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Abstract

Inflammation is part of the host defence mechanisms meant to protect the host from
invading pathogens such as bacteria, viruses and parasites and to restore tissue and
system homeostasis. Inflammation evokes symptoms like local pain, edema, and
redness especially in the acute phase, but the reaction may continue and turn into a
chronic state, capable of leading to irreversible changes followed by a loss-of-
function. Sometimes, the regulation and targeting of inflammation is inappropriate
and may prove harmful to the host. Inflammatory diseases are responsible for much
human suffering and pose a major economic burden. Therefore, better treatment
methods for inflammation are sought continuously.

Transient receptor potential ankyrin 1 (TRPA1) is a member of the large family
of TRP ion channels. The ligand gated and membrane bound TRPA1 is permeable
to ions, predominantly to Ca2*. Initially TRPA1 was found to mediate nociception
in sensory nerves and serve as a chemosensor for potentially harmful exogenous
compounds, but later the understanding has expanded. In addition to mediating
pain, the activation of TRPA1 has been associated with inflammatory hyperalgesia,
allodynia and extravasation. Unexpected ligands for TRPA1 have been discovered,
as many inflammation associated endogenous factors such as reactive oxygen and
nitrogen species (ROS and RNS) have been proven to activate TRPA1. Therefore,
the role of TRPA1 might not be limited to chemosensation of exogenous irritants.
The present studies utilized four experimental inflammatory disease models to clarify
the potential proinflammatory role of TRPA1 activation.

The first study (I) revealed the crucial role of TRPA1 in the carrageenan-induced
acute murine paw edema model, which is a general model of robust acute
inflammation used widely in screening for anti-inflammatory drugs. Pharmacological
inhibition and genetic depletion of TRPAI1 attenuated the development of
carrageenan-induced paw edema. Furthermore, TRPA1-mediated edema was linked
to prostaglandin production, as the cyclooxygenase (COX) inhibitor ibuprofen was
able to block the inflammatory edema induced by direct TRPA1 activation.

Gout flare is a condition associated with severe joint pain and acute inflaimmation
and it was hypothetized that TRPA1 could be involved in this reaction. The second



study (II) investigated whether experimental murine gout would be enhanced by
TRPAT activation. Interestingly, it was found in several 7z vivo tests i.e. acute paw
edema model, experimental gouty knee arthritis and the air-pouch inflaimmation test
that inflammatory edema, arthritic pain and the production of proinflammatory
cytokines in response to an injection of monosodium urate crystals were diminished
by pharmacological inhibition and genetic depletion of TRPA1.

The putative relationship between osteoarthritis and TRPA1 was examined in the
third study (III) based on the findings obtained with the monosodium iodoacetate
(MIA) induced arthritis, a widely used experimental model of osteoarthritis. This
model begins with an acute inflammatory phase which proceeds to degradation of
articular cartilage and joint pain. The inhibition of TRPA1 both 7z vivo and in vitro
exerted an anti-inflammatory effect in the acute setting and the longer evaluation of
the test animals revealed alleviated joint pain and less severe cartilage degradation in
TRPAT1 deficient mice.

The fourth study (IV) evaluated the role of TRPA1 in acute allergic inflammation.
Treating the studied mice with a TRPA1 blocker alleviated the acute allergic response
induced by a specific allergen and the phenomenon duplicated in TRPA1 deficient
mice. The effect was seen early in the acute allergic inflammation as less tissue edema
and reduced production of the proinflammatory cytokine IL.-4 and further as a
decreased recruitment of eosinophils to the site of the inflaimmation. Importantly,
genetic depletion of TRPA1 did not impair the splenocytes’ response to the allergen

proposing an unaltered sensitization.

As TRPAL1 seemed a promising target to inhibit to alleviate acute inflammation
and inflammatory pain, the fifth study (V) aimed at identifying a novel TRPA1
blocker. The stilbenoid pinosylvin was found to be a potent blocker of TRPA1-
induced responses both 7z vitro and in vivo and therefore could serve as a basis for the
development of new TRPAT1 inhibiting drugs.

The present studies have produced valuable novel information on the
proinflaimmatory role of TRPA1. The findings expand our understanding of the
TRPAT ion channel; it is no longer simply a nociceptor and chemosensor for
potentially harmful exogenous compounds, instead it is a significant endogenous
mechanism mediating and regulating inflammation and inflammatory pain in several
disease states. The findings propose novel properties of TRPA1l in human
pathophysiology and open new avenues for the treatment of inflaimmation and
inflammatory pain through inhibition of TRPAT.



Tiivistelma

Tulehdus on elimistdn suojamekanismi ulkoisia taudinaiheuttajia vastaan. Sen
tarkoituksena on poistaa uhkaava tekijad sekd palauttaa kohde-elimen ja elimistén
tasapaino. Tulehdusreaktion oireita ovat punoitus, kuumotus, turvotus ja kipu.
Immuunijirjestelmd pyrkii kohdentamaan tulehdusreaktion oikeisiin kohteisiin
sopivissa mittasuhteissa, mutta hairiintyessadn tulehdusreaktio voi olla elimistolle
haitallinen ja johtaa tulehdustautien syntyyn. Globaalisti tulehdukselliset sairaudet
aiheuttavat nykyhoidoista huolimatta paljon  inhimillistdi  kdrsimystd ja
terveydenhuollon kustannuksia ja siksi niiden tutkimus parempien hoitojen
kehittimiseksi on oleellisen tarkeaa.

Transient receptor potential ankyriini 1 (TRPA1) kuuluu TRP-ionikanava-
perheeseen yhdessi yli 30 muun proteiinin kanssa. TRPAT sijaitsee solukalvolla ja
aktivoituessaan paastid soluun padasiassa Ca2*-ioneja. TRPA1 ilmenee hermosolujen
aistinpditteissi ja sen fysiologinen tehtdvi on aistia elimistélle haitallisia kemiallisia
arsykkeitd ja varoittaa niistd tuottamalla kipua. TRPAl:n aktivaatio valittid myo6s
tulehdukseen liittyvad turvotusta sekd herkistymistd kivulle. Uudet tutkimustulokset
osoittavat, ettd arsyttavien kemikaalien lisiksi TRPA1 aktivoituu my6s joidenkin
tulehduksessa syntyvien molekyylien, kuten happi- ja typpiradikaalien, vaikutuksesta.
Toisaalta on todettu, ettdi my6s erddt muut solutyypit kuin hermosolut ilmentivit
TRPA1:td. Siten on teoriassa mahdollista, ettdi TRPAl:n aktivaatio olisi yleinen
tulehdusta voimistava mekanismi. Tamin viitoskirjan osatoissa tutkimme TRPA1:n

aktivaation roolia kokeellisesti neljan eri tulehdustaudin mallissa.

Ensimmiisessi osatyossi (I) tutkimme TRPA1:n aktivaation osuutta karrageeni-
tulehduksessa. Tdmad elidinkoe on akuutin tulehduksen yleinen koemalli mm.
seulottaessa uusia anti-inflammatorisia ladkkeitd. Tulostemme mukaan karrageenin
laukaisema akuutti tulehduksellinen tassuturvotus oli lievempi TRPAl:n estéjilld
hoidetuilla sekd TRPA1-poistogeenisilld hiirilli. TRPA1:n vaikutus oli kytkeytynyt
prostaglandiinituotantoon, silli syklo-oksygenaasientsyymin estiminen vaimensi
merkittdvisti my6s suoran TRPA1:n aktivaattorin laukaisemaa turvotusvastetta.

Toisessa osatyossa (II) tutkittiin TRPA1:n merkitystd kolmessa kihtid kuvaavassa

eliinmallissa. Uraattikiteiden laukaisema turvotus, nivelkipu ja tulehdussytokiinien



tuotto vaheni merkittavasti TRPAT1:n aktivaation estavalla laakehoidolla seka oli
alentunut TRPA1-poistogeenisissa hiirissa.

Nivelrikon ja TRPAl:n vilistd yhteyttd tutkittiin kolmannessa osatyossd (I1I).
Natriumjodoasetaatin (engl. monosodium iodoacetate, MIA) laukaisema nivelrikon
koe-eldiinmalli on laajasti kiytetty tutkimusmenetelmai, jossa MIA aiheuttaa ensin
akuutin tulehduksen ja timai johtaa nivelruston vaurioon ja kipuun. Tuloksemme
osoittavat, ettd MIA:n laukaisema tulehdus on ainakin osittain TRPA1-vilitteinen
sekd in vitro ettd in vivo ja ettd nivelrikkomuutosten sekéd nivelkivun kehittyminen on

vihentynyt TRPA1-poistogeenisissi hiirissa.

Neljannessd osatyéssa (IV) tutkimme TRPAl:n osuutta akuutissa allergisessa
tulehduksessa. Tutkimusasetelmassa koe-eldiimet herkistettiin allergeenille ja
varsinaisissa kokeissa tutkimme allergeenialtistuksen kdynnistimaa tulehdusvastetta.
TRPA1:n estiminen lddkkeelld ja ionikanavan geneettinen vaimentaminen lievittivit
selvisti allergista tulehdusta: havaitsimme, ettd alkuvaiheen paikallinen turvotusvaste
ja tulehdussytokiini I.-4:n tuotto vihenivit. Vuorokauden kuluttua tulehdusreaktio
oli vaimeampi TRPA1:n estdjilli hoidetuilla sekd TRPAT-poistogeenisilld hiirilld,
mistd osoituksena eosinofiilien kertyminen tulehdusalueelle oli vihentynyt. TRPA1-
poistogeenisten hiirten pernan lymfosyyttien vaste allergeenille oli samanlainen kuin
vastaavilla villityypin hiirilldi. Tdmi viittaa sithen, etti TRPA1 ei vaikuta
allergisoitumiseen vaan nimenomaan allergeenin aiheuttamaan tulehdusreaktioon.

Koska TRPA1:n aktivaation estiminen osoittautui tehokkaaksi keinoksi hoitaa
akuuttia tulehdusta tutkimissamme tautimalleissa, pyrimme identifioimaan uusia
TRPAL:n aktivaatiota estivid molekyyleja. Aikaisempien seulontatutkimustemme
perusteella selvitimme pinosylviinin tehoa TRPA1:n estdjind (osaty6 V). Pinosylviini
esti TRPAl:n vilittimid vasteita sekd solu- ettd eldinkokeissa. Tulos antaa pohjaa
tulevaisuuden lidkekehitykselle.

Taman viitoskirjan tutkimustulokset tuovat uutta tirkedd tietoa TRPAl:n
merkityksesti tulehdusreaktiota ja sithen liittyvidd kipua voimistavana mekanismina,
joka aktivoituu endogeenisten vilittijaaineiden vaikutuksesta. Namad l6ydokset
laajentavat merkittivisti vallitsevaa kisitystdi TRPA1l-ionikanavan merkityksestd
ihmisen patofysiologiassa ja avaavat wuusia mahdollisuuksia lddkehoidon
kehittimiseen: TRPAl:n estiminen on lupaava wuusi strategia lievittdd

tulehduksellisiin sairauksiin liittyvad tulehdusreaktiota sekd kipua.



Introduction

Imperfection is human. In fact, mankind, i.e. Homo sapiens sapiens species, and all
individuals are imperfect in their own ways. On the larger scale, imperfection can be
seen as fall of mighty kingdoms of the past or via our present-day inability to feed
the world’s population. On the other hand, smaller signs of our imperfections can
be seen in our everyday lives e.g. our inability to draw an exact circle with a pen or
forgetting our home keys on the kitchen table. Incomprehensibly, despite countless
hours of revision by several experts of scientific text writing and technological aid
provided by the achievements of world’s cutting edge software engineers, this piece
of academic text might still contain spelling mistakes. However, the flaws of man are
perhaps one of the cardinal features that make human life interesting. Indeed, as the

Chinese proverb says “Gold cannot be pure, and people cannot be perfect.”

The immune system represents one very fascinating dimension of human biology.
Meant to combat invading pathogens, the network of different tissues, cells and
molecular cascades, over the course of evolution, has developed highly efficient,
complex and extensive. In fact, 7% of our genes are dedicated to the immune system
and there are dozens of different types and subtypes of immune cells, not to mention
the myriad of signalling molecules and receptors (Kelley et al., 2005). The focus of
this doctoral thesis is on a phenomenon called inflammation, an immune system
driven reaction aimed at the clearance of the source of the disruption of the host
tissue or system homeostasis. Inflammation is a crucial component of the immune
system, which in turn, is vital for the survival of the human race. However, when
inflammation is turned against the host, it gives rise to a major medical problem of
our times: the inflaimmatory diseases. They are responsible for a major economic
burden to mankind, but much more importantly, they cause tremendous individual
suffering. Inflammatory diseases comprise classical conditions such as arthritis and
asthma, but the perspective has broadened as many degenerative diseases, such as
Alzheimer’s disease, cardiovascular diseases and even obesity and obesity-related co-

morbidities, have been shown to incorporate inflammatory features.

The immune system cannot act in a random manner. It should be able to unleash

its inflammatory firepower on appropriate targets and to save the innocent ones, not
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to speak of avoiding harming the host itself. Similarly, there are multiple mechanisms
modulating the anti-inflammatory response in order to ensure the inflammatory
reaction is kept in check. More importantly, a broad array of sensory systems have
developed to fine-tune the immune response and inflammatory reaction. Pathogen
recognition receptors such as toll-like receptors and NOD-like receptors detect
external microbial threats and trigger inflammation to combat this threat.
Furthermore, nociceptors are receptors which induce pain signals in order to provide
the host with information about unfavorable events such as the presence of
pathogenic bacteria or tissue damage and to further guide the body maintenance.
There are also warning systems to sense the presence of harmful chemical
compounds. One major family of these so-called chemoreceptors is the transient
receptor potential ion channel family. One specific member of the family, transient
receptor potential ankyrin 1 (TRPA1), a nociceptor and a chemosensor, has very
recently become potentially associated with inflammation and therefore has drawn
considerable interest. In fact, it also attracted my interest and the present Review of
the Literature describes different aspects of the ion channel and further I will present
results postulating that TRPA1 is an endogenous contributing factor in inflammatory
states. (Kumar et al., 2010)

From the perspective of evolution, all traits in natural organisms, including the
features of immune system and inflaimmation, are subject to the theory of cost-
benefit trade-off. This means that each trait has its pros and cons and therefore is
never completely perfect. However, in order that the trait should be favored by
natural selection, the cost-benefit trade-off must be beneficial for the current
environment. Human beings have developed an efficient immune system as an
investment in body maintenance to protect against pathogens but as a downside, this
has a negative impact on fertility, because a too vigorous immune system is a risk for
fetal survival. It is a very delicate balance between proinflammatory traits, which
protect from pathogens, and anti-inflammatory traits, which promote fertility;
equilibrium is vital for the very existence of the species and its ability to adapt to the
current living environment. (Van Bodegom et al., 2007; Westendorp et al., 2001)

Evolution takes time. If we survey how the human immune system has
developed, we can appreciate that most of human evolution occurred in a fairly harsh
environment. Thousands or perhaps even one hundred thousand years ago, human
beings lived in very unhygienic conditions with little medical aid available. Formation
of civilizations and cities enhanced the living conditions but provided also a good
habitat for microbes and this may have even boosted the natural selection of so-
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called pro-inflammatory individuals (Van Bodegom et al., 2007). However, during
the past few centuries, man has become a master of niche construction, i.e. being
able to alter the living environment to suit his/her needs (Laland & Brown, 2000).
Mankind has made numerous inventions such as protective clothing and buildings,
hygiene and modern medicine and overcome many deadly threats present in the
environment. However, these changes have been far too rapid to allow evolution to
keep pace with the new living environment. I find this as a very intriguing question;
is our immune system unduly proinflaimmatory for our modern living environment
and causing us more costs in the form of inflammatory diseases than benefits as a
protective mechanism against invading pathogens? (Okin & Medzhitov, 2012)

In ancient times, an individual human normally lived about 40 or 50 years as
hygiene, heating or penicillin did not exist. Nowadays, especially in the developed
countries in the presence of these and many more amenities, human beings often
live beyond 80 years. This rapid prolongation of the human lifespan has seen the
emergence of many degenerative diseases, all of which have been recognized to
display a strong inflammatory component. This is perhaps also due to the natural
selection of proinflammatory traits, in that some of their costs only appear after the
fertile age or even after the age of the naturally expected lifetime of our not-too-
distant ancestors. This is an example of pleiotropic antagonism, a theory that
explains how a single gene can control many traits; one can be beneficial but
simultaneously an adverse trait may appear. Indeed, evolution rarely favors traits that
benefit the individual after he/she passes the age of fertility and reproduction. Okin
& Medzhitov and van Bodegom et al. have described this interesting aspect of the
development of immune system and inflammation in their reviews (Okin &
Medzhitov, 2012; Van Bodegom et al., 2007).

Is all the imperfection we see around us and especially in the mirror, only our
view? Perhaps mankind has a good eye for detecting imperfection and a need for
improvement? The urge to improve is indeed a very human feature, perhaps one of
the key elements for development of mankind. In order to improve, we need to
acquire knowledge and to understand. Human curiosity and respect for information
have existed for millenia: the first libraries were founded over four thousand years
ago and teachers and the wise have always enjoyed respect and approval. The present
particle of the Latin verb sre, ‘to know’, is sczens, which means ‘having knowledge’
and the Latin scientia means ‘knowledge’. Certainly, science is dedicated to increasing
and treasuring our knowledge in various forms and should be used for the benefit
of all mankind.
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The driving force of this academic research has been curiosity and a passion for
understanding the mechanisms of our immune system and inflammation. It focuses
on TRPAI1, a chemosensor which acts to trigger pain and inflammation when
encountering harmful environmental compounds. However, I have examined the
possibility that TRPA1 could turn against the body should it be activated in
unsuitable occasions and as a consequence, promote detrimental inflammatory
states. Ultimately, this research aims at providing new information, which could lead
to the development of new strategies to treat inflammatory diseases, and in that way
to lighten their burden of suffering.
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1 Review of the Literature

1.1 Transient Receptor Potential lon Channels

The observations made in 1969 by Cosens and Manning described a mutant
Drosophila with transiently impaired vision after exposure to bright illumination.
This finding set off a trail leading to the discovery of an ion channel superfamily
greatly increasing our understanding of sensory physiology and many other body
functions (Cosens & Manning, 1969). After electrophysiological recordings in
Drosophila retina were conducted by Minke and co-workers in 1975, the mutant
fruit fly was named as transient receptor potential (TRP) because the response to the
intense light was only transient (Minke et al., 1975). The Drosophilia Trp gene was
sequenced and cloned by Montell and Rubin in 1989 and it was found to display a
structural similarity to many ion channels (Montell & Rubin, 1989). After only a few
years, the TRP protein was identified as a light-sensitive ion channel permeable to
Ca?* (Hardie & Minke, 1992). The first mammalian ion channel with a sequence
homology to the Drosophilia TRP, transient receptor potential canonical 1 (TRPC1),
was identified in 1995 and soon many other mammalian TRP ion channels and
channel families were discovered (Wes et al., 1995). It is now known that the original
Drosophila TRP mutant had a loss-of-function mutation in the gene encoding the
light-sensitive TRP ion channel, which is crucial for the sustainability of the
phototransduction and together with its homologue TRP-like channel (TRPL) they
made up the two light-sensitive ion channels critical for Drosophilia vision. Even
though the Drosophila retinal function is distinct from its mammalian counterpart
which does not include a TRP ion channel as a phototransductor, the original
Drosophilia TRP has given its name and stimulated the discovery of the seven sub-
families of the TRP ion channel superfamily, nowadays known to be crucial in
physiological functions and many human diseases. (Hardie, 2011; Minke, 2010;
Montell, 2011)

The TRP ion channel superfamily embraces at least 33 different ion channels
divided into 7 subfamilies named ankyrin (TRPA), canonical (TRPC), melastatin
(TRPM), mucolipin (TRPML), no mechanoreceptor potential C (TRPN), polycystin
(TRPP) and vanilloid (TRPV). A total of 27 and at least one ion channel from each
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subfamily is present in humans, except for the TRPN subfamily which is found only
in non-mammalian species such as zebra fish and worms. Even though the
superfamily is diverse with a multitude of functions and modalities, in general the
membrane bound TRP ion channels function by mediating transmembrane cation
flux according to the electrochemical gradient in order to depolarize the cell and
pose their secondary effects. TRP ion channels are activated by diverse mechanisms
including G protein-coupled receptor linked activation, ligand gating by a variety of
endogenous and exogenous substances and mechanical, thermal and cell
conformational coupling. The activity of different TRP ion channels is also
modulated by a variety of mechanisms such as gene expression regulation and post-
translational sensitizing, desensitizing and receptor trafficking. In structural terms,
TRP ion channels resemble the voltage-gated ion channels and the TRP proteins are
formed of six transmembrane domains S1-6 with a pore loop between S5 and S6
and contain an intracellular N- and C-terminal region with variable length and
structure. These proteins are probably assembled into homo- and heterotetramers
to form the functional ion channels. The further classification of the members of the
28 mammalian TRP ion channel superfamily and their functions are summarized in
Table 1. (Nilius & Flockerzi, 2014; Ramsey et al., 2006; Schaefer, 2005)

Table 1. Mammalian TRP ion channels. The 28 distinct ion channels, their gating mechanisms and
putative functions are given as described in the book Mammalian Transient Receptor
Potential (TRP) Cation Channels (Nilius & Flockerzi, 2014). Abbreviations: adenosine
diphosphate (ADP), G protein—coupled receptors (GPCR), phospholipase C (PLC), reactive
nitrogen species (RNS), reactive oxygen species (ROS), phosphatidylinositol-4,5-

bisphosphate (PIP2)
Family lon channel | lon permeability | Gating Putative function
TRPA (ankyrin)
TRPA1 Ca?, Na*, K*, Exogenous irritants, | Nociception, neurogenic
Mg?* ROS, RNS and their | inflammation
metabolites
TRPC (canonical)
TRPC1 Non-selective PLC, store Basic cell functions
cation depletion,
mechanical
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TRPC2 Ca%, non- Diacylglycerol, Erythropoietin signalling,
selective cation erythropoietin reproductive functions
TRPC3 Non-selective Versatile Versatile
cation
TRPC4 Ca%, Nat, Versatile; store Versatile
variable selectivity | depletion, GPCR
TRPC5 Caz PLC, store Neurotransmission,
depletion, GPCR, behavioural functions,
ligands, cold smooth muscle functions
TRPC6 Non-selective Diacylglycerol Smooth muscle
cation contraction, slit
diaphragm architechture
TRPC7 Non-selective PLC, diacylglycerol | Reproductive functions?
cation breathing regulation?
TRPM (melastatin)
TRPM1 Non-selective Light-induced Vision
cation protein interaction
TRPM2 Ca?*, Non- ADP-ribose, Ca?*, Release of vesicular
selective cation ROS, RNS mediators (cytokines,
neurotransmitters efc.)
TRPM3 Divalent cation Non-specific Secretion of
ligands, noxious proinflammatory
heat cytokines, release of
insulin
TRPM4 Non-selective Ca%, PIP; Not well understood,
cation smooth muscle and
cardiac cell function?
TRPM5 Na*, K*, Cs* Caz, voltage Taste, insulin secretion
TRPM6 Caz*, Mg+, Insulin Systemic Mg?*
divalent cations homeostasis
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TRPM7 Divalent cation Mg2+, PLC, Cellular and systemic
mechanical stimuli, | Mg2?* homeostasis
low pH
TRPM8 Non-selective Cold, mechanical Cold nociception, pain,
cation stimuli, various malignancies
ligands
TRPML (mucolipin)
TRPML1 Ca?t, Fe?t, Zn?, Late endosome and | Membrane trafficking
Nat, K* lysosome events
associated factors
TRPML2 Ca?*, Na*, Fe2 Endosome Not well understood,
associated factors calcium release from
endolysosome?
TRPML3 Na*, K*, Cs* PIP2, synthetic Salty taste? pain?
ligands
TRPP (polycystin)
TRPP2 Ca2t, non- Ca2t, pH Complex cellular events,
selective cation left-right asymmetry
TRPP3 Ca?, non- Voltage, Unknown
selective cation alkalinisation, cell
swelling
TRPP5 Ca?*, non- Unknown Unknown
selective cation
TRPV (vanilloid)
TRPV1 Non-selective Noxious heat, Nociception,
cation, divalent > | capsaicin thermoregulation,
monovalent neurogenic inflammation
TRPV2 Ca?, Mg?*, Na, Heat, various Nociception, thermal

Cs*, K*

ligands, mechanical
stimuli

sensation, innate
immunity, vascular tone
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TRPV3 Ca%, Nat, Cs*, K* | Heat, various Skin functions
ligands
TRPV4 Caz*, Mg?*, non- Moderate heat, Osmo- and
selective cation mechanical and thermoregulation,
osmotic stimuli, mechanical sensation,
various ligands nociception, neurogenic
inflammation
TRPV5 Caz Constitutively active | Ca?* reabsorbtion and
homeostasis
TRPV6 Ca? Constitutively active | Ca2* homeostasis

1.2 TRPA1

The main target of interest in this thesis project is TRPA1, which is the only known
member of the TRPA subfamily found in mammals. TRPA1 was first discovered by
Daniel Jaquemar and colleagues in 1999 and it was reported to have 18 repeats that
are related to the cytoskeletal protein ankyrin in its N-terminus and to be structurally
related to the TRP ion channels (Jaquemar et al., 1999). Within a few years, the
protein was named ankyrin-like with transmembrane domains 1 (ANKTMT1) and
found to be mainly expressed in sensory neurons but soon it was renamed as TRPA1
and the crucial function of TRPA1 to sense noxious environmental compounds was
discovered (Bandell et al.,, 2004; Jordt et al., 2004; Story et al., 2003). It is now
appreciated that TRPAT1 is a ligand-gated and membrane bound cation channel of
120-130 kD. Furthermore, TRPA1 is known to function not only as a chemosensor
of environmental potentially harmful compounds but also as a nociceptor and be
involved in neurogenic inflaimmation by releasing proinflaimmatory neuropeptides
such as substance P, calcitonin gene-related peptide (CGRP) and neurokinin A
(Nassini et al., 2014; Nilius et al., 2012).

1.2.1  Trpa1 Gene and Protein Structure

The human gene encoding TRPA1 is named trpal and it is composed of 27 exons
and 55 701 base pairs located in human chromosome 8q13 (Nilius et al., 2012). Many
other species also have a TRPA1 homologue and evidently the ability of TRPA1 to
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sense electrophilic compounds has been conserved for approximately 500 million
years (Kang et al., 2010). The TRPA1 protein is formed of roughly 1 100 amino acid
with a molecular weight of 120-130 kD and its structure is very similar to the other
TRP channels. It is composed of six transmembrane domains S1-6; between the
domains S5 and S6 is the putative ion permeable pore estimated to be 1.10 nm in
diameter (Karashima et al., 2010; Nilius et al.,, 2011). The long cytoplasmic N-
terminus contains a special feature of TRPA1, the 14-18 ankyrin repeat domains
which have also provided TRPA1 with its name. The exact role of the ankyrin repeat
domains is still a topic of speculation, but truncation of the motif has been shown

to result in the incomplete transition of the channel to the plasma membrane; there

Extracellular space

Intracellular space

A-A-A-B-B-B
1

A
A-A-A-B-A-B-B7

Figure 1. TRPA1 ion channel protein structure. The six transmembrane domains (S1-S6) are
located at cell membrane and the ion permeable pore is located between S5 and S6. Within
the S4 domain locates the Asn855 (N), which is the site for the gain-of-function mutation
which causes familial episodic pain syndrome. The N- and C-domains are located
intracellularly and the long N-terminus contains the ankyrin repeat domains (A), reactive
cysteine (C) and lysine (K) residues important for the channel activation by reactive
compounds and the calcium responsible EF hand motif (EF). Contents design by Lauri
Moilanen and graphical design by Joonas Mykkanen.
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is also data indicating that the ankyrin repeat domains contribute to the changes in
the protein conformation associated with ligand binding (Nilius et al., 2011; Zayats
et al., 2013). Strikingly, however, a recent study showed TRPA1 could be correctly
folded and functionally intact even if the ankyrin repeat had been genetically
removed (Moparthi et al., 2014). An EF hand motif is located also within the ankyrin
repeat domains, providing a target of interaction for intracellular Ca?* which is also
known to regulate activation of the Ca?* permeable TRPA1 (Doerner et al., 2007;
Nilius et al., 2011). Another important structure of the N-terminus of TRPA1
protein is the section of cysteine residues. This section is crucial for the activation of
TRPA1 by covalent modification by many electrophilic compounds but interestingly,
the cysteine residues also provide a site for desensitization (Ibarra & Blair, 2013;
Macpherson et al, 2007). Furthermore, as TRPA1 is mainly organized in
homotetramers, an electron microscopic study of TRPA1 has proposed that the
cysteine residues facing the neighbouring subunits form a ligand-binding pocket,
enabling the formation of disulfide bonds between the cysteine residues and thereby
contributing to the channel gating (L. Wang et al., 2012). A putative illustration of
the TRPA1 protein structure is presented in Figure 1.

1.2.2 TRPA1 Expression

TRPA1 was originally found in cultured fibroblasts but the understanding on the
role of TRPAT in nociception and chemosensation was advanced when its neuronal
expression was appreciated (Jaquemar et al.,, 1999; Story et al., 2003). TRPA1 is
mainly expressed in sensory terminals and dorsal root, trigeminal and nodose ganglia
of small myelinated AS- and unmyelinated C-fiber primary sensory peptidergic and
non-peptidergic neurons. Interestingly, TRPA1 frequently co-localizes with its
sibling ion channel, TRPV1 (Nilius et al., 2011; Zygmunt & Hoégestitt, 2014). The
expression of TRPA1 is not limited to neurons since TRPA1 is found in many other
cell types spread throughout the body. TRPA1 expression has been detected in cell
types such as epithelial cells, melanocytes, mast cells, odontoblasts, urothelium,
enterochromaffin cells, B-cells of the ILangerhan’s islets, synoviocytes, and
endothelial cells (Fernandes et al., 2012; Nassini et al., 2014; Zygmunt & Hogestitt,
2014).

TRPA1 expression is also prone to gene expression alterations and especially the
upregulation of TRPA1 has been shown to be mediated by several factors. In dorsal
root ganglia, TRPA1 expression has been shown to be increased by activation of p38
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mitogen-activated protein kinase, by interleukin-6 (IL-6) signal transducer gp130, by
nerve growth factor, by the neuronal survival factor, artemin, and strikingly by a well-
known direct TRPA1 activator, mustard oil (Diogenes et al., 2007; Elitt et al., 2006;
Malsch et al., 2014; Obata et al., 2005; Schmidt et al., 2009). In addition, TRPA1
gene expression has been reported to be upregulated in cultured synoviocytes by
tumor necrosis factor-a (TNF-o) and IL-la-induced nuclear factor-kB (NF-xB)
signalling, leading to activation of hypoxia-inducible factor-1o (Hatano et al., 2012).
In mast cells and in neurons derived from dorsal root ganglia and dermal afferents,
the expression of TRPA1 is increased in experimental atopic dermatitis and also by
IL-13 stimulation (Oh et al., 2013). Furthermore, TRPA1 expression has also been
shown to be upregulated by a still unrecognized molecular mechanism in
experimental nerve injury in both dorsal root ganglia and bladder and in experimental
acute pancreatitis (Andrade et al., 2012; Frederick et al., 2007; Schwartz et al., 2011).
Different transcription factors have been found to have a putative binding site in the
human Trpal gene promoter and are detailed in Table 2, even though their

functional significance is still largely undiscovered.

Table 2. Trpa1 gene transcription factors. The identified transcription factors found to have a
binding site in the human Trpa1 gene promoter as presented by The GeneCards Human
Gene Database (www.genecards.com)

ARP-1, AhR, Amt, C/EBPq, C/EBP, CUTL1, E47, ER-q, Evi-1, FOXI1, HFH-3, ITF-2,
LHX3a/Lhx3a, LHX3b/Lhx3b, NF-AT, NF-kB, Nkx6-1, POU2F1, POU2F1a, POU3F2, POUGF1,
PPAR-y1, PPAR-y2, Pax-4a, RelA, S8, Tal-1B, c-Rel, p53

1.2.3  TRPA1 Electrophysiology

TRPAL1 is classified as a non-selective cation channel permeable to both monovalent
and divalent ions and it is characterized by its relatively high conductance. TRPA1
has a single channel conductance of 40-180 pS depending on the stimuli and
measurement conditions (Zygmunt & Hogestitt, 2014). Many functions induced by
TRPAT activation are frequently explained by the influx of Ca?* ions and TRPA1
has a high Ca2* permeability PCa/PNa ranging from 0.84 up to 7.9 contributing up
to 23% of the inward TRPA1 current (Karashima et al., 2010; Nilius et al., 2011;
Story et al., 2003). Interestingly, both intra- and extracellular Ca?* concentrations
have complex regulatory effects on TRPA1 activation and channel conductance

properties, which still are not fully understood. The extracellular Ca?* concentration
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may affect the pore size of TRPA1 and therefore potentially affect the channel
conductance as an increase in extracellular Ca2* concentration has been shown to
contract the pore and vice versa (Banke et al., 2010). Furthermore, the concentration
of extracellular Ca?* regulates the velocity and duration of the activation of TRPA1
and a high extracellular Ca?* concentration has been shown to totally abolish the
activation capacity of TRPA1 (Nilius et al., 2011; Y. Y. Wang et al., 2008). The
intracellular Ca?* concentration, possibly by binding to N-terminal EF hand motifs,
has an activator property on TRPA1 at low concentrations, but high concentrations
caused specifically by the influx of Ca2* through TRPA1 suppress the channel (Nilius
etal., 2011; Y. Y. Wang et al., 2008).

1.24  Exogenous Chemical Activators of TRPA1

The role of TRPAT1 as a chemosensor is supported by the fact that a plethora of
exogenous compounds are activators of TRPA1. Many TRPA1 openers are
recognized to be chemically electrophilic compounds (i.e. substances receptive for
eletrons) and they exert their TRPA1 gating by covalent modification of the cysteine
and lysine residues in the N-terminal region of TRPA1 (Bang & Hwang, 2009;
Hinman et al., 2006; Macpherson et al., 2007). For example, the pungent compound
of mustard oil, i.e. allyl isothiocyanate (AITC), has been long used to induce
neurogenic inflimmation and to activate the release of proinflammatory
neuropeptides (Louis et al., 1989). However, it was only 10 years ago when its exact
mechanism of action was discovered and it was noted that AITC was one of the
most robust activators of TRPA1 (Jordt et al., 2004). Nowadays AITC is used
frequently as a research tool to study activation of TRPA1. Furthermore, there are
other notable exogenous pungent compounds known to activate TRPAI e.g.
cinnamaldehyde found in cinnamon, allicin found in gatrlic, acrolein found in exhaust
fumes and tobacco smoke and morphanthridine analogues found in potent tear gases
(Bandell et al., 2004; Bautista et al., 2006; Brone et al., 2008; Macpherson et al., 2005).
Interestingly, some of electrophilic and non-electrophilic compounds, such as
cinnamaldehyde, camphor and apomorphine, exert a bimodal effect on TRPAT1: at
low concentrations they elicit a dose-dependent activation of TRPA1 but at high
concentrations, their effect is inhibitory (Alpizar et al., 2013; Schulze et al., 2013).

In addition to the many electrophilic TRPAT1 activators, there are a variety of
non-electrophilic activators and their mechanism of action also differs from the

electrophilic agents. Some non-electrophilic TRPA1 activators have been proposed
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to exert a direct interaction with the TRPA1 protein but much still remains unclear
(Zygmunt & Hogestitt, 2014). Interestingly, an intravenous anesthetic, propofol, has
been identified as a non-electrophilic activator of TRPA1 and this effect could
explain the pain induced by application of propofol observed in clinical practice
(Fischer et al., 2010). In addition, many components of marijuana are known to
activate TRPA1. The psychoactive compound, A’-tetrahydrocannabinol and the
non-psychoactive cannabidiol and cannabichromene all have been reported to
activate TRPA1 even though they also have potential to activate other TRP ion
channels (De Petrocellis et al., 2008; Jordt et al., 2004). Some important TRPA1
activators are presented in the Table 3.

Table 3. TRPA1 activators. A list of some important exogenous and endogenous TRPA1 activators
as presented by The British Pharmacological Society and the International Union of Basic
and Clinical Pharmacology database (www.guidetopharmacology.org).

Substance Source ECso (studied species)
Acetaldehyde Exogenous 79.43 uM (human)
Acrolein Exogenous 5.01 uM (human)
Allyl isothiocyanate Exogenous 19.95 uM (mouse)
Cinnamaldehyde Exogenous 63.10 M (mouse)
Formalin Exogenous 398.10 uM (mouse)
Nicotine Exogenous 15.85 uM (human)
A®-tetrahydrocannabinol Exogenous 12.59 uM (human)
4-hydroxynonenal Endogenous 25.12 PM (rat)
4-oxononenal Endogenous 2.00 uM (mouse)
H20; Endogenous 251.19 uM (mouse)
Methylglyoxal Endogenous 1.0 M (human)
NaHS Endogenous 1258.93 uM (mouse)
Prostaglandin A2 Endogenous 25.12 M (mouse)
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1.2.5  Endogenous Chemical Activators of TRPA1

Perhaps one of the most interesting properties of TRPAT1 is its ability to sense
endogenous painful and proinflammatory compounds generated mainly under
inflammatory conditions and tissue injury. Indeed, TRPA1 is endogenously targeted
by many reactive oxygen and nitrogen species (ROS and RNS) and their metabolites.
ROS such as H2Oa, hypochlorite and superoxide have been shown to activate
TRPAT; their mechanism of action is most likely through a cysteine oxidation or
disulfide formation (Bessac et al., 2008; Takahashi & Mori, 2011). With respect to
the RNS, such as nitric oxide (NO), the mechanism of action is explained as S-
nitrosylation (Takahashi et al., 2008; Takahashi & Mori, 2011). In addition to direct
effects on TRPA1, since ROS and RNS are highly reactive, they can react with
unsaturated fatty acids in cell membranes to generate substances such as 4-
hydroxynonenal, 4-hydroxyhexenal, 4-oxononenal and nitrooleic acid which are also
major activators of TRPA1 (Andersson et al., 2008; Taylor-Clark et al., 2009;
Trevisani et al., 2007). Prostaglandins are a large group of endogenous signalling
molecules and many of them are proinflimmatory. Interestingly, at least two
electrophilic cyclopentone prostaglandins, 15-deoxy-812,14-prostaglandin J» and
prostaglandin Az, have been identified as endogenous TRPA1 activators probably
through a direct interaction with the ion channel (Taylor-Clark et al., 2008). A decline
in extracellular pH is involved in the micro-environment of local inflammation,
ischemia and tissue damage and intriguingly, pH levels of 7 and lower, have a potency
to activate specifically human TRPA1 in a proton concentration-dependent manner
(de 1a Roche et al., 2013; Takahashi et al., 2008). Some important TRPA1 activators
are presented in Table 3.

In addition to rather direct coupling by endogenous ligands, TRPA1 is also
modified by endogenous cellular mechanisms. G protein-coupled receptors, of
which at least bradykinin receptor and protease-activated receptor-2 have been
identified, may sensitize TRPA1 through secondary mediators such as protein kinase
A (PKA) and phospholipase C (PLC). These intracellular signalling regulators have
been proposed to lead to phosphorylation of TRPA1 and thereby sensitize it towards
its activation by other ligands, such as AITC and also to induce the trafficking of
TRPAT1 to the cell membrane (Bandell et al., 2004; Dai et al., 2007; Schmidt et al.,
2009; S. Wang et al., 2008). However, data concerning phosphatidylinositol-4,5-
bisphosphate (PIP;), the main substrate cleaved by activated PLC, is somewhat
discordant. Even though the activation of PLC, resulting in a decrease in the levels
of PIP, has been shown to sensitize TRPA1 and that the direct application of PIP;
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to the studied cells has been reported to inhibit the TRPA1 activation, there is also
some data indicating that an increase in the PIP> concentrations delays the
desensitization of TRPA1 and that application of a PIP; scavenger evokes an
accelerated desensitization of the ion channel (Karashima et al., 2008; D. Kim et al.,
2008; S. Wang et al., 2008). Interestingly, TRPA1 is commonly co-localized with
TRPV1 and these two channels can form heterotetramers (Fischer et al., 2014).
TRPV1 can also interact with TRPA1 and modulate its activity (Patil et al., 2010).

1.2.6  Activation of TRPA1 by Cold and Mechanical Stimuli

Initially, TRPA1 has been described to be activated by cold temperatures below 10°C
(Story et al., 2003). However, this has been actively debated and there is considerable
experimental evidence failing to demonstrate any direct cold-induced TRPA1
activation (Caspani & Heppenstall, 2009; Cordero-Morales et al., 2011; Jordt et al.,
2004; Zurborg et al., 2007). Since most experiments investigating the activation of
TRPA1 have been performed either in rodent dorsal root ganglion neurons or
cultured HEK 293 cells transfected with human TRPA1, the possible explanation
for inconsistent data concerning the cold-induced activation of TRPA1 could be
species differences as proposed in a recent study (Chen et al., 2013). It is also possible
that TRPA1 does not play a major role in physiological cold sensation but is indeed
involved in noxious cold sensation or the hypersensitivity associated with other
pathological conditions as will be discussed in more detail later (Obata et al., 2005).

Many TRP channels are mechanosensitive and this has been proposed also as a
mechanism to explain TRPA1 activation (Pedersen et al., 2005). Iz wvitro, the
application of a hypertonic solution to the extracellular space induces cell shrinkage
and this can be used to study the effects of mechanical stimuli on the cell. Indeed,
application of hypertonic solution to TRPA1 expressing cells induces Ca?* currents
not seen in cells treated with a TRPA1 blocker, demonstrating the importance of
TRPA1 in mechanosensation 7z vitro (X. F. Zhang et al., 2008). Furthermore, TRPA1
has proven to be mechanosensitive also 7z vivo. In line with results observed after
pharmacological TRPA1 inhibition, mice lacking TRPA1 display lower neuron
action potential firing rates in response to mechanical stimulation although this effect
may be confined to only a specific subset of nociceptors (Kerstein et al., 2009; Kwan
et al., 2009). In addition, the role of TRPA1 in mechanical hyperalgesia induced by
external stimuli, such as Complete Freund's Adjuvant or hydrogen sulfide, have been
defined (da Costa et al., 2010; Okubo et al., 2012).
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1.2.7  Blockers of TRPA1

Due to the pivotal role of TRPA1 in many adverse effects such as pain and
inflammation, TRPA1 has attracted increasing interest as a drug target. Problems
have occurred in the differences between species, as compounds may have different
effects on human and rodent TRPA1, but the ion channel has also been a rather
challenging molecular target. In contrast to TRPA1 activators, there are much fewer
compounds with the ability to inhibit TRPA1 and most of them have been purposely
developed. (Nassini et al., 2014)

The first selective TRPA1 blocker, HC-030031, was developed by Hydra
Biosciences in 2007 (McNamara et al., 2007). Chemically HC-030031 contains a
xanthine alkaloid core and it binds to TRPA1 reversibly inhibiting its activation
(McNamara et al, 2007). HC-030031 is still one of the most widely used
pharmacological research tool to inhibit TRPA1 both iz vitro and in vivo and it was
used also in many of our studies. Further development of HC-030031 led to the
synthesis of a structurally related compound, TCS 5861528 (also known as
Chembridge-5861528) and this compound has also been investigated both 7 vivo and
in vitro (Wei et al., 2009; Wei, Chapman et al., 2010). Subsequently, during 2007
Abbott discovered an oxime derivate, AP18, which after further developmental work
led to A-967079 (Chen et al., 2011; Petrus et al., 2007). In contrast to HC-030031,
A-967079 inhibits TRPA1 by binding inside the pore vestibule of the ion channel
(Klement et al,, 2013). Some non-selective TRP ion channel blockers, such as
ruthenium red, have also efficacy at inhibiting TRPA1 (Nagata et al., 2005).
Furthermore, TRPA1 is most likely inhibited by some naturally occurring
polyphenols e.g. resveratrol and gallic acid (Trevisan, Rossato et al., 2014; Yu et al,,
2013).

A breakthrough in the research into TRPA1 blocking drugs for clinical use
emerged in 2011 when Glenmark Pharmaceuticals Ltd. announced that its TRPA1
blocker, GRC 175306, had entered phase 2a double blind placebo controlled clinical
trial for neuropathic pain, asthma and chronic obstructive pulmonary disease
(Glenmark’s novel molecule ‘GRC 17536 for pain and respiratory entering human trials, 2011).
The latest press release from 2014 reported positive data in the proof of concept
study and further news are being eagerly awaited (Glenmark's TRPAT antagonist 'GRC
17536" shows positive data in a proof of concept study, 2014). Scientific studies have also
proven GRC 17536 to be a potential blocker of TRPA1 7n vitro and in vive
(Mukhopadhyay et al., 2011; Mukhopadhyay et al., 2014). Recently, a Finnish
pharmaceutical corporation Orion Pharma reported the start of clinical phase 1 trial
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on their TRPA1 blocker ODM-108 for the treatment of neuropathic pain (Orion
Group Interim Report January-March 2015).

1.2.8  Physiological Function of TRPA1

The physiological function of TRPA1 seems to be chemo- and mechanosensation
and possibly thermosensation of cold. TRPA1 might also be involved in the
regulation of cardiovascular system, pancreas and bladder function.

As already discussed, TRPA1 is highly sensitive to many external noxious
compounds. Located primarily in the sensory nerve endings of small myelinated AS-
and unmyelinated C-fibers, TRPA1 transmits a noxious sensation to the central
nervous system aiming at avoidance of the substance encountered. Indeed, many
substances that cause a noxious sensation, such as AITC in mustard oil, piperine in
black pepper and diallyl disulfide in garlic, are robust TRPA1 activators (Bautista et
al., 2005; Jordt et al., 2004; Okumura et al., 2010). An interesting example of TRPA1
activation is the case of the “headache tree”. The California bay laurel or Umbellularia
californica is known to cause severe headaches if an individual inhales its fumes. The
active compound has been identified as umbellulone but the mechanism of action
of umbellulone was unknown until 2011 when Nassini and co-workers reported that
experimental application of umbellulone induced a significant TRPA1 activation and
this led to the release of CGRP and meningeal vasodilation and subsequently
headache (Nassini et al., 2012).

The concept of TRPA1 in mechanosensation was originally introduced in the hair
cells of the inner ear and a role for TRPA1 in hearing was hypothesized (Corey et
al., 2004). However, the current opinion in mammals is that TRPA1 does not have
any role in auditory transduction since it has been demonstrated that TRPA1
deficient mice exhibit normal hearing (Bautista et al., 2006). Nonetheless, as
discussed earlier, there is a body of evidence proposing a role for TRPA1 in
physiological ~and  pathophysiological ~ (i.e. allodynia and hyperalgesia)
mechanotransduction pathway (Corey et al., 2004; Kerstein et al., 2009; Kwan et al.,
2009; Tsutsumi et al., 2013; X. F. Zhang et al., 2008). Conclusive understanding of

this topic will still require more research.

As discussed, TRPA1 might be activated by cold temperatures but a role in cold
allodynia is more likely (Obata et al., 2005; Story et al., 2003). Furthermore, cold
temperature might sensitize TRPA1 to allow its activation by other ligands and
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thereby have a regulatory role on the channel activity (del Camino et al., 2010).
Importantly, TRPA1 does not seem to have a role in systemic thermoregulation
which is essential for tolerance to TRPA1 blockers (Chen et al., 2013; Chen et al.,
2011; de Oliveira et al., 2014). The case for TRPV1 was different and the drug
candidates inhibiting TRPV1 have failed to make clinical breakthroughs, mainly due
to adverse effects including the appearance of hyperthermia and attenuated sensation

for noxious heat (Brederson et al., 2013).

