colitis
production
reduces colitis severity C57BL/6 mice TSSBSS:}I;I CC_ _0%30%%311’ [66]
TRPA1 antagonist
reverses visceromotor . TNBS/ethanol +
response female Wistar rats TCS-5861528 [59]
Trpal~/~ mice TNBS, 2% DSS [66]
decreases colitis male Trpal /~ mice 2% DSS [64]
male Trpal~/~ mice 2% DSS [33]
aggravates colitis yy
IL10~/~Trpal ™~ mice [L10™"~-induced [37]
TRPA1 gene deletion spontaneous colitis
increases TRPV1 channel
activity in CD4+ T cells,
. 7/7 _:
increases CD4+ T cell IL10~/Trpal~/~ mice IL10 1nduce{(i' [37]
activation and spontaneous colitis
proinflammatory
cytokine production
female BALB/c mice oxazolone [68]
Capsaicin-induced aggravates colitis male Trpol =/,
- P 2% DSS [64]
sensory desensitization Trpal mice
alleviates colitis Sprague-Dawley rats 5% DSS [56]
RTX-denervation alleviates colitis C57BL/6 mice TNBS, 2% DSS [66]

Goso and co-workers provided the first evidence for a protective role of TRPV1-expressing
peptidergic sensory nerves via the release of the protective neurotransmitter CGRP upon acute
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co-administration of capsaicin in a TNBS-induced colitis model [60]. Administration of TRPV1
agonists, resiniferatoxin (RTX) or high dose capsaicin, induces a sustained functional denervation of
TRPV1-expressing extrinsic neurons, thus it provides a method in animal models for the investigation of
these sensory afferents and the released neurotransmitters. The results of this chemical desensitization
are not coherent, since pro-inflammatory and protective roles have also been described. Neonatal
capsaicin desensitization, as well as the administration of the TRPV1 antagonist capsazepine have been
reported to significantly attenuate macroscopic damage score, myeloperoxidase (MPO) activity increase
(peroxidase enzyme released from neutrophil granulocytes in the inflamed tissues) and inflammatory
histopathological alterations compared to normal DSS-treated rats attributing the colitogenic effect to
SP released from the nerve terminals of TRPV1-expressing sensory fibers [56]. Meanwhile, Utsumi and
co-workers found opposing results in the same model after adult treatment by high doses of capsaicin,
which exacerbated colitis and reduced the inflammation-induced upregulation of both SP- and
CGRP-positive fibers [64]. However, they described that TRPV1 and TRPA1 gene deletion decreased
colitis severity and the upregulation of SP-positive nerve fibers without influencing protective
CGRP-positive nerves. Similarly, neonatal capsaicin denervation resulted in more severe colitis in the
oxazolon-induced model, but exacerbation was not accompanied by changes in the expression and
distribution of CGRP- and SP-immunoreactive nerves in the colon [68]. These virtually contradictory
pro- and anti-inflammatory effects of neuropeptides released from the TRPV1/Al-expressing fibers
during chemically-induced colitis were further investigated in the TNBS model, where abrogated CGRP
release in the isolated colon preparations and dorsal root ganglia were observed in Trpal, but not in
Trpvl gene-deficient mice. They showed that this mechanism is mediated via the sustained sensitization
of TRPA1 by TNBS covalently binding to the cysteine and lysine residues in the cytoplasmic N-terminus
of the receptor protein. TNBS induces similar severe acute colitis in wildtype and Trpo1~/~, but reduced
inflammation in Trpal~/~ mice or wildtype animals treated with the TRPA1 antagonist HC-030031.
Sensory denervation, as well as SP gene-deletion abolished both TNBS and DSS-induced colitis, while
in CGRP-deficient mice TNBS induced a more severe colitis further supporting the opposing actions
of the sensory neuropeptides released from the same nerve terminals [51,66]. Trpv1-deficiency did
not affect disease severity, only prevented chronic pain development during the recovery phase of
DSS-induced colitis [67]. However, this result was challenged by other studies demonstrating the
pathogenic role of TRPV1 by gene-deleted mice exhibiting less severe DSS-induced colitis, concluding
that inflammatory mediators activate the TRPV1 receptor and induce neurogenic inflammatory
components by releasing SP, neurotensin, vasoactive intestinal polypeptide and galanin [64,69].
Meanwhile, Massa and co-workers found more severe DNBS-induced colitis in Trpvl —/= mice,
suggesting a protective role of TRPV1 [65]. Bertin and co-workers proposed non-neuronal TRPV1 and
TRPA1-mediated proinflammatory mechanisms in colitis. They showed that both channels are present
on mouse and human CD4+ T cells and play an important regulatory role in their activation and the
production of proinflammatory cytokines, such as interferon- vy (IFN-vy), interleukin-2 (IL-2), IL-10
and tumor necrosis factor « (TNFa). In a spontaneous IL10~/~ colitis model both genetic deletion
and pharmacologic inhibition of TRPV1 resulted in attenuated inflammation. They provided clear
experimental evidence in a T cell adoptive transfer model that TRPV1-expressing CD4+ T cells are
involved in colitis pathogenesis [55]. In the same experimental paradigm TRPA1 was described to
exert protective actions by restraining TRPV1 activity on these immune cells, thus controlling their
activation and inflammatory functions [37]. The protective role of TRPA1 was also supported by
TRPA1-mediated downregulation of proinflammatory neuropeptides SP, neurokinins A, B (NKA,
NKB) and NK1 receptor, as well as cytokines and chemokines like TNFe, IL-13, monokine induced by
gamma interferon (MIG) and monocyte chemotactic protein-1 (MCP-1) [33].

Pharmacological interventions with curcumin had anti-inflammatory and anti-hyperalgesic effects
in colitis models [61,62]. Although in these studies curcumin was interpreted and discussed as a
TRPV1 agonist, it is important to note that curcumin is a non-selective compound having a typical
pleiotropic effect including direct antioxidant activity, anticancer and antimicrobial properties mediated
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by a wide range of targets, even the TRPA1 receptor [70-72]. Considering that TRPA1 is almost
exclusively expressed in TRPV1-positive neurons and both channels are known to interact [20,21],
cross-desensitization could have a role in the actions of curcumin. Furthermore, curcumin was also
described as a TRPV1 antagonist, because it inhibited capsaicin-evoked potentials [73]. In a clinical
study, curcumin was reported to significantly reduce relapse rate in UC patients not via the activation,
but the inhibition of TRPV1 either directly or by ways of cross-desensitization of TRPA1 [74]. However,
we should be cautious when drawing conclusions regarding TRPV1 involvement based on the results
of curcumin administration.