In the cardiovascular system, some studies have indicated a role for TRPAT in
vasodilation and increasing cardiac output (Earley, 2012). The application of an
external TRPA1 activator has been shown to induce vasodilation and an increase in
peripheral blood flow in a CGRP-dependent manner, suggesting that this is a
neuronal effect (Graepel et al., 2011; Pozsgai et al., 2010). Furthermore, the possible
role of TRPA1 in the myoendothelial junction, an anatomical microstructure
mediating signalling between endothelial and lining smooth muscle cells, has also
been studied. The findings indicate that TRPA1 activation in endothelial cells
resulting in Ca?* influx into the endothelial cells could mediate hyperpolarization of
the smooth muscle cells and thereby induce vasodilation (Eatley et al., 2009). The
systemic intravenous administration of TRPA1 activator cinnamaldehyde has been
shown to exert bimodal effects in mice, initially causing a short-term fall in mean
arterial pressure and heart rate followed by a sustained rise in both parameters.
However, in anesthetized TRPA1 deficient mice, the resting mean arterial pressure
and heart rate were similar to the values measured in the corresponding wild type
mice (Pozsgai et al., 2010).

In pancreas, TRPA1 is expressed in the B-cells of the Langerhan’s islets
responsible for insulin production. In these cells, TRPA1 activation synergistically
with KATP and L-type voltage-gated Ca?" ion channels seems to facilitate insulin
secretion (Cao et al., 2012; Numazawa et al., 2012). Methylglyoxal is a substrate
produced in hyperglycemic conditions. Interestingly, it has been shown to be a
powerful endogenous TRPA1 activator and therefore hypothesized to contribute to
pancreatic insulin secretion regulation (Cao et al., 2012). In addition, the
accumulation of methylglyoxal to sensory neurons has been emphasized in diabetic
neuropathy and the role of TRPA1 activation in this process has been proposed
(Eberhardt et al., 2012; Koivisto et al., 2012).

TRPA1 is co-localized with TRPV1 in nerve fibres across the bladder in
urothelium, suburothelial space and muscle layer, as well as around blood vessels but
also in urothelial cells (Streng et al., 2008). Up to 51% of the primary sensory nerves
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innervating the bladder, were positively immunoreactive for TRPA1 staining and the
highest expression was found in dorsal root ganglia (Du et al., 2007). In functional
studies, application of AITC or cinnamaldehyde in the rat bladder increases the
bladder contraction and voiding frequency and decreases the voiding volume (Du et
al., 2007; Streng et al., 2008). It has been also speculated that TRPA1 activation
possibly by HzS, could contribute to the overactive bladder associated with cystitis
(Skryma et al., 2011). However, the role of TRPA1 in cardiovascular, pancreas and

bladder function is not conclusive and requires more research.

1.2.9  Non-Neuronal TRPA1

Even though most of the research on TRPA1 has focused on its function in sensory
neurons, there is abundant expression of TRPA1 in some non-neuronal cells. Many
of these non-neuronal cell types contribute in sensory and regulatory functions and
frequently are located in lining tissues. These cell types and their putative functions

have been partly discussed eatlier and are summarized in Table 4.

1.210 TRPA1in Pain

After reports were published establishing the role of TRPA1 in cold- and chemically-
induced nociception, extensive research on the role of TRPA1 in pain has been
carried out (Bandell et al., 2004; Bautista et al., 2013; Story et al., 2003). Direct or
indirect activation of TRPA1 has been shown to elicit spontaneous pain, hyperalgesia
and allodynia both in acute and persistent study settings (Bandell et al., 2004; da
Costa et al., 2010; Obata et al., 2005; Wei et al., 2011; Wei et al., 2012). The pain
evoking properties of TRPA1 openers are not limited to rodents but also healthy
human volunteers respond to cinnamaldehyde by spontaneous pain and hyperalgesia
(Namer et al., 2005; Olsen et al., 2014).

Acute inflammation is orchestrated by the release of various factors and this total
environment is sometimes referred to as the “inflammatory soup”. As discussed
earlier, many factors associated with inflammation, particularly ROS and RNS and
their metabolites, can activate TRPA1 and thereby contribute to the development of
inflammatory pain (Andersson et al., 2008; Graepel et al., 2011; Taylor-Clark et al.,
2009; Yoshida et al., 2006). Activation of TRPA1 leads also to a feed-forward
mechanism, in which the activated sensory nerve terminal releases proinflammatory
neuropeptides such as substance P and CGRP which drive the inflammation and
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nociception onwards and induce further local hyperalgesia (Bandell et al., 2004;

Nassini et al., 2014). There is now a body of evidence indicating that treatment with

a TRPA1 blocker or genetic deficiency of the ion channel can inhibit acute pain and

hyperalgesia induced by direct TRPA1 activators or proinflammatory compounds
that increase the production of ROS and RNS (Eid et al., 2008; Fernandes et al.,
2011; McNamara et al., 2007; Petrus et al., 2007). Acute inflammation can cause

Table 4. Non-neuronal expression of TRPA1
Tissue Cell Type Putative Function References
Inner ear Hair cells Mechanosensation (Corey et al., 2004)
Vasculature Endothelial cells Vasodilation (Earley et al., 2009)
Pancreas B-cells Insulin secretion (Caoetal., 2012;
Numazawa et al.,
2012)
Gastrointestinal Enterochromaffin Gastrointestinal motility (Nozawa et al., 2009)
tract cells
Skin Keratinocytes, Promotion of erythema and (Atoyan et al., 2009;
fibroblasts and production of proinflammatory | Jain et al., 2011)
melanocytes factors
Teeth Dental pulp Cold sensation (Y.S.Kimetal.,
fibroblasts 2012)
Lungs Airway and lung Production of proinflammatory | (Mukhopadhyay et
fibroblasts and factors al.,, 2011)
epithelial cells
Bladder Urothelial cells Bladder contractibility (Streng et al., 2008)
Synovial membrane | Synoviocytes Regulation of proinflammatory | (Hatano et al., 2012;
factors Kochukov et al.,
2006)
Immune system Mast cells Itch and production of (Ohetal., 2013)
proinflammatory factors
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a prolonged hyperalgesia lasting for weeks after the initial stimuli and furthermore,
mice lacking TRPA1 develop a reduced extended hyperalgesia in experimental
inflaimmation suggesting that activation of TRPAT1 has a role in the development
and/or maintenance of hyperalgesia (Fernandes et al.,, 2011; Garrison & Stucky,
2014).

The role of TRPA1 has been widely studied in neuropathic pain, in which
nociception is induced by damage or dysfunction of the nervous system in different
ways such as substance-induced or idiopathic neuropathy or nerve injury. In
experimental models, ligation of lumbar spinal nerve has induced a long-lasting cold
hyperalgesia but also increased the expression of TRPA1 in the neighbouring
superior dorsal root ganglia, which largely contribute to the neuropathic pain and
hypersensitivity associated with the ligation of the adjacent inferior lumbar spinal
nerve (Gold, 2000; Obata et al., 2005). Interestingly, inhibition of TRPA1 by
systemic or intrathecal drug treatment or by genetic depletion largely decreased the
cold and mechanical hyperalgesia induced by the stimuli such as nerve injury or
application of AITC or Complete Freund’s Adjuvant (Chen et al., 2011; Eid et al.,
2008; Katsura et al., 2006). Even though only few clinically significant TRPA1
mutations in human have been identified, a specific gain-of-function mutation of
TRPA1 has been claimed to be responsible for a rare familial episodic pain
syndrome. The patients carrying this mutation of TRPAT1 suffer from episodes of
severe upper body pain triggered by fasting and physical stress. Electrophysiological
examination of the mutated channel revealed that it displayed a normal
pharmacological profile to ligand binding but an increased current flow through the

activated channel at negative membrane potentials. (Kremeyer et al., 2010)

The functional location of TRPA1 e.g. in TRPA1l-induced chemosensation is
often described in the peripheral end of the primary sensory nerve ending. Tactile
allodynia, i.e. a state in which an innocuous mechanical stimulus evokes pain, can be
induced by both peripheral and central sensitization (Julius & Basbaum, 2001).
Furthermore, TRPA1 has been associated with the central mechanism underpinning
tactile allodynia (Koivisto et al., 2014). Indeed, both systemic and intrathecal
treatment with a TRPA1 blocker is effective in inhibiting the tactile allodynia induced
by the peripheral neuropathy associated with diabetes mellitus, although peripheral
dosing of the TRPA1 blocker has a much weaker effect (Koivisto et al., 2012; Wei,
Koivisto et al., 2010). However, it appears that peripheral TRPA1 is not a low
threshold mechanosensor responsible for tactile allodynia (Kerstein et al., 2009).
Therefore, it is likely that in the case of tactile allodynia, the centrally located TRPA1
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plays a major role in the central sensitization to peripherally evoked mechanical
stimuli to induce noxious sensation.

Nerve growth factor has been associated with acute and sustained pain and
hyperalgesia in many conditions such as cancer (McKelvey et al., 2013). In addition,
nerve growth factor has been shown to increase the expression of TRPA1 and to
enhance pain and hyperalgesia induced by TRPA1 openers also in studies conducted
in man (Diogenes et al., 2007; Weinkauf et al., 2014). Furthermore, blocking the
nerve growth factor has shown positive results in attenuating tumor cell proliferation
and the pain associated with cancer and importantly the expression of TRPA1 was
also down-regulated (Ye et al., 2011). Although much still remains to be discovered,
TRPA1 could play a role in cancer pain and could therefore provide a target to treat

pain, at least in some cancer types.

Some chemotherapeutic agents used to treat cancer, such as platinum-based
oxaliplatin and cisplatin, are known to induce difficult peripheral neuropathic pain
as common adverse effects. Indirect TRPA1 activation by oxaliplatin and cisplatin
has been reported in nerve endings likely via generation of ROS (Nassini et al., 2011).
In addition, prolonged hypersensitivity induced by injection of oxaliplatin or
cisplatin can be transiently reversed by pharmacologically blocking TRPA1 and the
hypersensitivity is abolished in TRPA1 deficient mice (Nassini et al., 2011; Nativi et
al., 2013). Interestingly, systemic treatment with oxaliplatin also sensitizes mice to
the nociception induced by local application of a TRPA1 channel opener (Zhao et
al., 2012).

The link between severe headache due to migraine and TRPA1 has emerged
during the past years. It is known that trigeminal neurons play a major part in the
pathogenesis of migraine and their ability to cause vasodilation in meningeal vessels
via CGRP has been highlighted as a possible cause of migraine (Bergerot et al., 20006).
Recently, it has been shown that experimental application of a TRPA1 channel
opener to the nasal mucosa or by inhalation induced a TRPA1-dependent release of
CGRP leading to vasodilation in meningeal vessels (Kunkler et al., 2011; Kunkler et
al., 2015). Furthermore, many substances, such as acrolein or formaldehyde, which
have been associated with the onset of migraine or cluster headache have been found
to activate TRPA1 (Nassini et al., 2014). Hence, bearing in mind the findings on the
headache tree described above, it is possible that TRPA1 activation plays a role in
migraine onset and headache. Therefore, TRPA1 blockers could prove useful in
treating headache.
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Figure 2. TRPA1 in neurogenic inflammation. 1. TRPA1 located on the terminal end of the sensory
neuron, is activated by a direct external irritating compound (such as allyl isothiocyanate,
AITC) or endogenously formed inflammatory factors (such as reactive oxygen and nitrogen
species, ROS and RNS). 2. Activation of TRPA1 leads to influx of Ca?* ions and
depolarization of the terminus. This exceeds the firing threshold and nociceptive nerve
signal is transmitted towards the central nervous system (CNS). 3. The activated nerve
terminal releases proinflammatory neuropeptides substance P (SP), calcitonin gene-related
peptide (CGRP) and neurokinin A (NKA), which promote local inflammation. 4. The nerve
impulse propagates antidromically towards a nearby sensory terminus of the same neuron
to release proinflammatory neuropeptides SP, CGRP and NKA which elicit proinflammatory
effects especially to vessels feeding the original area of inflammation. Contents design by
Lauri Moilanen and graphical design by Joonas Mykkanen.
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1.2.11  TRPA1 in Inflammation

The early findings showed that in addition to nociception, direct activators of
TRPA1 were able to induce an acute inflammatory response (Bautista et al., 2000).
Curiously, long before its recognition as a potent TRPA1 activator, AITC had been
used to trigger neurogenic inflimmation and to induce the release of two
proinflammatory neuropeptides, substance P and CGRP, which are nowadays
regarded as the main agents released immediately subsequent to neuronal TRPA1
activation (Nassini et al., 2014).

The mechanism by which TRPA1 enhances inflammation is usually described as
neurogenic inflammation. Basically, this cascade begins with an initial stimulus,
which directly or via endogenous formation of substances, such as ROS or RNS,
activates TRPA1 on the peripheral sensory nerve terminal. The activation of TRPA1
causes a nerve impulse to transmit the noxious sensation but also triggers the release
of proinflammatory neuropeptides, particularly substance P, CGRP and neurokinin
A, from the activated sensory nerve terminal to the site of the inflammation. The
release of these proinflaimmatory factors drives forward the inflaimmatory process
and may also contribute to a feed-forward mechanism. Furthermore, the afferent
impulse towards the central nervous system may propagate antidromically, i.e.
opposite to the typical direction of the impulses, down another branch of the same
sensory nerve and induce the release of proinflammatory neuropeptides at a distinct
but perhaps at a close location to the original onset of stimuli. In addition, after the
original afferent impulse reaches the dorsal horn, it may induce a dorsal root reflex
in which the dorsal horn interneuronal circuits induce downward impulses towards
the periphery in an antidromic manner in the afferent sensory nerves and/or via

distinct efferent nerves. An illustrated schematic is presented in Figure 2. (Koivisto
et al., 2014; Richardson & Vasko, 2002; Schmelz & Petersen, 2001)

In the year 2009 when we began our studies on TRPAI1, the evidence for a
proinflaimmatory role of TRPA1 was only starting to appear. Most of the studies had
focused on the proinflammatory properties of direct TRPA1 activators and during
the past 7 years it has been extremely interesting to follow the accumulation of
reports describing the proinflammatory role of TRPA1. The eatly results proposed
that TRPA1 stimulation via application of direct activators or agents capable of
producing endogenous TRPA1 activators could induce the pain, hyperalgesia and
allodynia associated with acute inflammation including edema and extravasation
(Bandell et al., 2004; Bautista et al., 2005; Matta et al., 2008; Obata et al., 2005; Petrus
et al., 2007; Trevisani et al., 2007). However, the role of TRPA1l in many
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experimental inflaimmatory disease models as well as its contribution to the
production of proinflammatory factors was still unknown. Nowadays, it has become
evident that activation of TRPAT1 is involved in the development of experimental
inflammatory disease models such as colitis, allergic asthma, atopic dermatitis and
gout (Caceres et al., 2009; Engel et al., 2011; B. Liu et al., 2013; Trevisan, Materazzi
et al., 2013) and our studies have also largely contributed to this new perspective.
The underlying details and associated mechanisms related to TRPA1 in inflammation

will be evaluated further in the Discussion section.

1.3 Inflammation

Inflammation is a protective host defence mechanism triggered by various factors
such as invading microbes or damaged tissue. Inflammation ultimately aims at the
removal of the foreign invaders or the repair of the damaged tissue and the
consequences of the disruption in the tissue and the restoration of host homeostasis.
Even though, in principle, inflammation is beneficial and in many cases vital to the
host, if inappropriately directed or controlled, then inflammation may be harmful.
Once the acute inflammation is triggered, it may proceed to a chronic phase in which
the inflammation is prolonged and differently orchestrated. Normally inflammation
is self-limiting and followed by a repair process. (Kumar et al., 2010)

In acute inflammation, a complex and variable cascade of events is inititated
within a few minutes and this acute phase may last up to several days. The major
components of the acute inflammation are vasodilation, an increase in capillary
permeability and infiltration of leukocytes to the site of inflammation. These events
are regulated and driven by various proinflammatory mediators which are produced
first in response to the initial stimuli and thereafter by the actions of a variety of cell
types and processes. All inflammatory mediators have their own molecular targets
and functions; i.e. some have vasoactive properties, some are involved in the
recruitment of leukocytes, others act to combat the invading pathogens and some
evoke nociception. Together they form the “inflammatory soup” meaning the
environment of soluble factors associated with acute inflammation. The list of these
factors is long, but the role of cytokines such as TNF-a, IL.-1 and I1.-6, bradykinin,
complement components, histamine and serotonin, chemokines, ROS and RNS,
neuropeptides substance P, CGRP and neurokinin A and various prostaglandins
such as PGEy are frequently highlighted. Furthermore, vasodilation leads to
increased blood flow and elevated capillary permeability to allow infiltration of fluid
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and proteins and to induce movement of inflaimmatory cells to the site of
inflammation. The inflammatory cells, such as the neutrophils, are attracted by
various chemotactic agents and once at the inflammatory site, they act together with
the resident cells to regulate the inflammatory cascade. Local symptoms of acute
inflammation include edema, redness, heat, pain and loss of function. In addition,
acute inflaimmation may exert systemic effects such as alterations in the blood
pressure and cardiac output or fever. (Kumar et al., 2010; Rang et al., 2015b)

Once the initial stimuli of the acute inflammation and its consequences are
resolved, the repair processes aim at replacing the damaged tissue, either by
regeneration of the original tissue or via the formation of fibrous tissue i.e. scarring.
Both of these repair mechanisms are frequently involved and may also happen
consecutively. Sometimes the tissue may not heal fully and despite the repair

attempts, it will remain not fully functional. (Kumar et al., 2010)

Acute inflaimmation may evolve into a chronic state if the original cause of the
inflammation cannot be resolved or the regulatory mechanisms fail to keep the
inflammatory reaction in check, but inflammation may have chronic features from
its very onset. Chronic inflammation obviously acts over a longer time frame than
acute inflammation, ranging from weeks to months or years but it is morphologically
also different from its acute counterpart. One characteristic of chronic inflammation
is that the infiltrating leukocytes are predominantly mononuclear cells such as
macrophages, lymphocytes and plasma cells and the ongoing tissue damage and
repair processes lead to fibrosis and angiogenesis. Chronic inflammation is usually
subdued in intensity compared to its acute counterpart, but it may include features
of acute inflaimmation or undergo exacerbations. In some cases, the categorization
between acute and chronic inflammation is problematic, even unnecessary. Many
inflammatory diseases are chronic in their nature such as rheumatoid arthritis,
atherosclerosis and chronic obstructive pulmonary disease. (Kumar et al., 2010; Rang
et al., 2015b)

This thesis examines the proinflammatory role of TRPA1 largely because of its
involvement in neurogenic inflammation. Neurogenic inflammation refers to the
neuronal component of the inflammatory reaction, which acts jointly with the
classical players involved in inflammation, such as immune cells and blood vessels.
The sensory nervous system contributes to the host defence by innervating the
tissues exposed to the external environment; it issues an alert to warn the organism
that it has been exposed to some harmful substance. Indeed, peripheral afferent

nerve terminals detect many inflammatory substances including cytokines such as
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IL-1 and TNF-o, exogenous and endogenous danger signals such as acidity,
chemicals, ROS, RNS and adenosine triphosphate and pathogen-associated
molecular patterns. These inflammatory signals activate the afferent sensory nerves
to release neuropeptides which mediate inflammatory functions such as vasodilation,
extravasation, chemotaxis and activation of inflammatory cells. In particular, the
vascular effects, sometimes in anatomical terms even being separate from the
inflammatory locus, are major components of the neurogenic inflammation. The
most notable proinflammatory neuropeptides are substance P and CGRP, but other
ones such as, adrenomedullin, neurokinins A and B, vasoactive intestinal peptide,
neuropeptide Y and gastrin releasing peptide have been identified. In addition to the
local effects, the nervous system also contributes to the systemic responses in
inflammation that constitute the regulation of blood pressure, bronchial tone and
the extent and direction of blood flow between different organs. (Chiu et al., 2012)

1.4 Carrageenan-Induced Acute Paw Inflammation

Carrageenan-induced acute paw inflaimmation is an experimental animal model
widely used to study acute inflaimmation and also exploited as a screening tool in
anti-inflammatory drug research. Injection of carrageenan into the paw of the
experimental animal (usually a rodent) launches an acute inflammation and it is
usually evaluated via the development of paw edema (Henriques et al., 1987; Morris,
2003). Carrageenan-induced acute paw inflammation follows the pattern of classical
acute inflaimmatory reaction. The predominant cell types initially involved are
neutrophils and macrophages and classical inflaimmatory mediators such as
histamine, serotonin, bradykinin, NO, prostanoids, TNF-a, myeloperoxidase
(MPO), and IL-6; these all contribute to the development of the inflaimmatory
response (Bolam et al., 1974; Henriques et al., 1987; Nantel et al., 1999; Portanova
et al., 1996; Posadas et al., 2004; Rocha et al., 2006; Wirth et al., 1991). The reaction
induced by carrageenan is initiated by a rapid release and/or production of bioactive
agents such as bradykinin, histamine, ROS and RNS and this reaction is within hours
followed by an infiltration of blood detived polymorphonuclear cells (Morris, 2003).
Interestingly, the carrageenan-induced inflammatory reaction is biphasic with the
first phase of edema peaking at 4 to 6 hours after the injection and being followed
by a second peak at 72 hours accompanied by systemic effects, such as an increase
in the levels of circulating leukocytes (Henriques et al., 1987). Injection of
carrageenan into the paw of the studied rodent also elicits activity in the nociceptors

which can be recorded electrophysiologically and also as allodynia and hyperalgesia,
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further leading to an increase of sensory nerve innervation (Chakrabarty et al., 2011;
Fletcher et al., 1996; Pertovaara et al., 1998; Tabo et al., 1998).

1.5 Gout

Gout is an inflammatory arthritis affecting typically the metatarsal-phalangeal joint
of the big toe. Name gout descends from the Latin word gu#fa meaning ‘drop’ which
refers to the ancient theory of the etiology of the gout: the balance of the body
humors was believed to be disrupted and an excess of one of the humors would
drop into the gout affected joint. The fiery and paroxysmal arthritis was described
already in 2640 BC by Egyptians and the association to upper socioeconomic class
with its hedonistic lifestyle was well noted. Hence, the gout has also been called ‘the
king of diseases and the disease of kings’, e.g. King Henry VIII of England (1491 —
1547) and King George IV of the United Kingdom (1762 — 1830) have both been
proposed to have suffered from gout (Andriote, 2012; Bywaters, 1962). The
association to crystal accumulation within the joint as a possible cause to gout was
made in the late 17% century and the identification of hyperuricemia as a source of
urate crystals led the way to the Nobel Prize winning invention of allopurinol in 1963
as a urate lowering drug to treat gout (Elion, 1989). Nowadays, the acute
inflammation is emphasized in the pathology of gout. (Nuki & Simkin, 2006; Shi et
al., 2010)

The prevalence of gout is 1-2% in modern world depending on the studied
population. The main risk factors associated with gout include age, male gender,
purine-rich foods (meat and seafood), high alcohol intake, obesity, renal
transplantation and cyclosporine treatment (Saag & Choi, 2006). The disease is
characterized by acute arthritis, i.e. gout flare, including symptoms such as local
intense pain and hyperalgesia, edema, heat and sometimes systemic symptoms such
as fever. As a consequence of a purine metabolism disorder leading to hyperuricemia,
the accumulation of monosodium urate (MSU) crystals into the affected joint is
largely believed to be the cause of the disease. The non-soluble MSU crystals induce
several inflammatory mechanisms in the leukocytes. Firstly, binding of MSU crystals
to various cell membrane receptors, such as the Toll-like receptors, leads to NF-kB
activation and consequently to enhanced expression of many proinflammatory
genes, especially that of IL-13. MSU crystals are also intensively phagocytosed by the
local inflammatory cells which activates intracellular cascades such as spleen tyrosine
kinase, phosphoinositide 3-kinase and production of ROS. Next, these intracellular
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signals contribute to the activation of the NALP3 inflaimmasome which results in
caspase-1 mediated cleavage of pro-IL-1f into its active form, further enhancing the
inflammatory reaction (Kingsbury et al., 2011; Punzi et al., 2012; Shi et al., 2010).

1.6 Monosodium Urate-Induced Experimental Gout

Gout may be studied by the application of MSU crystals to the studied cells or
experimental animals. The most widely used experimental animals have been rat and
mouse and MSU crystals have been mainly injected into the subcutaneous tissue in
the paw, intra-articularly to the knee or ankle joint or into an artificial air-pouch
which resembles the synovial joint. An injection of MSU crystals into the paw of the
rodent induces an acute inflammatory edema within hours after the injection (Denko
& Whitehouse, 1976). MSU crystal-induced acute paw inflammation is susceptible
to treatment with classical anti-inflammatory drugs such as the non-steroidal anti-
inflammatory drug, indomethacin and the glucocorticoid, prednisone (Denko &
Whitehouse, 1976; Fitzgerald et al., 1971). If the MSU crystals are injected into the
knee or the ankle, a painful arthritis develops within a day, and the nociceptive
behaviour can be measured by analyzing the weight distribution between the affected
and non-affected limb or by testing hypersensitivity to a cold or mechanical stimulus
(Coderre & Wall, 1987; Otsuki et al., 1986). The nociceptive behaviour can be
alleviated by treatment with various anti-inflammatory and analgesic drugs such as
indomethacin, ketoprofen and morphine and also by targeting I11.-13 with a soluble
decoy receptor (Otsuki et al., 1990; Torres et al., 2009).

Since the rodents’ joints are extremely small and it is very challenging to obtain
reliable synovial fluid samples, an alternative method for mimicking the synovial
joint cavity has been developed. A subcutaneous air-pouch can be created by
injecting sterile air under the skin of the studied animal; it is known that an internal
cell lining resembling a synovial membrane forms into the air-pouch within
approximately a week (Forrest, 1988). The subcutaneous air-pouch may be used to
obtain an experimental gouty inflammation by injecting MSU crystals into the air-
pouch. Extravasation, an accumulation of inflammatory cells (mainly neutrophils)
and the production of many classical proinflammatory factors associated with acute
inflammation such as IL-1@, IL.-6, macrophage inflammatory protein-lo (MIP-1a)
TNF-o, PGE;z and leukotriene B4 have been determined in studies evaluating the
MSU crystal-induced air-pouch inflammation (Brooks et al., 1987; Inokuchi et al.,
2008; Jung et al., 2007). Furthermore, the non-steroidal anti-inflaimmatory drugs,
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such as indomethacin and rofecoxib, and anti-inflammatory glucocorticoids,
including prednisolone and betamethasone, have been found to be effective in
attenuating the MSU crystal-induced air-pouch inflammation (Forrest et al., 1988;
Nalbant et al., 2005; Rull et al., 2003).

1.7 Osteoarthritis

Osteoarthritis is the most common joint disease worldwide and it affects every tenth
man and every fifth woman over 60 years of age (Woolf & Pfleger, 2003; Y. Zhang
& Jordan, 2010). Osteoarthritis is a significant source of individual suffering due to
pain and disability but it is also a major socioeconomic burden to communities.
There are several recognized risk factors for osteoarthritis, e.g. age, female sex,
obesity, joint traumas, occupational factors, low physical activity and genetic factors
(Musumeci et al., 2015). The affected joints are often weight bearing large synovial
joints, i.e. hip and knee joint, but the disease may occur also in smaller joints such as
the interphalangeal joints of the hand. Osteoarthritis is considered to be a
degenerative joint disease driven by a low-grade inflammation and it leads to
destruction of articular cartilage causing symptoms such as pain and disability (Figure
3). It is known that many cell types like synoviocytes, osteoblasts and especially
chondrocytes exhibit inflammatory activity and alter the cartilage turnover to a
negative balance. The inflammatory reaction includes many well-known
proinflaimmatory cytokines such as IL-1B, IL-6 and TNF-a and their role in
increasing the local production of collagenases and aggrecan-degrading enzymes has
been highlighted in the pathology of osteoarthritis. However, there is still no full and
integrated understanding of the development of osteoarthritis. At present, the
treatment of osteoarthritis is based on analgesic drugs, physical exercise, reduction
of overweight and ultimately joint replacement surgery. Despite intense efforts,
osteoarthritis still lacks disease modifying treatment and therefore further
investigations are needed. (Glyn-Jones et al., 2015)

Based on previous knowledge, it is possible that TRPA1 has some relevance in
osteoarthritis. The proinflaimmatory neuropeptide substance P has been implicated
in the inflammatory reaction triggered in chondrocytes (O'Shaughnessy et al., 2000).
Furthermore, there is some direct evidence for the expression of substance P
receptor, i.e. neurokinin-1 (NK1) receptor in chondrocytes (Opolka et al., 2012). A
proinflaimmatory role of ROS has also been postulated in osteoarthritis since
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Osteoarthritic knee Normal knee

Figure 3. Radiographic image of osteoarthritic and normal left knee joint. The left image reveals
the significant osteoarthritic changes characteristic for cartilage and joint degeneration.
Narrowing of joint space (1), formation of osteophytes (2) and sclerosis of subchondral bone
(3) are typical radiographic findings of osteoarthritis. The image on the right represents a
normal knee joint radiography.

inhibiting the action of ROS has attenuated the production of cartilage degrading
matrix metalloproteinases (Reed et al., 2014). At this point, it should be noted that
in large clinical trials, oral antioxidant therapy has mainly failed to cure or even relieve
inflaimmatory diseases (Firuzi et al, 2011). Therefore, combating ROS in
inflammatory diseases should be addressed as a part of the inflammatory reaction as
whole and a more direct and possibly more comprehensive approach to inhibiting
the action of ROS locally could be beneficial.

1.8 Monosodium lodoacetate-Induced Experimental
Osteoarthritis and Inflammation

An injection of monosodium iodoacetate (MIA) into the articular cavity of an

experimental animal, most frequently a rat or a mouse, induces an experimental
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osteoarthritis (Marker & Pomonis, 2012; van der Kraan et al., 1989). A few weeks
after the application of MIA, histological changes in the cartilage, synovium and
subchondral bone and pain-like behaviour in the studied animal can be observed
(Bove et al., 2003; Fernihough et al., 2004; van der Kraan et al., 1989). It has been
determined that MIA disrupts the cell metabolism in chondrocytes by inhibiting the
glyceraldehyde-3-phosphate dehydrogenase, leading to caspase activation and cell
death (Dunham et al., 1992; Grossin et al., 20006; Jiang et al., 2013). Simultaneously,
inflaimmation is also induced. Iz vitro studies have detected an increase in the
production of many proinflammatory factors such as matrix metalloproteinase-13,
IL-18, IL-6, IL-15, inducible nitric oxide synthase (iINOS) and cyclooxygenase-2
(COX-2) (Dumond et al., 2004; J. Lee et al., 2013). Interestingly, oxidative stress is
also involved since there is increased production of ROS (Jiang et al., 2013). The
nociceptive behaviour is seen in the studied animals as an increase of hyperalgesia
and allodynia and a spontaneous decrease in weight borne by the affected limb
(Marker & Pomonis, 2012). Ongoing pain can be demonstrated by the fact that the
spontaneous firing of nociceptive C-fibers and mechanically induced firing of
mechanosensitive A-fibers are increased (Kelly et al., 2012). Furthermore, the
development of MIA-induced experimental osteoarthritis has been proposed to lead
to central neuronal sensitization. In addition, the dorsal root ganglia of the
innervating neurons exhibit an increase in the levels and activity of neuronal injury
markers and signalling molecules mediating the neuropathic pain such as p38
phosphorylation (Ferreira-Gomes et al., 2012; Kelly et al., 2012; Y. Lee et al,, 2011).
Hence, most likely the MIA-induced experimental osteoarthritis involves an inital
inflammatory phase followed by the development of cartilage degradation and a
subsequent activation of the neuronal mechanisms contributing to the pain evident

in the behavioural and electrophysiological recordings.

Previously, two studies have been conducted on the role of TRPA1 in the MIA-
induced experimental arthritis, both focusing on the aspect of pain. The first study
reported that a single systemic dose of a TRPA1 blocker was effective in attenuating
mechanically induced firing in the wide dynamic range neurons, i.e. sensory neurons
susceptible to a variety of stimuli, when measured 21 days after the MIA injection
(McGaraughty et al., 2010). In the second study, a single dose of TRPA1 blocker,
administered either systemically or intra-articularly, failed to attenuate the
nociceptive behaviour measured in a weight-bearing test immediately or several days
after the injection of MIA into the joint (Okun et al., 2012). However, the studies
did not focus on the role of TRPA1 in the development of the MIA-induced

inflammation and cartilage changes, leaving unanswered the question of whether
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TRPA1 could play a role in the initial progress of the MIA-induced experimental
osteoarthritis by driving the inflaimmatory phase onwards.

1.9  Allergic Inflammation

Allergic inflammation is the basis for a large and diverse group of atopic diseases,
such as allergic asthma, allergic rhinitis and a part of atopic eczema, which together
have a high prevalence, about 5-20% in worldwide terms (Miescher & Vogel, 2002).
The underlying mechanisms leading to allergic inflammation begin with the process
of immunization towards the specific allergen. When the immune system initially
encounters the allergen, it is phagocytosed by tissue resident antigen presenting cells
such as epithelial dendritic cells and then presented to the naive CD4+ T cells. The
T cells differentiate into T helper 2 (Tu2) cells which in turn interact with B
lymphocytes; these cells undergo a class switch into the immunoglobulin E (IgE)
producing isotype and start to produce circulating IgE specific to the allergen.
Circulating IgE binds to FceRI receptors on the surface of the mast cell and the mast
cells become susceptible to activation by the specific allergen. (Abbas et al., 2014)

Allergic inflammation begins during the body’s exposure to a previously
encountered allergen as the allergen binds to its specific IgE and FceRI receptor
complex on the tissue resident mast cell’s plasma membrane triggering mast cell
activation. Activation of the mast cells leads to their rapid degranulation and release
of factors such as histamine, serotonin, ROS and RNS, resulting in the early-phase
response of the allergic reaction marked by vascular effects causing edema and itch.
Subsequently, additional proinflammatory factors are secreted including lipid
mediators such as leukotrienes and prostaglandins, which also exert vascular effects.
Mast cells also produce many cytokines such IL.-4, IL-5 and IL.-13 which promote
the late-phase of allergic inflammation and contribute to the recruitment of
circulating leukocytes. Other inflammatory cells, especially eosinophils and Tn2 cells,
migrate into the site of inflammation and further enhance the late-phase allergic
inflammation. (Abbas et al., 2014)

The classical allergic type 1 hypersensitivity reaction is supplemented by other
complementary mechanisms which also contribute to the allergic inflammation.
Neurogenic mechanisms have been studied in the development of allergic
inflammation and there is evidence of a two-way regulatory interaction between
innervating sensory nerves and local immune cells such as eosinophils and mast cells
(Cevikbas et al., 2007). The release of the proinflammatory neuropeptide, substance
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P, displays a proinflammatory role in models of experimental allergen-induced
asthma, conjunctivitis and dermatitis (Ramalho et al., 2013; Scholzen et al., 2001;
Yamaji et al., 1997). Furthermore, substance P seems to enhance inflaimmatory
activity in many of the immune cells known to be involved in allergic inflammation
including mast cells, eosinophils and keratinocytes (Asadi et al., 2012; Paus et al.,
1995; Raap et al., 2015). There is also convincing evidence that substance P mediates
the symptoms of allergic inflaimmation as treatment with the blocker of the
substance P receptor, i.e. the neurokinin-1 receptor, is effective in alleviating itch
both in animal studies and in humans (Costantini et al., 2015; Stander et al., 2010).

TRPAT1 activation has also been associated with allergic inflammation. The first
breakthrough in this field was the discovery of the proinflaimmatory role of TRPA1
in ovalbumin-induced experimental murine asthma (Caceres et al., 2009). Blockade
of TRPA1 by pharmacological treatment or genetic depletion of TRPA1 achieved
an attenuation of both airway hyperreactivity and a reduction in the release of
proinflaimmatory factors including IL-5, IL.-13, TNF-«, CGRP, neurokinin A and
substance P (Caceres et al., 2009). It is noteworthy that the immunization towards
the allergen ovalbumin was undisturbed.

Experimental allergic contact dermatitis, resembling the type IV or delayed type
hypersensitivity, can be induced by the application of oxalozone. Intriguingly,
oxalozone has been proven to be a direct activator of TRPA1 and in this model
TRPA1 deficient mice exhibited diminished levels of leukocyte accumulation, less
plasma extravasation and decreases in the amounts of proinflammatory factors such
as IL.-4, histamine and substance P when measured from the inflamed tissue and
these animals also exhibited attenuated itch behaviour (B. Liu et al., 2013). Hence, it
is possible that TRPA1 activation plays a role also in the delayed type hypersensitivity
and could possibly contribute to the different mechanisms involved in the different

types of hypersensitivity reactions and allergic inflammation.

Another study presented parallel results as also atopic dermatitis induced by IL-
13 was reported to be TRPA1-dependent and intriguingly TRPA1 expression was
elevated not only in innervating sensory nerves but also in resident mast cells (Oh et
al., 2013). In addition, leukotriene B4, a factor also associated with allergic
inflammation, has been shown to increase TRPA1 expression in mast cells
(Fernandes et al., 2013). The association between TRPA1 and mast cells is also
evident in the TRPA1 activation-induced edema. A depletion of mast cell
degranulation or inhibition of the main products of mast cell degranulation, i.e.

serotonin and histamine, leads to diminished 7z vivo edema formation seen after the
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application of the TRPA1 activator AITC even though AITC does not directly
induce mast cell degranulation (Perin-Martins et al., 2013; Trevisan, Rossato et al.,
2013). Although the role of TRPA1 in allergic inflammation has been studied from
fairly broad perspectives, the results have not identified the exact mechanisms or
effector cell type involved to explain how TRPA1 contributes to the allergic
inflammation and therefore further studies are needed.

1.10  Ovalbumin-Induced Experimental Allergic Inflammation

Ovalbumin is a 45 kDa glycoprotein constituting up to 55% of the protein in egg
white and it is one of the major allergens causing food allergy towards eggs in humans
(Caubet et al.,, 2011). Although a target of extensive research, the physiological
function of ovalbumin in the chicken embryo is unknown although it is assumed to

actas a storage protein.

Ovalbumin is frequently used as an allergen in experimental allergy research. The
experimental animals, usually rodents, are immunized towards ovalbumin via an
exposure to ovalbumin frequently combined with adjuvants such as AI(OH); and
bacterial toxins and hence the animals form specific IgE towards the allergen (Chung
et al,, 2012; Reddy et al,, 2012). Next, the studied animals can be challenged with
ovalbumin by various routes to induce an experimental allergic inflammation. In
addition to airway exposure leading to bronchial hypersensitivity, the application of
ovalbumin may be carried out topically to the eye to produce an allergic
conjunctivitis (Reddy et al., 2012). The topical ocular challenge induces the release
of several proinflammatory mediators such as histamine and NO and also results in
infiltration of leukocytes, especially eosinophils, into the inflamed conjunctival tissue
(Chung et al., 2012; Helleboid et al., 1991; Meijer et al., 1996). The conjunctivitis
induces also physical symptoms such as hyperemia and increased lacrimation (Hayat
etal., 2011). Ovalbumin-induced allergic experimental conjunctivitis can be inhibited
by treatment with substances such as the glucocorticoid dexamethasone the
immunosuppressant cyclosporine A and with an NO scavenger (Meijer et al., 1996;
Shii et al., 2010; Shoji et al.,, 2005). Interestingly, a similar allergic inflammation
resembling the classical type I hypersensitivity can be induced by injecting ovalbumin
into the paw of a previously immunized animal. Although not so often used, this
model of ovalbumin-induced allergic paw inflammation evokes an acute paw edema
which can be inhibited by treatment with serotonin receptor inhibitors and the

glucocorticoid dexamethasone (Feitosa et al., 2002).
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1.11  Pinosylvin

Pinosylvin (3,5-dihydroxy-trans-stilbene) is a stilbenoid polyphenol; it is found in
natural sources such as in the heartwood and bark of the coniferous tree species
Pinns. Pinosylvin has been shown to possess anti-inflaimmatory and cancer
chemopreventive properties in addition to its chemical functions as an antioxidant
preventing oxidative stress (Koskela et al., 2014; Laavola et al., 2015; Macickova et
al., 2010; Park et al., 2012). Pinosylvin displays some structural similiarity to a more
extensively studied stilbenoid, resveratrol, which has been described to have
antioxidant, anti-inflammatory, antiproliferative and chemoprotective properties and
many molecular targets (Kulkarni & Canto, 2015). Intriguingly, resveratrol has been
identified as a blocker of TRPA1 (Yu et al., 2013) and therefore stilbenoids such as
pinosylvin may represent a treasure-trove of novel drugs capable of inhibiting

TRPAL.
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2 Aims of the Study

During the past ten years, research on TRPA1 ion channel has revealed it to be a
potent chemosensor and nociceptor. In addition to exogenic irritating compounds,
also reactive molecules formed in the inflimmatory reaction have been
demonstrated to act as TRPA1 activators. Interestingly, the activation of TRPA1 has
been shown to be involved not only in acute pain and hypersensitivity but also in
neurogenic inflaimmation. TRPA1 blockers are under intense research and
development but the exact indications for TRPA1 blocking drug treatment are still
to be discovered. Hence, the aim of the study was to assess the possible
proinflammatory role of TRPA1 by utilising experimental models of inflammatory
diseases with different pathogenetic mechanisms.

The detailed aims of this study were:

1. to study the possible role of TRPA1l in acute inflammation in
carrageenan-induced inflaimmatory paw edema and the association
between TRPA1 activation and the prostaglandin producing COX-
enzyme (study I)

2. to evaluate the putative role of TRPA1 in experimental gouty

inflammation by measuring acute inflammation and joint pain (study II)

3. to assess the contribution of TRPA1 activation in MIA-induced
experimental — osteoarthritis by evaluating MIA-induced acute

inflammation and the development of cartilage changes and joint pain
(study IIT)

4. to clarify the potential involvement of TRPA1 activation in experimental

ovalbumin-induced acute allergic inflammation (study IV)

5. to investigate the possible effects of pinosylvin on TRPAI-mediated
responses 2 vitro and 7n vivo by measuring AI'TC-induced Ca?* influx and

paw edema, respectively (study V)
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3 Materials and Methods

3.1 Compounds

All reagents were purchased from Sigma Chemical Co., St. Louis, MO, USA unless
otherwise indicated. The pharmacological tools used are listed in Table 5.

The MSU crystals used in the study II were prepared as previously described
(Denko & Whitehouse, 1976) by diluting 1.0 g of uric acid in 200 ml of water
adjusted to pH 14.0 with NaOH by heating and blending. Next, the pH was gradually
adjusted to 7.0 by adding HCl and MSU was crystallized overnight at room
temperature with constant shaking. The formed crystals were filtered, washed, dried
and re-suspended in phosphate buffered saline (PBS) at a concentration of 50
mg/ml. In the microscopic examination, the MSU crystals were 5-20 um in length
(Figure 4). All equipment and liquids used were endotoxin free.

3.2 Mice

In the first study (I), the wild type (WT) and TRPA1 deficient (or knock-out, KO)
C57BL/6 mice were originally obtained from Dr David Julius (UCSF) and back-
crossed in the laboratory of Edward Hogestitt and Peter Zygmunt (Lund University,
Sweden). In the other studies (II-IV), the wild type and TRPA1 deficient B6;129P-
Trpal(tm1Kykw)/] mice from Chatles River Laboratories, Sulzfeld, Germany were
used in the experiments. The genotypes of the mice were confirmed by polymerase
chain reaction (PCR). The TRPA1 deficient mouse strains used are further described
in the Discussion section in paragraph 5.1.1 and in the original publications (Bautista
et al., 2006; Kwan et al., 2000). In the third, fourth and fifth study (III-V), the drug
effects were studied by using wild type C57BL/6 mice (Scanbur Research A/S,
Karlslunde, Denmark). Mice were housed under standard conditions (12-12 h light-
dark cycle, 22+1 °C) with food and water provided ad libitum. All animal experiments
were carried out in accordance with the legislation for the protection of animals used
for scientific purposes (Directive 2010/63/EU) and approved by The National
Animal Experiment Board.
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Table 5. Used pharmacological compounds and their targets

Compound Target

Allyl isothiocyanate (AITC) TRPA1 opener
Catalase H202 degrading enzyme
Dexamethasone Anti-inflammatory

glucocorticoid

HC-030031; (2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H- Selective TRPA1 blocker
purin-7-yl)-N-(4-isopropylphenyl)acetamide)

Ibuprofen COX inhibitor; non-steroidal
anti-inflammatory drug

L703,606; (cis-2-(Diphenylmethyl)-N-[(2-iodophenyl)methyl]-1- NK1 receptor antagonist
azabicyclo[2.2.2]octan-3-amine oxalate salt)

Pinosylvin Stilbenoid, putative TRPA1
blocker
Resveratrol Stilbenoid, TRPA1 blocker

TCS 5861528; (2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H- Selective TRPA1 blocker
purin-7-yl)-N-[4-(1-methylpropyl)phenyl]acetamide)

Intraperitoneal injection of medetomidine (0.5 mg/kg, Domitor®, Orion Oyj,
Espoo, Finland) and ketamine (75 mg/kg, Ketalat®, Pfizer Oy Animal Health,
Helsinki, Finland) were used for anesthesia. Animals were sacrificed after

experiments by carbon monoxide followed by cranial dislocation.

To study drug effects, the mice were dosed with HC-030031 (300 mg/kg
perorally or intraperitoneally), ibuprofen (100 mg/kg intraperitoneally),
dexamethasone (2 mg/kg perorally or intraperitoneally), TCS 5861528 (10 mg/kg
perorally), catalase (300 IU/paw by intraplantar administration) 1.703,606 (10 mg/kg
intraperitoneally, Enzo Life Sciences AG, Lausen, Switzerland), pinosylvin (10
mg/kg intraperitoneally) or resveratrol (10 mg/kg intraperitoneally). Orally
administered drugs were diluted in 75% polyethylene glycol and given by gastric
gavage in a volume of 250 ul 2 h prior to the experiments. Intraperitoneally dosed
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drugs were diluted in PBS in a volume of 450 ul and given 1 h prior to the
experiments. Intraplantarly dosed drugs were diluted in PBS and given
simultaneously with MIA (study III) or ovalbumin (study IV).

3.3 Acute Paw Edema

Acute paw edema was induced by injecting carrageenan (450 pg, study I), AITC (20
pg, study I; 50 pg, study V) MSU crystals (500 ug, study II), MIA (400 pg, study I1I)
or ovalbumin (45 pg, study IV) diluted in sterile endotoxin free PBS or NaCl 0.9%
(30 pl, study I; 50 ul, studies II-V). The contralateral paw was injected with the
vehicle and developed neglible edema. The paw volume was measured up to 6 h with
a plethysmometer (Ugo Basile, Comerio, Italy) and compared to the baseline value.
Mice given drug treatments were compared to vehicle treated mice and TRPA1

deficient mice were compared to the corresponding wild type mice.

In some acute paw edema experiments (studies I1I-V), after the mice had been
sacrificed, the inflamed subcutaneous paw tissue injected with the stimuli and the
contralateral subcutaneous paw tissue injected with the vehicle were collected for
analysis in buffer containing Tris (50 mM, pH 7.4), NaCl (150 mM), 0.5% Triton-X
and protease and phosphatase inhibitors phenylmethylsulfonyl fluoride (0.5 mM),
sodium orthovanadate (2 mM), leupeptin (0.10 pg/ml), aprotinin (0.25 ng/ml) and
NaF (1.25 mM). The tissue was minced and incubated in the lysis buffer for 20 min
with constant and firm shaking. The samples were centrifuged (10 min, 10 000 g) and
the supernatant was collected and measured for substance P (study 1II), IL-4 (study
IV) or IL-6 (study V) with an enzyme-linked immunosorbent assay (ELISA; R&D
Systems Europe Ltd., Abingdon, UK).

34 Monosodium Urate-Induced Acute Arthritis

The MSU crystal-induced weight-bearing test originally described in 1986 (Coderre
& Wall, 1987; Otsuki et al., 1986) was triggered by injecting 500 ug of MSU crystals
in 40 pl of sterile endotoxin free PBS into the knee joint of anesthetized mice. The

contralateral knee joint was injected with the corresponding volume of the vehicle.
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Figure 4. Light microscopic image of MSU
crystals. The MSU crystals were
prepared as described in the Materials
and Methods section and
photographed  during the light
microscopic assessment with 100 x
magnification. The crystals are razor-
sharp in shape and 5-20 ym in length.
Photograph by Mari Hdmalainen.

The willingness to bear weight on the affected joint was measured with an
incapacitance meter (IITC Life Science, Woodland Hills, CA, USA) for four
subsequent days and compared to the baseline value. The mice were habituated in
the measurement room for 60 min prior to the measurement and the subsequent
measurements were carried out at the same time of the day. In order to obtain reliable
data on the weight distribution, each mouse was measured 8 times for 1 second at
each time point and the investigator was blinded towards the affected limb.

35 Monosodium Urate-Induced Air-Pouch Inflammation

A subcutaneous air-pouch was created by injecting 3 ml (15t day) and 1.5 ml (3¢ day)
of sterile air subcutaneously under the dorsal skin of the studied mice under
anaesthesia and after 7 days a synovial-like epithelium has been shown to be present
in the air-pouch (Forrest, 1988). The inflammation was induced by injecting 3 mg of
MSU crystals in 1 ml of sterile endotoxin-free PBS into the air-pouch of the
anesthetized mice. After 6 h, the mice were sacrificed and the exudate was harvested
for cell-counting by hemocytometer and for cytokine measurements. Monocyte
chemotactic protein-1 (MCP-1), IL-6, IL-13, MPO, macrophage inflammatory
protein-la (MIP-1a) and macrophage inflaimmatory protein-2 (MIP-2) were
measured by ELISA (R&D Systems).

3.6 Monosodium lodoacetate-Induced Osteoarthritis

The MIA-induced weight-bearing test was initiated by injecting MIA (500 ug) diluted
in 40 pl of sterile endotoxin free PBS into a randomized knee joint of anesthetized
mice. The contralateral knee joint was injected with the corresponding volume of

the vehicle. The willingness to bear weight on the affected joint was measured with
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an incapacitance meter (II'TC Life Science) up to 28 days and compared to the
baseline value. The mice were habituated in the measurement room for 60 min prior
to the measurement and the subsequent measurements were carried out at the same
time of the day. In order to obtain reliable data on the weight distribution, each
mouse was measured 8 times for 1s at each time point and the investigator was
blinded towards the affected limb.

After the weight-bearing test at day 28, the mice were sacrificed and the MIA and
vehicle injected knee joints were dissected and fixed for 24 h in 10% formaldehyde,
decalcified for 48 h in Osteomoll (Merck, Darmstadt, Germany) which contains HCI
(10%) and CH20 (4%) and embedded in paraffin. Then 5 um thick coronal sections
of femoro-tibial joints were rehydrated in a graded series of ethanol and stained with
Safranin-O-Fast-Green. The cartilage changes were scored according to the OARSI
guidelines (Glasson et al., 2010) by two independent observers who were blinded for
the treatment and genotype.

3.7 Ovalbumin-Induced Conjunctivitis

The studied mice were immunized to ovalbumin with an intraperitoneal injection of
ovalbumin (100 pg), AI(OH)s (1 mg, Acros Organics, Geel, Belgium) and Pertussis
toxin (300 ng) suspended in 550 ul of sterile PBS on day 1. Immunization was
boosted with an intraperitoneal injection of ovalbumin (100 pg) and AI(OH); (1 mg)
suspended in 500 ul of sterile PBS on day 5. Non-immunized control mice received
intraperitoneal injections of PBS only. The experiments were performed on day 14

after the immunization.

Ovalbumin-induced allergic conjunctivitis was triggered by applying topically first
DL-dithiothreitol (770 pg suspended in 5 ul of sterile PBS) and 15 min later
ovalbumin (500 pg suspended in 5 ul of sterile PBS) into both eyes of the studied
mice eatlier immunized to ovalbumin. Both eyes of the studied mice were treated
topically by applying TRPA1 blocker T'CS 5861528 (25 pg suspended in 5 ul of sterile
PBS), the control compound dexamethasone (5 pg in 5 pl, Oftan Dexa®, Santen,
Tampere, Finland) or vehicle (5 ul of PBS) at 1 h before and 2 h, 4 h and 6 h after
the application of ovalbumin. Finally, 24 h after the application of ovalbumin, the
mice were sacrificed and conjunctiva from both eyes were surgically removed and

analysed for eosinophil infiltration by measuring eosinophil peroxidase activity.
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To measure eosinophil peroxidase activity, the tissue samples were first washed
with ice-cold PBS and then homogenized mechanically with a disposable pellet pestle
cordless motor (Kimble Chase Life Science and Research Products LLC.,,
Rockwood, TN, USA) in Tris-HCI buffer (50 mM, pH 8.0) containing 0.1% Triton-
X. Subsequently, the samples were incubated at 4 °C for 2 h and then centrifuged
(10 min, 10 000 g, 4 °C) and supernatants were collected for further analysis. Samples
(50 pl) and eosinophil peroxidase substrate solution (100 ul) containing o-
phenylenediamine (2 mM) and 0.1% Triton-X in Tris-HCI buffer (50 mM, pH 8.0)
were added to a 96-well microplate. The reaction mixture was incubated in the dark
for 30 min at room temperature and the reaction was stopped by adding H.SO4 (50
ul, 2 M) into each well. Finally, the eosinophil peroxidase activity corresponding to
the amount of eosinophils which had infiltrated into the tissue was measured as
absorbance at 490 nm by Victor3 1420 multilabel counter (Perkin Elmer, Waltham,
MA, USA).

3.8  Cell and Cartilage Culture

3.8.1  HEK 293 Cells

HEK 293 human embryonic kidney cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in Eagle’s Minimum Essential Medium (EMEM)
supplemented with fetal bovine serum (10%), sodium bicarbonate (150 mg/ml),
sodium pyruvate (1 mM), non-essential amino acids (1 mM each) (all from Lonza,
Verviers SPRL, Vetviers, Belgium), penicillin (100 U/ml), streptomycin (100 ng/ml)
and amphotericin B (the last three compounds from Invitrogen, Paisley, UK) at
37 °C in 5% COa. The cells were transfected for 24 h using 420 ng/cm? human
TRPA1 plasmid DNA (pCMV6-X1L4 by Origene Rockville, MD, USA) with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s directions. Next,
the cells were washed and used in the Fura-2-AM (study I) or Fluo-3-AM assays
evaluating Ca2?* influx (studies II-V) or the cells were treated with HC-030031
(10 uM) or solvent (control) 30 min prior to the activation of TRPA1 by AITC
(10 uM) for 6 h to measure the expression of COX-2 (study I).
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3.8.2  Human Osteoarthritic Chondrocytes

In study III, the leftover pieces of osteoarthritic cartilage from knee joint
replacement surgery were used with full patient consent and approval by the Ethics
Committee of Tampere University Hospital, Tampere, Finland. Full-thickness pieces
of articular cartilage from femoral condyles and tibial plateaus showing macroscopic
features of early osteoarthritis were removed aseptically from subchondral bone with
a scalpel and cut into small pieces. The pieces were washed in PBS and the
chondrocytes were isolated by enzymatically digesting the cartilage tissue by using a
collagenase enzyme blend (1 mg/ml, Liberase Research Grade Medium; Roche,
Mannheim, Germany) for 16 h at 37 °C. Isolated chondrocytes were washed and
plated on 24-well plates (0.15 x 10¢ cells/ml) in Dulbecco's Modified Eagle's Medium
(DMEM) with GIBCO GlutaMAX-I supplemented with penicillin (100 U/ml),
streptomycin (100 pug/ml), and amphotericin B (250 ng/ml, all from Invitrogen)
containing fetal bovine serum (10%). The chondrocytes were cultured at 37 °C in a
humidified 5% CO; atmosphere for 6 days during which the culture medium was
changed on days 2 and 4. Next, the chondrocytes were exposed to MIA (100 pM),
the TRPA1 blocker HC-030031 (100 pM), IL-13 (100 pg/ml, R&D Systems) or to
a combination of these compounds. The chondrocytes were incubated with the
studied compounds for 6 h and analysed by reverse transcription polymerase chain
reaction (RT-PCR) for COX-2 expression.

3.8.3  Mouse Cartilage Culture

In study III, after the mice were sacrificed, full-thickness articular cartilage from the
femoral heads was removed and incubated at 37 °C in humified 5% CO; atmosphere
in DMEM supplemented with penicillin (100 U/ml), streptomycin (100 pg/ml), and
amphotericin B (250 ng/ml, all from Invitrogen) containing fetal bovine serum
(10%). The cartilage pieces were exposed to MIA (10 pM), IL-18 (100 pg/ml),
HC-030031 (100 pM) or to a combination of these for 24 h and the samples were
analysed for COX-2 expression by Western Blotting.

3.8.4  Eosinophil Isolation, Culture and Viability Determination

Blood derived eosinophils were obtained from healthy human donors and used in
the study I'V. The subjects provided written informed consent to the study protocol
which had been approved by the Ethics Committee of Tampere University Hospital,
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Tampere, Finland. Eosinophils were isolated as previously described (Kankaanranta,
Lindsay et al., 2000). Briefly, venous blood from healthy individuals was collected
into tubes with acid-citrate-dextrose anticoagulant. White blood cells were obtained
by sedimentation with 3% hydroxyethyl starch, layered onto Ficoll, and centrifuged
at 500 g for 30 min at 18 °C. The mononuclear cell layer was discarded and the pellet
containing granulocytes and red blood cells was washed in Hank's Balanced Salt
Solution. Contaminating red blood cells were lysed with hypotonic lysis buffer. The
remaining granulocytes were washed, counted, and re-suspended in 300 ul of
Roswell Park Memorial Institute (RPMI) 1640 culture medium (Lonza) containing
fetal bovine serum (2%) and EDTA (5 mM) (RPMI/FBS/EDTA). Eosinophils were
purified from neutrophils with the addition of immunomagnetic anti-CD16
antibody-conjugated beads (1 ul of beads per 2X100 granulocytes). After the addition
of the beads, the cells were incubated at 4 °C for 40 min before resuspension in
6 ml of RPMI/FCS/EDTA. The mixture was loaded onto a separation column
positioned within a magnetic field and eluted with 40 ml of RPMI/FBS/EDTA. The
CD16* cells, i.e. neutrophils, were retained by the column, whereas the eluted
eosinophils were collected, washed in RPMI 1640, counted, and then re-suspended
at 106 cells/ml. Eosinophil putity was >99% as assessed by microscopic examination

after Kimura staining.

The cells were cultured for 48 h (37 °C, 5% CO2) in RPMI 1640 medium
supplemented with penicillin (100 U/ml), streptomycin (100 pg/ml), and
amphotericin B (250 ng/ml, all from Invitrogen) containing fetal bovine serum
(10%). Next, the cells were incubated with the TRPA1 blockers TCS 5861528
(10 uM) or HC-030031 (10 uM), the TRPA1 channel opener AITC (10 uM) or with
the control compound dexamethasone (1 pM) in addition to IL-5 (0.5 pM), which
was used to decrease the apoptosis rate in comparison to the basal state.

Fragmentation of DNA by endonucleases is considered as a specific characteristic
of apoptotic cells (Kankaanranta, de Souza et al., 2000). Eosinophil apoptosis was
determined by using the relative DNA fragmentation assay in propidium iodide-
stained cells and flow cytometry. Briefly, after 40 h, the cells were suspended into
300 pl of hypotonic solution (0.1% sodium citrate, 0.1% Triton-X and 50 pg/ml
propidium iodide). The cells were washed with PBS, fixed in ethanol (70%) and
incubated at 4 °C for 30 min. After a wash in PBS, the cell pellet was resuspended
in a buffer containing propidium iodide (50 pg/ml). The cells were incubated at
4 °C for 1 h protected from light and finally the samples were analysed by flow
cytometry (FACScan, Becton Dickinson, San Jose, CA, USA) with
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excitation/emission wavelengths of 488/550 nm. Reduced relative DNA content
was regarded apoptotic and the eosinophil apoptosis was expressed as percentage of
apoptotic cells (number of apoptotic cells/total number of cells x100).

3.8.5  Splenocyte Isolation and Interleukin-13 Measurements

In study IV, the immunized animals were sacrificed and their spleens were surgically
removed. The spleens were mechanically broken by pressing them through a 70 pm
cell strainer. The cells were washed with PBS and suspended in lysis buffer
containing NH4Cl (0.15 M), KHCOj3 (0.1 mM) and EDTA (0.1 mM) to break down
the erythrocytes in the suspension. After an incubation of 5 min, the isolated
splenocytes were washed with PBS and plated on a 24-well microplate at a density
of 1 x 106 cells/ml and cultured in RPMI 1640 culture medium supplemented with
fetal bovine serum (10%), penicillin (100 U/ml), streptomycin (100 pg/ml), and
amphotericin B (250 ng/ml, all from Invitrogen) and B-mercaptoethanol (14 uM).
The cells were incubated with T-cell activating CD3 and CD28 antibodies (CD3
antibody 5 pg/ml coated -1 h on the culture plate, CD28 antibody 5 pg/ml diluted
in culture medium, both from eBioscience, San Diego, CA, USA) or with ovalbumin
(100 pg/ml diluted in culture medium) either with or without dexamethasone (1
uM). After 42 h, the culture medium was harvested and analysed for the IL-13
concentration by ELISA (R&D Systems).

3.9  Protein Extraction and Western Blotting

After the cell culture experiments in study III, the mouse cartilage explants were
rapidly washed with ice-cold PBS and minced in cold lysis buffer containing RIPA
buffer base (pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA), NaCl
(50 mM), 1% Triton-X, phenylmethylsulfonyl fluoride (0.5 mM), sodium
orthovanadate (1 mM), leupeptin (20 pg/ml), aprotinin (50 pg/ml), NaF (5 mM),
sodium pyrophosphate (2 mM) and n-octyl-B-D-glucopyranoside (10 uM). After
repeated shaking and overnight incubation at 4 °C in the lysis buffer, the tissue
lysates were centrifuged (13 400 g, 4 °C, 10 min) and supernatants were collected and
stored in SDS sample buffer at —20 °C. An aliquot of the supernatant was used to
determine the protein concentration by the Coomassie blue method. Next, equal
aliquots of protein (20 pg) were boiled for 5 min and loaded onto a 10% SDS-
polyacrylamide electrophoresis gel and electrophoresed for 4 h at 100 V in a buffer
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containing Tris—HCl (95 mM), glycine (960 mM), and SDS (0.5%). After
electrophoresis, the proteins were transferred to a Hybond enhanced
chemiluminescence  nitrocellulose =~ membrane  (Amersham  Biosciences,
Buckinghamshire, UK). After transfer, the membrane was blocked in TBS/T
(20 mM Tris—base pH 7.6, 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat
milk for 1 h at room temperature and incubated in the blocking solution at 4 °C
overnight with the primary antibody for COX-2 (1:500, sc-1745, goat polyclonal
immunoglobulin G) and loading control actin (1:2000, sc-1616R, rabbit polyclonal
immunoglobulin G). On the next day, the membranes were incubated in the
blocking solution for 1 h at room temperature with the respective horse radish
peroxidase-conjugated secondary antibodies for COX-2 (1:5000, sc-2020, donkey
anti-goat polyclonal immunoglobulin G) and actin (1: 2000, sc-2004, goat anti-rabbit
polyclonal immunoglobulin G, all antibodies from Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA). Bound antibody was detected using Super Signal® West Pico
or Dura chemiluminescence substrate (Pierce, Rockford, IL, USA) and ImageQuant
LAS 4000 mini imaging system (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
The quantitation of the chemiluminescent signal was carried out with the use of
Image Quant TL software (GE Healthcare Bio-Sciences AB).

3.10  Enzyme Linked Immunosorbent Assay

All ELISA kits were purchased from R&D Systems Furope Ltd. and the
measurement protocols were carried out in accordance with the manufacturer’s

instructions.

3.11  RNA Extraction and Reverse Transcription Polymerase
Chain Reaction

After the cell culture experiments in studies I and III, RNA extraction was carried
out with the use of GenElute Mammalian Total RNA Miniprep Kit. Total RNA
(25 ng) was reverse-transcribed to cDNA using TagMan Reverse Transcription
reagents and random hexamers (Applied Biosystems, Foster City, CA, USA). The
cDNA obtained from the reverse transcription reaction (amount corresponding to
approximately 1 ng of total RNA) was subjected to PCR using TagMan Universal
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Table 6. The primer and probe sequences and concentrations for the studied human genes
in the PCR measurements.

Gene Sequence Concentration
COX-2 forward | 5-CAACTCTATATTGCTGGA- 300 nM

primer | ACATGGA-3'

reverse | 5“"TGGAAGCCTGTGATACT- 300 nM

primer | TTCTGTACT-3'

probe 5"TCCTACCACCAGCAACCC- 150 nM

TGCCA-3'

GAPDH | forward | 5“~AAGGTCGGAGTCAACGG- 300 nM

primer ATTT-3'

reverse | 5“GCAACAATATCCACTTTA- 300 nM
primer | CCAGAGTTAA-3'

probe 5-"CGCCTGGTCACCAGGGCTGC- | 150 nM
3'

PCR Master Mix and ABI PRISM 7000 Sequence detection system (Applied
Biosystems). The primer and probe sequences and concentrations were optimized
according to the manufacturer's guidelines in TagMan Universal PCR Master Mix
Protocol part number 4304449 revision C and displayed in the Table 6. TRPA1
expression was measured with the TagMan Gene Expression Assay
(Hs00175798_m1, Applied Biosystems). PCR reaction parameters were as follows:
incubation at 50 °C for 2 min, incubation at 95 °C for 10 min, and thereafter 40
cycles of denaturation at 95 °C for 15 s and annealing and extension at 60 °C for
1 min. Relative COX-2 mRNA levels were normalized against housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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3.12  Patch Clamp, Fura-2-AM and Fluo-3-AM Measurements

3.12.1 Patch Clamp Measurements

In study V, the whole-cell patch clamp experiments were performed as described
previously (Hatano et al., 2012). The resistance of electrodes was 3—5 MQ when
filled with the pipette solution (110 mM Cs-aspartate, 30 mM CsCl, 1 mM MgCls,
10 mM HEPES, 10 mM EGTA, 2.2 mM CaClz, 2 mM Na;ATP [adjusted to pH 7.2
with CsOH]). Membrane currents and voltage signals were digitized into a computer
using an analogue-digital converter (PCI6229, National Instruments Japan). Data
acquisition and analysis of whole-cell currents were performed using WinEDRV3.38
developed by Dr John Dempster (University of Strathclyde, UK). The liquid junction
potential between the pipette and bath solutions (=10 mV) was corrected. A ramp
voltage protocol from —150 mV to +100 mV of 400 ms was applied every 5 s from
a holding potential of =50 mV. A HEPES-buffered bathing solution (137 mM NaCl,
5.9 mM KCI, 10 mM CsCl, 1.2 mM MgClz, 14 mM glucose, 10 mM HEPES [adjusted
to pH 7.4 with NaOH]) was used. In the present experiments, extra- and intra-
cellular Ca?* was omitted and adjusted to 0.3 uM in the bathing and pipette solution,
respectively, to maintain TRPA1 channel activity. All experiments were performed

at 25+1 °C.

3.12.2 Fura-2-AM Measurements

Fluorometric calcium imaging with the Fura-2-acetoxymethyl ester (Fura-2-AM)
measurement was used in study I. The HEK 293 cells transfected with human
TRPA1 were plated in 96-well black-walled plates (Costar, Cambridge, MA, USA)
and loaded with Fura 2-AM (1 pM, Invitrogen), probenecid (2 mM) and pluronic
acid (20%, Invitrogen) for 1 h at 37 °C. The cells were then washed with PBS
containing 140 mM NaCl, 5 mM KCI, 10 mM glucose, 10 mM HEPES, 2 mM CaCl,
and 1 mM MgCl,, and allowed to equilibrate for 30 min in the dark before the start
of the experiments. The intracellular calcium concentration was determined at 25 °C
in a Flexstation 3 (Molecular Devices, Sunnyvale, CA, USA). Basal emission ratios
with excitation/emission wavelengths of 340/380 nm were measured and changes

in dye emission ratio (A ratio) determined at various times after compound addition.

64



3.12.3  Fluo-3-AM Measurements

Cultured cells were loaded with Fluo-3-AM (4 pM, Invitrogen) and 0.08% Pluronic
F-127 in Hanks’ Balanced Salt Solution containing fetal bovine serum (10%), 2.5
mM probenecid and 25 mM HEPES (pH 7.2) for 30 min at room temperature. The
intracellular free Ca2* levels were assessed in a Victor3 1420 multilabel counter
(Perkin Elmer) at excitation/emission wavelengths of 485/535 nm (Assay of
intracellular free calcium in RAW 264.7 cells loaded with fluo-3, 2003). In the
experiments, the cells were first pre-incubated with the TRPA1 blocker HC-030031
(100 M) (Eid et al., 2008), resveratrol (10 uM, study V) or pinosylvin (0.1-100 uM,
study V) or the vehicle for 30 min at 37 °C. Thereafter, MSU crystals (1 mg/ml,
study II), MIA (100 uM, study III), ovalbumin (1 mg/ml, study IV) or AITC (50
uM) was added and the measurements were continued for 30 s, after which a robust
Ca?* influx was induced by the addition of the control ionophore compound,

ionomycin (1 uM).

3.13  Statistics

Results are expressed as mean * standard error of the mean (SEM, studies I-1I, IV-
V) or 95% confidence interval (study III). Data were analysed with SPSS version
17.0 for Windows software (SPSS Inc, Chicago, IL., USA) by using Student’s #test,
mixed between-within subjects ANOVA or one-way ANOVA with Bonferroni’s or

Dunnett’s multiple comparison test.
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4 Summary of Results

4.1 Role of TRPA1 in Carrageenan-Induced Acute Inflammation
(Study 1)

41.1  TRPA1 Activation Enhances Carrageenan-Induced Paw Edema

Obur initial experiments on the role of TRPA1 in acute inflammation began with the
classical carrageenan-induced inflaimmatory paw edema model. Surprisingly, we
observed that the inflammatory edema induced by an injection of carrageenan was
clearly attenuated by the treatment with the TRPA1 blocker HC-030031 similar to
the used control compound, COX inhibitor ibuprofen (Figure 5A). Furthermore,
similar results were obtained in the experiments conducted in TRPA1 deficient mice,
which developed a greatly reduced edema when compared to the corresponding wild
type mice (Figure 5B).
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Figure 5. The effect of pharmacological inhibition and genetic depletion of TRPA1 on
carrageenan-induced acute inflammatory paw edema. An intraplantar injection of
carrageenan (450 ug) induced an acute inflammatory paw edema that was inhibitable by
treatment with the TRPA1 blocker HC-030031 (300 mg/kg) or the COX inhibitor ibuprofen
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41.2

(100 mg/kg) (A). Correspondingly, the carrageenan-induced edema was blunted in TRPA1
knock-out mice as compared to corresponding wild type mice (B). Drugs were given
intraperitoneally 2 h prior to the carrageenan injection and the edema was measured with a
plethysmometer before and 3 h and 6 h after the carrageenan injection and compared to
the basal level. The results are expressed as mean + SEM, n=5-6, ***=p<0.001. Modified
from Moilanen et al. Sci Rep, 2012; 2: 380.

TRPA1 Mediates AITC-Induced Edema in a COX-Dependent Manner

An injection of AITC, a well-known TRPAT1 opener, triggered an acute paw edema

similar to that seen after carrageenan injection. As expected, the evoked edema was
inhibited largely by treatment with the TRPA1 blocker HC-030031 and the TRPA1
deficient mice developed an almost negligible response. Inhibition of the

prostaglandin synthetizing enzyme COX by ibuprofen was effective in reducing the
AITC-induced edema (Figure 06).
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Figure 6. The effect of pharmacological inhibition and genetic depletion of TRPA1 on AITC-

induced acute inflammatory paw edema. An intraplantar injection of the direct TRPA1
opener allyl isothiocyanate (AITC, 20 pg) induced an acute inflammatory paw edema
inhibitable by treatment with the TRPA1 blocker HC-030031 (300 mg/kg) or the COX
inhibitor ibuprofen (100 mg/kg) (A). Correspondingly, the AITC-induced edema was blunted
in TRPA1 knock-out mice as compared to the corresponding wild type mice (B). Drugs were
given intraperitoneally 2 h prior to the AITC injection and the edema was measured with a
plethysmometer before and 3 h and 6 h after the AITC injection and compared to the basal
level. The contralateral control paw injected with the vehicle developed no measurable
edema. The results are expressed as mean + SEM, n=5-6, ***=p<0.001. Modified from
Moilanen et al. Sci Rep, 2012; 2: 380.
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413  AITC Increases COX-2 Expression in a TRPA1-Dependent Manner

As the ibuprofen treatment was effective in inhibiting the development of TRPA1-
mediated edema, we were interested in studying the interaction of TRPA1 activation
and expression of COX-2, which is the isoform of COX enzyme frequently induced
in inflammation. Interestingly, the HEK 293 cells overexpressing TRPA1 showed
an increase in COX-2 mRNA levels in the response to application of the TRPA1
opener AITC and this effect was inhibited by the TRPA1 blocker HC-030031. A
similar response was absent in nontransfected HEK 293 cells (Figure 7).
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Figure 7. The effect of AITC on COX-2 expression in TRPA1 transfected and nontransfected
HEK 293 cells. HEK 293 cells transfected with TRPA1 showed an upregulation of
cyclooxygenase-2 (COX-2) mRNA in response to the TRPA1 opener allyl isothiocyanate
(AITC). The expression was suppressed by application of the TRPA1 blocker HC-030031
given 30 min before AITC. The nontransfected cells did not exhibit TRPA1 upregulation in
response to AITC stimulation. The cells were incubated with AITC for 6 h and then assayed
for COX-2 mRNA by RT-PCR. COX-2 mRNA was normalized against GAPDH mRNA. The
results are expressed as mean + SEM, n=4, **=p<0.01. Modified from Moilanen et al. Sci
Rep, 2012; 2: 380.
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414  Carrageenan is not a Direct TRPA1 Activator

As TRPAL1 is highly susceptible to many external chemicals, an obvious explanation
for the role of TRPA1 in the carrageenan-induced acute paw edema would be the
direct activation of the ion channel by carrageenan. This was studied by Fura-2-AM
assay by measuring Ca2* influx in HEK 293 cells overexpressing TRPA1. Even a
high concentration of carrageenan (250 pg/ml) failed to induce TRPA1 mediated
Ca?* influx whereas the positive control, AITC, evoked a robust response which was
inhibited by treatment with HC-030031. This result indicates that carrageenan is not
a direct TRPA1 activator and further places TRPA1 activation firmly in the cascade
of inflammatory reaction.

4.2  TRPA1 in Experimental MSU Crystal-induced Gouty
Inflammation (Study I1)

421 TRPA1 Enhances MSU Crystal-Induced Gouty Inflammation

We combined the clear results attributing to TRPAT1 a proinflammatory role in the
carrageenan-induced paw edema and the previous knowledge of nociceptive and
hyperalgesic properties of TRPA1 and based on this information, hypothesized that
TRPAT1 could well have a role in another experimental inflammatory disease model.
We focused on an exceptionally painful and intense acute type of inflammation: gout
flare. An experimental gouty inflammation was induced in the air-pouch test after
the injection of MSU crystals. The analysis of subsequent production of
proinflammatory cytokines revealed that treatment with the TRPA1 blocker HC-
030031 was highly effective in reducing the total accumulation of inflammatory cells
and cytokines MCP-1, MPO, MIP-1a and MIP-2 and a similar trend was seen in IL.-
6 and IL-18 (Figure 8A). Furthermore, a comparison of TRPA1 deficient and the
corresponding wild type mice revealed attenuated amounts of inflaimmatory cells,
IL-6, IL-18, MPO, MIP-1a and MIP-2 as well as a trend towards a decrease in the
accumulation of MCP-1 in TRPAT1 deficient mice (Figure 8B).

A subcutaneous acute inflammation was triggered by injecting MSU crystals
intraplantarly and the development of edema was measured. Interestingly, the edema
evoked by MSU crystals was inhibited by the pre-treatment with the TRPA1 blocker
HC-030031 and attenuated in the TRPA1 deficient mice when compared to their
corresponding wild type counterparts (Figure 9A and 9B).
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Figure 8. The effect of pharmacological inhibition and genetic depletion of TRPA1 on MSU
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crystal-induced inflammation in the air-pouch model. Treatment with the TRPA1 blocker
HC-030031 (300 mg/kg) or dexamethasone (dexameth., 2 mg/kg) inhibited monosodium
urate (MSU) crystal-induced production of proinflammatory cytokines MCP-1, IL-6, IL-1B,
MPO, MIP-1a and MIP-2 and accumulation of inflammatory cells in the synovial joint
resembling subcutaneous air-pouch model in the mouse (A). Accordingly, genetic depletion
of TRPA1 led to an attenuated inflammatory response when compared to corresponding
wild type mice (B). The studied drugs were given orally 2 h prior to 3 mg of MSU crystals
suspended in 1 ml of endotoxin free sterile PBS were injected into the air-pouch. The
exudate was harvested 6 h after the MSU crystal injection and cells were counted using
hemocytometer and the cytokines were analysed using ELISA. Results are displayed as
total amount of cells or cytokines per air-pouch. The mean amount of the vehicle treated
mice was set as 100% to which the other values were related. The results are expressed as
mean + SEM, n=7-8, *=p<0.05, **=p<0.01, ***=p<0.001. Modified from Moilanen et al. PLoS
One, 2015; 10(2): e0117770.
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Figure 9. The effect of pharmacological inhibition and genetic depletion of TRPA1 on MSU

crystal-induced inflammatory paw edema. Treatment with the TRPA1 blocker HC-
030031 (300 mg/kg) or dexamethasone (2 mg/kg) inhibited mouse paw edema formation
induced by an injection of monosodium urate (MSU) crystals (A). TRPA1 deficiency caused
an alleviated edema formation compared to the corresponding wild type mice (B). The
studied drugs were given orally 2 h prior to the initiation of the experiment by injecting 500
g of MSU crystals in 40 pl of endotoxin free sterile PBS into the mouse hind paw. The paw
volume was measured with a plethysmometer before and up to 6 h after MSU crystal
injection. Paw edema is expressed as the volume change from the pre-treatment value and
the results are displayed as mean + SEM, n=5-6, *=p<0.05, **=p<0.01. Modified from
Moilanen et al. PLoS One, 2015; 10(2): e0117770.
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422 TRPA1 Mediates Pain in Experimental Gouty Arthritis

As severe pain and hyperalgesia are very prominent in acute gout flare, we continued
by attempting to assess whether TRPA1 would influence the gouty pain. In our
experiments, the intra-articular injection of MSU crystals into the knee joint of the
studied mice produced an acute painful arthritis as measured in the weight-bearing
test, which is sensitive at assessing joint pain. The studied animals developed a clear
reduction in spontaneous weight-bearing on the affected limb when measured 1, 2
and 3 days after the MSU crystal injection but the weight distribution had normalized
on the 4t day. The TRPA1 deficient mice did not exhibit nociceptive behaviour and
their weight distribution remained practically intact during the measurements (Figure

10).
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Figure 10. The effect of genetic depletion of TRPA1 on the response to MSU crystals in the
spontaneous weight-bearing test. Spontaneous weight-bearing on knee joint injected with
monosodium urate (MSU) crystals indicative of joint pain was altered in wild type but not in
TRPA1 knock-out mice. The difference between the groups was also significant. An injection
of MSU crystals (500 ug suspended in 40 pl of endotoxin-free sterile PBS) into the knee joint
was performed and the mice were measured for the spontaneous distribution of weight
between hind limbs with an incapacitance meter on four subsequent days and referred to
the basal level. The contralateral knee was injected with the vehicle only and the investigator
was blinded to the affected limb. Results are displayed as the percentage of weight borne
by the affected limb and given as mean + SEM, n=7-10, *=p<0.05, **=p<0.01. Modified from
Moilanen et al. PLoS One, 2015; 10(2): e0117770.
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423  MSU Crystals do not Activate TRPA1 Directly

Direct activation of TRPA1 by MSU crystals was excluded by studying Ca?* influx
in TRPAl-transfected HEK 293 cells with the Fluo-3-AM assay. In the
measurements, MSU crystals (1 mg/ml) did not evoke Ca?* influx into the TRPA1-
transfected cells, proposing that MSU crystals had not activated TRPA1 directly. In
contrast, the TRPA1 channel opener AITC induced a robust increase in the
intracellular Ca2* concentration which could be inhibited by treatment with the

TRPA1 blocker HC-030031.

4.3  Involvement of TRPA1 in MIA-Induced Experimental
Osteoarthritis and Inflammation (Study 1)

43.1  MIA-Induced Acute Inflammation is Partly Dependent on TRPA1
Activation

MIA-induced experimental osteoarthritis is a widely used 7z 2o model of
osteoarthritis causing a similar joint degeneration as seen in human osteoarthritis.
Based on the fact that MIA induces an acute inflammation including the production
of ROS (Jiang et al,, 2013), we hypothesized that TRPA1 activation would be
involved in MIA-induced effects. Our initial experiments found evidence for TRPA1
activation in the acute inflammatory edema following an intraplantar injection of
MIA. Treatment with the TRPA1 blocker, TCS 5861528, attenuated the
development of acute inflammatory paw edema (Figure 11A). Similarly, the genetic
depletion of TRPAT1 resulted in a decreased development of edema (Figure 11B).
Interestingly, the MIA-induced edema was blunted with inhibition of the putative
endogenous TRPA1 openers by treatment with catalase which is a H2O» degrading
enzyme. The response was also attenuated by inhibiting TRPA1’s secondary effector,
substance P, by blocking its receptor with 1.703,606 (Figure 11C).
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Figure 11. The effect of TRPA1 inhibition, catalase and substance P receptor antagonism on
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MIA-induced acute paw edema. Monosodium iodoacetate (MIA) induced an acute
inflammatory edema when injected into the mouse hind paw. Treatment with the TRPA1
blocker TCS 5861528 (10 mg/kg) significantly inhibited the MIA-induced mouse paw edema
(A). Accordingly, TRPA1 knock-out mice developed an alleviated edema in response to MIA
as compared to the corresponding wild type mice (B). In addition, treatment with the H202
degrading enzyme, catalase (300 IU/paw) and neurokinin 1 receptor blocker L703,606 (10
mg/kg) inhibited the MIA-induced edema formation (C) similar to the TRPA1 blocker TCS
5861528. The glucocorticoid, dexamethasone (2 mgl/kg), used as an anti-inflammatory
control compound also inhibited MIA-induced inflammatory edema (C). The paw volume
was measured with a plethysmometer before and up to 6 h after MIA injection (400 ug
dissolved in 40 pl of endotoxin free sterile PBS). The results are expressed as mean + SEM,
n=6-8, ***=p<0.001. Modified from Moilanen et al. Osteoarthritis Cartilage, 2015; 23(11):
2017-2026.



Further evidence for the role of TRPAl-induced release of substance P in the
MIA-induced acute paw inflammation model was revealed in the analysis of the
inflamed paw tissue. MIA injection increased the release of substance P into the
inflamed paw tissue whereas negligible levels were measured from the contralateral
tissue injected with the vehicle. Furthermore, TRPA1 deficient mice had an
attenuated release of substance P as compared to the corresponding wild type mice
in response to MIA injection (Figure 12A). Similarly, treatment with TCS 5861528
inhibited the release of substance P (Figure 12B).
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Figure 12. The effect of TRPA1 inhibition on MIA-induced release of neuropeptide substance P.
Substance P concentrations were increased in the mouse paw following an injection of
monosodium iodoacetate (MIA). Interestingly, substance P release was lower in TRPA1
knock-out mice as compared to the corresponding wild type mice (A). Accordingly, treatment
with the TRPA1 blocker TCS 5861528 (10 mg/kg) inhibited the release of substance P
whereas the neurokinin 1 receptor blocker L703,606 (10 mg/kg) had a negligible effect (B).
The affected paw of the studied mice was injected with MIA (400 pg dissolved in 40 pl of
endotoxin-free sterile PBS) whereas the contralateral control paw was injected with the
vehicle. After 6 h, the mice were sacrificed and the collected paw tissue samples were
analysed for substance P concentrations by ELISA. The results are expressed as mean +
SEM, n=6-8, *=p<0.05, ***=p<0.001. Modified from Moilanen et al. Osteoarthritis Cartilage,
2015; 23(11): 2017-2026.
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432 MIA Increases COX-2 Expression in Chondrocytes via TRPA1

Previously, increased COX-2 expression in the affected joints has been reported in
the MIA-induced osteoarthritis (Dumond et al., 2004; J. Lee et al, 2013).
Furthermore, the findings in the study I concerning the association of TRPA1
activation and COX-2 upregulation led us to hypothesize that this could also occur
during the MIA-induced inflammatory reaction. Obviously, TRPA1 must be
expressed in the studied cells before one can detect TRPA1-mediated effects. We
confirmed by RT-PCR, that human chondrocytes indeed expressed TRPA1 and

therefore proceeded with the i vitro experiments.

Next, we treated the cultured primary human osteoarthritic chondrocytes and
naive mouse cartilage tissue with II.-13 and MIA and found the COX-2 mRNA and
protein levels to be highly increased. The effect of MIA was synergistic, meaning
that MIA alone did not affect COX-2 expression, but when MIA was combined with
IL-18, the COX-2 expression increased as compared to the basal upregulation of
COX-2 by IL-183 alone. Very interestingly, the effect of MIA on the COX-2
upregulation in IL-18 stimulated human chondrocytes was reversed with treatment
with the TRPA1 blocker HC-030031 (Figure 13A). Furthermore, similar results were
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Figure 13. The effect of pharmacological inhibition and genetic depletion of TRPA1 on COX-2
expression in cultured human osteoarthritic chondrocytes and murine cartilage. In
primary cultures of human osteoarthritic chondrocytes, treatment with the TRPA1 blocker
HC-030031 reduced the expression of proinflammatory gene cyclooxygenase-2 (COX-2)
induced by co-stimulation with monosodium iodoacetate (MIA) and interleukin-1B (IL-1B)
(A). Correspondingly in the cartilage derived from mice, MIA increased COX-2 expression
in IL-1B stimulated cartilage from wild type but not from TRPA1 deficient (knock-out) mice
(B, C). The samples were cultured together with the studied compounds for 6 h and analysed
for COX-2 mRNA expression by RT-PCR (A) or for 24 h and analysed for COX-2 protein
expression by Western Blotting (B, C). The mRNA expression was normalized against the
housekeeping gene, GAPDH (A) and the protein expression against the loading control,
actin (B, C). The response in IL-1p treated chondrocytes / cartilage was set at 100% and
the other results are expressed in relation to that value. The human samples were obtained
from 6 different donors and the experiments were performed in triplicate (A). The cartilage
samples were from five mouse (n=5) in each treatment (B, C). The results are expressed as
mean + SEM, n=6-8, *=p<0.05, ***=p<0.001, n.s.=not significant. Modified from Moilanen et
al. Osteoarthritis Cartilage, 2015; 23(11): 2017-2026.

77



= Knock-out
=&==\/\ild type

Day 7 Day 14 Day 28

Baseline

10

L)
o o
)

-20

(syuiog abejusnaid) qui pajoayeuoN
pue pa)oayy usamiag aoualaylq Bulesg jybiap

-30

m

mWild type
OKnock-out

N~

©

T} < o (]
(snun Aeniqiy) oNy

T
-~

o

78



Figure 14. The response of TRPA1 deficient mice to MIA in the weight-bearing test. An injection
of monosodium iodoacetate into the knee joint developed a reduction in spontaneous
weight-bearing on the affected limb indicative of joint pain. Interestingly, an attenuated
weight distribution change was seen in TRPA1 knock-out mice. Spontaneous distribution of
weight between the hind limbs was measured with an incapacitance meter before and 7, 14
and 28 days after intra-articular injection of MIA (500 pg dissolved in 40 i of endotoxin-free
sterile PBS). The contralateral knee joint was injected with the vehicle and the investigator
was blinded to the affected limb. In the upper picture (A), the results are displayed as the
difference of percentage points between the weight borne by the affected and non-affected
limbs and the statistical analysis was carried out between the groups on the whole curve. In
the second picture (B), area-under-the curve (AUC) for the shift from the equal balance
between the hind limbs was calculated. The results are expressed as mean + SEM, n=7,
*=p<0.05. Modified from Moilanen et al. Osteoarthritis Cartilage, 2015; 23(11): 2017-2026.

observed in the experiments conducted in cultured murine cartilage. In wild type
tissue, the increase in COX-2 protein production evoked by addition of MIA to IL.-
18 stimulation was reversed by HC-030031 (Figure 13B). Correspondingly, in
TRPAT1 deficient tissue, the combination of MIA to IL-18 did not induce an increase
in the COX-2 protein expression (Figure 13C). Collectively, the experiments in
cultured human osteoarthritic chondrocytes and murine cartilage demonstrated that
MIA increased the COX-2 expression when it was added together with IL.-13 and
this effect was dependent on TRPA1 activation.

43.3 TRPA1 Mediates Cartilage Degeneration and Joint Pain in MIA-
Induced Osteoarthritis

As it seemed highly likely that TRPA1 activation is crucial for the initial inflammation
induced by MIA, we were interested to know if TRPAT1 is also associated with the
development of joint pain and histopathological changes during the course of MIA-
induced experimental osteoarthritis. In the weight bearing test, an intra-articular
injection of MIA induced a weight distribution away from the affected limb,
indicative of joint pain during the 28-day follow-up. Interestingly, the TRPA1
deficient mice had a reduced response to MIA-injection as their weight shift was
smaller than in the corresponding wild type mice (Figure 14A and 14B).
Furthermore, after the weight-bearing test, the joints were dissected and analysed
histologically for cartilage degeneration. The results showed that the changes in wild
type mice cartilage exceeded those in TRPA1 deficient mice proposing a role for
TRPA1 in the development of MIA-induced osteoarthritis (Figure 15A and 15B).
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Figure 15. The development of histopathological changes in TRPA1 deficient mice in MIA-
induced experimental osteoarthritis. When monosodium iodoacetate (MIA) was injected
into the knee joint, wild type mice developed more severe cartilage changes than TRPA1
knock-out mice. Twenty-eight days after intra-articular injection of MIA (500 pg dissolved in
40 pl of endotoxin-free sterile PBS) into one knee joint and the vehicle into the contralateral
joint, mice were sacrificed and the knee joints were dissected for histology. The cartilage
changes were scored according to the OARSI guidelines (Glasson et al., 2010). In the upper
figure (A), the whole joint histopathological score is presented. In the lower image (B),
representative figures of MIA-injected and vehicle-injected (control) contralateral knee joints
from wild type and TRPA1 knock-out mice are shown (magnification x10). The results are
expressed as mean + SEM, n=7, **=p<0.01. Modified from Moilanen et al. Osteoarthritis
Cartilage, 2015; 23(11): 2017-2026.

434 MIAis not a Direct TRPA1 Activator

As in the earlier studies, we were interested if the stimulant, i.e. MIA, acted through
ditect TRPA1 activation. The Fluo-3-AM measurements found no evidence of MIA
induced Ca?* influx in HEK 293 cells expressing TRPA1 while the positive control
compound, AITC, induced a rapid Ca?* influx which could be antagonized by the
TRPA1 blocker HC-030031.

44  TRPA1 in Ovalbumin-Induced Acute Allergic Inflammation
(Study V)

441  Activation of TRPA1 is Crucial in the Development of Ovalbumin-
Induced Allergic Conjunctivitis

Inspired by previous findings on the ovalbumin-induced airway hyperreactivity
(Caceres et al., 2009), we investigated the relationship between TRPA1 and allergen-
induced acute conjunctivitis. In our experiments, the studied mice were sensitized to
ovalbumin and then challenged topically via the eye. The developed conjunctivitis
was analysed after 24 h by measuring the infiltration of eosinophils. The results
showed that the local treatment with the TRPA1 blocker, TCS 5861528, cleatly
inhibited the accumulation of eosinophils into the conjunctiva similar to the situation
in mice with genetic depletion of TRPA1 (Figure 16A and 16B).
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Figure 16. The effect of TRPA1 inhibition on ovalbumin-induced allergic conjunctivitis. The
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conjunctivitis induced by topical application of ovalbumin was inhibited by treatment with the
TRPA1 blocker TCS 5861528 (25 ug suspended in 5 ul of sterile PBS) or the anti-
inflammatory control compound dexamethasone (5 g in 5 ul, commercial product) (A) when
measured by the eosinophil peroxidase activity in the tissue reflecting the amount of
infiltrated eosinophils. Correspondingly, the TRPA1 knock-out mice exhibited an alleviated
conjunctivitis as compared to the corresponding wild type mice (B). The conjunctivitis was
induced in mice sensitized towards ovalbumin by topical application of ovalbumin (500 ug
suspended in 5 I of sterile PBS) into both eyes. The studied drugs were given topically at
1h before and 2 h, 4 h and 6 h after the application of ovalbumin. At 24 h after the application
of ovalbumin, the mice were sacrificed and conjunctiva from both eyes were surgically
removed and analysed for eosinophil infiltration by measuring eosinophil peroxidase activity.
The results are expressed as mean + SEM, n=5-6, **=p<0.01.

TRPA1 does not Affect Eosinophil Apoptosis

Apoptosis of tissue migrated eosinophils, for example in allergic conjunctivitis, is a
physiological anti-inflammatory regulatory mechanism and dysfunction of
eosinophil apoptosis is regarded as proinflaimmatory. Accordingly, eosinophil
apoptosis is delayed in allergic inflammation through the effect of IL-5 and other
allergy-associated cytokines (Ilmarinen et al., 2014). Furthermore, one of the most

potent anti-inflammatory effects of glucocorticoids in allergic inflammation is the
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Figure 17. The effects of TRPA1 opener and blockers on spontaneous eosinophil apoptosis. The
TRPA1 opener allyl isothiocyanate (AITC), or the TRPA1 blockers TCS 5861528 or HC-
030031 did not have an impact on the IL-5 promoted eosinophil survival, whereas the anti-
inflammatory glucocorticoid dexamethasone reversed the effect of IL-5 on the eosinophil
apoptosis. The blood derived human primary eosinophils where cultured with the studied
compounds for 40 h and eosinophil apoptosis was determined by using the relative DNA
fragmentation assay and expressed as percentage of apoptotic cells. The blood was derived
from 6 different donors and the experiments were performed with n=4.The results are
expressed as mean + SEM, **=p<0.01.

driving of eosinophils towards apoptosis (Ilmarinen et al., 2014). Therefore we
decided to explore the effect of TRPA1 openers and blockers on this mechanism.
However, addition of either the TRPA1 opener AITC or the TRPA1 blocker HC-
030031 or TCS 5861528 did not have an effect on this process (Figure 17). These
findings suggest that the proinflammatory properties of TRPA1 in acute allergic
inflammation are mediated by a distinct mechanism.
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443  Ovalbumin-Induced Acute Paw Inflammation Involves TRPA1
Activation

In addition to the late-phase of the acute allergic inflammation measured by
infiltration of eosinophils in the allergic conjunctivitis, we were interested in the early
events of the reaction triggered by the allergen challenge. Hence, we applied
ovalbumin subcutaneously into the paw of sensitized animals and followed the
edema development for up to 6 h. The treatment with the TRPA1 blocker TCS
5861528 reduced the development of acute inflammatory paw edema and similar
results were detected in mice treated with 1.703,606, an inhibitor of the substance P
target receptor (Table 7A). Furthermore, the involvement of TRPA1 was supported
by the findings showing that TRPA1 deficient mice had an impaired edema
development in response to ovalbumin challenge (Table 7B).