Cannabinoids have also shown beneficial effects in animal colitis models [65,75]. Changes in the
endocannabinoid system during intestinal inflammation have been described and TRPV1-associated
effects could be involved in the anti-inflammatory effects of cannabinoids [75-77]. More than two-fold
increase of anandamide also acting as a TRPV1 agonist was described in the human UC biopsy
samples [75]. A single oral dose of the endocannabinoid palmitoylethanolamide (PEA) was shown
to increase 2-arachidonoylglycerol (2-AG) blood levels in human volunteers [78]. In HEK-293 cells
transfected with human recombinant TRPV1, PEA significantly enhanced 2-AG induced activation
and desensitization of TRPV1. It was therefore speculated that 2-AG is responsible for the protective
effect of PEA during an induced inflammatory response [79]. In a study using colonic explants of
six quiescent IBD patients, it was demonstrated that treatment with PEA and cannabidiol (CBD)
suppressed secretion of inflammatory mediators in explants exposed to inflammatory cytokines that
was counteracted by the TRPV1 antagonist [77].

Other TRPV1 and TRPA1 antagonists also showed mainly protective actions. TRPV1 blockade
by the non-selective antagonist capsazepine, JNJ 10185734, BCTC and SB366791 in various models of
colitis exerted anti-inflammatory actions supporting the pathogenic role of TRPV1 in experimental
IBD [55-59]. Moreover, both intraperitoneal and intrathecal administrations of TRPV1 and TRPA1
antagonists exerted analgesic actions in rat colitis models highlighting central nervous system
mechanisms [59].

5. Conclusions, Drug Developmental Perspectives

TRPV1 and TRPA1 expression, and experimental data regarding its role in colitis appears to be
virtually inconsistent. Activation of these receptors on sensory nerve terminals mediates neurogenic
inflammation via the release of SP and CGRP, resulting in increased vascular permeability, plasma
protein extravasation and inflammatory cell activation. Meanwhile, anti-inflammatory sensory
neuropeptides, such as somatostatin and opioid peptides released simultaneously from the same nerve
ending exert anti-inflammatory and analgesic actions both locally and systemically through getting
into the circulation. Furthermore, these ion channels on vascular smooth muscle and inflammatory
cells such as macrophages and T helper cells mediate both pro- and anti-inflammatory functions.
Therefore, the overall role of TRPV1 and TRPA1 in experimental colitis is dependent on (1) the
diversity of the expression of these ion channels on sensory nerves, immune cells, epithelial cells and
vascular smooth muscle cells [19], (2) the consequent activation-induced release of broad range of pro-
and anti-inflammatory mediators including sensory neuropeptides and cytokines exerting divergent
mechanisms, (3) the complex interactions of the co-expressed TRPV1 and TRPA1 receptors (Figure 1),
(4) differences of the experimental models, protocols and paradigms (species, strain, concentration
and composition of the chemicals, duration, intensity, complex mechanisms of the injury), as well as
several limitations of the models [42].
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Sensary efferent (sensocring):
* Mewragenic inflommation
*+ Systemic anti-inflammatary
+ Anohaesic effect

Sangory offerent
* Pain
* Hypersensitivity

Figure 1. The complex interactions of TRPV1 and TRPA1 and their virtually contradictory role
in colitis. Panel A demonstrates the afferent and efferent (sensocrine) functions (yellow arrows)
of the capsaicin-sensitive sensory nerve fibers. Panel C (without inflammation) and D (during
inflammation) depict an enlarged schematic section of the colon cross section (panel B) focusing on the
expression and interaction of TRPV1 (green double lines) and TRPA1 (orange double lines) in the colon
mucosa. Neurogenic inflammation is mediated via the release of SP and CGRP (blue dots represent
neurotransmitters, such as SP, CGRP and somatostatin), resulting in increased vascular permeability,
plasma protein extravasation and inflammatory cell activation. Meanwhile, anti-inflammatory sensory
neuropeptides, such as somatostatin and opioid peptides released simultaneously from the same nerve
ending exert anti-inflammatory and analgesic actions both locally and systemically through getting
into the circulation. Furthermore, these ion channels on vascular smooth muscle and inflammatory cell
such as macrophages (MP) and T helper cells (Th1) mediate both pro- (+) and anti-inflammatory (-)
effects by regulating the release of cytokines (IFN-y, IL-2, IL-10, TNFa are represented as red dots).

However, preclinical results with pharmacological interventions, as well as scarcely available
human studies, more convincingly point out the potential therapeutic value of TRPV1 and TRPA1
antagonists in colitis and visceral hypersensitivity providing future therapeutical perspectives for small
molecule candidates. The first generation TRPV1 compounds thoroughly investigated in a broad range
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of clinical trials as novel analgesic and anti-inflammmatory drugs interfered with thermoregulation,
elicited severe hyperthermia [80,81] and raised heat pain thresholds with consequently increased
burn risk [82,83]. Therefore, they could not be registered for the clinical practice. Second generation
new drugs with different inhibition sites on the TRPV1 and/or TRPA1 antagonists without the
hyperthermic side effect could provide solutions to these problems [84]. Their clinical efficacies are
currently intensively investigated, but they could open new perspectives through a complex, unique
mechanism of action for drug development in IBD [85,86].
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Abstract: Acute gastritis is often untreatable by acid secretion-inhibiting drugs. Understanding the
protective mechanisms including the role of Transient Receptor Potential Ankyrinl (TRPA1) and
Vanilloid1 (TRPV1) channels localized on capsaicin-sensitive afferents and non-neuronal structures
might identify novel therapeutic approaches. Therefore, we characterized a translational gastritis
model using iodoacetamide (IAA) and investigated TRPA1/V1 expressions. Wistar rats and CD1,
C57Bl/6] mice were exposed to IAA-containing (0.05, 0.1, 0.2, 0.3, 0.5%) drinking water for 7 or
14 days. Body weight and water consumption were recorded daily. Macroscopic lesions were scored,
qualitative histopathologic investigation was performed, TRPA1/V1 immunopositivity and mRNA
expressions were measured. IAA induced a concentration-dependent weight loss and reduced water
intake in both species. Hyperemia, submucosal edema, inflammatory infiltration and hemorrhagic
erosions developed after 7 days, while ulcers after 14 days in rats. Trpal mRNA/protein expressions
were upregulated at both timepoints. Meanwhile, TRPV1 immunopositivity was upregulated in the
gastric corpus after 0.05% IAA ingestion, but downregulated after 0.2%, whereas Trpvl mRNA did
not change. Interestingly, no macroscopic/microscopic changes were observed in mice. These are the
first data for the concentration- and duration-dependent changes in the IAA-induced gastritis in rats
accompanied by TRPA1 upregulation, therefore, its therapeutic potential in gastritis should further
be investigated.