After the paw edema test, the inflamed tissue was analysed for I1.-4, a cytokine
closely associated with acute allergic inflammation. The paw tissue from mice treated
with the vehicle showed cleatly increased production of I1.-4 at the site of allergen
challenge, but this effect was significantly reduced in mice treated with TCS 5861528
or 1.703,606 (Figure 18A). A similar outcome was seen in the comparison between
TRPA1 deficient and wild type mice in which the levels measured in TRPAI
depleted animals were significantly reduced (Figure 18B). Together with the findings
in allergic conjunctivitis, the results from the acute ovalbumin-induced paw
inflammation indicate that TRPA1 activation is indeed important for the
development of the allergen-induced acute inflammation. Furthermore, the
effectiveness of the treatment with L703,606 indicates that the neuropeptide
substance P is most likely a putative secondary effector of TRPAL.
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Table 7.

The effect of TRPA1 inhibition and substance P receptor antagonism on ovalbumin-
induced acute paw edema. An intraplantar injection of ovalbumin (45 g diluted in 45 pl of
endotoxin free sterile PBS) induced an acute inflammatory paw edema that was inhibitable
by treatment with the TRPA1 blocker TCS 5861528 (10 mg/kg), the blocker of the NK1
receptor (the receptor of substance P) L703,606 (10 mg/kg) or the anti-inflammatory control
compound dexamethasone (2 mg/kg) (A). Similarly, the ovalbumin-induced edema was
blunted in TRPA1 knock-out mice as compared to the corresponding wild type mice (B). The
mice were sensitized towards ovalbumin and the drugs were given intraperitoneally 1 h prior
to the ovalbumin injection and the edema was measured with a plethysmometer before and
up to 6 h after treatment and compared to the basal level. The contralateral control paw
injected with vehicle developed no measurable edema. The area under curve (AUC) was
calculated for the entire experiment. The results are expressed as mean + SEM, n=6-8,
*=p<0.05, **=p<0.01, ***=p<0.001.

A
Paw edema increase from baseline (pl)

Treatment AUC

1h 2h 3h 4h 5h 6h
Vehicle 57.5+4.9 | 48.8+3.7 | 36.3+1.8 | 36.3+4.2 | 27.5+1.6 | 17.5+2.6 | 215.0£12.9
TCS 5861528 400458 | 33.3£3.0 | 28.3+28 | 18337 | 15.0+3.1 | 8.3+44 | 140.8+146"
L703,606 35.0+£3.9 | 33.3£3.0 | 16.745.6 | 10.0+24 | 5.0+3.1 6.7£3.0 | 103.3+11.2 **
Dexamethasone 38.8£34 | 25.0£434 | 16.7£3.5 | 18.3%6.1 | 11.7#6.7 | 6.7£1.8 | 113.3x23.7 **

B
Paw edema increase from baseline (pl)
Genotype AUC
1h 2h 3h 4h 5h 6h
Wild type 66.7+5.1 | 90.0£6.3 | 38.3+6.4 | 41.746.4 | 30.0+5.2 | 15.0+2.0 | 274.2+13.6

TRPA1 knock-out | 37.5+34 | 31.3+4.8 | 30.0+58 | 18.842.1 | 10.0+4.0 | 8.8+33 | 131.9+13.3 ***
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Figure 18. The effect of TRPA1 inhibition and substance P receptor antagonism on ovalbumin-
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induced IL-4 production. An intraplantar injection of ovalbumin (45 ug diluted in 45 pl of
endotoxin free sterile PBS) induced an increase in the production of allergy-associated
cytokine IL-4 inhibitable by treatment with the TRPA1 blocker TCS 5861528 (10 mg/kg), a
blocker of NK1 receptor (the receptor of substance P) L703,606 (10 mg/kg) or the anti-
inflammatory control compound dexamethasone (2 mg/kg) (A). Correspondingly, the
increase of IL-4 production was blunted in TRPA1 knock-out mice as compared to the
corresponding wild type mice (B). The mice were sensitized towards ovalbumin and the
drugs were given intraperitoneally 1 h prior to the ovalbumin injection. After 6 h, the inflamed
subcutaneous paw tissue and the paw injected with the solvent from the vehicle treated
mice (control) were dissected and the concentrations of IL-4 were analysed by ELISA. The
results are expressed as mean + SEM, n=6-8, *=p<0.05, **=p<0.01, ***=p<0.001.

Splenocytes in TRPA1 Deficient Mice Respond Normally to
Ovalbumin

Sensitized TRPA1 deficient mice have normal levels of ovalbumin specific IgE

antibodies, which is interpreted to mean that there was normal sensitization towards

ovalbumin (Caceres et al., 2009). This is an interesting aspect with respect to the

acute allergic inflammation as an impaired sensitization towards the allergen would

obviously result in a milder reaction. We aimed at studying the sensitization from

another angle and examined the splenocytes of the mice sensitized to ovalbumin by

stimulating the isolated splenocytes with ovalbumin 7z vifro and by measuring the

production of cytokine IL.-13. First, the splenocytes isolated from mice which had
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Figure 19. The splenocytes’ response to ovalbumin in TRPA1 deficient and wild type mice.
Isolated splenocytes derived from TRPA1 knock-out and wild type mice responded similarly
to ovalbumin stimulation. The mice were sensitized to ovalbumin, euthanized and the
spleens were surgically removed. The isolated splenocytes were cultured with the studied
compounds for 42 h. Combibation of CD3 and CD28 antibodies (CD3 coated on the culture
plate, CD28 diluted in culture medium) was used as a common T-cell activator to induce a
robust IL-13 production and the results are proportional to that value. The results are
expressed as mean + SEM, n=6, ***=p<0.001 as compared to the untreated group.

not been sensitized were totally inert to the stimulation with ovalbumin. However,
the splenocytes from sensitized mice produced IL-13 in response to ovalbumin
stimulation, indicative of successful sensitization. However, the TRPA1 deficiency
did not affect the amount of I1.-13 produced when the 11.-13 levels were compared
to the stimulation with T-cell activating CDD3 and CID28 antibodies which induced a
robust production of IL-13 (Figure 19).

445  Ovalbumin does not Activate TRPA1 Directly

As TRPA1 activation is clearly involved in the development of ovalbumin-induced
acute allergic inflammation, we posed the question whether this would be mediated
by direct activation of TRPA1 by ovalbumin. In agreement with our working
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hypothesis, stimulation of TRPA1 transfected HEK 293 cells with ovalbumin did
not evoke TRPA1 mediated Ca?* influx. The positive control AITC induced a robust
increase in intracellular Ca2* concentration that was inhibited by the TRPA1 blocker
HC-030031. These data indicate that ovalbumin is not a direct TRPA1 channel
opener but most likely induces a release of endogenous TRPA1 activators which are
responsible for the TRPA1 mediated effects of ovalbumin.

4.5  Pinosylvin as a Novel TRPA1 Blocker (Study V)

451  Pinosylvin Inhibits TRPA1 Activation in Vitro

The positive effects of inhibition of TRPA1 in many inflammatory models in the
first four studies gave rise to the decision to search for TRPAI inhibiting
compounds. We decided to determine whether members of the stilbenoid group
would be able to inhibit TRPA1 based on our preliminary screening experiments and
on earlier findings showing that resveratrol inhibited TRPA1 (Yu et al., 2013).
Pinosylvin, a naturally occurring stilbenoid, was tested in the Fluo-3-AM assay and
it was found to inhibit TRPA1 activation induced by the TRPA1 channel opener,
AITC, in a dose-dependent manner (ICso 26.5 uM and Hill Slope -0.77) (Figure 20A
and 20B). The results were uniform with the findings from a second membrane
current assay, i.e. patch clamp. The results in patch clamp recordings showed that
pinosylvin reversed the effect of AITC on membrane currents (ICsp 16.7 uM and
Hill Slope -1.17) (Figure 20D and 20G). The effect of pinosylvin was very close to
that obtained with resveratrol (ICsp 12.9 uM and Hill Slope -0.99) (Figure 20C and
20G). High concentrations of pinosylvin or resveratrol were capable of inducing a
minor TRPA1-dependent ion influx, indicating that at high concentrations, these
compounds could be TRPA1 activators (Figure 20E, 20F and 20H). Indeed, as
described in the Review of the Literature section, some compounds exert bimodal
effects on TRPA1, usually the effect has been described as being activation at low

concentrations and inhibitory at higher concentrations.

4.5.2  Pinosylvin Inhibits TRPA1-Induced Inflammation in Vivo

Paw edema inflicted by an injection of the TRPA1 opener AITC into the paw of an
experimental animal is regarded as a TRPA1-specific effect. Therefore we tested the
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effect of pinosylvin 7z vivo in the AITC-induced paw edema model. The results
showed that systemic treatment with pinosylvin was highly effective in decreasing
the formation of paw edema (Figure 21A). Furthermore, the analysis of the inflamed
paw tissue revealed that pinosylvin also inhibited the production of the powerful
proinflammatory cytokine, IL-6, at the site of the inflammation (Figure 21B). Hence,
pinosylvin is a promising candidate for drug development in the search for TRPA1
blockers.
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Figure 20.
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The effect of pinosylvin on TRPA1-mediated Ca?* currents. In HEK 293 cells transfected
with TRPA1, the treatment with pinosylvin dose-dependently abolished the Ca?* influx
currentinduced by the TRPA1 opener allyl isothiocyanate (AITC) and measured by the Fluo-
3-AM assay (A and B). Similar inhibition was achieved by treatment with the known TRPA1
blockers TCS 5861528 and HC-030031 and also by treatment with resveratrol (A and B). In
the first two figures, the cells were loaded with Fluo-3 AM and the intracellular Ca2*
concentration was measured at excitation/emission wavelengths of 485/535 nm at a 1/s
frequency (A and B). The cells were first pre-incubated with the studied compounds or the
vehicle for 30 min at 37 °C. In these experiments, the basal fluorescence was first measured
for 15 s and thereafter AITC (50 uM) was added and the measurement was continued for
30 s after which the control ionophore compound ionomycin (1 uM) was applied to the cells.
In the second figure, the area under curve (AUC) for the duration of AITC stimulation, i.e.
the AUC value between time points 15 s and 45 s, was calculated and expressed as mean
+ SEM (B).
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In whole cell patch clamp measurements, resveratrol and pinosylvin reversed dose-
dependently the AITC-induced peak membrane currents when measured in HEK 293 cells
transfected with TRPA1 (C, D). The results (larc-ong) are normalized against AITC-induced
peak currents without resveratrol and pinosylvin (larc), and expressed as mean+ SEM (G).
Finally, a high concentration of resveratrol and pinosylvin also induced minor TRPA1-
mediated membrane currents measured correspondingly by patch clamp in similarly
transfected cells (E, F). AITC-induced peak currents with or without resveratrol and
pinosylvin are expressed as meant SEM (H). n=4-6, **=p<0.01. Modified from Moilanen et
al. Basic Clin Pharmacol Toxicol, 2016; 118(3): 238-242.
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Figure 21. The effect of pinosylvin on AITC-induced acute inflammatory paw edema and IL-6
production. An intraplantar injection of the direct TRPA1 opener allyl isothiocyanate (AITC,
50 pg) induced an acute inflammatory paw edema and that was inhibitable by treatment with
pinosylvin (10 mgl/kg), resveratrol (10 mg/kg) or the TRPA1 blocker TCS 5861528 (10
mg/kg) (A). Correspondingly, the production of the proinflammatory cytokine IL-6 into the
inflamed subcutaneous paw tissue injected with AITC was attenuated after treatment with
pinosylvin, resveratrol or TCS 5861528 (B). Drugs were given intraperitoneally 1 h prior to
the AITC injection and the edema was measured with a plethysmometer before and up to 6
h after the AITC injection and compared to the basal level. The inflamed subcutaneous paw
tissue and the paw injected with the solvent from the vehicle treated mice (control) were
dissected and the concentrations of IL-6 were analysed by ELISA. The results are
expressed as mean + SEM, n=6-8, *=p<0.05, ***=p<0.001. Modified from Moilanen et al.
Basic Clin Pharmacol Toxicol, 2016; 118(3): 238-242.
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4.6 Final Summary of the Results

These studies focused on the role of TRPAl in various aspects of acute
inflammation and finally aimed at identifying pinosylvin as a novel TRPA1 blocker
both 7 vitro and in vive. The results were coherent and propose TRPA1 to possess a
significant proinflammatory role in different types of experimental inflammatory
diseases. Based on our preclinical findings, TRPA1 activation could be associated
with diseases such as acute gout flare, the inflammatory component of osteoarthritis
and acute allergic inflammation. Furthermore, TRPA1 activation was found to
mediate carrageenan-induced paw edema and the direct activation of TRPA1 was
inhibited by pinosylvin.

In all of the conducted studies, the function of TRPA1 was highly associated with
the formation of acute edema. Curiously, the effects were not limited to the
inflammatory edema as the findings indicated that in many cases, TRPA1 inhibition
was effective in reducing the production of proinflammatory mediators and was even
sufficient to reduce the symptoms and histopathological changes in MIA-induced
experimental osteoarthritis. At least in the models of MIA-induced and ovalbumin-
induced acute inflammatory edema, the effects of TRPA1 are likely mediated by the
release of neuropeptides, especially substance P. This is supported by the findings
that the treatment with 1.703,6006, the blocker of the target receptor of substance P,
was approximately as effective as the TRPA1 blocker and furthermore, the inhibition
of TRPA1 resulted in a reduced release of substance P to the site of inflammation.

Interestingly, the stimulants used to trigger inflammation, i.e. carrageenan, MSU
crystals, MIA and ovalbumin, did not activate TRPA1 directly. Previously the role
of TRPAT1 in inflammation has been regarded mainly as an initial direct sensor for
exogenous irritating/ proinflammatory compounds. However, based on our findings,
TRPAT is likely to play a role in the immune system as an endogenous factor,
enhancing the inflammation initiated by a variety of mechanisms. This is a rather
new perspective to understanding the function of TRPA1 and it may well pave the
way to considering TRPA1 as a new drug target for treating many inflaimmatory

diseases.
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5 Discussion

9.1 Methodology

5.1.1  Animal Testing

All of the studies in this thesis included animal work performed in mice. When
compared to iz vitro experiments, one obvious advantage of using animal models is
the possibility to study effects at the scale of a tissue and even the whole organism.
For example, edema formation requires the interplay to occur between a properly
functioning vasculature, the nervous system and tissue resident cells i.e. the reaction
is complex and involves appropriately timed and finely-tuned inputs from different
cell types and systems. In addition, the use of animal models gave us an opportunity
to study behavioural nociceptive responses in the weight-bearing test which would

be impossible to evaluate iz vitro or by other alternative methods.

Disadvantages in the animal models lay in the limitations to the standardization
of the experiments and the resources required for high quality research. Even though
the animals were housed under standard conditions and the results were always
compared within the same mouse strain matched as far as possible according to age
and sex, there is always the presence of variation. The mice are individuals and this
inevitably leads to variations within the studied groups. Many other external sources
may exert an impact on the experiment results: the time of the day or day of the
week, stress levels of the mice, experimenter associated factors or equipment related
factors. In addition to the important ethical consideration which will be discussed in
the next paragraph, animal testing requires a great deal of time and financial
resources which limit the possibility of performing multiple study settings with
multiple doses, time points and large groups. Therefore, based on the literature and
previous experience, we always aimed at optimal timing and dosing with the minimal
needed number of animals.

Perhaps most importantly, ethical consideration must be taken into account while
conducting animal experiments. The performance of unnecessary animal tests,

excess usage of animals and inhumane testing conditions is never ethically
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acceptable. One of the earliest guidelines for animal studies, The Three R’s Principle
(Replacement, Reduction, and Refinement), was described by Russel and Burch in
1959 (Russell & Burch, 1959). Nowadays, the animal testing is strictly regulated by
national laws (in Finland the law 497/2013) and in Europe, by the Directive on the
protection of animals used for scientific purposes (2010/63/EU). All of our animal
tests were carried out in accordance with these laws and directives and all of the
experiments were approved by The National Animal Experiment Board. Proper
attention was devoted to the welfare of the animals and the mice were provided with
sufficient anaesthesia during the experiments and euthanized immediately
afterwards.

At present, two distinct mouse strains carrying a deficient trpal gene have been
developed. In 2006, Kwan and co-workers presented their TRPA1 deficient mouse
strain. The mice were initially described with an unresponsive TRPA1 ion channel
and attenuated nociceptive behaviour (Kwan et al., 2006). The mice are mixed
BL6;129P —strain and the gene encoding TRPA1 has been made dysfunctional by
disrupting the S5 and S6 transmembrane domains containing the pore-loop encoded
by exons 22, 23 and 24. Another TRPA1 deficient mouse strain was also developed
in 2006 by Diana Bautista and co-workers. This strain is bred in the C57BL/6 —
mouse strain and the function of TRPA1 is prevented by deleting only the pore-loop
encoded by exon 23. These transgenic mice also exhibit attenuated nociception and
hypersensitivity (Bautista et al., 2000). Both of these TRPA1 deficient mouse strains
have been studied widely and have contributed largely to our knowledge of the
function of TRPAI. In study I, the TRPA1 deficient mice originated from Diana
Bautista and David Julius and were back-crossed to C57BL/6-strain due to their
chimeric nature by our Swedish colleagues Peter Zygmunt and Edward Hogestitt.
In later studies II-V, the commercially available mixed BL6;129P —strain was used in
the TRPA1 deficient murine experiments. In the control experiments, the two
different TRPA1 deficient mouse strains acted similarly in the carrageenan-induced
acute inflaimmatory paw edema test.

The tremendous advantage of genetic silencing of the gene of interest, i.e. TRPA1
in this case, is the certainty of full dysfunctionalization of the wanted target. In
addition, the avoidance of off-target effects which are almost unavoidable in
experimental drug treatment iz vivo is secured by utilizing genetically deficient
animals. In cell culture, a corresponding degree of specificity can be achieved by
adopting the siRNA approach. However, there are some restrictions in the data
obtained in genetically depleted animals. Firstly, the lack of a certain gene may affect
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the development of the organism. Secondly, there is the possibility of the
development of compensatory mechanisms and the disruption of interactions with
other channels, such as TRPV1 (Patil et al., 2010), should be remembered. It should
also be noted that although mice are mammals, they are somewhat different from
humans and therefore any extrapolation of results to human diseases should be made
with caution. The fact that human and rodent TRPA1 have only 79% sequence
homology should also be noted during the interpretation of the murine data (Chen
& Kym, 2009; Chen et al., 2013). Nevertheless, the validity of our results obtained
from TRPA1 deficient animals was supported by the fact that treatment with two
distinct TRPA1 blockers, HC-030031 and TCS 5861528, produced extremely similar
results.

5.1.2  Acute Inflammation Edema Test

The most widely used animal test in this thesis was the model of acute inflammatory
paw edema. The edema was induced by intraplantar injection of a variety of
stimulants: carrageenan, AITC, MSU crystals, MIA and ovalbumin. The effect of
external unknown contaminants was minimized by using sterile equipment and
solutions and by disinfecting the injection site with ethanol. The severity of the
edema was measured by measuring the paw volume and comparing it to the baseline
volume measured prior to the injection. The border of the measured area was
carefully marked on the paw to minimize variation during the repeated
measurements. The repeated measurements conducted during a single experiment
were also performed by the same investigator to avoid variation. The volume of the
injection was kept small and the contralateral paw injected with the vehicle did not
display any measurable edema. The studied mice were anesthetized during the whole
experiment primarily to reduce the distress to the animals but also to minimize the

effect of pain and stress on the development of edema.

The accumulation of the studied proinflammatory factors (substance P, IL.-4 and
IL.-6) was measured after the paw edema test. The tissue was extracted by dissecting
the specific plantar area of the paw where the initial injection had been made.
However, performing an ultimately standardized dissection of soft tissue is extremely
difficult and therefore there is a possibility of variation within the injected group.
Next, the tissue was broken down chemically using established protocols (Bilici et
al., 2002; B. Liu et al., 2013) and analysed for cytokine contents by ELISA. The
contralateral paw injected with the vehicle was also analysed and only low cytokine
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concentrations were detected as compared to the paw injected with the stimulant.
This was a sign that the increase in cytokine content was indeed due to the injection
of the stimulant.

5.1.3  Weight-Bearing Test and Histopathological Changes in Experimental
Osteoarthritis

In the weight-bearing test, the nociceptive behaviour indicative of joint pain was
analysed by using purpose-built special scale, i.e. an incapacitance meter. The scale
has two separate pressure sensors; one for each hind limb and a distinct non-scale
slope on which the front limbs can rest. The strength of this test is in the fact that
the mice freely distribute their weight between their hind limbs and no external
putative pain causing stimuli is applied; thus the test assesses spontaneous pain or
allodynia. However, especially in the MIA-induced experimental osteoarthritis (study
III), the changes observed were relatively small in magnitude although in line with
previous results with this model (Ogbonna et al., 2013). This was probably due to
the use of mice as the test animals as their responses are smaller than encountered
in rats, which are used more frequently. Error sources were minimized by injecting
the contralateral joint with the vehicle to reduce the effect of the injection.
Furthermore, eight repeated measures were performed at each time point and the
investigator of the weight distribution was blinded to which was the affected limb.
In study III, behavioural testing was associated with histopathological analysis. This
indicates that the nociceptive behaviour induced by MIA-injection is not only due to
sensitization and most likely related to cartilage changes as the histopathological
changes were similarly more prominent in the wild type mice than in their TRPA1
deficient counterparts. If one wished to obtain a conclusive correlation between the
weight-bearing findings and nociception then further testing would be needed, such

as electrophysiological recordings in the innervating sensory nerves.

5.1.4  Air-Pouch Inflammation

The murine joint cavities are extremely small and hence the collection of synovial
fluid samples would be an extremely difficult task, if not impossible. As an alternative
method to model synovial joint arthritis, we used the air-pouch inflammation test.
This is a validated method in which a joint resembling cavity is created by injecting

sterile air subcutaneously beneath the mouse skin. Previous studies have shown that
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during a one-week period, the cavity develops a synovium-like inner layer (Edwards
et al,, 1981; Forrest et al., 1988). In detail, the two lining cell types are macrophages
and fibroblasts which closely resemble the type A and B cells of the actual synovial
membrane (Edwards et al., 1981). Hence, the air-pouch provides a good platform
from which to study experimental arthritis as it is readily accessible. In our
experiments, the danger of contamination derived infection was reduced by
performing a careful purification of the injection site, by injecting sterile air to form
the air-pouch and by using endotoxin-free MSU crystals and solutions and sterile
equipment for injections. After the experiments, the air-pouches were rinsed and the
collected fluids were analysed for cell count with a hemocytometer and for cytokine

concentrations by ELISA according to standard procedures.

5.1.5  Ca? Current Measurements and Cell Culture Experiments

The Fluo-3-AM assay used in this thesis for measurement of Ca?* influx in TRPA1
expressing HEK 293 cells is a widely exploited method. The TRPA1 expression was
induced by transient transfection with the h"TRPA1 vector to obtain stable and high
expression of the ion channel. Next, the cells were exposed to the known TRPA1
opener AITC or to a test compound. As nontransfected cells did not exhibit Ca2*
influx in response to AITC, the effect was regarded as being specific for TRPAL.
This was further supported by the findings with the treatment with HC-030031,
which was used as a control compound because it has been used widely and regarded
as a specific TRPA1 blocker (Eid et al., 2008). The blocking properties of the studied
compounds were assayed by adding the compound to the cells 30 min before the
application of AITC. These methods are frequently used and therefore the results
obtained can be regarded as reliable. However, the antagonistic properties of
pinosylvin were studied additionally in patch clamp measurements. In these studies,
pinosylvin was able to inhibit the membrane current induced by AITC even when
pinosylvin was applied after the AITC. As similar results demonstrating the ability
of pinosylvin to inhibit TRPA1-mediated currents were obtained using two distinct
methods, the finding can be regarded as very reliable. It should be noted that the
Fluo-3-AM assay and the patch clamp measurements were performed at room
temperature. Theoretically, temperature might influence the ion channel sensitivity
and this should be kept in mind in the interpretation of data and extrapolations made

from the results to settings in physiological temperatures.
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The findings in animal models were complemented with 7z vitro experiments.
HEK 293 cells transfected with TRPA1 (study I), human primary osteoarthritic
chondrocytes (study III) and murine cartilage tissue (study III) were cultured. The
expression of inducible inflammatory gene COX-2 was analysed after exposing the
cells to AITC or to MIA and IL-13 and the cells were treated with the TRPA1
blocker to identify the role of TRPA1 activation. In addition, TRPA1 deficient
murine cartilage was examined. The strength of cell culture experiments is in the
standardized experiment environment and the possibility of exploring more detailed
effects. However, the cell culture lacks many of the physiological features of tissues,
such as interactions with other cell types, and therefore the interpretation and

relevance of the findings to the actual diseases might be challenging.

5.2 TRPA1 Activation Enhances Inflammation

The principal hypothesis in this series of studies making up this doctoral thesis was
that TRPA1 activation would play a major role in the development of various types
of acute inflammation and the findings largely supported this hypothesis. In
summary, in the first study, we found that TRPA1 activation mediated the formation
of carrageenan-induced acute inflaimmatory paw edema, which is a widely used
model of acute inflammation. The second study produced results in which TRPA1
activation was crucial for MSU crystal-induced experimental gout in acute paw
edema, air-pouch inflaimmation and weight-bearing test. Further, in the third study,
we observed that MIA-induced acute inflammation 7z vivo and in vitro was TRPA1-
dependent and that functional TRPA1 was important for the development of
experimental osteoarthritis. The fourth study focused on the experimental
ovalbumin-induced allergic inflammation and the results showed that TRPA1 was
highly involved in the development of allergic paw inflammation and conjunctivitis
without interfering with the actual sensitization process. Finally, the last study
revealed the potency of pinosylvin to inhibit TRPAT1 7x vitro and in vive.

5.21  Previous Knowledge on TRPA1 in Inflammation

Originally, the function of TRPA1 was discovered in neurons and the activation of
TRPA1 was found to mediate nociceptive sensations induced by exogenous irritating
compounds (Bandell et al., 2004; Jordt et al., 2004; Story et al., 2003). Thereafter,

exogenous and direct TRPA1 activations were observed to enhance inflammatory
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pain and hypersensitivity (Bautista et al., 2006; Kwan et al., 2006). Long before the
identification of TRPA1, AITC had already been used as a stimulant to induce
neurogenic inflaimmation and it was known to be dependent on the release of
proinflaimmatory neuropeptides such as CGRP, substance P and neurokinin A
(Banvolgyi et al., 2004; Inoue et al., 1997; Lynn & Shakhanbeh, 1988). Subsequent
studies indicated that TRPA1 activation induced the release of neuropeptides CGRP
and substance P followed by an arterial dilatation and plasma extravasation (Bautista
et al., 2005; Trevisani et al., 2007). A further advance in knowledge was made as
endogenous TRPA1 channel openers were identified and most of them seem to be
included in the “inflaimmatory soup”. Namely, ROS and RNS and their reactive
metabolites such as 4-hydroxynonenal, 4-hydroxyhexenal, 4-oxononenal and
nitrooleic acid have been identified as activating TRPA1 (Andersson et al., 2008;
Taylor-Clark et al., 2009; Trevisani et al., 2007). In addition to direct activation,
TRPAT has been shown to be susceptible to upregulation and/or sensitization by
many proinflammatory factors such as bradykinin, trypsin, IL-6, hypoxia-inducible
factor-1a and nerve growth factor (Bandell et al., 2004; Dai et al., 2007; Hatano et
al., 2012; Malsch et al., 2014; Obata et al., 2005)

Simultaneously with our studies, other evidence has been gathering on the
proinflaimmatory role of TRPA1. Experiments conducted with a TRPA1 blocker or
genetic disruption of the ion channel have shown that TRPA1 is crucial in
experimental inflaimmatory models mimicking colitis, allergic asthma, non-allergic
airway hyperreactivity, atopic dermatitis and gout flare (Caceres et al., 2009; Engel et
al., 2011; Hox et al., 2013; B. Liu et al., 2013; Trevisan, Materazzi et al., 2013). Most
of these studies have focused on TRPA1 in inflammatory conditions, revealing that
TRPAL1 is indisputedly involved in pain and hypersensitivity (Andrade et al., 2012).
There is also evidence that direct TRPAT activation induces plasma extravasation,
mast cell degranulation, prostaglandin production and neutrophil migration (Perin-
Martins et al., 2013). Furthermore, an interesting study conducted by evaluating the
experimental dermatitis induced by oxalozone, a direct TRPA1 activator, showed
that in addition to histopathological inflammation, the levels of many
proinflaimmatory cytokines such as CXCL-2, IL-4, IL-6 and serotonin were
decreased as a consequence of TRPA1 inhibition (B. Liu et al., 2013). In addition,
an indirect activation of TRPA1 is putatively involved in the pathogenesis of
experimental gout and asthma and TRPA1 stimulation has been shown to increase
proinflaimmatory mechanisms including neutrophil migration, edema formation and
production of cytokines such as IL.-13, IL-5, TNF-o, MCP-1 and IL-18 (Caceres et
al., 2009; Trevisan, Hoffmeister et al., 2013; Trevisan, Hoffmeister et al., 2014).
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Hence, it is very likely that if the stimulant is unable to directly activate TRPAT1, this
is due to the endogenous production of TRPAT activators such as ROS or RNS (B.
Liu et al., 2013; Trevisan, Hoffmeister et al., 2014).

9.22  TRPA1 and Acute Inflammatory Edema

In our experiments, we were able to prove that proinflammatory stimulants including
carrageenan, MSU crystals and MIA induced acute edema via a TRPA1-dependent
mechanism. Furthermore, in sensitized mice, a subcutaneous challenge with the
specific allergen ovalbumin induced an acute paw edema susceptible to TRPA1
antagonism. Another highly important finding was that none of these stimulants was
a direct activator of TRPA1, indicating that TRPA1 activation is downstream in the
cascade of events leading to the formation of acute inflammatory edema. Similar
findings have been previously described for MSU and ovalbumin, which fail to
stimulate murine TRPAl-mediated Ca?* currents (Hox et al, 2013; Trevisan,
Hoffmeister et al., 2013).

The background for edema development lies in the complex intra- and
intercellular signalling that elicit the increase in blood flow and endothelium
permeability, which in turn lead to plasma extravasation to the site. There are other
adjacent cells such as dendritic cells, mast cells or neurons which release humoral
inflammatory factors, like histamine, leukotrienes, and neuropeptides and these can
affect the endothelial cells and activate them to contract and allow increased fluid
and protein leakage from the vessel. This is supported by the increased blood flow
promoted by vasodilation which is also induced by the effects of factors such as
histamine, prostanoids (especially prostacyclin and prostaglandin Ez) and NO on
vascular smooth muscle (Kumar et al., 2010). Based on the convincing evidence of
the function of TRPA1 in sensory nerve endings, the most obvious explanation is
that TRPA1 mediates its effects through the neuronal contribution in inflammation,
i.e. neurogenic inflammation. In this hypothesis, an initial stimulus triggers the
production of endogenous TRPA1 channel openers; these activate TRPA1 on the
local sensory nerve ending and this activation then stimulates the release of
proinflammatory neuropeptides and finally it is the proinflammatory peptides that
exert vascular effects, resulting in the acute edema.

As discussed, many ROS, RNS and their reactive metabolites are potent
endogenous TRPAT1 activators and therefore they are likely to be key regulators in
the development of TRPA1l-induced acute inflammatory edema. In study III, we
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were able to inhibit the MIA-induced acute edema not only with the TRPA1 blocker
but also with the H2O, degrading enzyme, catalase, i.e. the formation of H2O; is a
key regulator involved in the eatly events of MIA-induced inflammation.
Interestingly, previous studies have also shown the ability of MIA to increase the
production of ROS (Jiang et al., 2013). Similar findings have been made in the MSU
crystal-induced inflammation and it is known that although they have many
mechanisms of action, one important property of MSU crystals is their ability to
increase ROS production and treatment with catalase has been reported to reduce
the severity of experimental gout (Shi et al., 2010; Trevisan, Hoffmeister et al., 2013).
Furthermore, the ROS, RNS and their reactive metabolites have been shown to be
highly edematogenic in a TRPA1-dependent manner (Graepel et al., 2011; Trevisan,
Rossato et al., 2014; Trevisani et al., 2007). Complementary to this, TRPAT1 is also
sensitized by secondary messengers phospholipase C and protein kinase A, which
are known to be activated by many proinflammatory mediators through their G-
protein coupled receptors (S. Wang et al., 2008).

The secondary effector mechanism subsequent to TRPA1 activation in the acute
inflammatory edema is most likely the release of proinflammatory neuropeptides,
especially substance P. Our results indicated that the blockade of the target of
substance P, ie. the NKI1 receptor, by 1.703,606 effectively inhibited the
development of the acute edema induced by MIA and ovalbumin. Furthermore, the
analysis of substance P levels in the MIA-injected inflamed paw tissue demonstrated
that treatment with the TRPA1 blocker TCS 5861528 was effective in decreasing the
release of substance P. Our hypothesis was supported by the finding that treatment
with 1,703,606 did not alter the levels of substance P. Similar results on the potency
of NKI1 receptor blockade on TRPA1-induced acute edema have been reported
elsewhere (Silva et al., 2011), further supporting our findings.

In addition to the neuronal mechanism described above, the function of TRPA1
in endothelial cells warrants discussion. The role of endothelial cells in edema
formation has been well documented and were TRPA1 to exert a role in the function
of endothelial cell, this could provide an alternative mechanism for development of
TRPA1-mediated edema. Indeed, the expression of TRPAT in endothelial cells has
been described and the direct activation of TRPA1 in these cells has been found to
promote vasodilation (Earley et al., 2009). In addition, endothelial TRPA1 activation
has also been shown to respond to ROS stimulation by vasodilation (Sullivan et al.,
2015). The involvement of endothelial TRPA1 in edema, specifically in the acute
inflaimmation, however remains unknown, but it is an interesting possibility.
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Furthermore, both neurogenic TRPAl-induced release of proinflammatory
neuropeptides and non-neurogenic TRPA1-mediated effects such as those in the
endothelium may act simultaneously and contribute jointly to the formation of

inflammatory edema.

5.23  TRPA1 and Production of Proinflammatory Factors

The intracellular concentration of Ca?t has many effects including influencing the
regulation of inflammatory genes (Berridge et al., 2000; Jakobsson, 2010; Korhonen
et al., 2001). This provides a foundation for the speculation that since TRPA1
activation can increase the intracellular Ca?* concentration, it could also promote the
production of proinflammatory factors. Indeed, our findings of a proinflaimmatory
role for TRPA1 was not limited to the acute extravasation and pain. On many
occasions, the production of proinflaimmatory factors was substantially attenuated
after the inhibition of TRPA1 proposing that the effects of TRPA1 activation extend
to more profound aspects of the inflammatory cascade and are not simply restricted
to the release of vasoactive neuropeptides. We found that the production of the
allergy associated eatly cytokine, IL-4, in the allergic ovalbumin-induced
inflammation and the production of IL-6 in the AITC-induced paw inflaimmation
were blunted after treatment with a TRPA1 blocker. In addition, the experiments on
the MSU crystal-induced gouty inflaimmation in the air-pouch also revealed that
TRPAT1 activation was crucial for the accumulation of a plethora of cytokines
including MCP-1, IL-6, IL-18, MPO, MIP-la and MIP-2. In addition, the
accumulation of cells, thought to be mainly polymorphonuclear leukocytes, was
diminished in the mice treated with the TRPA1 blocker as was also the case in
animals lacking a functional TRPA1 channel. Furthermore, the accumulation of
eosinophils in the late-phase of the acute allergic inflammation was attenuated after
treatment with the TRPA1 blocker in the ovalbumin-induced conjunctivitis model.
Most of the measured cytokines are not stored intracellularly in great quantities and
their production is regulated by alterations of gene expression. Hence, it is likely that
TRPA1 activation, directly in the same cells or indirectly through intercellular
signalling, has an impact on the transcriptional or posttranscriptional regulation of

several inflammatory genes.

In addition to the direct regulation of gene expression, other mechanisms also
contribute to the increased production of proinflammatory factors. The elevation of

the intracellular Ca2* level has been shown to increase the activity of some
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proinflammatory enzymes such as polymerase-1 which is required for the nuclear
translocation of the NF-kB transcription complex and calmodulin-dependent
kinases (Racioppi & Means, 2008; Vuong et al., 2015). Furthermore, elevation of the
intracellular Ca2?* concentration is crucial for the release of factors stored in
endosomes, i.e. exocytosis. For example, this is an important mechanism in release
of histamine and serotonin from mast cells. Since the activation of TRPA1 induces
a direct Ca?* influx leading to an elevation of the Ca2* concentration, it is plausible
that TRPA1 is involved in these processes.

Interestingly, ion channels can carry out their secondary effects through diverse
mechanisms. Obviously, the flux of ions leading to the changes in intracellular ion
concentrations and altered voltage gradients is, by definition, a significant
mechanism of action. However, there are data showing that some ion channels also
contribute to modulate cellular behavior through additional mechanisms mimicking
receptor-mediated events. For instance, the L-type calcium channel has been
demonstrated to regulate the activity of the transcription factor, nuclear factor of
activated T-cells (NF-AT) which is recognized as being involved in immune
responses. Importantly, this effect is independent of the Ca?* concentration and
opening of the ion channel but is mediated via the activation of the C-terminus of
the ion channel (Kudryavtseva et al., 2013). Since it is known that TRPA1 also has a
large intracellular C-terminal moiety, it is plausible that TRPAT activation exerts also
Ca?*-independent effects which could contribute to the observed changes, such as

an increase in the production of the proinflammatory cytokines.

We and other research groups have shown that TRPA1 activation promotes
vascular effects leading to extravasation (Zygmunt & Hogestitt, 2014). One clear
effect is the enhanced vascular permeability which not only induces an increase of
fluid volume in the tissue, but also an exudation of many plasma-derived proteins
and other factors. This exudate contains the components of four inflammation-
associated proteolytic enzyme cascades, namely the complement, coagulation,
fibrinolytic and kinin systems which may become activated in the inflamed tissue to
generate a wide range of proinflammatory and regulatory factors, e.g. the activated
complement components C3a and Cba as well as bradykinin which augment the
inflammatory response by enhancing the production of prostaglandins and other
inflammatory mediators and/or by promoting the chemotaxis of leukocytes to the
site of inflammation. Increased vascular permeability is also associated with the
activation of endothelium, leading to further leukocyte migration into the inflamed
tissue. In the present study, antagonism of TRPA1 caused a down-regulated
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extravasation and less leukocyte accumulation within the tissue. Interestingly, those
effects could also indirectly have contributed to the observed reduction of the levels
of inflammatory mediators in TRPA1 blocker treated and TRPA1 deficient animal
tissue samples because abundant cytokine and eicosanoid production is a
characteristic feature of activated leukocytes. (Kumar et al., 2010; Rang et al., 2015b)

It is interesting, that even though the initial triggers of inflammation were all very
different, the anti-inflammatory potential of inhibition of TRPA1 was clear in all the
experiments. In fact, since these findings were rather novel, they can be considered
as opening a new perspective for the role of TRPA1 in acute inflammation and there
are some very recent findings which support our results. In a model of MSU crystal-
induced gouty arthritis published just prior to our results, it was noted that MSU
crystal-induced cytokine production was TRPA1-dependent (Trevisan, Hoffmeister
etal., 2014). In addition, there is also 7 vitro evidence of a TRPA1 activation-induced
increase in the production of IL-1§3, IL-6, IL.-8 and prostaglandin E; in keratinocytes,
skin fibroblasts and periodontal ligament cells (Atoyan et al., 2009; Jain et al., 2011;
Son et al,, 2015). In summary, these results emphasize that the role of TRPA1
activation in inflammation is not limited to pain, hypersensitivity and extravasation
but impacts also on other aspects of the inflammatory cascade and these effects are
mediated by distinct mechanisms that will need to be clarified in the future.

5.24  Association of TRPA1 and COX

There was an interesting interaction between the prostaglandin producing COX
enzyme and TRPAL. Firstly, we found that the COX inhibitor, ibuprofen, was
effective in attenuating the carrageenan- and AITC-induced paw edema, which were
also clearly TRPA1-dependent effects. This result does not clearly represent the
temporal sequence of events, but as AITC’s mechanism of action is the direct
activation of TRPA1, the activation of prostaglandin production should occur after
the TRPA1 stimulation. The carrageenan-induced acute inflammatory edema has
been shown to be clearly COX-dependent (Morris, 2003). As described earlier, the
TRPA1 activation induces the release of prostaglandin Ez, which is a potent
proinflammatory eicosanoid (Jain et al., 2011). As the isoform mainly responsible for
the inflammatory production of prostaglandins, COX-2, is highly inducible, we
decided to clarify whether TRPA1 activation would upregulate COX-2 expression 7
vitro. Indeed, in HEK 293 cells transfected with TRPA1, application of the direct
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TRPA1 activator, AITC, enhanced COX-2 expression, a phenomenon not observed
in nontransfected HEK 293 cells.

Furthermore, an indirect TRPA1 activation resulting from exposure to MIA and
IL-18 was able to upregulate COX-2 expression in human primary osteoarthritic
chondrocytes and also in murine cartilage and this effect was reversed with TRPA1
antagonism or genetic knock-out. In chondrocytes and cartilage, the observed effect
was most likely mediated via further autocrine or intracellular regulation as there was
no direct MIA-induced TRPA1 activation. In addition, there are reports showing
that the reactive metabolites of prostaglandin E; including prostaglandin A, A1 and
J2 have been identified to activate TRPA1 giving rise to a hypothetical feed-forward
mechanism (Taylor-Clark et al., 2008). According to our findings, the TRPA1-
dependent COX-2 upregulation noted after exposure to MIA was linked to IL-183
co-stimulation. This effect cannot be conclusively explained by our results but
previous reports have shown that IL-18 is capable of increasing the TRPAI
expression (Hatano et al., 2012). The concept of TRPA1 being an inducible
proinflammatory regulator having an impact also on other inducible inflammatory
genes is very interesting, but further studies will be needed to clarify the magnitude

and significance of this mechanism.

The findings of COX-2 upregulation were made in chondrocytes and HEK 293
cells, highlighting the role of non-neuronal TRPA1. Much of the research on TRPA1
has concentrated on neurogenic inflammation and the function of TRPA1 in
neurons. As stated in the Review of the Literature, TRPA1 has been identified and
found functional in many non-neuronal cells (Fernandes et al., 2012). Some of the
most interesting findings include the role of TRPA1 in endothelial cells,
keratinocytes, fibroblasts and mast cells, which will be discussed later. Studies in skin
keratinocytes and lung fibroblasts have identified that TRPA1 acts as a
proinflaimmatory factor also in these tissues. Subsequent to its activation, a TRPA1-
dependent increase in IL-1 and IL-8 was observed (Atoyan et al, 2009;
Mukhopadhyay et al., 2011). Our experiments add chondrocytes to the list of non-
neuronal cells expressing TRPA1 and its activation seems to upregulate the
expression of COX-2 in these cells. The proinflammatory role of TRPA1 in non-
neuronal cells is very interesting and may well open up new treatment strategies for
many inflammatory diseases. However, this does not negate the function of neuronal
TRPA1 but rather supplements it. The possible interaction of different cell types
regarding the activation of TRPA1 leave many questions unanswered i.e. the targeted
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TRPA1 ion channel and the production of the endogenous TRPA1 activators may

not necessarily be the same cell types.

5.25 TRPA1 Activation Enhances Pain and Inflammation in Arthritis

Two distinct arthritis models were exploited in the thesis, MSU crystal-induced acute
gouty arthritis (study II) and MIA-induced experimental osteoarthritis (study III).
The studied mice were tested for their nociceptive behaviour in the weight-bearing
test. In gouty arthritis, the effect was fairly acute and the mice displayed a shifting of
their weight away from the affected limb already one day after the injection of MSU
crystals, which reflects the clinical characteristics of the rapid onset of gout flare. In
MIA-induced experimental osteoarthritis, the response developed more slowly over
a few weeks, after which the histopathological changes were also observed. The
observed joint pain was obviously due to the inflammation in the affected area,
leading to activation of nociceptors. In addition to mechanical and thermal factors,
many local substances of the “inflammatory soup” such as protons, ATP, bradykinin
and prostaglandins act to excite the nociceptor to reach its firing potential to produce
painful sensation. Numerous target receptors on the peripheral nerve ending have
been shown to be involved in pain sensing (Rang et al., 2015a). Interestingly,
peripheral targeting of TRPA1 has been shown to be effective in alleviating especially
acute pain induced by stimulants such as carrageenan, Freund’s complete adjuvant
or MSU crystals (Bonet et al., 2013; Fernandes et al., 2011; Trevisan, Hoffmeister et
al., 2014).

Pain associated with inflammation involves also central mechanisms as discussed
earlier in the Review of the Literature section. However, central (i.e. intrathecal)
administration of TRPA1 blocker has failed to attenuate the acute pain experienced
almost immediately after peripherally applied formalin (Wei et al., 2011). However,
with a longer follow-up, the central inhibition of TRPA1 has been shown to alleviate
the delayed hypersensitivity or pain lasting for days to weeks after the initial
peripheral stimulus, indicating that central TRPA1 could play a role in the process
of central pain sensitizing (da Costa et al., 2010; Wei, Koivisto et al., 2010). It should
be noted that central pain sensitization has been reported as a nociceptive
mechanism in MIA-induced experimental osteoarthritis (Ferreira-Gomes et al., 2012;
Kelly et al., 2012; Y. Lee et al.,, 2011). Furthermore, a single dose of the TRPA1
blocker, given either systemically or intra-articularly, is ineffective in attenuating the

nociceptive behaviour measured by weight-bearing test immediately or several days
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after the injection of MIA into the joint (Okun et al, 2012). Nonetheless, we
observed that the TRPA1 deficient mice displayed an attenuated nociceptive
behaviour in response to MIA a few weeks after the injection. In summary, it seems
likely that TRPA1 has a role in both peripheral activation of nociceptors and central
pain sensitization. Further studies will be needed to be able to determine the
proportion of contribution of these mechanisms in pain and hypersensitivity in
different modalities and stages of arthritis.

5.26  Allergic Inflammation and TRPA1

In the fourth study, we explored the relationship between TRPAT1 activation and
acute allergic inflaimmation. The results indicated that TRPA1 activation was
essential for the early-phase of the reaction as evidenced by an attenuated paw edema
present within one hour after the allergen challenge with treatment with TRPA1
blocker or by genetic silencing of TRPA1. Correspondingly, the development of the
allergic inflammation was dampened as reflected by the reduced level of IL.-4 at 6 h
after the ovalbumin application. The late-phase of the acute allergic inflammation
was also alleviated as the accumulation of eosinophils into the inflamed conjunctival
tissue could be decreased by blockade of TRPAT1, achieved either pharmacologically
or genetically. Interestingly, the sensitization towards ovalbumin remained intact.
These results are supported by previous findings demonstrating the
proinflaimmatory role of TRPA1 in ovalbumin-induced allergic asthma (Caceres et
al., 2009; Wu et al., 2013) and the development of IL-13-induced itch (Oh et al.,
2013). In addition oxalozone, a compound frequently used to induce experimental
atopic dermatitis, is also a direct activator of TRPAT1 (B. Liu et al., 2013). Similarly,
another previously known contact sensitizer, 2,4-dinitrochlorobenzene, has proven
to be a direct TRPA1 activator (Saarnilehto et al., 2014).

Apart from our experimental settings, the previous studies on ovalbumin-induced
respiratory inflammation analysed the outcome of a repeated or continuous exposure
lasting from many days to weeks. There was also no evidence of direct activation of
TRPA1 by ovalbumin or disturbed sensitization towards ovalbumin as reflected by
unaltered levels of circulating ovalbumin specific IgE (Caceres et al., 2009; Wu et al.,
2013). These published papers have results parallel to those observed here i.e. the
response in splenocytes to ovalbumin was similar in sensitized TRPA1 deficient and

corresponding wild type mice. In addition to the neurogenic mechanisms proposed
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Figure 22. Schematic summary of the role of TRPA1 activation in inflammation on the basis of
studies I-IV. Contents design by Lauri Moilanen and graphical design by Joonas Mykkénen.
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by the decreased levels of proinflaimmatory neuropeptides measured in the
brochoalveolar lavage fluid after ovalbumin challenge (Caceres et al., 2009) and the
efficancy of blockade of the receptor of substance P we discovered, previous studies
have made interesting findings in mast cells. Firstly, TRPAI-
mediatedproinflammatory effects can be alleviated by inhibiting mast cell
degranulation (Perin-Martins et al., 2013). Furthermore, the expression and function
of TRPAT in mast cells have been detected (Oh et al., 2013; Prasad et al., 2008).
Interestingly, TRPA1 expression is also upregulated by many factors such as IL.-13
and leukotriene B4 which are both characteristic mediators of allergic inflammation
(Fernandes et al., 2013; Oh et al., 2013). Since degranulation occurring after mast cell
activation is a crucial event in the very early events of allergic inflammation, it is
possible that if TRPA1 were to be blocked, the degranulation could at least be partly
inhibited and this could have an impact on the further development of the allergic
inflammation.

The total amount of tissue infiltrated eosinophils is an indicator of the late-phase
of the acute allergic inflammation process and our results showed that TRPA1
blockade, attained by either pharmacological or genetic means, could alleviate this
process. According to the present results, the mechanism of TRPA1 activation does
not involve any increase of eosinophil apoptosis which is at least partly the
mechanism of action of the anti-inflammatory glucocorticoids. However, our results
indicate that TRPA1 functions in the very eatly events of acute inflammation such
as extravasation and in the production of IL.-4 and inhibition and these effects could
explain the TRPA1 inhibition-mediated alleviation of the late-phase acute allergic
inflaimmation. The underlying mechanisms could involve either mast cells or

innervating neurons, or both.

5.2.7  Pinosylvin is a Novel Blocker of TRPA1

Stilbenoids are a group of polyphenols found in natural sources such as in the
heartwood and bark of the Pinus coniferous tree species. In an attempt to find novel
TRPA1 blockers, we became interested in stilbenoids. This was based on our
preliminary screening results and on previous findings indicating that another
member of the stilbenoid group, namely resveratrol, was capable of inhibiting
TRPA1 in addition to its other anti-inflammatory properties (Kulkarni & Canto,
2015; Yu et al,, 2013). In fact, recent studies have also revealed that yet another
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OH OH
Pinosylvin Resveratrol

Figure 23. The chemical structures of stilbenoids pinosylvin and resveratrol. Chemically
stilbenoids are classified as hydroxylated derivatives of stilbene, which is structurally
composed of two phenyl rings joined by an ethane group.

polyphenol, gallic acid, displays potency at inhibiting TRPA1 (Trevisan, Rossato et
al., 2014). In our experiments, one particular stilbenoid, pinosylvin, was found to
inhibit TRPAT1 in two different Ca2* current assays. The effect was dose-dependent
and pinosylvin was able to inhibit the effect of AITC when applied either prior or
subsequent to AITC and it exhibited a fast onset and sustained duration of action.
Similarly to resveratrol, the exact molecular mechanism to explain how pinosylvin
inhibits the activation of TRPA1 remains unknown (Yu et al., 2013).

Suprisingly, pinosylvin and resveratrol were able to induce minor TRPA1-
mediated currents in the patch clamp studies, raising the question if stilbenoids act
as modulators rather than pure blockers of the TRPA1 ion channel. This stimulatory
effect was observed only at high concentrations, far exceeding the ICso values of the
compounds. This kind of bimodal action on TRPA1 is not however restricted to
stilbenoid based compounds. Some oxime derivate TRPA1 blockers, closely related
to AP18 described earlier, have been shown to have a similar bimodal effect on
TRPA1; they prevent the activation of TRPA1 dose-dependently but at high
concentration they also activate the channel (Defalco et al., 2010). In addition, a
reversed bimodal effect on TRPA1 has been discovered in some TRPAT1 ligands.
Compounds such as cinnamaldehyde, camphor and apomorphine act as TRPA1
activators at low concentrations but inhibit it at higher concentrations (Alpizar et al.,
2013; Schulze et al.,, 2013). However, the molecular mechanism of this minor
activation potential of stilbenoids remains a mystery. Classical explanations such as
configurational isomerism or complementary sites of molecular interaction at high
concentrations could explain the observed effects but more detailed studies will be
needed to understand fully the pharmacological effects of the stilbenoids on TRPA1.
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Further experiments showed that in experimental animals, systemic dosing with
pinosylvin inhibited AITC-induced acute paw edema and the production of IL-6
within the inflamed paw tissue. This is very important as it highlights the potential
of pinosylvin to inhibit TRPA1 functionally in a living animal. As pinosylvin seems
to be a potential TRPA1 blocker iz vitro and in vivo, the stilbenoids could be a source
for future drug development of TRPA1 blockers.

The safety issues of new drug candidates should be kept in mind already during
the early-phases of the drug development. Due to multiple targets of action, the
adverse effects of stilbenoids are not easy to predict, although resveratrol has shown
a favourable safety profile. However, if a high selectivity for TRPA1 could be
achieved, the predictability of safety would increase. As already discussed, tests
conducted in murine models have shown selective TRPA1 blockers to be relatively
safe (McNamara et al., 2007). The main concern around the safety of TRPA1
blockers is the possibility of an impaired response to exogenous harmful compounds
such as toxic gases (Bautista et al., 2006; Brone et al., 2008). Furthermore, TRPA1 is
activated by many flavour- and scent-related compounds such as mustard oil and
cinnamaldehyde and thereby inhibition of TRPA1 could alter the senses of taste or
smell. The results from the ongoing clinical trials on TRPA1 inhibiting drugs are still
pending and the information of these studies will provide very interesting and
important data on the safety of TRPA1 blockers.

9.3  Future Prospects

The present results suggest that TRPA1 activation could be an important mechanism
involved in many inflammatory diseases. We obtained positive results after treating
mice with a TRPA1 blocker in experimental models of gout, allergic inflammation
and osteoarthritis. TRPA1 activation seemed also to be important in the
development of a more general model of acute inflammation, i.e. carrageenan-
induced acute paw edema. Interestingly, the findings were not just limited to
symptoms such as edema and pain, but antagonism of TRPA1 was also effective in
inhibiting the underlying inflammatory mechanisms such as cytokine production and

leukocyte migration.

Our results leave open many questions about the underlying cellular and
molecular mechanisms. Traditionally the role of TRPA1 in neurogenic inflammation
has been acknowledged, but the location of neuronal TRPA1, i.e. peripheral versus

central, especially in pain and pain hypersensitivity remains still obscure. Further

112



investigations will be needed, for example by conducting experiments with multiple
time points and dosing routes (peripheral, intrathecal and systemic) of TRPA1
blockers. In addition, the cell types in which TRPA1 has the greatest impact are still
a mattet for discussion. Indeed, TRPA1 activation has been detected in neurons and
non-neuronal cells including endothelial cells, fibroblasts, mast cells and based on
the present results, in chondrocytes, and in all of these cells, functional properties
have been identified. TRPA1 might also be involved in intercellular signalling and
this forms a challenge for experimental approaches. In animal studies such as acute
paw edema, the effects obtained mainly involved the responses of whole tissues or
even organisms and it is therefore impossible to distinguish between the
contributions of different cell types. In contrast, conventional cell cultures include
only one cell type and therefore the interaction between two cell types, such as
neurons and leukocytes cannot be studied. Possible solutions could be found by
utilizing co-cultures of multiple cell types or by use of cell type specific knock-out
animals.

Previous studies have focused on the role of TRPA1 in pain and inhibition of
TRPA1 has aimed at discovering new analgesic drugs. As discussed eatrlier, in the
on-going clinical trials, TRPA1 inhibiting drugs have been evaluated for treating
neuropathic pain, asthma and chronic obstructive pulmonary disease. Based on our
findings, targeting TRPA1 could however function also as a disease modifying
treatment to combat inflaimmation. According to our data in experimental disease
models, drugs inhibiting TRPA1 activation could be beneficial in diseases such as
gout flare, osteoarthritis and allergic inflammation. Various other groups have also
reported positive results in treating experimental inflammatory diseases such as
colitis, allergic asthma and atopic dermatitis with TRPA1 blockers (Caceres et al.,
2009; Engel et al., 2011; B. Liu et al., 2013). Once actual clinical studies have been
conducted, it should be possible to determine in which conditions and patient groups
TRPAT1 inhibiting treatment could be especially beneficial. It is possible that TRPA1
inhibiting drugs will be a symptomatic and disease-modifying option in the treatment
of inflammatory diseases.
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6 Summary and Conclusions

The aim of the present series of studies constituting this doctoral thesis was to reveal
the role of TRPA1 activation in various experimental inflammatory conditions. A
significant proinflammatory role of TRPA1 activation was found in several mouse
models, i.e. experimental carrageenan-induced acute paw inflaimmation, MSU
crystal-induced gouty arthritis and inflaimmation, MIA-induced model of
osteoarthritis and inflammation and ovalbumin-induced acute allergic inflammation.
The results showed that none of the stimulants used to induce the inflammation
were direct TRPA1 channel openers, but TRPA1 was activated most likely by
endogenous compounds produced at the site of inflaimmation. These findings have
extended the role of TRPAT; it no longer is simply a nociceptor and chemosensor,
instead it should be considered as a significant endogenous mechanism regulating
the amplification of the inflaimmatory response. Finally, a novel TRPA1 blocker,
pinosylvin, was observed to inhibit TRPAl-induced responses both 7z vitro and in

vivo.
The major findings and conclusions are:

1. Carrageenan-induced acute inflaimmatory edema is inhibitable by
blocking TRPA1 function. TRPA1-induced edema is dependent on COX
function and direct TRPA1 activation 7 vitro upregulates COX-2 gene

expression.

2. MSU crystals evoke gouty inflammation which is alleviated by inhibiting
TRPA1 either pharmacologically or by genetic depletion. TRPA1
activation, most propably by endogenously formed factors, is involved in
acute inflammatory edema, proinflaimmatory cytokine production,
inflammatory cell accumulation and the nociception induced by MSU

crystals.

3. Experimental MIA-induced osteoarthritis is alleviated in TRPAI1
deficient mice as measured by joint pain and histopathological changes.
The acute inflaimmation induced by MIA is at least partly mediated by
TRPA1-induced release of neuropeptide substance P. MIA together with
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IL-18 upregulates COX-2 expression in chondrocytes in a TRPA1-
dependent manner, indicating that TRPA1 is expressed and functional in
chondrocytes.

4. Acute allergic inflammation triggered by ovalbumin challenge either
subcutaneously or topically via the eye in sensitized mice can be alleviated
by treatment with a TRPA1 blocker and is impaired in TRPA1 deficient
mice. Furthermore, it seems that the anti-inflammatory effect of TRPA1
blockade begins in the early-phase of the response seen as attenuated paw
edema and II.-4 production. It extends also to the late-phase of the acute
allergic inflammation measured as reduced eosinophil infiltration into the
challenged conjunctival tissue. In addition, TRPA1 is not directly
activated by ovalbumin and TRPA1 deficient mice seem to sensitize

normally towards the allergen.

5. Pinosylvin inhibits TRPA1 activation as evidenced in Ca?* influx and
membrane current assays in HEK 293 cells transfected with TRPA1. The
effect is dose-dependent and pinosylvin is efficacious when applied either
prior or subsequent to the TRPA1 activator AITC. Systemic dosing of
pinosylvin is able to inhibit the AITC-induced acute paw inflammation

as measured by edema formation and I1.-6 production.

In summary, this study has identified new possible diseases in which TRPA1 is a
major factor in the pathogenesis and thus conditions in which TRPA1 blockers could
be beneficial. Gout flare, inflammation associated with osteoarthritis and acute
allergic inflammation could be alleviated with TRPA1 blockers. Interestingly, the
therapeutic property of TRPA1 inhibition may not be limited to alleviating
symptoms such as pain or edema but, since it prevents the underlying inflammatory

mechanisms, it may possess a more general, disease modifying effect.

115



7 Acknowledgements

This series of studies forming my doctoral thesis was carried out in the
Immunopharmacology Research Group at University of Tampere School of
Medicine and Tampere University Hospital, Finland. I was also a student in the
National Doctoral Programme of Musculoskeletal Disorders and Biomaterials
(TBDP) and I thank TBDP for their support and education. This work was
financially supported by The Medical Research Fund of Tampere University
Hospital, Tampere Tuberculosis Foundation, The Finnish Medical Society
Duodecim, Tampereen Reumayhdistys Patient Organization for Rheumatoid
Arthritis, The Finnish Rheumatism Foundation, Medcare Foundation and The
Scientific Foundation of the City of Tampere. I am sincerely thankful to all financiers

for making this work possible.

Firstly, I want to express my deepest gratitude towards my supervisors Professor
Eeva Moilanen, Docent Riina Nieminen and Professor Lauri Lehtimaki. I have had
the privilege of gaining superior guidance in all aspects of scientific work in levels of
practice, theory and philosophy.

I am very grateful to Dr. Ari-Pekka Koivisto and Professor Antti Pertovaara for
participating in my thesis committee. Their help and expertise was of untold value
in the scientific contents of my work. I acknowledge Professor Ulf Simonsen and
Docent Paula Rytild for reviewing my thesis and giving their constructive criticism
and expert comments. Dr. Ewen MacDonald I thank warmly for his work as an

English language consultant in my thesis and also in the publications.

I express my gratitude to our overseas collaborators Professor Edward Hogestitt
and Professor Peter Zygmunt from Lund University, Sweden for their contribution
to the first study and Professor Katsuhiko Muraki from Aichi-Gakuin University,
Japan for his contribution to the fifth study. The international collaboration has been
very fruitful and educational.

The Immunopharmacology Reaseach Group has been an excellent environment
to start and conduct my scientific work. The group has an extremely supportive
attitude and we do great teamwork. To my co-authors Mari Himadldinen, Pinja

116



Ilmarinen, Hannu Kankaanranta, Riku Korhonen, Meiju Kukkonen, Mirka Laavola,
Tiina Leppidnen, Elina Nummenmaa and Katriina Vuolteenaho I am greatly thankful
for the inspiring work we have done. I want to express special thanks to the other
young scientists and students Heikki Erisalo, Tuija Hommo, Juha-Markus Kaaja,
Tiina Kerinen, Anna Koskinen, Mona Kumanto, Antti Laurikka, Erja-Leena
Paukkeri, Antti Pekurinen, Lauri Tuure and Tuija Vdininen whom I have had the
pleasure to work alongside. The highly skilled and professional laboratory staff
members Salla Hietakangas, Elina Jaakkola, Mirva Jirveld-Stolting, Petra
Miikkulainen, Jan Koski, Meiju Kukkonen, Raija Pinola, Terhi Salonen and Carita
Vartiainen, I thank for their superb technical assistance and instruction in the
laboratory work. Our beloved research secretary Heli Maittd I want to thank for her
invaluable help in all kinds of challenges I have faced. Finally, I wish to thank the
excellent staff at the Tampere University Animal Unit for their help and patience

during my animal experiments.

I am grateful to my family for the continuous support they have given me. Eeva
has had perhaps an unusual role as a supervisor and mother for me and I think it has
worked out positively in many ways. My dad Teemu has encouraged and supported
me during these years in many ways. My brothers, Eero and Timo, I am grateful to
your inspiration, support and fun times we have experienced together. Also, my
friends from past days and more recent years have been very important for me giving
me all those great times apart from the sometimes so exhausting professional life.

Finally and most importantly, I thank Leila for her love and ultimate patience and

support during these years.

Tampere, May 15t 2016

Luntti Mo/

Lauri Moilanen

117



8 References

Abbas, A. K., Lichtman, A. H., & Pillai, S. (2014). Allergy. Ce/lutar and Molecular Immunology
(8th ed., pp. 417-435) Elsevier Health Sciences.

Alpizar, Y. A., Gees, M., Sanchez, A., Apetrei, A., Voets, T, Nilius, B., & Talavera, K. (2013).
Bimodal effects of cinnamaldehyde and camphor on mouse TRPA1. Pfligers Archiv -
European Journal of Physiology, 465(6), 853-864.

Andersson, D. A., Gentry, C., Moss, S., & Bevan, S. (2008). Transient receptor potential Al
is a sensory receptor for multiple products of oxidative stress. The Journal of
Neuroscience, 28(10), 2485-2494.

Andrade, E. L., Meotti, F. C., & Calixto, J. B. (2012). TRPA1 antagonists as potential
analgesic drugs. Pharmacology and Therapeutics, 133(2), 189-204.

Andriote, J. (2012). Every man a king: Henry VIII's worst affliction is on the rise in America.
The Atlantic, June 5, 2012.

Asadi, S., Alysandratos, K. D., Angelidou, A., Miniati, A., Sismanopoulos, N., Vasiadi, M.,
Zhang, B., Kalogeromitros, D., & Theoharides, T. C. (2012). Substance P (SP)
induces expression of functional corticotropin-releasing hormone receptor-1
(CRHR-1) in human mast cells. The Journal of Investigative Dermatology, 132(2), 324-329.

Assay of intracellular free calcium in RAW 264.7 cells loaded with fluo-3. (2003). Retrieved
from http:/ /www.signaling-gateway.org/data/cgi-bin/ProtocolFile.cgi/afcs_
PP00000210.pdfepid=PP00000210.

Atoyan, R., Shander, D., & Botchkareva, N. V. (2009). Non-neuronal expression of transient
receptor potential type Al (TRPA1) in human skin. The Journal of Investigative
Dermatology, 129(9), 2312-2315.

Bandell, M., Story, G. M., Hwang, S. W., Viswanath, V., Eid, S. R., Petrus, M. |., Earley, T.
J., & Patapoutian, A. (2004). Noxious cold ion channel TRPA1 is activated by pungent
compounds and bradykinin. Newuron, 41(6), 849-857.

Bang, S., & Hwang, S. W. (2009). Polymodal ligand sensitivity of TRPA1 and its modes of
interactions. The Journal of General Physiology, 133(3), 257-262.

Banke, T. G., Chaplan, S. R., & Wickenden, A. D. (2010). Dynamic changes in the TRPA1
selectivity filter lead to progressive but reversible pore dilation. American Journal of
Physiology. Cell Physiology, 298(6), C1457-C1468.

118



Banvolgyi, A, Pozsgai, G., Brain, S. D., Helyes, Z. S., Szolcsanyi, J., Ghosh, M., Melegh, B.,
& Pintér, E. (2004). Mustard oil induces a transient receptor potential vanilloid 1
receptor-independent neurogenic inflammation and a non-neurogenic cellular
inflammatory component in mice. Newuroscience, 125(2), 449-459.

Bautista, D. M., Jordt, S. E., Nikai, T., Tsuruda, P. R., Read, A. J., Poblete, J., Yamoah, E.
N., Basbaum, A. I., & Julius, D. (2006). TRPA1 mediates the inflammatory actions of
environmental irritants and proalgesic agents. Cell, 124(6), 1269-1282.

Bautista, D. M., Movahed, P., Hinman, A., Axelsson, H. E., Sterner, O., Hogestitt, E. D.,
Julius, D., Jordt, S. E., & Zygmunt, P. M. (2005). Pungent products from gatlic
activate the sensory ion channel TRPAL. Proceedings of the National Academy of Sciences of
the United States of America, 102(34), 12248-12252.

Bautista, D. M., Pellegrino, M., & Tsunozaki, M. (2013). TRPA1: A gatekeeper for
inflammation. ~Annual Review of Physiology, 75, 181-200.

Bergerot, A., Holland, P. R., Akerman, S., Bartsch, T., Ahn, A. H., MaassenVanDenBrink,
A., Reuter, U., Tassorelli, C., Schoenen, J., Mitsikostas, D. D., van den Maagdenberg,
A. M., & Goadsby, P. J. (2006). Animal models of migraine: Looking at the
component parts of a complex disorder. The Eurgpean Journal of Neuroscience, 24(06),
1517-1534.

Berridge, M. J., Lipp, P., & Bootman, M. D. (2000). The versatility and universality of calcium
signalling. Nature Reviews. Molecular Cell Biology, 1(1), 11-21.

Bessac, B. F., Sivula, M., von Hehn, C. A., Escalera, J., Cohn, L., & Jordt, S. E. (2008).
TRPAT1 is a major oxidant sensor in mutine airway sensory neurons. The Journal of

Clinical Investigation, 118(5), 1899-1910.

Bilici, D., Akpinar, E., & Kiziltunc, A. (2002). Protective effect of melatonin in carrageenan-
induced acute local inflammation. Pharmacological Research, 46(2), 133-1309.

Bolam, J. P, Elliott, P. N., Ford-Hutchinson, A. W., & Smith, M. . (1974). Histamine, 5-
hydroxytryptamine, kinins and the anti-inflammatory activity of human plasma
fraction in carrageenan-induced paw oedema in the rat. The Journal of Pharmacy and
Pharmacology, 26(6), 434-440.

Bonet, 1. J., Fischer, L., Parada, C. A., & Tambeli, C. H. (2013). The role of transient receptor
potential A 1 (TRPAT1) in the development and maintenance of carrageenan-induced
hyperalgesia. Neuropharmacology, 65, 206-212.

Bove, S. E., Calcaterra, S. L., Brooker, R. M., Huber, C. M., Guzman, R. E., Juneau, P. L.,
Schrier, D. J., & Kilgore, K. S. (2003). Weight bearing as a measure of disease
progression and efficacy of anti-inflammatory compounds in a model of
monosodium iodoacetate-induced osteoarthritis. Osteoarthritis and Cartilage, 11(11),
821-830.

Brederson, J. D., Kym, P. R., & Szallasi, A. (2013). Targeting TRP channels for pain relief.
European Journal of Pharmacology, 716(1-3), 61-76.

119



Brone, B., Peeters, P. J., Marrannes, R., Mercken, M., Nuydens, R., Meert, T., & Gijsen, H.
J. (2008). Tear gasses CN, CR, and CS are potent activators of the human TRPA1
receptor. Toxicology and Applied Pharmacology, 231(2), 150-156.

Brooks, P. M., Burton, D., & Forrest, M. J. (1987). Crystal-induced inflammation in the rat
subcutaneous air-pouch. British Journal of Pharmacology, 90(2), 413-419.

Bywaters, E. G. (1962). Gout in the time and person of George IV: A case history. Awnnals of
the Rheumatic Diseases, 21(4), 325-338.

Caceres, A. 1., 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., Homer, R. J., Cohn, L.,
Huang, X., Moran, M. M., & Jordt, S. (2009). A sensory neuronal ion channel essential
for airway inflammation and hyperreactivity in asthma. Proceedings of the National
Academy of Sciences, 106(22), 9099-9104.

Cao, D. S., Zhong, L., Hsieh, T. H., Abooj, M., Bishnoi, M., Hughes, L., & Premkumar, L.
S. (2012). Expression of transient receptor potential ankyrin 1 (TRPA1) and its role
in insulin release from rat pancreatic beta cells. P/oS One, 7(5), €38005.

Caspani, O., & Heppenstall, P. A. (2009). TRPA1 and cold transduction: An unresolved
issuer The Journal of General Physiology, 133(3), 245-249.

Caubet, J. C., Kondo, Y., Urisu, A., & Nowak-Wegrzyn, A. (2011). Molecular diagnosis of
egg allergy. Current Opinion in Allergy and Clinical Immunology, 11(3), 210-215.

Cevikbas, F., Steinhoff, A., Homey, B., & Steinhoff, M. (2007). Neuroimmune interactions
in allergic skin diseases. Current Opinion in Allergy and Clinical Immunology, 7(5), 365-373.

Chakrabarty, A., McCarson, K. E., & Smith, P. G. (2011). Hypersensitivity and
hyperinnervation of the rat hind paw following carrageenan-induced inflammation.
Neuroscience Letters, 495(1), 67-71.

Chen, J., Kang, D., Xu, J., Lake, M., Hogan, J. O., Sun, C., Walter, K., Yao, B., & Kim, D.
(2013). Species differences and molecular determinant of TRPA1 cold sensitivity.
Nature Communications, 4, 2501.

Chen, J., & Kym, P. R. (2009). TRPA1: The species difference. The Journal of General Physiology,
133(6), 623-625.

Chen, J., Joshi, S. K., DiDomenico, S., Perner, R. J., Mikusa, J. P., Gauvin, D. M., Segreti, .
A., Han, P., Zhang, X., Niforatos, W., Bianchi, B. R., Baker, S. J., Zhong, C., Simler,
G. H., McDonald, H. A., Schmidt, R. G., McGaraughty, S. P., Chu, K. L., Faltynek,
C. R, Kort, M. E., Reilly, R. M., & Kym, P. R. (2011). Selective blockade of TRPA1
channel attenuates pathological pain without altering noxious cold sensation or body
temperature regulation. Pazn, 152(5), 1165-1172.

Chiu, I. M., von Hehn, C. A., & Woolf, C. J. (2012). Neurogenic inflaimmation and the
peripheral nervous system in host defense and immunopathology. Nature Neuroscience,

15(8), 1063-1067.

120



Chung, S. H., Choi, S. H., Choi, J. A., Chuck, R. S., & Joo, C. K. (2012). Curcumin suppresses
ovalbumin-induced allergic conjunctivitis. Molecutar 1 ision, 18, 1966-1972.

Coderre, T. J., & Wall, P. D. (1987). Ankle joint urate arthritis (AJUA) in rats: An alternative
animal model of arthritis to that produced by Freund's adjuvant. Pain, 28(3), 379-393.

Cordero-Morales, J. F., Gracheva, E. O., & Julius, D. (2011). Cytoplasmic ankyrin repeats of
transient receptor potential A1 (TRPA1) dictate sensitivity to thermal and chemical
stimuli. Proceedings of the National Academy of Sciences of the United States of America,
108(46), E1184-E1191.

Corey, D. P., Garcia-Anoveros, J., Holt, J. R., Kwan, K. Y., Lin, S. Y., Vollrath, M. A.,
Amalfitano, A., Cheung, E. L., Derfler, B. H., Duggan, A., Geleoc, G. S., Gray, P. A,,
Hoffman, M. P., Rehm, H. L., Tamasauskas, D., & Zhang, D. S. (2004). TRPA1 is a
candidate for the mechanosensitive transduction channel of vertebrate hair cells.
Nature, 432(7018), 723-730.

Cosens, D. J., & Manning, A. (1969). Abnormal electroretinogram from a drosophila mutant.
Nature, 224(5216), 285-287.

Costantini, V. J., Corsi, M., Dunstl, G., Bettelini, L., Zonzini, L., & Gerrard, P. (2015). The
NK1 receptor antagonist aptrepitant attenuates NK1 agonist-induced scratching
behaviour in the gerbil after intra-dermal, topical or oral administration. Experimental
Dermatology, 24(4), 312-314.

da Costa, D. S., Meotti, F. C., Andrade, E. L., Leal, P. C., Motta, E. M., & Calixto, J. B.
(2010). The involvement of the transient receptor potential A1 (TRPA1) in the
maintenance of mechanical and cold hyperalgesia in persistent inflammation. Pain,

148(3), 431-437.

Dai, Y., Wang, S., Tominaga, M., Yamamoto, S., Fukuoka, T., Higashi, T., Kobayashi, K.,
Obata, K., Yamanaka, H., & Noguchi, K. (2007). Sensitization of TRPA1 by PAR2
contributes to the sensation of inflammatory pain. The Journal of Clinical Investigation,

117(7), 1979-1987.

de la Roche, J., Eberhardt, M. J., Klinger, A. B., Stanslowsky, N., Wegner, ., Koppert, W.,
Reeh, P. W., Lampert, A., Fischer, M. J., & Leffler, A. (2013). The molecular basis for
species-specific activation of human TRPA1 protein by protons involves poorly
conserved tresidues within transmembrane domains 5 and 6. The Journal of Biological

Chemistry, 288(28), 20280-20292.

de Oliveira, C., Garami, A., Lehto, S. G., Pakai, E., Tekus, V., Pohoczky, K., Youngblood,
B. D., Wang, W., Kort, M. E., Kym, P. R, Pinter, E., Gavva, N. R., & Romanovsky,
A. A. (2014). Transient receptor potential channel ankyrin-1 is not a cold sensor for
autonomic thermoregulation in rodents. The Journal of Neuroscience, 34(13), 4445-4452.

De Petrocellis, L., Vellani, V., Schiano-Motiello, A., Marini, P., Magherini, P. C., Orlando,
P., & Di Marzo, V. (2008). Plant-derived cannabinoids modulate the activity of

transient receptor potential channels of ankyrin type-1 and melastatin type-8. The
Journal of Pharmacology and Experimental Therapeutics, 325(3), 1007-1015.

121



Defalco, J., Steiger, D., Gustafson, A., Emetling, D. E., Kelly, M. G., & Duncton, M. A.
(2010). Oxime derivatives related to AP18: Agonists and antagonists of the TRPA1
receptor. Bioorganic and Medicinal Chemistry Letters, 20(1), 276-279.

del Camino, D., Murphy, S., Heiry, M., Barrett, L. B., Earley, T. J., Cook, C. A., Petrus, M.
J., Zhao, M., D'Amours, M., Deering, N., Brenner, G. J., Costigan, M., Hayward, N.
J., Chong, J. A., Fanger, C. M., Woolf, C. J., Patapoutian, A., & Moran, M. M. (2010).
TRPA1 contributes to cold hypersensitivity. The Journal of Neuroscience, 30(45), 15165-
15174.

Denko, C. W., & Whitchouse, M. W. (1976). Experimental inflammation induced by
naturally occurring microcrystalline calcium salts. The Journal of Rbeumatology, 3(1), 54-
62.

Diogenes, A., Akopian, A. N., & Hargreaves, K. M. (2007). NGF up-regulates TRPA1:
Implications for orofacial pain. Journal of Dental Research, §6(6), 550-555.

Doerner, J. F., Gisselmann, G., Hatt, H., & Wetzel, C. H. (2007). Transient receptor potential
channel A1 is directly gated by calcium ions. The Journal of Biological Chemistry, 282(18),
13180-13189.

Du, S., Araki, 1., Yoshiyama, M., Nomura, T., & Takeda, M. (2007). Transient receptor
potential channel A1 involved in sensory transduction of rat urinary bladder through
C-fiber pathway. Urology, 70(4), 826-831.

Dumond, H., Presle, N., Pottie, P., Pacquelet, S., Tetlain, B., Netter, P., Gepstein, A., Livne,
E., & Jouzeau, J. Y. (2004). Site specific changes in gene expression and cartilage
metabolism during ecarly experimental osteoarthritis. Osteoarthritis and Cartilage, 12(4),
284-295.

Dunham, |., Hoedt-Schmidt, S., & Kalbhen, D. A. (1992). Structural and metabolic changes
in articular cartilage induced by iodoacetate. International Journal of Experimental

DPathology, 73(4), 455-464.

Hatley, S. (2012). TRPA1 channels in the vasculature. British Journal of Pharmacology, 167(1),
13-22.

Earley, S., Gonzales, A. L., & Crnich, R. (2009). Endothelium-dependent cerebral artery
dilation mediated by TRPA1 and Ca?*-activated K* channels. Cireunlation Research,
104(8), 987-994.

Eberhardt, M. J., Filipovic, M. R., Leffler, A., de la Roche, J., Kistner, K., Fischer, M. J.,
Fleming, T., Zimmermann, K., Ivanovic-Burmazovic, 1., Nawroth, P. P., Bierhaus,
A., Reeh, P. W., & Sauer, S. K. (2012). Methylglyoxal activates nociceptors through
transient receptor potential channel A1 (TRPA1): A possible mechanism of metabolic
neuropathies. The Journal of Biological Chemistry, 287(34), 28291-28306.

Edwards, J. C., Sedgwick, A. D., & Willoughby, D. A. (1981). The formation of a structure
with the features of synovial lining by subcutaneous injection of air: An in vivo tissue

culture system. The Journal of Pathology, 134(2), 147-156.

122



Eid, S. R., Crown, E. D., Moore, E. L., Liang, H. A., Choong, K. C., Dima, S., Henze, D. A.,
Kane, S. A., & Utban, M. O. (2008). HC-030031, a TRPA1 selective antagonist,
attenuates inflaimmatory- and neuropathy-induced mechanical hypersensitivity.

Molecular Pain, 4, 48.

Elion, G. B. (1989). Nobel Lecture: The purine path to chemotherapy. Science, 244(4900), 41-
47.

Elitt, C. M., Mcllwrath, S. L., Lawson, ]. J., Malin, S. A., Molliver, D. C., Cornuet, P. K.,
Koerber, H. R., Davis, B. M., & Albers, K. M. (2000). Artemin overexpression in skin
enhances expression of TRPV1 and TRPAT1 in cutaneous sensory neurons and leads
to behavioral sensitivity to heat and cold. The Journal of Neuroscience, 26(33), 8578-8587.

Engel, M. A., Leffler, A., Niedermirtl, F., Babes, A., Zimmermann, K., Filipovic, M. R,,
Izydorczyk, 1., Eberhardt, M., Kichko, T. 1., Mueller-Tribbensee, S. M., Khalil, M.,
Siklosi, N., Nau, C., Ivanovic-Burmazovic, 1., Neuhuber, W. L., Becker, C., Neurath,
M. F., & Reeh, P. W. (2011). TRPA1 and substance P mediate colitis in mice.
Gastroenterology, 141(4), 1346-1358.

Feitosa, R. F., Melciades, G. B., Assreuy, A. M., Rocha, M. F., Ribeiro, R. A., & Lima, A. A.
(2002). The pharmacological profile of ovalbumin-induced paw oedema in rats.
Mediators of Inflammation, 11(3), 155-163.

Fernandes, E. S., Fernandes, M. A., & Keeble, J. E. (2012). The functions of TRPA1 and
TRPV1: Moving away from sensory nerves. British Journal of Pharmacology, 166(2), 510-
521.

Fernandes, E. S., Vong, C. T., Quek, S., Cheong, |., Awal, S., Gentry, C., Aubdool, A. A.,
Liang, L., Bodkin, J. V., Bevan, S., Heads, R., & Brain, S. D. (2013). Superoxide
generation and leukocyte accumulation: Key elements in the mediation of leukotriene
B(4)-induced itch by transient receptor potential ankyrin 1 and transient receptor
potential vanilloid 1. FASEB Journal, 27(4), 1664-1673.

Fernandes, E. S., Russell, F. A, Spina, D., McDougall, J. ., Graepel, R., Gentry, C., Staniland,
A. A., Mountford, D. M., Keeble, J. E., Malcangio, M., Bevan, S., & Brain, S. D.
(2011). A distinct role for transient receptor potential ankyrin 1, in addition to
transient receptor potential vanilloid 1, in tumor necrosis factor o-induced
inflammatory hyperalgesia and Freund's complete adjuvant-induced monarthritis.
Arthritis and Rhenmatism, 63(3), 819-829.

Fernihough, J., Gentry, C., Malcangio, M., Fox, A., Rediske, J., Pellas, T, Kidd, B., Bevan,
S., & Winter, J. (2004). Pain related behaviour in two models of osteoarthritis in the
rat knee. Pain, 112(1-2), 83-93.

Ferreira-Gomes, J., Adaes, S., Sousa, R. M., Mendonca, M., & Castro-Lopes, J. M. (2012).
Dose-dependent expression of neuronal injury markers during experimental
osteoarthritis induced by monoiodoacetate in the rat. Molcular Pain, 8, 50.

Firuzi, O., Miri, R., Tavakkoli, M., & Saso, L. (2011). Antioxidant therapy: Current status and
future prospects. Current Medicinal Chemistry, 18(25), 3871-3888.

123



Fischer, M. J., Balasuriya, D., Jeggle, P., Goetze, T. A., McNaughton, P. A, Reech, P. W., &
Edwardson, J. M. (2014). Direct evidence for functional TRPV1/TRPA1 heteromers.
Poliigers Archiv - Enropean Jonrnal of Physiology, 466(12), 2229-2241.

Fischer, M. J., Leffler, A., Niedermirtl, F., Kistner, K., Eberhardt, M., Reeh, P. W., & Nau,
C. (2010). The general anesthetic propofol excites nociceptors by activating TRPV1
and TRPA1 rather than GABAA receptors. The Journal of Biological Chemistry, 285(45),
34781-34792.

Fitzgerald, T. J., Williams, B., & Uyeki, E. M. (1971). Effects of antimitotic and anti-
inflammatory agents on sodium urate-induced paw swelling in mice. Pharmacology,

6(5), 265-273.

Fletcher, D., Kayser, V., & Guilbaud, G. (1996). Influence of timing of administration on
the analgesic effect of bupivacaine infiltration in carrageenin-injected rats.
Apnesthesiology, §4(5), 1129-1137.

Forrest, M. J. (1988). The subcutaneous air-pouch model of inflammation. In R. A.
Greenwald, & H. S. Diamond (Eds.), Handbook of Animal Models of the Rhbeumatic
Diseases (1st ed., pp. 125-133). CRC Press, Inc.

Forrest, M. J., Zammit, V., & Brooks, P. M. (1988). Inhibition of leucotriene B4 synthesis
by BW 755¢ does not reduce polymorphonuclear leucocyte (PMNL) accumulation
induced by monosodium urate crystals. Annals of the Rhenmatic Diseases, 47(3), 241-246.

Frederick, J., Buck, M. E., Matson, D. J., & Cortright, D. N. (2007). Increased TRPAI,
TRPMS, and TRPV2 expression in dorsal root ganglia by nerve injury. Biochemical and
Biophysical Research Commmunnications, 358(4), 1058-1064.

Garrison, S. R., & Stucky, C. L. (2014). Contribution of transient receptor potential ankyrin
1 to chronic pain in aged mice with complete Freund's adjuvant-induced atthritis.
Arthritis and Rheumatology, 66(9), 2380-2390.

Glasson, S. S., Chambers, M. G., Van Den Berg, W. B, & Little, C. B. (2010). The OARSI
histopathology initiative - recommendations for histological assessments of
osteoarthritis in the mouse. Osteoarthritis and Cartilage, 18 Supp! 3, S17-S23.

Glenmark’s novel molecule ‘GRC 17536 for pain and respiratory entering human trials. (2011). (Press
Release). Mumbai, India: Glenmark Pharmaceuticals Ltd.

Glenmark's TRPAT antagonist 'GRC 17536" shows positive data in a proof of concept study. (2014).
(Press Release). Mumbai, India: Glenmark Pharmaceuticals Ltd.

Glyn-Jones, S., Palmer, A. J., Agricola, R., Price, A. J., Vincent, T. L., Weinans, H., & Carr,
A. . (2015). Osteoarthritis. Lancet, 386(9991), 376-387.

Gold, M. S. (2000). Spinal nerve ligation: What to blame for the pain and why. Pain, §4(2-3),
117-120.

124



Graepel, R., Fernandes, E. S.; Aubdool, A. A., Andersson, D. A., Bevan, S., & Brain, S. D.
(2011). 4-oxo-2-nonenal (4-ONE): Evidence of transient receptor potential ankyrin
1-dependent and -independent nociceptive and vasoactive responses in vivo. Journal
of Pharmacology and Experimental Therapentics, 337(1), 117-124.

Grossin, L., Cournil-Hentionnet, C., Pinzano, A., Gaborit, N., Dumas, D., Etienne, S.,
Stoltz, J. F., Terlain, B., Netter, P., Mir, L. M., & Gillet, P. (2006). Gene transfer with
HSP 70 in rat chondrocytes confers cytoprotection in vitro and during experimental
osteoarthritis. FASEB Journal, 20(1), 65-75.

Hardie, R. C. (2011). A brief history of trp: Commentary and personal perspective. Pfligers
Archiv Enropean Jonrnal of Physiology, 461(5), 493-498.

Hardie, R. C., & Minke, B. (1992). The trp gene is essential for a light-activated Ca?* channel
in drosophila photoreceptors. Neuron, 8§(4), 643-651.

Hatano, N., Itoh, Y., Suzuki, H., Muraki, Y., Hayashi, H., Onozaki, K., Wood, 1. C., Beech,
D. J., & Muraki, K. (2012). Hypoxia-inducible factor-1alpha (HIF1alpha) switches on
transient receptor potential ankyrin repeat 1 (TRPA1) gene expression via a hypoxia
response element-like motif to modulate cytokine release. The Journal of Biological

Chemistry, 287(38), 31962-31972.

Hayat, K., Asim, M. B., Nawaz, M., Li, M., Zhang, L., & Sun, N. (2011). Ameliorative effect
of thymoquinone on ovalbumin-induced allergic conjunctivitis in balb/c mice. Current

Eye Research, 36(7), 591-598.

Helleboid, L., Khatami, M., Wei, Z. G., & Rockey, J. H. (1991). Histamine and prostacyclin.
Primary and secondary release in allergic conjunctivitis. Investigative Ophthalmology and
Visual Science, 32(8), 2281-2289.

Henriques, M. G., Silva, P. M., Martins, M. A., Flores, C. A., Cunha, F. Q., Assreuy-Filho, J.,
& Cordeiro, R. S. (1987). Mouse paw edema. A new model for inflammation? Bragilian
Journal of Medical and Biological Research, 20(2), 243-249.

Hinman, A., Chuang, H., Bautista, D. M., & Julius, D. (2006). TRP channel activation by
reversible covalent modification. Proceedings of the National Academy of Sciences, 103(51),
19564-19568.

Hox, V., Vanoitbeek, J. A., Alpizar, Y. A., Voedisch, S., Callebaut, L., Bobic, S., Sharify, A.,
De Vooght, V., Van Gerven, L., Devos, I., Liston, A., Voets, T., Vennekens, R,
Bullens, D. M., De Vries, A., Hoet, P., Braun, A., Ceuppens, J. L., Talavera, K,
Nemery, B., & Hellings, P. W. (2013). Crucial role of transient receptor potential
ankyrin 1 and mast cells in induction of nonallergic airway hyperreactivity in mice.
American Jonrnal of Respiratory and Critical Care Medicine, 187(5), 486-493.

Ibarra, Y., & Blair, N. T. (2013). Benzoquinone reveals a cysteine-dependent desensitization
mechanism of TRPA1L. Molecular Pharmacology, §3(5), 1120-1132.

Ilmarinen, P., Moilanen, E., & Kankaanranta, H. (2014). Regulation of spontaneous
eosinophil apoptosis-a neglected atea of importance. Journal of Cell Death, 7, 1-9.

125



Inokuchi, T., Ka, T., Yamamoto, A., Moriwaki, Y., Takahashi, S., Tsutsumi, Z., Tamada, D.,
& Yamamoto, T. (2008). Effects of ethanol on monosodium urate crystal-induced
inflammation. Cyfokine, 42(2), 198-204.

Inoue, H., Asaka, T., Nagata, N., & Koshihara, Y. (1997). Mechanism of mustard oil-induced
skin inflammation in mice. European Journal of Pharmacology, 333(2-3), 231-240.

Jain, A., Bronneke, S., Kolbe, L., Stab, F., Wenck, H., & Neufang, G. (2011). TRP-channel-
specific cutaneous eicosanoid release patterns. Pain, 152(12), 2765-2772.

Jakobsson, P. (2010). Pain: How macrophages mediate inflammatory pain via ATP signaling.
Nature Reviews Rhbeumatology, 6(12), 679-681.

Jaquemar, D., Schenker, T., & Trueb, B. (1999). An ankyrin-like protein with transmembrane
domains is specifically lost after oncogenic transformation of human fibroblasts.

Journal of Biological Chemistry, 274(11), 7325-7333.

Jiang, L., Li, L., Geng, C., Gong, D., Jiang, L., Ishikawa, N., Kajima, K., & Zhong, L. (2013).
Monosodium iodoacetate induces apoptosis via the mitochondrial pathway involving
ROS production and caspase activation in rat chondrocytes in vitro. Journal of

Orthopaedic Research, 31(3), 364-309.

Jordt, S., Bautista, D. M., Chuang, H., McKemy, D. D., Zygmunt, P. M., Hégestitt, E. D.,
Meng, 1. D., & Julius, D. (2004). Mustard oils and cannabinoids excite sensory nerve
fibres through the TRP channel ANKTM1. Nature, 427(6971), 260-265.

Julius, D., & Basbaum, A. I. (2001). Molecular mechanisms of nociception. Nature,
413(6852), 203-210.

Jung, S. M., Schumacher, H. R., Kim, H., Kim, M., Lee, S. H., & Pessler, F. (2007). Reduction
of urate crystal-induced inflammation by root extracts from traditional oriental

medicinal plants: Elevation of prostaglandin D> levels. Arhritis Research and Therapy,
9(4), Ro4.

Kang, K., Pulver, S. R., Panzano, V. C,, Chang, E. C., Griffith, L. C., Theobald, D. L., &
Garrity, P. A. (2010). Analysis of drosophila TRPA1 reveals an ancient origin for
human chemical nociception. Nature, 464(7288), 597-600.

Kankaanranta, H., de Souza, P. M., Giembycz, M. A., & Lindsay, M. A. (2000). Human
eosinophil isolation and the measurement of apoptosis. Methods in Molecular Medicine,

44, 99-110.

Kankaanranta, H., Lindsay, M. A., Giembycz, M. A., Zhang, X., Moilanen, E., & Barnes, P.
J. (2000). Delayed eosinophil apoptosis in asthma. The Journal of Allergy and Clinical
Tmmunology, 106(1), 77-83.

Karashima, Y., Prenen, J., Meseguer, V., Owsianik, G., Voets, T., & Nilius, B. (2008).
Modulation of the transient receptor potential channel TRPA1 by
phosphatidylinositol 4,5-biphosphate manipulators. Pfligers Archiv - European Journal of
Physiology, 457(1), 77-89.

126



Karashima, Y., Prenen, J., Talavera, K., Janssens, A., Voets, T., & Nilius, B. (2010). Agonist-
induced changes in Ca?* permeation through the nociceptor cation channel TRPAT.
Biophysical Journal, 98(5), 773-783.

Katsura, H., Obata, K., Mizushima, T., Yamanaka, H., Kobayashi, K., Dai, Y., Fukuoka, T.,
Tokunaga, A., Sakagami, M., & Noguchi, K. (2000). Antisense knock down of
TRPA1, but not TRPMS, alleviates cold hyperalgesia after spinal nerve ligation in rats.
Experimental Neurology, 200(1), 112-123.

Kelley, J., de Bono, B., & Trowsdale, J. (2005). IRIS: A database surveying known human
immune system genes. Genomics, 85(4), 503-511.

Kelly, S., Dunham, J. P., Murray, F., Read, S., Donaldson, L. F., & Lawson, S. N. (2012).
Spontaneous firing in C-fibers and increased mechanical sensitivity in A-fibers of
knee joint-associated mechanoreceptive primary afferent neurones during MIA-
induced osteoarthritis in the rat. Osteoarthritis and Cartilage, 20(4), 305-313.