Keywords: TRPA1; TRV1; gastritis; inflammation; erosion; rodent
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1. Introduction

Gastric mucosal injury can be exhibited by various forms of macroscopic and histopathological
alterations, such as diffuse hyperemia, inflammation, erosion, or even hemorrhagic ulcerations.
Several attempts have been made to classify the different types of gastritis, but it is difficult due to
the complexity of its pathophysiological mechanisms [1]. There is often no correlation between the
symptoms and the macroscopic lesions or histopathological changes [2]. Based on its localization,
the injury can be diffuse, antrum- or corpus-predominant, or even multifocal. Regarding the duration,
we can differentiate between acute or chronic forms [3]. However, the etiology of the condition is at
least as important.

Several drugs may alleviate the gastric lesions induced by chemical factors such as the non-steroidal
anti-inflammatory drugs (NSAID), alcohol or bile reflux, Helicobacter pylori infection or irradiation [4].
The gold standard treatment is often limited to acid secretion inhibitors, such as proton pump inhibitors
or histamine H2 receptor antagonists, since enhancing cytoprotective mechanisms is challenging [5].
The gastroprotective effect of capsaicin-sensitive peptidergic sensory neurons innervating the gastric
mucosa has long been investigated by our group [6-8].

Recently special focus has been directed towards the Transient Receptor Potential Vanilloid 1
(TRPV1, “capsaicin receptor”) and Ankyrin 1 (TRPA1) ion channels located and often co-expressed
mainly on these sensory fibers, which are identified as novel anti-inflammatory, analgesic and
gastroprotective targets. These polymodal nociceptors play an important role in thermo-, mechanical-
and chemo-sensation, as well as neurogenic inflammation and hyperalgesia [9-12]. Besides the
exogenous agents, especially spices, like capsaicin (the pungent agent of chili pepper), cinnamaldehyde,
allyl isothiocyanate (mustard oil) and allicin, they are activated by several endogenous agents as
lipoxygenase products, bradykinin, and protons produced in the inflammatory tissues [10,12,13].
Their activation leads to the release of pro-inflammatory neuropeptides, such as calcitonin gene-related
peptide (CGRP) and substance P (SP) resulting in vasodilation, plasma protein extravasation and
inflammatory cell activation (neurogenic inflammation) [14,15]. Meanwhile, anti-inflammatory,
analgesic and cytoprotective mediators—most importantly somatostatin—are also released from the
same nerve ending, which inhibit inflammation and tissue damage both locally and systemically [8,16].

TRPV1 is also present on several non-neuronal structures in the gastrointestinal tract, such as the
gastrin-secreting parietal and gastric epithelial cells, as well as the esophageal, small intestinal and
colonic epithelial cells [17,18]. TRPA1 is less extensively studied, but its expression was described in
isolated crypts and epithelial cells of the colon, as well as small intestinal neuroendocrine cells [18-20].
Moreover, both receptors were reported on CD4" T cells emphasizing their role in sensory-immune
interactions [21,22].

The role of TRPV1 in gastrointestinal mucosal defense mechanisms is virtually controversial.
Studies with Trpvl and Trpal gene-deficient mice show contradictory data about their roles in colitis,
most likely depending on the key pathomechanisms of the different colitis models [23]. Trpal and
Trpvl gene deletion decreased dextran sulfate sodium (DSS)-induced colitis severity [24], as well as
11107/~-induced spontaneous colitis in Trpvl-deficient mice [21], whereas Trpv1-deficient mice exhibited
more severe colitis in the dinitrobenzene sulfonic acid (DNBS)-induced model [25]. The protective role
of TRPA1 has also been described in the I1107~-induced spontaneous colitis model [22]. Low dose of the
TRPV1 activator capsaicin is protective against the alcohol- and indomethacin-induced gastric mucosal
injury [26], it reduces basal gastric acid secretion and enhances gastric emptying [27]. In contrast to
TRPV], little is known about the expression changes and role of TRPA1 in the stomach [28].

Animal models are important for the molecular investigation of gastric injury, since these models
may reveal very early biochemical and molecular alterations, much before microscopic or macroscopic
lesions can be seen. Good models should have translational relevance. However, in virtually all animal
models of gastric injury (e.g., NSAID-, stress-induced) the lesions are well circumscribed (i.e., superficial
erosions and/or deep ulcers). Gastritis in humans, on the other hand, is a diffuse inflammatory damage
involving all or most parts of the stomach [1]. Iodoacetamide (IAA) is a water soluble sulfhydryl
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alkylating chemical, which, by depleting sulfhydryl groups, including the protective antioxidant
glutathione (GSH) in the gastric mucosa, allows reactive oxygen species production and oxidative
tissue damage [29]. The reduced GSH plays an essential role in maintaining mucosal integrity [30].
Nitric oxide synthase (NOS) also contributes to mucosal protection via the production of nitric oxide
(NO), which increases mucosal blood flow like other gastroprotective compounds [31,32]. IAA may
interfere with NOS activity, thus also affecting gastric mucosal integrity. Reactive oxygen species react
with various cell components including cell membrane, mitochondria and DNA, potentially leading to
cell death/necrosis, which triggers neutrophil recruitment [33,34].

Therefore, our aim was to characterize a translationally relevant gastritis model using the
irreversible sulfhydryl-group blocker IAA and to investigate the expression changes of TRPA1 and
TRPV1 in this model.

2. Results

2.1. Macroscopic Evaluation of Rat Gastric Mucosa

Gastritis was induced by the administration of 0.05%, 0.1% or 0.2% IAA solution in the drinking
water of Wistar rats, littermates drinking IAA-free tap water served as control animals. Rats were
euthanized at days 7 and 14, their stomachs were harvested and opened along the greater curvature.

Extensive hyperemia, mucosal hemorrhage and several erosions or superficial ulcers were
observed at both timepoints in all three examined concentrations. Semi-quantitative analysis showed
significant hyperemic areas and erosions in both 0.05% and 0.2% IAA-treated groups at day 7 compared
to the controls. At day 14, lesions, especially the extent of the hyperemic area in the 0.1% and 0.2%
IA A-treated groups were significantly greater. Macroscopic changes showed no significant difference
either by the increasing concentrations of ingested IAA or by time; however, ulcerations were more
pronounced after 14 days of IAA-drinking (Figures 1 and 2).

0.05 % IAA 0.1 % IAA 0.2 % IAA
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Figure 1. Macroscopic pictures of iodoacetamide-induced (IAA) gastric mucosal inflammation.
Representative photos of gastric mucosa of Wistar rats receiving (A) 0.05%, (B) 0.1%, (C) 0.2% IAA
for 7 and (D-F) for 14 days, respectively. After 7 days, diffuse hyperemia (dashed circles) and several
superficial mucosal erosions (black arrows) developed, while by the end of the 14-day-long protocol,
chronic ulcers were also observable in some animals (circles on panel (D,F)).
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Figure 2. Semi-quantitative macroscopic evaluation of gastric mucosa in Wistar rats. Macroscopic findings,
such as (A) hyperemia, (B) superficial erosions/ulcers and (C) total score were evaluated semi-quantitatively.
0.05% IAA induced significant lesions after 7 days, which were less pronounced after 14 days, whereas
in the 0.1% IA A-treated group, the peak in macroscopic changes was observed after 14 days. 0.2% IAA
induced hyperemia, and erosions developed at both timepoints, although there was no significant
difference in macroscopic picture by IAA concentrations. Box plots represent minimum, first quartile,
median, third quartile, and maximum values with individual data plots; n = 6/group. (Kruskal-Wallis
followed by Dunn’s multiple comparison test to observe intergroup differences at given timepoints,
*p <0.05, ** p <0.005, ** p < 0.001 vs. control group; Mann-Whitney test was performed to analyze
intragroup differences by time—not significant).

2.2. Microscopic Alterations in the Inflamed Rat Gastric Mucosa

Seven days of IAA treatment resulted in submucosal widening due to massive edema. In higher
concentrations, extensive inflammatory cell infiltration was also observed. After 14 days, focal epithelial
cell sloughing/erosions, and in some areas, almost total mucosal necrosis involving the muscularis
mucosae were seen, admixed with acute and chronic inflammatory cells, both in the mucosa and the
submucosa (Figure 3).
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control 0.05% IAA 0.2% IAA

Day 7

Day 14

Figure 3. TAA treatment induced microscopic alterations in Wistar rat gastric mucosa.
Representative HE-stained microscopic pictures of (A), (D) control; (B,E) 0.05% IAA-treated, and (C,F)
0.2% IA A-treated rat gastric mucosa at days 7 and 14, respectively.

2.3. Weight Change and Water Consumption

In Wistar rats, IAA induced a concentration-dependent weight change. Similarly to vehicle-treated
animals, low concentration (0.05%) of IAA resulted in ~15% weight gain by the end of the 14-day
experiment. Meanwhile, 0.1% and 0.2% IAA induced a concentration-dependent, gradual weight loss
with a maximum of 13.4 + 1.2% and 32.5 + 3.3%, respectively (Figure 4A). The total water consumption
of the 0.05% and the 0.1% IAA-treated groups was halved compared to the control group, and it was
even more decreased to around 9 mL daily in the case of 0.2% concentration (Figure 4B).

2.4. GSH Concentration of the Rat Stomach Tissue

The GSH content of the rat gastric mucosa was measured to be (mean + standard deviation)
3.64 + 1.91 nmol/mg protein in the control group, 5.82 + 3.94 nmol/mg protein in the group receiving
0.1% IAA for 7 days, and 5.71 + 2.07 nmol/mg protein in the group receiving 0.1% IAA for 14 days
(data not shown). There were no statistically significant differences between the groups (p = 0.343,
one-way ANOVA). The content of free GSH measured by us has also been reported by other groups
for gastric mucosa in rats [35].
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Figure 4. IAA-induced body weight change and water intake in Wistar rats. (A) IAA administration
resulted in a dose-dependent weight loss and (B) reduced water intake in Wistar rats. Data are shown
as means + SEM; n = 6/group (repeated measures two-way ANOVA followed by Bonferroni’s modified
t-test; * p < 0.05, ** p < 0.005, *** p < 0.001 vs. control group; # p < 0.05 ## p < 0.005 ### p < 0.001 vs.
0.05% IAA group; $ p < 0.05 $$ p < 0.05 $$$ p < 0.001 vs. 0.1% IAA group).

N-acetylcysteine ethyl ester (NACET) is a useful reagent to reduce disulfides to their sulthydryl
compounds. Previously, we have shown that NACET is useful for the measurement of tGSH [36].
IAA treatment increased tGSH (based on the peak area in mAU of the GSH peak) numerically, but not
significantly in the rat gastric mucosa: 2.55 + 0.85 in the control group; 3.15 + 1.21 in the group treated
with 0.1% IAA for 7 days; and 3.25 + 0.82 in the group treated with 0.1% IAA for 14 days (Figure 5B).
tGluCys increased significantly (between one week and two weeks: 5.78 + 0.18; 5.97 + 0.23; 6.18 + 0.20,
respectively) (Figure 5A). These changes resulted in a decrease in the tGluCys/tGSH molar ratio,
which was not significant: 2.43 + 0.72; 2.13 + 0.77; 1.98 + 0.39, respectively (data not shown).
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Figure 5. (A) Total glutathione (GSH) and (B) Total GSH (tGSH) y-glutamyl-cysteine levels of the rat
gastric mucosa measured by HPLC analysis. Data are shown as mean + SEM; n = 6/group (ordinary
one-way ANOVA; * p < 0.05).

2.5. Quantification of TRPA1 and TRPV1 Immunopositivity

Mild TRPA1 and strong TRPV1 immunopositivity was detected on the epithelial cells in the intact
control samples. Quantification, as shown by the ratio of immunopositive cells, revealed a significant
upregulation of TRPA1 after both 0.05% and 0.2% IAA administration by day 14 in both the antrum
and corpus epithelial cells. Although TRPV1 immunopositivity also increased in the corpus, but did
not change in the antrum in the case of 0.05% IAA, it significantly decreased in both localizations after
0.2% IAA treatment (Figure 6).

control 0.05% IAA 0.2% IAA
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TRPV1
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Figure 6. Quantitative analysis of TRPA1 and TRPV1 immunohistochemistry. Representative pictures of
(A-C) TRPA1 (antrum) and (D-F) TRPV1 (corpus) immunohistochemistry of rat gastric mucosa (A,D)
under control conditions, and 14 days after (B,E) 0.05% IAA, and (C,F) 0.2% IAA treatment. Panel (G,H)
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demonstrates the quantitative histopathological analysis of TRPA1 and TRPV1 immunohistochemistry,
respectively, calculated by the ratio of immunopositive cells/total cell number. Data are shown as
means + SEM; n = 6 animals/group, 10 fields of vision/slide/animal; ordinary two-way ANOVA followed
by Dunn’s multiple comparisons test ** p < 0.005, *** p < 0.001 vs. control group; $$$ p < 0.001 vs. 0.05%
IAA-treated group; # p < 0.05, ### p < 0.001 vs. respective antrum samples.