Kerstein, P. C., del Camino, D., Moran, M. M., & Stucky, C. L. (2009). Pharmacological
blockade of TRPA1 inhibits mechanical firing in nociceptors. Molecular Pain, 5, 19.

Kim, D., Cavanaugh, E. J., & Simkin, D. (2008). Inhibition of transient receptor potential
Al channel by phosphatidylinositol-4,5-bisphosphate. Awzerican Journal of Physiology.
Cell Physiology, 295(1), C92-C99.

Kim,Y.S., Jung, H. K., Kwon, T. K., Kim, C. S., Cho, J. H., Ahn, D. K., & Bae, Y. C. (2012).
Expression of transient receptor potential ankyrin 1 in human dental pulp. Jowrnal of
Endodontics, 38(8), 1087-1092.

Kingsbury, S. R., Conaghan, P. G., & McDermott, M. F. (2011). The role of the NLRP3
inflammasome in gout. Journal of Inflammation Research, 4, 39-49.

Klement, G., Eisele, L., Malinowsky, D., Nolting, A., Svensson, M., Terp, G., Weigelt, D.,
& Dabrowski, M. (2013). Characterization of a ligand binding site in the human
transient receptor potential ankyrin 1 pore. Bigphysical Journal, 104(4), 798-806.

Kochukov, M. Y., McNearney, T. A., Fu, Y., & Westlund, K. N. (2006). Thermosensitive
TRP ion channels mediate cytosolic calcium response in human synoviocytes.

American Journal of Physiology. Cell Physiology, 291(3), C424-C432.

Koivisto, A., Chapman, H., Jalava, N., Korjamo, T., Saarnilehto, M., Lindstedt, K., &
Pertovaara, A. (2014). TRPA1: A transducer and amplifier of pain and inflammation.
Basic and Clinical Pharmacology and Toxicology, 114(1), 50-55.

Koivisto, A., Hukkanen, M., Saarnilehto, M., Chapman, H., Kuokkanen, K., Wei, H.,
Viisanen, H., Akerman, K. E., Lindstedt, K., & Pertovaara, A. (2012). Inhibiting
TRPA1 ion channel reduces loss of cutaneous netrve fiber function in diabetic
animals: Sustained activation of the TRPA1 channel contributes to the pathogenesis
of peripheral diabetic neuropathy. Pharmacological Research, 65(1), 149-158.

127



Kothonen, R., Kankaanranta, H., Lahti, A., Lihde, M., Knowles, R. G., & Moilanen, E.
(2001). Bi-directional effects of the elevation of intracellular calcium on the
expression of inducible nitric oxide synthase in J774 macrophages exposed to low
and to high concentrations of endotoxin. The Biochemical Journal, 354(2), 351-358.

Koskela, A., Reinisalo, M., Hyttinen, J. M., Kaarniranta, K., & Karjalainen, R. O. (2014).
Pinosylvin-mediated protection against oxidative stress in human retinal pigment

epithelial cells. Molecular Vision, 20, 760-769.

Kremeyer, B., Lopera, F., Cox, J. J., Momin, A., Rugiero, F., Marsh, S., Woods, C. G., Jones,
N. G., Paterson, K. J., Fricker, F. R., Villegas, A., Acosta, N., Pineda-Trujillo, N. G.,
Ramirez, ]. D., Zea, J., Burley, M., Bedoya, G., Bennett, D. L. H., Wood, J. N., &
Ruiz-Linares, A. (2010). A gain-of-function mutation in TRPA1 causes familial
episodic pain syndrome. Newron, 66(5), 671-680.

Kudtyavtseva, O., Aalkjaer, C., & Matchkov, V. V. (2013). Vascular smooth muscle cell
phenotype is defined by Ca?*-dependent transcription factors. The FEBS Journal,
280(21), 5488-5499.

Kulkarni, S. S., & Canto, C. (2015). The molecular targets of resveratrol. Biochimica and
Biophysica Acta, 1852(6), 1114-1123.

Kumar, V., Abbas, A. K., Fausto, N., & Aster, J. C. (2010). Acute and chronic inflammation.
Robbins and Cotran Pathologic Basis of Disease (8th ed., pp. 43-77). Saunders Ltd.

Kunkler, P. E., Ballard, C. J., Oxford, G. S., & Hutley, J. H. (2011). TRPA1 receptors mediate

environmental irritant-induced meningeal vasodilatation. Pain, 152(1), 38-44.

Kunkler, P. E., Zhang, L., Pellman, ]. J., Oxford, G. S., & Hutley, J. H. (2015). Sensitization
of the trigeminovascular system following environmental irritant exposure.

Cephalalgia, 35(13), 1192-1201.

Kwan, K. Y., Allchorne, A. J., Vollrath, M. A., Christensen, A. P., Zhang, D. S., Woolf, C.
J., & Corey, D. P. (2006). TRPA1 contributes to cold, mechanical, and chemical
nociception but is not essential for hair-cell transduction. Nexron, 50(2), 277-289.

Kwan, K. Y., Glazer, ]J. M., Corey, D. P., Rice, F. L., & Stucky, C. L. (2009). TRPA1
modulates mechanotransduction in cutaneous sensory neurons. Ihe Journal of
Neuroscience, 29(15), 4808-4819.

Laavola, M., Nieminen, R., Leppinen, T., Eckerman, C., Holmbom, B., & Moilanen, E.
(2015). Pinosylvin and monomethylpinosylvin, constituents of an extract from the
knot of pinus sylvestris, reduce inflammatory gene expression and inflammatory
responses in vivo. Journal of Agricultnral and Food Chemistry, 63(13), 3445-3453.

Laland, K. N., & Brown, G. R. (20006). Niche construction, human behavior, and the
adaptive-lag hypothesis. Evolutionary Anthropology, 15(3), 95-104.

128



Lee, J., Hong, Y. S,, Jeong, J. H., Yang, E. ], Jhun, ]. Y., Park, M. K, Jung, Y. O., Min, J. K,
Kim, H. Y., Park, S. H., & Cho, M. L. (2013). Coenzyme Q10 ameliorates pain and
cartilage degradation in a rat model of osteoarthritis by regulating nitric oxide and
inflammatory cytokines. P/oS One, 8(7), ¢69362.

Lee, Y., Pai, M., Brederson, ]. D., Wilcox, D., Hsich, G., Jarvis, M. F., & Bitner, R. S. (2011).
Monosodium iodoacetate-induced joint pain is associated with increased
phosphorylation of mitogen activated protein kinases in the rat spinal cord. Molecular
Pain, 7, 39.

Liu, B., Escalera, J., Balakrishna, S., Fan, L., Caceres, A. 1., Robinson, E., Sui, A., McKay, M.
C., McAlexander, M. A., Herrick, C. A., & Jordt, S. E. (2013). TRPA1 controls

inflammation and pruritogen responses in allergic contact dermatitis. FLASEB Journal,
27(9), 3549-3563.

Liu, Z., Hu, Y., Yu, X,, Xi, J., Fan, X, Tse, C. M., Myers, A. C., Pasricha, P. J., Li, X., & Yu,
S. (2015). Allergen challenge sensitizes TRPA1 in vagal sensory neurons and afferent
C-fiber subtypes in guinea pig esophagus. American Journal of Physiology. Gastrointestinal
and Liver Physiology, 308(6), G482-G488.

Louis, S. M., Jamieson, A., Russell, N. J., & Dockray, G. J. (1989). The role of substance P
and calcitonin gene-related peptide in neurogenic plasma extravasation and
vasodilatation in the rat. Neuroscience, 32(3), 581-580.

Lynn, B., & Shakhanbeh, J. (1988). Substance P content of the skin, neurogenic inflammation
and numbers of C-fibres following capsaicin application to a cutaneous netve in the
rabbit. Neuroscience, 24(3), 769-775.

Macickova, T., Drabikova, K., Nosal, R., Bauerova, K., Mihalova, D., Harmatha, J., &
Pecivova, J. (2010). In vivo effect of pinosylvin and pterostilbene in the animal model
of adjuvant arthritis. Neuro Endocrinology Letters, 31 Suppl 2, 91-95.

Macpherson, L. J., Dubin, A. E., Evans, M. J., Marr, F., Schultz, P. G., Cravatt, B. F., &
Patapoutian, A. (2007). Noxious compounds activate TRPA1 ion channels through
covalent modification of cysteines. Nature, 445(7127), 541-545.

Macpherson, L. J., Geierstanger, B. H., Viswanath, V., Bandell, M., Eid, S. R., Hwang, S., &
Patapoutian, A. (2005). The pungency of garlic: Activation of TRPA1 and TRPV1 in
response to allicin. Current Biology, 15(10), 929-934.

Malsch, P., Andratsch, M., Vogl, C., Link, A. S., Alzheimer, C., Brietley, S. M., Hughes, P.
A., & Kress, M. (2014). Deletion of interleukin-6 signal transducer gp130 in small
sensory neurons attenuates mechanonociception and down-regulates TRPA1
expression. The Journal of Nenroscience, 34(30), 9845-9856.

Matker, C. L., & Pomonis, J. D. (2012). The monosodium iodoacetate model of
osteoarthritis pain in the rat. Methods in Molecular Biology, 8§51, 239-248.

129



Matta, J. A., Cornett, P. M., Miyares, R. L., Abe, K., Sahibzada, N., & Ahern, G. P. (2008).
General anesthetics activate a nociceptive ion channel to enhance pain and
inflammation. Proceedings of the National Academy of Sciences of the United States of America,
105(25), 8784-8789.

McGaraughty, S., Chu, K. L., Petner, R. ., Didomenico, S., Kort, M. E., & Kym, P. R. (2010).
TRPA1 modulation of spontaneous and mechanically evoked firing of spinal neurons
in uninjured, osteoarthritic, and inflamed rats. Molecular Pain, 6, 14.

McKelvey, L., Shotten, G. D., & O'Keeffe, G. W. (2013). Nerve growth factor-mediated
regulation of pain signalling and proposed new intervention strategies in clinical pain
management. Journal of Neurochemistry, 124(3), 276-289.

McNamara, C. R., Mandel-Brehm, J., Bautista, D. M., Siemens, J., Deranian, K. L., Zhao,
M., Hayward, N. J., Chong, J. A., Julius, D., Moran, M. M., & Fanger, C. M. (2007).
TRPA1 mediates formalin-induced pain. Proceedings of the National Acadeny of Sciences of
the United States of America, 104(33), 13525-13530.

Meijer, F., Van Delft, J. L., Garrelds, I. M., Van Haeringen, N. J., & Kijjlstra, A. (1996). Nitric
oxide plays a role as a mediator of conjunctival edema in experimental allergic
conjunctivitis. Experimental Eye Research, 62(4), 359-365.

Miescher, S. M., & Vogel, M. (2002). Molecular aspects of allergy. Molecular Aspects of Medicine,
23(6), 413-462.

Minke, B. (2010). The history of the drosophila TRP channel: The birth of a new channel
superfamily. Journal of Neurogenetics, 24(4), 216-233.

Minke, B., Wu, C., & Pak, W. L. (1975). Induction of photoreceptor voltage noise in the dark
in drosophila mutant. Nature, 258(5530), 84-87.

Montell, C. (2011). The history of TRP channels, a commentary and reflection. Pfligers
Arehiv - European Journal of Physiology, 461(5), 499-506.

Montell, C., & Rubin, G. M. (1989). Molecular characterization of the drosophila trp locus:
A putative integral membrane protein required for phototransduction. Neuron, 2(4),

1313-1323.

Moparthi, L., Survery, S., Kreir, M., Simonsen, C., Kjellbom, P., Hogestitt, E. D., Johanson,
U., & Zygmunt, P. M. (2014). Human TRPA1 is intrinsically cold- and chemosensitive
with and without its N-terminal ankyrin repeat domain. Proceedings of the National
Academy of Sciences of the United States of America, 111(47), 16901-16906.

Mortis, C. J. (2003). Carrageenan-induced paw edema in the rat and mouse. Mehods in
Molecular Biology, 225, 115-121.

Mukhopadhyay, 1., Gomes, P., Aranake, S., Shetty, M., Karnik, P., Damle, M., Kuruganti, S.,
Thorat, S., & Khairatkar-Joshi, N. (2011). Expression of functional TRPA1 receptor
on human lung fibroblast and epithelial cells. Journal of Receptor and Signal Transduction
Research, 31(5), 350-358.

130



Mukhopadhyay, 1., Kulkarni, A., Aranake, S., Karnik, P., Shetty, M., Thorat, S., Ghosh, I,
Wale, D., Bhosale, V., & Khairatkar-Joshi, N. (2014). Transient receptor potential
ankyrin 1 receptor activation in vitro and in vivo by pro-tussive agents: GRC 17536
as a promising anti-tussive therapeutic. P25 Ozne, 9(5), €97005.

Musumeci, G., Aiello, F. C., Szychlinska, M. A., Di Rosa, M., Castrogiovanni, P., &
Mobasheri, A. (2015). Osteoarthritis in the XXIst century: Risk factors and
behaviours that influence disease onset and progression. International Journal of
Molecular Sciences, 16(3), 6093-6112.

Nagata, K., Duggan, A., Kumar, G., & Garcia-Anoveros, J. (2005). Nociceptor and hair cell
transducer properties of TRPA1, a channel for pain and hearing. The Journal of
Neuroscience, 25(16), 4052-40061.

Nalbant, S., Chen, L. X., Sieck, M. S., Clayburne, G., & Schumacher, H. R. (2005).
Prophylactic effect of highly selective COX-2 inhibition in acute monosodium urate
crystal induced inflammation in the rat subcutaneous air pouch. The Journal of

Rbeumatology, 32(9), 1762-1764.

Namer, B., Seifert, F., Handwerker, H. O., & Maihofner, C. (2005). TRPA1 and TRPMS8
activation in humans: Effects of cinnamaldehyde and menthol. Nexroreport, 16(9), 955-
959.

Nantel, F., Denis, D., Gotrdon, R., Notthey, A., Citino, M., Metters, K. M., & Chan, C. C.
(1999). Distribution and regulation of cyclooxygenase-2 in carrageenan-induced

inflammation. British Journal of Pharmacology, 128(4), 853-859.

Nassini, R., Gees, M., Harrison, S., De Siena, G., Materazzi, S., Moretto, N., Failli, P., Preti,
D., Marchetti, N., Cavazzini, A., Mancini, F., Pedretti, P., Nilius, B., Patacchini, R., &
Geppetti, P. (2011). Oxaliplatin elicits mechanical and cold allodynia in rodents via
TRPAT1 receptor stimulation. Pain, 152(7), 1621-1631.

Nassini, R., Materazzi, S., Benemei, S., & Geppetti, P. (2014). The TRPA1 channel in
inflammatory and neuropathic pain and migraine. Reviews of Physiology, Biochemistry and
Pharmacology, 167, 1-43.

Nassini, R., Materazzi, S., Vriens, J., Prenen, J., Benemei, S., De Siena, G., la Marca, G.,
Andre, E., Preti, D., Avonto, C., Sadofsky, L., Di Marzo, V., De Petrocellis, L.,
Dussor, G., Porreca, F., Taglialatela-Scafati, O., Appendino, G., Nilius, B., &
Geppetti, P. (2012). The 'headache tree' via umbellulone and TRPA1 activates the
trigeminovascular system. Brain, 135(2), 376-390.

Nativi, C., Gualdani, R., Dragoni, E., Di Cesare Mannelli, L., Sostegni, S., Notcini, M.,
Gabrielli, G., la Marca, G., Richichi, B., Francesconi, O., Moncelli, M. R., Ghelardini,
C., & Roelens, S. (2013). A TRPA1 antagonist reverts oxaliplatin-induced neuropathic
pain. Scentific Reports, 3, 2005.

Nilius, B., & Flockerzi, V. (Eds.). (2014). Mammalian Transient Receptor Potential (IRP) Cation
Channels (1st ed.) Springer International Publishing.

131



Nilius, B., Appendino, G., & Owsianik, G. (2012). The transient receptor potential channel
TRPA1: From gene to pathophysiology. Pfligers Archiv - European Journal of Physiology,
464(5), 425-458.

Nilius, B., Prenen, J., & Owsianik, G. (2011). Irritating channels: The case of TRPAL. The
Journal of Physiology, 589(7), 1543-1549.

Nozawa, K., Kawabata-Shoda, E., Doihara, H., Kojima, R., Okada, H., Mochizuki, S., Sano,
Y., Inamura, K., Matsushime, H., Koizumi, T., Yokoyama, T., & Ito, H. (2009).
TRPA1 regulates gastrointestinal motility through serotonin release from
enterochromaffin cells. Proceedings of the National Academy of Sciences of the United States of
America, 106(9), 3408-3413.

Nuki, G., & Simkin, P. A. (2006). A concise history of gout and hyperuricemia and their
treatment. Arthritis Research and Therapy, 8 Suppl 1, S1.

Numazawa, S., Takase, M., Ahiko, T., Ishii, M., Shimizu, S., & Yoshida, T. (2012). Possible
involvement of transient receptor potential channels in electrophile-induced insulin
secretion from RINmSF cells. Biological and Pharmacentical Bulletin, 35(3), 346-354.

Obata, K., Katsura, H., Mizushima, T., Yamanaka, H., Kobayashi, K., Dai, Y., Fukuoka, T.,
Tokunaga, A., Tominaga, M., & Noguchi, K. (2005). TRPA1 induced in sensory
neurons contributes to cold hyperalgesia after inflammation and nerve injury. The
Journal of Clinical Investigation, 115(9), 2393-2401.

Ogbonna, A. C, Clatk, A. K., Gentry, C., Hobbs, C., & Malcangio, M. (2013). Pain-like
behaviour and spinal changes in the monosodium iodoacetate model of osteoarthritis
in C57Bl/6 mice. European Journal of Pain, 17(4), 514-526.

Oh, M. H.,, Oh, S. Y., Lu, J., Lou, H., Myers, A. C., Zhu, Z., & Zheng, T. (2013). TRPA1-
dependent pruritus in 1L.-13-induced chronic atopic detmatitis. Journal of Inmunology,
191(11), 5371-5382.

Okin, D., & Medzhitov, R. (2012). Evolution of inflaimmatory diseases. Current Biology,
22(17), R733-R740.

Okubo, K., Matsumura, M., Kawaishi, Y., Aoki, Y., Matsunami, M., Okawa, Y., Sekiguchi,
F., & Kawabata, A. (2012). Hydrogen sulfide-induced mechanical hyperalgesia and
allodynia require activation of both Cav3.2 and TRPA1 channels in mice. British
Journal of Pharmacology, 166(5), 1738-1743.

Okumura, Y., Narukawa, M., Twasaki, Y., Ishikawa, A., Matsuda, H., Yoshikawa, M., &
Watanabe, T. (2010). Activation of TRPV1 and TRPA1 by black pepper components.
Bioscience, Biotechnology, and Biochemistry, 74(5), 1068-1072.

Okun, A., Liu, P., Davis, P., Ren, J., Remeniuk, B., Brion, T., Ossipov, M. H., Xie, J., Dussot,
G. O, King, T., & Porreca, F. (2012). Afferent drive elicits ongoing pain in a model
of advanced osteoarthritis. Pazn, 153(4), 924-933.

132



Olsen, R. V., Andersen, H. H., Moller, H. G., Eskelund, P. W., & Arendt-Nielsen, L. (2014).
Somatosensory and vasomotor manifestations of individual and combined
stimulation of TRPM8 and TRPA1 using topical IL-menthol and trans-
cinnamaldehyde in healthy volunteers. European Jonrnal of Pain, 18(9), 1333-1342.

Opolka, A., Straub, R. H., Pasoldt, A., Grifka, J., & Grassel, S. (2012). Substance P and
norepinephrine modulate murine chondrocyte proliferation and apoptosis. Arthritis
and Rhbeumatism, 64(3), 729-739.

Orion Group Interim Report January-March 2075. (2015). Orion Corporation.

O'Shaughnessy, M. C., Vetsika, E. K., Inglis, J. J., Catleson, J., Haigh, R., Kidd, B. L., &
Winyard, P. G. (2006). The effect of substance P on nitric oxide release in a
rheumatoid arthritis model. Inflammation Research, 55(6), 236-240.

Otsuki, T., Agatsuma, Y., Jokura, H., Sakurada, S., Kisara, K., & Yoshimoto, T. (1990).
Monosodium urate test: A new analgesic test by crystal-induced monoarthritis in rats.

Journal of Neuroscience Methods, 33(2-3), 229-231.

Otsuki, T., Nakahama, H., Niizuma, H., & Suzuki, J. (1986). Evaluation of the analgesic
effects of capsaicin using a new rat model for tonic pain. Brain Research, 365(2), 235-
240.

Park, E. J., Park, H. J., Chung, H. J., Shin, Y., Min, H. Y., Hong, J. Y., Kang, Y. J., Ahn, Y.
H., Pyee, J. H,, & Lee, S. K. (2012). Antimetastatic activity of pinosylvin, a natural
stilbenoid, is associated with the suppression of matrix metalloproteinases. The Journal
of Nutritional Biochemistry, 23(8), 946-952.

Patil, M. J., Jeske, N. A., & Akopian, A. N. (2010). Transient receptor potential V1 regulates
activation and modulation of transient receptor potential A1 by Ca?*. Neuroscience,
171(4), 1109-1119.

Paus, R., Heinzelmann, T., Robicsek, S., Czarnetzki, B. M., & Maurer, M. (1995). Substance
P stimulates murine epidermal keratinocyte proliferation and dermal mast cell
degranulation in situ. Archives of Dermatological Research, 287(5), 500-502.

Pedersen, S. F., Owsianik, G., & Nilius, B. (2005). TRP channels: An overview. Cel/ Calcium,
38(3-4), 233-252.

Perin-Martins, A., Teixeira, J. M., Tambeli, C. H., Parada, C. A., & Fischer, L. (2013).
Mechanisms undetlying transient receptor potential ankyrin 1 (TRPAT)-mediated
hyperalgesia and edema. Journal of the Peripheral Nervous System, 18(1), 62-74.

Pertovaara, A., Himaildinen, M. M., Kauppila, T., & Panula, P. (1998). Carrageenan-induced
changes in spinal nociception and its modulation by the brain stem. Nexroreport, 9(2),
351-355.

Petrus, M., Peier, A. M., Bandell, M., Hwang, S. W., Huynh, T., Olney, N., Jegla, T., &
Patapoutian, A. (2007). A role of TRPA1 in mechanical hyperalgesia is revealed by
pharmacological inhibition. Molecular Pain, 3, 40.

133



Portanova, J. P., Zhang, Y., Anderson, G. D., Hauser, S. D., Masferrer, J. L., Seibert, K.,
Gregory, S. A., & Isakson, P. C. (1996). Selective neutralization of prostaglandin Ea
blocks inflammation, hyperalgesia, and interleukin 6 production in vivo. The Journal of

Experimental Medicine, 154(3), 883-891.

Posadas, 1., Bucci, M., Roviezzo, F., Rossi, A., Patente, L., Sautebin, L., & Cirino, G. (2004).
Carrageenan-induced mouse paw oedema is biphasic, age-weight dependent and
displays differential nitric oxide cyclooxygenase-2 expression. British Journal of
Pharmacology, 142(2), 331-338.

Pozsgai, G., Bodkin, J. V., Graepel, R., Bevan, S., Andersson, D. A., & Brain, S. D. (2010).
Evidence for the pathophysiological relevance of TRPA1 receptors in the
cardiovascular system in vivo. Cardiovascular Research, 87(4), 760-768.

Prasad, P., Yanagihara, A. A., Small-Howard, A. L., Turner, H., & Stokes, A. J. (2008).
Secretogranin III directs secretory vesicle biogenesis in mast cells in a manner
dependent upon interaction with chromogranin A. Journal of Immunology, 181(7), 5024-
5034.

Punzi, L., Scanu, A., Ramonda, R., & Oliviero, F. (2012). Gout as autoinflammatory disease:
New mechanisms for more appropriated treatment targets. Awutoimmunity Reviews,

12(1), 66-71.

Raap, M., Rudrich, U., Stander, S., Gehring, M., Kapp, A., & Raap, U. (2015). Substance P
activates human eosinophils. Experimental Dermatology, 24(7), 557-559.

Racioppi, L., & Means, A. R. (2008). Calcium/calmodulin-dependent kinase IV in immune
and inflaimmatory responses: Novel routes for an ancient traveller. Trends in

Tmmnnology, 29(12), 600-607.

Ramalho, R., Almeida, J., Beltrao, M., Pirraco, A., Costa, R., Sokhatska, O., Guardao, L.,
Palmares, C., Guimaraes, ]. T., Delgado, L., Moreira, A., & Soares, R. (2013).
Substance P antagonist improves both obesity and asthma in a mouse model. .A4/ergy,
68(1), 48-54.

Ramsey, 1. S., Delling, M., & Clapham, D. E. (2006). An introduction to TRP channels.
Annual Review of Physiology, 68, 619-647.

Rang, H. P, Ritter, ]. M., Flower, R. J., & Henderson, G. (2015a). Analgesic drugs. Rang and
Dale's Pharmacology (8th ed., pp. 509-529) Elsevier Ltd.

Rang, H. P, Ritter, J. M., Flower, R. J., & Henderson, G. (2015b). Cellular mechanisms: Host
defence. Rang and Dale's Pharmacology (8th ed., pp. 77-88) Elsevier Ltd.

Reddy, A. T., Lakshmi, S. P., & Reddy, R. C. (2012). Murine model of allergen induced
asthma. Journal of Visnalized Experiments, 63, e3771.

Reed, K. N., Wilson, G., Pearsall, A., & Grishko, V. I. (2014). The role of mitochondrial
reactive oxygen species in cartilage matrix destruction. Molecular and Cellular

Biochemistry, 397(1-2), 195-201.

134



Richardson, J. D., & Vasko, M. R. (2002). Cellular mechanisms of neurogenic inflammation.
The Journal of Pharmacology and Experimental Therapentics, 302(3), 839-845.

Rocha, A. C., Fernandes, E. S., Quintao, N. L., Campos, M. M., & Calixto, J. B. (2000).
Relevance of tumour necrosis factor-alpha for the inflaimmatory and nociceptive

responses evoked by carrageenan in the mouse paw. British Journal of Pharmacology,
148(5), 688-695.

Rull, M., Clayburne, G., Sieck, M., & Schumacher, H. R. (2003). Intra-articular corticosteroid
preparations: Different characteristics and their effect during inflammation induced
by monosodium urate crystals in the rat subcutaneous air pouch. Rbeumatology, 42(9),

1093-1100.

Russell, W. M. S., & Burch, R. L. (1959). The Principles of Humane Experimental Technique.
Methuen.

Saag, K. G., & Choi, H. (2006). Epidemiology, risk factors, and lifestyle modifications for
gout. Arthritis Research and Therapy, 8§ Suppl 1, S2.

Saarnilehto, M., Chapman, H., Savinko, T., Lindstedt, K., Lauerma, A. 1., & Koivisto, A.
(2014). Contact sensitizer 2,4-dinitrochlorobenzene is a highly potent human TRPA1
agonist. .A/ergy, 69(10), 1424-1427.

Schaefer, M. (2005). Homo- and heteromeric assembly of TRP channel subunits. Pfligers
Archiv - European Journal of Physiology, 451(1), 35-42.

Schmelz, M., & Petersen, L. J. (2001). Neurogenic inflammation in human and rodent skin.
News in Physiological Sciences, 16, 33-37.

Schmidt, M., Dubin, A. E., Petrus, M. J., Earley, T. J., & Patapoutian, A. (2009). Nociceptive
signals induce trafficking of TRPA1 to the plasma membrane. Newron, 64(4), 498-509.

Scholzen, T. E., Steinhoff, M., Bonaccorsi, P., Klein, R., Amadesi, S., Geppetti, P., Lu, B.,
Gerard, N. P, Olerud, J. E., Luger, T. A., Bunnett, N. W., Grady, E. F., Armstrong,
C. A., & Ansel, J. C. (2001). Neutral endopeptidase terminates substance P-induced
inflammation in allergic contact dermatitis. Journal of Immunology, 166(2), 1285-1291.

Schulze, A., Oechler, B., Urban, N., Schaefer, M., & Hill, K. (2013). Apomorphine is a
bimodal modulator of TRPA1 channels. Molecular Pharmacology, 83(2), 542-551.

Schwartz, E. S., Christianson, J. A., Chen, X, La, J., Davis, B. M., Albers, K. M., & Gebhart,
G. F. (2011). Synergistic role of TRPV1 and TRPA1 in pancreatic pain and
inflammation. Gastroenterology, 140(4), 1283-1291.

Shi, Y., Mucsi, A. D., & Ng, G. (2010). Monosodium urate crystals in inflammation and
immunity. Immunological Reviews, 233(1), 203-217.

Shii, D., Nakagawa, S., Yoshimi, M., Katsuta, O., Oda, T., & Nakamura, M. (2010).
Inhibitory effects of cyclosporine A eye drops on symptoms in late phase and delayed-
type reactions in allergic conjunctivitis models. Biological and Pharmaceutical Bulletin,

33(8), 1314-1318.

135



Shoji, J., Sakimoto, T., Muromoto, K., Inada, N., Sawa, M., & Ra, C. (2005). Comparison of
topical dexamethasone and topical FK506 treatment for the experimental allergic
conjunctivitis model in BALB/ ¢ mice. Japanese Journal of Ophthalmology, 49(3), 205-210.

Silva, C. R., Oliveira, S. M., Rossato, M. F., Dalmolin, G. D., Guerra, G. P., da Silveira
Prudente, A., Cabrini, D. A., Otuki, M. F., Andre, E., & Ferreira, J. (2011). The
involvement of TRPA1 channel activation in the inflammatory response evoked by
topical application of cinnamaldehyde to mice. Life Sciences, §8(25-26), 1077-1087.

Skryma, R., Prevarskaya, N., Gkika, D., & Shuba, Y. (2011). From urgency to frequency:
Facts and controversies of TRPs in the lower urinaty tract. Nature Reviews. Urology,

8(11), 617-630.

Son, G. Y., Hong, J. H., Chang, 1., & Shin, D. M. (2015). Induction of I1L-6 and 1L-8 by
activation of thermosensitive TRP channels in human PDL cells. Archives of Oral

Biology, 60(4), 526-532.

Stander, S., Siepmann, D., Herrgott, 1., Sunderkotter, C., & Luger, T. A. (2010). Targeting
the neurokinin receptor 1 with aprepitant: A novel antipruritic strategy. P/oS One, 5(6),
¢10968.

Story, G. M., Peier, A. M., Reeve, A. ], Eid, S. R., Mosbacher, |., Hricik, T. R., Eatley, T. J.,
Hergirden, A. C., Andersson, D. A., Hwang, S. W., Mclntyre, P., Jegla, T., Bevan, S.,
& Patapoutian, A. (2003). ANKTM1, a TRP-like channel expressed in nociceptive
neurons, is activated by cold temperatures. Ce/, 772(6), 819-829.

Streng, T., Axelsson, H. E., Hedlund, P., Andersson, D. A., Jordt, S. E., Bevan, §S.,
Andersson, K. E., Hégestitt, E. D., & Zygmunt, P. M. (2008). Distribution and
function of the hydrogen sulfide-sensitive TRPA1 ion channel in rat urinary bladder.
European Urology, 53(2), 391-399.

Sullivan, M. N., Gonzales, A. L., Pires, P. W., Bruhl, A., Leo, M. D., Li, W., Oulidi, A., Boop,
F. A, Feng, Y., Jagegar, J. H., Welsh, D. G., & Earley, S. (2015). Localized TRPA1
channel Ca?* signals stimulated by reactive oxygen species promote cerebral artery
dilation. Science Signaling, 8(358), ra2.

Tabo, E., Eisele, ]. H.,Jr, & Carstens, E. (1998). Force of limb withdrawals elicited by graded
noxious heat compared with other behavioral measures of carrageenan-induced

hyperalgesia and allodynia. Journal of Neuroscience Methods, 81(1-2), 139-149.

Takahashi, N., Mizuno, Y., Kozai, D., Yamamoto, S., Kiyonaka, S., Shibata, T., Uchida, K.,
& Mori, Y. (2008). Molecular characterization of TRPA1 channel activation by
cysteine-reactive inflammatory mediators. Channels, 2(4), 287-298.

Takahashi, N., & Mori, Y. (2011). TRP channels as sensors and signal integrators of redox
status changes. Frontiers in Pharmacology, 2, 58.

Taylor-Clark, T. E., Ghatta, S., Bettner, W., & Undem, B. J. (2009). Nitrooleic acid, an
endogenous product of nitrative stress, activates nociceptive sensory nerves via the

direct activation of TRPA1. Molecular Pharmacology, 75(4), 820-829.

136



Taylor-Clark, T. E., Undem, B. J., Macglashan, D. W.Jr, Ghatta, S., Carr, M. J., &
McAlexander, M. A. (2008). Prostaglandin-induced activation of nociceptive neurons
via direct interaction with transient receptor potential Al (TRPA1). Molecular
Pharmacology, 73(2), 274-281.

Totres, R., MacDonald, L., Croll, S. D., Reinhardt, ., Dore, A., Stevens, S., Hylton, D. M.,
Rudgg, J. S., Liu-Bryan, R., Terkeltaub, R. A., Yancopoulos, G. D., & Murphy, A. J.
(2009). Hyperalgesia, synovitis and multiple biomarkers of inflaimmation are
suppressed by interleukin 1 inhibition in a novel animal model of gouty arthritis.

Annals of the Rhenmatic Diseases, 68(10), 1602-1608.

Trevisan, G., Hoffmeister, C., Rossato, M. F., Oliveira, S. M., Silva, M. A., Ineu, R. P,
Guerra, G. P., Materazzi, S., Fusi, C., Nassini, R., Geppetti, P., & Ferreira, J. (2013).
Transient receptor potential ankyrin 1 receptor stimulation by hydrogen peroxide is
critical to trigger pain during monosodium urate-induced inflaimmation in rodents.
Arthritis and Rheumatism, 65(11), 2984-2995.

Trevisan, G., Hoffmeister, C., Rossato, M. F., Oliveira, S. M., Silva, M. A., Silva, C. R., Fusi,
C., Tonello, R., Minocci, D., Guerra, G. P., Materazzi, S., Nassini, R., Geppetti, P., &
Ferreira, J. (2014). TRPA1 receptor stimulation by hydrogen peroxide is critical to
trigger hyperalgesia and inflammation in a model of acute gout. Free Radical Biology and
Medicine, 72, 200-209.

Trevisan, G., Materazzi, S., Fusi, C., Altomare, A., Aldini, G., Lodovici, M., Patacchini, R.,
Geppetti, P., & Nassini, R. (2013). Novel therapeutic strategy to prevent
chemotherapy-induced persistent sensory neuropathy by TRPA1 blockade. Cancer
Research, 73(10), 3120-3131.

Trevisan, G., Rossato, M. F., Hoffmeister, C., Oliveira, S. M., Silva, C. R., Matheus, F. C,,
Mello, G. C., Antunes, E., Prediger, R. D., & Ferreira, J. (2013). Mechanisms involved
in abdominal nociception induced by either TRPV1 or TRPA1 stimulation of rat
peritoneum. Eurgpean Journal of Pharmacology, 714(1-3), 332-344.

Trevisan, G., Rossato, M. F., Tonello, R., Hoffmeister, C., Klatke, J. Z., Rosa, F., Pinheiro,
K. V., Pinheiro, F. V., Boligon, A. A., Athayde, M. L., & Ferreira, J. (2014). Gallic
acid functions as a TRPA1 antagonist with relevant antinociceptive and
antiedematogenic effects in mice. Naunyn-Schmiedeberg's Archives of Pharmacology, 387(7),
679-689.

Trevisani, M., Siemens, J., Materazzi, S., Bautista, D. M., Nassini, R., Campi, B., Imamachi,
N., Andre, E., Patacchini, R., Cottrell, G. S., Gatti, R., Basbaum, A. 1., Bunnett, N.
W., Julius, D., & Geppetti, P. (2007). 4-hydroxynonenal, an endogenous aldehyde,
causes pain and neurogenic inflammation through activation of the irritant receptor
TRPAL. Proceedings of the National Academy of Sciences of the United States of America,
104(33), 13519-13524.

Tsutsumi, T., Kajiya, H., Fukawa, T., Sasaki, M., Nemoto, T., Tsuzuki, T., Takahashi, Y.,
Fujii, S., Maeda, H., & Okabe, K. (2013). The potential role of transient receptor
potential type Al as a mechanoreceptor in human periodontal ligament cells. Ewropean

Journal of Oral Sciences, 121(6), 538-544.

137



Van Bodegom, D., May, L., Meij, H. J., & Westendorp, R. G. (2007). Regulation of human
life histories: The role of the inflammatory host response. Annals of the New York
Academy of Sciences, 1100, 84-97.

van der Kraan, P. M., Vitters, E. L., van de Putte, L. B., & van den Berg, W. B. (1989).
Development of osteoarthritic lesions in mice by "metabolic" and "mechanical"
alterations in the knee joints. The American Jonrnal of Pathology, 135(6), 1001-1014.

Vuong, B., Hogan-Cann, A. D., Alano, C. C,, Stevenson, M., Chan, W. Y., Anderson, C. M.,
Swanson, R. A., & Kauppinen, T. M. (2015). NF-kappaB transcriptional activation by
TNFalpha requires phospholipase C, extracellular signal-regulated kinase 2 and
poly(ADP-ribose) polymerase-1. Journal of Neuroinflammation, 12, 229.

Wang, L., Cvetkov, T. L., Chance, M. R., & Moiseenkova-Bell, V. Y. (2012). Identification
of in vivo disulfide conformation of TRPA1 ion channel. The Journal of Biological
Chemistry, 287(9), 6169-6176.

Wang, Y. Y., Chang, R. B., Waters, H. N., McKemy, D. D., & Liman, E. R. (2008). The
nociceptor ion channel TRPA1 is potentiated and inactivated by permeating calcium

ions. The Journal of Biological Chemistry, 283(47), 32691-32703.

Wang, S., Dai, Y., Fukuoka, T., Yamanaka, H., Kobayashi, K., Obata, K., Cui, X., Tominaga,
M., & Noguchi, K. (2008). Phospholipase C and protein kinase A mediate bradykinin
sensitization of TRPA1: A molecular mechanism of inflammatory pain. Brain, 131(5),

1241-1251.

Wei, H., Chapman, H., Saarnilehto, M., Kuokkanen, K., Koivisto, A., & Pertovaara, A.
(2010). Roles of cutaneous versus spinal TRPA1 channels in mechanical

hypersensitivity in the diabetic or mustard oil-treated non-diabetic rat.
Neuropharmacology, 58(3), 578-584.

Wei, H., Himaildinen, M. M., Saarnilehto, M., Koivisto, A., & Pertovaara, A. (2009).
Attenuation of mechanical hypersensitivity by an antagonist of the TRPAI ion
channel in diabetic animals. Anesthesiology, 117(1), 147-154.

Wei, H., Karimaa, M., Korjamo, T., Koivisto, A., & Pertovaara, A. (2012). Transient receptor
potential ankyrin 1 ion channel contributes to guarding pain and mechanical
hypersensitivity in a rat model of postoperative pain. Anesthesiology, 117(1), 137-148.

Wei, H., Koivisto, A., & Pertovaara, A. (2010). Spinal TRPA1 ion channels contribute to
cutaneous neurogenic inflammation in the rat. Nexroscience Letters, 479(3), 253-256.

Wei, H., Koivisto, A., Saatnilehto, M., Chapman, H., Kuokkanen, K., Hao, B., Huang, J. L.,
Wang, Y. X., & Pertovaara, A. (2011). Spinal transient receptor potential ankyrin 1

channel contributes to central pain hypersensitivity in various pathophysiological
conditions in the rat. Pain, 152(3), 582-591.

Weinkauf, B., Obreja, O., Schmelz, M., & Rukwied, R. (2014). Differential time course of
NGF-induced hyperalgesia to heat versus mechanical and electrical stimulation in

human skin. Eurgpean Journal of Pain, 19(6), 789-796.

138



Wes, P. D., Chevesich, J., Jeromin, A., Rosenberg, C., Stetten, G., & Montell, C. (1995).
TRPC1, a human homolog of a drosophila store-operated channel. Proceedings of the
National Academy of Sciences of the United States of America, 92(21), 9652-9656.

Westendorp, R. G., van Dunne, F. M., Kirkwood, T. B., Helmerhorst, F. M., & Huizinga, T.
W. (2001). Optimizing human fertility and survival. Nature Medicine, 7(8), 873.

Wirth, K., Hock, F. J., Albus, U., Linz, W., Alpermann, H. G., Anagnostopoulos, H., Henk,
S., Breipohl, G., Konig, W., & Knolle, J. (1991). Hoe 140 a new potent and long acting
bradykinin-antagonist: In vivo studies. British Journal of Pharmacology, 102(3), 774-777.

Woolf, A. D., & Pfleger, B. (2003). Burden of major musculoskeletal conditions. Bulletin of
the World Health Organization, 8§1(9), 646-656.

Wu, Y., You, H.,, Ma, P., Li, L., Yuan, Y., L, J., Ye, X., Liu, X., Yao, H., Chen, R, Lai, K., &
Yang, X. (2013). Role of transient receptor potential ion channels and evoked levels

of neuropeptides in a formaldehyde-induced model of asthma in BALB/c mice. P/aS
One, 8(5), €62827.

Yamaji, M., Takada, M., Fujiwara, R., Ohishi, H., Izushi, K., Sugimoto, Y., & Kamei, C.
(1997). Role of substance P in experimental allergic conjunctivitis in guinea pigs.
Methods and Findings in Experimental and Clinical Pharmacology, 19(9), 637-643.

Ye, Y., Dang, D., Zhang, J., Viet, C. T., Lam, D. K., Dolan, J. C., Gibbs, J. L., & Schmidt,
B. L. (2011). Nerve growth factor links oral cancer progression, pain, and cachexia.
Molecular Cancer Therapentics, 10(9), 1667-1676.

Yoshida, T., Inoue, R., Morii, T., Takahashi, N., Yamamoto, S., Hara, Y., Tominaga, M.,
Shimizu, S., Sato, Y., & Mori, Y. (2006). Nitric oxide activates TRP channels by
cysteine S-nitrosylation. Nature Chemical Biology, 2(11), 596-607.

Yu, L., Wang, S., Kogure, Y., Yamamoto, S., Noguchi, K., & Dai, Y. (2013). Modulation of
TRP channels by resveratrol and other stilbenoids. Molecular Pain, 9, 3.

Zayats, V., Samad, A., Minofar, B., Roelofs, K. E., Stockner, T., & Ettrich, R. (2013).
Regulation of the transient receptor potential channel TRPA1 by its N-terminal
ankyrin repeat domain. Journal of Molecular Modeling, 19(11), 4689-4700.

Zhang, X. I, Chen, ]J., Faltynek, C. R., Moreland, R. B., & Neelands, T. R. (2008). Transient
receptor potential A1 mediates an osmotically activated ion channel. The Ewuropean

Journal of Neuroscience, 27(3), 605-611.

Zhang, Y., & Jordan, J. M. (2010). Epidemiology of osteoarthritis. Clinics in Geriatric Medicine,
26(3), 355-369.

Zhao, M., Isami, K., Nakamura, S., Shirakawa, H., Nakagawa, T, & Kaneko, S. (2012). Acute
cold hypersensitivity characteristically induced by oxaliplatin is caused by the
enhanced responsiveness of TRPA1 in mice. Molecular Pain, &, 55.

Zurborg, S., Yurgionas, B., Jira, J. A., Caspani, O., & Heppenstall, P. A. (2007). Direct
activation of the ion channel TRPA1 by Ca?*. Nature Neuroscience, 10(3), 277-279.

139



Zygmunt, P. M., & Hogestitt, E. D. (2014). TRPAL. Handbook of Experimental Pharmacology,
222, 583-630.

140



9  Original Communications

141



SCIENTIFIC BEN—

REP;I;}RTS

SUBJECT AREAS:
TARGET IDENTIFICATION
CHANNELS

GENE REGULATION
PATHOLOGY

Received

20 February 2012

Accepted
5 April 2012

Published
24 April 2012

Correspondence and
requests for materials
should be addressed to
E.M. (eeva.moilanen@
uta.fi)

TRPA1 Contributes to the Acute

Inflammatory Response and Mediates
Carrageenan-induced Paw Edema in the
Mouse

Lauri J. Moilanen', Mirka Laavola', Meiju Kukkonen', Riku Korhonen', Tiina Leppénen’,
Edward D. Hégestét?, Peter M. Zygmunt?, Riina M. Nieminen' & Eeva Moilanen'

'The Immunopharmacology Research Group, University of Tampere School of Medicine and Tampere University Hospital, Tampere,
Finland, 2Department of Clinical Chemistry and Pharmacology, Lund University and Lund University Pain Research Centre, Lund,
Sweden.

Transient receptor potential ankyrin 1 (TRPA1) is an ion channel involved in thermosensation and
nociception. TRPAL1 is activated by exogenous irritants and also by oxidants formed in inflammatory
reactions. However, our understanding of its role in inflammation is limited. Here, we tested the hypothesis
that TRPAL1 is involved in acute inflammatory edema. The TRPA1 agonist allyl isothiocyanate (AITC)
induced inflammatory edema when injected intraplantarly to mice, mimicking the classical response to
carrageenan. Interestingly, the TRPA1 antagonist HC-030031 and the cyclo-oxygenase (COX) inhibitor
ibuprofen inhibited not only AITC but also carrageenan-induced edema. TRPA1-deficient mice displayed
attenuated responses to carrageenan and AITC. Furthermore, AITC enhanced COX-2 expression in
HEK293 cells transfected with human TRPA1, a response that was reversed by HC-030031. This study
demonstrates a hitherto unknown role of TRPA1 in carrageenan-induced inflammatory edema. The results
also strongly suggest that TRPA1 contributes, in a COX-dependent manner, to the development of acute
inflammation.

he identification of transient receptor potential ankyrin 1 (TRPA1) as a chemosensor of potentially harmful

electrophilic and non-electrophilic chemicals'* has opened up new avenues in our understanding of noci-

ception and inflammatory pain®. The role of TRPA1 in noxious chemosensation has attracted considerable
attention with regard to the development of TRPA1 antagonists in the treatment of pain and sensory hyperreac-
tivity, e.g. in the therapy of the urinary bladder and airway diseases®”.

TRPAL1 is a membrane-associated cation channel which is involved in several physiological functions such as
neurotransmission, cell proliferation and gene expression via Ca’* influx and elevation of the cytosolic free Ca**
concentration ([Ca*];)*>’. TRPAI belongs to the transient receptor potential (TRP) ion channel superfamily
which in mammals embraces six subfamilies and 28 distinct proteins with different functions in a variety of cells
and tissues. TRPA1 was first discovered in 1999 by Jaquemar and colleagues' and is the only member of its
subfamily (TRP ankyrin) found in humans. Structurally, TRPA1 is composed of six transmembrane spanning
segments with a pore domain between 5™ and 6™ segments. The TRPAL1 intracellular N-terminus displays 14
ankyrin repeats' within which lies the site of activation by the covalent modification of specific cysteines' .

Many of the oxidants formed in inflammatory reactions such as nitro-oleic acid', 4-hydroxynonenal or
hydrogen peroxide'® are endogenous agonists of TRPA1. Furthermore, a variety of exogenous agonists, for
example allyl isothiocyanate (AITC)', one of the pungent compounds in mustard oil, have been identified.
TRPA1 antagonists have also been developed and, e.g. HC-03003'° has become a widely used experimental tool.