2.6. Trpal, Trpvl Relative Gene Expression Changes in the Inflamed Rat Stomach

In agreement with the TRPA1 protein expression, Trpal mRNA was significantly upregulated in
both 0.05% and 0.2% IAA-treated groups after 7 and 14 days as well, however, there was no detectable
alteration in Trpv1 relative gene expression either by time, dose or localization (Figure 7).
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Figure 7. Relative gene expression of Trpal and Trpvl. mRNA levels of (A) Trpal were significantly
upregulated after 0.05% and 0.2% IAA treatment, whereas (B) Trpv1 gene expression did not show
significant alterations either by time, concentration or localization. Data are shown as means + SEM;
n = 6/group; Student’s unpaired ¢-probe *** p < 0.001 vs. control group.

2.7. IAA-Induced Alterations in Mice

CD1 and C57Bl/6] mice were administered 0.1%, 0.3%, or 0.5% IAA solution in the drinking water
for 7 or 14 days; littermates drinking IAA-free tap water served as control animals.

In CD1 mice, we observed an IAA dose-dependent continuous, gradual weight loss; in the 0.3%
and 0.5% IA A-treated groups, weight reduction was so severe at the end of the 7-day-long protocol, that
a 14-day-long protocol could not be performed due to the ethical considerations of humane endpoints
(Figure 8A,C). Although water intake was significantly reduced in all IA A-treated groups, it showed
no concentration-dependence, and could not explain the remarkable dose-dependent weight loss of
these animals.

C57Bl/6] mice proved to be more resistant to 0.3% IAA, which induced ~14% weight loss after
7 days, half as much as the same concentration in CD1 mice (~28%). Interestingly, adding 2% sucrose
to 0.3% IAA significantly reduced both the fluid intake, as well as the weight (~21%) of C57Bl/6] mice
compared to the 0.3% IAA-drinking group (Figure 8B,D).
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Figure 8. JAA-induced weight change and water intake in mice. IAA administration resulted in (A,B)
a dose-dependent weight loss and (C,D) significantly reduced water intake in both CD1 and C57Bl/6]
mice, respectively. Data are shown as means + SEM; n = 6/group (repeated-measures ANOVA followed
by Bonferroni’s modified t-test; * p < 0.05, ** p < 0.005, *** p < 0.0005 vs. control group; # p < 0.05,
## p < 0.005, ### p < 0.0005 vs. 0.1% IAA group, $ p < 0.05, $$ p < 0.005, $$$ p < 0.0005 vs. 0.3%
IAA group).

Surprisingly, in contrast to Wistar rats, where we observed similar body weight change and
decreased water intake, no macroscopic lesions or microscopic alterations were present in either of the
mouse groups drinking IAA (Table 1).

Table 1. Summary of IAA administration-induced alterations in mice.

Macroscopic and

Strain TIAA Conc. Duration Weight Loss Water Intake Mi s e
icroscopic Picture

CD1 0.1% 14 days ~17% 1 negative
CD1 0.1% 7 days ~14% l negative
CD1 0.3% 7 days ~28% l negative
CD1 0.5% 7 days ~42% 1 negative
C57Bl/6] 0.3% 7 days ~14% l negative
C57Bl/6]  0.3% + 2% sucrose 7 days ~21% 1 negative

3. Discussion

This is the first comprehensive and comparative acute and chronic diffuse gastritis model study,
in which TAA-induced concentration- and duration-dependent changes were described in Wistar rats.
IAA induced concentration-dependent weight loss and gastric erosions already after 7-day ingestion
of IAA in drinking water accompanied by massive submucosal edema and extensive infiltration by
acute and chronic inflammatory cells, and subsequently, hemorrhagic erosions. After 14 days, ulcers
were observed as deep necrosis involving the muscularis mucosae, which was more severe and more
extensive in rats with high (0.2%) IAA concentration in their drinking water.

IAA is a sulthydryl alkylating agent, which inhibits free radical scavenging by depleting reduced
GSH, thus inducing gastric injury [29]. However, although this mechanism of action is the state of
the art, GSH concentrations are rarely measured directly in the stomach mucosa. In our present
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study, we did not find GSH reduction in response to IAA application. This might be due to the
fact that we measured it after 7 or 14 days of IAA ingestion when the lesions were already fully
developed or started to heal. Furthermore, we used the whole stomach tissue, not only the mucosa.
Nevertheless, the small, but significant increase in tGluCys also supports the onset of the healing
phase with the elevation of oxidative stress and/or GSH synthesis enzyme activity. IAA-induced
rapid GSH depletion was demonstrated in cultured Wistar rat astrocytes [37], rat hepatocytes [38,39],
and in human erythrocytes as well [39]. GSH content from in vivo experiments are highly influenced
by the complex inflammatory/oxidative/antioxidant regulatory system of the animal, as well as the
differences in sampling protocols. In an IAA-induced gastritis model, 0.1% IAA induced a robust,
almost 4-fold increase in gastric mucosal GSH after one week, whereas in the same experimental
paradigm, an approximately 50% decrease was measured after two weeks of IAA administration [40].
The robust GSH increase was accompanied by a similarly elevated MPO activity, which is a reliable
indicator of inflammatory cell infiltration/activation, suggesting that at the time of lesion formation,
the fine regulation is also activated to counteract the imbalance of the aggressive/defensive factors.
Similar rebound GSH increase was reported on alveolar epithelial cells [41], where genes involved
in GSH synthesis, such as y-glutamylcysteine transpeptidase, and activator protein-1 (AP-1) were
upregulated as an adaptive mechanism.

Only a few studies have used the IAA gastritis model, but with different paradigms: 1) various
durations (5 days—25 weeks) [42-45], 2) rats weighing 100-500 g [43,46], 3) different strains [42,44,46],
4) different IAA concentrations [33,44,45,47], 5) routes of administration, even with additional sucrose
in drinking water [33,34,44,47]. Therefore, the comparison of the outcomes and conclusions of
these different studies is not easy, but they are consistent in myeloperoxidase (MPO) elevation and
macroscopic/microscopic alterations characteristic to diffuse gastritis with hemorrhages. We did not
observe significant changes in the severity of lesions regarding hyperemia and erosions between 7
and 14 administration days in agreement with the literature [34], although ulcer formation was more
pronounced after 14 days.

In this well-characterized gastric erosion/ulcer inflammatory model, our major finding is that both
0.05% and 0.2% IAA ingestion induced Trpal, but not Trpvl mRNA upregulation in the rat antrum and
corpus after 7 days—that remained elevated by the end of the 14-day period.

Most activators of the TRPA1 channel are structurally diverse molecules, which suggests that their
effect is not exerted based on the conventional lock-and-key principle. They act as reactive electrophile
compounds (allylisothiocyanate, cinnamaldehyde) inducing covalent reversible modifications of
the cytoplasmic N terminal of the receptor [48,49]. IAA being a cysteine-modifying alkylating
compound is able to bind covalently to the reactive cytoplasmic cysteine residues, thus inducing
TRPAL1 activation as demonstrated in HEK cell culture by Ca?* imaging [48]. However, TRPA1
upregulation in our experiments is not explained simply by direct IAA-evoked receptor activation or
desensitization, since prolonged administration of IAA to human TRPA1-expressing cells was described
not to induce receptor desensitization [50]. Moreover, IAA acts as a partial TRPA1 agonist, since
after its continuous administration, a subsequently applied other agonists (para-benzoquinone) that
induce rapid desensitization by itself further increased TRPA1-mediated Ca?* current [50]. Therefore,
IAA-induced TRPA1 expression increase in the stomach is more likely due to the inflammatory cascade,
which is further supported by its upregulation in water immersion restraint, stress-induced acute
gastric mucosal ulcerations in rats [51].

There are no data on the expression and function of the TRPA1 channel in gastritis and only little
information is available on TRPV1. The distribution of TRPV1 immunopositivity was reported to be
increased in chronic gastritis biopsies, however, in that study, control samples were collected from
patients with functional dyspepsia [52]. Their investigation is more thorough in inflammatory bowel
disease, their expression changes and the role are virtually controversial, but the overall function is
likely to be protective [23].
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TRPV1/A1 expression on capsaicin-sensitive peptidergic nerve endings and non-neural cells,
such as gastric epithelial and inflammatory cells [18,19,21,22], also shown by our present results
detecting TRPA1 mRNA in the stomach, make the interpretation of their roles much more complex.
Several endogenous inflammatory mediators activating TRPV1 (protons, lipoxygenase products) are
produced during the IAA-induced inflammatory reaction, which might also influence TRPA1 function
and expression since their interactions have been described [22,53,54].

The role of capsaicin-sensitive sensory nerves in IAA-induced gastritis has been investigated by
defunctionalizing these neurons with high doses of capsaicin [47]. The role of these peptidergic afferents
depends on the experimental paradigm and the consequent pathophysiological mechanisms—they
can both inhibit (e.g., ethanol-induced gastritis) or aggravate the inflammation presumably via SP
and CGRP release (e.g., IAA-induced gastritis), underlining the role of neurogenic component in
inflammation [47]. The role of TRPA1 and TRPV1 in gastritis might also be attributed to the mediation
of inflammatory visceral hyperalgesia and abdominal pain. IAA was shown to significantly increase
Na™ current in the dorsal root ganglia of T9 and T10 afferent neurons [55], and enhanced visceromotor
responses primarily by increased activity of the splanchnic nerves [46].

Surprisingly, mice (both CD1 and C57Bl/6] strains) proved to be resistant to all applied
concentrations of IAA, even higher than the most damaging one in the rat. Although they also
exhibited concentration-dependent weight loss similar to the rat, no macroscopic or microscopic
changes have been found in the stomach. The few studies coming from one group point out the lack
of IAA-induced macroscopic lesions in mice supporting our present results, but describe a mixed
inflammatory infiltration, characteristic to mild gastritis [56]. Interestingly, most of these studies
showed that after an initial weight loss, mice recovered by the third day of administration, although
their water intake was reduced by approximately 50% throughout the study [57-59]. This is also in
agreement with our observation, that body weight loss cannot be explained solely by less drinking in
IAA-treated animals. The concentration-dependent reduction in fluid consumption suggests an oral
aversion that might be due to the potential gastro-irritating effect of the colorless, odorless IAA solution.

Since TRPA1 is activated by IAA, it raises the question whether the known species differences in
sequence homology, as well as its selectivity to a range of ligands, might contribute to the observed
species differences in the IAA model. As discussed above, IAA contains a highly reactive electrophilic
moiety lacking structural selectivity, that forms alklylation adducts by binding to the cysteine residues
on the N-terminal of TRPA1 [49], which might potentially lead to its activation [48]. Therefore, it is more
likely, that species differences in the IA A-induced diffuse gastritis model is not due to the heterogeneity
in TRPA1 ion channel sequence, and that TRPA1 upregulation is rather a consequence of tissue injury.
Determining resistance mechanisms was beyond the scope of our study; however, it might provide
valuable information on gastroprotective mechanisms yet not fully known. As a general limitation
of all immunohistochemical techniques, TRPA1- and TRPV1-like immunopositivity determined on
the histopathological sections in our study might not provide direct evidence for the receptor protein
expression. However, (i) the parallel receptor mRNA changes, (ii) the positive control with dorsal
root ganglia samples, (iii) the lack of immunopositivity with the blocking peptides provided by the
producers, (iv) as well as the extensive use of both antibodies in the literature [60,61] and in our earlier
studies [18,62,63] suggest the reliability and validity of our IHC results supporting our conclusion.

Here, we show the first results on the upregulation of the TRPA1 ion channel in a well-characterized
translational gastric injury model in correlation with duration-dependent macroscopic and microscopic
lesions. These data will provide a good basis for evaluating the effect of TRPA1-targeting pharmacological
interventions on the different components of the gastric injury.
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4. Materials and Methods

4.1. Animals and Ethics

Experiments were performed on 8-week-old male CD1 and C57Bl/6] mice weighing 18-25 g and
Wistar rats weighing 180220 g at the beginning of the study; each group consisted of 6 animals.
Animals were bred and kept in the Laboratory Animal House of the Department of Pharmacology and
Pharmacotherapy, University of Pécs, at 24-25 °C, provided with standard rodent chow and water
ad libitum, maintained under 12 h light-dark cycle. All procedures were carried out according to the
40/2013 (I1.14.) Government Regulation on Animal Protection and Consideration Decree of Scientific
Procedures of Animal Experiments and Directive 2010/63/EU of the European Parliament. They were
approved by the Ethics Committee on Animal Research of University of Pécs according to the Ethical
Codex of Animal Experiments (license no.: BA02/2000-20/2019, 27 June 2019).

4.2. Experimental Protocol

Gastritis was induced by the administration of IAA (Sigma-Aldrich Inc., Darmstadt, Germany) to
the drinking water. Since IAA is light-sensitive, IA A-containing drinking water was prepared freshly
every day by dissolving 0.1, 0.2,0.4, 0.6 or 1 g IAA in 200 mL tap water (0.05%, 0.1%, 0.2%, 0.3% and 0.5%
concentration, respectively) for 7 or 14 days consecutively, depending on the experimental paradigm.

4.3. Study in Rats

Rats were randomized into 8 groups of 6 animals in each, and received 0.05%, 0.1% or 0.2% IAA
solution in the drinking water for 7 or 14 days consecutively. Littermates drinking IA A-free tap water
served as control animals (Figure 9).