TRPAL1 is primarily considered to be expressed in a sub-population of sensory neurons™'"", but recent findings
suggest that it is also present in a number of other cells, including keratinocytes, endothelial cells, synoviocytes,
odontoblasts and enterochromaffin cells'®** Its physiological role remained obscure until the discovery that
TRPAL is present in mouse afferent nerves and could be activated by noxious cold, indicating a role in thermal
nociception''. TRPALI has been associated with other physiological functions including chemosensation, hearing
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Figure 1 | TRPAL1 agonist allyl isothiocyanate (AITC) and carrageenen (Car) induced an inflammatory paw edema, which could be prevented by pre-
treatment with HC-030031 (HC) or ibuprofen (Ibu.). HC-030031 (300 mg/kg) or ibuprofen (100 mg/kg) was injected intraperitoneally 2 h prior to
intraplantar injection of carrageenan or AITC into the hind paw. The edema was measured 3 h and 6 h after intraplantar injection and compared to the
basal level. The contralateral control paw injected with saline developed no measurable edema. Mean + SEM, n=6, ***p<0.001.

and mechanical cognisance'. In addition, TRPA1 has been shown to
mediate inflammatory” and formalin-induced pain®, irritating
effects of pungent compounds**® and neurogenic inflammation®”*,
Also, mice treated with TRPA1 antagonists and TRPA1 knock out
(KO) mice were found to develop a less severe ovalbumin-induced
asthma reaction than untreated wild type (WT) mice®. Topical treat-
ment with mustard oil has been shown to induce local edema, an
effect also blunted in TRPA1 deficient mice®. However, it is still far
from clear if TRPA1 has a role as a modulator of the inflammatory
process.

In the present study, we investigated the possible role of TRPA1 in
carrageenan-induced inflammatory paw edema which is a widely used
model for investigating the acute inflammatory response and novel
anti-inflammatory drugs. The results show that a substantial part of
the mouse paw edema triggered by carrageenan is dependent on
TRPAL. Furthermore, both carrageenan and AITC-induced edemas
are to a large extent inhibited by ibuprofen. These findings highlight
TRPAL as a potential drug target for novel anti-inflammatory agents
that could be a valuable alternative to cyclo-oxygenase (COX) inhibi-
tors in the treatment of certain inflammatory conditions.

Results

Intraplantar (i.pl.) injection of carrageenan induced a substantial
paw edema when measured at 3 h and 6 h following injection
(Fig. 1A). The contralateral paw injected i.pl. with saline exhibited
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no measurable edema. Likewise, the TRPA1 agonist AITC evoked a
severe edema when injected in the mouse paw (Fig. 1B).

To further study the role of TRPALI in the inflammatory edema
induced by carrageenan and AITC, we treated the mice with the
selective TRPA1 antagonist HC-030031'°. The mice received
300 mg/kg of HC-030031 intraperitoneally (i.p.) 2 h before carra-
geenan or AITC was injected into the paw. HC-030031 treatment
prevented carrageenan-induced inflammatory edema by 48% and
40% when measured at 3 h and 6 h following the carrageenan injec-
tion, respectively (Fig. 1A). As expected, HC-030031 reduced the
AITC-induced edema response by 67% and 69% at 3 h and 6 h,
respectively (Fig. 1B).

Next we used TRPA1-deficient mice to confirm and extend the
results obtained with pharmacological blockade of TRPAL. We
found that such mice developed on average 62% and 50% less edema
as compared to WT mice when measured 3 h and 6 h following
the i.pl. carrageenan injection (Fig. 2A). AITC induced a negligible
edema in TRPA1 deficient mice (Fig. 2B) providing additional evid-
ence that the AITC-induced response is indeed dependent on
TRPAL.

The possible involvement of COX-derived prostanoids in TRPA1-
mediated inflammatory edema was investigated by treating the ani-
mals with ibuprofen. Ibuprofen (100 mg/kg i.p.) given 2 h before
carrageenan reduced the edema response by 51% and 49%, respect-
ively when measured at 3 h and 6 h following carrageenan injection
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Figure 2 | In TRPA1 knock out (KO) mice, the carrageenan-induced paw edema formation was blunted when compared to the corresponding wild type
(WT) mice (A). TRPA1-deficient mice showed almost no response to the TRPA1 agonist AITC (allyl isothiocyanate) in contrast to the WT mice (B).
Carrageenan or AITC were injected intraplantarly. The edema was measured after 3 h and 6 h and compared to the basal level. The contralateral control
paw injected with saline developed no measurable edema. Mean + SEM, n=5, **p<0.01, ***p<<0.001.
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Figure 3 | HEK 293 cells transfected with human TRPA1 showed an upregulation of cyclo-oxygenase-2 (COX-2) mRNA in response to the TRPA1
agonist allyl isothiocyanate (AITC). The expression was suppressed when the TRPA1 antagonist HC-030031 (10 uM) was given before AITC. Both

TRPAL1 transfected and non-transfected (wild type, WT) cells were incubated with HC-030031 or vehicle for 30 min and thereafter AITC was added. After
6 h the incubations were terminated and COX-2 mRNA was assayed by real-time RT-PCR. COX-2 mRNA was normalized against GAPDH mRNA. Mean

+ SEM, n=4, *p<0.05, **p<0.01, n.s.=non-significant.

(Fig. 1A). Likewise, the inflammatory edema evoked by AITC was
also clearly inhibited by ibuprofen pre-treatment. The mean edema
was about 60% less in ibuprofen treated than in vehicle treated mice
at both 3 h and 6 h time points (Fig. 1B). These results indicate that
prostanoids play an important role in mediating TRPA1-induced
edema.

To further investigate the link between TRPA1l and COX,
we transfected HEK 293 cells with human TRPA1. The COX-2
mRNA expression was up-regulated in TRPA1 transfected HEK
293 cells but not in non-transfected cells when they were exposed
to AITC. HC-030031 given 30 min before AITC reduced the extent
of the up-regulation of COX-2 mRNA triggered by TRPALI stimu-
lation (Fig. 3), supporting the concept that COX-derived prostanoids
are involved in TRPA1-induced responses.

In addition, the direct activation of TRPA1 by carrageenan was
investigated in HEK 293 cells expressing human TRPA1. In those
cells, exposure to carrageenan (250 pg/ml) did not evoke a change in
the basal calcium level, as measured by ratiometric calcium imaging,
whereas subsequent addition of AITC (100 uM) always evoked
robust calcium responses (Fig. 4). Higher concentrations of carra-
geenan could not be tested due to viscosity problems.

Discussion

The present study confirms the effects of exogenous TRPA1 agonists
on edema formation and, more interestingly, reveals a hitherto
unknown role of TRPA1 in carrageenan-induced inflammatory
paw edema which is a widely used model for evaluating acute inflam-
mation and anti-inflammatory drugs. The results strongly suggest
that TRPA1 has a significant role in mediating the acute inflammat-
ory response.

Previously, TRPA1 has been shown to mediate nociceptive pro-
cesses in vivo, such as mechanical and cold hyperalgesia®, and also
inflammatory pain***. A mutation in TRPAI resulting in hyperfunc-
tion of the ion channel was recently associated with familial episodic
pain syndrome™ highlighting the significant role of TRPA1 also in
human pain. Although endogenous TRPA1 agonists are produced in
inflammatory reactions™, very little is known about the possible role of
TRPAI in mediating inflammatory responses in addition to pain.
Experiments conducted in knock out mice revealed that TRPA1 was
involved in the pathogenesis of airway hyperreactivity and inflam-
mation during ovalbumin-induced asthma®. Exposure to a TRPA1
agonist extracted from cigarette smoke was reported to cause tracheal

edema which could be reversed by local administration of a TRPA1
antagonist whereas no edema formation occurred in TRPA1 KO ani-
mals™. In the present study, we observed that activation of TRPA1 by
AITC resulted in inflammatory edema, and that a TRPA1-dependent
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Figure 4 | In calcium imaging experiments, HEK 293 cells transfected
with human TRPA1 were exposed to either carrageenan or its vehicle for
60 s and subsequently to AITC (allyl isothiocyanate) for 36 s. Whereas
carrageenan or vehicle was without effect, AITC always evoked robust
calcium responses as assessed by ratiometric Fura 2 imaging. Traces show
the average calcium responses (A) and the bar graph (B) shows the
maximum calcium responses in cells exposed to the various treatments.
Mean + SEM, n=4 (each experiment was performed in duplicate or
triplicate).
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mechanism was involved in the formation of the classical carragee-
nan-induced paw edema.

The inflammatory edema following carrageenan injection in-
volves both neurogenic and non-neurogenic mechanisms which
have been strongly associated with prostaglandin production,
COX-2 up-regulation and the formation of reactive nitrogen and
oxygen species as well as cytokines and other inflammatory media-
tors®>*. Many such pro-inflammatory agents can sensitize or activ-
ate TRPAL1 either indirectly via G protein-coupled phospholipase C
and protein kinase A pathways or by directly interacting with
TRPAT1®. In the present study we showed that the TRPA1 antagonist
HC-030031 clearly inhibited the development of carrageenan-
induced edema while a direct TRPA1 agonist AITC evoked a carra-
geenan-like inflammatory response. To confirm our findings with
the TRPA1 agonist and antagonist in acute inflammatory edema, we
performed the experiments also in TRPA1 deficient animals. Indeed,
the carrageenan-induced response was markedly attenuated in
TRPA1 KO mice, and only a minor response to AITC was detected.
When compared with previous reports on the acute phase of carra-
geenan-induced mouse paw edema, TRPA1 deficient mice showed a
quantitatively similar attenuated response as mice lacking Akt1%,
endothelial nitric oxide-synthase® and the tumor necrosis factor o
receptor 1'**'. Taken together, our results support the conclusion
that TRPA1 activation is involved in the pathogenesis of acute
inflammatory edema in response to carrageenan.

Both mouse and human TRPAL is inhibited by HC-030031, which
is considered to be a selective TRPA1 antagonist as it is inactive on 48
other essential proteins involved in pain and inflammation including
COX-2 and TRPV1>'**, AITC is present in many naturally occur-
ring plant-derived sources and has been shown to have antimi-
crobial®**, cytostatic and cancer protective** properties linked to
multitudinous cellular targets. Whether TRPA1 mediates these
effects is, however, unclear. As shown in the present study, AITC
evoked edema in wild type but not in TRPA1 deficient animals, and
in WT mice the AITC-response was inhibited by the TRPA1 ant-
agonist HC-030031. These data together suggest that the AITC-
induced edema response found in the present study was indeed
mediated by TRPAL.

Given that TRPA1 is a highly promiscuous chemosensor®*, one
cannot rule out the possibility that TRPA1 may also recognize car-
rageenan. Due to its high viscosity, we could not test the direct effect
of carrageenan in concentrations above 250 pg/ml on TRPAL. This
concentration is 40-60 times lower than stock solutions normally
used for intraplantar injections® and 8 times lower than the concen-
tration known to induce inflammation*. However, the injected car-
rageenan is quickly diluted within the tissue and hence the local
concentrations may well correspond to the in vitro test concentration
that we found inactive at TRPA1 expressed in HEK 293 cells. Thus,
we believe that the inflammation triggered by carrageenan is most
likely not initiated by a direct interaction with TRPAIL, but rather
involves TRPAL1 at some subsequent step in the inflammatory cas-
cade.

The ability of ibuprofen to reduce both carrageenan and AITC-
induced edema suggests that it inhibits COX downstream of TRPA1.
Cellular calcium influx through TRPAI would trigger the calcium-
dependent release of prostaglandins and other pro-inflammatory
agents that may further sensitize TRPA1 and increase its cell surface
expression as occurs in sensory neurons**. It is also possible that
TRPA1 activation increases prostaglandin production through
enhanced COX-2 expression. This is supported by our in vitro find-
ing that activation of TRPA1 by AITC can up-regulate the COX-2
transcript in HEK 293 cells. Accordingly, a significant role of [Ca**];
in regulating COX-2 expression in macrophages was recently
reported®. Together these events would generate and maintain a
TRPAI and COX-dependent inflammation. Our finding that the
TRPALI antagonist HC-030031 is as effective as the COX inhibitor

ibuprofen to inhibit the development of carrageenan and AITC-
induced edema is promising, and may help to develop safer anti-
inflammatory drugs than existing COX inhibitors.

An interesting question remains on the mechanisms behind
TRPA1l-mediated inflammatory edema which may involve neuro-
genic and/or non-neurogenic components. TRPAI activation in
afferent nerve endings may lead to a focal release of bioactive com-
pounds such as calcitonin gene-related peptide (CGRP) and sub-
stance P which play a major role in neurogenic inflammation and
exert vascular effects which may contribute to the formation of
inflammatory edema®. However, spinal TRPA1 may also regulate
the peripheral responses through retrograde afferent signaling®. In
addition, activation of TRPA1 on vascular sensory neurons and/or
endothelium® can lead to vasodilatation and increased vascular per-
meability and edema formation®'. Since endothelium is also a known
source of vasodilating and edema-evoking prostaglandins and other
prostanoids, this could provide an explanation for the link between
TRPA1 and COX, as observed in the present study.

In humans, TRPA1 is present on nociceptive nerve endings and in
non-neuronal cells such as keratinocytes and fibroblasts, from which
prostaglandins and other mediators may be released after TRPA1
activation®*. Therefore, the mouse carrageenan-induced paw
edema may be a useful model to identify novel compounds and drugs
targeting TRPAI in humans.

Our study demonstrates a significant role for TRPAI in the
development of acute inflammation, and suggests that TRPA1
antagonists may have anti-inflammatory properties in addition to
their previously recognized analgesic effects in inflammatory pain.

Methods

Wild type and TRPA1-deficient C57BL/6 mice were used in the experiments.
TRPA1-deficient mice and the corresponding WT mice were originally obtained
from Dr David Julius (UCSF) and back-crossed in the laboratory of EDH and PMZ
(Lund University, Sweden). TRPA1 genotype was confirmed by PCR. The mice were
housed under standard conditions (12:12 h light-dark cycle, 22+1°C, 50-60%
humidity) with food and water provided ad libitum.

The mice were divided into groups of six and were treated with 150 pl of saline
(vehicle), ibuprofen (100 mg/kg, Sigma Chemical Co., St. Louis, MO, USA) or HC-
030031 (300 mg/kg, Sigma Chemical Co.) i.p. 2 h before administering carrageenan
or AITC. Before inducing the paw edema, the mice were anesthesized by i.p. injection
of 0.5 mg/kg medetomidine (Domitor®, Orion Oyj, Espoo, Finland) and 75 mg/kg
ketamine (Ketalar®, Pfizer Oy Animal Health, Helsinki, Finland). To induce the
edema, mice received ipsilaterally i.pl. injection (30 pl) of either A-carrageenan
(15 mg/ml, Sigma Chemical Co.) or AITC (6.66 mM, Sigma Chemical Co.) into the
hind paw. The control paw was injected with 30 pl of saline and developed no
measurable edema. The study was approved by the National Animal Experiment
Board.

Edema was measured before and at 3 h and 6 h after carrageenan or AITC injec-
tion by using a plethysmometer (Ugo Basile, Comerio, Italy). Edema is expressed as
the difference between the carrageenan or AITC treated paw at the time indicated and
the basal level.

HEK 293 human embryonic kidney cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in Eagle’s Minimum Essential Medium (EMEM)
supplemented with 10% heat-inactivated fetal bovine serum, sodium bicarbonate
(1.5%), sodium pyruvate (1 mM), non-essential amino acids (1 mM each) (all from
Lonza , Verviers SPRL, Verviers, Belgium), penicillin (100 U/ml), streptomycin
(100 pg/ml) and amphotericin B (the last three compounds from Invitrogen, Paisley,
UK) at 37°C in 5% CO,. The cells were transfected using 0.42 pg/cm* human TRPA1
plasmid DNA (pCMV6-XL4 by Origene Rockville, MD, USA) with Lipofectamine
2000 (Invitrogen) according to the manufacturer’s directions. After 24 h of trans-
fection, HC-030031 (10 uM) or solvent (control) was added to the cells in fresh
culture medium 30 min prior to the activation of TRPA1 by AITC (10 uM). The cells
were then incubated for 6 h before being harvested for RNA extraction. Similar
experiments were carried out by using non-transfected (wild type, WT) HEK 293
cells.

Total RNA extraction was carried out with the use of GenElute™ Mammalian
Total RNA Miniprep Kit (Sigma). Reverse-transcription of RNA to cDNA and
quantitative RT-PCR reactions were performed as previously described*. TRPA1
expression was measured by using TagMan Gene Expression Assay (Applied
Biosystems, Foster City, CA, USA). COX-2 and GAPDH primers and probes were
identical to those previously described®. COX-2 mRNA levels were normalized
against GAPDH.

Fluorometric calcium imaging was used to study the effect of carrageenan on
human TRPA1 expressed in HEK 293 cells. The cells were plated in 96-well black-
walled plates (Costar, Cambridge, MA, USA) and loaded with Fura 2-AM (1 pM,
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Invitrogen), probenecid (2 mM, Sigma Chemical Co.) and pluronic acid (20%,
Invitrogen) for 1 h at 37°C. The cells were then washed with physiological buffer
solution (PBS), containing 140 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM
HEPES, 2 mM CaCl, and 1 mM MgCl,, and allowed to equilibrate for a period of
30 min in the dark before the start of the experiments. The intracellular calcium
concentration was determined at 25°C in a Flexstation 3 (Molecular Devices,
Sunnyvale, CA, USA). Basal emission (510 nm) ratios with excitation wavelengths of
340 nm and 380 nm were measured and changes in dye emission ratio (A ratio) 2
determined at various times after compound addition.

Results are expressed as mean * standard error of mean (SEM). Statistical analysis
was carried out by using Student’s ¢-test or one-way ANOVA with Bonferroni’s 3
multiple comparisons test and results were considered significant at *p<<0.05,
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Abstract

Introduction

In gout, monosodium urate (MSU) crystals deposit intra-articularly and cause painful arthri-
tis. In the present study we tested the hypothesis that Transient Receptor Poten-tial Ankyrin
1 (TRPAT1), an ion channel mediating nociceptive signals and neurogenic in-flammation, is
involved in MSU crystal-induced responses in gout by utilizing three experi-mental

murine models.

Methods

The effects of selective pharmacological inhibition (by HC-030031) and genetic depletion of
TRPA1 were studied in MSU crystal-induced inflammation and pain by using 1) spontaneous
weight-bearing test to assess MSU crystal-induced joint pain, 2) subcutaneous air-pouch
model resembling joint inflammation to measure MSU crystal-induced cytokine production
and inflammatory cell accumulation, and 3) MSU crystal-induced paw edema to assess acute
vascular inflammatory responses and swelling.

Results

Intra-articularly injected MSU crystals provoked spontaneous weight shift off from the affect-
ed limb in wild type but not in TRPA1 knock-out mice referring alleviated joint pain in TRPA1
deficient animals. MSU crystal-induced inflammatory cell infiltration and accumulation of cy-
tokines MCP-1, IL-6, IL-1beta, MPO, MIP-1alpha and MIP-2 into subcu-taneous air-pouch
(resembling joint cavity) was attenuated in TRPA1 deficient mice and in mice treated with
the selective TRPA1 inhibitor HC-030031 as compared to control animals. Further, HC-
030031 treated and TRPA1 deficient mice developed tempered inflammatory edema when
MSU crystals were injected into the paw.
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Conclusions

TRPA1 mediates MSU crystal-induced inflammation and pain in experimental models sup-
porting the role of TRPA1 as a potential mediator and a drug target in gout flare.

Introduction

Gout is an increasing inflammatory disease with a prevalence of 1-2%. Gout flares are charac-
terized by acute burning arthritis with local hyperalgesia and pain caused by monosodium
urate (MSU) crystals accumulated into the affected joint. [1] In inflammatory cells, non-soluble
MSU crystals trigger the formation of reactive oxygen species (ROS) and activate inflammatory
signaling cascades such as phosphoinositide 3-kinase (PI3K) and nuclear factor- kB (NF-«xB)
pathways, and NALP3 inflammasome. Activation of NALP3 results in caspase-1 mediated
cleavage of pro-interleukin-1 to the functional inflammatory cytokine interleukin-1p (IL-1p).
[2,3] IL-1B has been investigated as a potential therapeutic target in acute gouty arthritis and it
has been found to mediate partly, but not fully, inflammatory and analgesic responses in MSU
crystal-induced inflammation [4].

Transient Receptor Potential Ankyrin 1 (TRPA1) is a Ca®" permeable ion channel involved
in cold allodynia, nociception, and according to the recent findings, also in inflammation [5-
10]. Since its discovery in 1999 [11] TRPA1 has drawn increasing interest as a therapeutic tar-
get to treat neuropathic and inflammatory pain [12,13]. TRPA1 was originally discovered in
sensory neurons but later the expression and function of TRPA1 in various non-neuronal cells
has been established [5]. TRPA1 is activated by noxious cold and a spectrum of naturally oc-
curring irritating compounds, e.g. allyl isothiocyanate in mustard oil or allicin in garlic. Inter-
estingly, many reactive molecules formed in inflammation, such as hydrogen peroxide, 4-
hydroxynonenal, nitrooleic acid and some arachidonic acid metabolites also activate TRPA1
[5,14,15]. Furthermore, inflammatory signaling pathways, such as protein kinase A and phos-
pholipase C, are known to sensitize TRPA1 [16]. In addition to the regulation of analgesic sig-
nals, activation of neuronal TRPA1 contributes to neurogenic inflammation by releasing
proinflammatory neuropeptides calcitonin gene related peptide and substance P [5]. Together
with the published data [17,18] our recent findings in a widely used animal model in anti-in-
flammatory drug research, i.e. carrageenan-induced paw inflammation [19], further suggest
that TRPA1 is not only a target of exogenous noxious signals but also a significant endogenous
mechanism involved in amplification of acute inflammation [19].

Pharmacological blockade and genetic depletion of TRPA1 have shown beneficial effects in
several models of hyperalgesia and pain as well as in acute inflammation [5,6,8]. Therefore we
hypothesized that TRPA1 may contribute to MSU crystal-induced inflammation and pain in
gout flare. The aim of the present study was to address the hypothesis by investigating the ef-
fects of pharmacological inhibition and genetic depletion of TRPA1 in animal models evaluat-
ing MSU crystal-induced proinflammatory cytokine production, inflammatory edema and
joint pain.

Methods
Animals

Wild type (WT) and TRPA1 knock-out (KO) B6;129P-Trpal(tm1Kykw)/] mice (Charles River
Laboratories, Sulzfeld, Germany) were used in the experiments. Mice were housed under
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standard conditions (12-12h light-dark cycle, 22+1°C) with food and water provided ad libi-
tum. Animal experiments were carried out in accordance with the legislation for the protection
of animals used for scientific purposes (Directive 2010/63/EU) and approved by The National
Animal Experiment Board (approval number ESAV1/5250/04.10.03/2012, granted on Septem-
ber 3, 2012).

Intraperitoneal injection of medetomidine (0.5 mg/kg, Domitor, Orion Oyj, Espoo, Finland)
and ketamine (75 mg/kg, Ketalar, Pfizer Oy Animal Health, Helsinki, Finland) were used for
anesthesia. Animals were sacrificed after experiments by carbon monoxide followed by cranial
dislocation. Reagents were purchased from Sigma Chemical Co., St. Louis, MO, USA unless
otherwise indicated.

Studied Animal Groups

To study drug effects, WT mice were dosed orally with the selective TRPA1 antagonist HC-
030031 [20] (300 mg/kg), with the control compound dexamethasone (2 mg/kg) with known
anti-inflammatory activity or with the vehicle 2h prior to the experiments. All drugs used were
diluted in 75% polyethylene glycol and given by gastric gavage in a volume of 250 pl. The dose
of HC-030031 was based on our previous studies and literature [19,21,22]. Effects of genetic
depletion of TRPA1 were studied by comparing responses in TRPA1 KO and corresponding
WT mice.

Subcutaneous Air-Pouch Test

Subcutaneous air-pouch was created by injecting 3 ml (1° day) and 1.5 ml (3™ day) of sterile
air into the dorsal skin of the studied mice under anaesthesia and after 7 days a synovial-like
epithelium was present in the air-pouch [23]. The inflammation was induced by injecting 3 mg
of MSU crystals prepared as described below diluted in 1 ml of sterile endotoxin free phos-
phate-buffered saline (PBS) into the air-pouch of the anesthetized mice. After 6h the mice were
sacrificed and the exudate was harvested for cell-counting by hemocytometer and for cytokine
measurements. Monocyte chemotactic protein-1 (MCP-1), interleukin-6 (IL-6), interleukin-1j
(IL-1B), myeloperoxidase (MPO), macrophage inflammatory protein-1o (MIP-1o) and macro-
phage inflammatory protein-2 (MIP-2) were measured by enzyme-linked immunosorbent
assay (ELISA) (R&D Systems Europe Ltd, Abindgon, UK).

Paw Edema Test

Inflammatory paw edema was induced by injecting 0.5 mg of MSU crystals diluted in 40 ul of
sterile endotoxin free PBS into the hind paw of anesthetized mice. Contralateral paw was in-
jected with the corresponding volume of the vehicle and developed no measurable edema. The
paw volume was measured up to 6h with plethysmometer (Ugo Basile, Comerio, Italy) and
compared to the baseline value.

Weight-Bearing Test

The MSU crystal-induced weight-bearing test originally described in 1986 [24,25] was trig-
gered by injecting 0.5 mg of MSU crystals diluted in 40 pl of sterile endotoxin free PBS into the
hind knee joint of anesthetized mice. Contralateral knee joint was injected with the corre-
sponding volume of the vehicle. The willingness to bear weight on the affected joint was mea-
sured with an incapacitance meter (IITC Life Science, Woodland Hills, CA, USA) for four
subsequent days and compared to the baseline value. The mice were habituated in the measure-
ment room for 60 min prior to the measurement and the subsequent measurements were
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carried out at the same time of the day. To obtain reliable data on the weight distribution, each
mouse was measured 8 times for 1 second at each time point.

Preparation of MSU Crystals

MSU crystals were prepared as previously described [26] by diluting 1.0 g of uric acid into

200 ml of aqua adjusted to pH 14.0 with NaOH by heating and blending. Next, pH was lowered
to 7.0 by adding HCl and MSU was crystallized overnight at room temperature in constant
shaking. The formed crystals were filtered, washed, dried and re-suspended in PBS at a concen-
tration of 50 mg/ml. In microscopic examination the MSU crystals were 5-20 pum in length.

All used equipment and liquids were endotoxin free.

Ca?*-Influx Measurement

TRPA1 mediated Ca*"-influx was measured in HEK293 cells [27] transiently transfected with
plasmid encoding the human TRPA1 (pCMV6-XL4 from Origene, Rockville, MD, USA) as de-
scribed previously [19]. Cultured cells were loaded with 4 uM fluo-3-acetoxymethyl ester and
0.08% Pluronic F-127 in Hanks’ balanced salt solution (HBSS) containing 1 mg/ml of bovine
serum albumin, 2.5 mM probenecid and 25 mM HEPES (pH 7.2) for 30 minutes at room tem-
perature. The intracellular free Ca®" levels were assessed by Victor3 1420 multilabel counter
(Perkin Elmer, Waltham, MA, USA) at excitation/emission wavelengths of 485/535 nm [28].
In the experiments, the cells were first pre-incubated with 100 uM of the TRPA1 antagonist
HC-030031 [20] or the vehicle for 30 min at +37 C°. Thereafter, 1 mg/ml of MSU crystals or
50 uM AITC was added and the measurements were continued for 30s after which a robust
Ca’*-influx was induced by application of 1 uM of control ionophore compound ionomycin.
The concentrations of AITC and HC-030031 were based on our dose-response studies and
literature [29,30].

Statistical Analysis

Results are expressed as mean + standard error of the mean (SEM). Data were analyzed with
SPSS version 17.0 for Windows software (SPSS Inc, Chicago, IL, USA) by using Student’s ¢-test
or one-way ANOVA with Bonferroni’s or Dunnett’s multiple comparison test.

Results

Monosodium urate (MSU) crystals induced an acute inflammatory response when injected
into the subcutaneous air-pouch of studied mice. The response was characterized by accumula-
tion of cells and inflammatory cytokines monocyte chemotactic protein-1 (MCP-1), interleu-
kin-6 (IL-6), interleukin-1p (IL-1B), myeloperoxidase (MPO), macrophage inflammatory
protein-lo (MIP-10) and macrophage inflammatory protein-2 (MIP-2) (S1 Table). The acute
inflammatory response induced by injection of MSU crystals into subcutaneous air-pouch was
remarkably inhibited by treatment with the selective TRPA1 antagonist HC-030031 or with
dexamethasone which was used as a control compound with known anti-inflammatory activi-
ty. Interestingly, HC-030031 treatment significantly inhibited the total accumulation of cells
(42% inhibition, p<0.05) and proinflammatory cytokines MCP-1, MPO, MIP-1a, MIP-2
(37-60% inhibition, p<0.05 or p<0.01) and a similar trend was seen in IL-6 (42% inhibition,

p =0.129) and IL-1P (33% inhibiton, p = 0.067). As expected, the total accumulation of cells
and proinflammatory mediators was significantly attenuated also by dexamethasone. Compa-
rable results to those seen in pharmacological inhibition of TRPA1 were also observed when re-
sponses in TRPA1 KO and WT mice were compared. In KO mice the total amounts of IL-6,
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IL-1B, MPO, MIP-10, and MIP-2 were attenuated in a statistically significant manner (45-83%
reduction, p<0.05 or p<0.01) as compared to the corresponding WT mice and a non-signifi-
cant reduction in MCP-1 production (33% reduction, p = 0.148) was observed. (Fig. 1A and
1B)

Intraplantar injection of MSU crystals induced an acute inflammatory edema (Fig. 2). The
MSU crystal-induced paw edema was clearly attenuated by the treatment with the selective
TRPALI antagonist HC-030031 (61% inhibition at 2h, p<0.05) or the positive control com-
pound dexamethasone. Accordingly, TRPA1 KO mice developed significantly less severe
edema than corresponding WT mice (57% reduction at 2h, p<0.05). (Fig. 2A and 2B)

In the weight-bearing test indicating joint pain, WT mice developed a clear reduction in
spontaneous weight-bearing on the affected limb when measured 1, 2 and 3 days after an intra-
articular injection of MSU crystals and the weight distribution was normalized at the 4™ day.
Interestingly, injection of MSU crystals did not induce any weight distribution change in
TRPA1 deficient mice. (Fig. 3)

Direct activation of TRPA1 by MSU crystals was excluded by studying Ca**-influx in
TRPA-transfected HEK293 cells. MSU crystals did not evoke Ca**-influx to the TRPA1-
transfected cells indicating that MSU crystals do not function as a direct TRPA1 agonist. In
contrast, introduction of AITC to the cells induced a strict increase in the intracellular Ca**
concentration which was inhibited by the TRPA1 antagonist HC-030031. (Fig. 4A-C)

Discussion

The present results show that TRPA1 has a significant role in the development of MSU crystal-
induced joint pain, inflammatory mediator production and edema formation as evidenced by
the effects of pharmacological blockade and/or genetic depletion of TRPA1 in murine models.
In the present study, three models of MSU crystal-induced response were investigated. The
air-pouch inflammation model is a widely used model to mimic synovial inflammation en-
abling the harvest of inflammatory exudate which is extremely difficult to sample reliably from
the very small mouse joints. The results show that TRPA1 mediates the MSU crystal-induced
accumulation of inflammatory cells (mainly neutrophils), and inflammatory cytokines into the
air-pouch. Secondly, we used paw inflammation model to measure inflammatory edema relat-
ed to soft-tissue inflammation, and found that TRPA1 mediates also the MSU crystal-induced
inflammatory edema formation which is linked to vascular leakage. Thirdly, we used weight-
bearing test to estimate joint pain as nociceptive responses were not possible measurements in
the two previous models as their license allows to use only anesthetized mice in those experi-
ments. According to the results of the weight-bearing test, TRPA1 mediates also the MSU crys-
tal-induced joint pain. Intriguingly, Ferreira and Geppetti with their co-workers published very
recently two articles reporting that activation of TRPA1 contributes to MSU crystal-induced
responses when MSU crystals were injected in the rodent paw [17] or ankle joint [18]. They
found that TRPA1 antagonist was able to inhibit MSU crystal-induced acute edema, nocicep-
tion, production of IL-1f and myeloperoxidase and accumulation of neutrophils. They also dis-
covered that genetic depletion of TRPA1 reduced the acute nociceptive and edematogenic
effects of TRPAL1. Those findings highly support the results of the current study. Further, the
present results extend the previous knowledge by providing information on air-pouch model
and on a broad range of proinflammatory cytokines, and by extending the studied time span of
pain-like behavior resulting from MSU crystal injection as demonstrated in the spontaneous
weight bearing test. These three studies beautifully complement and strengthen each other and
highlight the previously unknown role of TRPAL1 in the development of MSU crystal-induced
inflammation and pain applicable for the pathogenesis and drug development for gout flare.
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Fig 1. Effect of TRPA1 Activation in MSU Crystal-Induced Air-Pouch Test. Treatment with TRPA1 antagonist HC-030031 (300 mg/kg) or
dexamethasone (2 mg/kg) inhibited monosodium urate (MSU) crystal-induced production of proinflammatory cytokines MCP-1, IL-6, IL-13, MPO, MIP-1a
and MIP-2 and accumulation of cells in the synovial joint resembling subcutaneous air-pouch model in the mouse (A). Accordingly, genetic depletion of
TRPAT1 led to an attenuated inflammatory response when compared to corresponding wild type mice (B). The studied drugs were given orally 2h prior to 3 mg
of MSU crystals diluted in 1 ml of endotoxin free phosphate buffered saline were injected into the air-pouch. The exudate was harvested 6h after the MSU
crystal injection and cells were counted using hemocytometer and the cytokines were analysed using ELISA. Results are displayed as total amount of cells or
cytokines per air-pouch. The mean amount of the vehicle treated mice was set as 100% and the other values are related to that. The results are expressed as
mean + SEM, n =7-8, aindicates p = 0.129, b indicates p = 0.067, c indicates p = 0.148, * = p<0.05, ** = p<0.01, *** = p<0.001.

doi:10.1371/journal.pone.0117770.9001
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Fig 2. Effect of TRPA1 Activation in MSU Crystal-Induced Inflammatory Paw Edema. Treatment with
TRPA1 antagonist HC-030031 (300 mg/kg) or dexamethasone (2 mg/kg) inhibited mouse paw edema
formation induced by an injection of monosodium urate (MSU) crystals (A). In non-treated mice, TRPA1
deficiency caused an alleviated edema formation compared to the corresponding wild type mice (B). The
studied drugs were given orally 2h prior to the initiation of the experiment by injecting 0.5 mg of MSU crystals
in 40 pl of endotoxin free phosphate buffered saline into the mouse hind paw. The paw volume was measured
with a plethysmometer before and up to 6h after MSU crystal injection. The contralateral control paw injected
with the vehicle developed no measurable edema. Paw edema is expressed as the volume change as
compared to the pre-treatment value and the results are displayed as mean + SEM, n = 5-6, a indicates
p=0.057, * =p<0.05, ** =p<0.01.

doi:10.1371/journal.pone.0117770.9002

TRPALI activation has proved to mediate nociception and neurogenic and inflammatory
pain in various experimental models [5,6,13]. Also, TRPA1 hyperfunction due to genetic muta-
tion was recently reported to be associated with a severe familiar episodic pain syndrome prov-
ing the significant role of TRPA1 in human pain [31]. The present results together with those
reported by Ferreira’s and Geppetti’s groups [17,18] show that TRPA1 mediates joint pain in a
mouse model of MSU crystal-induced arthritis adding MSU crystals into the list of painful
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Fig 3. Effect of TRPA1 Activation in MSU Crystal-Induced Spontaneous Weight-Bearing Test.
Spontaneous weight-bearing on hind limb knee joint injected with monosodium urate (MSU) crystals
indicative of joint pain was altered in wild type but not in TRPA1 deficient mice. The difference between the
groups was also significant. An injection of 0.5mg of MSU crystals diluted in 40 pul of endotoxin free phosphate
buffered saline into the knee joint was performed and the mice were measured for spontaneous distribution of
weight between hind limbs with an incapacitance meter for four subsequent days and referred to the basal
level. The contralateral knee was injected with the vehicle only and the measurer was blinded for the affected
limb. Results are displayed as the percentage of weight bore by the affected limb and given as mean + SEM,
n=7-10, * =p<0.05, ** = p<0.01.

doi:10.1371/journal.pone.0117770.9003

compounds mediating their effects through indirect activation of TRPA1 channels. Further,
the results strongly suggest TRPA1 as a mediator and drug target to treat painful gout flares
in man.

Several irritating exogenous compounds known to cause inflammatory edema in the skin,
gut or respiratory track have appeared as direct activators of TRPA1 [5,6]. Interestingly, in ad-
dition to sensing exogenous irritating/proinflammatory compounds, TRPA1 has also been re-
ported to be an endogenous mechanism mediating inflammatory edema highlighted by the
fact that many compounds not directly interacting with TRPA1 cause an inflammatory reac-
tion yet dependent on the activation of TRPA1 [5,6,19]. The TRPAL1 triggered inflammatory
edema - which is usually associated with hyperalgesia — has been proposed to be connected to
several classical inflammatory mechanisms such as mast cell degranulation, neutrophil migra-
tion, release of histamine, serotonin and adrenalin and production of prostaglandins [19,32].
Furthermore, activation of TRPA1 has been reported to enhance the expression of inflammato-
ry genes including IL-1p and the prostaglandin producing enzyme cyclooxygenase-2 in certain
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Fig 4. Effect of MSU Crystals in TRPA1-Mediated Ca®*-Influx in HEK293 Cells. Monosodium urate (MSU) crystals did not evoke TRPA1-mediated
Ca?*-influx (A) whereas the known TRPA1 agonist allyl isothiocyanate (AITC) induced a robust Ca2*-influx (B) which was inhibited by pre-treatment with the
selective TRPA1 antagonist HC-030031 (C). HEK293 cells were transfected with plasmids encoding TRPA1 and loaded with Fluo-3 AM as described in

the Methods. The intracellular Ca®* concentration was assessed by Victor3 multilabel counter at excitation/emission wavelengths of 485/535 nm at 1/s
frequency. The cells were first pre-incubated with 100 uM HC-030031 (C) or the vehicle (A-B) for 30 min at +37 C°. In the experiments (A-C) basal
fluorescence was first measured for 15s and thereafter 1 mg/ml of MSU crystals (A) or 50 uM AITC (B-C) was added and the measurement was continued for
30s after which 1 uM of the control ionophore compound ionomycin was introduced to the cells. The seen transient minor fall in the relative fluorescent units
after the application of MSU (A) is regarded as an artifact as a similar phenomenon is often seen following an application of inert compounds or solvents into
the wells. The results are normalized against background and expressed as mean (drak gray line) + SEM (light gray shadowing), n = 6.

doi:10.1371/journal.pone.0117770.g004

experimental models [19,33,34]. Accordingly, we found in the present study that pharmacolog-
ical inhibition and genetic depletion of TRPA1 reduced the production of several MSU crystal-
induced chemokines and inflammatory cytokines as measured in the air-pouch model. Even
though mechanisms related to TRPA1-triggered changes in gene expression are not fully un-
derstood, TRPA1-induced increase in intracellular Ca** concentration may directly mediate
the effect as changes in intracellular Ca** levels are known to regulate the transcription of some
inflammatory genes [35-37]. Against this background, our present findings, in which inhibi-
tion or depletion of TRPA1 significantly reduced edema formation and accumulation of proin-
flammatory cytokines and inflammatory cells in response to MSU crystals in synovial joint
resembling subcutaneous air-pouch and in subcutaneous soft-tissue are reasonable and togeth-
er with the results described recently [17,18] support the role of TRPA1 as a mediator of in-
flammatory responses in acute gouty arthritis.

Presentation of MSU crystals to the inflammatory cells triggers several inflammatory mech-
anisms including ROS production and activation of PI3K and NF-kB pathways and NALP3
inflammasome. Activation of NALP3 leads to the release of powerful proinflammatory cyto-
kine IL-1B [2,3]. In animal models, elimination of IL-1f has been reported to cause a clear but
not a total inhibition of inflammation and pain suggesting the presence of additional mecha-
nisms mediating the responses [4]. The present study proposes TRPA1 as such a mechanism.
However, in the intracellular Ca>* measurements MSU crystals were found not to directly acti-
vate TRPA1. An interesting hypothetical link between TRPA1 and MSU crystals lies, however,
in the fact that MSU crystals induce oxidative stress and ROS production [2,3]. Reactive oxygen
species are involved in the activation of NALP3 inflammasome and other cellular responses to
MSU crystals [2,3]. Notably, multiple products of oxidative stress e.g. hydrogen peroxide and
4-hydroxynonenal are also known to activate TRPA1 which could amplify the inflammatory
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response either by NALP3 dependent or independent mechanism following exposure to MSU
crystals [6,15,17,18].

TRPA1 mediated inflammation is frequently explained by the neuronal expression of
TRPALI and the release of proinflammatory neuropeptides following its activation [6,13]. Calci-
tonin gene related peptide and substance P are best known of those neuropeptides which medi-
ate the neurogenic inflammation triggered by activation of neuronal TRPA1. Curiously, the
release of substance P from the surrounding neurons has been previously proposed in an ex-
perimental MSU crystal-induced arthritis [38] promoting neurogenic inflammation also as a
potential mechanism involved in the formation of gouty arthritis. The role of neuronal mecha-
nism in the development or MSU crystal-induced inflammation is supported by the finding
that neonatal dysfunctionalization of peptidergic nerve fibers by capsaicin attenuates the pain
induced by MSU crystals [24]. It is of note that the neurons which express the capsaicin sensor
TRPV1 often co-express TRPA1 [8]. However, the non-neuronal TRPA1 expression and func-
tion has been clearly established in many cell types such as keratinocytes, synoviocytes and en-
dothelium [39] giving rise to a possibility that MSU crystal-induced inflammation is also
linked to the non-neuronal TRPA1 activation. Descriptively, activation of TRPA1 in vascular
endothelium in addition to vascular sensory neurons is capable of causing edema through va-
sodilatation and increased vascular permeability [40]. Also, increase in intracellular Ca* con-
centration via activated TRPA1 ion channel may regulate the expression and release of
inflammatory factors in both inflammatory and resident tissue cells as discussed above [35-
37]. In our study we provide data originating from animal models focusing on tissue and or-
ganism level results of TRPA1 activation following the application of MSU crystals indicating
that the responses are functional in vivo and not restricted to experimental in vitro conditions.
Based on these results it is not, however, possible to define the cell types responsible for TRPA1
mediated responses in MSU crystal-induced inflammation yet it is likely that TRPA1 convoyed
pro-inflammatory responses are due to the interaction between different neuronal and non-
neuronal cell types.

In addition to the mechanisms described above, a more direct interaction between TRPA1
and IL-1B in MSU crystal-induced inflammation is possible, as TRPA1 activation has been re-
ported to enhance IL-1B production in keratinocytes [33], and a similar effect was found in the
present study in the air-pouch model. On the other hand, IL-1f has been found to enhance
TRPA1 expression in human synovial cells especially in hypoxic conditions [41]. Although sev-
eral potential mechanisms do exist, the exact means how TRPA1 exacerbates the MSU crystal-
induced gouty inflammation cannot be conclusively defined by the present results but warrants
turther studies.

Currently, treatment of gout flare includes systemic or local corticosteroids, non-steroidal
anti-inflammatory drugs and colchicine [1] but there is a real need for novel treatment modali-
ties, especially in resistant cases. The present results propose TRPA1 as an attractive novel
anti-inflammatory and analgesic drug target to treat acute gouty arthritis.

Conclusions

TRPA1 was found to mediate MSU crystal-induced inflammation and pain in three different
experimental models supporting the role of TRPAL1 as a potential mediator and a drug target in
gout flare.

Supporting Information

S1 Table. Monosodium urate (MSU) crystals induced accumulation of inflammatory cyto-
kines and cells into synovial joint mimicking subcutaneous air-pouch in the mouse. The
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amounts of accumulated cells and of proinflammatory cytokines monocyte chemotactic pro-
tein-1 (MCP-1), interleukin-6 (IL-6), interleukin-1 (IL-1p), myeloperoxidase (MPQO), macro-
phage inflammatory protein-1o. (MIP-10) and macrophage inflammatory protein-2 (MIP-2)
measured in the synovial joint resembling subcutaneous air-pouch inflammation model in the
mouse. The studied mice were injected into the air-pouch with 3 mg of monosodium urate
(MSU) crystals in 1 ml of endotoxin free phosphate buffered saline (PBS) or with 1 ml of PBS
only. The exudate was harvested 6h after the injection and cells were counted using hemocy-
tometer and the cytokines were analysed using ELISA. Results are displayed as total amount of
cells or cytokines per air-pouch. The results are expressed as mean + SEM, n = 5-8, * =
p<0.05, % = p<0.01, %% = p<0.001.
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Objectives: Intra-articularly injected monosodium iodoacetate (MIA) induces joint pathology mimicking
osteoarthritis (OA) and it is a widely used experimental model of OA. MIA induces acute inflammation,
cartilage degradation and joint pain. Transient Receptor Potential Ankyrin 1 (TRPA1) is an ion channel
known to mediate nociception and neurogenic inflammation. Here, we tested the hypothesis that TRPA1
would be involved in the development of MIA-induced acute inflammation, cartilage changes and joint
pain.
Methods: The effects of pharmacological blockade (by TCS 5861528) and genetic depletion of TRPA1
were studied in MIA-induced acute paw inflammation. Cartilage changes (histological scoring) and joint
pain (weight-bearing test) in MIA-induced experimental OA were compared between wild type and
TRPA1 deficient mice. The effects of MIA were also studied in primary human OA chondrocytes and in
mouse cartilage.
Results: MIA evoked acute inflammation, degenerative cartilage changes and joint pain in wild type
mice. Interestingly, these responses were attenuated in TRPA1 deficient animals. MIA-induced paw
inflammation was associated with increased tissue levels of substance P; and the inflammatory edema
was reduced by pretreatment with catalase, with the TRPA1 antagonist TCS 5861528 and with the
neurokinin 1 receptor antagonist L703,606. In chondrocytes, MIA enhanced interleukin-1 induced
cyclooxygenase-2 (COX-2) expression, an effect that was blunted by pharmacological inhibition and
genetic depletion of TRPA1.
Conclusions: TRPA1 was found to mediate acute inflammation and the development of degenerative
cartilage changes and joint pain in MIA-induced experimental OA in the mouse. The results reveal TRPA1
as a potential mediator and drug target in OA.

© 2015 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

Introduction

is characterized by the degradation of the articular cartilage which
is associated with variable joint inflammation and manifests in pain

Osteoarthritis (OA) is the most common joint disease worldwide and loss of joint function and eventually in the need for joint
and its prevalence is increasing as the population ages. The disease replacement surgery."?

Injection of monosodium iodoacetate (MIA) into the articular
cavity induces a joint pathology mimicking that seen in human OA
and it has widely been used as an experimental model of OA>. MIA

* Address correspondence and reprint requests to: E. Moilanen, The Immuno-
pharmacology Research Group, University of Tampere School of Medicine, 33014
Tampere, Finland.
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nieminen@uta.fi (RM. Nieminen), laurilehtimaki@uta.fi (L. Lehtimaki), eeva.
moilanen@uta.fi (E. Moilanen).

http://dx.doi.org/10.1016/j.joca.2015.09.008

induces a local acute inflammation®® which is followed by the
development of degenerative changes in the articular cartilage,
hyperalgesia and decreased weight-bearing on the affected limb
indicative of joint pain™®. Similar to the situation in OA, the detailed
mechanisms related to the onset and mediation of MIA-induced
experimental OA have not been thoroughly elucidated. At the

1063-4584/© 2015 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.
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cellular level, MIA has been recognized as an inhibitor of glyceral-
dehyde-3-phosphate dehydrogenase which induces the production
of reactive oxygen species (ROS) and caspase activation’.