Termination
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Body weight and fluid intake measurements
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Wistar, 0.1% IAA, 7 days 14 days

Wistar, 0.2% IAA, 7 days ; 14 days ;

Figure 9. Experimental design of IAA gastritis with Wistar rats. Male Wistar rats were divided into
8 groups according to the duration of the protocol (7 days or 14 days) and concentration (0.05%,
0.1% or 0.2%) of IAA dissolved in drinking water. Control rats received tap water. Body weight and
fluid intake were monitored daily throughout the experiment. At the end of the protocol, rats were
euthanized and their stomachs were excised for macroscopic, microscopic evaluation and further
molecular biological assessment.

4.4. Study in Mice

In the first mouse study, CD1 mice were randomized into 4 groups: mice receiving 0.1% IAA for 7
and 14 days, with the respective control groups. Based on the negative results of this study, CD1 mice
were randomized in 3 groups receiving 0.3% and 0.5% IAA for 7 days; the control group drank tap
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water. To investigate interstrain differences, C57Bl/6] mice were randomized into 4 groups receiving (1)
0.3% IA A-containing drinking water, (2) 0.3% IAA-containing drinking water, which also contained 2%
sucrose, (3) a control group drinking tap water, and (4) a second control group receiving 2% sucrose
dissolved in tap water (Figure 10).
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Figure 10. Experimental design of IAA gastritis with CD1 and C57Bl/6] mice. Male CD1 and C57Bl/6]
mice were divided into groups receiving various concentrations (0.1%, 0.3% and 0.5%) of IAA dissolved
in drinking water. Control mice received tap water. Body weight and fluid intake were monitored

daily throughout the experiment. At the end of the protocol, mice were euthanized and their stomachs
were excised for macroscopic and microscopic evaluation.

Fluid intake and body weight were measured daily in each study. At the end of the study, animals
were euthanized under ketamine (120 mg/kg ip.; Calypsol, Gedeon Richter Plc., Budapest, Hungary)
and xylazine (6 mg/kg ip.; Sedaxylan, Eurovet Animal Health B.V., Bladel, The Netherlands) anesthesia.
The stomach was excised, opened along the greater curvature and rinsed with room temperature saline.
After photo documentation of the macroscopic lesions, the stomach was cut in four sections: antrum
and corpus specimens were fixed in 6% formaline and 5 um sections were stained with hematoxylin
and eosin (H&E) for histopathologic and immunohistochemical evaluation. Other antral and corpus
samples were snap-frozen for molecular biologic assessments.

4.5. Macroscopic and Microscopic Evaluations of IAA-Induced Gastric Lesions

The extent and severity of the macroscopic lesions were evaluated by a semiquantitative scoring
system based on the extent of hyperemia (0: none; 1: <25%, 2: 25-50%; 3: >50% of the total gastric
mucosa) and the number of erosions/ulcerations (0: none; 1: 1-2; 2: 3-4; 3: >5). Excised gastric samples
were paraformaldehyde-fixed (4%) and embedded in paraffin, 5 um sections were cut and stained
with H&E for further qualitative histological analysis, i.e., the assessment of the extent of lesions,
submucosal infiltration and capillarization.

4.6. GSH Measurement

Total GSH (tGSH) and total y-glutamyl-cysteine (tGluCys) were measured in gastric mucosa
specimens by a specific HPLC method with RP 18 NUCLEOSHELL HPLC columns (Macherey-Nagel,
Diiren, Germany) after incubation with N-acetylcysteine ethyl ester (for detailed methodological
description see (Supplementary Material (Figure S1)).
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4.7. TRPV1 and TRPA1 Immunohistochemistry and Scoring

For antigen recovery, the paraformaldehyde-fixed and paraffin-embedded tissue samples
were deparaffinized, rehydrated and incubated in acidic citrate buffer (pH 6) in a microwave
oven. Endogenous peroxidase activity was quenched 3% hydrogen peroxide. The sections were
washed and incubated in blocking solution, then treated with a 1:1000 dilution of rabbit polyclonal
anti-TRPA1 (ab68848; Abcam, Cambridge, UK) and anti-TRPV1 (GP14100; Neuromics, Edina,
MN, USA) antibodies. Slides were incubated with anti-rabbit secondary antibody conjugated
with HRP (DakoCytomation, Carpinteria, CA, USA) with the EnVision system. The reaction was
visualized by 0.01% hydrogen peroxide containing 3,3-diaminobenzidine tetrachloride, and histological
counterstaining was performed with hematoxylin [64]. Quantitative assessment of TRPA1 and TRPV1
immunopositivity was performed based on the % ratio of the immunopositive cells on 10 fields of
vision/slide/animal by an expert pathologist blinded to the study. Pannoramic Digital Slide Scanner
with CaseViewer software (3DHISTECH Ltd., Budapest, Hungary) was used for both the evaluation
and taking the representative photos of the slides. Incubating untreated rat gastric mucosa with
Tris-buffered saline instead of the primary antibodies served as the negative control, while sections
of rat dorsal root ganglia expressing TRPA1 and TRPV1 abundantly were used as positive controls.
Antibody selectivity was validated by the lack of immunopositivity after the respective blocking
peptides (ab150297 for TRPA1; Abcam, Cambridge, UK and P14100 for TRPV1; Neuromics, Edina,
MN, USA) and was also based on literature data [65].

4.8. Determination of Trpvl and Trpal Relative Gene Expression

Total RNA was purified by TRI Reagent (Molecular Research Center Inc., Cincinnati, OH,
USA) with Direct-Zol RNA MiniPrep isolation kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s protocol. The quantity and purity of RNA samples were assessed by NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and then treated
with deoxyribonuclease I enzyme (Zymo Research, Irvine, CA, USA). Purified total RNA (100 ng)
was reverse transcribed with Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. Real-time qPCR was conducted
on a Stratagene Mx3000P qPCRSystem (Agilent Technologies, Santa Clara, CA, USA) using
Luminaris HiGreen LowROX qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA)
to amplify transcripts. The following primer pairs were used: the reference gene glyceraldehyde
3-phosphate dehydrogenase (Gapdh) (NM_017008.4) (sense): 5'-TGCACCACCAACTGCTTAGC-3’
and (antisense): 5-GGCATGGACTGTGGTCATGAG-3’; Trpvl (NM_031982.1) (sense):
5-AATACACCATCGCTCTGCT-3’ and (antisense): 5 -CAATGTGCAGTGCTGTCTGG-3’;
Trpal (NM_207608.1) (sense): 5’-ATCCAAATAGACCCAGGCACG-3’ and (antisense):
5"-CAAGCATGTGTCAATGTTTGGTACT-3'. Primers with similar efficiencies were used. In order to
verify primer specificity, dissociation curve analyses were performed. All reactions were measured in
triplicates, and the geometric mean of their Ct values were calculated. The determination of relative
messenger RNA (mRNA) expression levels was performed according to the comparative DDCt method
using samples of control animals as calibrator.

4.9. Statistical Analysis

Statistical analysis was performed by using GraphPad Prism v6 software. Values for all measurements
are expressed as means + SEM of n = 6 animals in each group. Evaluation of body weight change
and fluid intake was performed by repeated-measures ANOVA followed by Bonferroni’s modified
t-test. Semiquantitative macroscopic scoring was analyzed by the non-parametric Kruskal-Wallis method
followed by Dunn’s multiple comparison test to observe intergroup differences at given timepoints, while
Mann-Whitney test was performed to analyze intragroup differences by time. GSH measurements were
analyzed by one-way ANOVA, while TRPA1 and TRPV1 immunopositivities were evaluated by ordinary
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two-way ANOVA followed by Dunn’s multiple comparisons test. gPCR measurements were evaluated
by Student’s unpaired t-test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/16/
5591/s1. Methods. GSH measurements. GSH results measured by GC-MS. Figure S1. Peak area ratio (PAR) of m/z
269/272 for pyroglutamate (pGlu) (A), of m/z 301/307 for glutamate (Glu) (B) and Glu-to-pGlu ratio (C) measured
by GC-MS in intact and 0.1% IA A-treated stomach samples. Data are shown as mean + SEM; n = 6/group (ordinary
one-way ANOVA; * p < 0.05) [36,66-68].
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Methods
GSH measurements

GSH was measured in gastric mucosa specimens by a specific HPLC method after pre-column
derivatization with ortho-phthaldehyde (OPA) as described previously for erythrocytic GSH [1]. The
procedure for gastric mucosa GSH is described below in detail. With the exception of the HPLC
analyses, which were all performed at room temperature on an Agilent 1100 Series system equipped
with a UV detection and an autosampler Gerstel MPS-3, all other experimental procedures, including
homogenization and ultrafiltration, were performed under cooling in ice bath to protect GSH from
oxidation.

Wet specimens weighing 122 to 241 mg were homogenized in 1-mL aliquots of ice-cooled
phosphate buffered saline (PBS, 0.1 M, pH 7.2) in precellys tubes (Bertin-Instruments, USA) four times
each for 20 s at 5500 rpm. The homogenates were immediately centrifuged (5 min, 3345 xg, 4°C), and
the supernatants (500 uL) were ultrafiltered by centrifugation using Vivaspin 500 cartridges (15,000
xg, 20 min, 4 °C; Sartorius, Germany). The ultrafiltrate samples (25 — 40 uL aliquots) were frozen
immediately and kept stored at -20 °C until subsequent analysis. After thawing, 20-uL aliquots of the
ultrafiltrates were diluted with 180 uL of ice-cooled PBS. Aliquots (50 puL) of the dilutions were treated
with 900 pL borate buffer (0.4 M, pH 8.5) and 50 pL of the OPA reagent [1]. HPLC analysis with UV
absorbance detection (338 nm) was performed 2 min after derivatization by injecting 20-uL aliquots of
the derivatized samples.

The 5-um RP 18 NUCLEOSHELL HPLC columns (guard column, 4 x 3 mm; analytical
column, 250 x 4 mm) were from Macherey-Nagel (Diiren, Germany) and were thermostated at 20 °C.
Isocratic elution was performed with 10 vol% methanol-90 vol% sodium acetate (150 mM, pH 7.5) at
a flow rate of 1 mL/min [1]. The GSH-OPA derivative eluted from the column at 3.924+0.027 min
(coefficient of variation, 0.7%). The concentration of GSH in the samples was calculated by using a

calibration curve generated in the range 0-1000 uM upon sample dilution as performed for the



ultrafiltrate samples. Plotting of the peak area of the GSH-OPA peak (y, mAU/min) versus the GSH
concentration (X, pg/mL) resulted in a line (r>=0.9987) with the regression equation y=1.38+0.31x. The
calibration curve samples were re-analyzed next day by HPLC and resulted in the regression equation
y=0.53+0.33x (r?=0.9997), indicating the high inter-assay precision of the method. This HPLC method
can also analyze y-glutamyl-cysteine (GluCys), but not cysteine and other cysteine-containing species
[1]. In some samples we observed a peak eluting in front of GSH-OPA peak (retention time,
2.964+0.156 min) and is likely to be the GluCys-OPA derivative [2,3]. HPLC analysis of the GSH
calibration curve samples did not reveal presence of GluCys in the GSH preparation. Incubation of
biological samples including human erythrocytes with N-acetylcysteine ethyl ester (NACET) allows
for the measurement of total GSH (tGSH) [1] and total GIuCys (tGIuCys) [2]. tGluCys includes free
GluCys and GIluCys released by NACET from symmetric and asymmetric disulfides (R-GIuCys).
Analogous, tGSH includes free GSH and GSH released by NACET from the symmetric GSH disulfide
(i.e., GSSG) and from asymmetric disulfides (R-GSH). The GSH concentration in the homogenate
samples was corrected by the protein concentration in the homogenates as measured by the BCA
method and is reported as nmol GSH per mg wet protein. Due to the lack of a GluCys reference
compound, the concentration of GluCys in the samples was not measured. Yet, it is assumed that GSH
and GluCys, at a molar basis, yield closely similar peak areas.

We confirmed the GSH levels obtained by HPLC analysis also with the help of gas chromatography
mass spectrometry (GC-MS). We analysed GSH in the gastric mucosa of untreated and treated rats after
its in situ conversion to pyroglutamate (pGlu, 5-oxo-proline), as described earlier (Bollenbach, A.;
Tsikas, D. 2020). 10-uL aliquots of ultrafiltrates (cut off, 10 kDa) of rat gastric mucosa homogenate
samples prepared in ice-cold 67 mM phosphate buffered saline (pH 7.4) were used. The samples were
first derivatized with 2 M HCI/CH30OH (60 min, 80 °C), then spiked with the internal standard
hexadeutero-GSH and then acylated by pentafluoropropionic anhydride (30 min, 65 °C).

GSH results measured by GC-MS
There were no differences between the three rat groups with respect to pGlu, Glu/Glu-Cys or their molar

ratio (see Suppl. Figure 1).
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Suppl. Figure 1. Peak area ratio (PAR) of m/z 269/272 for pyroglutamate (pGlu) (A), of m/z 301/307
for glutamate (Glu) (B) and Glu-to-pGlu ratio (C) measured by GC-MS in intact and 0.1% IAA-treated
stomach samples. Data are shown as mean + SEM; n=6/group (ordinary one-way ANOVA,; *p < 0.05).
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