Transient receptor potential ankyrin 1 (TRPA1), an ion channel
involved in nociception and neurogenic inflammation, has lately
attracted considerable interest as a potential drug target to treat
painful and inflammatory conditions®~'°. In various in vivo models,
TRPA1 activation has proven to be crucial in the triggering of in-
flammatory edema'!, hyperalgesia'> and pain'>'%. Activation of
membrane associated TRPA1 causes an influx of cations, especially
Ca®*, which mediate the cellular responses of activation of TRPA1
such as nociception and release of proinflammatory neuropeptides
substance P, calcitonin gene related peptide and neurokinin A°.
TRPA1 is ligand-gated channel and its physiological role is believed
to act as a chemosensor for environmental potentially noxious
compounds such as allyl isothiocyanate (AITC) which is the pun-
gent compound present in mustard oil and widely used as a
research tool to activate TRPA1'%'>, In addition to environmental
irritants, many endogenously formed proinflammatory factors such
as hydrogen peroxide (H0,)'®, nitric oxide!” and nitro-oleic acid'®
have been demonstrated to activate TRPA1.

Based on the evidence that MIA induces the production of ROS and
that ROS are some of the most potent endogenous TRPA1 activators,
we postulated that TRPA1 activation could be involved in the devel-
opment of inflammation and inflammatory pain in the MIA-induced
experimental OA. Previously, two reports have been published
examining the role of TRPA1 in MIA-induced OA. In those studies, a
single dose of a TRPA1 antagonist failed to alter pain-like behaviour or
to shift weight-bearing® although the treatment was effective in
blocking mechanically induced hypersensitivity'°. However, we hy-
pothesized that TRPA1 could play a role in MIA-induced acute
inflammation and therefore contribute to the development of MIA-
induced arthritis. In the present study, we utilized both pharmaco-
logical blockade and genetic depletion of TRPA1 in order to investigate
whether TRPA1 activation could enhance/mediate MIA-induced
acute inflammatory edema and cyclooxygenase-2 (COX-2) expres-
sion, and development of cartilage changes and joint pain charac-
teristic for MIA-induced experimental OA.

Materials and methods
Animals

Wild type and TRPA1 knock-out male B6; 129P-Trpal(tm1-
Kykw)/] mice (Charles River Laboratories, Sulzfeld, Germany) were
used in the experiments investigating the effects of genetic
depletion of TRPA1. Wild type male C57BL/6N mice (Scanbur
Research A/S, Karlslunde, Denmark) were used to study the effects
of the drugs. Mice were housed under standard conditions
(12—12 h light—dark cycle, 22 + 1°C) with food and water provided
ad libitum. Animal experiments were carried out in accordance
with the legislation for the protection of animals used for scientific
purposes (Directive 2010/63/EU) and approved by the National
Animal Experiment Board. Intraperitoneal injections of medeto-
midine (0.5 mg/kg, Domitor®, Orion Oyj, Espoo, Finland) and ke-
tamine (75 mg/kg, Ketalar®, Pfizer Oy Animal Health, Helsinki,
Finland) were used to achieve anaesthesia. After the experiments,
the animals were sacrificed by carbon monoxide followed by cra-
nial dislocation. Reagents were purchased from Sigma Chemical
Co., St. Louis, MO, USA unless otherwise indicated.

Studied animal groups

Wild type mice were dosed with the selective TRPA1 antagonist
TCS 5861528 (10 mg/kg perorally), the anti-inflammatory steroid

dexamethasone (2 mg/kg intraperitoneally), the hydrogen peroxide
decomposing enzyme catalase (300 IU/paw intraplantarly), the se-
lective neurokinin 1 receptor antagonist L703,606 (10 mg/kg intra-
peritoneally, Enzo Life Sciences AG, Lausen, Switzerland) which has
been shown to block the actions of the neuropeptide substance P?°
or with the vehicle (PBS intraperitoneally) prior to the experi-
ments. Orally administered drugs were diluted in 75% polyethylene
glycol and given by gavage in a volume of 250 pl 2 h prior to the
experiments. Intraperitoneally dosed drugs were diluted in PBS in a
volume of 450 ul and given 1 h prior to the experiments. Intra-
plantarly dosed drugs were diluted in PBS and given simultaneously
with the MIA. In addition, the effects of genetic depletion of TRPA1
were studied by comparing responses in TRPA1 knock-out mice and
their corresponding wild type counterparts.

Inflammatory paw edema test

Inflammatory paw edema was induced by injecting MIA
(400 pg) diluted in 50 pl of sterile 0.9% NaCl intraplantarly into the
hind paw of anesthetized mice. The contralateral paw was injected
with the vehicle and developed no measurable edema. The paw
volume was measured for up to 6 h with a plethysmometer (Ugo
Basile, Comerio, Italy) and compared to the baseline value.

Paw tissue extraction and substance P measurements

After the mice had been sacrificed, the inflamed subcutaneous
paw tissue which had been injected with MIA and the contralateral
subcutaneous paw tissue were collected for analysis into a buffer
containing Tris (50 mM, pH 7.4), NaCl (150 mM), 0.5% Triton-X and
protease and phosphatase inhibitors phenylmethylsulfonyl fluoride
(0.5 mM), sodium orthovanadate (2 mM), leupeptin (0.10 pg/ml),
aprotinin (0.25 pg/ml) and NaF (1.25 mM). The tissue was minced
and incubated in the lysis buffer for 20 min with constant and
vigorous shaking. The samples were centrifuged at 10,000g for
10 min and the supernatant was collected and measured for sub-
stance P by ELISA (R&D Systems Europe Ltd., Abingdon, UK).

Spontaneous weight-bearing test

MIA-induced arthritis was triggered by injecting MIA (500 ng)
diluted in 40 ul of sterile endotoxin free PBS into the randomized
hind knee joint of an anesthetized mouse. The contralateral knee
joint was injected with the corresponding volume of the vehicle.
The willingness to bear weight on the affected joint (spontaneous
weight-bearing test) was measured with an incapacitance meter
(IITC Life Science, Woodland Hills, CA, USA) for up to 28 days and
compared to the baseline value. The mice were habituated in the
measurement room for 60 min prior to the measurement and the
subsequent measurements were carried out at the same time of the
day. In order to obtain reliable data on the weight distribution, each
mouse was measured eight times for 1 s at each time point with the
measurer blinded to the affected limb.

Histological analysis

MIA-induced OA was induced as described above. On day 28, the
mice were sacrificed and the MIA and vehicle injected knee joints
were dissected and fixed for 24 h in 10% formaldehyde, decalcified
in Osteomoll (Merck, Darmstadt, Germany) for 48 h and embedded
in paraffin. Coronal sections (5 pm thick) of femoro-tibial joints
were rehydrated in a graded series of ethanol and stained with
Safranin-O-Fast-Green. The cartilage changes were scored accord-
ing to the OARSI guidelines®' by two independent observers who
were blinded to the treatment and genotype.
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Human chondrocyte culture and reverse transcription polymerase
chain reaction (RT-PCR) measurements

Leftover pieces of OA cartilage from knee joint replacement
surgery were used under full patient consent and approval by the
Ethics Committee of Tampere University Hospital, Tampere,
Finland. Chondrocytes were isolated and cultured as described in
the Supplementary data. The chondrocytes were incubated with
MIA (100 uM), TRPA1 antagonist HC-030031 (100 uM), IL-1B
(100 pg/ml, R&D Systems Europe Ltd.) or with combinations of
these compounds for 6 h and analyzed by RT-PCR for the expression
of COX-2 as described in the Supplementary data.

Mouse cartilage culture and Western Blotting measurements

Full-thickness articular cartilage from the femoral heads were
cultured as described in the Supplementary data. The cartilage
pieces were exposed to MIA (10 puM), TRPA1 antagonist HC-030031
(100 puM), IL-1B (100 pg/ml, R&D Systems Europe Ltd.) or to com-
binations of these agents for 24 h and the samples were analyzed
for COX-2 by Western Blotting as described in the Supplementary
data.

Ca’*-influx measurements

TRPA1 mediated Ca®*-influx was measured in HEK 293 cells”?
transiently transfected with human TRPA1 as described previ-
ously'’. Briefly, cultured cells were loaded with fluo-3-
acetoxymethyl ester (4 uM) and 0.08% Pluronic F-127® in Hanks'
balanced salt solution (HBSS) containing 1 mg/ml of bovine serum
albumin, probenecid (2.5 mM) and HEPES (25 mM, pH 7.2) for
30 min at room temperature. The intracellular free Ca** levels were
assessed with Victor3 1420 multilabel counter (Perkin Elmer,
Waltham, MA, USA) at excitation/emission wavelengths of 485/
535 nm*>. In the experiments, the cells were first pre-incubated
with the TRPA1 antagonist HC-030031 (100 uM) or the vehicle
for 30 min at +37°C. Subsequently, MIA (100 uM) or AITC (50 uM)
was added and the measurements were continued for 30 s after
which a robust Ca’?*-influx was induced by application of the
control ionophore compound, ionomycin (1 uM).

Statistical analysis

Results are expressed as mean + 95% confidence interval. Data
were analysed with SPSS 21 software (SPSS Inc, Chicago, IL, USA)
with the tests used being detailed in the figure legends.

Results

MIA induces an acute inflammatory response in a TRPA1 dependent
manner

Injection of MIA into the mouse paw induced an acute inflam-
matory edema as can be seen in Fig. 1(A)—(C). Interestingly, treat-
ment with the selective TRPA1 antagonist TCS 5861528
significantly decreased the formation of the edema (45% and 46%
inhibition at 3 h and 6 h time points, respectively; Fig. 1(A)), sug-
gesting that the response was mediated through activation of
TRPA1. To prove the involvement of TRPA1 in the MIA-induced paw
edema, we compared the responses between TRPA1 deficient and
corresponding wild type mice. In confirmation of the results ob-
tained with the TRPA1 antagonist, the MIA-induced inflammatory
edema was significantly reduced in TRPA1 deficient mice as
compared to wild type mice, showing a 58% lower response at 3 h
and a 63% reduction at 6 h [Fig. 1(B)].
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Fig. 1. MIA-induced acute paw edema was inhibited by both genetic depletion and
pharmacological inhibition of TRPA1 as well as with treatment with the hydrogen
peroxide detoxifying enzyme catalase and also the neurokinin 1 receptor antagonist.
MIA induced an acute inflammatory edema when injected into the mouse hind paw.
Treatment with the TRPA1 antagonist, TCS 5861528 (10 mg/kg) significantly inhibited
the MIA-induced mouse paw edema (A). Similarly, TRPA1 deficient (knock-out) mice
developed an alleviated edema in response to MIA as compared to the corresponding
wild type mice (B). Furthermore, treatment with the hydrogen peroxide detoxifying
enzyme, catalase (300 IU/paw) and the neurokinin 1 receptor antagonist, L703,606
(10 mg/kg) inhibited the development of MIA-induced edema (C) similar to treatment
with the TRPA1 antagonist TCS 5861528. Administration of the glucocorticoid dexa-
methasone (2 mg/kg), used as an anti-inflammatory control compound, also inhibited
MIA-induced inflammatory edema (C). The paw volume was measured with a ple-
thysmometer before and 3 and 6 h after MIA injection (400 pg dissolved in 40 pl of
endotoxin-free phosphate buffered saline). The contralateral control paw injected with
the solvent of MIA (endotoxin-free phosphate buffered saline) developed no measur-
able edema. Paw edema is expressed as the volume change as compared to the pre-
treatment value and the results are displayed as mean + 95% confidence interval, in
A and C there were eight animals per group and in B there were six animals per group.
Data were analysed with one-way ANOVA followed by Bonferroni's multiple com-
parison test.
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The underlying mechanisms of MIA-induced acute inflamma-
tory edema were first examined by treating the animals with the
hydrogen peroxide degrading enzyme catalase. Based on the fact
that MIA induces production of ROS’ which also are known to
activate TRPA1'%'S, we hypothesized that the generation of
hydrogen peroxide could mediate the inflammatory reaction
induced by the injection of MIA. Interestingly, catalase caused a
clear decrease in MIA-induced paw edema (48% and 49% inhibition
at 3 h and 6 h time points, respectively) as seen in Fig. 1(C).

The inflammatory effects of TRPA1 activation are frequently
explained by the release of neuropeptides, especially substance P,
and the promotion of neurogenic inflammation®'°, Therefore, we
investigated the effects of the blockade of the receptor for sub-
stance P by using the neurokinin 1 receptor antagonist L703,606°°.
As seen in Fig. 1(C), treatment with L703,606 inhibited the MIA-
induced paw edema by 42% at 3 h and by 36% at 6 h time points.
Furthermore, MIA induced an increase in substance P levels in the
inflamed paw tissue as shown in Fig. 2(A)—(B) and this increase was
attenuated in TRPA1 knock-out mice [Fig. 2(A)]. Accordingly, pre-
treatment with the TRPA1 antagonist TCS 5861528 reduced the
MIA-induced increase in substance P levels whereas L703,606 had
no effect, as expected [Fig. 2(B)].

MIA induces COX-2 expression in chondrocytes in a TRPA1
dependent manner

Activation of TRPA1 has been reported to enhance the expres-
sion of the inducible prostaglandin synthase, COX-2, in some cell
types'!. MIA has also been found to increase COX-2 expression in
OA joints>*?°. Therefore we decided to investigate whether the
pattern described above (i.e., that TRPA1 mediates the MIA-induced
acute inflammatory edema) could also be extended to MIA-induced
responses in human chondrocytes, focusing on COX-2 expression.

We cultured primary chondrocytes derived from patients with
OA and used RT-PCR to confirm that TRPA1 was expressed in these
cells. Next, we treated the chondrocytes with MIA, the selective
TRPA1 antagonist HC-030031 or their combination with and
without interleukin-1f (IL-1B) stimulation. MIA or HC-030031
alone did not alter COX-2 expression. Nonetheless, MIA clearly
increased COX-2 expression in IL-1f stimulated chondrocytes.
Furthermore, treatment with the TRPA1 antagonist HC-030031
abolished the MIA-induced increase in COX-2 expression as
shown in Fig. 3(A).

The finding described above suggests that MIA can induce COX-
2 expression in OA chondrocytes in a TRPA1-mediated manner. The
mediator role of TRPA1 in that process was elucidated by deter-
mining COX-2 expression in articular cartilage from wild type and
TRPA1 deficient mice. In support of the findings obtained in pri-
mary human OA chondrocytes, MIA increased COX-2 expression in
IL-1B-stimulated cartilage from wild type [Fig. 3(B)] but not from
TRPA1 knock-out [Fig. 3(C)] mice, and furthermore in the wild type
mice, the effect of MIA was inhibited by the TRPA1 antagonist HC-
030031 [Fig. 3(B)].

Attenuation of MIA-induced joint pain and cartilage changes in
TRPA1 deficient mice

As a consequence of the acute inflammation, the development
of cartilage degradation and joint pain are characteristic features
encountered in MIA-induced OA. The latter is usually measured by
an incapacitance meter in the so-called weight-bearing test>°. As
TRPA1 has been reported to mediate various forms of neuropathic
and inflammatory pain®'°, we investigated whether TRPA1 was
also involved in the development of the MIA-induced joint pain.
When MIA was injected into one knee joint, wild type mice
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Fig. 2. MIA induced the release of the neuropeptide substance P into the inflamed
paw; this effect was inhibited by both genetic depletion and pharmacological inhibi-
tion of TRPA1 but not by treatment with the neurokinin 1 receptor antagonist. Sub-
stance P concentrations were elevated in the mouse paw following an injection of MIA.
Interestingly, substance P release was lower in TRPA1 deficient (knock-out) mice as
compared to the corresponding wild type mice (A). Similarly, treatment with the
TRPA1 antagonist TCS 5861528 (10 mg/kg) inhibited the release of substance P
whereas the neurokinin 1 receptor antagonist L703,606 (10 mg/kg) had a negligible
effect (B). The affected paw of the studied mice was injected with MIA (400 pg dis-
solved in 40 pl of endotoxin-free phosphate buffered saline) whereas the contralateral
control paw was injected with the solvent (endotoxin-free phosphate buffered saline).
After 6 h, the mice were sacrificed and the collected paw tissue samples were analysed
for substance P concentrations by ELISA. The results are displayed as mean + 95%
confidence interval, in (A) there were six animals per group and in (B) eight animals
per group. Data were analysed with one-way ANOVA followed by Bonferroni's multiple
comparison test.

developed a reduction in spontaneous weight-bearing on the
affected joint, indicative of joint pain. Interestingly, an attenuated
response was detected in TRPA1 deficient mice as seen in
Fig. 4(A)—(B), suggesting that TRPA1 is indeed involved in the
development of the joint pain typical of MIA-induced OA.
Furthermore, the score of MIA-induced histological changes in the
cartilage according to the OARSI guidelines®' was lower in TRPA1
deficient than in wild type mice (Fig. 5).

MIA is not a direct activator of TRPA1 ion channels

As many of the MIA-induced responses were found to be
mediated through TRPA1, we asked the question if MIA could be a
direct activator of TRPA1 ion channels. To investigate that possi-
bility, MIA was introduced to HEK 293 cells transfected with TRPA1.
MIA did not induce Ca®*-influx into the studied cells whereas the
known TRPA1 agonist AITC induced an intense Ca?*-influx which
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Fig. 3. MIA-induced COX-2 expression was reduced by pharmacological inhibition and genetic depletion of TRPA1. In primary cultures of human osteoarthritic chondrocytes,
treatment with the TRPA1 antagonist HC-030031 reduced the expression of the proinflammatory gene COX-2 induced by co-stimulation with MIA and IL-18 (A). Correspondingly in
the cartilage derived from mice, MIA increased COX-2 expression in IL-1p stimulated cartilage from wild type but not from TRPA1 deficient (knock-out) mice (B). The samples were
cultured with the studied compounds for 6 h and analyzed for COX-2 mRNA expression by RT-PCR (A) or for 24 h and analyzed for COX-2 protein expression by Western Blotting (B).
The mRNA expression was normalized against housekeeping gene GAPDH (A) and the protein expression against loading control actin (B). The response in IL-1p treated chon-
drocytes/cartilage was set at 100% and the other results were calculated in relation to that value. The results are displayed as mean + 95% confidence interval. The human samples
were obtained from six different donors and the experiments were performed in triplicate (A). The cartilage samples were from five mouse (n = 5) in each treatment (B and C). Data
were analysed with SPSS software with one-way ANOVA followed by Bonferroni's multiple comparison test.

could be inhibited by treatment with the TRPA1 antagonist HC-
030031 as seen in Fig. 6. These data indicate that MIA is not a
direct TRPA1 agonist but most likely induces a release of endoge-
nous TRPA1 activators which are responsible for the TRPA1-
mediated effects of MIA discovered in the present study.

Discussion

The present study revealed that MIA-induced acute inflamma-
tion was reduced in TRPA1 deficient mice as well as by the treat-
ment with the TRPA1 antagonist TCS 5861528, the neurokinin 1
receptor antagonist L703,606 and the H,0, degrading enzyme
catalase. We also demonstrated that the spontaneous weight shift

away from the MIA-injected limb was attenuated in TRPA1 deficient
mice when compared to the corresponding wild type mice.
Furthermore, MIA-induced cartilage changes were less severe in
TRPA1 deficient mice. These results together suggest that the TRPA1
ion channel is significantly involved in the development of MIA-
induced acute inflammation, cartilage changes and joint pain.
Originally TRPA1 was described in fetal lung fibroblasts in
19992, Thereafter it has been shown that TRPA1 is expressed in
different afferent sensory neurons such as A3- and C-fibers?’.
Moreover, substantial non-neuronal expression and function of
TRPA1 have been identified in lining cells such as keratinocytes,
synoviocytes and endothelial cells'®?%, The physiological role of
TRPA1 is believed to be in the sensing of exogenous irritating and
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Fig. 4. TRPA1 deficient mice exhibited an attenuated response to MIA in the weight-
bearing test indicative of alleviated joint pain. When MIA was injected into one knee
joint, wild type mice exhibited a reduction in spontaneous weight-bearing on the
affected limb indicative of joint pain. Interestingly, an attenuated weight distribution
change was seen in TRPA1 deficient (knock-out) mice. Spontaneous distribution of
weight between the hind limbs was measured with an incapacitance meter before and
at 7, 14 and 28 days after intra-articular injection of MIA (500 pg dissolved in 40 pl of
endotoxin free phosphate buffered saline). The contralateral knee joint was injected
with the solvent of MIA (endotoxin-free phosphate buffered saline) and the measurer
was blinded for the affected limb. In (A), results are displayed as difference of per-
centage points between the weight bore by the affected and non-affected limb and
given as mean + 95% confidence interval, n = 7 animals in wild type and TRPA1
deficient groups. Data were analysed by using mixed between-within subjects ANOVA
and a statistically significant difference between the two genotypes was found
(P = 0.045). In (B), the area-under-the curve (AUC) for the shift from the equal balance
between the hind limbs was calculated, and the results of wild type and TRPA1 defi-
cient mice are presented as mean + 95% confidence interval, n = 7 animals in wild type
and TRPAT1 deficient groups. Data were analysed by using unpaired T-test and a sta-
tistically significant difference between the two genotypes was found (P = 0.041).

noxious compounds, but there is evidence accumulating that
TRPA1 possesses also the ability to promote inflammation®©.
TRPA1 has been proven to be crucial for the development of in-
flammatory edema'!, hyperalgesia'? and pain'>'* in pathological
conditions such as airway hyperreactivity and inflammation?**°,

acute gouty arthritis’! and neurogenic inflammation associated

with colitis®?. In addition to the fact that TRPA1 is activated by
endogenously formed reactive oxygen and nitrogen species and
their metabolites'®, TRPA1 is also sensitized by several secondary
messengers, i.e., phospholipase C and protein kinase A*>, which are
activated by various proinflammatory mediators through their G-
protein coupled receptors. Activation of TRPA1 primarily leads to
pain sensation and amplification of neurogenic inflammation by
promoting the release of neuropeptides such as substance P and
calcitonin-gene related peptide®'’. In addition, many other sec-
ondary inflammatory mechanisms following TRPA1 activation have
been identified. For example, inflammatory edema caused by
TRPA1 activation is mediated through mechanisms such as mast
cell degranulation, neutrophil migration, the release of histamine,
serotonin and adrenaline as well as the production of prostaglan-
dins'"**, In addition, the activation of TRPA1 has been shown to
enhance the expression of inflammatory genes such as prosta-
glandin producing enzyme COX-2, myeloperoxidase and IL-
1p1135-37,

An injection of MIA into a rodent's knee joint is a widely used
experimental model to study OA as it triggers the changes resem-
bling the histological and pathophysiological features of the human
disease®®* !, In addition, pain-like behavior appears within a few
weeks; this is commonly evaluated by the weight-bearing
test>®3941. The mechanism of action of MIA has been attributed
to inhibition of glyceraldehyde-3-phosphate dehydrogenase. This
disrupts the glucose metabolism of chondrocytes, leading to ROS
production and caspase activation, and further to the catabolism of
cartilage matrix and cell death which can be detected both in vivo
and in vitro’384243 In addition to evoking cartilage degradation,
MIA induces an acute inflammation which is associated with
edema formation and increased expression of proinflammatory
factors such as IL-1B, IL-6, IL-15, inducible nitric oxide synthase
(iNOS), COX-2 and metalloproteinase-13242°, Interestingly, MIA has
also been demonstrated to trigger an early release of neuropep-
tides, substance P and calcitonin gene related peptide**.

Even though the role of TRPA1 in MIA-induced inflammation
and cartilage changes has previously been unknown, there are two
studies which have investigated TRPA1 in MIA-induced OA,
although focusing on pain. Curiously, a single dose of TRPA1
antagonist given shortly prior to the measurements failed to alter
pain-like behaviour or cause any change in weight-bearing test at
the later stage of the arthritis® but it was effective in blocking
mechanically induced hypersensitivity'®. However, these studies
focused mainly on noxious neuronal signals and pain mediated by
activation of TRPA1, but they did not examine acute inflammation
or the long-term effect of TRPA1 on the development of the joint
pain or cartilage changes induced by MIA. In the current study, we
were able to link the activation of TRPA1 to the formation of MIA-
induced acute inflammation and cartilage changes and we also
observed a diminished weight shift in TRPA1 knock-out mice
reflecting an alleviation of joint pain.

The present results demonstrate that the MIA-induced acute
inflammatory paw edema was dependent on TRPA1 activation.
Both genetic depletion and pharmacological inhibition of TRPA1
were highly effective in reducing the edema. Furthermore, the
extent of the edema was also reduced by treatment with the
hydrogen peroxide detoxifying enzyme catalase indicating that the
edema was likely attributable to hydrogen peroxide. The edema
formation was also reversed by treatment with L703,606, a com-
pound which antagonises the neurokinin 1 receptor known to be
the main receptor for substance P. Importantly, when the concen-
trations of substance P were assayed in the inflamed paw tissue,
they were found to be diminished in the TRPA1 knock-out mice as
compared to the wild type mice as well as in mice treated with the
TRPA1 antagonist TCS 5861528, but as expected, treatment with
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Fig. 5. TRPA1 deficient mice developed less severe cartilage changes in the knee joint following MIA injection. When MIA was injected into the knee joint, wild type mice developed
more severe cartilage changes than TRPA1 deficient (knock-out) mice. Twenty-eight days after intra-articular injection of MIA (500 pg dissolved in 40 ul of endotoxin-free
phosphate buffered saline) in one knee joint and the solvent of MIA (endotoxin-free phosphate buffered saline) in the contralateral joint, mice were sacrificed and the knee
joints were dissected for histology. The cartilage changes were scored according to the OARSI guidelines. In (A), the whole joint histopathological score is presented. The results are
displayed as mean + 95% confidence interval, n = 7 animals in wild type and TRPA1 deficient groups. Data were analysed with SPSS software by using one-way ANOVA with
Bonferroni's multiple comparison test. In (B), representative figures of MIA-injected and vehicle-injected (control) contralateral knee joints from wild type and TRPA1 deficient
(knock-out) mice are shown. The sections were stained with Safranin-O-Fast-Green, magnification x 10.

L703,606 did not alter the levels of substance P. Based on the pre-
sent results, the likely sequence of events is that first MIA induces
the formation of ROS in the target cells; second, the ROS activate
TRPA1 leading to release of substance P; and third, the released
substance P activates the neurokinin 1 receptor to induce the acute
inflammatory response. Within a few weeks after the intra-
articular injection of MIA, one can see evidence of degenerating
cartilage and joint pain and both of those responses appear to be
alleviated in TRPA1 deficient mice. Based on the present data, it is
tempting to propose causality between the MIA-induced acute
inflammation and the subsequent OA-like changes, but further
studies will be needed to reveal their association.

Even though classically the function of TRPA1 has mainly been
studied in sensory nerves, non-neuronal expression and function of

TRPA1 are now clearly recognized?®. In the present study, we
observed the expression of TRPA1 in human primary chondrocytes
derived from OA patients. In view of the known effects of MIA on
chondrocytes®, we decided to study the possible effects of TRPA1
in cultured human chondrocytes. When the cells were stimulated
with MIA and IL-1B, the expression of the proinflammatory gene
COX-2 was increased and this could be inhibited by treatment with
the TRPA1 antagonist HC-030031. The results were in parallel with
findings in cultured murine cartilage; MIA induced a clear increase
in COX-2 expression in IL-1B-stimulated cartilage from wild type
mice but this effect was not seen in cartilage from TRPA1 deficient
mice. These results were comparable to those obtained earlier in
TRPA1 transfected HEK 293 cells'! indicating that the proin-
flammatory properties of TRPA1 might not be exclusively due to its
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Fig. 6. MIA did not induce TRPA1 mediated Ca**-influx into HEK 293 cells transfected
with TRPA1. MIA did not evoke TRPA1-mediated Ca®*-influx (A) whereas the known
TRPA1 agonist AITC induced a robust Ca?*-influx (B) which was inhibited by pre-
treatment with the selective TRPA1 antagonist HC-030031 (C). HEK 293 cells were
transfected with plasmids encoding TRPA1 and loaded with Fluo-3 AM as described in
the Methods. The intracellular Ca®* concentration was measured by Victor3 multilabel
counter at excitation/emission wavelengths of 485/535 nm at 1/s frequency. The cells
were first pre-incubated with HC-030031 (100 M) (C) or the vehicle (A—B) for 30 min
at +37°C. In the experiments (A—C), basal fluorescence was first measured for 15 s and
thereafter 100 uM of MIA (A) or 50 pM of AITC (B—C) was added and the measurement
was continued for 30 s after which 1 uM of the control ionophore compound, ion-
omycin, was introduced to the cells. The results were normalized against background
and expressed as mean (dark gray line) + 95% confidence interval (light gray shad-
owing), n = 6.

neuronal functions. One can only speculate on the mechanisms
explaining how TRPA1 activation results in increased COX-2
expression but intracellular Ca®* levels may be the link. TRPA1
activation elevates the intracellular Ca?* concentration which may
have either a direct or an indirect effect on the expression of in-
flammatory genes including COX-2 as reported previously® . It is
noteworthy however, that substance P is expressed in chondrocytes
and this neuropeptide modulates their functions*® and therefore
the effects seen could also be due to autocrine signalling.

When we scaled up the study setting and analysed the MIA-
induced joint pain with the weight-bearing test, we found that
the pain response was attenuated in TRPA1 deficient mice. The
MIA-induced weight-bearing test is often performed in rats since
these animals display a larger change in weight distribution be-
tween their lower limbs than mice and this should be considered
when interpreting the present results. Despite this limitation, the
use of mice was justified in the current study because the mouse is
the only available TRPA1 deficient species. The weight distribution
change reported here in wild type mice was of a similar magnitude
as reported previously with this model*®. Although the pathogen-
esis of the MIA-induced joint pain is not fully understood, it could
be initiated and then modified by the early inflammation induced
by MIA>“° and the present results clearly show a diminished acute
inflammation in response to MIA in TRPA1 deficient mice. Arthritis
involves many cell types including neurons, chondrocytes and
synoviocytes all of which express TRPA1 and its activation may
trigger or regulate the pathogenesis of arthritis. Interestingly,
neuropeptides are known to be involved in arthritis®® and for
example the expression of the receptor for substance P, i.e., the
neurokinin 1 receptor, is abundant*®. Therefore it is clearly possible
that activation of TRPA1 resulting in the release of neuropeptides
such as substance P plays a role in the pathogenesis of OA.

At the moment, the therapy of OA is based on analgesic drugs,
physical exercise, reduction of overweight and ultimately joint
replacement surgery. Unfortunately, no effective disease modifying
drugs are available. The present study introduces TRPA1 as a factor
involved in mediating the acute inflammation and development of

cartilage changes and joint pain in MIA-induced experimental OA.
As the experimental model mimics many of the features of human
OA, the present results raise the possibility that TRPA1 may play a
central role also in the pathogenesis of OA and thus provide a novel
target for analgesic and anti-inflammatory drugs with disease
modifying potential.
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Pinosylvin  (3,5-dihydroxy-trans-stilbene) is a stilbenoid
polyphenol structurally related to resveratrol, and it is found in
heartwood, knot and bark of Pinus species. Pinosylvin has
been shown to possess anti-inflammatory and cancer-chemo-
preventive properties as well as being an antioxidant prevent-
ing oxidative stress [1-4].

Transient receptor potential ankyrin 1 (TRPA1) is an ion
channel expressed in the terminal ends of sensory neurons
throughout the body. It functions as a chemosensor for poten-
tially harmful environmental substances, and it is also
involved in pathophysiological conditions such as pain, hyper-
algesia and inflammation [5-8]. Curiously, pharmacological
inhibition of TRPA1 has shown positive results in animal
models of inflammatory diseases such as asthma [9], colitis
[10] and gout [11,12]. However, rather few compounds are
known to antagonize TRPAI: there is a clear need for new
substances with the ability to block this ion channel. Interest-
ingly, resveratrol has shown putative activity as a TRPAI
antagonist [13]. Therefore, we were interested in studying the
effect of pinosylvin on TRPA1 in vitro by measuring TRPA1-
mediated Ca®* influx and membrane currents, and by investi-
gating in vivo the effect of pinosylvin on TRPAl-induced
acute inflammation.

Materials and Methods

The Fluo-3-AM assay was used to measure the TRPAI-mediated
increase in the intracellular Ca>* concentration in HEK293 cells tran-
siently transfected with a plasmid encoding hTRPA1 (pCMV6-XL4;
Origene, Rockville, MD, USA) as described previously [7]. In brief,
the cells were loaded with 4 uM Fluo-3-acetoxymethyl ester and
0.08% Pluronic F-127® in Hanks’ balanced salt solution containing
bovine serum albumin (1 mg/ml), probenecid (2.5 mM) and HEPES
(25 mM, pH 7.2) for 30 min. at room temperature. The intracellular
free Ca®* levels were assessed with a Victor3 1420 multi-label counter
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(Perkin Elmer, Waltham, MA, USA) at excitation/emission wave-
lengths of 485/535 nm. The cells were first pre-incubated with the
vehicle or with pinosylvin (0.1-100 pM), resveratrol (100 pM) or the
TRPAI antagonists HC-030031 (100 uM) or TCS 5861528 (60 uM)
dissolved in dimethyl sulphoxide (final concentration 0.1%) for
30 min. at +37°C. Thereafter, the TRPA1 agonist allyl isothiocyanate
(AITC, 50 uM) was added and the measurements were continued for
30 sec. after which a robust Ca®* influx was induced by application of
the control ionophore compound ionomycin (1 uM).

Whole-cell patch clamp experiments were carried out as described
previously [8] to record TRPAIl-mediated membrane currents in
HEK?293 cells transiently transfected with a plasmid encoding hTRPA 1
(pIRES2-AcGFP1; Takara, Tokyo, Japan). The resistance of electrodes
was 3-5 MQ when filled with the pipette solution (Cs-aspartate
110 mM, CsCl 30 mM, MgCl, 1 mM, HEPES 10 mM, EGTA 10 mM,
CaCl, 6.25 mM, ATP-Na, 2 mM, adjusted to pH 7.2 with CsOH).
Membrane currents and voltage signals were digitized into a computer
using an analogue—digital converter (PCI6229; National Instruments
Japan Corporation, Tokyo, Japan). Data acquisition and analysis of
whole-cell currents were performed using WinEDR V3.38 developed by
Dr. John Dempster (University of Strathclyde, UK). The liquid junction
potential between the pipette and bath solutions (—10 mV) was cor-
rected. A ramp voltage protocol from —150 mV to +100 mV of 400 ms
was applied every 5 sec. from a holding potential of —50 mV. A
HEPES-buffered bathing solution (NaCl 137 mM, KCI 5.9 mM, CsCl
10 mM, MgCl, 1.2 mM, glucose 14 mM, HEPES 10 mM, adjusted to
pH 7.4 with NaOH) was used. Extra- and intracellular Ca®* was omitted
and adjusted to 0.3 uM in the bathing and pipette solution, respectively,
to maintain TRPA1 channel activity. All experiments were performed at
25 £ 1°C, and the studied drugs, resveratrol (3-100 uM), pinosylvin
(3-100 pM) and HC-030031 (30 pM), were dissolved in dimethyl
sulphoxide (final concentration < 0.13%).

Male C57BL/6N mice (Scanbur Research A/S, Karlslunde, Den-
mark) were used in the in vivo experiments. The mice were housed
under standard conditions (12:12-hr light:dark cycle, 22 £+ 1°C) with
food and water provided freely. Animal experiments were carried out
in accordance with the legislation for the protection of animals used
for scientific purposes (Directive 2010/63/EU) and approved by the
National Animal Experiment Board. Intraperitoneal injection of
medetomidine (0.5 mg/kg, Domitor®; Orion Oyj, Espoo, Finland) and
ketamine (75 mg/kg, Ketalar®; Pfizer Oy Animal Health, Helsinki,
Finland) was used for anaesthesia. Animals were sacrificed after
experiments by carbon monoxide followed by cranial dislocation.
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Inflammatory paw oedema was induced by injecting the TRPA1
agonist AITC (10 mM) in 50 pl of sterile endotoxin-free PBS into the
hind paw of anaesthetized mice. The contralateral paw was injected
with the corresponding volume of the vehicle and developed no mea-
surable oedema. The mice were dosed 1 hr prior to the injection of
AITC with pinosylvin (10 mg/kg in 250 pl of PBS intraperitoneally),
resveratrol (10 mg/kg in 250 pl of PBS intraperitoneally), TRPAI
antagonist TCS 5861528 (10 mg/kg in 250 pl of a mixture of poly-

ethylene glycol 300 (50%), propylene glycol (40%) and glucosteril
polyethylene glycol (10%) orally) or with the vehicle (250 pl of PBS
intraperitoneally). The paw volume was measured up to 6 hr with a
plethysmometer (Ugo Basile, Comerio, Italy) and compared to the
baseline value. After the mice had been killed, the inflamed subcuta-
neous paw tissue injected with AITC and the contralateral paw tissue
was collected into a buffer containing Tris (50 mM, pH 7.4), NaCl
(150 mM), 0.5% Triton X and protease and phosphatase inhibitors
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phenylmethylsulphonyl fluoride (0.5 mM), sodium orthovanadate
(2 mM), leupeptin (0.10 pg/ml), aprotinin (0.25 pg/ml) and NaF
(1.25 mM). The tissue was minced and incubated in the ice-cold lysis
buffer for 20 min. at +4°C in constant shaking. The samples were cen-
trifuged (10,000 x g, 10 min.), and the supernatant was collected and
measured for interleukin-6 (IL-6) by ELISA (R&D Systems Europe
Ltd., Abingdon, UK).

Reagents were purchased from Sigma Chemical Co., St. Louis,
MO, USA, unless otherwise indicated. Data were analysed with SPSS
version 17.0 for Windows (SPSS Inc, Chicago, IL, USA) or with
Origin 9.10J (OriginLab Corp, Northampton, MA, USA) software
using two-way (fig. 1G) or one-way ANova with Bonferroni’s or
Tukey’s multiple comparison test.

Results

Pinosylvin inhibited TRPA1-mediated Ca®* influx in a dose-
dependent manner when measured by the Fluo-3-AM assay in
TRPA1-transfected HEK293 cells as shown in fig. 1A and B
(IC50 26.5 pM and HillSlope -0.77). Two established TRPA1
antagonists, HC-030031 and TCS 5861528, and another stil-
benoid, resveratrol (which has previously been shown to inhi-
bit TRPA1 [13]), were used as control compounds. The
inhibitory effect of pinosylvin on TRPAl-mediated Ca®*
influx was confirmed in patch clamp studies: treatment with
pinosylvin reversed the effect of the TRPA1 agonist AITC on
membrane currents as seen in fig. 1C (IC50 16.7 uM and
HillSlope -1.17), and the effect was comparable to that of
resveratrol as seen in fig. 1D (IC50 12.9 uM and HillSlope
-0.99). Curiously, as seen in fig. 1E and F, at a high concen-
tration (100 uM), pinosylvin and resveratrol also showed a
minor activating effect on TRPA1l. As predicted, AITC or
pinosylvin did not evoke measurable responses in non-trans-
fected HEK293 cells in either of the assays (data not shown).
The results seen in vitro on the effect of pinosylvin as a
TRPA1 antagonist were also tested in vivo in the AITC-in-
duced acute inflammation. In these experiments, the mice trea-
ted with pinosylvin exhibited a significantly attenuated acute
oedema in response to AITC (fig. 2A); the effect was compa-
rable to that of the known TRPA1 antagonist TCS 5861528
and resveratrol. Furthermore, the analysis of the inflamed paw
tissue indicated that the increased production of the pro-

inflammatory cytokine IL-6 was blunted by the treatment with
pinosylvin (fig. 2B) and correspondingly with TCS 5861528
or resveratrol. Together, these results on AITC-induced acute
paw inflammation revealed the anti-inflammatory potential of
pinosylvin in TRPA1-mediated inflammation in vivo.

Discussion

The present results showed for the first time the clear inhibitory
effect of pinosylvin on TRPAL1 in vitro and in vivo. Both Ca®*
influx and membrane currents assays, i.e. Fluo-3-AM assay and
patch clamping, confirmed the dose-dependent inhibitory effect
of pinosylvin on AITC-induced TRPA1l-mediated responses.
The positive results were duplicated in a model of acute paw
inflammation triggered by the direct TRPA1 agonist AITC, that
is mice treated with pinosylvin displayed a diminished
formation of paw oedema and attenuated production of the
powerful pro-inflammatory cytokine IL-6 at the site of the
inflammation.

Resveratrol and pinosylvin are structurally related naturally
occurring stilbenoids. Resveratrol has been claimed to have
antioxidant, anti-inflammatory, antiproliferative and chemopro-
tective properties, with inhibition of TRPA1 being recently
postulated as a novel potential mechanisms of action [13,14].
Pinosylvin has also been reported to possess some of these
functions, especially anti-inflammatory effects [2,4], but the
effect of pinosylvin on TRPA1 had not been investigated ear-
lier. The present study introduces pinosylvin as a novel
TRPA1 antagonist and both confirms and extends the inhibi-
tory effect of resveratrol on TRPA1, until now only reported
in a single study [13]. The detailed mechanism of action of
resveratrol on TRPA1 has not been elucidated, but resveratrol
shows properties indicative of suppression of AITC-induced
maximal Ca®* influx rather than increasing the concentration
of AITC needed for full response [13]. The present results are
also not able to reveal the exact molecular inhibitory mecha-
nism of pinosylvin on TRPAIL. AITC is known to activate
TRPA1 rapidly by covalent binding to intracellular cysteines
on the ion channel [15]. Based on our data from Ca?* influx
imaging in Fluo-3-AM assay and patch clamping, it seems that

Fig. 1. Pinosylvin inhibited TRPA1 activation in a dose-dependent manner when measured by Ca”* influx and membrane current assays, that is
Fluo-3-AM assay and patch clamping, in HEK293 cells transfected with a plasmid encoding TRPAI1 and activated with the TRPA1 agonist, allyl
isothiocyanate (AITC). The effects of pinosylvin were comparable to those of the established selective TRPA1 antagonists HC-030031 and TCS
5861528, and to resveratrol, which were used as control compounds. (A) and (B) show the results of the Fluo-3-AM assay. In (A), the curves dis-
play relative fluorescent units which reflect the intracellular Ca>* concentration, and in (B), area under curve values were calculated between time-
points of 15 and 45 sec. during which the cells were exposed to AITC. The Fluo-3-AM assay was carried out as described in Materials and Meth-
ods. Briefly, the cells were loaded with Fluo-3-AM, and the intracellular Ca’* concentration was assessed in a Victor3 multi-label counter at excita-
tion/emission wavelengths of 485/535 nm. The cells were pre-incubated with the studied compound for 30 min. at +37°C before the
commencement of the measurements. The basal fluorescence was first recorded for 15 sec., and thereafter, the TRPA1 agonist AITC (50 uM) was
added and the measurement was continued for 30 sec. after which the control ionophore compound ionomycin (1 pM) was introduced to the cells.
The results are normalized against background and expressed as mean (A) and mean + S.E.M. (B), n = 6 (A and B), **p < 0.01 (B). (C—G) show
the results of the patch clamp experiments. In (C) and (D), the trace displays the change of inward currents at —50 mV which was evoked by pino-
sylvin and resveratrol in the presence of AITC (30 uM), and in (G), the relative amplitude (/arrc-prug//arrc) Was calculated between the current size
before (Iarrc) and after application of each drug (/arrc.prug)- In (E) and (F), the trace displays the change of inward currents at —50 mV which
was evoked by pinosylvin and resveratrol without AITC, and in (H), each current amplitude (pA) was summarized. Details of patch clamp experi-
ments are described in Materials and Methods. The results in (G) and (H) are expressed as mean = S.EMM., n =5 (G) and n = 4 (H), *p < 0.05
and **p < 0.01.
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Fig. 2. Pinosylvin exerted an inhibitory effect on TRPAl-induced acute inflammation. TRPA1 agonist allyl isothiocyanate (AITC) triggered an
acute inflammatory response when injected into the mouse hind paw, and the extent of the inflammatory oedema was significantly attenuated in
mice treated with pinosylvin (10 mg/kg), resveratrol (10 mg/kg) or the TRPA1 antagonist TCS 5861528 (10 mg/kg) (A). When measured 6 hr after
the commencement of the experiment, the paw tissue injected with AITC showed greatly increased levels of the pro-inflammatory cytokine inter-
leukin-6 (IL-6); these elevated IL-6 levels were reduced by treatment with pinosylvin, resveratrol or TCS 5861528 (B). To assess paw oedema, the
paw volume was measured with a plethysmometer before and 2, 4 and 6 hr after the paw had been injected with AITC (10 mM dissolved in 50 pl
of sterile endotoxin-free PBS). The contralateral control paw injected with the solvent developed no measurable oedema. Paw oedema is expressed
as the volume change from the baseline value. After 6 hr, the mice were sacrificed and the inflamed and contralateral paw tissues were collected
and measured for IL-6 by ELISA. The results are expressed as mean + S.E.M.. n = 6, *p < 0.05, ***p < 0.001.

pinosylvin evokes a dose-dependent and rapid inhibition of
TRPA1; and pinosylvin exerted its effect either when applied
prior to or after the AITC. As pinosylvin and resveratrol have
been identified to perpetrate several effects some of which are
anti-inflammatory, it is likely that resveratrol and pinosylvin
are not selective TRPA1 inhibitors but TRPA1 antagonism is a
significant mechanism contributing to their therapeutic effects.
Moreover, stilbenoids could serve as a structural groundwork
for future development of TRPA1 inhibiting drugs.

In addition to the clear dose-dependent inhibition of
TRPA1, a high concentration of resveratrol and pinosylvin
was surprisingly found to induce a minor TRPAI-mediated
inward current referring to channel activation. Interestingly,
some other compounds have also been noted to have bimodal
effects on TRPA1. Curiously, some TRPA1 inhibiting oxime
derivatives have been found to have a similar biphasic activity
as pinosylvin and resveratrol in the present study, possibly
because of covalent modification of the ion channel [16]. On
the other hand, substances such as cinnamaldehyde, camphor
and apomorphine have an opposite bimodal effect: at low con-
centrations, they elicit a dose-dependent activation of TRPAI,
but at high concentrations, the effect is inhibitory [5]. In the
case of stilbenoids, it is possible that different optical enan-
tiomers may have opposite pharmacological actions on
TRPAI1. Also, as stilbenoids possess relatively reactive double
bonds in their structures, resveratrol and pinosylvin at high
concentrations form covalent bonds with TRPA1 and thereby
act as weak TRPA1 agonists.

TRPA1 has been proven to be crucial in the development
of many pathological conditions related to acute pain, inflam-
mation and hyperalgesia, and thus, its inhibition may be bene-
ficial in many inflammatory
experimental carrageenan-induced paw inflammation [7], aller-
gic contact dermatitis [17], asthma [9], gout [11,12] and colitis
[10]. Furthermore, TRPA1 has been shown to be important
also in human beings; a genetic gain-of-function variant of

conditions as shown in

TRPA1 has been shown to increase pain sensation [18] and
odour perception [19] and direct activation of TRPA1
increased mucus secretion [19] and evoked local hyperalgesia
and vasodilation [20]. Because of the plethora of encouraging
results on the pharmacological inhibition or genetic depletion
of TRPAL, it appears to be an appealing drug target. Interest-
ingly, the first phase II clinical trial with a TRPA1 antagonist
is ongoing and the latest press release from September 2014
by Glenmark Pharmaceuticals Ltd. reported positive data in
patients with painful diabetic neuropathy [21].

Taken together, this short communication highlights the
ability of pinosylvin to inhibit the action of TRPA1 in vitro
and in vivo and proposes that stilbenoids could provide a
useful source of novel TRPA1 antagonists.
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